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The activity of the saponin
“ginsenoside Rh2 is enhanced by
‘the interaction with membrane
oo sphingomyelin but depressed by
e cholesterol
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. The membrane activity of some saponins, such as digitonin or alpha-hederin, is usually attributed to

. theirinteraction with membrane cholesterol (Chol). This contrasts with our recent publication showing

. that Chol, contrary to sphingomyelin (SM), can delay the cytotoxicity of the saponin ginsenoside Rh2,

. challenging the usual view that most saponins mediate their membrane effects through interaction

: with Chol. The aim of the present study was to elucidate the respective importance of Chol and SM

. as compared to phosphatidylcholine (PC) species in the membrane-related effects of Rh2. On simple
lipid monolayers, Rh2 interacted more favorably with eggSM and DOPC than with Chol and eggPC.
Using Large Unilamellar Vesicles (LUVs) of binary or ternary lipid compositions, we showed that Rh2

. increased vesicle size, decreased membrane fluidity and induced membrane permeability with the

. following preference: eggSM:eggPC > eggSM:eggPC:Chol > eggPC:Chol. On Giant Unilamellar Vesicles

. (GUVs), we evidenced that Rh2 generated positive curvatures in eggSM-containing GUVs and small
buds followed by intra-luminal vesicles in eggSM-free GUVs. Altogether, our data indicate that eggSM
promotes and accelerates membrane-related effects induced by Rh2 whereas Chol slows down and
depresses these effects. This study reconsiders the theory that Chol is the only responsible for the
activity of saponins.

Cholesterol (Chol) and sphingomyelin (SM) are essential components of mammalian plasma membranes, con-
stituting around 35 and 25% of total lipids present in the outer plasma membrane leaflet, respectively". It was for
a long time believed that these lipids are randomly distributed into the plasma membrane®. However, studies
over the last decades have suggested for the presence of transient nanometric domains enriched in Chol and SM,
. forming a liquid-ordered (L,) phase®=. These highly ordered membrane domains have been proposed to serve as
. platforms for signaling pathways involved in cell adhesion and migration as well as cell survival and proliferation
. with potential implications in cancer development®. Altogether, this makes the lipids present in L, domains an
interesting target for pharmacological agents to modulate these pathways.
: Among these, saponins, amphiphilic compounds widely found in plants, are attracting more and more atten-
. tion based on their numerous biological activities including anticancer properties. Many of these effects seem to
. be related to their ability to interact and modify the plasma membrane properties, such as fluidity or permeabil-
- ity”. These membrane-related mechanisms are not completely understood yet, but the activity of some saponins
such as alpha-hederin®’, digitonin'®"! and alpha-tomatine'>!* have been attributed to their interaction with mem-
. brane Chol by forming complexes'*,
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Figure 1. Rh2 interacts more favorably with membrane pSM and DOPC than with Chol. (A) Chemical
structure of Rh2. (B,C) IMPALA simulation of the most favorable position of Rh2 into an implicit membrane
36 A thick. (B) Energy profile of Rh2 traversing an implicit lipid bilayer. X-axis corresponds to the position of
the center of mass of the saponin across the bilayer expressed in Angstrom. Y-axis corresponds to total restraint
energy expressed in kcal/mol. The solid vertical lines in different colors represent the different planar surfaces
from the left to the right: water/membrane interface (pink), the lipid polar head/alkyl chain interface (purple),
and the center of the bilayer (yellow). The vertical dotted line at +-15.75 A corresponds to the interface between
the hydrophobic and hydrophilic parts of the bilayer. (C) The most stable position of Rh2 into the implicit
bilayer. The different planar surfaces represent the same solid vertical lines described in (B). Carbon atoms are
dark grey, Hydrogens white, Nitrogens light blue and Oxygens red. (D,E) Interaction between Rh2 and pSM,
Chol or DOPC was calculated by Hypermatrix docking method. (D) Relative total energy of interaction values
for the interaction between a central molecule Rh2 and surrounding pSM, Chol or DOPC. Grey and white
portions are the apolar and polar components of the energies, respectively. (E) Molecular assemblies of a Rh2
molecule interacting with a single pSM, Chol or DOPC molecule.

In this study, we focus on the ginsenoside Rh2 (structure presented in Fig. 1A), found in Panax ginseng and
responsible to some extent for its medicinal properties and health benefits'. This well-known steroid saponin
has been reported to disrupt L, domains leading to apoptosis, via either the death receptor FAS oligomerization
in human cervical cancer Hela cells'® or inactivation of the serine/threonine kinase Akt in human epidermoid
carcinoma A431 and breast cancer MBA-MB-231 cells'®"’. In addition, our recent publication showed that the
cytotoxicity of Rh2 is accelerated by membrane Chol depletion but delayed by SM depletion in human monocytic
leukemia U937 cells'®. These observations led to the hypothesis that, contrary to membrane SM, Chol could delay
the activity of ginsenoside Rh2. The aim of the present study was thus to obtain detailed knowledge about the
membrane-related effects of Rh2 and to elucidate the respective importance of Chol and SM.

To these aims, we first evaluated the interaction of Rh2 with membrane in silico and Langmuir experi-
ments on simple lipid monolayers composed of egg sphingomyelin (eSM), egg phosphatidylcholine (ePC),

SCIENTIFIC REPORTS | (2019) 9:7285 | https://doi.org/10.1038/s41598-019-43674-w 2


https://doi.org/10.1038/s41598-019-43674-w

www.nature.com/scientificreports/

LUVs | K(mM™!) | AH (KJ.mol™!) | TAS (KJ.mol™!) | AG (KJ.mol™!)
eSM 18.03+7.11 | 15.88+3.31 49914243 —34.03+0.93
ePC 4.95+4.65 1.06 £0.17 29.42+4.46 —28.36+4.29
DOPC | 33.674+1.80 | —1.2940.20 34.47 £0.09 —35.75+0.13

Table 1. Preferential binding of Rh2 to DOPC > eSM > ePC vesicles is accompanied by exo- (DOPC) or
endothermic reactions (eSM, ePC). Thermodynamic parameters measured by isothermal titration calorimetry
for the binding of Rh2 to LUVs composed of eSM, ePC or DOPC at a Rh2/lipid ratio of 0.02 at 25°C.

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or Chol. In a second step, we evaluated the consequences
of Rh2 membrane adsorption on liposome size and a set of biophysical parameters (fluidity, fusion, lipid phase
organization, shape deformation and permeability) determined on Large Unilamellar Vesicles (LUVs) or Giant
Unilamellar Vesicles (GUVs) containing eSM (i.e. eSM:ePC, 1:1) or Chol (i.e. ePC:Chol, 1:1) or both of them (i.e.
eSM:ePC:Chol, 1:1:1).

Data provided in our paper indicate that, in contrast to eSM, Chol slows down and depresses
the membrane-related effects induced by Rh2. To the best of our knowledge, this study is the first to reveal the
protective role of Chol in membrane-related effects induced by Rh2.

Results

Rh2 interacts more favorably with pSM and DOPC than Chol as revealed by molecular mode-
ling. Firstly, molecular modeling was used to investigate the structure and molecular interactions of Rh2 with
rigid 3D structures of palmitoylsphingomyelin (pSM), Chol and DOPC. The IMPALA method was used to pre-
dict the potential insertion of Rh2 into an implicit lipid bilayer'®. The apolar aglycone moiety of Rh2 was deeply
embedded into the bilayer as indicated by its most energetically stable position at +12 A (Fig. 1B). Interaction
energies between the saponin and the aqueous medium outside of the membrane were highly positive, thus less
favorable, suggesting that the most favorable state of Rh2 was within the bilayer (Fig. 1C). In addition, high ener-
gies were predicted at the bilayer center, suggesting that Rh2 would not be able to cross the bilayer. A docking
method called Hypermatrix? was used to calculate the energies of interaction between the central molecule, Rh2,
and the surrounding lipids. These molecular assemblies showed more favorable interactions between Rh2 and
pSM or DOPC in comparison to Chol molecules (Fig. 1D,E). Calculations predicted that the interactions were
mainly apolar in nature (grey bars in Fig. 1D).

