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Abstract

Saponins are naturally occurring amphiphilic compounds derived from various plant
and marine organisms. They are mainly composed of a hydrophobic sapogenin backbone which
could be of steroid or triterpenoid in origin. On the other hand, the hydrophilic moiety is
comprised of sugar groups attached to the sapogenin backbone via an ester or ether linkage.
The structure of sapogenin ring and sugar moiety could differ for every saponin. In addition,
the attached sugar moiety can also differ in terms of the number of saccharide units, branching
of sugars and functionalization of some of its portion. These variations give each saponin a
unique structure. Saponins have also been primarily used as foaming agents and ingredients in
making soap. The pharmacological value of saponins has been cited in terms of its ability to
reduce cardiovascular diseases and prevent cancer. Various saponins have already been
subjected to structure-activity relationship studies including digitonin, soyasaponin Bb(l) and
glycyrrhizin. These saponins have significant difference in their structures, but one common
property is the presence of a sugar moiety attached to the C3 position of sapogenin backbone.
However, some unusual saponins have already been isolated in plants such as OSW-1. OSW-
1 is a structurally unique steroidal saponin isolated from the bulbs of the lily family
Ornithogalum saundersiae, and has exhibited highly potent and selective cytotoxicity in tumor
cell lines. OSW-1 contains an acylated disaccharide moiety attached to C16 of steroid
backbone. This study aimed to investigate the atomistic mechanism for the membrane-
permeabilizing activity of OSW-1 in comparison with those of other saponins by using various

spectroscopic and microscopic approaches.

The membrane effect and hemolytic activity of OSW-1 were markedly enhanced in the
presence of cholesterol. Binding affinity measurements using fluorescent cholestatrienol and
solid-state NMR spectroscopy of a 3-d-cholesterol probe suggested that OSW-1 interacts with
cholesterol in membrane without forming large aggregates while 3-O-glycosyl saponin,
digitonin, forms cholesterol-containing large aggregates. Furthermore, the fluorescent probes
of OSW-1 and lipids were also used in microscopic experiments to observe saponin-induced
morphological changes and its effect on membrane integrity. The results suggest that digitonin
exhibits detergent properties while OSW-1 promoted pore formation in a similar fashion with
soyasaponin Bb(l). I hypothesized that OSW-1 induces formation of barrel stave like pores due
to OSW-1/cholesterol interaction and likely causes membrane permeabilization without



destroying the whole membrane integrity. This observation could be partly responsible for its

highly potent cytotoxicity.
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Chapter 1

General Introduction

A wide variety of natural products of animal, plant, fungal and bacterial origin has
attracted great attention due to their biological activities. Some of these compounds have been
regarded as drug candidates, which could target specific cellular components for treatment and
prevention of numerous kinds of diseases. The interesting activity and structural features of the
bioactive natural products have led to the investigation of their specific mechanism of action
at the molecular level. These bioactive compounds can exhibit their characteristic toxicities via
recognition of membrane receptors, including various proteins and lipids found in
biomembranes, and exert their activities through a specific mechanism of interaction. In this
chapter, the importance of biological membranes and its components on various cellular
processes is discussed, including specific interactions with cholesterol (Chol) and surrounding
phospholipids. Furthermore, various amphiphiles, with a main focus on saponins, are also
covered including its biological activity and membrane interaction. Different methods
developed for the study of saponin-membrane interaction are also touched in the latter part of
this chapter.

1.1 The Biological Membrane

Biological membranes play a key role in the maintenance of cellular structures and
functions.! Membranes separate the interior and exterior of the cells and different organelles.
Selective passage of various solutes through specific mechanisms allows various cellular
processes, initiated through the membrane via signal transduction, cell signaling, etc., although
it has also been noted that solutes can directly permeate into the membrane without the aid of
channels or transporters.2® Basically, the membrane is composed of three major components
such as lipids, proteins and carbohydrates in variable proportions, which serve important roles
in several cellular processes.*® Until now, the widely accepted representation, so-called ‘fluid
mosaic model” (Fig. 1-1) was first proposed for biological membranes by Singer and Nicholson
in 1972, which illustrated the structure and organization of proteins and lipids of the biological
membrane, where protein molecules diffuse freely in phospholipid bilayer and are randomly

distributed along the membrane surface.® This model also suggested the occurrence of



asymmetry of the outer/inner leaflets and lateral mobility within each leaflet.®’ Recent
developments have presented the existence of important domains called lipid rafts.” Since then,
the role of lipid rafts on membrane dynamics has attracted a lot of attention leading to various
research focusing on the elucidation of the importance of these domains.®

"
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Figure 1-1. A representation of biological membrane. Reprinted with permission from The
Chemical Record, 2015.° Copyright © (2015) John Wiley and Sons.

Another important feature of biological membranes is high fluidity, which is thought to
facilitate cell division. Membrane fluidity is highly affected by temperature and lipid
composition.>° The thermotropic behavior of the membrane can also be influenced by the
structure of lipids including the chain length, degree of unsaturation, packing of acyl moieties
and the presence of the polar headgroup.! Furthermore, cholesterol (Chol) and other lipids in
membrane are involved in the regulation of its fluidity and permeability. In the following
sections, the role of specific membrane components on membrane organization and dynamics

are discussed.

1.1.1 Components of Biological Membranes

Biological membranes generally have a common structure characterized by the
presence of two layers or leaflets, which act as a barrier for the inner and outer portion of the
cell. Biomembranes are composed mainly of lipids, proteins and carbohydrates.*° Lipids play
an essential role in diverse cellular processes.*!! Several families of lipids have been
characterized in the mammalian membrane, which include glycerophospholipids,

sphingolipids, and sterols.*® Glycerophospholipids largely have a glycerol backbone and



usually contain two hydrophobic tails that are made up of saturated or cis-unsaturated fatty acid
chains with varying length and degree of unsaturation.® Another important feature of
glycerophospholipids is the presence of polar headgroups, which is exposed to the aqueous
environment. Glycerophospholipids present in mammalian membranes could be a simple
phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS) and phosphatidylinositol (P1).> The most common and abundant
phospholipid is PC (Fig. 1-2A), which often accounts for more than 50% of the phospholipids
present in biomembranes.® PCs often contain a cis-unsaturated alkyl chain, which is mainly
responsible for high fluidity of biomembranes at room temperature. PCs can also undergo
spontaneous self-organization to form planar bilayers due to their cylindrical geometrical
shape. Another common phospholipid in the membrane is PE, which contains a slightly smaller
headgroup size as compared to PC and takes a conical molecular shape. Combination of PE
and PC in membrane promotes curvature generation in membranes resulting to budding,

tubulation, fission, and fusion.
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Figure 1-2. Representative structures of main classes of lipids; glycerophospholipid (A),
sphingomyelin (B), and cholesterol (C). Reprinted and modified with permission from Nature
Reviews Molecular Cell Biology, 2008.8 Copyright © (2008) Nature Publishing Group.

Another class of lipids that play an important role in membrane function and raft
formation is sphingolipids. Sphingolipids generally contain a hydrophobic ceramide backbone
composed of sphingosine and fatty acid. Sphingomyelin (SM, Fig. 1-2B) and

3



glycosphingolipids (GSLs) constitute the major sphingolipids in mammalian cells. GSLs can
be further classified depending on the kind and number of attached sugar moiety in the
headgroup. Common examples of GSLs are glucosylceramide (GlcCer), galactosylceramide
(GalCer), lactosylceramide (LacCer) and the gangliosides including GM1, GM2 and GM3.%4
Sphingolipids have saturated or trans-unsaturated sphingosine chain. Sphingolipids are also
known to cause gel-phase formation due to the tight packing of the fatty acids. However, Chol
(Fig. 1-2C) eases the gel formation and causes fluidization of the membranes. Chol is the
predominant nonpolar lipid found in the mammalian cell membrane. When Chol preferentially
mixes with sphingolipids, the resulting mixture causes shielding of Chol by polar headgroups
of sphingolipids rather than a preferential interaction between the two species.® This effect is
referred to as the umbrella model. In current studies, it is suggested that lipid rafts are mainly
composed of Chol and SM, which are essential for the formation of liquid ordered (Lo) domains
and serve as an important target for several cellular processes including cell signaling, signal

transduction and immune responses.®

Proteins and carbohydrates are also important components of biological membranes.
Carbohydrates (or sugars) are minor components of the membranes and give each type of cell
its unique characteristics. Carbohydrates are attached to either proteins or lipids and mostly
involved in cellular recognition and metabolism.* Proteins act as catalysts, receptors,
transporters and anchors in several cellular processes, which simultaneously occur in various
types of cell membranes.’® Proteins can be associated with membrane in various ways
depending on its purpose and function.* Transmembrane proteins are embedded within the
membrane via interaction between hydrophobic regions of the protein and the hydrophobic
portions of membrane lipids to extend across the bilayer. Furthermore, these proteins spanning
the entirety of the membrane are divided into three different domains. The transmembrane
domain is inserted to the membrane and interacts with the hydrophobic chains of lipids in the
interior of the bilayer and is secluded away from water molecules. On the other hand, the
extracellular and cytosolic domains have hydrophilic properties and are exposed to an aqueous
environment. Some transmembrane proteins have a-helical structures, while others can also
exist in a B-barrel form. Proteins can also be attached to the membrane via covalent interaction
with phospholipids or fatty acyl chains, and are referred to as lipid-anchored proteins. A
common example of the lipid-anchored proteins is glycosylphosphatidylinositol (GPI)
anchored proteins, which are involved in transport of membrane proteins, cell adhesion, and

cell surface protection. GPI-anchored proteins also act as antigens used as cancer markers.!



This type of protein is tightly bound to the membrane and can only be extracted through strong
treatments such as use of organic solvents and detergents. Lastly, proteins can be classified as
peripheral proteins, which are weakly bound to the membrane surface and can be extracted
with mild treatment.>*° Lipids, proteins and carbohydrates are thought to associate to form
membrane structure depending on the functions. With the diverse structure and combinations
of these membrane components, research on the structure, function and properties of biological
membranes are becoming more challenging, and that more advanced and specific techniques
should be utilized to characterize the membrane structure.

1.1.2 Organization of Biological Membranes

The focus of this section is placed on the effects of various lipids on the structure and
organization of biological membranes. The intrinsic properties of these lipids dictate the
structure and functions of biomembranes.!’ In the past years, a great number of scientists have
attempted to characterize the organization of biological membranes using available
technologies. In the course of these studies, important discoveries have been obtained,
providing lines of evidence on the highly organized structures of membranes. These discoveries
are attributed to the development of new and more accurate methods, which are described later
in this chapter. As early as 1925, Gorter and Grendel proposed that erythrocyte membranes
form bimolecular sheets or leaflets composed of lipids.*® Later on, a model proposed by Davson
and Danielli in 1935 suggested that the membrane is covered with proteins.® Characterization
of this bimolecular sheet progressed until between 1969 and 1970, the nature of this structure
has been finally determined and described as a amphipathic membrane lipid complex that forms
a lipid bilayer. This discovery has been deemed as the primary lipid-driven organization in
membranes.?’ The bilayer structures allow biological membranes to serve as physical boundary
between the cellular interior and exterior. However, they found that temperature affects the
stability of membranes and attributed it to the characteristic of the fatty acyl chain* and that the
majority of lipids in biological membranes exist in the fluid phase at 37 °C. In 1972, Singer
and Nicolson proposed the renowned fluid mosaic model (Fig. 1-3).%” They described that the
existence of fluid phase in biological membranes functions as a solvent for membrane proteins
to diffuse freely and distribute randomly across the membrane surface. They also noted that the
random distribution of membrane components implies the absence of long-range order in

membrane and therefore exhibits lateral homogeneity. Following the fluid mosaic model



hypothesis, studies on the effect of temperature on the behavior of membrane lipids have been
done to assess phase behavior of lipid mixtures. They found that temperature affects the lateral
organization in biological membranes at a certain degree and that the properties of lipids under
various thermal conditions lead to the formation of specific membrane domains, including the
lipid raft.!
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Figure 1-3. The fluid mosaic model of the structure of cell membranes. Reprinted with
permission from Science, 1972.% Copyright © (1972) The American Association for the

Advancement of Science.

Afterwards, continuous efforts have been made to understand the membrane
phenomena, underlying the concept of membrane organization. In 1982, scientists
hypothesized that the presence of distinct phase in the lipid environment of biological
membranes provides evidence on the existence of membrane domains.?? This finding led to the
advent of the lipid raft hypothesis, which is one of the most important findings that researchers
need to understand its significant roles and properties in organization of the biological
membrane.?® Scientists are now focusing on a variety of lipid components present in lipid rafts
to elucidate their specific contributions to the formation of these domains, as well as to
understand their importance in various cellular processes. In the coming years, researchers are
looking forward to attaining significant evidence leading to a more concrete understanding

about biological membrane related phenomena.



1.1.3 Membrane Dynamics

In the previous section, it was mentioned that the fluid-like structures of biological
membranes is one of its important features in the maintenance of the integrity of cells. Next,
the dynamic properties of membrane components and its effect to its surroundings are
discussed from here. Lipids can undergo several types of motions in membrane at different
correlation times (Fig. 1-4).2* Movement of lipids in membrane can either be one or a
combination of lateral and rotational diffusion/wobbling (10~ s to 108 s), flip-flop mechanism
(102 s to 10* s), leaflet protrusion (10 s), bond oscillations/vibrations (102 s) and gauche-
trans isomerization (10°° s). Additionally, the membrane moves by itself, which is called
undulations (10 to 1 s). To date, occurrence of these motions in membrane have been studied
using sophisticated spectroscopic techniques such as nuclear magnetic resonance (NMR),
electron paramagnetic resonance (EPR) and fluorescence methods using isotope- or
fluorescence-labeled molecular probes. However, these techniques are only advantageous at a
specific correlation time and thus, a combination of two or more techniques is recommended
for a more accurate understanding of the effects of membrane dynamics on the ordering or
disordering of these lipids in membrane.?* Furthermore, these motions significantly affect the

dynamic state of membrane, including lamellar phase separations.

Undulations

Flip-flop
(10%10%s) cis-trans isomerization

(10%)

Bond vibrations
(10"2s)

) > Rotational diffusion wobble
(10'%s)

Lateral diffusion
(107s)
Figure 1-4. Movements of lipids in biological membrane. Reprinted with permission from
Computational Biophysics of Membrane Proteins, 2016.% Copyright © (2017) Royal Society of
Chemistry.



1.1.4 Lamellar Phase in Biological Membranes

Various motions of lipids contributes to the overall dynamics of membrane, giving rise
to distinguishable lamellar phase and polymorphic states (Fig.1-5).1* At lower temperature,
bilayer membrane takes into the form of solid (So) or lamellar gel phase (Lg) (Fig. 1-5B). This
state is characterized by a tightly packed and highly ordered acyl chains. Although
controversies arise regarding the existence of gel phase in membranes, researchers have
revealed the occurrence of these structures in both artificial and biological membranes. As
discussed earlier, temperature affects the organization of lipids in bilayer membrane. Lipid
melts at a certain temperature referred as the phase transition temperature or Tm; above this
temperature, bilayer membranes usually take the lamellar liquid crystalline phase (L) or liquid
disordered (Lqg) phase (Fig. 1-5A). At this state, the overall structure of the membrane has
shown two-dimensional order but lines of evidence have shown the occurrence of disorder in
the lipid acyl chain. In contrast, L, (or Lq) exhibits a higher rate of lipid diffusion and an
increase in cross-sectional area of lipid molecules, which render formation of a thinner
membrane, while Ly exhibits the higher density of lipids, which causes the formation of a
thicker membrane.! In addition, the T value of certain lipids is affected by the length of acyl
chains, the number and position of unsaturation, and the size and ionic states of the headgroup.
The pH of a surrounding environment can also influence Tm.2® In some cases, membranes
composed of pure phospholipids exhibits the formation of the ripple phase (Pg), which often

occurs as intermediate phase in the Lg to L, transition.'2

Aside from the structure of phospholipids and the physical conditions that contribute to
the properties and Tm of membrane, inclusion of other lipid components also affect the behavior
of lipids. Chol is the most important membrane component, which affects the overall property
and behavior of membranes. The effect of Chol, as well as other lipid in membrane is discussed

in the next section.
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Figure 1-5. Lipid phase in biological membranes. S and Dt denote a molecular order parameter
and transversus diffusion rate, respectively. Reprinted with permission from Nature Reviews
Molecular Cell Biology, 2008.8 Copyright © (2008) Nature Publishing Group.

1.1.5 Importance of Cholesterol and other Lipids in Membrane

Despite the fact that the structure of Chol deviates from other membrane lipids, it plays
a significant role in keeping the integrity and order of bilayers and serves as a target for
membrane interactions (to be discussed in the latter part of the chapter). Chol is composed of
the rigid and compact hydrophobic structure with a hydroxy group attached to the 3B-hydroxy
position of the steroid A ring.** In addition, Chol possesses an over-all planar structure and
induces the gauche-trans isomerization of acyl chains in phospholipids, favoring the formation
of L, phase. The ordering effect of Chol in L, phase allows acyl chains to form trans
arrangement, leading to thickening of the membrane and induced lateral condensation.

However, in the gel state (Lg), Chol pushes surrounding lipids away and reduces order, which



is attributed to the presence of alkyl chain in the steroid ring. In short, Chol makes L, more

rigid and Ls more disordered.?’

The amount of Chol present in membrane could also influence the “fluidity” of
membrane. In fact, at a certain threshold, Chol interestingly forms a new phase referred to as
the liquid ordered (Lo) phase (Fig. 1-5C). This phase is also enriched with phospholipids
composed of saturated fatty acyl chains such as sphingomyelin, which is also found to be one
of the major components in the lipid raft. However, inclusion of phospholipids with cis-

unsaturated fatty acyl and renders a less favorable L, phase formation.?’

Interestingly, under certain conditions, coexistence of different lamellar domains has
been observed in model membranes. This is attributed to the limited solubility of lipid and lipid
mixtures in membranes.!’ Different domains in biological membranes have also been found to
possess incomplete miscibility which were established in published phase diagrams (Fig.1-
6).282° The property of these lipids in membrane has shown the presence of phase separation
in model membranes, which could likely exist in biological membranes.3*3! However, some
issues has been raised regarding the relevance of phase separation and whether or not the
different membrane systems used could represent the existence of the lipid raft in biological
membrane. Phase separation is attributed to the coexistence of both L, and Lq phase at a critical
concentration of lipid components and an inclusion of Chol in the system. Experimental
evidence showing the coexistence of these two phases has been observed using Forster
resonance energy transfer (FRET), NMR studies?®3? and differential scanning calorimetry
(DSC)*. It is also pointed out that the existence of phase separation can mostly be observed in
ternary systems composed of Chol, sphingomyelin and phospholipids with unsaturated acyl
chain(s),.>* Some of the studies have also reported that the coexistence of gel phase (Lg) and
liquid crystalline (L.) phase in a binary system composed of two lipids having different
transition temperatures (Tm) but pointed out that this type of phase separation may not be

observed in eukaryotic membrane due to the presence of Chol in most membranes.®

Overall, membrane organization and dynamics are highly dictated by the structure and
composition of lipids and the conditions of the surrounding. In fact, numerous studies are still
on-going aiming to characterize the relevance of the diverse structure of biological membranes,
as well as the existence of lipid rafts. The continuous efforts contributed by scientists open

countless opportunities leaning towards the understanding of these membrane phenomena.

10



05 /\ /\fo /\ 05
VARVARVAY y

VAVAVAVAVAN
VAV VA
\/RAN/N

3

0.2

09

0.1

1.0 "d S 2]
¥ ¥ ¥ ¥ ¥ ¥

DOPC 00 01 02 03 04 05 06 07 08 09 10 PSM

Figure 1-6. Phase diagram for co-existence of phase-separated lipids in ternary system
composed of PSM/DOPC/Chol. Reprinted with permission from Langmuir, 2011.2° Copyright
© (2011) American Chemical Society.

1.2 Saponins and other amphiphiles

Quite a few studies have been conducted on the ability of saponins to interact with
membrane, which has been considered to be responsible for its biological and pharmacological
activities.*® Researchers have also observed promising anticancer activities in some saponins,
which led to the elucidation of their mode of action towards various cell lines.>” Saponins
usually have amphiphilic properties, which are regarded to be responsible for some of their
biological activity; lines of evidence concerning the amphiphilic structure and molecular
properties of saponins, as well as its effect on membranes are still insufficient and left for
further investigations.® In this section, the importance of the amphiphilic properties of
saponins and their effects on various membrane types, including biological and artificial model

systems are discussed.
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1.2.1 Saponins and their amphiphilic properties

Saponins are naturally occurring amphiphiles derived from plants and marine
organisms, including sea cucumbers.3® Amphiphiles are compounds that possess both polar and
non-polar moieties in structure. Many saponins derived from plants have been used as foaming
agents and ingredients in making soaps.*’ Saponins are also known as secondary metabolites
that are utilized by plants as defense against variety of predators.®**** Most importantly,
saponins have been used as a traditional Chinese medicine, because of their pharmacological

activities, in particular, prevention of cancer and cardiovascular diseases and nutrients/tonics.®

The structures of saponins contain one or more sugar moiety linked to a sapogenin
backbone, which are either of steroidal or triterpenic origin (Fig. 1-7).4%42 Sugars are attached
to the sapogenin backbone via an ester or ether linkage in various combinations. Generally,
saponins may contain one, two or sometimes more sugar moieties, which are referred to as
monodesmosidic, bidesmosidic and polydesmosidic saponins, respectively. In addition, the
number and position of sugar attachment also differ in various saponins. Some common sugars
that have been found in saponins include D-glucose, D-galactose, L-rhamnose and others.*?

These variations give rise to diverse saponin structures present in different plants.

Figure 1-7. Examples for a steroid (left) and triterpenic (right) sapogenins. The R group

represents a sugar moiety attached to the sapogenin backbone via ether or ester linkage.
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Figure 1-8. Examples of common saponins of plant origin.
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Some of saponins have been found to have strong biological activities and regarded as
promising drug candidates. Some of the common saponins are summarized in Fig. 1-8.4043-48
These saponins have differences in their sapogenin backbones and the variety of sugar moiety
attached, but one common characteristic of these saponins is the attachment of sugar moiety at
the 3B-OH position of the sapogenin backbone.*”*® The presence of a sugar moiety at the C3
position is thought to be important for their role in membrane permeabilization, although other
factors such as the number of sugar moiety attached to the backbone, the nature of the
backbone, and the length of the sugar chains could also influence the observed permeabilizing
activity of various saponin models.*® Specific membrane interactions, as well as structure-

activity relationship studies of these saponins are described in the latter part of this chapter.

The amphiphilic nature of saponins has also been found to be critical for its biological
activity. The properties of saponins in terms of their amphiphilic structures are discussed from
here. As mentioned earlier, saponins are composed of a hydrophobic (sapogenin) and
hydrophilic (sugars) interface accounting for their amphiphilicity, and the presence of the
highly hydrophilic sugar groups make most saponins soluble in water.>® Saponins are generally
regarded as surface-active agents due to their surfactant activities, which are important factors
for manufacture of pharmaceutical drugs, cosmetics and food-related products.>! Saponins can
also form aggregates in solution when their content in water reaches the critical micelle
concentration (CMC). Fig. 1-9A shows the accumulation of saponins in the air-water interface
where the hydrophobic portion is oriented towards the air and the polar head groups reside in
the water interface. Other saponins exist as monomers when dissolved in agueous system (Fig.
1-9B) below their CMC. At CMC, formation of molecular aggregates is highly favored (Fig.
1-9C) likely due to weak molecular interactions such as van der Waals and hydrophobic
interactions, hydrogen bonding between the sugar moieties and often via electrostatic
interactions. Most saponins existing as micelles take a spherical shape, although some other
notable micellar structures have also been observed such as rod-shaped or worm-like
aggregates. Nevertheless, micelles formed by most saponins are viewed as insoluble complex
and its formation is affected by the aggregation number, temperature, ionic character and the

structure of the saponin itself 3%
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Figure 1-9. Saponins in aqueous solution; (A) air-water interface, (B) monomers, and (C)

micellar aggregates®

Saponins can also form mixed micellar aggregates especially in the presence of Chol
and have larger diameter as compared to micelles of pure saponins.®? Saponin and Chol can
also mix at various proportions to form aggregates with various size, shape and CMC.* while
their insoluble complexes have also been observed in solutions.*® Due to the fact that saponins
form aggregates with Chol likely via direct interaction, they have been used for the
development of drugs that targets cardiovascular diseases including hypercholesterolemia
(high Chol levels) by increasing Chol absorption.*® The amphiphilic nature of saponins may
have been thought to be responsible for the membrane permeabilizing activities, but sufficient

evidence has not been obtained to support this notion.

1.2.2 Biosynthesis of saponins

The diverse structure and function of saponins have extensively been subjected to a
great amount of research regarding their roles in plants, as well as their potential industrial and
pharmaceutical uses. Various studies have highlighted the importance of saponin structure on
its activity,>? particularly, the aglycone of the steroid or triterpenoid origin, and the hydrophilic
sugar moiety. These structural features of saponin give its amphiphilic properties. Thus, the
biosynthetic pathway and intermediates of saponins have attracted researchers’ attention. Here
an overview of the biosynthesis of saponins is presented, mainly focusing on the two

classifications: steroidal and triterpenoid saponins.
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Triterpenoid saponins are found to be abundant in dicotyledonous plants, while
steroidal saponins mostly accumulate in monocotyledonous plants.®> Both steroidal and
triterpenoid saponins are derived from 2,3-oxidosqualene, which contains 30 carbons in its
structure. In synthesis of the precursor, the steroidal aglycone only retains 27 carbons due to
loss of three methyl groups in the backbone, while triterpenoid backbone still retains the 30
carbons in its structure.> Both steroidal and triterpenoid aglycones originated from
isopentylpyrophosphate (IPP) units are produced from the cytosolic mevalonate pathway
(MVA) as shown in Fig. 1-10. The MVA pathway begins with the conversion of acetyl CoA
to the five-carbon terpene precursor IPP in a multistep process where the enzymes
hydroxymethyl-glutaryl-CoA synthase (HGMS) and reductase (HGMR) are used to catalyze
each step in the initial biosynthesis. From the precursor IPP, series of isomerization and
condensation steps lead to formation of linear precursor squalene, which contains 30 carbons.
The epoxidation of squalene further leads to the production of the precursor 2,3-oxidosqualene
via action of squalene epoxidase (SQE). Cyclization of 2,3-oxidosqualene proceeds in the
presence of oxidosqualene cyclases (OSCs) to yield polycyclic structures, which marks the
synthesis of either primary triterpenes, or specialized triterpene structures. The primary steroid
precursor is a tetracyclic cycloartenol which is produced by the action of cycloartenol synthase
(CAS) on 2,3-oxidosqualene. From the common precursor, which is 2,3-oxidosqualene,
various saponins of either steroidal or triterpenoid in origin are generated via series of
glycosylation. The gene expression in plants dictates the structure of the saponin that is
produced in the natural process. The saponin biosynthesis is depending on what role of the
saponin plays especially in response to environmental stimuli and how it is to be transported in
different parts of plants. The common biosynthetic scheme for the generation of steroidal and
triterpenoid backbones is summarized in Fig. 1-11.

