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PREFACE

This dissertation work was conducted under the supervision of Professor Hiroshi
Umakoshi at Division of Chemical Engineering, Graduate School of Engineering Science,
Osaka University from 2014 to 2019.

The objective of this thesis is to establish the characterization methods to investigate
the interaction mechanism of steroid molecules at the lipid membranes. Especially, from the
aspects of the localized interaction behaviors of sterols from the surface to inner membrane
regions of phospholipid membranes, the roles of sterols in biosynthesis pathway and the
regulation functions of physicochemical membrane properties by sterol molecules were studied
by employing Cholesterol and its derivatives such as Lanosterol and Ergosterol. As model
biomembranes, the sterol-modified membranes were systematically characterized using
Langmuir monolayers and liposomal bilayer systems with the presence of variety of
phospholipid types. Furthermore, the diagram of sterol in membranes were constructed, and
the characterization methods were applied for bio-inspired membrane systems such as the

liposomes reconstructed by the lipid extracted from bacterial membranes.

The author hopes that this research would contribute to evaluation of the properties of
biomembranes, and to well-designed characteristic functional membranes and to apply for drug
carrier materials that enable the selective interaction with target molecules. The insights
obtained in this study are expected to contribute to the regulation mechanism of biological

membrane properties from the surface to inner membranes.

Tham Thi Bui

Division of Chemical Engineering
Graduate School of Engineering Science
Osaka University

Toyonaka, Osaka, 560-8531, Japan






Abstract

As one of the most abundant membrane components, phospholipids and sterols have been
studied for better understanding of their self-assembly behaviors and functions in biological
membranes. The functions of membranes, such as molecular recognition and transportation,
can be controlled by the physicochemical membrane properties that are regulated by the
presence of sterols, while the details of the sterol-incorporated membrane properties should be
furthermore investigated. The objective of this thesis is to establish the characterization
methods to investigate the interaction mechanism of sterol molecules at the lipid membranes.

In chapter I, the sterol-modified liposome membranes were systematically characterized
using multiple fluorescent probes. Herein, the localized membrane properties were estimated
by comparing the fluorescence emission properties of TMA-DPH, Prodan, ANS, Laurdan, and
DPH. Cholesterol (Chol) showed significant ordering effects in unsaturated 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) membranes, whereas those effects of Lanosterol (Lan), a
precursor of all sterols, were less especially at the membrane surface regions.

In chapter 11, the potential interaction behaviors between unsaturated phospholipids and
Chol and Lan were extendedly estimated using Langmuir monolayer systems by comparing
with Chol. The interpreted data from surface pressure-area isotherms were utilized to analyze
the ordering effect of each sterol. Particularly, the results of DOPC/Chol systems revealed a
stronger condensing effect of Chol even though at low concentration, while the condensing
effect of Lan became significantly at higher Lan content. The findings using monolayer
membrane systems could be responsible to weak but sure ordering effect of Lan in unsaturated
lipid bilayers.

In chapter 1V, the sterol Ergosterol (Erg) known to regulate membrane properties in lower
eukaryotes was studied based on the method described in above. Compared to Chol that orders
both saturated and unsaturated phospholipid membranes, Erg only preferentially ordered
saturated lipids such as 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) above their
melting temperature (Tm). The results from both monolayer and bilayer studies indicated the
formation of a liquid-ordered phase with saturated acyl tail lipids above Tm and the interaction
of Erg in different membrane phase states to modulate membrane fluidity and polarity.
Presumably, Erg preferentially interacts with saturated PC in the melted state, which stabilizes
membranes at high temperature.

In chapter V, the ordering effects of Chol and Erg in ternary lipid mixture systems
composed of unsaturated DOPC, saturated DPPC, and sterol were studied. The presence of >
30 mol% of Erg exhibited a significant ordering effect and stabilized membrane properties
when temperatures increased, similarly to Chol. Based on the dependence of membrane fluidity
and polarity on environmental temperatures, the coexisting phase states in ternary lipid mixture
systems could be estimated and phase diagram was constructed. It should be emphasized that
Erg had higher efficiency for ordering membranes enriched in saturated DPPC at high
temperatures (> Tm of DPPC). Estimated phase diagrams of membrane containing Chol and
Erg contribute to modeling the mammalian and lower eukaryote membranes, respectively.

In chapter VI, a strategy to characterize the physicochemical membrane properties had
been suggested, which efficiently provided insights into the ordering effects of sterol
derivatives in biomembranes. Deeper understandings in the membrane properties are expected
to contribute to the regulation mechanism of biological membrane properties, and to the design
of functional membranes that enable the selective interaction with target molecules.
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CHAPTER |

General Introduction

1. Biological membrane and phospholipid membranes

Biological membranes play important roles in cell life and performs a variety of cell

functions. The plasma membrane of

living species is consisted of a double sheet of lipid molecules and its functions as barriers
which separate the inner and outer compartments, protect inner contents from external stimuli,
recognize the signal transduction, and as a selective interaction with micro- and
macromolecules. In general, the membranes are composed of lipids, sterols, proteins and sugars,

and the compositions vary between types of cells (Fig. 1-1).

Lipid, one of essential components of biomembranes, is water-insoluble biomolecule that
is highly soluble in organic solvents. Lipid itself has a variety of biological roles such as cell
protection, cell-to-cell communication, control of micro-environments, and metabolism. In
which, lipids as membrane constituents have been mainly focused with the three major kinds

of membrane lipids as phospholipids, glycolipids, and sterols (Fig. 1-2).

All membrane lipids are amphipathic molecules which contain both hydrophobic and
hydrophilic regions. The amphipathic nature of membrane lipids that they can self-assemble to
make the membrane in polarizing environment with distinctive structures as micelle, bicelle or
vesicle (Shimizu et al., 2005). Whereas, vesicle of lipid bilayer has common structure to

biological membranes. The ability of lipid molecules such as differences in the acyl chain

Extracellular

ﬁ{w =4

l-)-
Cytoplasm

Fig. 1-1 A schematic presentation of a biomembrane.
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Fig. 1-2 Chemical structure of phospholipids, glycolipids and sterols (Helen et al., 2015).

length or the number of double bonds in the fatty acid tails are important to influence the

packing of membrane that influences the fluidity of the bilayer. The presence of sterol is well-

known as thermodynamically unfavorable for lipid motions and changes the membrane phase

behaviors.

2. The applications, applicability and trends of the lipid membrane systems

Table 1-1 Applications of the lipid self-assembly systems

Research Tools Target System Reference
Cholesterol ~ oxidase/
Cholesterol polymerized Nikolei et al., 2013
membranes
Enzyme activity Langmuir-Blodgett Gracaet al., 2014
membrane
Biosensor Dopamine Peroxidase/Dithiotreitol | Fritzen-Garcia et
supported membranes | al., 2013
Vanillin in
alcoholic Polymerized Nikolelis et al.,
beverages and | membranes 2002
wine
Quinolones Langmuir-Blodgett Bensikaddour et
membranes al., 2008
) Langmuir-Blodgett Pavinatto et al.,
Drug delivery Chitosan/ Dextran men?branes ) 2007
. . Rodrigues et al.,
Haloperidol Liposomes 2001
Azithromycin Liposomes Faet al., 2006




The lipid self-assembly systems are considered as the potential research tools to
elucidate physiological responses, interaction behaviors between molecules, and
biosynthesis pathway of sterols or any molecule. These systems have been applied in
vaious fields such as the development of biosensors for environmental monitoring,
clinical diagnostics and drug delivery systems, which have been reported and
summarized in Table 1-1 (Siontorou et al., 2017).

The lipid membrane can also maintain lots of membrane associating candidates, i.e.,
enzymes, antibodies, receptors, transporters in the preserved physiological conditions to
mimic cell conditions. The formation of lipid membranes immobilized with these
biomolecules changes the electrical characteristics of the membrane which are readily
recorded by electrochemistry. In a broad sense, a biosensor detector can select and
optimize any artificial lipid systems incorporated various bio-elements. Specifically,
Langmuir-based technology was utilized to monitor enzyme activity using
electrochemiluminescence. This technology facilitated the introduction of different lipid
groups and conjugates in each monolayer to yield membranes with entirely new
properties (Jiao et al., 2010). As another example of biosensors, a novel potentiometric
Chol biosensor has been fabricated through the immobilization of the stabilized
polymeric lipid membrane onto graphene electrode. Consequently, the Chol biosensor
revealed a high sensing, capability and good selectivity (Nikoleli et al., 2013).

Due to the various forms of lipid self-assembly systems, these structures can deliver
both hydrophilic and hydrophobic drugs for cancer, antibacterial, antifungal, diagnostics
and etc. For example, the development of liposomal amphotericin B using liposome is a
novel and successful drug to improve the potential antifungal activity and reduce the
cytotoxic effect. However, drugs usually target intracellular reaction sites. Thus, drug-
lipid membrane interactions occur at some points and result in drug pharmacokinetics and
efficacy (Peetla et al., 2009). Moreover, the different intracellular accumulation rates of
drugs, four structurally similar quinolones as ciprofloxacin, levofloxacin, garenoxacin
and moxifloxacin were recorded (Michot et al., 2005) and studied with Langmuir-
Blodgett model membranes. The data shown that quinolones exerted a condensing effect
on the membrane and the efficiency differed between the quinolones and its derivatives,



as even small differences in their molecular structures alter the lipophilicity of each

compound (Bensikaddour et al., 2008).

3. Sterol and its biosynthesis pathways
It is widely recognized that sterols play important roles in regulating biological

processes and stabilize membrane structures. The roles of sterol in physicochemical

Hal,

A) Sterol biosynthesis pathway

Bacteria

Hopanoids

12 steps

Squalene epoxide Cycloartenol Stigmasterol

Plant

Cholesterol lfrgosterol

Vertebrate Fungi

Fig. 1-3 The biosynthesis pathway of sterols leading to bacteria, fungi, plant and
vertebrate sterols (A) and numbering of carbons and cycles of steroids (B) (Desmond

and Gribaldo, 2009).



properties of the lipid self-assembly systems have been elucidated. However, how sterol
synthesis based on lipid membrane still need studying.

In sterol synthesis pathway, squalene is convert to hopanoids in bacteria membrane
in the presence of a squalene-hopene cyclase enzyme, while by several steps and specific
enzymes squalene itself also can altered to ergosterol (Erg) in lower eukaryote

membranes, to stigmasterol or campesterol in plant cells or to cholesterol (Chol) in

Table 1-2 Roles of sterols in membrane dynamics

. Membran
Species | Systems Sterol Method emb 6} ¢ Reference
dynamic
Solid state | Thickening Gamier et
DMPC Chol NMR membrane al., 1991
Orientperpendicular
the membrane James et
DPPC Chol NMR surface
. al., 2008
Membrane fluidity
Mammals .
stabilization
Neuron
orPC | Cho difration, | I"eTé2 thecrdered. | Leonerd e
NMR v
Less ordering Faure et
DPPC Chol sulphate | NMR membranes al.. 1996
Beck et
DMPC cveloartenol Solid-state | Effect on the al., 2007
DPPC y NMR membrane order Leonard et
Plants
al., 1993
Stigmasterol Increase the Mehran et
DPPC Sitosterol NMR membrane order al.,, 2016
Disordering and
ordering effect in
. unsaturated and Huesh et
Fungi POPC Erg NMR saturated lipid al., 2007
membranes,
respectively
Ordering effect Haines et
Inhibit proton al., 2001
Bacteria | DMPC | Hopanoids NMR leakage through Ribeiro et
membrane al., 2007
rein force membrane | Leonard et
cohension al., 2001




vertebrates (Fig. 1-3) (Desmond and Gribaldo, 2009). Whereas, sterols in bacteria, plant
and animal were well-studied as the roles in membrane properties, but the roles and
mechanism of Erg regulating membranes were still need further studies.

For examples, the hopanoids are studied well and are found in diverse bacteria with
special structures as compared to sterols in other species. Particularly, hopanoids is a
planar, polycyclic hydrocarbon containing five rings compared with four rings in sterols,
and it has a variety of polar and nonpolar side chains (Sessions et al., 2013; Talbot et al.,
2001). Owing to their chemical structures, hopanoids can intercalate into lipid bilayers
and interact with lipids to alter the biophysical properties of membranes, as they have a
condensing effect and decrease the permeability of membranes (Kannenberg et al., 1983;
Poralla et al., 1980; Belin et al., 2018; Nagumo et al., 1991; Chen et al., 1995), promote
the formation of raft domains in bacteria and eukaryotic membranes (Saenz et al., 2012;
Séenz, 2010; Séenz et al., 2015; Pike, 2009; Gumi-Audenis et al., 2016; Brown and
London, 2000).

Similarly, there are variety of researches about plant sterols which are synthesized
via the mevalonate pathway of isoprenoid metabolism. Stigmasterol and sitosterol are
typical plant sterols among phytosterols, they have a strong ordering effect on model
membranes above the phase transition temperature and the disordering effect at
temperatures below the phase transition (Beck et al., 2007; Hodzic et al., 2008; Nikolelis
and Theoharis, 2002; Halling and Slotte, 2004; Roche et al., 2008).

Furthermore, in vertebrates, Chol has been the most studied both in model and natural
membranes and lots of experimental and theoretical efforts have provides evidence that
Chol is able to increase the order of membrane packing (Mouritsen and Zuckermann,
2004; Simons, 2000; MacDermaid et al., 2015; Yuan and Johnston, 2002), lower
permeability (Jurak, 2013; Szabo, 1974), maintain the fluidity and fusion rate (Mouritsen
and Zuckermann, 2004; Simons, 2000; Yuan and Johnston, 2002). On the other hand,
phase behavior studies of Chol/phospholipid mixtures show that Chol can induce the
formation of a liquid-ordered phase (Lo). Which is responsible for the seemingly
contradictory coexistence of tight packing and high fluidity in both monolayer and bilayer
membranes (Yuan and Johnston, 2002; de Meyer and Smit, 2009). The small, dynamic,

tightly bundled Chol-lipid assemblies, known as lipid rafts in the L, phase, are considered



to be the microscopic mechanism for Chol’s unique functions in bilayers and monolayers
(Ando et al., 2015; Lingwood and Simons, 2010; Simons, 2000).

In higher eukaryotes, Chol is abundant, whereas Erg is found in lower eukaryotes
such as protozoa, yeast, fungi and insects (Arora et al., 2004; Henriksen et al., 2006).
Despite numerous studies focusing on Chol’s impact on membrane properties, Erg and
other sterols have not been studied nearly as extensively. The effects of sterols in model
membrane were summarized in Table 1-2. Particularly, Erg has an additional double
bond in the steroid ring in comparison to Chol, as well as a double bond and an extra
methyl group in the alkyl tail (Fig. 1-3). These structural differences enable Erg to exhibit
distinctive effects in membranes (Hung et al., 2016). However, it is still unclear exactly
how Erg behaves and alters membrane properties, as well as why Erg is the primary sterol
in lower eukaryotes.

More recently, Erg is reported as a target of antifungal agents such as polyene, azole,
allylamine, thiocarbamate, morpholine (Table 1-2), in which agents act by forming a
complex with Erg or deplete from the plasma membrane, causing the membrane
disruption, increasing the leakage of cytoplasmic contents and ultimately cell death (Fig.

1-4) (Bellmann, 2013; Cheah et al., 2014; Francis et al., 1994; Gallis et al., 1990; Mazu
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Fig. 1-4 The schematic of antifungal agents interfering membrane stuctures




et al., 2016; Bolard, 1986). Almost antifungal drugs have a higher affinity for Erg than
Chol and less toxic in mammal cells, although there is a little difference between Erg and
Chol (Warnock, 1991). Liposomes have been designed to incorporate antifungal drug to
reduce the side effects of drugs (Francis et al., 1994; Moen et al., 2009). Upon the binding
to the cell wall, the liposomes were disrupted and drugs were released and bound to Erg
to Kkill fungal cells (Adler-Moore and Proffitt, 2002). The questions raised from this issue
are why Erg and Chol had such as differences and how their membrane properties control

sterol activity and how membrane properties alter during the applications of antifungal.

4. Membrane characterization methods

To investigate the role of sterols in membranes, especially Chol and its derivatives
such as Erg and Lanosterol (Lan), the properties of membranes modified with sterols
should be studied due to the biological functions of cell membranes strongly coupled with
their fundamental physicochemical properties. In which, the phase state, hydration, and
dynamics of the constituting molecules determine the membrane structure and regulate
the binding and transport of molecular. Thus, monitoring these properties in situ is an
important task in membrane biophysics. The unique features of fluorescence techniques
in comparison with other methods that are capable of evaluating membrane properties
(notably NMR, FTIR, EPR, etc.) and their ultimate sensitivity up to a single-molecule
level and their ability to operate in biological systems of varying complexity, up to the
level of living cells and tissues (Demchenko et al., 2009).

Additionally, as they present half of a membranes, phospholipid monolayers have
also been considered as good models of biomembranes. The early work employing
monolayer system was largely hampered by the absence of tools to investigate liquid-
liquid interfaces with molecular resolution, which has not been revealed by the studies of
fluorescent probes in bilayer membranes yet. Since many of interface-sensitive
techniques have become applicable to fluid interfaces, for examples fluorescence,
reflection—absorption FTIR-spectroscopy (Dluhy et al., 1983), X-ray (Kjaer et al., 1987;
Dutta et al., 1987), neutron scattering (Penfold and Thomas, 1990; Vaknin et al., 1991),

ellipsometry (Reiter et al., 1992), and Brewster angle microscopy (Hénon and Meunier,



1991; Reiter et al., 1992), and nonlinear optical spectroscopy (Vogel and Shen, 1991).
Therefore, studies of Langmuir monolayers and fluorescent probes in bilayers are suitable

for investigating the physicochemical properties of lipid membranes.

4.1. Multi-focal properties of lipid bilayer systems

A particularly popular approach to study the structure and dynamics of lipid
membranes and the effects of molecules embedded in lipid bilayers is based on the use of
fluorescent probes (Abrams and London, 1993; Chattopadhyay and London, 1987; Epand
et al., 1996; Lentz, 1989; Lentz, 1993; Maier et al., 2002; Somerharju, 2002).

Firstly, the fluidity (micro-viscosity) is the measure of frictional resistance to
rotational and translational motion of molecules that can estimated by the fluorescence
anisotropy of 1,6-diphenyl-1,3,5-hexatriene and its trimethylamino-derivative (DPH and
TMA-DPH, respectively). The quantum yield and fluorescence intensity decays show
little sensitivity to the phase state of lipid membranes, unlike the fluorescence anisotropy,
which decreases threefold upon melting of the lipid acyl chains. Consequently, both DPH
and TMA-DPH have been commonly used as probes of membrane fluidity (Lentz, 1989;
Lentz, 1993). Whereas, DPH is mostly utilized as a reporter of the highly disordered
hydrophobic core, and TMA-DPH is dominant in shallow regions of the bilayer (glycerol
backbone and upper segments of the phospholipid acyl chains) because of its cationic
group acting as an anchor to the water/bilayer interface.

Secondly, lots of fluorescent probes are sensitive to membrane polarity with
fluorescent decay kinetics depending on the dielectric constant of membrane
environments (Stubbs et al., 1995; Macgregor and Weber, 1981). 6-Propionyl- and 6-
lauroyl-2-dimethylaminonaphthalene (Prodan and Laurdan, respectively) are those with
environmentally sensitive steady-state fluorescence parameters, in which a noticeable
red-shift of their emission is observed with increasing solvent polarity due to the dipolar
relaxation phenomenon (Parasassi et al., 1994; Parasassi and Gratton, 1995; Macgregor
and Weber, 1981). The generalized polarization (GP) method was developed by Parasassi
et al. to quantitatively analyze the differences in the emission spectra, and to exploit a
possible selective excitation of two probe populations in different environments. The

advantages of the GP method reside in its sensitivity to the properties of the membrane
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Fig. 1-5 Multiple fluorescent probes utilized for membrane characterization.

