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Synopsis

The fundamental objective of this thesis is to introduce artificial ion transport
systems and to explore its application in the biomedical arena. The research during my
doctoral study was mainly focused on design, synthesis, and characterization of
biomimetic artificial ion channels and ion carriers which have shown a remarkable
biological application in the line of future therapeutics. In particular, this thesis mainly
deals with the unimolecular or supramolecular architecture of artificial ion channels for
selective transport of chloride ions. Accessibility for tunable ion transport by controlling
the pore diameter, and better ion selectivity by incorporating multiple selectivity filters
had been addressed. Furthermore, an interesting correlation of ion transport activity
and lipophilicity was achieved by anion transport systems. Apoptosis inducing activity
because of chloride ion transport in live cells by ion carrier and ion channel was
evaluated, which could be a potential therapeutic tool for cancer treatment in the next

generation.

Chapter 1: Introduction

Transport of solute molecules across the cellular membrane is extremely crucial
to perform fundamental biological processes such as cell to cell communication, energy
production, biosynthesis, and metabolism. However, the transmembrane transport of
solutes is restricted because of the thermodynamic barrier imposed by the hydrophobic
domain of the membrane. Certain classes of membrane proteins perform the task of
controlling the exchange of meticulous solutes (such as ions), by overcoming the
thermodynamic barrier. Chloride is the most abundant anion in the physiological system.
Selective transport of chloride ions, usually facilitated by chloride selective ion
transporters, has pivotal implication in diverse biological processes, e.g. transepithelial
salt transport, acidification of internal and extracellular compartments, cell volume
regulation, cell cycle, and apoptosis. Dysfunction of ion transport proteins may lead to
various life threatening diseases such as myotonia congenita, cystic fibrosis, Bartter
syndrome, Gitelman syndrome, Dent’s diseases, renal tubular acidosis, deafness, etc.
Hence, transparent knowledge about the function and workability of chloride transport

systems is a burgeoning field for researchers of biochemistry and biotechnology field.
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Figure 1. Schematic representation of solute transport through the membrane.

Chapter 2: Unimolecular Anion-Selective Artificial lon Channel

Unimolecular ion channels were designed by functionalization of a new type of
cyclic oligosaccharides, the cyclo-oligo-(1—6)-p-D-glucosamines, connected to
lipophilic membrane-spanning tails. Transport activities of these glycoconjugates were
manipulated by altering oligomericity of macrocycles, and the number of the attached
tails. lon transport activity increased from dimeric to tetrameric glucosamine macrocycle
but, decreased further when a flexible pentameric glucosamine was introduced. The
importance of the number of membrane-spanning tails was also evaluated for controlling
the ion transport activity. All glucosamines derivatives exhibited anion selectivity due to
hydrogen bonding between the macrocycle and the water molecules solvating the anion.

lon selectivity of synthesized derivatives displayed a uniform CI~ > Br™ > |” selectivity

sequence.
R Tl
e | ]

oligo-(1—=-6)-p-D-glucosamin
macrocycles

Channels

[GAl,, - [GAls.L

Figure 2. The design strategy for glucosamine based ion channel and variation of ion transport

activity.
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Chapter 3: Supramolecular Approach for Barrel-Hoop lon Channel

Supramolecular approach for constructing nanotubular structure having adaptable
lipophilicity is a well acceptable method for artificial ion channel construction. In this
chapter, an amphiphilic macrocycle was introduced, which can self-assemble to form a
barrel-hoop based artificial ion channel structure by sharing the intermolecular hydrogen
bonding interaction via the di-oxalyl amide moieties. The efficient ion transport through
the channel and anion selectivity was proved by fluorescence-based assays using large
unilamellar vesicle. The confirmation of ion channel formation was achieved by
conductance measurement in the planar lipid bilayer. The supramolecular approach of
introducing synthetic ion channel opens up the possibilities for further modification
related to ion transport property and could be a potent pioneer for biotechnological

application.

Aliphatic chain For lipophilic Balance

Figure 3. Structure and design of the rigid macrocyclic building unit having hydrogen bonding

moiety and aliphatic chains for lipophilic balance.

Chapter 4: Hopping Mediated Anion Transport through a Mannitol-Based Rosette
lon Channel

Imposition of exclusive ion selectivity of the natural ion channel is associated
with the presence of multiple numbers of ion-recognition sites. Small molecules were
designed that can self-organized to form a barrel-rosette ion channel in the lipid
membrane to offer a single-file multiple anion-recognition sites. Diketal protected
mannitol derivative can form nanotubes through intermolecular hydrogen bond
formation, while it’s hydrophobic counterpart is stabilized by the hydrophobic
interaction in the membrane. Anion selectivity of the supramolecular ion channel was

confirmed by ion transport experiments across the vesicular lipid bilayers, and planar
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lipid bilayers. Molecular dynamics (MD) simulations indicate the formation of a trimeric
rosette which self-assembled to form a channel, and the OH--CI~ hydrogen bonding

interaction for successive anion transport by hopping mechanism.

M3,n

Figure 4. The structure of the building unit of barrel-rosette ion channel and mode of self-

assembly to form the nanochannel structure.

Chapter 5: Chloride Transport through Supramolecular Barrel-Rosette lon
Channels: Lipophilic Control and Apoptosis-Inducing Activity

Despite the great interest in the artificial ion channel design, only a small number
of channel forming molecules are currently available for addressing challenging
problems, particularly in the biological systems. The present work describes vicinal
diols, tethered to a rigid 1,3-diethynylbenzene core, as pivotal moieties for the barrel-
rosette ion channel formation. lon transport across vesicles revealed an excellent alliance

of lipophilicity with the transport activity.

) l self-assembly;’
outside cell K

intside cell l

apoptosis

Figure 5. Structure and design strategy of the barrel-rosette ion channel.
The bis(diol) system favoured anion transport with prominent chloride ion selectivity.

The bis(diol) system was efficient in delivering CI™ ions into cells, and the process also

Tanmoy Saha; IISER Pune



Synopsis

resulted in perturbation of intracellular ionic homeostasis. The perturbation of
chloride homeostasis in cell instigates cell death by inducing caspase-mediated intrinsic
pathway of apoptosis. This ion transport mediated apoptosis inducing activity can be a

potential approach for anticancer therapy.

Chapter 6: Chloride-Mediated Apoptosis-Inducing Activity of Bis(sulfonamide)

Anionophores
lon carriers are relatively small biomolecules, which can travel across the

membrane after successive complexation with ions followed by the release of the same
on the opposite side of the membrane. Here we show bis(sulfonamides) as efficient
receptors for selective CI™ ion binding and transport across lipid bilayer membranes.
Anion binding studies by *H NMR indicate a logical correlation between the acidity of
sulfonamide N—H proton and binding strength. Such recognition is influenced further by
the lipophilicity of a receptor during the ion transport process. Fluorescent-based assays
confirm the Cl/anion antiport as the operational mechanism of the ion transport by
bis(sulfonamides). MTT assay indicated an inverse correlation between cell viability and
ion transport activity of bis(sulfonamides) derivatives. The elevated intracellular CI™ ion
level and the CI™ mediated cell death were also confirmed because of the disruption of
ionic homeostasis of cells. Induction of caspase-depended intrinsic pathway of apoptosis
was established by a number of experiments. Hence, artificial CI~ transporters as
apoptotic inducing agents, via disrupting ionic homeostasis of the cell, could be a

potential therapeutic tool for cancer treatment in next generation.

selective CI~ recognition %‘ R\O CI~ mediated apoptosis
« S \
—c:r SRS “‘;\b > (I
& Ko @
cP R | e =
Y cytochrgme (o}
cl R R0 * %
o o QX AL | mitochondrial membrane nuclear
A\_NH HNw 8y iy’@ depolarization fragmentation
. <0 . g O 0 P g

activation of

o3 % cleaved caspase-9
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@3 @3 (& %%SV?% l_. v _I

Figure 6. Structure and design strategy of the ion carrier and induction of apoptosis.
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Introduction

Extracellular

Intracellular




‘i

The immense diversity of living organisms on the surface of the planet is based

1.1. Introduction of Cell Membrane:

on a single basic building block: the cell, which is the basic structural, functional and
biological unit of life. It performs the task of carrying genetic information, controlling
physiological and biological activities, storing and producing energy. A eukaryotic cell
consists of mainly two subunits, protoplasm, and the cell membrane. Protoplasm is
comprised of several cell organelles like the nucleus, mitochondria, golgi body,
endoplasmic reticulum, lysosome, and cytoplasm. The cell membrane is the lipid bilayer
which confines and separates the protoplasm from the external environment. The internal
cell organelles are also circumscribed by a single or multiple layers of the lipid bilayer.
A lipid bilayer is nothing but the liquid crystalline state of the self-organized structure of
millions of amphiphilic lipid molecules, maintaining a constant separation between
intracellular and extracellular water pool. The key feature of the membrane is buried in
the structure of the lipid molecule which comprises a hydrophilic head group connected
to two hydrophobic tails. This unique structural feature imposes the self-organization of
lipid molecules such a fashion that each leaf of the lipid bilayer comprises an array of the
hydrophilic head groups while the other side consists of hydrophobic tails (Figure 1.1).
In the presence of aqueous environment, the layers of hydrophobic groups come closer to
form a bilayer where the hydrophilic head-groups are exposed to the aqueous

environment.

...................

—==Q . Hydrophobic  Hydrophilic
: tails head-group

Intracellular
Extracellular

(il

&,

Figure 1.1: Schematic representation of eukaryotic cell and the structure of lipid bilayer. The
diagram of cell has been adapted from www.thinglink.com/scene/648262315606540289.
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1.2. Membrane Transport:

As the building block of life,every cell has to acquire some raw materials from
theenvironmentto perform the fundamental task ofthe cell to cell communication, energy
production,and biosynthesis. Similarly, it must also release the byproduct of metabolism
to the environment.But the semipermeable character of the membrane, because of
aparticular arrangement of hydrophobic and hydrophilic groups the lipid bilayer, only
permits a few selective solutes to pass through via simple diffusion process.Small
uncharged molecules like natural gases (O,, CO,, and N;), water, ethanol and small
hydrophobic molecules can cross the membrane by diffusion processalong the
concentration gradient (Figure 1.2). But biologically significant polar organic molecules
(glucose, nucleotides, etc.), large biomolecules (protein, DNA, etc.), andions cannot
penetrate through the lipid bilayer by simple diffusion method because of the large

thermodynamic barrier enforced by hydrophobic region of thelipid bilayer.

small uncharged ions larger uncharged
molecules and gases polar molecules

Oy, COy, Ny, H0, H* Na* K* Ca?*, amino acids, glucose,

glycerol, ethanol Mg?*, CI, HCO4~ nucleosides

X X

eeelele seeleeeEeee seeaiesee@en sle@ees

o
B

Lipid
membrane
Electrochemical
Gradient
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In

Figure 1.2:Transport of solute through asemipermeable membrane.

1.3. Ion Transport:

Ion transport across the cell membrane operates fundamental tasks of sensory
transduction, cell proliferation, and regulation of pH and osmotic stress. The
biomembrane present on the cell surface is intercalated with a wide variety of
biomolecules, such as proteins, carbohydrates, and their complexes which are
responsible for transmembrane transport of biologically active ions. A certain class of
membrane proteins performs the crucial task of ion transport via thechannelor carrier
formation by overcoming the large thermodynamic barrier imposed by phospholipids
bilayer.A significant amount of activation energy is being involved in the breaking of
hydration shell for an ionic species while entering into the lipid bilayer. Anequal amount

of energy can be regained by the charged species upon reaching to the water pool on the
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opposite side of the membrane. As a result of the hydrophobic environment of the lipid
bilayer, at the intermediate path (near about 35 A),an ion experiences a high-energy
state.The transport of ions (or other solutes) through membrane proteins, in a dehydrated
or partially hydrated form, is facilitated by the favorable binding interactions with the
functionalities present in the hydrophilic channel lumen. These binding interactions
impose extra thermodynamic stability to the ions by lowering the energy barrier during
transport through themembrane (Figure 1.3).

Lipid
membrane | £
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Distance traveled by ion
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Figure 1.3: Free energy profile of ions in the absenceand presence of ion channels.

Ion transport systems are mainly classified into two broad categories, ion carriers,
and ion channels. Relatively small biomolecules, which can shuttle across the membrane
by engulfing an ion from one side of the membrane and subsequently releases it to the
other side are known as ion carriers (Figure 1.4). On the other hand, the large membrane
proteins structures, whose transmembrane domain can form a lipophilic path for ions, are
called ion channels. The ion transport is further classifiedinto two major categories,
active and passive transport. The movement of ions following the concentration gradient
across the membrane is called passive transport, and the transport opposite to the
concentration gradient is known as active transport. The ion channels involved in active
transport mainly belong to the category of ligand-gated ion channel and often called as
theion pump. These gated ion pumps mostly triggered by ligand like ATP which supplies
the excess energy required to perform the ion transport against the concentration

gradient. The transmembrane proteins which can form a bigger cavity for successive
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transport of larger biomolecules (sugar, nucleotide, etc.) are known as transmembrane

i}wzl

pore (Figure 1.4).
O

i ﬁm@ ‘m
gL

L|p|d
Electrochemical
Gradient

Ion Ion Solute lon transport
Transport transport transport (opposit to the
by carrier via channel via pore electrochemical

gradient)

Figure 1.4: Different modes of membrane transport via carrier, channel, and pore.

1.4. Membrane Potential and Ion Transport:

The specific concentration of ions on either side of the lipidmembrane comprises
the particular membrane potential to the cell membrane as well as to the membranes
present in each cell organelle. The equilibrium membrane potential for a particular ion

can be calculated according to the Nernst equation,

RT [ion]out
F [ion]in

Vo =
Equation 1.1
where, V,, = membrane potential; R =1ideal gas constant (joules/kelvin/mole); T =
temperature (kelvin); F = Faraday's constant (coulombs per mole); [ion]e: = ion
concentration outside the cell; [ion];, = ion concentration inside the cell.

The specific membrane potential across any particularbiological lipid membrane
is controlled byion channels and the particular potential at which ion channels does not
conduct any ion is called resting potential. For example, the chloride channels present at
theeucaryotic cell membrane maintain the desired membrane potential of 30—60 mV by
regulating theparticularchloride gradient across the membrane (5-10 mM inside and

110-150 mM outside).On the other hand, the ion channels present at mitochondrial

membrane maintains a potential of 180—220 mV.
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1.5. Characteristicof Ion Transport Systems:
Ion transport systems mainly belong to two categories depending on the mode of
transport, ion channel, and ion carrier. Ion channels are further categoriesin various

classes depending on their directionality of ion flow, selectivity and gating activity.

Table 1.1: Characteristic of Ion Transport Systems.

Active Transport

lon trasporting

Gradient
Passive Transport
— lon Channel —_—
Cation Selective
— Selectivity
Anion Selective
lon Transport —
— Ligand Gated
— Gating —
— Votage Gated
— lon Carrier
— Mechanically Gated

Active and passive transport of ion channelshavebeen already discussed. The
selectivity of theionbeing transportedthrough the channel brings it to two different
categories of anion and cation selective ion channels. Among the natural ion channel
examples, voltage-dependent anion channel (VDAC) appeared to be anion selective
channel whereas,gramicidin A and KcsAarecation selective. On the other hand, the ease
of opening and closing of pore depending on particular external stimuli is termed as
gating activity of the ionchannel. The gating, ease of opening and closing,activity of
channel brings it to subcategories of voltage-gated, ligand-gated and mechanically-gated

channels.

A. Voltage-Gated Ion Channels: When the opening and closing ofion channels are driven

by depolarization and hyperpolarization of themembrane is called voltage-gated ion
channel (Figure 1.5A). VDAC and KcsA channels arevoltage-gated ion channels,whose

transport activities depend on their respective membrane potential.
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B. Ligand-Gated Ion Channels: Change in the structural conformation ofachannel

forming proteinupon binding with specific ligand results in either opening or closing of
aligand-gated ion channel (Figure 1.5B). For example, the release of Ca®* ions from
theendoplasmic reticulum to thecytoplasmoccurs through calcium channel whose activity

is controlled by the inositol triphosphate (IP3) ligand."*

C. MechanicallyGated Ion Channels: The opening and closing property of such kind of
ion channels depend on the mechanical stress on the membrane (Figure 1.5C). They can
alsobe termed as stress-activated ion channels. TRPC6 is a cation channel, mainly
expressed in thecardiovascular system and is gated by mechanical stress on

4
themembrane.>

Mechanically

Close Open

hY)

Figure 1.5: Representation of voltage (A), ligand (B) and mechanically (C) gated ion channels.

1.6. Natural Ion Transport Systems:

Diverse categories of ion channels have been observed in nature mainly made up
of single or multiple subunits of proteins. The voltage-dependent anion channel (VDAC),
is made up of single protein unit and known to be a unimolecular ion channel (Figure
1.6A).> The channel can adopt specific on-off state depending on the potential of

themembrane. Gramicidin A, adimeric ion channel, which is formed by self-assembly of
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two identical helical peptides and the channel structure is selective mostly towards
cations.’ Similarly, the highly potassium selective KcsA channelis comprised of four
identical o-helical peptide units, self-assemble to form an hour glass shape channel
structure.” The natural antibiotic, amphotericin-B is an example of the amphiphilic non-
peptide molecule, which forms an oligomericcation-selective ion channel. The self-
assembly of amphotericin-B possesses a hydrophilic pore made up of the hydroxyl
functionalities, and a hydrophobic outer-surface constituted from polyene moieties.® On
the other hand,prodigiosin9 and Valinomycin10 are two naturally occurring ion carriers
which can transport CI” and K*, respectively (Figure 1.5B). The giant heptameric
structure of a-hemolysin, found in Staphylococcusaureus, forms a bigger size pore in the

membrane for the transport of solutes e.g, water, DNA, toxins (Figure 1.5C).11

A HO.C  OH
ﬂt 10H
Q
c
o
a
£
GE, 10H
k]
2
-
“In -
Voltage-dependent Gramicidin A ion Prokaryotic potassium  Amphotericin B
anion channel (VDAC) channel channel KcsA potassium channel
(Monomeric structure) (Dimeric structure) (Tetrameric structure) (Oligomeric structure)
Me

. c T ) X {

a-hemolysin (aHL) Xlxxn
Prodigiosin Valinomycin pore of J
(HClI carrier) (Potassium Carrier) Staphylococcus

(Heptameric pore)

Figure 1.6: Schematic representation of monomeric or oligomeric structures of naturally

occurring ion channels (A), ion carriers (B), and a pore (C).
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1.7. Significance of Ion Transport:
The transmembrane transport of ions is responsible for fundamental biological

13,14 . 1
3 osmotic stress response, 5

functions such as sensory transduction,12 cell proliferation,
etc. Natural ion channels allow the passage of a particular ion and the selectivity is
primarily governed by the strengths of ion binding at these sites.'®**Depending on the
ion selectivity, natural ion channels are classified into different categories, Na*, K*, Ca®*
and CI" ion channels. Among them, the cation selective channels are studied from 1950-
60s decade but, the study of Cl channels started from theearly 1990s. Therefore, the
chloride channels are not much explored compared to cation channels. Being enthusiastic
about CI channels we have begun to evaluate its importance in thebiological world.
Chloride channelsare found to be the most abundant anion channels in the
physiological system. Selective transport of chloride ion is pivotal in maintaining a
desired potential gradient across the bilayer membranes e.g. 30—60 mV for eukaryotic
cell membrane.”*The naturally occurring CI” ion transporting agents are CFTR, CLC,
CLIC, CLNSIA, CLCA, etc. Diverse biological processes, e.g.transepithelial salt
transport, acidification of internal and extracellular compartments, maintenance

15,26,2
32627 are related

ofmembrane potential, cell volume regulation, cell cycle, and apoptosis
to the selective transport of the ion. A brief discussion of the importance of Cl™ ion
transporting agents can be illuminated by considering a model system ofcancer cells.
Here, the activity of CLC-3, a member of voltage-gated chloride channel superfamily,
has been taken into account which mainly expressed in cancer cells. The overexpression
of CLC-3 may contribute to cell proliferation, apoptosis and drug resistance of cancer
cells. The intracellular concentration of Cl” gets enhanced because of the overexpression
of CLC-3 channel which results in the increase in cell volume to maintain a
constantosmolarity value. The increase in cell volume facilitates the transition from GI
to S phase in the cell cycle whichaccelerates the rate of cell proliferation.
Hence,overexpressed CLC-3 in cancer cells can enhance the growth rate of tumors. In
contrast to that, the activation of theCLC-3 channels in nasopharyngeal carcinoma cells
inhibits the particular cell signaling pathway PI3K/Akt/mTOR, resulting in induction of
apoptosis. On the other hand, overexpressed CLC-3 in the late endosomes and lysosomes
increases the internal acidity, which confers chemical sequestration of basic

chemotherapic drugs, leading to drug resistance to the cancer cells. Hence, the function

of CLC-3 channels, i.e., the concentration of C1  in thecytoplasm as well as in theinternal
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cell organelles is very crucial to maintain a normal physiological behavior in living

ke

'PIBK/Akt/mTOR
Cell Volume Regulatlon

organisms.
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J

Proliferation Apoptosis Drug Resistance

Figure 1.7: Schematic representation of theeffect of CLC-3 channel dysfunction in cancer cells.

Additionally, the dysfunction of Cl ion channels or mutations of specific genes
responsible for expressing Cl transport proteins may lead to various life-threatening
diseases. Dysfunction in CFTR ion channel causes loss of the innate immune system of
the lung, resulting lunginfection, known as cystic fibrosis.ZSMyotoniacongenita, a type of
skeletal muscle disorder, has been found in thecase of a mutation in the CLC-1
channel.””° Apart from that, malfunction of various chloride transportersand CLC
family proteins may cause acute renal disorders including Bartter syndrome,
Gitelmansyndrome, Dent’s diseases, etc.31Hence, because of the overwhelming
importance of Cl transport, acquiring athorough knowledge about the function and
workability of chloride transport systems is a burgeoning field for researchers in the

biochemistry and biotechnology fields.

1.8. Design Principle of Artificial Ion Transport Systems:

Over the years, scientists have shown immense attention forintroducing artificial
ion transport systems to mimic diverse properties of natural ion channels and acquire
abetter understanding of supramolecular interactions.The ease of modulation of ion
transport properties in natural ion transport systems is somehow restricted because of
their complex structure. Whereas,chemically robust nature and adaptable modulation of
ion transport characteristics, gating activity, and selectivity have led artificial ion
transport systems as a convenient subject of research.Also, the rich collection of

structural and functional motifs have appealed the broad interest of organic chemists to
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construct unimolecular or self-assembledabiotic scaffolds which can transport ion either
forming membrane-spanning channels, relay systems or mobile carriers. The basic
principle of ion transporter design has been buried in the fundamental structural features
of natural ion transport systems. Regardless of the structural variation of ion channels or
ion carriers(e.g.,gramicidin A, prodigiosin, and valinomycin, respectively), these systems
always composed of a hydrophobic exterior, to have favorable interaction with lipid
molecules, and a hydrophilic interior to recognize the ions (exceptions for water
channel). Artificial ion transporting molecules or supramoleculesare feature the

fundamental concept of hydrophilic interior and hydrophobic exterior.

Dimeric structure of Gramicidin A ion channel Prodigiosin Valinomycin

Figure 1.8: Representation of the hydrophilic interior and hydrophobic surface of natural ion

transporting agents.

1.9. Artificial Ion Channels:

Various design strategieshave been introduced for constructingunimolecular or
self-assembled architectures asartificial ion channels. Thesestrategies
includeunimolecular, barrel-hoop, barrel-stave, barrel-rosette, f-barrel, etc. (Figure 1.9).
A brief discussion of reported ion channels following those design principles ispresented

here.

A.Unimolecular lon Channels: Unimolecular ion channels are comprised of a single

molecule which may contain a macrocyclic unit as a rigid abiotic scaffold, to sustain the
membrane pressure, and covalently linked tails for spanning the lipid membrane.

Cyclodextrins and
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Figure 1.9: Schematic representation of various ion channel design.

calixarene derivatives connected with pentabutyleneglycol and cholic acid tails are
widely used (1 and 2).32'35 On the other hand, azacrown ethers, decorated with an o-
helical peptide backbone have been used to maintain a hollow pore along the channel

direction (3).36

B. Barrel Stave Ion Channels: Cylindrical self-assembly of stave-like monomers has

been found to form barrel-stave type self-assembled artificial ion channel.
Diarylaminebased stave like molecule canself-assemble via the diamide functionality
present at the center of the molecule 4.7 Similarly,dimeric steroids have been foundto
form barrel-stave channels because of its matched length with the thickness of lipid
bilayer (5).*®

A

Figure 1.10: Structure of unimolecular (A-C) and barrel stave (C and D) ion channels.
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C. Barrel Hoop Ion Channels:Ion channel formation by columnar self-assemblyof

amphiphilicmacrocyclesis known as barrel-hoop structures. Ghadiri and coworkers have
reported a cyclic peptide based on alternate D- and L-amino acids for forming barrel-

hoop ion channels (6).39'44

D. Barrel Rosette Ion Channels:Interestingly, circular self-assembly of tiny molecules

can result in rosette structures which can be interpreted as self-assembledmacrocycles.
These macrocyclic structures can further self-assemble in thecolumnar fashion to create
the barrel-rosette type of ion channels.Hydroxy acid derivative reported by Martin and
coworkers is known to form self-assembled barrel rosette structures in lipid membrane,
and such self-assembly is driven by lipophilic and hydrogen bondinginteractions(7).45
Similarly, substituted guanosine units can form a rosette structure via G-quartets
formation then two G-quatrates can be brought together by a sandwiched K™ ion to form
Gg-K'octamers. Further columnar aggregation of Gg-K'octamers can create a channel

structure in the lipid membrane (8).46’47

J Y HN
’ ’ (@) i
BN H O () 0 N-w — 028 ~NH
N ¥ o} Oy = NH
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NONT R O { L H o=\)
H R ;\o o NH,
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Figure 1.11: Structure of barrel-hoop (A), barrel rosette (B and C), and f-barrel (D) ion

channels.
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E.p-barrel lon Channels: The f-barrel ion channel constructionclosely resembled with

the barrel-stave like structure where each stave is further functionalized with a specific
hydrogenbonding moieties. These functionalized side arms can undergo self-assembly
with complementary candidate present in the adjacent stave. Matile and coworkers have
reported molecules composed of rigid octaphenylrods and hydrogen bond forming units.
Either a vicinal diol or short peptide connected to each phenyl ring of the Stave
facilitated hydrogen bonding with the same moiety from the next molecule(9 and 10).
Overall, supramolecular process from these hydrogen bond forming units resulted in the

. 4849
[-barrel formation.

1.10. Artificial Ion Carriers:

In past several years, a number of strategies have been incorporated in the
construction of ion carriers for selective recognition and transmembrane transport of
anions.The design strategies for artificial ion carriers are much simpler, and most of them
are inspired from their natural analogs, likevalinomycin and prodigiosin.These carriers
arecomprised of a rigid scaffold having hydrophobic external surface and a hydrophilic
ion recognition motif. The rigid scaffold acts as a platform to hold the ion binding
functionalities into the inner cavity of the ion receptor. Synthetic macrocyclic structures
are widely used as ion receptors which can engulf an ion into their hydrophilic cavity
(Figure 1.12). On the other hand,semicircular receptors containing multiple ion binding
sites are also a well acceptable scaffold in ion carrier designs. The lipophilic scaffolds
commonly so far used are, cholapods (11),50'53trans—decaline (12),54 calix[4]pyrrole (13),

55-57

its fluorinated (14),andtriazole analogues,”~ 'tripodaltris(aminoethyl)amine (tren)

(15),585quaramides (16),23’59 cyclohexane (17),60 and cyanoguanidines (18).61 Few
examples of scaffolds related to prodigiosin structure are also found in the literature

(18).62’63 Various functional motifs have been used for coordinating anions with ahost via

54,59,64-71 72,73

hydrogen bonding interactions, among them urea, thiourea, amide groups,

etc. are the most acceptable approaches for anion transporters. In addition to that, few

examples of anion transporters involving anion-m interactions (22)’*"> and dipole anion

74,716,717

interactions (21) are also present in literature.
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Figure 1.12: Design principle of artificial ion carriers and examples of the ion transporter based

on various rigid scaffold and ion binding motifs.

1.11.Artificial Ion Transport Systems in the Light of Next Generation Therapeutics:
The application of artificial ion transport systems hasbeen found in wide range of
biotechnology and nanotechnology fields, which include, use in sensing, catalysis,

Cae o 78,79
fluidic diodes, etc.

For example, a C-terminally modified derivative of gramicidin-A
has been reported by Yang and coworkers, which can be employed in the sensing
application.*’Recently, the introduction of artificial ion channels as the “channel
replacement therapy,” has instigated as a novel combination treatment modality for
targeting diseases associated with ion channel dysfunction.81’82Channelf0rming peptides,
which can involve in selective transport of chloride, are employed to restore the Cl-

transport in the cells responsible for cystic fibrosis. The addition of these channel

forming peptides on the apical surface of cystic fibrosis airway tissues promotes anion
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secretion and surface hydration resulting therapeutic benefit for the diseases.® Therefore
synthetic ion transport systems have immense potential in integrating a palliative care
approach into several life-threatening diseases, including cystic fibrosis, cancer, etc.
However, the research related to the use of artificial ion channels and carriers are still at

thethreshold level. In the context of artificial ion channels, crown ether based

unimolecularhydrophilic channels (24, 25), reported by Gokel** and cyclic peptide (26)
based self-assembled ion channel reported by
A d o Jd o Qu H Q

Figure 1.13: Structures of bioactive artificial ion channels (A) and carrriers (B).

Ghadiri® have promisingantibacterial activity against gram negative and gram positive
bacteria. These synthetic ion channels undergo a rapid and selective cell death of bacteria

by collapsing the transmembrane ion potential by transporting cations. Few crown ether
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based hydrophilic channels, reported by Gokel and Voyer, facilitate cation transport into
cells resulting in the cancer cell death via necrotic pa1thwa1y.86'88 However, apoptotic cell
death is preferred for the therapeutic development as the necrotic cell death pathway is
associated with possibilities of toxicity in the living organs. On the other hand, anion
carriers have revealed the apoptosis-inducing activity in cancer cells by either changing
the pH or destroying the ionic  homeostasis of cells (Figure

65.69,71,72,89,90 e 62 - . . .
1.13). Prodigiosin™ is a natural Cl™ carrier that can function as an anion

exchanger via either H'/Cl symport or Cl /anion antiport mechanism.’Ton transport
properties of prodigiosin and its synthetic analogs are also linked to their anticancer
activities (27).91’92A classes of urea/thiourea (18, 22, 28),65’69’71 and tambjamine analogs
(29)* have shown anticancer activity upon changing the pH of the intracellular matrix.
However, the mechanism of apoptosis-inducing activity is not studied in detail for
aforementioned ion carriers. The detailed study of apoptosis-inducing activity by
calix[4]pyrrole’® derivatives (23), upon changing ionic homeostasis of the cell, has been
reported by Sessler and coworkers. Hence, the introduction of modern ion transporting

agents for palliative care of transport related diseases is a promising field of study.

1.12. Techniques Used in Ion Channel Studies:

Cell membrane mimics, e.g., spherical lipid bilayers (i.e., vesicles) and planar
lipid bilayers, made up ofcommercially available lipids,are usedin the evolution of in
transport via synthetic systems. Brief discussion about verious ion transport techniques

are provided here.

1.12.1. Transport Study in aSpherical Lipid Bilayer:Vesicles are prepared with either
EYPC or POPC lipid by the standardfreeze-thaw method. Vesicles are subjected to
extrude with thepolycarbonatemembrane of the specific pore size to obtain unilamellar
vesicles of uniform diameter ranging from 100-200 nm. Various analytical techniques
are used to study the ion transport through liposomal membranes which include

fluorescence, ion selective electrode, and 25Na-NMR titration.

A. Fluorescence Method: Vesicles are preparedby encapsulating8-hydroxypyrene-1,3,6-

trisulfonate (HPTS), a pH sensitive dye. A pH gradient is appliedby theaddition of NaOH

at extravesicularbuffer, and the fluorescence intensity of HPTS is monitored with time
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(Figure 1.14). The change in pH of the intravesicular buffer, i.e., the change in HPTS
emission intensity is only possible when any ion transporting agent is present in the
system. Hence, the change in emission intensity can deliver the information of ion
transport ability of particular compound. Similarly, lucigenin, a chloride selective dye
can be used to monitor the CI ion transport through any ion transporting agent.
Additionally, carboxyfluorescein, ANTS-DPX and calcein dyes are also used according
to the experimental requirement.Carboxyfluorescein and ANTS-DPX dyes can be used
to check the membrane perturbation property and the dye leakage properties of ion
transporter molecule. The calcein dye, a Ca**selective dye, is used to evaluate the Ca*

ion transport by the ion transporting agent.

normalization -
window

——— | T T T
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NaO3 SO3Na
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Figure 1.14:Representation of fluorescence-based ion transport assay using vesicles. The

structure of fluorescent dyes used in ion transport assay.

