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Abstract

[Background]|

Lipid rafts on biomembranes are thought to have essential functions in signal trans-
duction in living organisms. The structure and function of lipid rafts are expected to con-
tribute to the understanding of cellular functions. Phospholipids, the main components of
biomembranes, spontaneously form lipid bilayer structures in water. The liposome, which
is closed to the lipid bilayer, has attracted much attention as a model system because its
structure is similar to that of biomembranes. Further, the phase separation formed in li-
posomes consisting of multicomponent phospholipids is helpful as a model system for raft
formation studies. From this point of view, studies on phase separation at the liposome
membrane surface have been conducted, and many studies have been researched to control
the phase separation behavior by using electrically neutral phospholipid membranes.

However, considering the biological environment, the presence of charged lipids, the
induction of phase separation under isothermal conditions, and the roles of metal ions
and polyamines inside and outside the cell are all critical. Previous studies have reported
phase separation of phospholipid membranes containing charged lipids by the addition of
metal ions and phase separation induced by osmotic application of the hypotonic solution
to neutral lipid membrane vesicles. In conjunction with these studies, we use a system
that more closely resembles the biological environment, considering the effects of the
presence of charged lipids, isothermal environments, variable temperature environments,
the addition of metal ions and polyamines, and the valence of charged lipids.
[Objective]

In this thesis, we clarify the changes of phase separation on the DOPS/DPPC binary
GUVs in a hypotonic solution under isothermal conditions. We investigated the forma-
tion of the phase separation of DOPS/DPPC/Chol trinary GUVs adding monovalent to
pentavalent metal salts and amines at room temperature, 30°C, 40°C. Also, we discussed
the effect of multivalent charges lipids on the membrane behavior based on line tension
calculations.

[Results|

First, phase separation was induced by osmotic pressure on the GUVs, and a three-
phase coexistence structure was observed: a DPPC-rich phase, a negatively charged DOPS
[DOPS(-)] phase, and a neutral DOPS [DOPS(N)] phase. The ionic dissociation of the
DOPS head group was found to be essential for phase separation. Next, as the concen-
trations of metal ions and amines increased, phase separation formation was promoted.
It was found that phase separation was more likely to occur at room temperature than at
30°C, 40°C. On the other hand, the concentration at which phase separation was induced
significantly varied depending on the type of metal ions or amines. The concentration re-
quired for phase separation was temperature-sensitive for amines, which are linear chains.
Last, confirmed that charged lipids decreased the domain line tension and that the addi-
tion of CaCly suppressed the decrease in line tension. It was clarified that electrostatic
interaction is involved in the decrease of line tension.

These experimental results suggest that the degree of ionization of charged lipids,
osmotic pressure, temperature change, structure and concentration of added salts (espe-
cially metal ions and amines), and lipid valence significantly affect raft formation. Our
findings may be helpful for the contribution of understanding the formation of ordered
structures in living organisms and can be a model for charged lipid membrane.

Keyword:lipid; charged lipid; phase separation; osmotic pressure; salts; polyamines; line
tension
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Chapter 1

General Introduction



1.1 Cell membranes and raft hypothesis

All biological cells are very complex systems whose function strongly depends on their
ability to interact with neighboring cells and the extracellular environment, generally
associated with the membrane system of the cell. The peripheral membrane (plasma
membrane) and the intracellular membrane system (such as mitochondrial membrane,
chloroplast membrane, endoplasmic reticulum membrane, Golgi apparatus membrane,
nuclear membrane, etc.) can be referred to as biomembranes. In contrast, biomembranes
are an important membrane structure separating the internal and external environments
of cells and organelles, and they have semi-permeable properties that mediate important
interactions such as the exchange of metabolic substances and biochemical signals. The
major components of biomembranes are composed of lipids and proteins. Among them,
lipids are mainly phospholipids, but steroids (cholesterol in animal cells) are also present
in a significant proportion. [1]

The earliest observations of biomembranes can be traced back to Hooke’s experiments
in 1665, which successfully observed fly eyes and cork tissues using optical microscopy [2].
Next, in 1972, Singer and Nicolson proposed the landmark model of biomembranes, the
fluid mosaic model, in which the biomembranes is a fluidic system and the molecules that
constitute biomembranes (including phospholipids and membrane proteins) diffuse freely
through the membrane, where proteins cover, embed or penetrate biomembranes in a

mosaic shape [3]. (Figure 1.1)
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Figure 1.1: Schematic image of the fluid mosaic model



However, the mosaic fluid model was considered incomplete in analyzing the dynamics
of biomembranes because it ignored the asymmetry of biomembranes, the role of protein
molecules in regulating the mobility of membrane lipid molecules, and the heterogeneity
of mobility in various parts of the membrane [4] [5] .

In 1977, Jain and White found that the structure and composition of biomembranes
were not completely homogeneous, and proposed the microdomain (or lipid domain)
model, called the block mosaic model, which pointed out that biomembranes were com-
posed of dynamic microdomains [6] [7]. After that, in 1997, Simons and Tkonen proposed
a kind of raft model, which provided a new understanding of membrane dynamics [8].
Since then, the debate on the structure and function of biomembranes has been active.

According to the raft model, the various components of the biomembranes form a het-
erogeneous structure rather than being uniformly distributed throughout the membrane
and are thought to exist in microdomains (raft domains) [9]. As shown in Figure 1.2,

the raft model is thought to form a relatively ordered cholesterol- and saturated lipid-rich

phase, which floating on the biomembrane, carrying various membrane proteins [10] [11].
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Figure 1.2: Schematic image of the raft model
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Various important signal transduction molecules such as G proteins, adenylate cyclase,
and some receptors were reported to be located in lipid rafts and it is also speculated
involved in intra- and extracellular vesicular transport, thus lipid rafts are thought to
have an important role in signal transduction [12] [13].

Recent studies have shown that lipid rafts may be closely associated with lipid dysfunc-
tion, including several infections, cardiovascular diseases, tumors, muscular dystrophy,
Alzheimer’s disease, HIV, and prion diseases [14] . Therefore, elucidating the structure
and function of lipid rafts is expected to lead to breakthroughs in cell signaling studies

and further advance the understanding of cellular functions.



1.2 Lipids

Lipids are the main components of biomembranes. In 1895, E. Overton conducted
experiments on the permeability of plant cells with more than 500 chemicals and found
that biomembranes differ in their permeability to different substances, and that substances
dissolved in lipids enter the cell more easily through the biomembranes. Thus E. Overton
proposed the theory that “Membranes are composed of lipids” [15].

Among the lipids that constitute the biomembranes, phospholipids are the main com-
ponents, and can play a significant role in activating cells, maintaining metabolism and
balanced secretion of hormones, and enhancing the immunity of body and regenerative
power. In addition, phospholipids also have the function of promoting fat metabolism,
preventing fatty liver, lowering serum cholesterol, improving blood circulation and pre-
venting cardiovascular diseases. [10]

Phospholipid molecules are a kind of amphiphilic molecules that have a hydrophobic
part (long hydrocarbon chains) and a hydrophilic part (phosphate group) in their struc-
ture. The hydrophilic part consists of glycerin and phosphoric acid, which have high
affinity for polar water molecules. The hydrophobic part, consisting of fatty acids, has
a high affinity for non-polar substances and a low affinity for polar molecules such as
water. [1] (Figure 1.3(a))

Phospholipids are usually named according to the head and the structure of the lipid
hydrocarbon chain. For example, Phosphatidyl choline(PC), Phosphatidyl serine(PS),
Phosphatidyl ethanolamine(PE), Phosphatidyl inositol(PI), phosphatidic acid(PA) and
Phosphatidyl glycerol(PG). These are all common phospholipid head groups. Among
them, PC has positive and negative charges and is known as zwitterionic lipid. In con-
trast, PG, PS and PI exhibit negative charges of different valencies (will be elaborated
in the following subsections). The length of the hydrocarbon chains lead to different
glycerophospholipids, such as distearoyl, dipalmitoyl. Depending on the structure of the
lipid hydrocarbon chain at the tail of phospholipids, it can be classified into two types,
saturated and unsaturated lipids. Typical phospholipid chemical structures are shown in
Figure 1.3(b). The length and the structure of hydrocarbon chain of phospholipid tail

also affects the phase transition temperature (main transition temperature, T,,) of phos-



pholipids. Due to the unsaturated bonds, Unsaturated lipids usually have lower phase
transition temperatures (T,,). On the other hand, Phospholipids with shorter hydrocar-
bon chains have exhibt lower phase transition temperatures (T,,). For the phospholipids
possessing the same headgroup and the same length of hydrocarbon chains, the one which
have unsaturated bond have lower phase transition temperature (T,,). For example, for
saturated lipid DPPC and unsaturated lipid DOPC, their phase transition temperatures
T,, are -20°C and 40°C, respectively. [17] [18]

Among the studies on phospholipids, it was first discovered from the human brain by
Uauquelin in 1812, and isolated from egg yolk by Gobley in 1844, then named Lecithin
after the Greek lekithos (egg yolk) in 1850 [19] [18]. However, to date, how lipids affect
biological functions is still not being fully explained. Different lipid compositions exhibit
different biomembrane properties and can even affect the activity of membrane proteins
and non-membrane proteins, thus regulating biological processes by modulating mem-
brane properties [20]. Therefore, further studies on lipids are necessary and urgent to

explain more about biomembrane activities and biological processes.
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Figure 1.3: (a) Schematic structure of a phospholipid molecule. (b) Chemical structures

of typical phospholipids.



1.3 Lipid membranes and liposome

As mentioned above, phospholipids are amphiphilic molecules with hydrophobic tails
and a hydrophilic haedgroup. Depends on the difference of molecule size, temperature and
concentration , amphiphilic molecules can spontaneously form many kinds of assemblies
of very different morphology and size in water, such as micellar, bilayer, and hexagonal.
These kinds of assembly structures are formed with hydrophilic groups on the outside and
hydrophobic groups on the inside. In such structures, phospholipids have the property
of forming bilayers. Furthermore, the ends of the bilayer become energetically unstable
when they come into contact with water, so they spontaneously form a closed space and
become spherical. [21] This spherical double-membrane structure is called a liposome, and

were first reported in 1965 by Bangham et al [22]. (Figure 1.4)

Liposome

Lipid bilayer
Phospholipid

Hydrophilic head O %
———

Hydrophobic tails

Figure 1.4: Schematic image of lipid, lipid bilayer and liposome.

Biomembranes, which are composed mainly of phospholipids, also have a structure
consisting of bilayers. Therefore, with the similar composition and structure with biomem-
branes, liposomes are often used as a model to explain the physicochemical properties of
biomembranes. In addition, liposomes can be prepared in the same size as living cells
(known as giant unilamellar vesicles, GUVs) [23] and are more convenient for experimen-
tal procedures than living cells, such as preparation, observation, and analysis. [24] [25]

At the same time, liposomes exhibit certain biocompatibility, biodegradability, low

toxicity, and ability to capture hydrophilic and lipophilic drugs [17] [26] [27]. Therefore



liposomes are widely used as carriers for numerous molecules in the cosmetic and pharma-
ceutical industries and are now beginning to unfold heroically in the food and agricultural
industries. This also explains why liposomes entered the market quickly in the early 21st
century, only 30 years after the first report [28] [29].

There are many methods to prepare liposomes, and several conventional ones include
hydration [30], Electro-formation [31] and Coalescence [32], etc. In this thesis, the gentle
hydration method (also called the "natural swelling” method), which is considered the

optimal method for preparing GUVs [33], was chosen to prepare the liposomes.



1.4 Phase separation

The liposome has also been used in the studies of models for lipid raft. Because of
the difficulty of observing raft regions in living cells membrane and the limitations of the
complex composition of living cells membranes to control variables, phospholipid bilayers
as model biomembrane are generally used [34] [35].

Liposome also has the advantages such as being simple to prepare, easy to control
the composition, and easy to observe by optical microscopy. Also, the lipid raft model
can be reproduced on liposome membranes. Several studies have reported that phase-
separated structures occur in multicomponent liposome membranes, which is very similar
to the raft configuration [36]. Such as, Dietrich el at. reported that a phase separation
configuration was observed in liposome membranes using three components: saturated
lipids, unsaturated lipids, and cholesterol [37].

Phase separation is a phenomenon that is generally explained by the competition
between the internal energy and entropy. According to Helmholtz’s definition of free
energy, the free energy F' is defined by F' = U — T'S, where U is the internal energy,
T is the absolute temperature, and 7' is the entropy. When the temperature 7' is high
and the entropy S is large, the entropy term can be made much smaller, resulting in a
larger stabilization. Therefore, a mixed state is achieved at high temperatures. On the
other hand, when the temperature 7" is low, the entropy contribution becomes small, and
the free energy can be lowered by the internal energy U to achieve larger stabilization.
Therefore, a phase separation state is created in which the attraction between lipids of
the same species is large.

It is the same for phase separation in liposomes, where a decrease in temperature
leads to phase separation between the ordered and disordered phases. It has been re-
ported that at low temperatures multicomponent phospholipid membranes containing
unsaturated and saturated lipids being phase separation into an unsaturated-rich phase
and a saturated-rich phase, due to differences in the order of hydrocarbon chains in the
hydrophobic portion of each lipid. In contrast, at higher temperatures, the components
in the membrane tend to be uniformly dispersed and no phase separation occurs. [38] [39]

Figure 1.5 shows the phase diagrams and phase separation structures of the liposomes



using three components: unsaturated lipid DOPC, saturated lipid DPPC, and cholesterol
(Chol) [39] [40]. Tt can be found that the phase separation structure changes with the ratio
of the three components and has various forms. The region where riched of unsaturated
lipid DOPC, is softer and more fluidity, is called the Liquid-disordered phase, L4, in Figure
1.5(al). The region where riched of saturated lipid DPPC, is harder and less fluidity,
called as Solid-ordered phase, S,. S,/Lq phase separation showen in Figure 1.5(a3). When
cholesterol is added, because saturated lipid has a higher affinity for cholesterol, cholesterol
is more present in the saturated lipid region, and this makes the region more fluidity and
becomes softer (black circular region in Figure 1.5(a2), (b4), (b5) and (b6)), called the
liquid-ordered phase, L,. Also, when the composition ratio is changed, the area of Lq
is smaller than the area of L,, Lq phase tend appear as circular domains, called reverse
domain (white circular regions in Figure 1.5(b7) and (b8)).

Based on the observation of such domains, the approach to understanding the uni-
versality and fundamental principle of raft domain formation has been taken by studying

phase separation in a simple system consisting of several kinds of phospholipids.

one-liquid
' - (b) Cholesterol

Cholesterol

Liquid-liquid
coexistence /.
region at
30°C

one-liquid

P Lol

- =

‘1 “two-
v

‘1 4o
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Y
liquid"*,
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Figure 1.5: Phase diagrams and microscopic images of ternary membranes (DOPC/DP-
PC/Chol). (a)at 20°C. (al)one-liquid disorder phase (a2)two-liquid L,/Lq4 phase separa-
tion (a3)solid-liquid S,/ Lq phase separation. [40] (b)two-liquid phase separation at 30°C.
(b4,b5,b6) L,/Lqg phase separation; (b7, b8) reverse L,/Lq phase separation. [39]
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1.5 Line tension at the phase-separated domain bound-

ary

The raft region is thought to be rich in saturated lipids and cholesterol and can be
modeled by the L, phase of phase separation structure on the ternary lipid membrane [3].
In general, the L, phase appears circular and can recover after being disturbed externally
in shape. Prior studies have reported that this phenomenon is related to the competition
between line tension present at Lq/L, phase boundary and entropy [411]. The line tension
is the free energy per unit length of the boundary, can be obtained by the product of the
domain boundary length and the interfacial tension called line tension. Since the large
domain boundary length costs the excess energy, the L, phase tends to form the shape
with the shortest boundary length under the same area. When many small L, domains
tend to merge into one large L, phase, the total length of the boundary decreases, and
the energy at the boundary then becomes smaller. In contrast, a larger L, phase leads to
an unfavorable state of entropy. Thus line tension competes with entropy and forms an
energy suitable shape.

The membrane thickness differ between the coexisting phases. L, phase is rich in
saturated lipids, while Ly phase is rich in unsaturated lipids. Due to the presence of
unsaturated bonds, the unsaturated lipid acyl chains are shorter in length, and therefore
the L, phase is considered thicker than the Ly phase. This difference has been confirmed
by experiments such as atomic force microscopy and X-ray diffraction [42] [43] [44]. The
difference in thickness leads to a hydrophobic portion exposed to water at the bound-
ary between the L, and L4 phases, resulting in a loss of energy [41]. This energetic
disadvantage leads to the generation of most of the boundary line tension [45]. It was
found that lipids at Lq/L, boundary tend to tilt or produce elastic deformations [40].
This lipid deformation or even membrane bending may all compensate for the energetic
disadvantage [47].

In addition to this, the line tension varies depending on many other factors [11] [18]
[49]. It has been reported that hybrid lipids (lipid with one saturated acyl tail and one

unsaturated acyl tail) can be present in the L, phase, disturbing chain ordering, decreasing
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the line tension at the domain boundaries, and leading to the appearance of modulated
phases [50]. Previous studies have reported that the addition of some fatty acids also leads
to a decrease in line tension [51]. Fatty acids, such as unsaturated and branched fatty
acids, can also be present in the L, phase in small amounts, which disturbs the L, phase
ordering and reduces the physical properties differences between the L, and Lgq phases.
Temperature also affects the line tension, and some studies have reported a decrease in
line tension due to temperature increase [52].

In addition to being an important indicator to evaluate the physical properties differ-
ences between two phases and to change the size and shape of the raft region [53], the line
tension may also be related to the distribution of proteins on the biomembrane. Some
proteins are reported to appear at the boundary of the raft region, and the presence of
proteins reduces the boundary line tension [54] [55] [56]. It is possible that line tension
has a role in sorting or directing membrane proteins and thus regulating the distribution
of membrane proteins. It has been reported that the boundary of the L, phase is the site
of HIV pseudoviruses fusion with the model membrane [57] [58]. It can be speculated
that not only the raft region but also the boundary of the raft region has a crucial role in
biological functions. It becomes crucial to study changes in line tension in model mem-
branes that more resemble a real cell, especially for the complex case of adding charged

lipids and salts.
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1.6 Osmotic pressure for liposome

In addition to modulating the composition of the liposome and the ambient temper-
ature to control the phase separation structure, some studies have also induced phase
separation through changes in osmotic pressure [40]. Since the liposome is selectively
permeable like the biomembrane, usually non-polar molecules or small molecules, such as
water, can pass through the membrane, while polar molecules or large molecules such as

glucose and ions cannot pass through the membrane. [1]

1.6.1 liposome in hypertonic solution

In a hypertonic solution, the osmotic pressure inside the liposome will be less than
the osmolarity outside the liposome. The solute concentration inside the liposomes will
be lower than the solute concentration outside, and water will permeate from inside to
the outside of the liposome. [59] [60]

Hamada et al. [61] reported the membrane behavior by setting liposomes in hyper-
tonic solutions. They used liposomes with DPPC/DOPC/Chol=40:40:20 with externally
adding glucose solution to make the external concentration higher than the internal con-
centration. When the concentration in the liposome is lower than outside, the solvent
moves out of the liposome, and the volume inside the liposome decreases. However, the
surface area of the liposome does not change. For the reduced volume, the original sur-
face area becomes excessive, and the liposome can be transformed into a lower energy
shape using the excess area, as shown in Figure 1.6. Furthermore, it has been reported
that when osmotic pressure is applied to phase-separated liposomes, the phase-separated
domains bud towards the inside of the liposomes and form vesicles, as shown in Figure

1.7.
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separated liposomes to form vesicles. [61]

1.6.2 Liposome in hypotonic solution

When the solution concentration inside the liposome is higher than that outside of
the liposome, the osmotic pressure inside the liposome is high. Thus water molecules
outside the liposome flow into the liposome. [59] This causes the liposome to swell, but
the surface area does not change significantly, it can result in the higher internal pressure
of the liposome, and apply lateral tension to the liposome membrane, causing it to be
stretched. Even though temperature regulation is commonly used to induce phase separa-

tion in general studies, some studies have been conducted in recent years to induce phase

14



separation under isothermal conditions by exposing the liposome to a low osmotic pres-
sure environment. Hamada et al, reported that the membrane tension caused by osmotic
pressure induces phase separation even in an isothermal system [40] [62]. (Figure 1.8) In
biomembranes, it has been reported that the application of lateral tension induces changes
in proteins that regulate signal transduction [63]. The osmotic study of the phase separa-
tion structure of liposomes may advance the biophysical understanding of the formation

of phase separation in lipid bilayers under tension and isothermal conditions.