Rh2 binds to lipid bilayer vesicles with the following preference: DOPC > eSM >ePC. Isothermal
Titration Calorimetry (ITC) experiments were then applied to thermodynamically quantify the interaction of
Rh2 with liposomes containing eSM, ePC or DOPC. Notice however that formation of liposomes with Chol
was not achieved. LUV were injected in steps into the sample cell containing Rh2 (Rh2/lipid ratio of 0.02) at
25°C and thermodynamic parameters were determined (Table 1). The free energy of binding values (AG) were
negative and relatively similar for the three compositions examined, indicating a favorable and spontaneous
interaction. The entropy values (AS) were all positive, clearly indicating that the binding of Rh2 with the three
types of vesicles was entropically favored but with differences depending on the lipid (eSM > DOPC > ePC).
Regarding binding constants, the affinities of Rh2 with lipid bilayers occurred with the following preference:
DOPC > eSM > ePC. This could be linked with the difference between DOPC and eSM or ePC liposomes in their
interactions with Rh2 as revealed by the enthalpy values (AH). For instance, the interaction of Rh2 with eSM and
ePC was endothermic (AH > 0) with higher positive enthalpic changes of eSM compared to ePC whereas Rh2
binding with DOPC was found to be exothermic (AH < 0).

Rh2 adsorbs to a higher extent with eSM and DOPC than with Chol and ePC monolayers. To
explore Rh2:Chol interaction in comparison with that of Rh2 with eSM, ePC and DOPC, we pursued our study on
lipid monolayers made of these lipids by measuring adsorption kinetics via the Langmuir trough method. Lipids
were spread at the water-air interface to obtain an initial surface pressure of approximately 30 &2 mN/m. Rh2
was then injected into the buffer subphase at the final concentration of 10 .M and its adsorption to the different
films was determined by measuring the surface pressure (II) variations as a function of time with a constant film
area. The injection of Rh2 beneath the eSM, Chol, ePC or DOPC monolayers gave rise to a rapid increase of II
over time (Fig. 2A). The AII upon the adsorption of Rh2 to lipid monolayers was observed with the following
preference: eSM >DOPC > ePC and Chol monolayers (Fig. 2B) in agreement with results from Hypermatrix.

Rh2 increases eSM packing and transition temperature. Since Rh2 was able to highly adsorb to eSM
monolayers, we then determined the effect of Rh2 on the eSM hydration and main transition temperature by
evaluating the generalized polarization (GPex) of Laurdan upon increasing temperatures (Fig. 3)*?%. A transition
temperature (T,,) around 41 °C was observed for eSM, i.e. close to the values reported in the literature using dif-
ferential scanning calorimetry?»**. A Rh2/lipid ratio of 1 increased the value of Tm to 45 °C. In addition, whatever
the temperature, the GPex was higher in presence of Rh2 suggesting that the ginsenoside decreased hydration of
eSM. Thus, we suggest that upon addition of Rh2, the packing order would be reinforced giving rise to lower lipid
lateral diffusion coefficients. These results are in agreement with the impairment of eSM:water hydrogen-bonds
and packing induced by Rh2 as suggested by ITC.
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Figure 2. Rh2 adsorbs to a higher extent with eSM and DOPC than with Chol and ePC monolayers.
Adsorption kinetics recorded at 25 °C of Rh2 on pure lipids (eSM (black), Chol (grey), ePC (white), DOPC
(dotted line)). (A) Surface pressure — time (II - t) curves for pure lipid monolayers at 30 4= 2 mN/m initial
surface pressure recorded directly after the injection into the buffer subphase of Rh2 at the final concentration
of 10 uM. (B) AII is the difference between the final and initial surface pressures. The curves are representative
of three independent experiments and histogram data are means of these triplicated assays. One-way ANOVA
with Bonferroni’s multiple comparison post test. **p < 0.01; ***p < 0.001.
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Figure 3. Rh2 increases eSM packing and transition temperature. Laurdan generalized polarization (GPex)
was assessed at multiple temperatures from 4 to 60 °C in LUV composed of eSM combined with Laurdan (0.5%
mol) and treated for 5 min with 1% DMSO (dashed line) or at a Rh2/lipid ratio of 1 (black line). The X, was set
at 340 nm and the ., at 440 and 490 nm. The lines correspond to a non-linear regression (Hill’s function) of
data values and the inflexion points correspond to the transition temperature. The curves are representative of
two independent experiments.

Rh2 adsorption on mixed lipid monolayers is enhanced in the presence of eSM and the absence
of Chol. We next investigated the interaction of Rh2 with binary or ternary lipid systems. We first determined
if and how Rh2 could adsorb to lipid monolayers made of either eSM:ePC (1:1), ePC:Chol (1:1) or eSM:ePC:Chol
(1:1:1). Rh2 increased the IT within 500 s in eSM:ePC monolayer but only after 1400 s in monolayers containing
Chol (Fig. 4A). A plateau was observed in all conditions at 2600 s but a higher AII was measured for eSM:ePC
as compared to eSM:ePC:Chol and ePC:Chol monolayers (Fig. 4B). These data indicated that Rh2 adsorbed on
mixed lipid monolayers with the following preference: eSM:ePC > eSM:ePC:Chol and ePC:Chol membrane.

Rh2 increases the size of LUVs containing eSM but no Chol at a low Rh2/lipid ratio. Having
shown the favorable adsorption of Rh2 with mixed lipid monolayers in the presence of eSM and the absence of
Chol, we then turned our attention to mixed lipid bilayers as a more relevant model system. We first assessed
the size of LUV by dynamic light scattering (Fig. 5). At a Rh2/lipid ratio of 0.4, the size of eSM:ePC liposomes
increased from ~140 to ~190 nm, while vesicles containing Chol remained unchanged. However, at a Rh2/lipid
ratio of 2, the size of vesicles increased regardless of the liposome composition with an average vesicle diameter
of ~225, ~210 and ~190 nm for eSM:ePC, eSM:ePC:Chol and ePC:Chol, respectively. These results indicated that
Rh2 increased more favorably the LUV size in the presence of eSM and the absence of Chol in agreement with the
preferential binding of Rh2 with monolayers containing eSM but no Chol (Fig. 4).

Rh2 increases membrane rigidity in the presence of eSM and the absence of Chol at a low Rh2/
lipid ratio. To next determine if Rh2 could affect membrane biophysical properties to a differential extent
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Figure 4. Rh2 adsorbs to a higher extent with complex lipid monolayers containing eSM but no Chol.
Adsorption kinetics recorded at 25 °C of Rh2 on mixed lipids (eSM:ePC (striped bars), ePC:Chol (grey bars),
eSM:ePC:Chol (black bars)). (A) Surface pressure — time (II - t) curves for mixed lipid monolayers at 30 +2
mN/m initial surface pressure recorded directly after the injection into the buffer subphase of Rh2 at the final
concentration of 10 uM. (B) ATl is the difference between the final and initial surface pressures. The curves are
representative of three independent experiments and histogram data are means of these triplicated assays. One-
way ANOVA with Bonferroni’s multiple comparison post test. ns: non-significant; ***p < 0.001.
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Figure 5. LUV size is increased at a low Rh2/lipid ratio in the presence of eSM and the absence of Chol. LUV's
composed of eSM:ePC (1:1, striped bars), ePC:Chol (1:1, grey bars) or eSM:ePC:Chol (1:1:1, black bars) were
incubated for 5min with 1% DMSO or increasing Rh2/lipid ratios at 25 °C and vesicle size was determined by
dynamic light scattering. Data are means of triplicated assays. One-way ANOVA with Dunnett’s post tests to
compare control versus Rh2-treated LUVs. **p < 0.01.

based on membrane composition, we started by evaluating membrane fluidity by the Laurdan generalized polar-
ization (GPex; Fig. 6A) and the DPH fluorescence anisotropy (r; Fig. 6B) on the three liposome compositions.
Laurdan locates at the level of the lipid glycerol backbone and allows to detect variations in membrane phase
properties through its sensitivity to the environment polarity** while the DPH probe is in the hydrophobic core of
the membrane and is sensitive to changes in lipid acyl chain physical properties®. The increase of these parame-
ters indicates a higher rigidity in the lipid core region. In the absence of Rh2, membranes composed of eSM:ePC,
ePC:Chol and eSM:ePC:Chol were characterized as the more fluid to the more rigid. After 5min of incubation
with Rh2 at a 0.4 molar ratio, GPex and anisotropy values were increased in Chol-free liposomes (eSM:ePC)
but not in Chol-containing liposomes (ePC:Chol and eSM:ePC:Chol). At a Rh2/lipid molar ratio of 1, Rh2 sig-
nificantly increased the eSM:ePC:Chol membrane rigidity whereas ePC:Chol exhibited no significant rigidity
increase as compared to the control condition. A Rh2/lipid molar ratio of 2 was needed to increase the rigidity
of the ePC:Chol system. Thus, it clearly appears that after addition of a low Rh2/lipid ratio, membrane rigidity
only increased in the presence of eSM and the absence of Chol.