B. Ion Selective Electrode: Efflux of ions from vesicles can be monitored by recording

the conductivity of particular ion in solution using ion selective electrode. Vesicles
loaded with high concentration of NaCl can be suspended in NaNOj3 solution and the rate
of CI" efflux, after addition of ion transporting agent, can be monitored via chloride

selective electrode (Figure 1.15A).

C. Na-NMR Titration: In this method, unilamellar vesicles are prepared with NaCl salt,

and dysprosium tripolyphosphate salt is added to the extravesicular buffer. The Dy’* salt
acts as a shift reagent in the “Na-NMR study which results in the shifting and
broadening of the peak for extravesicular Na".The presence of Dy3+ discriminates the

“Na-NMR signal of intra and extravesicular buffer (Figure 1.15B). Hence, the line
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broadening of the peak for extravesicular Na* can be monitored to check the rate of Na*

transport across the membrane, in the presence of ion transporting agent.
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Figure 1.15:Schematic representation of ion transport study using ion selective electrode (A)

and”Na-NMR technique (B).

1.12.2. Ion Transport Study in Planar Lipid Bilayer:

This technique is used to distinguish ion channels from ion carriers by measuring
the ion conductance across planar bilayer lipid membrane (BLM). According to this
technique,an electrolyte chamber is compartmentalized into two by a Teflon barrier,
which contains a tiny hole (of 150-250 pum diameter) to maintain the communication
between the electrolyte present in either chamber. A planar lipid bilayer can be readily
formed in the micropore to create a semipermeable barrier between electrolyte chambers
(Figure 1.16). This planar lipid bilayer restricts the electrical conductance along the
nanopore because of blocking the ion flow. The electrical communication
betweentheelectrolytechambers can be restored upon employing an ion channel into the
planar lipid bilayer. Therefore, the electrical conductance along the nanopore can provide
the information about ion channel formation and properties of ion transport across the
lipid bilayer.39 In principle, the electrolyte chamber connected with the ground electrode
is known as thecischamber, and the one with measuring electrode is referred to as

thetranschamber. A small salt bridge is used to connect the chamber and electrode.

The formation of the planar lipid bilayer on the orifice can be justified from the
parallel plate capacitor behavior upon applying an exact amount of voltage. The current
flow across the membrane is the measure of ion channel behavior. The periodic

fluctuation of the current value (generally in pA level) is the signature signal of opening

Tanmoysaha; IISER Pune Page 19



Introduction Chapter 1

and closing of the channel on the membrane. Detail of the data analysis and outcome of

this experiment is discussed in chapter 3 and 4.
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Figure 1.16: Schematic representation of the planar bilayer conductance measurements

technique.
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2.1. INTRODUCTION:

Biomimetic artificial ion transport systems have gained a prime interest of research
from last two decades because of their fundamental biological activity. Various synthetic
or semisynthetic compounds were studied as potential building blocks to design artificial
ion transport systems which can either form unimolecular or self-assembled membrane-
spanning channels for transmembrane transport of ions. Use of macrocyclic organic
compounds (mostly, cyclic oligosaccharides) connected to membrane spanning tails is a
well acceptable approach for designing artificial unimolecular ion channels. Those cyclic
oligosaccharides provide the rigid platform to withstand the implosion caused by lipid
pressure, and membrane spanning tails are used to allow the hydrophilic passage for
conduction of ion.*™'° Cyclodextrins (CDs) have been widely used as a rigid macrocyclic
scaffold to construct artificial ion transport systems.™™® The connection of membrane
spanning linkers to the CDs led to the formation of ion channels displaying either cation or
anion selectivity. The pioneering work by Tabushi and coworkers highlighted the
A,C,D,F,-tetra-6-(6-n-butyrylamino-n-hexylsulfenyl)-B-cyclodextrin as a half-channel
dimer that displayed cation transport across lipid membranes.'* Fyles and coworkers
reported triazole-linked B-CD derivatives as half-channel dimers, and cation transport
through these channels was established.**® The per-(2,3-di-O-heptyl)-6-methoxyPEG-6-
(1,2,3-triazole)-pB-CDs were also tested for their pH-dependent aggregation characteristics
in the lipid membranes.™ Despite, most of the CD based unimolecular ion channels are
cation-selective, anion selective unimolecular artificial ion channel consisting of
aminocyclodextrin derivative was reported by Gin and co-workers (Figure 2.1A).2#%
Under physiological conditions, the B-CD derivative exhibited anion transport with
selectivity sequence of I” > Br~ > CI". In contrast with the selectivity sequence, CI™ is the
most abundant anion in physiological systems; therefore, artificial ion channel having CI™
selectivity is always preferable. However, the design of a CI™ selective ion channel based
on CDs (a-, B- and y-CD) is challenging because of large cavities of these cyclic
oligosaccharides (Figure 2.1B). The inner diameters of common CDs (dy.cp = 0.45 — 0.57
nm, dgcpo = 0.62 —0.78 nm and d,.cp = 0.79 — 0.95 nm) are very large compared to the

diameter of CI™ ion (d¢;” = 0.36 nm). Unfortunately, smaller analogs of CDs are
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Synthetically inaccessible because of strain imposed in the inter-saccharidic bond angle
on the diminution of cyclodextrin macrocycle from six glucose units.'” On the other
hand, molecular recognition studies and theoretical calculation revealed that the cavity
present in B-CD is mostly hydrophobic which is not preferable for ion recognition
(Figure 2.1C)."®" Furthermore, the modulation of ion transport activity was not explored
in the case of CD based ion transport systems. Hence, the introduction of a new sugar-
based artificial CI™ selective unimolecular ion channel having a hydrophilic cavity and

tuneable transport activity was of prime importance.

A

OO OO B OHgf)f//osgglj@—\y E_R:&N/\*\/O\/\}Z/\OH

O. EN /\/\/\/N
fo) OH S \n/\/
HO RO. O

"o o) OH
0 R 9

R 0~ OH
HO %o R oH

O,
HOXGS0

OO OO OHHO

Figure 2.1. Schematic representation of cyclodextrin-based ion channels (A), structures of [3-
cyclodextrin-based reported ion channels (B), Representation of the hydrophilic (blue) and
hydrophobic (red) indentation in $-CD (C).

In the year 2011, Nifantiev and coworkers had reported an efficient synthetic
strategy for easy access to a series of individual cyclo oligo-(1—6)-p-D-glucosamine
(GA) derivatives [GA], — [GA]; consisted from two up to seven glucosamine units
(Figure 2.2A).2* The pore diameter of the macrocycles follows an increasing order
from dimeric to tetrameric cyclo-(1—6)-B-D-glucosamines [GA]zac — [GAls.ac (0.35 to
0.58 nm) (Figure 2.2D). The variable diameter of GA macrocycles offers a scaffold to
construct artificial ion transport systems with tunable pore diameter. However, an
interesting correlation between oligomericity and rigidity of these macrocycles was

observed from molecular dynamics (MD) simulation studies.”'*

In the context of larger
macrocycles [GA]s.ac — [GAl7.ac, the effective pore diameter fluctuates because of the
complicated shape and conformational disorder of macrocycles (Figure 2.2B). Hence, a
contraction of effective pore diameter of was predicted, for macrocycles with more than

four glucosamine units.

Tanmoy Saha; IISER Pune Page 27



Unimolecular lon Channel Chapter 2

Moreover, theoretical calculations revealed the presence of defined hydrophilic
cavities within these macrocycles (Figure 2.2E).*' This characteristic can be regarded as
an essential parameter for constructing the polar pore for recognizing hydrophilic anions.
Additionally, recognition of ions within the GA cavities would contribute to the lower
free energy loss due to dehydration of ion in comparison to the CD cavities. The
presence of free amino groups in the macrocycles facilitates the attachment of lipophilic

. . . 23
tails required to produce an active transmembrane pore.

LB Q=109 ¢
OO OO H Rigid Flexible
RHN E
0 O \ur : o/ N (['-\,,-
Q o : (IT ‘ "Q
ey o0 A
OH H
HR1 “ow ! [GAlac [GAliac [GAliac [GAl5 ac
m=0-3 E b E
[SAlo-[6Alr R=H QD QU

[GA]2.Ac - [GA]7.AC: R=Ac GA dinner [NM]
[GAl, - [GA]s.L
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macrocycles : [GALs ac 0.42
B  Description of the R group: ' [GAls.Ac 0.58 [GA]
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O OH
Yo/\/\/ (\/\/\OZ\/\/
O

Figure 2.2. The structure of glucosamine macrocycle and proposed a model of ion transport
systems with tunable pore diameter (A). Description of lipophilic tail linked to designed
macrocycles (B). Representation of oligomericity versus rigidity (C). Representation of the
hydrophilic (blue) and hydrophobic (red) indentation in [GA]4.ac (D). Inner diameters of [GA];.ac
- [GALsac (E).

Therefore, the design of new synthetic ion channels was proposed based on
macrocycles [GA], — [GA]s. Lipophilic tails were connected to the glucosamine
macrocycle for spanning through the phospholipid bilayer and providing a hydrophilic
path for ions. A pentabutyleneglycol-based chain was selected'” as a long tail (Figure
2.2B) to match the thickness of phospholipid membranes (thickness = 0.35 — 0.40 nm).

Furthermore, a ‘‘hybrid’’ tetrasaccharide-based macrocycle [GA]’421’22

(Figure 2.3) was
also introduced to address the effect of the number of membrane spanning tails on the
ion transport activity. This class of hybrid ion channel [GA]'4y was accessible for
covalent linking of only two tails in diagonally opposite glucosamine unit in the
macrocycle. Hence we expected to have a bimodal control on ion transport activity; by

varying (a) ring size of glucosamine macrocycle, and (b) number of membrane spanning

tails.
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Figure 2.3. The structure of “Hybrid” cyclic tetrasaccharide based channel with fewer membrane

spanning tails.

2.2. RESULT AND DISCUSSION:

2.2.1. Synthesis:

Synthesis of the long tail was done by reported procedure.24 The conjugation of tails with
the glucosamine macrocycles was performed in the laboratory of Prof. Nifantiev, and

received by us as a part of the collaboration.

2.2.2. Ion Transport Activity:

The ion-transporting activity of the synthesized compounds was evaluated in the
spherical lipid bilayer of large unilamellar vesicles (LUVs). Unilamellar vesicles of
uniform size (~ 100 nm) were used as the mimic of the cell membrane to get a model
system of ion transport study. The LUVs are prepared by EYPC (L-a-
Phosphatidylcholine from egg yolk) lipid with entrapped 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS), a pH-sensitive dye, to get EYPC-LUVsSHPTS (Figure 3a).”>*° The
fluorescence intensity of HPTS dye is found to get increased with increasing
intravesicular pH. A pH gradient of ApH = 0.8 (pHin = 7.0 and pHow = 7.8) was applied
by addition of 0.5 M NaOH to the extravesicular buffer. The fluorescence intensity of
HPTS was monitored to get the extent of ion transport across the membrane, i.e., the
amount enhancement of intravesicular pH. No significant enhancement in fluorescence
was expected as the ion transport through the membrane is restricted in the absence of
ion channel. The ion transport was evident from enhanced fluorescence intensity of
HPTS only after addition of channel forming molecules. Finally, vesicles were lysed by
adding 10% Triton X-100 (Tx) to achieve the maximum possible fluorescence intensity

(Figure 2.4). The addition of ion transporting compounds resulted in the destruction of
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pH gradient via either OH™ influx or H" efflux, leading to an increase in intravesicular

pH.

A B
Nat  CF _ T
a i Details of assay: 100 ) \
OH clipid: 62.5 mM :
In: 1.0 mM HPTS, 10 mM T . 1
~ HEPES, 100 mM NaCl, pH = 7.0 ) fﬁf
H* Out: 10 mM HEPES, 100 mM Ie g normalization
Na*  CI NaCl, pH = 7.8 \ 3 window
H H) = HPTS Py AN .
I I I

Figure 2.4. Representation of ion transport activity assay using EYPC vesicles (A);

representation of ion transport kinetics experiment using fluorescence (B).

Ion transport activity of each glycoconjugate was recorded at monomer
concentration 0 — 10 uM indicating concentration-dependent responses during the
transport process (Figure 2.5). Each plot was normalized into the normalization window
according to Figure 2.4B. This normalization represents the time of neoglycolipid
addition as r = 0 s and time of Triton-X 100 addition as r = 200 s. Each fluorescence
intensity course was normalized to obtain the percentage emission intensity /r using
Equation 2.1:

Ir=[(Fi— Fo) !/ (Fs— Fpy)] x 100 Equation 2.1
where, F; = fluorescence intensity at time ¢, Fy = fluorescence intensity 2 s before the
[GA] derivative addition and F, = fluorescence intensity at saturation after lysis of

vesicles (at 220 s).

The direct comparison of the ion transport activity for all glycoconjugates was
obtained from the bar diagram (Figure 2.6), generated by considering the transport
efficiency at 1.5 uM concentration (recorded after 100 s of compound addition).
Enhancement in the extent of ion transport with the increase in effective diameter of
macrocycle was encountered [GA],1, < [GAlz1 < [GAlsr, which further diminished in
the case of [GA]s,, (Figure 2.6). This outcome was in accordance with the assumption of
an increment in transport rate with increase in oligomericity of glucosamines. Lower
activity of [GA]sy compared to [GAlsr can be explained regarding conformational
freedom of the glucosamine macrocycles and such loss of ring structure because of

implosion caused by lipid pressure.
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[GAlz.L [GAT4L [GAls.L
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t(s) t(s) t(s) t(s) t(s)

Figure 2.5. Ion transport assay of neoglycolipid derivatives using EYPC LUVsDHPTS, where
the time of compound addition was taken as 0 s and Triton X-100 was added at 200 s. Compound

number was indecated in the plot.

The difference in activity depending on the number of membrane-spanning tails,
connected to a glucosamine macrocycle also suggest its importance in ion transport
activity. Four-membered glucosamine macrocycle offers better activity when connected
to four membrane spanning tails [GA]4r with respect to those connected to two tails
[GA]'41 (Figure 2.6).

A comparison of dose-response curve (0 — 5 uM) of all long tail connected
compounds ([GALb1—[GA]sL, and [GA]'41) was plotted, by recording the normalized
fluorescence intensity values at = 100 s. Hill analysis was performed by fitting of
respective curves in equation 2.2.

Y=Y+ Yo—Y)/[1+(c/ECs)"] Equation 2.2
where, Y, = fractional fluorescence intensity at ¢ = 0 , Y., = fractional fluorescence
intensity for ¢ = cmax  and Y = fractional fluorescence intensity at a particular

concentration c.

100

Iz at 100s

Channels

Figure 2.6. Comparison of ion transporting activity of [GA],1—[GA]sy and [GA]'4y at 1.5 uM

concentrations .
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From Hill analysis, the effective concentration of half maximal activity (ECsp)
was obtained for each compound (Figure 2.7B). The ECs values, [GAlsr > [GAl3L >
[GA]sL > [GAlL.y > [GA]'4y, also indicates similar ion transport activity as observed in
Figure 2.6. The Hill coefficient for [GA]4.1, n = 1.2 stands for the unimolecularity of the
channel structure. The Hill coefficient for other active compounds [GA]sr and [GA]s.y
also displays the behavior of the unimolecular ion channel. A slight variation of Hill
coefficient in case of [GA],y can be explained by the negligible activity followed by
improper fitting of the Hill plot. The compound [GA]'4L also offers the Hill coefficient,
n = 2, which confers the information of dimeric channel formation. The presence of half
number of membrane tails in case of [GA]'4r in comparison to the normal analogue

[GA]4y is responsible for the dimeric structure of the successful formation of channel

structure.
A B
1.004
Compound ECsq (M) n
[GAlL 3.75+0.32 1.7+0.2
[GA]s L 2.40 + 0.49 1.2+0.3
INo 504 [GAlsL 0.75 + 0.09 1.2+0.1
[GAT'4.L 3.25+ 0.56 1.9+0.5
+ [GA]3 L [GA]s.. 2.04 +0.30 12+0.2
«[GAl4L
. [gﬁ] 4.1
0.004 — [ ]5-L.
0.0 2.5 5.0

¢ (uM)
Figure 2.7. The dose-dependent activity of [GAl,.—-[GAlsp and [GA]'4r at in EYPC-
LUVoHPTS (B) table of ECs, values and Hill coefficient obtained for [GA],1—[GA]sy and
[GA]'41 atin EYPC-LUVOHPTS.

2.2.3. Ion Selectivity:

The significant ion transport activity of long tail connected neoglycolipid
derivatives inspired us to investigate the ion selectivity. Fluorescence-based competitive
assay for ion transport was applied to EYPC-LUVsDHPTS to evaluate ion selectivity.
The rate of change of ion transport activity was monitored by altering the extravesicular
buffer with various cations, MCIl by keeping the constant iso-osmolar intravesicular
NaCl to obtain the cation selectivity. On the other hand, extravesicular anions NaX can

be varied to obtain anion selectivity (Figure 2.8).
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M* = Li*, Na*, K*, Rb*and Cs* X =CI7,Br and I~
Figure 2.8. Schematic representations of the fluorescence-based ion selectivity assay. Vesicle

leakage assay for cation selectivity (A) and anion selectivity (B).

ion transport activity was monitored by altering the extravesicular buffer with various
cations, MCI by keeping the constant iso-osmolar intravesicular NaCl to obtain the
cation selectivity. On the other hand, extravesicular anions NaX can be varied to obtain

anion selectivity (Figure 2.8).

Variation of cations in the extravesicular buffer (MCl; M™ = Li*, Na", K*, Rb"
and Cs") did not offer any significant change in the rate of ion transport which signifies

the absence of

A
100
[GAlLzL [GAls.L [GAl4L [GAl4 L [GA]s.L
cy =5.0 uM ey =2.0 uM cy =0.75 uM cy =3.0uM cy =0.75 uM
—LiCl —LiCl —LiCl —LiCl —LiCl
—NaCl —NacCl —NaCl —NaCl —NaCl
—KCI —KCI —KCI 4 —KCI —KCI
—RbCI —RbCI —RbCl = — RbCI ——RbCI
—CsCl —CsCl —CsClafa# 5 —CsCl . —CsCl
Ir 50+ o
0 L] L] L] L] T
0 100 0 100 0 100 0 100 0 100 200
t(s) t(s) t(s) t(s) t(s)
B 400
[GAlLL [GAls L [GAl4L [GAl4 L [GAls.L
Cm = 5.0 HM Cm = 2.0 HM Cm = 0.75 HM Cm = 3.0 },lM Cm = 0.75 },lM
50
I
—NacCl — NacCl — NacCl NaCl
— NaBr — NaBr — NaBr — NaBr
0 Nal — Nal — Nal Nal
T L] ] T L}
0 100 0 100 0 100 0 100 0 100 200

t(s) t(s) t(s) t(s) t(s)
Figure 2.9. Cation (A) and anion (B) selectivity of long tail connected compounds across EYPC-

LUVoHPTS.
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cation transport through the pore (Figure 2.8A). On the other hand, a significant and
uniform trend in anion selectivity, CI" > Br™ > I', was observed for all compounds when,
extravesicular (Figure 2.8B). The uniform anion selectivity sequence, CI" > Br > I,
was observed for all tested compounds, which follows the reverse trend of common
Hofmeister halide sequence. Therefore, proposed CI selectivity during ion transport was

achieved based on designed oligo-(1—6)-B-D-glucosamine derivatives.

To rationalize the observation related to anion selectivity, the dependence of the
ion selectivities of [GA]br — [GA]sL and [GA]'4r on either reciprocal anion radius rl
(Figure 2.10A) or the free energy of anion hydration AGpyq (Figure 2.10.B) were plotted.
For each compound, better ion transport was observed with the increase in = (i.e. for
smaller halide). On the other hand, the ion transport activity decreased with the decrease
in AGyyq, confirming that the dehydration process had less contribution to the observed
selectivity. Therefore, it can be believed that anions are recognized by the macrocycle in
their partially hydrated state. Based on this result, the contribution of hydrogen bonding
between water molecules and the macrocycle could be proposed for anion selectivity.27’28
The observed halide topology is unusually rare and can be correlated to either of halide

. . 2931
V, VI, or VII Eisenman series.

However, the outcome (i.e. better Cl ion selectivity)
can be related to the potential application of these synthetic molecules in the replacement

therapy for diseases related to misregulated Cl™ ion transport.

Aos Bos

Y 0.4 Y 0.4
V.
k2
Br-
®
I- -
0.2 . . 0.2 :
0.44 0.50 0.56 -420 -320 -260
rt (A AGpyq (kJ mol™)

Figure 2.10. Normalized emission intensity /g as a function of the reciprocal anion radius (A),

and as a function of corresponding anion hydration energy (B).
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To confirm the above assumptions, computer modeling of different halides (CI,
Br and I') passing through the pore of [GA]s.ac cyclo-oligosaccharide in water solutions
was carried out by Dr. Alexey G. Gerbst in the collaboration of Prof. Nikolay E.
Nifantiev. TINKER software v. 5.0 was employed for this purpose (for full details see
the ESI). A halide particle was placed at the distance of 5 A from the potential pore first
on one side, and then on the other. These structures after energy minimization were used
as models for the starting and the final state. SADDLE procedure was employed to locate
the transition state between these two points. After this, transition state structures were
soaked into the droplet of 2200 water molecules with the radius of 25 A. The halide
anions and the saccharide were frozen while water molecules were allowed to move.
Systems were minimized and subjected to MD simulations with structural snapshots
being saved every 2 ps. Visual analysis of the transitional structures showed that in all
cases, the halide inside the pore was solvated by two or three water molecules (Figure
2.11). Thus, the study supported the idea of the polar pore and the movement of halide
ion through the cavity in a partly dehydrated form.

Figure 2.11. Complex formed during MD simulation between [GA]sa., @ CI” ion and water
molecules inside its inner cavity. Upside (A) and downside (B) views are shown. Redundant

waters are removed.

2.3. CONCLUSION:

In conclusion, a new family of artificial ion transport systems was designed based
on the functionalization of the oligo-(1—6)-B-D-glucosamine macrocycles by
membrane-spanning tails. These macrocycles possess smaller and more hydrophilic
cavities compared to cyclodextrins, and these features provided a rational tool to address

Cl selectivity during ion transport across unilamellar vesicles. Modulation of ring size
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and rigidity by changing oligomericity of these macrocycles provided a handle to control
ion transport activity. The ring size dependent rigidity of these macrocycles was also
important to withstand the lateral pressure of the phospholipids bilayer. The long tail
capable of spanning the bilayer membrane was used; the active supramolecule was
formed by a monomer. The importance of the number of membrane-spanning tails was
also evaluated. The transport activity decreased dramatically when a lesser number of
tails were connected to the glucosamine macrocycle.

All cyclo-oligo-(1—6)-B-D-glucosamines exhibited anion selectivity due to
hydrogen bonding between the macrocycle and water molecules solvating the anion. Ion
selectivity of synthesized derivatives displayed a uniform CI° > Br > I selectivity
sequence. Dependence towards ionic size over dehydration process confirmed the
presence of polar pore with better selectivity towards Cl™ ion. These glucosamine-based

32,33

biomolecular systems can be considered for replacement therapy for diseases caused

by misregulated CI ion transport.

2.4. EXPERIMENTAL SECTION:
2.4.1. General Methods.

Egg-yolk phosphatidylcholine (EYPC) was purchased from Avanti Polar Lipids as a
solution in chloroform (25 mg/mL). HEPES buffer, HPTS, Triton X-100, NaOH and inorganic
salts of molecular biology grade were purchased from Sigma. Gel-permeation chromatography
was performed on a column of Sephadex LH-20 gel (25 x 300 mm, Vo, = 25 mL) in
CHCI13/MeOH (1:1, v/v). Large unilamellar vesicles (LUV) were prepared by using mini
extruder, equipped with a polycarbonate membrane of 100 nm pore size, obtained from Avanti

Polar Lipids.

2.4.2. Physical Measurements.

Fluorescence spectra were recorded by using Fluoromax-4 from Jobin Yvon Edison-
equipped with an injector port and a magnetic stirrer. 10 mM HEPES (with 100 mM NaCl)
buffer solution used for fluorescence experiment and the pH of the buffer was adjusted to 7.0
with NaOH using Helmer pH meter. All data of fluorescence studies were processed either by

Origin 8.5 or KaleidaGraph.

2.4.3. Synthesis.
Synthesis of alcohol L: Alcohol L was synthesized according to the published procedure® and

the analytical data were in accordance with those reported.
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All macrocycles were synthesised by our collaborator (Prof. Nikolay E. Nifantiev group) and
those are connected with the alcohol L. All final compounds were obtained from our collaborator

in purified form.

2.4.4. Ton Transport Activity.”*

Buffer and stock solution preparation: HEPES buffer was prepared by dissolving solid
HEPES (10 mM) and NaCl (100 mM) in autoclaved water, followed by adjustment of pH = 7.0
by adding NaOH solution. Stock solutions of all glucosamine molecules were prepared in HPLC

grade DMSO.

Preparation of EYPC-LUVsoHPTS: A transparent thin film of egg yolk phosphatidylcholine
(EYPC) was prepared by drying 1 mL of EYPC (25 mg/mL in CHCl;) with the purging of
nitrogen and continuous rotation in a clean and dry small round-bottomed flask. The resulting
transparent film was kept under high vacuum for 3 h to remove all trace of CHC]; for drying. The
transparent film was then hydrated with 1 mL of HEPES buffer (1 mM HPTS, 10 mM HEPES,
100 mM NaCl, pH = 7.0) for 1 h with occasional vortexing of 4-5 times and then subjected to
freeze-thaw cycle (> 15 times). Extrusions were done 19 times (must be an odd number) by a
Mini-extruder with a polycarbonate membrane having a pore diameter of 100 nm. Extravesicular
dyes were removed by gel filtration (by Sephadex G-50) with buffer (10 mM HEPES, 100 mM
NaCl, pH = 7.0) and obtained vesicle was diluted to 6 mL to get EYPC-LUVsDHPTS: ~ 5.0 mM
EYPC, inside: 1 mM HPTS, 10 mM HEPES, 100 mM NaCl, pH = 7.0, outside: 10 mM HEPES,
100 mM NaCl, pH = 7.0.

Ion transport activity: 1975 uLL of HEPES buffer (10 mM HEPES, 100 mM NaCl, pH = 7.0)
was placed in a clean and dry fluorescence cuvette followed by addition of 25 pL vesicle (EYPC-
LUVsoHPTS). The cuvette was placed on a fluorescence instrument equipped with a magnetic
stirrer. Fluorescence emission intensity of pH sensitive dye HPTS was monitored at A.,, = 510
nm (A = 450 nm). After starting each experiment (at ¢ = 0), a pH gradient between the intra and
extra-vesicular system were created at t+ = 20 s by adding 20 pL of 0.5 M NaOH. Different
concentrations (0—10 uM) of glucosamine derivatives were added at ¢t = 100 s. Finally, vesicles
were lysed at ¢ = 300 s by adding 25 pL Triton X-100 (10%) to achieve complete destruction of

the pH gradient and saturation in fluorescence emission intensity.

The concentration of 5 uM of channel forming compound corresponds to the 0.068 mol% of the

lipid in the assay medium.

Hill analysis:
From the fluorescence kinetics plots of each derivative (Figure S2), the normalized

fluorescence intensity values at + = 100 s were noted. The normalized fluorescence intensities
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were then subtracted from the intensity value of background data so that the background intensity
was then adjusted to 0. The normalized fluorescence intensity at excess monomer concentration
was then adjusted to 1. All other data were adjusted accordingly to get fractional fluorescence
intensities. A new graph was generated by plotting fractional fluorescence intensity values
(represented as Y) against corresponding concentration (c) values (the background data set was
excluded). Each plot was then analyzed by Hill Equation (Equation 2.2) to obtain the effective

concentration (ECsy) and Hill coefficient (n).

2.4.5. Ion Selectivity Studies:

Buffer and stock solution preparation: HEPES buffer was prepared by dissolving solid
HEPES (10 mM) and appropriate salt (100 mM) in autoclaved water, followed by adjustment of
pH = 7.0 by adding NaOH solution. A stock solution of each glycoconjugate was prepared in
HPLC grade DMSO.

Preparation of EYPC-LUVsoHPTS: Vesicle was prepared according to the same procedure as

stated above.

Ion selectivity assay: In a dry and clean fluorescence cuvette, 1975 ul. HEPES buffer (10 mM
HEPES, 100 mM of either MCl or NaX, pH = 7.0) and 25 puL. of EYPC-LUVsDHPTS vesicle
were added. The mixture was placed on a fluorimeter equipped with a magnetic stirrer.
Fluorescence emission intensity of pH sensitive dye HPTS was monitored at A.,, = 510 nm (A =
450 nm). After starting each experiment (at t = 0), a pH gradient between the intra and extra-
vesicular systems was created at ¢t = 20 s by adding 20 pL of 0.5 M NaOH. Glucosamine
derivatives were added at # = 100 s at a particular concentration. Finally, vesicles were lyzed at ¢
=300 s by adding 25 pL Triton X-100 (10%) to achieve complete destruction of the pH gradient
and saturation in fluorescence emission intensity. Each data was normalized according to

Equations 2.1.

Cation selectivity experiments were carried out by varying the extravesicular chloride salts
(MCI1) of different alkali metal cations (M" = Li", Na®, K, Rb" and Cs"). For each
glycoconjugate, the normalized fluorescence intensity values at £ = 100 s for different metal ions

were compared.

Anion selectivity experiments were carried out by varying the halides (X~ = CI', Br and I') of
extravesicular sodium salts (NaX). For each glycoconjugate, the normalized fluorescence

intensity values at # = 100 s for different sodium halides were compared.

2.4.6. Molecular Dynamics Simulations.
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Calculations were carried out using TINKER software v. 5.0.*° Cyclo—oligosaccharide
matrix together with the chloride anion in the pore, preliminary found as transition state using
SADDLE procedure, was soaked into the previously equilibrated droplet of 2300 TIP3P ¥ water
molecules with the radius of 25 A using a built-in routine. The energy of the resulting system
was minimized until the RMS gradient of 0.1 kcal/mol+A. After that the system was subjected to
the MD equilibration for 500 ps and the MD simulation was run for 10000 ps with the structural
snapshots being written every 2 ps. The simulations were run in the constant temperature mode at
300 K. Only water molecules were allowed to move, positions of all atoms constituting the
matrix and the chloride were frozen. All bonds involving hydrogen atoms were constrained using

RATTLE version of SHAKE algorithm.”® All interactions were cut off at 5.
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Self-Assembly of Bis(oxalyl amide)
Macrocycles as Transmembrane Barrel-
Hoop Anion Channel
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3.1. INTRODUCTION:

Supramolecular approaches for constructing nanotubular structure having
adaptable lipophilicity is a well acceptable strategy for ion channel construction. Mutual
recognition of identical protein components are widely found in naturally existing ion
channels and pores, which includes dimeric structure of gramicidin, tetrameric structure
of KcsA and heptameric structure of a-hemolysin (Figure 3.1A).2® The design related to
a unimolecular artificial ion channel, described in the previous chapter, suffers the
drawback related to the selectivity because of the presence of single selectivity filter in
entire transmembrane structure. On the other hand, the supramolecular architecture of
channel constructed from the self-aggregation of small building units serves the purpose
rigidity and selectivity of the nanochannel structure. The design principle consists of the
crucial requirement of multiple selectivity filters in each representative building unit.
Synthetic macrocyclic scaffold containing strong hydrogen bonding motif can be
introduced into self-assembled nanochannel structure to form a barrel-hoop type of
artificial ion channel. A few examples of barrel hoop model of artificial ion channels
have been found in literature, which consists of cyclic peptide structures as the repetitive
building unit (Figure 3.1B).>** Those cyclic peptides can adopt lateral self-assembly by
sharing strong hydrogen bonding among amide functionalities (Figure 3.1C). The amide
moiety contributes to the required hydrophilicity in the channel lumen and the
hydrophobic amino-acid residues, exposed to the external surface participating in the
membrane penetration and stability in the lipid bilayer.