A - tension B + tension

20um

Figure 1.8: Fluorescent images of ternary vesicles DOPC/DPPC/Chol=50/20/30. From
(A)one-liquid phase organization, tension-induced transition to (B)two-liquid phase orga-

nization. [40]
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1.7 Ionic environment in the living body

1.7.1 Charged Lipid

In the studies related to phase separation with liposomes described in 1.4, mostly
electroneutral lipids (such as DPPC and DOPC) were used, but a certain amount of
charged lipids are also present in biomembranes. (Table 1.1)

Several studies have indicated that these charged lipids play an important role in
physiological activities such as membrane potential generation, protein adsorption, and
ion channel activity. [64] [65] [66]

For example, phosphatidyl-serine (PS), which was first extracted from the cow brain in
1942, is the major phospholipid component of the brain and is associated with important
biomolecular functions such as apoptosis [67]. Tt is present on the inner side of the cell
membrane and varies in the amount in different cells. [68] Like these, there are still many
important charged lipids. Therefore, even though liposomes containing charged lipids are
more difficult to study due to the electrostatic interactions, many studies have started to
focus on liposomes containing charged lipids in the last decade.

Some of the more representative charged liposomes are phosphatidyl-inositol (PI),
phosphatidyl-serine (PS), phosphatidyl-glycerol (PG), phosphatidic-acid (PA), and car-
diolipin (CL), and so on. Most of them are negatively charged lipids. [69]

Table 1.1: Fractions of lipids in cell membrane

Source Cholesterol PC SM PI(-) PS(-) PG(-) PA(-) CL(-)
Mitochondria
Internal membrane 3.0 45 2.5 6.0 1.0 2.0 0.7 18.0
External membrane 5.0 50 5.0 13.0 2.0 2.5 1.3 3.5
Cell nucleic membrane 10.0 55 3.0 7.0 3.0 - 1.0 -
E.coli 0 0 - - - 15.0 - 5.0
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Phosphatidylinositol and phosphoinositide

Phosphatidylinositol is a kind of negatively charged phosphatidylglycerides, commonly
called PI or PtdIns (hereafter referred to as PI). PI can be phosphorylated to phos-
phatidylinositol phosphate (PIP), which has negative divalent charges on the head group
with -1 from the Inositol ring and -1 from the phosphate group; phosphatidylinositol bis-
phosphate (PIP;), which has negative trivalent charges with -2 from the Inositol ring and
-1 from the phosphate group; phosphatidylinositol trisphosphate (PIP3), which have neg-
ative tetravalent charges with -3 from the Inositol ring and -1 from the phosphate group.
These derivatives are all called phosphoinositide [70] [71] Typical PI lipid (PtdIns(4,5)P5)
structural showen in Figure 1.9.

In the past, it was thought that phospholipid molecules play a supporting role in
biomembranes as Cytoskeleton. However, more and more studies show that they also
have an important role in signal transduction processes, such as the PI derivatives PIPs,
PIP3, etc. are thought to be involved in key signaling pathways in cells [10] [72].

As early as 1964, Hokin et al. [73] demonstrated that PI may be hydrolyzed by cellular
stimulation, thus providing the basis for the “PI cycle”. (Figure 1.10) Phosphoinositides
have been suggested to be concentrated and heterogeneously distributed on biomembranes
[8]. As arepresentative Phosphoinositides, PIP has been extensively studied and reported
to have the ability to stabilize the active state of G-protein-coupled receptors (GPCRs, are
exist in the raft region) and increase the selectivity of G protein binding [74]. PIP; has an
unsaturated hydrophobic chain, which has been shown to occur in the liquid disordered
phase region of the biomembranes [75]. On the other hand, PIP, is decomposed by
Phospholipase C (PLC) and is known to be involved in Ca®" signaling [70].(Figure 1.11)
Since PIP, is trivalent, the interaction of Ca?* with PIP, causes it to aggregate near lipid
membranes. In addition, PIPy concentrated in the membrane may aggregate to form other
phases. Figure 1.12 shows a schematic distribution image for some Phosphoinositides on
biomembrane. [77]

In recent years, several studies have indicated the presence of small amounts of PI
and large amounts of PIP, in the raft regions. And it is likely that these regions play

important functions, including signal transduction regulation [78] [79].
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Generally, the raft region is rich in saturated lipids and cholesterol. Therefore, the
presence of unsaturated lipid PI in the raft region may be a bit strange. It does not
act as a major component but still plays an important role in interacting with specific
substances and producing signaling molecules. So that it becomes crucial to explain why
these small amounts of PI and phosphoinositide are present in this region. It is possible
that some Pls are present in the cell membrane acting together with metabolic enzymes
to function as membrane transport regulators [30].

Previous studies have indicated that the degree of binding of PS lipids to GPCRs is
weaker than that of PIPy and suggested that the trivalent headgroup of PIP, facilitates
the binding of GPCRs [74]. On the other hand, McLaughlin et al. reported the different
pools of PIPy (PIP, enriched regions) on biomembrane. They suggest that this PIP
enrichment is associated with electrostatic sequestration and point to the possibility of a
corresponding local increase in their Ca** ion concentration. [31] These studies suggested
that the PIPy headgroup charge has an essential role in PIP, function, and studying the
headgroup is very important.

As described above, there are many studies on these vital lipids PI and its phospho-
rylation product phosphoinositide. However, the relationship of these charged lipids to
the raft structures and their effect on raft formation remain unresolved. Therefore, it
is necessary to study how negatively charged lipids, which have multivalent headgroups,

affect the formation of raft regions.
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Figure 1.9: Structures of phosphoinositide, PIPy [70]

18



PLC
Ptdins =—= PtdIns(4)P =<—= PtdIns(4,5}P2§> DAG =¥ PtdOH

= InsP, %
z T
= 3
2 Inositol PPi =
CMP L\_ CTP
Ptdlns +—> CDP-DAG < — _ PtdOH
Prdlng synthase CDP-DAG synthase

Figure 1.10: A simplified diagram of a PI cycle [70]

WL > DAG
(€ W

PIP,

Figure 1.11: PIP; decomposed by PLC to produce PIP; and act on the Ca?* ion channel.

Flasma Lipid

R

PM signaling Raft signaling Endocytic
PIP2 hydrolysis (PLC) PIP3 (Pls kinase) Lipid Recycling
Lyso Lipids (PLA2) FIPz (PTEN)? Lyso Lipids
PIPs (Pl kinase) ? PIPz hydrolysis (PLC) ? DAGIPA

Figure 1.12: Schematic distribution image for some Phosphoinositides on biomembrane.

[77]

19



1.7.2 Intrabiotic ionic environment

In addition to the charged lipids mentioned before, metal ions are also present in living
organisms. Compared to the amount of carbon, nitrogen, oxygen, and other elements
present in living organisms, the presence of metal ions can be said to be extremely small.
However, metal ions still play an important role in living organisms. The absence and
homeostasis disruption of certain metals can even lead to disease, such as cancer, diabetes,
and Alzheimer’s disease. [82] [83] [84] [85]

Several studies have shown that metal ions are needed in living organisms because the
organism’s functions cannot be performed solely by organic molecules. There are generally
two states of metal ions in an organism, one bound to a specific enzyme and one in a free
state. The role of these metal ions is reflected in the fact that the variable oxidation state
of metal ions gives them a regulated valence, while the higher valence metal ions provide
a solution environment of a certain ionic strength, which directly or indirectly allows the
protein structure to be more stable [86]. In addition, free metal ions generally act as
balancing molecules for the osmotic pressure of the intra- and extracellular environment.

The specific interactions of metal ions with biomembranes not only have crucial ef-
fects on membrane structure and function, but are also essential for processes such as
cytokinesis, cytokinesis and small molecule transport across the biomembranes. In par-
ticular, metal ions such as K*, Na*, Ca?*, and Mg?", which are present as free metal
ions, are closely associated with ion channels. Even, it has been shown that membrane
fusion is triggered by calcium ions [87]. Furthermore, since the biomembrane raft region
contains various proteins related to signal transduction [12], it is not difficult to guess
that these free metal ions may have some influence on the formation and its function of
the raft region. And the presence of a certain percentage of negatively charged lipids on
the biomembrane and how these lipids would interact with these metal cations is also of
great interest.

Some studies using negatively charged lipids and metal cations have been published,
and I will describe them in detail in the next section. In conclusion, although the role of

metal ions is crucial, their relationship with the biomembrane is still unclear.
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1.8 Previous studies about phase separation on charged

lipid membranes

Several studies in liposomes containing charged lipids have been conducted. In a study
with three-component liposomes using negatively charged unsaturated lipids DOPS, elec-
trically neutral saturated lipids DPPC and Chol, phase separation formation was inhibited
compared to neutral membranes consisting of DOPC, DPPC, and Chol. On the other
hand, the addition of calcium chloride (CaCly) was reported to enhance the formation
of phase-separated structures, and it was suggested that the DOPS-riched regions were
attached to calcium ions and budded into the liposome interior then becoming vesicles.

(Figure 1.13) [88]

(@ (b)

[CaCl: OmM] a . [CaCl: 0.05 mM] . [CaCl: 0.1 mM]
o ”

Chol

Figure 1.13: Phase diagrams and fluorescent images of DPPC/DOPS/Chol. (a) without

calcium chloride solution. (b) addition of calcium chloride solution. [88]

In the simpler system which only used two-component liposomes composed of charged
lipids and electrically neutral lipids. Compared to the two-component liposomes consist-
ing of only electrically neutral lipids, the negatively charged unsaturated lipid (DOPG)-
containing membranes inhibited phase separation formation, thermal stability of phase
separation was reduced, on the other hands, the negatively charged saturated lipid (DPPG)-
containing membranes promoted phase separation formation. This suggested that the
electrostatic interactions of DOPG and DPPG act differently. Furthermore, it was also
reported that when using negatively charged unsaturated lipid DOPG, if NaCl was added
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to a system, thermal stability of the phase separation was increased and the phase sepa-

ration becomes easier. (Figure 1.14) [89]
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Figure 1.14: Phase separation of charged lipid membranes. (left) Fluorescent images with
different lipid composition and different temperature. (right) Phase boundaries between
One-phase (homogeneous phase) and Two-phase (phase separation) in binary charged

lipid membranes without and with NaCl. [39)]

There are also several other researches that have actively used the charged lipids.
For example, the addition of Nat and Ca?* decreases the lipid diffusion coefficient of
negatively charged membranes [90], the binding of calcium ions to liposomes containing
negatively charged lipids leads to area contraction of the membrane [91], and so on.

Although all these studies have investigated the liposome containing charged lipids,
the effect of charge environment (both adding ions and the charge of the membrane itself)
on the phase separation has still not been fully explained. In addition to the charge of
the membrane itself, the valence state of the added ions seems to be important, which

will be elaborated in this thesis after.
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1.9 Polyamine

In addition to metal ions in the living body, there is a class of non-metal ions, amines.
Amines refer to cations containing amine nitrogen, which is a non-proteinogenic nitrogen
compound. Of these, those with multiple amine nitrogens are called polyamines. Typical
polyamine structurals showen in Figure 1.15. Polyamines are water-soluble compounds
with small molecular weight and most of them have a linear structure. Due to the rich
construction, a variety of different polyamines can be found even for the same valence.
Polyamines have similar structures to each other and have similar origins in the biosyn-
thesis process. Therefore, they are produced in association with each other and are widely
present in the body at concentrations ranging from 10uM to several mM. [92]

Polyamines are considered to be essential for living organisms and have various impor-
tant roles, but the details of mechanisms have not yet been clarified [93] [94]. For example,
it is currently reported that there is a close interrelationship between the amount of RNA
and the concentration of polyamines, but it is only suggested that they act as a regulator
of RNA synthesis [95]. Plus, polyamines also can stabilize DNA secondary structure and
protein three-dimensional structure and are related to the formation of DNA and protein
order [96] [97].

Takagi et al. reported that polyamines could prevent thermal aggregation and deac-
tivation of proteins. Thermally unstable proteins that form insoluble aggregates at high
temperatures were used in their study. With the addition of spermine or spermidine, ther-
mal aggregation of thermally unstable proteins was prevented, and the proteins retained
some activity. They suggested that this is because polyamines inhibit the interaction
between protein molecules. [97].

In addition, it is also known that the thermal stability to the target varies depending
on the structure of polyamines [98].

T. Nishino, et al. [99] reported that when a pentavalent branched-chain polyamine
called N*-bis(aminopropyl)spermidine ( 3(3)(3)4 ) was added, a structure generated along
the DNA called a nano-loop was observed. This kind of polyamine is present in hyperther-
mophilic archaeon that live at an environment temperatures between 60 and 100°C [100].

It has been suggested that this ordered structure, nano-loop, is one of the factors that sta-
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bilize DNA, which takes on a one-dimensional structure under high temperatures. (Figure
1.16)

Whatmore, dysfunction of polyamine metabolism is closely related to cancer therapy
development. Many researchers hope to use the specificity of polyamines transmembrane
transport system to cure cancer, however, the transmembrane transport mechanism of
polyamines is not clear, and the relationship between polyamines and biomembranes is
also not clear [101].

Overall, polyamines have an essential role for both proteins and DNA to stabilize
their order and structure. The previous section also mentioned the presence of ordered
structures (raft structures) in cell membranes. It would be interesting to investigate
whether polyamines may also have a stabilizing effect on biomembranes and whether
they affect the orderly regions of biomembranes. If polyamine molecules also affect the
interactions between lipid molecules, then their presence could impact the formation of raft
structures. Also, some studies have indicated that polyamines bind to DNA, RNA, and
other biomolecules through electrostatic interactions [102] [103], suggesting the possibility
of interactions between polyamines and charged lipid membranes. For these reasons,
it becomes crucial to study lipid membrane phase separation in the presence of added

polyamines.
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Figure 1.15: Chemical formulas of polyamines.
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Figure 1.16: AFM images of T4 DNA in the presence of N*-bis(aminopropyl)spermidine
(3(3)(3)4 ) at 80°C. (a) wide sacn image (b,c) zoom in images and (d) enlarged image of

red square in (c), red arrows indicate nano-loops. [99]
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1.10 Objectives and outline of this thesis

As mentioned before, GUVs are widely used as a cellular model in various studies.
Among them, the phase separation on multicomponent GUVs is considered similar to
the lipid raft and is used to study its formation and mechanism of action. The research
approach can start with a system consisting of a simple phospholipids component and
gradually add complexity to the system, thereby bringing it closer to the environment of
biomembranes. This approach can be expected to advance the understanding of cellular
functions further.

However, there are still limitations and unstudied blank areas in these lipid mem-
branes studies. In this context, many studies have been conducted to control the phase
separation structure in electrically neutral phospholipid membranes by changing the tem-
perature. However, considering the biological environment, the presence of charged lipids,
the induction of phase separation under isothermal conditions, and the role of metal ions
and polyamines inside and outside the cell are critical. Previous studies have reported
phase separation induced by the addition of metal ions in phospholipid membranes con-
taining charged lipids [88] [89] and phase separation caused by applied osmotic pressure
to neutral lipid membrane vesicles in hypotonic solutions [40].

Thus, in this thesis, we focused on the behavior of membranes containing charged
lipids while approaching the actual raft model. The details are shown as follows:

In chapter 2, we investigated the effect of membrane tension due to osmotic pres-
sure and pH on lipid membranes containing negatively charged lipids. The experiments
were performed in an isothermal environment. Binary liposomes consisting of negatively
charged unsaturated lipid DOPS and neutral saturated lipid DPPC were prepared, and
phase separation structures were observed by osmotic pressure application using fluores-
cence microscopy and confocal laser microscopy.

In chapter 3, we investigated the effects of adding salts, including metal ions and
polyamines, on the phase separation of negatively charged lipid membranes. Also, we
reveal the change of thermal stability of phase separation by changing the temperature.
First, we studied the phase separation in charged lipid membranes by adding various salts

with different valence, sizes, and structures. Monovalent to pentavalent salts (metal ions
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and amines) were added to DOPS/DPPC/Chol three-component liposomes at arbitrary
concentrations and observed by fluorescence microscopy. Second, we changed the ambient
temperature during observation and performed microscopic observation at three temper-
atures: room temperature, 30°C, and 40°C to investigate the effect of various salts on the
thermal stability of the phase separation region.

In chapter 4, we explored the effect of multivalent anionic lipids on the phase separa-
tion. We added monovalent negatively charged unsaturated lipids DOPI, DOPS; or triva-
lent negatively charged unsaturated lipids (DOPI(4,5)P,, PIP;) to DOPC/DPPC/Chol
three-component liposomes and measured the interfacial tension of the phase-separated
domains. The change of the interfacial tension of the phase-separated domain by the
multivalent negatively charged phospholipids was discussed.

Overall, this thesis takes a stepwise approach of increasing complexity. Firstly, a
study was conducted using monovalent negatively charged lipids to investigate whether
the charge situation of the headgroup of the lipid would affect the lipid membranes phase
separation. Next, various ions were added based on the last step to observe the phase
separation under ions influence, analyze the interaction between the negatively charged
lipids headgroups and the ions, and explore the effect of external environmental to charged
lipid membranes. Finally, the complexity of negatively charged lipids was increased,
and multivalent negatively charged lipids were selected to observe their phase separation
behavior on the membrane.

In general, this thesis aims to clarify the physical role of charged lipids in the formation
of phase separation in lipid membranes by studying the effects of osmotic tension, solu-
tion pH, salt structure, salt concentration, temperature, and lipid valence, and tried to
discuss the importance of the electrostatic interaction of charged lipids in raft formation.
It is hoped that this thesis will explain the importance of charge to biomembrane and

contribute to understanding biomembrane mechanisms through electrostatic interactions.
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Chapter 2

Three-phase coexistence in binary
charged lipid membranes in

hypotonic solution

This chapter is based on the integration, update, and abridgment of the following publi-

cations:

e J. Guo, H. Ito, Y. Higuchi, K. Bohinc, N. Shimokawa, M. Takagi. (2021). Three-
Phase Coexistence in Binary Charged Lipid Membranes in a Hypotonic Solution.