The synthesis of steroidal saponins is brought by series of oxygenation and
glycosylation of the Chol backbone to produce either spirostanal or furostanal derivatives
containing fused O-heterocycles attached to the aglycone core.>® Other remaining 2,3-
oxidosqualene cyclization products serve as precursors for further synthesis of specialized
triterpenes. The triterpene aglycone can be modified through a series of oxidation by the action
of cyctochrome-P450-dependent monooxygenases (P450s), which could also be responsible
for the production of more complex and diverse triterpenoid backbones. Consecutive oxidation

at different positions in the triterpene backbone increases overall polarity.
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Figure 1-10. Biosynthesis of 2,3-oxidosqualene via mevalonate pathway (MVA)

Furthermore, the number of hydroxy groups relates to the possible number of
glycosylations with characteristic sugar units by the action of transferases such as UDP-
dependent glucosyltransferases (UGTSs), acyltransferases, methyltransferases, etc.; these
enzymes also contribute to the production of triterpenoid saponins with diverse structures.>
The genes involved in the biosynthesis of saponins can be grouped into OSCs, P450s, UGTs
and encoding transferases based on their characteristic reactions. The presence of gene clusters
is specialized and serves as key factors for the biosynthesis of saponins and other special
metabolites.>® In addition, although the biosynthetic pathway for saponins have already been
unraveled, the number of characterized enzymes are still increasing over the decade, which

makes the understanding of saponin biosynthesis elusive.
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1.2.3 Modes of interaction of membrane-active compounds

The amphiphilic character of saponins and other related compounds have been
considered to have a significant effect on biological activities towards membrane through direct
interactions with specific membrane components.>® Interaction of these compounds leads to
the perturbation of membrane organization, which may result in either pore-formation or
considerable membrane disordering and disruption.®” In general, saponin and other amphiphilic
molecules can form transmembrane pores or other membrane defects that lead to significant
membrane disordering and permeabilization. The different modes of interactions of these
amphiphiles with respect to biological membranes are discussed in this section. The mode of
interaction is categorized into two main classes: 1) transmembrane pore models and 2) non-

pore models.

First, the famous transmembrane pore models is discussed, which can be further
classified into the barrel-stave and toroidal pore models. These models have been proposed in
the studies of antimicrobial peptides (AMPs) and extensive controversies surrounding these
peptides have been made on their real and specific mode of actions.>®% The barrel-stave pore
model is described with membrane aggregates that extends to the entire length of a lipid bilayer.
The barrel stave pore is characterized by hydrophobic interaction between membrane interior
and AMP where the hydrophobic interface of AMP faces to the membrane lipid core and the
hydrophilic interface faces to the aqueous lumen.>® Among several AMPs, one notable example
of the barrel stave pore-formers is alamethicin (Fig. 1-12A).%%°° The barrel stave pore-forming
mechanism of AMPs is also presented in Fig. 1-13. On the other hand, the toroidal pore model
is influenced by the inward induction of curvature by insertion of AMP into membrane as
shown in Fig. 1-14.% One important characteristic of the toroidal pore is that lipid components
and membrane active compounds interact each other upon pore formation.®% Notable
examples of AMPs capable of forming toroidal pore are melittin (Fig. 1-12B) and magainin
(Fig. 1-12C), although there were recent debates regarding whether or not these AMPs really
form the toroidal pore or may act as barrel stave pore formers.%® Furthermore, the main
difference between these two transmembrane pore models is that the barrel stave model forms
a favorable channel in the membrane core where the driving force for peptide penetration is
largely due to hydrophobic interactions. On the other hand, the toroidal pore model takes into
account the presence of different segments in the membrane bilayer where it can undergo
favorable interaction, likely disrupting the hydrophobic domains of the membrane. In addition,

formation of toroidal pore is characterized by thinning of the membrane as a consequence of
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positive curvature stress caused by embedding AMPs to the polar head group region of the
phospholipid. *°

o NH

(A) alamethicin NH,
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o 0
HN
NH HN N N
OIN:/\O/ NH o]
)\(OHNI(
HN o
(B) mehttm (C) magainin

Amino Acid Sequence: Amino Acid Sequence:
GIGAVLKVLTTGLPALISWIKRKRQQ-NH , GIGKFLHSAGKFGKAFVGEIMKS

Figure 1-12. Structures of common antimicrobial peptides: (A) alamethicin, (B) melittin and
(C) magainin
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Next, the other types of interactions of AMPs that are categorized under the non-pore
models are discussed. The most popular non-pore type interaction is known as the carpet
model, which is sometimes referred to as the detergent model as shown in Fig. 1-15.%8%° In this
model, membrane active compounds cover the membrane like a carpet in a parallel binding
mode at a certain threshold. This is followed by membrane insertion and permeation, which
often leads to micellization and membrane disruption. Most AMPs are thought to belong to this
model of mechanism.®® Aside from the carpet mechanism, other models falling under the non-
pore forming mechanism has been proposed. Examples of which are the sinking raft model,
leaky slit model, charge cluster mechanism and interfacial activity model.®*%% These models
are exclusively observed on specific membrane active compound. Although these mechanisms
may also be involved in other amphiphilic compounds, the focus of this study is limited to the
three models, barrel stave, toroidal pore and carpet, for describing the mode of action of

membrane active amphiphilic compounds, which is further expanded to saponins.

)

Bt

BRIRTRa8S

Figure 1-15. Carpet or detergent-type mechanism of antimicrobial peptides (AMPSs). Reprinted
with permission from Nat. Rev. Microbiol., 2005.% Copyright © (2005) Nature Publishing
Group.
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1.2.3.1 Interaction of saponins with membrane lipids

As described earlier, saponins can directly interact with Chol and sometimes form
mixed micelles. However, other evidence suggested that saponins are also capable of forming
mixed micelles with membrane lipids such as Chol and phospholipids.>® With the addition of
phospholipids as a micellar component, formation of other shapes of aggregates have been
observed including hexagonal phase, cubic phase, bilayers, etc.%® The presence of this complex

aggregate structures lead to formulation of vaccines for various types of diseases.*

In this section, the activity of saponins towards various membrane models is discussed.
It has been known that membranes also provide an amphiphilic environment and in effect may
attribute to the membrane permeabilizing properties of saponins. The use of artificial
membrane models has provided valuable insights into saponin-induced interaction that leads
to the elucidation of the mechanism of membrane lysis.*®*° Furthermore, the mechanism of
interaction of common saponins is also described in this section. Among other membrane
preparations, supported monolayers serve as a useful tool to study the effect of saponins on
phase separation and domain formation. A common approach used to study monolayers is the
utilization of the Langmuir-Blodgett films. It was observed that some of the saponins including
digitonin and avenacin A-1 are inserted into the monolayer in the absence of Chol.46:6465
However, other saponins are found to bind to the monolayer only in the presence of Chol.®
This was observed in a-tomatine, which in addition, induces a pH-dependent insertion due to
a possible protonation to an amino group that increases partition to the aqueous phase.®
Glycyrrhizin was also noted to bind to the bilayer in the presence of Chol but may only happen
at certain surface pressure of the monolayer.®” Saponins can also induce phase separation and
domain formation in monolayer models. Such observations include the effect of glycyrrhizin
on lipid phase separation on a ternary lipid system composed of 1:1:1 mole ratio of
dioleoylphosphatidylcholine/palmitoylsphingomyelin/cholesterol ~ (DOPC/pSM/Chol). A
reduction in the raft size was observed below the CMC of glycyrrhizin. However, above the
CMC level, formation of membrane defects characterized by striped regions were observed
using Brewster angle microscopy. These striped regions were also found to contain no
phospholipid and thought to be responsible for the membrane permeabilizing activity of

glycyrrhizin. 387

Aside from monolayer models, bilayer membranes have also been extensively used to

study the interaction of saponins with membrane.® The bilayer model could reproduce
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biological membranes to study saponin-induced membrane permeabilization. Commonly used
bilayer preparations include the multilamellar vesicle (MLV), small unilamellar vesicle (SUV),
large unilamellar vesicle (LUV) and giant unilamellar vesicle (GUV). These vesicle
preparations can be utilized depending on the type of experiments to monitor the effect of
saponins. In bilayer models, the effect of saponins was studied both in the absence and in
presence of Chol. For example, digitonin and its derivatives prepared by successive removal
of sugars attached to the sapogenin were subjected to interaction analysis. They found that
digitonin and desglucodigitonin (removal of terminal glucose from digitonin) exhibit
interaction with membrane composed of pure phospholipid. However, the observed binding
did not lead to their full insertion into the membrane. On the other hand, the addition of Chol
to membrane changes the behavior dramatically, where the equimolecular complex of saponin
and Chol is formed and induces permanent membrane insertion.®® With this observation, a
three-step mechanism for digitonin-induced membrane interaction in the presence of Chol was
proposed as follows: (1) formation of aggregated species in membrane at increasing
digitonin/Chol ratio, (2) occurrence of intermediate complex composed of mixture of digitonin-
Chol aggregated species and their equimolecular complexes further increased, and (3)
formation of equimolecular complex in the bilayer.386588 Another example of saponin for Chol-
dependent activity is a-hederin. It was observed that in pure dimyristoylphosphatidylcholine
(DMPC) membrane, o-hederin reduces membrane surface potential. The binding of a-hederin
with the membrane is thought to be due to electrostatic interaction between the positively
charged polar headgroup of DMPC and the negatively charged carboxyl group in a-hederin.*"#8
On the other hand, in the presence of Chol, a-hederin was able to induce membrane curvature
at increasing concentration. The binding of a-hederin to Chol-containing membranes led to the

immediate permeabilization and consequent pore formation.*74851

Next, the effect of saponins on lipid dynamics is discussed. As discussed earlier, the
lipids present in membrane undergo various motions at different time scales (see 1.1.3
Membrane Dynamics). Techniques such as NMR, EPR and fluorescence spectroscopy are used
to study this motion. In addition to the movement of lipids in membrane, Chol is also
considered to play a key role in the lipid dynamics. In general, Chol reduces gauche-trans
isomerization of acyl chains of lipids, their lateral and rotational diffusions in membranes,
which result in its membrane ordering effect known as L, phase.*® With this property of Chol
in membranes, it is assumed that the interaction of saponins with membrane Chol gives rise to

a significant effect on the overall membrane dynamics. Likewise, the similarities between the
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structure of sapogenin rings and sterol cores may influence membrane dynamics even without
saponin-Chol interaction in fluid bilayer systems.?* The effect of saponins on membrane
dynamics in the absence or presence of Chol was determined using the aforementioned
methods. It is noted that, in the absence of Chol, lateral diffusion of phosphatidylethanolamine
(PE) decreased slightly*®, while the anisotropy for fluorescently labeled lipids and DPH#*"8
generally increased. In addition, the EPR order parameter increases for the pure phospholipid
membrane, while a reduction in 2H NMR parameters is also observed in the absence of Chol.*3
In contrast, the presence of Chol reduces the anisotropy of fluorescence labeled lipids, and the
order parameters of labeled phospholipids and Chol as revealed by EPR and H-NMR
experiments.**47 The fact that the different techniques correspond to changes in the dynamic
behavior of lipids at a certain correlation time or time scale, it is suggested that EPR and
fluorescence anisotropy, which are used for molecular movements with the 10 — 10 s time
scale, showed distinguishable effects of saponins on the gauche-trans isomerization rate (107
s) and rotational diffusion rate (108 s). Both of these dynamic parameters were reduced by
saponins even in the absence of Chol, while in the presence of Chol, the opposite is observed
indicating the loss of the ordering effect of Chol. For 2H-NMR observations (around 10 s time
scale), an increase in motions between 10° s 10° s, which includes rotational diffusion or
wobbling, was shown by the reduction in the order parameters regardless of the absence or
presence of Chol in the membrane.®® In addition to saponins’ effects on membrane dynamics,
the lateral organization of lipids in membrane can be affected by saponin interaction likely due
to the formation of saponin-Chol aggregates, which is also responsible for the disruption of

specific membrane domains.®>%

Lastly, the reported mechanisms of saponin-induced membrane permeabilization for
common saponin examples for artificial membrane models are reviewed. The membrane
permeabilizing properties of monodesmosidic saponins are reported to proceed in the presence
of membrane Chol.*"#%%4 Since then, several modes or mechanisms of interaction have been
proposed for different saponins. The membrane-permeabilizing activity of the
monodesmosidic saponins is generally accounted for by the following proposed mechanisms.
The first mechanism involves the saponin-Chol interaction that leads to formation of
equimolecular complexes, and reaches a certain density to induce the formation of a new lipid
phase likely due to increased hydrophilic interactions between sugar residues. The
equimolecular complex then generates the formation of spherical buds or tubules. The

membrane rearrangement continues until it reaches membrane disruption.*®
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Figure 1-16. Mechanism of interaction of a-hederin, below CMC, (A) a-hederin monomers
bind to Chol, (B) induces vesiculation, (C) and lateral phase separation. Above CMC (D) a-
hederin aggregates forms pore and (E) leads to loss of membrane material. Reprinted with
permission from Org. Biomol. Chem., 2014.38474 Copyright © (2014) Royal Society of
Chemistry.
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Another mechanism is the toroidal pore formation. In this process, the sugar moiety of
saponin tends to interact with one another via hydrophilic interactions, leading to saponin-Chol
aggregate and eventually to the formation of the toroidal pore. This mechanism has been
observed in avenacin A-1.“¢ The third model involves a concentration-dependent membrane
permeabilization, which is characterized by membrane curvature generation (Fig. 1-16). This
process was proposed for a-hederin, as well as dioscin.*’* Below the CMC of a-hederin,
monomers binds to the surface of the bilayer generating positive curvature for the outer leaflet.
Further aggregation of a-hederin, Chol and phospholipids induce formation of worm-like
complexes, which are responsible for the gradual permeabilization as a consequence of
membrane defects. In contrast, above the CMC of a-hederin, direct pore formation can be
observed leading to loss of membrane material. This process could be attributed to the direct
interaction of a-hederin micelles to the membrane containing Chol.®34748 Although these three
proposed mechanisms could account for the saponin-induced membrane permeabilization of
monodesmosidic saponins, various factors including amphiphilicity, CMC, three-dimensional
shape, and Chol affinity can affect the action of individual saponins with membrane. #4851
Continuous efforts to relate the permeabilizing effect of saponins and self-aggregating

properties are still being conducted.

1.2.3.2 Interaction of saponins with eukaryotic cell membranes

The effects of saponins on eukaryotic cells with a special focus on the erythrocyte
membrane and cancer cell membranes are discussed from here. In this regard, the biological
activity of saponins with these cellular types gives additional information on their specific
mechanism of interactions. The erythrocyte (red blood cells) membrane is regarded as one of
the most effective biological membrane models that can be used to study interactions of
membrane active compound; the high Chol content makes it a good candidate for these studies.
In fact, the absence of other cellular components, including nucleus, makes the analysis much
easier. Due to the ability of saponins to interact with membrane-containing Chol in artificial
membranes, saponins are known to exhibit hemolytic effects and cause cell lysis. However, it
is still uncertain whether Chol is an important factor for saponin for induction of hemolysis®,
because contradictory results have been reported. Previous studies suggested that saponins are
found to aggregate with Chol in the erythrocyte membrane and displaces Chol from the
membrane, rendering hemolysis. Other studies disagree with this observation by noting that
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Chol does not serve as specific binding sites for saponins.®® Some studies also demonstrated
that some saponins tend to act as osmotic protectants to prevent induction of hemolysis.® With
regards to the relationship between saponin structure and hemolytic activity, contradicting lines
of evidence are also presented as to the importance of the sugar moiety.>®%° However, it is noted
that most steroidal saponins have stronger hemolytic activity compared to triterpenic
counterparts and that bidesmosidic saponins tend to have weaker hemolytic activities compared
to monodesmosidic saponins.”®’* Other modifications found in saponins may also have effects
on the degree of hemolysis including the number of sugar residues attached in monodesmosidic
sapogenins, branching of sugar chains and the presence of carboxylic acid and ester groups in

the sugars.

In this section, the activities of these saponins on cancer cell membranes are further
discussed. The potential activity of saponins against various types of cancer is mentioned for
several occasions in this chapter. In contrast to erythrocytes, the structural features of cancer
cells differ significantly. For instance, cancer cells contain nucleus and other cellular
organelles, some of which the erythrocytes lack. In addition, the organelles of cancer cells are
bound with membranes, which separate it from the cytoplasm. The subcellular membranes are
composed of variable lipid and protein compositions, which allow saponins to specifically
interact with certain organelles. The ability of saponins to interact with cancer cells can affect
membrane dynamics or lateral organization to induce cell lysis. These membrane alterations
may lead to either activation or inhibition of proteins surrounding the membrane and may
induce the activation of signaling pathways, which may sometimes lead to programmed cell
death.”

In cancer cells, the effect of saponins on membrane dynamics may vary due to the
structural properties and composition of the cancer cells. However, Chol also plays an
important role for the modulation of the membrane orders. Furthermore, cancer cell membranes
have been found to contain lipid rafts that are thought to be a target of saponins.®® Interaction
of saponins at lipid rafts disrupts the lateral organization of the membrane, which sometimes
leads to programmed cell death including apoptosis and autophagy, through an activation of
membrane receptors, or with accompanying alteration of ion channel permeability.” The effect
of saponins on cell death was also observed in necrosis and cell lysis by disruption of the
membrane. However, it is necessary to understand the underlying concept to classify the exact
mechanism of saponin-induced cell death by considering membrane morphological changes

and biochemical properties.” Hereon, the different mechanisms involved in saponin-induced
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cell death are presented. Saponins can induce formation of blebs, destruction of membrane and
increase in cell volume, which are characteristics of necrotic cell death. This mechanism further
allows activation of Ca?*-dependent enzymes, some of which induce lysis of cytoskeleton.38:7
Saponin-induced cell death can also occur via membrane lysis and pore-formation that have
been observed in model membranes. These two mechanisms are characterized by increase of
Ca?" concentration in the cytosol and further activate the Ca?*-dependent enzymes leading to
necrosis.’* At high saponin concentrations, immediate membrane lysis by hederacolchiside Al
could be observed on electron microscopy.*”™>" Experiments involving a release of
fluorescence materials from cells have also exhibited the membrane-lysing activities of
saponins as a consequence of pore formation, as shown with oleanane-type saponins, digitonin,
avicins and Quillaja saponins.® Moreover, Chol has been suggested to be a key player for the
membrane lysis and cell death. The activity of a-hederin towards monocytic cells was seen to
decrease significantly when Chol is depleted.*” Aside from the plasma membrane, saponins
also target specific organelles for their lytic activities based on their composition and the
susceptibility of these organelles to saponins is influenced by the amount of Chol contents.
Another pathway to saponin-induced cell death is apoptosis. This is characterized by chromatin
condensation and nucleus fragmentation. In addition, membranes are deformed to blebs and
apoptotic bodies. Some of the saponins such as avicins, a-hederin and ginsenoside induce
apoptotic cell death that affects the permeabilization of mitochondrial membrane (intrinsic
pathway) and/or activation of death receptors at lipid raft domains (extrinsic pathway).®
Apoptosis can also be accompanied by the release of cytochrome c into the cytosol, which
increase in reactive oxygen species (ROS) and Ca?*-influx or opening of a transition pore
complex to enhance permeability.3" Lastly, saponins can induce autophagy characterized by
vacuole-formation of the cytosol, which leads to auto-digestion. The major proteins involved
in autophagy include Atg5, Atg6 and Atg8. Saponins can either cause autophagy such as
ginsenoside Rh2 and avicin D, while other saponins induce autophagy in order to prevent

apoptosis.®®

Saponins have been considered as potential cancer treatment drugs due to their ability
to induce cytotoxic effects involving various pathways. Studies have also been conducted on
the selective activity of saponins to cancer cell lines, but this property can sometimes be
defeated by the fact that some saponins also possess cell lysis activity at certain concentrations.
Nevertheless, some studies have pointed out that saponins exhibit specific cytotoxicity to some

cancer cells and reduced hemolytic potential. 3" Scientists have attempted to elucidate a more
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accurate mechanism of saponin-induced cytotoxicity to develop pharmaceutical drugs for

cancer treatment and related diseases.

1.2.4 Biological activities of OSW-1 and other saponins

In this section, the saponins investigated in this study are discussed with a focus on
OSW-1, including their biological activity on selected membrane models and biological
systems. It is also worth mentioning that previous studies have partly elucidated their mode of
action towards biological membrane. As already described, the structure of saponins plays an
important role in biological activities. In this study, well-studied saponins such as digitonin,
glycyrrhizin and soyasaponin Bb(l) were used to compare their activity with that of OSW-1.
Digitonin (Fig.1-8A), which is a monodesmosidic steroidal saponin found in Digitalis
purpurea and related species,®® has shown strong hemolytic and membrane permeabilizing
activities in a Chol-dependent manner.®® In a recent paper by Frenkel et al.%, the mechanism
of interaction between digitonin and membrane Chol was investigated, in which digitonin
penetrates into membrane containing Chol and elicits the formation of aggregates in the
membrane without causing prominent membrane disruption. However, lines of evidence have
pointed out that Chol is removed from the hydrophobic core region. The presence of a large
sugar moiety in digitonin creates steric hindrance in the aggregates, which induces membrane
curvature rise by accumulating in the outer leaflet. The induced curvature further increases
membrane permeability. Moreover, it was also pointed out that a certain Chol/digitonin ratio
is required to observe this phenomenon. At 0 mol% of Chol in SOPC membrane, no interaction
was observed after addition 50 uM of digitonin (Fig. 1-17A). On the other hand, increasing
Chol concentrations enhanced digitonin interaction at the same concentration. Actually,
addition of 5 mol% of Chol elicited insertion of digitonin in the membrane and formation of
insoluble complex composed of digitonin, Chol and SOPC (Fig. 1-17C), while the presence of
20 mol% Chol in membrane showed full insertion of digitonin to lead to removal of Chol from

the membrane core. (Fig. 1-17B). %
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Figure 1-17. Mechanism of interaction of 50 uM digitonin at various Chol concentrations: (A)
0 mol% (B) 20 mol%, (C) 5 mol %. Reprinted with permission from J. Phys. Chem. B, 2014.%8
Copyright © (2014) American Chemical Society.

Glycyrrhizin (Fig. 1-8B), which is a monodesmosidic triterpenoid saponin found in the
licorice, Glycyrrhiza glabra is well known as a natural sweetener. The saponin has been found
to exhibit antitumor and anticancer properties.®” On the other hand, glycyrrhizin exhibits weak
or no hemolytic activity, and hardly permeabilizes membrane permeabilizing activity even in
the presence of Chol.”® However, studies on lipid raft models using Langmuir monolayers have
suggested that glycyrrhizin increases size of lipid raft domains, which is thought to be
important for numerous cellular processes. In addition, these observations can also occur if
Chol is present in the monolayer.®” There have been no concrete mechanism proposed for
glycyrrhizin on its membrane permeabilizing activity due to differences in the type of a model
used, which gives contrasting results on whether glycyrrhizin has a Chol-dependent membrane
activity. Similarly, soyasaponin Bb(l) (Fig. 1-8C) is an abundant monodesmosidic triterpenoid
saponin present in soybeans, Glycine max. Although preliminary studies showed interesting
biological properties of this saponin, the mechanism of its potential membrane permeabilizing
properties remains elusive. One study suggests that soyasaponin Bb(l) directly interacts with

membrane Chol and gives rise to more flexible membrane constituents.**
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From here, previous studies on OSW-1 (Fig. 1-18), the major saponin interest of this
study, is reviewed. OSW-1 is a steroidal monodesmosidic saponin isolated from bulbs of the
lily family plant Ornithogalum saundersiae (Fig. 1-19).” OSW-1 has been first isolated in
1992 by Sashida’s group together with other acylated cholestane glycosides. In particular,
OSW-1 showed the ability to exhibit exceptionally high cytostatic activity against malignant
tumor cells.”®® This discovery sparks the start of several studies on OSW-1 and its analogues,
including total synthesis and structure-activity relationship studies (SAR), on its potential
activity towards cancer cells.

Figure 1-18. Structure of OSW-1

(A)

Figure 1-19. Images of (A) flowers and (B) bulbs of Ornithogalum saundersiae. Reprinted and
modified with permission from Chem. Rev., 2013.”° Copyright © (2013) American Chemical
Society.
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Among the other saponins examined in this study, OSW-1 shows a unique structural
feature. Most saponins have a sugar moiety attached to the C3 position of aglycone, which is
necessary for the membrane activity.3®° On the other hand, the position of sugar in OSW-1 at
C16 position is very unusual for saponins.” In addition, OSW-1 contains an acylated sugar
moiety (methoxybenzoyl-B-D-xylose and acetyl-a-L-arabinose), which is not common among
saponins.® The X-ray crystallography of an OSW-1 variant showed the three-dimensional
structure bearing hydrophobic clusters due to the presence of the two acyl chains in the
disaccharide as well as the sterol side chain, and the overall structure of OSW-1 in a triangular
shape (Fig. 1-21).8! This hydrophobic cluster decreases its hydrophilicity compared to most
saponins. However, even if the structure of OSW-1 deviates from common saponins, it has
shown high activity and selectivity towards tumor cell lines and this is greatly attributed to the
presence of acylated disaccharide moiety and the C16 attachment. The structure-activity
relationships on antitumor activity of OSW-1 is summarized in Fig. 1-20.”° Some important
highlights regarding the selectivity of OSW-1 on tumor cells emphasized the importance of
these structural features as OSW-1 exhibited powerful cytotoxic effects on HeLa cells (ICso =
0.5 nM) and HL-60 cells (ICso = 0.25 nM). The removal of methoxy-benzoyl group caused a
~40-fold drop in the cytotoxicity index (ICso = 11 nM, HL-60 cells) and successive removal of
the acetyl group caused a ~800-fold decrease in the cytotoxicity (ICso = 190 nM, HL-60

cells).”982
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Figure 1-20. Structure-activity relationship of OSW-1 towards tumor cells. Reprinted with

permission from Chem. Rev., 2013.7° Copyright © (2013) American Chemical Society.
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Figure 1-21. Three-dimensional structure of OSW-1. The structure on the left represents it close
congener that differs in the acyl group attached to the L-arabinose from that of OSW-1.
Reprinted with permission from Org. Lett., 2010.8! Copyright © (2010) American Chemical
Society.

Although studies have been reported on the mechanism of OSW-1 towards cancer
inhibition by targeting oxysterol-binding proteins (OSBP) and OSBP-related protein 4L
(ORP4L), which are involved in signal transduction, lipid transport and metabolism, and cancer
cell survival®, little information is known about its mode of interaction with lipid molecules in
the biological membrane, specifically with Chol that is the main target of most saponins. In
this study, the properties of OSW-1 towards simple membrane models and red blood cells are
to be clarified. A mechanism of interaction with model membranes as well as biological
membranes is proposed based on its properties at the end of this study.

