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Detailed Membrane Physiochemical Pathways Involved In Cold-

sensitization Induced by I-menthol

Abstract

Every organism is susceptible to environment change and those too external stimuli like light,
pH, temperature and some chemical agonist. One of the interesting phenomena of the human
body is to sense a variety of physical and chemical stimuli via a change in the physical properties
of the membrane. Our body responds to different signaling molecule in a different manner in
order to sense. Menthol, a secondary alcohol from terpenoid family exhibits cooling sensation to
the skin. Menthol is also used widely for the treatment of minor aches, as an analgesic, flavoring
agent etc. It is well established proven fact that menthol activates TRPM8 ion channel, leading to
an opening of ion gates, as a result membrane potential generates and eventually feels cool.
There is enough evidence of cold sensitization induced by menthol on a living cell such as
transfected HEK cells. However, no validated experimental model is currently known for the
studies by which menthol influence and activates signal transduction in various biological
membranes. Thus, the mechanisms of these gating behaviors of TRP channels are poorly

understood.

In this dissertation, | mainly focused on the effect of menthol and its enantiomers and their
interaction with model biomembranes. Moreover, detailed membrane physiocochemical
pathways involved in cold sensitization induced by I-menthol was discussed. In order to reveal
the interaction between menthol and membrane, | employed three different systems,

homogeneous model membrane, heterogeneous model membrane and actual cell membrane.

First, studies on the homogeneous membrane were carried out at different concentrations of |-
menthol. The change in the morphology such as membrane fluctuation, surface area, and size
distribution has been estimated. The results obtained from the homogeneous membrane clearly
demonstrated the direct interaction of menthol with a model membrane. It has been reported that



menthol behaves differently depending on its concentration. At lower concentration induces
cooling effect while at higher concentration burning/pain sensation induced. By employing the
different concentration of menthol, influential interaction with the lipid bilayer and that too
dynamics change of the membrane was observed. These findings suggested that menthol has
direct interaction with the lipid bilayer and exhibits concentration-dependent manner interaction.
In the homogeneous and heterogeneous membrane, the effect of two isoforms of menthol d- and
I- in model membrane showed significant differences between them. I-Menthol makes the
membrane less temperature sensitive whereas d-menthol have shown thermal responsiveness.
Also, d-menthol enhances the membrane fluidity in the absence of cholesterol than I-menthol.
Cholesterol presence is very important for altering membrane fluidity, and hence changes the
effect of d- and I-menthol with lipid phases depending upon sterol concentration and lipid
composition. | further checked the difference in physiocochemical properties modulated by d-
and I-menthol on biomembrane. In homogeneous membrane, fluctuation profile, thermodynamic
analysis by DSC, and membrane fluidity will be discussed. Further, to elaborate deeper
understanding, I worked on membrane heterogeneity referred as “lipid raft”. Here, I examined
the chirality-dependent interaction of d- and I-menthol with the biomembrane. | successfully
provide a clear and significant difference between d- and I-menthol and showed the importance

of chirality in biological processes.

Human embryo kidney cell abbreviated as the HEK293 cell, are highly expressed and used in
many biological types of research. HEK293 cell was used to assess the effect of d- and I-menthol
on cell membrane interaction. | found that d-menthol is toxic to the cell and causes cell death
meaning that d-menthol disrupt the membrane dynamics. Finally, to correlate the work done on
the model membrane, | chose to work on the actual cell specifically HEK293 cell. The studies on
HEK?293 cells include cell viability assay, temperature dependent change in raft region,

intracellular calcium level and actin.

Keywords: Cold-sensitization, Lipid-raft, Menthol, Membrane dynamics, Membrane fluidity
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GENERAL INTRODUCTION

CHAPTER 1 GENERAL INTRODUCTION

Abstract: In this chapter, a detailed background of the whole chapter has been pouring
down. Recent studies on the biological membrane, lipid phase behavior, artificial membrane,
menthol activity and the mode of a pathway in the cold sensitization are highlighted. The role
of menthol as a cooling agent was well established in the sensory TRP channels. However,
the related mechanism at molecular/atomic level is still in dark. Current understanding in the
field of signal transduction through ion gating will deliver more fundamental approach
further. Motivated by the background of these gating mechanisms, | aimed to study deeper

and emphasize on basic fundamentals of biological membrane.

Keywords: Lipids, Phase behavior, Lipid raft, Menthol, Cooling sensation, TRP, TRPM8



GENERAL INTRODUCTION

1.1 Introduction

1.1.1 Biological membrane

The biological membrane acts as a selective barrier which enables to separate
extracellular matrix from intracellular. Biological membranes are also involved in cell
communication facilitated via chemical and electrical signals. The membrane is made up of
three major components such as lipids, proteins, and sugar. Phospholipids are the essential
component and considered as the backbone of the membrane. The phospholipids have the
ability to assemble them to a most stable state.! All biological membranes exhibit general
structure where proteins are connected with phospholipids bilayer sheet. In 1972, Singer and
Nicolson gave us the new eye to the membrane as “The fluid mosaic model” which describes
the dynamic and fluid nature of biological membranes.>® It was best describes as two-
dimensional model composed of a phospholipids bilayer embedded with various protein
molecules within it. Membrane proteins present in the biological membrane are of two types
“Intrinsic” and “extrinsic” protein. Proteins which are associated into the bilayer and move
from one layer to other called intrinsic proteins. On the other hand, extrinsic proteins are
those that embedded on the lipid/water interface and are loosely held on a membrane. As the

extrinsic proteins are held loose enough the resultant structure becomes highly fluid.

Lipids are amphiphilic in nature and serve as the basic fluid structure to the membrane. Lipid
bilayer formed by self-assembly of various amphiphilic lipids.* In cell membrane, three major
lipids are found namely, glycerophopholipids, cholesterol and sphingolipids (Fig 1.2). These
phospholipids have a polar head part and a non-polar tail part which can be saturated or
unsaturated in nature. There are two common abundant phospholipids found in the cell
membrane name as unsaturated lipid DOPC and saturated lipid DPPC. These two lipids are

commonly employed for the preparation of artificial membrane or biomimetic membrane.
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Figure 1.1 Schematic representation of the biological membrane.®

The head parts of the lipid are hydrophilic in nature and are exposed to the lipid/water
interface in the bilayer. On the other hand, non-polar part is buried into the bilayer away from

an aqueous phase.

Lipid bilayer possesses another very important physical property i.e “membrane fluidity”
and “phase behavior”* of individual lipid. The biological membrane is not static rather moves
along the surface of the water. The fluidity changes with temperature and the resulting
response is known as phase behavior of the lipid bilayer. There are three different types of
movement’s in the lipid bilayer as lateral, rotational and flip-flop movement, leads to the
change in membrane fluidity. Apart from the membrane fluidity, phase transition temperature
(Tm) affects the packing of the membrane. At a certain temperature membrane changes from
solid gel phase to liquid phase. There are several factors on which membrane fluidity

depends:
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Figure 1.2 Schematic representations of three types of membrane lipids (a)
glycerophospholipid, (b) sphingolipids, and (c) cholesterol.*

1.2 Function of biological membrane

1.2.1 Barrier function

The biological membrane provides a barrier: an essential function of the cell helps to
separate the inner environment from its outer environment by a plasma membrane. As
described above, lipids are the basic components of biological membranes, small solutes such
as water, ethanol, oxygen, etc., can pass through a lipid bilayer by simple diffusion process
following the concentration gradient.® Similarly, some of the water-soluble ions such as Na*,

K*, sugars and amino acids, however, cannot pass through the membrane.
4
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The plasma membrane has protein barrier, are of two types “transporters” and “channels” for
specific molecules in order to pass through the barrier. There are two types of transport across
the plasma membrane such as passive transport (simple diffusion, facilitated diffusion and
active transport. In the case, passive transport requires no energy to move molecules across
the membrane and moves from high concentration gradient to low concentration gradient. On
contrary, active transport requires energy in the form ATP and moves molecules from low to
high concentration.” An example of active transport is a Na*-K* pump, where Na* pumps out
of the cell and K™ in against the concentration gradient. Another path is the channel proteins
that are embedded in the plasma membrane and have pore to facilitate the flow of molecules.
These carrier proteins can change shape or drag molecule through lipid bilayer to move easily

across the membrane.

1.2.2 Signal transduction

Every organism adapts different behaviours in response to the change in the
environment. These respond can be induced through various physical and chemical stimuli
such as pH, temperature. It has been now years and many researchers gave new frontier to the
receptor proteins present on plasma membrane surface. Those molecules that bind
specifically to these receptors are called signalling molecules. When such molecules, bind to
the receptors, they go through structural changes and hence are activated.2 As a result of
which changes in the physiochemical properties of shape, movement, and functions of the
cell happens.® Although various physical and chemical stimuli exist in the environment, each
organism responds only to particular stimuli. Each receptors protein is activated by selective
stimuli and hence, enables the signal detection and communication mechanisms of their cells.
Through the analyses of the genes and proteins which are involved in signal transduction

provide a better understanding of the basic mechanisms of cellular regulation.
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Intercellular signalling molecules include hormones, cytokines lead to growth, differentiation,
and apoptosis of the cell (Fig 1.3). However, extracellular signalling molecules act on cell
surface receptor as a ligand. They bind to the specific target receptor causes a conformational

change in the receptor, thus mediate signal to specific responses.

Extracellular signaling

sugar chain f ‘ molecule

l Cellmembrane

O Intracellular Signaling molecle
growth differentation _

Figure 1.3 Process involved in signal transduction.

1.3 Artificial membrane

Since biological membrane plays a very crucial role in terms of separating their inner
matrix from outer, and vary largely from composition to their structure. Their organization
must be dynamic in nature to modulate some of the important function such as signal
transduction; membrane trafficking, etc., for cell-cell communication. Due to the huge
complexity of biological membrane, alternative model membrane needed with the similar
composition and structure to that of an actual membrane. Thus, model membranes (artificial

membrane) are dynamic in nature and can be visualized by optical microscopy. Many

6
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researchers made progress on the different model membrane and their utility to solve the
problems ranging from phase behavior to sensing pathways.® Model membrane systems are
classified into four main categories: (1) Langmuir monolayers,! (2) hybrid model system,*2
(3) supported bilayers,'? and (4) lipid vesicles. Cell-sized lipid vesicles!® commonly referred
as liposomes attains a great attention to mimic actual cell as they exhibit similar structure and
composition.’* These liposomes are composed of either single lipid (homogeneous
membrane) or multi lipids (heterogeneous membrane). They can be of three types depending
on their size distribution namely, Small Unilamellar vesicles (SUVs), Multi lamellar vesicles
(MLVs), and Giant Unilamellar vesicles (GUVSs)®. There are some disadvantages of SUVs
and MLVs such as resolution limitation with optical microscopy. Also, due to their relatively
small size, they are not stable hence; it is very hard to trace time-dependent change.
Therefore, GUVs attained great importance in order to allow real-time observation using
optical microscopy. Liposomes are used as model membranes for different research purpose

and used as a vehicle to deliver drugs to particular organs of the body.®

Recently, heterogeneous phase-separated membrane regarded as “raft region” gain
significant attention in terms of analyzing different lipid phase behavior. Raft region is highly
enriched in sphingolipids, saturated lipid, and cholesterol.” The heterogeneous distribution of
membrane lipids was suggested to form phase-separated structure, and this structure is called
“lipid raft”. The lipid rafts are known to involve various membrane proteins such as channels
and receptors. Therefore, rafts are regarded as important platforms for cellular signaling.®
Indeed, current studies revealed that some sodium channels in the cold/pain pathway are
localized in lipid raft. Then property changes of raft structure should affect the functions of
these channels. All different types of eukaryotic membranes supposed to exhibits different

phase behaviors.20
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Figure 1.4 Structure of Liposomes and different vesicles formation depending on the size.

Liposomes with multiple components, we can easily observe heterogeneous phase-
separated structures as shown Fig 1.5. In the case of binary components with DOPC/DPPC,
Solid order/Liquid disordered (So/Lq in short) phase separation can be observed. On the other
hand, ternary components with DOPC/DPPC/Cholesterol, Liquid order/ Liquid disorder
phase separation (Lo/Lqg in short) can be observed. This Lo/Lg phase-separated structure is
“membrane raft model” because of similarity in their components.?* As shown in the figure
of the phase diagram, phase-separation is strongly affected by lipid composition. Also,
cholesterol plays a very important role in the phase behavior of membrane depending on its
concentration. At higher cholesterol concentration than 40 %, no domain structure can be

observed.??
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Figure 1.5 Phase behavior of an artificial membrane in three-component system composed
of DOPC, DPPC, and Cholesterol.%

1.4 Cholesterol in the Plasma membrane

Cholesterol is an abundant molecule found in the plasma membrane of every eukaryotic
organism. It falls into the class of sterol, consisting of a rigid four fused tetracyclic ring, a
polar hydroxyl group, and non-polar side chain. Cholesterol is the one of the crucial
components of the biological membrane which helps to maintain the integrity of lipid raft
membrane.?* Another major function of the cholesterol is to modulate physicochemical
properties of the membrane. The plasma membrane contains around 30~40 % of cholesterol
and varies greatly depending on its lipid composition and cholesterol level.?> In the lipid
bilayer, cholesterol fits into the void created by the double bond of phospholipids.?® Due to
the presence of the rigid fused tetracyclic ring structure, the hydrophobic part (steroid ring) is

situated close to the fatty acid chain of the phospholipids. On the other hand, the hydrophilic
9
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part i.e, a polar hydroxyl group of cholesterol is in close proximity to the head group of the
phospholipids. It also helps in the immobilization of the neighbouring phospholipids thereby
makes it less soluble to small water-soluble molecules. Hence, provide more ordered state
ftighten lipid packing and maintains membrane fluidity. Without cholesterol, cell membrane
becomes too fluid in nature, hence permeable to some molecules. As discussed in above
section 1.3, the biological membrane has raft region which is rich in cholesterol and saturated
lipid, where cholesterol plays a very crucial role. It has been reported that cholesterol also
plays important role in modulating the activity of the ion channels.?” Cholesterol is necessary
to maintain the functionality of lipid raft such as in signalling capacity. The intracellular
lifestyles of the microorganism are affected by the regulation of cholesterol content. Some
studies also point another property of cholesterol as a stabilizer of the oxytocin receptor and
its binding affinity is strongly dependent on the cholesterol content present in the
membrane.?®2°  However the role of cholesterol content in the sensing mechanism and

modulating effect on interaction with external stimuli with lipid bilayer are poorly understood.

Cholesterol

(a) g (b)

Figure 1.6 (a) Chemical structure of cholesterol representing both hydrophilic (OH) and
the hydrophobic region (fused ring) and (b) cholesterol localization in the lipid bilayer.%°
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1.5 Menthol structure and Biological response

151 Menthol structure

Menthol is a six-member monocyclic monoterpenoid, secondary alcohol. It is extracted
from various mint oil, and peppermint, or can be made synthetically. Menthol has waxy
crystalline, white in colour physical appearance and is solid at room temperature. It exhibits
three stereogenic centres (n = 3), which gives eight stereocisomers according to 2" rule, out of
all, natural form of menthol is assigned as (1R,2S,5R) configuration. Menthol is widely used
in commercial industries as a pain killer for minor throat irritation from gums to toothpaste to
vapour rubs.®! The local anaesthetic qualities have been reported for menthol and other

stimulants.3?

1.5.2 Biological response of menthol

From past decades, menthol is well known for its cooling sensitization®* and soothing
properties to the body. Menthol has the ability to trigger the cold-sensitive transient receptor
potential melastatin (TRPMB8) ion channel via an electrical signal to the brain in order to
sense cold.®® It is also believed that the analgesic properties of menthol are modulated by
activation of kappa opioid receptors.® Menthol displays different behaviour in a
concentration-dependent manner. It was reported that at low concentration of menthol and
low temperature, exerts cooling sense whereas at higher concentration and temperature
burning/irritation evoked.3**” Generally, menthol activates the TRPM8 channel, which leads
to the opening of the Na* and Ca?" ion gate. As a result, there is the generation of an action
potential, eventually, sense to the cooling phenomenon. 3 The detailed review of these

sensing channels is discussed in later section.

11
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Figure 1.7 (a) 3D model of menthol and (b) types of a stereocisomer of menthol. 3

Due to its soothing properties, it is widely used in food, cosmetics, medicine, and in dental

care, etc. Some of the application include as follows:

e Short-term minor throat irritation (balm, Vicks candy).

12
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e Widely used in smoking 3494142 product inducing cooling relief and flavour.

e Because of certain analgesic properties®, it has been used in pain relief such cramps,
headache.

e Many perfumery companies used menthol as an additive for fragrance.

e In dental care and oral hygiene, menthol products are extensively used for bad breath.