Langmuir, 37(32), 9683-9693. [1]
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2.1 Chapter Introduction

Biomembranes are membrane structures that distinguish the internal and external
environments of cells, and the main component is phospholipid. Phospholipids are am-
phiphilic molecules that spontaneously form a closed bilayer membrane structure in water
called liposome. Liposomes are widely usedas simple model biomembrane systems because
of its composition and structure are similar to biomembranes. Among them, in multicom-
ponent liposomes, different ratios of lipid molecules that constitute the membranes, or
changes in ambient temperature, can make phase separation structures appear [2] [3] [4].
This phase separation structure is thought to be highly similar to the raft region on
biomembranes so that the phase separation structure can be used as a model for lipid
raft. It is now known that raft structure is related to some critical cellular functions,
such as membrane trafficking and cellular signal transduction [5] [6]. The studies of phase
separation structures on model membranes can contribute to understanding cellular pro-
cesses.

Several studies have shown that the phase separation structure disappears with in-
creasing temperature due to mixing entropy. The effect of temperature on phase sep-
aration determines, to some extent, the thermodynamic properties of lipid membranes.
However, since the environment in organisms is generally at a constant temperature, it
is essential to understand how the phase separation structure will change at a constant
temperature [7].

From considering this aspect of the natural environment in organisms, the negatively
charged lipids such as phosphatidylserine(PS); phosphatidylglycerol(PG); phosphatidyli-
nositol(PI) in biological membranes should not be ignored. These negatively charged
lipids play a crucial role in biological membranes, such as membrane potential generation,
protein adsorption, and ion channel activity. [8] [9] [10]. In recent years researchers have
started to focus on the behavior of membrane structures containing charged lipids. Unlike
liposomes composed of neutral lipids, the phase separation of liposomes containing charged
lipids is inhibited by electrostatic repulsion between charged lipids. However, at the same
time, it has been shown the addition of salts can induce the phase separation because of

screening of the electrostatic repulsion. The addition of salts is a method that does not
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change the temperature but can control the phase separation behavior. [11] [12] [13]

In addition, it has been indicated that in solutions with hypotonic solution, osmotic
pressure can induce phase separation in neutral lipid membranes [14] [15]. The osmotic
pressure in the organism is also crucial, as it is closely related to blood pressure, fluid
metabolism, etc. The lateral tension on the membrane induced by the osmotic pressure
can even affect the ion channel activity [10].

Due to the semipermeable, GUVs can be affected by osmotic pressure and thus shrink
or swell, thus allowing osmotic pressure studies to be performed using GUVs. The swelling
due to osmotic pressure suppresses membrane fluctuations and makes the fluctuation en-
tropy lower. Due to the presence of the solid-ordered phase, the membrane fluctuation
in the phase separation state membrane is more minor than those of the homogeneous
membrane. Therefore, under the applied osmotic pressure, the homogeneous membrane
with large membrane fluctuation strongly suppressed the fluctuation and relatively be-
comes unstable than the phase separated membrane. Also, in the experiment with vesicles
adsorbed to a solid substrate, a similar phase separation behavior was observed [17]. The
application of osmotic pressure is also a method that does not change the temperature but
can control the phase separation behavior. Although the experiments of osmotic swelling
on the phase separation in electrically neutral membranes have been performed, the effect
of applied osmotic pressure on charged lipid membranes is not clear yet.

In this chapter, we used fluorescence microscopy and confocal laser scanning mi-
croscopy to investigate the phase separation of lipid membranes containing charged lipids
in hypotonic solutions. The model membranes containing charged lipids used consisted
of the negatively charged unsaturated lipid dioleoylphosphatidylserine (DOPS) and the
zwitterionic saturated lipid dipalmitoylphosphatidylcholine (DPPC).

First, we investigated the phase separation behavior in hypotonic solutions of different
pH values, which was used to examine the effect of ionization of the headgroup of DOPS
on the phase separation behavior. Considering the ionization of DOPS, even though the
model membrane consists of only two components, DOPS and DPPC, we can still treat
it as a system similar to the presence of three components. Second, to investigate the
position of each constituent on the model membrane, we used positively charged parti-

cles adsorbed onto the membrane and identified the specific constituents by the degree
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of adsorption. Finally, we performed coarse-grained molecular dynamics simulations to
analyze and discuss the stability of the phase separation structure and the mechanism of

coexistence of the three phases.
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2.2 Materials and Methods

2.2.1 Materials

The zwitterionic saturated lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
and the negatively charged unsaturated lipid, 1,2-dioleoyl-sn-glycero-3-phospho-l-serine
(sodium salt) (DOPS), were purchased from Avanti Polar Lipids, Inc(Alabaster, AL).

Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammo-
nium salt (Rho-DHPE) and Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanola-
mine, triethylammonium salt (Texas Red DHPE) was obtained from Thermo Fisher Scien-
tific (Waltham, US). 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (ammonium salt) (NBD-PE) was obtained from Avanti Polar Lipids
(Alabaster, AL). 1,1’-dioctadecyl-3,3,3",3’-tetramethylindocarbocyanine perchlorate (Dil)
was obtained from PromoKine (Heidelberg, Germany). Molecular structure of lipids and
fluorescent probes are showen in Figure 2.1 and 2.2.

D(+)-Glucose was purchased from Nacalai Tesque (Kyoto, Japan). DO was pur-
chased from SCETI (Tokyo, Japan). Deionized water (specific resistance > 18 M) used

in this study was obtained from a Millipore Milli-Q purification system (Burlington, MA).
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2.2.2 Preparation of giant unilamellar vesicles

Giant unilamellar vesicles (GUVs) were prepared by the natural swelling method.
All lipids were dissolved in a 2:1 (v/v) chloroform/methanol solution, and afforded con-
centrations of 2mM. All kind of fluorescent probes were dissolved in chloroform, afford
concentrations of 0.1mM. Lipids (DOPS and DPPC) were mixed in three kinds of ratios,
DOPS/DPPC=70/30, DOPS/DPPC=50/50, DOPS/DPPC=30/70, and for each ratio
the total volumes were kept with 20uL. For fluorescence microscopy observation, Rho-
DHPE 2uL was used. The control group used fluorescence microscopy was added Texas
Red DHPE or Dil 2ul as the same way. For confocal laser scanning microscopy observa-
tion, Rho-DHPE 2uL and NBD-PE 4ul. were used at the same time. After well mixed,
dried the mixed solution with nitrogen gas, then put the formed lipid films into a vacuum
desiccator for at least 3h. To produce the liposomes, films were then pre-hydration for
10min using 5ul. Milli-Q water at 55°C. Then, hydrated using 195uL glucose solution or
pH-adjusted glucose solution at 37°C for at least 3h and under 24h. The pH-adjusted
glucose solution was prepared by adding HCI or NaOH solution, and pH value was mea-
sured by pH meter (LAQUA act D-72, HORIBA, Japan). Glucose was dissolved by these
HCl1 and NaOH solutions and can obtain the pH-adjusted glucose solution. Also, the pH
value of Milli-Q water for preparing the glucose solution without HCIl and NaOH was
measured to make sure it was near to 7 (the measured value was 6.96+0.14). And results
used glucose solution dissolved by Milli-() water were used as the results for pH=7. The
concentrations of glucose were 100 and 200mM and were used depending on the osmotic

pressure required. The preparation process are shown in the Figure 2.3.
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Figure 2.3: Preparation of GUVs

2.2.3 Microscopic observations under osmotic stress

Before microscopic observation, apply osmotic pressure to the prepared GUV solution.
Mixed GUV solution with water which has the same pH as the glucose solution used for
GUVs, to dilute the glucose concentration outside the GUVs and make the concentration
outside lower than inside to apply an osmotic pressure. Because the membranes of GUVs
are semipermeable like cell membranes, water can inflow through the membranes. Thus,
water entered the inside of GUVs, the volume inside the GUV was increased. Since the

membrane area of the GUV remains unchanged, the membrane was stretched by the

increased volume, resulting in a lateral tension. (Figure 2.1)

After mixed, wait for 3min before observation. After adding water, make concentration
differences Ac = 0, 20, 40, 60, 80, or 100 mM across the lipid membrane. We used a

200 mM glucose solution to make concentration differences Ac=0, 80, and 100 mM. In
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addition, 100 mM glucose solution was used to make concentration differences Ac=20,
40, and 60 mM.

We used a small chamber, as shown in the Figure 2.5, for microscopic observation.
A silicon sheet with a circular hole in the middle was placed on the slide glass, and the
prepared GUVs solution was dripped into the circular hole and added a cover glass on
top. Then the observation was performed at room temperature (~ 22.5 £+ 2.5°C) using
a fluorescence microscope (IX71, Olympus) and a confocal laser scanning microscope
(FV-1000, Olympus). We kept the observation time of each sample within 90s. This is
because too long observation time can lead to photo-induced oxidation. For each lipid
composition and concentration difference, we observed 90 GUVs with diameters 5um ~
20pm to obtain statistical data.

In addition, we prepared an observation chamber with two small compartments sepa-
rated by a polycarbonate membrane filter (pore size 0.4 pm, Whatman) to take a real-time
video of the phase separation process, the chamber is shown in Figure 2.6. The experi-
ment was performed only at Ac = 100 mM. The GUVs solution was dropped in the lower
chamber and covered with cover glass, and then the entire chamber was inverted on the
confocal laser scanning microscope (FV-1000, Olympus). After finding the GUVs suitable
for observation, we added Milli-Q water to the upper chamber and set the moment to
0 s. The Milli-Q water percolated through the polycarbonate membrane filter into the
lower chamber. As the water infiltrates, the GUVs solution is diluted, and, as with direct

addition, the osmotic pressure causes the GUVs to swell, resulting in lateral tension.
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Figure 2.4: Schematic illustration of osmotic pressure addition
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49



2.2.4 Adsorption of Particles onto GUVs

To identify the different regions created during phase separation, we observed the ad-
sorption of positively charged particles on the GUVs. We used amine-modified polystyrene
latex beads (fluorescent orange aqueous suspension, 2.5 wt %, mean particle size 1 pm)
purchased from Merck. The colloidal suspension was well diluted to 370 times using Milli-
Q water and later mixed with GUVs solution in a ratio of colloidal suspension: GUVs
solution = 2:35. The samples were observed using a fluorescence microscope or confocal
laser scanning microscope, and the number of particles adsorbed on the different phase

separation regions was counted.

2.2.5 Coarse-grained molecular dynamics simulations

The coarse-grained molecular dynamics simulations used in this study took the model
proposed by Cooke et al [18]. Also this model was used in previous studies to simulate
the interaction between charged lipid membranes and nanoparticles [19] [20] [21]. And in
this chapter we develop it to simulate the phase separation of charged lipid mixtures with
three components.

The lipid molecules are modeled as a hydrophilic head composed of one bead and a
hydrophobic tail consisting of two beads. These beads are connected linearly through
springs. The short-range repulsive potential is used to represent the excluded volume
interaction between two beads separated by a distance r and can be expressed by the
following equation,

Vie(r; b;) = v - (2.1)

0 r>r.

where r,. is the cutoff length for the excluded volume interactions. r. is defined as b;, .

= 21/6p,. i represents three possibilities, head-head, head-tail, or tail-tail. bread—nead =
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bhead—tai = 0.950 and byui 10 = 0 were set for stable bilayer formation. o represents the
unit of length and corresponds to the cross-sectional diameter of a single lipid molecule,
here aproximately 7 A. v = kgT is the unit of energy, where kg is the Boltzmann constant
and 7' is the absolute temperature.

The stretching potential of the spring between the connecting beads can be expressed
as,

Vi(r) = %k:st(r o) (2.2)

and the bending potentials of the spring between the connecting beads can be expressed
as,

Voo (0) = %kbe(l ~ cos)? (2.3)

where kg = 500v and k. = 60v are the spring constant and the bending stiffness of a
lipid molecule, respectively. 6 is the angle between the adjacent bond vectors. Plus, the

hydrophobic attractions between hydrophobic beads are represented by,

—U r << Tec
Var(r) = § —veos?[T0=red) po <7 < v+ we (2.4)
0 > 71+ We

where w, is the cutoff length for the hydrophobic attraction. In this equation, we can
represented qualitatively the ordered or disordered phases in the lipid membranes by
varying the value of w.. That is, when w, is larger, the membrane can be considered as
ordered phase (saturated lipid-rich phase), while when w, is small it can be considered as
disordered phase (unsaturated lipid-rich phase). [18] Since our experiments focus on the
phase behavior of charged lipid membranes, we also need to represent the role of charged
lipids in our simulations. For this purpose, we considered the electrostatic repulsion

between the DOPS headgroups. Expressed by the following Debye-Hiickel potential as,

exp(—7/lp) (2.5)

Vel(r) = vilgz1 22

where [ is the Bjerrum length, which is o (approximately 7 A). And Debye screening
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length Ip is defined as,
€k’BT
nye?

(2.6)

lDZO'

where ¢ is the dielectric constant of the solution. e is the elementary charge. ng is the
salt concentration and was set at 100mM. z; and 2z, are the valence of charged headgroup
and were set at -1, bcause DOPS has the negative monovalent charge.

With respect to the stochastic dynamics of each bead, they obey the Langevin equa-

tion,
dQT'Z' dri

a2 _77% + fiv +& (2.7)

m

where ¢ denotes the i-th bead. Mass coefficient m and drag coefficientand n are m = n = 1.
And by the derivatives of eqs(2.1)-(2.5) we can calculated the force fY. The constant 7
was used as the units for the timescale, where 7 = no? /v, and the time increment was set to
dt = 7.5 x 10737. For the Brownian force &, can calculat with the fluctuation—dissipation

theorem as,

(&i(1)&;(t)) = 6umdy;o(t —t') (2.8)

where §;; is the Kronecker delta and §(t — t’) is Dirac delta function.

Using this model, we simulated a ternary mixture of negatively charged unsaturated
lipids (A-lipids), neutral unsaturated lipids (B-lipids), and neutral saturated lipids (C-
lipids). The calculated composition (the number of lipids) is A/B/C = 1000/1000/3000.
A-lipids correspond to charged DOPS referred as DOPS(-). B-lipids correspond to pro-
tonated DOPS referred as DOPS(N). C-lipids correspond to DPPC. The initial state of
the calculation was a spherical lipid bilayer with a homogeneously mixed lipid distribu-
tion. The same calculation was performed six times to ensure data reproducibility and to

obtain representative results.

2.2.6 Fluorescence anisotropy measurements

To reveal the order of the lipid tail, we measured the fluorescence anisotropy of 1,6-
Diphenyl-1,3,5-hexatriene (DPH) in a single lipid membrane of DOPS. DPH is a kind of

fluorescence anisotropy probe commonly used to investigate the kinetic characteristics of
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lipid bilayers. The fluorescence anisotropy of DPH can be used as a parameter of the
fluidity of the lipid tail in lipid bilayer (lipid order). Fluorescence anisotropy measures
the extent to which the fluorescent probe DPH wobbles with lipid tails. If the lipid tails
are highly ordered, the DPH molecule tends to be stationary and emits fluorescence in the
same direction as the incident light. However, if the lipid tails are disordered, the DPH
molecules wobble with the tails, and the fluorescence emitted is polarized in a different
direction from the incident light. For this experiment, single component GUVs of DOPS
were used.

Giant unilamellar vesicles (GUVs) were prepared by the natural swelling method.
DOPS was dissolved in a 2:1 (v/v) chloroform/methanol solution, and afforded concen-
trations of 20mM. DPH was dissolved in chloroform, afford concentrations of 0.2mM.
DOPS 65ul. and DPH 30ul were well mixed and dried with nitrogen gas, then put the
formed lipid films into a vacuum desiccator for at least 3h. To prepare the GUVs, films
were then added with 50uL Milli-QQ water and mixed well. Put the mixed solution in
sonication set as 55°C which is above the DOPS main transition temperature 7, =-11°C
for 1 h to form vesicles. After sonicated, 200 Milli-Q water was mixed with the GUVs
solution and then filtered more than 20 times on a heated platform at 55°C with a Mini-
Extruder which set a pore size 400nm filter, to obtain vesicles with smaller and uniform
sizes. Mini-Extruder was purchased from Avanti Polar Lipids, Inc(Alabaster, AL). Take
100 pL of the prepared vesicles solution and mix it with 1900 puL of Milli-Q water or
pH-adjusted Milli-Q water, and place it in a quartz cuvette for fluorescence anisotropy
measurement.

Examined for changes in membrane fluidity using a FP-6500 spectrofluorometer (JASCO
Co. Tokyo, Japan) set with two polarizers (JASCO Co. Tokyo, Japan). The temperature
range for measurement was 20-35°C with an interval of 2°C. After placing the sample,
the sample was allowed to stabilize for 10 min at the required temperature. The excited
wavelength was A\ex=357 nm, and the fluorescence intensity was monitored at Ae,=430

nm. Anisotropy values r was calculated as,

_ Iyv—Glyn

. 2.9
Iyy + 2GIyy (29)

where [ is fluorescence intensities, V' and H are the settings of the excitation and emission
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polarizers, V' delegate vertical, and H delegate horizontal. G is the correction factor,
G = Iyy /Iy and need to calculate for each sample. Each pH and temperatures were
measured three times to calculate the average value. The orderliness of the measured
lipid bilayer was discussed based on the obtained r values. A larger r value represents a

relatively more order state of the lipid bilayer.
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2.3 Results

2.3.1 Phase separation induced by osmotic stress

In order to observe whether osmotic pressure can induce phase separation in mem-
branes containing charged lipids, real-time observation was performed with a special ob-
servation chamber as described in 2.2. In this experiment, lipid composition was DOP-
S/DPPC=30/70 and the pH of the solution was set as pH=7. Milli-Q water was added
to the upper chamber during observation. The difference in glucose concentration was Ac
= 100 mM when the solutions in the upper and lower chambers were completely mixed.
The observation results are shown in Figure 2.7. After the addition of Milli-Q water, at
3 s, we observed a homogeneous GUV. At 12 s, we observed that this GUV started to
form phase separation and the phase separation is progressed over time, with a significant
phase separation observed at 34 s. This shows that the addition of Milli-Q water quickly

induces the phase separation.

3 sec 10 sec 12 sec 13 sec

17 sec 19 sec 24 sec 34 sec

Figure 2.7: Real-time phase separation process images from the homogeneous phase-to-

phase-separated state induced by osmotic pressure. Scale bars are 10 pm.
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We observed phase separation structure at Ac = 100 mM in hypotonic solutions. And,
two kinds of phase separation structures were observed using confocal laser scanning
microscopy, as in Figure 2.8(a) and (b). For the two fluorescent probes used in this
observation, Rho-DHPE is generally distributed in the unsaturated lipid-rich L4 phase,
while NBD-PE tends to be distributed in the relatively ordered phase. Therefore it can
be expected that the red region should correspond to the unsaturated lipid DOPS-rich
L4 phase, and the green region should correspond to the S, composed of saturated lipid
DPPC. The fluorescence intensity along the white line in the merged image was measured
and is presented in Figure 2.8(c), shows the two fluorescence intensities behave in opposite
ways. There are only two regions on the lipid membranes, the red Rho-DHPE riched
region, INngp > Irno, and the green NBD-PE riched region, Ingp < Irno, where Ixgp and
IRpo indicate the fluorescent intensities of NBD-PE and Rho-DHPE, respectively.