In the present chapter, we had reported a non-peptide based macrocyclic building
block which is capable of forming self-assembled nanotubular architecture. We got
inspired from the strong and extended hydrogen bonding present in Kevlar and translated
into the designed molecule in the form of oxalyl amide. Each macrocycle had been
decorated with two oxalyl amide units which are capable of participating in
intermolecular hydrogen bonding interaction to create a nanotubular structure (Figure
3.2). The alkyl chains were connected to each molecule for maintaining proper lipophilic
balance for successful membrane translocation. The rate of membrane translocation and

stability in phospholipid bilayer primarily depends on the lipophilicity of a particular
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Figure 3.1: Self-assembled structure of natural ion channels and pore (A); cyclic peptides for barrel-hoop

ion channel construction (B); self-assembly of cyclic peptides for nanochannel formation (C).

distributes in aqueous media than of getting inserted into the bilayer. In contrast to that, a strong
hydrophobic molecule suffer’s problem related to aqueous solubility. Hence, the optimum
lipophhilicity is suggested for an ion transporting agent. In addition to the alkyl chailn, extended
towards the external surface of macrocycles, can involve in favourable van der waal’s interaction
with the hydrophobic domain of lipid bilayer. We assumed that the macrocycle connected to two
diagonally oriented n-pentyl groups offered the optimum lipophilicity, to perform the task of

successful membrane penetration (Figure 3.2). Additionally, the macrocyclic building units
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offers a sufficient rigidity to restrict the contraction of the diameter of the channel because of the

lateral pressure induced by lipid bilayers.

T
O$
2=
Yor/
Aliphatic chain For lipophilic Balance

Figure 3.2: Design of the rigid macrocyclic building unit having hydrogen bonding moiety and aliphatic
chains for lipophilic balance (A). The structure of macrocycle (B). Mode of self-assembly for barrel-hoop

type ion channel (C).

3.2. RESULT AND DISCUSSION:
3.2.1. Synthesis:

Synthesis of the designed macrocycle was initiated from the commercially available 5-
hydroxyisophthalic acid 2. The acid 2 was subjected to esterification followed by n-pentylation
of the phenolic moiety (Scheme 3.1). Subsequent reduction of ester groups with LiAlH4 provided
compound 3 in overall 85% yield.'®* Compound 3 was further reacted with MsCI to obtain
bis(mesylated) compound 4 in 60% yield. Treatment of compound 4 with NaNz followed by
reduction in the presence of PPhz provided bis(amine) in 60% yield. Finally, the macrocycle 1
was obtained in 46% yield by coupling of 5 with oxalyl chloride under high dilution condition.
All compounds were purified by column chromatography and structures were confirmed

adequately (See experimental section for detailed reaction procedure and characterization data).
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OH _CsH1q O/C5H11
1. Conc. H,SOy4 0
MeOH, reflux, 16 h MsClI, Et;N .
0 0 2.CsHyBr, K,COs DCM, 0 °C,30 min
ACN, reflux, 40 h 60%
OH OH 3. LAH, THF, reflux OH OH OMs oM
2 85% 3 4
o)
O/CSH11 o) 0 O N (0]
NTRE
1. NaNa, DMF, 80 °C, 2h o %
2. PPhg, THF/H,0 ” DCM, DIPEA N
@)t 60% " ¥ t, 4h H
0,
2 2 46% o \"/&O
5 10

Scheme 3.1: Synthesis of macrocycle 1.

3.2.2. lon Transport Activity:

The ion transport activity of compound 1 was evaluated using EYPC-LUVs>HPTS.
Large unilamellar vesicles were prepared by using EYPC lipid upon entrapping a pH sensitive
fluorescent dye HPTS, as discussed in the previous chapter.!%2%2! The destruction of pH gradient
upon addition of compound 1 was monitored to investigate the ion transport activity. A
remarkable increase in fluorescence intensity, observed immediately after addition of compound

1, signified the ion transport activity of designed macrocycle (Figure 3.3A). The abrupt

A g — : B

1.0
60- T —— 0.84
f :- —— : 111 o " N
E:- g‘.. | | A | 06_
I 40 o & [ i s Y
ol I'u A,
- 0.4+
o
0.4 ECso = 1.62 uM
n=0.84
2 -
0.04 R%=0.987
0 40 80 120 0 25 5 75 10
t(s) ¢ (mM)

Figure 3.3. Dose-dependent ion transporting activity of macrocycle 1 EYPC-LUVSHPTS, presented in
normalized emission intensity I as a function of time t (A), and Hill plot of 1 generated from the

fractional fluorescence intensity (Y) of 1 at t = 50 s versus concentration (B).
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enhancement in fluorescence intensity upon addition of 1 to EYPC-LUVsoHPTS, indicates the
pre-assembled nanochannel architecture, i.e., the strong hydrogen bonding interaction among the
macrocyclic building units. This was further supported by the Hill coefficient, n = 0.84 obtained
from the fitting of the dose response plot of 1 to Hill equation.?? The ECso (1.62 uM) value,
obtained from the dose response plot of compound 1, in the lower range indicates the excellent
efficiency of macrocycle 1 as an ion transporting agent.

3.2.3. lon Selectivity:

The ion transport activity of compound 1 prompted us to investigate the ion selectivity in
EYPC-LUVsoHPTS. lon selectivity of 1 (¢ = 3 uM) was screened with EYPC-LUVsDHPTS
by varying either the cation, M* (where M* = Li*, Na*, K*, Rb*, and Cs*) or the anion, A~ (where
A =F,CI,Br, I, NOs and CIOy) in the extravesicular buffer. Variation of cations provided
a negligible difference in the amount of ion transport suggesting no contribution of cations in the
transport process (Figure 3.4A). However, the change of anion resulted in the activity sequence:
ClI” > ClOs > Br ~NO3 > SO+* > I" > OAc (Figure 3.4B). A significant difference in the
amount of ion transport activity signifies the involvement of anion in the transport process. It
was assumed, that the anion selectivity of the supramolecular ion channel is being governed by

the aromatic C—H ---X~ and amide N—H ---X~ interactions.

A 100 B 100
- Blank = NaNO;
= NaCl
80 801 — NaBr —— Na,S0,
— NaOAc
60 60—
I I £
40 40+ f
04 T 0 T T -
0 80 120 0 40 80 120

t(s) t(s)
Figure 3.4: Cation selectivity of 1 (3 uM) determined with the HPTS assay with intravesicular Na* ion
and varied external cations M* (A), anion selectivity of compound 1 with intravesicular CI~ and varied

extravasicular A~ (B).
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3.2.4. Membrane Disruption Assay by CF:

The sudden enhancement in ion transport activity, upon addition of compound 1, also
indicates to the possibility of membrane disruption followed by exposing of HPTS dye to the
extravesicular buffer because of compound 1. To investigate the possibility of membrane
disruption, CF (carboxyfluorescein) assay had been carried out. EYPC vesicles were prepared by
entrapping excess amount of 5-carboxyfluorescein (50 mM) dye. The fluorescence emission of
5-carboxyfluorescein suffered from collisional quenching because of high intravesicular dye
concentration.?®2* Upon discharging the CF dye to the extravesicular buffer, the fluorescence
intensity can restore because of lack of collisional self-quenching. Hence, the extent of
membrane disruption can be measured by monitoring the enhancement in fluorescence intensity
of CF dye (Figure 3.5A). At the end of the experiment, Triton X-100 was added to get the
maximum possible intensity for CF dye. No enhancement in emission intensity was observed
upon addition of compound 1 (3 uM) into EYPC-LUVsoCF, and this excludes the membrane
disrupting possibility of compound 1 (Figure 3.5B). This experiment also eliminates the
possibility of dye leakage from the vesicle through the channel formed by compound 1. Hence,
the enhancement of fluorescence intensity obtained in EYPC-LUVsoHPTS is solely the result of
ion transport through the nanochannel. Absence of dye leakage from vesicle also ruled out the

formation of any large pore from 1.

A Details of assay: B
Cipig: 62.5 M 1004 Triton X-10
C ¢c C In: 50 mM CF, 10 mM HEPES, 0\
c c 100 mM NaCl, pH =7.0
C Out: 10 mM HEPES, 100 mM 754
NaCl,pH=7.0
C =CF
I 504

Tx

254 Compound 1

normalization

window | w'nl"!"'*'irj“'fﬁ"-:i‘*H'l*-?‘:'l'lz'i.ﬁ"*“:'H\*}»'MIH W |

i i
I 50 100 150 2

S t(s) 0
50 100 150 200 0

t(s) —

Figure 3.5: Representation of CF assays for EYPC-LUV (A); CF assay, in presence and absence of

compound 1 (3 uM), showing no membrane disruption (B).
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3.2.5. Planar Lipid Bilayer Conductance Measurements:

The confirmational study of successful ion transport via artificial ion channel formation,
by compound 1, was done by recording the conductance across planar bilayer membrane (BLM).
A planar lipid bilayer can be readily formed to the micropore by 2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) lipid to maintain a semipermeable barrier for electrolyte chambers
(Figure 3.6A). The electrical communication between the electrolyte chambers can be restored
upon employing an ion channel into the planar lipid bilayer.® According to the experimental
setup, compound 1 (20 uM) was added to the cis chamber containing 1 M KCI solution and
stirred for 30 min. A significant amount of electrical conductance was observed in both positive
and negative potential across the membrane (Figure 3.6B), which signifies the successful
formation of the artificial ion channel by compound 1. Furthermore, the periodic opening and
closing of the channel, reflected in the conductance data, deliver the information related to
opened and closed state of the ion channel. The single channel conductance of 38.85 + 5.15 pS

was obtained upon analyzing the data from the single channel recordings.

A (7
—)

Ground
Electrode [\ m Electrode

Cis I Trans

Figure 3.6: Schematic representation of experimental setup of planar lipid bilayer conductance
measurements assay (A). Single channel current traces recorded at +50 mV and —-80 mV holding
potentials in 1 M symmetrical KCI solution. 0 pA at the right—hand side indicates base line current. The

main conductance state is indicated by two green dotted lines.

The diameter of the artificial ion channel formed by compound 1 was calculated from the
single channel conductance value by using the equation 3.1,%° and the diameter appeared to be
3.19 + 0.21 A. The diameter obtained was closely resembled to the ionic diameter of CI- ion

which confirms the unbeaten conduction of ClI-ion through the channel lumen.
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1/g=(1+nrd/4) x (4p/nd?) Equation 3.1

where, g = corrected conductance (obtained by multiplying measured conductance with the
Sansom’s correction factor), | = length of the ion channel (34 A) and p = resistivity of the

recording solution (p = 9.44 Q-cm).

In addition to that, an I-V plot was generated in a symmetrical electrolyte solution of two
chambers (1 M KCI in each chamber). The applied voltage was ramped from —80 mV to +80 mV
for a definite time interval and the current were measured which follows an ohmic relationship.
An equal amount of current was obtained irrespective of the direction of applied potential

(Figure 3.7). The absence of hysteresis in the I-V plot indicates the voltage independent behavior

of the synthetic ion channel.

20

= Blank

-_

Current (pA)
o

-20

-80 0 80
Voltage (mV)

Figure 3.7: I-V plot using voltage ramp (-80 mV to +80 mV) in 1 M symmetrical KCI solution (blue
line).

3.3. CONCLUSION:

In summary, a barrel-hoop based artificial ion channel was designed where small
macrocyclic building units can self-assemble to form a nanochannel structure. A lipophilic
macrocycle was synthesized which contains di-oxalyl amide moieties to form intermolecular
hydrogen bonding for construction of the supramolecular entity. The inner lumen of the channel

structure was found to be hydrophilic, because of the presence of oxalyl-amide moieties, which
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can help in self-assembly as well as in ion transport. The presence of n-pentyl groups impose
hydrophobicity to the external surface of the nanochannel. The efficient ion transport through the
channel and anion selectivity was proved by fluorescence-based assays using large unilamellar
vesicle. The confirmation of ion channel formation was achieved by conductance measurement
in the planar lipid bilayer. The exclusive anion selectivity was imposed by the multiple
selectivity filter, usually from the aromatic C—H ---X~ and amide N—H ---X~ interactions, present
in the nanochannel. The supramolecular approach of introducing synthetic ion channel opens up
the possibilities for further modification related to ion transport property and could be a potent

pioneer for biotechnological application.

3.4. EXPERIMENTAL SECTION:
3.4.1. General Methods.

All reagents and solvents for synthesis were purchased commercially and used without further
purification. Dichloromethane (CHCl,) was pre-dried over calcium hydride and then distilled. Column
chromatographies were performed on Merck silica gel (100 — 200 mesh). Thin layer chromatographies
(TLCs) were carried out with E. Merck silica gel 60-F254 plates. Egg yolk phosphatidylcholine (EYPC)
and dipalmitoylphosphatidylcholine (DPPC) were obtained from Avanti Polar Lipids as a solution in
CHCI; (25 mg/mL). HEPES buffer, HPTS, lucigenin, Triton X-100, NaOH and inorganic salts were
purchased of molecular biology grade from Sigma. Large unilamellar vesicles (LUV) were prepared by
using mini extruder, equipped with a polycarbonate membrane of 100 nm pore size, obtained from Avanti

Polar Lipids.

3.4.2. Physical Measurements.

All NMR spectra were recorded either on 500 MHz Bruker, or 400 MHz Bruker Ascend™ 400
spectrometer using either residual solvent signals as an internal reference or from internal
tetramethylsilane on the & scale. The chemical shifts (3) were reported in ppm and coupling constants (J)
in Hz. The following abbreviations were used: m (multiplet), s (singlet), d (doublet), t (triplet) dd (doublet
of doublet). High-resolution mass spectra were obtained on a MicroMass ESI-TOF MS spectrometer
equipped with a Micromass Z-Spray electrospray ionization (ESI) source (Waters Co., Synapt G2,
France). FT-IR spectra were obtained using NICOLET 6700 FT-IR spectrophotometer as KBr disc and
reported in v (cm™). Melting points were measured using a VEEGO Melting point apparatus. All melting
points were measured in open glass capillary, and values are uncorrected. Fluorescence spectra were

recorded from Fluoromax-4 from JobinYvon Edison-equipped with an injector port and a magnetic
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stirrer. Measurements of pH were done using a Helmer pH meter. All data from fluorescence studies were
processed either by KaleidaGraph 3.51 or Origin 8.5 program. ChemBio Draw 15 Ultra software was
used for drawing structures and processing figures.

3.4.3. Synthesis:
Synthesis of (5-(pentyloxy)-1,3-phenylene)dimethanol (C13H2003) 3:

In a 100 mL round bottom flask, 5-hydroxyisophthalic acid 2 (2.0 g, 10.9 mmol) was dissolved in
15 mL of methanol and 0.2 mL of H,SO, was added to it dropwise. The reaction was monitored by thin
layer chromatography (TLC) and washed with a saturated NaHCOs solution. The compound was
collected by evaporating the solvent and proceeds to the next step without purification.

The compound was dissolved in 20 mL of ACN in a 100 mL round bottom flask. Bromopentane
(1.6 gm, 10.9 mmol) and K>COs3 (3.7 gm, 27.3 mmol) were added to the solution and refluxed for 40 h.
The reaction was monitored by TLC and washed with water. The compound was collected by evaporating
the solvent and proceeds to the next step without purification.

Lithium aluminiumhydride (830mg, 19 mmol) was mixed with 12 mL of dry THF in a clean and
dry round bottom flask and stirred for 30 min at rt. The compound was dissolved in 3 mL of dry THF and
added to the mixture in dropwise manner. The reaction was monitored by TLC, and excess LAH was
guenched by EtOAc and washed with saturate solution of Na.SOs. Compound was purified by a filter
column using 100% DCM to yield 2.2 gm (92% overall yield) of 3 as white solid. M.p.: 74 — 76 °C; 'H
NMR (400 MHz, CDCl): 8 6.9 (s, 1H), 6.82 (s, 2H), 4.63 (s, 4H), 3.95 (t, J = 6.6 Hz, 2H), 2.05 (s, 2H),
1.83 — 1.73 (m, 2H), 1.50 — 1.26 (m, 4H), 0.93 (t, J = 7.1 Hz, 3H). 3C NMR (100 MHz, CDCls): &
159.74, 142.84, 117.44, 112.25, 77.16, 68.19, 65.25, 29.08, 28.32, 22.58, 14.17; IR (KBr): v/icm™ 3340,
2932, 2868, 1599, 1455, 1294, 1161, 1023; HRMS (ESI): Calc. for Ci3H2003Na* [M+Na]*: 247.1309;
Found: 247.1660.

Synthesis of (5-(pentyloxy)-1,3-phenylene)bis(methylene) dimethanesulfonate (CisH240+S;) 4:

In a 50 mL round bottom flask 3 (500 mg, 2.22 mmol) and EtsN (0.75 mL, 5.34 mmol) were
dissolved in dry CHCl, (8 mL). To the reaction mixture, a solution of methane sulfonyl chloride in 2 mL
of CH,Cl; (0.42 mL, 2.4 mmol) was added dropwise at 0 °C. After 30 min of stirring at room temperature,
the reaction mixture was washed with water and compound was purified by column chromatography
which yielded 500 mg (60%) of 4 as colorless oil. 'H NMR (400 MHz, CDCls): § 7.01 (s, 7H), 6.95 (d, J
=4 Hz, 2H), 5.20 (s, 4H), 3.97 (t, J = 6.5 Hz, 2H), 2.98 (s, 6H), 1.78 (dd, J = 14, 6.6 Hz, 2H), 1.42 (ddd, J
= 20.1, 11.1, 6.6 Hz, 4H), 0.94 (t, J = 7.1 Hz, 3H). ¥C NMR (100 MHz, CDCls): & 160.03, 135.73,
120.57, 115.55, 77.16, 70.77, 68.50, 38.46, 28.95, 28.27, 22.57, 14.16; IR (KBr): v/icm™ 2943, 2870,
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1603, 1462, 1348, 1172, 930, 834; HRMS (ESI): Calc. for CisH2407S;Na* [M+Na]*: 403.086; Found:
403.0864.

Synthesis of (5-(pentyloxy)-1,3-phenylene)dimethanamine (C13H2:NO) 5:

In a 50 mL round bottom flask, 4 (880 mg, 2.52 mmol) was dissolved in dry DMF (8 mL). NaN3
(500 mg, 7.6 mmol) was added to the reaction mixture and stir for 2 h at 80 °C. After completion of the
reaction, the compound was collected by washing with water and brine.

The compound was taken in a 50 mL round bottomed flask and dissolved in 6 mL of THF/water
(9:1). Solid triphenylphosphine (2.6 gm, 10.08 mmol) was added to the mixture and stirred for 15 h at
room temperature. After completion of the reaction, compound was purified by column chromatography
through neutral alumina which yield 230 mg of semisolid compound 5 (41%). *H NMR (400 MHz,
MeOD): 6 6.85 (s, 1H), 6.78 (d, J = 1.2, 2H), 3.98 (t, J = 6.5 Hz, 2H), 3.73 (s, 4H), 1.77 (dd, J = 8.0, 6.6
Hz, 2H), 1.51 — 1.34 (m, 4H), 0.95 (t, J = 7.2 Hz, 3H). *°C NMR (100 MHz, MeOD): § 161.10, 145.44,
119.52, 113.05, 68.98, 49.00, 46.73, 30.17, 29.43, 23.51, 14.38; IR (KBr): v/icm™ 3288, 2962, 2864,
2422, 1592, 1450, 1286, 1156, 992, 833; HRMS (ESI): Calc. for C13H23N>0 [M+H]*: 222.1805; Found:
222.1794.

Synthesis of 15,85-bis(pentyloxy)-3,6,10,13-tetraaza-1,8(1,3)-dibenzenacyclotetradecaphane-
4,5,11,12-tetraone (C30H40N40e) 1:

In a 250 mL round bottom flask Oxalyl chloride (114 mg, 0.9 mmol) and diisopropylethylamine
(0.7 mL, 4 mmol) were dissolved in dry CH,Cl, (30 mL) and cooled to 0 °C. A solution of 5 (100 mg,
0.45 mmol) in 15 mL dry CH,Cl, was added to the ice-cooled mixture, dropwise, over the period of 2 h
and stir at rt for another 2 h. After that, another portion of 5 (100 mg in 15 mL CH,Cl,) was added to the
mixture dropwise and stir for 24 h. Expected compound was purified by column chromatography 15%
MeOH/CHCI; which yield 115 mg of 1 as white solid. M.p.: 131 — 133 °C; 'H NMR (400 MHz,
CDClI3/MeOD): 6 6.88 (s, 2H), 6.81 (s, 4H), 3.96 (t, J = 6.4 Hz, 4H), 3.85 (s, 8H), 1.81 — 1.68 (m, 4H),
1.40 (ddd, J = 20.1, 11.1, 6.5 Hz, 8H), 0.91 (t, J = 7.1 Hz, 6H). 3C NMR (101 MHz, CHCI3/MeOD) &
160.52, 140.81, 119.90, 114.15, 68.72, 49.00, 45.13, 29.44, 28.72, 22.90, 14.20; IR (KBr): v/cm? 2930,
2864, 1596, 1535, 1455, 1379, 1291, 1153, 1018, 932, 830; HRMS (ESI): Calc. C3oHsoNsOsH* [M+H]*:
553.3026; Found: 553.3013.

IV. lon transport activity and selectivity:
lon transport activity and selectivity were screened in EYPC-LUVsSSHPTS according to the

similar procedure as described in the previous chapter.
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3.4.5. CF Assay:

Preparation of EYPC-LUVsoCF: In a clean and dry small round bottomed flask 1 mL of egg yolk
phosphatidylcholine (EYPC, 25 mg/mL in CHCI3) was dried by purging nitrogen gas with continuous
rotation to form a transparent thin film of EYPC. The transparent film was kept under high vacuum for 6
h to remove all trace of CHCI3 at room temperature. The resulting film was hydrated with 1 mL buffer (50
mM CF, 10 mM HEPES, 10 mM NaCl, pH = 7.0) for 1 h with 4-5 times occasional vortexing and
subjected to freeze-thaw cycle (> 15 times). Extrusions were done 21 times (must be an odd number) by a
Mini-extruder with a polycarbonate membrane of pore size 100 nm (Avanti). Extravesicular dyes were
removed by gel filtration (using Sephadex G-50) with buffer (10 mM HEPES, 100 mM NacCl, pH = 7.0)
and diluted to 6 mL to get EYPC-LUVs>CF: ~ 5.0 mM EYPC; inside: 50 mM CF, 10 mM HEPES, 10
mM NaCl, pH = 7.0, outside: 10 mM HEPES, 100 mM NaCl, pH = 7.0.%52

lon transport activity: In a clean and dry fluorescence cuvette, 1975 uL of HEPES buffer (10 mM
HEPES, 100 mM NacCl, pH = 7.0) was added followed by addition of 25 uL of EYPC-LUVs>HPTS. The
cuvette was placed in the fluorescence instrument with slowly stirring condition by a magnetic stirrer
equipped in the instrument (at t = 0 s). The time course of HPTS fluorescence emission intensity, F: was
observed at Aem= 517 nm (Aex = 492 nm).Compound 1 (3 uM) was added at t = 50 s, and finally, 25 uL of

10% Triton X-100 was added at t = 200 s to lyse vesicles resulting destruction of the membrane.

3.4.6. Planar Bilayer Conductance Measurements:

Bilayer membrane (BLM) was formed across an aperture of 150 um diameter in a polystyrene
cup (Warner Instrument, USA) with lipid diphytanoylphosphatidylcholine (DPhPC; Avanti Polar Lipids),
dissolved in n-decane (20 mg/mL). Both cis and trans compartments were filled with symmetrical
solution, containing 1 M KCI. The cis compartment was held at virtual ground, and the trans chamber
was connected to the BC 535 head-stage (Warner Instrument, USA) via matched Ag-AgCl electrodes.
Derivative 1 was added to the cis chamber, and the solution was stirred with magnetic stirrer. It formed
channels within 5 minutes, as observed by the distinct channel opening and closing events at different
voltages. Currents were low-pass filtered at 0.5 kHz and digitized at 1 kHz using pClamp9 software
(Molecular Probes, USA) and an analog-to-digital converter (Digidata 1440A, Molecular Devices).
Positive clamping potentials refer potentials with respect to the ground, and positive currents are
presented as upward deflections from the base line (0 pA). The software pClamp 9 was used for data
acquisition and analysis. 1-V curve was generated from the BLM, containing multiple channels using a

voltage ramp from —80 mV to +80 mV.

Tanmoy saha; IISER Pune Page 53



Barrel Hoop lon Channel Chapter 3

3.4.7. NMR Spectra:
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Figure 3.7: *H NMR spectrum of 3.
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Figure 3.8: *C NMR spectrum of 3.
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Figure 3.10: *C NMR spectrum of 4.
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Figure 3.11: *H NMR spectrum of 5.
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Hopping Mediated Anion Transport
through a Mannitol-Based Rosette Ion
Channel
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4.1. INTRODUCTION:

Imposition of exclusive ion selectivity of the natural ion channels is associated
with the presence of multiple numbers of ion-recognition sites, inclined along the narrow
pore of the channel.”* The selectivity is primarily governed by the strength of ion binding
at these sites, and the ion transport occurs via hopping from one binding site to the next
in single-file direction.*” If we revisit to the KcsA channel for example, the exclusive K*
selectivity is imposed by the single-file orientation of carbonyl units along the pore. In
this naturally occurring potassium channel, present in Streptomyces lividans, four
identical a—helical protein units are self-assembled to form a large water-filled channel
where the ion selectivity was determined by the region called selectivity filter.2 Main
chain carbonyl oxygen atoms, from each subunit of the channel, are exposed along the

line of the selectivity filter, which helps to recognize K* ion exclusively. It can be

Figure 4.1. Structure of K" selective Kcsa ion channel and representation of single file
orientation of carbonyl units in selectivity filter (A); ion conduction through the channel via

hopping mechanism (B).
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considered that the carbonyl functionalities are arranged in five layers where each layer
contains four carbonyl groups contributed from each a—helical subunit of the channel.
The conduction of ions occurs via the hopping mechanism, in partially dehydrated form,
with the help of periodic formation and breaking of hydrogen bond interactions from
each layer. Similar multiple selectivity filters are also present in Na* binding sites in the
LeuT Nap-dependent pump,9 two Ca”* binding sites in the Ca”* ATPase purnp,10 and the

central CI” binding sites in CLC channel."'

Therefore, introducing synthetic ion channels with replicative ion binding sites
has been of significant interest. Design strategies reported for incorporating multiple ion-
recognition sites have primarily resulted in cation selectivity. In 1999, Matile and
coworkers reported a single file array of cation-m interaction motif, provided by two
hepta(p-phenylene) units, in a ligand-assembled ion channel (Figure 4.2A)." In this ion
channel, a sandwiched binding motif involving two phenyl rings and a cation is repeated
along the channel direction, maintaining the cation-m interaction all over the channel.
The carbonyl-cation interaction motif had been used widely in the design of cyclic
peptide-based nanochannel (Figure 4.2B).""® An alternate strategy to capitalize the
carbonyl-cation interaction was adapted in the construction of rosette type molecules
(Figure 4.2C)."! Hydraphile-cation interaction, a common cation-recognition motif,***’
was adapted by Matile,** Fyles® and Voyer26 to construct single-file pores (Figure 4.2D).
Self-assembled "barrel-stave" ion channels were constructed via the tethering of either

27-30
However,

vicinal diols or peptide side chains to a p-octiphenyl rod (Figure 4.2E).
these supramolecules were also cation selective.

Only the successful design of transmembrane supramolecules with single-file
multiple anion-recognition sites was demonstrated primarily by Matile and coworkers.

3192 and oligoperylenediimide3 ? based rigid-rod molecules were

Oligonaphthalenediimide
reported to form zn-slides in lipid vesicles. Selectivity of these supramolecules during ion
transport studies was accounted by anion-r interactions at each recognition site along the
channel direction (Figure 4.2F). However, single-channel conductance data of these
molecules are not available. Therefore, the design of anion selective artificial ion
channels with multiple ion-recognition sites is still a challenge. In the pursuit to develop
a robust anion selective ion channel which can work in spherical as well as in planar

lipid bilayers, we looked into different anion-recognition motifs routinely applied in

anion binding and different strategy of self-assembly.
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Figure 4.2. Synthetic ion channel designs with single-file multiple ion-recognition sites.

Abundance of use of hydroxyl (—~OH) group in the anion binding sites encouraged
us to consider it as the recognition motif.>+*! However, such an idea is debatable because
all reported synthetic ion channels involving —OH group are cation selective.””>* The
cation recognition by the lone pair of oxygen atoms is responsible for the selectivity in
these artificial channels.* However, —OH group is also the best known of all hydrogen
bond donor groups for recognition of anions® "***® The anion recognition ability of —OH
group had been demonstrated in cyclic cholaphanes45 (Figure 4.3A) and colorimetric
anion sensor by 3-hydroxy-1,4-napthaquinone derivative® (Figure 4.3B). Therefore, the
—OH functionality can in principle be incorporated in the design of anion selective ion
channels. In addition to that, in the line of channel architecture, we got inspired by the
barrel rosette type of artificial ion channel formed by self-assembly of tiny molecules.

An infinitesimal change in functionality in building unit of the channel actually
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translated in a multiplicative effect in the self-assembled nanochannel structure. Hence,
the modulation of ion selectivity would be much accessible in case of barrel rosette type

of ion channel.

o)

Figure 4.3. Anion recognition by —OH group in cholaphanes (A) and napthaquinone derivative

B).

In order to find a suitable molecule capable of providing multiple —OH groups for
self-assembly and anion recognition, mannitol derivatives 1 and 2 (Figure 4.4A), had
drawn our attention.”’ According to Sureshan and co-workers, these compounds are
capable of forming transparent gels in hydrocarbon solvents. We had anticipated that the
—OH groups facilitate self-assembly of the monomers M along one direction to form
fibrils M, (Figure 4.4B). Upon aggregation, these fibrils may form fibers, which entangle
to form 3D fibrous spaghetti-like networks immobilizing the solvent via capillary
force.*” We anticipated that the aggregation of these fibrils M, may provide a face-to-
face assembly M, > which further expands to the fibers. The face-to-face assembly M, >
aggregations are favourable in either gel or crystalline state. Therefore, the self-assembly
provides negligible internal space. However, in the presence of an ion, in the lipid
membrane, the interfibril hydrogen bonding can be shared to form self-assembled
nanotubular structures My, 3, Mp4, etc. (Figure 4.4B). Overall, each nanotubular structure
can also be viewed as layers of supramolecular rosettes formed by either three or four
units of M, and each rosette would provide a recognition site for an anion A~ via
multivalent O-H--A™ hydrogen bonding interactions. Transport of anion can be predicted
through the nanotubular structure, facilitated by the movement of an anion from one
rosette to the next in single-file. Cyclohexyl rings of mannitol 1 would be necessary for
the better stability of channel structure due to strong Van der Waals interactions

compared to 2.
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Figure 4.4. Structures of mannitol derivatives 1 and 2 (A) and schematic representation of self-

assembly of these molecules in gel/crystalline state as well as in lipid membrane (B).

4.2. RESULT AND DISCUSSION:
4.2.1. Self-assembly of Mannitol Derivatives in the Solid State:

At first, the mode of hydrogen bonding in the solid state of compound 1 was
evaluated to validate our anticipation of self-assembly. The mannitol derivative 1 was
crystallized from a mixture of acetone and water, and the crystal structure was solved.
From the crystal structure, it is evident that both the —OH groups are involved in face-to-
face hydrogen bond (O3...03 = 2.73 A; 04...0,=2.76 A) with identical —OH groups of
a neighbouring molecule in the horizontal direction, which forms a dimer with
hydrophilic core and hydrophobic periphery (Figure 4.5A). Such dimers are connected
through strong inter-layer hydrogen bonds (O304 = 2.76 A), forming infinite chains
along ‘b’ direction. The distance between two molecules along this direction was found
to be 5.49 A (Figure 4.5A). In other words, the hydrogen bonded infinite fibrils formed
along ‘b’ direction are dimerized along ‘a’ direction through additional hydrogen bonds
(Figure 4.5B). The formation of dimeric-fibrils through lateral hydrogen bonds suggests

the possibility of formation of higher order structures (e.g. trimeric- or tetrameric-fibrils)
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through such lateral hydrogen bonds. Also, it is possible to have dynamic
interconversion of such higher order structures, especially in response to some stimulus,
when the molecules are loosely bound (higher degrees of freedom of motion) unlike in
crystals. The presence of an anion can be a stimulus for the formation of such higher
order structures (My3 or My4) in the lipid membranes. In each lateral-layer (i.e. either
trimeric or tetrameric rosette) of such structure, multivalent O—H--A™ hydrogen bond
interactions is feasible for the anion recognition (Figure 4.4B) and the ion can hop from
one rosette to the next in single-file to facilitate ion permeation. Crystal structure also
predicts that minimum of seven monomer units (i.e. for n = 7, the distance between two
exterior O-+O = 35.7 A) are required to span the 37 A EYPC bilayer membranes (Figure
4.5B, C). Crystal structure and packing of 2 is also very similar to that of 1. However,

additional Van der Waals interactions between cyclohexyl groups were present in the

% ¥ %EP 55%?@?