Table 1-3 The fluorescent probes utilized in investigation of membrane properties

Fluorescent Excited Emission
robes Detecting regions wavelengths wavelength
P (nm) (nm)
TMA-DPH Interfacial fluidity 360 410
DPH Inner fluidity 360 430
Prodan Interfacial polarity 340 400 — 600
Laurdan Inner polarity 340 400 - 600
Membrane
ANS hydrophobicity 350 375 -600

and in the possibility of determining and quantifying the phase state of the membrane.
Because of the different lengths of their acyl residues, the two probes locate differently

in the bilayer depth, while Laurdan burdens in a deeper region as compared to Prodan.
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Thirdly, a fluorescent probe of 1-anilino-8-naphthalene sulfonate (ANS) is an
extensively utilized probe for characterization of protein binding sites of the
hydrophobicity of membranes. ANS binds preferentially to hydrophobic cavities resulting
in a low fluorescent intensity, and the quantum yield of ANS also depends on the
physicochemical property of the membrane (Schonbrunn et al., 2000). Therefore, ANS is
employed to demonstrate the membrane characteristic. Fluorescent probes used in this

study were summary in Table 1-3 and Fig. 1-5.

4.2. Monolayer at air-water interface

A singer layer formed at the air-water (A-W) interface by insoluble amphiphilic is
called a Langmuir monolayer. An amphiphilic molecule generally comprises of two parts:
hydrophilic (polar) head part and hydrophobic (non-polar) tail part. Their hydrophilic
parts can be -COOH, -OH, -CN and -NH2 which can easily form hydrogen bond with
water and hence it can stay with water molecules without any appreciable change in the
entropy. While the hydrophobic part can be aliphatic chains, aromatic ring systems or the
combination of two and increase the membrane order. The ordering membrane decreases
the overall entropy of the system and hence the hydrophobic tail group favors to stay
away from the water (Findenegg, 1986). In Langmuir monolayer, the assemble of

i
fo o o

Surface pressure ()

Surface area

Fig. 1-6 A schematic diagram showing the experimental set up for the measurement
of surface pressure — area isotherms. The basic part of the set up are as follows: (1)
Teflon trough, (2) Teflon barriers, (3) subphase, (4) Wilhelmy plate, (5) surface

pressure sensor, (6) computer, (7) connecting wires.
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hydrophilic and hydrophobic parts form a monolayer at the A-W interface which provides
an ideal two-dimensional (2D) system to study the surface thermodynamics where the 2D
plane is provided by the smooth water surface. The surface density of the molecules in
the monolayer is varied by changing the area available for the molecules by moving the
barriers laterally. The surface pressure (n-A) was measured using a Wilhelmy plate
method. The experimental set up for measurement of surface pressure-area isotherms was
shown in Fig. 1-6.

A typical n-A isotherm was shown in Fig. 1-6 with a plateau in the isotherms
representing the coexisting of two phases. A plateau in the isotherm indicates a phase
transition from gas phase, very large area and molecules to be far apart and not exert any
force on each other. On compression, the molecules condense to a low-density liquid state.
On further compression, the membrane phase transforms to a high-density liquid state.
Therefore, the phase state of monolayers can be easily triggered at constant temperature
by increasing the packing density of the lipids by compression. The interaction can be
directly determined by the observed structure changes. The yield of enzymatic reaction,
secondary structures of peptides or proteins can be measured by monolayer studies.
Therefore, the relevance and utility of Langmuir monolayers are the suitable models to
study physical state and chemical interaction at membrane surfaces.

5. Overview of this study

The final purpose of this thesis is to characterize properties of membranes modified
with Chol and its derivatives by monolayer and bilayer studies. Then, the mechanism of
interaction of between sterol molecules and membrane components will be clarified and
the roles of sterol in regulating membrane properties could be investigated. Finally, these
characterizations can be applied for the model and living cell membranes. The framework
and the flow chart of the present study are shown in Fig. 1-7 and 1-8, respectively.

In Chapter Il, the biosynthesis pathway and diversity of Chol from Lan were
investigated based on membrane physicochemical properties, with the respect to the
regulation of self-assembly via sterol insertion. The behavior of sterol molecules

investigated in the mixture of unsaturated phospholipids as 1,2-doleoyl-sn-glycero-3-
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phosphocholine (DOPC) were revealed by the influence in membrane properties from the
surface to inner membrane leaflets by using multiple fluorescent probes. Given the
different binding positions of the probes in the membranes, the differences in membrane
properties reflected the degree of interactions between Chol and (or Lan) and DOPC at
different locations in the membrane. The surface membrane fluidity, hydrophobicity,
surface membrane polarity and inner membrane polarity, and inner membrane fluidity
were indicated by several fluorescent probes, including TMA-DPH, ANS, Prodan,
Laurdan, and DPH, respectively. The results clarified that both sterols could regulate
membrane in distinctive ways. Particularly, Chol had strong ordering efficiency in
unsaturated phospholipid membrane from surface to inner membrane even at low
concentration. However, Lan with little difference in chemical structures, it showed
weaker ordering effect as compared to Chol in ordering the unsaturated membrane in
hydrophobic region at high concentration. It is proposed that Chol is suitable, dominant
and plays important roles in regulate membrane properties of vertebrate membranes
which are enriched in unsaturated phospholipids.

In Chapters Ill, the interaction behaviors of Lan and Chol was continued to
investigate by monolayer studies to clarify and compare the potential interaction of sterols
with unsaturated lipids as DOPC. The membranes modified with sterols at difference
ratios were prepared at the air/water interface to obtain the Langmuir isotherms. The
alteration phospholipid membrane areas at a specific surface pressure resulted in the
negative or positive excessed area. Whereas, the negative values of excesses area
indicated the attractive interaction of Lan and Chol with unsaturated phospholipid
molecules and positive values shown the unattractive between molecules. Additionally,
the increase of compression modulus for Chol mixed membranes was higher than that of
Lan which had the highest values at high concentration, and indirectly reflect the ordering
effect efficiency of sterols in mixed membranes. Finally, a favorable interaction between
DOPC and Chol were emphasized by the negative excessed Gibbs free energy as explain
why Chol is more suitable for animal membranes. Results from Langmuir monolayer
surely confirmed that Lan had an interaction with membrane although it has insignificant

effect in each membrane regions proved by fluorescent probes in bilayer systems.
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In Chapter 1V, both Langmuir monolayer and multiple fluorescent probes analysis
were applied to determine the interaction behavior of Chol’s derivative, Erg, in different
membrane types. Erg is an ubiquitous constituent sterol in the membrane of lower
eukaryote and had a small difference in chemical structures compared to Chol. The binary
lipid membranes composed of Erg and diacylglycerophosphocholine (PC) with
unsaturated acyl chains as DOPC, and saturated acyl chains be different in tail length as
1,2-dilauroyl-sn-glycero-3-phosphocholine  (DLPC), 1,2-dimyristoyl-sn-glycero-3-
phosphatidylcholine (DMPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
were studied in Langmuir monolayer and bilayer vesicle systems. From the excess area
measured in 7-A isotherms, the attractive interaction between Erg and saturated PC were
significant above the melting temperature (Tm) of PC. Conversely, repulsive interactions
were observed at temperature below Tm. From the analyses of membrane fluidity and
polarity using fluorescent probes, similar trends were obtained in the bilayer systems
where Erg had an ordering effect on saturated PC vesicles. In contrast, in unsaturated PC
systems, Erg did not alter membrane ordering. These finding demonstrated that the
interaction of Erg with fluid state PC lipid will maintain the lower eukaryote membranes
in a more ordered state, similarly to the effect of Chol in higher eukaryote.

In Chapter V, the phase behaviors of Erg and phospholipid mixtures were
investigated and phase diagram was constructed and compared to the effect of Chol in
similar lipid systems. The effect of Erg in saturated DPPC and unsaturated DOPC bilayer
membrane fluidity and polarity were systematically analyzed using fluorescent probes.
The presence of Erg with > 30mol% showed a significant ordering effect and stabilized
membrane properties when temperatures increased, suggesting a similar function of Chol
in same lipid systems that makes L, phase. In addition, the interaction behavior and
condensing effect of Erg in respective membrane systems were determined using
Langmuir monolayer via the surface pressure-area isotherms. The results clarified that
Erg in DOPC/DPPC=75/25 resulted in expending membranes, while Erg in
DOPC/DPPC=50/50 and 25/75 were condensing. Based on the behaviors of Erg in
membrane monolayer and bilayer systems, the phase diagram of DOPC/DPPC/Erg was

constructed. These new findings suggest that, which are rich in saturated lipids, contain
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Erg to stabilize membrane homeostasis. While, Chol has more influence in phase states
of the membranes enriched both in unsaturated and saturated lipids.
In Chapter VI, the results obtained in this work are summarized in General

Conclusion, and Suggestions for Future Works are described as extension of the present

thesis.
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Chapter I

Roles of Cholesterol and Its Derivatives in Regulating the Properties of

Phospholipid Bilayer Systems

1. Introduction

Considering the roles of the sterol molecule in lipid bilayer membranes, such a
diversity in the chemical structure of sterols could be reasonable to regulate the membrane
properties depending on species. In artificial membranes, Cholesterol (Chol) inserts into
and interacts with the plane of the bilayer, with its hydroxyl group near the ester carbonyl
of phospholipid molecules and the hydrocarbon tails extending toward the bilayer center
(Bittman, 1997; Yeagle, 1985; You et al., 2003; Worcester and Franks, 1976; Dufourc et
al., 1984). In general, Chol is distributed in parallel to the phospholipid hydrocarbon
chain, and its tetracyclic ring structure lies near the phospholipid hydrocarbon tail at
positions 2—10 (Morrow et al., 1995; Stockton and Smith, 1976; Davies et al., 1990).
Because of the closely proximity of the planar sterol ring system, the hydrocarbon chains
are ordered in the inner membrane. Chol interacts with the phospholipid membrane in the
headgroup region through hydrogen bonds and with the hydrocarbon chains through van
der Waals forces and hydrophobic forces (Yeagle, 1985; Slotte, 1999; Yeagle et al., 1977,
McMullen and McElhaney, 1996).

Chol Lan Erg

Fig. 2-1 Chemical structure of three sterols.
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It is indicated that sterols influence the membrane permeability (Miao et al., 2002)
and the conformational order of the lipid acyl chains (Bernsdorff and Winter, 2003;
Pencer et al., 2005; (Dahl et al., 1980). Further, sterols also control the membrane lateral
organization (Pencer et al., 2005; Xu et al., 2001) and the membrane hydrophobic
thickness that is responsible in part for the regulation of lipid-protein interactions (Pencer
et al., 2005; Ipsen et al., 1990; Ali et al., 2007). Specific sterols, in particular Chol, has
cohesive interactions with saturated lipids (Bernsdorff and Winter, 2003; Xu et al., 2001).
Chol and Lanosterol (Lan) (Fig. 2-1) have similar dimensions such as the length of the
rigid ring and the total length of the molecule (Pencer et al., 2005), and they own common
features like a planar cyclopentane-phenantrene ring, a 3-OH group, and a hydrophobic
side chain linked (Urbina et al., 1995). Thus, the other lipids and modulation of membrane
properties(Urbina et al., 1995; Bernsdorff and Winter, 2003; Henriksen et al., 2004;
Endress et al., 2002; Xu et al., 2001).

With two S-oriented methyl groups at 10C and 13C and a branched hydrocarbon tail
at 17C, Chol orients with its 35-OH group in proximity to the phospholipid ester carbonyl
oxygen, within the hydrophobic-hydrophilic interface, and aligns its long molecular axis
parallel with the acyl chains of membrane phospholipids. Thus, the interaction between
the rigid and smooth hydrophobic part of Chol, as well as its side chain and other lipid
species, is due to van der Waals forces and is inherent to the Chol structure itself. Lan has
three additional methyl groups compared to Chol, two of which are attached to 4C (a-
and f-faces) and the third attached to 14C (a-face), thus making the a-face asymmetric.
Moreover, Lan contains two double bonds, one at position 8C and the second at position
24C. Because of the three additional methyl groups, Lan is bulkier than Chol, and its
structure does not facilitate strong interactions with lipids. The amphiphilic nature of
these molecules orient with their hydrophobic part between the lipid acyl chains and with

the hydroxyl group close to the phospholipid ester carbonyl oxygen.

The cooperation and interaction of sterols in natural membranes comprise a topic of
current research. However, because of the complexity of experimental method and the
results obtained, such an approach is not frequently reported, as compared to bilayer lipid
membranes (Mifiones et al., 2009). The bilayer lipid membrane formed in the aqueous

environment has advantages over other methods because it allows for control of the
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composition, molecular packing, and physical states. The study of mixed lipid systems
has been focused to investigate the nature of biological membranes, which contain high
amounts of saturated and unsaturated phosphatidylcholines (PC) such as 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), respectively (Svetlovics et al., 2012). Recently, the effects of sterols (e.g. Chol
and Lan) on the properties of DPPC membranes were compared on the basis of thermal
phase behavior NMR (Mannock et al., 2006; Miao et al., 2002), and fluorescence
anisotropy measurements (Bernsdorff and Winter, 2003). It was found that the interaction
of these lipids depends on the structure of the sterol side chain and the tetracyclic nucleus.
In particularly, they form the liquid ordered phase (L,) in membranes and have a
condensing effect of different scales. Nevertheless, the effect of these sterols on changing
the characteristics of unsaturated phospholipids (i.e., DOPC) membranes has still not
been clarified because of its complexity in contrast to that of saturated phospholipids (i.e.,

DPPC).

Therefore, in this study, the influences of Chol and Lan on the alterations in
membranes was investigated, from the surface to interior of DOPC membranes. To
understand the mechanism underlying the interaction between phospholipids and steroids
in the membrane, the basic membrane properties were analyzed using multiple
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Fig. 2-2 Conceptual illustration of chapter Il.
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fluorescent probes with different binding depths within the membrane and each part of
the membrane from the exterior to the interior of the membrane was analyzed. By
analyzing the binding depth (¢) of each fluorescent probe, e.g., 1-[4-
(Trimethylamino)phenyl]-6-phenylhexa-1,3,5-triene (TMA-DPH), 8-anilino-1-
naphthalenesulfonic acid (ANS), 6-propionyl-2-dimethylaminonaphthalene (Prodan), 6-
dodecanoyl-2-dimethylaminonaphthalene (Laurdan), and 1,6-Diphenyl-1,3,5-hexatriene
(DPH), the experimental fluidity and polarity of full-part membranes and the affinity and
location of sterols in the membrane could be determined. Thus, the roles of steroids in the

membrane were clarified based on qualitative analysis (Fig.2-2).

2. Materials and methods
2.1 Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) were purchased from Avanti Polar Lipids (Alabaster, AL).
Chol and Lan were purchased from Sigma-Aldrich (St. Louis, MO, USA). Other
chemicals were purchased from Wako Pure Chemical Industry Ltd. (Osaka, Japan) and

were used without further purification.

2.2 Liposome preparation

A chloroform solution of DPPC and DOPC with Chol and Lan in 10 mol%, 30 mol%
and 50 mol% of each sterol in chloroform was dried in a round-bottom flask by rotary
evaporation under a vacuum. The lipid films obtained were dissolved in chloroform twice,
and the solvent was evaporated. The lipid thin films were kept under a high vacuum at
least 3 h and then hydrated at room temperature with 3 mL phosphate-buffered saline
(PBS). The vesicle suspension was frozen at -80 °C and thawed at 50 °C to enhance the
transformation of small vesicles into larger multi lamellar vesicles (MLVs). This freeze

and thaw cycle were repeated five times. MLVs were used to prepare the large unilamellar
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vesicles (LUVs) by extruding the MLV suspension 11 times through two layers of
polycarbonate membranes with mean pore diameters of 200nm using an extruding device

(Liposofast; Avestin Inc,. Ottawa, ON, Canada).

2.3 Evaluation of the membrane fluidity in the surface and inner membrane

10 uL of fluorescent probes (100 uM of TMA-DPH or DPH, dissolved in ethanol)
were added to 12.5 uL liposome solution (total lipid concentration: 20 mM) in 977.5 pL
PBS buffer (molar ratio: total lipid/probe=250/1). The fluorescence polarizations of DPH
and TMA-DPH (Ex = 360 nm, Em = 430 nm) were measured after 1 h incubation at 37 °C,
by using the fluorescence spectrophotometer (FP-6500; JASCO, Tokyo, Japan). The
samples were incubated at least 30 min in the dark. The samples were excited with
vertically polarized light (360 nm), and emission intensities both perpendicular (1) (O °,
0 °) and parallel (11I) (0 °, 90 °) to the excited light were recorded at 430 nm. The

polarization (P) of DPH was then calculated by using the following equations:

= =Gl @)
(I,J/"' Gfi)
=1L (2-2)
Iy

where 1L and I|| are the emission intensities perpendicular to the horizontally polarized
light (90 °, 0 °) and parallel to the horizontally polarized light (90 °, 90 °), respectively,
and G is the correction factor. The membrane fluidity was evaluated by the reciprocal of
polarization (1/P). The total concentrations of lipid and DPH or TMA-DPH were 100 and

0.4 uM, and the final volume for each sample was 1 mL.

2.4 ldentification of membrane hydrophobicity by using ANS

With the suitable excited wavelength at 350 nm, the fluorescent spectra for ANS

were recorded at emission wavelengths from 375 nm to 600 nm for each kind of liposome.
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The hydrophobicity of membrane was reflected by comparing the intensity values at 484

nm (lsga).

2.5 Characterization of membrane polarity by using Prodan and Laurdan

10 pL of fluorescent probes (100 uM of Laurdan or Prodan, dissolved in ethanol)
were added to 12.5 pL liposome solution (total lipid concentration: 20 mM) in 977.5 uL
PBS buffer (molar ratio: lipid/probe=100/1). The sample solutions were incubated for 2
h at 37 °C, then the fluorescence spectrum of Laurdan or Prodan for each liposome was
recorded at appropriate emission wavelengths from 380 nm to 600 nm at 37 °C, with the
excitation wavelength of 340 nm. For Laurdan, the membrane polarity (GP340,Laurdan) Was
estimated based on the following equation:

GP3sorauraan = % (2-3)

here laso and lsgo are the emission intensities of Laurdan at 440 nm and 490 nm,

respectively.

For Prodan, the membrane polarity (GPssoprodan) Was estimated based on the

following equation:

GP — (1437 - [510)
340Prodan (1437 + [510) (2'4)

where ls37 and Isio are the emission intensities of Prodan at 437 nm and 510 nm,
respectively. The total concentrations of lipid and Laurdan or Prodan were 100 and 1 uM,

and the total volume for each sample was 1 mL.

2.6 Normalization of fluidity, hydrophobicity and polarity membrane

To understand and evaluate the effect of each sterol in phospholipid membranes, the
raw data were normalized as the following equation (2-5). The normalized values z’ for

membrane fluidity (measured by TMA-DPH or DPH), hydrophobicity (measured by
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ANS) and membrane polarity (measured by Prodan or Laurdan) were calculated by using

1/P, laga, and -GPaao, respectively.

N
=

(2-5)

N
]

=
=

where X, y, z are the maximum, minimum and other values, respectively, among the
liposomes tested in this study. Herein, the maximum (z = x, thus z’ = 1) and minimum (z
=y, thus z’ = 0) values were regarded as most-disordered membrane and most-ordered
membrane, in order. Finally, these normalized values could be used to construct the
membrane properties chart for each liposome to indicate the distinction of each liposome

membrane properties from the outer to inner membrane.