Examples are mouthwash, toothpaste, chewing gum, mouth spray and so on.*

1.6 Transient Receptor Potential (TRP)

The first discovery of transient receptor potential (TRP) channels was observed in the
fruit fly Drosophila in 1989. It was found that these channels are able to a response to by
light stimuli and temperature change.*® Recently, elaborate studies on TRP channels gave
some of the crucial databases on sensing mechanism. TRP channels in short displays a group
of ion channels which act as a platform for cellular sensors. In numerous mammalian cells,
these TRP channels are located on the plasma membrane. TRP channel family further
classified into seven subfamilies as shown in figure 1.8. The subfamilies are described as
transient receptor potential canonical (TRPC)*, transient receptor potential vanilloid
(TRPV)*, transient receptor potential melastatin (TRPM)*, transient receptor potential
(TRPN) , and transient receptor potential (TRPA)*, transient receptor potential polycystic
(TRPP), and transient receptor potential mucolipin (TRPML).>® TRP channels are composed
of six trans membrane helices S1-S6, where S1-S4 is voltage sensors and S5-S6 are
connecting loops, with intracellular N- and C-terminal. These channels induced different
types of sensitization on the body such as, warmth, cold, pain and anesthetic.>! Moreover,

TRP channels are believed to act as body’s own thermometer to sense cold and hot.

13
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TRP channels are activated and regulated by a wide variety of physical and chemical
stimuli and are expressed throughout the body. Some molecules activate specific TRP
channels like menthol, chili, mustard, and allow the flow of ion Ca?* and Mg?* transport in
the plasma membrane. Activation of the TRP channels leads to the generation of membrane
action potential.> This phenomenon helps to translocate important signaling ions, initiation

of enzymatic activity, and some process like endocytosis/exocytosis across the cell membrane.

Many mechanism pathways were introduced for the activity of TRP channels including (1)
G-protein-coupled receptor-related mechanisms, (2) phosphorylation and (3) ubiquitination.
Apart from these processes, some mechanisms of TRP channel gating such as “membrane

29 ¢C

voltage”, “membrane phospholipids”, and “ligands” are discussed below.

Membrane voltage

Due to different concentration and charged ion like Na*, K" present in the cell
membrane, generates its own potential know as membrane potential. A typical value of
membrane potential inside the cell is around -60 ~ -70 mV. There are two ways for the
activation of TRPs can be either induced by temperature-dependent or voltage-dependent.>
Most of the TRP channels in mammals has voltage dependence and are very sensitive to the
external triggers like ligands, pH or change in ambient temperature. TRP channels consist of
six transmembrane proteins linked with voltage-gated potassium channels.®> Among six
transmembrane segments, S4 is the one which detects the changes in the electric field and in
turn exerts response immediately across the membrane. The shift in the voltage dependence
activation results in the opening and closing of the channel. The voltage-dependent sensing to

the gating of TRP channels responds to the temperature and chemical agonist stimulus.>®

14
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Figure 1.8 Phylogenetic trees of human TRP channels.>

Membrane phospholipids

Phospholipids are the major and essential component of the plasma membrane and many
studies report an importance of membrane phospholipids in the regulation of TRP channel
activity. Phospholipase C (PLC) is activated by the stimulation of receptor present on the
plasma membrane. These PLC are one of the important regulators of the TRP channel
activity.> Phosphatidylinositol 4,5-bisphosphate in short PtdIns(4,5)P; is believed to be
sensitive to many TRP channels in the plasma membrane. The level of PtdIns(4,5)P> in the
plasma membrane can change rapidly depending on the action of PLC isoforms and
phosphatidylinositol kinases or phosphatases, hence directly or indirectly modulates channel

activity of TRP.%®
15



GENERAL INTRODUCTION

Activation of Ca2+-dependent PLC is promoted by an increase in intracellular Ca2+
concentration leading to the reduction of cellular Ptdins(4,5)P2, accompanied by decaying of
channel activity.>’This inactivation of channel is caused by a shift in the voltage-dependence
to a more positive potential leads to desensitization to such chemical agonist menthol for
TRPM8. Other channel like those endolysosome-localized TRPML channels have direct

interaction with PtdIns(3,5)P2, that results specific activation of channels.>®

Ligands

A large number of endogenous ligands are responsible for the regulation of the TRP
channel activities. TRPV1 is a chili receptor and heat sensor (above 42 °C) and is activated by
plant-derived pungent chemical such as capsaicin.®® Another familiar chemical is menthol
derived from mint plant responsible for the activation of TRPM8 “® channel. Moreover, these
two channels TRPV1 and TRPMS8 can sense a variety of other external stimuli like
temperature. Noxious high temperature would directly activate TRPV1, on the other hand,
cold temperature <25 °C for TRPMS8.%° Thus, activation of such sensory TRP channels can be
potentiated through the application of both thermal and chemical stimuli. Several TRP
channels are receptors for endogenous compounds. TRPCs respond to diacyl glycerol, a lipid
product derived from PtdIns(4,5)P> breakdown catalyzed by PLC after a G-protein- or
tyrosine-kinase-coupled receptor-dependent  activation.?  Arachidonic-acid-related
compounds are involved in gating TRPV1 (arachidonoyl ethanolamide, 12,15-(S)-
hydroperoxyeicosatetraenoic acid and leukotriene B4 ) and TRPV4 (5',6'-epoxieicosatrienoic

acid ), and sphingosine, a primary part of sphingolipids, activates TRPM3.

1.6.1 Effect of Cold and Menthol on TRPMS8

Transient receptor potential melastatin member 8 (TRPMB8) is the class of melastatin

family, also known as cold and menthol receptor 1 (CMR1).62 TRPMS channel is believed to
16
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act as thermosensors on nerve fibres of somatosensory neurons.®® TRPMS is a non-selective
Ca?* permeable ion channel which can be activated by cold below 25 degree Celsius and
various cooling compounds such as menthol and icilin.3'®* The ion channel is highly
permeable sodium, potassium, cesium, and calcium. The TRPM8 channel is modulated by
cold and chemical agonist® which are directly associated to voltage-dependent gating.®® As
mentioned in above section, activation of a TRPM8 ion channel, by temperature, will lead to
depolarization and a shift in voltage-dependent activation curves observed. In a similar way,
as a gating modifier, menthol shifts voltage-dependant activation curves towards
physiological membrane potentials. I-Menthol has also shown strong inward rectification
with high calcium selectivity in prostate cancer cells compared to that normal cells. It has
been reported that menthol induces cooling sensation by activation of a TRPMS8 ion channel.
Tominaga.et.al stated that menthol exhibits an inhibitory effect on TRPM8 channel similar to
thermal stimulation.®” From past decades, menthol is being used in medicinal properties in
traditional Chinese medicine. Menthol has been used for its anaesthetic; kappa opioid-
mediated anti-nociceptive properties, to relieve minor aches and heartburns.3* The effect of
cold and menthol analgesic in rats and mouse has been extensive studying and showed that
TRPMS helps to mediate such effect.®® TRPMS activation further attributed to change in
standard state enthalpy (AH) and entropy (AS) values directly related to channel opening by
cooling phenomenon.®® Different approaches have been speculated for the molecular
pathways in cooling sensitization involving different temperature-dependant activation. They
might be localized in the specialized domain within the channels. As mention above these
specialized domains are known as lipid rafts which play a crucial role in modulating the
channel activity. The lipid raft regulates the activity of such TRPM8 channels. Some of the
studies revealed TRPMB8 response induced by cold and menthol was increased right after the

association of the channel with lipid rafts was prevented. Moreover, there is a shift in the
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threshold for the activation of TRPM8 to higher temperature upon lipid raft disruption. The
direct effect of PI(4,5)P2 on channel activity has been well characterized for TRPM8.%
Menthol-evoked currents in TRPMS8 inside-out patch clamp recordings run down as
consequence of the phosphatases that eliminate P1(4,5)P2.7%"t Other group reported that pH
also has the effect on the activation of TRPMS;’2 meaning that in an acidic medium it will
inhibit the response of cold and menthol, whereas alkaline pH will induce.®® Also, menthol
may have different mechanism pathway than cold stimuli, as pH does not affect menthol

response directly.

Recently, advance research on sensory TRP ion channels showed crucial role in the pain
sensation. The effect of external stimuli on the activation of the TRP channels gave some of
the important understanding in the signaling pathways. Ranging from a wide spectrum of
temperature to chemicals, ion channel activity in the peripheral pain emerged as an important
mediation in biological processes. However, there are still many unsolved issues at the

molecular level and the behavior of gating mechanism are poorly understood.

1.7 Objective and Aim of the research

Each part of the human body acts for the original roles and every role for each sense is far
more crucial for their proper functioning. One of the important functions of our body is the
sensing various external stimuli. The different sensitization includes cold, warm, anesthesia,
etc. which is provoked by activation of some sensing channels. The activity of these channels
is induced by external molecules leads to opening/closing of the channels, thus changes the
physiological states of the membrane. Menthol, a chiral molecule, is one of the candidates,
inducing cold sensitization to the body by activating a sub family of ion channels, termed as

transient receptor potential melastatin 8 (TRPM8). Although many studies have been reported
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about the interaction between menthol and membrane, the mechanism at the molecular level

is still remains unclear.

This dissertation aimed to scratch physiological changes induced by menthol on the
model membrane and related mechanism for its cooling behavior. More, the dissertation
focused on the following contents:

1. To study the dynamic response of menthol on the thermo-induced model membrane.

2. Investigation of the influence of chirality on the interaction of d- and I-menthol with
the lipid bilayer of a homogeneous model system.

3. To advance the study on chirality dependent interaction of d- and I-menthol
localization in the lipid phase of a heterogeneous model system.

4. Elucidation of the effect of menthol and temperature-dependent interaction with the

biological membrane (HEK293 cells).

The results of this dissertation provide fruitful information about the interaction of
menthol with model biomembrane and biological membrane. Also, clarified the
importance of chirality in the biological processes and shows their different mode of
interaction on the membrane. For the future research, it will be highly supportive for

resolving the unknown mystery of menthol mode of action on the membrane.

1.8 Outline of the Thesis

This dissertation is divided into six chapters and their brief description is summarized
below:
Chapter 1 extends a detailed background of the content of the thesis. | have provided

brief information of the biological membrane and membrane dynamics including artificial
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membrane and phase behavior in an artificial membrane. Recent studies on the TRP channel
activation and menthol interaction with the channel were depicted. By understanding the
current knowledge about thermo-sensation induced by several factors, the main aim of this
study is to unravel mechanism at molecular level.

Chapter 2, 1 employed homogeneous membrane, cell-sized liposome in order to study
whether menthol can directly interact with lipid bilayer. Further, change in the cell-sized
liposomes morphology was conducted at a different concentration of menthol. In addition, the
different behavior shown by menthol has been reported depending on its concentration.

Chapter 3 displays influence of chirality on physiological properties of the model
membrane. | used two isoforms of menthol d- and |-, highlighting the significant difference
observed between them. A remarkable change in the fluctuation profile, phase transition
temperature and membrane fluidity of lipid bilayer induced by d- and I-menthol were
presented. This explains the influence of chirality on menthol-membrane interaction.

Chapter 4 investigates the localization of d- and I-menthol in lipid raft of a
heterogeneous model membrane. The importance of cholesterol in modulating the lipid phase
behavior induced by d- and I-menthol was also estimated.

Chapter 5 describes how temperature affects the interaction of menthol with the
biological membrane (HEK293). Among d- and I-menthol, d-menthol decreases the cell
viability suggesting it’s toxicity to the cell membrane. The temperature effect paves a clear
difference in the association of menthol (d- and I-) with HEK293 cell membrane. The
highlight of this chapter is to correlate the studies obtained from the model membrane and
provide a better understanding to sensing mechanism.

Chapter 6 summarizes conclusion obtained from the studies.
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CHAPTER 2 THERMO-INDUCED DYNAMICS OF
MODEL CELL MEMBRANE BY ACTION OF
MENTHOL

Abstract: It is important to understand the physicochemical mechanism that is responsible
for the morphological changes in the cell membrane in the presence of various stimuli and
sensory compounds. Menthol, popularly known for its cooling sensitization, activates
TRPMB8- a cold-activated thermo-TRP ion channel. We used cell sized synthetic liposomes
that mimic actual cell structure to study the model cell membrane dynamics and the unclear
mechanism behind the cooling sensation of menthol on the cell membrane. Hence, we are
interested in the direct interaction of menthol with bio-membrane. We observed the effect of
menthol on membrane dynamics in artificial membrane. It was also observed that menthol
concentration plays an important role and have a significant effect on the model cell
membrane. In homogeneous membrane, it has been shown that menthol tends to increase the
fluctuation rate and also change in the membrane area also observed. It has been believed that
menthol has a direct interaction with the model cell membrane and affects membrane
physiochemical properties.

Keywords: Menthol, Membrane fluctuation, Surface area, Size
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2.1 Introduction

Menthol, a secondary alcohol, which activates cold receptor, has cooling sense to the
skin. It has been widely used in the commercial products and has been employed in medicine
too.1?2 Menthol is the oldest traditional Chinese medicine used to relieve minor aches,
sunburns, flavoring agents.># It has the ability to trigger the brain upon channel activation and
eventually responds to cooling sensitization®*° Many study still going on the behavior of
menthol depending on its concentration. Previously, Green.et.al mentioned that menthol
exhibits cooling sensitization at lower concentration and room temperature or below, whereas
at higher concentration and temperature it starts producing irritation/pain sensation.®
Although the mechanism underlying the behavior is still in dark and need to be explore at
molecular level. Menthol in general activates the cold TRPM8 ion channel, facilitates the
opening of the pore and thereby allows the entry of the ion into the channel.” The channel
opening could be temperature-dependent®® or voltage-dependent®® in order to activate TRPs.
The temperature sensitivity of these channels is still not clear but may be postulated by three
mechanisms. (1) Temperature-dependent change leads to the production of channel-ligand
activation. (2) Changes in the temperature may alter the structure of the channel proteins. (3)
Lastly, TRPs might sense changes in the membrane tension as a function of temperature

change. Menthol apart from TRPM8 activation, also activate TRPV3 and inhibits TRPA1.11:12

Cell-sized liposomes have been widely employed as bio-mimic membranes. Although
the bilayer organization of cell membranes can be mimicked in artificial liposomes with a
simple lipid composition, cell membranes contain thousands of different lipid species, whose
cellular distribution is gently controlled. The lipid bilayer has the ability to self-assemble in
order to produce desired morphology and physical properties of the membrane.*® Liposomes

are extensively employed in the drug delivery!* as they are able to encapsulate aqueous and
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hydrophobic molecules to deliver into the cells. Cell-sized liposomes can be formed from
various phospholipids, among all the most common phospholipids used are:
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS).
Depending upon the size, cell-sized liposomes are categorized as SUVs, MLVs, and GUVs.
Recently, GUVs gained a significant attention as model membrane to study the interaction of
foreign molecules with membrane.’® The size of liposome is determined by the balance of
curvatures between the inner leaflet and outer leaflet with negative and positive curvatures,
respectively. The membrane curvature strongly depends on the lipid compositions in each
leaflet and the interaction between hydrophobic groups across the bilayer membrane.

Therefore, it is important to study the effect of lipid composition on nature of liposomes.

Cholesterol contributes to a major part in cell membrane and it has capability of
condensing lipids above transition temperature. However, the role of cholesterol in
membrane dynamics has not been well understood. The presence of cholesterol can alters the
properties of the membrane and governs the cellular signaling processes by regulating
membrane proteins.'® Cholesterol is critically important in the synapse formation as human
brain consist of about 25 percent of cholesterol of the body. Cholesterol containing
membranes are less thermo-sensitive than the lipid membrane only. Though, cholesterol has
been known to modulate the physical properties of the membrane, but its role in the cellular

signaling is still in debate.

In eukaryotic cells, membrane-protein, ligand-ligand or ligand-protein interaction is
needed to regulate cellular processes involved in signal transduction and membrane
trafficking. Many evidences provide the role of lipid as foremost platform for recognition of
direct interaction of membrane protein and externally added chemical. These plant derived

signaling molecules interact with the lipids directly or indirectly resulting into sensing. In
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order to study those interactions with lipids, I advance my research on the physical properties
change in the membrane induced by such chemical agonist. Cell-sized liposomes were
employed as an artificial membrane to performed further research. Taking the advantage of
size of these liposomes, it is possible to observe time-dependent changes in the individual
liposomes. Thus, allows real-time observation by optical microscopy. Our laboratory
extensively used cell sized liposomes to study effects of several kinds of stress and additives

(like menthol) on morphological changes.

In this chapter | used model membrane to investigate thermo-induced effect of menthol.
Neutral lipid DOPC and cholesterol was used to prepare the cell-sized liposomes in the
presence of menthol at different concentration. The physiochemical changes such as
membrane fluctuation, surface are, in the membrane upon menthol addition was

demonstrated.

2.2 Experimental Procedures:

2.2.1 Materials:
Lipids 1, 2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), and Cholesterol (Chol) were

purchased from Avanti Polar Lipids (Alabaster, USA). (1R, 2S, 5R)-2-isopropyl-5-
methylcyclohexanol (I-menthol) was purchased from Takasago Japan. Chloroform and
methanol were from Kanto-Chemical (Japan) and Nacalai Tesque (Japan), respectively.
Ultrapure water (specific resistance > 18 MQ) was obtained from a Millipore Milli-Q

purification system.

2.2.2 Preparation of Liposomes:

Homogeneous lipid vesicles were prepared by the natural swelling method.!” Lipids, Chol,
and menthol were dissolved in a 2:1 vol/vol (chloroform/methanol) solution, to a

concentration 2 mM for lipids, Chol and menthol. Lipids, Chol, and menthol were mixed at
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desired concentration to final volume 20 pL. The organic solvent was evaporated under a
flow of nitrogen gas and the lipids were further dried in a vacuum desiccator for 3 h. The film
was hydrated with Milli-Q water at 37 °C for an hour and were kept overnight at room

temperature 21.7 = 1.7 °C.