Aside from OSW-1, other unusual saponins (Fig. 1-22) have also been investigated and
compared to the usual saponins containing a sugar moiety attached to the C3 position of the
sapogenin.3®84+8 Interestingly, these saponins have often been isolated from marine organisms
and have exhibited membrane-permeabilizing properties. The unusual origin of these saponins
serves as a proof on biosynthetic diversity in the structure, function and activity towards
biological membranes. First, pavoninins (Fig. 1-22A and B) have been isolated from the sole
of Pardachirus spp. by Tachibana’s group, and shown to act as a defense secretion for its
predators.®* The saponins have shown ichthyotoxic and shark-repellent activities. The
attachment of the sugar moiety in both pavoninins differs from the usual ones, in that the sugar
N-acetylglucosamine (GICNAC) in pavoninin-1 is attached to the C7 carbon of the steroidal
backbone; while in pavonin-4, GIcNAc is attached to the C15 of the steroidal backbone. Studies
of pavoninins have revealed that membrane perturbation is independent of Chol in membrane.

Actually, calcein leakage assays suggested that in the absence of Chol, membrane leakage
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could be observed. In addition, a C3 analog of pavoninin (GIcNAc in C3 and carbonyl group
in C7) has been synthesized and its activity was compared. The synthetic analog exhibited
similar properties to those of pavoninin-1 in terms of Chol-independent membrane
perturbation, but showed enhanced leakage activity in membranes composed only of PC.3
Other unusual saponin reported so far is leucospilotaside B (Fig. 1-22C) isolated from
Holothuria leucospilota, but a few studies have been reported regarding their activities. These
saponins have exhibited antifungal and antitumor activities.®® However, no detailed study has
been done to examine the membrane properties of these unusual saponins at the molecular

level.
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Figure 1-22. Examples of unusual monodesmosidic and bidesmosidic saponins derived from

plants and marine organisms.
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Aside from the saponins discussed earlier, a bidesmosidic triterpenoid saponin, QS-21
(Fig. 1-22D), has been widely studied due to the unique structure and bioactivity. QS-21 is a
plant saponin obtained from Quillaja saponaria extracts. QS-21 contains an acylated sugar
moiety at C3 and a complex sugar moiety at C28. It has been shown that QS-21 exhibits Chol-
dependent membrane permeabilization and hemolysis, similar to other Quillaja fractions.®®
This fraction has attracted a lot of attention due to its cytotoxicity and potential adjuvant
properties for vaccines that target influenza, malaria, hepatitis B, human papillomavirus,
HIV/AIDS, tuberculosis, non-small-cell lung carcinoma, melanoma, etc.; but current studies

have been limited to a potential human use due to its high toxicity and hemolytic properties.&

1.3 Methods used to investigate membrane interactions

An understanding of the important biological and membrane permeabilizing properties
of saponins have been much advanced due to great progress in analytical instrumental
technologies. Without these instruments, no concept has been established as to how natural
products, including saponins, behave in biological systems. Scientists and engineers who have
contributed to these technological advancements should be commended for their efforts. Their
contributions have significantly brought new insights in very important phenomena occurring

in biological systems, as well as in the molecular level mechanism.

In this section, the useful tools to examine important membrane interactions of saponins
are presented. Extensive research has already been done on these phenomena using a
combination of two or more tools. The focus of this section is on spectroscopic and microscopic
techniques that have greatly contributed to an understanding of these interactions including

saponin’s effect on membrane lateral organization, dynamics and permeabilization.

1.3.1 NMR Spectroscopy

Solid state nuclear magnetic resonance (SS-NMR) spectroscopy has been widely used
to study lipid-lipid and lipid-protein interactions in bilayer membranes. SS-NMR has also
expanded to study on the effects of natural product towards membrane models. Common
membrane models are micelles, bicelles and liposomes with various size and degree of
lamellarity.3847%5 In the study of saponins, 2H NMR and *'P NMR are frequently used. ?H

NMR is commonly used to determine the molecular interaction between Chol and saponins
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through the signal broadening and change of the quadrupolar splitting. This technique requires
a deuterium probe in which deuterium substitutes the hydrogen at specific positions in the
structure.*87 Spectrum of deuterated derivatives shows two peaks termed as Pake doublet. The
distance (kHz) of this peak separation is called quadrupolar splitting Ave, which relates to the
time-averaged orientation and wobbling of the vector between the bilayer normal and C-D
bond vector. An important parameter in 2H NMR is the molecular order parameter (Smo) Which
gives information on the wobbling of the labeled site of lipid molecules;!! usually, 2H NMR is
used to study motions due to molecular vibrations and rotations (107 s to 10® s)of the C-D
bond in membrane bilayers.!?4?° The 3-a-deuterated sterol probes (Chol-d; and ergosterol-ds)
has been successfully used to analyze their direct interactions with natural products, proteins,
peptides and saponins. The direct interaction to the partners significantly reduces the axial
rotational rate of Chol-di in membrane, which is often close to the 2H NMR timescale, resulting
in the attenuation and broadening of Pake doublet signals; a °H NMR signal appearing at 0 kHz
is usually attributed to residual HOD or deuterated probe forming micelles. (Fig. 1-23).8” This
technique has also been adopted in the study of digitonin-Chol interaction.3®® The 2H NMR
of Chol-de probe was measured in egg yolk PC at various digitonin-Chol ratio. They found that
the interaction of digitonin with Chol proceeds in a concentration-dependent manner. Between
0 and 0.35 digitonin/Chol mole ratio, aggregated species containing digitonin and Chol is
present, increasing the mole ratio of digitonin and Chol (0.35 to 0.90) causes the formation of
intermediate complex and higher ratios could indicate formation of rigid equimolecular
digitonin/Chol complex. Lower mole ratio of digitonin/Chol may have led to the reduction of
molecular ordering by Chol-ds characterized by the presence of aggregated species as a result
of fast exchange between free and Chol bound digitonin. At higher ratios, specifically a1 to 1
ratio, the formation of the rigid complex results in the immobilization of Chol-de.*® The result
of this investigation could lead to an interesting discussion on the activity of saponins in terms

of its effect on membrane Chol.
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Figure 1-23. 2H NMR spectra of sterol probes (Chol, ergosterol and epicholesterol) in the
absence (A, C and E) and presence (B, D and F) of marine sponge cyclic peptide Theonellamide
A (TNM-A). Reprinted with permission from Biochemistry, 2013.86 Copyright © (2013)

American Chemical Society.

Another tool applied to study membrane dynamics is 3'P NMR, which gives rise to
similar information to 2H NMR. Particular difference between them is that 3'P NMR provides
information on the orientation and dynamics of phospholipid headgroups and effects of natural
products on the bilayer such as perturbations and curvature generation even under the
conditions that ?H signals become broad.™ In addition, the structural properties of lipids in
hydrated membrane including the phase state can also be characterized by 3P NMR (Fig. 1-
24). In other cases, morphological changes induced by natural products could also be
determined by analysis of 1P spectra. Regarding saponins, o-hederin was studied with respect

to its effect on bilayer organization using a DMPC/Chol model.*” In these experiments,
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additions of a-hederin (10 mol% and 20 mol%) led to phase transition from lamellar phase to
hexagonal phase. Increase in temperature from 37°C to 60°C made the hexagonal pattern more
pronounced. In addition, a decrease in chemical shift anisotropy, Ac, upon addition of a-
hederin indicates possible membrane disruption leading to the higher mobility and diffusibility
of phospholipids.®#’ Similar NMR studies have also been done with membrane-active
peptides regarding their effect on the lamellar structure and membrane morphology.®’
However, they reported that these compounds did not show any significant effects on the
membrane lamellar structure or membrane dynamics. The combination of 2H NMR and 3!P
NMR techniques could provide important information for a better understanding of the effects
of saponins on membrane dynamics. However, one of these methods is sometimes not enough

to prove the mechanism of interaction of saponins and other natural products.
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Figure 1-24. 3P NMR spectra of phospholipids at different phase. Reprinted with permission
from The Structures and Properties of Membrane Lipids, 1989.1 Copyright © (1989) Springer.
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1.3.2 Fluorescence microscopic approaches

The concept of fluorescent probes has become popular in research on membrane
dynamics and permeabilization. Fluorescence spectroscopic techniques have been utilized to
determine the anisotropy of fluorescent compounds such as laurdan, cholestatrienol (CTL) and
1,6-diphenyl-1,3,5-hexatriene (DPH) to observe the fluidity and/or polarity in the membrane
environment (10 s).*8 In addition, other fluorescent compounds can also be used to examine
the membrane permeabilizing properties of saponins and natural products. In this case, the
properties of these dyes are usually examined after addition of compounds into artificial
vesicles. In addition, sensitivity to pH, concentration, membrane potential, and the environment
surrounding the probe induce changes in their fluorescent properties. Commonly used assays
for evaluating membrane permeabilization are the calcein leakage and K*/H* exchange
(monitored by lumen pH), for which calcein and BCECF (2',7'-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein) dyes are utilized, respectively.*’888 Usually, LUVs that incorporate a
fluorescent dye are used. A release of the dye from the lumen of the LUV to extravesicular
solution gives rise to an increase in fluorescence intensity as a result of reduction in self-

quenching.

The utilization of fluorescence probes has also expanded to microscopic imaging
techniques in which fluorescent-labeled lipids give information on membrane partitioning and
morphological changes caused by natural products.*”*® GUVs are used as membrane models
for confocal microscopic observation. In the study of saponins, phospholipids and Chol are
usually fluorescently labeled. Probes used in the GUV observations can partition to either the
Lo or Lg domain. In the case of the study on a-hederin, GUVs are labeled with Texas Red —
DPPE (TR-DPPE), which has the excitation wavelength at 560 nm and the emission at 595 nm
and partitions to the Lqg domain. In the study, they assessed the time dependent morphological
changes upon addition of a-hederin and related compounds. They also observed pore-forming
properties of a-hederin, which provided additional information on the mechanism of interaction
of this saponin (Fig. 1-25).%
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Figure 1-25. Pore-forming properties of a-hederin (40 uM) on GUVs composed of DMPC/Chol
(3:1). (A) fluorescence microscopy, (B) confocal microscopy of cross section of one vesicle
and (C) confocal microscopy of three-dimensional view of all cross section of an entire vesicle.
Reprinted and modified with permission from Journal of Biological Chemistry, 2013.%

Copyright © (2013) The American Society for Biochemistry and Molecular Biology.
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Figure 1-26. Effect of 20 uM digitonin on GUVs composed of PC/Chol (80:20) at different
incubation period. Left panel shows control measurement where digitonin is not added in the
system. Reprinted with permission from Molecules, 20158 Copyright © (2015)
Multidisciplinary Digital Publishing Institute (MDPI).
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Study on the membrane disrupting activity of digitonin has also been conducted using
fluorescence microscopy (Fig. 1-26).8° The GUVS are labeled with dioctadecyltetramethyl-
indocarbocyanine perchlorate stain (Dil; Ex: 549 nm, Em: 565 nm), while Alexa Fluor 488
(Ex: 495 nm, Em: 519 nm) was used to induce fluorescence in the extravesicular fluid. A time-
dependent membrane disruption elicited by digitonin was observed to proceed at a fast rate.
When after 10 minutes of incubation, intact GUVs were no longer observed. Membrane
disruption is thought to be a consequence of membrane permeabilization and Chol is a main
factor for this effect.

Other microscopic techniques have also been used to study saponins such as Brewster
angle microscopy in monolayers to evaluate domain formation in a-tomatine and reduction of
raft size induced by glycyrrhizin.®®¢” Atomic force microscopy (AFM) has also been used to
study co-localization of cofactor for acrosome reaction inducing substance (Co-ARIS), a
monodesmosidic saponin, with ganglioside GM1 clusters and its expansion as well as

formation of worm-like domains of a-hederin with phospholipids and Chol.384®

1.3.3 Other methods

Other methods have also been used to assess the properties of saponins on membrane
especially in the presence of Chol. Dynamic light scattering (DLS) spectroscopy has often been
applied to determine the effect of saponins in the size of liposomes and determine whether
aggregates or micelles are formed as a consequence of saponin interaction. In a-hederin, the
size of Chol-free liposomes is not changed when the saponin is added. On the other hand, when
Chol is present in the liposomes, membrane dispersion that may correspond to formation of
isotropic and hexagonal phases could be observed upon addition of a-hederin.*’ Similarly, upon
addition of digitonin, no effect on size of pure SOPC was observed. However, change in size

distribution was observed for SOPC/Chol liposomes.®°

The influence of Chol on saponins’ activity can also be studied in biological systems.
Chol depletion experiments can be done to assess the activities on red blood cells and human
leukemic monocytic cell line (THP-1). Living cells can be treated with methyl-p-cyclodextrin
(MBCD) to extract Chol from the cell membranes. Data on a-hederin have been shown that
depletion of Chol markedly reduces the cytotoxicity.*®4’ Lately, research on the effects of
saponins has been expanded to more complex biological systems in order to examine their

pharmacological properties. This could be achieved by using cancer cell lines and by the assays
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to determine saponin’s potent activity and selectivity to different cancer cells. However, the
complexity of these cells may also lead to uncertainties especially on the role of Chol towards

saponin-induced cytotoxicities.*

Several techniques that can be used to study saponin interaction and its effect on
membranes have been discussed in this section. However, one or a few of these techniques are
sometimes not enough to gain desired experimental results. It is also important to use a
combination of two or more techniques that could be very useful to achieve the purpose of the
research, which compensate the limitations of each technique. In addition, the methods
presented here are also utilized in the course of this research and some results thus obtained are
reviewed in the other chapters later on.

1.4 Aim and Significance of the Study

The amphiphilic structure of saponins has served an important role in their membrane
activity and pharmacological applications. Moreover, amphiphilic drugs must overcome the
membrane barrier to enter the cells or organelles to exert its specific pharmacological
properties. This could be achieved by penetration or permeation through the bilayer via passive
diffusion or via interaction with specific membrane components such as transporter proteins.
While saponins have largely exhibited interesting biological activities including cytotoxicity
towards tumor cells, the mode of interaction at the atomistic lever has not been clearly
established. This study focuses on OSW-1, an unusual saponin isolated from Ornithogalum
saundersiae due to its highly potent and selective cytostatic properties against various
malignant tumor cells. It has been known that OSW-1 specifically binds to a protein target
OSBP (oxysterol-binding protein) and OSBP-related protein 4L (ORPA4L), which are
associated with signal transduction and lipid transport. Recently, these target proteins have also
been characterized to have important functions in cancer cell proliferation and survival.
Moreover, OSW-1 has been involved in the inhibition of Na*/Ca?* exchanger 1, which can lead
to apoptosis in cancer cells. Despite this discovery, other membrane components, particularly
lipids, could also be involved in the exertion of OSW-1’s powerful cytotoxicity towards cancer
cells. In this study, the elucidation of the mechanism of interaction of OSW-1 with membrane
components was attempted, such as phospholipids and Chol. Furthermore, several reports
suggest the importance of membrane Chol in order for saponins to exert its activity, which

could also be for the case with OSW-1. Since OSW-1 has a unigue sugar substitution position,

43



the mechanism study was carried out in comparison with other typical saponins, including
digitonin, soyasaponin Bb(l), and glycyrrhizin, using spectroscopic and microscopic
approaches. Structure activity relationship (SAR) studies have also been conducted on various
saponins, which suggested that activities of saponins rely on the glycosylation position, size
and arrangement (branching) of sugar moiety, and the nature of sapogenin rings. Assays
utilizing biological membrane (red blood cells) and artificial model membranes (MLV, LUV
and GUV) were carried out to study the effects of saponins on membrane permeability, lipid
dynamics and morphology. Effect of Chol on the activity of saponins was also investigated
using these assays. Solid-state NMR (SS-NMR) including ?H NMR and 3P NMR were applied
to examine membrane dynamics and structural properties of phospholipids in membranes,
respectively. These methods have shown valuable information regarding the direct interaction
of natural products and membrane-active compounds with membranes composed of deuterium-
labelled lipids. Fluorescence probes have also facilitated the study of saponin-Chol interaction
as a consequence of binding and aggregation. Furthermore, the fluorescent probes were also
used in microscopic studies to observe saponin-induced morphological changes and its effect

on membrane integrity.

As of this writing, there are limited studies regarding the properties of OSW-1 towards
membrane, even if there have been numerous papers published regarding its potent and
selective activity for tumor cells. In addition, other typical saponins were used to establish a
comparison with OSW-1’s properties. It is also worth mentioning that the structure of OSW-1
deviates from most saponins in terms of sugar attachment in the sapogenin ring and the
presence of an acylated sugar moiety. The structural differences of these saponins to establish
a clear relationship with their biological properties, and to determine a plausible atomistic mode

of interaction towards the membrane is also considered in this study.
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Chapter 2
Sterol recognition and membrane-permeabilizing activity

of saponins deduced from spectroscopic evidences

2.1 Introduction — The unique steroidal saponin OSW-1

OSW-1 (Fig. 2-1) is a steroidal saponin first isolated by Sashida’s group in 1992 from
the bulbs of Ornithogalum saundersiae.!? The structure of this saponin differs from the usual
ones, such that it contains an acylated disaccharide moiety linked to the C16B3-OH position on
the D ring of the sapogenin backbone. In most saponins, the sugar moieties are usually attached
to the 3B-OH position of the A ring of sapogenin backbone.>® Several studies have been done
on the ability of OSW-1 to target various tumor cells with high potency and selectivity,
including human HeLa cells and HL-60 cells.®® The cytotoxic properties of OSW-1 have been
linked to the presence of acylated disaccharide moiety according to the structure activity
relationship (SAR) studies. It has been revealed that removal of methoxybenzoyl and acetyl
group in the sugar moiety lead to the reduction of its cytotoxicity to up to ~800-fold.! This
suggests that the presence of these structures are important for OSW-1 in exerting its biological

activity.

Hydrophilic face

Figure 2-1. Structure of OSW-1 (left); 3D space-filling representation of a derivative of OSW-
17 (right). Reprinted with permission from BBA Biomembranes, 2017.2° Copyright © (2017)
Elsevier.

Despite the studies conducted on the activities of OSW-1, there were no attempts
regarding its mechanism of action towards biological membranes at the atomistic level. Here,
the activity of OSW-1 was assessed in comparison with typical 3-O-glycosyl saponins,
including digitonin, soyasaponin Bb(l) and glycyrrhizin. Numerous saponins have shown

membrane permeabilizing and hemolytic properties, which are thought to be sterol-
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dependent.®*! Chol is a predominant lipid found in the eukaryotic plasma membrane, which is
important for membrane stability and permeability of various solutes.*>® In the membrane
permeabilizing and disrupting activities of various saponins, Chol has been proposed to play a
key role by forming complexes in membrane, which leads to hydrophilic interactions between
sugar moieties. Furthermore, when this saponin-Chol complex reaches a certain density,
membrane defects and creation of spherical buds and/or tubules can be observed, which is
likely attributed to the complex formation through interactions of saponin sugar moieties.
Membrane disruption could take place due to rearrangement of the membrane.'**® Another
mechanism involves the formation of saponin-sterol aggregates and toroidal pores as a
consequence of hydrophilic interactions between sugar moieties.** In some cases, saponins
showed concentration-dependent membrane permeabilization based on saponin arrangement
and organization. It has been observed that below the critical micelle concentration (CMC),
saponins exist as monomers and bind to the external monolayer inducing an area of positive
curvature resulting to vesiculation. On the other hand, above CMC, saponins induce direct pore
formation leading to a loss of membrane materials.'”8 The direct interaction of micelles with
membrane leads to the deposit of high saponin concentration near the membrane, which causes
permeabilization. Moreover, the interaction of saponins with Chol-enriched domains results in

immediate permeabilization.*®
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Figure 2-2. Structures of common saponins digitonin (A), soyasaponin Bb(l) (B), glycyrrhizin
(C); cholesterol (D) and ergosterol (E).
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Mechanism of interactions has been proposed for some of the saponins such as digitonin
(Fig.2-2A), a typical saponin from the plant Digitalis purpurea, which has been classified
under the concentration-dependent membrane action model. Digitonin exhibited significant
membrane-disrupting properties, which leads to permanent membrane insertion into the
membrane due to aggregation and equimolecular complex formation with Chol and
surrounding phospholipids.*??2 However, the mechanism of interaction of soyasaponin Bb(1)
(Fig. 2-2B), isolated from Glycine max, has not been completely elucidated although 2H-NMR
measurements have been made, which revealed a less ordered and flexible membrane
components upon Chol interaction.?® Similarly, no clear mechanism was established for
glycyrrhizin (Fig. 2-2C), isolated from Glycyrrhiza glabra, probably due to its weak membrane
permeabilizing activities. The mechanism of interaction of OSW-1 has not been clearly
elucidated, but the unique glycosylation position and presence of hydrophobic caps on the
hydroxy groups of the sugar moiety could provide comparable amphiphilic properties with
other typical saponins (Fig.2-2A to C). In this study, the elucidation of the mechanism of
interaction of OSW-1, in comparison with other typical saponins, is determined using several
spectroscopic approaches. OSW-1 has been known to target specific membrane proteins in
order to exert its activity. However, membrane lipid components could also play a key role
towards OSW-1’s observed pharmacological activity. Furthermore, since most of the saponins
studied require Chol interaction, it is also necessary to determine whether the activity of OSW-
1 is Chol-dependent or not.

2.2 Aim and significance

The ability of OSW-1 to permeabilize biological membranes and its underlying
mechanism could lead to potential development of new pharmacological and pharmaceutical
drugs targeting the membrane Chol. One of the most striking discoveries on OSW-1 is its
highly potent and selective cytotoxic activity towards tumor cells, and has been found to have
higher cytotoxic effects compared to commonly used clinical treatments such as paclitaxel and
doxorubicine.®® However, very limited studies have been conducted on the molecular
mechanism of OSW-1 towards sterol recognition and membrane permeabilization. This study
presents a better understanding on how OSW-1 and other typical saponins recognize sterols

and lead to membrane permeabilization using various spectroscopic techniques.
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Although several studies have already been carried out on saponins such as digitonin,
soyasaponin Bb(l) and glycyrrhizin to postulate models for their possible mechanism of
actions, a more comprehensive study on the sterol dependent membrane permeabilizing
activity these typical 3-O-glycosyl saponins has not been conducted. Furthermore, the focus of
the study is on the unique saponin OSW-1 among other saponins. This study aimed to gain a
better understanding on the sterol interaction of OSW-1 in order to elucidate a possible
mechanism of interaction by using artificial and biological model membranes. Spectroscopic
studies, with a main focus on 2H and 3P NMR, were used to provide evidence on the membrane
activity of the aforementioned saponins with respect to membrane Chol. By comparing the
activity of OSW-1 with those of the usual 3-O-glycosyl saponins, the general mechanism of
the membrane activity of usual saponins could be studied from a different aspect. Most
saponins and amphiphilic drugs require interaction with specific membrane components or
receptors such as proteins and lipids in order to exert their cytotoxic activity towards tumor
cells. Thus, after binding to the receptor, these compounds must overcome the membrane
barrier via adsorption at the surface or partitioning to the bilayer interior to effectively manifest
its potent action towards specific cellular target. However, the overall polarity and ionic
character of these compounds influence their membrane interaction and permeabilizing effect.
A correlation of the membrane activity of OSW-1 with the potent and selective cytotoxic

activity towards tumor cells is further established in this study.

2.3 Results

2.3.1 Leakage properties of saponins

The Chol-dependent calcein leakage and pore forming properties of saponins have been
determined by utilizing calcein-entrapped liposomes with homogeneous size. In this
experiment, the selectivity of these saponins towards membrane composed of ergosterol (Erg)
and 3-epicholesterol (Epichol) were also screened by replacing Chol with these sterols. Various
saponin concentrations were used (1 uM to 100 uM) to assess the degree of leakage induced
via saponin-sterol interactions by monitoring fluorescence changes.?* OSW-1 exhibited
significantly strong permeabilization in Chol-containing liposomes (ECso= 35.4 £ 1.4 uM), but
showed weaker effects on Erg-containing liposomes (ECso = ~100 puM) (Fig. 2-3).
Interestingly, OSW-1 showed insignificant permeabilizing activity towards Epichol-containing
liposomes, which is comparable to the results obtained with pure POPC LUVs. Both digitonin

and soyasaponin Bb(l) showed similar membrane permeabilizing activity and sterol selectivity
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with OSW-1 (Table 2-1 and Fig. 2-3). The results suggest that initial binding to 3p-
hydroxysterols, such as Chol and Erg, is required in order for such saponin-induced
permeabilization to proceed. It has been established that both Chol and Erg have membrane-
stabilizing properties and that these saponins altered the stability of the membrane and makes
it more susceptible to such leakage and membrane disruption via pore formation.?#% In
addition, soyasaponin Bb(l) showed moderate permeabilization in the presence of Chol and

Erg.

Table 2-1. Calcein leakage activity of liposomes in the presence and absence of various sterols.

ECso (LM)
Saponin Pure POPC POPC/Chol  POPC/Erg POPC/Epichol
Digitonin >100 245+1.1 705+24 >100
OSW-1 >100 354+14 ~100 >100
Soyasaponin Bb(l) >100 ~100 ~100 >100
Glycyrrhizin >100 >100 >100 >100

Values are mean + SEM
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Figure 2-3. Sterol-dependent calcein-leakage from POPC liposomes by various saponins (100
uM). The POPC-sterol molar ratio was set to 9:1 and the final concentration of the phospholipid
was 27 pM.

However, glycyrrhizin did not exhibit any leakage at all conditions, noting that it has
weak activity towards different membrane components. With the results of this leakage
experiment, it is noted that both the type of sapogenin backbone and sugar moiety are important

for such membrane interactions.®
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2.3.2 Hemolysis induced by saponins under Chol-depletion and osmotic protection

Next, the dependence of saponins on Chol content of membrane was assessed using
hemolysis assay in Chol-depleted red blood cells (RBCs). Chol-depletion was carried out by
treatment of cells with 3.5 mM methyl-B-cyclodextrin (MBCD). In this condition, the Chol
content of the erythrocyte membrane was reduced to ~10%.78 To further prove the effect of
Chol on hemolysis, the depleted cells were treated with a 7:1 mol ratio of Chol/MBCD*® to
replenish the erythrocyte membrane with Chol. The Chol content of the membrane after
replenishment was back to ~90% of the initial Chol in the non-treated cells. It is established
that at the optimum concentration of MBCD, Chol depletion/repletion experiments did not
cause hemolysis of RBCs during the process. However, this experiment cannot give assurance
whether the overall membrane composition and lipid arrangement are not altered during the

course of the depletion/repletion process.