549 A

solid state assembly of 1.

A

Figure 4.5. Single crystal structure of 1 showing (A) face-to-face and interlayer hydrogen

bonding; top (B) and side views (C) of face-to-face aggregation of ladder like structures.

4.2.2. Ion-Transporting Activity by Vesicle Assay:

The ion-transporting activity of mannitol derivatives 1 and 2 was investigated in
a spherical lipid bilayer using EYPC-LUVOHPTS as described in the previous

48,49,50
chapters. o

The compound 1 (20 uM) exhibited high ion transporting activity while
the derivative 2 (20 uM) was inactive (Figure 4.6A). Although the hydrogen bonded
fibril motif is present in the crystal structure of amphiphile 2 (Figure 4.20), the inactivity
could be due to the less stability of nanochannel structure. The instability could be due to
missing Van der Waals interactions of cyclohexyl rings or inability of the molecules of 2

to get embedded in the lipid bilayer because of its less hydrophobic nature. The logP

value calculated from MarvinSketch program for 1 and 2 appeared to be 2.18 and —0.33
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respectively, which indicates the hydrophilic nature of compound 2 for favouring
aqueous solubility rather than penetrating lipid bilayer. The inactivity of compound 2
was evident from its negligible transporting activity even at higher concentration (80
pM). In other words, a proper balance between hydrophobic and hydrophilic features in
1 (logP = 2.18) allows its incorporation in the lipid layer.”' Self-assembly of 1 in the
lipid membranes is facilitated by the network of hydrogen bonding interactions and Van
der Waals interactions of cyclohexyl rings. Detailed examination of the ion transporting
activity of compound 1 was then carried out by varying its concentrations from 0 to 60
uM (Figure 4.6B). A pseudo-first order in transport kinetics was observed for the
compound. Rate constant (kos) values were plotted against respective monomer
concentration (cy) values for compound 1 (Figure 4.6C) and Hill analyses were
performed by using Equation 4.1 26:52,33

kobs = ko + kmax X [em]"/([em]” + [ECs0]™) Equation 4.1

where, ky is the rate constant for the blank measurement, ECsy is the “effective”
monomer concentration of each conjugate needed to reach 50% of the maximum activity
(kmax) and n 1s the Hill coefficient that reveals the cooperatively of the transport process.
From the Hill analysis, an ECso = 42.5 uM and n = 0.9 was calculated which
indicates a thermodynamically favourable self-assembly of 1 which appear as a mimic of

the monomeric structure during permeation into the lipid membranes.
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Figure 4.6. Comparison of ion transporting activity of mannitol derivatives 1 (20 uM) and 2 (20
uM) in EYPC vesicle, presented in normalized emission intensity /r as a function of time ¢ (A).

Concentration profile (B) and Hill plot of 1 (C).
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4.2.3. Ion Selectivity Studies by Vesicle Assays:

The transporting activity of 1 encouraged us to investigate its ion selectivity and
the mechanism of ion transport. At first, the transporting activity was evaluated in the
presence of a proton transporter, carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) to identify whether a H/M" antiport (M" = alkali metal cation)
or OH /A" (A" = monovalent anion) antiport mechanism is dominant through the ion
channel. FCCP allows selective efflux of H" ion from the intravesicular water pool to the
extravesicular bulk water when a pH gradient is applied across the membrane.”® Under
the applied pH gradient, FCCP (5 uM) exhibited negligible ion transport. On the other
hand, the transporting activity of 1 enhanced by approximately 2—fold when studied in
the presence of FCCP indicating the cooperative effect of 1 and FCCP (Figure 4.7A).
From these data, a faster OH /A~ exchange compared to H/M" antiport across the EYPC
membrane was confirmed for mannitol derivative 1. This data is in accordance with our

prediction of anion recognition within the channel structure.

o
Na* cr Details of assay: o Q€
\ f OH" Clipid- 62.5 ]J.M 757 ‘t - 8 el
In: 1.0 mM HPTS,
” 10 mM HEPES,
¥ 100 mM NaCl, pH=7.0 /¢ 50
Na* . .CI Out: 10 mM HEPES,
" H 100 mM NaCl, pH=7.8
Q H) = HPTS 257
H+
@ =Fcep 5um)
0 T
0 100 200

t(s)
Figure 4.7. Representations of fluorescence based FCCP assay using EYPC vesicle (A) Ion
transport activity of 1 (20 uM) determined in the absence and presence of FCCP (B).

A further comparison of transport rate between OH and CI™ was carried out with
the help of valinomycin, a K* ion selective carrier.” In this assay (Figure 4.8A), a Na*
versus K gradient was applied between the interior and exterior of EYPC vesicles. The
influx of K" ion by valinomycin is expected to be accompanied by the OH/CI™ influx to
maintain the charge equality. Valinomycin (1 pM) alone did not display any transporting

ability. Fluorescence enhancement of HPTS was nearly similar when 1 (20 uM) was
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tested in the absence and presence of valinomycin (Figure 4.8B). These results confirm
preferential transport of Cl™ ion through the channel formed by 1 over OH™ ion. This
effect implies that the channel formed by 1 acts as an OH/Cl™ exchanger with a faster

rate of Cl” ion transport compared to OH™ (i.e. a CI" > OH selectivity).

A B 100 —
Cr Details of assay: S =
OH; - 62.5 UM § S
AN / Ciipid- ©£.0 W 75 2 =
In: 1.0 mM HPTS, s 2x
y; 10 mM HEPES, i_S¢&
\ 100 MM NaCl, pH=7.0 /. 5. T
cl Out: 10 mM HEPES,
H) S Y, 100 mM KCI, pH = 7.8
\K’r 254
H)=HPTS
V) = Valinomycin (1 pM) 0
0 100 200

t(s)
Figure 4.8. Representations of fluorescence based Valinomycin assay using EYPC vesicle (A),

ion transport activity of 1 determined in the absence and presence of valinomycin (B).

Anion transport across the channel formed by 1 encouraged us to determine the
selectivity sequences caused by iso-osmolar C1™ (intravesicular) to the monovalent anion,
A~ (extravesicular) exchange, a more complicated determination due to the
transmembrane Cl /A~ gradients. Upon variation of extravesicular anions, a selectivity
topology: CI" > NO3; > Br > SCN™ > CIO4 > 1 > OAc > F was determined for 1
(Figure 4.9A). Variation of external cations (M" = Li*, Na*, K, Rb*, and Cs") did not
provide any difference in ion transporting behavior which further establishes that the
rosette channel is specific to only anions (Figure 4.9B).

To rationalize the observation of ion celectivity, the dependence of the fractional
activity Y on the reciprocal anion radius (Figure 4.10B) or the anion hydration energy
(Figure 4.10C) was plotted. The fluorescence intensities at 100 s after addition of 1 in
anion selectivity plot were recorded, and each value (emission intensity for different ion)
was divided by the intensity value obtained from Cl ion plot to calculate the functional
activity (Y). Poor transport of weakly basic anions such as OAc or F suggested that the

origin of the derived Cl selectivity is mainly

Tanmoy Saha; IISER Pune Page 69



Hopping Mediated Anion Transport Chapter 4

A B
100 100
- 80 -
80 NO3 Rb*
: a
[ Br i
60 /_SCN 60
IF - IF \_ Na*
401 I\, 401
\— OAc 20
20 - .
\ F blank
blank
O 1 T 0 T
0 100 200 0 100 200

£(S) t(S)
Figure 4.9. Anion selectivity of 1 (20 pM) determined with the HPTS assay with intravesicular
Cl ion and varied external anions A~ (A), cation selectivity of compound 1 with intravesicular

Na" and varied extravasicular M* (B).

energetic, and contribution from anionic radii (OAc >> F ) can be excluded (Figure
4.10). The selectivity of mannitol derivative 1, derived from HPTS assays decreased with
increasing halide radius (i.e. CI" > Br- > I'). This halide topology is unusually rare
(either of halide V, VI or VII Hofmeiser series)****® and opposite to the common,
dehydration-dominated Hofmeiser series or halide I sequence. Binding of Cl™ ion by
O-H-:--CI interactions along the nanotube is responsible for the exceptional selectivity

and is supported by Eisenman theory.56’57

1.0 cre 1.0 1 Cle,
leN- . / LNo; N/93
[ ] -
0.8{! - J 0.81 B \,sCN
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Figure 4.10. Anion selectivity of 1 determined with the HPTS assay with intravesicular CI" ion
and varied external anions A”. Anion selectivity presented in; fractional activity Y (relative to
CI') as a function of the reciprocal anion radius (A); and fractional activity Y (relative to Cl ) as a

function of the anion hydration energy (B).
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4.2.4. Mass-Spectrometric Evidence of Anion Binding:

Electrospray ionization-mass spectrometric (ESI-MS) studies were carried out to
obtain direct evidence of anion recognition by mannitol 1 because the technique is
suitable to deliver the direct experimental evidence of weak supramolecular
interactions.”®’ Samples were prepared in acetonitrile by mixing 1 with MesNCl in 2:1
molar ratio and then electrosprayed under as mild as possible ionization conditions.
When data was recorded from the 2:1 molar solution, formation of the 1,*Cl™ and 15°Cl™
adduct were detected (Figure 4.11). This results support CI™ ion recognition by 1 by

O-H-:--CI interactions as the mannitol derivative contains no other moiety to bind the

anion.
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Figure 4.11. Expanded region (m/z 800 to 1600) of ESI-MS spectrum recorded from of 2:1

molar mixture of 1 and Me,NCI prepared in acetonitrile.
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4.2.5. Single Channel Conductance Measurements:

To validate the mode of ion transport of compound 1 via ion channel formation
single channel conductance measurements were performed in planar lipid bilayer
membrane (BLM). Distinct single channel opening and closing events were observed at
different holding potentials when compound 1 was added to the cis chamber (Figure
4.12A and B). Single channel conductance, calculated from the all-point histogram
(Figure 4.12C and D) is appeared to be about 38.1 £ 3 pS (in 1 M KCI). The diameter of
artificial ion channel can also be determined by BLM measurements by applying
equation 4.2, the diameter obtained is 3.06 A. The calculated diameter is in accordance
with the ionic diameter of Cl™ ion which indicates the pore diameter is sufficient for
transport of Cl™ ion.

1/g=(+nd/4) x (4p/nd*) Equation 4.2

where, g = corrected conductance (obtained by multiplying measured conductance with
the Sansom’s correction factor), [ = length of the ion channel (34 A) and p = resistivity of

the recording solution (p = 9.44 Q-cm).
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Figure 4.12. Single channel current traces recorded at —50 mV (A) and +80 mV (B) holding
potentials in 1M symmetrical KCI solution. 0 pA at the right-hand side indicates base line
current. The main conductance state is indicated by two dotted lines. All point histogram

generated from the corresponding current traces at —50 mV (C) and +80 mV (D), respectively.

Current-voltage relationship plot (I-V plot) derived from the BLM, containing
multiple channels is shown in Figure 4.13. I-V plot followed ohmic relation with
symmetrical currents at negative and positive polarity when iso-osmolar concentrations
of KCI were used in both the electrolyte chamber. The I-V plot was generated in
asymmetrical bathing solution with a KCI gradient (1 M in cis: 0.5 M in trans) to check
the ion selectivity. The +ve value of current obtained in the 0 mV applied potential in the

asymmetrical electrolyte concentration, indicates the selective transport of Cl™ ion, i.e.,
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anion selectivity. As shown in Figure 4.13, the reversal potential is =20 mV, which is
close to the theoretically derived equilibrium potential of CI™ (-17.8 mV), using Nernst

equation. It confirms that the conducting ion is CI".

‘Zr — ﬂln [KCl]out

F 7 [KClin Equation 4.3

where, V, = reversal potential; R =ideal gas constant (joules/kelvin/mole); T =

temperature (kelvin); F = Faraday's constant (coulombs per mole).
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Figure 4.13. 1-V plot using voltage ramp (—90 mV to +90 mV) in 1 M symmetrical KCl solution
(black line) and in 1 M : 0.5 M KClI gradient (red line).

4.2.6. Molecular Model of ion channel:

Molecular level insight was further acquired from the computational study of the
ion channel formation and passage of Cl ion. These studies were carried out in the
laboratory of Dr. Arnab Mukherjee at IISER Pune. To create the model of the ion
channel, the monomer 1 was first optimized quantum mechanically using Gaussian 09%
software with wB97X-D®' functional and 6-31 g(d) basis set. Further, a trimeric
configuration was constructed from the optimized monomers. The trimeric structure was
further optimized by using the same functional and basis set (Figure 4.14A). This
optimized trimer was then used for the channel construction (3 x 3 = 3 columns and 3
rows) by placing three trimers together followed by further optimization of the entire
channel (9 monomeric unit) semi-empirically at PM6 level using MOPAC2009% (Figure
4.14B). Further optimization of the trimeric channel was done with Cl incorporated as

well (Figure 4.14C).
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Figure 4.14. Optimized structure of trimeric fibril 13 using Chimera (A), optimized structures of
ion channels containing nine monomers (3 x 3) without CI” ion (B) and with one CI™ ion (C).
Optimized structures of ion channels containing twelve monomers (4 x 3) without Br™ ion (D)

and with one Br™ ion (E).

We also built a channel consisting of 12 monomeric units (4 x 3 = 4 columns and
3 rows) placing four trimers together, followed by optimization of the whole channel
with (Figure 4.14E) and without (Figure 4.14D) an incorporated Br™ ion. The diameter of
the 3 x 3 channel model was calculated to be 3.23 A whereas the diameter of the 4 x 3
channel was 4.60 A. The diameter of the model generated 3 x 3 channel (3.23 A) agrees
well with the channel diameter (3.06 A) obtained from conductance measurement, which
signifies the 3 x 3 channel as the active ion channel conformation in the planner lipid

bilayer.
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Therefore, we proceeded with 3 x 3 channel to construct 3 x 5 channel model and
optimized using molecular mechanical force field of the monomer (described below).

The structure of the optimized 3 x 5 channel with CI ion is shown in Figure 4.15.

Figure 4.15. Lateral (A) and top (B) view of optimized structures of ion channels containing (3 x

5) monomers with CI™ ion.

4.2.7. Free Energy Profile and Mechanism of Ion Transport:

After constructing the channel with the anion, we embedded it in a pre-
equilibrated DPPC/water lipid bilayelr63 maintaining the ratio of the number of water
molecules to the number of lipid molecules to be ~ 28. The system consists of 94 lipid
molecules and 2658 water molecules. GROMOS-53a6 united atom force field® was used
for DPPC molecules, and SPC model® was used for water. The box dimension is 6.18 x
6.18 x 5.89 nm’. One Na' ion was added to neutralize the system. The system was
minimized and equilibrated for 500 ps restraining the channel. The equilibrated system is
shown in Figure 4.16A. With the constructed and embedded channel, we performed
umbrella sampling to calculate the free energy for the passage of the chloride ion through
the channel. We used GROMACS® molecular dynamics software to carry out all the
simulations. General AMBER Force-Field (GAFF)67 for monomer was calculated by
performing quantum calculation using Hartree-Fock theory and 6-31G(d) basis set using

Gaussian 03.°* AMBER tool® was used to construct the topology and RESP charges.
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The coordinates and topology were converted to GROMACS format using amb2gmx.pl
program.”

To calculate the free energy of the ion movement along the channel, we
performed a series of simulations with external harmonic potential (1/2 k (Z - ZO)Z, where
k is the force constant (25 kcal/mol) and Zj equilibrium point of the potential) to
accelerate sampling of the barrier region (known as umbrella sampling simulations).”"
Distance (Z) between the reference group and the chloride ion serves as the reaction
coordinate. We had considered the center of mass of the bottom layer of the channel as
the reference group. We performed 65 simulations by placing the canter of the umbrella
potential Z at a separation of 0.3 A. For each simulation, we started with the same initial
configuration (Figure 4.16B), however, placing CI closest to Zj. In each simulation, the
system was simulated for 1.5 ns at constant temperature (300 K) and constant pressure (1
bar) using Nose-Hoover’* thermostat with a coupling constant of 0.5 ps and a Parrinello-
Rahman’® barostat with a coupling constant of 1 ps. The time step of each simulation
was taken as 2 fs. The electrostatic interaction was treated using particle mesh Ewald”
(PME) with a cut-off at 12 A, and the van der Waals (vdW) cut-off was taken at 12 A.

GROMACS analysis program g_wham75 was used to calculate the free energy using the

final 1 ns simulation.
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Figure 4.16. Equilibrated channel-DPPC/water system (A), free energy profile of a CI” ion while

moving through the channel lumen (B).

Free energy profile along the channel is shown in Figure 16B. The convergence
in the free energy profile is shown in Figure 16B. From the free energy profile, we
conclude that the barrier to cross the channel is ~6.5 kcal/mol, which indicates that the

rate of chloride ion passing will be in the range of ~10 ns to sub-microseconds. The free
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energy profile is almost symmetric on both sides. Origin of the barrier is entropic
because of the less mobility of the anion in the channel compared to the water layer.

Moreover, less accessibility to hydrogen bonding to water also contributes to the barrier.

To understand the molecular mechanism of Cl ion transport across the
membrane, we had calculated an average number of hydrogen bonds formed by the —-OH
groups of each mannitol derivative with Cl ion from the above 65 simulations. Figure
4.17 shows the contour plot of the average value of the hydrogen bonds formed between
the Cl" and the -~-OH group contributed by the mannitol derivatives at different layers
along the reaction coordinate Z. As Z increases, Cl ion moves along the channel by
breaking the multivalent O-H---Cl interaction in one layer and forming the same in the
next, thus indicating that the transport is happening via transfer of hydrogen bonds from
one rosette to the next. We observed that maximum four hydrogen bonds are made at any
time. We had also noticed that the molecules are rather flexible even in the bilayer.
However, each time Cl ion is surrounded by some monomers that primarily form
hydrogen bonds to chloride through the hydroxyl group. In some cases, hydrogen bonds
become less where some water molecules insert the layer and contribute to hydrogen

bonding.

Layer
w

02 04 06 08 10 12 14 16 18 20
Reaction coordinate Z (nm)

Figure 4.17. 2-D contour plot of Cl™ transport across the channel. Average number of hydrogen

bonds to the Cl™ ion along the channel is shown.
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However, we did not see any loss of hydrogen bonds along the path indicating that the
monomers are flexible, and therefore, all along the channel they contribute to hydrogen
bonding to the ion, defining a hopping mechanism at least in this case. This contour plot
is in accordance with the hooping mechanism of ion transport as presented in Figure
4.1B. Whenever the Cl™ ion is in between the two consecutive rosettes of the channel, it
forms a hydrogen bond with both rosettes, providing energetic stability. When the ion
crosses one rosette, it comes close to the oxygen atoms of the hydroxyl groups which
makes the system go through a barrier. The barrier is so small that the Cl™ ion can hop

from one low energy state to another low energy state.

4.3. CONCLUSION:

In summary, artificial ion channels were designed from diketal protected
mannitols 1 and 2. Formation of a supramolecular ion channel was proposed in the lipid
membranes via rosette-type self-assembly of either three or four units of the monomer
and a subsequent single-file arrangement of these rosettes via hydrogen bonding
interactions. Evidence of such hydrogen bonding interactions was obtained from the
crystal structure of 1, and subsequently, the possibility of anion recognition within the
channel was predicted. The derivative 1, containing cyclohexylidene groups, displayed
ion transporting activity (ECso = 42.5 uM) while derivative 2, with isopropylidene
groups, was inactive. A proper balance between hydrophobicity and hydrophilicity
favored the incorporation of the ion channel formed by 1 into the lipid bilayer
membranes. Fluorescence-based vesicle assay and planar bilayer conductance
measurements confirmed selective transport of anions through the active channel. The
observed selectivity was explained by the multivalent O-H-+A"~ hydrogen bonding
interaction of an anion (A") with free -OH groups of each rosette. Experimental evidence
of anion recognition by 1 was also provided by mass spectrometry. Molecular dynamics
(MD) simulations indicate that the trimeric channel with internal diameter 3.23 A is
more feasible comparing with the experimental value 3.06 A obtained from single-
channel conductance measurements. The study also indicated that the channel molecules
present in a rosette surround and interact with the Cl” ion via multiple O-H---Cl
hydrogen bonding; and the movement of the ion occurs via an intermediate state where it

forms hydrogen bonds with both layers, ensuring a relay mechanism.
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4.4 EXPERIMENTAL SECTION:

4.4.1. General Methods.

All reagents for synthesis were commercial and used without further purification. Egg yolk
phosphatidylcholine (EYPC) was obtained from Avanti Polar Lipids as a solution in CHCI; (25
mg/mL), HEPES buffer, HPTS, Triton X-100, NaOH and inorganic salts were of molecular
biology grade from Sigma. Large unilamellar vesicles (LUV) were prepared by using mini
extruder, equipped with a polycarbonate membrane of 100 nm pore size, obtained from Avanti

Polar Lipids.

4.4.2. Physical Measurements.

Single Crystal X-Ray Diffraction (SCXRD) studies were done on a Bruker-KAPPA APEX II
CCD diffractometer. Fluorescence spectra were recorded from Fluoromax-4 from JobinYvon
Edison equipped with an injector port and a magnetic stirrer. Measurements of pH were done
using a Helmer pH meter. All data from fluorescence studies were processed either by either of
KaleidaGraph and Origin 8.0. Planar bilayer conductance (BLM) measurements were done on a
BLM instrument from Warner Instrument, USA. High-resolution mass spectra were obtained on
a MicroMass ESI-TOF MS spectrometer equipped with a Micromass Z-Spray electrospray
ionization (ESI) source (Waters Co., Synapt G2, France).

4.4.3. Synthesis.

Compounds 1 and 2 were synthesized as reported.’

4.4.4. Single Crystal X-Ray Diffraction Studies:

Crystallization of 1: To a solution of compound 1 (100 mg) in acetone (10 mL), distilled water
was added in drops until the clear solution becomes slightly turbid at room temperature. The
solution was left for five days undisturbed. After five days, very thin crystals (crystalline fibers)
could be collected.

Crystallization of 2: 60 mg of compound 2 was dissolved in 1 mL of tetraethoxy silane (TEOS)
by heating and the solution was left undisturbed for four days at room temperature. Thin fibrous

crystals formed were analyzed in the single crystal XRD.

Single crystal X-ray crystallographic analysis of 1 and 2: X-ray intensity data measurements
of freshly grown crystals of 1 and 2 were carried out at 298K on a Bruker-KAPPA APEX II
CCD diffractometer with graphite-monochromatized (MoK = 0.71073 A) radiation. The X-ray
generator was operated at 50 kV and 30 mA. Data were collected with scan width of 0.3° at
different settings of ¢ (0°, 90° and 180°) keeping the sample to detector distance fixed at 40 mm
and the detector position (20) fixed at 24°. The X-ray data collection was monitored by SMART
program (Bruker, 2003).> All data were corrected for Lorentzian, polarization and absorption

effects using SAINT and SADABS programs (Bruker, 2003). SHELX-97 was used for structure
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solution and full matrix least-squares refinement on F2.> All the hydrogen atoms were placed in
geometrically idealized position and constrained to ride on their parent atoms [Uis, (H) = 1.2U,q
(O)]. Molecular and packing diagrams were generated using ORTEP-3*’ and Mercury-3.%*
Geometrical calculations were performed using SHELXTL (Bruker, 2003) and PLATON.>

Crystal data of 1: CCDC 985014. Cg3 H3y O, M = 342.42, colorless blocks, 0.20 x 0.15 x 0.10
mm®, Monoclinic, space group C2, a = 21.660(2), b = 5.4890(7), ¢ = 16.9869(18)A, V =
1857.94) A*, Z=4, , T=295(2) K, 20,m0x = 50.00°, D¢y (g cm ) = 1.224, F(000) = 744, p (mm’
1) = 0.091, 7410 reflections collected, 3101 unique reflections (Ri,; = 0.0389), multi-scan
absorption correction, T, = 0.9821, Ty.x = 0.9910, number of parameters = 217, number of
restraints = 1, GoF = 1.068, R; = 0.0680, wR, = 0.1836, R indices based on 2043 reflections with
I > 2s (I) (refinement on F2). Appax = 0.437, Apmin = —0.360 (eA™).

™ PLATON-Feb 4 14:33:34 2014

143 0042 30071CZkms monl OmR = 0.07 RES= 0 -104 X

Figure 4.18. ORTEP diagram of mannitol derivative 1.
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Figure 4.19. ORTEP diagram of mannitol derivative 2.

Crystal data of 2: CCDC 985015. Cj, Hy, Og, M = 262.30, colorless blocks, 0.15 x 0.15 x 0.10
mm°, Monoclinic, space group P2(1), a = 14.199(5), b = 5.526(5), ¢ = 18.342(5)&, V =
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1436.5(14) A>, Z =4, T = 293(2) K, 20,45 = 50.00°, D¢y (g cm ) = 1.213, F(000) = 568, u (mm’
1) = 0.097, 11732 reflections collected, 4616 unique reflections (R;,; = 0.0389), multi-scan
absorption correction, T, = 0.9857, T.x = 0.9904, number of parameters = 329, number of
restraints = 1, GoF = 1.113, R; = 0.0409, wR, = 0.1110, R indices based on 4616 reflections with
I >2s (I) (refinement on F2). Apmax = 0.292, Apyin = — 0.273 (eA™).

Ilustration of O—H*A™ (A = anion) hydrogen bond possibilities within the nanotube: It is
evident from the Figure 4.21A, that each ‘O’ atom participates in two O—H--O hydrogen bonds.
If the atom Oy 11y (L = left M3 unit and i = i layer) is considered as the acceptor site for a
hydrogen bond with the Oj;y  as donor, then it further participates as donor in the second
hydrogen bond with the acceptor atom Ogr .1y (Figure 4.21A). Similarly, the atom Ojg 1)
participates as a donor in the O—H--O hydrogen bond with O; .1y and as an acceptor in the
hydrogen bond with atom Oy (i12))-

As a component of the nanotubular structure, each unit of 1 offers one —OH group for provisional
O-H--A™ hydrogen bond (A™ = anion) with an anion (Figure 4.21B). Therefore a rosette formed
by three monomers can offer three —OH groups for accepting trifurcated O—H--A™ hydrogen
bonds with an anion. This types of hydrogen bond interactions can be repeated in each rosette of

the M,, 3 nanotubes (Figure 4.4).

Ogpv2) OapR (+2)]

Ot (1+2)CarR (i+2

Ogpt 1) O3R,(i+1)]

O+ 1)OarR i+

Oz Osran

Ou iy Oarl

Hyddrogen bonding representations:
'''''' » = O—H----0 ctecet¥» = O—H----A
donor  acceptor donor  acceptor

Figure 4.20. The M3, (A) and M3 (B) portions generated from the crystal structure of 1. Here,
all hydrogen atoms (C-H and O-H types) are omitted for clarity. Each O—H---O hydrogen bond
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interaction is represented by pink dotted arrow and possibility of each O—H:*A™ hydrogen bond

interaction is represented by blue dotted arrow.

4.4.5. Ion Transport across Spherical Lipid Bilayer Membranes:
A. Ion transport activity through EYPC-LUVSHPTS:
Study related to ion transport activity and analysis was done according to the procedure

described in the previous chapter (unless mentioned in the current sction).

B. Determination of Ion Selectivity by FCCP Assay:
Preparation of EYPC-LUVsoHPTS:

Preparation of EYPC-LUVsDHPTS is exactly same as mentioned above.

Selectivity study by using FCCP assay: In a clean and dry fluorescence cuvette 1975 pL of
HEPES buffer (10 mM HEPES, 100 mM NaCl, pH = 7.0) was added followed by addition of 25
pL of EYPC-LUVsDHPTS in slowly stirring condition by a magnetic stirrer equipped with the
fluorescence instrument (at ¢ = 0). The time course of HPTS fluorescence emission intensity, F;
was observed at A.,, = 510 nm (A = 450 nm). 20 pL. of 0.5 M NaOH was added to the cuvette at
t = 20 second to make the pH gradient between the intra and extra vesicular system. FCCP (5
uM) was added at t = 50 s (whenever necessary) and channel forming compound (20 pM) was
added at t = 100 s (whenever necessary) and finally at = 300 s 25 pL of 10% Triton X-100 was

added to lyse those vesicles resulting destruction of pH gradient (Figure 4.7).

C. Determination of Ion Selectivity by Valinomycin assay:

In a clean and dry fluorescence cuvette 1975 uLL of HEPES buffer (10 mM HEPES, 100 mM
KCl, pH = 7.0) was added followed by addition of 25 puL. of EYPC-LUVs>HPTS in slowly
stirring condition by a magnetic stirrer equipped with the fluorescence instrument (at # = 0). The
time course of HPTS fluorescence emission intensity, F; was observed at A, = 510 nm (A, = 450
nm). 20 pL. of 0.5 M NaOH was added to the cuvette at t = 20 second to make the pH gradient
between the intra and extra vesicular system. Valinomycin (1 pM) was added at r = 50 s
(whenever necessary) and channel forming molecule (20 uM) was added at t = 100 s (whenever
necessary) and finally at = 300 s 25 pL. of 10% Triton X-100 was added to lyse those vesicles
resulting destruction of pH gradient (Figure 4.8).

D. Ion selectivity studies:
Study related to ion transport activity and analysis was done according to the procedure

described in the previous chapter.
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4.4.6. Mass Spectrometric Studies for Anion Recognition:

The samples were prepared in acetonitrile by varying the ratio of 1 and CI". Complexation of 1
and CI” was observed when 1 and CI” were mixed in 2:1 and 3:1 ratio. The samples were
electrosprayed as 20 uM solutions of 1 and Me,NCI (TMACI) in acetonitrile at flow rates of 0.4
mL/min. A constant spray and highest intensities were achieved with a capillary voltage of 3000
V at a source temperature of 80 °C. The parameters for sample cone (40 V) and extractor cone
voltage (5 V) were optimized for maximum intensities of the desired complexes. Figure 4.11
represents the ESI-MS data recorded from acetonitrile solution of 1 with TMACI prepared in 2:1
molar ratio. From the spectrum, signals corresponding to [M+TMACI+Cl]., [2M+CI],
[M+2TMACI+CI]™ and [2M+TMACI+CI]” were detected (where, M = exact mol. weight of 1).

4.4.7. Planar Bilayer Conductance Measurements:

Bilayer membrane (BLM) was formed across an aperture of 150 pM diameter in a
polystyrene cup (Warner Instrument, USA) with lipid diphytanoylphosphatidylcholine (DPhPC;
Avanti Polar Lipids), dissolved in n-decane (20 mg/mL). Both cis and trans compartments were
filled with symmetrical solution, containing 1 M KCl, and 10 mM HEPES (pH 7.0). For ion
selectivity experiment, a gradient of 1 : 0.5 M KCl was used. The cis compartment was held at
virtual ground, and the trans chamber was connected to the PC 501A head-stage (Warner
Instrument, USA) via matched Ag-AgCl electrodes. Mannitol derivative 1 was added to the cis
chamber, and the solution was stirred with magnetic stirrer. It formed channels within 5 minutes,
as observed by the distinct channel opening and closing events at different voltages. Currents
were low-pass filtered at 1 kHz and digitized at 5 kHz using pClamp9 software (Molecular
Probes, USA) and an analog-to-digital converter (Digidata 1322A, Molecular Probes). Positive
clamping potentials refer potentials with respect to the ground, and positive currents are
presented as upward deflections from the base line (0 pA). The software pClamp 9 was used for
data acquisition and analysis. I-V curve was generated from the BLM, containing multiple
channels using a voltage ramp from -90 mV to +90 mV. To check the ion selectivity, a KCI

gradient of 1 M : 0.5 M (cis: trans) was used.
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Chloride Transport through
Supramolecular Barrel-Rosette Ion
Channels: Lipophilic Control and
Apoptosis-Inducing Activity
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5.1. INTRODUCTION:

The robust chemical nature and adaptable ion transport behavior with the aid of
structural manipulation have made artificial ion transport systems a convenient subject of
research, compared to their natural congeners. Recently, the introduction of artificial ion
channels as the “channel replacement therapy,” has instigated as a novel combination
treatment modality for targeting diseases associated with ion channel dysfunction.'?
However, the examples related to direct bio-applicability of synthetic ion channels are
still rare. The crown ether based unimolecular hydraphile channels, reported by Gokel**
and cyclic peptide based self-assembled ion channels reported by Ghadiri® had shown
promising antibacterial activity by collapsing the transmembrane ion potential of bacteria
by transporting cations. Few crown ether based hydraphile channels, reported by Gokel
and Voyer, facilitate cation transport into cells resulting in the cancer cell death via
necrotic pathway.®® Recent studies on synthetic chloride ion carriers reveal that selective
transport of the ion induces apoptosis in cancer cells by either changing the pH or
destroying the ionic homeostasis of cells.”** Therefore, an ion channel, selective for
chloride ion transport, can be a judicious choice for apoptosis-inducing cell death
studies.