3. Results and Discussion
3.1 Location of Each Fluorescent Probe in Liposome Membrane

Fluorescent probes such as TMA-DPH, ANS, Prodan, Laurdan, and DPH are
sensitive to their surrounding environments, and are used as the probes for liposome
membranes properties. Liposome membranes have a hydrophobicity gradient in the
vertical direction of membrane (Cevc, 1990), which is reflected by binding depths of
fluorescent probes. In 1,4-dioxane/water systems, each probe showed different emission
wavelength and fluorescent intensity (Ishigami et al., 2015; Suga and Umakoshi, 2013;
Suga et al., 2011). Thus, the emission wavelength and intensity in liposome membranes
were also depended on the surrounding environment. By analyzing the emission property
of each probe in 1,4-dioxane/water systems, the location of probe in the liposome was
estimated in the basis of (i) emission wavelength and (ii) intensity and shown in Fig. 2-3.
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Fig. 2-3 Characterization of fluorescent probes in 1,4-dioxan/water systems: (a) TMA-
DPH, (b) ANS, (c) Prodan, (d) Laurdan and (¢) DPH. The estimated dielectric
environment around each probe in DOPC liposome is summarized in Table (f). The
dielectric constants of solvents were controlled by mixing 1,4-dioxane and water with

different volume ratio (Q).

(i) Laurdan, ANS, Prodan: These probes showed the emission peak shifts depending
on the solvent hydrophobicity. Thus, their locations can be estimated by analyzing the
emission peak wavelength in liposomes. For ANS, only one emission peak could be seen
at 484 nm, which means that ANS bound to the similar location in membrane regardless
of phase state, thus the surface hydrophobicity (i.e. the exposure of hydrophobic core to
water) can be investigated by lsgs. For Laurdan and Prodan, the appearance of two peaks
indicate that the location of probe altered up on the membrane properties. The GPz4o
values can be used to understand the polarity of the membrane (Fig. 2-4).

In 1,4-dioxane/water systems, the GPasoraurdan and GPazagprodan Values were
monotonically decreased by increasing € values. Thus, the GP3s0 value analysis can be

applied to monitor the surrounding of Laurdan or Prodan depending on the polar
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environments in the membrane. Considering the peak shift of Laurdan or Prodan, its
actual location is flexible and depends on the membrane phase state, while it surely settles
down in the inner membrane because it showed much higher intensity as compared to

water system.

(if) DPH, TMA-DPH: These probes have the emission peaks at 430 nm, independent
to the surrounding hydrophobicity. In the liposome systems, both DPH and TMA-DPH
showed similar emission peak wavelength a 430 nm, indicating that DPH and TMA-DPH
located at e<43 and £<60, respectively. The fluorescence intensity increased in proportion
to the hydrophobicity of solvent. In the case of DPH inserted into liposome membranes,
the emission peak at 428 nm and its fluorescence intensity is ca. 70% as compared to 1,4-
dioxane 100% as solvent, indicating that DPH is inserted into hydrophobic regions (e~6).
In the same manner, TMA-DPH can be located at ~60.

Considering our experimental results (Suga and Umakoshi, 2013; Suga et al., 2011,
Ishigami et al., 2015) and literatures (Parasassi and Gratton, 1995; Dhanikula and
Panchagnula, 2008; Krasnowska et al., 1998; Cwiklik et al., 2011) the location of each
probe in DOPC liposome can be estimated (Fig. 2-3f). No peak shifts of ANS or TMA-
DPH were observed in DOPC/sterol liposomes, it was assumed that the binding location

of probes did not change, and that the in situ environment around probes could be altered
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depending on the type and amount of sterols. Hence, the variation in the membrane
properties could be provided by the different interaction between DOPC and sterols. The
location of Chol and Lan might be similar. The hydration in the membrane surface would

be sensitive to the chemical structure of sterol and its interaction with DOPC.

3.2 Polar Environment of Liposome Membrane at the Hydrophobicity Region

Liposome membranes own a hydrophobic gradient in the vertical direction of
membrane from the surface into inner membrane (Cevc, 1990), where the emission
property of the fluorescent probe depends on the binding location in the membrane due
to different surrounding environment. We have reported the binding location of DPH,
Laurdan (Suga and Umakoshi, 2013; Hayashi et al., 2011) and ANS (Ishigami et al.,
2015).
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Fig. 2-5 Fluorescent spectra of Laurdan for DOPC and DPPC liposomes (a), for
DOPC/Chol liposomes (b) and DOPC/Lan liposomes (c).
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At first, Laurdan was used as a molecular probe to monitor liposome heterogeneity

(Parasassi and Gratton, 1995; Suga and Umakoshi, 2013). Fluorescent spectra of Laurdan

for liposomes were evaluated in Fig. 2-5. In the absence of sterols (Fig. 2-5a), DPPC

showed the emission peak at 440 nm indicating the solid ordered phase (So), while the

liquid disordered phase (Lg) membranes had peak intensity at 490 nm. Additionally, the

membrane polarity (GPzso,Laurdan) Was identified and shown in Fig. 2-6 (a and b). The

ordered phase, which was estimated by the Laurdan emission peak at 440 nm, was
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Fig. 2-6 Membrane polarity and fluidity at 37 °C investigated by Laurdan and DPH,
respectively. Nomalized GP3z40,Laurdan Values for (a) DOPC/Chol, (b) DOPC/Lan;
normalized 1/Pppn values for (c) DOPC/Chol, (d) DOPC/Lan. Each data was

normalized according to Eq. (2-5). Dotted lines represent the GP340,Laurdan and 1/PppH

values for DOPC and DPPC liposomes as references.
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observed in DOPC/Chol=(7/3) and DOPC/Chol=(5/5), while other DOPC/sterol
liposomes showed only one emission peak at 490 nm. Moreover, the recorded fluorescent
spectra of Laurdan in each liposome showed the phase transition of liposomes when Chol
concentration was increased, indicating the role of Chol in altering the membrane
properties. This indicates that the Chol successfully form the L, phase in proportional to
its concentration in DOPC liposome. In addition, DPH, a widely used fluorescent probe
used for investigating inner membrane fluidity (1/PpeH), localized almost exclusively in
the hydrocarbon cores of the phospholipid membrane. Changes in fluorescence
anisotropy of DPH in the intact membranes indicated the fluidity of the inner membranes;
the 1/PppH value for each liposome bilayer membrane was calculated and compared as
shown in Fig. 2-6 (c and d). On the other hand, effects of Lan on the membrane properties

in the hydrophobic regions were not as significant.

Based on our previous reports (Hirose et al., 2015; Suga and Umakoshi, 2013),
the data for membrane fluidities (1/Pppn, X axis) and membrane polarities (GP34o,Laurdan, Y
axis) were plotted for various liposomes as shown in Table 2-1, and the phase states also
shown in the Fig. 2-7.

It was found that by using DPH fluorescent probe, the threshold value of 1/Pppy for
DPPC phase transition is estimated to be 1/Pppy = 6, while the value for membrane
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Fig. 2-7 Cartesian diagram for homogeneous liposome systems (a) and for

heterogeneous liposome systems (b). See Table 2-1 for assignment and details.
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polarity determined by Laurdan is GPz4o,Laurdan = -0.2. Therefore, the threshold point in

the Cartesian diagram is considered with 1/Pppx = 6 and GP340,Laurdan = -0.2 (Cwiklik et

Table 2-1 Summary of the phase state and membrane properties for liposomes.

Composition

(homogeneous system, I4 phase)

el =
RPBowo~vwouswnpr

ol o
w N

DOPC
DOPC
DOPC
DOPC
POPC
POPC
POPC
POPC
DMPC
DMPC
DMPC
DPPC
bSM

(homogeneous system. s, phase)

14
15
16
17
18
19

DMPC
DPPC
DPPC
DPPC
DSPC
bSM

(heterogeneous system)

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

DOPC/DPPC=(75/25)
DOPC/DPPC=(75/25)
DOPC/DPPC=(50/50)
DOPC/DPPC=(50/50)
DOPC/DPPC=(25/75)
DOPC/DPPC=(25/75)
DOPC/Ch=(90/10)
DOPC/Ch=(90/10)
DOPC/Ch=(70/30)
DOPC/Ch=(70/30)
DOPC/Ch=(50/50)
DOPC/Ch=(50/50)
DOPC/DPPC/Ch=(4/4/2)
DOPC/DPPC/Ch=(4/4/2)
DOPC/SM/Ch=(6/2/2)
DOPC/SM/Ch=(6/2/2)

T [°C]
22 (>Tm)
30 (>Tm)
40 >Tm)
50 (>Tm)
19 (>Tm)
30 (>Tm)
40 (>Tm)
50 (>Tm)
30 (>Tm)
40 >Tm)
50 (>Tm)
50 (>Tm)
50 (>Tm)
19 (<Tm)
22 (<Tm)
30 (<Tm)
40 (<Tm)
25 (<Tm)
25 (<Tm)
30
50
30
50
30
50
30
50
30
50
30
50
30
50
30
50

29

Phase state

Lq
Lq
Lq
Lq
Lq
Lq
Lq
Lq
Lq
Lq
Lq
Lq
Lq

So
So
So
So
So
So

Lg

Lg

Lg

1/PppH

7.84
8.30
8.39
9.29
6.88
7.52
8.05
8.62
6.82
9.17
9.44
7.53
9.04

3.10
2.82
2.79
2.97
2.95
3.11

7.32
8.59
6.01
8.59
3.51
9.83
8.64
10.72
6.47
8.04
4.66
5.34
3.88
5.45
6.29
7.70

GP340,Laurdan

-0.22
-0.29
-0.34
-0.37
-0.11
-0.19
-0.25
-0.30
-0.04
-0.13
-0.21
-0.05
-0.24

0.29
0.42
0.41
0.40
0.43
0.40

-0.28
-0.35
-0.09
-0.30
0.25

-0.22
-0.26
-0.33
-0.07
-0.17
0.14

0.004
0.19

-0.06
-0.02
-0.11



al., 2011). Obviously, the L4 phase liposomes appeared in the 1 and 4" quadrant
(1/Pppu>6), while the S, phase liposomes appeared in the 2" quadrant (1/Pppn<6). The
GP340,Laurdan Values were >0 under T, and <0 above Tm. When a liposome shows similar
properties to that in Lq phase, it could be in Lq phase (disordered). In similar manner, a
liposome possessing similar properties to that in S phase, it could be in So phase (ordered).
For heterogeneous liposome systems (green symbols plotted in (b)), some liposomes
appeared between Lg-phase and So-phase clusters, indicating that they were in
heterogeneous phases (Lg+Lo, Lat+So, etc.). It is notable that 1/PppH and GP340,Laurdan Values
could be insensitive to lipid/probe molar ratio (at least the range between 20/1 to 1000/1),
indicating that the membrane properties evaluated by DPH and Laurdan can reflect the

phase behavior of lipid bilayer systems.

GP?-‘-O_Laurdan
t 1 DOPC
2DOPC/Chol (9/1)
Y 04k 3 DOPC/Chol (7/3)
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Fig. 2-8 Cartesian diagram for liposome modified with sterols based on 1/PppH and
GP340,Laurdan Values at 37 °C. When the liposome membrane becomes polar

(GP340,Laurdan decrease), its fluidity becomes higher (1/Pppn increase).
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A Cartesian diagram (Suga and Umakoshi, 2013) for the liposomes modified with
10, 30, and 50 mol% of sterols was prepared using data for membrane fluidity (1/PppH,
x-axis) and polarity (GPaso,Laurdan, Y-axis). Based on this Cartesian diagram for sterol-
incorporated liposomes, the phase state of each liposome focusing on the hydrophobic
region was determined as shown in Fig. 2-8.

The cross point of the x- and y-axes is the threshold point of the phase transition in
So phase and Lq phase: using this method, the liposomes plotted in the 4" quadrant of the
Cartesian diagram were considered be in the Ly phase. The data for phase state
measurements of liposomes, obtained using DPH and Laurdan probes in our previous
study, have been utilized in this study to estimate the boundary of phase state. In particular,
a previous report showed that liposomes in the 1% quadrant such as DOPC/Chol=(7/3)
could be in a heterogeneous phase, while liposomes in the 4" quadrant were in a
homogeneous L4 phase (Suga and Umakoshi, 2013). DPPC and DOPC/Chol (5/5) in the
2" quadrant were considered in ordered phases. The results also indicate that DOPC/Chol
alters both the fluidity and polarity of membranes when increasing the amount of Chol
from 0 to 50 mol%, indicating that Chol increases the order of the inner membrane. These
results agree with those of previous reports regarding the effect of Chol on the membrane
(Mifiones et al., 2009). However, Lan slightly changed in both fluidity and polarity at 10
and 30 mol%, and GPs40 values increase significantly at high concentration of Lan.
Therefore, changes in both the polarity and fluidity of the interior of the membrane
generally showed specific patterns for the presence of sterols, indicating the vital role of
the sterol chemical structure in forming liposome membranes. The Cartesian diagram
reflected variations in the membrane properties in the interior (or hydrophobic region) of
the lipid bilayer, however, membrane characteristics in the hydrophilic region, the affinity
of phospholipid molecules to sterols have not be inferred. Thus, the outer membrane was
analyzed using other fluorescent probes with distinctive binding depths; this analysis is

discussed in the next section.
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3.3 Characterization of Hydrophilic Regions on the Membrane Surface

The surface membrane properties for DOPC/sterol liposomes were estimated by
using TMA-DPH, ANS, and Prodan. Because no peak shifts of ANS or TMA-DPH were
observed in DOPC/sterol liposomes, it was assumed that the binding location of probes
did not change, and that the in situ environment around probes could be altered depending
on the type and amount of sterols. The obtained data were normalized data are
summarized in Fig. 2-9, Fig. 2-11 and Fig. 2-12. Herein, the higher (z’~1) and lower

(2’~0) 2’ values indicate the disordered and ordered membrane, respectively.

3.3.1 TMA-DPH Analyses of Membrane Fluidity of Liposome Surfaces

TMA-DPH binds to the phospholipid membrane surface, where it is assumed to
embed into regions with a dielectric constant e ~ 60.4 (Fig. 2-3). This indicates that TMA.-
DPH reflects membrane surface fluidity. The normalized 1/Ptma-ppH Values are shown in
Fig. 2-9 (a, DOPC/Chol; and b, DOPC/Lan). The results showed that the addition of Chol

(a) DOPC/Chol (b) DOPC/Lan
'N \
»
0.5F 1 .
0 1 1 1 1 1 1 1 1 1 1 o DPPC
0 25 50 0 25 50

Sterol Percentage [mol%]

Fig. 2-9 Normalized membrane properties (z’) in surface (hydrophilic region)
investigated at 37 °C. The surface membrane fluidity, 1/Ptma-opn values for (a)
DOPC/Chol and (b) DOPC/Lan.
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reduced membrane fluidity, while Lan had little effect on membrane ordering. As
illustrated in Fig. 2-1, Lan has two more methyl groups at 4C than the other sterols,
which protect the B-surface of the planar steroid ring system and make the surface of the
molecule rough. Thus, the molecular structure of Lan interferes with the interactions
between phospholipid molecules in the hydrophilic region of the membrane surface, and

then Lan reduces membrane order and increases fluidity by more than Chol.

3.3.2 ANS Analysis of Membrane Hydrophobicity

ANS shows low fluorescent intensity in polar environments and binds preferentially
to hydrophobic cavities as shown in Fig. 2-10 (Slavik, 1982; Stryer, 1965). Because the
fluorescence emission peak of ANS depends on the surrounding hydrophobicity, the ANS
emission peak wavelength can be used to monitor the microscopic environment around
ANS in the lipid membrane. Fig. 2-10 shows the fluorescent spectra of ANS 37 °C, for
the liposomes in Lq phases (DOPC and POPC) and in S, phases (DPPC and DSPC), where
the emission intensity at 484 nm for DOPC liposome was defined as 100 [a.u.]. The

results showed that all liposomes had the similar emission wavelengths (at 484 nm) but

120

80

40

Fluorescent Intensity [a. u. ]

420 480 540

Wavelength (nm)
——DPPC DOPC
——DSPC  ——POPC

Fig. 2-10 Fluorescence spectra of ANS for different liposomes at 37 °C.
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differences in intensities. It means that the same location of ANS but the different amount

of bound ANS in the membrane.

Actually, the ANS probes bound to liposomes in Lq phases showed higher intensities
than those in So phases. The ANS intensity in water was negligible. The liposomes in Lg
phases have lower lipid packing densities (mean the headgroup area: 0.72 nm?/molecule;
more hydrophobic cavities), while the liposomes S, phases have higher lipid packing
densities (mean headgroup area: 0.48 nm?/molecule) (Suga et al., 2013; Walde and
Ichikawa, 2001). Thus, the lipid packing is critical factor for the degree in the exposure
of hydrophobic core to water, where ANS can be distributed to such hydrophobic sites.
Consequently, the amount of bound ANS will be higher and leads to the higher

fluorescence intensity.

The location of ANS was estimated by emission peak (Fig. 2-3) (Ishigami et al.,
2015): the binding location of ANS in DOPC liposome was regarded as the regions with
dielectric constants € ~ 26.5. It has also reported that ANS could be located near the
phosphate group in the phospholipid membranes (Dhanikula and Panchagnula, 2008).

(a) DOPC/Chol (b) DOPC/Lan
1k . - 1 <4 DOPC
-N t-\------------------------ ----.---------‘-----------4-
‘\*-- 3
05} I 1 T i
-
\‘
(L ] | —— ] - ] ] L .| «4 DPPC
0 25 50 0 25 50

Sterol Percentage [mol%]

Fig. 2-11 Normalized membrane properties (z’) in the surface hydrophobicity by
ANS fluorescent probe at 37 °C, with (a) DOPC/Chol and (b) DOPC/Lan.
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The membrane characteristics can be evaluated by comparing the fluorescence intensity
of ANS at lsss as shown in Fig. 2-3 and Fig. 2-10. Fig. 2-11 shows the normalized lsgs
values for the disparity of ANS fluorescent intensity at 484 nm for DOPC/Chol and
DOPC/Lan. In general, an increase in the percentage of Chol led to the increase of inner
membrane packing. On the other hand, it is reported that the DOPC/Chol liposome (30
mol% Chol) rather decreased the packing with an increasing of the hydration dynamics
near membrane surface (Mannock et al., 2006). Based on our result, the effects of 10
mol% of sterols raised the ANS fluorescent intensity, while 50 mol% of sterols decreased
the intensity. This indicates that sterols and phospholipid molecules strongly interacted
and the hydrogen bond network was formed at the membrane surface, when the higher
amount of sterols are existing in the membrane. This can be explained by the differences
in the chemical structures of each sterol at the surface region. Because the interaction
between Lan and DOPC in the surface area is weaker than that of other sterols, the surface
becomes flexible and contains many hydrogen bonds. Thus, it prevents the attack of ANS
deeper into the membrane and leads to lower fluorescent intensity. This explains why

Chol made the membrane more hydrophobic than Lan.