Rh2 induces membrane fusion to a faster and higher extent in the absence of Chol.  We next
evaluated the ability of Rh2 to induce membrane fusion by using the self-quenching probe R (octadecyl
rhodamine B chloride). Fusion of R s-labeled liposomes was monitored via the increase of fluorescence over time,
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Figure 6. Membrane rigidity is increased at a low Rh2/lipid ratio in the presence of eSM and the absence of
Chol. LUVs composed of eSM:ePC (1:1, striped bars), ePC:Chol (1:1, grey bars) or eSM:ePC:Chol (1:1:1, black
bars) combined with Laurdan (0.5% mol, A) or DPH (0.5% mol, B) were incubated for 5 min with 1% DMSO or
increasing Rh2/lipid ratios at 25 °C. Laurdan generalized polarization (GPex) and DPH fluorescence anisotropy
(r) were measured following Rh2 treatment. The X\, was respectively set at 340 nm (Laurdan) and 365 nm
(DPH) and the \,,, at 440 and 490 nm (Laurdan) and 425 nm (DPH). Results are means of three independent
experiments in triplicates. One-way ANOVA with Dunnett’s post tests to compare control versus Rh2-treated
LUVs. *p <0.05; #*p < 0.01.

which results from the relief of R4 self-quenching due to the decrease in its surface density. At a Rh2/lipid ratio of
0.4 which increased the membrane rigidity in eSM:ePC system (Fig. 6), no R;3 dequenching was observed (Fig. 7,
ratio of 0.4). In contrast, at higher Rh2/lipid ratios, a plateau was reached after 25 for all liposome compositions
(Fig. 7, ratios of 1, 2 and 4). Importantly, Rh2 provoked faster and higher increase of R,; dequenching over time
in Chol-free liposomes (eSM:ePC) as compared to Chol-containing liposomes (eSM:ePC:Chol and ePC:Chol).
These results suggested that Rh2-induced membrane fusion to a faster and higher extent in the absence of Chol.

Rh2 accelerates liposome permeability in the presence of eSM and the absence of Chol. To
investigate if the insertion of Rh2 into the membrane could induce membrane permeability, the release of calcein
from LUVs was measured. Membrane permeabilization is evaluated by measuring the increase of fluorescence
emission of LUV entrapping self-quenched calcein in case of release across the permeabilized membrane. Ata
Rh2/lipid molar ratio of 4 for which Rh2 was able to induce membrane fusion (Fig. 7), there was no calcein release
(Fig. 8, ratio of 4). At a ratio of 10, the fluorescence profile of the three types of liposomes can be discriminated.
For instance, after 50 s of incubation with Rh2 (at which a plateau was obtained), 50% of calcein was released
from eSM:ePC, ~25% from eSM:ePC:Chol while no release was measured from ePC:Chol liposomes (Fig. 8, ratio
of 10). Treatment with a Rh2/lipid ratio of 20 induced a time-dependent increase of fluorescence (Fig. 8, ratio of
20). These results showed that Rh2 accelerated membrane permeability in the presence of eSM and the absence
of Chol.

Rh2 induces positive membrane curvature in the presence of eSM and small buds followed
by intra-luminal vesicles in its absence. We then took benefit from the resemblance of GUVs with cell
membranes in terms of size and membrane curvature to visualize if Rh2 could change the GUV morphology. To
this aim, GUV's were labeled with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (Rhod-PE, red channel) and N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl)-1,2-Dihexadecanoyl-sn-Glycero-
3-Phosphoethanolamine (NBD-PE, green channel) to probe the liquid-disordered (L4) and liquid-ordered (L,)
phases, respectively?. The time course of morphology changes was studied by incubating GUV suspensions
with a fixed Rh2/lipid ratio of 3, for which membrane fusion but not permeability occurred (see above results).
Control GUVs exhibited a spherical shape with no detectable morphology changes for the whole duration of the
experiment (data not shown). In control eSM:ePC GUVs, solid-ordered phases (S,) were observed (dark areas,
white arrows at Fig. 9A, 0 min), as expected?”?%. Following the same GUV upon addition of Rh2, the progressive
formation of positive membrane curvature was accompanied by the progressive vesicle budding after 1 and 2 min
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Figure 7. Rh2-induced membrane fusion occurs to a faster and higher extent in the absence of Chol. LUV's
composed of eSM: PC (1:1, dashed lines), ePC:Chol (1:1, grey lines) or eSM:ePC:Chol (1:1:1, black lines)
labeled with R4 were incubated with increasing Rh2/lipid ratios (indicated in the top right corner of each
graph) at 25 °C. Membrane fusion of LUV's was assessed by R 5 fluorescence dequenching. The change of
fluorescence intensity was measured during 2005, using X, and X\, at 560 nm and 590 nm, respectively.
Fluorescence intensities were normalized as described in «Material and methods>>. The results are means of
two independent experiments in triplicates.
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Figure 8. Rh2-induced membrane permeability is faster in the presence of eSM and the absence of Chol.

LUVs composed of eSM:ePC (1:1, dashed lines), ePC:Chol (1:1, grey lines) or eSM:ePC:Chol (1:1:1, black lines)
entrapping calcein at self-quenching concentrations were incubated with increasing Rh2/lipid ratios (indicated
in the top right corner of each graph) at 25°C. Membrane permeability was determined by the release of calcein
from LUVs. The changes of fluorescence intensities were measured during 2005, using A\, and X, at 472 nm
and 512 nm, respectively. Fluorescence intensities were normalized as described in <«Material and methods>>.
Results are means of three independent experiments in triplicates.

(Fig. 9A, 1 and 2 min). Then, we were able to evidence membrane fusion and fission from 5 to 8 min (Fig. 9A,
5 to 8 min). In ePC:Chol GUVs, no phase separation was observed in the absence of Rh2 (Fig. 9B, 0 min). After
1 min, Rh2 promoted the formation of small buds (grey arrows) around the membrane that remained connected
to the parent GUV, consistent with the induction of membrane curvature changes (Fig. 9B, 1 min). After 9 min,
the small buds progressively disappeared but inward budding of GUV membranes appeared (white arrowheads
at Fig. 9B, 9 min), leading to intra-luminal vesicles (ILVs) after 10 min (grey arrowheads at Fig. 9B, 10 min). In
eSM:ePC:Chol, lipid phase separation was observed, as expected**?® (Fig. 9C, 0min). Over the course of Rh2
treatment, positive membrane curvature occurred and Ly domain preferentially localized into these highly curved
domains (Fig. 9C, 1 and 10 min). These results suggested that the insertion of Rh2 into the membrane promoted
positive membrane curvature in the presence of eSM and the formation of small buds followed by ILV formation
in the absence of eSM.