The hemolysis assay showed that OSW-1 (ECso = 7.4 £ 0.8 uM) exhibits significant
hemolytic activity comparable to digitonin (ECso = 14.3 £ 0.9 uM) as shown in Table 2-2 and
Fig. 2-4. However, a loss in hemolytic activity was observed in both saponins when Chol was
depleted by MBCD treatment. Repletion of Chol in the erythrocyte membrane restored the
hemolytic activity of digitonin (ECso = 25.4 £ 1.2 uM) and OSW-1 (ECso= 12.7 £ 1.1 uM).
Soyasaponin Bb(l) showed weaker hemolytic activity as compared to digitonin and OSW-1
but similar hemolytic tendency towards Chol depletion/repletion conditions. As expected,
glycyrrhizin exhibited very weak hemolytic activity (ECso > 300 uM) in all the erythrocyte
membrane systems (Table 2-2). This assay indicates that Chol plays a key role in the hemolytic
activity of OSW-1, digitonin, and soyasaponin Bb(1).26® Similar Chol depletion/repletion
studies have also been done on monocytic cells, assessing the degree of cell death induced by
saponin addition.'” It has been confirmed that Chol is an important membrane lipid in order for

the saponins to exhibit their biological and membrane activities.

Table 2-2. Hemolytic activity of saponins under Chol depletion/repletion conditions.

ECso (LM)
Saponin Non-Depleted Chol-Depleted Chol-Repleted
Digitonin 143 +0.9 >300 254+1.2
OSW-1 74+08 >300 127+1.1
Soyasaponin Bb(l) 155.6 +4.2 >300 >300
Glycyrrhizin >300 >300 >300

Values are mean + SEM
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Figure 2-4. Hemolytic activity of saponins (300 uM) using non-depleted, cholesterol-depleted
and cholesterol-repleted red blood cells. Human RBC (1%) was incubated for 18 h at 37 °C.

To evaluate the membrane pore size, the hemolytic effects of saponins were assessed
in the presence of osmotic protectants with various sizes (Table 2-3). When any size of pore is
formed on the living cell membranes, the gap of the osmotic pressures between cytosol and
outer cell solutions accelerate equilibrium, which induce increment of cell volume resulting in
cell burst. The osmotic protectants with appropriate size can cap the pore, resulting in the
protection from cell burst. It was observed that the pore size (~0.9 nm) generated by AmB was
consistent with the published data?®, (Fig. 2-5, yellow). Surprisingly, hemolysis by digitonin
was not suppressed by any size of protectants (Fig. 2-5, blue). In the presence of OSW-1,
suppression of hemolytic activity was observed with PEG-600 and larger protectants. This
result indicates that OSW-1 was able to create pores with size of ~1.6 nm (Fig. 2-5, green).
Meanwhile, soyasaponin Bb(l) showed a significant decrease in hemolytic activity in the
presence of raffinose and thus, the pore size was estimated to be ~1.1 nm (Fig. 2-5, red). The
observed hemolytic activity of digitonin, which was independent of the presence of various
osmotic protectants, is due to its detergent activity, leading to the direct leakage of hemoglobin
as a consequence of membrane disruption and/or cholesterol removal from membrane core.
In the case of OSW-1 and soyasaponin Bb(l), leakage of hemoglobin from RBCs could be
characterized by saponin-Chol interaction, which results in the invagination of erythrocyte
membrane and subsequent formation of distinct pores.?® In this experiment, glycyrrhizin was

not tested due to its weak activity.
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Table 2-3. Osmotic protectants utilized for hemolytic assay and their estimated size.

osmotic protectant molecular size (nm)

glucose 0.7
sucrose 0.9
raffinose 1.1
PEG-600 1.6
PEG-1000 2.0
PEG-1540 2.4
PEG-2000 2.9
PEG-4000 3.8
PEG-6000 51

Table 2-4. Estimated size of pores induced by saponin addition.

Compound Pore size (nm)
Digitonin >5.1
OSW-1 ~1.6
Soyasaponin Bb(l) ~1.1
Amphotericin B ~0.9
100 - —@—digitonin
= —&—OSW-1
} —e—soyasaponin
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Figure 2-5. Osmotic protection experiments for saponins using 1% (v/v) RBC. Pore size was
estimated using various osmotic protectants (30 mM). The concentrations of digitonin, OSW-

1, soyasaponin Bb(I) and AmB were 28.7 uM, 14.9 uM, 311.3 uM and 4.0 uM, respectively.
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2.3.3 Binding of saponin to Chol in membrane by CTL fluorescence spectroscopy

The ability of saponins to bind with Chol in membrane was further examined by
utilizing a fluorescent analog of Chol referred to as cholestatrienol (CTL). Changes in the
fluorescence properties of CTL were monitored under agueous and bilayer environments. In
the aqueous environment (above CMC of CTL, 1 nM)3!, CTL fluorescence is normally
vanished due to self-quenching, but the fluorescence emission at 396 nm can be recovered
when CTL molecules dissociate under the hydrophobic environments, which include
aggregation with Chol in membrane. Actually, significant increase of CTL fluorescence was
observed with increasing OSW-1 concentrations, indicating a dose-dependent aggregation of
OSW-1 with CTL (Fig. 2-6A, blue). The observed increase in fluorescence emission at 396 nm
upon increase in the concentration of OSW-1 is due to the dissociation of CTL aggregates to
form a plausible mixed complex with OSW-1. (Fig. 2-6C).3232 This experiment indicates that
OSW-1 forms a complex with Chol in a similar fashion with digitonin (Fig. 2-6A, black) and
soyasaponin Bb(l) (Fig. 2-6A, red). However, among the saponins tested, glycyrrhizin (Fig. 2-
6A, green) showed insignificant fluorescence changes indicative of its weak binding affinity
with CTL.

The effect of saponins on CTL fluorescence was further assessed in the bilayer
environment. In this experiment, LUVs composed of POPC/Chol/CTL (90:9:1 in molar ratio)
were incubated with the saponins for 3 h. Fluorescence measurements were done at various
saponin concentrations. Fluorescence intensities of CTL were shown to decrease in a
concentration dependent manner at lower saponin concentrations in membrane. With 10 uM
saponins (except for glycyrrhizin), the lowest intensities (intensities < 496) were observed. The
decrease in intensities indicates the reduction in fluorescence lifetime due to the perturbation
of the lipid packing by OSW-1 and other saponins.®* In the higher concentrations of OSW-1,
1.e. 30 uM to 100 uM concentrations, an increase in fluorescence intensity was observed (Fig.
2-6B, blue). These increase could be due to formation of OSW-1/Chol mixed micelles.*® The
interaction of Chol with large amounts of OSW-1 (OSW-1 > total lipids) leads to the disruption
of the bilayer structure and favors formation of micelles in the aqueous phase.®-% Therefore,
the marked increase of the CTL fluorescence is accounted for by a consequence of tight
interaction between CTL and OSW-1 in the micelles.
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Figure 2-6. Fluorescence intensities of cholestatrienol (CTL) at different saponin
concentrations. CTL was excited with 325 nm and the intensities of the emission maximized
at 396 nm were plotted in aqueous media (A) and in LUV (B). Fluorescence emission spectra
of increasing concentrations of OSW-1 in aqueous media (C). The POPC-Chol-CTL molar
ratio was set to 90:9:1 and the final concentration of the phospholipid was 177 pM.

Digitonin exhibited similar properties with OSW-1 (Fig. 2-6B, black) while
soyasaponin Bb(I) showed significantly weaker effect (Fig. 2-6B, red) in comparison with the
other two saponins. Moreover, dynamic light scattering (DLS) experiments revealed that the
size of the LUVs significantly decreased upon the addition of 30 uM OSW-1 (Table 2-5).
Similarly, reduction of the particle size was also observed for digitonin, while soyasaponin
Bb(I) showed minimal reduction (Table 2-5).
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Table 2-5. Effect of saponin on size of LUVs (9:1 POPC/Chol).

Average particle size (nm)

Saponin Control (0 uM) 30 uM 100 uM
OSW-1 197.6 126.4 11.9
Digitonin 220.4 127.2 7.3
Soyasaponin Bb(l) 212.8 181.8 127.8
Glycyrrhizin 207.8 207.1 180.6

Notes: The final concentration of POPC and Chol were 129 uM and 16 uM, respectively

2.3.4 Solid state 2H NMR for investigating saponin/Chol interaction

The results of the fluorescence experiments revealed that OSW-1/Chol interaction is
important for the membrane disrupting activity due to mixed micelle formation. In this section,
solid state 2H NMR was employed in order to determine direct molecular interaction between
Chol and saponin in membrane. Molecular interaction with the deuterated probes leads to the
effect on signal broadening and change of quadrupolar splitting.%¢-* The size of quadrupolar
splitting is affected by the molecular mobility and orientation of the molecule (the C—D vector)
with respect to the bilayer normal, which is used to detect the direct interaction between Chol
and membrane-active compounds. In this study, Chol-d was used as the probe to examine the
effects of saponin in a POPC/Chol-d (9:1 molar ratio) bilayer preparation (Fig. 2-7).3"%
Without addition of saponins, a typical Pake doublet pattern of Chol-d in membrane was
observed in POPC-based membrane at 30 °C as shown in Fig. 2-7A. As depicted in Fig. 2-7B,
2-7D and 2-7E, OSW-1, glycyrrhizin and soyasaponin Bb(l) showed the markedly reduced
splitting of the Pake doublet without affecting the gross signal shape. In contrast, the 2H NMR
spectra of digitonin showed the complete disappearance of the Pake doublet (Fig. 2-7C) (Fig.
2-7B). The disappearance of the Pake doublet signals could be attributed to the direct
interaction between digitonin and Chol that results in formation of large aggregates.
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Figure 2-7. 2H NMR spectra of POPC/Chol-d bilayers (molar ratio 9:1) in the absence of
saponins (A) and presence of OSW-1 (B); digitonin (C); glycyrrhizin (D); and soyasaponin
Bb(I) (E). All the saponin-containing membranes were prepared at the molar ratio of Chol-d-
saponin, 1:0.5. H NMR spectra were measured at 30 °C. The concentrations of POPC, Chol
and saponin in the multilamellar vesicles (MLVs) were 47, 5.3, and 2.7 pumol, respectively.
Reprinted and modified with permission from BBA Biomembranes, 2017.2° Copyright ©
(2017) Elsevier.

2.3.5 Solid state 3'P NMR for investigating membrane integrity

Besides ?H NMR, another useful tool used to investigate the effect of saponins on the
physical properties of membrane is solid state **P NMR. This technique could detect changes
in the morphological state of the membrane, in which the overall spectral shape and signal

width are used to assess the effect of saponins in the surrounding phospholipids. In this
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experiment, the 3P spectra are recorded in the absence or presence of saponin. Fig. 2-8A shows

the axially symmetrical pattern for a typical lamellar structure of the 9:1 POPC/Chol system.
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Figure 2-8. 3P NMR spectra (black —) of MLVs consisting of POPC/Chol (9:1) in the absence
of saponins (A) and presence of OSW-1 in the Chol/OSW-1 molar ratio of 1:0.5 (B); digitonin
in the Chol/digitonin molar ratio of 1:0.5 (C); glycyrrhizin in the Chol/glycyrrhizin molar ratio
of 1:0.5 (D); and soyasaponin Bb(l) in the Chol/soyasaponin Bb(l) molar ratio of 1:0.5 (E). 3!P
NMR spectra were measured at 30 °C and referenced from 85% phosphoric acid (H3sPOa) peak
set at 0 ppm. Red (—) spectra corresponds to computer simulation using SIMPSON software.*
Reprinted and modified with permission from BBA Biomembranes, 2017.2° Copyright ©
(2017) Elsevier.

63



31p spectra in the presence of saponins showed decrease in the signal widths indicating an
increase in curvature upon binding of saponin in membrane. This reduction is evident in the
presence of OSW-1 (Fig. 2-8B) and soyasaponin Bb(l) (Fig. 2-8E), as compared to glycyrrhizin
(Fig. 2-8D). In the addition of digitonin (Fig. 2-8C), the spectrum showed the presence of an
isotropic peak at around O ppm. The appearance of this isotropic signal is due to the formation
of small particles in part without affecting the over lamellar structure of the membrane at this
saponin/lipid ratio.!” These results are consistent with the DLS experiment (Table 2-5). DLS
experiment revealed that addition of 30 uM digitonin reduced vesicle size to 127.2 nm.
Furthermore, addition of 100 uM digitonin induced formation of smaller particles with average
size of 7.3 nm. Similarly, OSW-1 and soyasaponin Bb(l) also exhibited a decrease in vesicle

size upon increase in the concentration of these saponins.

2.4 Discussion

In this study, various spectroscopic experiments to evaluate the activity of OSW-1 and
other usual 3-O-glycosyl saponins using artificial and biological membrane models were
carried out. The membrane-disrupting activity of OSW-1 in the micromolar range is highly
Chol-dependent for both membrane models, despite their large difference in membrane
composition and structure. The results of these experiments strongly indicate that OSW-1 and
Chol form a complex, which is mainly responsible for the membrane permeabilizing and
disrupting activities. Same scenario was observed for digitonin and soyasaponin Bb(l) although
the latter showed a weaker activity. Several studies have reported that Chol plays a major role
in membrane permeabilization induced by saponins.l161840 This study focused on the
investigation of the membrane properties and activities of OSW-1 in comparison with usual
saponins bearing sugar moieties attached to the C3 of the A ring of steroidal or triterpenic
sapogenin. OSW-1 is unique in a way that the partially acylated disaccharide moiety is attached
to the hydroxy group at C16 of the steroidal D3 ring. This structural feature brought attention
as to how this particular saponin interacts with membrane-bound Chol and induces membrane
permeabilization. In particular, the three hydroxy groups of OSW-1 (except for a highly
hindered tertiary OH at C17) form a hydrophilic phase, as previously reported by Sakurai et
al.” (Fig 2-1). The three-dimensional structure of OSW-1 adopts a triangular-like shape
secluding the hydrophilic face from the hydrophobic moiety, which could be partly responsible
for its potent biological activity.” The differences in the amphiphilicity and polarity of OSW-1

with other saponins could indicate differences in the binding mode of these saponins to Chol.
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Albeit the differences in the chemical structure between OSW-1 and typical 3-O-Glycosyl
saponins such as digitonin, the interaction observed in these two saponins is thought to be

similarly Chol-dependent.

It is found in this study that Chol is important for hemolysis as induced by OSW-1 and
digitonin (Fig. 2-3). This Chol dependence was also seen in the calcein leakage experiments
(Fig. 2-4), indicating that membrane permeability enhanced by OSW-1 and by digitonin is
highly sterol-dependent. The permeability of OSW-1 and digitonin was also Chol-dependent
as evidenced by parallel artificial membrane permeation assay (PAMPA) (Table S1-1,
Supporting Information I). This result suggests that OSW-1 and digitonin recognize the sterols,
which is the initial step for a permeabilization process. The ability of saponins to bind with
CTL was further revealed by monitoring fluorescence changes of CTL in both aqueous and
bilayer environments. The high affinity of OSW-1 to Chol observed in the CTL binding assay
is comparable to that of digitonin to Chol (Fig. 2-6). Previous studies postulated that digitonin
binds to Chol in a face-to-face fashion through the stable hydrophobic interaction between their
steroid rings.***? Despite their similarities in membrane activities, OSW-1 is unlikely to be
oriented to the membrane in a perpendicular manner due to its unique structure. Specifically,
the triangular shape of OSW-1, in which the hydrophilic sugar moiety resides apart from the
3-OH group, does not necessarily lead to parallel interactions with Chol (Fig. 2-1).

Solid-state 2H NMR and *'P NMR revealed remarkable differences in the membrane
activity of OSW-1 and digitonin. First, the ?H NMR spectra of Chol-d showed that digitonin
significantly slows down the rotational motion of Chol, as demonstrated by the complete
attenuation of the Pake doublet signals (Fig. 2-7C). The signal attenuation observed in the 2H
NMR is attributed to the formation of large digitonin/Chol aggregates, which have been
previously reported by similar studies.??*! Other membrane-active natural products including
amphidinol 3 (AM3), amphotericin B (AmB), and theonellamide-A (TNM-A) have shown
comparable changes in their 2H NMR spectra, which also greatly reduces the mobility of Chol-
d.36-38:43 31p NMR of POPC in the presence of digitonin showed a broad peak near 0 ppm (Fig.
2-8C), which could be partly due to the increase in membrane curvature or reduction in the
vesicle size such as micelle formation, without affecting the overall membrane
morphology.}’#! Again, at this particular digitonin/lipid ratio, Chol forms aggregate with
digitonin, which could induce membrane deformations. This interaction leads to

immobilization of Chol molecules in membrane, as previously reported.**
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In contrast, OSW-1 showed significant decrease in Av of Chol-d without a change in
2H NMR signal shape as shown in Fig. 2-7B. The incorporation of 5 mol% OSW-1 decreased
the Av by 4.6 kHz, suggesting that a direct interaction between OSW-1 and Chol-d results in
the tilting of the Chol axis against the bilayer normal. This interaction could occur to maximize
a face-to-face contact between the hydrophobic cores of OSW-1 and Chol in membrane. The
interaction with OSW-1 molecule, which has a unique tertiary structure, could contribute to the
alteration of the tilting of Chol axis against membrane normal, resulting in the reduction in the
Av value. In addition, the overall lamellar structure of the POPC/Chol membrane was not
greatly affected by saponins including OSW-1, soyasaponin Bb(l) and glycyrrhizin as shown
in the 3'P NMR. However, a remarkable shift in the o1 value was observed, which is partly
attributed to the gross changes in the membrane curvature.!” The conserved lamellar structure
of the membrane after addition of OSW-1 indicates that there are no significant modifications
in the arrangement of the surrounding phospholipids.®® The similar mechanism would be
expected for soyasaponin Bb(l) in terms of the Chol interaction and membrane curvature
generation based on their 3P NMR spectra, even though other membrane experiments (Fig 2-
7E and 2-8E) showed weaker activity compared to both OSW-1 and digitonin (Figs. 2-3, 2-4
and 2-6). 2H NMR spectra in Fig. 2-7 showed a significant reduction in the Av value induced
by glycyrrhizin, despite its weak membrane activity (Figs. 2-3, 2-4 and 2-6). Previous
monolayer experiment suggests that glycyrrhizin possibly binds to membrane Chol to a certain
extent but does not perturb the membrane integrity, which is consistent with these 2H NMR
and 3P NMR data (Fig. 2-8D).

The membrane disrupting and permeabilizing activity of various saponins have been
published in numerous reports, some of which describe their mechanism of action towards
various membrane models.10115-1841 1n contrast, very few studies have been conducted on
saponins with unusual polarity* to elucidate their mechanism of action at the molecular level.
A structure-activity relationship study has been performed on triterpene saponins containing
two sugar moieties attached to A ring and D ring of the triterpene backbone.*® In this study, the
unusual steroidal saponin OSW-1 having sugar moieties at the D ring was investigated using
spectroscopic approaches in comparison with typical 3-O-glycosyl saponins. In this research,
the possible interaction mechanism of OSW-1 was unraveled via spectroscopic experiments.
The results gathered highlight that Chol plays a key role in the membrane binding of saponin
and following membrane distraction/permeabilization. In more details, OSW-1 accumulates in
the surface of the outer membrane leaflet. Bound OSW-1 forms a complex with Chol and
further penetrates into the hydrophobic interior of the bilayer (Fig. 2-9A). Finally, the deeper
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penetration of OSW-1 causes transient pore formation and deformation of the membrane (Fig.
2-9B), while maintaining the overall integrity of the bilayer structure.*”*° In addition, osmotic
protection experiments (Table 2-4 and Fig. 2-5) suggest that OSW-1 creates small pores with
size of up to 1.6 nm in erythrocyte membrane. With lines of evidence gathered, there is a
possibility that OSW-1 acts into the membrane causing the formation of either a toroidal pore
or barrel stave pore. However, results of the 3'P NMR and the osmotic protection suggest that
the mechanism of interaction of OSW-1 is likely to be the barrel stave pore model. Previous
studies employed similar NMR-based approach on membrane active natural products including
amphidinol 3% and theonellamide-A.*34"*8 The findings of this study were similarly observed
in amphidinol 3% and alamethicin®, which have been regarded as membrane active
compounds, and are known to form barrel stave pores. This hypothesis could be due to the
insignificant changes in the 3!P NMR signal shape and the formation of relatively small pores
with narrow size distributions as observed in the osmotic protection experiments.

It is also worth mentioning that the concentration to exhibit cytotoxicity by OSW-1 is
much smaller than that of the membrane permeabilization in artificial membrane models, as
shown in calcein leakage experiments (ECso = 35.4 + 1.4 uM), as compared to cell-based assays
(ECso is around 0.5 nM).%8 The higher activity in cytotoxicity can be accounted for by the
notion that OSW-1 exerts its potent activity through binding to a target protein; previous study
has reported that OSW-1 induces apoptosis via inhibition of the sodium-calcium exchanger®
and interaction with proteins in the cytoplasm.®® In addition, it is known that saponins generally
interacts with membrane sterols and leads to aggregation and minor alterations in the
membrane composition and inclusion/exclusion of Chol could affect the cytotoxic activity of
these saponins.®! It is expected that interactions with other cell components including specific
signaling proteins may have contributed to the high cellular toxicity of saponins. The result of
PAMPA experiment revealed that permeation of saponin into cell membrane below the
membrane-disrupting concentrations is also Chol-dependent, suggesting that OSW-1 can pass
through the cellular membrane efficiently and reach the cytoplasmic side in the absence of any
transporters and any other biological machineries. Meanwhile, for digitonin and other usual
saponins, disruption of the bilayer structure is a prerequisite for membrane penetration. On the
other hand, OSW-1 probably passes through the membrane at lower concentrations due to its
less hydrophilic structure; this could be attributable to the fewer hydroxy groups present in
OSW-1 (5) as compared with those of digitonin (17). These characteristic features of OSW-1

may partly account for its extremely potent cytotoxicity by the rapid membrane permeability,
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which makes OSW-1 access the plausible target proteins in cancer cells at very low

concentrations.

I IF

~@d 0T °

OSW-1 Chol POPC

Figure 2-9. Hypothetical mechanism for the membrane-permeabilizing effect of OSW-1 in
Chol-containing membranes. (A) Accumulation of OSW-1 in Chol-containing membrane
causes small membrane defects. (B) Further binding of OSW-1 results in the formation of a

barrel-stave-like assembly.
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Chapter 3

Effect of saponins on membrane permeability and

morphology as examined by fluorescence techniques

3.1 Introduction — Utilizing fluorescence probes

Fluorescence probes have been very useful in the determination of membrane related
interactions and dynamics. In the previous chapter, fluorescence spectroscopic techniques were
employed to study the effect of saponins on membrane permeability and binding. Calcein
leakage assays demonstrated that membrane permeabilizing effects were dependent on 3-p-
hydroxysterol. Furthermore, the experiments utilizing CTL, a fluorescent Chol analogue,
suggested that saponins could directly interact with CTL and formation of aggregates
composed of saponin/CTL were observed in higher saponin concentrations. In the first section
of this chapter, the details of the saponin-Chol interactions was further assessed through
estimation of binding affinity and molar ratio of membrane-bound saponins using time-course
and binding isotherm experiments by monitoring leakage of calcein from liposomes.*?

Dynamic behavior of cell membranes including the conformation, arrangement, and
interaction of lipids has been extensively studied using variable spectroscopic techniques.
Although these spectroscopic technique provides very valuable information, details on
membrane organization at the level of single vesicle cannot be provided by spectroscopy
alone.®> To address this problem, fluorescence microscopy has been utilized to visualize
biological cells and artificial vesicles to provide information about the shape and size of various
lipid domains.®>” Membrane model systems such as small unilamellar vesicles (SUVs), large
unilamellar vesicles (LUVs) and multilamellar vesicles (MLVs) have been used to examine
single vesicles under fluorescence microscopy®°, but these attempts have not given suitable
results due to the size of vesicles and the resolution of the microscope.***? Giant unilamellar
vesicle (GUV) has become a popular artificial membrane model for fluorescence microscopy
related experiments®® because the vesicle size is much higher than the intrinsic resolution limit
of most available optical microscopes. Additionally, the average size of the GUV is similar to
that of the size of the plasma membrane in variety of cells. The lipid species and compositions
of GUVs can be varied and the surrounding environment of these vesicles can also be
controlled.!* In order to aid for the visualization of GUVs, fluorescent probes have been

developed depending on the nature of the experiment.®*>2% These probes contain a fluorescent
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moiety that is either attached to the lipid alkyl chain or in the hydrophilic head group of the
lipid. The differences in the fluorescent label of these probes vary according to the properties
and organization of membrane preparations in terms of the phase and lateral distribution. One
of the most widely used probe to label GUVs is TR-DPPE (Texas Red-1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine, Fig. 3-1A), a red fluorophore which has a fluorescence
excitation of 560 nm and emission of 595 nm.*®* TR-DPPE contains saturated palmitoyl chains
with the fluorophore attached to the head group. This fluorophore prefers partitioning to the Lg
phase in both DSPC/DOPC/Chol and SM/DOPC/Chol systems. Similarly, Dil (1,1'-
dioctadecyl-3,3,3',3' tetramethylindocarbocyanine perchlorate, Fig. 3-1B), a carbocyanine dye
containing saturated alkyl chains can be excited at about 549 nm and emits fluorescence at 565
nm. Dil prefers partitioning to the Lq phase in the SM/DOPC/Chol system. In DSPC-containing
GUVs (DSPC/DOPC/Chol), Dil partitioning changes to the Lo phase as the length of the alkyl
chain in the probe is increased. Other notable probes have also been developed, including
NBD-DPPE [N-(7-nitro-2-1,3-benzoxadiazol-4-yl)] and BODIPY-PC N-(4,4-difluoro-5,7-
dimethyl-4-bora-3a,4a-diaza-sindacene-3-dodecanoyl), which also prefer partitioning into the
Lq phase.

In the middle part of this chapter, the effect of saponins was assessed using
fluorescence-labeled GUVs. A synthetic fluorescence analog of OSW-1, DBD-tagged OSW-1
(DBD-OSW-1, Fig. 3-2, 2) that was synthesized by Sakurai et al. using site-selective acylation
was also used for imaging experiments.?! Preliminary experiments were conducted utilizing
this fluorescent OSW-1 analog in HeLa cells for analysis of its cellular localization. It was
found that OSW-1 rapidly internalized into the cells and localized primarily around the nucleus
but is also distributed in other subcellular organelles.?*?? To evaluate the effect of OSW-1 on
membrane integrity, DBD-OSW-1 was used on TR-DPPE-labeled GUVs. Another method to
assess and compare the effect of non-labeled saponins was designed by Sudiji et al.;? GUVs
were labeled with Dil while the solution surrounding the GUVs was labeled by Alexa Fluor
488. Their study highlighted the importance of Chol in membrane interaction of digitonin. They
observed a time-dependent membrane permeabilization in GUVs containing Chol, which
eventually led to membrane disruption at a prolonged incubation. On the other hand, they
reported that digitonin did not show any effect on GUVs in the absence of Chol. In this study,
similar preparations were applied except that Rhodamine 6G (Fig. 3-1C, Ex: 480; Em: 530)
was used in the place of Alexa Fluor 488. The effect of non-labeled saponins including OSW-
1, digitonin, soyasaponin Bb(l) and glycyrrhizin on the morphology of GUVs were examined

using fluorescence microscopic techniques.
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Figure 3-1. Common fluorescent probes, TR-DPPE (A), Dil B), Rhodamine 6G (C) and
Calcein (D).