3.3.3 Prodan Analysis of Surface Membrane Polarity

The fluorescent intensity of Prodan in water was lower enough, as compared to that
in liposome systems. Thus, the partitioning of probe in water hardly influences on the
Prodan spectra in the presence of liposomes (Krasnowska et al., 1998; Cwiklik et al.,
2011). By identifying the location of Prodan in the DOPC lipid membrane (Fig. 2-3)
(Parasassi and Gratton, 1995; Cwiklik et al., 2011), the ¢ value around Prodan was
estimated to be 43 in the DOPC membrane, indicating that Prodan binds to deeper
(hydrophobic) regions in the membrane than TMA-DPH. Depending on the different
fluorescent intensity of Prodan in liposomes and water systems (Fig. 2-12), the
GPa340,prodan Values were calculated and normalized and are shown in Fig. 2-13. The
normalized values for DOPC mixed with Chol ranged from 0 to 50 mol%, demonstrating
that Chol increases membrane polarity, while DOPC/Lan membranes became hydrophilic
around the Prodan-binding area. The structure of Lan contains one methyl group at 14C
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that protects the a-face, whereas Chol contains none. Thus, Lan makes the membrane

rougher and slightly bent compared to the effects of Chol (Mannock et al., 2006).
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Fig. 2-12 Fluorescent spectra of Prodan in DOPC, DPPC liposomes and water (a), in
DOPC/Chol liposomes (b) and DOPC/Lan liposomes (c).
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Fig. 2-13 Normalized membrane properties (z’) of polarity in surface (hydrophilic
region) investigated at 37 °C. The surface membrane polarity, GP3z4oprodan Values
for (a) DOPC/Chol and (b) DOPC/Lan.
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4. Summary

In summary, cooperation between sterols in the phospholipid membranes changed
the basic characteristics of the membranes from the surface to the interior. The effect of
sterols on the membrane properties were analyzed using the fluorescent probes such as
TMA-DPH, ANS, Prodan, Laurdan, and DPH. Although the sterols had similar molecule
structures, our results revealed that each type of sterol had different and typical effects on
each part of the membrane. Fig. 2-14 summarizes the effect of 10 and 50 mol% sterols in
DOPC membranes, wherein the normalized values of the surface membrane
characteristics, such as membrane fluidity (by TMA-DPH), membrane hydrophobicity
(ANS), and membrane polarity (Prodan), are compared. Given the different phase states
of disordered liposomes (e.g., DOPC) and ordered liposomes (e.g., DPPC), the
normalized data for DOPC and DPPC were considered as two landmarks, which is useful
in comparing the properties of DOPC membranes modified with the sterol variants Chol
and Lan. Compared to the DOPC membrane itself, liposomes modified with 10 mol%
sterols such as Chol and Lan showed distinct properties. The results for these liposomes
suggest that these membranes are more flexible on the surface and condensed in the
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Fig. 2-14 Variation of membrane property chart for each kind of DOPC/sterol
liposomes.
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deeper region. After increasing the amount of each sterol to 50 mol%, the membrane
property chart indicated that Chol condensed the membrane to the greatest extent in all
areas, indicating that it interacted tightly with phospholipid molecules to decrease fluidity
and increase hydrophobicity. Although Lan also condensed the membrane, the degree of
its influence was lower than that of Chol, except at the binding location of Prodan which

showed that the membrane in this region was more hydrophilic than with DOPC.
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Chapter |11

Thermodynamic Characteristics of Mixed Sterols/DOPC Monolayers

on Water Subphase
1. Introduction

Cells are highly organized with multiple functional units or organelles defined by
one or more lipid membranes. Individual membrane is specialized by containing specific
proteins and typical lipid components that enable it to perform the unique role of that cell
or organelle. Lipids are very diverse in both their respective structures and functions, and
cells exquisitely control membrane composition. One intriguing issue is the specific role

of lipids in modulating the physical properties of membranes (Nichols-Smith et al., 2004).

Lipids bilayers are well-known as highly complex structures of great importance for
cells, because of their protective role and providing an environment for many important
biochemical processes. Phospholipids and sterols have been found as major constituents
of membranes surrounding eukaryote cells. The nature of phospholipids, their structural
diversity, and content in bilayer determine the properties of the membrane. Whereas,
Cholesterol (Chol) which is popular in animal is synthesized from Lanosterol (Lan).
These sterol molecules that is of special significance as a regulator of membrane
parameters, they can modulate membrane properties and influences the organization of
the other lipid by for example changing their ordering, available area, and formation of
domains of characteristic composition. However, despite numerous studies, it is still
unclear how exactly sterols act and interact on membrane phospholipids. Several models
have been proposed to describe the behavior of these compounds in mixed systems in
considering only the issue of sterol/phospholipids interactions, such as the super lattice
model (Somerharju, 2002), the condensed-complexes model (McConnell and

Radhakrishnan, 2003), the umbrella model (Huang and Feigenson, 1999), and others.

McConnell and co-workers proposed a thermodynamic model of condensed
complexes to explain a non-ideal behavior of Chol—phospholipid mixtures. Thus, the
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existence of stable complexes was defined between Chol and respective phospho- and
sphingolipids. The condensing effect of Chol on phospholipid membranes was predicted
as comparing the occupied average area with expected area from the ideal mixing, based
on the formation of these complexes (Ali et al., 2007; McConnell and Radhakrishnan,
2003; Somerharju, 2002). It is indicated that lipids and sterols can be regularly distributed
into super lattices in bilayer (Chong et al., 2009). And the regular arrangement in
phospholipid bilayers is stimulated by for example steric effects or geometric
complementarity, charge—charge repulsion, or hydrophobic effects (Somerharju, 2002;
Ali et al., 2007). According to super lattice models, the key role in Chol—phospholipid
interactions play long-range forces between molecules of Chol, and it has been discussed
in detail in a review by Somerharju et al. (Somerharju, 2002). Similar to the super lattice
model, the umbrella model also predicted the regular distribution in Chol—phospholipid
bilayers (Huang and Feigenson, 1999). In addition, the distribution of sterol in low and
high concentrations and the effect of sterols on the membrane properties has been
revealed, by using several fluorescent probes which bind from the outer into inner leaflets
of membranes. Particularly, in unsaturated membrane, at 10 and 30 mol% Lan, the
insignificant ordering effect of Lan in unsaturated lipid membrane was revealed, but multi

focal fluorescent probes cannot indicate how Lan interact with membranes.

Liposomes or phospholipid bilayer have long been used as model membranes for
studying the characteristic of the biological membranes and then utilizing for many
applications as in pharmacy and cosmetic. However, it is required that liposome products
must remain stable for a period of time under ambient storage conditions. Actually,
liposomes are impressionable to aggregate and lead to the changes of vesicle sizes during
the preservation. Additionally, the substance encapsulated by bilayer membranes could
produce side effects. Under such these circumstances, liposome structures are obviously
necessary to maintain the stable membrane until they move to the target destination.
Therefore, the stability of liposomes which is always of huge interest, especially in
pharmaceutical and pharmacological aspects and depend on their physicochemical
properties as the interaction of constituents in the membranes (Sekiguchi et al., 1995).
Monolayers of amphiphilic molecules which are established at aqueous environments as

air/water interfaces, are of interest in a variety of disciplines (MacDonald and Simon,
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1987). Specifically, the interest in physics and chemistry is in studying the magnitude and
origin of the molecular interactions of a single layer of complex molecules positioned
between two fluids (Gershfeld, 1976), while in biology, Gorter and Grendel were known
as the first authors proposing that the bilayer as the foundation of bio-membranes (Gorter
and Grendel, 1925). This conclusion was found on an entirely compression of lipid
monolayer, hence it remains the relationship between molecular packing in monolayer

and that in bilayers.

Apart from the mechanism of Chol—phospholipids interactions, the problem of the
magnitude of the condensing effect of Chol on various membrane phospholipids also
requires further analysis. Numerous studies on this subject (Gershfeld, 1976; Presti et al.,
1982; Radhakrishnan and McConnell, 1999; Epand et al., 2002; Su et al., 2007; Bennett
et al., 2009; Wydro et al., 2011) have indicated the relationship between the structure of
chain(s) of phosphatidylcholines (PCs) and the magnitude of the area condensation,
especially with reference to the sterol concentration and their derivatives still require
discussion. Therefore, by using the monolayer technique, as Langmuir balance,
thermodynamic properties of sterol-incorporated monolayer membrane can be
investigated. The schematic of illustration for the analysis of membrane was shown in
Fig. 3-1. Moreover, it is reported that at the high surface pressure, 30 mN/m, the
properties of monolayer is similar to bilayer membrane (Sennato et al., 2005).
Consequently, the monolayer analysis could be supported for analyzing the membrane
properties.

Monolayer analysis Monolayer Isotherm

Pressure sensor N » Aoy = A — (XA + XA,)/2

[Repulsive or Interactive]

\
Computer|

B = Jy Adn

[Unstable or Stable]

& » &= -4(z)

Surface Area (A;;)

Pressure ()

[Compressibility]

Surface Area (A;5)

Fig. 3-1 The schematic of illustration for the analysis of monolayer membrane.
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As reported in previous study that the membrane properties such as fluidity, polarity
and hydrophobicity were carefully investigated by using several fluorescent probes which
bind vertically from the surface into the inner membranes. However, fluorescent probes
are well-known as indirect communicator depending on the surrounding elements as
temperature, pH, etc..., and the insignificant ordering effect of Lan under 50 mol% were
unable to distinct. To investigate a potential interaction between sterol and phospholipid

molecules, pressure-area (n-A) isotherm were studied.

2. Materials and methods
2.1 Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti
Polar Lipids (Alabaster, AL). Chol and Lan and were synthetic products of high purity
and purchased from Sigma-Aldrich (St. Louis, MO, USA). These products were stored in
a refrigerator without the access of light. Other chemicals were purchased from Wako

Pure Chemical Industry Ltd. (Osaka, Japan) and were utilized without further purification.

2.2 Monolayer preparation

Spreading solutions were prepared by weighting a proper amount of investigated
compounds on the analytical balance and then dissolving each of the compound in
chloroform solution at room temperature. Mixed solutions were prepared from the
respective stock solutions of both compounds with the initial concentration of 4 mM. The
final concentration of working solutions is 0.4 mM. Molecules in working solutions were
spread on water subphase in the Langmuir trough. Surface pressure-area (n-A) isotherms
were recorded with a KSV (Finland) Langmuir trough with the total area of 76.5 cm?,
equipped with two movable barriers, and placed on an anti-vibration table. Surface
pressure (m) was measured with the accuracy of £0.1 mN/m using a Wilhelmy plate made
from platinum foil as a pressure sensor. After spreading, monolayers were left for 10 min
to ensure the solvent evaporation, and afterwards the compression was initiated with a
barrier speed of 3-4 A2 molecule ~! min %,
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2.3 Analyses of isotherms data

The compressibility modulus, C;1, which reflects the physical phase state of

membrane was calculated as the following equation (Eg. 3-1):

= -A(3) (3-1)

where A is the mean area per molecule at specific surface pressure 1.

The behaviors of sterols in mixed films were determined based on the excess area

per molecule (A.,) in the mixed monolayer calculated as the following Eq. 3-2:

Ay = Az — (A1xy + Azxy) (3-2)
where Ai, A2 are mean area per molecule and x1, X2 are molar fractions of DOPC and
sterols, respectively, at the given surface pressure. A1z is mean area per lipid molecule in
the mixed system. Additionally, partial molecular areas of PCs in the mixed monolayers
were calculated at 7 = 30 mN/m by a procedure in which tangents to the area-composition
curve are extrapolated (Sennato et al., 2005). To analyze the interaction of sterol and
phospholipid molecules in each binary monolayer, the Gibbs free energy of mixing

(AG,yi,) Was calculated by Eq. 3-3:
AGpix = AGey tAGigear (3-3)

Wlth AGex = fOHA dl‘I = foﬂ A12 — (Al X1 + Azxz)dn
and AG;geqr = KT (x1Inx;+x,1Inx;)

where k is the Boltzmann constant and T is temperature

3. Results and discussion
3.1 Surface pressure — area isotherms of sterol-DOPC mixtures

Compression isotherms for pure components of sterols and phospholipid were
recorded and shown in Fig. 3-2. For unsaturated phospholipid like DOPC, the isotherm
gradually increased, where no phase transition was observed. Compare to other sterols,

the area per molecule of DOPC was largest at the range of 0 — 30 mN/m, it could reflect
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the bulky head group of DOPC and kink structures of fatty acid chains including double
bond. It is the indicated that the isotherm curve of DOPC was appropriate to the liquid
phase at 28 °C. Because of the smaller molecule structures, Chol and its derivatives also

shown the isotherms with relatively smaller headgroup, as compared to DOPC. Firstly,

the isotherm of Chol started to raise sharply at 37 A’ /mol, while Lan showed higher lift-
off area, which can be evident for bulky structure of Lan as compared to Chol. This
observations indicate that the addition of methyl groups and double bonds created the
cumbersome structures, increased the tilt of molecules with respect to the monolayer

plane and reduced the packing effectiveness (Wydro et al., 2011).

According to Fig. 3-2, Lan isotherm shown the less tight packing molecules as compared
to Chol. It could indicate that the best bulky head group of Lan with the addition of two
methyl groups resulted in the extended surface and then leads to the arrangement of free

Lan molecules occupying the larger area than Chol.

To understand the effect of each sterol in the surface of unsaturated phospholipid
membrane, the mixtures of sterol with DOPC in the range of sterol percentage from 0 to
10, 30 and 50 mol% were prepared and the isotherms for mixed systems were shown in
Fig. 3-3
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Fig. 3-2 Surface pressure-area (-A) isotherms for pure component lipid films.
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Fig. 3-3 Surface pressure-mean molecular area (m-A) isotherms for mixed
monolayer of DOPC with Chol (a) and Lan (b).

By increasing the surface pressure (i), the compression isotherms for DOPC/Sterol
mixture systems were recorded and shown in Fig. 3-3. When DOPC liposome was
modified with sterols and the amount of sterols was adjusted from 10 to 30 and 50 mol%,
the isotherms for each sterol were obtained. All these isotherms changed smoothly from
the initial area until the area of collapse phase states. This meant that the packing of
membrane changed and phase states of these mixture monolayers existed in the same

states or no phase transition could be observed during the increase of pressure.

Especially, clear compression isotherms were obtained for Chol and Lan at 10, 30
and 50 mol%. The curve of these isotherms became to widen with the decrease of sterol
amounts. These above results indicated Chol and Lan had more strong effect in the
packing of membranes. These results also agree with the effect of sterols in the surface
of membrane, such as in the region of ANS fluorescent probe binding (as shown in Fig.

2-11). Along with these clear shifted curves of DOPC with Chol and Lan mixtures, it is
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indicated that they had more effectiveness in the packing or ordering of the surface

membrane.

To gain the further insight into the specific effect of these sterol at the interface region
of membrane, the physical state of membrane could be revealed by calculated the elastic

moduli.

3.2 Effect of sterol type and content on membrane compressibility

The compressibility of DOPC-sterol membranes was compared by analyzing elastic
moduli, €51, which reflects the interaction of molecules in mixed films and calculated
following the Eq. (3-1). It is indicated that the characteristic of lipid monolayer membrane

correlated with the properties of bilayer membrane at the high surface pressure (Marsh,

(a) DOPC/Chol (b) DOPC/Lan
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Fig. 3-4 Compression modulus vs. sterol percentage in DOPC monolayer with (a)
DOPC/Chol and (b) DOPC/ Lan.
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1996). Therefore, the further analysis of these obtained results has been performed at n =
30mN/m and the values of C;* at 30 mN/m were also indicated in Fig. 3-4. Results
revealed that pure sterols displayed the distinctive values, such as the highest compression
moduli was observed by Chol, while followed by Lan. Both of them had similar peaks at
surface pressure around 30 mN/m, the values of C;! decreased with increasing pressure.
At 30 mN/m, the compressibility modulus for Chol and Lan mixtures increased gradually,
however, the values of compression for DOPC/Chol mixtures appropriating to each mol
fraction (0.1, 0.3, 0.5 and 1.0) were always higher than that of Lan. According to Davies
and Rideal (Davies and Rideal, Interfacial Phenomena 1963), the C;* values are smaller
than 100 mN/m, it means that the physical state of film in liquid-expand phase (Lg) and
that values shift from 100 mN/m to 250 mN/m like liquid-condense phase (Lc), and over
than 250 mN/m is solid phase (S). Therefore, all the mixtures of sterols from 10 to 50
mol% still keeps membranes in Lg, but in different scale of packing. It meant that Chol
have more effect in condensing membrane than Lan. These distinctive effects of sterols
in the physical phase state of membrane could be explained based on the differences in
the configuration of each sterol. To acquire more detail about the interaction of sterols
and phospholipids and the stability of films, the excess area and Gibbs free energy were

calculated.

3.3 Excess area of mixed monolayer

The magnitude of the condensing effect of sterols on phospholipid monolayers could
be verified with the excess area per molecules (Aex). As shown in Fig. 3-5, the disparity
between the ideal area (Aig, dotted line) and the mean area (A1, solid circle) is defined as
the excess area, Aex, Of the mixed film at 30 mN/m (Eg. 3-2). The negative values of
excess area mean the ordering effect, while the positive values indicate the expanding of
lipids in the membrane. It was clearly shown that Chol and Lan had the ordering effect in

unsaturated membrane.
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3. 4 The Gibbs free energy

Following Eqg. 3-3, the Gibbs free energy of mixing was calculated for each mixed
monolayer at 30 mN/m surface pressure (Fig. 3-6). Obviously, the presence of sterols
with appropriate amount like 10, 30 and 50 mol%, resulted in all negative values of AG,;,;-
It meant that all mixed systems became stability or miscibility, but their scales were
distinctive. It is revealed that Chol and Lan had the similar tendency when increased their
amounts up to 50 mol%. Specifically, with the 10 and 30 mol% of Chol, it shown the
more stable membrane than the same amount of Lan. However, Lan shown the most
stable membrane at 50 mol% with the lowest values for AG,,;,. It could be the evidence
for why Lan and Chol are rich in mammalian cell membranes, and the low amount of Lan

does not affect membrane properties significantly.
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Fig. 3-6 Gibbs free excess energy of mixed monolayers at =7 = 30 mN/m.

The interaction forces between Chol and phospholipids, the hydrogen bonding and
van der Waals, stabilized the membrane and enhanced its ordering in nonpolar region and
subsequently increased the packing density of monolayers, as resulted in the decreased of
excess area (Sabatini et al., 2008). It is also pointed out that the accommodation of Chol
underneath the hydrated phosphocholine head group, known as the umbrella effect
(Patzer et al., 1978; Holopainen et al., 2004). The elastic modulus of DOPC/Chol
mixtures (Fig. 3-4a) were also evident the packing effect when increased the sterol
amount from 0 to 50 mol% and the presence of Chol indicated the stable membrane (Fig.
3-6). The interaction of Chol with phospholipid molecules were speculated via the values
of excess areas (Fig. 3-5a) and the expanding effect occurred at 10 mol% Chol, while 30
and 50 mol% Chol shown the condensing membranes. Thus, the figure of sterol attributed
in unsaturated membrane was constructed like Fig. 3-7 with low and high concentration

of sterols.

Similar with the condensing effect of Chol, Lan also shown the clear ordering effect
in DOPC monolayer, revealed via the values of €51 in Fig. 3-4b. The elastic modulus
shown that the mixed monolayers of Lan and DOPC shifted from the low elastic value of
pure DOPC into high value of pure Lan. In another words, Lan also showed a potential

to alter the phase state from the Le to Lc, when increased Lan from 0 to 50 mol%. As
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supported in Fig. 3-5b, the gradual increase of Lan amount led to the gradual decrease of
the Aex values, it was indicated that Lan had the strong interaction with DOPC molecules
and led to the smaller membrane, as compared to the ideal mixtures with respective
amount of Lan and DOPC. Moreover, these mixed systems also shown the high stability
along with the high amount of sterols (Fig. 3-6).