Interestingly, we observed a three-phase coexistence like shown in Figure 2.8(b). Al-
though we only used two lipids, we still observed this phase separation with the coexistence
of three phases. These phases are red with Rho-DHPE, green with NBD-PE, and dark
with no fluorescent probes. For this phase separation structure, we also measured the
fluorescence intensity at the corresponding white line and shown in Figure 2.8(b). It can
be seen that the measurement results present three states. Red Rho-DHPE rich region
with Ingp < Irno; green NBD-PE rich region with Ixgp > Irno; and dark region with
less Rho-DHPE and NBD-PE. The dark region with less content of both Rho-DHPE
and NBD-PE is only found in three-phase coexistence GUVs and is the main feature to
distinguish the three-phase coexistence from the two-phase coexistence. Further analysis
revealed that at the boundary, the fluorescence intensity of the red region dominated by
Rho-DHPE was gradually decreased, while the fluorescence intensity of the green region
dominated by NBD-PE was abruptly decreased. This indicates that the line tension at
the boundary of the red and green regions is lower, while the line tension at the boundary
of green and dark regions is larger. Therefore, it can be assumed that the red and green
regions are riched in the same kind of lipid, while the dark region is riched in the different
ones. Considering that the dark region hardly includes any fluorescent probes, we believe
this part is an more ordered phase which riched in DPPC. However, it is still not possible

to distinguish the specific lipid distribution in the red and green regions. Due to the
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ionization properties of the DOPS headgroup, we consider that there are two different
ionized states of DOPS, the negatively charged DOPS (DOPS(-)) and the undissociated
(neutral) DOPS (DOPS(N)). Thus, we consider that the red and green regions may be
the more disordered phase which riched in different properties DOPS.

(b) NBD-PE Rho-DHPE Merged Enlarged

) 70

(3) NBD-PE Rho-DHPE Merged  Enlarged

!!

(c) (d
';: Rho-DHPE < 60 Rho-DHPE
£ 30 g
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& &
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§ NBD-PE 3 3
210 g 20
2 8
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0 1 2 3 4 0 1 2 3 4
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Figure 2.8: Confocal laser scanning microscopy images and fluorescence intensity profiles
of GUVs at DOPS/DPPC=30:70 under Ac = 100mM. (a) Two-phase coexistence (b)
Three-phase coexistence (c,d) Fluorescence intensity profiles along the white lines in the

merged images in (a,b). Scale bars are 10 pm.

To investigate if other factors will affect the phase separation behavior, we also ex-
amined the effects of glucose concentration, the type of sugar we used, and the type of
fluorescent probes. First, to examine that the glucose concentration does not affect the
phase separation, and it is the concentration difference that induced the phase separa-
tion, we conducted experiments using various glucose concentrations while fixing that the
concentration difference Ac = 0 mM. We observed at different glucose concentrations,
ensuring that Ac = 0 mM. The results showed that the phase separation remained almost
unchanged even when the glucose concentration was changed, in Figure 2.9(a). Therefore,
we excluded the effect of glucose concentration and can assume that the concentration
difference induced the lipid membrane phase separation.

Second, to examine that glucose does not specifically cause phase separation, we tried

to experiment with other sugars. We performed the observation of imposed concentration
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difference using sucrose, and the same phase separation structure was observed at DOP-
S/DPPC = 30/70, Ac = 100 mM, like in Figure 2.9(b). Therefore we concluded that the
type of sugar did not affect the phase separation.

o

(b)

NBD-PE Rho-DHPE  Merged

0.6

0.4

0.2

.@%,

0 100 150 200
¢ [mM]

Fraction of phase-separated structure

Figure 2.9: The glucose concentration does not affect the phase separation and glucose
does not specifically cause phase separation. (a) Fraction of phase separated structure for
DOPS/DPPC = 30/70 at pH = 7 with different glucose concentration c¢. Ensuring that
Ac = 0 mM. The phase behavior was not influenced by the glucose concentration ¢ and
strong phase separation was not induced. (b) Fluorescence microscopy images of three-
phase coexistence at DOPS/DPPC = 30:70 under Ac = 100mM using sucrose instead of

glucose. Scale bars are 10 pum.

Last, we used two fluorescent probes Texas Red DHPE and Dil, for phase separation
observation and measured the fluorescence. The results showed that the three-phase coex-
istence were observed, in Figure 2.10. This demonstrates that three-phase coexistence are
independent of the type of fluorescent probes, and the three-phase coexistence structure

is not subject to the choice of fluorescent probes.
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Figure 2.10: Fluorescence microscopy images and fluorescence intensity profiles of three-
phase coexistence at DOPS/DPPC = 30:70 under Ac = 100mM with (a) Dil fluorescent
probe and (b) Texas Red DHPE fluorescent probe. Scale bars are 10 pym.

2.3.2 Investigation of phase composition in three-phase coexis-

tence

In the previous subsection, we described the phase separation structure of the three-
phase coexisting states. We speculate that the dark region is the ordered phase rich in
DPPC and the red and green regions contain two ionized states of DOPS, but we have
not yet discerned the specific composition of the red and green regions. To distinguish, we
performed adsorption experiments using positively charged particles. Positively charged
particles were added from the outside of GUVs. Due to the presence of electrostatic

attraction, these positively charged particles were expected to selectively adsorb to the
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DOPS(-) riched region, which shows a negative charge. Since the phase separation in
negatively charged lipid membranes may be affected by positively charged particles, we
performed experiments at low concentrations of positively charged particles. We observed
36 particles and took confocal laser scanning microscopy images.

Results are shown in Figures 2.11. From the resulting image, it can be seen that the
positively charged particles are selectively adsorbed on the green areas. Even though
the area of the green region is relatively small, it still adsorbed 80% of the particles.
Hamada et al. [22] reported that in experiments with neutral particles and neutral lipid
membranes, particles larger than 200 nm tend to adsorb to the disordered phase. In
comparison, smaller particles tend to adsorb to the ordered phase. In this experiment,
we used a particle size of 1 pm, which is larger than 200 nm, so it can be presumed that
it will preferentially adsorb to the DOPS riched disordered phase. The red and green
regions are different ionization states of DOPS but have the same priority in terms of the
degree of order. However, the results showed that the positively charged particles tend
to adsorb to the green region, which can be explained by the fact that the green region
is negatively charged and consists of DOPS(-). On the other hand, we can conclude that
the red region is rich in DOPS(N).

Also, it is worth noting that for the distribution of the fluorescent probes we used,
we generally assume that NBD-PE will be distributed to relatively ordered regions, but
this cannot prove that the order degrees of those regions are precisely the same. So even
the result showed that NBD-PE is distributed in DPPC in two-phase coexistence and
DOPS(-) in three-phase coexistence, this does not prove that the degree of order is the
same in DPPC and DOPS(-).

(a) ®) |

]
L . Red region

Green region

S o o o
N OB O

Fraction of
adsorbed particles

A . Dark region
1B

o

Figure 2.11: (a) Fluorescence microscopy images and (b) fraction of adsorbed particles

on each phase-separated region. Scale bars are 10 pm.
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2.3.3 Phase separation induced by tension under different pH

conditions

After the previous discussion, we revealed that the three-phase coexistence might be
composed of DPPC, DOPS(-), and DOPS(N)-rich phases. Since DOPS(-) and DOPS(N)
are based on the ionization of the DOPS headgroup, we speculate that if the ionization
fraction of DOPS changes, the amounts of DOPS(-) and DOPS(N) will also change. The
change in their ratio would affect the phase behavior. Therefore, we tried to change the
lipid ratios of GUV formation. Also we tried to change the pH of the GUV solution and
applied osmotic pressure at that pH, then observed the tension-induced phase separation
structure. Fluorescence microscopy and confocal microscopy were performed using a
chamber as described in Figure 2.5. The lipid ratios of GUVs were DOPS/DPPC =
30/70, 50/50, and 30/70, the pH of the glucose solution was 6, 7, 8 and 9. The results
are summarized in Figure 2.12 and typical confocal laser scanning microscopy images are
showen in Figure 2.14.

The results showed that almost no phase separation structure was observed in all
ratios when the GUVs were at Ac = 0 mM. This is consistent with the results of previous
studies [I1]. And the results also showed that all lipid ratios and pH values show an
increasing trend of phase separation with increasing Ac. This result is consistent with
the previous results using neutral lipids [14] [15]. Tt indicates that the membrane tension
due to osmotic swelling can induce phase separation even for charged lipids-included
membranes. The results were more evident at the ratio of DOPS/DPPC=30/70, where
about 10% of GUVs were in the three-phase separation at pH=8, about 30-50% of GUVs
were in the three-phase separation at pH=7, and more GUVs were in the three-phase
separation at pH=6. However, at pH=>5, the percentage of the three-phase coexistence
state decreased to 20-30% instead. In addition, at the ratio of DOPS/DPPC=50/50, we
hardly observed GUVs in the three-phase coexistence at pH=8 or pH=7, but they were
abundantly present in the solution at pH=6.

Thus, we suggest that the generation of the three-phase coexistence state depends on
the pH. This allows that the degree of ionization of the DOPS headgroup varies depending
on the pH. And the ratio of DOPS(-) and DOPS(N) depends on the degree of ionization
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of the DOPS headgroup then affects the phase behavior of the three-phase coexistence.
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Figure 2.12: Fraction of the phase separation structure of DOPS / DPPC as a function

of glucose concentration difference across lipid membrane.
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Two-phase coexistence Three-phase coexistence

Figure 2.13: Fluorescence microscopy images at Ac = 100mM for DOPS/DPPC =30/70

at pH = 8, 6, and 5. Scale bars are 10 pm.

2.3.4 Coarse-grained molecular dynamics simulations

Further, to clarify the stability of the three-phase coexistence structure, we carried out
a Coarse-grained molecular dynamics simulations. The results above, show that the three
phases consist of DPPC, DOPS(-), and DOPS(N). So we tried to simulate this situation.

We prepared a system with three kinds of lipid, including a negatively charged un-
saturated lipid representing DOPS(-) (A-lipid), a neutral unsaturated lipid representing
DOPS(N) (B-lipid), and a neutral saturated lipid representing DPPC (C-lipid). Set the
ratio of these three lipids as A/B/C = 1000/1000/3000. We set the cutoff length for the
attractive potential w,, based on the results of fluorescence intensity like showen in Figure
2.8 (b) and (d).

The fluorescence intensity of the red region dominated by Rho-DHPE was gradu-
ally decreased at the red and green regions boundary, indicating that the line tension
at the boundary was low and the two regions are rich in the same kind of lipids. Sim-

ulat as A and B lipids, represent two different states of DOPS, they have the same
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unsaturated hydrocarbon tails. Thus, we assume that w’* = w58

< wf® And the
fluorescence intensity of the green region dominated by NBD-PE was abruptly decreased
at the boundary of green and black regions, indicating that the green and black re-
gions were strongly separated from each other and enriched with different types of lipids.
These two regions are simulat as B-riched and C-riched regions. since A-lipid and B-
lipid have the same unsaturated hydrocarbon, the phase separation between them is

relatively weak. In contrast, the phase separation between AC and BC is stronger be-

cause of the different hydrocarbon tails. Thus, we set w2 > wB¢ = wAC. Finally, to

A _ AB

form the stable three-phase coexistence, we assume the relationship w?’ wBB > wiB.
Combining the above relationships between the physical properties of lipids, we set
wih = 1.70,wBB = 1.70,wS° = 1.80, wAB = 1.550, wE® = 1.50, w2 = 1.50.

The results are shown in Figure 2.14. Green beads indicate negatively charged unsat-
urated lipids [A-lipids, DOPS(-)], red beads indicate neutral unsaturated lipids [B-lipids,
DOPS(N)], and gray beads indicate neutral saturated lipids (C-lipids, DPPC). It can be
seen that the coarse-grained molecular dynamics simulations successfully reproduced the
three-phase separation structure observed by microscopy, in Figure2.14(a). All results
showed that the A-lipid rich region surrounds the B-lipid rich circular region.

Figure 2.14(b) shows the lipid density distribution from the center of the red region.
The red B-lipid rich region first appears, followed by the green A-lipid rich region, followed
by the gray C-lipid rich region. Both the snapshot and the lipid density profile are
essentially the same as the results presented in Figure 2.8(b) and (d). Thus, this structure

of three-phase coexistence (DOPS(N) rich phase surrounded by the DOPS(-) rich phase
and then surrounded by the DPPC rich phase) is proven to be energetically stable.
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Figure 2.14: Coarse-grained molecular dynamics simulations results. (a)Snapshot of three-
phase coexistence, and (b) bead density profile from the center of the domain rich in
B-lipids. The green, red, and gray beads and lines represent of A-lipids, B-lipids, and
C-lipids, respectively.
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2.4 Discussion

2.4.1 Phase separation induced by osmotic pressure

The membrane tension caused by osmotic stress can induce phase separation in charged
lipid membranes, which is similar to the mechanism of osmotic stress-induced phase sep-
aration in neutral lipid membranes and can be explained as the loss of membrane fluctu-
ation entropy [15] [17]. Homogeneous lipid membranes with liquid disordered phase are
soft and fluctuating. In contrast, phase separation membranes with ordered phases are
stiffer and have relatively less fluctuation. The osmotic swelling causes the membrane
to develop lateral tension, suppressing thermal membrane fluctuation. The fluctuation
entropy loss in homogeneous membranes under osmotic stress is more significant than
that in the phase separation state. Homogeneous membranes become relatively unstable
than phase separation membranes.

Experimentally, we observed that tension due to osmotic stress could induce phase
separation of negatively charged lipid membranes, it can be assumed that this tension is
competition with electrostatic repulsion in the charged lipid phase region. Phase separa-
tion does not occur in lipid membranes if the effect of electrostatic repulsion dominates. If
tension due to osmotic stress overwhelms, phase separation will occur. The result shows
that increased osmotic pressure promotes phase separation on charged lipid membranes.
Thus it can be considered that tension gradually dominates over and overcomes the effect

of electrostatic repulsion due to negatively charged lipids.

2.4.2 TIonization state of the DOPS headgroup

As described in before, we believe that the observed three-phase coexistence structure
may be due to the ionization of the headgroup of DOPS. The headgroup of DOPS con-

tains three different polar groups: phosphate, carboxy, and amine moieties. Where each
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phosphate and carboxy group has a monovalent negative charge, and amine groups have a
monovalent positive charge. Therefore, the net charge of DOPS is -1. The dissociation of
the ions depends on the pH of the solution. The dissociation fraction o can be expressed

by the following equation.

IOPKﬁ for the phosphate and carboxy groups

o= . (2.10)
Trio—Ks

for the amine groups

In Figure 2.15 we show the fraction of ionic dissociation as a function of pH. It can be
seen that phosphate and amine groups with pK, of 2.6 and 11.55, respectively, pH varies
around 7 do not affect their ionic dissociation so much. However, the carboxy group has
a pK, of 5.5, which makes it very sensitive to changes in pH around 7. [23]

Then, according to Figure 2.15(a), we calculated the relative charge of PS as a function
of pH in Figure 2.15(b). The relative charge is almost close to -1 at pH = 7 and 8, the
exact values are -0.969 and -0.997, respectively, which means most carboxyl groups are
dissociated. The relative charge increases as the pH decreases, from -0.759 at pH =
6 to -0.236 at pH = 5, which means that the amount of dissociated carboxyl groups
decreases. Therefore, it can be concluded that at pH = 7 and 8, the system have almost
only two components, DOPS(-) and DPPC. However, at pH = 5 and 6, the system
contains three components, DOPS(-), DOPS(N), and DPPC. In the experiment with
DOPS/DPPC=30/70, the proportion of three-phase coexistence gradually increased as
the pH decreased from 8 to 6, but a decrease in the proportion of three-phase coexistence
was observed for the pH decrease from 6 to 5. This is because the pH reduction process
actually increases the ratio of DOPS(N), which promotes the formation of the three-
phase coexistence. And, at pH=>5, the excessive increase in the DOPS(N) ratio exceeds
the DOPS(-) ratio, making the whole system near to a two-component system consisting
of DOPS(N) and DPPC. So this can be interpreted as the reduction of the DOPS(-) ratio
inhibits the formation of the three-phase coexistence. In Figure 2.15(c), we summarize a
Gibbs triangle to present the phase behavior of the quasi-ternary lipid at Ac = 100mM.

In addition, it can be found from the results that at pH=7 and 8, even though the
relative charges are both close to -1 and are both almost composed of two components,
we still observed three-phase coexistence. This means that it becomes important to

explain what exactly pK, depends on, and it could possibly depend on lipid composition,
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molecular assembly structure, or even membrane tension. From our experimental results,
pK, is likely to be over 5.5. Some prior studies have also reported that the apparent pK,
of PS is exceed 5.5 [24] Therefore further measurement of pK, should be performed by
titration analysis to reveal the exact value.
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Figure 2.15: (a)Fraction of the ionized polar groups in the DOPS headgroup as a function
of pH. (b)Relative charge of DOPS as a function of pH. (c¢)Gibbs triangle for a quasi-
ternary lipid mixture composed of DOPS(-), DOPS(N), and DPPC, difference in glucose

concentration across the lipid membranes Ac = 100mM.

2.4.3 Structure of three-phase coexistence

Combining the results of the adsorption experiments using charged particles in 2.3.2
and the coarse-grained molecular dynamics simulations in 2.3.4, we suggest that on the
DOPS/DPPC lipid membrane, the circular region riched in DOPS(N) is surrounded by
the DOPS(-) riched region, and then surrounded by the DPPC enriched region. In Figure
2.16, we show a schematic representation of the three-phase coexistence structure.

As introduced in 1.4, the phase separation between saturated and unsaturated lipids
is generally due to differences in the hydrophobic chains. As DOPS and DPPC have
different hydrophobic chains, it can be considered that the separation of the DPPC-rich
phase and the DOPS-rich phase is caused by the different saturation of the DPPC and
DOPS hydrophobic chains, and here we do not discuss this in detail about this. In the
following sentences, the discussion of the three-phase coexistence structure will in terms
of why DOPS(-) and DOPS(N) are separated into two phases, as well as where DOPS(-)

is located on lipid membranes and its shape.
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Figure 2.16: Schematic illustration of the domain structure in the case of three-phase

coexistence. (a)top view, (b)side view

First, we discuss the phase separation of DOPS(-) and DOPS(N). From the hydropho-
bic tail, DOPS(-) and DOPS(N) should be mixed due to having the same unsaturated tail.
From the headgroup, there are electrostatic repulsion between DOPS(-), and they should
be mixed in order to reduce the electrostatic interactions. However, we observed the phase
separation behavior between DOPS(-) and DOPS(N). By the measurements in 2.8, we
analyze that the line tension at the boundary between DOPS(-) and DOPS(N)(boundary
B) is not high. However, we cannot observe a domain shape fluctuation that indicates
lower line tension. So it can be guessed that there is a physical property difference between
the two states of the DOPS phase. Our opinion is that there is an attractive interaction
between DOPS(N). This attractive interaction can overcome the loss of free energy due
to the electrostatic repulsion between DOPS(-), which induces the separation of DOPS(-)
from DOPS(N).