Rh2-induced morphology changes are not directly associated with membrane permeabilization.
To determine the potential link between GUV morphology changes and Rh2-induced membrane permeability,
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Figure 9. Rh2 induces positive membrane curvature in the presence of eSM and small buds followed by
intra-luminal vesicles in its absence. GUVs composed of eSM:ePC (A), ePC:Chol (B) and eSM:ePC:Chol

(C) were labeled with Rhod-PE (red) and NBD-PE (green) to reveal the liquid-disordered (L,) and liquid-
ordered (L,) phases, respectively. GUVs were incubated with 1% DMSO (control, 0 min) or Rh2/lipid ratio of

3 and visualized at the indicated times at room temperature with a Zeiss wide-field fluorescence microscope
(Observer.Z1) using a plan-Apochromat 40x/1.4 oil Ph3 objective. White arrows point to solid-ordered

phases (S,), grey arrows to small buds, white arrowheads to inward membrane budding and grey arrowheads to
intra-luminal vesicles. Scale bars, 20 pm. Images are representative of two independent experiments.
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Figure 10. Morphology changes lead to visible membrane permeability only at a Rh2/lipid ratio of 6. GUV's
composed of eSM:ePC (A), ePC:Chol (B) or eSM:ePC:Chol (C) were labeled with Rhod-PE (red) and diluted in
0.2M glucose supplemented with 20 uM calcein (green). GUVs were incubated with either 1% DMSO (line 1)
or with Rh2 at a Rh2/lipid ratio of 3 after 1 or 10 min (lines 2 and 3, respectively), or of 6 for 5min (line 4) at
22°C. The difference of green fluorescence intensities between outside and inside vesicles was measured and
indicated in the merge panel. GUVs were visualized by confocal microscope with Axio Observer 1 inverted
microscope equipped with a spinning disk microscope. Scale bars, 20 um. One-way ANOVA with Bonferroni’s
multiple comparison. ***p < 0.001. Images are representative of two independent experiments and at least 15
GUVs were analyzed per experiment.

GUVs were placed in IBIDI chambers filled with glucose and calcein and were observed by confocal microscopy.
Control GUV membranes containing sucrose were impermeable to free calcein present in the solution, showing
a difference of fluorescence intensity between outside and inside of the GUV's (values noted in the merge panels;
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Figure 11. Digitonin changes membrane biophysical properties in a Chol-dependent manner. (A-D) LUVs
composed of eSM:ePC (1:1, striped bars or dashed lines), ePC:Chol (1:1, grey bars or lines) or eSM:ePC:Chol
(1:1:1, black bars or lines) were incubated with 1% DMSO or increasing digitonin/lipid ratios as indicated at
25°C. (A) LUV size was determined by dynamic light scattering. Unpaired t-test was used to compare control
versus digitonin-treated LUVs. (B) Fluidity was determined by GPex values on LUV labeled with Laurdan.
One-way ANOVA with Dunnett’s post tests to compare control versus digitonin-treated LUVs. *p < 0.05;

**p < 0.01; ##%p < 0.001. (C,D) Membrane fusion and permeability were assessed by R fluorescence
dequenching (C) and calcein self-quenching release (D), respectively. All the results are means of two
independent experiments in triplicates. (E) GUVs composed of eSM:ePC, ePC:Chol or eSM:ePC:Chol were
labeled with Rhod-PE (red) and NBD-PE (green) and were incubated with a digitonin/lipid ratio of 20 at room
temperature. After 2 min following digitonin treatment, pictures were taken with a Zeiss wide-field fluorescence
microscope (Observer.Z1) using a plan-Apochromat 40x/1.4 oil Ph3 objective. Scale bars, 20 pum. Images are
representative of two independent experiments.

Fig. 10 A-C; line 1). This difference was maintained for the whole duration of the incubation with DMSO (data
not shown). At a Rh2/lipid ratio of 3 and in the presence of eSM, the membrane budding induced by Rh2 reported
in Fig. 9A,C was clearly visible but did not allow the entry of calcein into the GUVs (Fig. 10A,C; lines 2 and 3). In
ePC:Chol GUVs, the formation of calcein-free small buds mediated by outward budding of GUV membranes was
observed already after 1 min (Fig. 10B; line 2) while the formation of ILVs was noticed after 10 min (Fig. 10B; line
3). The difference of fluorescence intensity between outside the GUVs and inside those ILVs was 80 £ 36 which
was lower than the difference between outside and inside control GUVs. This indicated that the calcein contained
in the solution was encapsulated inside small vesicles during their formation, consistent with the formation of
calcein-containing ILVs through inward indentation of the limiting GUV membrane®. Thus, Rh2-induced mor-
phology changes were not directly associated with membrane permeability. A Rh2/lipid ratio of 6 was needed to
induce wrinkled borders and entry of calcein through the membrane of the three GUV compositions, leading to
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the suppression of difference of fluorescence intensities between outside and inside of GUVss (Fig. 10A-C; line 4).
The latter results are compatible with the creation of membrane pores by Rh2 whatever the GUV composition.

In contrast to Rh2, digitonin modulates membrane biophysical properties in a Chol-dependent
manner. Altogether, the data reported above indicated that Rh2 modified to a higher extent biophysical prop-
erties of LUVs in the presence of SM and the absence of Chol. Since those results challenged the usual view that
some saponins mediate their membrane effects through interaction with Chol, the same series of experiments
were carried out with digitonin, a steroid saponin known to require Chol for its membrane-related effects'!.
Using the same three liposome compositions, we evaluated the effects of digitonin on vesicle size (dynamic light
scattering, Fig. 11A), membrane fluidity (Laurdan, Fig. 11B), fusion (R4 dequenching, Fig. 11C) and permeability
(calcein release, Fig. 11D). The results clearly showed that treatment with digitonin increased vesicle size, mem-
brane fluidity and permeability only in Chol-containing systems without any effect on membrane fusion even at a
Rh2/lipid ratio of 13 (data not shown). Interestingly, ePC:Chol vesicles were more susceptible to digitonin as com-
pared to eSM:ePC:Chol, suggesting an influence of Chol concentration. Consistently, digitonin rapidly disrupted
the GUV membrane in the presence of Chol but not in its absence (Fig. 11E) even after long time (2hours, data
not shown). Altogether, these results supported the essential role of Chol in the membrane-related effects induced
by digitonin and corroborated our observations that Rh2 interacted with the membrane in a differential way.

Discussion

The membrane-related effects of saponins are often considered as Chol-dependent. Our recent observations with
the saponin ginsenoside Rh2 let us to reconsider this purpose and to propose that, in contrast to eSM, membrane
Chol could decrease the activity of Rh2'8. We here tested this hypothesis by determining Rh2:membrane interac-
tion by in silico experiments as well as in vitro studies on lipid monolayers and bilayers while modulating the lipid
composition, i.e. the presence or absence of Chol or eSM. In silico studies clearly revealed higher relative interac-
tion energy between Rh2 and pSM or DOPC in comparison to Chol, which could result from higher hydropho-
bic and van der Waals forces but also higher hydrogen bond energies. Accordingly, studies on lipid monolayers
showed that Rh2 adsorbed to a higher extent to eSM or DOPC in comparison to Chol and ePC monolayers.

As revealed by ITC, interactions between Rh2 and both eSM and DOPC are favorable with negative values
for variation of free energy. They differ however since interaction with eSM was endothermic and mainly driven
by entropy whereas interaction with DOPC was slightly exothermic with lower values for variations of entropy.
Regarding the interaction of Rh2 with ePC and DOPC, the binding affinity between Rh2 and ePC was lower than
with DOPC vesicles which could indicate that variations in the fatty acyl chain lengths, the number of unsatura-
tion found in ePC composition (containing around 30% DOPC) and the resulting biophysical membrane prop-
erties could reduce membrane binding of Rh2.