Furthermore, the mannitol derivative based barrel-rosette ion channel, described
in previous chapter, suffers the limitation related to selectivity because of dynamic self-
assembly. Though the presence of multiple ion recognition sites induces the exclusive
anion selectivity, the competitive transport among anion is somehow compromised as the
channel can adopt a higher order structure in the presence of larger anion (Figure 5.1B).
For example, the channel forming mannitol derivative 1, described in the previous
chapter can adopt the tetrameric structure My, in the presence of Br™ ion (Figure 5.1B).
Herein, we had focused on modifying the mode of self-assembly to get a more rigid
macromolecular structure, where self-assembly of the building unit became unaffected
by the size of the anion. In addition to that, tuneable transport of anion was not achieved
in the previous system. Barrel-rosette ion channel with tuneable ion transport activity
would be a nice objective of the study. Therefore, combining all the requirements, the

introduction of an artificial barrel-rosette type ion channel having distinct
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bio-applicability by means of selective and tuneable transport of chloride ion is the prime
importance of this chapter. Herein, we report a self-assembled barrel-rosette ion channel
system constructed by hydrogen bonded network of vicinal diol moieties present at two
termini of each monomer. The system portrays tunable ion transport activity achieved by
changing the lipophilicity of molecules. These ion channels exhibited CI selective ion
transport across lipid membranes, and such transport of Cl ion into the cells triggered

the activation of caspase—dependent apoptotic pathways of cell death.

dynamic self-assembly

Figure 5.1. The structure of building unit of barrel-rosette ion channel described in the previous
chapter (A), representation of dynamic self-assembly in the presence of anions of varying size

(B), hydrogen bonding pattern of mannitol derivatives along the fibril structure (C).

The partitioning of ion transport systems into the lipid membranes and hence, the
ion transport property, are affected significantly by their lipophilicity. Tuning of ion
transport properties based on lipophilicity was extensively studied for ion carriers but
neglected mostly in the synthetic ion channel design.”'’" Abide by the lipophilicity-
permeability correlation; we designed monomers la — 1d for the barrel-rosette ion
channel construction (Figure 5.2A). In each molecule, two vicinal diol groups were
tethered at two alkyne ends of a central rigid 1,3-diethynylbenzene moiety, for avoiding
intramolecular hydrogen bonding interactions and ensuring definite cavity. According to
Lipinski's rule,'® the logP (i.e. partition coefficient in octanol-water) value of five is
optimum for permeation in the lipid membranes. Therefore, a dialkylamino group was
incorporated between each diol and alkyne moiety to vary the amphiphilicity of designed
molecules. For monomers 1a — 1d logP = 16.25, 9.13, 5.53 and 1.71 were calculated
using MarvinSketch program]9 by varying R = —CoHj;, —C¢Hj3, —CsHg and —C,Hs,
respectively (Figure 5.2B). To ensure the stereospeficity around each a-amino alcohol
moiety, we planned the synthesis based on our previous report on diastereoselective

20,21

aldehyde-amine-alkyne three-component (A3—coupling) reaction. The A’ -coupling
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reaction is also adaptable to the introduction of various —NR; groups in these molecules.
We anticipated, in the line of our previous report (Figure 5.1C),? that each terminal
vicinal diol group of a monomer M would participate in hydrogen bonding interactions
with a complementary vicinal diol group of a neighboring molecule to form a dimer M,
as a representative of cyclic rosette structure (Figure 5.2C). Accessibility of interlayer
hydrogen bonding interactions of consecutive M, dimers would engender to a higher
order supramolecular nanotubular architecture M, which upon permeation into the lipid
bilayer membrane would form an ion channel. Overall the nanotubular structure can be
viewed as a barrel structure formed by the stacking of dimeric rosettes providing a
hydrophilic path for ion transport. The aliphatic chains at the external surface of the
nanotubular architecture would impose additional thermodynamic stability to the channel

structure for anchoring it at the hydrophobic layer of membrane.

C
o . OH OH
z OH HO > , )
. i
", N,R : %6...,4.@ |
R M T ho-Hmo °
: %‘[e :
: OwH=0
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Figure 5.2. The structure of designed channel forming molecules 1la—1d (A); lipophilicity (logP
values) of the channel forming molecules with different alkyl substitution (B); mode of self-

assembly of the channel forming molecules (C).

5.2 RESULTS AND DISCUSSIONS:
5.2.1. Synthesis:

Synthesis of compounds 1la — 1d is described in Scheme 5.1. At first, the
compound 2 was synthesized according to the reported procedure.”” The subsequent
multicomponent reaction of (R)-(+)-glyceraldehyde acetonide 2 with dialkylamines
3a—-3d, and 1,3-diethynylbenzene 4 in the presence of CuBr catalyst gave corresponding
bis(acetonide) derivatives Sa—-5d. Acid catalyzed deportation of terminal acetonides

provided final compounds 1la —1d. All compounds were purified by column
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chromatography and characterized by 'H-NMR, ""C-NMR, HRMS, and IR (see

experimental section for detailed experiments and characterization).

N = CuBr, tolune,
WLO S ~ rt, 48 h 1a: 62%
o\)\ + RoNH + _— . 2 N HCI, THF Lo
H R2N /NRZ 1b: 70%
CHO rnt.5h 1c: 66%
. (]
2 3a-3d 4 ' 1d: 74%

5a: 43%, 5b: 30%,
5c: 42%, 5d: 46%

Scheme 5.1. Synthesis of derivative 1a—1d.

5.2.2. Ton Transport Activity of 1a — 1d:

The ion transport activity of bis(diol) derivatives la —1d across EYPC-
LUVsDOHPTS was recorded by the fluorimetric method. Large unilamellar vesicles
(LUVs) were prepared by entrapping the pH-sensitive dye, 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS, pK, = 7.2) and a pH gradient was applied by the addition of NaOH
(i.e. ApH = 0.8) in the extravesicular buffer. The rate of change in the fluorescence
intensity was monitored after addition of la —1d separately. Measurement of
concentration dependent ion transport activity of compounds 1la — 1d (Figure 5.3A-D)
followed by Hill analyses also revealed the activity sequence of 1¢ (ECso = 2.7 £ 0.1
puM) > 1b (ECso = 3.3 £ 0.3 uM) > 1d (ECsp = 28.3 £ 4.9 uM) > 1a (ECso = 38.5 + 4.9
puM) (Figure 5.3E-H). The concentration dependent plot for all compounds also showed
similar activity sequence as observed from ECsy values 1¢ > 1b > 1a > 1d (Figure 5.31).
The maximum activity of 1¢ corroborated to its logP = 5.58, the most optimum among
designed bis(diol) derivatives, for efficient translocation of the molecule into
phospholipids bilayer."® The decreasing transport activity order 1c > 1b >> la was
associated with the increase in logP values upon increasing the length of alkyl chain
contributing to the poorer water solubility of 1b and 1a. The lower activity of 1d, on the
other hand, was the result of a decrease logP value 1.71, which indicates to its higher
water solubility compared to 1¢. The Hill coefficient n ~ 2, obtained for each compound,
signified the dimer M; as the active rosette structure for the supramolecular nanochannel

assembly.
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Figure 5.3. Concentration-dependent activity of 1a (A), 1b (B), 1¢ (C), 1d (D) across EYPC-

LUVsoHPTS; Hill analysis of dose-response plot of 1a (E), 1b (F), 1¢ (G), 1d (H) at 100 s after

addition of compound. Comparison of ion transport activities of derivatives la — 1d across

EYPC-LUVsoHPTS at 5 uM concentration (I). Correlation table for calculated logP values with

determined ECs, and Hill coefficients (n) values of 1a-1d (J).
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5.2.3. Ion Selectivity in EYPC-LUVsoHPTS:

The pronounced ion transport activity of 1c prompted us to investigate the ion
selectivity of this channel forming a molecule. Ion selectivity of 1c (¢ = 3 uM) was
screened with EYPC-LUVs DHPTS by varying either the cation, M* (where M* = Li",
Na®, K*, Rb", and Cs") or the anion, A~ (where A" =F , Cl, Br, I, NO3; and ClO4 ) in
the extravesicular buffer. Variation of cations provided a little difference in the ion
transport rate suggesting the minor contribution of cations in the transport process
(Figure 5.4A). However, the change of anion resulted in the activity sequence: CI >>
Br ~ClOs >F ~NO; > 1 (Figure 4B). A significant difference in the rate of change
of ion transport activity signifies the involvement of anion in the rate limiting step of the
transport process. The observed increase of intravesicular pH upon addition of 1c
assumed either via antiport (i.e. either OH /A~ or H"/M" where A~ and M" are cations
and anions) or symport (i.e. either H/A™ or M"/OH") as the ion transport mechanism.
The anion selectivity of 1¢ suggested to either OH /A~ antiport or H/A™ symport as the
ion transport mechanism through the channel. Confirmation of anion selectivity was
achieved by recording the ion transport activity of 1c in presence and absence of a proton
transporter,  carbonyl  cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP).*
Identification of the predominant mechanism of ion transport between H/M" antiport
(M" = monovalent metal cation), OH /A" (A” = monovalent anion) or H'/A~ symport can

be determined by this experiment.**

A 100 B 100 C 100 .
—Baseline —Baseline — Baseline
—LiCl — NaF —FCCP

804 —NacCl 804 — NaCl 8o —1c
—KCl —1c + FCCP
—RbCI :“all\lo
604 —CsClI 60- anls 60-
I I Ie
40 40- 40-
20 20- 20
01 "_ T T T 0 T T T 0
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

t(s) t(s) t(s)
Figure 5.4. Ion transport activity of 1c (¢ = 3 uM) across EYPC-LUVsoHPTS determined by

varying cations (A) and anions (B) in the extravesicular buffer. lon transport activity of 1c¢ (2.5

uM) in presence and absence of FCCP (2 uM) across EYPC-LUVs>HPTS (C).
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The transport activity of 1¢ was found to be enhanced almost two-fold in the
presence of FCCP indicating the cooperative effect of 1¢ and FCCP to enhance the
intravesicular pH (Figure 5.4C). More efficient equilibration of the applied pH gradient
by 1c, in the presence of FCCP,** endorsed the OH /A~ antiport as the preferred ion

transport mechanism (Figure 5.4C).

5.2.4. Chloride Ion Transport Assay:

Subsequently, the selective transport of CI” by 1c across EYPC-LUVs was
studied by monitoring the change in fluorescence of entrapped lucigenin, a Cl™ selective
fluorescent dye at Aey, = 535 nm (Aex = 450 nm). EYPC-LUVsolucigenin were prepared
by entrapping lucigenin dye (1 mM) in NaNO; solution (200 mM). Subsequently, a
Cl'/NOs™ gradient was applied by the addition of a concentrated solution of NaCl in the
extravesicular buffer (Figure 5.5A). The quenching in fluorescence intensity of lucigenin
by diffusion mediated collisional quenching method in the presence of Cl ion had been
used in this study.25 Quenching of lucigenin fluorescence due to the influx of CI™ ion by
ion channel was monitored with time. Finally, Triton X-100 was added to get the

complete quenching of lucigenin fluorescence (Figure 5.5B).

A Nat  CI Details of assay: C o4 D ;-
~ / NO3 In:1.0mM M 0uM
Lucigenin,
V4 200 mM NaNO3, :
NO5* Out: 33 mM NaCl,  -25 251
Na@ 200 mM NaNO3,
= Lucigenin
I'= -504 I'e -504
5 £ -50 F -50
-754 -754
== blank
— 1b
- 1C
-100 T T T -100 T T T 1
0 50 100 150 200 0 50 100 150 200

T T I
0 100 200 300
t(s) t(s) t(s)

Figure 5.5. Representations of chloride transport activity across EYPC>lucigenin vesicles (A).
Ilustration of chloride transport kinetics showing the normalization window (B). Comparison of
rate of Cl™ influx of 1b and 1c (30 uM each) in EYPC-LUVs>lucigenin (C). Dose-dependent
influx of CI” ion across EYPC-LUVsolucigenin upon addition of 1¢ (0-40 uM).
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Upon addition of 1b and 1c¢, a significant amount quenching of fluorescence was
observed due to the influx of CI™ into vesicles (Figure 5.5C).Compound 1c¢ was found to
be much efficient CI transporter with respect to 1b in the identical condition (Figure
5.5C). The dose-dependent activity of Cl influx was obtained for compound 1¢ (0 — 40
uM) in EYPC-LUVsolucigenin (Figure 5.5D). The initial rate (r;) and half-life (z;,) of
the CI transport were obtained upon applying numerical analysis in the fluorescence
quenching curve (Table 5.1). A 66 times higher rate of Cl" influx was obtained in case of

1c than 1b (at 30 uM concentration for each compound).

Half-lives (#1,) of transport activities were obtained by fitting of fluorescence
quenching curves to a single exponential decay function (equation 5.1 and then
calculating half-lives by use of equation 5.2).

Ilo=a+be™ Equation 5.1

tip =0.693/c Equation 5.2
To obtain the initial rate for the transport process differentiating equation 5.1 according
to ¢ gives:

dy/ot = a.b.e" b Equation 5.3
The initial rate r; (at £ = 0 s) gives:

ri =0yl0ti—o=a.b Equation 5.4

Table 5.1: Determination of half-lifes (#;,) and initial rates (r;) of Cl” ion influx across EYPC-

LUVsolucigenin by 1b and 1¢ (30 uM each).

Compound i (S) ri(s))
1b 126.81 £0.96 0.0099 £ 0.0001
1c 22.48 £0.03 0.6560 £ 0.0048

The cationic composition of the extravesicular buffer was then varied to evaluate
the contribution of cations in the CI'/NO; exchange. EYPC-LUVs>lucigenin were
suspended in buffer containing MCl solution (M* = Li*, Na*, K*, Rb", and Cs") and the
rate of Cl influx was monitored through emission intensity of lucigenin (Figure 5.6A).
No significant difference in the rate of Cl™ influx was encountered which implies that the
lack of contribution of extravesicular cations in the rate limiting step of the ion transport

process (Figure 5.6B).
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Figure 5.6. Representations chloride influx activity across EYPC-LUVsolucigenin by varying
extravesicular cations (A). Influx of CI” ion across EYPC-LUVs>lucigenin upon addition of 1¢
(20 uM) with intravesicular NaNO; and extravesicular MCl (M" = Li", Na*, K*, Rb" and Cs")
©.

The contribution of extravesicular anions was evaluated by varying the anionic
composition in the extravesicular buffer as Nap,A (A =F , ClO4 , NO;3 , SO427, Cl;m=
valency of an anion) by keeping iso-osmolar NaCl as the intravesicular salt. In this assay
EYPC- LUVsolucigenin were prepared with intravesicular NaCl (150 mM) and
suspended in various extravesicular salt solution (Nah,A (A = F, ClO4, NO;3 , SO,
CI ). The rate of Cl efflux was monitored by the extent of the enhancement in emission
intensity of entrapped lucigenin (Figure 5.7A). A remarkable difference in the rate of C1
efflux was observed which ascertains the involvement of the extravesicular anions in the
rate of transport of CI” by antiport mechanism (Figure 5.7B). The combination outcome
of the previous two experiment suggests the antiport mechanism (CI'/A") is being

dominated over the symport mechanism (C1"/M") of ion transport.

The antiport mechanism was further confirmed by using valinomycin (V), a K*
selective transporter, in the extravesicular buffer (Figure 5.8A).]4 KCI solution was
added in the extravesicular buffer of EYPC-LUVsolucigenin keeping intravesicular
NaNOs;, and rate of influx of CI” by 1¢ (20 uM) was examined in absence and presence
of valinomycin (2 uM). The synergistic effect of Cl” influx by 1¢ and K" influx by

valinomycin was evident from the
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In: 1.0 mM Lucigenin,
150 mM NaCl, -_ maNSOOa
out: A — Nazoby
ut: 150 mM Na 754~ NaCl
(@ = Lucigenin — NaF
A~ =F~, CI- NO3, SO,~and CIO,~
Tx 50
] ormalization___, | 25~
F window
L » . .&vﬁ"‘-
o e
T T T T T T
0 100 200 300 0 50 100 150 200

t(s) t(s)

Figure 5.7. Representations of chloride efflux activity across EYPC-LUVs>lucigenin in 150
mM NaCl (A); Efflux of CI” ion across EYPC-LUVs>lucigenin upon addition of 1c (20 pM)
with intravesicular NaCl and extravesicular Na,A salt (A"=F, CI", NOs, S0, and ClO,; m =

valency of an anion) (B).

acceleration of Cl transport rate which was further quantified (Figure 5.8B). The
enhanced rate of CI™ transport in the presence of valinomycin established the C1 /NO3~
antiport as the preferred transport mechanism involving 1c. Numerical analysis of the
normalized fluorescence quenching curves provided r; = 0.0087 s and 1, = 51.9 s for
only 1¢; whereas the combination of 1c¢ and valinomycin gave r; = 0.0208 s™' and 1, =

29.1 s indicating more than 2.3 fold enhancement in

Details of assay:
Clipid: 62.5 mM
In: 1.0 mM Lucigenin, 0.8
200 mM NaNOs,,
Out: 33 mM KCl,
200 mM NaNOs,,
(D = Lucigenin I
@ = Valinomycin 0.4 1

Baseline—>J

Entry tyj2 (s) ri (s 0.2
1c 51.9+£0.3 0.0087 £ 0.0006

1c+VEl 291+02 0.0208+0.0002 0.0 .

1 I
&l v/ = valinomycin 0 50 t(;)OO 150 200

Figure 5.8. Representations of chloride influx activity assay using EYPC-LUVs>lucigenin in the
presence of valinomycin and 1¢ (A). Comparison of CI™ transport activity of 1c (20 uM) in the
presence and the absence of valinomycin (2 uM) (B). Calculated half-life (¢,,,) and initial rate (r;)

of CI” influx for 1c in the presence and the absence of valinomycin (C).
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the Cl" transport rate (Table 8C). The remarkable improvement of transport rate in the
presence of valinomycin clearly indicates the C1 /NO;  antiport mechanism of 1¢ which

gets accelerated because of the synergistic effect of 1c and valinomycin.

5.2.5. Planar Lipid Bilayer Conductance Measurements:

To appraise the necessary evidence for ion channel formation, by the most active
compound 1le, electrical conductance across planar lipid bilayer membrane was
measured. The planar lipid bilayer, consisting of 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) lipid, was prepared over the orifice connecting two electrolytic
chambers of the instrument. Electrical conductance between two chambers, after
applying voltage, describe the information about ion channel formation.* Significant
conduction of ions was observed by adding 1c (¢ = 80 uM) in the cis chamber of the
electrolyte solution. The periodic opening and closing events were also observed at
different holding potentials corroborating to the ion channel formation at the planar
bilayer by 1c (Figure 5.9). The single channel conductance G = 79.7 + 4.9 pS and the

diameter d = 4.71 + 0.16 A were calculated for the supramolecular ion channel formed

by 1c.

40 mV
0 pA -

Figure 5.9. Single-channel current traces recorded at —40 mV (A) and +40 mV (B) holding
potentials in 1 M symmetrical KCI solution. The baseline current was indicated by O pA. The

main conductance state is indicated by two dotted lines.

5.2.6. Molecular Modelling of the Ion Channel Formation:

To understand the molecular picture of the nanochannel, we had proposed a
model based on the hydrogen bonding network of the bis(diol) system. Alkyl chains
were truncated to ethyl for simplicity in the calculation. Semiempirical quantum

calculations were performed to obtain the molecular level insight of the supramolecular
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architecture. At first, the face-to-face dimeric unit was optimized using Gaussian
09?7 software with wB97XD?® functional and 6-31G (d,p) basis set to obtain the rosette
structure M,. The nanotubular structure was achieved by placing five optimized rosette
units on top of each other. This oligomeric assembly was further optimized with
MOPAC2012%° software using the PM6-DH+° method, and the result indicates the
formation of the nanochannel M,s with the hydrophilic interior and hydrophobic
exterior, in line with our proposition (Figure 5.10). We calculated the average diameter
using the radius of gyration method for the middle layer. The diameter is found to be 6.4
A. However, the cavity is not circular, giving us different values for major (8.4 A) and
minor (3.8 A) axes as shown in Figure 5.10. The experimental value (4.7 A), based on
the conductance measurement, is understandably close to the smaller value, i.e., the
minor axis value. Hence, the outcome of the molecular modeling study in accordance

with the proposed model of ion channel formation.

Figure 5.10. Top (A) and side (B-C) view of the optimized structures of ion channel 1d.
Compound 1d was selected for the optimization for the simplicity of the calculation, as the
presence of a lesser number of atoms in this structure of 1d than others. (This study was carried

out in collaboration with Dr. Arnab Mukherjee at IISER Pune.)

5.2.7. Effect of Ion Transport in Biological Systems:
Formation of an efficient artificial ion channel in spherical as well as in planar
lipid bilayers prompted us to investigate the ion transport activity of 1c¢ across the cell

membrane. The change in Cl” concentration in the intracellular matrix was monitored
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with a cell permeable chloride selective dye N-(ethoxycarbonylmethyl)-6-methoxy-
quinolinium bromide (MQAE).*'*? The characteristic of quenching in fluorescence
intensity of MQAE dye in the presence of Cl™ ion by diffusion mediated collisional
quenching had been used to determine the intracellular chloride concentration. A
significant amount of quenching in fluorescence intensity of MQAE (Aex = 350 nm and
Aem = 460 nm) was encountered upon preincubation of HeLa cells with 1c¢ in
concentration-dependent manner (Figure 5.11). The dose-dependent quenching of
fluorescence implies the enhanced chloride concentration at the intracellular matrix,
transported through artificial ion channel formed by of 1lc. The differences in mean

intensities had appeared to be statistically very significant according to one-way analysis
of variance (ANOVA).

>
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Figure 5.11. The structure of MQAE dye (A); normalized fluorescence intensity of HeLa cells
incubated with MQAE (5 mM) for 3 h followed by treatment of 1¢ (0 — 50 uM) for 24 h (B).

The successful CI™ transports across the cell membrane emboldened us to
investigate the impact of Cl™ transport in cell viability. According to few recent studies,
the stimulated transport of CI™ can induce apoptosis via disruption of ionic homeostasis
of the cell.">'***3* At first, the effect of 1c in cell viability was screened in various
cancer (e.g.lung adenocarcinoma epithelial A549, human cervical cancer HeLLa, human
breast cancer MCF 7, and human bone osteosarcoma U20S,) and normal (e.g. mouse
fibroblast NIH3T3) cell lines of different origin. A single point screening of cell viability
was done by MTT assay, after incubation of 1¢ (10 uM) with different cell lines. A

considerable amount of cell death was observed upon treatment of 1c irrespective of cell

type and origin (Figure 5.12).
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Figure 5.12. Cell viability obtained from single point screening of compounds 1c¢ (10 uM each)
by MTT assay. Cell viability was checked after 24 h treatment of 1c in various cell lines, from

left to right, A549, HeLLa, MCF7, NIH3T3 and U20S.

The CI transport mediated cell death, via the artificial ion channel, was
confirmed by subsequent comparing the cell viability in presence and absence of Cl™ ion
in the extracellular media. Two different varieties of HBSS (Hanks Balanced Salt
Solution) were prepared; with and without CI" ion, to be used as extracellular media. The
HeLa cells were suspended in two different types of HBSS media, separately, and
incubated with 1c in various concentrations. Significantly higher cell viability was
observed for cells suspended in the Cl —free HBSS media than those are dispersed in the
CI" ion-containing buffer (Figure 5.13). The difference in cell viability in presence and
absence of Cl ion clearly indicates that the cell death is due to the enhanced level of

Cl ion in the intracellular matrix, transported through artificial ion channel formed by

1c.

A detailed study had been carried out to evaluate the mode of Cl ion transport
mediated cell death via either apoptosis or necrosis. In the intrinsic pathway of apoptosis,
disruption of mitochondrial membrane potential (MMP) may lead to the release of
cytochrome ¢ from the intra-mitochondrial space to the cytoplasm. The released
cytochrome ¢ binds with Apaf-1 and procaspase 9 to form apoptosome which
subsequently releases caspase 9. The cleaved caspase 9 triggers the expression of
cleaved caspase 3, known to be the executioner caspase, which subsequently undergoes a
few consecutive processes to induce apoptosis in the cell.’** At first the change in

mitochondrial membrane potential, as the indication of early stages of apoptosis,
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Figure 5.13. MTT assay for comparing cell viability of HeLa cells in presence and absence of
CI” ion in extracellular media (HBSS buffer) upon dose dependent treatment of 1c (0 — 20 uM)
for 24 h.

was monitored with an MMP sensitive probe JC—1. This dye exhibits red fluorescence
emission because of J-aggregation in the healthy mitochondrial membrane, whereas,
depolarization of mitochondrial membrane leads to dispersion of the dye in cytosol
resulting green fluorescence emission.***! Preincubation of HeLa cells with 1¢ 0, 5, 10
and 20 uM) followed by treatment with JC—1 dye resulted in the stepwise dose-
dependent decrease of red fluorescence with the concurrent increase in green
fluorescence (Figure 5.14A-D). The quantification of the pixel intensity ratio (red/green)
also suggested that the change in fluorescence is an upshot of the mitochondrial

membrane depolarization (Figure 5.14E). The disruption of the ionic homeostasis

** P <0.01
wxx P < 0001

*kk

Pixel Int. Ratio
(Red/Green)

0 5 10 20

Figure 5.14. Live cell imaging of HeLa cells upon treating with 0 pM (A), 5 uM (B), 10 uM
(C), and 20 pM (D) of 1c for 24 h followed by staining with JC—1 dye. Red and green channel

images were merged to create the displayed image. The pixel ratio (red/green) for each images

was plotted in the bar graph (E).
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of cells, due to the excess transport of Cl ion through the artificial anion channels is,

therefore, responsible for the change in the membrane potential of mitochondria.

The change in ionic homeostasis of cells also causes an interruption of electron
transport chain in the mitochondrial respiratory cycles resulting in the abnormal reactive
oxygen species (ROS) production.“’43 A ROS-sensitive probe (3-methyl-7-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-2H-chromen-2-one) had been used to determine the
change in ROS concentration in the cell. The ROS probe is known to have reaction in
presence of ROS which results the highly fluorescent coumarin dye (Figure 5.15A). The
emission intensity of that probe had been found to increase with an enhancement in ROS

. 44 4
concentration. 5

A concentration dependent enhancement of ROS level was
encountered when HeLa cells were incubated with 1¢ (0-50 uM) followed by incubation

with, an ROS-sensitive probe (Figure 5.15B).
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Figure 5.15. The structure of ROS probe (A); Measurement of ROS production in HeLa cells
upon incubation with different concentration of 1¢ (0-50 uM) for 7 h, followed by treatment with
the ROS probe (100 uM) for 1 h (B). Fluorescence intensities were recorded using plate reader
at Aem = 460 nm (A, = 315 nm), and normalized with respect to the emission intensity of

untreated cells.

Cytochrome ¢, a well-conserved electron transport protein, is a part of the
respiratory chain and localized between mitochondrial intermembrane spaces. Release of

cytochrome ¢ upon apoptotic stimulation may lead to instigate the caspase-dependant

46-48

apoptotic pathways. The elevated level of ROS can trigger the opening of

mitochondrial permeability transition pore (PTP), mainly formed by natural ion channels

present in the mitochondrial membrane, resulting disruption of outer-mitochondrial

49-51

membrane. On the other hand, enhanced amount of ROS may downregulate the Bcl-
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2 and Bcl-xL proteins leading to the opening of mitochondrial PTP.***** Therefore, the
release of cytochrome ¢ was monitored by immunostaining with a specific antibody. A
considerable amount of enhancement on fluorescence intensity and dispersion of the
fluorescence signal all over the cytosol was detected upon treatment of 1c¢ (0, 10 and 20
pM) in HelLa cells for 8 h (Figure 5.16) which signifies the release of cytochrome ¢ from

mitochondria, endorsed by the change in ionic homeostasis.

Figure 5.16. HeLa cells treated first with 0 uM (A), 10 uM (B) and 20 uM (C) of 1c¢ for 8 h, then
fixed and analyzed for cytochrome c release by immunostaining with cytochrome ¢ antibody.

Nuclei were stained with Hoechst 33342.

The released cytochrome c¢ can initiate the program of apoptotic cell death via
provoking a family of caspases.*®>**° In next stage, the expression of caspase family was
investigated for the proper understanding of the pathway of mitochondria-dependent
apoptosis. The level of cleaved caspase 9 and caspase 3 were examined by immunoblot
analysis. A significant amount of enhancement of cleaved caspase 9 and cleaved caspase
3 were observed upon incubation with increasing concentration of 1¢ (0 —20 uM)
(Figure 5.17). The enhancements in the levels of caspases were quantified with respect to
the GAPDH level. The expression of caspase 9 and caspase 3 confirms the caspase-
mediated intrinsic pathway of apoptosis as the pathway of cell death. In addition to that,
cleavage of poly(ADP-ribose) polymerase (PARP) by endogenous caspases, is a well-
known phenomenon during apoptosis.57’58 Cleavage of PARP-1 prevents the futile repair
of DNA strand breaks to facilitate the apoptotic process.”’™ A significant amount of
degradation of full-length PARP-1 (116 kD) with a concomitant increase of cleaved
PARP-1 (86 kD) were encountered upon Immunoblot analysis of HeLa cells incubated
with various concentration of 1¢ (0-20 uM). The activation of cleaved PARP-1
epitomizes as an additional validation of 1c¢ mediated caspase-dependent apoptosis

(Figure 5.17).
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Figure 5.17. Immunoblot assay for cleaved caspase 9, caspase 3 and PARP-1 in HeLa cells, after
24 h incubation with various concentrations (0, 5, 10 and 20 uM) of 1c. Data were quantified

with respect to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels.

On the other hand, apoptosis can also proceed via activation of the pS3-mediated
pathway. Phosphorylation of Ser—15 position of p53 protein is a well-known pathway of

pS3 mediated apoptosis pmgram.m61

No phosphorylation step was found on Ser-15 of
pS3 protein which abolishes the possibility of p53 mediated apoptosis program (Figure
5.18). A cell lysate of a positive control for the P-p53 (Ser-15) antibody was prepared to
validate the workability of antibody. Lysate of HelLa cells (2 x 10° cells) for positive

control was prepared by treatment of 10 uM camptothecin (CPT) for 16 h.

1c(uM) 0 5 10 20 CPT

P-p53 s |53 kDa

GAPDH| " s " e = (35.8kD

Figure 5.18. Immunoblot assay for P-p53 (Ser-15) in HeLa cells, after 24 h incubation with
various concentrations (0, 10, 20 and 40 uM) of 1¢ and 16 h incubation with CPT (10 uM).

To confirm the intrinsic pathway of apoptosis as the prime mode of cell death, the
cell viability was checked in the presence of caspase inhibitors. Benzyloxycarbonyl-
Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethylketone(z-DEVD-fmk) and
benzyloxycarbonyl-Leu-Glu(OMe)-His-Asp(OMe)-fluoromethylketone  (z-LEHD-fmk)
are small cell-permeable peptides, known to have an inhibitory action for expression of

326263 The 1¢ mediated caspase-dependent

cleaved caspase 3 and caspase 9 respectively.
apoptosis can be inhibited by introduction of caspase inhibitors. An extremely significant
amount of retention of cell viability was detected upon preincubation of HeLa cells with

of z-DEVD-fmk and z-LEHD-fmk followed by treatment of 1lc¢ (Figure 5.19). The
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restoring of cell viability, because of inhibition of executioner caspase, strongly supports

the prime mode of cell death via the caspase-mediated intrinsic pathway of apoptosis.
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Figure 5.19. HeLa cells were pre-incubated with z-DEVD-fmk or z-LEHD-fmk (100 pM each)
for 3 h followed by incubation with 1c (20 uM) for 24 h.