A prior study reported that intermolecular hydrogen bonding between protonated PS
headgroups might lead to attraction between DOPS(N) molecules [25]. To verify this, we
replaced HoO (Milli-Q water) with DO for the same experiment. The lipids used were
DOPS/DPPC = 30/70, at Ac = 100mM. The results are shown in Figure 2.17. No phase
separation structure was observed in Ac = O0mM, but with the increase of osmolarity, in
Ac = 100mM, we observed phase separation structures. This result is essentially the same
as that obtained using HyO. However, compared to 50% of the three-phase coexistence in
DOPS/DPPC = 30/70, Ac = 100mM using H,O, as shown in Figure 2.12(j). The three-

phase coexistence in the results using DO was only 10%, which was inhibited. This is
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because D50 inhibits the hydrogen bonding between the protonated DOPS molecules,
which leads to the difficulty of three-phase formation. It can be assumed that part of
the reason for the stable existence of the three-phase coexistence is the hydrogen bonding

between the protonated PS.
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Figure 2.17: Investigation of intermolecular hydrogen bonding between protonated PS
headgroups affect at DOPS/DPPC = 30/70 in D;O. (a)Fraction of the phase-separated
structure as a function of the concentration difference across the lipid membranes. The
white, black, and hatched bars represent the homogeneous phase, three-phase coexistence,
and two-phase coexistence, respectively. (b)Confocal laser scanning microscopy images

showing the three-phase coexistence. Ac = 100mM. Scale bars are 10 ym
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In addition, the fluorescence anisotropy of the fluorescent probe, 1,6-diphenyl-1,3,5-
hexatriene (DPH), was measured in order to clarify the effect of the hydrophobic tail of
DOPS(N) and DOPS(-). Experiments were performed using membranes containing only
one lipid, DOPS, at various pH, and we summarize the results in Figure 2.18. At pH=7,
the fluorescence anisotropy is low, fluctuating around 0.1, because DOPS is an unsaturated
lipid and forms a disordered state. However, the fluorescence anisotropy remains almost
unchanged even if the pH is changed, indicating that the DOPS(-) and DOPS(N) contents,
which vary due to pH change, have almost no effect on the hydrocarbon chain orderliness.
This means the interaction between DOPS(-) and DOPS(N) may be in the same disordered
state, and the interaction between the hydrocarbon tails of DOPS(-) and DOPS(N) is
virtually identical. Indicates that the reason for the separation between DOPS(-) and
DOPS(N) does not come from the hydrophobic tail. It may be because of the hydrophilic

head, in agreement with our discussion above.
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Figure 2.18: DPH fluorescence anisotropy r at pH=5, 6, 7, and 8 as a function of the

temperature.
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The relationship between the PS ionization profile and the phase separation of model
membranes has been reported in other studies. The study by Bandekar et al. [26] used a
charged lipid included membrane containing DOPC, distearylphosphatidylserine(DSPS)
and cholesterol, while also varied the solution’s pH. Their experimental results indicated
the dissociation of DSPS into DSPS(N) and DSPS(-). Similar to our results, they observed
a phase-separated structure with DSPS(N)-rich regions surrounded by DSPS(-)-rich re-
gions. This is due to the presence of hydrogen bonding-mediated attraction between
DSPS(N) molecules. Unlike their experiments, the temperature was not changed in our
experiments, and only two lipids were used as well as we used charged lipids that were
unsaturated. The DSPS used in the study by Bandekar et al. has a relatively long sat-
urated tail, which leads to a stronger intermolecular van der Waals attraction and easier
formation of aggregated phase structures. In contrast, the unsaturated lipid DOPS we
used had a minor attraction. However, we observed phase separation structures. This
is also siding evidence that the attraction of the protonated PS part is strong, and the
ionization of PS lipids affect the phase formation. The phase formation does not depend
on the structure of the PS lipids tails.

Then, we discuss the phase formed by DOPS(-) and its shape. It is well known
that there is electrostatic repulsion between charged lipids, and the formation of charged
lipid-rich regions may increase the free energy. Electrostatic interactions are long-range
interactions, and their total electrostatic interaction is equal to the sum of all interacting
charge pairs. One-dimensional band domains increase the distance between the interacting
pairs and can reduce the total electrostatic interaction. For this reason, the DOPS(-)-rich
phase will exhibit a one-dimensional band-shaped domain instead of a two-dimensional
circular domain. The formed band region makes the DOPS(-) rich region in contact with
the DPPC and DOPS(N) rich regions at boundary A and boundary B, respectively. This
can effectively reduce the electrostatic interactions near the boundaries. This possibility
has been discussed theoretically in the prior study [27].

In Figure 2.12(h) and (i) a decrease in the amount of phase separation at Ac = 100mM
can be found in experiments for DOPS/DPPC = 50/50 and 30/70. It has been reported
that membrane tension caused by osmotic pressure leads to an increase in line tension at

the boundary of the phase separation domain. That means going from a homogeneous
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state to a phase separation state may cause a loss of free energy. [15] The transition
from a homogeneous state to the formation of a stable phase separation state requires
overcoming the energy barrier. If the energy barrier to be overcome is greater than the
thermal energy, the application of osmotic pressure does not change the homogeneous
state of the lipid membrane. [28] Therefore, we speculate that the number of GUVs in
the phase separation state decreases significantly when Ac is large, and the GUVs are
mainly in the homogeneous state. An energy barrier may exist at the larger Ac, where
the line tension increases to maximum. If the threshold tension is exceeded, rupture
and pore formation become energetically favorable, allowing the GUV to release a small
fraction of the intra-vesicular solute [29], after which the line tension decreases instead.
To explain this phenomenon, it is necessary to measure the line tension at the phase
separation boundary. Furthermore, it is of great interest to clarify whether the line
tension is dependent on pH.

In the previous section 2.3.2, in order to reveal the composition of each phase, we per-
formed an adsorption experiment using positively charged particles. This can undoubtedly
define the composition to some extent. But in the future, it may be possible to confirm this
by more detailed means. For example, direct measurement of the crucial parameter, local
surface charge density, on the membrane surface, which strongly affects the localization
and regulation of membrane proteins in the cell membrane. It has been reported [30] that
it is possible to measure local surface charge using quantitative surface charge microscopy
on supported lipid bilayer membranes in a phase-separated state. Although supported
lipid bilayer membranes and vesicle membranes are not completely identical in their phase
separation behavior, this experiment may still provide us with some explanation. It is
expected that this technique can be used in future experiments to directly observe the
distribution of DOPS(-) and DOPS(N) in phase-separated membranes.

At the same time, it is possible to confirm the experiments in this chapter theoreti-
cally. Earlier, a theoretical model was reported by Mengistu et al. [31], whose theoretical
model can describe the phase separation behavior of lipid membranes containing charged
and neutral lipids. This model also considers the effect of pH on the phase separation
behavior. However, unlike our experiments, the negatively charged lipid described in

their theoretical model contains only one negative charge group. In contrast, the DOPS
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we used includes both one positive charge and two negative charge groups. Therefore,
their theoretical model cannot fully describe the fact that we found that DOPS(-) and
DOPS(N) exist simultaneously and have different intermolecular interactions. Thus, it is

indispensable that to propose a theoretical model that takes these effects into account.
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2.5 Chapter conclusion

In this chapter, we investigated the phase separation behavior of lipid membranes
containing unsaturated charged lipids (DOPS) induced by osmotic stress. Phase separa-
tion was induced by subjecting GUVs in a hypotonic solution. A three-phase coexistence
structure was observed, especially at DOPS/DPPC = 30/70. Due to the ionization of
the DOPS headgroup, we consider that the three phases are rich in DPPC, charged
DOPS [DOPS(-)], and neutral DOPS [DOPS(N)], respectively. Adsorption experiments
using positively charged particles identify the three phases and show that the DPPC-rich
phase surrounds the DOPS(-)-rich phase and this DOPS(-)-rich phase surrounds a circu-
lar region of DOPS(N) in the center. This arrangement was successfully reproduced by
the coarse-grained molecular dynamics simulations, which demonstrated that the three-
phase coexistence structure could be energetically stable. At the same time, with the
shape and arrangement of such regions, the charged lipid-rich domain [DOPS(-)] has a
one-dimensional band shape, which increases the distance between charged lipids and
weakens the electrostatic interactions. The hydrogen bonds between DOPS(N) also play
a stabilizing role, are favorable for the stability of the three phases. However, some details
of interactions at the nanoscale are still not clear, such as those between charged lipids,
water, and counter ions. Thus, it is crucial to explain microscopically what interactions
in hydrophilic headgroups form ordered structures by using charged lipids.

As introduced at the beginning of this chapter, the study of phase separation under
isothermal conditions is essential because the body temperature of most living organisms
is constant. We demonstrated that, even in the charged lipid membranes, lateral tension
due to the osmotic pressure could induce phase separation at a constant temperature.
On the other hand, some studies have shown that adding salt can alter lipid membranes’

thermal stability and cause phase separation [12], as we will discuss in the next chapter.
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Chapter 3

Salt-induced phase separation in
charged lipid membranes: Valence,

size and structure of salt
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3.1 Chapter Introduction

Phospholipids, the main component of biomembranes, can spontaneously form lipid
bilayer structures in water [1]. The closed lipid bilayer is called a liposome. The structure
of liposomes is identical to that of biomembranes. Lipisomes can prepared as same size as
living cells, called giant unilamellar vesicles (GUVs). Because of the similar composition
and size with living cells, GUVs are commonly used as a model system. A number of
studies have reported that the phase separation structure occurs in multicomponent GUV,
which is considered to be highly similar to the raft region on biomembranes [2] [3] [4]. It
has been reported that lipid raft regions are associated with important cellular functions
such as membrane trafficking and cell signaling [5] [6]. The study of phase-separated
structures on model membranes contributes to the understanding of cellular processes. To
clarify the lipid raft structure mechanism, GUVs have been used as model biomembranes.

In particular, multicomponent phospholipid membranes containing both unsaturated
lipids and saturated lipids undergo phase separation at low temperatures into a disordered
unsaturated lipid-rich phase and an ordered saturated lipid-rich phase, due to differences
in the order of hydrocarbon chains in each lipid. On the other hand, three-component
phospholipid membranes containing unsaturated lipid, saturated lipid, and cholesterol
may form a raft-like structure rich in saturated lipids and cholesterol [3] [7]. Therefore,
an approach to understanding the universality and fundamental principle of raft formation
has been taken by investigating phase separation in a simple system consisting of several
types of phospholipids.

Phase separation studies in lipid membranes have focused on neutral lipid membranes,
where phase separation is induced by temperature change. However, negatively charged
phospholipids are present in biomembranes and are involved in membrane potential and
channel activity [8]. Therefore, in the last decade, studies on phase separation and mem-
brane deformation in negatively charged lipid membranes have been conducted.

It was shown that the phase separation of charged lipid membranes was inhibited due
to electrostatic repulsion between charged lpids. However, at the same time, it has been
reported that the addition of salt, such as NaCl and CaCly, can induce phase separation

of negatively charged lipid membranes due to strong screening effect of the electrostatic

81



repulsion [9] [10]. What is of interest here is whether adding cations of different valence
states affects the phase separation behavior differently.

As cations in the living organism, metal ions play an essential role in biological ac-
tivities. In addition to balancing molecules for the osmotic pressure of the intracellular
and extracellular environment, they also regulate processes such as cell division, cell pro-
liferation, and transport of small molecules across biomembranes [11] [12] [13]. One kind
of representative metal ions is calcium ions, which regulate cellular functions in most
organisms, and is involved in the control of cell proliferation, differentiation, calcium-
permeable channels, transporters, and ATPases [14] [15]. Expect metal ions, which are
simple cations, non-metal cations polyamines are also present in the living organism.
Polyamines are a kind of compound that have two or more amino groups, the positive
charge provided by amino groups, and generally in a linear skeleton. The most common
natural polyamines are putrescine, spermidine, spermidine, etc. [16] [17] In addition, there
are also branched polyamines with complex structures, such as N*-aminopropylspermidine
(3(3)4) and N*-bis(aminopropyl)spermidine (3(3)(3)4) from hyperthermophilic archacon
organisms [18]. Polyamines have a lot of functions, such as the stabilization of RNA and
DNA, the stabilization of proteins, cell proliferation, and programmed cell death. Some
studies have shown that polyamines can enhance or inhibit gene expression and that this
effect depends on the concentration of polyamines [19] [20] [21]. Moreover, different struc-
tures have different thermal stability to functional regions, such as DNA. For example, the
branched polyamine N*-bis(aminopropyl)spermidine (3(3)(3)4) has been reported can in-
duce DNA to form a nano-loop structure. This ordered structure is thought to be related
to the stabilization of primary constructed DNA at high temperatures and was not found
when polyamines such as spermine were added. [22] Because of the presence of negatively
charged lipids in the biomembrane, polyamines with positively charges may affect the
raft region of the membrane. Howere, altough other studies have showen a promote of
DNA ordering and protein stabilizationcite [23] [24], but the effectof polyamines on the
ordering and stability of the biomembrane has not been explainedclearly. The stability
and orderliness of the biomembrane are closely related to the formation of lipid rafts.
Thus it becomes interesting to explain the relationship between cationic polyamines and

biomembranes containing negatively charged lipids and the effect on thermal stability
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and order of the membrane. It is also necessary to investigate the difference of stabilizing
influence in the phase separation region between polyamines and metal ions, which are
all cations in the living organism.

In this context, we consider that it is necessary to conduct phase separation research
with a systems that are close to the biotic environment. To approach the ionic environment
within the living organism, we will study phase separation in systems containing charged
lipids and the addition of metal ions and amines.

In this chapter, we study the phase separation behavior of lipid membranes containing
charged lipids in response to the addition of salts use fluorescence microscopy and confo-
cal laser scanning microscopy. Also, we changed the temperature to reveal the thermal
stability of phase separation. Here we used eleven different salts including metal ions and
amines. First, we investigated the phase separation behavior induced by eleven different
salts at room temperature to clarify how the valence, size, and structure of added salts
affect phase separation behavior. Then we increased the observation temperature and
investigated the changes in the phase separation structure at 30°C and 40°C with added
salts. Finally, we measured the mobility of charged lipids without and with the addition
of salt use the supported lipid bilayer (SLB). Then analyzed the effect of salt addition on
the mobility of charged lipids in membranes. Comprehensively discussed the relationship
between the phase separation behavior and the difference in valence, size, structure of the

added salts.
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3.2 Materials and Methods

3.2.1 Materials

The zwitterionic saturated lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
the negatively charged unsaturated lipid, 1,2-dioleoyl-sn-glycero-3-phospho-l-serine (sod-
ium salt) (DOPS), and cholesterol (Chol) were purchased from Avanti Polar Lipids, Inc
(Alabaster, AL). Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, tri-
ethylammonium salt (Rho-DHPE) was obtained from Thermo Fisher Scientific(Waltham,
US). 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-
yl) (ammonium salt) (NBD-PE) was obtained from Avanti Polar Lipids (Alabaster, AL).
The molecular structures of lipids and fluorescent probes are showen in Fingure 3.1 and
3.2. The metal salts NaCl(41), CaCly(+2) and MgCly(+2) were purchased from Nacalai
Tesque, INC(Kyoto, Japan). Monovalent amine NH,Cl(+1) was purchased from Nacalai
Tesque(Kyoto, Japan). And the monovalent amine propylamine-hydrochloride(+1) was
obtained from Tokyo Chemical Industry Co., Ltd(Tokyo, Japan). Diamines, 1,4-diamino-
butane-dihydrochloride (Putrescine)(+2), 1,6-diaminohexane-dihydrochloride (Hexameth-
ylenediamine)(+2), ethylenediamine-dihydrochloride(+2) were obtained from Tokyo Che-
mical Industry Co., Ltd(Tokyo, Japan). Polyamines, spermidine-trihydrochloride(+3),
spermine-tetrahydrochloride(44) were purchased from Nacalai Tesque, INC(Kyoto, Japan),
N*-bis(aminopropyl)spermidine, (3(3)(3)4)(+5) was provided by Professor Fujiwara of
Kwansei Gakuin University. The molecular structures of added slats are showen in Fin-
gure 3.3. Deionized water (specific resistance > 18 M(2) used in this chapter was obtained

from a Millipore Milli-Q purification system(Burlington, MA).
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3.2.2 Preparation of GUVs

Liposomes were prepared by the natural swelling method. All lipids were dissolved in a

2:1 (v/v) chloroform/methanol solution and afforded concentrations of 2mM. All kinds of

fluorescent probes were dissolved in chloroform, afford concentrations of 0.1mM. DOPS,

DPPC, and Chol were mixed in the ratio of DOPS/DPPC/Chol=40/40/20, and the

total volumes were kept with 20uL.. Rho-DHPE 2yl was further added for fluorescence

microscopy observation.

After well mixed, the solution was dried with nitrogen gas,

then the formed lipid films put into a vacuum desiccator for at least 3h. It was then

prehydrated for 10min using 5yl Milli-QQ water at 55°C and then was hydrated using

195uLL salt solution at 55°C for at least 3h and under 24h. The salt was dissolved in a
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required concentration by Milli-() water to prepare the salt solution. The preparation

process are shown in the Figure 3.4.
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Figure 3.4: Preparation of GUVs

GUVs

3.2.3 Microscopic Observations of GUVs under temperature changes

We used a small chamber, as shown in the Figure 3.5, for microscopic observation
under temperature changes. A silicon sheet with a circular hole in the middle was placed
on the slide glass, and the prepared GUV solution was dripped into the circular hole and
added a cover glass on top. Then the observation was performed at a required temperature
using a fluorescence microscope (IX71, Olympus).

To control the temperature of the sample, we used a controller that changes the tem-

perature of the microscope stage (MATS-555, TOKAI HIT). The temperature controller
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can adjust the stage temperature from 3°C to 100°C. However, since the stage temperature
and the sample temperature are different, we used a thermocouple wire (manufactured
by AZ-1 Corporation) on the sample surface to measure the exact temperature. The
total temperature control schematic shown in Figure 3.6. We confirmed that the temper-
ature was maintained within the target temperature range of +0.5°C for 5 minutes before
observation and then started observation. The observation was carried out at three tem-
peratures, room temperature, 30°C, and 40°C. Also, we kept the observation time of each
sample within 90sec to prevent photo-induced oxidation by the long observation time.
For each salt concentration, we observed at least 90 GUVs with diameters 5u ~ 20pum to

obtain statistical data.
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Figure 3.5: Schematic illustration of chamber for microscopic observation
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3.2.4 Calculation of the 50% phase separation salt concentration

To compare the difference between the required concentrations to reduce phase sep-
aration due to various salts, we calculated the 50% phase separation salt concentration.
For the calculation, at least four data for each salt, concentration, and phase separation
below 40% were selected for fitting. Since it is difficult to obtain the stable vesicles at
higher salt concentrations and to measure the fraction of phase separation accurately,
we use the fractions below 40% at lower salt concentrations to calculate the 50% phase
separation salt concentration. The fitting was referenced Sigmoidal Boltzmann function,

calculated by the following equation,

1

P = e (G =) (8:1)

where P is the fraction of phase separation, C,, is the 50% phase separation salt concen-
tration, C' is the salt concentration, and d, is the slope of curve. Results were plotted as

chart.
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3.2.5 Fluorescence recovery after photobleaching (FRAP) ex-

periments

Fluorescence recovery after photobleaching (FRAP) is an experimental method widely
used regarding the kinetic properties of membrane components [25]. The FRAP method
takes advantage of the fact that fluorescent probes fade when exposed to continuous or
intense light and uses intense light irradiation of specific areas to cause the fluorescent
molecules to fade. Because of the Brownian motion of the molecules, there will be un-
bleached fluorescent probes and lipids molecules moving from other areas to the bleached
area, so the fluorescence intensity of the faded areas will be recovered to some extent.
Measuring the fluorescence intensity of the bleached area over a period of time, we can
obtain the function of fluorescence intensity with time, and calculate the amount of flu-
orescent probes moving to the bleached area from the surrounding area and thus deduce
the diffusion constant of the fluorescent probe in the membrane. In this chapter, we in-
vestigated the effect of added salt on lipid membrane fluidity by measuring the recovery
of fluorescence intensity of NBD-PE. FRAP experiments were performed using confocal

mMicroscopy.