To be closer to physiological condition, we then turned to mixed lipid bilayers. Even if biological membranes
are more complex than artificial lipid bilayers (due to the presence of membrane and cytoskeletal proteins but
also of membrane asymmetry), our data are consistent with those previously obtained in human cancer cell lines
(A549, THP-1, and U937) which highlighted that membrane Chol depletion accelerates Rh2-induced apoptosis'®.
It can be deduced that Rh2 did not specifically interact with Chol which could instead delay and/or decrease the
Rh2-induced membrane-related effects. Several hypotheses can be proposed to explain such a delayed/decreased
effect. First, due to space constriction, Rh2 could have to at first remove Chol from the membrane, a mechanism
reported for digitonin which extracts Chol and forms a complex with the latter*®. However, three lines of evi-
dence reported here do not support this possibility. Firstly, digitonin increased the size and induced membrane
lysis only in Chol-containing liposomes, as previously observed by Sudji ef al.!!, whereas the action of Rh2 was
instead delayed and depressed by the presence of membrane Chol. Secondly, Rh2 was able to modulate membrane
biophysical properties even without Chol or eSM. Thirdly, based on GPex value of Laurdan, we observed that
digitonin increased membrane fluidity whereas Rh2 decreased it, suggesting that Rh2 could preferentially stay
into the membrane. To reinforce this idea, hydroxypropyl-3-cyclodextrin (HPBCD), also known to capture Chol
from the membrane, has been shown to decrease the surface pressure (II) of Chol monolayers®,, in contrast to
Rh2. Moreover, like digitonin, alpha-hederin increases membrane fluidity and membrane permeability due to the
formation of saponin:Chol complexes. The differential effect between Rh2 and alpha-hederin could be related to
the less profound insertion into the membrane hydrophobic core of Rh2 than alpha-hederin owing to two sugar
chains, thereby increasing the surface of interaction with Chol and preventing polar interactions between Chol
and phospholipids®. This highlights the importance of saponin nature since other saponins than Rh2, including
chikusetsusaponin III or oleanolic acid glycosylated at both C-3 and C-28, induce Chol-independent membrane
disruption®*34,

A second hypothesis for explaining the protective role of Chol is through its effect on membrane rigidity,
decreasing the possibility for Rh2 to adsorb and interact with the membrane. In agreement with this hypothesis,
eSM:ePC liposomes were more fluid than liposomes containing Chol and were also the most sensitive to Rh2.
However, even if ePC:Chol and eSM:ePC:Chol liposomes were classified from the more fluid to the more rigid,
ePC:Chol vesicles were less susceptible to the action of Rh2 as compared to eSM:ePC:Chol vesicles.

Third, the delayed/depressed effect of Chol could also be explained through its favorable interaction with SM
in lipid domains and its similarity with Rh2 structure. Chol could compete with Rh2, thereby depressing Rh2:SM
interaction and related effects. Such interaction between Rh2 and lipid clusters is in agreement with previous
studies showing the disruption of lipid domains by Rh2!®!7. Rh2 insertion could in turn increase membrane
rigidity and line tension, resulting into the formation of positive membrane curvature to finally reduce the line
tension®. Accordingly, using coarse-grained molecular dynamics simulations, Lin and Wang have shown that the
interaction of dioscin saponin with membrane Chol leads to the destabilization of the L,-phase and the formation
of positive membrane curvature which may eventually result in the hemolysis of red blood cells*®.
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The favorable interaction of Rh2 with eSM monolayer is reminiscent to the specific binding to membrane SM
of pore-forming proteins actinoporins (e.g. equinatoxin and sticholysin)*”*%. Hence, binding of the toxins and
their permeabilization ability only occur in model systems exhibiting phase coexistence (L, and L)*. Based on
our data related to GUV phase separation and LUV membrane permeability, we rule out a similar mode of action
for Rh2. For instance, whatever the presence and the type of GUV phase boundaries, Rh2 induced alterations of
GUYV morphology and membrane permeability.

In conclusion, our work challenged the usual view that most saponins mediate their membrane-related effects
through an interaction with Chol. Here the activity of Rh2 is enhanced by the interaction with membrane SM but
depressed by Chol. Further studies are required to determine the structure-activity relationship between different
saponins and eventually predict the mechanisms of their interactions with membrane.

Materials and Methods

Materials. Ginsenoside Rh2, calcein, Sephadex® G-50, LH-20 and 1,6-diphenyl-1,3,5-hexatriene (DPH) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ginsenoside Rh2 (chemical purity >97.0%) was dissolved
in 100% ethanol. Rh2 residue was evaporated and resolubilized in buffer solution (10 mM Tris-HCI, 159 mM
NaCl pH 7.4, containing 1% DMSO). Calcein was dissolved in 6 N NaOH and subjected to size-exclusion chro-
matography through a Sephadex® LH-20 column. The L-a-phosphatidylcholine (ePC - Egg, Chicken), sphin-
gomyelin (eSM - Egg, Chicken), cholesterol (Chol - Ovine Wool), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium
salt) (Rhod-PE) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). N-(7-Nitrobenz-2-Oxa-
1,3-Diazol-4-yl)-1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Triethylammonium Salt) (NBD-PE)
were ordered by Life technologies (Leusden, Netherlands). 6-Dodecanoyl-2-Dimethylaminonaphthalene
(Laurdan) and Octadecyl Rhodamine B Chloride (R ) were acquired from Thermo scientific (Rockford, IL USA).
Lipids and lipid probes were dissolved in CHCl, except DPH, which was dissolved in tetrahydrofuran (THF), and
were kept at —20°C. All organic solvents used were from VWR (Radnor, PA, USA).

In silico methods. IMPALA and Hypermatrix methods have been previously described in details®.

Adsorption kinetics. The adsorption kinetics of Rh2 into lipid monolayer was measured by following
changes in the surface pressure. Experiments were assayed in an automated Langmuir trough (KSV Mini-trough
KSV instruments Ltd., Helsinki, Finland- width = 7.5 cm, length = 20 cm) with two hydrophophilic Delrin mobile
barriers, a platinum Wilhelmy plate and a temperature probe. The system was enclosed in a Plexiglas box, and
the temperature was maintained at 25 & 1 °C. Lipid mixed solutions were dissolved at a concentration of 1 mM
in CHCI; and were added at the air-water interface with a micro-syringe (Hamilton, USA) until surface pressure
(IT) reached 30 4 2 mN/m. After reaching the equilibrium, ginsenoside Rh2 was carefully injected into the 80 ml
subphase (buffer 10 mM Tris-HCI, 159 mM NaCl pH 7.4) beneath the lipid monolayer. The subphase is stirred
with magnetic stirrer using specialized injection supports. The variation of the surface pressure was recorded in
function of time immediately after the injection of Rh2 until a plateau was observed.

Preparation and analysis of Large Unilamellar Vesicles. LUVs composed of eSM:ePC (1:1), eSM:eP-
C:Chol (1:1:1) or ePC:Chol (1:1) (molar ratio) were prepared by the extrusion from Multilamellar Lamellar
Vesicles (MLVs)*. In brief, lipids were diluted CHCI; at the desired molar ratio. The organic solvent was then
removed by evaporation in rotary evaporator (Buchi Rotavapor R-200, Switzerland). The residual lipid films after
drying under vacuum overnight were hydrated with buffer solution (10 mM Tris-HCI, 135 mM NaCl pH 7.4).
This suspension was submitted to five cycles of freezing/thawing. The latter were extruded through a polycar-
bonate Nuclepore Track Etch membrane filter (100 nm pore size filter, 19 times) using a mini-extruder system
(Avanti Polar Lipids) to form LUVs. The quality control of LUV's was determined by the polydispersity index
(PDI) (PDI < 0.2) and particle size distribution (z-average £ 150 nm) via dynamic light scattering (see below).
Total phospholipids were determined by phosphorus assay and diluted to the desired final concentration in the
buffer solution*>.

Isothermal Titration Calorimetry. Isothermal Titration Calorimetry techniques were assessed using a
VP-ITC (MicroCal Northampton, MA, USA) to provide a complete thermodynamic description of the interac-
tion between Rh2 and LUV's made with eSM, ePC and DOPC. All solutions were prepared with the same buffer
constituted of 10 mM Tris-HCI, 159 mM NaCl pH 7.4. Prior each analysis, all solutions were degassed using
sonicator bath. The cell (volume 1.4045 ml) for the ITC measurement was filled with Rh2 solution at a concen-
tration of 40 pM and stirred at a speed of 305 rpm. The reference cell is filled with milliQ water Titration was
carried out at 25 °C using 300 pl syringe filled with the LUV suspension at 2 mM and series of injections of 10 pl
were made with a delay of 360 s between each succession injection to allow steady state to be attained. Data were
processed by software ORIGIN 7 (Originlab, Northampton, MA, USA) using the cumulative model as described
in Razafindralambo et al.®*.