2.2.3 Microscopy Observations of membrane fluctuation:

5 L of lipid vesicle solution was placed in a silicon well (0.2 mm) on a glass slide, and cover
with cover slip. The use of silicon well and the coverslip ensured that evaporation of the
solution did not occur during the entire experiment. The formed GUVs were observed by
using phase contrast microscopy (Olympus BX50 Japan). The images were recorded on a
hard disc drive at 30 frames/s. GUVs were prepared by unsaturated lipid DOPC, Chol, and
menthol to form a homogeneous membrane. The stage temperature was carefully changed
using a thermo controller (Tokai-Hit MATS-5550RA-BT; Japan), from 22 to 40 °C. The
samples were then subjected to a temperature increase at a rate of 1.0 °C/min from 21 to 40

°C.

2.2.4 Effect of Temperature on Molecular Area of Monolayer Membranes:

A Filgen LB-400 (Aichi, Japan) instrument (Kuhn type) was used to measure the nm—A
isotherms. DOPC/Chol (4:1) in the presence and absence of menthol was dissolved in
chloroform to a final concentration of 2 mM lipids. 5 pL of this solution was then added to
Langmuir trough filled with 100 ml of Milli-Q pure water at each temperature. The
temperature was controlled by attaching the thermo controller system to the instrument.
Waiting for least 10 min, after each temperature was confirmed, the n—A isotherms were

measured. The n—A isotherms were measured using the same procedure and conditions.
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2.2.5 Dynamic Light Scattering (DLS) Measurements:
Lipid mixtures (DOPC, Chol, and Menthol) were dissolved in chloroform/methanol 2:1 (v/v)

in a small brown glass bottles. The organic solvent was evaporated under a flow of nitrogen
gas, and the lipids were further dried under vacuum for 3 h to form thin lipid films. The film
was then hydrated with deionized water (1000 ml) and subjected to vortex for about 1 min.
Finally, solutions were sonicated by ultrasonic cleaning machine at 50 °C for about 30 min,
and then transferred to cuvettes for DLS measurements. The size distribution has been done

by Zetasizer Nano ZS Malvern instrument.

2.3 Results and discussion

2.3.1 Effect of menthol on membrane fluctuation

Using a natural swelling method to form dry lipid films, two types of system were
prepared DOPC/Chol and DOPC/Chol/Menthol at various menthol concentration. The
changes in membrane morphology were observed with the help of phase contrast microscopy
(Olympus BX-50, Japan) at RT. Figure 2.1 show the typical microscopic images of
DOPC/Chol and DOPC/Chol/Menthol along with the degree of membrane fluctuation. The
vesicle consisting of DOPC/Chol retained the spherical shape, even if the temperature is
increased from 21 °C to 25 °C. On the other hand, the membrane fluctuation was observed in
DOPC/Chol/Menthol with same temperature change. In order to clarify this difference, the
vesicle radii as a function of polar angle were summarized in Fig 2.1 (lower panel). I could

found the larger radial fluctuation in the menthol-containing membranes.

Previous studies showed that menthol has dual behaviors, at higher temperature and
concentration it has a tendency to exhibit itching/burning sense while at low temperature and

concentration has cool sense. From fluctuation data, | could observe the clear concentration
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effect of menthol on the model membrane. The effect of menthol concentration on thermo-
sensitive fluctuation of DOPC/Chol liposomes is depicted in Fig 2.2. At lower concentration
of menthol, maximum fluctuation could be observed, while at higher concentration rate of
fluctuation declined. Generally, the thermo-induced membrane fluctuation was caused by the
acquisition of the excess membrane area. The absence of fluctuation in the DOPC/Chol
vesicles suggested that the membrane area remain steady. Dynamic real-time observation of
membrane dynamics revealed that the menthol-containing membrane was more thermo-
sensitive than without menthol. The increase in the temperature enhances the number of
water molecules near polar head groups, leading to an increase in steric repulsive interaction

between them and results into the excess surface area of liposomes.

21°C 25°C 21°C 25°C

15

15
10 0 |
5 s |
g
goor 5 0
M £
= v
Sor L 5
-10 10 |
-15 : — : - -15
n/2 3r/2
O(radian) n/2 n 3n/2 n

O(radian)

Figure 2.1 Membrane fluctuation profile of lipid vesicles. Temperature was increased from
RT to 40.0 °C, using a thermo controller. An image of a typical lipid vesicle was captured
using a phase-contrast microscope. The graph show membrane fluctuation at 21 °C (red),
25 °C (blue) as a function of radius and its distribution. Plotted the value of radius of “r” in
each “0” @ =+ n/m,n =1, 2, 3 ... 100). (@) DOPC/Chol and (b) DOPC/Chol/Menthol.
Scale bar = 10 um.
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As a consequence, liposomes started fluctuating depending on the hydrophilicity of the
head group. DOPC/Chol/Menthol-containing liposomes, menthol has a hydroxyl group
addition to the cholesterol (OH) and lipid head group. This additional hydrophilic group in
the lipid promotes excess area and resultant fluctuation of menthol-containing liposomes
more easily to increase with temperature than DOPC/Chol. The presence of extra-bilayer
hydrophilic part of menthol enhances the repulsive interaction among the head part of the

lipid with increase in temperature. Thus, exhibit thermo-induced fluctuation of those

liposomes.
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Figure 2.2 Thermo-sensitive response of menthol-containing lipid vesicles. Percentage of
lipid vesicles, which started fluctuating at a given level of temperature increase. The
vesicles contained DOPC/Chol (black), 2.5 % menthol (light grey dashed), 5 % menthol
(blue), 10 % menthol (dark grey dashed), 20 % menthol (black dotted), and 30 % (grey
solid line). (n=30).
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In contrast at higher concentration of menthol, as the number of molecules increase,
resultant repulsive interaction becomes high enough to create space to insert menthol in the
bilayer. Hence the overall fluctuation of liposomes decreased. It was also observed that
menthol at 2.5 to 10 % have shown more fluctuation change compare to the system without
menthol. Menthol 20 % and 30 % shows very similar behavior to that of DOPC/Chol

(control) system.
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Figure 2.3 Thermo-sensitive response of menthol-containing lipid vesicles. Fluctuating
temperature at which 50 % of liposomes started fluctuating at a given level of temperature
increase. The graph shows Tragainst menthol concentration. (n=30).

Figure 2.3 demonstrates the graph of T¢ versus menthol concentration where Ts is
defined as fluctuating temperature at which 50 % of the liposomes started fluctuation. I could
clearly observe the higher fluctuating profile at lower concentration as menthol could fit into
the head group of DOPC lipid thereby made them more thermo-responsive even at very small
temperature increase. On the other hand, less thermo-responsiveness was observed on

increasing concentration of menthol. | believed that at a higher concentration, menthol
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molecules can penetrate into the lipid bilayer where the can occupy the space near double
bond of DOPC lipid. As a consequence, lipid tail movement restricted hence high

temperature is needed to fluctuate the liposomes.

2.3.2 Role of surface tension and pressure on membrane

In order to investigate the area increase by rising temperature, | carried out Langmuir
monolayer experiment at a different temperature with various concentration of menthol.
Surface tension and surface pressure are the two key factors that determine the thermal
expansion in the lipid bilayer. Surface area is related to thermal fluctuation directly and is
given by the following equation

AA/ AT ~1/P

Where A is surface area and T is temperature

In this experiment two different membrane systems DOPC/Chol and
DOPC/Chol/Menthol were prepared by the natural swelling method. The lateral pressure
present in the lipid is reported to be 30-40 mN/m®; hence the experiment was carried out at
this pressure. It was hypothesized that the membrane dynamics upon temperature change,
leads to an increase in molecular area. Therefore, the effect of temperature on the molecular
area of monolayer membranes using the Langmuir monolayer membrane method was studied.
For control DOPC/Chol system was employed whose values closely consistent with previous
reports. Figure 2.4 shows the typical P-A curves of DOPC/Chol monolayers at different
temperature 20 °C, 24 °C, and 28 °C in the absence and presence of menthol. It was observed
that menthol-containing monolayer membranes exhibited a relatively bigger increase in
molecular area upon increasing temperature. On the other hand, without menthol system i.e.,
DOPC/Chol system shows slight increase in area. The result is in good agreement with the

fluctuation data where menthol containing lipids are more temperature sensitive.
37



THERMO-INDUCED DYNAMICS OF MODEL CELL MEMBRANE BY ACTION OF MENTHOL

Menthol 2.5 %

40 - DOPC/Chol 40 4
35 1 = 35 4
£ 30 Z 30 |
zZ £
é 25 \q;: 25 A
% 20 Z 201
§ 15 g 15 -
% 10 § 10
8 5 £ 5|
t >
3 0 T T T T T T T ) 2 0 ‘ ‘ ‘ ‘ ‘ ‘ : ‘
40 50 60 70 80 90 100 110 120 4 50 60 70 80 90 100 110 120
Molecular area( A2/molecule) Molecular area(A%/molecule)
Menthol 10 %
40 Menthol 5 % 0
23 E 35
S 30 £ 30
Exs ® 25
(<)
520 2 20 |
8 15 - £ 15
10 g 10
8 s € 5.
j= >
(/3) 0 T T T T T U T 1 n 0 T T T T T T T 1
40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120
Molecular area( A2/molecule) Molecular area( A2/molecule)
Menthol 15 % Menthol 20 %
40 40
E 3% E 35
Z 30 - P4 i
£ ] £ 30
o 25 o 25 -
é 20 4 § 20 4
3 15 L 15
o o
% 10 § 10 1
£ 5 £ 5]
a 0 : : ; ; ‘ ‘ ‘ ‘ a0 \ \ \ : —r \
40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120

Molecular area( A2/molecule)

Molecular area( A2/molecule)

Figure 2.4 Typical pressure-area curve of lipid monolayer DOPC/Cholesterol and
menthol-containing membranes. DOPC/Chol (80/20), DOPC/Chol/Menthol (78/19.5/2.5)
DOPC/Chol/Menthol (76/19/5), DOPC/Chol/Menthol (72/18/10), DOPC/Chol/Menthol
(68/17/15), and DOPC/Chol/Menthol (64/16/20). Surface pressure (p)—area per molecule
(B) at 30 mN/m, at each temperature 20, 24, and 28 °C. Shows the typically P-A curves of a
membrane at each temperatures 20 (black), 24 (red), and 28 (blue) °C respectively (n = 10).

As shown in Fig 2.5, the change in the molecular area upon temperature changes. The
presence of menthol significant increases the molecular area of DOPC/Chol monolayer at

lower concentration till 10 %. This result was in good agreement with my previous studies
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depicted that menthol strongly facilitates liposome fluctuation at lower concentration. It is
very obvious to note that on increasing temperature molecular area also increases as
consequence of Brownian motion. However, at 15 % menthol the molecular area of
monolayer was higher compare to 20 %. The unusual behavior at 20 % shown by menthol
may be due to aggregation of menthol molecules at high concentration with distortion of the

monolayer.
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Figure 2.5 Typical pressure-area curve of lipid monolayer DOPC/Chol and menthol-
containing membranes. DOPC/Chol (80/20), DOPC/Chol/Menthol (78/19.5/2.5)
DOPC/Chol/Menthol (76/19/5), DOPC/Chol/Menthol (72/18/10), DOPC/Chol/Menthol
(68/17/15), and DOPC/Chol/Menthol (64/16/20). Change in the molecular area upon
temperature change.

Menthol-containing monolayer membrane exhibited bigger increase in molecular area
upon increase in temperature. It was in agreement with the vesicular fluctuation that
membrane containing cholesterol only show slight increase in molecular area. Menthol at
concentration of 15 % shows greater surface area followed by 10 %, menthol 20 % showed

least surface area. As the temperature increase area also increase for all the system. The
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model presented in Fig 2.6 clearly shows the direct effect of menthol on lipid vesicles which
bring out significant changes in the morphology of the membrane. Menthol containing lipid
vesicles are more thermo responsive than that cholesterol containing lipid vesicles. This
increase in fluctuation arises due to excess membrane area. The presence of hydroxyl group
in menthol will interact to hydrophilic part of phospholipids thereby resulting into increase in
head-head length. It was assumed that menthol might have inserted in between the head
groups of phospholipids (Fig. 2.6). We also measured the molecular area increase according
to temperature change by the Langmuir monolayer method. It is very important to consider
the hydrophilic interaction among head group of phospholipids and hydroxyl group of
menthol as well as the hydrophobic interaction among lipids. Higher concentration of
menthol rendered the hydrophilic interaction between molecules and inhibited the thermo

responsiveness by inhibiting increase in membrane area.
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Figure 2.6 Model demonstrating the interaction of menthol with lipid bilayer upon
fluctuation.
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2.3.3 Size distribution profile of lipid bilayer

The size of the particles and molecules also give information about their motion in the
system. When particles are subjected to laser light, the intensity of scattered light fluctuates
and rate of fluctuation will depend on the particle size.!® These particles undergo Brownian
motion and their respective intensity fluctuation was calculated using Stokes-Einstein

relationship.

KT
3mnD
where d is a hydrodynamic diameter, k is Boltzman constant, T is temperature, D is diffusion

coefficient, ) is viscosity.

Due to thermal energy, particles moves at very fast velocity, as a result of which the rate of
scattered intensity fluctuates from each particle was recorded. The size determination was
evaluated by dynamic light scattering (DLS) measurements.?? Another parameter in DLS
experiment is correlation function gz (t) which provides the diffusion rate of the particles. By
understanding the nature of the sample and DLS principle, | further employed size
measurements for the menthol-containing membrane. Figure 2.7(a) show intensity
distribution profile in the presence and absence of menthol. Three different concentration of
menthol 2.5, 5, and 10 % was used for analysis. The membrane without menthol was
relatively bigger in size as compared to the menthol containing membrane. On increasing
menthol concentration, the size of the liposomes decreases exhibiting the higher rate of
fluctuation at a lower concentration. This size-dependent fluctuation was in agreement with
the thermal fluctuation data. In Fig 2.7(b), correlation function with time was plotted for both
systems. In the case of DOPC and DOPC/Chol membrane the signal takes a long time to

decay, hence a lag was observed initially. 1 could say that lager particles move slowly,
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thereby correlation decreases slowly. This implies that larger particles takes longer time and
thus moves at a slower rate. On the other hand, menthol-containing membrane moves faster,
corresponding to smaller particle size, thus correlation decreases quickly. The size
distribution data was in good agreement with the fluctuation, showing menthol containing

membranes decreases the size.
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Figure 2.7 (a) Size-intensity distribution profile of DOPC (black line), DOPC/Chol (grey
line), Menthol-containing 2.5 % (red), 5 % (violet), and 10 % (green) systems. (b)
Correlation functions with time for DOPC and menthol-containing systems. Comparison
of the intensity of signal at time (us) versus time lag g2.
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2.4 Conclusion

This is the first attempt to demonstrate direct observation of the dynamic response of lipid
vesicles in real-time. The results clarified that menthol has direct interaction with
biomembrane and significantly affects membrane dynamics. In addition, | have characterized
and discussed the biophysical changes in membrane dynamics of menthol-containing lipid
vesicles induced by temperature increase. This interaction of menthol can explain the
physicochemical changes in the model cell membrane and may lead to better understanding

of the biological membrane dynamics upon such sensing molecules.
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CHAPTER 3 EFFECT ON BIOPHYSICAL
PROPERTIES OF HOMOGENEOUS MODEL
MEMBRANE INDUCED BY d- and -MENTHOL

Abstract: DNA and proteins, lipid membranes, etc. which are biological substances are
called “soft matter” due to their essential properties. Soft matter has properties of both liquid
viscosity and solid elasticity. Current research using physical properties of lipid membranes
has been promoted in the boundary area between organisms and physics. Model membranes
provide a platform for many biophysical properties analysis and usage in the drug delivery
process. In this chapter single component model membrane with and without cholesterol
were used composed of DOPC, and DPPC membrane. It is believed that two isoforms d- and
I-menthol, though have same structure showed significant effect on the physical properties of
lipid bilayer. At same concentration of menthol, varying temperature from low to high,
dramatic changed were observed for both d-/I-menthol containing model membrane. Also,
the importance of temperature and cholesterol which believed to alter the properties of
membrane induced by d- and I-menthol is demonstrated.

Keywords: Phase transition, Membrane fluidity, Fluctuation, Menthol.
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3.1 Introduction

The cell membrane was formed as a lipid bilayer membrane, and it was considered to be
a fluid mosaic model*? in which various lipids and proteins were uniformly distributed in the
membrane plane and freely diffused. In recent years, it has been suggested that it has a
microdomain structure called raft>*>67 and raft is considered to be a surfactant unnecessary
fraction, and it is formed with many membrane proteins, saturated lipids, cholesterol.® The
function of cell membranes controls the localization of foreign substances and plays an
important role in cellular responses such as membrane dynamics.