Preparation of supported lipid bilayer

GUYV solutions were still prepared using the natural swelling method. The membrane
used in the lipid membrane fluidity experiments was a DOPS single-component mem-
brane. Therefore, only one lipid, DOPS, was used to prepare the GUVs. The preparation
procedure was the same as described in 3.2.2.

DOPS were dissolved in a 2:1 (v/v) chloroform/methanol solution and afforded con-
centrations of 2mM. Fluorescent probes (NBD-PE) was dissolved in chloroform, afford
concentrations of 0.1mM. DOPS 20uLL and NBD-PE 41l were under a well mixed, and
the mixed solution dried with nitrogen gas, then the resulting lipid films are put into a
vacuum desiccator for at least 3h. It was then prehydrated for 10min with 5L Milli-Q
water at 55°C and then further hydrated with 195uL Milli-Q water at 55°C for at least
3h and under 24h.
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The prepared GUVs solution was filtered more than 20 times on a heated platform
at 55°C with a Mini-Extruder which setting a pore size 400nm filter, to obtain vesicles
with smaller and uniform sizes. Mini-Extruder was purchased from Avanti Polar Lipids,
Inc(Alabaster, AL).

The poly-L-lysine-coating slides glass was covered with silicone film (thicknes 1mm)
with a small hole in the middle to make a small chamber. 35 pL of the filtered GUV
solution was dropped in the small chamber, covered with a coverslip, and left at room
temperature for 30 min to wait for the SUVs to adsorb onto the glass substrate. After that,
it was transferred to a heated platform (set as 55°C) above the DOPS main transition
temperature T,,=-11°C and left for 60 min. The GUVs adsorbed on the glass substrate
burst and fuse to form a flat film (supported lipid bilayer) on the glass substrate. After
SLB formation, the solution in the chamber was replaced with Milli-Q water or salt
solution whitout GUVs. The salt solution was dissolved in a required concentration by
Milli-Q water. The SLB was observed within 3h after SLB formation. Figure 3.7 shows

the process of SLB preparation.

(a)
. — GUV solution
GUV solution Mini-Extruder

(b)
Silicon sheet Silicon sheet Milli-Q water or slat solution

(1mm) \ | (1mm) \ |

| | — | |
Slide glass(PLL coating) GUV solution Slide glass(PLL coating)  Supported lipid bilayer

Figure 3.7: Schematic illustration of the device used to make the supported lipid bilayer.
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FRAP experiments using confocal microscopy

Experiments were performed using a confocal laser scanning microscopy FV-1000D
(Olympus) with the program already assembled. The laser wavelength was 473 nm.
Bleach time was 100 msec, bleach radius was 6.35 pum, took 30 images acquired in 80 sec
(3 images before prebleach and 27 images after bleach). Calculations were referenced from
the reports of Soumpasis et al. [26] and Thomase et al. [27]. The average post-bleached
fluorescence intensity in the circular bleached region was corrected and normalized to the
average pre-bleached intensity. The experimentally obtained fluorescence recovery curve
was fitted to the theoretical model to obtain the characteristic diffusion time 74. The

fluorescent intensity after photobleach as a function of time can expressed as,

F(t) = [F(o0) — F(0)][exp(—27q/t)(Lo(274/t) + I (274/t))] + F(0) (3.2)

where F(t) is the fluorescence intensity of the circular bleached region at time ¢, F'(co) is
the recovered fluorescence intensity at time ¢ = oo, and F(0) is the fluorescence intensity
at time t — 0. Set t=0 as the point where the fluorescence intensity drops the most
after bleach. I, and I; are the modified Bessel functions. Then, the diffusion coefficient

D can be obtained from the following equation,
D = W2/47—d (33)

where w is the radius of the circular bleached region. In our experiments we used several
salt solutions whit several concentrations and calculated the respective diffusion coefficient

D and then compared them to discuss.
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3.3 Results

3.3.1 Phase separation with monovalent salts

To investigate whether the added salts can induce phase separation in charged lipids-
containing membranes, fluorescent microscopic observations were performed with the ob-
servation chamber described in Figure 3.5. The lipid ratio of GUVs was DOPS/DPPC/-
Chol=40/40/20, and we use the monovalent salts NaCl, NH,Cl, propylamine with kinds
of concentration.

The fraction of the phase separation structure at each concentration in summarized
in the Figure 3.8. For each salt concentration, at least 90 GUVs were observed. We did
a control group experiment without adding salt using Milli-Q water, Figure 3.9(a). The
results showed that no phase separation structure was observed without the addition of
salt. And the phase separation structure was observed in the case of added monovalent
salts NaCl, NH4Cl, propylamine in Figure 3.9(b-d), respectively. And the fraction of
phase separation was promoted with the increase of salt concentration. This is consistent
with the results of the prior study [9]. Also, we observed that NaCl, NH4Cl caused
phase separation at concentrations around 1.0 x 10~! M, in contrast, whereas propylamine
caused phase separation at concentrations around 1.0 x 10~% M. Although they are the
same monovalent salts, the salt concentrations that cause phase separation differ greatly.

We observed that in the experiments with the addition of NaCl, the formation of GUV
was fugitive. Even a slight increase in NaCl concentration made the membrane rupture
and prevented the formation of stable GUVs. Hence, we were not able to carry out the ex-
periment to the concentration of NaCl that caused more than 40% phase separation. This
phenomenon also occurred in NH4Cl, where we were unable to increase the concentration

of the experiment to a concentration that caused more than 20% phase separation.
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Figure 3.8: Fraction of the phase-separated structure as a function of the monovalent salt

concentration in DOPS/DPPC/Chol=40/40/20 GUVs.

MilliQ NaCl(+1)  Propylamine(+1) NH.CI (+1)

(c)

Figure 3.9: Microscopic images of the surfaces of GUVs. Hydration with (a)Milli-Q water
(b)NaCl (c)propylamine (d)NH4Cl. Scale bars are 10 pym.
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3.3.2 Phase separation with divalent salts

Next, we observed the phase separation with the addition of the divalent salts CaCls,
MgCl,, ethylenediamine, putrescine, hexamethylenediamine at room temperature using
fluorescence microscopy. The fractions of the phase separation structure at each concen-
tration are shown in the Figure 3.10.

As observed with monovalent salts, the addition of divalent salts also led to the gener-
ation of phase separation structures in charged lipid membranes, Figure 3.11. Moreover,
the phase separation formation was promoted as the salt concentration increased. In the
divalent salts, we also observed that the added salts led to phase separation of charged
lipid membranes at different concentrations, even though they had the same valence state.
Among them, CaCl, led to the lowest required concentration for phase separation, followed
by MgCl,, hexamethylenediamine, ethylenediamine, and putrescine in that order. It can
be seen that the concentration required for amines (hexamethylenediamine, ethylenedi-
amine, putrescine) to induce phase separation in charged lipid membranes is much higher
than that of metal salts (CaCly, MgCly).

We observed that in the experiments with the addition of CaCls, it was hard to form
GUVs. And for MgCly the same phenomenon with NaCl happened, even a slight increase
in MgCl, concentration made the membrane rupture and prevented the formation of
stable GUVs. Hence, we were not able to experiment with the concentration of MgCl,
that caused more than 20% phase separation. On the other hand, this phenomenon did
not observe in the experiments with diamines.

Comparing the results for the monovalent salts, it can be seen that, overall, the con-
centration of salt required to induce phase separation from the divalent salts is much
lower than that of the monovalent salts. Although there is only a one-valent difference
in charge, the typical monovalent salts (e.g. NaCl) require 1.0 x 10~! M to induce phase
separation, whereas the divalent salts require only 1.0 x 1073 M to 1.0 x 107° M. We will

discuss the possible reasons for this difference later.
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Figure 3.10: Fraction of the phase-separated structure as a function of the divalent salt

concentration in DOPS/DPPC/Chol=40/40/20 GUVs. Hydration with (a)divalent metal

salts and (b)diamines.

. Ethylene Hexamethylene
MgCI2 (+2)  CaCl2 (+2)  Putrescine (+2) diamh}; c(+2) dimine §+23

Figure 3.11: Microscopic images of the phase-separated GUVs. Hydration with (a)MgCls,

(b)CaCly, (c)putrescine, (d)ethylenediamine, and (e)hexamethylenediamine. Scale bars

are 10 pm.
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3.3.3 Phase separation with polyvalent salts

Further, we used higher valence salts and did the same observations. The lipid com-
position of the GUVs was DOPS/DPPC/Chol=40/40/20, and three kinds of polyamines,
trivalent polyamine spermidine, tetravalent polyamine spermine, and pentavalent polyamine
3(3)(3)4, were used to form the GUV solution and observed using fluorescence microscopy
at room temperature. The fractions of the phase separation structure at each concentra-
tion are shown in the Figure 3.12.

The phase separation structure was also observed with the addition of polyvalent
salts as shown in Figure 3.13. And also, the phase separation is promoted along with
the increase in salt concentration. We found that even with different valence states,
spermidine, spermine, and 3(3)(3)4 induced phase separation in the concentration region
of 1.0 x 107 M to 1.0 x 107% M for charged lipid membranes.

Comparing the results for the monovalent and divalent salts, it can be found that the

polyvalent salts require a lower concentration of approx 1.0 x 1075 M to induce phase

separation.
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Figure 3.12: Fraction of the phase-separated structure as a function of the polyvalent salt

concentration in DOPS/DPPC/Chol=40/40/20 GUVs.
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Figure 3.13: Microscopic images of the phase-separated GUVs. Hydration with
(a)trivalent polyamine spermidine, (b)tetravalent polyamine spermine, and (c¢)pentavalent

polyamine 3(3)(3)4. Scale bars are 10 pm.

3.3.4 Phase separation at higher temperatures

It was reported that when using charged lipids, the thermal stability of the phase
separation was reduced, making it hard to form a phase separation structure, while when
NaCl was added to the charged lipid membrane, the thermal stability of the phase sep-
aration structure increased. [9] It has also been reported that polyamines induce DNA
to form a unique structures called nano-loop, at high temperatures [22]. Therefore, we
made the same observation at different temperatures to investigate the effect of salt on
the thermal stability of phase separation structures in the charged lipid membrane. The
observation was at 30°C and 40°C using fluorescence microscopy. The fractions of the
phase separation structure at each concentration are shown in the Figure 3.14, 3.15, and

3.16.
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Figure 3.14: Fraction of the phase-separated structure as a function of the monovalent

salt concentration in DOPS/DPPC/Chol=40/40/20 GUVs at (a)30°C and (b)40°C.
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Figure 3.15: Fraction of the phase-separated structure as a function of the divalent salt

concentration in DOPS/DPPC/Chol=40/40/20 GUVs at (a)30°C and (b)40°C.
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Figure 3.16: Fraction of the phase-separated structure as a function of the polyvalent salt

concentration in DOPS/DPPC/Chol=40/40/20 GUVs at (a)30°C and (b)40°C.
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While we calculated the salt concentration at a fraction of 50% phase separation and

plotted it in Figure 3.17.
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Figure 3.17: Fraction of the 50% phase separation salt concentration as a function of the
temperature. The dashed and solid lines represent the results for metal salts and amine

salts, respectively.

First, even though the temperature was changed, we still observed in all salt exper-
iments that the generation of phase separation was promoted along with an increase in
salt concentration, as in the results obtained earlier. We observed that as the temperature
increased, the salt concentration required to cause phase separation became higher, and

this phenomenon was observed for all added salts. Also, it is clear from the graph of the
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salt concentration at 50% of phase separation that, basically, at any temperature, the
lower the valency of the salt, the higher the salt concentration required to cause phase
separation in the charge lipid membrane. A monovalent salt requires 1.0 x 101 M except
for propylamine to induce phase separation, while a divalent salt requires just 1.0x 1073 M
to 1.0x 107 M. The salt concentration requires to induce phase separation for monovalent
salt is two to four orders of magnitude larger than that for divalent salt.

Further, we found that for metal salts, an increase in temperature may increase the
concentration required to cause phase separation, but this increase is not much significant.
However, for amines, by the influence in temperature, the increase in the concentration
required to cause phase separation changed a lot. This indicates that the behavior of
amines on charged lipid membranes is more susceptible to temperature effects. The most
significant change in concentration was for monovalent amines propylamine, and the most
minor change in concentration was for pentavalent polyamine 3(3)(3)4. We discuss that
this change in thermal stability may be related to the structure of the metal ions and

amines later.

3.3.5 Measurement of membrane fluidity with added salt

As we discussed above, the addition of any salts induced the phase separation in
charged lipid membranes. Therefore, we consider that the added cations contribute to
suppress the repulsion between charged lipids or cause the attraction between charged
lipids. If the interactions between charged lipids are changed by the added cations, the
mobility of charged lipids in the membranes will be also changed. To discuss the ef-
fect of salt addition on the charged lipid mobility, we performed fluorescence recovery
after photobleaching (FRAP) experiments to measure the diffusion coefficient in DOPS
single-component supported lipid bilayers (SLBs). The results showed that the diffusion
coefficient of the DOPS single-component membranes in Milli-Q water without any salts
was 0.68 um?/sec. Typical DOPS SLB normalized fluorescence intensity plot in Figure
3.18, shows fluorescence intensity finally recovered about 60%.

After the addition of salt, all types of salt showed different degrees of diffusion coeffi-
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cient, the minimum was decrease to arrouned 0.2 um? /sec. Typical DOPS SLB normalized
fluorescence intensity with added slat plot in Figure 3.19, shows fluorescence intensity fi-
nally recovered less then 30%. And as the salt concentration decreased, the diffusion
coefficients tended to be close to those without salt addition, Figure 3.20-3.22(diffusion
coefficient without salt indicate as the red dotted line). Even though the results of the
effect of salt addition on the diffusion coefficient of charged lipid membranes look some-
what different from the experiments in vesicles, we can still observe a significant decrease
in the diffusion coefficient due to salt addition which demonstrates that the addition of

cations alters the interaction between charged lipids.
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Figure 3.18: (a)Fraction of the Normalized fluorescence intensity as a function of normal-
ized time in DOPS SLB without added salt and (b)confocal laser scanning microscopy

images (b1-b3) correspond to the (al-a3)in Fraction, respectively. Scale bars are 5 pm.
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Figure 3.19: (a)Fraction of the Normalized fluorescence intensity as a function of normal-
ized time in DOPS SLB with CaCly, 7.5uM and (b)confocal laser scanning microscopy

images (b1-b3) correspond to the (al-a3)in Fraction, respectively. Scale bars are 5 pm.
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without salt.
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3.4 Discussion

3.4.1 Influence of electrostatic screening by added salt on phase

separation

In experiments with charged lipid membranes composed of the three components DOP-
S/DPPC/Chol, no phase separation structure was observed without any salts. This result
is consistent with the prior studies [10] [28]. Since the DOPS headgroup is negatively
charged, electrostatic repulsion between them prevent the formation of phase separation
structures. And we observed the phase separation structure regardless of any added salt.
This is because the addition of salt makes the electrostatic repulsion of the DOPS head-
groups weaker. When the electrostatic interactions no longer dominate, the attractive
interactions derived from the chain ordering induce the formation of the phase separation
structure. When increasing the salt concentration, the screening of the electrostatic inter-
actions becomes stronger. As a result, more GUVs formed phase separation structures.

The screening effect can be expressed as the Debye screening length Ip,

€Wl€BT
Ip = 1/ 222 4
b ONje2] (3-4)

where ey is the dielectric constant of the solution, kg is Boltzmann constant, T is absolute
temperature, N, is Avogadro’s number, e is the elementary charge, and I is the ionic

strength of the solution. Ionic strength I can expressed as,
I= L E izt (3.5)
2 - o '

where ¢ is ion concentration, z is ion valence. The above equation simply shows that when
the cation valence remain constant, the Debye length is shorter when the ion concentration
¢ is larger. And the shorter the Debye length, the greater the screening effect. Which
causes the orderliness of lipid tails dominate on lipid membrane behavior, instead of

the electrostatic interaction of the head. Thus, DOPS and DPPC possessing different
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saturation tails produce phase separation structure.

It is easy to see from equations (3.4) and (3.5) that if the variation of salt concentra-
tion required for phase separation follows only this rule, there should be a proportionality
between the charge and the concentration required for phase separation. And by adjusting
the concentration, it is possible that at some concentration, the monovalent salt can have
the same ionic strength I as the divalent salt and can have the same phase separation
behavior, which would not have that difference we observed. For example, the difference
between monovalent salt NaCl and divalent CaCl,. According to equation 3.4, we con-
sidered that the same ionic strength I of the salt can lead to the same Debye length and
thus induce the same phase separation behavior. From equation 3.5, we can calculate that
when the ionic strength I of NaCl and CaCl, are the same, the concentration of NaCl
should be 4 times higher than that of CaCl,. However, from Figure 3.17 we can see that
the concentration required for the same induction of 50% phase separation for NaCl is
nearly three orders of higher than for CaCly. This result is clearly inconsistent with the

calculation. In this chapter, we will discuss these kind of exceptions in detail.

3.4.2 Influence of salt valence on phase separation

As dicsscued above, we revealed that salts with larger valence basically require lower
concentrations to induce phase separation in charged lipid membranes. This behavior can
be also interpreted by Debye length. In addition, in experiments using salts of different
valence, we also observed a significant difference between the salt concentrations required
to cause phase separation in charged lipid membranes.

Here we consider the possibility that a kind of banding occurs between metal ion with
higher valence number and charged headgroup [29]. It has been reported that divalent
metal ions Ca?" strongly bind to lipids, and one Ca?' ion binds two lipid molecules
[30] [31]. Seelig et al. reported that the Ca?' ions concentration on the phospholipid
membrane surface was increased by at least two orders of magnitude compared to the
solution ion concentration, indicating a strong binding of Ca?"-phospholipids [31]. Tt

also occurs in other divalent cations, such as Ba?", Sr**, and Mg?", but the binding
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strength depends on the different cations [32]. But this kind of binding phenomenon
is rarely happening in monovalent ions Na® [33] [34]. It has been indicated that the
binding constant for monovalent Na*t ions is more than an order of magnitude smaller
than that of divalent Ca?*. Divalent cations are more successful in binding to bilayer
surfaces monovalent cations, despite their much lower concentration in the solution. [35]
This is in agreement with our results that the concentration of divalent cations required
to induce the phase separation is at least two orders of magnitude smaller than that of
monovalent ions.

For charged lipis, Sinn et al. have reported that calcium ions tend to bind strongly
to the negative charge of the DOPS headgroup and that this can occur at relatively
low Ca?" concentrations [36]. In this case, the negative charge of the PS head is offset
by the bound divalent cations, directly reducing the surface charge of the membrane.
This direct reduction of membrane surface charge may have a more significant impact
on the screening of electrostatic interactions. And it has been reported that a divalent
cation when combined with the negative charge on the head of DOPS, binds two DOPS
molecules, which is equivalent to directly connecting two DOPS molecules to make them
aggregate and form a kind of bridging structure [33]. Specific attraction by bridging
causes lipids to aggregate and form a phase-separated structure. The reason for induced
phase separation at very low concentrations compared to Nat can be thought that Ca?*
binds to PS and cancels the surface charge.

It has been indicated that because the negatively charged surface potential increased
the concentration of Ca?" ions near the surface, the result was an increase in Ca?* binding
to all lipids in the membrane [35]. This could potentially lead to an overall increase in
membrane tension. Sinn et al. also reported similarly. They observed the rupture of
vesicles in experiments with the addition of Ca*" and indicated that the tight binding
of Ca?* to the membrane led to a tighter packing of lipid headgroups, thus causing the
membrane tension increase. The tension approached the cleavage tension of the lipid
membrane. [36] Since our experiment was not observed in real-time after adding salt, we
did not directly observe rupture. However, we observed that it is challenging to form easily
observable GUVs when higher concentrations of metal salts were added. It is likely that

it has already led to partial GUV rupture during GUV preparation due to the addition
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of salts and makes it difficult to observe the complete GUVs.
Plus, we found a significant difference between the concentrations required for the salt
to induce phase separation in charged lipid membranes, even if the valence numbers were

the same. This difference can not be explained by the screening effect.