Figure 3-2. Structure of OSW-1 (1); and DBD-OSW-1 (2) with excitation wavelength of 470
nm and emission wavelength of 529 nm.?!
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3.2 Aim and significance of the study

In the previous chapter, the membrane permeabilizing activity of OSW-1 and typical
3-O-glycosyl saponins were evaluated using various spectroscopic approaches. The differences
in the mode of action between OSW-1 and digitonin against the membrane have been
established by the osmotic protection experiments, DLS spectroscopy, ?H NMR spectroscopy
and 3P NMR spectroscopy. It has been revealed that OSW-1 assumes a barrel stave-like pore
model in accordance with the results obtained from these experiments and in comparison with
the results of other membrane active compounds. In this chapter, the differences in the
mechanism between OSW-1 and digitonin were further studied using binding isotherm
experiment. Leakage assays were carried out on calcein-entrapped LUVs and the apparent
binding and membrane disruptivity of these saponins were evaluated by varying the

concentrations of specific membrane components.

In addition, fluorescence microscopic techniques were utilized to examine membrane
morphological changes induced by various saponins. GUVSs, in the absence or presence of
Chol, were used as membrane models. Changes in shape and size, formation of membrane
defects (curvature, tubules, pores, buds, etc.), and membrane disruption were monitored upon
saponin addition for a certain period. The simplicity of the models used only allows
determination of specific interactions of saponins with the components of the membrane,
including Chol. Furthermore, the limited availability of fluorescence probes that can be used
for this kind of study on saponins only allows us to evaluate certain aspects of the saponin-
Chol interaction.

3.3 Results

3.3.1 Time-course leakage assays

In order to investigate the binding and disrupting properties of OSW-1 and digitonin,
time-course calcein leakage experiments were conducted on LUVs. LUVs with varying final
phospholipid ([L] = 5 uM to 40 uM PL) and Chol concentration were prepared while
maintaining 10 mol% of Chol in the system. It was already discussed that OSW-1 and digitonin
only induce membrane permeabilization in LUVs containing Chol. The degree of leakage was
also monitored at various saponin concentrations from 1 uM up to 100 uM (or up to 300 uM

in the case of soyasaponin Bb(l).
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Figure 3-3. Time-course calcein leakage by treatment with digitonin (A to D) or OSW-1 (E to

H) in 9:1 POPC/Chol LUVs measured for 10 minutes after saponin addition. 100% leakage

was obtained by addition of 10% (v/v) Triton-X. Measurements were monitored at 25 °C.
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Time-course calcein leakage data were obtained for 10 minutes upon saponin addition
(Fig. 3-3), the increase in the fluorescence intensity is attributed to the dilution of calcein upon
rupture of LUVs. As shown in Fig. 3-3, leakage is dependent on the concentration of both
digitonin and OSW-1. This result was similarly observed in soyasaponin Bb(l), however, the
activity is weaker compared to the other two saponins (Fig. S2-1, Supporting Information I1).
Previous studies suggested that digitonin exerts stronger leakage properties in comparison with
OSW-1.2* Similar results were observed in this study confirming that among all the saponins
tested, digitonin showed the highest activity towards membrane permeabilization.

3.3.2 Binding isotherm experiments

To determine the influence of the affinity of saponins to the membrane and their
perturbing properties towards permeability enhancement, a binding isotherm is generated for
each saponin from the dose-response curve obtained in the time-course leakage experiments at
various final phospholipid concentrations in the presence of ~10 mol% Chol. In addition, the
measurement of fluorescence intensity was carried out for 10 minutes after saponin addition to
achieve the equilibrium conditions that is characterized by a plateau in the time-course
fluorescence plot.

The relative leakage rates were evaluated by using effective concentration of 50%
calcein release (ECsp) at 2 min upon saponin treatments (Table 3-1 and Fig. 3-4). It was
observed that increasing the total phospholipid concentration increases the amount of saponin
required to induce 50% leakage in 9:1 POPC/Chol (~10 mol % Chol) LUVs as shown in the
increase in the calculated ECso values (Table 3-1 and Figure 3-4). It is also worth mentioning
that only single measurement was carried out due to the stability of calcein-entrapped
liposomes. Prolonged exposure of calcein-entrapped liposomes could undergo premature
leakage; this case can only be prevented by using freshly prepared liposomes. The
measurement of one sample takes 17 minutes in total, including 2 minutes of stabilization and
baseline correction, 10 minutes of observation upon addition of saponin and 5 minutes of

observation after the addition of Triton-X.
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Table 3-1. ECso of calcein leakage activity by saponins using liposomes composed of 9:1
POPC/Chol.

ECso (UM)
SAPONIN 5uM [L] 10 uM [L] 20 uM [L] 40 uM [L]
Digitonin 3.63 7.37 12.74 20.49
OSw-1 9.31 14.29 21.71 36.88
Soyasaponin Bb(l) 37.19 46.58 59.84 95.49

Note: Single measurement was carried out due to stability of calcein-entrapped LUVs and limited amount of
OSW-1.
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Figure 3-4. Effect of lipid concentration on leakage properties of saponins. LUV consisting of
POPC/Chol (9:1) while the amount of phospholipid ([L]) was 5 uM to 40 uM.

The observed membrane-permeabilizing properties of these saponins could be
accounted by the differences in their chemical structures, which may also reflect their distinct
membrane-binding activities and intrinsic disrupting activities.> In addition, the relative
increase in the required concentration of these saponins upon higher liposome concentrations
could indicate that membrane permeabilization is caused by the concentration of saponin in the
membrane. In line with this, the rate of liposome leakage should be determined by the
membrane-bound saponin ([S]») per phospholipid concentration ([L]). The saponin efficacy
could be expressed as the ratio r (r = [S]s/[L]) which should be constant for a certain leakage
extent (ex. 50% leakage; rso).1? The first-order equation shown (Eq. 1) could be used to
determine the r values and free saponin concentrations [S]+. The amount of saponin added, i.e.

[S]o is the sum of the membrane-bound ([S],) and free ([S]f) saponins at particular % leakages.
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[Slo=[S]¢ + [Slb=[S]t + r[L] (Eq.1)

In Eq. 1, [S]oand [L] are given as the experimental conditions and the value of [S]rand
r are experimentally determined as the y-intercept and slope, respectively, by linear regression.
Different set of r values could be obtained at different %leakage from the dose-response curves
generated from four different [L]. Fig. 3-5 shows the [S]o vs [L] at different leakage extents
from 20% to 60% for both digitonin and OSW-1. These values were also calculated for
soyasaponin Bb(l) (Fig. S2-2, Supporting Information I1).
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Figure 3-5. Determination of [S]+ and r as intercepts and slopes, respectively, at different
leakage extents (20%, 30%, 40%, 50%, and 60%) for digitonin (A) and OSW-1 (B). The
concentration of saponin to induce percentage leakage from 20% to 60% taken as the vertical
axis were separately determined on the basis of concentration-response curves of each saponin

at the incubation time of 10 min (See Fig. S2-4, Supporting Information Il for details).

Based on the obtained values for [S]r and r, the binding isotherm curves could be drawn
for both digitonin and OSW-1 as shown in Fig. 3-6 (and for soyasaponin Bb(l) Fig. S2-3,
Supporting Information I1). By using these isotherms, the apparent association constant Kapp =
[S-L]/ ([S]¢[L]) = [S]b / ([S]¢*[L]) can be estimated as a ratio between r/[S]s. The Kapp value
at 50% leakage extent is defined as the Kso, which describes the affinity of saponin to the
membrane under the condition at which saponin permeabilizes 50% of liposomes; as shown in
Fig. 3-6, the Kapp value is constant in the low range of r up to 0.3 to 0.4, but becomes small

above r = 0.4. The Kso values for both digitonin and OSW-1 and corresponding r value at 50%
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leakage, rso, are shown in Table 3-2. Higher Kso values indicate that the saponin possess higher
affinity to the membrane. Lower rso values indicate stronger disruptivity of the membrane
because less amount of the membrane bound saponin is required. Importantly, it should be
noted that the action of this saponins are Chol-dependent and that no observed leakage was
reported in pure POPC membrane.?* The results indicate that digitonin showed slightly higher
binding affinity (Kso = 0.207 pM™) and stronger membrane disruptivity (rso = 0.469) as
compared with OSW-1 (Kso=0.129 uM™; rso = 0.776), while soyasaponin Bb(l) exhibited the
much lower binding affinity and weakest membrane disruptivity (Kso=0.058 uM™; rso=1.662)
among the three saponins. This result confirms previous data suggesting that digitonin has the

strongest activity as compared to other saponins, including OSW-1 and soyasaponin Bb(l).2*

Table 3-2. Association constant at 50% leakage (Kso) and bound saponin/lipid ratio at 50%

leakage extent (rso).

Kso (uM1) I'so
Digitonin 0.207 0.469
OSW-1 0.129 0.776
Soyasaponin Bb(l) 0.058 1.662
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Figure 3-6. Binding isotherms of digitonin and OSW-1 at different leakage extents. Bound

saponin/lipid ratio (r) was plotted in each free saponin concentration [S]s.
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In addition, Fig. 3-7 shows the intrinsic membrane disruptivity at a certain leakage
extent, indicating the intrinsic disruptive ability of the membrane-bound saponin. Furthermore,
the observed membrane disruptivity at various saponin concentrations, as shown in Fig. 3-6,
suggests that the mode of membrane perturbation and interaction are distinct for each saponin.
The distinguishable chemical structure and polarity between digitonin and OSW-1 could partly

account for this observed difference.
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Figure 3-7. Membrane disruptivity of the saponins. Relationship between leakage extent and
[S]u/[L] (r) were plotted.

3.3.3 Membrane permeabilization and morphological changes induced by

saponins examined by fluorescence microscopy

To further examine the effects of saponins on membrane, fluorescence microscopic
experiments were employed. In this section, natural saponins including OSW-1, digitonin,
soyasaponin and glycyrrhizin were used to investigate their effects on GUVs. GUVs composed
of 2:2:1 DOPC/DMPC/Chol (20 mol% Chol) labeled with 0.01 mol% Dil (red fluorophore)
was used as the model membrane. Initially, this membrane model was chosen to assess the
interaction of saponins with membrane phases such as the Lo and L4 phase but the distinction
between these phase is not well-defined. Alternatively, microscopic observations utilizing a

9:1 POPC/Chol GUV labelled with a fluorescent probe can also be carried out to examine the
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effect of saponins in single phase GUV and to allow a clearer comparison with previous results
that used similar membrane system. The GUVs used in the study were prepared via
electroformation process as shown in Fig. 5-2 (Methodology section). After electroformation
process, aqueous GUV suspension was labeled with Rhodamine 6G (green fluorophore). At
this point, the GUV encloses a non-fluorescent environment (black) while the surrounding
solution gives a green fluorescence. The ability of the saponins to induce permeabilization and
morphological changes can be investigated by the entry of green fluorophore and changes in

the GUV integrity, upon addition of 30 uM saponins into the system.?

[ : .

Figure 3-8. Effect of addition of 30 uM OSW-1 in 2:2:1 DOPC/DMPC/Chol GUV (Scale = 10

um) measured at 37 °C.

In the addition of OSW-1, a rapid membrane permeabilization was observed after 5
minutes of incubation as shown in Fig. 3-8. The effect of OSW-1 was further highlighted at 10
minutes of incubation when the GUV undergoes disruption. This presents that higher OSW-1
concentration (30 uM) promotes membrane disruption. However, this result does not support

our previous *'P NMR data, which indicated that OSW-1 increases membrane curvature.?
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Digitonin

Figure 3-9. Effect of addition of 30 uM digitonin in 2:2:1 DOPC/DMPC/Chol GUV (Scale =
10 um) measured at 37 °C.

Addition of digitonin promotes membrane disruption (Fig. 3-9) as expected, which was
evident after 30 minutes of observation. Furthermore, changes in the integrity of the membrane
were clearly observed prior to membrane disruption. Formation of small structures surrounding
the GUV was observed at 10 minutes, which could correspond to digitonin/Chol complex. This
complex was found to internalize into the GUV after 15 minutes of observation, which could
support previous reports stating that digitonin/Chol complex permanently inserts into the
membrane.?>?> Membrane deformations such as positive curvature generation were observed
at 25 minutes. This phenomena supports our previous result as illustrated by the 2H NMR and
3P NMR experiments.?* First, it was reported that digitonin attenuates ?H NMR signal by
forming large aggregates with Chol, greatly reducing the mobility of Chol in the membrane.
This might be occurring during the 10 minutes of observation. Furthermore, the reduction in
signal widths and presence of broad peak at 0 ppm in the 3'P NMR suggested that membrane
curvature generation and reduction of vesicle size is a consequence of digitonin/Chol
interaction. This notion is in line with the results of the microscopic observation. Insertion of
digitonin/Chol complex, as well as a slight reduction in the vesicle size was observed at 15
minutes. At 25 minutes, membrane protrusions were observed, which could correspond to
positive membrane curvature generation. However, membrane disruption was still observed in
the addition of digitonin at 30 minutes. The observed membrane disruption is attributed to the

higher concentration of digitonin at 30 uM. The amount of digitonin added is higher than the
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final concentration of Chol (18 puM) in the GUV system used. The observed membrane
disruption is also true in the case of OSW-1, in which the added concentration is also 30 uM.
Furthermore, not all of the saponins bind to the membrane, other saponins may exist in micellar
form in equilibrium to the bound state under certain time and conditions. This could also be
related by the binding isotherm indicating the affinity of the saponins towards membrane
binding, in which unbound saponins also exist under equilibrium conditions. Previous NMR
experiments utilized a system with the saponin-Chol ratio of 0.5:1. The differences in the
composition of the membrane and the degree of membrane hydration could partly account for
these observations. However, it was clear that the mode of action of OSW-1 and digitonin on

a single vesicle observation are distinct from one another.

The effects of soyasaponin Bb(l) and glycyrrhizin on GUVs were also examined. As
shown in Fig. 3-10, soyasaponin Bb(l) affects the integrity of GUV. This was evident at 50
minutes where soyasaponin Bb(l) allowed permeabilization of the GUV. This further led to
membrane disruption at 55 minutes at this concentration. In relation to the previous results
suggesting that soyasaponin Bb(I) has a weaker membrane activity compared to OSW-1 and
digitonin, higher concentration and longer incubation in the presence of this saponin could be
required to exhibit such membrane disrupting effect. It was mentioned in the previous chapter
that soyasaponin Bb(l) exerts a similar, but weaker, effect in Chol-containing membranes as
described by the corresponding 2H NMR and 3!P NMR spectra. Similarly, for both OSW-1 and
soyasaponin Bb(l), the permeabilization of the GUV could be brought by the formation of
distinct pores as observed in the osmotic protection experiment in RBC. The larger size of pore
created by OSW-1 as compared to soyasaponin Bb(l) could partly affect the rate of
permeabilization of these saponins towards the membrane. The distinct structures of these
saponins could also address the results observed in the experiments that were previously
conducted.?* Furthermore, as expected, glycyrrhizin (Fig. 3-11) did not show any changes in
the GUV morphology even after prolonged incubation (90 minutes), suggesting that
glycyrrhizin has no effect on the membrane integrity even in the presence of Chol. This
supports the results gathered in the previous chapter about the weak activity of glycyrrhizin at
all the concentrations tested in the various membrane model preparations.?* Moreover, the
presence of red objects which appeared in Fig. 3-11 do not necessarily correspond to a GUV.

The appearance of this structure might have occurred during the electroformation process.
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Soyasaponin Bb(1) 0 min

Figure 3-10. Effect of addition of 30 uM soyasaponin Bb(I) in 2:2:1 DOPC/DMPC/Chol GUV
(Scale = 10 pm) measured at 37 °C.

Glycyrrhizin J 10 min

Figure 3-11. Effect of addition of 30 uM glycyrrhizin in 2:2:1 DOPC/DMPC/Chol GUV (Scale
=10 um) measured at 37 °C.

86



The differences in the saponin concentrations between the fluorescence and the NMR
experiments could also affect the observations; fluorescence experiments used saponin
concentrations which is higher than the Chol content of the membrane (30 uM saponin vs. 18
uM Chol) while NMR experiments used 1.0:0.5 Chol/saponin molar ratio indicating that the
amount of saponin is less than the amount of Chol used.

Moreover, the hydration of liposomes were different such that liposomes were
suspended in aqueous buffer in the fluorescence measurements while in solid-state NMR, the
liposomes were only 50% hydrated. Also, the artificial membrane model used for fluorescence
measurements were unilamellar (LUV and GUV) while solid-state measurements utilized
MLV. The addition of saponins could influence the stability of the membrane model used at
varying degrees, as influenced by its size and lamellarity.® In the NMR preparation, the
saponins were premixed with the phospholipid and Chol while in other experiments, the
saponins are added to the liposome under aqueous environment. In addition, the distribution
of saponins in the membrane leaflet is very different at the earlier stage of membrane disruption
as observed by microscopy. Furthermore, the temperature used for measurements has an effect
for these observations. In calcein leakage, the temperature used was 25 °C, while fluorescence
microscopy was done at 37 °C. Solid-state NMR was measured at 30 °C. These variations

could influence the interaction of saponins in the membrane.

3.3.4 Distribution of DBD-OSW-1 in liposomes and changes in membrane
morphology and integrity

The fluorescent analog of OSW-1, DBD-OSW-1, was also utilized to study its effect
on Chol dependent change in GUV morphology. In this system, GUVs composed of
DOPC/DMPC, in the absence and presence of various Chol mol%, were used. The GUVs were
labeled with 0.05 mol% TR-DPPE while the OSW-1 used in this experiment was mixed with
DBD-OSW-1 (10 mol%). Upon addition of saponin to GUV in the absence of Chol, green
fluorescence from DBD-OSW-1 appeared on the membrane and enhanced in a time dependent
manner. However, the morphology of the GUV was not affected regardless of the concentration
of OSW-1 (max. at 30 uM), indicating that OSW-1 just binds into the GUV but not exert further

activity to cause the membrane deformation without Chol (Fig. 3-12).
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Figure 3-12. Effect of 30 uM OSW-1 in 1:1 DOPC/DMPC GUYV (Scale = 10 um) measured at
37 °C.

Next, GUVs composed of DOPC/DMPC in the presences of different mol% of Chol
were treated with various concentrations of OSW-1, and subjected to fluorescence microscopic
observations. In GUVs composed of 2:2:1 DOPC/DMPC/Chol (20 mol% Chol), lower
concentration of OSW-1 (up to 10 uM) did not induce significant morphological changes as
the GUV remained intact up to 60 minutes of incubation (Fig. 3-13A to C); at 10 uM, a slight
deformation of GUV was observed. However, it was evident that higher OSW-1 concentration
(30 uM) exhibited marked changes in the morphology of the membrane (Fig. 3-13D). This
effect was similarly observed in the 9:9:2 DOPC/DMPC/Chol (10 mol% Chol). The effect of
OSW-1 in the membrane morphology was only highlighted when the concentration was 30 uM
(Fig. 3-14D). These observations in the presence of 10 mol% and 20 mol% Chol suggest that
OSW-1 exerts its activity at a higher concentration. The GUVs were found to deviate from its
spherical shape by slowly shrinking but no further disruption was observed. This result was in
contrast to result presented in the non-fluorescent labeled OSW-1 where disruption took place
at the same 30 uM concentration (Fig. 3-8, 10 minutes). In addition, presence of a small vesicle
residing near the surface of the GUV (Fig. 3-13D and Fig. 3-14D) could be regarded as small
aggregates composed of OSW-1 and Chol (see time lapse images in Figs. S2-5 and S2-6,
Supporting Information II). The presence of this structure might be partly responsible for the
shrinkage of the membrane. In contrast, in GUVs composed of 19:19:2 DOPC/DMPC/Chol (5

mol% Chol), a significant morphological change was observed upon the addition of 30 uM
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concentration (Fig. 3-15D). At this condition, a possible disintegration of the membrane took
place, as the GUV was no longer intact (see time-lapse images in Fig. S2-7, Supporting

Information I1).

60 min

“60min

60 min

60 min

Figure 3-13. Effect of various concentration of OSW-1 in 2:2:1 DOPC/DMPC/Chol (20 mol%
Chol) GUV (Scale = 5 um) at 60 minutes of incubation. The concentrations of OSW-1 used
were (A) 1 uM, (B) 3 uM, (C) 10 uM and (D) 30 uM. Measurements were carried out at 37 °C.
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Figure 3-14. Effect of various concentration of OSW-1 in 9:9:2 DOPC/DMPC/Chol (10 mol%
Chol) GUV (Scale = 10 um) at 60 minutes of incubation. The concentrations of OSW-1 used
were (A) 1 uM, (B) 3 uM, (C) 10 uM and (D) 30 puM. Measurements were carried out at 37 °C.
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Figure 3-15. Effect of various concentration of OSW-1in 19:19:2 DOPC/DMPC/Chol (5 mol%
Chol) GUV (Scale = 5 um) at 60 minutes of incubation. The concentrations of OSW-1 used
were (A) 1 uM, (B) 3 uM, (C) 10 uM and (D) 30 uM. Measurements were carried out at 37 °C.
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3.4 Discussion

Lines of spectroscopic evidence that suggest a sterol-dependent interaction mechanism
of saponins including OSW-1, digitonin and soyasaponin Bb(l) were previously presented in
this study. In particular, it is highlighted that the formation of Chol/saponin aggregates in
membrane is a key factor for the action of their membrane permeabilizing properties.?* In this
chapter, the properties of these saponins were further investigated and their differences in mode
of action were established using a time-course fluorescence spectroscopic technique,
particularly using calcein leakage assay in LUVs under varying final lipid concentrations while
keeping the mol% Chol constant. The binding isotherm experiments revealed their apparent
affinities to Chol-membranes and ranks of the disruptive activities. It was earlier confirmed
that these saponins did not give rise to the membrane disruption to the liposomes without Chol.
Therefore, liposomes carrying calcein was prepared with the membrane composition of
POPC/Chol = 9:1. It was observed that the amount of saponin bound in the membrane lipids
was crucial to exert their activity towards the membrane. A similar study using pavoninin-1,
an unusual steroidal saponin found in Paradichus spp., have been reported (Fig. 1-22A) to
permeabilize Chol-lacking membranes.! Increasing the amount of total phospholipid required
a higher amount of pavoninin-1 in order to induce the same leakage degree, which is attributed
to the dilution of membrane-bound pavoninin-1 due to the increased numbers of the
phospholipid molecules. Interestingly, pavoninin-1 showed comparable membrane disruptive
properties for the membrane containing Chol, but decreases apparent membrane binding
affinity, which might be due to the ability of Chol to produce more rigid membrane.>??® This
observation is in sharp contrast to our study. The membrane disruption effect of OSW-1 and
digitonin can only be observed when the membrane is composed of Chol. The modes of action
of OSW-1 and digitonin are clearly different from that of pavoninin-1, in terms of its interaction
with Chol-containing membrane. Namely, OSW-1 and digitonin disrupt membrane through
formation of an aggregate with Chol, while pavoninin-1 solely interacts with phospholipids

leading to membrane disruption.

Next, the apparent binding affinity (Kapp) and the membrane disruptivity (r) values
observed for OSW-1 and digitonin were assessed. Digitonin showed a greater affinity towards
binding with Chol-containing membrane in comparison with OSW-1. In addition, relatively
lower r values indicate its stronger disruptive properties. OSW-1 also exhibited disruptive
properties but at a weaker extent compared to digitonin. It is expected that when a critical

amount of saponin is bound to the membrane, membrane disruption immediately follow. The

92



high amount of membrane-bound digitonin directly induced membrane disruption, while a
similar but weaker activity was observed in OSW-1. These results could correlate to the
differential mode of binding of saponins with Chol, as previously postulated.?*?* Usual 3-O-
glycosyl saponins such as digitonin are inserted into the membrane and are thought to interact
with the hydrophobic core of Chol in a face-to-face manner. The orientation of the hydrophobic
core of digitonin can easily access a Chol molecule residing in the membrane. At a certain
threshold, digitonin induces removal of Chol from the membrane core and makes it more
susceptible to membrane leakage, as a consequence of its known detergent properties.?” On the
other hand, the shape and orientation of OSW-1 upon membrane interaction may contribute to
its affinity and membrane disruptivity. The unusual interaction between the hydrophobic cores
of Chol and OSW-1 occurs due to its triangular shape formed by the steroidal aglycone and the
acylated disaccharide scaffold.?® This shape makes OSW-1 access Chol in the different way
from other usual saponins. Furthermore, the differences in the overall polarity of digitonin and

OSW-1 could also greatly contribute to their observed activity.

The effect of saponins on the morphology of the GUV membrane was examined by
using fluorescence microscopy, which allowed observation of the time-dependent membrane
interaction of saponins and its consequences on the integrity of the membrane such as possible
pore formation, curvature generation, vesicle size reduction and membrane rupture. The GUV
models used in this study only allowed determination of specific interactions of saponins with
the components of the membrane, including Chol. Moreover, the observed changes in the
morphology of the GUVs could be attributed to the interaction of saponins with membrane
Chol. As a result, it was confirmed that the membrane disruptions of OSW-1 is Chol-
dependent, which is consistent with our previous results. All the saponins exhibited strong
disruption activity to the Chol-containing membrane at 30 uM concentration except for
glycyrrhizin as presented in Figs. 3-8 to 3-11, while the action of saponins is not efficient in
membrane lacking Chol. Furthermore, the excess amount of saponins with respect to Chol
content of the GUV could be responsible for the observable membrane disruptions. These
results were also confirmed by the spectroscopic experiments in this study, such as Chol
depletion/repletion and CTL fluorescence assays.?*?° Interestingly, it was observed that
digitonin altered the morphology of GUVs at various stages of observation, which are
somehow consistent with the results of 2H and 3P NMR, indicating that the direct interaction
of digitonin with Chol induces the formation of large Chol/digitonin aggregates in the aqueous

phase. Curvature generation and vesicle size reduction as a consequence of the strong activity
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of digitonin were also observed by 3P NMR and dynamic light scattering experiments,
respectively. These observations strongly supported the proposed mechanism of action of
digitonin such that Chol/digitonin aggregates are formed and penetrates into the membrane,
which cause curvature generation and disruption. In the case of OSW-1 and soyasaponin Bb(l),
they essentially require Chol to exhibit membrane interactions, but the molecular mechanism
particularly of the membrane permeabilization is not clearly established. In these microscopic
observations, membrane disruptions were not observed, like curvature change or budding,
depression etc., upon addition of OSW-1 or soyasaponin Bb(l). Thus, it is currently difficult to

explain thoroughly about the effect of these two saponins in membrane.