Menthol is a cyclic terpene that exhibits three stereogenic centers and therefore exists in
eight stereoisomers as shown in figure 6. Among all the eight, (-)-Menthol occurs most
widely in nature and generally referred to as “natural” menthol. Only I-menthol is believed to
exert cooling sensation and exhibits distinct peppermint smell.® Prolonged exposure of
menthol delivered severe effects on human skin such as irritation, chronic dizziness, vertigo,
skin lesions etc.'® FDA has proved the toxicity of menthol on animals causing cystic spacing
in the cerebellar.!* Apart from its well-known cooling property, menthol display other
medicinal properties used as analgesic, muscle cramp reliever, treatment in oral hygiene. The
cooling sensitization may arise due to specific interaction with TRPM8 ion channel 121314 |
enhances smooth muscle relaxation, reduces lower esophageal sphincter tone, and reduces the
skin barrier by vasodilation. Several adverse effects caused by menthol such as muscle
tremors, burning sensation, dizziness, skin rashes, nausea and vomiting has been reported. In
human, effect of menthol after exposure to skin was observed and the results show oral
ulceration, lichenoid reactions, and burning mouth syndrome. Although, so far there are no

such studies made to chronic exposure in humans.
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Most stable form of menthol is cyclohexane chair conformation where large equatorial
alkyl occupied second position and smaller ones at fifth position.’®> Many quantitative
analyses were done on menthol structure and relation in comparison to its other isoforms.
However, pure (I-) and racemic (dl-) had different properties. This difference in properties
makes only I-menthol to sense cold receptor response whereas other doesn’t. Hence, chirality
plays a crucial role in the functioning of the molecules in biological processes.

One of the built-in properties of the cell membrane is to undergo structural organization.
Such self-organization contributes to biophysical processes such as endocytosis!® and
exocytosis,!’ those are important for cellular function. A small change in the membrane
dynamics has an ability to disrupt structural organization. By studying these structural
dynamics will provide insight into the physical basis of changes in cellular level which occur
during biophysical processes such as membrane invagination. Membrane dynamics and
change in the lipid bilayer properties are greatly influenced by various forms of stress
including light and heat, and menthol, icilin, capsaicin. As discussed in the introduction lipid
bilayer has an important property “fluidity” that alters the structural organization and order of
the lipid packing. However, effect of menthol on biophysical properties such as thermal
responsiveness and membrane fluidity, has not yet been reported. |1 was further interested in
understanding the effect of temperature on menthol-containing lipid vesicles as to clarify the
difference in the property exhibited by d- and I-menthol on membrane.

DNA and proteins, lipid membranes, etc. which are biological substances are called
“soft matter” due to their essential properties. Soft matter has properties of both liquid
viscosity and solid elasticity. Current research using physical properties of lipid membranes
has been promoted in the boundary area between organisms and physics. Previously in my
lab, studies on the membrane localization and membrane dynamics of various substances

such as nanoparticles!® and amyloid p of Alzheimer's disease!® causing peptide and surfactant
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from the viewpoint of soft matter physical properties of membrane had been reported. The
research of our lab mainly aims to understand the mechanism of interaction between
substances and membranes in a unified way.

| focused on liposomes formed with the same lipid bilayer membrane as the cell
membrane. Liposomes can make liposomal GUV of large size of about 5 ~ 100 pum from
small liposome SUV with diameter of about 10 ~ 100 nm. Depending on the size, there are
various ways to use it, taking the advantages of cell-sized liposome, one can observe its
membrane structure in real-time with a microscope, and used it for membrane localization of
substances and observation of membrane dynamics.

I employed direct observation of cell-sized liposomes (>10 um in diameter) with DOPC
and DPPC phospholipid membrane to investigated the effect of d- and I-menthol on its
membrane fluctuation and structure. It was found that two isoforms of menthol d- and I-
showed significant difference in membrane dynamics. The membrane fluctuation data
showed that d-menthol is more temperature sensitive than I-menthol in comparison to the
control DOPC liposome. The fluctuation rate is higher in case of d-menthol. Also, fluidity
measurements using laurdan fluorescent probe, suggested that d-menthol makes membrane
more fluidic compared to I-menthol. Overall I conclude that d-menthol has stronger physical

effect on membrane than that of I-menthol.

3.2 Experimental Procedures:

3.2.1 Materials:
Lipids 1, 2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1, 2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) and Cholesterol (Chol) were purchased from Avanti Polar Lipids

(Alabaster, USA). (1S, 2R, 5S)-2-isopropyl-5-methylcyclohexanol (d-menthol), (1R, 2S, 5R)-
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2-isopropyl-5-methylcyclohexanol (I-menthol) were purchased from Wako Japan.
Fluorescent dyes, N-(rhodamine red-X)-1, 2-dihexadecanoyl-sn-glycero-3
phosphoethanolamine triethylammonium salt (rhodamine DHPE) (Aex= 560 nm, Aem= 580
nm) obtained from Thermo Fisher Scientific (USA) and 6-Dodecanoyl-2-
Dimethylaminonaphthalene (laurdan) was obtained from Funakoshi (Japan). Chloroform and
methanol were from Kanto-Chemical (Japan) and Nacalai Tesque (Japan), respectively.
Ultrapure water (specific resistance > 18 MQ) was obtained from a Millipore Milli-Q

purification system.

3.2.2 Preparation of Liposomes:

Lipid vesicles were prepared by the natural swelling method.?° Lipids, Chol, menthol, and
fluorescent probe were dissolved in a 2:1 vol/vol (chloroform/methanol) solution, making the
concentration 2 mM for lipids, Chol and menthol. Lipids, Chol, and menthol were mixed at
desired concentration to a final volume of 20 pL. 2 pL of rhodamine-DHPE and 6 pL of
laurdan were further added to the lipid mixture for the observation of membrane fluidity. The
organic solvent was evaporated under a flow of nitrogen gas and the lipids were further dried
in vacuum desiccators for 3 h. The film was hydrated with Milli-Q water at 37 °C for an hour
and were kept overnight at room temperature 21.7 + 1.7 °C. The final lipid concentration was
0.2 mM and rhodamine-DHPE concentration was 1 uM. The prepared lipid compositions are
DOPC (100), DPPC (100), DOPC/d- or I-menthol (90/10), DPPC/d- or I-menthol (90/10),
DOPC/Chol (80/20), DPPC/Chol (80/20), DOPC/Chol/d- or I-menthol (72/18/10), and,

DPPC/Chol/d- or I-menthol (72/18/10) for microscopic observation.

3.2.3 Microscopy Observations:

5 pL of the lipid vesicle solution was placed in a silicon well (0.2 mm) on a glass slide, and
cover with a cover slip. The silicon well and the coverslip ensured that evaporation of the

solution did not occur during the entire experiment. The formed GUVs were observed by
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phase contrast microscopy (Olympus BX50 Japan) and fluorescence microscopy (Olympus
IX71, Japan). The images were recorded on a hard disc drive at 30 frames/s. GUVs were
prepared by unsaturated lipid DOPC, saturated lipid DPPC, and Chol to form homogeneous

membrane.

3.2.4 Measurements of membrane fluidity:

For the analysis of membrane fluidity laurdan fluorescent dye has been used as a probe to
measure the ordered state of membrane molecules. Laurdan detects changes in membrane
fluidity caused by the interaction of determinate surroundings and water molecules by
calculating the generalized polarization i,e., GP value Generalized polarization values vary

from 1 (no solvent effect) to -1 (complete exposure to bulk water) .

3.2.5 Differential Scanning Calorimetry (DSC) Measurements:

Thermal behavior of lipids in the presence of d- and I-menthol was studied by DSC. Samples
containing d- and -1 menthol were prepared in glass vials. All samples were scanned over two
cycles from 20 to 60 °C for minimum error using Mettler DSC with a scanning rate of 5

°C/min. A quantity of around 10-15 pL of samples were used for DSC measurements.

3.3 Results and discussion

3.31 Effect of d- and I-menthol on membrane fluctuation

Previous studies have shown that liposomes made with unsaturated lipid DOPC can
observe how dynamics and morphology of spherical shape liposome changes when the
temperature is elevated.?! This is due to the fact that the vibration of the molecules
constituting the membrane is intensified by the temperature rise and the area occupied by
each molecule increases, so that the surface area with respect to the volume of the entire

membrane, that is, "membrane fluctuation” is considered to destabilize membrane. | advance
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my study further to investigate the effect of d- and I-menthol on membrane dynamics and
change in the morphology. Thermo-responsiveness characteristic of DOPC only and
DOPC/Chol membrane system as a control in the absence and presence of d- and I-menthol
was investigated. On increase of temperature from RT (20.0 °C) to higher temperature, lead
vesicles to start fluctuate. Direct real-time observation of membrane dynamics revealed that
the d- and I-menthol-containing membranes were more thermo-responsive than control lipid
vesicles (Fig 3.1 and 3.2). Interestingly, among d- and I-menthol, d-menthol show higher
thermo-responsiveness, meaning that d-menthol makes membrane more sensitive to the

temperature change.
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Figure 3.1 Effect of d- and I-menthol on DOPC lipid vesicles. Percentage of lipid vesicles,
which started fluctuating at a given level of temperature raise. The vesicles containing d-
menthol (dashed gray), I-menthol (gray) at 10 % molar concentration and control DOPC
system (black). (n=30).
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Table 3.1 Temperature change values at which membrane start fluctuating

DOPC DOPC/d-men
AT;(°C) 6 1.1 3.6

The graph shows the ratio of liposome fluctuated by temperature when given
temperature change and ATs shown in the table 3.1 shows the temperature necessary for half
of the observed samples to start fluctuate. Liposomes containing d- and I-menthol can be seen
to oscillate at a lower temperature, compared to the control ones.

In addition, | observed the state of fluctuation of the membrane composed of DOPC and
cholesterol (Fig 3.2). Liposomes containing cholesterol composition showed slightly lower
temperature responsiveness than DOPC single composition. When adding the d- and I-
menthol to the DOPC membrane containing cholesterol, it can be seen that the temperature
response of the membrane is lower as compared with the case where only d- and I-menthol
was added. It was also found that the effect of lowering the temperature responsiveness is
dependent on cholesterol interaction. There was significant difference between DOPC and
DOPC/Chol lipid vesicles, indicating that the presence of cholesterol at certain concentration
would responsible for the thermo-responsive nature of the d- and I-menthol containing
vesicles. It was stated previously in our lab, there are two parameters that caused enhanced
fluctuations in the membrane. This fluctuation can be caused either by (i) decrease in volume
(V) to area (A) ratio or (ii) a decrease of the bending modulus. It is believed that as cell-sized
liposomes are spherical in nature; therefore decrease in V/A ration likely the reason for
membrane fluctuation. Even small change in the temperature was sufficient to trigger

fluctuation in menthol-containing membrane.
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Figure 3.2 Effect of d- and I-menthol on DOPC/Chol lipid vesicles. Percentage of lipid
vesicles, which started fluctuating at a given level of temperature increase. The vesicles
containing d-menthol (dashed gray), I-menthol (gray) at 10 % molar concentration and
control DOPC/Chol system (black). (n=30).

Table 3.2 Temperature change values at which membrane start fluctuating.

DOPC/Chol DOPC/Chol/d-men
AT (°C) 79 2.1 1.6

| propose that the d- and I-menthol has different interaction sites in the lipid bilayer
which may cause change in morphology. I-Menthol relatively exhibit hydrophilic interaction
at the head group of DOPC, thus slight temperature lead to changes in lipid membrane order.
Whereas, d-menthol may interacted with acyl chain of DOPC causes more hindrance results

into high thermo-sensitiveness. The results of the thermal fluctuation experiment of the
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homogeneous membrane showed that cholesterol involvement suppresses the fluctuation of
DOPC membrane by d- and I-menthol molecule. From this it was suggested that cholesterol

inhibits the interaction with the DOPC membrane of the d- and I-menthol molecule

3.3.2 Influence of d- and I-menthol on fluidity change in homogeneous membrane

Further the change in the membrane fluidity was determined using laurdan fluorescent
probe.® These changes are attributed to the spectral shift and can be measure by generalized
polarization (GP)?>232425 yialue. This spectral shift is due to the dipolar relaxation of laurdan
and attributed to water molecules present in the bilayer. The GP value is defined as equation

1.

b 1440 — 1490 Eq. 1
T 1440 + 1490

Where la40 and lago are the respective emission intensities at 440 and 490 nm

| determined the threshold using the fluorescence intensity at both emission and
analyzed the influence of the d- and I-menthol on the membrane fluidity of the membrane
based on average GP value. The graph 3.3 and 3.4 is the average value of GP values
calculated based on the fluorescence intensity detected from the 10 Laurdan labeled
fluorescence liposomes. Figure 3.3(a) are the typical confocal microscopic images at both
emission and Fig 3.3(b) shows average GP values versus temperature change on membrane
fluidity in DOPC and DOPC/Chol system. The results of experiment in the DOPC membrane
as a control membrane should have liquid-disordered (Lg) state in temperature range under
transition temperature. According to results, GP value of DOPC membrane had suddenly
decreased when the temperature increases. On increasing temperature the mobility of DOPC
molecules increases thereby cause the membrane to be more fluidic. On the other hand,

fluidity of d- and I-menthol added membrane was significantly increased as their GP values
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becomes lower at higher temperature compared with control. d-Menthol made the membrane
relatively too fluidic in nature compare to I-menthol. Utmost | could argue that d-menthol

love to go into DOPC-rich Lq phase hence increases the fluidity.
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Figure 3.3 Effect of d- and I-menthol on membrane fluidity of homogeneous model
membranes. Typical confocal microscopy images of Laurdan emmision (a), GP values of
DOPC membranes (b), DOPC/Chol membranes (c). Black lines for DOPC, DOPC/Choal,
red and blue lines indicates d- and I-mentho containing membrane. Scale bar = 10 um.

The data was in good agreement to the fluctuation, where d-menthol was more temperature
sensitive and has higher degree membrane fluctuation. This indicates that presence of d- and
I-menthol destabilized membrane structure against heat, and made them easy to be melting by
increasing temperature.

Next, | performed fluidity measurement in the DPPC and DPPC containing d- and |-
menthol. Figure 3.4 shows average GP values versus temperature change on membrane

fluidity. This graph shows results of experiment in the DPPC membrane as a control. DPPC
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membrane should have solid-like ordered (So) state in temperature range under transition
temperature. According to results, GP value of DPPC membrane had suddenly decreased
when the temperature became 42 degree. Melting temperature of DPPC is about 41 degree,
so might have said that membrane fluidity of DPPC membrane was suddenly increased by
phase transition of membrane due to the temperature increase. On the other hand, fluidity of
d- and I-menthol added membrane was increased at higher temperature compared with
control. This phenomenon was similar to that observed in DOPC lipid, indicated that
presence of d- and I-menthol destabilized membrane structure against heat, and made them
easy to be melting by increasing temperature.

According to results of GP value, when d- and I-menthol are involved in DPPC or
DPPC/Chol membrane, their structures were fluidic. Therefore, at higher temperature, d- and
I-menthol added membrane was easily disordered than at a lower temperature at both
conditions of with and without cholesterol. d- and I-menthol goes evenly to the DPPC region
hence enhances the membrane fluidity in So phase. Moreover there is even distribution of d-
and I-menthol, without preference of interaction as hydrophilic and hydrophobic. d-Menthol
disturb the packing of acyl chain goes to the L4, while I-menthol cannot goes easily into acyl
chain hence S, phase intact. The thermal stability of both DPPC-rich solid-ordered (So) phase
and DPPC/Chol-rich liquid-ordered (Lo) phase were decreased in the presence of d- and I-
menthol. Moreover, d- and I-menthol enhanced the increase in the membrane fluidity in both

So and L, phase.

Membrane fluidity measurements in homogeneous membrane system composed of
DOPC, and DPPC containing d- and I-menthol in the absence and presence of cholesterol
was summarized. These membranes liquid-like (Lo) ordered state and liquid-disordered (Lq)
state, were affected when the temperature was changed. Also in this case, | observed that

transition temperature of membrane which containing d- and I-menthol decreased. So it can
57



EFFECT ON BIOPHYSICAL PROPERTIES OF HOMOGENEOUS MODEL MEMBRANE INDUCED BY d- and I-MENTHOL

be concluded that, d- and I-menthol can decrease transition temperature of DPPC rich

membrane by them self without involvement of Cholesterol.
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Figure 3.4 Effect of d- and I-menthol on membrane fluidity of homogeneous model
membranes. Typical confocal microscopy images of Laurdan emmision (a), GP values of
DPPC membranes (b), DPPC/Chol membranes (c). Black lines for DPPC, DPPC/Chol, red
and blue lines indicates result of d- and I-menthol containing membrane. Scale bar = 10

um.

3.3.3 DSC Measurements

Liposomes can exist in two different states depending on temperature, at low
temperature gel state (LP) and at high temperature liquid state (La).2® Gel state corresponds to
the more ordered state where lipids are held tightly with each other, while they tend to reduce
the ordering at higher temperature. Phospholipids have long chain fatty acids and have
specific phase transition temperature (Tm) with varying fatty acids composition between these

two states.?’” The change in the transition temperature could be due to either expansion of acyl
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chain in the hydrophobic region or head group interaction. As a consequence of which, gel to
liquid crystalline phase transition will greatly influence by the acyl chain interaction or head

group interaction.