Size of Large UnilamellarVesicles. The average diameter of liposomes was determined in a 12 mm square
polystyrene cuvette containing LUV suspension by dynamic light scattering (DLS) technique at 25°C using a
Zetasizer Nano SZ equipment (Malvern Instruments Ltd, UK) equipped with a helium-neon laser and added back
scattering detection at 173°.

Liposomal membrane fluidity and transition temperature. The effect of Rh2 on liposomal mem-
brane fluidity was determined by measuring the values of generalized polarization (GPex) of Laurdan and the
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fluorescence anisotropy of DPH?*#* at 25 °C. The solution of Laurdan or DPH were added at 0.5% mol to the
mixed lipid suspension before the evaporation. GPex of Laurdan was measured from the equation (1).

GRy = (g — Ligp)/(Lygg + Lygo) (1)

where 1,4, and L, are the X\, at 440 and 490 nm, respectively recorded with the ., at 340 nm. To determine
transition temperature of eSM liposomes, Laurdan generalized polarization was assessed at multiple temperatures
from 4 to 60 °C.

The fluorescence anisotropy value (r) of DPH was determined via the equation (2):

where I, and I;, are the fluorescence intensities with the excitation and emission polarization filters in vertical
(v) and horizontal (h) orientations, respectively. The G factor is an inherent factor to the spectrophotometer used.
The fluorescence polarization was measured at X, and A, of 365nm and 425 nm, respectively.

Membrane permeability of Large Unilamellar Vesicles. The leakage from LUV of entrapped calcein
at self-quenching concentration was followed to determine the effect of Rh2 on membrane permeability**. Briefly,
the dried lipid film was hydrated with a solution of 10 mM Tris-HCI, 135mM NaCl pH 7.4 containing puri-
fied calcein (73 mM). LUV were then eluted through a Sephadex-G50 column to remove the non-encapsulated
calcein. Fluorescence intensities were continuously recorded during 200s at 25 °C after the addition of increasing
concentrations of Rh2 in the liposome suspension. The ., and \.,, were 472 and 512 nm, respectively. The per-
centage of calcein release from liposomes was calculated using the equation (3):

%release = [(E — E.)/(E, — Eq)] * 100 3)

where F, represents the fluorescence intensity at the time t following the treatment with Rh2. F_, corresponds to
the baseline fluorescence of liposomes at the same time and F,,;, maximum fluorescence is the fluorescence meas-
ured after the addition of 0.1% Triton X-100 to induce maximum release.

Membrane fusion of Large Unilamellar Vesicles. Lipid mixing assay is based on self-quenching of Ry
(octadecyl rhodamine B chloride) in LUVs*. The R4 hydrophic probe was incorporated at 5.7% mol into a
lipid mixture before its evaporation. R 4 labeled liposomes were mixed at a ratio of 1:4 with unlabeled liposomes
adjusted to the same concentration. The changes of fluorescence intensity were measured during 200s at 25°C,
using X, and X\, at 560 nm and 590 nm, respectively. The percentage of liposomal fusion was calculated using
the equation (3).

Preparation and analysis of Giant Unilamellar Vesicles. GUVs were prepared using the electrofor-
mation method?. To investigate phase separation, mixtures of eSM:ePC (1:1), eSM:ePC:Chol (1:1:1) or ePC:Chol
(1:1) combined with 0.2% mol Rhod-PE and 0.5% mol NBD-PE were prepared. A small volume of lipid solution
was spread and dried inside the chamber of 1 mm thick silicon gasket placed on the surface of an ITO coated
glass lamella. The electroformation chamber was filled with 0.2 M sucrose and overlaid with a second ITO-coated
slide. The GUV's were formed by exposure to a sinusoidal alternating current of 10Hz and 1V for 2h at 60°C.
The volume containing GUV's were collected from the slide and lipid concentration was determined based on a
calibration curve of NBD-PE fluorescence intensity. GUVs were diluted in 0.2 M glucose and placed in a p-Slide
8-well chamber from IBIDI (Martinsried, Germany) and observed in the red channel for Rhod-PE (\,,, 561 nm
and X\, 617nm) and in the green channel for NDB-PE (\.,, 488 nm and X\, 530 nm) at room temperature. To
investigative the permeabilizing effect of Rh2, same GUV compositions combined with 0.2% mol Rhod-PE were
diluted in 0.2 M glucose supplemented with 20 pM calcein and the difference of fluorescence intensity between
outside and inside vesicle was measured. GUV's were visualized either with a Zeiss wide-field fluorescence micro-
scope (Observer.Z1) using a plan-Apochromat 40x/1.4 oil Ph3 objective or a Axio Observer 1 inverted micro-
scope equipped with a model CSU-X1 Yokogawa spinning disk and Plan-Apochromat 40x/1.40 oil DIC. Images
were analyzed with the Carl Zeiss AxioVision 4.8.2 software.

Fluorescence spectroscopy measurement. All fluorescence measurements were carried out with a LS55
luminescence spectrometer from Perkin Elmer (Waltham, MA, USA). The spectrophotometer was equipped with
a temperature-controlled sample holder being set at 25°C.

Data Availability
Data are expressed as means + SEM. All statistical analyses were performed with the GraphPad Prism 4.03 soft-
ware (GraphPad software, San Diego, CA, USA).

References

1. van Meer, G., Voelker, D. R. & Feigenson, G. W. Membrane lipids: where they are and how they behave. Nat Rev Mol Cell Biol 9,
112-124, https://doi.org/10.1038/nrm2330 (2008).

2. Singer, S. J. & Nicolson, G. L. The fluid mosaic model of the structure of cell membranes. Science 175, 720-731 (1972).

3. Simons, K. & Ikonen, E. Functional rafts in cell membranes. Nature 387, 569-572, https://doi.org/10.1038/42408 (1997).

4. Lingwood, D., Kaiser, H. J., Levental, I. & Simons, K. Lipid rafts as functional heterogeneity in cell membranes. Biochem Soc Trans
37, 955-960, https://doi.org/10.1042/BST0370955 (2009).

5. Carquin, M., D’Auria, L., Pollet, H., Bongarzone, E. R. & Tyteca, D. Recent progress on lipid lateral heterogeneity in plasma
membranes: From rafts to submicrometric domains. Prog Lipid Res 62, 1-24, https://doi.org/10.1016/j.plipres.2015.12.004 (2016).

SCIENTIFICREPORTS| (2019) 9:7285 | https://doi.org/10.1038/s41598-019-43674-w 12


https://doi.org/10.1038/s41598-019-43674-w
https://doi.org/10.1038/nrm2330
https://doi.org/10.1038/42408
https://doi.org/10.1042/BST0370955
https://doi.org/10.1016/j.plipres.2015.12.004

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

. Mollinedo, E & Gajate, C. Lipid rafts as major platforms for signaling regulation in cancer. Adv Biol Regul 57, 130-146, https://doi.

org/10.1016/j.jbior.2014.10.003 (2015).

. Lorent, J. H,, Quetin-Leclercq, J. & Mingeot-Leclercq, M. P. The amphiphilic nature of saponins and their effects on artificial and

biological membranes and potential consequences for red blood and cancer cells. Org Biomol Chem 12, 8803-8822, https://doi.
org/10.1039/c40b01652a (2014).

. Lorent, J. et al. Domain formation and permeabilization induced by the saponin alpha-hederin and its aglycone hederagenin in a

cholesterol-containing bilayer. Langmuir 30, 45564569, https://doi.org/10.1021/1a4049902 (2014).

. Lorent, J. H. et al. alpha-Hederin Induces Apoptosis, Membrane Permeabilization and Morphologic Changes in Two Cancer Cell

Lines Through a Cholesterol-Dependent Mechanism. Planta Med 82, 1532-1539, https://doi.org/10.1055/s-0042-114780 (2016).
Korchowiec, B. et al. Impact of two different saponins on the organization of model lipid membranes. Biochim Biophys Acta 1848,
1963-1973, https://doi.org/10.1016/j.bbamem.2015.06.007 (2015).