In contrast to the stiffer structure of Chol, the addition of methyl at the benzene ring
of Lan resulted in the cumbersome head and led to the distinctive effect in ordering
unsaturated membrane. Obviously, pure Lan shown the largest area as compared to Chol
(Fig. 3-2), but the mixture of Lan with DOPC proposed the almost smaller mean area
than Chol at the same amount. However, the higher interaction of Lan with DOPC was
revealed by the disparity of mean area and ideal area of mixed systems than Chol at the
same amount. Therefore, it could be assumed that Lan had the high interaction between
DOPC-sterols and sterol-sterols. Whereas, Chol has less interaction with DOPC (at 10
mol% of Chol) but the higher amount could lead to the aggregated sterols and could be
form the domain at 30 mol%, and the increase to 50 mol% of Chol shown the more
ordering membrane with smaller mean area. It also agrees with the results from the
analysis of bilayer systems of DOPC and sterols by fluorescent probes, especially, DPH
and Laudran fluorescent probes. For examples, the presence of Chol from 10 to 50 mol%,
it changed the membrane from the liquid phase into the condensed phase. Finally, the

model of sterol distribution was constructed and shown in Fig. 3-7.

In summary, both Chol and its derivatives like Lan impacted on the packing effect
of membranes, but in different scales. The results from the elastic moduli proved that the
increase of sterol amounts lead to the change phase state of mixed monolayers from the
liquid expanding to near the liquid condense. Subsequently, the interaction of Chol and
Lan with membranes were revealed via the excess area per molecules during the
compression process. Finally, the all of them stabilized the mixed membrane when
increased the amount up to 50 mol%. These results also agreed with our previous about
the effect of these sterols in unsaturated phospholipid membranes, such as Chol had more

effect in condensing membrane, while lesser effects were observed in Lan.
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4. Summary

The condensing effect of sterol is accompanied by the ordering effect, manifests in
the contraction of area per lipid molecules in the system of phospholipid incorporated
with sterol. The magnitude of this effect was measured by calculation of the excess areas
per lipid for mixed systems at high surface pressure, around 30 mN/m. At the minimum

of Aex, the condensing effect reaches the maximum.

It was found that in the case of saturated phospholipid molecules, the strongest
condensation was observed as a minimum of Aex at 30 % of Chol (Wydro et al., 2011).
While, in this research, it is clearly shown that the strongest ordering effectiveness existed
at 50 % of Chol in unsaturated phospholipid molecules, such as DOPC. It could be
explained that the presence of double bond induces the bend of the chain, then leads to a
limited ability to be tightly packed and thus inhibits the effect of sterol. Consequently, it
required the higher concentration of Chol in condensing unsaturated membranes. The
excess Gibbs free energy was also calculated to indicate the interaction between
molecules in the mixed system or the stability of membranes. With the increase of Chol
amount, the as reduced. It means that the increase of stable characteristic of membrane.

Or in another words, the high affinity of Chol with DOPC molecules.

Compared to Lan, the condensing effects were indicated but quite difference with
Chol. In particular, the Aex values of DOPC/Lan mixture were almost negative at pressure
below 30 mN/m, while an increase of compression modulus was obtained at Lan 50 mol%.
Lan results provoked that the increase of Lan into 50 mol%, had more effect in
condensing membrane as determined by the decrease of excess area, along with the
reduced excess Gibbs free energy. While, the excess Gibbs free energy analysis revealed
a favorable interaction between DOPC and Lan at high concentration which could be

responsible to weak but sure ordering effect of Lan in unsaturated lipid bilayer.
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Fig. 3-7 Model of sterol distribution in unsaturated phospholipid membranes.
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Chapter IV

Melting Temperature Dependent Interactions of Ergosterol with

Unsaturated and Saturated lipids in Model Membranes

1. Introduction

Biological lipid membranes are widely studied, highly complex structures that
regulate the cellular environment and are essential for many biochemical processes.
Phospholipids and sterols are major constituents of cell membranes; their amphiphilic
nature, structural diversity, and composition determine membrane properties (Karp 2004).
Sterol molecules, in particular, are well known regulators of physicochemical membrane
properties (e.g. fluidity, phase state, and permeability) (Bennett et al., 2009; Chang et al.,
2008; Dynarowicz-t.atka and Hac-Wydro, 2004; Epand et al., 2002), because they
modulate the organization of other lipids by changing their ordering, available area, and
formation of domains of characteristic composition. In higher eukaryotes, Cholesterol
(Chol) is abundant, whereas Ergosterol (Erg) is found in lower eukaryotes such as
protozoa, yeast, fungi and insects (Arora et al., 2004; Henriksen et al., 2004). Despite
numerous studies focusing on Chol’s impact on membrane properties, Erg and other
sterols have not been studied nearly as extensively. Erg has an additional double bond in
the steroid ring in comparison to Chol, as well as a double bond and an extra methyl group
in the alkyl tail (Fig. 4-1). These structural differences enable Erg to exhibit distinctive

E rg osterol Cholesterol
(lower Eukaryotes) (mammalian)
OH OH
4

Fig. 4-1 Chemical structures of Erg and Chol.
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effects in membranes (Baginski et al., 1989; Hung et al., 2016). However, it is still unclear
exactly how Erg behaves and alters membrane properties, as well as why Erg is the
primary sterol in lower eukaryotes.

Past studies have concentrated on the distinctive roles of Erg and Chol in saturated
diacylglycerophosphocholines such as 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC) and 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) (Bennett et al.,
2009; Chang et al., 2008; Czub and Baginski, 2006; Miyoshi and Kato, 2015; Tierney et
al., 2005). The smooth alpha-face together with the presence of the unsaturated acyl tail
of Erg led to stronger interactions of Erg with saturated lipids, which resulted in Erg
having a larger condensing effect than Chol, as reflected by the area per lipid (Czub and
Baginski, 2006; Cournia et al., 2007; Urbina et al., 1995). Using x-ray diffraction, the
effect of Erg and Chol on the thickness of bilayer membranes composed of binary
mixtures of unsaturated, monounsaturated and saturated phospholipids such as 1,2-
dioleoyl-sn-glycerol-3-phosphatidylcholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylcholine (POPC) and DMPC, respectively, was determined (Levine and
Wilkins, 1971). The thickening effect of Erg on DMPC was less than one-third that of
Chol (Hung et al., 2016). In addition, Erg slightly thinned POPC and DOPC, whereas
Chol has been shown to thicken membranes with these above lipid types. The solubility
of Erg was lower with increasing content of unsaturated lipids with DMPC > POPC >
DOPC. Further, a spin-label electron paramagnetic resonance and NMR study indicated
the ordering and disordering effect of Erg in unsaturated lipids (i.e., egg lecithin) and
monounsaturated lipids such as POPC depended strongly on its concentration (Semer and
Gelerinter, 1979).

To better understand the behavior of Erg, a comparative study with well-known Chol
is meanwhile. For example, enhanced ordering was observed below 15 mol% Erg in egg
lecithin, while above 25 mol% Erg there were no further ordering of POPC by Erg,
presumably because the excess Erg is not intercalated among the POPC chains. Above
these sterol amounts, the lipids were more disordered in the presence of Erg. In contrast
to Erg, Chol showed a strong ordering effect in both egg lecithin and POPC membranes.
These studies clearly reveal a difference between Erg and Chol effect on membranes,
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however the studies did not clarify the interaction behavior of Erg in various lipid
membranes in different phase states.

Bilayer vesicles (liposomes) have long been used as models for studying biological
processes and are used in formulations of pharmaceuticals and cosmetics. Preventing
liposome or vesicle aggregation and avoiding changes in size while maintaining
substance encapsulation is required for applications. Obviously, stable bilayer
membranes are necessary to maintain liposome structure during storage until they move
to the target destination. The stability and physical properties of liposomes depend on the
properties of their constituent molecules and their intermolecular interactions in the
membrane (Sekiguchi et al., 1995). Lower eukaryotes such as fungi have membranes
enriched with saturated phospholipids (Ridgway and McLeod 2015). Thus,
measurements of Erg-modified lipid membrane properties enable a better understanding

of the role of Erg and complement the more extensive studies of Chol.
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Fig. 4-2 Conceptual illustration of chapter IV
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While numerous studies have investigated area condensation of various PCs and their
mixtures with Chol (Bennett et al., 2009; Epand et al., 2002; Gershfeld, 1976; Wydro et
al., 2011; Presti et al., 1982; Radhakrishnan and McConnell, 1999; Su et al., 2007), other
sterols such as Erg are much less studied. The main objective of this research was to
investigate the interaction behaviors of Erg in lipid membrane systems. Herein, saturated
DPPC, 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), and unsaturated DOPC were
employed. Monolayer isotherm measurements were employed to quantify the interaction
of Erg with unsaturated and saturated phospholipids. The influence of Erg on the vesicular
membrane polarity was investigated by a polarity-sensitive probe 6-lauroyl-2-
dimethylamino naphthalene (Laurdan). The steady-state fluorescence polarization of 1,6-
diphenyl-1,3,5-hexatriene (DPH) in Erg-modified vesicles was used to measure
membrane fluidity with the various membrane compositions. Finally, the measurements

and role of Erg in PC membranes are discussed by comparing to Chol (Fig. 4-2).
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2. Materials and Methods
2.1 Materials

DOPC, DLPC, and DPPC were purchased from Avanti Polar Lipids (Alabaster, AL).
Synthetic Erg (purity >95.0%) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
These products were stored in a refrigerator without exposure to light. Other chemicals
were purchased from Wako Pure Chemical Industry Ltd. (Osaka, Japan) and were utilized

without further purification.

2.2 Surface pressure-area (m-A) isotherm measurements

n-A isotherms were recorded on a pure water subphase at 28°C with a KSV film

balance (trough dimensions: width 60 mm, length 190 mm), equipped with two movable
barriers, and placed on an anti-vibration table. Surface pressure was measured with an
accuracy of +0.1 mN/m using a Wilhelmy plate made from platinum foil. Spreading
solutions were 0.4 mM of lipid in CHCIz. A 30—40 uL of stock solution was spread onto
a pure water subphase in a KSV film balance (trough dimensions: width 60 mm, length
190 mm, total area of 76.5 cm?). After 10 min was allowed for the solvent to evaporate
off, the surface pressure-area (n—A) isotherms were measured at a constant compression
rate of 5 mm/min (ca. 300 mm?/min), which corresponds to a compression rate of 3-4 A2
mean area per min. Using the obtained mean area per molecule data, the excess area per
molecule (Aex) of PC/Erg mixture systems was calculated as follows:

Aex = A1z — (X1A1 + X2A2), (4-1)
where A2 was the measured mean area per lipid molecule in the mixed monolayer, A;
and Az are the mean area per molecule of the pure components at the given surface
pressure, and x1 and x. indicate the molar fractions. The total Gibbs excess free energy of
mixing (4Gmix) was defined as follows:

AGnmix = AGex — AGideal, (4-2)

where the excess Gibbs free energy (4Gex) was obtained by integrating Aex with respect

to the surface pressure, 4Gex= J Aexdm, and the ideal Gibbs free energy of mixing (4 Gigea)

was calculated by follows:

AGideal = KT (X1In(X1) + x2In(x2)), 4-3)
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where k is the Boltzmann constant and T is absolute temperature (=301 K in this work).
The elastic modulus was defined as the product of the average area per molecule
(A) and the slope of the n—A isotherm at a specific surface pressure.
Cs 1= —Adn/dA (4-4)

2.3 Vesicle preparation

Vesicle suspensions were prepared according to previous method. A chloroform
solution including PC and Erg with a molar fraction of 0, 10, 30 and 50 mol% was dried
in a round-bottomed flask by rotary evaporation under vacuum. To ensure mixing, the
lipid films were dissolved in chloroform and evaporated two times. The lipid thin films
were kept under a high vacuum for at least 3 hours and then hydrated at room temperature
with 3 ml of water. The vesicle suspension was frozen at -80°C and thawed at 50°C. This
freeze and thaw cycle were repeated five times. The vesicle suspensions were then
extruded 11 times through two layers of polycarbonate membranes with mean pore
diameters of 100 nm using an extruding device (Liposofast; Avestin Inc,. Ottawa, ON,
Canada). The total lipid concentration was 20 mM in all cases. Prepared vesicle

suspensions were kept in a refrigerator until use.

2.4 Fluorescence emission spectra of Laurdan

10 pL of 100 uM Laurdan in ethanol was mixed with 12.5 uL of vesicle suspension,
and the sample solution was diluted with water to a total volume of 1 mL. The molar ratio
of total lipid/probe was 100/1. The sample solutions were incubated for 2 hours at room
temperature, and then the fluorescence spectrum of Laurdan was recorded with an
excitation wavelength of 340 nm, at emission wavelengths from 400 to 600 nm. The
membrane polarity (GPazso,Laurdan) at different temperatures was determined from
(Parasassi and Gratton, 1995; Suga and Umakoshi, 2013):

GP340,Laurdan = (la40 — 1a90) / (1220 + lag0), (4-5)

where ls40 and lsg0 are the emission intensities of Laurdan in a range of 440 and 490 nm

wavelengths, respectively.
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2.5 Fluorescence polarization measurements

To measure membrane fluidity, 0.4 uL of 100 uM DPH ethanol solution was mixed
with 12.5 uL of vesicle suspension, and the sample solution was diluted with water to a
total volume of 1 mL. The molar ratio of total lipid/probe was 250/1. Before fluorescence
polarization measurements the samples were incubated at 20, 30, 40 and 50°C in the dark
for at least 30 min. After incubation, the fluorescence polarization of DPH was measured
using a fluorescence spectrophotometer (FP-8500, Jasco, Tokyo, Japan) (Ex. = 360 nm,
Em. = 430 nm). Fluorescence polarizers were set on the excitation and emission light
pathways. With the emission polarizer angle of 0°, the fluorescence intensities obtained
with the emission polarizer angle 0° and 90° were defined as I ,and I, respectively. With
the emission polarizer angle of 90°, the fluorescence intensities obtained with the
emission polarizer angle 0° and 90° were defined as i, and i, respectively. The
polarization (PopH) was then calculated using:

P=(l)-Gl.) /(I +Gl.), (4-6)
where G (=i,/i)) is the correction factor. Since polarization is inversely proportional to
fluidity,? the membrane fluidity was evaluated by the reciprocal of polarization (1/P)
(Suga and Umakoshi, 2013; Taguchi et al., 2018).

3. Results and Discussion
3.1 Surface pressure - area isotherm studies

n-A isotherms were measured at 28°C for pure lipids (DLPC, DOPC, DPPC, Erg)
and lipid mixtures (Fig. 4-3). The melting temperatures (Tm) of DLPC, DOPC, and DPPC
are —2, —17, and 41°C, respectively. In DLPC systems, the isotherms of DLPC/Erg (Erg:
10, 30 and 50 mol%) appeared between pure DLPC and Erg isotherms. The excess area
(Aex) values of DLPC/Erg at 30 mN/m were negative (Fig. 4-3a), indicating an attractive
interaction between DLPC and Erg and tighter membrane packing. Typically, decreased
Aex values are also observed in the mixtures of fluid phase PC (saturated and unsaturated)
and Chol (Wydro et al., 2011; Jurak, 2013). The Gibbs free energies of mixing (4Gmix) of
DLPC/Erg monolayers were all negative (Fig. 4-3b), demonstrating that Erg is miscible
in DLPC monolayers at least up to 50 mol%. The phase states of DLPC (Tm = —2°C) and
DOPC (Tm =—17°C) membranes at 28 °C are liquid-disordered phase (Lq). In contrast to
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DLPC membranes, only a slight condensation effect was observed in DOPC monolayer
at 10 mol% Erg and almost no change was observed with 30 and 50 mol% of Erg at and
below a surface pressure of 30 mN/m (Fig. 4-3c). Because unsaturated acyl chains of
DOPC are kinked, steric hindrance between DOPC and Erg could be significant. In
addition, less ordering effects of Erg were reported in vesicle systems. The 4Gmix values
of DOPC/Erg mixtures were all negative, but less so than with DLPC (Fig. 4-3d). These
findings suggest that Erg prefers to interact with saturated PC in monolayer systems.

The isotherm of pure DPPC system showed inflection points at ~7 mN/m and ~10
mN/m (Chang et al., 2008; Sabatini et al., 2008), revealing the solid ordered state (So) of
DPPC membrane at this temperature. The addition of Erg (10, 30, and 50 mol%) increased
mean areas in comparison to the expected values (ideal mixture of DPPC and Erg) (Fig.
4-3e). A positive Aex value indicates a repulsive interaction between the molecules. In
DPPC/Erg binary systems, the incorporation of Erg resulted in positive excess areas at 30
mN/m, suggesting that Erg disturbed the tight-packing of DPPC molecules. Although Aex
values of DPPC/Erg systems were all positive through the pressure range of 10-30 mN/m,
the Gibbs free energy of mixing were negative (Fig. 4-3f). Given that Erg potentially
disturbed the tight-packing of DPPC molecules, the monolayer structure could be stable
and in liquid-ordered phase with high concentration of Erg similar to the liquid-ordered
phase of cholesterol-DPPC (Sabatini et al., 2008). Consistent with these findings, an
increased DPPC membrane elasticity with increased Erg was measured using
micropipette aspiration. In addition, at high Erg content the membrane properties were
consent with a liquid-ordered phase (Tierney et al., 2005).

At 30 mN/m the mean area of Erg was 39.19 + 0.44 A/molecule, and the maximum
compressibility modulus (Cst) was 108 + 4 mN/m. Chol has been reported to have a
mean area of 37.43 + 0.59 A/molecule and a much higher Cs* value 615 mN/m at 30
mN/m (Jurak, 2013). Thus, Chol should be more compressible than Erg under typical
membrane such as DPPC, which is consistent with the lower area compressibility
modulus of DPPC membranes containing Erg vs. Chol (Tierney et al., 2005). Chol
induces condensation in both saturated and unsaturated PC monolayer systems
(Dynarowicz-t.atka and Hac-Wydro, 2004; Miyoshi and Kato, 2015; Tierney et al., 2005).

It is also reported that the condensation effect of Erg is not so significant both for DPPC
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Table 4-1 Maximum compressibility moduli (Cs*) and the corresponding surface
pressures (mmax) measured in DLPC/Erg monolayers.

DLPC DOPC DPPC

Erg
[%0]

-1 -1 -1
Cs TUmax Cs Tlmax Cs Tlmax

[MN/m] | [MN/m] | [MN/m] | [mN/m]| [mN/m] |[mN/m]

0 729111 29 59.4+1.8 26 195.1£5.0 37

10 64.1+4.4 25 57.3+1.9 27 139.3+4.2 39

30 73.2+22 30 76.7+1.0 30 152.7£0.6 42

50 1495+ 8.6 36 65.3+2.3 29 119.3+2.8 37

100 |108.0+3.9 34 108.0 £ 3.9 34 108.0 £ 3.9 34

and DOPC monolayer systems (Mifiones et al., 2009), consistent with our results. When
Erg was incorporated into DMPC (Tm = 24°C) monolayer at 25°C, the maximum
compressibility moduli of DMPC/Erg binary systems increased when compared to that
of pure DMPC or Erg (Sabatini et al., 2008). A portion of DMPC molecules could be in
a melted state (Lq phase) at this temperature, Overall, the average area per molecule in
the mixture decreased indicating that Erg resulted in tighter membrane packing. This
suggests that Erg can attractively interact with melted PCs (T >Tm). As described in Table
4-1, 50 mol% of Erg in DLPC monolayer increased the maximum compressibility moduli,
however, no significant influence was observed in DOPC. Therefore, Erg condensed
DLPC in monolayers at 28°C, where DLPC molecules are in melted state but could be

more ordered — e.g. liquid condensed phase.