To understand the concept of phase behavior change induced by d- and I-menthol,
thermal analysis has been taken into consideration. Membrane is believed to exert line
tension* due to mismatch of the area of lipid acyl chain L4 phase in the Lo phase. As a
consequences, membrane faced loss in its enthalpy or entropy. To overcome line tension
exerted, membrane retrieves the area of domain boundary. Thus, lipid domains tend to adopt
circular shapes and led to L, phase progression. These dynamic processes can be clarified by
adopting DSC thermogram measurements. The DSC thermogram measurements for DOPC,
DPPC, with and without cholesterol in the presence of d- and I-menthol are shown in Fig 3.5
and 3.6. On interaction with d- and I-menthol, shift of the peaks for the main transition
melting peak was observed. In the case of DOPC/Chol system there is a shift in Trm to higher
temperature range and increase in enthalpy value. Addition of d- and I-menthol to DOPC
bilayer shifted the main transition peak to a lower temperature. Similarly, in DOPC/Chol
system, on addition of both d- and I-menthol shifts the peak to higher temperature and also
broadens the peak. This phenomenon can be explained based on the interaction of d- and |-
menthol with DOPC and Chol. d-Menthol exhibits strong perturbing effect to DOPC and
Chol hydrophobic part, which supposed to be localized near double bond of lipid tail. Since
Chol is situated perpendicular to the plane of bilayer results into more hindrance at
hydrophobic region. The decrease in the transition temperature and broadening of the peak is
attributed by expansion of acyl chain. Similar trend was observed in the case of I-menthol
with different interaction site. | believed I-menthol have more of hydrophilic interaction with
the head group of DOPC and hydrophilic OH part of Chol. This hydrophilic interaction at the

surface of lipid will disturb the orderness i.e disordered phase; thereby decrease in the main
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transition temperature was observed. The data of DSC shows phenomenal change in DOPC
system with and without cholesterol. We could clearly examine that on addition of
cholesterol to the system the value of enthalpy (AH) decreased drastically. This indicates that
cholesterol buried in the bilayer which supposed to increase the mean square diameter,

implies that the cholesterol gets precipitate out near the T, of DOPC.
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Figure 3.5 Representative DSC thermographs of (a) DOPC, (b) DOPC/Chol vesicles
containing d- and I-menthol during heating at 5 °C min=?.

From the calculated data, we can predict the interaction of d- and I- menthol with the
bilayer. The DOPC system without cholesterol shows enthalpy due to the separation of the
hydrophobes and the polar entity into two separate phases. I-Menthol have large decrease in
value to the pure DOPC system, signifies the maximum separation from the hydrophobe i.e.
acyl chain. While d-menthol have enthalpy near to the DOPC system indicating the
interaction with hydrophobes too. Similarly, with DPPC bilayer also the effect of d- and I-

menthol was observed with and without Chol Fig 3.6.
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Figure 3.6 Representative DSC thermographs of (a) DPPC, (b) DPPC/Chol, (c) DOPC, (d)
DOPC/Chol vesicles containing d- and I-menthol during heating at 5 °C min.

The pre-transition peak is very sensitive to the change in the membrane by addition or
insertion of the additional molecules in bilayer.?® The pre-transition peak of DPPC bilayer
disappears on incorporation of cholesterol and d- and I-menthol. This indicates that some part
of the menthol has interacted with the polar head group of DPPC. Moreover, main transition
peak shifted to a lower temperature for both DPPC and DPPC/Chol in both d- and I-menthol
containing system. There was a slight decrease in T for d- and I-menthol containing DPPC
membrane. It implies the fact that both d- and I-menthol couldn’t disturb the tight packing of
DPPC membrane, hence Tm was not affected. Furthermore, incorporation of d- and I-menthol
lowered the main transition of DPPC/Chol membrane, thereby indicating the disordered state
of the acyl chain. Moreover, the insertion of the I-menthol between the polar heads of DPPC
molecule may favor the development of a liquid phase less ordered than the gel phase and

slightly decreases the gel-to-liquid phase transition temperature as observed by DSC. The
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results of pure DOPC and DPPC bilayer are in good agreement with the previous reported
data. The loss of enthalpy was relatively more significant in the DPPC/I-men which can be
supported by favorable interaction at head part of lipid and may exert line tension on the

domain boundary. The data of DSC thermogram is summarized in the table 3.3.

Table 3.3 Main transition peak and change in enthalpy values. DOPC, DPPC,
DOPC/Chol, and DPPC/Chol-containing d- and I-menthol liposomes.

Component T..(°C) AH(Kj/mol)
DOPC -16.93 33.16
DPPC 41.77 33.23
DOPC/dmen -17.73 27.94
DPPC/dmen 40.74 16.65
DOPC/Imen -17.57 23.02
DPPC/Imen 40.15 12.58

Component T..(°C) AH(Kj/mol)
DOPC/Chol -19.02 10.15
DPPC/Chol 41.24 30.12
DOPC/Chol/dmen -18.52 15.72
DPPC/Chol/dmen 37.13 3.99
DOPC/Chol/Imen -18.54 17.88
DPPC/Chol/Imen 36.24 3.03

3.4 Conclusion:

In conclusion, | have investigated the impact of d- and I-menthol on the physical properties of
the biomembranes. | have revealed that the presence of d- and I-menthol exhibits different
physicochemical properties on the membrane and have different interaction manner with the

lipids. Moreover, | have shown the preference of these two d- and |-menthol on the
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association with lipid bilayer at molecular level. d-Menthol was supposed to make membrane
more temperature sensitive, further consequences leads to its high fluidity nature. In contrast,
I-menthol compare to d-menthol, maintain the membrane ordering of the lipid. I could
observe these physical changes due to their difference in the interacting manner with the lipid.
d-Menthol might have inserted into the lipid bilayer of DOPC as the voids created by double
bonds facilitate this insertion. However, I-menthol has shown preference to saturated DPPC
lipid and moreover to the head part of lipid. The thermal stability of both DPPC-rich solid-
ordered (So) phase and DPPC/Chol-rich liquid-ordered (Lo) phase were decreased in the
presence of d- and I-menthol. Cholesterol plays an important role in modulating the effect of
d- and I-menthol on membrane. These findings are crucial to aid in understanding the effect
of the lipid composition and cholesterol level on the interaction of d- and |-menthol in

membrane respectively.
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CHAPTER 4 CHIRALITY-DEPENDENT
INTERACTION OF d- and -MENTHOL WITH MODEL
BIOMEMBRANES

Abstract: Chirality plays a vital role in biological membranes and has a significant effect
depending on type and arrangement of isomer. Menthol has two typical chiral forms, d- and I-
isomers adopting different behaviors. I-Menthol is known for its physiological effect on
sensitivity (i.e. cooling effect), whereas d-menthol has irritation effect. Menthol molecules
may affect not only the thermoreceptors on biomembranes but also the membrane itself.
Membrane heterogeneity (lipid rafts, phase separation) depends on the lipid packing and acyl
chain ordering. Our interest is to elaborate the chirality dependence of two isomer d- and I-
menthol on membrane heterogeneity. To scratch the masked physical differences between the
two isoforms of menthol on membrane heterogeneity, we worked on model membrane

incorporating microscopic observations.

Keywords: Lipid raft, Miscibility temperature, d- and I-menthol, Membrane fluidity, Phase-
separation
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4.1 Introduction

There are certain specialized microdomains enriched in saturated lipid, sphingolipid, and
cholesterol content, known as lipid raft.2>345678 These regions are rather packed tightly in
liquid ordered phase unlike those disordered phase present in bulk of the biological
membrane. Lipid rafts regarded as a platform for the regulation of various biological

processes involved in signal transduction and membrane trafficking.5®

Lipid rafts serve to localize some membrane proteins such as ion channel. The activity
of a channel is controlled by some specific molecules, and the changes of the activity by
molecular binding onto a channel causes generation of sensing e.g. warm, cold,!® and
anesthesia®l. Such an additive molecule may have effects not only on the channel but also on
lipid bilayer, thus alters membrane physical properties. Therefore, channel activity is also
being influenced through lipid membrane.? Motivated by this mechanism, some researchers
revealed the change in the physical property of lipid membranes by some specific sensing
molecules. The two important parameters: hydrophobic acyl chain ordering and hydrophilic
head group interaction could represent the sensing mechanism leading to channel activation.
Hence it becomes very important to perceive these structural changes of lipid on interaction

with such sensing molecules.

To investigate the membrane physical properties by external molecule, giant
Unilamellar vesicles (GUVs) have attracted considerable attention for the modeling of living
cells as they mimic the actual cell structures. GUVs with a diameter of micrometer size®® are
large enough to allow real-time observation by optical microscopy.’*® As the lipid
compositions of liposomes can be easily changed, liposomes are used to investigate effects of
lipid components considerably. Recently, heterogeneous distribution of membrane lipids was

suggested to form phase-separated membrane mimicking a raft model.*® In multicomponent
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systems, heterogeneous phase-separated structures can be easily seen as solid-ordered (So),

liquid-ordered (Lo) and liquid-disordered (Lq) domains, respectively.1’18

Almost all organisms can detect surrounding temperature by primary afferent sensory
neurons over a long range of temperature from noxious cold to noxious heat. There are two
ways to detect these temperatures either through TRP channels present in sensory neurons or
TRP channels in skin. TRP channels are not only activated by the temperature but also
respond to a variety of chemical agonist. One of the interesting chemicals of such channel
activated molecule is menthol, and it plays an important role in sensation pathways. Menthol
is a component which triggers the brain into sensing cold. Nerves are the one which carries
information in the form of electric currents and hence sense changes in temperature.
Transient receptor potential cation channel subfamily M member 8 (TRPMS8)*® is the protein
that senses the change in temperature and reveals the cooling sensitization of menthol.
Moreover, TRPM8 is also known as the cold and menthol receptor 1(CMR1) and is present in
humans encoded by the TRPM8 gene.?’ TRPMS ion channel upon activation allows the entry
of Na* and Ca?* to the cell that leads to depolarization and eventually generate an action
potential. Once the signal is received from sensory neurons (type C- and A-delta) the brain
registered in order to reflect the sense of cold and cold pain. Menthol shows dual behavior
depending on temperature and concentration: cooling sensations is induced at lower
concentration and room temperature, whereas at high temperatures (>37 °C), it induces the
sensation of burning/itching.?1?22324 | -menthol is a versatile compound and interacts with
many receptors like TRPM8%262728 transient receptor potential cation channel subfamily V
member 3 (TRPV3), transient receptor potential cation channel subfamily V member 1
(TRPV1), and transient receptor potential cation channel subfamily A member 1 (TRPA1).%
Kappa opioid receptors are also stimulated by I-menthol and enhance the voltage-temperature

dependent gate mechanism. It has been also believed that prolonged exposure of I-menthol
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will start showing desensitization to cold sensitive fibers similar to the capsaicin self-
desensitizing heat sensitive TRPV1.%2 It was also reported that C-terminus of TRPM8
channel contains structural elements which are important in temperature-dependent gating.
However, the mechanism behind those temperature-dependent changes is still controversial at

the molecular level.

In this diverse world, to understand the importance of chirality becomes a challenging
issue. Biological molecules are often chiral such as DNA, proteins, carbohydrates, lipids,
steroids, etc. Menthol also has chirality. There are several enantiomers of menthol, and the
typical enantiomers are (1S, 2R, 5S)-2-isopropyl-5-methylcyclohexanol (d-menthol) and (1R,
2S, 5R)-2-isopropyl-5-methylcyclohexanol (I-menthol). I-Menthol which is the main form
found in nature is widely used in toothpaste, chewing gum, cigarettes®®3° and so on.3?? |-
Menthol may bind onto TRPM8 and only causes well known desired cooling sensation. On
the other hand, d-menthol not only does not exist in nature but also does not induce cooling
sensation. In this way, although there is a significant difference between d- and I-menthol in
channel activity, the interaction between lipid membrane and d- and I-menthol are not well
understood. To understand the mechanism behind the activity of this d- and I-menthol, the
first step is to elucidate their part of interaction with membranes and where they get located

into the membranes.

Even in model membranes, phase separation structures similar to cell membranes can be
created by mixing unsaturated lipids, saturated lipids, and cholesterol in various ratios.
Uniform membrane liposome like fluid mosaic model®?, the liquid-liquid phase separation
membrane considered as a raft model, further model phase membrane system has another
phase separation structure, which is a solid-liquid phase separation membrane which occurs

when cholesterol concentration is lowered. The characteristic of each phase state consists of a
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soft liquid disordered phase (L4 phase) formed from unsaturated lipid, a liquid ordered phase
(Lo phase) composed of saturated lipid and cholesterol, saturated lipid.®® There is no solid
order phase (So phase). Traditionally, rafts have been considered DRM fractions and L, / Lqg
phase separation membranes. However, the DRM fraction cannot distinguish between the Lo
phase and the S, phase, and it is possible that the S, phase may exist in the cell. Hence, 1 used
GUVs composed of unsaturated lipid (DOPC), saturated lipid (DPPC) and Cholesterol to the

study the phase-separated structure in the biomembrane.®

4.2 Experimental Procedures:

4.2.1 Materials:
Lipids 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) and Cholesterol (Chol) were purchased from Avanti Polar Lipids
(Alabaster, USA). (1S, 2R, 5S)-2-isopropyl-5-methylcyclohexanol (d-menthol), (1R, 2S, 5R)-
2-isopropyl-5-methylcyclohexanol  (I-menthol) were purchased from Wako Japan.
Fluorescent dyes, N-(rhodamine red-X)-1, 2-dihexadecanoyl-sn-glycero-3
phosphoethanolamine triethylammonium salt (rhodamine DHPE) (hex= 560 nm, Aem= 580
nm) obtained from Thermo Fisher Scientific (USA) and 6-Dodecanoyl-2-
Dimethylaminonaphthalene (laurdan) was obtained from Funakoshi (Japan). Chloroform and
methanol were from Kanto-Chemical (Japan) and Nacalai Tesque (Japan), respectively.
Ultrapure water (specific resistance > 18 MQ) was obtained from a Millipore Milli-Q

purification system.

4.2.2 Preparation of Liposomes:

Lipid vesicles were prepared by the natural swelling method.®* Lipids, Chol, menthol, and

fluorescent probe were dissolved in a 2:1 vol/vol (chloroform/methanol) solution, making the
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concentration 2 mM for lipids, Chol and menthol and 0.1 mM for a fluorescent probe. Lipids,
Chol, and menthol were mixed at desired concentration to be final volume 20 pL. 2 pL of
rhodamine-DHPE was further added to the lipid mixture. The organic solvent was evaporated
under a flow of nitrogen gas and the lipids were further dried in a vacuum desiccator for 3h.
The film was hydrated with Milli-Q water at 37 °C for an hour and was kept overnight at
room temperature 21.7 = 1.7 °C. The final lipid concentration was 0.2 mM and rhodamine-
DHPE concentration was 1 uM. The prepared lipid compositions for microscopic observation
were DOPC/DPPC/Chol = 50:50:0, 40:40:20, and 35:35:30 as control systems without
menthol. When we add 10 mol% menthol to lipid compositions, we fixed DOPC:DPPC/Chol
=1:1:0, 2:2:1, and 7:7:6, that is DOPC/DPPC/Chol/d- or I-menthol = 45:45:0:10, 36:36:18:10,

and 31.5:31.5:27:10.

4.2.3 Microscopy Observations:

5 pL of the lipid vesicle solution was placed in a silicon well (0.2 mm) on a glass slide, and
cover with cover slip. The silicon well and the coverslip ensured that evaporation of the
solution did not occur during the entire experiment. The formed GUVs were observed by
fluorescence microscopy (Olympus 1X71, Japan) at room temperature 22.8 + 2 °C. The
images were recorded on a hard disc drive at 30 frames/s. GUVs were prepared by
unsaturated lipid DOPC, saturated lipid DPPC, and Chol to form two phase membranes with
lateral heterogeneity. In order to observe the heterogeneous structure, fluorescent probe

Rhodamine-DHPE which is included in DOPC-rich region was used.

4.2.4 Membrane fluidity Measurements:

The fluidity of the membrane was measured by using laurdan as a fluorescent probe.

Generalized polarization (GP) value was estimated by the equation

b 1440 — 1490
1440 + 1490
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where la40 and lago are the two emission intensities to detect the shift in the maxima of laurdan.

4.2.5 Miscibility Temperature Measurements:

We counted 55 liposomes for each composition in each temperature between 18 °C and 40 °C
for the systems without Chol and between 18 °C and 32 °C for the systems with Chol using
thermos-controller, and plotted the fraction of phase-separated liposomes. We calculated
miscibility temperature (Tm) for the lipid membranes using the obtained experimental plots.
The miscibility temperature is defined as the temperature at which the fraction of phase-
separated liposome reaches 50 %. To obtain the miscibility temperature, the experimental

results were fitted with the sigmoidal Boltzmann function,

1
~ 1+ exp[(T — Ty)/dt]’

14 - (1)

where p is the fraction of phase-separated liposomes, T is the temperature, Tm is the

miscibility temperature, and dt is the slope of the sigmoidal curve.”