Sudji, I. R., Subburaj, Y., Frenkel, N., Garcia-Saez, A. ]. & Wink, M. Membrane Disintegration Caused by the Steroid Saponin
Digitonin Is Related to the Presence of Cholesterol. Molecules 20, 20146-20160, https://doi.org/10.3390/molecules201119682
(2015).

Sucha, L. et al. The cytotoxic effect of alpha-tomatine in MCF-7 human adenocarcinoma breast cancer cells depends on its
interaction with cholesterol in incubation media and does not involve apoptosis induction. Oncol Rep 30, 2593-2602, https://doi.
org/10.3892/0r.2013.2778 (2013).

Keukens, E. A. et al. Glycoalkaloids selectively permeabilize cholesterol containing biomembranes. Biochim Biophys Acta 1279,
243-250 (1996).

Bangham, A. D., Horne, R. W,, Glauert, A. M., Dingle, J. T. & Lucy, J. A. Action of saponin on biological cell membranes. Nature 196,
952-955 (1962).

Nag, S. A. et al. Ginsenosides as Anticancer Agents: In vitro and in vivo Activities, Structure-Activity Relationships, and Molecular
Mechanisms of Action. Front Pharmacol 3, 25, https://doi.org/10.3389/fphar.2012.00025 (2012).

Yi, J. S. et al. Ginsenoside Rh2 induces ligand-independent Fas activation via lipid raft disruption. Biochem Biophys Res Commun
385, 154-159, https://doi.org/10.1016/j.bbrc.2009.05.028 (2009).

Park, E. K. et al. Induction of apoptosis by the ginsenoside Rh2 by internalization of lipid rafts and caveolae and inactivation of Akt.
Br ] Pharmacol 160, 1212-1223, https://doi.org/10.1111/j.1476-5381.2010.00768.x (2010).

Verstraeten, S. L. et al. Membrane cholesterol delays cellular apoptosis induced by ginsenoside Rh2, a steroid saponin. Toxicol Appl
Pharmacol 352, 59-67, https://doi.org/10.1016/j.taap.2018.05.014 (2018).

Ducarme, P, Rahman, M. & Brasseur, R. IMPALA: a simple restraint field to simulate the biological membrane in molecular
structure studies. Proteins 30, 357-371 (1998).

Brasseur, R, Killian, J. A., De Kruijff, B. & Ruysschaert, J. M. Conformational analysis of gramicidin-gramicidin interactions at the
air/water interface suggests that gramicidin aggregates into tube-like structures similar as found in the gramicidin-induced
hexagonal HII phase. Biochim Biophys Acta 903, 11-17 (1987).

Bagatolli, L. A., Parasassi, T., Fidelio, G. D. & Gratton, E. A model for the interaction of 6-lauroyl-2-(N,N-dimethylamino)
naphthalene with lipid environments: implications for spectral properties. Photochem Photobiol 70, 557-564 (1999).

Parasassi, T., De Stasio, G., d’'Ubaldo, A. & Gratton, E. Phase fluctuation in phospholipid membranes revealed by Laurdan
fluorescence. Biophys ] 57, 1179-1186, https://doi.org/10.1016/S0006-3495(90)82637-0 (1990).

Filippov, A., Oradd, G. & Lindblom, G. Sphingomyelin structure influences the lateral diffusion and raft formation in lipid bilayers.
Biophys ] 90, 2086-2092, https://doi.org/10.1529/biophysj.105.075150 (2006).

Jimenez-Rojo, N., Garcia-Arribas, A. B., Sot, ., Alonso, A. & Goni, F. M. Lipid bilayers containing sphingomyelins and ceramides of
varying N-acyl lengths: a glimpse into sphingolipid complexity. Biochim Biophys Acta 1838, 456-464, https://doi.org/10.1016/j.
bbamem.2013.10.010 (2014).

do Canto, A. et al. Diphenylhexatriene membrane probes DPH and TMA-DPH: A comparative molecular dynamics simulation
study. Biochim Biophys Acta 1858, 2647-2661, https://doi.org/10.1016/j.bbamem.2016.07.013 (2016).

Juhasz, J., Davis, J. H. & Sharom, E J. Fluorescent probe partitioning in giant unilamellar vesicles of ‘lipid raft’ mixtures. Biochem ]
430, 415-423, https://doi.org/10.1042/BJ20100516 (2010).

de Almeida, R. E, Fedorov, A. & Prieto, M. Sphingomyelin/phosphatidylcholine/cholesterol phase diagram: boundaries and
composition of lipid rafts. Biophys J 85, 2406-2416, https://doi.org/10.1016/S0006-3495(03)74664-5 (2003).

Goni, E M. et al. Phase diagrams of lipid mixtures relevant to the study of membrane rafts. Biochim Biophys Acta 1781, 665-684,
https://doi.org/10.1016/j.bbalip.2008.09.002 (2008).

Drucker, P, Pejic, M., Galla, H. J. & Gerke, V. Lipid segregation and membrane budding induced by the peripheral membrane
binding protein annexin A2. ] Biol Chem 288, 24764-24776, https://doi.org/10.1074/jbc.M113.474023 (2013).

Augustin, J. M., Kuzina, V., Andersen, S. B. & Bak, S. Molecular activities, biosynthesis and evolution of triterpenoid saponins.
Phytochemistry 72, 435-457, https://doi.org/10.1016/j.phytochem.2011.01.015 (2011).

Dos Santos, A. G. et al. Changes in membrane biophysical properties induced by the Budesonide/Hydroxypropyl-beta-cyclodextrin
complex. Biochim Biophys Acta 1859, 1930-1940, https://doi.org/10.1016/j.bbamem.2017.06.010 (2017).

Lorent, J., Le Duff, C. S., Quetin-Leclercq, J. & Mingeot-Leclercq, M. P. Induction of highly curved structures in relation to
membrane permeabilization and budding by the triterpenoid saponins, alpha- and delta-Hederin. ] Biol Chem 288, 14000-14017,
https://doi.org/10.1074/jbc.M112.407635 (2013).

Nakamura, T. et al. Interaction of saponins with red blood cells as well as with the phosphatidylcholine liposomal membranes. J.
Pharmacobiodyn 2, 374-382, https://doi.org/10.1248/bpb1978.2.374 (1979).

Hu, M., Konoki, K. & Tachibana, K. Cholesterol-independent membrane disruption caused by triterpenoid saponins. Biochim
Biophys Acta 1299, 252-258, https://doi.org/10.1016/0005-2760(95)00214-6 (1996).

Garcia-Saez, A. J., Chiantia, S. & Schwille, P. Effect of line tension on the lateral organization of lipid membranes. ] Biol Chem 282,
33537-33544, https://doi.org/10.1074/jbc.M706162200 (2007).

Lin, F. & Wang, R. Hemolytic mechanism of dioscin proposed by molecular dynamics simulations. ] Mol Model 16, 107-118, https://
doi.org/10.1007/s00894-009-0523-0 (2010).

Bakrac, B. et al. Molecular determinants of sphingomyelin specificity of a eukaryotic pore-forming toxin. J Biol Chem 283,
18665-18677, https://doi.org/10.1074/jbc.M708747200 (2008).

Bakrac, B. & Anderluh, G. Molecular mechanism of sphingomyelin-specific membrane binding and pore formation by actinoporins.
Adv Exp Med Biol 677, 106-115 (2010).

Schon, P. et al. Equinatoxin II permeabilizing activity depends on the presence of sphingomyelin and lipid phase coexistence.
Biophys ] 95, 691-698, https://doi.org/10.1529/biophysj.108.129981 (2008).

Claereboudt, E. J. S., Eeckhaut, I, Lins, L. & Deleu, M. How different sterols contribute to saponin tolerant plasma membranes in sea
cucumbers. Sci Rep 8, 10845, https://doi.org/10.1038/s41598-018-29223-x (2018).

Hope, M. ], Bally, M. B., Webb, G. & Cullis, P. R. Production of large unilamellar vesicles by a rapid extrusion procedure:
characterization of size distribution, trapped volume and ability to maintain a membrane potential. Biochim Biophys Acta 812, 55-65
(1985).