3.2 Effect of Erg in bilayer membrane polarities
Previous work has indicated that lipid monolayer characteristics at the high surface

pressure correlate with bilayer membrane properties (Marsh, 1996). It is assumed that the
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condensation effect of Erg in monolayer at 7 = 30 mN/m should be comparable with
vesicular systems. To clarify the role of Erg in bilayer membrane systems, Erg-containing
vesicle membranes were prepared and characterized by fluorescent probes (Bui et al.,
2016; Lentz, 1993).

The fluorescent probe, Laurdan, is widely used to characterize the polar environment
in vesicle membranes (Parasassi and Gratton, 1995; Klemm et al., 2009). The emission
peak position of Laurdan corresponds to the membrane phase state: a sharp peak at around
440 nm for S, phase, a broader peak at 440 nm for L, phase (Watanabe et al., 2019; Suga
and Umakoshi, 2013), and a broader peak at 490 nm for Lq phase. The addition of Erg in
DLPC vesicles resulted in blue-shifted emission peaks (Fig. 4-4a), demonstrating that
incorporation of Erg resulted in an ordered phase. In contrast, no peak shifts were found
in DOPC/Erg vesicles (Fig. 4-4b), which reinforces our previous findings that Erg did
not alter DOPC membrane properties. In DPPC vesicles, the presence of Erg led to a
slight blue-shift (~4 nm) in the Laurdan emission peak (Fig. 4-4c), indicating that the
membranes remained in the ordered phase. These results agreed well with the isotherm
results that Erg enhanced DLPC membrane order, but had little to no effect in DOPC
(Parasassi and Gratton, 1995). At 20°C, Erg significantly increased the ordering of DLPC
membranes, but only had a small effect in DOPC membranes (Fig. 4-5a). With DPPC,
below Tm there was no effect of Erg, but a dramatic ordering effect was observed above
DPPC Tm (Fig. 4-5b). The addition of Erg increased the GP340,Laurdan Values in DLPC/Erg
vesicles at 50°C, but again no significant effects were observed in fluid phase DOPC/Erg
vesicles. These results demonstrate that Erg molecules prefer to interact with saturated

PC molecules at temperatures above Tm. systems. General polarization, GP, reflects the
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Fig. 4-4 Laurdan spectra obtained in DLPC/Erg (a), DOPC/Erg (b), and DPPC/Erg
(c). Total concentrations of lipids and Laurdan were 100 and 1 uM, respectively.
Measurements were carried out at 20°C.
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Fig. 4-5 Relationship between Erg content and membrane polarity (GP340,Laurdan) at
20°C (@) and at 50 °C (b). Colors indicate DLPC/Erg (red), DOPC/Erg (black), and
DPPC/Erg (blue). Higher GP3zso0,Laurdan Values (> 0) mean ordered state, lower
GP340,Laurdan Values (< 0) mean disordered state. Data obtained with three repeatable

experiments.

polarity of the vesicle: positive GP values (>0) represent ordered states while negative

GP values (<0) represent disordered states

3.3 Temperature-dependency of membrane fluidities in PC/Erg vesicle systems

As DPH can bind to lipid tails (acyl chains) in the membrane interior, (1/Pppn) is an
important indicator used to characterize the fluidity of lipid bilayers. Fig. 4-6 displays the
measured (1/PpeH) as a function of Erg mol% and temperature. The phase state of the
membrane can be roughly estimated based on the 1/PppH values. Specifically, a higher
1/PppnH value (1/PppH >6) indicates a fluid phase membrane (Ld), while a lower 1/PppH
value (1/Pppn <6) indicates an ordered membrane (So or Lo). Between 20 to 50°C,
membrane fluidity of DLPC/Erg systems decreased with increasing addition of Erg. This
indicates that Erg monotonically increases the ordering of saturated lipids above their
melting point. On the other hand, unsaturated DOPC membrane fluidity was not altered
by Erg. In DPPC/Erg systems, below Tm of DPPC (41°C), there was no significant change
in the membrane fluidity. However, at temperature > T, of DPPC, the fluidity of the pure
DPPC membrane increased rapidly. Consistent with the findings with DLPC, the
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inclusion of Erg in the saturated DPPC membrane above Tm significantly decreased
membrane fluidity values in the order of 10, 30 and 50 mol% of Erg. For instance, while
the 1/PppH value of the DPPC membrane decreased with a mere 10 mol% Erg, the value
was still higher than 6, indicating that the membrane was still in the Lq phase. At 30 and
50 mol% Erg, the 1/Pppn values were similar to pure DPPC under Tm, implying the mixed
membranes remained in the Lo, phase. The significant reduction of membrane fluidity in
the presence of Erg at temperatures above Tr, of saturated phospholipids demonstrate a
preferential interaction of Erg with saturated, fluid phase PC and that Erg enhances the
ordered phase as well as L, phase in the membranes. As a result, the fluidity of DLPC/Erg
and DPPC/Erg membranes decreased at temperatures above Trm. As saturated PC and Erg
membranes can maintain a more ordered state at elevated temperatures. In particular, Erg
had a much smaller effect in unsaturated membranes (Hung et al., 2016).

The ordering effect of Erg and Chol on DPPC was also compared via the fluidity
values of mixed membranes containing 10, 30 and 50 mol%. As shown in Fig. 4-7, the
1/PppH values clearly show that below Tm neither sterol altered membrane fluidity.
However, above the T, of DPPC, Chol had a stronger ordering effect than Erg. For

example, both Chol and Erg significantly reduced the 1/Pppn values at 10 mol% sterol,
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Fig. 4-6 Temperature dependency of membrane fluidity (1/Pop+) for DLPC/Erg
(a), DOPC/Erg (b), and DPPC/Erg (c). Total concentrations of lipids and DPH

were 100 and 0.4 puM, respectively. Symbols indicate pure PC systems (1), PC
with 10 mol% Erg (<, #), PC with 30 mol% Erg (V, ¥), and PC with 50 mol%

Erg (A, A). Data obtained with three repeatable experiments.

65



a) 10 mol% sterols b) 30mol% sterols ¢) 50mol% sterols

- " O control %_ i i i i
a 16 Kk - g L g
= Erg i I | I |
> Chol K

5

w10t 5" g L 1 t _
() 1

o 1 - - - - .
© i '

o) )

s | ' | %-x | .- &
S 4 ilpea gad { Ex-EFEE= 1 ca-a--a-8Rla -a

200 30 40 50 200 30 40 50 20 30 40 50
TCl TCl TCl
Fig. 4-7 The membrane fluidity of DPPC membranes containing Erg and Chol at
10 mol% (a), 30 mol% (b) and 50 mol% (c) at temperature ranges of 20 to 50 °C.

but Chol more than Erg. At higher concentration of sterols (30 and 50 mol%) membrane
fluidity remained almost constant indicative of the liquid order phase in DPPC

membranes with elevated sterol.

3.4 Discussion of possible roles for Erg in lipid membrane

Chol has been established to regulate and maintain a low membrane fluidity (Mitra
et al., 2004; Mouritsen and Zuckermann, 2004). For instance, Hung et al. used high
resolution X-ray diffraction to measure the thickness of saturated, monounsaturated and
unsaturated phospholipid lipid bilayers containing Chol (Hung et al., 2007; Hung et al.,
2016). Their work demonstrated that Chol induced the largest thickening effect in
saturated (DMPC) lipid membranes. The thickness increase of monosaturated (1-stearoyl-
2-oleoyl-sn-glycero-3-phosphocholine) and unsaturated (DOPC) phospholipid
membranes were about 20% smaller than that of DMPC. High resolution X-ray
diffraction by Hung et al. also revealed the condensing effect of Chol, however the effect
of Erg was found to depend on membrane composition (Hung et al., 2016). The
differences between Erg and Chol were explained by subtle differences in their structure
and the type of acyl chains esterified to phospholipids. A simple and robust natural

abundant two-dimensional 13C-NMR spectroscopy method has been used to investigate
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order and dynamics in systems containing loosely coupled proton spin pairs, such as lipid
bilayers. As evidenced from inter-proton pair order parameters (Urbina et al., 1998;
Urbina et al., 1995; Sabatini et al., 2008), the results indicated that the ordering effects of
sterols in membranes depended both on sterol structure and phospholipid acyl chains,
being Erg < Chol for unsaturated phospholipid but the reverse for saturated lipid (Hsueh
et al., 2005).

Furthermore, the results of previous ?H-NMR studies with perdeuterated molecules
also agreed with the ordering effect of Erg and Chol in membranes. Hsueh et al. argued
that the addition of a methyl group at the tail and one double bond at C7-8 of the B-ring
in the steroid ring system made Erg bulkier than Chol which limited Erg’s ability to order
unsaturated acyl chains (Hsueh et al., 2007). It is also reported that Erg ordered
unsaturated membranes less strongly than Chol (Tierney et al., 2005), consistent with our
studies. Similar to Chol, Erg has the potential to induce a Lo—like ordered phase. In the
present study, Erg also slightly decreased the fluidity of DOPC vesicles. More
significantly, Erg preferentially interacted with saturated phospholipids above Tm,
reduced the membrane fluidity and stabilized the membrane structure of the composite
membrane. Indeed, it acted very similarly although slightly less strongly than Chol (Fig.
4-7). The ring system in Erg is, in fact, known to be more planar than in Chol, and an
additional double bond and a methyl group in the side chain of Erg make this moiety more
rigid and oriented along the axis of the ring system (Arora et al., 2004). This feature may
make Erg slightly less efficient in ordering saturated hydrocarbon chains. Such behaviors
of Erg are important to explain the properties of lower eukaryote membranes as well as
the roles of Erg in thermal resistance. Erg could be essential to provide ordered membrane
structures of Saccharomyces cerevisiae (Abe and Hiraki, 2009).

Further, the fluidity results showed that Erg maintained membrane order over a large
temperature range, even beyond Tm of the saturated lipid component. The affinity between
Erg and saturated lipids could explain why Erg is the main sterol in lower eukaryotes,
which contain saturated lipids as one of the dominant lipid species, while Chol is the
sterol component of mammalian cell membranes, which are enriched in unsaturated lipids.
As lower eukaryotes cannot control cellular temperature, the effect of Erg on membrane

properties is extremely important to help maintain membrane fluidity homeostasis for
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proper cellular functions. This also helps to clarify how fungi can function at high
temperature as the concentration of saturated PC lipids increases under these conditions
(Ramage et al., 2012; Grillitsch et al., 2014). Conversely, in mammalian membranes
which are rich in unsaturated lipids, Chol is thought to be more effective in maintaining
tight membrane packing and order. Comparing the chemical structure of Chol and Erg, it
makes sense that Chol should have a larger condensing effect: Chol has a planar ring
structure which enables PC molecules approaching from both sides, and no hindrance
around hydroxyl group (Hénin and Chipot, 2006). While, the double bonds at the B ring
and tail of Erg result in a bulky structure (Stevens et al., 2010), which will decrease
intermolecular interaction with a kinked DOPC molecule and be slightly less efficient in
ordering saturated DPPC. In summary, the interaction behavior and function of Erg
depends on the membrane phase state and acyl chain structure. In particular, Erg only

interacted and altered the membrane fluidity of saturated lipids above Tn.

4, Summary

Compared to Chol which ordered both saturated and unsaturated phospholipid
membranes, Erg, Chol’s derivative only altered the lipid packing of saturated
phospholipid membranes at the melting state and had no effect on unsaturated lipid
membranes. The results from monolayer isotherms indicated that increasing amounts of
Erg led to changes in mixed monolayer phase state suggesting the formation of a liquid
ordered phase with saturated acyl tail lipids above Tm. Additionally, the interaction of Erg
in different membrane phase states were revealed via excess area per molecule analysis
of isotherms. Erg was also found to modulate membrane fluidity in vesicles. The
stabilization of low membrane fluidity in unsaturated lipids likewise clarified the function
of Erg in lower eukaryotes. It is assumed that Erg preferentially interacts with saturated
PC in the melted state, which maintains membrane stability and order at high temperature.
By comparing the physicochemical functions of sterol molecules in lipid membranes, a
plausible role for biological selection of Erg or Chol for different eukaryotes was
suggested. As this work demonstrates, the selection of sterol component provides another

means to optimize membrane properties for applications.
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Chapter V

Ergosterol-Induced Ordered Phase in Ternary Lipid Mixture Systems

of Unsaturated and Saturated Phospholipid Membranes
1. Introduction

Biological membranes are composed of phospholipid bilayers embedded with
proteins, glycolipid, glycoproteins, and steroids. Membrane components and their
composition vary according to organism, cell type, and membrane type (Singer and
Nicolson, 1972; Spector and Yorek, 1985). Model membranes are constructed from self-
assembled vesicles composed of saturated or unsaturated phospholipids and other
amphiphilic molecules, such as Chol in animal cells, phytosterol, sitosterol, and
stigmasterol in plant cells, Erg in fungal cells, and bacteriohopanetetrol or
bacteriohopanaminotroil in bacterial cells (Dufourc et al., 1984). Chol induces the
formation of liquid-ordered (Lo) membrane states known as lipid rafts (Marsh, 1996). Raft
domains play an important role in modulating the structure, dynamics, and properties of
membranes (Bloch, 1983; Rubenstein et al., 1979; Bacia et al., 2005) and are also thought
to have an essential role in fundamental biological processes such as cell sorting,
infectious diseases, asymmetric growth, and signal transduction (Dufourc et al., 1984).
For instance, Erg, the predominant sterol in yeast, induces an Lo—like ordered phase and
increases yeast tolerance to high ethanol concentrations (Hsueh et al., 2005).

The role of Chol in membrane properties and functions and the interactions between
Chol and phospholipids have been well-studied; McConnell et al. reported the miscibility
of Chol in phospholipid monolayers and bilayers (Rubenstein et al., 1979; Keller et al.,
2000; Radhakrishnan and McConnell, 1999; Okonogi and McConnell, 2004;
Radhakrishnan et al., 2000; Radhakrishnan and McConnell, 2005; McConnell and
Radhakrishnan, 2008). Unlike Chol, Erg has a methyl group at

C24 of its side chain and two additional double bonds at 7C and 22C, which generate
the distinctive effects of Erg (Baginski et al., 1989; Hung et al., 2016). Many molecular
dynamics studies have been conducted on Erg-phospholipid systems (Hung et al., 2016;
Czub and Baginski, 2006; Cournia et al., 2007; Smondyrev and Berkowitz, 2001);
however, their results do not concur, particularly regarding the condensing effect of Erg
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(Mannock et al., 2006). It has been reported that the effects of Erg are dependent on
membrane phospholipid composition. The interactions of Erg and Chol with saturated
phospholipid membranes containing 1,2-dimilystoyl-sn-glycero-3-phosphocholine
(DMPC) have been compared. It is known that the electron density profile and thickness
of a pure lipid bilayer vary depending on the degree of hydration (Hung et al., 2016; Olah
et al., 1991); however, in the presence of Erg or Chol, the electron density profile of the
bilayer was independent of the degree of hydration (Hung et al., 2016; Franks, 1976). In
addition, the roles of Erg and Chol differ in monolayer systems; Erg has a condensing
effect with fully saturated lipids, whereas Chol has a condensing effect with both
unsaturated and saturated lipids (Hung et al., 2016). Furthermore, the electron density
profile of DMPC bilayers containing Chol is similar to that observed for pure DMPC in
a gel phase, while membranes mixed with Erg are smoother and disordered (Hung et al.,
2016).

The differences between Erg and Chol have also been clarified by evaluating their
interactions with membranes containing unsaturated PCs (1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)).
For concentrations of up to 20 mol%, Chol exhibited a strong condensing effect that
thickened both membranes, whereas Erg had almost no condensing effect in these
membranes (Hung et al., 2016). These results suggest that Erg has no ordering effect on
the lipid acyl chains of DOPC and POPC; however, at concentrations of up to 25 mol%,
Erg exhibited a small ordering effect (Urbina et al., 1998; Urbina et al., 1995; Hsueh et
al., 2005). The effects of Erg on DMPC, POPC, and DOPC differ from those of Chol,
particularly with unsaturated lipid acyl chains. Consequently, the phase diagrams of Chol
in lipid membranes cannot be utilized to understand membrane state in the presence of its
analog, Erg. Thus, phase diagrams for Erg with saturated and unsaturated lipids in binary
and ternary lipid mixtures should be constructed and compared to those for Chol in similar

lipid systems.
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Considering previous findings, it is important to understand how Erg affects
interaction behavior, condensing effects, and membrane phase states. In a DOPC bilayer,
Chol dose-dependently altered the state of the bilayer (DOPC/Chol = 9/1, Lq; DOPC/Chol
=713, Lat+Lo; DOPC/Chol = 5/5, Lo) (Suga and Umakoshi, 2013), whereas Erg exhibited
less ordering effects than Chol or Lan (Bui et al., 2016). Herein, we studied the effect of
Erg in a model membrane composed of DOPC, 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), and sterol (Table 5-1). The experimental systems used here
were bilayers (assessed using fluorescent probe analyses) and monolayers (assessed using
surface pressure-area (n-A) isotherms). In the bilayer systems, the used of fluorescent
probes with 1,6-diphenyl-1,3,5-hexatriene (DPH) and 6-lauroyl-2-dimethylamino
naphthalene (Laurdan) enabled the ordering effects of Erg and Chol to be compared, with
the plausible phase states of DOPC/DPPC/Erg ternary systems categorized as solid order
(So, gel phase of pure phospholipid bilayers under phase transition temperature (Tm)),
liquid-disordered (Lq), or liquid-ordered (Lo, sterol-induced ordered phase) phases.
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Fig. 5-1 Conceptual illustration of Chapter V.
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Table 5-1 Lipid compositions studied in this work

Entry™ Lipid composition Entry™ Lipid composition
(DOPC/DPPC/Erg) (DOPC/DPPC/Chol)

a 75/25/0

a-i 67.5/22.5/10 a-i’ 67.5/22.5/10

a-ii 52.5/17.5/30 a-ii’ 52.5/17.5/30

a-iii 37.5/12.5/50 a-iii’ 37.5/12.5/50

b 50/50/0

b-i 45/45/10 b-1’ 45/45/10

b-ii 35/35/30 b-ii’ 35/35/30

b-iii 25/25/50 b-iii’ 25/25/50

c 25/75/0

c-i 22.5/67.5/10 c-i’ 22.5/67.5/10

c-ii 17.5/52.5/30 c-ii 17.5/52.5/30

c-iii 12.5/37.5/50 c-iii’ 12.5/37.5/50

1 Erg-modified memrbaneas are described without prime. The DOPC/DPPC ratio of
systems a, b, and c are 3/1, 1/1, and 1/3, respectively. The stertol amout for systems -i, -
ii, and -iii are 10%, 30%, and 50%, respectively.

*2 Chol-modified membranes are decribed with prime (*)

2. Materials and Methods
2.1 Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine  (DOPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) were purchased from Avanti Polar Lipids (Alabaster,
AL). Synthetic high purity (> 95.0 %) Erg and Chol were purchased from Sigma-Aldrich
(St. Louis, MO) and stored in a refrigerator without exposure to light. Other chemicals
were purchased from Wako Pure Chemical Industry (Osaka, Japan) and were utilized

without further purification.
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2.2 Liposome preparation

Liposome suspensions were prepared according to a previously described method.
Briefly, chloroform solutions of DOPC/DPPC/sterol were dried in a round-bottomed
flask by rotary evaporation in a vacuum. To ensure mixing, the lipid films were dissolved
in chloroform and evaporated three or four times. The thin lipid films were kept in a high
vacuum for at least 3 h and then hydrated at room temperature with 3 mL of water. The
vesicle suspension was frozen at -80 °C and thawed at 50 °C. This freeze-thaw cycle was
repeated five times and the liposome suspensions were extruded through two
polycarbonate membranes with mean pore diameters of 100 nm using an extruding device
(Liposofast; Avestin, Ottawa, ON, Canada) 11 times. The total lipid concentration
([IDOPC] + [DPPC] + [sterol]) was 20 mM in all cases. Prepared liposome suspensions

(Table 5-1) were kept in a refrigerator until further use.