4.3 Results and discussion

4.3.1 Effect of d- and I-menthol on membrane fluidity on heterogeneous membrane

Lipids are regarded as an important modulator of many ion channel activity. Lipids can
have direct influence as a channel gating modulator or can alter the properties of channel
activity by estimating biophysical properties of the membrane-like membrane fluidity.
Membrane fluidity greatly depends on the lipid composition and cholesterol content. It is
worthwhile to find how d- and I-menthol induces a change in the membrane fluidity, thus
alter the lipid order. Laurdan, a fluorescent probe is used extensively to study membrane

fluidity in the model membrane. 3538
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The probe is sensitive to the water molecules and alters the lipid ordering in the bilayer.
Generalized polarization (GP) value tells the order state of the lipid and shows membrane
fluidity. The more high GP value, less fluidic will be the membrane, ordered state. On the

contrary, low GP value indicates the disordered state of lipid, making membrane more fluid.

In order to evaluate the effect of d- and I-menthol on membrane fluidity, | choose three
different membranes DOPC/DPPC (50/50) and DOPC/DPPC/Chol (40/40/20) and
DOPC/DPPC/Chol (35/35/30) labeled with laurdan dye. Liposomes were observed at three
excitation wavelengths, including 405 nm, 488 nm, and 545 nm (Rhodamine-DHPE
emission). Laurdan GP value was defined as GP = (l440-1490)/ (la40+1490). The temperature was
kept constant at 22.4 °C during observation. Figure 4.1(a) show the microscopic images of

So/Lg¢ domain formation at room temperature in DOPC/DPPC system.

The distribution of GP values measured in So/Ls membrane system was depicted in Fig
4.1(b). The GP value of S, phase was not affected by both d- and I-menthol addition, whereas
GP value of Lqg phase in the case of d-menthol, was slightly decreased. This suggested that d-
menthol could localize in DOPC-rich Lq phase thereby makes it more fluidic. However, no
such change in the GP value of S, and L4 phase was observed for I-menthol containing
vesicles. | propose that as both DOPC and DPPC have same phosphatidylcholine head group
I-menthol may interact with each in a similar manner. Some of the DOPC molecules are in
gel phase and DPPC molecules in the liquid phase in the binary mixture. d-Menthol has
preferential for unsaturated DOPC lipid over saturated DPPC lipid. The fluidity of DPPC-
rich So phase is low due to the strong packing between DPPC molecules. There is an
exclusion of DOPC molecules from S, phase, similarly DPPC from Lg phase, therefore

overall So domain becomes rigid.
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Figure 4.1 Effect of d- and I-menthol on membrane fluidity of So/L4 heterogeneous model
membranes. Typical confocal microscopy images of Laurdan emission (a), GP values of
So/Lq4 phase-separated membranes. Red and black region indicates Lq and S, domains.
Scale bar = 10 um.

In the case of Lo/Lq System, Lq phase has higher GP value on an increase in cholesterol
concentration, refers to the more ordered state. On the other hand, L, phase becomes more
disordered upon an increase in cholesterol concentration, as the GP value becomes lower.

This is consistent with the previous reports of cholesterol on the membrane fluidity.

I found that the phase-separated structure so called formed on the surface of the

liposome membrane composed of the three components of unsaturated phospholipid DOPC,
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saturated phospholipid DPPC, cholesterol in ternary system lowers due to interaction with the
d- and I-menthol, i.e, it became unstable. At the same time, it was revealed that d- and I-
menthol lowered the fluidity of non-raft region rich in DOPC. In d-menthol containing lipid,
GP values of Ly phase were higher than that of control, while L, phase remains unchanged as

shown in Fig 4.2.
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Rho-DHPE Laurdan 519 nm
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Figure 4.2 Effect of d- and I-menthol on membrane fluidity of Lo/L4 heterogeneous model
membranes at Cholesterol 20 %. Typical confocal microscopy images of Laurdan emission
(a), GP values of Lo/Lq4 phase-separated membranes. Red and black region indicates Lq and
Lo domains. Scale bar = 10 um.
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This indicated that d-menthol mainly affect Lq phase rendering it fluid in nature and d-
men did not influence the fluidity of L, phase. This could be explained base on the
preferential interaction and orientation with lipid. As d-menthol tends to interact in the
DOPC-rich Lg phase and possibly occupied the hydrophobic region of the lipid, has the
capability to reduce the mobility of the tails and packing. Thus, membrane loses its fluidity
by the addition of d-menthol. So I concluded that presence of d-menthol made loses fluidity
of Lq phase, and this effect made fluidity gaps between Lq non domain region and L, domain
region sufficiently smaller. That is the reason why the addition of d-menthol destabilized
phase-separated structures. On the other hand, I-menthol though lowered the GP value of L,
domain making the DPPC slightly fluidized which could be due to the favorable interaction

among the head group of lipid and I-menthol.

Lastly, I checked how cholesterol concentration is able to alter the physical property in
the biomembrane, so membrane fluidity at higher cholesterol concentration 30 % was
investigated. Figure 4.3 shows GP values in ternary mixture DOPC/DPPC/Chol (35/35/30) in
the presence of d- and I-menthol. It was observed that L, phase become more disordered in
the case of I-menthol upon an increase in cholesterol concentration, as the GP value becomes
lower. This implies I-menthol lose the fluidity of Lo domain, thereby destabilized the phase-
separated structure. In this case amount of cholesterol molecules are very high, hence the
there will be more hindrance at the surface caused by the interaction among I-menthol, head
group of both DOPC and DPPC and cholesterol. This leads to a crowded environment at the
surface, thus destabilized phase structure. On the other hand, since d-menthol localized into
DOPC-rich Lqregion, the L, phase remains unaltered whereas a slight decrease in GP value

of Lq phase was observed.
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Figure 4.3 Effect of d- and I-menthol on membrane fluidity of Lo/L4 heterogeneous model
membranes at Cholesterol 30 %. Typical confocal microscopy images of Laurdan emission
(a), GP values of Lo/Lq4 phase-separated membranes. Red and black region indicates L4 and
Lo domains. Scale bar = 10 um.
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The fluidity measurements were summarized in table 4.1. The detail discussion will be
agrued in the next section. In contrast, d-menthol stabilized the phase-separated structure at
cholesterol 30 %, as GP value of L, domain remains unaffected. Due to a higher affinity of
cholesterol to d-menthol, some of the cholesterol molecules makes to DOPC-rich Lg phase,

making DPPC-rich Lo-phase more stable and ordered.

Table 4.1 Correlation of d- and I-menthol localization in heterogeneous membrane phases
and membrane fluidity upon the effect of cholesterol concentration.

Chol = 0% Chol = 20% Chol = 30%
Membrane
systems Phases
Fluidity d- I- Fluidity d- I- Fluidity d-
So Low No Low x x Low x
change
So/Ld
Ld High Increase | decrease High X X High x
No Increase No Increase
Lo Low X X Low change Low change
Lo/Ld
. . . N
Ld High x x High decrease | decrease High ° decrease
change

4.3.2 Effect of cholesterol concentration on membrane heterogeneity

First, | observed phase separation in lipid membranes containing d- and I-menthol at
room temperature. Figure 4.4 shows the typical fluorescence microscopic images of different
types of phase-separated membrane. The typical microscopic image is shown in Fig 4.4(a);
DPPC-rich stripe like (So) domains (dark region) is surrounded by DOPC-rich Lq phase
(bright region) was formed in the binary system. Circular shapes L, domains enriched with
DPPC and Chol (dark region) surrounded by L4 phase (bright region), as shown in Fig 4.4(b),

were mainly formed in the ternary system.
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Figure 4.4 Typical fluorescence microscopic images of So, domain (a) Lo domain (b), no
domain (c). Scale bar = 10 gm.
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Figure 4.5 Fraction of phase-separated structures in DOPC/DPPC/Chol/menthol systems
at room temperature. We fixed DOPC:DPPC:Chol = 1:1:0 in (a), 2:2:1 in (b), and 7:7:6 in
(c). The mole fraction of menthol is 10 %. White, black, and grey bars indicate no domain
(homogeneous phase), So domain formation, and L, domain formation, respectively.
Number of liposomes counted = 55.
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Next, | observed the phase separation of lipid mixtures at room temperature. In the binary
system consisting of unsaturated lipid DOPC and saturated lipid DPPC without Chol, So

domain is formed predominantly, as shown in Fig 4.5(a).

There was no clear difference in the phase behavior by adding d- and I-menthol to this
binary system as shown in Fig 4.5(a). Similarly, phase separation in DOPC/DPPC/Chol
ternary lipid mixture was observed. Also, there was no significant difference between the
system without menthol and the d- and I-menthol containing systems. At Chol = 30%
DOPC/DPPC/Chol = 35/35/30 system, | found significant effects by d- and I-menthol on
phase behavior in Fig 4.5(c). The phase-separated structure was stabilized by d-menthol,

whereas I-menthol significantly suppresses the phase separation.

In order to understand the effects of d- and I-menthol on the phase separation more
clearly, the miscibility temperature was observed over the temperature range from 18 °C to 38
°C using a thermo controller. The miscibility temperature Tm is defined as the temperature at
which the fraction of heterogeneous GUVs becomes 50 % as mentioned in Materials and
Methods. Figure 4.6(a) shows fractions of liposomes which formed phase-separated
structures on DOPC/DPPC liposomes in each temperature range. The black filled square and
a solid line show the result of control systems, and others red and blue are for d- and I-
menthol containing liposomes, respectively. Symbols (square, circle, and triangle) denote the
experimental data, and lines are obtained from Eq. (2) to fit the experimental results. In the
case of DOPC/DPPC binary system and DOPC/DPPC/Chol ternary system at Chol 20 %,
phase-separated structures were not strongly affected by the addition of d- and I-menthol
molecules as shown in Fig 4.6(a) and (b). These results are essentially consistent with the

phase behavior at room temperature, as shown in Fig 4.5(a) and (b).
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At Chol = 30 %, however, | could observe the clear and significant phase behavior
differences induced by d- and I-menthol, as shown in Fig 4.6(c) and (d). Notably, d-menthol
stabilized phase separation, whereas |-menthol dramatically lowers the fraction of phase
separation. The same tendency is also seen in Figure 4.5(c). In Fig. 4.6(d), we showed the

change of the miscibility temperature as a function of Chol concentration.
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Figure 4.6 Miscibility temperature measurement for DOPC/DPPC/Chol/menthol systems.
We fixed DOPC:DPPC:Chol =1:1:0in (a), 2:2:1 in (b), and 7:7:6 in (c). The mole fraction
of menthol is 10 %. Black lines and black squares indicate DOPC/DPPC/Chol without
menthol. Red lines with red circles and blue lines with blue triangles are
DOPC/DPPC/Chol with d-menthol and I-menthol, respectively. (d) Change in the
miscibility temperature as a function of Chol concentration in lipids defined as
[Chol]/([DOPC]+[DPPC]+[Chol]) %.

82

30



CHIRALITY-DEPENDENT INTERACTION OF d- and I-MENTHOL WITH MODEL BIOMEMBRANES

I could see the clear trend that the miscibility temperature is higher for d-menthol and
that is lower for I-menthol at Chol = 30 %. During microscopic observation, the
transformation from homogeneous to L¢ domains surrounded by L, phase (reverse domains)
in I-menthol-containing membranes at Chol = 30 % occurs just after excitation light
irradiation. This result implies that the homogeneous phase may be a metastable phase.
However, we ignore such a transformation, since artifact including lipid oxidation by light

irradiation should be eliminated.

In the case where Chol concentration is 0 %, the addition of d-/I-menthol does not affect
the phase behavior. NMR measurement revealed that the main interaction site between d-
menthol and lipid is hydrophobic, however, I-menthol may situate at the interface of a polar
head group of PC and hydrophobic part (data not shown). I-Menthol is believed to have
corporative interaction among PC (C=0), cholesterol (OH) influenced by temperature. This
temperature sensitive interaction at the interface may lead to a change in the channel activity,
thus may involve in the cold/burning sense induced by I-menthol. d-Menthol is localized in
the DOPC-rich Lqg phase because d-menthol could not be included in tightly packed DPPC-
rich So phase. Therefore, d-menthol does not affect the So domain formation. On the other
hand, I-menthol mainly interacts with the hydrophilic part (phosphocholine: PC), I-menthol
may interact with DOPC and DPPC in the same manner. Since the number density of lipid
molecules in Lo phase is larger than that in the Lq phase, I-menthol prefers to be localized in
Lo phase. As a result, hydrophilic region of the L, phase becomes crowded and the steric

repulsion may arise.

However, since the attraction between DPPC molecules is strong enough, the addition of

I-menthol does not disturb the domain formation in DOPC/DPPC mixtures (depicted in Fig

4.7(a), (b)).
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This tendency is almost same as the case of DOPC/DPPC/Chol mixture at Chol = 20 %.
At Chol = 30 %, however, d-menthol stabilizes the L, domain formation. We image that there
IS a competitive nature between d-menthol and Chol as both localized in the hydrophobic
environment. As mentioned above, d-menthol may partition into L4 phase mainly. Some Chol
molecules in the Lo, phase migrate to the Lq phase due to the attraction between d-menthol
and Chol. As a result, the amount of Chol in the L, phase is decreased, stabilizing Lo, domains,
because the homogeneous phase exhibits at higher Chol concentration (e.g.
DOPC/DPPC/Chol (35/35/30)) (figure 4.6(c)). Because both d-menthol and Chol exist in the
hydrophobic region, the direct attraction between d-menthol and Chol may be present. On the
other hand, the phase separation was strongly suppressed by the addition of I-menthol in
DOPC/DPPC/Chol at Chol = 30 %. As stated above, I-menthol may be localized in the
densely packed DPPC-rich L, phase due to hydrophilic interaction. Since Chol concentration
is high enough (Chol = 30 %), the lipid packing in the Lo phase is relatively weak compared
with the case of Chol = 20 %. In addition, I-menthol may partition largely into the L, phase
including the large amount of Chol due to hydrophilic interaction among PC, the hydroxy
group of Chol and I-menthol. Therefore, the steric repulsion in the crowded hydrophilic
region by I-menthol disturbs L, domain formation significantly. Figure 4.7 show schematic
illustration depicting mechanism of localization preference exhibited by d- and I-menthol in

three different systems.

These findings can be explained by considering the change in the lipid bilayer physical
state near the phase transition. From the results obtained | proposed a model showing a
possible interaction of d-/I-menthol with lipid bilayer which could affect the cold sensing
properties of TRPM8. We also believe that TRP channels can sense the temperature-

dependent changes in the lipid bilayer.
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Figure 4.7 Schematic illustration showing mechanism of interaction (upper panel) and
localization preference exhibited by d- and I-menthol in three different systems. (a)
DOPC/DPPC (So/Ld membrane), (b) DOPC/DPPC/Chol (Lo/Ls membrane at Chol = 20 %),
and (c) DOPC/DPPC/Chol (Lo/Ls membrane at Chol = 30 %).

(c)
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Briefly, rise in the temperature and cholesterol concentration could alter the lipid

packing, indeed leads to change in membrane protein function such as involved in the
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function of the channel. It is interesting to speculate that since I-menthol have shown
hydrophilic interaction predicted by *C-NMR at g2 and C1(C=0) position of lipid, this
interaction could be influenced by temperature. Previous studies® supports our data obtained
from 3C-NMR about the hydrogen bond between ester group of PC (C=0) and the hydroxyl
group of Chol. At a lower temperature, Chol movement is restricted in the bilayer; thereby
stabilized the membrane structure that corresponds to cold sensitization at cold temperature.
The phase behaviour data demonstrated at lower Chol concentration, I-menthol displays
strong hydrophilic interaction stabilizing the head group interaction which could relate to
cooling phenomena even at low temperature. On increasing temperature as well as
cholesterol concentration the same interaction now becomes more hindered and mobile to
cause head group expansion, thus destabilized the lipid structure. On the other hand d-
menthol exhibit hydrophobic interaction localized in the hydrophobic region with Chol
causing strong hindrance, disturbing the packing i.e., destabilized the membrane. It was
reported that some of the TRP channels are sensitive to the cholesterol content and is
important in channel functioning. I strongly believed that the hydrophilic interaction around
g2 and C1 (C=0) position of lipid plays an important role in modulation of TRPM8 channel
activity. Some amino acid residue of TRPM8 channel may involve to those temperature
sensitive interactions at hydrophilic surface incriminate in the cold sense by I-menthol.
Furthermore, these dynamic changes in the membrane properties enable to picture the related
mechanism behind the cooling sensation. These experiments persuade further attention to the

regulation of membrane protein channel activity by the lipid environment.

4.3.3 Distribution of menthol within the lipid bilayer: Concentration effect of menthol

The activity and distribution of menthol in the bilayer is still controversial and many on-

going types of research gave different sight of its interaction with the bilayer. Menthol is a
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monocyclic monoterpenoid organic compound, used as a flavoring agent and to relief minor
aches. It has been reported that menthol cooling property is concentration dependent manner,
and its effect varies significantly upon a change in the concentration. Previous reports reflect
cooling sensitization of I-menthol at low concentration and also lower temperature will
enhance cooling sensation. To the same context, higher concentration/ prolonged exposure of
I-menthol exerts pain/burning sensation.?! It has been also believed that menthol act as a
penetration enhancer and has been widely used in medication. Menthol shows high efficiency
as penetration enhancer. Taking this fact into consideration, an interaction of menthol with
the lipid bilayer was evaluated. The two important factor concentration and temperature
effect were focused in order to unveil molecular interaction. Thus, | worked on different
concentration (2.5, 5, 10, 15, and 30 %) of menthol, and investigate the effect of d- and I-
menthol on miscibility temperature of phase-separated membrane. In Fig 4.8, miscibility
temperature was measured when 50 % of the phase-separated membrane was formed. The
measurement was made from temperature range 22 to 32 °C at different concentration of d-
and I-menthol. There is no significant difference was observed in both d- and I-menthol at a

lower concentration 2.5 %.