Bartlett, G. R. Phosphorus assay in column chromatography. ] Biol Chem 234, 466-468 (1959).

SCIENTIFICREPORTS| (2019) 9:7285 | https://doi.org/10.1038/s41598-019-43674-w 13


https://doi.org/10.1038/s41598-019-43674-w
https://doi.org/10.1016/j.jbior.2014.10.003
https://doi.org/10.1016/j.jbior.2014.10.003
https://doi.org/10.1039/c4ob01652a
https://doi.org/10.1039/c4ob01652a
https://doi.org/10.1021/la4049902
https://doi.org/10.1055/s-0042-114780
https://doi.org/10.1016/j.bbamem.2015.06.007
https://doi.org/10.3390/molecules201119682
https://doi.org/10.3892/or.2013.2778
https://doi.org/10.3892/or.2013.2778
https://doi.org/10.3389/fphar.2012.00025
https://doi.org/10.1016/j.bbrc.2009.05.028
https://doi.org/10.1111/j.1476-5381.2010.00768.x
https://doi.org/10.1016/j.taap.2018.05.014
https://doi.org/10.1016/S0006-3495(90)82637-0
https://doi.org/10.1529/biophysj.105.075150
https://doi.org/10.1016/j.bbamem.2013.10.010
https://doi.org/10.1016/j.bbamem.2013.10.010
https://doi.org/10.1016/j.bbamem.2016.07.013
https://doi.org/10.1042/BJ20100516
https://doi.org/10.1016/S0006-3495(03)74664-5
https://doi.org/10.1016/j.bbalip.2008.09.002
https://doi.org/10.1074/jbc.M113.474023
https://doi.org/10.1016/j.phytochem.2011.01.015
https://doi.org/10.1016/j.bbamem.2017.06.010
https://doi.org/10.1074/jbc.M112.407635
https://doi.org/10.1248/bpb1978.2.374
https://doi.org/10.1016/0005-2760(95)00214-6
https://doi.org/10.1074/jbc.M706162200
https://doi.org/10.1007/s00894-009-0523-0
https://doi.org/10.1007/s00894-009-0523-0
https://doi.org/10.1074/jbc.M708747200
https://doi.org/10.1529/biophysj.108.129981
https://doi.org/10.1038/s41598-018-29223-x

www.nature.com/scientificreports/

43. Razafindralambo, H., Dufour, S., Paquot, M. & Deleu, M. Thermodynamic studies of the binding interactions of surfactin analogues
to lipid vesicles. ] Therm Anal Calorim 95, 817-821, https://doi.org/10.1007/s10973-008-9403-6 (2009).

44. Harris, F. M, Best, K. B. & Bell, J. D. Use of laurdan fluorescence intensity and polarization to distinguish between changes in
membrane fluidity and phospholipid order. Biochim Biophys Acta 1565, 123-128 (2002).

45. Weinstein, J. N., Yoshikami, S., Henkart, P., Blumenthal, R. & Hagins, W. A. Liposome-cell interaction: transfer and intracellular
release of a trapped fluorescent marker. Science 195, 489-492 (1977).

46. Hoekstra, D., de Boer, T., Klappe, K. & Wilschut, J. Fluorescence method for measuring the Kinetics of fusion between biological
membranes. Biochemistry 23, 5675-5681 (1984).

47. Rodriguez, N., Pincet, F. & Cribier, S. Giant vesicles formed by gentle hydration and electroformation: a comparison by fluorescence
microscopy. Colloids Surf B Biointerfaces 42, 125-130, https://doi.org/10.1016/j.colsurfb.2005.01.010 (2005).

Acknowledgements

We thank AG. dos Santos (UCL, LDRI) for guiding us in GUV preparation and P. Van Der Smissen (UCL,
DDUV) for training in fluorescence microscopy. S. Verstraeten is doctoral fellow of the Télévie. M. Janikowska-
Sagan acknowledges financial support from Polish Ministry of Science and Education subsidy for her position as
young researcher. This work was supported by the Belgian Fonds de la Recherche Scientifique (F.S.R-FNRS) and
The Actions de Recherche Concertées (ARC, UCL).

Author Contributions

S.L.V. designed experiments, conducted in vitro work and wrote the manuscript. M.D. provided equipment to
perform the surface pressure-time and isothermal titration calorimetry and the expertise in data treatment and
interpretation. M.J. helped for the LUVs and GUVs preparations. EJSC performed in silico experiments and L.L.
provided the expertise. D.T. and M.P.M. designed experiments and supervised the writing of the manuscript. All
authors revised the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:7285 | https://doi.org/10.1038/s41598-019-43674-w 14


https://doi.org/10.1038/s41598-019-43674-w
https://doi.org/10.1007/s10973-008-9403-6
https://doi.org/10.1016/j.colsurfb.2005.01.010
http://creativecommons.org/licenses/by/4.0/

	The activity of the saponin ginsenoside Rh2 is enhanced by the interaction with membrane sphingomyelin but depressed by cho ...
	Results

	Rh2 interacts more favorably with pSM and DOPC than Chol as revealed by molecular modeling. 
	Rh2 binds to lipid bilayer vesicles with the following preference: DOPC > eSM > ePC. 
	Rh2 adsorbs to a higher extent with eSM and DOPC than with Chol and ePC monolayers. 
	Rh2 increases eSM packing and transition temperature. 
	Rh2 adsorption on mixed lipid monolayers is enhanced in the presence of eSM and the absence of Chol. 
	Rh2 increases the size of LUVs containing eSM but no Chol at a low Rh2/lipid ratio. 
	Rh2 increases membrane rigidity in the presence of eSM and the absence of Chol at a low Rh2/lipid ratio. 
	Rh2 induces membrane fusion to a faster and higher extent in the absence of Chol. 
	Rh2 accelerates liposome permeability in the presence of eSM and the absence of Chol. 
	Rh2 induces positive membrane curvature in the presence of eSM and small buds followed by intra-luminal vesicles in its abs ...
	Rh2-induced morphology changes are not directly associated with membrane permeabilization. 
	In contrast to Rh2, digitonin modulates membrane biophysical properties in a Chol-dependent manner. 

	Discussion

	Materials and Methods

	Materials. 
	In silico methods. 
	Adsorption kinetics. 
	Preparation and analysis of Large Unilamellar Vesicles. 
	Isothermal Titration Calorimetry. 
	Size of Large Unilamellar Vesicles. 
	Liposomal membrane fluidity and transition temperature. 
	Membrane permeability of Large Unilamellar Vesicles. 
	Membrane fusion of Large Unilamellar Vesicles. 
	Preparation and analysis of Giant Unilamellar Vesicles. 
	Fluorescence spectroscopy measurement. 

	Acknowledgements

	﻿Figure 1 Rh2 interacts more favorably with membrane pSM and DOPC than with Chol.
	﻿Figure 2 Rh2 adsorbs to a higher extent with eSM and DOPC than with Chol and ePC monolayers.
	﻿Figure 3 Rh2 increases eSM packing and transition temperature.
	Figure 4 Rh2 adsorbs to a higher extent with complex lipid monolayers containing eSM but no Chol.
	Figure 5 LUV size is increased at a low Rh2/lipid ratio in the presence of eSM and the absence of Chol.
	Figure 6 Membrane rigidity is increased at a low Rh2/lipid ratio in the presence of eSM and the absence of Chol.
	﻿Figure 7 Rh2-induced membrane fusion occurs to a faster and higher extent in the absence of Chol.
	﻿Figure 8 Rh2-induced membrane permeability is faster in the presence of eSM and the absence of Chol.
	Figure 9 Rh2 induces positive membrane curvature in the presence of eSM and small buds followed by intra-luminal vesicles in its absence.
	Figure 10 Morphology changes lead to visible membrane permeability only at a Rh2/lipid ratio of 6.
	﻿Figure 11 Digitonin changes membrane biophysical properties in a Chol-dependent manner.
	Table 1 Preferential binding of Rh2 to DOPC > eSM > ePC vesicles is accompanied by exo- (DOPC) or endothermic reactions (eSM, ePC).