5.3. CONCLUSION:

In summary, we had introduced small bis(diol) molecules for the strategic
construction of a supramolecular nanotubular assembly that allows selective
transmembrane transport of chloride ions. Formation of the nanotubular structure was
achieved by the intermolecular hydrogen bonding interactions from the hydroxyl
moieties present at two termini of a molecule. The molecular library of these bis(diol)
was designed by varying their logP values. These compounds were synthesized
following the Cu(I)-catalyzed aldehyde-amine-alkyne three-component reaction
followed by acid catalyzed ketal-deprotection chemistry to obtain free hydroxyl groups.
Ion transport across vesicles revealed an excellent alliance of logP value with the
transport activity, correlating the Lipinski's rule of lipid membrane permeability. The
bis(diol) system favored anion transport with prominent chloride ion selectivity, and the
antiport mechanism for the anion transport was established. The transmembrane ion
transport process was also operative through ion channel constructed from the self-
assembly of bis(diol) molecules, and a computational model for such supramolecular

channel was also established.

The bis(diol) system was efficient in delivering Cl™ ions into cells indicated by
the increase in the intracellular Cl™ ion level, and the process also resulted in the
significant cell death. Change in the mitochondrial membrane potential, subsequent

generation of excess ROS and release of cytochrome ¢ from mitochondrial
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intermembrane spaces were encountered upon disruption of the CI” ion homeostasis. The
observed cell death was related to the apoptosis process as evident from the expression
of proteins of the caspase family namely, caspase 3 and caspase 9. The caspase-mediated
apoptosis pathway was further confirmed via monitoring the diminution of ion transport
mediated cell death in the presence of caspase inhibitors. Hence, artificial Cl™ channels
displaying apoptosis-inducing activity can be a potential tool for treatment in next

generation.

5.4. EXPERIMENTAL SECTION:
5.4.1. General Methods:

All reagents and solvents for synthesis were purchased commercially and used without
further purification. Toluene was pre-dried over activated molecular sieves. Column
chromatographies were performed on Merck silica gel (100 — 200 mesh). Thin layer
chromatographies (TLCs) were carried out on E. Merck silica gel 60-F254 plates. Egg-yolk
phosphatidylcholine (EYPC) and diphytanoylphosphatidylcholine (DPhPC) were obtained from
Avanti Polar Lipids as a solution (25 mg/mL in CHCI;) and solid respectively. HEPES buffer,
HPTS, lucigenin, Triton X-100, NaOH and inorganic salts were purchased of molecular biology
grade from Sigma. Large unilamellar vesicles (LUVs) were prepared by using mini extruder,
equipped with a polycarbonate membrane of 100 nm (or 200 nm) pore size, obtained from
Avanti Polar Lipids. MCF7, U20S, and HelLa cell lines were purchased from European
Collection of Cell Cultures (ECACC). A549 and NIH-3T3 cell lines were generous gifts from
Dr. Kundan Sengupta (IISER Pune) and Dr. Nagaraj Balasubramanian (IISER Pune)
respectively. Dimethyl sulfoxide (DMSO), thiazolyl blue tetrazolium bromide (MTT), and N-
(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE) were purchased from Sigma-
Aldrich. 96-Well plates, 24-well plates, 6-well plates, 15 and 50 mL graduated sterile centrifuge
tubes and tissue culture flasks with filter cap sterile were purchased from Eppendorf Product Pvt.
Ltd. Active, caspase 9, and anti-GAPDH antibodies were purchased from Abcam and Sigma
respectively. Cytochrome c¢ antibody was purchased from Cell Signaling Technology.
Cytochrome ¢, phospho-p53 (Ser-15) and active caspase 3 antibodies were purchased from Cell
Signaling Technology. Anti-PARP-1 (Ab-2) Mouse mAb (C-2-10) antibody was purchased from
Calbiochem. Anti-rabbit and Anti-mouse IgG HRP-conjugated antibody were obtained from
Jackson ImmunoResearch. AlexaFluor-488 was purchased from Invitrogen. Inhibitors for active
caspase 3 and caspase 9 were purchased from R & D Systems. The compound 3-methyl-7-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2H-chromen-2-one (ROS Probe) was a generous
gift from Dr. Harinath Chakrapani’s Laboratory at IISER Pune.
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5.4.2. Physical Measurements:

All NMR spectra were recorded on 400 MHz Bruker Ascend™ 400 spectrometer using
either residual solvent signal as an internal reference or from internal tetramethylsilane on the &
scale. The chemical shifts () were reported in ppm and coupling constants (J) in Hz. The
following abbreviations were used: m (multiplet), s (singlet), d (doublet), t (triplet) dd (doublet of
doublet). High-resolution mass spectra were obtained on a MicroMass ESI-TOF MS
spectrometer equipped with a Micromass Z-Spray electrospray ionization (ESI) source (Waters
Co., Synapt G2, France). Mass spectra were also recorded in Applied Biosystems 4800 Plus
MALDI TOF/TOF analyzer. FT-IR spectra were obtained using NICOLET 6700 FT-IR
spectrophotometer as KBr disc and reported in v (cm '). Fluorescence spectra were recorded
from Fluoromax-4 from JobinYvon Edison-equipped with an injector port and a magnetic stirrer.
Measurements of pH were done using a Helmer pH meter. All data from fluorescence studies
were processed either by KaleidaGraph 3.51 or Origin 8.5 program. Conductance measurement
through ion channel was carried out in planar bilayer lipid membrane (BLM) workstation
obtained from Warner Instruments, consisting of head-stage and its corresponding amplifier BC-
535, 8-pole Bessel filter LPF-8, Axon CNS Digidata 1440A and pClamp 10 software. The
conductance data was analyzed in Clampfit 10 software. ChemBio Draw 15 Ultra software was
used for drawing structures and processing figures. MTT assay was recorded in a microplate
reader (Varioskan Flash). Western blot was visualized in a using ImageQuant LAS 4000 (GE
Healthcare). Cell images were taken in were taken using Olympus Inverted IX81 microscope
equipped with Hamamatsu Orca R2 camera. Image J software was used for analyzing cell
images, and the quantifying amount of protein in immunoblot analysis. GraphPad Prism 6

software was used for statistical analysis.

5.4.3. Synthesis:
Synthesis of N,N'-((IR,1'R)-(1,3-phenylenebis(1-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)prop-2-
yne-3,1-diyl) )bis(N-decyldecan-1-amine) 5a, (CsHy0sN,Oy):

o 5o

O><O H % // CuBr, Tolune /),
— N + rt, 48 h

CHO R 43% /\EEI\

o

2 3a 4 5a

Scheme 5.2. Synthesis of Sa.

Compound 2 was synthesised by a reported protocol.*>* Compound 2 (1.55 g, 11.9
mmol) and amine 3a (3.5 g, 11.9 mmol) was added to 10 mL of dry tolune in a clean and dry 50
mL round-bottom flask. The mixture was stirred for 30 min and then CuBr (56.9 mg, 0.396

mmol), and diethynylbenzene (4, 500 mg, 3.96 mmol) were added to it and stirred at room
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temperature for 48 h. After completion of the reaction, monitored by TLC, the reaction mixture
was filtered through celite and expected compound was purified by column chromatography,
using 10% ethyl acetate in petroleum ether solvent, which yields 890 mg (43%) of compound as
pale yellow oil. NMR (400 MHz, CDCl;): 6 7.42 (d, J = 1.4 Hz, 1H), 7.33 (dd, /= 7.2, 1.4 Hz,
2H), 7.23 (dd, J = 8.4, 7.0 Hz, 1H), 4.26 (dd, J = 13.6, 6.9 Hz, 2H), 4.14 (dd, J = 8.3, 6.1 Hz,
2H), 3.96 (dd, J = 8.2, 7.1 Hz, 2H), 3.84 (d, J = 7.4 Hz, 2H), 2.63 — 2.52 (m, 4H), 2.51 — 2.40 (m,
4H), 1.57 — 1.45 (m, 6H), 1.45 (s, 6H), 1.39 (s, 6H), 1.25 (s, 58H), 0.87 (t, J = 6.8 Hz, 12H). ®C
NMR (100 MHz, CDCl;): & 134.80, 131.54, 128.45, 123.36, 109.83, 85.87, 85.59, 77.16, 76.53,
67.77, 57.86, 52.41, 32.05, 29.81, 29.76, 29.50, 28.35, 27.66, 26.90, 25.84, 22.83, 14.27; IR:
viem ' 2922, 2854, 1594, 1462, 1373, 1249, 1214, 1154, 1067, 852, 793, 723; Exact mass
(HRMS-ESI): Calc. for Ce,H,0sN,O,H" (M+ H)": 945.8382; Found: 945.8387.

Synthesis of ((2S,2'S,3R,3'R)-5,5'-(1,3-phenylene)bis(3-(didecylamino)pent-4-yne-1,2-diol) 1a,
(CseH100N204):

2N HCI
rt,5h

62%

Scheme 5.3. Synthesis of 1a.

In a 25 mL round bottom flask compound Sa (200 mg, 0.211 mmol) was taken in 5 mL
of THF and 2.5 mL of dilute HCI (2 N) was added to it dropwise. The reaction mixture was
stirred for 5 h at room temperature. Upon completion of reaction the reaction mixture was
neutralized by saturated solution of NaHCO; and extracted with CHCI;. The compound was
purified by column chromatography (15% ethyl acetate in petroleum ether) which yields 115 mg
(62%) of compound 1a as colourless oil. '"H NMR (400 MHz, CDCl;): & 7.45 (s, 1H), 7.38 —
7.33 (m, 2H), 7.28 — 7.22 (m, 1H), 3.98 (dd, J = 11.8, 2.7 Hz, 2H), 3.88 (d, J = 9.0 Hz, 2H), 3.77
—3.65 (m, 4H), 2.63 (d, J = 32.5 Hz, 8H), 1.55 (s, 8H), 1.26 (s, 57H), 0.87 (t, J = 6.8 Hz, 12H);
BC NMR (100 MHz, CDCly): & 134.97, 131.70, 128.49, 123.22, 86.25, 85.21, 70.45, 63.00,
55.50, 51.63, 32.04, 29.77, 29.73, 29.71, 29.46, 28.40, 27.58, 22.82, 14.24.; IR: v/cm ' 3409,
2923, 2854, 1595, 1463, 1380, 1287, 1193, 1102, 1054, 887, 794, 721; Exact mass (HRMS-
ESI): Calc. for Cs¢H;ooN,OH" (M+H)*: 865.7756; Found: Found: 865.7758.

Synthesis of N,N'-((IR,1'R)-1,3-phenylenebis(1-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)prop-2-
yne-3,1-diyl) )bis(N-hexylhexan-1-amine) 5b, (C4sH76N204):
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O><O H % 4 CuBr, Tolune 1,
— N + rt, 48 h

CHO T 30% /tt;

o

2 3b 4 5b

Scheme 5.4. Synthesis of Sb.

Compound 2 (1.55 g, 11.9 mmol) and amine 3b (2.20 g, 11.9 mmol) was added to 10 mL
of dry tolune in a clean and dry 50 mL round-bottom flask. The mixture was stirred for 30 min
and then CuBr (56.9 mg, 0.396 mmol), and diethynylbenzene (4, 500 mg, 3.96 mmol) were
added to it and stirred at room temperature for 48 h. After completion of the reaction, monitored
by TLC, the reaction mixture was filtered through celite and expected compound was purified by
column chromatography, using 2% ethyl acetate in petroleum ether solvent, which yields 740 mg
(30%) of compound as pale yellow oil. NMR (400 MHz, CDCl;): 6 7.42 (t, J = 1.3 Hz, 1H),
7.33 (dd, J = 7.2, 1.4 Hz, 2H), 7.24 (dd, J = 8.5, 7.0 Hz, 1H), 4.26 (dd, J = 13.6, 6.9 Hz, 2H),
4.14 (dd, J = 8.3, 6.2 Hz, 2H), 3.96 (dd, J = 8.3, 7.0 Hz, 2H), 3.84 (d, J = 7.5 Hz, 2H), 2.57 (d, J
= 1.6 Hz, 4H), 2.47 (d, J = 5.5 Hz, 4H), 1.58 — 1.42 (m, 14H), 1.40 — 1.20 (m, 33H), 0.88 (dd, J =
8.0, 5.5 Hz, 12H). ®C NMR (100 MHz, CDCLy): 5 134.81, 131.54, 128.47, 123.35, 109.84,
85.83, 85.60, 67.77, 57.86, 52.40, 31.96, 28.27, 27.33, 26.89, 25.83, 22.81, 14.23. IR: v/cm ™'
2926, 2858, 1594, 1462, 1374, 1249, 1214, 1155, 1067, 893, 852, 794, 729; Exact mass
(HRMS-ESI): Calc. for C4H76N,O,H" (M+ H)": 721.5878; Found: 721.5874.

Synthesis of (2S,2'S,3R,3'R)-5,5'-(1,3-phenylene)bis(3-(didecylamino)pent-4-yne-1,2-diol) 1b,

(C40HgsN204):

2N HCI
rt,5h

70%

Scheme 5.5. Synthesis of 1b.

In a 25 mL round bottom flask compound Sb (200 mg, 0.277 mmol) was taken in 5 mL
of THF and 2.5 mL of dilute HCl (2N) was added to it dropwise. The reaction mixture was
stirred for 5 h at room temperature. Upon completion of reaction the reaction mixture was
neutralized by saturated solution of NaHCO; and extracted with CHCI;. The compound was
purified by column chromatography (18% ethyl acetate in petroleum ether) which yields 124 mg
(70%) of compound 1b as colourless oil. "H NMR (400 MHz, CDCl;):7.45 (d, J = 1.5 Hz, 1H),
7.36 (d,J=1.6 Hz, 1H), 7.35 (d, J = 1.5 Hz, 1H), 7.28 — 7.23 (m, 1H), 3.98 (dd, /= 11.8, 2.7 Hz,
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2H), 3.85 (d, J = 9.3 Hz, 2H), 3.77 — 3.60 (m, 4H), 2.72 — 2.49 (m, 8H), 1.53 (d, J = 4.8 Hz, 8H),
1.31 (dd, J = 7.0, 4.6 Hz, 26H), 0.89 (dd, J = 8.6, 4.8 Hz, 12H); >C NMR (100 MHz, CDCl): 5
135.00, 131.69, 128.51, 123.23, 86.25, 85.23, 77.16, 70.43, 63.01, 55.52, 31.90, 28.36, 27.23,
22.77, 14.18.; IR: vicm ' 3415, 2924, 2856, 1595, 1463, 1403, 1383, 1285, 1088, 887, 794, 754,
724; HRMS (ESI): Calc. for C4HgsN,OH™ (M+H)": 641.5257; Found: 641.5257.

Synthesis of N,N'-((1R,1'R)1,3-phenylenebis(1-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)prop-2-
yne-3,1-diyl) )bis(N-butylbutan-1-amine) 5c, (C3sHgN,QO4):

O><OH H X Z CuBr, Tolune
+ + T e
< N rt, 48 h,
CHO M 42%
2 3c 4

Scheme 5.6. Synthesis of 5c.

Compound 2 (1.55 g, 11.9 mmol) and amine 3¢ (1.58 g, 11.9 mmol) was added to 10 mL
of dry tolune in a clean and dry 50 mL round-bottom flask. The mixture was stirred for 30 min
and then CuBr (56.9 mg, 0.396 mmol), and diethynylbenzene (4, 500 mg, 3.96 mmol) were
added to it and stirred at room temperature for 48 h. After completion of the reaction, monitored
by TLC, the reaction mixture was filtered through celite and expected compound was purified by
column chromatography, using 3% ethyl acetate in petroleum ether solvent, which yields 1.01
gm (42 %) of compound as pale yellow oil. NMR (400 MHz, CDCl;): 6 7.43 (t, J = 1.3 Hz, 1H),
7.36 — 7.30 (m, 2H), 7.25 — 7.20 (m, 1H), 4.26 (dd, J = 13.6, 6.9 Hz, 2H), 4.14 (dd, J = 8.3, 6.2
Hz, 2H), 3.97 (dd, J = 8.2, 6.9 Hz, 2H), 3.84 (d, J = 7.4 Hz, 2H), 2.65 — 2.53 (m, 4H), 2.52 — 2.41
(m, 4H), 1.53 — 1.42 (m, 14H), 1.40 — 1.27 (m, 14H), 0.92 (t, J = 7.3 Hz, 12H). *C NMR (100
MHz, CDCl3): & 134.85, 131.51, 128.49, 123.38, 109.82, 85.91, 85.58, 77.16, 67.75, 57.85,
52.10, 30.53, 26.91, 25.85, 20.81, 14.26. IR: v/cm ™' 2953, 2867, 1593, 1373, 1301, 1214, 1156,
1065, 853, 793, 733; Exact mass (MALDI): Calc. for C3sHgN,OH" (M+H)*: 609.4626; Found:
609.4834.

Synthesis of (25,2'S,3R,3'R)-5,5'-(1,3-phenylene)bis(3-(dibutylamino )pent-4-yne-1,2-diol), 1c,
(C32Hs5:N,04):

OH OH

2N HCl
1,5 h AN

66%

N
£

1c
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Scheme 5.7. Synthesis of 1c.

In a 25 mL round bottom flask compound 5S¢ (200 mg, 0.328 mmol) was taken in 5 mL
of THF and 2.5 mL of dilute HCI (2N) was added to it dropwise. The reaction mixture was
stirred for 5 h at room temperature. Upon completion of reaction the reaction mixture was
neutralized by saturated solution of NaHCO; and extracted with CHCI;. The compound was
purified by column chromatography (18% ethyl acetate in petroleum ether) which yields 115 mg
(66%) of compound 1¢ as colourless oil. '"H NMR (400 MHz, CDCl;): & 7.47 (s, 1H), 7.37 (dd,
J =28.5, 1.2 Hz, 2H), 7.29 (d, J = 1.3 Hz, 1H), 4.00 (dd, J = 11.8, 2.8 Hz, 2H), 3.84 — 3.71 (m,
4H), 3.66 (t, J = 6.4 Hz, 2H), 2.70 — 2.48 (m, 8H), 1.59 — 1.23 (m, 20H), 0.96 (t, J = 7.3 Hz,
12H).; ®C NMR (100 MHz, CDCl3): & 135.03, 131.74, 128.56, 123.13, 86.40, 84.96, 70.42,
63.00, 55.57, 51.41, 30.41, 29.84, 20.72, 14.17.; IR: vicm ' 3406,2954, 2926, 1644, 1594, 1464,
1404, 1285, 1105,1055, 887, 844, 795, 733; Exact mass (HRMS): Calc. for C3,Hs,N,O,H"
(M+H)*: 529.4005; Found: 529.3998.

Synthesis of (IR,1'R)-3,3'-(1,3-phenylene)bis(1-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)-N,N-
diethylprop-2-yn-1-amine) 5d, (C3)H44N,QO,):

O><O X CuBr Tolune
\—( \/N\/ + T48h,
46%

CH

2 3d 4

Scheme 5.8. Synthesis of 5d.

Compound 2 (1.55 gm, 11.9 mmol) and amine 3d (868 mg, 11.9 mmol) was added to 10
mL of dry tolune in a clean and dry 50 mL round-bottom flask. The mixture was stirred for 30
min and then CuBr (56.9 mg, 0.396 mmol), and diethynylbenzene (4, 500 mg, 3.96 mmol) were
added to it and stirred at room temperature for 48 h. After completion of the reaction, monitored
by TLC, the reaction mixture was filtered through celite and expected compound was purified by
column chromatography, using 10% ethyl acetate in petroleum ether solvent, which yields 904.1
mg (46 %) of compound as pale yellow oil. NMR (400 MHz, CDCl;): 6 7.41 (d, J = 1.4 Hz,
1H), 7.32 (dd, J = 7.2, 1.5 Hz, 2H), 7.23 (dd, J = 8.3, 7.0 Hz, 1H), 4.29 (dd, J = 14.1, 6.9 Hz,
2H), 4.15 (dd, J = 8.4, 6.2 Hz, 2H), 3.95 (dd, J = 8.4, 7.0 Hz, 2H), 3.85 (d, J = 7.8 Hz, 2H), 2.83
—2.69 (m, 4H), 2.56 (dq, J = 14.0, 7.0 Hz, 4H), 1.46 (s, 6H), 1.39 (s, 6H), 1.13 (t, J = 7.2 Hz,
12H). *C NMR (100 MHz, CDCly): & 134.77, 131.55, 128.49, 123.30, 110.08, 85.73, 77.16,
76.29, 67.90, 57.45, 45.55, 26.92, 25.84, 13.41. IR: v/icm™' 2983, 2924, 1632, 1462, 1376, 1253,
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1214, 1155, 1060, 909, 852, 726; Exact mass (HRMS-ESI): Calc. for C;0HuN,O.H" M+ H)™:
497.3374; Found: 497.3365.

Synthesis of (2S5,2'S,3R,3'R)-5,5'-(1,3-phenylene)bis(3-(diethylamino)pent-4-yne-1,2-diol), 1d,
(C14H36N20y):

OH OH

2N HCI
rt,5h

74%

Scheme 5.9. Synthesis of 1d.

In a 25 mL round bottom flask compound 5d (200 mg, 0.402 mmol) was taken in 5 mL
of THF and 2.5 mL of dilute HCI (2N) was added to it dropwise. The reaction mixture was
stirred for 5 h at room temperature. Upon completion of reaction the reaction mixture was
neutralized by saturated solution of NaHCO; and extracted with CHCl;. The compound was
purified by column chromatography (2.5 % MeOH in CHCl;) which yields 120.7 mg (74%) of
compound 1d as colourless oil. "H NMR (400 MHz, CDCl;): 6 7.43 (s, 1H), 7.34 (d, J = 7.7 Hz,
2H), 7.29 — 7.20 (m, 1H), 3.98 (dd, J = 11.8, 2.4 Hz, 2H), 3.80 (d, / = 9.9 Hz, 2H), 3.72 (dd, J =
11.8,2.7 Hz, 2H), 3.64 (d, J = 9.8 Hz, 2H), 2.75 (dq, J = 14.6, 7.3 Hz, 4H), 2.59 (td, J = 13.6, 6.8
Hz, 4H), 1.13 (t, J = 7.1 Hz, 12H); *C NMR (100 MHz, CDCly/ CD;OD (5:1)): 5 134.92,
132.25, 128.71, 122.07, 70.38, 62.66, 55.48, 45.92, 29.60, 11.76; IR: vicm ' 3356, 2967, 2925,
1641, 1467, 1393, 1291, 1108, 1050, 908, 797, 728; HRMS (ESI): Calc. for CyH3sN,O,H"
(M+H)*: 417.2748; Found: 417.2753

5.4.4. Ion Transport Experiments:
A. Ion-transporting activity studies across EYPC-LUVoOHPTS: Ion transport and ion
selectivity studies were performed following the similar procedure described in previous

chapters.

B. Preferential Ion Selectivity Assay (FCCP) Assay: FCCP assay was performed following the

similar procedure described in previous chapter.

C. Chloride transport activity across EYPC-LUVsolucigenin:

Buffer and stock solution preparation: Solid NaNO; and NaCl were dissolved, in appropriate
quantity, in Milli-Q water to get 200 mM NaNO; and 2 M NaCl solution. Stock solutions of all
channel-forming compounds were prepared in HPLC grade CH;CN/MeOH (2:3).
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Preparation of EYPC-LUVsolucigenin: In a clean and dry small round bottomed flask 1 mL
egg yolk phosphatidylcholine (EYPC, 25 mg/mL stock in CHCl;) was added. The solution was
dried by purging of nitrogen with continuous rotation to form a transparent thin film of EYPC.
The transparent film was kept under high vacuum for 6 h to remove all trace of CHCl; at room
temperature. The resulting film was hydrated with 1 mL buffer (1 mM lucigenin, 200 mM
NaNQ;) for 1 h with 5-6 times occasional vortexing and subjected to freeze-thaw cycle (> 12
times). Extrusions were performed 19 times (must be an odd number) by a Mini-extruder with a
polycarbonate membrane of pore size 200 nm (Avanti). Extravesicular dyes were removed by gel
filtration (using Sephadex G-50) with 200 mM NaNOs;, and diluted to 3 mL to get EYPC-
LUVsolucigenin: inside: 1 mM lucigenin, 200 mM NaNOs;, outside: 200 mM NaNOs.

Chloride transport activity: In a clean and dry fluorescence cuvette, 1950 pulL. of NaNO;
solution (200 mM NaNO;) was added followed by addition of 50 pL. of EYPC-LUVs>lucigenin.
The cuvette was placed in the fluorescence instrument in slowly stirring condition by a magnetic
stirrer equipped with the instrument (at + = 0 s). The time course of lucigenin fluorescence
emission intensity, F; was observed at A, = 535 nm (Aex = 450 nm). 33.3 pL. of 2 M NaCl was
added to the cuvette at t = 25 s to create the chloride gradient between the intra and extra
vesicular system. Channel forming compound were added at r = 100 s in different concentration
and finally 25 pL of 10% Triton X-100 was added at r = 300 s to lyse those vesicles resulting

destruction of chloride gradient (Figure 5.5).

Fluorescence intensities (F;) were normalized to fractional emission intensity Ir using
Equation 5.5:

I'r=[(F,— Fy)/(Fy— F,)] x 100 Equation 5.5

where, Fy = Fluorescence intensity just before the compound addition (at 0 s). F,, = Fluorescence

intensity at saturation after complete leakage (at 320 s). F; = Fluorescence intensity at time .

For data analysis and comparison, time (X-axis) was normalized to the point of
transporter addition (i.e. = 100 s was normalized to ¢ = 0 s) and end point of the experiment (i.e.

t =350 s was normalized to ¢ = 250 s).

D. Effect of extravesicular cation on CI” transport in EYPC-LUVsolucigenin:

The involvement of cations in the transport process was evaluated by the lucigenin based
assay. The preparation of solutions and vesicles are similar as described in section VIL.C. In
assay condition the chloride salt of various cation (M* = Li*, Na*, K*, Rb" and Cs") were added

to evaluate the contribution of cation in transport process.
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Cation transport activity: In a clean and dry fluorescence cuvette 1950 uL. of NaNOj; solution
(200 mM) was added followed by addition of 50 puL. of EYPC-LUVs>lucigenin. The cuvette was
placed in the fluorescence instrument in slow stirring condition by a magnetic stirrer equipped
with the instrument (at # = 0 s). The time course of lucigenin fluorescence emission intensity, F;
was observed at Ao, = 535 nm (A = 450 nm). 33.3 uL of 2 M MCI (M" = Li*, Na*, K*, Rb" and
Cs") was added to the cuvette at = 25 second to create the chloride gradient between the intra
and extra-vesicular system. Channel forming compounds were added at ¢+ = 100 s in different
concentration and finally 25 pL of 10% Triton X-100 was added at ¢+ = 300 s to lyse those

vesicles resulting destruction of chloride gradient.

E. Effect of extravesicular anion on CI” efflux in EYPC-LUVsolucigenin:
The chloride efflux was monitored in the form of fluorescence enhancement. Change in the rate

of transport upon changing external anion gave the conformation of antiport mechanism.

Preparation of EYPC-LUVsDlucigenin: Vesicles were prepared according to the same
procedure as stated above by keeping 150 mM NaCl in intravesicular matrix in steed of NaNOj

solution.’

Antiport activity: In a clean and dry fluorescence cuvette 1950 uL of Na,A solution (150 mM;
A =F, ClO,, NO;y, S0,”, CI'; m = valency of an anion) was added followed by addition of 50
pL. of EYPC-LUVsolucigenin. The cuvette was placed in fluorescence instrument in slowly
stirring condition by a magnetic stirrer equipped with the instrument (at # = 0 s). The time course
of lucigenin fluorescence emission intensity, F; was observed at A, = 535 nm (A = 450 nm).
Transporter molecules were added at = 100 s in different concentration and finally 25 pL of
10% Triton X-100 was added at ¢t = 300 s to lyse those vesicles resulting destruction of chloride

gradient.

F. Preferential transport mechanism by lucigenin assay:

The direct experimental insight of preferential ion transporting mechanism for 1¢ was
obtained by lucigenin assay in the presence of valinomycin. Vesicles containing lucigenin and
NaNO; were prepared and suspended in KCI solution, and the ion transport rate of lc was
monitored in the absence and presence of valinomycin. The significant enhancement in the rate
of transport presence of valinomycin indicates the antiport mechanism as a preferential transport

mechanism (Figure 5.8).

Preparation of EYPC-LUVsolucigenin: Vesicles were prepared according to the same

procedure as stated above by keeping 200 mM NaNO; in intravesicular matrix.’
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Antiport activity: In a clean and dry fluorescence cuvette 1950 pL of NaNOs; solution was
added followed by addition of 50 pL. of EYPC-LUVsolucigenin. The cuvette was placed in
fluorescence instrument in slowly stirring condition by a magnetic stirrer equipped with the
instrument (at ¢ = 0 s). The time course of lucigenin fluorescence emission intensity, F, was
observed at A.,, = 535 nm (Aex = 450 nm). 33.3 pL. of 2 M KCI was added to the cuvette at ¢ = 25
s to create the chloride gradient between the intra and extra-vesicular system. Valinomycin (2.5
pM) was added to the cuvette at 50 s. After that 1¢ (20 uM) was added at ¢ = 100 s and finally at
t =300 s 25 pL of 10% Triton X-100 was added to lyse those vesicles resulting destruction of

chloride gradient.

5.4.5. Evidence of Ion Channel Formation:

Planar Bilayer Conductance Measurements: Bilayer membrane (BLM) was formed across an
aperture of 150 um diameter in a polystyrene cup (Warner Instrument, USA) with lipid
diphytanoylphosphatidylcholine (DPhPC; Avanti Polar Lipids), dissolved in n—decane (20
mg/mL). Both cis and trans compartments were filled with symmetrical solution, containing 1 M
KCI. The cis compartment was held at virtual ground, and the trans chamber was connected to
the BC 535 head—stage (Warner Instrument, USA) via matched Ag-AgCl electrodes. Derivative
1c was added to the cis chamber, and the solution was stirred with magnetic stirrer. It formed
channels within 30 minutes, as observed by the distinct channel opening and closing events at
different voltages. Currents were low-pass filtered at 1 kHz and digitized at 5 kHz using
pClamp9 software (Molecular Probes, USA) and an analog-to-digital converter (Digidata 1440A,
Molecular Devices). Positive clamping potentials refer potentials with respect to the ground, and
positive currents are presented as upward deflections from the base line (0 pA). The software
pClamp 9 was used for data acquisition and analysis. -V curve was generated from the BLM,
containing multiple channels using a voltage ramp from —80 mV to +80 mV (for 40 s time

duration).

The effective channel diameter was calculated from the single channel conductance value, by
using equation 5.6.
/g = (I + nd/4)(4plnd®)
Equation 5.6
Where, g = corrected conductance (obtained by multiplying measured single channel
conductance with the Sansom’s correction factor), I length of the ion channel (34 A), and p =

resistivity of the recording solution (p = 10.1 Q-cm).
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5.4.6. Molecular Modeling Studies:

To design the model of the ion channel we had optimized the monomer-dimer using Gaussian
09”7 software with wB97XD?* functional and 6-31G (d,p) basis set in the vacuum. The
oligomeric structure of channel was further optimized with MOPAC2012" software package

using PM6-DH+* methods.

5.4.7. Biological studies:
A. Cell culture protocol:
All cell lines were grown in High Glucose Dulbecco’s Modified Eagle Medium (DMEM,;
Invitrogen or Lonza) containing 10% fetal bovine serum (FBS; Invitrogen), 2 mM L-glutamine
(Invitrogen) and 100 units/mL penicillin-streptomycin (Invitrogen). Cells were maintained in 100
mm tissue culture treated dishes (Corning) at 37 °C in humidified 5% CO, incubator (Thermo

Scientific).

B. Measurement of intracellular CI” concentrations: Time-dependent influx data of CI” were
measured in HelLa cells by using chloride selective cell permeable fluorescent dye N-
(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE). Cells were suspended in a
96-well flat bottom tissue culture treated plates (Corning) at a density of 10 cells/well (per 100
uL) and incubated at 37 °C, 5% CO, for 14 h. MQAE was added to each well by maintaining
final concentration as 5 mM for 3 h. Extracellular dye was removed by washing with PBS and
compound 1c¢ was added in DMEM at various concentrations and cells were incubated for 24 h.
The MQAE fluorescence was measured using a fluorescence microplate reader (A.x = 350 nm
and A.,, = 460 nm) (Figure 5.11). Fluorescence intensities were normalized with respect to the
emission intensity of untreated cells. Each bar represents the mean intensity of three independent
experiments, and the differences in mean intensities are statistically significant according to

one—way analysis of variance (ANOVA).