2.3 Evaluation of membrane fluidity

To measure membrane fluidity, 0.4 uL of ethanol solution including DPH (probe
concentration: 100 pM) was mixed with 12.5 pL of liposome suspension and diluted with
water to a total volume of 1 mL. The molar ratio of total lipid ([DOPC] + [DPPC] +
[Erg])/DPH was 250/1. The samples were incubated at 20-50 °C in the dark for at least
30 min before DPH fluorescence polarization was measured using a fluorescence
spectrophotometer (FP-8500; Jasco, Tokyo, Japan; Ex. = 360 nm, Em. = 430 nm).
Fluorescence polarizers were set on the excitation and emission light pathways. At an
emission polarizer angle of 0°, the fluorescence intensities obtained at 0° and 90° were
defined as I, and I ;, respectively. At an emission polarizer angle of 90°, the fluorescence
intensities obtained at 0° and 90° were defined as i, and i, respectively. Polarization (P)
was calculated using the following equation:

P=(,-Gl.)/(I,+GCl.), (5-1)

where G (i./iy) is the correction factor. Since polarization is inversely proportional to

fluidity (Lentz, 1993), membrane fluidity was calculated as the reciprocal of polarization

(1/P). The membrane fluidity of the bilayer interior region was given by 1/PppH.
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2.4 Evaluation of membrane polarity using Laurdan fluorescent probes

To measure membrane polarity, 10 puL of Laurdan fluorescent probe (probe
concentration: 100 uM) was added to 12.5 uL of liposome solution (total lipid
concentration: 20 mM) in 977.5 pL of water (molar ratio: total lipid ([DOPC] + [DPPC]
+ [Erg])/Laurdan = 100/1) and incubated for 2 h at 20-50 °C. The Laurdan fluorescence
spectrum of each liposome was recorded at appropriate emission wavelengths (400-600
nm) at different temperatures with an excitation wavelength of 340 nm. Membrane
polarity (GP340,Laurdan) Was calculated as follows (Parasassi and Gratton, 1995):

GPa40,Laurdan = (1240 - 190) / (1440 + l490), (5-2)
where ls40 and lsgo are the Laurdan emission intensities at 440 and 490 nm, respectively.

2.5 m—A isotherm measurements

DOPC, DPPC, and Erg were dissolved in chloroform at a total concentration of
0.4 mM and 30 — 40 uL of the stock solution was spread onto a pure water subphase in a
KSV film balance (trough dimensions: width, 60 mm; length, 190 mm; total area, 76.5
cm?). After incubating for 10 min for the solvent to evaporate off, the surface pressure-
area (m—A) isotherms were measured at a constant compression rate of 5 mm/min (ca. 300
mm?2/min), corresponding to a compression rate of 3-4 A2 mean molecule per min. The
temperature of the subphase was maintained at 28 + 1 °C and the total amount of lipid
spread on the subphase was 30 nM. All experiments were repeated at least three times

with satisfactory reproducibility.

2.6 Excess area analysis

The excess area (Aexc) Of the lipid ternary mixture system was calculated from the
n—A isotherms according to the following equation:

Aexc = A123 — Aid = A123 — (X1A1 + X2A2 + X3A3), (5-3)
where Az123 is the mean area obtained at an arbitrary pressure, Aiq is the ideal value for the
membrane composition, A is the mean area, and x; is the molar fraction pure component
(i=1,DOPC;i=2,DPPC;i =3, Erg).
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3. Results and Discussion
3.1 Erg induces an ordering effect in ternary systems

Membrane fluidity, 1/Ppph, is one of many indicators of the state of lipid bilayers
(Suga and Umakoshi, 2013; Bui et al., 2016; Lentz, 1993). Using a DPH fluorescent probe,
we measured and compared the membrane fluidity (1/Pppn) oOf ternary mixtures of
DOPC/DPPC/Erg and DOPC/DPPC/Chol (Fig. 5-2). The membrane fluidity of the
DOPC and DPPC mixture decreased as the amount of DPPC increased, reflecting the
increased packing of the membranes (Entries a, b, and c). For the ternary mixtures of
sterols in membranes enriched with unsaturated DOPC (Entries (a-i)-(a-iii), and (a-i’)-(a-
iii’)), the membrane fluidity values dramatically decreased with the addition of high
concentrations of Chol (50 mol%; Entries a-iii’, b-iii’, and c-iii”), whereas Erg only
slightly decreased membrane fluidity even at high concentrations. This indicates that Erg
has an insignificant ordering effect in DOPC-enriched membranes. In the mixtures
containing equal amounts of DOPC and DPPC (Entries (b-i)-(b-iii) and (b-i’)-(b-iii")),
both Chol and Erg exhibited a similar ordering effect at 10 mol% and slightly reduced
membrane fluidity, particularly at temperatures above 28 °C (Fig. 5-2b-i). At 30 and 50
mol%, Erg and Chol both decreased the fluidity of the membrane to very low and similar
values for temperatures below 28 °C. The membrane fluidity gradually increased at high
temperatures with Erg and even higher temperatures with Chol (Figs. 5-2b-ii, b-iii),
suggesting that Chol has a greater ordering efficiency than Erg.

In the systems enriched with saturated DPPC (Entries (c-i)-(c-iii) and (c-i’)-(c-iii’)),
the effect of Erg on membrane order was weaker than that of Chol at 10 and 30 mol%;
however, the effects of Erg and Chol were similar at 50 mol% which demonstrated the
lowest 1/PppH values (Figs. 5-2c-i, c-ii, and c-iii). These results suggest that in ternary
mixtures of dominant saturated membranes, Erg could reduce membrane fluidity
alongside environmental temperature, whereas Chol enhanced the packing of both
unsaturated and saturated lipid membranes. The effects of Erg and Chol in ternary
mixtures were similar to those in binary mixtures of unsaturated and saturated
phospholipids (Hung et al., 2016).

The effects of Erg and Chol on the phase state of the membrane can be approximated via

membrane properties (Suga and Umakoshi, 2013; Abe and Hiraki, 2009); in particular,
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Fig. 5-2 Membrane fluidity (1/P) of DOPC/DPPC/sterol ternary bilayer systems.

Measurements were carried out at the temperature range of 20 to 50 °C. Open square

indicate the systems without sterols. The ratios of DOPC/DPPC are same in each panel.

Detailed compositions are shown in Table 5-1.
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a higher 1/PppH value (> 6) indicates a fluid phase membrane (Lq), whilst a lower 1/PppH
value (< 6) indicates an ordered membrane (So or Lo). The membrane fluidity of
DOPC/DPPC = 3/1 was greater than 6 at 20-50 °C, indicating an Lq phase. The addition
of Erg at 10, 30, and 50 mol% decreased the 1/Pppn values; however, the 1/Pppn values
were still higher than 6, indicating a Lq phase. For the systems without Erg (Entries a, b,
and c), the membrane phase of Lq + So showed low fluidity at low temperatures and high
fluidity at high temperatures. The presence of 10 and 30 mol% Erg in DPPC-enriched
systems (Entries b-i, b-ii, c-i, c-ii) decreased 1/P values at 20-33 °C, resulting in a three
phase mixture (Lg + So + Lo), whilst the addition of 50 mol% Erg drastically decreased
membrane fluidity, even at high temperatures, and the 1/PppH value was typical of Lo-like

phase membranes.

3.2 Effect of Erg on membrane polarity analyzed by Laurdan
Laurdan fluorescent probes have been widely utilized to characterize the polar

environment of liposomal membranes (Suga and Umakoshi, 2013; Parasassi and Gratton,
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Fig. 5-3 GP340 values of DOPC/DPPC/Erg ternary mixtures. Left panel for systems a,
a-i, a-ii, a-iii. Center panel for systems b, b-i, b-ii, b-iii. Right panel for systems c, c-
I, c-ii, c-iii. Experiments were conducted at temperature range of 20 to 50 °C. Total
concentrations of lipid ([DOPC]+[DPPC]+[Erg]) and Laurdan were 100 and 1 puM,

respectively.
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1995; Watanabe et al., 2019). The fluorescent intensity of Laurdan around 440 and 490
nm was recorded to calculate membrane polarity (GPz40). Fig. 5-3 shows the alteration in
membrane polarity values at 20 - 50 °C. A lower GPz4o value indicates hydrophilic
membranes with loose packing. At 20 °C (< Tm of DPPC), Erg altered membrane polarity
in a dose-dependent manner, especially in systems enriched with saturated DPPC (Entries
(c-i)-(c-iii)) at 50 °C, indicating that Erg can interact with PC molecules and make the
membrane slightly ordered. At 50 °C (> Tm of DPPC), the GPs values of the
DOPC/DPPC binary mixtures were similar (ca. -0.3), revealing a Lq phase (Suga and
Umakoshi, 2013). Higher levels of Erg can increase membrane order, with an increase in
GP340 indicating an interaction between Erg and DPPC melting. Thus, Erg demonstrated
higher membrane ordering efficiency in membranes enriched with saturated PCs at high

temperatures.

3.3 Monolayer studies of Erg in ternary mixtures
Fig. 5-4 shows the m-A isotherms of ternary mixtures of DOPC/DPPC/Erg
recorded at 28 °C. The isotherm of pure DOPC is smooth, indicating a Lq phase, whilst
that of DPPC at temperatures below the Tm shows inflexion points, indicating a So phase
(Chang et al., 2008; Sabatini et al., 2008). In the systems enriched with unsaturated DOPC
(Entries (a-i)-(a-iii)), Erg did not decrease the mean area but caused an expansion in the
isotherms, possibly due to its bulky structure (Cournia et al., 2007; Sabatini et al., 2008).
The obtained isotherm curves were smooth and wide (Fig. 5-4a), which may be evidence
of a Lqg phase. In our previous study, the phase state of a DOPC/DPPC = 3/1 bilayer at
30 °C was shown to be fully disordered (Lq) (Suga and Umakoshi, 2013); thus, Erg did
not alter the phase state of systems enriched with unsaturated lipids at the monolayer level.
Unlike Erg, Chol decreased the surface area of membranes with more unsaturated
phospholipid molecules and the obtained area was smaller than ideal mixing area,
implying that Chol induced membrane condensation (Keller et al., 2000; Veatch and
Keller, 2002; Stottrup et al., 2005).
The surface pressure of biological membranes is assumed to be higher than that of
model membranes (Marsh, 1996; Sennato et al., 2005). As for ternary mixtures of Chol,

membranes containing more saturated acyl chains and Erg had a lower molecular area
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Fig. 5-4 Surface pressure-area (n-A) isotherms for ternary mixtures at 28 °C. Left panel
for systems a, a-i, a-ii, a-iii. Center panel for systems b, b-i, b-ii, b-iii. Right panel for

systems c, c-i, c-ii, c-iii. The symbol, circle, indicates the isotherm of pure Erg.

and compressibility than enriched unsaturated phospholipid membranes (Stottrup et al.,
2005). In the systems enriched with unsaturated DOPC (Entries c, c-i) and those with
equal amounts of DOPC and DPPC, Erg decreased the mean area at each surface pressure.
In addition, the inflexion points disappeared with increasing amounts of Erg. The
decrease in the mean area suggests that Erg has a similar condensing effect to Chol
(Veatch and Keller, 2002; Mifiones et al., 2009; Keller et al., 2000), whilst the smooth
isotherms suggest the dissapearance of the solid phase (Figs. 5-4b and c). A transition
from S, to liquid phase has been observed for saturated PC at temperatures below the Tm
with the addition of Erg at low surface pressure (Sabatini et al., 2008). Bending points
were observed in the isotherms of systems b, b-i, ¢, and c-i, indicating the coexistence of
So and liquid phases. Additionally, increasing levels of Erg gradually decreased the mean
area. For systems with Erg > 30 mol% (except a-ii and a-iii), the monolayers were in
liquid phase (with no inflection points) and condensing effects were observed, suggesting

the formation of an Lo-like ordered phase.
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Fig. 5-5 Aex values at = = 30 mM/m. Left panel for systems a, a-i, a-ii, a-iii. Center
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To better quantify the interactions between Erg and PC molecules, the excess area
(Aex) was calculated from the experimental and ideal mixing areas (Fig. 5-5). Herein, Aex
values of 30 mN/m were used to estimate sterol-lipid interactions in the bilayer
membranes. At 30 mN/m, the mean areas of pure DOPC, DPPC, and Erg were 52.24 +
1.61, 41.94 + 0.36, and 38.23 + 0.93 A%molecule, respectively. Disparity between the
mean area of the ternary lipid mixture (4123) and the ideal value (Aig, red line) was defined
as the excess area. Condensing effects can be caused by attractive interactions between
lipids, which are indicated by negative Aex values, whereas positive Aex values indicate
expanding effects between molecules due to repulsive interactions (Radhakrishnan and
McConnell, 2005; Kurniawan et al., 2017). In ternary mixtures of DOPC/DPPC = 3/1,
the Aex was large and positive (Fig. 5-5a), suggesting that the incorporation of Erg into
unsaturated PC-enriched disordered membranes made the membranes loosely-packed. In
the binary mixture systems of DOPC/Erg, no attracting interactions were observed (data
not shown). These results reveal that the Ly phase state of DOPC/DPPC = 3/1 membranes
is not affected by Erg.
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Fig. 5-6 DSC analysis of DOPC/DPPC liposomes. Based on the obtained AH values,
the fraction of total boundary lipid in DOPC/DPPC 3/1 (75/25), 1/1 (50/50) and 1/3
(25/75) were 25.9%, 49.5%, 55.8%, respectively. The mean boundary DPPC (i.e.
not in S, state) in DOPC/DPPC 3/1, 1/1 and 1/3 was 25 mol%, 37.8 mol% and 36.0

mol%, respectively.

Conversely, in the systems with equal amounts of DOPC and DPPC (Entries (b-i)-
(b-iii)) and those enriched with saturated DPPC (Entries (c-i)-(c-iii)), the incorporation of
Erg resulted in negative excess areas, suggesting that the condensed state of the
membrane is due to attractive interactions between Erg and PC molecules (Figs. 5-5b
and c). Similarly, a condensing effect has been observed in ternary mixture systems
including Chol (Keller et al., 2000; Veatch and Keller, 2002; Stottrup et al., 2005). This
could suggest that interactions between Erg and saturated PC form an ordered phase. In
binary mixtures of DPPC/Erg, positive Aex values were observed at the same temperature
(data not shown), indicating that Erg and DPPC may be immiscible at temperatures below
the Tm. According to calorimetry analysis, boundary DPPC lipids (i.e., DPPC molecules
not in So phase) exist in DOPC/DPPC mixtures (Fig. 5-6 and Table 5-2). The phase
transitions of DOPC/DPPC liposomes were revealed by differential scanning calorimetry
(DSC) analysis (Fig. 5-6). It was found that the DPPC liposome indicated a phase
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Table 5-2 Phase transition enthalpy of DPPC [kcal/mol]

DOPC/ AHpopc+brpc AHpopc/prrc
2-(@1)
DPPC 1) (2)
10/0 0.00 0.00 0.00
713 2.54 0.00 -2.54
5/5 4.92 0.49 -4.43
3/7 5.42 3.55 -1.87
0/10 7.38 7.38 0.00

transition temperature (Tm) at 41 °C. The enthalpy (4H) for DOPC and DPPC were
calculated (Table 5-2). In the case of liposome mixture ((1) DOPC liposome + DPPC
liposome), the AH values showed a liner relationship with DPPC concentration. In
contrast, the DOPC/DPPC binary mixtures (2) showed the decreased 4H values lower
than those of liposome mixtures. It is therefore suggested that DPPC molecules are
not fully in solid ordered (So) phases. Thus, Erg may interact with saturated PCs in a
melted state. The total effects of Erg on DOPC/DPPC mixtures may therefore make the

membrane more ordered.

3.4 Phase diagram of DOPC/DPPC/Erg bilayers

The phase diagram of DPPC/DOPC/Erg in 20 vol% ethanol at 22 °C has been
shown to mimic yeast cell biomembranes (Vanegas et al., 2012; Ma and Liu, 2010; You
et al., 2003; Arroyo-Lopez et al., 2010) that can tolerate high alcohol concentrations
during anaerobic fermentation. Generally, short-chain alcohols partition the lipid-water
interface, with hydrocarbons positioned next to the lipid acyl chains and the hydroxyl
group facing the solvent (Adachi et al., 1995; Barry and Gawrisch, 1994; Kranenburg et
al., 2004; Feller et al., 2002). The behavior of ternary supported bilayer systems was
investigated using atomic force microscopy and fluorescence microscopy (Vanegas et al.,
2012) and phase behavior was determined by Texas Red DHPE fluorescent probe
partitions. The phase diagram of lipid systems in 20 vol% ethanol clearly showed that an
increase in unsaturated lipids and/or Erg could prevent the formation of the interdigitate
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phase and maintain membrane thickness during fermentation (Vanegas et al., 2012).
Compared to the phase diagram (20 °C) of DOPC/DPPC/Erg in the absence of ethanol,
the membrane phase state was quite similar to that of enriched unsaturated lipid
membranes in the disordered phase. In membranes with high amounts of saturated lipids,
the membrane was mainly S, phase in the absence of ethanol but a mixture of So, Lg, and
Lo phases in the presence of ethanol at low temperatures. Depending on the surrounding
environment, alterations in lipid and Erg content could produce fungi or yeast cells that
can tolerate and survive in high ethanol conditions.

The temperature-dependence of the 1/P value can approximate the phase state of
lipid bilayers: in So phase (e.g., pure DPPC) 1/P values are low (1/P < 4) and almost
constant below the Tm; in Lo phase (e.g., DOPC/Chol 50/50) 1/P values are lower but
gradually increase as the temperature increases (Suga and Umakoshi, 2013). Although it
can be difficult to judge the phase state based on the 1/P value itself, case studies can help
determine the membrane state (Figs. 5-7 and 5-8).

Considering the temperature dependency of the 1/P values, the phase states of
DOPC/DPPC/Erg ternary systems were estimated as follows. Systems enriched with
unsaturated DOPC (Entries (a)-(a-iii)) could be Lq4 phase (at 28 °C), otherwise membranes
are in a more ordered state due to the presence of DPPC and Erg. In monolayer systems,
smooth isotherms were obtained with similar membrane compositions, whereas systems
b, b-i, ¢, and c-i could be S, phase (at 28 °C) due to inflection points in the monolayer
isotherms. These findings are summarized in a plausible phase diagram (Fig. 5-9a) which
was compared with that of Chol (Fig. 5-9b). Erg exhibited less ordering effects in
unsaturated lipids such as DOPC (Bui et al., 2016), whilst the addition of Erg led to the
formation of Lo—like ordered phases (systems b-ii, b-iii, c-i, c-ii, c-iii)). The formation of
an ordered phase can be confirmed via membrane properties (Fig. 5-10), which fulfill the
criteria 1/P < 6 and GP340 > 0. At temperatures above the Trm of DPPC, 30 and 50 mol%
Erg eliminated disordered phases. When the temperature increased and was higher than
the Tm of saturated lipids, Erg exhibited strong interactions and changed the membrane
phase. In ternary lipid mixture systems, Erg could interact with: 1) boundary DPPC
molecules (not in S, phase) at temperatures below the Tm; and 2) melted DPPC molecules

83



at temperatures above the Tm. Therefore, DOPC and DPPC are immiscible boundary
lipids that do not associate with the So domain. Erg (> 30 mol%) may interact with these

lipids and enable an organism to maintain “ordered” membrane states and resist

membrane disordering.
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Fig. 5-9 (a) Plausible phase diagrams of DOPC/DPPC/Erg bilayers at 28 °C. Phase
state are decided based on data obtained in this work. Lo’ indicates Erg-induced
ordered phase. (b) Modified phase diagram of DOPC/DPPC/Chol bilayers at 28 °C.
Phase states and phase boundaries are drawn based on reported works, including our

previous ones (Suga and Umakoshi, 2013); (Vanegas et al., 2012); (Cicuta et al.,
2007); (Ishigami et al., 2015); (Uppamoochikkal et al., 2010); (Wolff et al., 2011).