Fluorescence microscopy was similarly conducted on a fluorescently labeled OSW-1
(DBD-OSW-1). In this system, the interaction of OSW-1 with the GUV membrane can be
tracked because it also possessed characteristic fluorescence properties. The ability of OSW-1
at various concentrations towards GUVs of different compositions and Chol contents allowed
to examine the concentration of both OSW-1 and Chol required inducing changes in GUV
morphology. In all the GUV preparations, only 30 uM concentration of OSW-1 exhibited
significant membrane alterations. Moreover, an increase in the Chol concentration exhibits a
decrease in the activity of OSW-1 towards membrane morphological changes. It is likely due
to the contribution of Chol on membrane rigidity. Namely, the higher amount of Chol increase
the packing and rigidity of the phospholipids in GUV, which may have minimized the access
of OSW-1 to Chol.3*%2 In line with the effect of Chol concentration in GUV, it was clearly
observed that GUV containing 5 mol% Chol was significantly affected by the addition of 30
uM OSW-1. The interaction of OSW-1 at this concentration altered the GUV integrity, which
led to subsequent membrane disruption and formation of insoluble aggregates composed of
OSW-1, Chol and phospholipids as shown as large irregular debris under the microscope (Fig.
3-15D). GUVs containing 5 mol% Chol are more labile to the exerted activity of OSW-1. On
the other hand, the increasing amount of Chol (10 and 20 mol%) incorporated in the GUV
increased the ordering of the membrane towards a more packed and rigid manner. Remarkably,
the interaction of OSW-1 under these conditions does not significantly lead to membrane
disruption but rather a generation of membrane curvature and shrinking of the GUV. The
curvatures observed in microscopy could be supported by the 3P NMR spectra giving a
narrower CSA. The orientation of OSW-1 and its triangular shape might have induced this
curvature since tilting of membrane components, including Chol, might occur to maximize

Chol/OSW-1 interaction.?*? Interestingly, small vesicle-like structures were observed near the
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GUV. They could be formed due to the removal of Chol and minor membrane components,
which induce aggregation with OSW-1. The loss of these membrane components does not
necessarily disrupt the membrane but caused the weakening and shrinking of the GUV from
its original spherical shape.?3334

Overall, it was revealed that the amount of both OSW-1 and Chol, added to the
surrounding solution and in membrane of the GUV, are critical for the morphological changes.
However, it is difficult to establish a correlation between the two since the physical appearance
of the membrane was observed under the microscope. With respect to the binding isotherm
experiments in this study, the higher propensity of calcein leakage induced by digitonin in
Chol-containing membrane is attributed to membrane disruption at a certain amount of
membrane-bound digitonin. However, OSW-1 does not follow the membrane disruption
mechanism; rather the observed leakage is due to transient pore formation as a consequence of

removal of minor membrane components (Fig. 3-13C and D; Fig 3-14C and D)

Finally, based on the results of the experiments, the barrel stave-like hypothesis for
OSW-1 proposed in the Chapter 2 could be somewhat supported.?* The fact that in most of the
models, OSW-1 interacts with the Chol-containing membrane by forming aggregates that
mostly stays in the membrane. The aggregation brought about by the specific Chol/OSW-1
interaction is crucial and is mainly responsible for the observed membrane-permeabilizing
property of OSW-1.
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Chapter 4

General Discussion and Conclusions

4.1 General Discussion

The elucidation of the atomistic mechanism of cholesterol-dependent membrane
activity of saponins was attempted in this study using various spectroscopic and microscopic
approaches. This research mainly focused on OSW-1 in comparison with usual 3-O-glycosyl
saponins including digitonin, soyasaponin Bb(I) and glycyrrhizin. The membrane
permeabilizing and disrupting activities of these saponins were assessed using membrane
models such as red blood cells and artificially prepared liposomes, which contain various lipid
components at a specific molar ratio. Results of the experiments clearly pointed out the
dependence of saponins to Chol to induce membrane permeabilization. Several studies have
already been conducted on usual 3-O-glycosyl saponins pointing out the importance of a sugar
moiety attached to C3 of steroidal or triterpenoidal saponins. However, only few studies have
been made on saponins with unusual structures such as OSW-1. This saponin is considered
unique due to the presence of partially acylated disaccharide moiety attached to C16 of the
steroidal sapogenin. Furthermore, its overall triangular shape could account for its potent
biological activity. The structural feature of each saponin, such as glycosylation position, size
and arrangement of sugar moiety, and the nature of sapogenin ring, suggest difference in the
mode of binding to Chol. Apart from these features, the amphiphilic properties and polarity of
these saponins could also contribute to the differences in their mode of action. Despite the huge
differences in the structure of these saponins, digitonin, soyasaponin Bb(l) and OSW-1 exhibit
Chol dependency. However, the strength of membrane activity of OSW-1 is more comparable
to digitonin, in which they similarly showed high hemolytic activity and strong permeabilizing
properties as revealed by Chol-depletion/repletion and calcein leakage assays, respectively. In
addition, the strong binding affinity of OSW-1 towards Chol is also comparable to digitonin,
which was suggested by CTL binding and time-course calcein leakage assays. Although in
most cases the membrane activity of OSW-1 and digitonin are comparable, difference in the
mode of hemolysis could be observed by osmotic protection experiments in such that the
hemolytic effect of OSW-1 is likely due to formation of pores, which allow entry of smaller
molecules into the cell causing cell lysis. On the other hand, digitonin likely induce hemolysis
via direct membrane disruption and/or cholesterol removal in the membrane. This observation

could be accounted for by the known detergent property of digitonin. Soyasaponin Bb(l)
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similarly induced pore formation prior to hemolysis. Moreover, ?H NMR and *!P NMR showed
significant difference between OSW-1 and digitonin. In the 2H NMR experiment, digitonin
markedly attenuated the rotational motion of Chol as a consequence of formation of large
digitonin/Chol aggregates which immobilizes Chol in membrane. Meanwhile, OSW-1 exhibits
a decrease in Av probably as a consequence of Chol tilting to maximize interfacial contact
between these two molecules. 3P NMR suggests that digitonin induced an increase in
membrane curvature and/or vesicle size reduction as indicated by the presence of a broad beak
at the origin of the spectra. These changes, however, did not affect the overall morphology of
the membrane. On the other hand, OSW-1 did not alter the lamellar structure of the bilayer but
a shift in the o. value of solid-state 3'P NMR was observed, which was attributed to changes
in membrane curvature. A similar spectral changes were also manifested by soyasaponin Bb(l)
and glycyrrhizin. Based on these observations, soyasaponin Bb(l) has similarities with OSW-
1 in terms of mode of action albeit its weaker activity in comparison with other saponins.

Another advantage of this study is the availability of fluorescence probes, which aided
on understanding the effect of saponins on membrane morphology using confocal microscopy.
It was confirmed that morphological changes observed under a microscope are Chol-dependent
but substantial binding to the GUV membrane even in the absence of membrane Chol was also
observed without altering the membrane integrity. High amount of saponins directly induced
membrane disruption as a consequence of Chol interaction. Although the results of microscopy
supports the proposed mechanism of interaction of digitonin, the mechanisms of membrane
permeabilization for OSW-1 and soyasaponin Bb(l) were not clearly established at the single
vesicle observation. Thus, more thorough experiments should be carried out to establish a
reliable mode of membrane permeabilization of the saponins studied.

Basing on the results gathered so far, it is hypothesized that digitonin follows the carpet
(or detergent) model due to its known detergent properties, which directly induce membrane
disruption and/or cholesterol removal from the membrane core. On the other hand, OSW-1 and
soyasaponin Bb(I) shares a similar mechanism of membrane permeabilization in that they form
barrel stave-like arrangement in the membrane. This observation could be due to the formation
of aggregates with Chol in the membrane. The properties of these saponins may partly account
for their reported cytotoxicity by rapid membrane permeability, which enable these saponins

access the corresponding target proteins in the cell.
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4.2 Conclusions

The unusual structure of OSW-1 has attracted my attention as to whether this large
difference could also influence membrane interactions as exhibited by 3-O-glycosyl saponins.
The fact that most of the naturally occurring saponins of plant and marine origins have
exhibited potential pharmaceutical and pharmacological properties, few unique saponins have
also shown potential activities especially in cancer research. The data gathered in this research
only focused on membrane lipid components as receptors in order for these saponins to
manifest their potent activity, although reports mentioned that proteins could also serve as
targets to express their activity. This research suggests that OSW-1 and digitonin possess strong
hemolytic and liposomal membrane activity attributed to Chol interaction in the membrane.
Furthermore, Chol recognition by OSW-1 and digitonin, as well as soyasaponin Bb(l), is
important for membrane permeabilization. It was also deduced that OSW-1 and soyasaponin
Bb(l) induce membrane permeabilization likely via pore formation in contrast to digitonin,
which causes direct membrane lysis via membrane disruption mechanism. Despite of the
previous and present results, the concrete mechanism of action of OSW-1 and other saponins
with membranes have not been fully elucidated. The proposed mechanism of interaction of
OSW-1 can be investigated by future results that might also give a more reliable understanding
of its activity. Continuous efforts are being carried out, especially on the conformation of
OSW-1 upon binding with membrane Chol by spectroscopic techniques.
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Chapter 5

Experimental Section

5.1 Materials

All phospholipids, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and dioleoyl-sn-glycero-3-
phosphocholine (DOPC) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).
Cholesterol (Chol) and rhodamine 6G were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ergosterol (Erg) and 3-epicholesterol (Epichol) were purchased from Tokyo Kasei
(Tokyo, Japan), and Steraloids (Newport, RI, USA), respectively. Osmotic protectants
purchased from Nacalai Tesque (Kyoto, Japan) including glucose, sucrose, raffinose, PEGs
600, 1000, 1540, 2000, 4000 and 6000, were also utilized in this study. Cholesterol-d was
synthesized according to a previous report.! Digitonin, glycyrrhizin, diosgenin, phospholipid
C, and cholesterol E test Kits were obtained from Wako (Osaka, Japan). Soyasaponin Bb(l) was
purified from commercially available soybean saponin, Soy Health SA (Fuji Oil Company Ltd.,
Tokyo, Japan). Calcein, methyl-B-cyclodextrin (MBCD), verapamil, theophylline, glucose,
sucrose, raffinose, and polyethylene glycol (PEG) were purchased from Nacalai Tesque
(Kyoto, Japan). The 96-well microplates were purchased from Greener Bio One (Monroe, NC,
USA) and Thermo Scientific (Waltham, MA, USA). TR-DPPE and Dil were obtained from
Molecular Probes Thermo Fisher Scientific (Waltham, MA, USA). OSW-1 was isolated from
the bulbs of Ornithogalum saundersiae and purified by HPLC, as previously reported by Kubo
et al.2 Cholestatrienol (CTL) was generously provided by Prof. J Peter Slotte (Abo Akademi
University, Turku, Finland), prepared using a previously published method.® All other

chemicals used are of standard and analytical quality.

5.2 Instrumentation

The following instruments were used in the course of this study including the brand and
the model description:

HPLC Shimadzu SCL-10AVP
Hitachi L-7405

UV Spectrophotometer Shimadzu UV-2500
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Fluorescence Spectrofluorometer Jasco FP-6500

Microplate Reader Corona Electric Multimode (MTP-800)
Mass Spectrometer Thermo Scientific LTQ OrbiTrap XL
NMR Spectrometer JEOL ECA400WB
JEOL ECS400 and ECA500
CMX300
Fluorescence Microscope Olympus FluoView™ FV-1000D
DLS Particle Analyzer HORIBA LB-550
Lyophilizer EYELA FDU-1200
Polycarbonate Extruder LiposoFast Basic (200 nm and 100 nm pore size)

Other instruments used include rotary evaporator, analytical balance, sonicator, vortex

mixer, incubator, centrifuge, thermostat and

5.3 Experimental Methods

5.3.1 Calcein leakage assays

The ability of saponins to induce leakage in large unilamellar vesicles (LUVs) was
determined by measuring the intensity of calcein. Similarly, time-dependent calcein leakage
was done on calcein-loaded LUVs.* LUVs were prepared using POPC and various sterols. Pure
POPC, 9:1 POPC/Chol, POPC/Erg, and POPC/Epichol were dissolved in chloroform in a
round-bottom flask. The solution was dried under reduced pressure at 35 °C and further dried
overnight in vacuo. The lipid film was resuspended in 60 mM calcein (1 mL) in 10 mM Tris-
HCI buffer containing 150 mM NaCl and 1 mM EDTA at pH 7.4 and was mixed using vortex
for 1 min. Five cycles of freezing (—20 °C) and thawing (65 °C) were done to produce
multilamellar vesicles (MLVs). The MLVs were subjected to extrusion using through
LiposoFast Basic extruder (pore size, 200 nm, Avestin Inc., Ottawa, Canada) 19 times to obtain
homogeneous LUVs. Excess calcein was removed using Sepharose 4B column (GE
Healthcare, Uppsala, Sweden). The lipid and Chol concentrations of the LUV fraction were
quantified using the phospholipid C test and cholesterol E test kits, respectively. The final
concentrations of the phospholipid and Chol in the resulting LUVs were adjusted depending
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on the measurements to be conducted. LUVs were immediately used for measurement to
prevent premature vesicle leakage. A 96-well Nunclon Delta Surface (black) F-bottom
microplate (Thermo Scientific) used and the initial fluorescence was measured using MTP-800
series, Corona Electric Multimode Microplate Reader at an excitation wavelength of 490 nm
and an emission wavelength of 517 nm. Saponins were added to the LUVs, which were mixed
at a slow speed for 1 min and were allowed to stand at room temperature for 2 h prior to
fluorescent measurement after saponin-induced leakage. 10% Triton-X was added to the
mixture to obtain condition of 100% leakage. In the time-course calcein leakage assays, the
measurements were carried out using Jasco FP-6500 fluorescence spectrofluorometer. The
sample was continuously mixed using a magnetic stirrer and fluorescence was stabilized for 2
min. Saponin was added and fluorescence changes were observed for a total of 10 min. After
which, Triton-X was added for the 100% leakage conditions. The % calcein leakage was

calculated using the equation:

Iy — 1

% calcein leakage = X 100

r — Iy

where Is, I1, and lo are the fluorescence intensities after saponin addition, at 100% LUV
leakage, and background, respectively.

5.3.2 Parallel artificial membrane permeation assay (PAMPA)

The absorption of saponins by passive diffusion was determined using parallel artificial
membrane permeation assay (PAMPA).> A 96-well MultiScreen-IP Acrylic PAMPA plate
(Merck Millipore, Germany) with polyvinylidene fluoride membrane (PVDF; pore size, 0.45
um) was covered with lipid mixtures (POPC, 9:1 POPC/Chol, 1:1 DMPC/DOPC, 2:2:1
DMPC/DOPC/Chol) and was dried for 1 h. while waiting for the complete drying of the lipid
layers, test samples were mixed with 10 mM PBS at pH 7.4 to a total volume of 200 pL. The
donor wells were filled with the sample solution, and the acceptor wells were filled with 200
uL PBS (pH 7.4), and was sandwiched (Fig. 5-1) to allow the permeation process to proceed
for 18 h. The final absorbance of the samples in both plates was measured after the permeation
has been completed.>® The experiments were performed in triplicate. Verapamil was used as a
high-permeability standard, while theophylline was used as a low-permeability standard. The

effective permeability, Pe, was calculated using the equation.’
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P,= —2.303

VaVa oo (1 (VatVa)Co()
VAV A — 1) Og( T TY.SC0) )

where V; and V, are the volume of donor and acceptor well (cm?), 4 is the effective area of
membrane (cm?), ¢ is permeation time (s), Ca(¢) and Cq(0) are the concentration (mol/cm?®)of

the acceptor well at time # and initial concentration of the donor well, respectively.

acceptor well

Figure 5-1. PAMPA sandwich set-up

Calcium influx experiment to assess entry of calcium ions through the membrane

The mechanism of permeation of saponins was determined by calcium influx assays.
Calcium does not permeate through membrane due to its radius. Calcium can only enter to the
cytoplasm by means of pores which size is enough to allow its entry. In this experiment,
presence of calcium in the acceptor well indicates entry of calcium through the membrane due
to saponin-cholesterol interaction. Membrane deformations could possibly be pores or areas
where loss of membrane material occurred.

A simple method for the determination of calcium concentration in the donor and
acceptor wells was employed.? Calcein was used to detect the presence of calcein. Permeation
of calcium carbonate (CaCO3) in PBS with an initial concentration of 3.5 pg/mL per well was
monitored using the same PAMPA set up for 18 h. A solution of 100 uL of 5 uM calcein was
added to each well followed by careful mixing. The absorbance of the solution per well was
read using a microplate reader at 506 nm, and the calcium concentration in the donor and
acceptor wells were quantified using a standard curve generated by measuring the absorbance

of standard CaCOz solution with concentrations ranging from 0.5 to 3.5 pg/mL.
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Phospholipid C-test

To determine loss of membrane material, the phospholipid content in the acceptor wells
was quantified using a commercially available phospholipid C test kit (Wako). A 3 pL solution
of phospholipid standard and sample were place into assigned wells using a 96-well
polystyrene F-bottom clear microplate (Greener Bio One). A 300 pL of color reagent solution
was added to each well followed by incubation at 37 °C for 10 minutes. The absorbance of the
solution for each well was measured using a microplate reader at 595 nm and the phospholipid

concentration was calculated.

5.3.3 Hemolytic activity under Chol depletion conditions and osmotic protection

Chol depletion/repletion experiment was done in order to determine the effect of Chol
in the saponin-induced hemolysis.® Human blood samples were collected on the day of the
experiment. The blood was washed with 10 mM phosphate buffered saline (PBS) at pH 7.4 and
was mixed using vortex. The solution was centrifuged for 5 min at 2000 rpm and the
supernatant was carefully discarded. The pellet was resuspended in PBS and labelled as 10%
(v/v) red blood cell (RBC) solution. The 10% RBS was divided into three portions. The first
portion was mixed with PBS to obtain 1% non-depleted RBC solution. The second portion was
incubated with 3.5 mM methyl-B-cyclodextrin (MBCD) at 37 °C for 2 h followed by
centrifugation and resuspension in PBS to obtain Chol-depleted red blood cells 1% (v/v)
solution. The last portion was treated similarly as the second portion but cells were treated with
7:1 mole ratio of Chol/MBCD at 37 °C for 2 h to restore Chol in the cell membrane. The samples
were centrifuged and resuspended in PBS to obtain 1% (v/v) Chol-repleted solution. %!

The cells were seeded into a 96-well microplate and saponins were added to the assigned
wells, followed by mixing at moderate speed. The samples were incubated for 18 h at 37 °C
followed by centrifugation at 2000 rpm for 5 min. The absorbance of the supernatant was
measured at 450 nm using a microplate reader (Corona Electric). A mixture of milliQ
water/10% RBC (v/v; 9:1 volume ratio) was used as a positive control, and 1% (v/v) RBC/PBS
(18:1 volume ratio) was used as the blank. Triplicate samples were prepared for each saponin

concentration. Hemolysis was calculated:

Asample - Ablank X 100

% hemolysis =
Apositive control
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In addition, osmotic protection experiments under the conditions of hemolysis assays
were conducted to estimate the size of pore or channels formed by saponin in lipid bilayers.
Red blood cells (RBC, 1% v/v) were prepared as described earlier. Osmotic protectants such
as glucose, sucrose, raffinose, PEGs 600, 1000, 1540, 2000, 4000 and 6000, which has
estimated molecular size of 0.7, 0.9, 1.1, 1.6, 2.0, 2.4, 2.9, 3.8 and 5.1 nm, respectively, were
used in this experiment. Osmotic protectants (30 mM) were added to the RBC solution prior to
addition of saponin samples. Amphotericin B, which pore size have been previously reported,
was used as control.!? A rough estimate of the size of the pore or channel can be determined
by the size of the protecting agents in which the first significant hemolytic activity is observed.
The measurement of saponin-induced hemolytic activity in the presence of various osmotic

protectants was done using a microplate reader (Corona Electric) at 450 nm.

5.3.4 CTL fluorescence spectroscopy

The effect of saponins to binding with Chol was determined using a close analog of
Chol called cholestatrienol (CTL).!® The experiment was done in both aqueous and bilayer
environment. In aqueous environment, saponins were added to the CTL solutions (4 pg/mL) in
10 mM PBS at pH 7.4, containing 0.1% dimethyl sulfoxide (DMSO) and were incubated at 25
°C for 3 h. On the other hand, in the bilayer environment, CTL was incorporated in LUVs
together with Chol. LUVs composed of 90:9:1 POPC/Chol/CTL were prepared by dissolving
the lipid mixture in CHCIs, followed by sonication for 1 min. The solvent was dried under
reduced pressure and further dried in vacuo. The lipid film was rehydrated with 10 mM PBS
at pH 7.4, followed by five cycles of freezing (—20 °C) and thawing (65 °C) to obtain the
MLVs. To obtain homogeneous LUVs with size of approximately 200 nm, the MLVs were
extruded using LiposoFast Basic extruder. The LUV components, POPC, Chol, and CTL were
quantified using commercially available test kits referred to as phospholipid C test, cholesterol
E test and the CTL UV extinction coefficient at 325 nm (11,000 cm™* M), respectively.
Various saponin concentration was mixed with the LUVs and was incubated at 25 °C for 3 h.
The fluorescence emission of the assay mixture was measured using FP 6500
spectrofluorometer (Jasco Corp., Tokyo, Japan) at 25 °C at an excitation wavelength of 325
nm (5.0-nm slit width) and was scanned at an emission wavelength from 340 nm to 450 nm
(1.0-nm slit width). The fluorescence intensity was recorded as a function of emission

wavelength.
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5.3.5 Dynamic light scattering

Dynamic light scattering (DLS) experiments were performed to determine the effect of
saponins on vesicle size. LUVs composed of pure POPC and 9:1 POPC/Chol were prepared as
described earlier in the CTL fluorescence assay, with the omission of CTL addition. Saponins
with varying concentrations were mixed with the LUVs and were incubated at 25 °C for 3 h.
The resultant vesicle size was measured using a dynamic light scattering particle analyzer LB-
550 (HORIBA, Ltd. Kyoto, Japan) at 25 °C.

5.3.6 Solid-state 2H NMR

Membrane samples for solid state 2H NMR, composed of various lipid combinations
were used for the study of saponins.}* The lipid mixture was dissolved in 2:1 (v/v)
CHCIl3/MeOH in a round-bottom flask. The lipid was dried under reduced pressure and further
dried overnight in vacuo. The lipid film was rehydrated with milliQ water followed by
sonication and vortex mixing at 1 min each. The samples were subjected to three cycles of
freezing (—20 °C) and thawing (65 °C) to obtain the MLVs. The MLV suspension was
Iyophilized overnight and rehydrated with deuterium-depleted water (50% hydration). The
suspension was homogenized by a cycle of vortex mixing, freezing, and thawing, followed by
centrifugation for 5 min at 2000 rpm. The resulting lipid was carefully transferred into a 5-mm
glass tube and sealed with epoxy glue. The quadrupolar splitting in liposome is shown as

follows:

3cos’ 0 — 1

3
AV:ZQXSmolX 5

where Q is quadrupolar coupling constant, Smor is the order parameter, and @ is the angle

between C—D vector and bilayer normal.

All 2H NMR spectra were recorded with a 300 MHz spectrometer (CMX-300, Agilent, Palo
Alto, CA, USA) equipped with a 5 mm 2H static probe (Otsuka Electronics, Osaka, Japan)
using a quadrupolar echo sequence. The 90° pulse width was 2.5 ps, the interpulse delay was
30 ps, echo delay was 20 ps, and the repetition delay was 0.6 s. The sweep width was 250 kHz
covered with 8192 points, and the number of scans ranged from 100,000 to 300,000. The probe
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temperature was set at 30 °C. Spectra were processed using Delta NMR Software (Jeol USA,
Inc., Peabody, MA, USA), and the plot was generated using Microsoft Excel Software.

5.3.7 Solid-state 3P NMR

Similarly, 3P NMR was done on the membranes previously prepared. The spectra were
recorded on a 400 MHz ECA400 (Jeol USA, Inc.) using a 7 mm CP-MAS probe (Doty
Scientific, Inc., Columbia, SC, USA) at 30 °C. A single pulse sequence with proton decoupling
was employed with the following parameters: acquisition time was 18 ms, 90° pulse width was
7.2 ps, and relaxation delay was 2 s. The sweep width was 113 kHz covered with 8192 points,
and the total number of transients per sample was 10,000 to 40,000. All 3'P NMR spectra were
referenced based on the 3P peak of 85% phosphoric acid (HsPO4) standard set at 0 ppm,

measured under the same conditions

5.3.8 Fluorescence microscopy

The ability of saponins to induced morphological changes in GUVs was determined
using fluorescence microscopy. Giant unilamellar vesicles (GUV) composed of various lipids
and Chol were prepared via electroformation method as previously reported.’ Lipids (1
mg/mL) were dissolved in CHCIz and were mixed with either Texas Red-DPPE or Dil. The
lipid mixture was dried in a glass slide assembled with parallel aligned platinum wires (¢ =
100 um) overnight. Lipids were then enclosed using cut rubber (Fig. 5-2) and rehydrated with
milliQ water or sucrose (300 mM) while keeping the wires immersed. The slide was
sandwiched by another glass slide and was placed on a temperature-controlled heating mantle.
The electroformation was done by applying sinusoidal AC at 10 V and 10 Hz for 50 min at 40
°C, followed by cooling down for 30 min at 25 °C. GUVs were viewed using FluoView
FV1000-D scanning unit at an IX81 inverted microscope (Olympus Corp., Tokyo, Japan). A
PLAPON 60X universal semiapochromat objective with NA of 1.40 was used for microscopic
observations. Acquisition speed was set at 8 us/pixel and images were captured with FV10-
ASW-3.0 software. The sample temperature was kept at 37 °C for all observations using
temperature control objective plate. The effect of various saponins and DBD-OSW-1 was
monitored by observing changes in the integrity of the GUVs. In the non-labelled saponins,
rhodamine 6G was solubilized in the GUV suspension to make the extravesicular solution

fluorescent.
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Figure 5-2. Glass slide set-up for electroformation of GUVs

5.3.9 Synthesis of Chol-d

Chol-d (3) was synthesized as previously described ad as shown in Scheme 5-1.1 Chol
(1) was dissolved in in CH2Cl> and was subjected to oxidation using pyridinium
chlorochromate (PCC) under Ar gas to afford 5-cholesten-3-one (2). The desired product was
purified by column chromatography using 10:1 hexane/ethyl acetate (H/A) as eluting solvent.
The purity was checked by thin layer chromatography (TLC, 4:1 H/A) and characterization
was done by *H NMR (Appendix Fig. 2).