3.4.3 Influence of cation size on phase separation

In experiments using divalent salts, it is evident to see that the concentration required
for the metal ions to induce phase separation formation is lower then that for diamines.
The difference between CaCly and putrescine is most significant. The concentration re-
quired for CaCl, to induce phase separation is 1.0 x 1074, the concentration required for
putrescine to induce phase separation is 1.0 x 1073, ten times the difference. Here, we
considered that the difference might be due to the different sizes of the cations, which
causes the different amount of cation adsorption onto the membrane surface.

The cation size shown in Figure 3.23 also takes into account the hydration of divalent
cations [37] [38]. Schematic illustration of different size cations adsorb to charged lipid

membranes showen in Figure 3.24.
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Figure 3.23: Schematic illustration of different cation size. (a)monovalent and (b)divalent

cations.
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Figure 3.24: Schematic illustration of different size cations adsorb to charged lipid mem-

branes. (a)smaller size and (b)larger size.
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We have previously discussed that ions adsorbed onto membranes strongly influence
phase separation formation. When ions are adsorbed onto lipid membranes, it becomes
important to consider the steric repulsion between ions. In the case of a larger size
cation, the steric repulsion between the cations adsorbed onto the membrane will also be
larger, resulting in the inability to absorb more cations, making it difficult to form phase
separation structures. On the contrary, the smaller size cation excluded volume is small
and has smaller steric repulsion, which can adsorb more amount to the membrane, and
the phase separation structure can be formed easily. Thus, for cations with larger sizes,
the salt concentration required to induce phase separation structure also becomes higher.
Also, we observed that in the same valence state, amines cause a higher concentration
required for phase separation structure compared to metal ions, which may also be due
to generally amines having a larger size.

ALthough propylamine and hexamethylenediamine are the largest cation in monova-
lent and divalent cations, respectively, the salt concentrations for phase separation are the
lowest. Show in Figure 3.25. Here we consider that it is likely because both propylamine
and hexamethylenediamine possess relatively long hydrophobic chains. In an aqueous
solution environment, the hydrophobic parts tend to avoid water molecules. Thus, we
believe that in solution, the longer hydrophobic parts of molecules may cross and overlap
to form multimer, such as dimer.

The formation of the dimer leads to a change in the original valence state, with propy-
lamine acting as a divalent and hexamethylenediamine as a tetravalent. (Figure 3.25)
This elevated apparent valence leads to the formation of phase-separated structures at
lower salt concentrations. Salts that possess shorter hydrophobic chains, on the other
hand, fail to form dimers because the positive charges in a dimer come close each other

and it causes the strong repulsion.
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Figure 3.25: Schematic illustration of cations which form a dimer structure on charged

lipid membranes.

3.4.4 Influence of temperature change on phase separation

We found that the salt concentration required for phase separation increased with
increasing temperature. This phenomenon can also be explained by equations (3.4) and
(3.5). For the same salt at a constant concentration, the higher the temperature make the
longer the Debye length. This leads to a weaker electrostatic screening effect, making it
more difficult to form phase separation structures. The mixing entropy of the membrane
increases due to the increase in temperature, and maintaining an ordered structure such as
phase separation leads to an overall loss of free energy of the system so that the lipids on
the membrane surface tend to mix and it is difficult to form a phase separation structure.
As a result, the ion concentration on the surface of charged lipid membranes is lower at
higher temperatures.

As shown in Figure 3.17, as the temperature increases, the salt concentration for phase
separation is dramatically increased for amine salts than for metal ions. Here we have
considered the structures of cations and their behavior when adsorbed to lipid membranes.

Most amines are linear and, therefore, generally adsorb to lipid membranes in a horizontal
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orientation. As the entropy of cation orientation increases with increasing temperature,
many cations cannot remain horizontally adsorbed, and form angles to the lipid membrane
surface, resulting in a decrease in the apparent value. This weakens the effect of rod-like
shape cations on the membrane surface. In contrast, metal ions are considered to be
spherical, and the orientation entropy is less affected by temperature and, therefore, less

sensitive to temperature as shown in Figure 3.26.

(a) (b)

Figure 3.26: Schematic illustration of cations with different cation shape adsorbed onto
charged lipid membranes. (a)Metal ion with spherical shape and (b)Amine with rod-like
shape.

3.4.5 3(3)(3)4 on the membrane surface

Although the amine salts are sensitive to the change in the temperature, 3(3)(3)4
which was extracted from hyperthermophilis is less sensitive. We also observed that the
concentration required to induce phase separation formation for the penta-valent 3(3)(3)4
was similar to that of the tetra-valent salt.

Here we considered the molecular structure of 3(3)(3)4. It can be assumed that

3(3)(3)4 has the potential to exhibit a tetrahedral structure closer to a sphere. This
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makes it less affected by temperature and acts on the membrane more like a spherical
metal ionas shown in Figure 3.27(a).

Also, it can be considered that 3(3)(3)4 can exhibit a tetrahedral configuration that
possesses a larger molecular size. We discussed earlier that salts with larger size could
lead to more significant steric repulsion between cations, inducing a need for higher salt
concentration when phase separation occurs. And since this tetrahedral configuration is
very close to a sphere, it speculated that the activity of 3(3)(3)4 on the lipid membrane
surface is comparable to a sphere. This puts 3(3)(3)4 in a state where the face is adsorbed
to the membrane, and the apex is far from the lipid membrane, and can roll on the lipid
membrane, with an apparent valence state about 3-4 as shown in Figure 3.27(b). It
is possible that the combination of these two causes the salt concentration required for
3(3)(3)4 to form phase separation structures may be close to a tetra-valent salt.

The hyperthermophiles possessing 3(3)(3)4 survive in a high-temperature environ-
ment of about 100°C. Considering the entropy point of view, higher valence cations are
required to induce charged lipid membranes to form phase-separated structures at low
concentrations. Higher valence metal ions are almost always toxic heavy metals, while
higher valence polyamines are safer. Also, when considering the thermal stability of the
phase separation structure, the contact of 3(3)(3)4 with the lipid membrane surface in a
face rather than a straight line causes them to be less affected by the orientation entropy.
Thus 3(3)(3)4 possesses higher thermal stability to the lipid membrane.

Comprehensive consideration, the high valence and steric configuration of the polyamines
3(3)(3)4 are more favorable for the survival of hyperthermophiles at high temperatures. It
can also be speculated that some polyamines acquire some thermal stability due to their
three-dimensional structure and become less sensitive to temperature effects. It is possible
that in some cellular activities, polyamines can reduce their sensitivity to temperature by

their three-dimensional structure and thus obtain some stability.
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Figure 3.27: Schematic illustration of (a)3(3)(3)4 molecular structure and (b)3(3)(3)4

adsorbed onto charged lipid membranes.

3.4.6 Difference between metal ions and amines on biocellular

functions

Two differences in the effects of metal ions and amines on the phase separation struc-
ture were found from our experimental results. One is that, in the case of minor additions,
metal ions may also cause lipid membrane difficult to form GUVs. This phenomenon was
not found in amines for the time being. The other is, the behavior of metal ion-induced
phase separation formation is less influenced by temperature. In contrast, the amine-
induced phase separation formation was more influenced by temperature.

In the previous discussion, we described the membrane rupture caused by the adsorp-
tion of high-valent metal ions and lipid membranes. The same phenomena did not find in
diamines for the time being. Most likely, this is because polyamines are primarily linear,
and the cationic groups are divided into both sides of the hydrophobic chains, which are

far away and do not cause drastic changes in the local charge on the lipid membrane.
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In contrast, divalent cations have a more concentrated charge and cause drastic local
charge changes on charged lipid membranes, leading to rupture of the membrane or to
bud due to changes in membrane curvature and eventually to the formation of new stable
small vesicles. It has also been indicated in some studies that excessive intracellular Ca?*
concentrations can lead to cardiomyocyte hyperexcitability, thus triggering arrhythmias,
and even in severe cases may lead to cell death [39] [40]. Tt can be speculated that since
Ca?" have a more significant impact on cellular functions such as cellular potential, some
specific cellular processes require polyamines to provide cations.

The difference in thermal stability between metal salts and amines for the phase-
separated structures comes more from the influence of entropy. The spherical metal ions
are less affected by the orientation entropy, while the linear amines are more affected
by the orientation entropy. This seems to indicate that to make cellular functions and
life activities independent of the external environment or body temperature, the sub-
stances that regulate them need to be thermally stable. Metal ions are a good choice for
this purpose. They have a small radius, are commonly found in nature, and as cations
commonly found in cells and body fluids, are ions that tend to cause the formation of
phase-separated structures in lipid membranes. And some experiments have reported that
metal ions modulate a large number of cellular functions and life activities [41].

On the other hand, due to the prevalence of metal ions, they are relatively less suitable
to modulate some specific reactions in vivo. Polyamines, on the other hand, fill this gap.

Male testicular tissue contains higher levels of polyamines than other tissues in the
body, indicating that polyamines play a role in male spermatogenesis and fertilization
[42]. Also, polyamines enhance sperm motility, energy metabolism, and sperm acrosome
response [13]. Some studies have shown that exposure to high temperatures makes sperm
motility decrease. The reason for this phenomenon has not been fully explained [44].

Kurhanewicz et al. [45] reported that brief exposure to hyperthermia triggers DNA
damage in spermatocytes, which leads to reduced sperm viability. Although we are not
sure of the role played by polyamines in this, we have previously described that polyamines
have a role in stabilizing DNA structure. It is possible to speculate that temperature
changes lead to changes in the physiological activities of temperature-sensitive polyamines.

Further, it is also possible that the polyamine-induced lipid membrane phase separation
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region is affected by the temperature change, thus affecting sperm viability. This needs
further experimental proof.

In general, most of the differences in the formation of phase separation between
polyamines and metal salts arise because polyamines have more valence and structural
possibilities than metal salts. Also in some studies, suggested that polyamines bind to
metal ions and protect DNA interactions [46]. Here we might speculate that perhaps
polyamines bound to metal ions can reach higher valence states and thus drive some spe-
cific physiological functions. Although we have added metal salts or polyamines alone in

this study, it will be necessary to mix metal salts and polyamines for further studies.
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3.5 Chapter conclusion

In this chapter, salts with different valence(metal ions, amines) were added to DOP-
S/DPPC/Chol=40/40/20 three-component GUVs solution at arbitrary concentrations,
and the phase-separated structures were observed by fluorescence microscopy at room
temperature, 30°C, and 40°C.

No phase separation structure was observed in the liposomes prepared by DOPS/DP-
PC/Chol without salt addition. This may be due to the electrostatic repulsion between
DOPS molecules, which inhibits the formation of phase separation domains. For adding
salts, enhanced phase separation formation was observed as the salt concentration was
increased, suggesting that the shielding of electrostatic repulsion promoted phase separa-
tion formation. The basic trend is that salts with smaller cation sizes and more significant
valence induce phase separation at lower concentrations. And lower temperatures cause
phase separation at lower salt concentrations.

This is because when the size of the cation is large, the steric repulsion between the
cations adsorbed on the membrane surface is also significant, which reduces the amount of
adsorption and increases the cation concentration required for phase separation formation.
The increase in temperature also increases the entropy of the solution, which makes it
harder for the cations to adsorb on the charged lipid membrane surface and decrease the
cation concentration on the charged lipid membrane surface.

Among them, Propylamine and Hexamethylenediamine induced phase separation at
low salt concentrations despite their large molecular sizes. Since Propylamine and Hex-
amethylenediamine have relatively large hydrophobic portions, it is thought that the
hydrophobic interaction makes them form multimer such as a dimer and changed the ap-
parent valence. The phase separation structure was affected by the electrostatic shielding
effect by salts, the adsorption effect on the membrane surface, and the steric repulsion
between the cations. It was found that the size, structure, and valence of the added
salt were important in the formation of the phase separation structure on charged lipid
membranes.

Also, due to the different states of contact with the lipid membrane, metal salts seem

to be more thermally stable and less susceptible to temperature than amines for the
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induced phase separation structure. The difference between metal salts and amines can
be attributed to that amines have a richer valence and spatial structure. In turn, this rich
valence and spatial structure are more favorable for the organism to utilize for various
specific functions.

Up to this chapter, we have performed experiments with negative monovalent charged
lipid-included membranes with applied osmotic pressure, metal salts, amines, and altered
temperature as applied stimuli. We next altered the charge of the lipid membrane itself
by adding a higher valence charged lipid and investigated the phase separation structure

formation.
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Chapter 4

Reduction of line tension at
phase-separated lipid domain
boundary by multivalent negatively

charged lipids
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4.1 Chapter Introduction

The phase-separated structures in lipid membranes can be a model for raft domain.
The ternary lipid mixtures consisting of saturated lipids, unsaturated lipids, and choles-
terol exhibit the phase separation between saturated lipids and cholesterol-rich liquid-
ordered (L,) phase and unsaturated lipids-rich liquid-disordered (Lg4) phase. [1] In this
liquid-liquid phase separation, domain area appears as circular region. There is an excess
energy at the domain boundary and the energy is called the line energy [2]. The line
energy can be obtained by the product of the domain boundary length and the interfacial
tension called line tension. The line tension is an important parameter to discuss the
stability of the phase separation. It is believed that the origin of the line tension is the
height mismatch between the two coexisting phases [3] [4] [5]. In addition, the physical
property difference between the two phases such as spontaneous curvature, degree of chain
ordering, and dipole density, plays an important role in the line tension. [6] [7] [8].

When some molecules are added to this system, the line tension will be influenced.
The hybrid lipid with one saturated hydrocarbon tail and one unsaturated hydrocarbon
tail, is expected to decrease the line tension significantly. This is because the saturated
tail of the hybrid lipid faces the L, phase, whereas the unsaturated tail faces the Ly phase
and the hybrid lipid behaves like a surfactant at the interface between water and oil. [9]
However, some experiments reported that hybrid lipids do not localize at the domain
boundary, since the hybrid lipid localization at the domain boundary reduces the entropy
of the hybrid lipids. Instead, some hybrid lipid molecules are partitioned into the both
L, and L4 phases and the physical property difference between these two phases comes
close each other. [10] As a result, the line tension is decreased by the hybrid lipids.

Similar behavior is observed in the lipid membranes with unsaturated fatty acids and
the branched fatty acids. Since the fatty acids are much smaller than phospholipids, it is
easier to be partitioned into the L, phase. In addition, the unsaturated fatty acid (e.g.
oleic acid) and the branched fatty acid (e.g. phytanic acid) have bulky hydrophobic part.
When they are included in the L, phase, the chain ordering of the L, phase is efficiently
disturbed and the line tension is decreased. In fact, the clear domain boundary fluctuation

which indicates the small line tension is observed and the modulated phases, for example,
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stripe and hexagonal phases appear. [3]

Based on these previous studies, we consider two important factors to achieve the
reduction of line tension by addition of molecules. First factor is that the molecule should
disturb the chain ordering of the lipids in the ordered phase. This is necessary to disturb
the chain ordering in the L, phase and reduce the chain ordering difference between the
L, and L4 phases. Second factor is that the small amount of the molecule should be
partitioned into the ordered phase. If the large amount of the molecule is included in the
L, phase, the phase-separated structure disappears. To maintain the phase separation,
the molecule is mainly partitioned in to the L4 phase and the small amount of the molecule
should be included in the L, phase. And, if the molecule fulfills the two factors, it may
decrease the line tension.

We suggest an negatively charged unsaturated lipid as such a molecule in this chapter.
Here, we consider that we add negatively charged unsaturated lipids to the L,/Lq phase-
separated lipid membranes. Since negatively charged unsaturated lipids, such as DOPS,
have the unsaturated hydrocarbon tails, they are mainly partitioned into the Lgq phase. As
the charged lipid composition increases, the electrostatic repulsion between the charged
lipids in the Lg phase increases. As a result, some charged lipids migrate from the Lq
phase to the L, phase to decrease the repulsion. Therefore, the small amount of charged
lipids may be included in the L, phase. Moreover, the charged lipids with unsaturated
hydrocarbon tails disturb the chain ordering in the L, phase. Therefore, an negatively
charged unsaturated lipid can be a good candidate to reduce the line tension.

Phosphatidylinositol (PI) is a monovalent negatively charged headgroup and many
organisms, including mammals, have PI in cell membranes and some biomembranes [11].
PI acts as a substrate for the production of second messenger in intracellular signaling
pathway and plays an important role in protein adsorption onto biomembranes. [12] [13]
In these functions, the phosphorylation process of the inositol ring of PI is important.
The phosphorylated PIs become multivalent negatively charged lipids and seven types
of phosphorylated Pls are found. [14] [15] [16] Since PI has a negative charge on the
phosphate group, PIP which is phosphorylated at one position in the inositol ring becomes
divalent negatively charged lipid, PIP, at two positions becomes trivalent, and PIPj3 at

three positions becomes tetravalent. [L1] [17] In particular, PIP, PIP,, and PIP3; which
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are multivalent negatively charged lipids are called phosphoinositide and they are also
interesting from the physical point of view.

In this chapter, we observed the phase behavior of lipid membranes with PI and PIP,
as the representative of multivalent charged lipids by fluorescence and confocal laser scan-
ning microscopies. Based on the above argument, we used PI and PIP, with unsaturated
hydrocarbon tails. Also, we used DOPS as a control group for monovalent lipids. We focus
on whether the added charged lipids can reduce the line tension at the phase-separated
domain boundary or not. We observed the phase behavior of DOPC/DPPC/Chol with
DOPI or DOPIP,. From the domain boundary fluctuation, we calculated the line tension
values with the addition of DOPS, DOPI, and PIP,, respectively. In addition, we also
measured the line tension with the addition of CaCl, to cancel out the electrostatic re-
pulsions. We comprehensively discussed the behavior of negatively charged unsaturated
lipids in the phase-separated membranes, the charged lipid localization in the heteroge-

neous membranes, and the influence of valency on the headgroups.

130



4.2 Materials and Methods

4.2.1 Materials

The zwitterionic saturated lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
the zwitterionic unsaturated lipid, 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), the
negatively charged unsaturated lipid, 1,2-dioleoyl-sn-glycero-3-phospho-l-serine (sod-ium
salt) (DOPS), the negatively charged unsaturated lipid, 1,2-dioleoyl-sn-glycero-3-phospho-
(1’-myo-inositol) (DOPI), 1,2-dioleoyl-sn-glycero-3-phospho-(1’-myo-inositol-4’,5’-bispho-
sphate) (DOPI(4, 5)P,, (PIP5)) and cholesterol (Chol) were purchased from Avanti Polar
Lipids, Inc(Alabas-ter, AL). Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethan-
olamine, triethylammonium salt (Rho-DHPE) was obtained from Thermo Fisher Scien-
tific(Waltham, US). 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (ammonium salt) (NBD-PE) was obtained from Avanti Polar Lipids
(Alabaster, AL). Deionized water (specific resistance > 18 M) used in this study was
obtained from a Millipore Milli-Q) purification system(Burlington, MA). The metal salts,
CaCly(+2) was purchased from Nacalai Tesque(Kyoto, Japan). The molecular structures

of fluorescent probes and lipids are showen in Fingure 4.1 and 4.2.