For comparison, a modified phase diagram (at 28 °C) of DOPC/DPPC/Chol bilayers
was produced according to the literature (Suga and Umakoshi, 2013; Vanegas et al., 2012;
Cicutaetal., 2007; Ishigami et al., 2015; Uppamoochikkal et al., 2010; Wolff et al., 2011).
By using the fluorescent probes Laurdan and DPH, Chol was clearly shown to be the
effective molecule and was able to order both saturated and unsaturated phospholipids
(Suga and Umakoshi, 2013). Based on physicochemical membrane property analyses of
DOPC/DPPC/Chol ternary systems, Chol generally produces ordered membranes.
Compared to membrane phase states at 28 °C, Chol is more effective than Erg at ordering
membranes. Due to the affinity between Erg and saturated lipids, Erg decreased the solid
phase and formed the ordered phase. According to these findings, a plausible mechanism
for the regulation of biological membrane ordering in lower eukaryotes (e.g., fungi, which
are enriched in saturated lipids) by Erg can be assumed. In contrast, Chol regulates
membranes enriched with unsaturated lipids in mammalian cell membranes. Previous
studies have reported that Chol has a greater condensing efficiency, plays an important

role in regulating membrane thickness, and maintains a more constant membrane fluidity
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(Mouritsen and Zuckermann, 2004; Mitra et al., 2004). Via Erg, ectothermic species such
as lower eukaryotes can stabilize membrane fluidity and polarity independently of the
environmental temperature, thus clarifying how fungi can survive at high temperatures
(Ramage et al., 2012).

3.5 Possible roles of Erg and Chol in lipid membranes
Both of the investigated sterols (Erg and Chol) were found to interact differently
with the studied PCs (DOPC and DPPC). Mixtures of Chol with DOPC, DPPC, or
DOPC/DPPC always had smaller surface areas at the monolayer level (Minones, et al.
2009). At the bilayer level, Chol increased membrane thickness (Hung et al., 2016) and
decreased membrane fluidity (Fig. 5-2). The presence of Erg in unsaturated lipid
membranes or enriched unsaturated lipid membranes exhibited a much more obvious
difference in the interaction with phospholipids compared to Chol. Chol induced strong
condensing effects in DOPC, while Erg had a lesser ordering effect on the lipid chains of
DOPC. These results agree with previous NMR studies, which reported that Erg had
reduced ordering effects (Urbina et al., 1998; Urbina et al., 1995; Hsueh et al., 2005). The
interactions of Erg and Chol with saturated phospholipids (DMPC) were also clarified. In
a pure lipid bilayer, the electron density profile and thickness changed with the degree of
hydration over a relative humidity range of 95-100 %; however, with Chol in the bilayer
membranes, the electron density profile became independent of the degree of hydration.
Conversely, membranes containing Erg noticeably varied with humidity and the electron
density profile of DMPC containing Erg was smoother, indicating less order among the
lipid-sterol molecules (Hung et al., 2016). In membranes enriched with DPPC, a saturated
phospholipid, both Erg and Chol exhibited an ordering effect that decreased 1/P values
(Fig. 5-2). These results contradict almost all previous studies, which found that the
chain-ordering and condensing effects of Erg were stronger than those of Chol (Czub and
Baginski, 2006; Cournia et al., 2007; Smondyrev and Berkowitz, 2001; Cournia et al.,
2007; Smondyrev and Berkowitz, 2001; Pencer et al., 2005). Therefore, the effects of Erg
and Chol also depend on lipid acyl-chains.
This study also suggested that small differences in the chemical structures of sterols

could determine the effects of Erg and Chol in lipid membranes. In particular, Erg is
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Fig, 5-10 Cartesian diagram for DOPC/DPPC/Erg ternary mixtures at 28 °C, based on
membrane fluidity (1/P) and membrane polarity (GPs40). When the liposome membrane
becomes polar (GPas0 decrease), its fluidity increases (1/P increase). The membranes
showing high fluidity (1/P >6) and in hydrophilic (GPz4 <0) are estimated as liquid-
disordered phase (Lq). For details of Cartesian diagram analysis, see following reports
(Suga and Umakoshi, 2013).

stiffer and more rigid than Chol since it possesses two additional double bonds, one in its
steroid ring and one in its alkyl chain. This inherent stiffness causes the Erg molecule to
align with the membrane; however, angle distributions indicated that Chol is more closely
aligned with the membrane (Cournia et al., 2007; Pandit et al., 2004). Conformational
restrictions on sterol tail dihedral angles arising from the membrane environment were
clarified via the vacuum simulation of sterols at different temperatures. The results
indicated that the double bond in the sterol tail causes conformational differences and
affects structural properties. Additional experiments on the radial distribution functions
of the sterol hydroxyl hydrogen against water oxygen indicated that the associated
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hydration numbers for Chol were higher than those for Erg, since Chol is closer to the
lipid/water interface than Erg. The additional double bond in the Erg steroid ring causes
its solvation to differ to that of Chol; for example, the Erg ring has a higher probability
of solvation by both the sn1 and sn2 DPPC chains than Chol (Czub and Baginski, 2006;
Cournia et al., 2007; Pandit et al., 2004).

Liposome systems have long been used as models to study biological processes and
applied to pharmaceuticals (drug delivery systems) and cosmetics. Designing a rigid
membrane is important for stabilizing the liposome during blood circulation and
preventing the permeation of the encapsulated content. The stability and physical
properties of liposomes depend on the interactions and properties of their constituent
molecules (Sekiguchi et al., 1995). Our findings suggest that Erg can be used to modulate

and maintain the stability of liposomal delivery systems.

4. Summary

Erg altered the packing state of DOPC/DPPC mixtures. Based on the dependence of
membrane fluidity (1/P) and polarity (GPss) on environmental temperatures, the
ordering effect of Erg in ternary systems was revealed. Supported by monolayer n-A
isotherms, the condensing effect of Erg in mixed membranes was also investigated. The
interaction of Erg with phospholipids was estimated, with Erg preferentially interacting
with saturated lipids such as DPPC. Using a combination of bilayer and monolayer studies,
the role of Erg in membranes was clarified and the membrane phase states were
determined for mixtures of DOPC/DPPC/Erg and compared with DOPC/DPPC/Chol
systems. Our results showed that Erg had higher efficiency for ordering membranes
enriched in saturated DPPC. The ordering effect of Erg was significant at high
temperatures (> Tm of DPPC), resulting in stable membrane properties during heating.
These functions of Erg can be utilized to design liposome systems for model biological
membranes or for drug delivery. This study demonstrates that the selection of sterol
components provides another means of optimizing membrane properties for different

applications.
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Chapter VI

General Conclusion

Liposomes are considered an ideal biomimetic environment and are potential
functional carriers for important molecules such as sterols. With respect to regulation of
self-assembly, the behaviors of sterol molecules (except Chol) in the self-assembled
membranes have not been thoroughly investigated. In this study, to analyze the
fundamental behaviors of steroid molecules in fluid membranes, Chol and its derivatives,
such as Erg and Lan, incorporated in phospholipid membranes were carefully carried out

by monolayer and bilayer studies.

In Chapter 11, the behaviors of Chol and Lan in the unsaturated membrane have been
thoroughly investigated via the exposed signal from multiple fluorescent probes in bilayer
systems. By indicating the dielectric constant for each probe, the location of probes were
pointed out as probes prefer binding from the outer to inner membrane leaflets. Therefore,
the basic characteristics of membrane such as fluidity, polarity and hydrophobicity were
revealed. Consequently, the stronger effectiveness of Chol in altering the behavior of
unsaturated phospholipids was clarified and compared with Lan to point out the little
difference in chemical structures having significant effects. It is thus required to
investigate the detail interaction of sterol with membranes in the surface region to

understand how each sterol change the property of membrane.

In Chapter Ill, the detail interaction behaviors of sterols, especially Lan, with
phospholipid molecules which shown insignificant effect in regulating membrane
properties at low concentration (Chapter Il) were extendedly investigated in the surface
areas by monolayer systems. Actually, the binary mixtures of Chol and Lan with
phosphatidylcholines were analyzed using a Langmuir balance for recording force-area
(m-A). Thus, the expanding or condensing effect in force-area (m-A) isotherms due to
varying sterol concentrations and the differences in the monolayer physical state were
accessed. Examination of the excess free energy of mixing revealed the stability of binary

monolayers containing sterols; the differences are emphasized in the range of surface
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pressure values found in natural membranes. The results surely confirmed that Lan had
interaction with membrane even at 10 and 30 mol% which expressed the weak effect in

modulating membrane characteristics in Chapter II.

In Chapter 1V, applying both bio-membrane characterization methods presented in
Chapter 11 and 11, the interaction behavior and the regulation of Chol derivatives, Erg,
dominant sterol in lower eukaryote membranes, in various membrane conditions were
clarified. The negative excess areas of mixed membrane in Langmuir monolayer
indicated the attractive interaction between molecules at different membrane states. In
addition, the elastic modulus and Gibbs free energy demonstrated the stability or well-
mixed membranes. Furthermore, signals from fluorescent probes of DPH and Laurdan
referring membrane fluidity and polarity in bilayer systems indicated the distinctive
interaction behaviors of Erg in different membrane states which depend on a range of
temperatures. The changes in membrane properties reflected that Erg had potential

condensation effects in melting states of saturated phospholipid membranes.

In Chapter V, the phase diagram of Erg in ternary mixtures of unsaturated and
saturated phospholipids were next constructed and comparable with that of Chol, by using
multiple fluorescent probes in Chapter 11, Langmuir isotherm analysis in Chapter 11l and
the interaction behaviors and function of Erg in Chapter V. Supporting by these studies,
the role of Erg in modulating membrane phase states in mixed phospholipid films were
estimated and finally exhibited in phase diagrams. Compared to Chol in the same lipid
systems, Chol had both ordering efficiencies in unsaturated and saturated membranes,
while Erg only had strong effect in condensing the fluid states of melted saturated
phospholipid films. Via this phase diagram, the model membrane composition could be

easy to determine and design as model membranes for further studies

Based on the findings in this study, the phospholipid membrane properties could be
fully investigated from the surface to inner regions by the characterization methods based
on monolayer and bilayer systems. Via membranes characteristics, the roles of membrane
components were clarified such as sterols and phospholipid types. Especially, the

evolution pathways of sterols in membranes could be explained by the regulation of
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membrane properties. These effective methods are useful full to characterize or further
design drug carriers such as allergy disease and mycosis, or biomimetic membranes for
investigate other bio-interaction between molecules (sterols with drug agents) or

biosynthesis pathways of sterols which occur in the membranes.
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Suggestion for Future Works

1. The role of Ergosterol in antifungal agent activities

Erg plays important role in the regulation of membrane properties, especially fluidity
and structure, as well its present has been known as a target for the activity of antifungal
agents for decades. An antifungal agent is a drug that selectively eliminates fungal
pathogens from a host with minimal toxicity to the host. Recently, there are many drug
agents applied for treatments. For examples, polyene antifungal drugs which interact with
sterol in the cell membranes to form channels through which small molecules leak from
the inside of the fungal cell to the outside. The mechanism interaction between drug and
fungal molecules have not been elucidated, and the questionnaire is how to regulate these
interactions. In the future work, the effect of membrane properties regulated by Erg will
be characterized and analyzed to elucidate the interaction mechanism in membrane lipids,

and the effectiveness of antifungal activities.

As indicated in Chapter 1V and V, based on the interaction behavior Erg in melted
phospholipid membranes, Erg can maintain membrane properties. Therefore, in this study,
liposome membranes embedded with antifungal drug will be design with binary lipid
systems containing both saturated and saturated lipids, but they will be enriched
unsaturated phospholipids. The poor amount of saturated lipid as DLPC (Lg) (Tm =-2 °C)
will form the domain which will be responsible for the recognition of and the fusion of
fungal membrane and liposome drug carriers. After the membrane fusion, dominant
unsaturated lipids from liposomes will insert into the fungi membrane to alter fungal
membrane, and continuously, Erg will intercalate with antifungal agent to induce the
formation of pore. Which stimulate the fungal components leak through membrane and
lead to the cell death (Fig. S1).

In this study, characterization methods in Chapter Il (multi-focal membrane
properties by fluorescent probes) and Chapter Il (the surface membrane properties
indicated by monolayer study) will be employed to design the liposome drug carriers with

optimal lipid compositions to protect the antifungal drug agents and support for the next
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Fig. S1 Schematic for the mechanism of interaction between antifungal
drug and ergosterol in membrane.

fusion stages. Via the properties of membrane during the fusion, the interaction
mechanism of drug with fungal membrane will be elucidated. Finally, the drug carriers

will be modified to enhance the activity of fungal agents

2. Characterize reconstructed membrane properties applied for membrane chiral

selection

Relating to the utilization of amino acids, biological systems tend to favor and utilize
L-amino acids over D-amino acids. However, a recently discovered deep sea bacteria
strain, Nautella sp. strain A04V, exhibits an unusual characteristic of utilizing D-amino
acids as nutrient source. In particular, these bacteria tend to favor D-amino acids more
than L-amino acids, when they are harvested in minimal media (Kubota et al., 2016).
While a nearby identical strain of this bacteria that was found in shallow sea waters favors
L-amino acids. Previous research has only observed the A04V bacteria strain’s
preferential uptake towards D-amino acids, but no research has been done for

investigating the reason behind the utilization of D-amino acids.
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Fig. S2 Roles of bacteria membrane in chiral selection.

In our previous report, it has been reported that liposomes, constructed by
phospholipids, showed the chiral recognition of L-amino acids (Ishigami et al., 2015).
This suggests that the self-assembled membrane structure assists the chiral selective
adsorption of amino acids onto the membrane. Therefore, in this research, the possible
roles of A04V bacterial cell membrane were focused. To confirm the direct contribution
of cell membrane components in D-amino acid uptake, the membrane lipids were
extracted from bacteria, and then the reconstructed liposomes were prepared.
Physicochemical membrane properties of reconstructed liposomes were investigated
based on characterization methods as shown in Chapter Il and Chapter Ill. Finally, the

absorption behavior of amino acids onto the membrane was evaluated and optimized.

The experiments were conducted by several steps. Firstly, bacteria A04V were
cultured in Marine Broth (MB) and harvested at the stationary phase (OD600 about 1.8)
for extraction of lipids from outer, inner and whole bacterial membranes. Then, lipids
from each membrane were reconstructed into liposomes and liposome membrane
properties will be evaluated by fluorescent probes. Subsequently, the chiral selection in
reconstructed membrane relating to membrane properties will be elucidated to finally

design membranes inspired from bacteria membrane properties.
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Properties of reconstructed bacterial membranes analyzed by DPH and fluorescent

probes

Lipids from outer (OMV), inner (IMV) and whole (WMV) bacterial membranes were
extracted by Bligh and Dyer method. Consequently, the membrane properties were
investigated by DPH and Laurdan fluorescent probes which refer the membrane fluidity
(1/P) and polari\ty (GPaz40), respectively (Fig. S3). The results indicate that the membrane
fluidity of reconstructed liposomes was higher as well as liposomes in disordered phase,
while the membrane was rather hydrophobic (dehydrated). Previously, it is suggested that
the hydrophobic environment (GP340>0) plays an important role to enhance chiral
selectivity (Ishigami et al., 2015). It is expected that the unique membrane properties of

reconstructed liposomes contribute to adsorb amino acids selectively.

The absorption behavior 0 Valine in reconstructed membranes

To investigate the absorption behavior of amino acids onto liposome membranes, D-

and L-Valine (D-/L-Val) were selected as target molecules. Within 235 hours of
95



a) D-Val Adsorption b) L-Val Adsorption

4 Initial D-Val: 0.5 mM 1 Initial L-Val: 0.5 mM WMV
121 A 12+

WMV WMV

owmvV

Adsorption [%]
Adsorption [%]
o0

9 e}
%] > & Q .
Y Time [h] V¥ v "V Time [h]

Fig. S4 The absorption behavior of reconstructed bacterial membranes
with D- Val or L-Val.

incubation, the adsorption of D-Val was higher than that of L-Val in OMV, while in IMV
and WMV the absorption of both D- and L-Val were equally (Fig. S4). This suggests that

the outer bacterial membrane has a potential to interact with D-Val.

Conclusion and Future Plan

By using the reconstructed membrane from deep sea bacteria membrane, it was
indicated that the absorption of D-amino acid related to the presence of membrane lipids.
In next steps, lipids from outer bacteria membrane will be reconstructed and utilized for
checking the absorption of D-Val. Then, lipid components from both outer and whole
membranes will be identified to indicate the special lipid uptake D-amino acids. Finally,

it will be reconstructed in liposome and regulated in properties to control the uptake of
amino acids.

3. Control of membrane properties for regulating the interaction of membrane
protein

The overexpression of proteins in cells are relating to tumors, especially the
activation of epidermal growth factor receptor (EGFR) in membranes by interacting to
epidermal growth factor (EGF). The purpose of this study is the control the activity of
EGFR in membranes by regulating membrane properties (Fig. S5).
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Liposomes with well-designed properties are as well-known as promising vehicles
for drug carriers and model membranes for investigating the interaction of
macromolecules occurring in the natural membranes. Thus, in this proposal study,
liposomes modified with sterols like Chol, Lan and Erg will be employed to investigate
and then control the mechanism interaction of membranes with EGFR. Finally, the

liposome membranes will be designed and utilize as lipid therapies.
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Fig. S5 The regulation of epidermal growth factor by membrane properties.
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Nomenclatures
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= Fluorescent polarization of probes imbedded in
membranes
Membrane fluidity

Correction factor

General polarization calculated at exciting light at 340 nm
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Fluorescent intensity

Surface pressure

Surface area
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Gibbs free energy

Fluorescent intensity of ANS
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List of Abbreviations

Chol
Lan
Erg
DOPC
DPPC
DMPC
DLPC
NMR
Ld

Lo

So
TMA-DPH

DPH
Prodan
ANS
Laurdan
MLVs
LUVs
Tm

Ex.

Em.

Cholesterol

Lanosterol

Ergosterol
1,2-Dioleoyl-sn-glycerol-3-phosphocholine
1,2-Dipamiltoyl-sn-glycerol-3-phosphocholine
1,2-Dimyristoyl-sn-glycerol-3-phosphocholine
1,2-Dilauroyl-sn-glycerol-3-phosphocholine
Nuclear magnetic resonance

Liquid disordered

Liquid ordered

Solid ordered

1-(4-Trimethylammoniumphenyl)-6-Phenyl-1,3,5-Hexatriene

p-Toluenesulfonate

1-6-Phenyl-1,3,5-Hexatriene p-Toluenesulfonate
N,N-Dimethyl-6-propionyl-2-naphthylamine
8-Anilino-1-naphthalenesulfonic acid
6-Dodecanoyl-N,N-dimethyl-2-naphthylamine
Multi lamellar vesicles

Large unilamellar vesicles

Melting temperature

Excited wavelength

Emission wavelength
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