In order to obtain Chol-d (3), 2 was dissolved in 2:1 MeOH/CHCI3z. Sodium
borodeuteride (NABD3) in CeClz « 7H>0 was added to allow reduction. The desired product
was purified using 4:1 MeOH/CH.CI,> and purity was checked by TLC (4:1 H/A) and
characterized by *H NMR (Appendix Fig. 3). The product (3) was kept in solution (dissolved
in CHCI3) and was stored at 4 °C prior to usage.

o PCC, CaCOs NaBD, CeCly THO
[y
O
HO CH,Cly, MS4A MeOH/CHCl;  Hd ;
1 2
(white crystals, 90%) (white powder, 98%)

Scheme 5-1. Synthesis of Chol-d!
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Supporting Information |

Sterol recognition and membrane-permeabilizing activity

of saponins deduced from spectroscopic evidences

Diosgenin Cholestatrienol (CTL)

Figure S1-1. Structures of trillin, diosgenin, and cholestatrienol.

Results
PAMPA, calcium influx and phospholipid quantification

PAMPA was used to evaluate the ability of saponins to permeate the membranes by a
passive diffusion mechanism.! Artificial membranes mainly composed of pure phospholipids
or with added Chol, were layered on built-in PVDF membranes in the acceptor plate. The
permeation rate of saponins into the membrane was measured by the effective permeability
(Pe) of the compound in comparison with the Pe values obtained for both verapamil (high-
permeability standard) and theophylline (low-permeability standard).? The experiment
suggests that the permeation of saponins into the membrane requires Chol, which was
highlighted in digitonin and OSW-1 (Table S1-1). Chol significantly contributed to an increase
in the Pe values of digitonin, OSW-1, and soyasaponin Bb(l), in comparison to the values
obtained for membranes in the absence of Chol. However, it is not clearly established whether
this process could be accounted by permeation via partitioning of saponins from the bilayer
phase to the aqueous phase as observed in the abrupt increase in the Pe values. The interaction
of saponins with Chol in the artificial membrane could also reflect the observed increase in Pe

values, as a consequence of pore formation or presence of voids in the membrane, which allows
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a rapid transport of saponins from the donor wells to the acceptor wells. In contrast to the other

saponins, glycyrrhizin showed low permeability regardless of the type of membrane used.

Table S1-1. Permeation by saponins in various artificial membrane models

Effective Permeability, Pe (10 cm/s)

Concentration 9:1 1:1 2:2:1
Test Sample POPC
per well POPC/Chol DMPC/DOPC DMPC/DOPC/Chol
OSw-1 1.0 yM 0.43+0.13 1.37£0.60 0.42 +0.06 1.83+0.08
Digitonin 1.0 yM 0.40 £ 0.01 1.07£0.28 0.47£0.11 1.60+0.04
Soyasaponin Bb (1) 3.0 uM 0.71+0.13 2.40 +0.67 0.92+0.31 3.88+0.48
Glycyrrhizin 3.0 uM 0.79+0.17 0.88 £ 0.04 0.88+0.29 1.05+0.23
Verapamil* 25 ug/mL 16.57+4.18 1051+1.88 13.52+4.09 8.66 + 3.52
Theophylline** 25 ug/mL 0.47+0.32 0.40+0.23 0.69+0.45 0.53+0.29

*positive standard; **negative standard

Additionally, determination of calcium influx was carried out to clarify whether
saponin-Chol interaction induce the formation of membrane defects which allowed entry of
saponins into the membrane. The fluorescence intensity of calcein directly reflects the amount
of calcium, which entered through membrane voids and deformations.* A rapid entry of
calcium into the membrane was detected upon addition of saponin concentrations of 3 uM and
higher, which could suggest a possible pore formation or membrane disruption mechanism
(Table S1-2).

Table S1-2. Influx of calcium in various membrane models

Calcium Concentration (pug/mL)

Test Sample POPC 9:1 11 2:2:1

(25 pg/mL per well) POPC/Chol DMPC/DOPC  DMPC/DOPC/Chol
OSW-1 - 1.39+0.03 - 1.51+0.01
Digitonin - 1.35+0.02 - 1.47+£0.01
Soyasaponin Bb (1) - 1.34£0.04 - 1.43+£0.03
Glycyrrhizin - - - -
Verapamil - - - -
Theophylline - - - -

Notes: (-) indicates that calcium ions were not detected in the acceptor wells.

Initial concentration of calcium in the donor wells was 3.5 pg/mL.
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Furthermore, the amount of free phospholipids was determined to assess the effect of
various saponins on the integrity of the membrane. Significant amounts of phospholipids were
detected in the Chol-containing wells upon addition of at concentrations of 3 uM or higher,
(Table S1-3). The detectable amount of phospholipids observed could be a result of membrane

rearrangement likely due to rapid pore formation or loss of membrane material.

Table S1-3. Determination of the presence of phospholipids in the acceptor wells

Phospholipid Concentration (pg/mL)

Test Sample POPC 9:1 1:1 2:2:1

(25 pg/mL per well) POPC/Chol DMPC/DOPC  DMPC/DOPC/Chol
OoSw-1 0.44 +£0.10 105+4.0 0.38+0.10 114 +6.0
Digitonin 0.67+£0.18 111+54 0.55+0.09 107 £ 4.8
Soyasaponin Bb (1) 0.57+0.18 45+19 0.38+0.17 3616
Glycyrrhizin 0.63+0.14 0.37x0.04 0.61+0.17 0.49 £ 0.02
Verapamil 0.34 £0.07 0.34+£0.10 0.29+0.15 0.24 £0.07
Theophylline 0.35%£0.10 0.33x£0.15 0.28 £0.07 0.41+0.01

Note: Final Lipid Concentration = 400 pg/mL per well

The results of the assays conducted to assess permeation of saponins exhibited a
concentration-dependent mechanism for the entry of the saponins through the bilayer. The
permeation of saponins is greatly affected by the presence of Chol in the membrane. At lower
saponin concentration, the permeation process was found to be slower, likely due to the passive
diffusion by partitioning through the bilayer to the aqueous phase.®> On the other hand, at higher
saponin concentration, the mechanism could possibly be due to rapid permeation of saponins
brought about by the formation of pores or voids larger than the molecular size of the saponins,
due to the strong interaction of saponins with membrane sterol. Collectively, these results
supported earlier hypothesis suggesting that the membrane composition and saponin

concentration plays a major role in the membrane permeabilization process.
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DLS spectroscopy

Dynamic light scattering (DLS) spectroscopy was additionally carried out to assess the
size of the liposomes before and after addition of saponins (Table S1-4 and Fig. S1-3). Change
in vesicle size was observed in pure POPC liposomes and Chol-containing liposomes. The size
of the vesicles was found to significantly decrease in addition of 30 uM OSW-1 (Table S1-4).
A similar size reduction was observed for digitonin, while in soyasaponin Bb(l), a marginal
size reduction was only observed even after the addition of 100 uM concentration, in
comparison with OSW-1 and digitonin. These results strongly suggest that the presence of Chol
in the membrane induces vesicle size reduction mainly influenced by saponin-Chol interaction.
On the other hand, an insignificant change in vesicle size was observed with the addition of
glycyrrhizin (Table S1-4). Furthermore, presence of small particles with an average size of ~7
nm for digitonin and ~12 nm for OSW-1 could possibly be attributed to the formation of mixed
aggregates composed of Chol, saponin, and phospholipids.®® The formation of pure saponin

micelles could also possibly account for the observed average particle size.

Table S1-4. Effect of saponin on size of LUVs (9:1 POPC/Chol)

Average particle size (nm)

Saponin Control (0 uM) 30 uM 100 uM
OSW-1 197.6 126.4 11.9
Digitonin 220.4 127.2 7.3
Soyasaponin Bb(l) 212.8 181.8 127.8
Glycyrrhizin 207.8 207.1 180.6

Notes: The final concentration of POPC and Chol were 129 uM and 16 uM, respectively
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Figure S1-2. Average size of cholesterol-containing liposomes after incubation with various
concentrations of OSW-1 (A), digitonin (B), soyasaponin Bb(l) (C), and glycyrrhizin (D)

2H NMR spectroscopy

Previously, we discussed that soyasaponin Bb(l) exerts a marginal reduction in the Av
value comparable with that of OSW-1 and glycyrrhizin at a ratio of 1:0.5 Chol-d/saponin (Fig.
S1-3A). This was attributed to the direct formation of saponin/Chol aggregates that largely stay
in the membrane. However, an increase in the amount of soyasaponin, i.e. 1:1 Chol/saponin,
induced a significant change in the appearance of the spectra as the Pake doublet signals were
significantly attenuated (Fig. S1-3B). This could also be accounted by the formation of Chol-
d/soyasaponin Bb(l) aggregates that are separated from the membrane. The presence of this
large aggregated species significantly reduced the motion of Chol-d in the same manner with
digitonin.>'® Moreover, the observed direct interaction between saponin and Chol-d is
dependent on saponin concentration as a remarkable change was observed when the Chol-
d/saponin ratio was increased. Likewise, digitonin did not show a significant attenuation of
signals at a 1:0.1 Chol-d/digitonin ratio (Fig. S1-3C).
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Figure S1-3. 2H NMR spectra of Chol-d in POPC bilayer in the presence of soyasaponin Bb(1)
at a molar Chol/saponin ratio of 1:0.5 with the Av value of 39.0 kHz (A), and at a molar
Chol/saponin ratio of 1:1 with the Av value of approximately 0 kHz (B). 2H NMR spectra of
Chol-d in a POPC bilayer in the presence of digitonin at a molar Chol/saponin ratio of 1:0.1
with the Av value of 41.2 kHz (C). 2H NMR spectra were recorded at 30 °C.

3P NMR spectroscopy

We also clearly established that the interaction of saponins into the membrane did not
induce significant morphological changes rather a change in the membrane curvature or vesicle
reduction is elicited. This was observed at all saponin concentration tested owing that the
interaction between saponin and Chol does not greatly influence the overall membrane

morphology (Fig. S1-4).
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Figure S1-4. *'P NMR spectra (black —) of POPC in POPC/Chol 9:1 bilayers in the presence
of soyasaponin Bb(l) at a molar Chol/saponin ratio of 1:05 (A), and at a molar Chol/saponin
ratio of 1:1 (B). The 3P NMR spectrum (black —) of the same bilayers in the presence of
digitonin at a molar Chol/saponin ratio of 1:0.1 (C). All of the 3'P NMR spectra were measured
at 30 °C and referenced from an 85% phosphoric acid (H3zPO4) peak set at 0 ppm. Red (—)
spectra corresponds to computer simulation using SIMPSON software.®
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Effect of saponins on membrane permeability and

morphology as examined by fluorescence techniques

Results

Time-course leakage assay for soyasaponin Bb(l)

A time-course calcein leakage was similarly conducted for soyasaponin Bb(l). Since it
was observed that higher amount of soyasaponin Bb(l) is required to induce 50% leakage, 300
UM concentrations was also used to estimate the ECsp values at varying phospholipid
concentrations (Fig. S2-1). Soyasaponin Bb(l) also required Chol to induce leakage of
liposomes, however, it exhibited the weakest binding affinity and membrane disruptivity

among the other saponins tested.'?
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Figure S2-1. Time-course calcein leakage by treatment with soyasaponin Bb(l) (A to D) in 9:1
POPC/Chol LUVs measured for 10 minutes after saponin addition. 100% leakage was obtained

by addition of 10% (v/v) Triton-X. Measurements were monitored at 25 °C.
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Figure S2-2. Determination of [S]f and r as intercepts and slopes, respectively, at different

leakage extents (20%, 30%, 40%, 50%, and 60%) for soyasaponin Bb(l).
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Figure S2-3. Binding isotherm of soyasaponin Bb(l) at different leakage extents.

saponin/lipid ratio (r) was plotted in each free saponin concentration [S]s.
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Concentration-response curves for each saponins

The concentration-response curve was also plotted as shown in Fig S2-4. This was used

to determine the concentration of saponin to induce percentage leakage from 20% to 60% taken

as the vertical axis separately.
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Figure S2-4. Concentration-response curves for digitonin (A), OSW-1 (B) and soyasaponin

Bb(I) (C) at the incubation time of 10 min.
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Fluorescence Microscopy

The time-lapse images upon addition of 30 uM OSW-1 in GUVs at varying mol% Chol
were also recorded up to 60 minutes as shown in Figs. S2-5 to S2-7. The GUV composed of
20 mol% Chol (Fig. S2-5) and 10 mol% Chol (Fig. S2-6) showed significant changes in the
shape at 20 min. The GUVs further shrink but remains intact. In the case of GUV composed
of 5 mol% Chol (Fig. S2-7) significant changes in the GUV was detected as early as 5 min and
completely vanished at 20 min of observation. In this concentration of Chol, OSW-1 exhibited

membrane disruption and resulted in the formation of large amount of OSW-1/Chol aggregates.

0 min 5 min 10 min

Figure S2-5. Time-lapse image for 30 uM OSW-1 in 2:2:1 DOPC/DMPC/Chol (20 mol% Chol)
GUYV (Scale =5 um) up to 60 minutes of incubation (overlay). Measurements were carried out
at 37 °C.
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Figure S2-6. Time-lapse image for 30 uM OSW-1in 9:9:2 DOPC/DMPC/Chol (10 mol% Chol)
GUYV (Scale = 10 um) up to 60 minutes of incubation (overlay). Measurements were carried
out at 37 °C.
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Figure S2-7. Time-lapse image for 30 uM OSW-1 in 19:19:2 DOPC/DMPC/Chol (5 mol%
Chol) GUV (Scale = 5 um) up to 60 minutes of incubation (overlay). Measurements were

carried out at 37 °C.
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Appendix Figure 4. Summary of *H NMR spectrum of Chol (1), 5-cholesten-3-one (2) and

Chol-d (3) in CDCl3
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ARTICLE INFO ABSTRACT

Keywords:

Saponin

OSW-1

Plant saponin

Cholesterol
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Solid state NMR

0OSW-1 is a structurally unique steroidal saponin isolated from the bulbs of Ornithogalum saundersiae, and has
exhibited highly potent and selective cytotoxicity in tumor cell lines. This study aimed to investigate the mo-
lecular mechanism for the membrane-permeabilizing activity of OSW-1 in comparison with those of other sa-
ponins by using various spectroscopic approaches. The membrane effects and hemolytic activity of OSW-1 were
markedly enhanced in the presence of membrane cholesterol. Binding affinity measurements using fluorescent
cholestatrienol and solid-state NMR spectroscopy of a 3-d-cholesterol probe suggested that OSW-1 interacts with

membrane cholesterol without forming large aggregates while 3-O-glycosyl saponin, digitonin, forms choles-
terol-containing aggregates. The results suggest that OSW-1/cholesterol interaction is likely to cause membrane
permeabilization and pore formation without destroying the whole membrane integrity, which could partly be
responsible for its highly potent cell toxicity.

1. Introduction

Saponins are a class of amphiphilic compounds that possess one or
more hydrophilic sugar moicties attached to a hydrophobic steroid or
triterpenoid backbone. A wide variety of saponins have been isolated
and characterized from diverse terrestrial plants and some marine or-
ganisms such as sea cucumbers and starfish. The chemical structure of
saponins varies greatly due to the types of sugars attached, branching
and positioning of sugar chains, and the nature of the sapogenin
backbone [1-8]. Several saponins have long been used in Chinese
medicine because of their pharmacological actions such as anti-in-
flammation |9, fatigue reduction [ 10], and improved blood circulation
[11]. Some saponins also have promising anticancer properties; e.g.,
angiogenesis inhibition, cell cycle arrest, and apoptosis induction
(k395

0OSW-1 is a member of the steroidal saponins, first isolated in 1992
from the bulbs of Omithogalum saundersiae by Sashida’s group [13,14].
This saponin is structurally unique in that it contains an acylated dis-
accharide moiety attached to the C163-OH position on the D ring of
sapogenin aglycone; these structural features are markedly different

from most saponins, which bear sugar moieties substituted at the 3f3-
OIT position on A ring [4,15-18] (Fig. 1). OSW-1 has exhibited highly
potent and selective anticancer activities in several human cancer
cell lines including HeLa cells (ICsp = 0.5nM) and HL-60 cells
(ICsp = 0.25 nM) [17-20]. Structure and activity relationship (SAR)
studies have shown that the presence of the acyl groups on the sugar
moiety is required to exhibit significant biological activity. In fact, re-
moval of the methoxybenzoyl group on the D-xylose moiety caused a
~40-fold drop in the cytotoxicity index, and successive removal of the
acetyl group in the L-arabinose moiety caused a ~800-fold decrease in
cytotoxicity [13].

Several saponins have been found to exhibit membrane permeabi-
lization activities and hemolytic effects [21] in a sterol-depending
manner [22-24]. Cholesterol (Chol) is a major (20 to 50%) lipid com-
ponent of the mammalian plasma membrane that provides stability to
the membrane and controls permeability to various solutes [25-27].
Some possible molecular mechanisms have been proposed to explain
the membrane permeabilization and breaking-down activities of the
saponins [28,29]. Previous studies have proposed that the saponins and
membrane sterols form equimolecular complexes in the membrane,

10 1
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Fig. 1. Structure of OSW-1 (left); 3D space-filling re-
presentation [ 18] (right).

“OH

R = |1; Cholesterol

Ergosterol

Fig. 2. Structures of digitonin, soyasaponin Bb(I), glycyrrhizin, cholesterol, and ergosterol.

resulting in hydrophilic interactions between the sugar moieties,
creating defects in the lamellar structure in the form of spherical buds
and/or tubules [30,31]. Another study has proposed a mechanism
based on the formation of toroidal pores in which hydrophilic inter-
actions between sugar moicties lead to saponin-sterol aggregates and
formation of pores [23]. A separate study proposed that some saponins
showed concentration-dependent membrane permeabilization based on
the organization and arrangement of the saponins. Below the critical
micelle concentration (CMC), saponin monomers bind to the external
monolayer to induce an area difference and curvature, which results in
vesiculation. Above the CMC, saponins induce direct pore formation
and a loss of membrane materials [32,33]. Permeabilization is an effect
of direct interactions of micelles with the cell membrane, which leads to
the deposit of high amounts of saponins near the membrane. In addi-
tion, immediate membrane permeabilization was observed upon the
interaction of saponins with Chol-enriched domains [1]. With these
proposed mechanisms, digitonin (Fig. 2A), a typical saponin isolated
from Digitalis purpurea, can be classified into the concentration-depen-
dent membrane action model. Digitonin has shown significant mem-
brane-disrupting activity, leading to a permanent insertion into the
membrane because of aggregation and equimolecular complex forma-
tion with Chol and phospholipids [15,34,35]. On the other hand, the
mechanism of interaction of soyasaponin Bb(I) (Fig. 2B}, isolated from
soy bean, has not been completely clucidated although *H NMR mea-
surements revealed that the interaction of soyasaponin with membrane
Chol renders less ordered and more flexible membrane constituents
[36]. The membrane-interaction mechanism of OSW-1 remains unclear

2517

because of the unique glycosylation position as well as the hydrophobic
caps on the sugar hydroxy groups, which likely provide distinguishable
amphiphilic properties from other saponins.

This study aimed to gain insights into the sterol interactions of the
unique steroidal saponin OSW-1 to clucidate possible molecular me-
chanisms of membrane permeabilization by using model lipid bilayers.
Membrane interactions with OSW-1 are thought to be very important to
gain a deeper understanding of the mechanism of action in potent and
selective cytotoxic activity. Spectroscopic studies, including solid state
“I1 and *'P NMR, provided evidence of the ability of OSW-1 to per-
meabilize artificial and biological membranes in a sterol-dependent
manner. Digitonin (Fig. 2A), as a strong membrane-disrupting steroidal
saponin, soyasaponin Bb(I) and glycyrrhizin (Fig. 2B and C), as weakly
permeabilizing triterpene saponins, were adopted as examples of the
well-known saponins to evaluate the membrane activity of OSW-1 |1].
By comparing the activities of these typical 3-O-glycosyl saponins with
those of OSW-1, the general mechanism underlying the membrane ac-
tivity of typical saponins could also be investigated from a different
viewpoint.

2. Materials and methods
2.1. Materials
All phospholipids, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-

line (POPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and
diolcoyl-sn-glycero-3-phosphocholine (DOPC) were purchased from
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Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Cholesterol (Chol), er-
gosterol (Erg) and 3-epicholesterol (Epichol) were purchased from
Sigma-Aldrich (St. Louis, MO, USA), Tokyo Kasei (Tokyo, Japan), and
Steraloids (Newport, RI, USA), respectively. Cholesterol-d was synthe-
sized according to a previous report [37]. Digitonin, glycyrrhizin,
diosgenin, phospholipid C, and cholesterol E test kits were obtained
from Wako (Osaka, Japan). Soyasaponin Bb(I} was purified from
commercially available soybean saponin, Soy Health SA (Fuji Oil
Company Ltd., Tokyo, Japan). Calcein, methyl-f-cyclodextrin (MBCD),
verapamil, theophylline, glucose, sucrose, raffinose, and polycthylene
glycol (PEG) were purchased from Nacalai Tesque (Kyoto, Japan). The
96-well microplates were purchased from Greener Bio One (Monroe,
NC, USA) and Thermo Scientific (Waltham, MA, USA). OSW-1 was
isolated and purified from the bulbs of Omithogalum saundersiae be-
longing to the Aparagaccae family, originating from South Africa, as
previously reported by Kubo et al. with modifications [13,18]. Cho-
lestatrienol (CTL) was generously provided by Prof. J Peter Slotte (Abo
Akademi University, Turku, Finland), prepared using a previously
published method |38]. All other chemicals used are of standard and
analytical quality.

2.2. Calcein leakage assays

‘The extent of saponin-induced leakage was determined by mea-
suring the intensity of calcein fluorescence released from large uni-
lamellar vesicles (LUVs) [39]. LUVs composed of pure POPC, 9:1 POPC/
Chol, POPC/Erg, and POPC/Epichol were dissolved in CHCl; in a
round-bottom flask. The solvent was removed under reduced pressure
at 35 °C and further dried overnight in vacuo. The lipid film was rehy-
drated with 60 mM calcein (1 mL) in 10 mM Tris-HCl buffer containing
150 mM NaCl and 1 mM EDTA at pl1 7.4. The solution was vortexed for
1 min and subjected to five cycles of freezing (—20 °C) and thawing
(65 °C) to obtain multilamellar vesicles (MLVs). The suspension was
allowed to pass through LiposoFast Basic extruder (pore size, 200 nm,
Avestin Inc., Ottawa, Canada) 19 times to obtain homogeneous LUVs.
Homogeneous LUVs were purified using a Sepharose 4B column (GE
Healthcare, Uppsala, Sweden). The lipid and Chol concentrations of the
LUV fraction were quantified using the phospholipid C test and cho-
lesterol E test kits, respectively. The final concentrations of the phos-
pholipid and Chol in the resulting LUVs were 27 uM and 3.1 pM, re-
spectively. Prepared LUVs were immediately used for measurement to
avoid premature vesicle leakage. LUVs were placed in a 96-well Nun-
clon Delta Surface (black) F-bottom microplate (Thermo Scientific), and
the initial fluorescence was measured using a fluorescence microplate
reader (M1P-800 series, Corona Electric Multimode Microplate Reader)
with an excitation wavelength of 490 nm and an emission wavelength
of 517 nm. Saponins were added to the LUVs which were mixed at a
slow speed for 1 min. The mixture was allowed to stand at room tem-
perature for 2 h. To obtain the condition of 100% leakage, 10% Triton-
X was finally added to each well, subsequently followed by fluorescence
measurements. All experiments were performed in triplicate, and the %
calcein leakage was calculated using the equation:

. 15— 1
%calcein leakage = = —
=1

X 100

where I, Ir, and I, are the fluorescence intensities after saponin addi-
tion, at 100% LUV leakage, and background, respectively.

2.3. Hemolytic activity under Chol depletion conditions and osmotic
protection experiments

The effect of Chol on the hemolytic activity of saponins was in-
vestigated using a Chol depletion/repletion experiment [32]. Freshly
obtained human blood samples were washed with 10 mM phosphate
buffered saline (PBS) at pI17.4 and centrifuged at 2000 rpm for 5 min.
The pellet was resuspended in PBS to obtain a 10% (v/v) red blood cell
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(RBC) solution. The solution was divided into three portions. The first
portion was resuspended with PBS to obtain 1% (v/v) solution of non-
depleted RBCs. The second portion was treated with 3.5 mM methyl-f3-
cyclodextrin (MBCD) at 37 °C for 2 h, and the cells were centrifuged and
then resuspended with PBS to obtain Chol-depleted red blood cells 1%
(v/v) solution. The third portion was treated similarly as the second
portion, but in addition, the cells were incubated with 7:1 mol ratio of
Chol/MBCD at 37 °C for 2 h to replenish Chol in the cell membrane. The
samples were centrifuged and resuspended with PBS to obtain 1% (v/v)
Chol-repleted solution [40.41].

The cells were transferred into a 96-well microplate and saponins
with concentrations ranging from 0 to 300 uM were added to the as-
signed wells, followed by mixing at moderate speed. The samples were
incubated for 18 h at 37 °C, and then centrifuged at 2000 rpm for 5 min.
The supernatants were carefully transferred to a separate 96-well mi-
croplate. The absorbance of the samples was measured at 450 nm using
a microplate reader (Corona Electric). A mixture of milliQ water/10%
RBC (v/v; 9:1 volume ratio) was used as a positive control, and 1% (v/
v} RBC/PBS (18:1 volume ratio) was used as the blank. Triplicate
samples were prepared for each saponin concentration. The degree of
hemolysis was calculated using the absorption at 450 nm (A) according
to the formula:

%hemolysis =

2.4. Osmotic protection against hemolysis

Osmotic protection experiments under the conditions of hemolysis
assays were also conducted to estimate the size of pore or channels
formed by saponin in lipid bilayers. Red blood cells (RBC, 1% v/v} were
prepared as described earlier. Osmotic protectants purchased from
Nacalai Tesque (Kyoto, Japan) including glucose, sucrose, raffinose,
PEGs 600, 1000, 1540, 2000, 4000 and 6000, which has the estimated
molecular diameters of 0.7, 0.9, 1.1, 1.6, 2.0, 2.4, 2.9, 3.8 and 5.1 nm,
respectively, were utilized in this experiment. A concentration of
30 mM of osmotic protectants was added to the RBC solution prior to
addition of saponin samples. In this experiment we used twice the
concentration of the reported ECs values (2 x ECsp) of digitonin and
OSW-1 as the basis for measurement. Amphotericin B (AmB,
ECs50 = 2.0 pM) which pore size has been reported, was used as control
[42]. The information obtained from this assay is described by the
ability of the saponins to induce hemolysis in the presence of various
osmotic protectants. If the protecting agent added to the assay mixture
is too large to pass through the pore or channel formed in the mem-
brane of erythrocytes, no hemolysis should be observed, which in-
dicates that there is a balance between the osmotic pressure of the in-
tracellular hemoglobin and that of the protecting agent in the
extracellular solution. Therefore, we can give a rough estimate of the
size of the pore or channel using these protecting agents. The mea-
surement of saponin-induced hemolytic activity in the presence of
various osmotic protectants was done using a microplate reader
(Corona Electric) at 450 nm. Experiments were performed in triplicate.