Fluorescent probes
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Figure 4.1: Molecular structures of fluorescent probes
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Figure 4.2: Molecular structures of lipids. (a)Unsaturated lipids, (b)saturated lipid, and
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4.2.2 Preparation of GUVs

Liposomes were prepared by the natural swelling method. All lipids were dissolved in a
2:1 (v/v) chloroform/methanol solution and afforded concentrations of 1mM. All kinds of
fluorescent probes were dissolved in chloroform, afford concentrations of 0.1mM. For the
control groups, DOPC, DPPC adn Chol were mixed as DOPC/DPPC/Chol=40/40/20,
and the total volumes were kept with 10uL. In experiments with the addition of charged
lipids, DOPS, DOPI or DOPI(4,5)P;, was added on top of DOPC/DPPC/Chol = 40/40/20.
Rho-DHPE 2uL was used for fluorescence microscopy observation. NBD-PE 4L was used
for confocal laser microscopy observation. After well mixed, the mixed solution was dried
with nitrogen gas, then the resulting lipid films are put into a vacuum desiccator for at
least 3h. It was then prehydrated for 10min using 3uL. Milli-Q water at 55°C and then
was hydrated using 97uL Milli-Q water or CaCly solution at 37°C for at least 3h and
under 24h. The CaCl, solution was dissolved in Milli-Q) water, afford concentrations of

0.05mM and 0.1mM. The preparation procedure is shown in the Figure 4.3.

9

dry with
nitrogen gas

@ vacuum desiccator

lipid film dry for 3h

lipid and dye

Milli-Q water
or
Salt solution
97118

“ 55°C 10min  ~ 3N 37°C 3h

prehydration  N___A hydration

[ | —
o ©

Milli-Q water
314

@O

GUVs

Figure 4.3: Preparation of GUVs
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4.2.3 Microscopic Observations of GUVs

We used a small chamber, as shown in Figure 4.4, for microscopic observation. A
silicon sheet with a circular hole in the middle was placed on the slide glass, and the
prepared GUVs solution was dripped into the circular hole and added a cover glass on
top. Then the observation was performed at room temperature using a fluorescence
microscope (IX71, Olympus, Tokyo, Japan). For each sample, a GUV with diameters 5u

~ 20pm was selected to take video.

/ N N
/

silicon sheet
(0.2mm)

slide glass \ / cover glass

(30mm x 40mm) \ / (18mm x 18mm)

AN e

GUVs solution

Figure 4.4: Schematic illustration of chamber for microscopic observation

4.2.4 Flicker spectroscopy

The method for the line tension calculation was referred to the studies by Stottrup et
al. [18] and Shimokawa et al. [8]. We imaged the domain boundary fluctuation for 3 sec
at least by 30 frame/sec. The obtained images were processed using ImageJ software to

obtain zoomed-in images with only one domain. Processed all images into binary images
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and traced the domain shape. We plotted the domain radius r as a function of the polar
angle ¢ and used Fourier series expansion to represent the boundary of the fluctuating

phase separation domain,

r(¥) =ray |1+ a9+ > agcos(ky) + Y bysin(ky) | (4.1)
k=1

k=1

where 7,,,4, 1S the average domain radius, ¢ is the polar angle, k is the mode number, ay
and by are Fourier coefficients. The excess energy AF generated by the fluctuations can

be expressed as,
Ty

AF =~ — v (K = 1)(aj +b}), (4.2)
k=2

where ~ is the line tension. According to the generalized equipartition theorem, free

energy for each independent mode is kgT'. Thus, the following expression is obtained as,

s o 26T (1
(a2) + (B2) = P <k2 — 1) , (4.3)

where (a3) and (b7) are the averaged Fourier coefficients of all images. According to
Equation (4.3), the value of line tension can be derived by the linear regression equation

between k and the Fourier coefficients (ay and by).

135



4.3 Results

4.3.1 Phase behavior of DOPI and PIP;-containing lipid mem-

branes

First, we observed the phase behavior of lipid membranes with DOPI. As a control
composition, we chose DOPC/DPPC/Chol=40/40/20 which forms the L,/Lq phase sep-
aration stably. Next, we basically added DOPI to this system in three ways. First is that
DOPC was replaced with DOPI. Second is that DPPC was replaced with DOPI. Third
is that DOPC and DPPC was replaced with DOPI with fixing DOPC:DPPC=1:1. The
obtained results are summarized in Figure 4.5.

In the replacement with DOPC, between DOPC/DPPC/DOPI/Chol=40:40:0:20 to
0:40:40:40, the phase-separated structures were found. Next, in the replacement with
DPPC, the phase separation can be observed up to DOPI=10%, that is DOPC/DPPC/-
DOPI/Chol=40:30:10:20. When more DOPI was added to the membranes, the phase sep-
aration disappeared. Finally, when DOPC and DPPC were replaced with DOPI, the phase
separation was found up to DOPI=20%, that is DOPC/DPPC/DOPI/Chol=30:30:20:20.
Overall, regardless of the type of lipid replaced with DOPI, the increase in the amount of
DOPI led to suppressing the phase separation. This is due to the electrostatic interactions
that exist between DOPI headgroups.

Next, we performed the same observation in PIPy containing lipid membranes. The
obtained results are summarized in Figure 4.6, and the phase-separated region in the
phase diagram is almost the same as that for DOPI-containing membranes. But when all
DOPC was replaced with PIP,, that is DOPC/DPPC/PIPy/Chol=0:40:40:20, the phase

separation was no longer observed and the homogeneous phase appeared.
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Figure 4.5: Phase diagram of DOPC/DPPC/DOPI/Chol membranes with Chol = 20%.

Open and filled circles denote homogeneous and phase-separated region, respectively.

[Chol=20%] PIP:

O Homogeneous

. Phase separation

VAV

DPPC DOPC

Figure 4.6: Phase diagram of DOPC/DPPC/PIP,/Chol membranes with Chol = 20%.

Open and filled circles denote homogeneous and phase-separated region, respectively.

137



4.3.2 Line tension measurements of DOPS, DOPI and PIP»-

containing lipid membranes

Although we cannot observe the domain boundary fluctuation at DOPC/DPPC/-
Chol=40/40/20 without any charged lipids, it was clearly observed in the membranes
with charged lipids. Since the fluctuation becomes clearer at the boundary between the
homogeneous phase and phase-separated state in the phase diagram, we measured the
line tension values in the replacement with DPPC.

For DOPI, the representative domain fluctuation was shown in Figure 4.7 and the mea-
sured line tension values were summarized in Figure 4.8. The line tension was 2.3340.84
pN for DOPC/DPPC/Chol=40/40/20 without DOPI. By increasing the DOPI compo-
sition, the line tension decreased to 1.69+0.62 pN at DOPI=5 % and 0.97£0.53 pN at
DOPI=10 %. Therefore, DOPI contribute to decrease the line tension at domain bound-
ary.

As a control group we next measured the line tension of DOPS. The domain boundary
fluctuation and the measured line tension values were shown in Figure 4.9 and 4.10,
respectively. By increasing the DOPS composition, the line tension decreased to 1.394-0.59
pN at DOPS=5 % and 0.83+0.54 pN at DOPS=10 %. Shows that DOPS also contribute
to decrease the line tension at domain boundary. The decrease in line tension is due to
the addition of charged lipids and not to the specificity of the PI headgroup.

Also, we measured the line tension for PIP, to further explore the effects of charged
headgroup. The domain boundary fluctuation and the measured line tension values were
shown in Figure 4.11 and 4.12, respectively. The obtained values were 2.76+0.84 pN at
PIP;=1 %, 2.424+1.26 pN at PIP,=3 %, 1.14+0.45 pN at PIP,=5 %, and 0.81+0.41 pN at
PIP;=10 %. The line tension did not change up to PIP;=3 %. However, it dramatically
decreased beyond PIP,=5 %. In this range, from Figure 4.8 and 4.12, PIP, reduced the
line tension strongly than DOPI.

Interestingly, although we observed circular domains in DOPI-containing lipid mem-
branes, we often observed some modulated phases in PIP; containing lipid membranes
as shown in Figure 4.13. The modulated phase is some pattern formation, such as stripe

and hexagonal domain array. The conditions for the formation of modulated phase are (i)
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sufficient reduction of line tension and (ii) long-range repulsion between domains. Long-
range repulsion between domains is called interdomain interaction. In previous studies,
the modulated phase formation was reported by the reduction of line tension. In our
system, line tension was sufficiently decreased by the charged lipids. In addition, the elec-
trostatic repulsion between charged domains may work as the interdomain interaction.

Therefore, the modulated phases stably appear.
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DOPI=10%

Figure 4.7: Domain boundary fluctuation at DOPC/DPPC/DOPI/Chol = 30/40/10/20.
(a-d)Fluorescence microscopic images, and (e-h)Corresponding domain outline images

obtained from binarization of microscopic images. Scale bar: 5 pm.
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Figure 4.8: Line tension at the phase-separated domain in DOPC/DPPC/DOPI/Chol as

a function of DOPI fraction.
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Figure 4.9: Domain boundary fluctuation at DOPC/DPPC/DOPS/Chol = 30/40/10/20.
(a-d)Fluorescence microscopic images, and (e-h)Corresponding domain outline images

obtained from binarization of microscopic images. Scale bar: 5 pm.
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Figure 4.10: Line tension at the phase-separated domain in DOPC/DPPC/DOPS/Chol

as a function of DOPS fraction.
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Figure 4.11: Domain boundary fluctuation at DOPC/DPPC/PIP,/Chol = 30/40/10/20.

(a-d)Fluorescence microscopic images, and (e-h)Corresponding domain outline images

obtained from binarization of microscopic images. Scale bar: 5 pm.
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Figure 4.12: Line tension at the phase-separated domain in DOPC/DPPC/PIP,/Chol as

a function of PIP, fraction.
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Figure 4.13: Confocal laser scanning microscopic images for DOPC/DPPC/DOPI/-
Chol=40/35/5/20 in (a) and DOPC/DPPC/PIP,/Chol=40/35/5/20 in (b). Red and
green regions correspond to Rho-DHPE-rich Ly phase and NBD-PE-rich L, phase, re-
spectively. Scale bar: 10 pum.

4.3.3 Line tension measurement with CaCl, addition

In order to evaluate the effects of electrostatic interaction on the line tension, we
added CaCl; to the membranes and measured the line tension by the same procedure.
The measured line tension values for DOPI and PIP; were summarized in Figure 4.14 and
[.15, respectively. At charged lipid fractions are 5 and 10 %, the line tension values were
increased by adding CaCly,. However, we cannot see the clear difference between CaCl,
0.05 mM and 0.1 mM. In addition, at lower fractions of PIPy (PIP;= 1 and 3 %), we also
cannot clear effects of CaCl; on the line tension since the PIP, fractions are too low.

On the other hand, we cannot find any modulated phases such as stripe phase in
CaCl, solution. This is because CaCl,y increased the line tension and may cancel out the

interdomain interaction.
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Figure 4.14: Line tension at the phase-separated domain in DOPC/DPPC/DOPI/Chol
as a function of DOPI fraction. The white, dotted, and gray bars correspond to the
measurements in Milli-Q water, CaCly 0.05 mM, and CaCly 0.1 mM, respectively.
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Figure 4.15: Line tension at the phase-separated domain in DOPC/DPPC/PIP,/Chol
as a function of PIP, fraction. The white, dotted, and gray bars correspond to the

measurements in Milli-Q water, CaCly 0.05 mM, and CaCly 0.1 mM, respectively.
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4.4 Discussion

In our experiments, we indicated that the negatively charged unsaturated lipids, DOPI
and DOPIP,, significantly decreased the line tension at the domain boundary in the
phase-separated lipid membranes. Here, we discuss how the charged lipids reduce the line
tension. Since DOPI and PIP, have unsaturated hydrocarbon tails, they are partitioned
into the DOPC-rich Lgq phase. When the charged lipid fraction is low, most of charged
lipid can be partitioned into the Ly phase and they did not give some effects on the L,
phase. In fact, at PIP,=1 and 3 %, the line tension values are not changed from PIP,=0
%. On the other hand, when the charged lipids are crowded in the Lq phase at higher
charged lipid fraction, the electrostatic repulsion in the Ly phase increases. Therefore,
some charged lipids escape from the Ly phase to decrease the electrostatic repulsion and
migrate to the L, phase. Since the charged lipids have unsaturated hydrocarbon tails, the
charged lipids included in the L, phase disturb the chain ordering of the L, phase. As a
result, the chain ordering difference between the L, and Lgq phases becomes smaller, and
the line tension is decreased.

Since PIP, has three negative charges and DOPI has a negative charge, the elec-
trostatic repulsion between PIP; molecules is much stronger than that between DOPI
molecules at the same charged lipid fraction. Therefore, charged lipid migration from
the Lq phase to the L, phase becomes notable for PIPy as compared to DOPI. There-
fore, PIPy decreases the line tension significantly than DOPI. In addition, the modulated
phases are often found in PIP, containing membranes, whereas they are not formed in
DOPI-containing membranes. As we mentioned above, the modulated phases are sta-
bilized by the interdomain interaction. Since DOPI is a monovalent negatively charged
lipid, the electrostatic repulsion between charged domains is weaker as compared with the
case of PIP,. Therefore, the modulated phases are hardly observed in DOPI-containing
membranes.

The addition of CaCly contributes to weakening the electrostatic interactions. The
electrostatic repulsion in the Ly phase becomes weaker and the charged lipid migration
to the L, phase is suppressed. Thus, the line tension reduction is suppressed by the

addition of CaCly. In addition, we considered that the interdomain interaction which
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stabilizes the modulated phase is the electrostatic repulsion between charged domains.
This interdomain interaction also becomes weaker by the addition of CaCly. Therefore,
we cannot find the modulated phase in CaCly solutions.

On the other hand, the phase behaviors of DOPI- and PIP,-containing membranes
are almost the same, although the valences of headgroups are different. This is most
likely because the electrostatic repulsion between PIP, is too strong, thus part of PIP,
is repelled outside the lipid membrane. The apparent concentration of PIP, present on
the membrane was not as much as added. Therefore, it shows the same behavior out of
the monovalent DOPI. Some studies have shown that the higher electrostatic charge on
PIP; leads to a larger hydrodynamic radius of the PIP, head group so that PIP5 is more
likely to free in solution to form micelles than to form bilayer structures [19] [20] [21].
Moreover, when using PIP; to prepare vesicles, PIP; also tends to have a shorter residence
time on the lipid membrane than other membrane composition phospholipids [22] [23].

Our experimental results verified these phenomena from the side.
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4.5 Chapter conclusion

In this chapter, we added monovalent negatively charged unsaturated lipid DOPS,
DOPI and trivalent negatively charged unsaturated lipids DOPI(4,5)Py (PIP3) to the
DOPC/DPPC/Chol three-component GUVs stepwise for comparison to discuss the effect
of higher valent charged lipids on membrane behavior. The line tension at the phase-
separated domain boundary was measured by Flicker spectroscopy, and we evaluated the
effect of CaCl, on the line tension based on the screening of the electrostatic interactions.
As a result, the charged lipids decreased the line tension significantly, and the line tension
reduction was suppressed by the addition of CaCl,. In addition, the modulated phases
such as the stripe phase appear for PIP,. The modulated phase is stabilized by the
line tension reduction and the interdomain interaction, and both are mediated by the
electrostatic repulsion between the charged lipids.

Endocytosis and exocytosis are being related to lipid rafts which can simulate by phase
separation [24] [25]. Tt is not confirmed that there is a relationship between the inhibition
of phase separation formation by PIP; and endocytosis and exocytosis. However, some
studies have reported that PIP, has the function of inhibiting Ca-mediated exocytosis [26],
while a reduction in lipid membrane tension leads to a spontaneous reorganization of PIP,
to the invaginated membrane domains (similar to endocytosis) [27]. The enrichment of
PI lipids, especially PIPs, in the raft domain has been reported [28] [29]. It is most likely
because it requires lipid with highly charged and a high degree of unsaturation tails to
regulate its formation. PI lipids may also indirectly regulate membrane proteins through
their effect on line tension, as there may have some line tension-mediated enrichment of

) 1

membrane proteins at the boundaries of the raft domain [30] [31].
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5.1 General conclusion

In this thesis, we clarify the changes of phase separation on the DOPS/DPPC binary
GUVs in a hypotonic solution under isothermal conditions. We investigated the forma-
tion of the phase separation of DOPS/DPPC/Chol trinary GUVs adding monovalent to
pentavalent metal salts and amines at room temperature, 30°C, 40°C. We discussed the
effect of multivalent charges on the membrane behavior based on line tension calculations.

In chapter 2, we investigated the phase separation behavior of lipid membranes con-
taining unsaturated charged lipids (DOPS) induced by osmotic stress. Phase separation
was induced by subjecting GUVs composed of DOPS/DPPC to a hypotonic solution. A
three-phase coexistence was observed, especially at the ratio of DOPS/DPPC = 30/70.
Due to the specificity of the DOPS head group, we consider these three phases as rich
in DPPC, charged DOPS [DOPS(-)], and neutral DOPS [DOPS(N)], respectively. The
composition of the three phases was identified using adsorption experiments of positively
charged particles. Coarse-Grained Molecular Dynamics Simulations successfully repro-
duced the arrangement of the three-phase coexistence on the membrane. The DPPC-rich
phase is shown to surround the DOPS(-)-rich phase and to wrap a circular region of
DOPS(N) in the center. In this part, it was demonstrated that the osmotic stress caused
by the hypotonic solution can induce phase separation in charged lipid membranes at a
constant temperature and that the charged lipid head group is extremely important for
phase separation.

In chapter 3, we investigated the phase separation behavior of charged lipid membranes
with added salts and temperature changes. GUVs of DOPS/DPPC/Chol were prepared
by salts solution, which induced phase separation. As increased the salts concentration
(metal salts and amines), observed that phase separation formation was promoted. And
it was easier to form phase separation structures at low temperatures. It was also ob-
served that there was a significant difference in the concentrations required to induce
phase separation formation by metal salts or by amines. The results showed that the
concentration required to induce phase separation was related to the cation configuration
and valence. Moreover, the concentration required to induce phase separation is more

sensitive to temperature changes for linear-chain amines.
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In chapter 4, we investigated the phase separation behavior of charged lipid mem-
branes that contain multivalent charged lipids. By adding monovalent and trivalent
charged lipids, observed the phase separation disappeared. The domain boundary line
tension was measured. We found that the addition of charged lipids decreased the do-
main boundary line tension. Trivalent charged lipids DOPI(4,5)Py tended to decrease
the boundary tension of domains significantly. On the other hand, the addition of CaCl,
inhibited the decrease of domain boundary line tension. These results suggest that elec-
trostatic interactions between charged lipids are related to decreasing domains boundary

line tension. This effect is more pronounced for multivalent lipids.

5.2 Summary

In summary, our experimental results in this thesis suggest that the ionization state of
negatively charged lipids headgroup is a crucial element to be considered when studying
lipid raft models. On the other hand, osmotic pressure, temperature change, type and
concentration of added salts (especially the differences between metal salts and amines),
and the valence state of lipids, all have a strong influence on raft formation. In future
studies, we expect to use some molecules with more complex structures (such as polymers,
DNA, proteins) to explore their relationship with lipid membranes and investigate if they
affect the phase separation structure formation. It is also expected that the results in
this thesis may help better to understand the construction of ordered regions in living
organisms and to realize industrial applications, such as functional carriers that can be

used for drug delivery and consumer product manufacturing.
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