However, d-menthol still destabilized the phase separation at 2.5 and 5 % compare to I-
menthol. On increasing concentration further 10 % and 15 %, a similar trend was seen
between d- and I|-menthol as in the lower concentration. Interestingly at very high
concentration 30 %, I-menthol showed dramatically destabilized phase-separated structure,
meaning that lipid will be highly disordered. This model at menthol 30 % corresponds to the

case similar what | observed in Chol 30 %.
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Figure 4.8 Miscibility temperature measurement for DOPC/DPPC/Chol/menthol systems
at menthol = 2.5 % in (a), 5 % in (b), 10 % in (c), 15 % in (d), and 30 % in (e). Black lines
and black Squares indicate DOPC/DPPC/Chol without menthol. Red lines with red circles
and blue lines with blue triangles are DOPC/DPPC/Chol with d-menthol and I-menthol,
respectively.

Previous reports provide information that at each and every concentration, menthol can

penetrate into the lipid bilayer.®” As discussed above that d-menthol prefer to localize in the
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DOPC-rich Lq4 phase, and tends to destabilized the phase-separated membrane, | could
observe a slight decrease in the miscibility temperature at a lower temperature. On the other
hand, I-menthol has a preferential liking to both head group of the lipid and might distribute

between two different lipid hydrophilic parts.

As a result packing among the two neighboring lipids remains unaffected by the addition
of I-menthol. In the introduction part, it was clearly sighted the behavior of menthol is
concentration dependent. At higher concentration (~30 % and above), I-menthol disturbed the
bilayer property and renders pain effect to the body. | believed that at higher concentration,
because of a significant number of menthol molecules, the interaction between the lipid head
group becomes more significant, leads to loosening of lipid head. The expansion of lipid head
group, in turn, increases the flexibility of the overall membrane. Hence, I-menthol can able to

penetrate within the bilayer, responsible for the disorderness of the bilayer.

4.4 Conclusion

I successfully investigated the chirality-dependent interaction of these two isoforms d-
and l-menthol on the stability of membrane heterogeneity. The phase behavior in
DOPC/DPPC/Chol system at different cholesterol concentration was studied thoroughly in
the presence of d- and I-menthol. All the findings give a strong evidence to prove the core
importance of Chol in the biomembrane. Furthermore, different concentrations of d- and I-
menthol strongly alter the phase behavior and membrane integrity. I-Menthol is likely
stabilized the raft like structure at membrane cholesterol concentration, which can be related
to a model for cooling sensitization. However, high cholesterol and menthol concentration
may represent the model for pain sensation as it could incur the perturbation in the lipid
bilayer. These findings may aid future to understand of the cooling phenomenon caused by

menthol and cold compounds more precisely.
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CHAPTER 5 EFFECT OF MENTHOL ON RAFT
STABILIZATION IN BIOLOGICAL MEMBRANES

Abstract: From the nature insight raft selectively localizes receptor proteins and the like,
three-dimensional membrane structure change such as two-dimensional membrane structure
change (clustering of rafts) to raft-mediated signal transduction and vesicular transport, It is
believed to play an important role through membrane dynamics in response to stimuli such as
endocytosis. Understanding the adsorption mechanism of substances on the cell membrane
surface and understanding membrane dynamics responding by adsorption not only leads to
elucidation and understanding of mechanisms of pathogenesis such as diseases but also to the
design of substances such as drug discovery, becomes very important. Here, the effect of d-
and I-menthol on raft stabilization was discussed. With the understanding gained from
biomembrane model system, | further extend my study on the effect of d- and I-menthol on
association and stabilization with raft using HEK293 cells.

Keywords: Raft, menthol, Cooling sensation, Cholesterol, F-actin, Intracellular Ca®*, Cell

viability
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5.1 Introduction

The cell membrane is one where intercellular matrix and the external materials come
into contact. In addition to separating the living body from the outside,® the membrane
changes the structure dynamically and helps to take in and out of the substances. Specifically,
it delivers a crucial role in the life process by dynamic membrane deformation such as
phagocytosis, pinocytosis, endocytosis involving receptors, and so on.?3 In recent years many
studies emphasize the role of membrane dynamics and its involvement in signal transduction.
The fluid mosaic model suggested that protein molecules are floating in the lipid bilayer and
are associated dynamically.*®> The molecules bound to receptors on the cell membrane
through endocytosis process including a wide variety of cell functions. However, it is
noteworthy to pay attention to those physicochemical changes that are governed by
“raft.”®"®9 In the endocytosis, invagination of the cell membrane occurs while forming a
bag-like structure that is separated from the cell membrane to form vesicles. This vesicle
plays a role in delivering encapsulated molecules to various places in the cell. In addition,
endocytosis plays a very important role as a biological defense mechanism, and one of them
is neutrophil. There is a mechanism to eliminate pathogens such as bacteria and
microorganism invaded into the cell by the process known as phagocytosis. In recent years,
lipid raft evolved as a platform for many cellular processes and as a mediator in signal
transduction.® Therefore, it was suggested that lipid raft via endocytosis is used for such virus
invasion. In general, activation of the protein receptors present in the cell upon binding with
target molecules generates signals, which in turn generate intracellular signaling. The
intracellular signaling molecule evokes the activation of the pore thus transferred from one
molecule to other signaling molecules. As a result, cell gives a response to various cellular
functions like cell death, growth, differentiation. Research on intracellular signal transduction

has been actively carried out and many of the transmission pathways have been elucidated.
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However, there are few kinds of research focusing on membrane dynamics involved in the
initiation of the signal transduction.

Menthol an organic compound derived from peppermint is believed to exert cooling
sensitization dependent on the concentration used.'®!! It has also shown to activate cold
TRPM82131415 jon channel and modulate voltage-gated ion channel. Due to its ability to
exhibit chirality, some studies revealed that menthol somehow acts stereoselectively in some
systems. Hall et al showed the stereoselectivity of I-menthol on GABAA currents compared to
d-menthol.!® But the similar effect was not observed in the case of where menthol did not
show stereospecificity in the modulation of glycine receptors. On the other hand, Abrar et al
was not able to detect a stereo-selectivity of menthol actions on the a7-nACh receptor.t’
Several debates are going on the action of menthol on the membrane and their specificity
depending on concentration is still remaining debate. Although Meckemy et al described
menthol sensation exhibited by mammalian primary neurons to TRPM8 at a molecular
level,!® but a detailed mechanism is under discussion. Yuji et al found that lower
concentration of menthol able to cause TRPAL channel activation, whereas higher
concentration leads to a reversible channel blocking.!® Macpherson demonstrated, even at 1
mM menthol concentration is enough to inhibit the cold or pungent activated TRPV1, leading
to fast inhibition of outward and inward currents.?

Since TRPM8 channel is localized in Chol-rich specialized membrane domains called
“raft”. TRP channels might sense temperature-mediated changes in lipid rafts that facilitate
the assembly of intracellular signaling cascade.?>?2 Also, TRP channel activity may sensitive
to the membrane cholesterol content. The change in the lipid membrane environment
modulates the properties of TRPM8 channel and may suggest a role of lipid raft in cold
transduction. By understanding the role of the raft and its importance in the signaling

pathways, | further pursue to elaborate the study on raft structure. In this chapter |1 worked on
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biological membrane specifically employing HEK293 cells to elucidate temperature effect on
the raft stabilization induced by d- and I-menthol paves a clear difference in the association of

menthol (d- and I-) with HEK293 cell membrane.

5.2 Experimental Procedures:

5.2.1 Materials:
Human embryonic kidney 293 cell (HEK293) was purchased from ATCC cell bank

(Japan). Water-soluble cholesterol, methyl-p-cyclodextrin (MBCD), bovine serum albumin
(BSA), and trypan blue were obtained from Sigma-Aldrich (USA). Dulbecco’s modified
eagle medium (DMEM), fetal bovine serum (FBS), Pluronic F-127, Fluo-3 AM, Alexa Fluor
488 conjugated cholera toxin subunit B (CT-B) (Aex = 560 nm, Aem = 580 nm), Alexa Flour
594 conjugated cholera toxin subunit B, Rhodamine phalloidin were from Invitrogen (USA).
Phosphate buffer salt (PBS) was purchased from Takara Bio, respectively. (1S, 2R, 5S)-2-
isopropyl-5-methylcyclohexanol (d-menthol), (1R, 2S, 5R)-2-isopropyl-5-

methylcyclohexanol (I-menthol) were purchased from Wako Japan.

5.2.2 Cell culture:

HEK293 cells, the human embryo kidney cell were derived from human embryonic
kidney cells grown in tissue culture. HEK cells is a rounded cell that grows in cell culture in
DMEM, high glucose (Dulbecco’s modified eagle) medium supplement with 10 % (v/v) FBS,
200 mM Glutamex (Gibco 35050-06) and penicillin/streptomycin (Gibco 15140-122),

incubated at 37 °C in 5 % CO- environment.

5.2.3 Staining and Visualization of lipid rafts:

Lipid rafts were labeled by treating cells with 1 pg/ml CT-B Alexa Fluor 488 and

0.02 % (v/v) BSA in PBS followed by incubation at 37 °C for 10 min. Then cells were
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washed with DMEM (non-serum). The cells were observed after addition of d- and I-menthol

with confocal laser scanning microscopy at different temperatures.

5.2.4 Measurement of cell viability:

Trypan blue exclusion was used to estimate HEK293 cell viability upon the effect of d-
and I-menthol. Untreated, cholesterol-depleted, cholesterol added cells in the presence of d-
and I-menthol were investigated. 5 pl of cell suspension was added to 5 pl of 0.4 % trypan
blue stain to an Eppendorf tube and mixed well. Then 10ul of the sample mixture was placed
into sample slide and let the sample settle for 30 seconds. Finally, the number of live cells

and dead cells were counted using countess Il FL automated cell counter (Invitrogen).

5.2.5 Modulation of membrane cholesterol

Membrane cholesterol of HEK293 cells was depleted by treatment of cells with 2 mM
methyl-B cyclodextrin (MBCD) in non-serum DMEM medium for 10 min at 37 °C. MBCD is
considered to remove cholesterol from the plasma membrane.?® Further to increase
cholesterol content (excess of cholesterol); HEK293 cells were treated with 1 mM soluble
cholesterol in PBS for 10 min at 37 °C. Membrane cholesterol level was measured by using
cell-base detection assay kit (Cayman, USA). d- and I-Menthol-containing cells were then

added to the HEK293 cells for 10 min at 37 °C.

5.2.6 Double staining of raft and actin:

HEK293 cells were washed twice with non-serum DMEM, and then lipid rafts were
labeled by treating cells with 1 pg/mL CT-B Alexa Fluor 488 and 0.02 % (v/v) BSA in PBS
followed by incubation at 37 °C for 10 min. The supernatant was discarded and stained the
cells with 2.5 uLL Rhodamine phalloidin (126nM) followed by 0.02 % (v/v) BSA in PBS;

incubate at 37 °C for 5 min. Then cells were washed with DMEM (non-serum).
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5.2.7 Measurement of intracellular Ca?* level:

The intracellular Ca?* level of cells was measured using Fluo3-AM, a visible light
excitation Ca?* chelating fluorescence label.?* Untreated cells first washed two times with
serum-free DMEM medium, the cells then loaded with 10ug/ml Fluo3-AM in the presence of
0.14 mg/ml Pluronic F-127 and HEPES at 37 °C for 15 min. The cells were then diluted with
HEPES and were incubated at 37 °C for 25 min. Fluo-3AM loaded cells then washed two
times with serum free DMEM medium and one time with HEPES. Finally, cells were
resuspended in HEPES buffer and used for measurements. Prior to the measurement, d- and |-
menthol were added to the cells respectively. The intracellular Ca?* level was measured by

analyzing emitted Fluo3-AM fluorescence intensity by Varioskan Microplate reader.

5.3 Results and discussion

531 Temperature-dependent Raft stabilization induced by menthol

TRPMB8, a sub-family of an ion channel which is responsible for cold sensing in the
body is activated by a cooling compound such as menthol. I-menthol believe in exerting
cooling sensation by activating TRPM8 ion channel®™® whereas d-menthol doesn’t do so.
Some reports reveal that dl-menthol has some degree of cooling sensation to the body very
less compare to I-menthol. Although the channel activity is induced by addition of external
stimuli, their mechanism at the molecular level still remains elusive. Hence, we speculate that
menthol has direct interaction with the membrane rather than directly to TRPMS8. That is
why: | started working on the actual cell to clarify the different interaction possibilities by d-
and I-menthol. Figure 5.1; show the staining and visualization of the raft at different
temperature 17, 27, and 37 °C induced by d- and I-menthol on HEK?293 cells. I-Menthol
exhibited higher intensity profile suggesting an association with membrane i.e., stabilized raft

than d-menthol which can be related to the cooling phenomenon induced by I-menthol only.
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A lot of evidence shown the cooling sensitization of I-menthol at very concentration and
temperature, whereas relatively high concentration and at higher temperature induces pain
sensation. In contrary, d-menthol does not have cooling sensitization and believed to
destabilize the membrane. From the raft experiment, | predicted that at 27 °C, I-menthol
stabilized raft structure and serves as a model for cooling sensitization. In contrast, at 37 °C,
I-menthol tends to destabilized raft, suggesting it pain/irritation effect on the membrane. The
results obtained from the raft experiment, | can suggest the satisfactory explanation why |-
menthol destabilized raft at higher temperature although our body sense cold after the
application of menthol to the skin at body temperature (37 °C). On the application of menthol
(higher concentration) to the skin, initially gives a cooling sensitization, but gradually induces
pain sensation just like the effect observed in raft experiment at 37 °C. It might be true that
very low concentration of menthol can make raft stabilized at 37 °C just like our body
response after menthol application. Hence, further, I carried out a similar experiment at a
lower concentration of menthol (0.1 mM) to observe this phenomenon (Fig 5.2). At a lower
concentration (0.1 mM), I-menthol relatively stabilized raft at 37 °C and it is believed even at
a very low concentration I-menthol could stabilize the raft structure corresponds to a similar
condition of cooling at body temperature. Also in the case of I-menthol at 17 °C, clustering
could be observed in the raft region compared to d-menthol. The profile of control at 17 °C
and I-menthol at 27 °C looks very similar and may indicate that 27 °C temperatures was
crucial for cooling effect. | clarified that raft clustering and intracellular signal transduction
occur by adding I-menthol to HEK293 cells significantly compare to d-menthol. Also, until
now, only rafts have been thought of as two-dimensional movement that moves across the
cell membrane surface, from my study, rafts revealed that cluster formation is in the interior

of the cell, not only on the membrane surface, three-dimensional movement of the raft is
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occurring. | believed that this cluster can function as a transient platform and has potential to

deliver biochemical signals.
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Figure 5.1 Typical HEK293 cells images of an untreated cell (control), after exposure of d-
and l-menthol. Menthol concentration was 0.5 mM. Scale bar = 15 um
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Figure 5.2 Typical HEK293 cells images of an untreated cell (control), after exposure of d-
and I-menthol with their respective intensity profile. Menthol concentration was 0.1 mM.
Scale bar = 15 um

5.3.2 Effect of d- and I-menthol on the toxicity on HEK293 cells

Menthol is cyclic monoterpene compound widely used in food and commercial products
as a cooling compound.??8 It also induces Ca?* influx due to activation of TRPMS, a Ca?*
permeable cold activated member of TRP channels. Menthol is a chiral compound, both
isoforms d- and I- believes in showing different activity on membrane. One form has
therapeutic effect while other has a toxic effect. So, it’s important to analyze the toxicity
induced by the different isoform of menthol in HEK293 cells. To assess the effect of menthol
on HEK cell membrane, the viability of cells was estimated using trypan blue assay. Figure
5.3 shows the decrease in cell viability on the addition of d-menthol whereas I-menthol
makes no significant effect on HEK293 cell. It can be concluded that among two isoforms of

menthol, d-menthol is toxic to the cell compare to I-menthol leading to cell death. These data
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are in good agreement with the studies on Jurkat T cells showing the toxic effect of d-

menthol on the membrane.
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Figure 5.3 Cell viability in the presence of d- and I-menthol on HEK293 cells at room
temperature.

5.3.3 Influence of cholesterol on the raft stabilization induced by d- and I-menthol

Many studies have demonstrated a modulating role of cholesterol in the biological
membrane. But the effect of d- and I-menthol and association to the membrane has not been
investigated. Therefore, | focused on the initial interaction and cytotoxicity induced by d- and

I-menthol to HEK293 cells upon a change in the membrane cholesterol level.

| found that HEK293 cells with the basal cholesterol content, i.e., control system were
able to interact with menthol (Fig 5.4). The green color in the microscopic images represents
the lipid rafts of the cell membrane. Microscopic observation revealed that the d- and I-

menthol association with membranes is different from each other.
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Amount of membrane cholesterol remarkably influenced the intensity of d-/I-menthol
localization in HEK293 cells. When cholesterol was depleted by approximately 40 % of the
initial content, the amount of d- and I-menthol associating with the cells was lower than
untreated cells. This implies that loss of membrane cholesterol affects the localization of the
d- and I-menthol in cells. On the other hand, when the cells are enriched in cholesterol (more
than 40 % of the basal content, an excess of cholesterol) amount of menthol partitioning in
cells were significantly different in both d- and I-menthol. It was suggested that d- and I-
menthol interacts with lipid rafts of the cell membrane in a different manner and the
interaction was influenced by cholesterol level. I-Menthol has a specific interaction with lipid
and cholesterol and raft stability is dependent on cholesterol content. Whereas d-menthol due
to its preferential localization into the hydrophobic region similar to cholesterol the repulsive
force is stronger leading to more destabilization of the raft. This result was in good agreement
with the previous results obtained from model membrane where | found that cholesterol

content strongly affects the interaction of d- and I-menthol with the membrane (chapter 4).