2.5. CTL fluorescence spectroscopy in solution and with liposomes

In solution experiments, saponins with varying concentrations were
added to the CIL solutions (4 ug/mL) in 10 mM PBS at pH 7.4, con-
taining 0.1% dimethyl sulfoxide (DMSO) and incubated at 25 °C for 3 h.
In liposome experiments, CTL was incorporated in LUVS to examine the
cffect of saponins on Chol incorporated in a lipid environment. LUVs
composed of 90:9:1 POPC/Chol/CTL were prepared by dissolving the
lipid mixture in CHCls, which was sonicated for 1 min. The solvent was
dried under reduced pressure and further dried in vacuo. The lipid film
was rchydrated with 10 mM PBS at pI1 7.4 and subjected to five cycles
of freezing (— 20 °C) and thawing (65 °C) to obtain the MLVs. The MLVs
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were extruded 31 times to obtain homogeneous LUVs with size of ap-
proximately 200 nm. The LUV components, POPC, Chol, and CTL were
quantified using phospholipid C test, cholesterol E test and the CI'L UV
extinction coefficient at 325 nm (11,000 cm™ M~ 1), respectively.
Saponin, at varying concentrations, was incubated with the LUVs in PBS
at 25°C for 3 h. The fluorescence emission of the assay mixture was
measured using FP 6500 spectrofluorometer (Jasco Corp., Tokyo,
Japan} at 25 °C. The excitation wavelength was set to 325 nm (5.0-nm
slit width), and the emission was scanned from 340 nm to 450 nm (1.0-
nm slit width). The fluorescence intensity was recorded as a function of
emission wavelength. Experiments were performed in triplicate.

2.6. Solid-state “II NMR

Membrane samples for solid state 2H NMR, composed of POPC
(47 pmol), Chol-d (5.3 pmol), and saponin (0 and 0.5 to 5.3 pmol) were
prepared as previously published [43]. The lipid mixture was dissolved
in 2:1 (v/v) CHCl3/MeOIl in a round-bottom flask and sonicated for
2 min. The solvent was removed under reduced pressure and further
dried overnight in vacuo. The lipid film was rehydrated with milliQ
water and was sonicated and vortexed for 1 min each. The samples
were subjected to three cycles of freezing (— 20 °C) and thawing (65 “C)
to obtain the MLVs. The MLV suspension was lyophilized overnight and
rehydrated with deuterium-depleted water (50% hydration). The sus-
pension was subjected to homogenization by a cycle of vortex mixing,
freezing, and thawing. The samples were centrifuged for 5min at
2000 rpm and transferred into a 5-mm glass tube and sealed with epoxy
glue. The quadrupolar splitting in liposome is shown as follows:

Jeost -1
2

Av = 3Q X Spol X

where Q is quadrupolar coupling constant, S, is the order parameter,
and 0 is the angle between C—D vector and bilayer normal.

All >H NMR spectra were recorded with a 300 MHz spectrometer
(CMX-300, Agilent, Palo Alto, CA, USA) equipped with a 5 mm 2H static
probe (Otsuka Electronics, Osaka, Japan) using a quadrupolar echo
sequence. The 90° pulse width was 2.5 ps, the interpulse delay was
30 ps, echo delay was 20 ps, and the repetition delay was 0.6s. The
sweep width was 250 kHz covered with 8192 points, and the number of
scans ranged from 100,000 to 300,000. The probe temperature was set.
at 30 °C. Spectra were processed using Delta NMR Software (Jeol USA,
Inc., Peabody, MA, USA), and the plot was generated using Microsoft
Excel Software.

2.7. Solid-state *'P NMR

The membrane preparations in ?H NMR measurements were used
for 3'P NMR. The spectra were recorded on a 400 MI1z ECA400 (Jeol
USA, Inc.) using a 7 mm CP-MAS probe (Doty Scientific, Inc., Columbia,
SC, USA) at 30 °C. A single pulse sequence with proton decoupling was
employed with the following parameters: acquisition time was 18 ms,
90° pulse width was 7.2 s, and relaxation delay was 2s. The sweep
width was 113 kllz covered with 8192 points, and the total number of
transients per sample was 15,000 to 25,000. All >'P NMR spectra were
referenced based on the 'P peak of a 85% phosphoric acid (I1;P04)
standard set at 0 ppm, measured under the same conditions.

3. Results
3.1. Calcein leakage assays

Chol-dependent membrane permeability and pore formation due to
saponins were examined by calcein leakage assays using liposomes
(Fig. 3). In this assay, sterol selectivity was also screened using ergos-
terol (Erg) and 3-epicholesterol (Epichol) in place of Chol. The calcein-
entrapped LUVs were treated with varying saponin concentrations and
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Fig. 3. Sterol-di d calcein-leakage from POPC lip by various

(100 uM). The POPC-sterol molar ratio was set to 9:1 and the final concentration of the
phospholipid was 27 pM.

the degree of leakage was measured by the increase in fluorescence
(Fig. 3) [44). Calcein leakage assays revealed that OSW-1 exhibited
significantly strong permeabilization of Chol-containing liposomes
(ECs0 = 35.4 = 1.4pM), but weaker permeabilization of Erg-con-
taining liposomes (ECsq = ~100 uM). Furthermore, in the Epichol-
containing liposomes, OSW-1 showed insignificant permeabilization,
which is almost identical to the result obtained using pure POPC LUVs.
Similar results were observed with digitonin and soyasaponin Bb(I)
(Table 1 and Fig. 3). These data suggest that initial binding to 3p-hy-
droxysterols, Le. Chol and Erg, is required for saponin-induced per-
meabilization to proceed. Chol and Erg are believed to have membrane-
stabilizing properties [45]. The saponins may affect this membrane
stability and make it more susceptible to leakage by forming pores or
inducing membrane disruptions. Soyasaponin Bb(I) showed moderate
permeabilization of both 3B-hydroxysterol membranes. The result of
this leakage experiment may also imply the importance of the type of
sapogenin backbone and the sugar moiety of saponins for membrane
interaction [30].

3.2. Saponin-induced hemolysis in usual and Cho-depleted erythrocytes

The dependence of saponins on membrane Chol was assessed by
hemolysis tests on RBCs. RBCs were treated with 3.5 mM MBCD to re-
duce the Chol content to ~10% of the erythrocyte membrane [32,33].
To back up the Chol selectivity, the assay also used RBCs with re-
plenished Chol upon the treated with 7:1 mol ratio of Chol/MBCD [33].
The Chol content of the replenished erythrocytes was found to increase
back to ~90% of the initial Chol content of the non-depleted cells.

The result of this assay showed that OSW-1 possesses strong he-
molytic activity, which is comparable to that of digitonin (Table 2 and
Fig. 4). However, a significant decrease in hemolytic activity by both
saponins was observed when Chol was depleted by MBCD treatment.
The repletion of Chol in the erythrocyte membrane restored the he-
molytic activity of these two saponins. A similar trend was observed
with soyasaponin Bb(I), although it shows weaker hemolytic activity
than digitonin or OSW-1. Glycyrrhizin showed very weak hemolytic
activity (ECsp > 300 uM} in all the erythrocyte membrane systems

Table 1
Calcein leakage activity of liposomes in the presence and absence of various sterols.

Saponin EC5q (M)

Pure POPC  POPC/Chol POPC/Trg POPC/Epichol
Digitonin > 100 245 £ 11 705 = 2.4 > 100
OSW-1 > 100 354 £ 14 =100 > 100
Soyasaponin Bb(I) = 100 -~ 100 ~100 > 100
Glycyrrhizin = 100 > 100 > 100 > 100

Values are mean = SEM.
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Table 2
Hemolytic activity of saponins under Chol depletion/repletion conditions.

Saponin ECsq (uM)
Non-Depleted Chol-Depleted Chol-Repleted
Digitonin 143 = 0.9 = 300 254 = 1.2
OSW-1 74 £ 08 = 300 127 £ 1.1
Soyasaponin Bb(I) 1556 = 4.2 = 300 > 300
Glyeyrrhizin > 300 > 300 > 300
Values are mean = SFM.
100
80
4
Z 60
3 ®Noa-Depleted
E %0 ®Ciolesterol Depleted
o = Colssterol-Repleted
20
OSW-1 Digitonin  Soyasaponin

Fig. 4. Hemolytic activity of saponins (300 pM) using non-depleted, cholesterol-depleted
and cholesterol-repleted red blood cells. Human RBC (1%) was incubated for 18 h at
37°C.

(Table 2). The results of this assay suggest that Chol plays an important
role in the hemolytic activity of OSW-1, digitonin, and soyasaponin Bb
() [46-49].

3.3. Osmotic protection experiments

The osmotic protection experiment yielded information on the pore
size created by saponins as a consequence of hemolysis. First, the result
for AmB was consistent with published data [42] in which the esti-
mated pore diameter was ~0.9 nm (Fig. 5, yellow). Surprisingly in
digitonin, hemolysis did not suppress in all conditions (Fig. 5, blue). For
OSW-1, hemolytic activity started to suppress in the addition of PEG-
600 and did not exhibit hemolytic activity in the presence of PEGs with
larger size. This shows that OSW-1 was able to create pores with dia-
meter of ~1.6 nm (Fig. 5, green). In digitonin, the observed hemolytic
activity in the presence of the osmotic protectants is attributed to its
detergent activity that caused direct leakage of hemoglobin via mem-
brane disruption or cholesterol removal from membrane core [50]. In
the case of OSW-1, release of hemoglobin could be characterized by

100 ¢ =—@—digitonin
Wy —he—(OSW-1
® g0t ~=AmB
£
& 60
=l
<
=
2wl
=
5 20p
=
0 PR S S S S S S S
0 05 1 15 2 25 3 35 4 45 5 55

molecular diameter of solute (nm)
Fig. 5. Osmotic protection experiments for saponins using 1% (v/v) RBC. Pore size was
estimated using various osmolic protectants (30 mM). The concentrations of digitonin,
OSW-1, and AmB were 28.7 uM, 14.9 uM, and 4.0 pM, respectively.
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saponin-Chol interaction that leads to invagination of red blood cells
and subsequent formation of distinct pores [42].

3.4. Binding of saponin to membrane Chol, measured by fluorescence
spectroscopy using CTL

In order to investigate the ability of saponins to bind to Chol, cho-
lestatrienol (CI'L), a structurally close analog of Chol, was employed. In
an aqueous environment (above CMC of CTL, 1 nM) [51], a significant
increase in CTL fluorescence intensity was observed with increasing
OSW-1 concentration, which is attributed to the dose-dependent ag-
gregation of OSW-1 with CTL (Fig. 6A, blue). The increasing intensity of
emission (396 nm) as OSW-1 concentration increases indicates that the
aggregates of CTL, where the self-quenching of its fluorescence occurs,
are dissociated upon interacting with the saponin, which causes CTL to
partition to a more hydrophobic environment [52,53] (Fig. 6C). The
result suggests that the aggregated structure of CTL is separated into a
monomeric state to favor interaction and formation of mixed aggregates
with OSW-1. The result of this experiment shows that OSW-1 tends to
form a complex with Chol. Likewise, digitonin (Fig. 6A, black) showed
a similar pattern to OSW-1. On the other hand, glycyrrhizin (Fig. 6A,
green) showed no significant changes in fluorescence intensity with
increasing concentration, indicative of its weak binding affinity with
CTL.

The effect of saponins on CTL fluorescence in a bilayer environment
was assessed by using LUVs composed of POPC/Chol/CTL (molar ratio
of 90:9:1). A similar study had previously been performed for triterpene
saponins by using MLVs [32]. CTL in LUVs was incubated with saponins
for 3h and subjected to fluorescence measurements. In the bilayer
environment, the fluorescence intensities of CTL decreased in a con-
centration dependent manner at lower concentrations and showed the
lowest average intensity at 10 uM saponins except for glycyrrhizin. In
contrast, fluorescence intensities increased when saponins’ concentra-
tions were 30 uM and further increased at 100 puM (Fig. 6B, blue). The
observed decrease in fluorescence intensities could be attributed to the
reduction in fluorescence lifetime due to the perturbation of the lipid
packing by OSW-1 and other saponins [54]. The prominent increase in
the fluorescence intensity above 30 uM OSW-1 could be attributed to
formation of OSW-1/Chol mixed micelles |55]. Interaction of Chol with
a very high content of OSW-1, where the saponin concentration was
higher than lipid concentration, causes a disruption of the bilayer
structure and leads to the formation of the micelles largely in the
aqueous phase [51,52,56], which significantly increases fluorescence
life time due to the tight interaction of OSW-1/CTL in the micelles.
Comparable results were observed with digitonin (Fig. 6B, black).
Soyasaponin Bb(I) showed slightly weaker effect (Fig. 6B, red). In ad-
dition, dynamic light scattering (DLS) experiments demonstrated that
the size of the LUVs significantly decreased upon the addition of 30 pM
OSW-1 (Table S4 and Fig. $2). A similar reduction in particle size was
observed for digitonin, while soyasaponin Bb(I} showed only a marginal
reduction (‘lable $4).

3.5. Solid state ?H NMR for examining saponin/Chol interaction

The results described in the previous sections implied that the direct
molecular interaction of OSW-1/Chol is important for membrane dis-
ruption activity partly due to formation of mixed micelles. Thus, we
next measured solid-state ?H NMR spectra to determine the molecular
interaction between sterol and saponins in bilayer membranes through
signal broadening and splitting [43,57,58]. The quadrupolar splitting
pattern is greatly influenced by the molecular mobility and orientation
(the C—D vector) with respect to the bilayer normal and thus, is often
used to detect the direct interaction between membrane active com-
pounds and Chol-d in membrane. We used a 9:1 POPC/Chol-d system to
examine saponin/Chol interaction (Fig. 7) [57,58]. A typical Pake
doublet shown in Fig. 7A represents the usual molecular mobility of
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Chol-d in POPC membranes at 30 °C. As depicted in Fig. 7B and D,
OSW-1 and glycyrrhizin significantly reduced the splitting width of the
Pake doublet without affecting the gross signal shape. On the other
hand, the 2H NMR spectra of digitonin showed the complete dis-
appearance of the Pake doublet (Fig. 7C), which is in sharp contrast to
the OSW-1 spectra (Fig. 7B). The disappearance of the signals could be

Saponin concentration (uM)

attributed to the direct interaction between digitonin and Chol that
results in formation of large aggregates.

3.6. Solid state *'P NMR for examining membrane integrity

A)

Chol-d w/o saponin
Av value: 43.5 kHz

To further examine the effect of saponins on the physical properties

B)

Chol-d w/ OSW-1
Av value: 38.9 kHz

150 100 50 0 -50 -100 -150 150 100 50 0 -50 -100 -150
kHz kHz
C) D)
Chol-d w/ digitonin Chol-d w/ glycyrrhizin
Av value: not obs. Av value: 38.7 kHz
150 100 50 0 -50 -100 -150 150 100 50 0 -50 -100 -150
kHz kHz

Fig. 7. 2l NMR spectra of Chol-d/POPC bilayers (molar ratio 1:9) in the absence of saponins (A) and presence of OSW-1 (B); digitonin (C); and glycyrrhizin (D). All the saponin-

were p

d at the molar ratio of Chol-d-saponin, 1:0.5. “H NMR spectra were measured al 30 °C. The isotropic signals at 0 ppm are due (o the presence of

residual deuterium water in the prepared samples. The concentrations of POPC, Chol and saponin in the multilamellar vesicles (MLVs) were 47, 5.3, and 2.7 pmol, respectively.
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Fig. 8. *'P NMR spectra (black —) of MLVs consisting of POPC/Chol (9:1) in the absence of saponins (A) and presence of OSW-1 in the Chol/OSW-1 M ratio of 1:0.5 (B); digitonin in the
Chol/digitonin molar ratio of 1:0.5 (C); glycyrrhizin in the Chol/glycyrrhizin molar ratio of 1:0.5 (D). *'P NMR spectra were measured at 30 °C and referenced from 85% phosphoric acid
(H3PO,) peak set at 0 ppm. Red (— ) spectra corresponds to computer simulation using SIMPSON software [59].

of membrane such as a morphological change, *'P NMR spectra were
recorded in the presence and absence of a saponin. The spectra in
Fig. 8A show the axially symmetrical pattern for a typical lamellar
structure. The spectra of saponins show the reductions in the signal
widths, which can be attributed to the increased curvature due to
binding of saponin on membrane; the effect is more evident for OSW-1
than for glycyrrhizin, which is consistent with the results of DLS (Table
S4 and Fig. 82). In the spectrum of digitonin, an isotropic peak is ob-
served at O ppm (Fig. 8C). The presence of the isotropic signal is at-
tributed partly to formation of small particles, while the large portion of
membrane stays in the lamellar structure at this saponin/lipid ratio, as
shown by gross overlap with the red trace of the axially symmetrical
pattern [32].

4. Discussion

In the present study, we have carried out several experiments on the
membrane interactions and disrupting activities of OSW-1 and 3-O-
glycosyl saponins using both erythrocyte and model membranes. For
both of the membrane systems, we observed that the membrane-dis-
rupting activity of OSW-1 is markedly Chol-dependent and the potency
of the activities in ECsq values is in the tens of micromolar range in both
systems, albeit their large differences in membrane composition. These
results suggest that formation of OSW-1/Chol complexes is mainly re-
sponsible for its membrane disruption activity as is the case with di-
gitonin; several studies on saponins have established the importance of
Chol in their membrane permeabilization [23,24,30,32-34,60]. In our
study, we scrutinized the membrane activity of OSW-1 in comparison
with well-known saponins to deduce a possible mechanism of action for
its membrane-permeabilizing activities. The unique structure of OSW-1,
in which the partially acylated sugar chain is attached at the D ring of
the steroidal aglycone, intrigued us to investigate its interaction with
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Chol and the mode of membrane activity. The hydrophilic face of the
OSW-1 molecule due to the presence of three hydroxy groups resides
near a side chain, as shown in Fig. 1 according to the previous report by
Sakurai et al. [18]. Moreover, the overall three-dimensional structure of
OSW-1 was found to have a flat triangular shape, which could play a
role in exerting its potent bioactivity [18]. This characteristic amphi-
philic polarity likely differentiates the binding mode of OSW-1 to Chol
from that of usual saponins such as digitonin that bears a 3-O-sugar
chain. However, even though it possesses such a unique chemical
structure, OSW-1 showed Chol-dependent membrane activity compar-
able with digitonin.

First, we found that Chol is crucial for the potent hemolytic activity
of OSW-1 as is the case with digitonin, as seen in the hemolysis and
calcein leakage experiments (Figs. 3 and 4). Moreover, the membrane
permeability caused by the two saponins is highly sterol-dependent, as
observed in the calcein leakage assays (Fig. 3) and PAMPA permeation
(Table S1). These data indicate that OSW-1, as well as digitonin, pre-
ferentially recognize a sterol core. We further assessed the ability of
saponins to bind to CTL by measuring its fluorescence in aqueous and
bilayer environments. The high affinity of OSW-1 to Chol observed in
the CTL binding assay (Fig. 6) is thought to be attributable to the stable
hydrophobic interaction between the steroid rings of both molecules in
a face-to-face manner (Fig. 1). Although OSW-1 and digitonin showed
similarities in membrane-disrupting activities, OSW-1 is unlikely to be
oriented perpendicular to membrane as observed in digitonin upon
binding to Chol with the face-to-face interaction [61,62]. This is be-
cause such a parallel interaction with the head groups of Chol and lipids
is hampered by the triangular shape of OSW-1 in which the hydrophilic
sugar moicety resides apart from the 3-OH group (Fig. 1).

In contrast to the close similarity between OSW-1 and digitonin in
the membrane activity, solid-state 2H NMR and °'P NMR spectra
showed marked differences between the two compounds. The H
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Table 3
Estimated size of pores induced by saponin addition.

Saponin Pore diameter (nm)
Digitonin > 51
OSW-1 ~1.6
Amphotericin B ~0.9

spectra of Chol-d revealed that digitonin significantly slows down the
rotational motion of Chol, which resulted in a complete broadening of
the Pake doublet (Fig. 7C). The disappearance of the “H NMR signal
induced by digitonin suggests that saponin forms large aggregates with
Chol as reported previously [35,61], which greatly reduce the mobility
of Chol-d as seen for the other membrane-active compounds [43,58,63].
The 3'P NMR spectra of POPC with digitonin showed the presence of a
broad peak near 0 ppm (Fig. 7C), which could be attributed to an in-
crease in membrane curvature or a reduction in the vesicle size without
greatly affecting the overall morphology of the membrane [32,61].
Appearance of the small isotropic peak in the *'P NMR implies that
digitonin at this saponin/lipid ratio partly induces membrane de-
formation [32] while the mobility of Chol in the deformed area is
markedly restricted. This notion indicates that the tight interaction
between digitonin and Chol in large aggregates immobilizes Chol mo-
lecules, supporting the previous report by Frenkel et al. [61]. On the
other hand, OSW-1 did not reduce the ®H NMR signal intensity but
rather elicited a change in Av of Chol-d, as shown in Fig. 7B. The de-
crease in Av by 4.6 kHz after incorporation of 5 mol% OSW-1 suggests
that the direct interaction between OSW-1 and Chol-d results in the tilt
of the Chol axis against the bilayer normal. The molecular interaction
between OSW-1 and Chol could partly be attributed to the face-to-face
contact between their hydrophobic cores in the membrane. Ad-
ditionally, the presence of the unusual sugar moiety and the orientation
of OSW-1 [18] may have induced changes in the packing of the mem-
brane and contributed to the observed reduction in the Av value. Fur-
thermore, the 3P NMR showed that, except for digitonin, the overall
lamellar structure of the membrane was not significantly affected by
saponins including OSW-1 at 1:0.5 Chol/saponin ratio, but a noticeable
shift of the o, value was observed, probably due to the gross changes in
membrane curvature |32]. The conservation of the basic lamellar
structure of the membrane after addition of OSW-1 clearly shows that
there are no significant modifications in the arrangement of the sur-
rounding phospholipids [43]. In the H NMR spectra in Fig. 7, glycyr-
rhizin induced significant reduction in the Av value while it showed
very weak membrane activity (Figs. 3, 4 and 6). It is worth noting that

POPC
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Fig. 9. Hypothetical mechanism for the mem-
brane-permeabilizing effect of OSW-1 in Chal-

ini b (A) A
OSW-1 in Chol-containing membrane causes
small membrane defects. (B) Further binding
of OSW-1 results in the formation of a barrel-
stave-like assembly.

of

glycyrrhizin possibly binds to membrane Chol to a certain extent as
previously suggested by monolayer experiments (64| but hardly per-
turbs the membrane integrity as revealed by the *'P signal (Fig. 7D).

The ability of saponins to disrupt the bilayer structure and cause
membrane permeabilization has already been described in several reports
[22-24,28-33,61]. TTowever, a very few mechanistic studies [65] have
been carried out on saponins with unusual polarity such as OSW-1; the
structure-activity relationship study has been reported for triterpene sa-
ponins bearing two sugar chains at rings A and D [66]. Hercon, we at-
tempted to deduce the possible mechanism of interaction by OSW-1 to-
wards membrane permeabilization. The present results particularly
highlight the important role of Chol in membrane-permeabilization; we
have conducted similar NMR-based studies on membrane active natural
products such as amphidinol 3 [43] and theonellamide-A [63,67.68]. At
the first step, OSW-1 molecules bind to Chol in the membrane, leading to
an accumulation of OSW-1 on the surface of the outer leaflet. Next, the
binding of the saponin leads to the formation of an OSW-1/Chol complex,
followed by penetration into the hydrophobic interior of a bilayer
(Fig. 9A). Lastly, Chol leads OSW-1 to a deeper insertion into the mem-
brane core and causes transient pore formation and subsequent membrane
deformations (Fig. 9B), without greatly affecting the overall bilayer
structure [1,32,33]. Osmotic protection experiments (lable 3 and Fig. 5)
suggest that OSW-1 was able to create small pores with diameter of up to
1.6 nm in erythrocyte membrane. With the present results, the mode of
action of OSW-1 can use either the toroidal pore or barrel stave pore.
When we look closer at the results of the *'P NMR and the osmotic pro-
tection, the mechanism of OSW-1 may be directed towards the barrel stave
model. Amphidinol 3 [43] and alamethicin [69], which are thought to
form barrel-stave pore, hardly elicit *'P spectral changes and form rela-
tively small pores with narrow size distributions.

In calcein leakage experiments using artificial model membranes, the
membrane-permeabilizing activity of OSW-1 (ECso = 35.4 = 1.4 pM) is
much weaker than the reported ECsq values in cell-based assays (ECsy is
around 0.5nM) [17-20]. Saponins have been generally found to interact
with membrane sterols and promote aggregation |70], where slight changes
in the composition of membrane lipids and cholesterol could alter the
susceptibility of membrane to saponin-induced cytotoxicity [24,71]. More
importantly, interactions with other cell components including specific
signaling proteins may contribute to the high cellular toxicity of saponins;
OSW-1 has been reported to induce apoptosis through inhibition of the
sodium-calcium exchanger [72] and interaction with cytoplasmic proteins
[73]. The present PAMPA results in the present study revealed that OSW-1
far below the membrane-disrupting concentration permeates a Chol-con-
taining POPC membrane, indicating that OSW-1 can rapidly pass through
cellular membrane to reach the cytoplasmic side without transporters or
endocytosis. In the case of digitonin and other usual saponins, disruption of
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the bilayer structure is a prerequisite for membrane penetration while OSW-
1 probably passes through the membrane at lower concentrations with its
less hydrophilic structure; the number of hydroxy groups in OSW-1 is 5
while that of digitonin is 17. These characteristic features of OSW-1 may
partly account for its extremely potent cytotoxicity.

5. Conclusion

Our present work aimed to elucidate the mechanism of interaction
of OSW-1 with membranes in the presence or absence of Chol and its
membrane-permeabilizing properties through the use of spectroscopic
methodologies. Results of the experiments suggest a strong and highly
Chol-dependent OSW-1 interaction with membranes, as determined by
the hemolysis under Chol depletion/repletion assays, and calcein
leakage and PAMPA experiments. Solid-state [T NMR measurements
revealed that OSW-1 induces the mobility changes and/or the tilt of
Chol against the bilayer normal, as reflected by the decrease in Av.
Moreover, *'P NMR showed that the overall lamellar structure of the
membrane is not greatly affected by the OSW-1/Chol interaction.
Finally, we deduced a possible mechanism of interaction of OSW-1 with
Chol-containing membranes, which could be the key point for the
subsequent mechanism, inducing membrane permeabilization via pos-
sible pore formation. Furthermore, increased interactions between
OSW-1 and Chol caused partial membrane deformation, but did not
significantly affect the overall membrane integrity. The proposed model
in this study needs to be verified by further investigations by means of
additional spectroscopic and microscopic experiments.
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