C. MTT-based cytotoxicity assay: Cells were dispersed in a 96-well flat bottom tissue culture
treated plates (Corning) at a density of 10* cells/well (per 100 pL) and incubated at 37 °C in a 5%
CO, incubator for 14 h. Compound 1lc was added to each well in different concentration by
maintaining the maximum amount of DMSO at 1 pL and incubated for 24 h. DMEM solution
containing compounds in each well were replaced with 100 uL. of MTT-DMEM mixture (0.5 mg
MTT/mL of DMEM) and incubated for 4 h in identical condition. After 4 h, MTT solution was
removed and 100 pL of DMSO was added to each well to dissolve the formazan crystals. The
absorbance was recorded in a microplate reader (Varioskan Flash) at the wavelength of 570 nm.
All experiments were performed in triplicate, and the relative cell viability (%) was expressed as

a percentage about the untreated cells.
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D. Chloride mediated cell death studies:

HBSS buffer solution. Hank's balanced salt solution (HBSS with CI") was prepared with the
following compositions: 136.9 mM NaCl, 5.5 mM KClI, 0.34 mM Na,HPO,, 0.44 mM KH,PO4,
0.81 mM MgSO,, 1.25 mM CaCl,, 5.5 mM D-glucose, 4.2 mM NaHCO; and 10 mM HEPES
(pH 7.4). Chloride free HBSS was prepared by mixing 136.9 mM Na-gluconate, 5.5 mM K-
gluconate, 0.34 mM Na,HPO,, 0.44 mM KH,PO4, 0.81 mM MgSO,, 1.25 mM Ca-gluconate, 5.5
mM D-glucose, 4.2 mM NaHCO; and 10 mM HEPES (pH 7.4).

Cells were dispersed in a 96-well flat bottom tissue culture treated plates (Corning) at a
density of 10* cells/well (per 100 pL) and incubated at 37 °C in 5% CO, for 14 h. Cellular media
was replaced by HBSS buffer (either with CI™ or without CI”) containing 10% FBS. Compound
1c were added to each well in different concentration by maintaining the maximum amount of
DMSO at 1 pL and incubated for 24 h. HBSS buffer solution of compounds in each well was
replaced by 100 pL. of MTT-HBSS mixture (0.5 mg MTT/mL of HBSS) and incubated for 4 h in
identical condition. Excess MTT solution was removed after 4 h and 100 pL. of DMSO was
added to each well to dissolve the formazan crystals. The absorbance was recorded in a
microplate reader (Varioskan Flash) at the wavelength of 570 nm (Figure 5.13). Each bar
represents the mean intensity of three independent experiments, and the differences in mean

intensities are statistically very significant (P <0.01) according to one-way analysis of variance

(ANOVA).

E. Mitochondrial membrane depolarization: The HeLa cells were seeded in glass bottom 35
mm dishes at the concentration of 0.75 x 10° cells per plate. Cells were incubated with 0, 5, 10
and 20 uM of 1c for 24 h. After that cells were washed thoroughly and incubated with JC-1 at the
final concentration of 1pug/mL for 30 min. Fluorescence images were acquired after washing with
PBS in both red and green channel (Figure 5.14). A bar diagram was plotted by calculating the
ratio of pixel intensities (red/green) from 7 different images of each set of cells. One way
ANOVA analysis of seven replicate images show the statistically significant (P < 0.01 — 0.001)

mean difference in the ratio of pixel intensity.

F. Measurement of ROS level: Cells were dispersed in a 96-well flat bottom tissue culture
treated plates (Corning) at density of 1.5 x 10" cells/well (per 100 uL) and incubated at 37 °C in a
5% CO, incubator for 14 h. Compound 1lc¢ was added to each well in different concentration
(0=50 puM) by maintaining the maximum amount of DMSO at 1 pL and incubated for 7 h. 3-
methyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2H-chromen-2-one  (ROS probe)44’45
was added to the each well at final concentration 50 uM and incubated further for 1 h. The

fluorescence was recorded in a microplate reader (Varioskan Flash) at the wavelength of A, =
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460 nm (e = 315 nm) (Figure 5.15). All experiments were performed in triplicate, and the
relative emission intensity was normalized with respect to the untreated cell. Each bar represents
the mean intensity of three independent experiments, and the differences in mean intensity are
found to be statistically significant (P < 0.001) according to one-way analysis of variance

(ANOVA).

G. Immunofluorescence analysis for cytochrome c release: Cells were seeded at a density of
1x10° cells per well on top of glass coverslips (Micro-Aid, India). Following 1c (0, 10 and 20
pM) treatment, cells were fixed using 4% formalin (Macron Chemicals) and were permeabilized
using 0.5% Triton X-100 for 10 min at 4 °C. Cells were blocked with 10% (v/v) FBS
(Invitrogen), stained with primary antibody (cytochrome ¢ antibody) and then incubated with
secondary antibody (goat anti-rabbit AlexaFluor-488). Cells were then counterstained with 0.5
pg/mL Hoechst 33342 and mounted on glass slides (Micro-Aid, India). Cell images were were
taken using Olympus Inverted IX81 microscope equipped with Hamamatsu Orca R2 camera.

Microscopy images were captured using 100X oil-immersion objective (Figure 5.16).

H. Immunoblot analysis: Cells were seeded at a density of 6 x 10° cells per well in 6-well tissue
culture treated plates (Corning) and maintained at 37 °C for 16 h. Cells were then treated with 1c
by direct addition of the drug to the culture medium for 24 h at different concentration (0, 5, 10
and 20 puM). Control cells were treated with an equivalent volume of DMSO. After 24 h
treatment, medium containing 1¢ was aspirated, and cells were washed once with 1X phosphate
buffered saline (PBS; PAN-Biotech GmbH). Cells were lysed in sample buffer containing 60
mM Tris (pH 6.8), 6% glycerol, 2% sodium dodecyl sulfate (SDS), 0.1 M dithiothreitol (DTT)
and 0.006% bromophenol blue and lysates were stored at —40 °C.

Cell lysates were resolved using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to Immobilon—P polyvinylidene difluoride (PVDF)
membrane (Millipore). Blocking was performed in 5% (w/v) skimmed milk (SACO Foods,
USA) prepared in 1X Tris-buffered saline containing 0.1% Tween 20 (1X TBS-T) for 1 h at
room temperature. Blots were incubated for 3 h at room temperature (or for 16 h at 4 °C) in
primary antibody solution. Following washes, blots were incubated with peroxidase-conjugated
secondary antibody solution prepared in 5% (w/v) skimmed milk in 1X TBS-T for 1 h at room
temperature following which blots were developed using Immobilon Western Detection Reagent

kit (Millipore) and visualized using ImageQuant LAS 4000 (GE Healthcare).

I. Caspase Inhibitor Activity:
Inhibitor for caspase-3: Benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-
fluoromethylketone (z-DEVD-fmk).
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Inhibitor for caspase-9: Benzyloxycarbonyl-Leu-Glu(OMe)-His-Asp(OMe)-fluoromethylketone

(z-LEHD-fmk).

Cell viability was checked via MTT assay according to the similar procedure as stated

above. HeLa cells were preincubated with caspase inhibitors (100 uM each) followed by

incubation with 1¢ (20 uM) for 24 h (Figure 19). The bar diagram represents the mean intensity

of three independent experiments and the differences in mean intensities are statistically

significant (P < 0.0001), in each case, according to one—way analysis of variance (ANOVA).
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Chapter 6

Chloride-Mediated Apoptosis-Inducing
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6.1. INTRODUCTION:

In addition to the ion channels, ion carriers are widely found in natural systems to

perform the crucial task of transmembrane transport of ions. lon carriers are relatively
small biomolecules, which can travel across the lipid membrane after successive
complexation with ions followed by the release of the same on the opposite side of the
membrane (Figure 6.1). These are small proteins or small molecular cargos which are
made up of hydrophilic binding pocket with specific ion recognition sites and a rigid

hydrophobic scaffold to achieve favorable interaction while diffusing through the

membrane.
o
Extracellular A) f» .
e e~—6

Q999 Q99X AR 9N A
0000 elelelele eIy gpife)elele olelelelelele] ifeTetete

Intracellular X ‘ ‘)

Py ®

Transport via lon Channel Transport via lon Carrier

Figure 6.1. Representation of ion transport mechanism by ion channel and ion carrier.

The synthetic ion carriers have gained immense potential in integrating a
palliative care approach in several life-threatening diseases, including cystic fibrosis,
cancer, etc. Prodigiosin® is a natural CI™ carrier that functions as an anion exchanger via
either H*/CI~ symport or Cl/anion antiport mechanism.? lon transport properties of
prodigiosin and its synthetic analogs are also linked to their anticancer activities.>*

5-7

Among diverse synthetic anionophores, classes of urea/thiourea,®” calix[4]pyrrole®
derivatives and tambjamine analogs® were also reported for their anticancer activities.
These molecules either change the intracellular pH or disrupt the cellular ionic

homeostasis which triggers the apoptosis-inducing pathway.
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Various strategies have been incorporated to design synthetic ion carriers which
comprise of rigid scaffold connected to multiple ion binding sites. The lipophilic

10-13

scaffolds commonly so far used are, cholapods, trans-decaline,* calyx[4]pyrrole, its

15-17

fluorinated, and triazole analogues, tripodal tris(aminoethyl)amine (tren),*

1920 cyclohexane,* and cyanoguanidines.?? Few examples of scaffolds

squaramides,
related to prodigiosin structure are also found in the literature.>® Various functional
motifs have been used for coordinating anions with a host via hydrogen bonding

interactions, among them urea, thiourea,> 4202327 8,28

amide groups,”* etc. (for structures
of ion carriers see Figure 1.12 and 1.13). In this chapter, we demonstrate
bis(sulfonamides) as a new class of low molecular weight CI™ transporters. The study
provideds thoughtful insight into the correlation between structure, lipophilicity, anion
recognition, and anion transport activity. Transport of CI” into the cells by these
anionophores facilitates the activation of caspase-dependent apoptotic pathways.
Sulfonamide was envisaged as a better scaffold for anion recognition compared
to the carboxylic amide,?®*° due to the higher acidity of the N-H protons.**? The m-
xylenediamine was selected as the rigid core, and the para-substituent of each
arylsulfonyl group was varied to tune the lipophilicity and anion binding properties of

bis(sulfonamide) derivatives. According to

A B
Entry EAr EAr logP PK,;
1a %@om %@om 277 10.17
O\ /p
=‘§’NH HN‘§:O 1b §—<i%1\102 %—@NOZ 296 9.97
Ar' Ar
1a-1g Ic @Me @Me 411 1036
1d §—QOMe %@m 369  10.15
le §—®ﬂsr §—@ﬂh 462 10.13
O NH HN_O
1f %@—CQ %@cn 4.84  10.10
1g 506 1023
CF; CF,
2 2 . - 533 1323

Table 6.1. Structures, logP values and pK, values of N—H protons of designed transporters 1a-1g
and 2.
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Lipinski's rule,®® the structural modulation, based on lipophilicity, was expected to
influence the membrane permeability of designed molecules and thereby, a variation in
the ion transport activity was envisaged. The logP values of all designed molecules were
calculated (i.e. logP = 2.77, 2.96, 4.11, 3.69, 3.62, 4.84 and 5.06 for 1la—1g, respectively)
using the calculator plugins of MarvinSketch program (Table 6.1).* The anion binding
properties were also varied by considering electron affinity of respective para-
substituent which is again reflected in the pKa; value of sulfonamide N-H protons
(calculated by MarvinSketch program; Table 6.3). A bis(carboxylic amide) derivative 2
was designed to evaluate the importance of the sulfonamide groups in the anion

recognition process.

6.2. RESULTS AND DISCUSSIONS:
6.2.1. Synthesis:

Compounds la-1g were synthesized from commercially available m-
xylenediamine 3 by treating with corresponding sulfonyl chloride derivatives (Scheme
6.1). Compound 2 on the other hand, was synthesized from 4-(trifluoromethyl)benzoic
acid 4 by treating with SOCI; followed by addition of 3. All compounds were purified by
column chromatography, and characterized by *H NMR, **C NMR, HRMS, IR and
melting point (see experimental section for detailed reaction condition and

characterization).

A

ArSO,Cl, ArSO,C, - i N
EtsN, CH,Cl,, QUNH  HN P

NH NH =S <
2 2 0°C, 30-60 min 1. A0
25-77%
3 1a-1g
B
COOH
i. SOCI, reflux O NH ANO
ii. 3, EtsN, CH,Cly,
CF3 rt, 1h, 54%
CF3 CF3
4 2

Scheme 6.1. Synthesis of bis(sulfonamide) derivatives la-1g (A) and bis(carboxylic amide)
derivative 2 (B).
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6.2.2. Anion Binding Studies:

The anion binding to the receptor is the primary criteria for a functional ion
carrier. At first, CI™ ion binding properties of 1a-1g and 2 were investigated by *H NMR
titrations in either CD3CN (for 1a, 1b, 1c, 1f, 1g and 2) or CDClI; (for 1d and 1le),
selected based on compatibility. Upon stepwise addition of tetrabutylammonium chloride
(TBACI) to compounds la-1g, downfield shifts of H,, Hy and H. signals and upfield
shifts of Hy protons were observed (Figure 6.2A). These data indicate the presence of C-
Ha-ClIY, N-Hp--ClI™ and C-H¢--CI™ interactions with the anion. For calculating
stoichiometry and binding constant, the change in chemical shift (A8) of H, proton was
monitored rather than the Ad of Hy proton due to the line broadening of the Hy, proton
upon addition of excess TBACI. When the receptor 1f and TBACI were mixed in
CD3CN by varying mole fraction (») of the receptor, and the Ad of H, proton was
monitored (Figure 6.2B), the maximum interaction was observed at » = 0.5 indicating
1:1 complexation between 1f and CI". The & of the H, proton from figure 6.4A was

plotted against the increasing concentration

A B
H Hy |t H H Lo .
10.0 equi c o 5 -
equiv ‘M M ) J"L_ < 8]
. , , )
7Sequv M M " 0 = 6 .
5.0 equiv __,JJIL _J:‘UWL A L % 4 1
il I A —
. I ‘ T
3.0equiv. i Y G AN < 2
2.5 equiv T o
2.0 equiv 0O 02 04 06 08 1.0
1.5 equiv C 7 [H]/ (HI+[G])
1.0 equiv jJt JfL )
0.75 equiv o o 7.3
| QN H HN S =
0.5 equiv o3 Eb io - é 7.2
0.25 equiv WM @Hd © v ©
) CF4 CF, 714
0 equiv M M K, = 417.15 + 36.96 M"!
: w w w w w ; ; ; Ky=2.39%0.21mM
85 83 81 79 77 75 73 71 69 7.0+ . :
5 (ppm) 0 5 10

Equivalent of CI~ added
Figure 6.2. Partial '"H NMR (400 MHz, 298 K) spectral change of 1f in CD;CN upon stepwise
addition of TBACI (0 — 10 equiv) (A); Job’s plot obtained from *H NMR titration spectra for 1f
with TBACI in CD3;CN by varying mole fraction of 1f (B). The plot of the concentration of
TBACI verses 6 of H, 1f (C), fitted to 1.1 binding model of WinEQNMR?2 program.
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of TBACI (Figure 6.2C) and the association constant for the complexation of 1f with CI™
was calculated by fitting the dose-response curve to the 1:1 binding model of
WInEQNMR?2 program.®® The dissociation constants, Kg, for 1f appeared to be 2.39 +
0.21 mM.

8 B [M]™[L]"
[M] total

Equation 6.1
where, M represents the free, uncomplexed receptor and L is the ligand; dcalc, is the
weighted average of the chemical shifts of the various M-containing species present,

MmLn, and i and j represent the maximum values of m and n respectively.

A 74 B 74 C7a4
1a 1b 1c
7.31 7.3
B 3 3
g 721 g g 721
“Q “Q “
7.1 7.1
= 46.98 +7.57 M’ K, =390.35 + 52.33 M’ K,=51.27 +5.91 M
Ky =21.28 +3.42 mM K4 =2.56 + 0.34 mM Ky =19.50 + 2.24 mM
70 T T T 70 1 1 1 70 T T T
0 5 10 0 5 10 0 5 10
Equivalant of TBACI Equivalant of TBACI Equivalant of TBACI
D74 E 74 F 74
1d 1e 19
7.3 7.31
H £ £
g g 721 g 727
“ “ “
7.1 7.1
K, = 244.50 + 23.36 M K, =402.05 + 33.62 M’ K,=70.63 +4.03 M’
Ky =4.08 + 0.44 mM Ky =248 +0.21 mM Ky=14.15+0.81 mM
7.0 T T 7.0 T T 7.0 T r
0 5 10 0 5 10 0 5 10
Equivalant of TBACI Equivalant of TBACI Equivalant of TBACI

Figure 6.3. The plot of concentration of TBACI verses 6 of H, for 1a (A), 1b (B), 1c (C), 1d
(D), 1e (E), and 1g (G), fitted to 1:1 binding model of WinEQNMR?2 program.
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A B

10.0 equiv L Q!\; 100equiv || i |
7.5 equiv 7.5 equiv M J A
5.0 equiv 5.0 equiv " M I
3.0 equiv 3.0 equiv d‘;" )k -
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1.5 equiv | 1.5 equiv I _}\luﬁ ra
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0.75 equiv 0.75 equiv Py
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85 83 81 79 77 75 73 71 69 85 83 81 79 7.7 7.5 7.3 71 69

c & (ppm) & (ppm)

10.0 equiv f‘v‘\_ﬁ‘"&‘ Adn

7.5 equiv W M b

5.0 equiv L D

3.0 equiv Analyte Ky (mM)

2.5 equiv TBAF _

2.0 equiv. : — TBACI 2.39 £ 0.21

1.5 equiv “"“1‘—“& Al TBABr 19.47 £ 0.94
10equv LI TBAI -

0.75 equiv —

0.5equiv. "7 -

0.25 equiv JJUM sl

0 equiv M o

85 83 81 79 7.7 75 73 71 69

S (ppm)

Figure 6.4. "H NMR titration spectra for 1f with stepwise addition of TBAF (A), TBABr (B) and
TBAI (C) in CDsCN. The equivalents of added TBAF, TBABr and TBAI are shown on the
spectra. Table of calculated dissociation constant values from those titrations (D). In case of

TBAF and TBAI the change in chemical shift is not significant, which gave error in further

calculation of binding constant, implies absence of binding of F~ and I” with 1f.

The CI™ ion recognition studies for other receptor, 1a, 1b, 1c, and 1g provided the
dissociation constants, Kq = 21.28 + 3.42, 2.56 + 0.34, 19.50 + 2.24, and 14.15 + 0.81
mM, respectively. Similarly, CI™ ion binding studies with 1d and 1e in CDCl3 provided
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Ky = 4.08 + 0.44 and 2.48 + 0.20 M, respectively. Therefore, an electron withdrawing
group on Ar/Ar’" moieties increase the acidity of sulfonamide N—H proton, and this is
responsible for better CI™ ion binding (Figure 6.3 and Table 6.2). Though the difference
between calculated pKa; values is very small, a significant amount of contribution in

anion binding from the electron withdrawing power of the substituent was observed.

The significant ion binding of 1f prompted us to investigate the selectivity for
anion recognition. Halide ion binding studies by 1f provided the sequence: ClI" (Kq4 =
2.39+0.21 M) >Br (Kg=19.47+0.94 M)>1 ~F (Kg=not determined) confirming
better CI™ ion recognition by binding the bis(sulfonamide) receptor (Figure 6.4). It is
noteworthy that the *H NMR titration of compound 2 with TBACI did not provide any
significant change of proton chemical shift suggesting poor CI™ ion binding by the
bis(carboxylic amide) derivative. This observation was corroborated to the higher
acidities of sulfonamide N-H protons (pKa; = 10.10) of 1f compared to the carboxylic
amide N-H protons (pKa; = 13.23) of 2.

6.2.3. Anion Binding Model:
A. Molecular Dynamics Simulation:

To obtain the theoretical insight about the geometry of [1f + CI"] complex, initial
structures were generated by using CONFLEX 7 program.®®*’ Initial conformations for
density functional theory (DFT) calculations were predicted by using MMFF94s force
field of the software. First seven conformations, obtained according to their decreasing
Boltzmann population percentages (Figure 6.5), were selected for further geometry

optimization studies.

The conf-1 and conf-2 were placed in the same class because of very similar
conformation. Similarly, conf-3, conf-4 and conf-5 were identified as another class. The
conf-6 and conf-7 were identified as third and fourth classes, respectively. Subsequently,
conf-1, conf-3, conf-6 and conf-7 were optimized by Gaussian 09 program package™®
using B3LYP functional and 6-311G++(d,p) basis set.** The polarization continuum
model (PCM) was used to incorporate the effect of chloroform as the solvent in the

calculations. The optimizations of

Tanmoy Saha; IISER Pune Page 139



Chloride Transport Mediated Apoptosis by lon Carrier Chapter 6

el

conf-1 conf-2
Cc D E
(]
conf-3 conf-4 conf-5
F G H
Conformation | Boltzmann population %
conf-1 23.2343
(]
conf-2 22.1328
conf-3 21.9428
conf-4 18.456
conf-5 10.4466
conf-6 1.66608
conf-7 0.786621
conf-6 conf-7

Figure 6.5. Initial geometries, conf-1 — conf-7 of [1f+CI], optimized by CONFLEX 7 software
using MMFF94s force field (A - G). Boltzmann populations of conformations conf-1 — conf-7
are also provided (B). Conformations with Boltzmann population lower than 0.05% were not
considered.

conf-1 and conf-3 resulted in identical structure as shown in Figure 6.6.A. Optimizations
of conf-6 and conf-7 resulted in separate structures figure 6.8B and 6.8C, respectively.
The free energies of these two conformations (i.e., the structures presented in Figure
6.6.B and 6.6.C) were 0.13 and 0.76 kcal/mol higher compared to that presented in
Figure 6.6.A. Therefore, the most stable conformation (i.e. the structure presented in
Figure 6.6.A) was considered as the final optimized structure of the [1f+CI"] complex in

the solution.
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Figure 6.6. The geometry optimized structures of [1f+CI7], resulted from conf-1 and conf-3 (A),
conf-6 (B) and conf-7 (C). The conformation presented in (A) exhibit lowest free energy hence
most stable.

B. Mass Spectrometric Study:

This optimized structure also correlates to the noncovalent interactions (i.e. two
N-H:---Cl’, and three C—H---CI interactions) those observed in NMR titration studies.
On the other hand, the direct experimental evidence of anion recognition of 1f was

obtained from the

TS MSH 069_MS neg IISER PUNE
TS MSH 069_MS neg 17 (0.325) AM2 (Ar,20000.0,554.26,0.00 LS 3); ABS; Sm (SG, 1x1.00); Cm (2:54) 1: TOF MS ES-
567.0313 8.47e7
1007
[1f + CII~
587.0313
—_
o
5
e
[0
[&]
C
4]
e}
C
@®
Ne)
< =
(0] 589.0287
=
=
©
[0)
14
i 5510538
590.0309
o1.0270 1139.0950
: 11410940
614.0499 1142.0961
0L 108.0307 2552319 3251833 a7 9001 4p1.0785 s102520] | 668.0007 5259089 gy op5g 939.1190 nos,v1esf s 0927
e e e e e e e e
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Figure 6.7. ESI-MS spectrum obtained by injecting the solution containing 1:1 mixture of 1f and

TBACI in CH3CN showing the characteristics signal of [1f+CI"] complex.
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electrospray ionization-mass spectrometric (ESI-MS) study. A sample was prepared in
CH3CN by mixing 1f and TBACI in 1:1 molar ratio, and electrosprayed under as mild as
possible ionization conditions. The mass spectrometric data provided peaks at m/z =
587.0313 and 589.0287, which correspond to the [1f+CIl"] complex in the solution state
(Figure 6.7).

6.2.4. lon Transport Activity:

Anion recognition properties of bis(sulfonamide) compounds 1la—1g encouraged
us to evaluate their ion transport activity across large unilamellar vesicles (in EYPC-
LUVsoHPTS). All synthetic receptors 1a—1g exhibited significant fluorescence intensity
enhancement indicating transport of ions across the LUVs. Comparison of ion transport
activity at identical concentration ¢ = 10 uM provided the activity sequence: 1f > 1e > 1g
> 1d > 1c > 1b > la (Figure 6.8A). On the other hand, ion transport activity of the
bis(carboxylic amide) 2 was negligible compared to 1f (Figure 6.8B). In spite of identical
aromatic moieties and comparable logP values (logP = 4.84 and 5.33 for 1f and 2,
respectively), the higher acidity of sulfonamide N-H proton was crucial for better anion
binding by 1f.

The dose-response plots of bis(sulfonamides) 1a—1f (Figure 6.9) provided ECsq =
26.56 + 1.13,17.18 + 0.77, 15.84 +£ 0.23, 10.26 + 0.42, 8.19 + 0.11 and 5.89 + 0.15 uM,
respectively (Table 6.2). ECso calculation could not be performed on 1g due to the

precipitation observed at

A
80

60 -+

Ir 40

20~

0 50 100 150 200 0 50 100 150 200

t(s) t(s)
Figure 6.8. Comparison of ion transport activities of bis(sulfonamide) derivatives 1a-1g (10 uM
each) across EYPC-LUVsoHPTS (A). Comparison of ion transport activities of 1f (10 uM) and
2 (10 uM) across EYPC-LUVSoHPTS (B).
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higher concentrations of the compound upon its addition in the buffer. The lowest
activity of 1a was primarily correlated to its poor anion binding ability (Kq = 21.28 +
3.42). In addition to this, low logP = 2.77 of la also contribute to its preferential
distribution in the aqueous media over permeation through the hydrophobic lipid bilayer
membranes. Compound 1c with better CI™ binding ability (K4 = 19.50 £+ 2.24 mM) and
permeability (logP = 4.11) compared to 1a displayed higher transport activity. Although,
the binding of 1b with CI” is much higher than 1c, the lower logP value of the nitro-
substituted derivative restricts its membrane permeation which results in the poor ion
transport property. Similarly, higher ion transport activity of the compound le was
corroborated to its better anion binding ability than 1d, even if having close logP values.
The effect of permeability (logP = 4.84) and anion binding (Kq = 2.39 £+ 0.21 mM) was
most significant for 1f which provided the lowest value of ECso = 5.89 uM. Despite of
having low

B 80 C 80
1a 1b

60

0 50 100 150 200
t(s)

1f

60

40

20+

T T T 0 T

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
t(s) t(s) t(s)

Figure 6.9. Concentration-dependent ion transport activity of 1a (A), 1b (B), 1c (C), 1d (D), le

(E), and 1f (F), across EYPC-LUVsoHPTS.
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anion binding property (Kgq = 14.15 + 0.81 M), appreciably high ion transport activity
was observed for compound 1g. This result can be justified from the highest logP value
(logP = 5.06) among all bis(sulfonamide) compounds. However, the solubility of the
compound 1g in the aqueous solution was compromised because of its hydrophobic
nature. This comparison indicates that, anion recognition is the primary criteria for an ion
transporter but the rate of transport is controlled by the lipophilicity i.e, the ease of

membrane penetration of the molecule.

Table 6.2. Experimentally determined K4 and ECsg values for 1a—1g and 2.

Compound logP Kg (mM) ECso (nM)
la 2.77 21.28 + 3.421 26.56 +1.13
1b 2.96 2.56 + 0.340 17.18 +0.77
1c 411 19.50 + 2,241 15.84 +0.23
1d 3.69 4.08 +0.44 ™ 10.26 + 0.42
1e 3.62 2.48 +0.20 8.19+0.11
1f 4.84 2.39+0.211 5.89 +0.15
19 5.06 14.15+0.81 NDI

2 5.33 NDH ND!

[8 K, values were determined in CDsCN. T K, values were determined in CDClz. & ND

= could not be determined.

6.2.5. lon Selectivity Studies:

The top three active compounds 1d-1f was used further to investigate the
selectivity and the mechanism of ion transport.. The difference in ion transport activity in
EYPC-LUVsoHPTS upon changing extravesicular anions implies the involvement of
anions in the transport process. For compound 1f (¢ = 6 uM), an activity sequence: CI~
>> SCN™ > OAc > F > CIO4; >T > NO3 > Br was observed (Figure 6.10C). The
observed CI™ ion selectivity of 1f rationalized by the strong binding of the ion in the
cavity of the bis(sulfonamide) molecule. Lower transport activities for other anions
indicate poor binding due to the mismatch of their sizes with the binding pocket of the
bis(sulfonamide). The little-enhanced activity observed for I~ compared to Br- may be

because of the higher membrane permeation of more hydrophobic 1™ anion.*® Variation
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of monovalent cations in the extravesicular buffer provided marginally enhanced ion
transport activities for K¥, Rb* and Cs* compared to Li* and Na* (Figure 6.10F). In the
absence of any of ditopic binding motif in 1f, the observations suggest the possibility of
cation recognition as an alternate binding motif in the molecular cavity.** Anion
selectivity studies for 1d and le also inferred excellent transport of CI~ ion (Figure
6.10A,B and 6.10D,E).

A B Cc

100 100 100
— NaF — NaF
— Nacl 1e — Nacl 1f
— NaBr — NaBr
80 80- 80-
— NaNoO; — NaNO;
— NaSCN
60
Ir
40 -
20 -
0
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
t(s) t(s) t(s)
° 100 Baseline § 100 Baseline ] 100 Baseline
R I e Y =
— a — Na — a
804 — KClI 804 — Kol 80 — Kkai
—RbCI — RbCI — RbCI
— CsCl — CsC — CsCl
60 60- 60 -
e e e
404 40- 404
20 20- 20 -
0 I 0 I . I O_l-__l___'_-l—-T'-—
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

t(s) t(s)
Figure 6.10. Anion selectivity (A-C) of 1d (10 uM), 1e (8 uM) and 1f (6 uM) determined from

the ion transport studies across EYPC-LUVsSHPTS. Cation selectivity of the same (D-F).

6.2.6. Chloride lon Transport Study:

In the next stage, CI™ ion transport activities of 1d—1f across LUVs were
investigated in details by monitoring the fluorescence intensity of intravesicular
lucigenin dye at Adem = 535 nm (Aex = 450 nm).*? EYPC/cholesterol-LUVsolucigenin
were prepared with 7:3 EYPC/cholesterol by entrapping lucigenin dye and NaNO3; (200

mM) and assay was performed as described in previous chapter. A sharp quenching in
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fluorescence, observed upon addition of 1f, confirmed the CI™ transport activity of the
compound (Figure 6.11A). Compounds 1e and 1d also displayed quenching of lucigenin
fluorescence in the presence of extravesicular NaCl (Figure 6.12B), and the observed
trend of CI™ transport activity 1f > 1e > 1d resembles that obtained from HPTS assays
(Figure 6.11B).

A 0 B 0
'; |'.J RS w“‘"‘"'u* M W' Vi
0 uM T
-20 -20
X
o
- O T ©
- - v« 0O
-40 -40
Ie Ie
-604 -60
-80 1 80 uM -80
-100 T T T i -100 T T T
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Figure 6.11. CI” ion influx across EYPC/cholesterol-LUVs>lucigenin upon addition of 1f (0—-80
HM) (A). Comparison of CI™ influx across EYPC/cholesterol-LUVsolucigenin for 1d, 1e and 1f
(60 uM each) (B).

Numerical analysis of the activity profiles (Figure 6.11B) was done to get the
quantitative data of CI™ ion transport across EYPC/cholesterol-LUVsolucigenin. At first,
the normalized fluorescence quenching curves were fitted to the single exponential decay
function (Equation 6.2) and then the half-life (t;,) was calculated by using Equation 6.3.
Similarly, the initial rate (r;) was estimated by fitting the dose-response curve to a double
exponential decay function (Equation 6.4 and 6.6). Double exponential decay curves
were fitted to the plot to get better regression factor. An increase in initial rate (r;) with a
concomitant decrease in half-life (t;,) was encountered while moving from compound
1d, le to 1f (Table 6.3).

Half-lives (t1,) of transport activities were obtained by fitting of fluorescence
guenching curves to a single exponential decay function (Equation 6.2 and then
calculating half-lives by use of Equation 6.3).

I/lg=a+be™ Equation 6.2
t1, = 0.693/c Equation 6.3
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To obtain the initial rate for the transport process the fluorescence quenching curve was
fitted with the double exponential decay equation,

Il = yo—a.eb0 + c.elar Equation 6.4

Differentiating according to t gives:
dy/ot=a.b.e( ) + b.d.e b)) Equation 6.5

The initial rate r; (at t = 0 s) gives:

r =0y/dti=o=a.b+cd Equation 6.6

Double exponential decay equation was used to calculate the initial rate because of better

regression factor (R).