Further to investigate the effect of membrane cholesterol on d- and I-menthol induced
cytotoxicity to HEK293 cells, cell viability at different cholesterol levels in the absence and
presence of d-/I-menthol was estimated using trypan blue assay. Use of this protocol is
relatively fast and easy method to assess cell viability. The basic principle is that membrane
of viable/live cells has a selective permeability, so it does not absorb certain dyes such as

trypan blue, while dead cells are exposed to such dye.

When membrane cholesterol was depleted some percent of cells died in the presence of
d- and I-menthol in comparison to the control. This suggests the insignificant effect of d- and
I-menthol when membrane loss its cholesterol content as mention earlier menthol interaction

is not enough to disturbed the strong packing of lipid membrane.
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Figure 5.4 Effect of cholesterol on the interaction of d- and I-menthol with HEK293 cells.
Representative confocal microscopy images showing the localization of menthol in cell
membranes. Scale bar = 15 uym

The excess of cholesterol induces cell death in the presence of d-menthol, whereas a slight
increase in the cell viability was observed for I-menthol. This implies that high cholesterol
content in the membrane did affect d-menthol cytotoxicity to HEK293 cells. The enrichment

of cholesterol may induce an inhibitory effect on the toxicity to HEK293 cells.
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Figure 5.5 Cell viability upon a change in membrane cholesterol content in (a) control
system, (b) d-menthol loaded HEK293 cells, and (c) I-menthol loaded HEK293 cells.

In contrary, the cell viability was not affected by I-menthol comparatively, suggesting
the crucial interaction of menthol and cholesterol in the membrane. It was reported that on
increasing the I-menthol concentration, the viable cell was gradually decreased. Though |
haven’t performed at different concentration but it was in consistent with previously reported

data showing the cell proliferation or cell death upon menthol action.

5.3.4 Effect of d- and I-menthol induced changes in intracellular Ca?* level

In general, calcium plays very important role in signal transduction in the plasma
membrane. Calcium is believed to act as the second messenger for cell-cell communication.?*
Calcium is stored in intracellular organelles such as mitochondria and endoplasmic reticulum
(ER). The concentration of calcium in the cell varies in different organelles. The calcium
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concentration outside the cell is about 2 mM, whereas inside the cell in the cytosol (100 nM)
and endoplasmic reticulum (600 uM).2" If the concentration is high enough inside the cell
leads to muscle contraction, synaptic plasticity, substance release etc. Thus needs to maintain
the low concentration level of calcium in the cell. Hence, Ca?* gradient plays an important
role in the signaling pathways through Ca®* pumps. Also, change in the extracellular Ca®*
concentration can influence the resting potential of the membrane. Ringer and his co-
workers?8293%demonstrated the requirement of Ca?* containing perfusate for contraction of
frog heart and later found that Ca?* induces muscle contraction while another ion K* and Na*

did not.

To study the intracellular calcium level, many Ca?" indicators fluorescent dyes has been
used due to their ability to produce quite large signals. One of the commonly used Ca?*
indicator is Fluo-3 AM, is synthesized from BAPTA combine with fluorescein-like structure.
Fluo-3 AM is a long range wavelength calcium probe and can be excited by using argon laser
and has an absorption maximum at 506 nm. Alone it does not respond to calcium; while once

enter to the cells readily undergoes to hydrolysis and convert into the Fluo-3 free acid.?*

In order to understand whether d- and I-menthol change the membrane properties, |
assessed menthol-induced Ca?* influx into the cytosol (Fig 5.6). The effect of d- and I-
menthol on intracellular Ca?* was not seen at 17 °C, indicating that interaction of d- and I-
menthol is independent of calcium at a lower temperature. In another way, it was assumed
that cooling did not evoke [Ca?*]i response in both the case. Peier.et.al revealed that when the
temperature was decreased from 25 to 15 °C an increase in intracellular Ca?* was observed in

TRPMB8 expressing cells.

107



EFFECT OF MENTHOL ON RAFT STABILIZATION IN BIOLOGICAL MEMBRANES

L@ )

w
(&

35
« 30 . 30
° °
225 825 -
& &
820 820
S i
215 315
3 =
8 10 210
2 2
- 5 5
0 0
Control d-men I-men Control d-men |-men
35 ,©
. 30 1
2
2 25 4
820 -
S
[55]
S 15 -
8
® 10 -
£
5 o
0
Control d-men I-men

Figure 5.6 Change in the intracellular Ca?* level in the absence and presence of d- and I-
menthol. The graph of Fluo-3 AM intensity versus component at (a) 17 °C, (b) 27 °C, and
(c) 37 °C respectively.

This phenomenon was not observed in non-transfected cells. The result at 17 °C is
consistent with what Peier.et.al observed. On increasing temperature to 27 °C, there is a
robust increase in the [Ca?']i upon I-menthol addition, whereas d-menthol tends to reduced
[Ca?")i. as represented by lower cytosolic ion concentration. The increase in the Ca®* was due
to the ability of I-Menthol to promote association with the cell membrane. | supposed that I-
menthol could activate calcium permeable channel opening at 27 °C which may signify the
cooling sensitization exhibited by I-menthol only. In contrast, d-menthol might not associate
to the channel leading to more loss of calcium content. Similarly, further increase
temperature to 37 °C, I-menthol lowers the [Ca®*]iindicates the reversible effect on a channel

which can be related to desensitization.
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5.3.5 Role of cytoskeleton and F-actin

In all eukaryotic cells, there are filamentous structures which are responsible for various
kinds of movements including cell opening, cell-to-cell junction and deeply contributes to
intracellular signal transduction. Actin has the property to generate and maintain the integrity
of the membrane morphology and polarity in the process of endocytosis and intracellular
trafficking. Stabilization and destabilization of actin in the cells or self-organization to higher
order meshwork are regulated by actin-protein binding.>!As a consequence, these activities
are under control of signaling pathways. Polard et.al depicts that cytoskeleton networks are
important to regulate the change in the shape of the cells and driven the cell migration.®?
Recent studies have demonstrated protein-protein or protein-RNA mediated interaction in the
generation of phase separated domains localized in the subcellular regions leads to
activation/trigger of signaling pathways.®®> The cytoskeleton assists the organization of
signaling pathways in 2D through the partition into cells and provides the docking sites for
proteins to recognize the changes.?* It has been reported in T-cell signaling that actin
filaments dynamics tune clustering of membrane proteins.®® Recent ongoing works describe
various roles on the teamwork between F-actin function at the membrane and signaling
pathways. However, the general mechanisms how cytoskeleton actin filaments help in to
coordinate signaling pathways induced by external stimuli are still unanswered. On the basis
of these understanding, | proposed a model to demonstrate the role of actin in relation to the
raft stabilization and how it can be related to sensing mechanism. In order to achieve this
hypothesis, | checked the effect of d- and I-menthol on actin stability together with raft. F-
actin is visualized by staining HEK293 cells with Rhodamine phalloidin (RP) marker. RP
belongs to a phalloidin toxic family and is harmful to HEK293 cells, so it is very important to
optimize the general condition for F-actin staining. Some of the researchers reported that high

concentration of RP leads to cell death as a result of a significant rise in the RP intensity was
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observed. In my laboratory for Jurkat T-cell, RP (6.6 uM) concentration dissolved in ethanol
was used to stain F-actin. On contrary at this concentration HEK293 cells immediately dies

as shown in Fig 5.7(a).

(b)

©

Figure 5.7 Double staining of raft and F-actin in HEK293 cells. Images of HEK293 cells
green region (raft), red region (F-actin) and bright region (DIC). (a) HEK 6.6 uM RP
concentration in EtOH, (b) 126 nM RP concentration in EtOH, and (c) 126 nM RP
concentration in PBS. Scale bar = 15 um.

Further, | reduced the concentration to 126 nM and also change medium from ethanol to
PBS to observe the HEK293 cells morphology (Fig 5.7(b) and (c)). | have successfully
optimized the conditions and concentration of RP to observed HEK293 cells. Further

experiment will be conducted using 126 nM RP for HEK293 cells staining in future. The
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effect of d- and I-menthol on F-actin stabilization or destabilization at different temperature
may give some approach to justify the cooling sensitization by |I-menthol and temperature-
dependent behavior. Figure 5.8 shows the temperature-dependent raft clustering and F-actin
polymerization on HEK293 cells at different temperatures with and without menthol. | could
observe raft clustering at higher (< 27 °C) temperature in untreated HEK293 cells. The
observation indicates that raft clustering is actin-dependent at higher temperature whereas no
raft cluster was observed at lower temperature (17 °C). There could be two possible
mechanisms for raft clustering (1) actin-independent at lower temperature and (2) actin-

dependent at higher temperature.

Control

d-menthol

I-menthol

Figure 5.8 Double staining of raft and F-actin in HEK293 cells. Typical confocal images
of HEK293 cells green region (raft), red region (F-actin) in the presence of d- and I-
menthol at different temperatures. Scale bar = 10um.

Furthermore, effect of d- and I-menthol was also observed on actin-dependent raft clustering
as shown in figure 5.8. In the case, when d-menthol was added to the HEK?293 cells raft
cluster was prominent at higher temperature (37 °C). On the other hand, in the presence of I-

menthol even at lower temperature raft cluster could be observed. The data suggested that in
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menthol-induced HEK?293 cells raft clustering needs polymerization of F-actin. | believed
that there is fluidity sensors molecule present at the junction of actin and raft membrane
which could detect the biophysical changes like membrane fluidity. These detectors can
response to those changes leading to either stabilization of destabilization of actin filaments.
The hypothetical model shown in figure 5.9 demonstrates the possible mechanism for the raft

stability via actin polymerization on HEK293 cells.

- * Raftstability & very high * Raft stability - very low
Control . . . o .
* F-actin stability = very low * F-actin stability = very high
Low fluidity High fluidity
27°C 37°C
—_—> P
- — — — —

]
o by iy ey MWW

Actin filament raft clustering

Cooling
e Raft §tab|I|t.y'—) very h|gh.
* F-actin stability - very high [ Raft domain Lipid bilayer 4 Actin
V. . .
ery high fluidity 279
e -
- — —
. ek xt
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Actin filament _ raft clustering
Cooling

Menthol promote polymerization of actin

Figure 5.9 Hypothetical model representing the mechanism of raft dynamics and F-actin
on menthol-induced HEK293 cells.

5.4 Conclusion

In this chapter, | have demonstrated the temperature-dependent interaction of menthol with

biological membrane specifically HEK293 cells. Based on the findings from raft analysis, |-
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menthol showed a relative mechanism of cooling sensitization at a temperature near 27 °C,
while higher temperature could destabilize the raft structure. TRPM8 channel activation is
evoked either by cold or menthol (lower concentration). By lowering the concentration, we
observed stabilization of raft similar to that cold response. d-Menthol on the other hand
destabilized raft structure at all conditions implying its disruptive nature. Cholesterol
importance in the regulation of raft properties and stability was demonstrated too. The effect
of d-menthol was shown to be negative to cell viability demonstrate the toxic effect of d-
menthol on the cell. Effect of I-menthol interaction on the permeability of HEK293 cells to
Ca?" was promoted at threshold temperature 27 °C. The results of biological cell and model
membrane correlate with each other, which further aid to more the clear picture of sensing

mechanism at a molecular level.
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CHAPTER 6 GENERAL CONCLUSIONS

In this dissertation, | have explored deep understanding of the membrane interaction and
physiochemical changes upon external stimuli i.e., menthol at the molecular level. Moreover,
the mechanical pathway involved in the cold-sensitization induced by I-menthol was clarified.
The structure of biomembrane is mainly consists of lipid bilayer made up of various lipid
molecules. Recently, biomembranes exhibit assorted membrane structure characterizes by
membrane heterogeneity (lateral phase behaviour) and membrane morphological changes.
Membrane heterogeneity also refereed as “lipid raft”!? are important in the cellular processes
such as signal transduction, membrane trafficking,'* membrane fluidity. However, very rare
studies have been reported on the phase behavior and membrane morphology changes upon
external added stimuli. Thus, the effect of additives on membrane is poorly understood and
need to be elucidated in more fundamental way. In the present study, | have investigated the
effect of menthol on model and biological membrane morphology in the presence of
cholesterol. Furthermore, the role of cholesterol in the modulation of the membrane

properties in the absence and presence of menthol was demonstrated.

In chapter 1, detailed information and basic knowledge about membrane structure, their
phase behavior change depending on lipid composition and cholesterol content was described.
Additionally, recent studies on menthol cooling property to its related mechanism on TRP
channels* were discussed in brief. Through these understanding | advance my study further to
reveal the basic mechanism pathway involved in cooling sensitization by working on model

membrane and proposed the objective of my dissertation.

In chapter 2, | have shown the effect of menthol on thermo-induced membrane dynamics.

I worked on model membrane that mimics the biological membrane with similar lipid
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composition. The results obtained from this chapter demonstrate that presence of menthol
induces membrane fluctuation, meaning that changes the thermo-sensitiveness of DOPC/Chol
liposomes and made them more sensitive to temperature change. This change occurred as a
result of excess surface area determined by using Langmuir monolayer experiment. It was
shown that lower concentration of menthol exhibited higher fluctuation profile and an
increase in surface area. | proposed the head group interaction facilitated by menthol may
responsible to cause change in the membrane morphology. The association of menthol to the

head group facilitates these dynamics.

In chapter 3, effect of d- and I-menthol on biophysical properties on homogeneous
model membrane was provided. d-Menthol showed stronger effect on membrane properties
compared to I-menthol. The ability to increase membrane fluidity and decrease in the main
transition temperature shown by d-menthol indicates its preference to DOPC-rich Lg phase.
In contrary, I-menthol did not change the fluidity and transition temperature significantly in
the DOPC and DPPC system. This implies that I-menthol may prefer to be localized at head

part of lipid. Thus, did not affect the strong packing among DPPC molecules.

In chapter 4, in order to reveal the preferential localization of d- and I-menthol and their
interaction with biomembrane was depicted. Heterogeneous membrane system composed of
DOPC, DPPC, Chol was taken into consideration. It was observed that d-menthol at Chol =
0%, the addition of d- and I-menthol does not affect the phase behavior. Similar trend was
observed at Chol = 20 %. At Chol = 30 %, d-menthol stabilizes the L, domain formation,
while the phase separation was strongly suppressed by the addition of I-menthol. The study
revealed that cholesterol plays a crucial part in the alteration of channel functioning. I
proposed a possible mechanism showing different interaction sites shown by d- and I-menthol

in the biomembrane. The temperature-sensitive hydrophilic interaction exhibited by I-
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menthol may alter the TRPM8 channel functioning subsequently leading to the activation of

TRPMS.

In chapter 5, HEK293 cells were employed to assess the effect of d- and I-menthol on
raft stabilization and menthol-cell membrane interaction. The results found from this chapter
demonstrated influence of temperature and menthol concentration in the stabilization of raft.
At lower temperature, I-menthol could stabilize the raft structure, whereas destabilized raft
structure at higher temperature. On the other hand, d-menthol destabilized raft structure
independent of temperature. Stabilization of raft was observed at further lowering the
concentration of I-menthol, which depicts the cooling sensitization mode at two conditions
(1) lower concentration of I-menthol and (2) lower temperature. Also loss of membrane
cholesterol causes cell death by d- and I-menthol, suggesting the importance of cholesterol in
the regulation of cellular processes. On the other hand, cytosolic Ca?* content was promoted

at lower temperature in the case I-menthol enhances the association to the membrane.

By using both model membrane and biological membrane, | have shown the different
localization and interaction of d- and I-menthol. In contrast, the role of cholesterol to alter the
physicochemical properties of membrane was demonstrated. |1 have shown the dominant
hydrophilic interaction exhibited by I-menthol and its cooperative effect together with
cholesterol and lipid make the membrane stabilized. While d-menthol is moreover display
hydrophobic interaction, localized in hydrophobic region of the lipid along with cholesterol.
The findings of the dissertation are useful to clarify the cooling mechanism induced by I-

menthol at molecular level.
6.1 Prospects of the dissertation

This dissertation successfully demonstrated first attempt to assess the interaction of

signaling molecule “menthol” with model cell membrane. Different approaches had been
119



GENERAL CONCLUSIONS

attempted to clarify physiological changes and morphology change induced by menthol along
with the importance of chirality in the biological processes. These dynamic changes in the
membrane properties enable to picture the related mechanism behind sensation such as
warmth, cold, and anesthesia. Therefore, studies on lipid raft and membrane lipids could offer

more information to unravel the mechanism involved in the signal transduction.
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