Table 6.3: Determination of half-lifes (ty,) and initial rates (r;) of CI” ion influx across

EYPC/cholesterol-LUVs>lucigenin by 1d—1f (60 uM each).

Compound ti (5) ri(s?)
1d 32.36 £ 0.10 0.0165 +0.0014
le 26.04 + 0.09 0.0232 + 0.0026
1f 17.86 £0.05 0.0335 £+ 0.0087

6.2.7. lon Transport Mechanism:

In the aforestated lucigenin experiments, either CI/NO;~ antiport or CI/Na’
symport was considered as the probable mechanism for the ion transport pathway.
Therefore, experiments were carried out by varying either the cations or the anions in the
extravesicular media to identify the correct mechanism. To evaluate the presence of a
symport process, vesicles containing lucigenin in NaNOjs; were suspended in
extravesicular MCI (M* = Li*, Na*, K, Rb" and Cs") salt solution. The addition of 1f
displayed small differences in the transport rates which rule out the possibility of CI7/Na*
symport mechanism (Figure 6.12A). On the other hand, the variation of extravesicular of
NamA (A~ = F, ClO,, NOs~, SO4%, CI;m = valency of an anion) with iso-osmolar
intravesicular NaCl provided remarkable differences in CI™ efflux rates upon addition of
1f (Figure 6.12B). These experiments suggest that the CI'/A™ antiport is the effective ion

transport process.
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Figure 6.12. Influx of CI” ion across EYPC/cholesterol-LUVs>lucigenin upon addition of 1f (60
uM) with intravesicular NaNO; and extravesicular MCI (M* = Li*, Na*, K*, Rb" and Cs") (A).
Exflux of CI” ion across EYPC/cholesterol-LUVsolucigenin upon addition of 1f (40 uM) with
intravesicular NaCl and extravesicular Na,A salt (A = F-, CI, NO;, SO, and ClO,; m =

valency of an anion) (B).

Finally, in pursuit to obtain direct experimental insight of preferential transport
mechanism of 1f, valinomycin (V), a K" selective transporter, was used.
EYPC/cholesterol-LUVsolucigenin with intravesicular NaNOs were suspended in the
KCI solution, and ion transport rate of 1f was monitored in absence and in the presence
of valinomycin. A significant enhancement in the rate of transport of 1f was observed in
the presence of valinomycin (Figure 6.13A). Numerical analysis of the normalized
fluorescence quenching curves provided r; = 0.0120 + 0.0004 s and ty;, = 47.04 + 0.14 s
for only 1f; whereas the combination of 1f and valinomycin gave r; = 0.1333 + 0.0007
st and t, = 5.83 + 0.02 s indicating more than 11-fold enhancement in the CI™ transport
rate. The remarkable improvement of transport rate in the presence of valinomycin
clearly indicates the CI'/NO3" antiport mechanism of 1f which gets accelerated because

of the synergistic effect of 1f and valinomycin.
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Figure 6.13. Comparison of CI™ transport activity of 1f (40 uM) in the presence and the absence

of valinomycin (2.5 uM) (A). Calculated half-life (t1,) and initial rate (r;) of CI™ influx for 1f in
the presence and the absence of valinomycin (B).

6.2.8. Evidence of Carrier Mechanism:

The required evidence of ion transport through carrier mechanism was obtained
by the classic U-tube experiment.>**?“® |n this experiment the mimic of lipid membrane
was established by an organic phase, separating two aqueous phases (Figure 6.14A). The
large dimension of organic phase restricts the movement of ions from one aqueous layer
to the other whereas; ion carriers can easily act as a vehicle by overcoming the organic
phase barrier. The possibility of ion channel formation in this system is impractical as the
nanochannel cannot span through the long (~ 10 cm) hydrophobic layer (Figure 6.14A).
In this experiment, equimolar NaCl and NaNO3 were added to the aqueous phase of the
donor and receiver phase respectively and concentration of CI™ in the receiver phase was
monitored by chloride ion selective electrode (ISE). Remarkable enhancement in CI™
level was observed in the receiver aqueous phase only when 1f was taken in the organic

phase (Figure 6.14B). This result confirms the CI™ transport of 1f by carrier mechanism.

Tanmoy Saha; IISER Pune Page 149



Chloride Transport Mediated Apoptosis by lon Carrier Chapter 6

A Donor Receiver B
End End 600+
—o— 1f
‘e 500+ —o— Blank

[}

Se - AR S 400
Qs Z5 g

Z% 33 £ 300-
== s= 2
0 £ = S

o oS 8 2004
)

1001

2 mm 1f 01

2 mM TBAPFg 0 20 40 60 80 100

in CHCI

Time (h)

Figure 6.14. Schematic representation of U-tube experiment (A). Concentration of CI™ in the
aqueous phase of receiver end of U-tube as the function of time (B). Data were recorded in

presence and absence of 1f in the organic phase.

6.2.9. Effect of lon Transport in Biological Systems:

The excellent CI™ transport activity of designed bis(sulfonamide) derivatives
la-1f prompted us to explore their bio-applicability. Literature reports have
demonstrated that dysregulation of ionic homeostasis, via the influx of CI™ ion into cells,
can induce apoptosis.®>*** At first, the viability of various cancer (e.g. human breast
cancer, MCF-7; human bone osteosarcoma, U20S; human cervical cancer, Hela; and
lung adenocarcinoma epithelial, A549) and normal (e.g. mouse fibroblast NIH3T3) cell
lines were screened for compounds la—1f and 2. A single point screening was done by
MTT assay with these compounds (20 uM each). The maximum cell death was observed
for the most efficient anionophore 1f while the least active bis(carboxylic amide)
derivative 2 caused minimum cell death (Figure 6.15A). Overall, the differences in cell
viability were inversely proportional to the ion transport abilities of these molecules.
This data indicates the direct correlation of ion transport and cell death. The dose-
dependent cell viability studies for compounds 1e and 1f provided 1Cso = 56.9-14.6 uM
(Figure 6.15B) and 1Cso = 12.2—-7.5 uM (Figure 6.15C), respectively depending on cell
line used. The compound 1f was selected to perform the further studies because of its

least 1Csp values in the cell viability experiments.
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Figure 6.15. Cell viability obtained from single point screening of compounds la—1f and 2 (20
uM each) by MTT assay. Cell viability was checked after 24 h treatment of each compound in
various cell lines, from left to right, MCF7, NIH3T3, U20S, HeLa and A549. Each bar diagram
represents mean cell viability, calculated from three independent experiments (A). Compound 1g
was excluded because of the precipitation in higher concentration. Cell viability obtained from

MTT assay upon dose dependent treatment of 1e (B) and 1f (C) for 24 h in various cell lines.

The direct evidence of CI™ ion transport into the live cells upon treatment with 1f
was obtained by using MQAE, a CI™ selective dye (Aex = 350 nm and Aem = 460 nm), that
gives quenching of fluorescence in the presence of the ion.***" A remarkable stepwise
quenching of fluorescence was observed upon post incubation of either HelLa (Figure
6.16A) or MCF7 (Figure 6.16B) cells with 1f (0 — 50 uM). The gradual quenching of
MQAE fluorescence indicates a concentration-dependent influx of CI™ ions in the

intracellular matrix facilitated by the transporter molecule.

Tanmoy Saha; IISER Pune Page 151



Chloride Transport Mediated Apoptosis by lon Carrier Chapter 6

A 110 B 410
P <0.01 P < 0.001

£ 100 T £ 90
T . T
3 90 w g 70]
X 8
5 S
£ 807 £ 50
o o
2 2

70 30

0 10 20 50 0O 10 20 50
¢ (uM) ¢ (uM)

Figure 6.16. Normalized fluorescence intensity of HeLa (A) and MCF7 (B) cells incubated with
MQAE (5 mM) for 3 h followed by treatment of 1f (0 — 50 uM) for 24 h. Fluorescence
intensities were recorded by the plate reader at Aen = 460 nm (A = 350 nm), and normalized
with respect to the fluorescence intensity of untreated cells. Each bar represents the mean
intensity of three independent experiments, and the differences in mean intensity are statistically

significant (P < 0.01 for HeLa and P < 0.001 for MCF7) according to one-way analysis of
variance (ANOVA).

The correlation between the enhanced CI™ ion level in the intracellular matrix and
the death of either HeLa or MCF7 cells was evaluated by altering the CI™ ion
concentration in the extracellular matrix. HBSS (Hank’s balanced salt solution) buffers
of two different salt compositions (with and without CI™ ions) were prepared, and cells
were suspended separately in these buffers. Then, both sets of cells were treated
separately with 1f (0 — 20 uM) for 24 h and the cell viability between the sets was
compared. Remarkably higher viability was observed for cells suspended in CI™ ion free
HBSS than those dispersed in the HBSS buffer containing the ion (Figure 6.17). These
results confirm that the enhanced level of intracellular CI™ ion, transported by 1f, is
potentially related to the amount of cell death. Such CI™ ion mediated cell death is known

to trigger the apoptotic pathways in live cells.?%*44

A number of experiments were carried out to establish the appropriate apoptotic
pathway. In the intrinsic pathway of apoptosis, disruption of mitochondrial membrane
potential (MMP) induces the release of cytochrome ¢ from mitochondria to cytosol.***
Released cytochrome c¢ subsequently binds to the Apaf-1 to form apoptosome. Then the
cytochrome c/Apaf-1 complex activates caspase-9, which further activates multiple
pathways, including activation of caspase-3, to induce apoptosis.”*>* Therefore, the

process of apoptosis can be monitored at several stages, such as, (a) by monitoring the
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mitochondrial membrane potential (MMP) and cytochrome c release as a pre-apoptotic

symptom, (b) by monitoring proteins of the caspase family, and (c) by observing the

nuclear fragmentation of the cells.
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Figure 6.17. Comparison of HeLa cell viability in CI” containing and CI™ free HBSS buffer upon
dose dependent treatment of 1f (0 — 20 uM) for 24 h (A). Similar studies were done with MCF7
cells (B). The differences in mean intensities (three independent experiments) are statistically
significant (P < 0.05 for HeLa and P < 0.01 for MCF7) according to one-way analysis of
variance (ANOVA).

The collapse of MMP, observed during the early stages of apoptosis, can be
monitored by using JC-1, a membrane potential sensitive fluorescent probe.>>>° This dye
exhibits intense red fluorescence when present in the mitochondrial membrane of healthy
cells due to the formation of J-aggregate. The disruption of MMP does not allow the dye
to stay in the membrane resulting in its dispersion in the cytosol. In the cytoplasm, the
JC-1 dye exhibits green fluorescence due to the loss of aggregation. When HeLa cells
were treated with 1f (0-20 uM) for 24 h followed by staining with JC-1, a stepwise a
stepwise decrease in the red fluorescence with concomitant enhancement of the green
fluorescence was observed (Figure 6.18A—C). Subsequently, the ratio of pixel intensities
(i.e. red/green) was calculated from the live cell images of the stained cells (Figure
6.18D). The decrease in the ratio of pixel intensities can be correlated to the disruption of
MMP upon treatment of 1f.
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Figure 6.18. Live cell imaging of HeLa cells upon treating with 0 uM (A), 10 uM (B) and 20
uM (C) of 1f for 24 h followed by staining with JC-1 dye. Each image was generated by merging
the images obtained from red and green channels. The bar graph (D) represents the ratio of pixel
intensities (red/green) for each set of cells. One way ANOVA analysis of seven replicate images

show the statistically significant (P < 0.001) mean difference in the ratio of pixel intensity.

Cytochrome ¢ is a well conserved electron-transport protein and confined
between mitochondrial intermembrane spaces. Apoptotic stimulation triggers the release
of cytochrome ¢ from mitochondria which subsequently instigate the caspase-dependant
apoptotic pathway.®" ™ HeLa cells were incubated with increasing concentration of 1f (0,
10 and 20 uM) for 8 h and immunostaining analysis was done with cytochrome c
antibody. The release of cytochrome ¢ was monitored by an enhancement in emission
intensity which further diffused upon treatment of higher dose. The release of
cytochrome ¢ upon ion transport endorses the induction of mitochondrial-dependent

apoptosis by 1f (Figure 6.19).

Figure 6.19. HeLa cells are treated with 0 uM (A), 10 uM (B) and 20 uM (C) of 1f for 8 h, then
fixed and analyzed for cytochrome c release by immunostaining with cytochrome c¢ antibody.
DMSO was used as negative control, and the nuclei were stained with Hoechst 33342.

It is already established that mitochondria-dependent apoptotic pathway can
proceed via activation of family of caspases.*®“®? In the next step, for a better
understanding of ion transporter induced caspase cascade, the activation of initiator

caspase-9 and the executioner caspase-3 were investigated. Immunoblot assay was

Tanmoy Saha; IISER Pune Page 154



Chloride Transport Mediated Apoptosis by lon Carrier Chapter 6

performed on HelLa cells upon treatment with 1f (0 — 40 uM) for 24 h by using
appropriate primary antibodies. A dose-dependent enhancement of the amount of
activated caspase-9 and caspase-3 with simultaneous degradation of procaspase-3
indicates the caspase-dependent intrinsic pathway of the apoptosis program (Figure
6.20). The enhancement of caspase-3 and 9 was quantified with respect to the amount of

GAPDH present in the respective set of cells (Figure 6.20B-D).
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Figure 6.20. Immunaoblot assay for active caspase-9, caspase-3 and caspase-8 in HelL a cells, after
24 h incubation with various concentrations (0, 10, 20 and 40 uM) of 1f (A). Quantification of

immunoblot analysis for cleaved caspase-9 (B), Cleaved caspase-3 (C) and procaspase-3 (D).

On the other hand, apoptosis can also be initiated via an extrinsic pathway
involving caspase-8.*% No such activation of caspase-8, and no degradation of
procaspase-8 ruled out the possibility of the extrinsic pathway of apoptosis program
(6.20A). Similarly, apoptosis can also proceed via activation of the p53 mediated
pathway.®* Phosphorylation at the Ser-15 position of the p53 protein is a common
phenomenon in p53 mediated apoptosis pathway.®® Absence of phosphorylation at the
Ser-15 position of p53 protein, monitored by immunoblot assay, eliminate the possibility
of p53 mediated apoptosis program (Figure 6.21). A cell lysate of a positive control for
the P-p53 (Ser-15) antibody was prepared to validate the workability of antibody. Lysate
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of HeLa cells (2 x 10° cells) for positive control was prepared by treatment of 10 uM

camptothecin (CPT) for 16 h.
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P-p53 e | 53 kDa

GAPDH| " s s s e | 35.8 kD

Figure 6.21. Immunoblot assay for P-p53 (Ser-15) in HeLa cells, after 24 h incubation with
various concentrations (0, 10, 20 and 40 uM) of 1f and 16 h incubation with CPT (10 uM).

Moreover, to elucidate the caspase-dependent intrinsic pathway of apoptosis, cell
viability was screened in the presence of caspase inhibitors. The small polypeptide
derivatives, Benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-
fluoromethylketone (z-DEVD-fmk), and Benzyloxycarbonyl-Leu-Glu(OMe)-His-
Asp(OMe)-fluoromethylketone (z-LEHD-fmk) are known cell permeable, irreversible
inhibitors for caspase-3 and caspase-9, respectively, which can inhibit the caspase
dependent apoptotic pathway of cell.®*®®®” Almost negligible amount of caspase-3 and

caspase-9 activation was observed in immunoblot assay, upon preincubation of HelLa
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Figure 6.22. Immunoblot analysis of HeLa cells preincubated with z-DEVD-fmk and/or z-
LEHD-fmk (50 uM each) for 3 h followed by incubation with 1f (20 uM) for 24 h (A). The
difference in cell viability upon treatment with 1f and caspase inhibitors measured by MTT

assay. Cells were preincubated with z-DEVD-fmk and/or z-LEHD-fmk (50 uM) for 3 h followed
by incubation with 1f (10 uM) for 24 h (B).
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cells with z-DEVD-fmk and z-LEHD-fmk (50 uM each) followed by treatment of 1f (20
uM) for 24 h (Figure 6.22A). Similarly, in MTT assay, a significant increase in cell
viability was encountered upon treatment of 1f when cells were preincubated with
caspase inhibitors (Figure 6.22B). This enhanced cell viability can be correlated to the
protection process of cells from ion transporters by inhibition of caspase-dependent
intrinsic pathway of apoptosis program.

Apoptosis can also be characterized by distinct changes in cellular morphology,
including membrane blebbing, chromatin condensation, the appearance of membrane-
associated apoptotic bodies, internucleosomal DNA fragmentation, as well as by

8859 Nuclear condensation,

cleavage of poly(ADP-ribose) polymerase (PARP).
fragmentation, and formation of apoptotic bodies can be identified by Hoechst 33342, a
fluorescent nuclear staining dye. HelLa cells were treated with 1f (20 uM) for 24 h and
then, stained with the dye. A significant change in nuclear morphology was observed in
treated HelLa cells compared to untreated ones (Figure 6.23A). The appearance of

nuclear condensation and fragmentation indicates apoptotic cell death.

Figure 6.23. Live cell imaging of HeLa cells stained with Hoechst 33342. Typical oval nuclei in
control (untreated) cells (A and B), fragmented nuclei of cells after 24 h treatment with 1f (20
uM) (C and D).

It is also well-known that PARP cleavage, by endogenous caspases, serves to
prevent futile repair of DNA strand breaks during the apoptotic program.®®”® An
appearance of cleaved PARP-1 (86 kD) with concomitant degradation of full-length
PARP-1 (116 kD) was observed upon treatment of HeLa cells with 1f (40 uM) for 24 h
(Figure 6.24). The activation of cleaved PARP-1 by endogenous caspase substrate can be

considered as an additional validation of caspase-mediated apoptosis.
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Figure 6.24. The expression of cleaved PARP-1 and degradation of full-length PARP-1 in HelLa
cells, after 24 h incubation with 1f (40 uM), determined by immunoblot analysis (A).
Statistically, significant difference in cleaved PARP-1 expression was observed upon applying

unpaid t-test on three replicate data (B).

Finally, to establish the relation between the change in ionic homeostasis and
induction of apoptosis, reactive oxygen species (ROS) level of cells were measured. It is
well known in the literature that ROS level of a cell can be effected by the change in
ionic homeostasis via interruption of the respiratory chain in mitochondria.”>"?> ROS
level in HelLa cells was measured fluorometrically by using a ROS-sensitive probe, 3-
methyl-7-(4,4,5,5-tetramethyl-1,3,2-  dioxaborolan-2-yl)-2H-chromen-2-one  (ROS
probe).”*™ An enhancement of ROS level was observed when Hela cells were
incubated with increasing concentration of 1f (0 — 100 uM) for 8 h (Figure 6.25A).
Furthermore, a significantly higher enhancement in ROS level was observed when media

with CI” was used as an external buffer (HBSS buffer with CI™) than CI™ free media (CI™
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Figure 6.25. Measurement of ROS production in HelLa cells upon incubation with varied
concentration of 1f (0 — 100 uM) for 7 h, followed by treatment with the ROS probe (50 uM) for
1 h in the same solution (A). Comparison of ROS production in HeLa cells in absence and

presence of CI™ ion (HBSS buffer with and without CI™ ion) in extracellular media (B).
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free HBSS buffer) (Figure 6.25B). Thus, the CI™ dependent enhancement of ROS level
signifies the ion transport mediated ROS production in HelLa cells upon incubation with
1f. The enhanced level of ROS instigates the opening of mitochondrial permeability
transition pore which results in the leakage of cytochrome ¢ from mitochondria i.e. the

induction of intrinsic apoptotic pathway.” "

6.3. CONCLUSION:

We described bis(sulfonamides) as efficient artificial anionophores for selective
CI™ ion transport. These anion transporters were synthesized by reacting the 1,3-
phenylenedimethanamine core with arylsulfonyl chlorides to create a molecular library
of varrible sulfonamide N—H proton acidity, and lipophilicity. ‘H-NMR titrations
confirmed strong anion binding when an electron withdrawing group is connected at the
para-position of the aryl group. The bis(sulfonamide) system displayed strongest binding
with CI™ ion compared to other halides, and a 1:1 binding model was established with CI
ion. Anion recognition of the system was also much stronger compared to the
corresponding bis(carboxylic amide) derivative. Transmembrane ion transport studies
confirmed the compound with appropriate lipophilicity and strong anion binding ability
is the most efficient transporter. Selective transport of CI™ ion and Cl/anion antiport
mechanism across large unilamellar vesicles were also confirmed by several fluorescent-
based assays.

MTT assay indicated an inverse correlation between cell viability and ion
transport activity of bis(sulfonamides) derivatives. The elevated intracellular CI™ ion
level and the CI™ mediated cell death were also confirmed. The disruption of ionic
homeostasis of cells led to the change in the mitochondrial membrane potential which
subsequently initiate the release of cytochrome ¢ from mitochondrial intermembrane
spaces to the cytosol. The mitochondria-dependent intrinsic apoptotic pathway of cell
death was confirmed by expression of a family of caspases and cleaved PARP-1. The
change in the nuclear morphology was also observed as a postapoptotic symptom. The
caspase-9 and caspase-3 dependent intrinsic pathway of apoptosis were further
confirmed by monitoring transporter mediated cell death in the presence of caspase
inhibitors. Finally, the induction of apoptosis mechanism by ion transport involving

excessive production of ROS was demonstrated. Hence, artificial CI™ transporters as
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apoptosis inducing agents, via disrupting ionic homeostasis of the cell, could be a

potential therapeutic tool for cancer treatment in next generation.

6.4. EXPERIMENTAL SECTION:
6.4.1. General Methods:

All reagents and solvents for synthesis were purchased commercially and used without
further purification. Dichloromethane (CH,Cl,) was pre-dried over calcium hydride and then
distilled. Column chromatographies were performed on Merck silica gel (100 — 200 mesh). Thin
layer chromatographies (TLCs) were carried out with E. Merck silica gel 60-F254 plates. Egg
yolk phosphatidylcholine (EYPC) and dipalmitoylphosphatidylcholine (DPPC) were obtained
from Avanti Polar Lipids as a solution in CHCI; (25 mg/mL). HEPES buffer, HPTS, lucigenin,
Triton X-100, NaOH and inorganic salts were purchased of molecular biology grade from Sigma.
Large unilamellar vesicles (LUVs) were prepared by using mini extruder, equipped with a
polycarbonate membrane of 100 nm pore size, obtained from Avanti Polar Lipids. MCF7 and
HelLa cell line was purchased from European Collection of Cell Cultures (ECACC). A549 and
NIH-3T3 cell lines were generous gifts from Dr. Kundan Sengupta (IISER Pune) and Dr.
Nagaraj Balasubramanian (IISER Pune). Dimethyl sulfoxide (DMSO), thiazolyl blue tetrazolium
bromide (MTT), and N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE) were
purchased from Sigma-Aldrich. 96-Well plates, 6-well plates, 15 and 50 mL graduated sterile
centrifuge tubes and tissue culture flasks with filter cap sterile were purchased from Eppendorf
Product Pvt. Ltd. Active caspase-3, caspase-9, anti-GAPDH antibody were purchased from Cell
Signaling Technology, Abcam and Sigma respectively. Cytochrome ¢, phospho-p53 (Ser-15) and
active caspase-8 antibody were purchased from Cell Signaling Technology. Anti-PARP-1 (Ab-2)
Mouse mAb (C-2-10) antibody was purchased from Calbiochem. Anti-rabbit and Anti-mouse
IgG HRP-conjugated antibody were obtained from Jackson ImmunoResearch. AlexaFluor-488
was purchased from Invitrogen. Inhibitors for caspase-3 and caspase-8 were purchased from R &
D Systems. The compound 3-methyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2H-
chromen-2-one (ROS Probe) was a generous gift from Dr. Harinath Chakrapani’s Laboratory at
IISER Pune.

6.4.2. Physical Measurements:
All NMR spectra were recorded either on 500 MHz Bruker, or 400 MHz Bruker

Ascend™

400 spectrometer using either residual solvent signals as an internal reference or from
internal tetramethylsilane on the & scale. The chemical shifts (8) were reported in ppm and
coupling constants (J) in Hz. The following abbreviations were used: m (multiplet), s (singlet), d
(doublet), t (triplet) dd (doublet of doublet). High-resolution mass spectra were obtained from a

MicroMass ESI-TOF MS spectrometer equipped with a Micromass Z-Spray electrospray
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ionization (ESI) source (Waters Co., Synapt G2, France). FT-IR spectra were obtained using
NICOLET 6700 FT-IR spectrophotometer as KBr disc and reported in v (cm™). Melting points
were measured using a VEEGO Melting point apparatus. All melting points were measured in
open glass capillary, and values are uncorrected. Fluorescence spectra were recorded from
Fluoromax-4 from JobinYvon Edison equipped with an injector port and a magnetic stirrer.
Measurements of pH were done using a Helmer pH meter. All data from fluorescence studies
were processed either by KaleidaGraph 3.51 or Origin 8.5 program. ChemBio Draw 15 Ultra
software was used for drawing structures and processing figures. MTT assay was recorded in a
microplate reader (Varioskan Flash). Westernblot was visualized in a using ImageQuant LAS
4000 (GE Healthcare). Cell images were taken in were taken using Olympus Inverted 1X81
microscope equipped with Hamamatsu Orca R2 camera. Image J software was used for
analyzing cell images, and the quantifying amount of protein in immunoblot analysis. GraphPad

Prism 6 software was used for statistical analysis.

6.4.3. Synthesis:
A. Synthesis of N, N'-(1,3-phenylenebis(methylene))bis(4-methoxybenzenesulfonamide) 1a,
(C22H24N2O6Sy):

In a 50 mL round bottom flask m-xylylenediamine 3 (0.19 mL, 1.5 mmol) and Et;N
(0.45 mL, 3.3 mmol) were dissolved in dry CH,Cl, (5 mL). To the reaction mixture, a solution of
4-methoxybenzene-1-sulfonyl chloride 5a (619.9 mg, 3.0 mmol) in dry CH,Cl, (3 mL) was
added dropwise at 0 °C. The reaction mixture was stirred at 0 °C for 30 min. After completion of
the reaction, the reaction mixture was filtered. The filtrate was evaporated under reduced
pressure to obtain a residue which was purified by column chromatography over silica gel
(Eluent: 2% MeOH in CHCI,) to furnish the pure 1a (520 mg, 73%) as a off white solid. 'H
NMR (400 MHz, CD;CN): 6 7.76 — 7.70 (m, 4H), 7.20 — 7.16 (t, J = 8.0 Hz, 1H), 7.10 — 6.99
(m, 7H), 5.86 (t, J = 6.3 Hz, 2H), 3.96 (d, J = 6.6 Hz, 4H), 3.85 (s, 6H); *C NMR (100 MHz,
CD;CN): 6 163.84, 138.65, 133.14, 130.04, 129.51, 128.20, 127.84, 115.24, 56.50, 47.45; IR:
vicm ' 3861, 3744, 3681, 3648, 2377, 2306, 1744, 1700, 1651, 1539, 1508, 1330, 1259, 1157,
1097, 1025; HRMS (ESI): Calc. for CyHxuN,06S,H" (M+ H)*: 477.1155; Found: 477.1162;
M.P.: 147 °C.

B. Synthesis of N,N'-(1,3-phenylenebis(methylene))bis(4-nitrobenzenesulfonamide) 1b,
(C20H18N4OsSy):

In a 50 mL round bottom flask m-xylylenediamine 3 (0.19 mL, 1.5 mmol) and Et;N
(0.45 mL, 3.3 mmol) were dissolved in dry CH,Cl, (5 mL). To the reaction mixture, a solution of
4-nitrobenzenesulfonyl chloride 5b (664.8 mg, 3.0 mmol) in dry CH,CI, (3 mL) was added

dropwise at 0 °C. The reaction mixture was stirred at 0 °C for 30 min. After completion of the
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reaction, the reaction mixture was filtered. The filtrate was evaporated under reduced pressure to
obtain a yellow residue, which was purified by column chromatography over silica gel (Eluent:
2% MeOH in CHCI5) to furnish the pure 1b (245 mg, 32%) as a off white solid. '"H NMR (400
MHz, CD;CN): & 8.28 (d, J = 9.0 Hz, 4H), 7.95 (d, J = 9.0 Hz, 4H), 7.15 — 7.08 (m, 1H), 7.03
(d, J = 7.9 Hz, 3H), 6.29 (s, 2H), 4.05 (s, 4H); *C NMR (100 MHz, CD;CN): & 151.10, 147.29,
138.19, 129.66, 129.23, 128.31, 128.06, 125.32, 47.44; IR: v/icm™ 3863, 3829, 3746, 3647,
3610, 3564, 1743, 1683, 1647, 1534, 1350, 1166, 1095; HRMS (ESI): Calc. for
C20H1gN40gS,Na* (M+Na)™: 529.0463; Found: 529.0465; M.P.: 157 °C.

C. Synthesis of N,N'-(1,3-phenylenebis(methylene))bis(4-methylbenzenesulfonamide) 1c,
(C22H24N20,Sy):

In a 50 mL round bottom flask m-xylylenediamine 3 (0.19 mL, 1.5 mmol) and Et;N
(0.45 mL, 3.3 mmol) were dissolved in dry CH,Cl, (5 mL). To the reaction mixture, a solution of
4-toluenesulfonyl chloride 5¢ (0.94 g, 3.3 mmol) in dry CH,Cl, (3 mL) was added dropwise at 0
°C. The reaction mixture was stirred at 0 °C for 30 min. After completion of the reaction, the
reaction mixture was filtered. The filtrate was evaporated under reduced pressure to obtain a
residue which was purified by column chromatography over silica gel (Eluent: 1% MeOH in
CHCI,) to furnish the pure 1c (300 mg, 45%) as a off white solid. 'H NMR (400 MHz, CDCls):
§ 7.73 (d, J = 8.3 Hz, 4H), 7.30 (d, J = 7.9 Hz, 4H), 7.21 — 7.15 (m, 1H), 7.11 — 7.07 (m, 2H),
7.03 (s, 1H), 4.82 (t, J = 6.3 Hz, 2H), 4.03 (d, J = 6.3 Hz, 4H), 2.43 (s, 6H). *C NMR (100
MHz, CD;CN): & 144.53, 138.65, 138.60, 130.67, 129.52, 128.18, 127.91, 127.85, 47.46, 21.52.
IR: vicm™ 3837, 3744, 3648, 3607, 3489, 1329, 1161, 1094, 1063. HRMS (ESI): Calc. for
CH24N,0,S,H" (M+H)": 445.1255; Found: 445.1254. M.P.: 154 °C.

D. Synthesis of 4-bromo-N-(3-(((4-methoxyphenyl)sulfonamido)methyl)benzyl)
benzenesulfonamide) 1d, (C,;H,;BrN,OsS,):

In a 50 mL round bottom flask m-xylylenediamine 3 (0.193 mL, 1.469 mmol) and Et;N
(0.450 mL, 3.232 mmol) were dissolved in dry CH,Cl, (4.9 mL). To the reaction mixture, a
solution of 4-methoxybenzenesulfonyl chloride 5a (303 mg, 1.46 mmol) and 4-
bromobenzenesulfonyl chloride 5d (375.3 mg, 1.46 mmol) in dry CH,CI, (3 mL) was added
dropwise at 0 °C. The reaction mixture was stirred at 0 °C for 30 min. After completion of the
reaction, reaction mixture was filtered. The filtrate was evaporated under reduced pressure to
obtain a residue which was purified by column chromatography over silica gel (Eluent: 9%
EtOAc in CHCI,) to furnish the pure 1d (220 mg, 28.5%) as a off white solid. '"H NMR (400
MHz, CDsCN): 6 7.77 — 7.71 (m, 2H), 7.66 (s, 4H), 7.17 (t, J = 7.6 Hz, 1H), 7.10 — 6.99 (m,
5H), 6.07 (s, 1H), 5.86 (t, J = 6.2 Hz, 1H), 4.01 (d, J = 6.0 Hz, 2H), 3.95 (d, J = 6.6 Hz, 2H), 3.86
(s, 3H); *C NMR (100 MHz, CDsCN): & 163.86, 140.88, 138.70, 138.29, 133.25, 133.13,
130.06, 129.70, 129.55, 128.23, 127.89, 127.66, 115.26, 56.51, 47.49, 47.42; IR: v/icm ' 3859,
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3745, 3679, 3648, 3616, 2376, 2309, 1744, 1699, 1650, 1513, 1460, 1333, 1159; HRMS (ESI):
Calc. for CyHx;BrN,0sS,H* [M+H]": 525.0153; Found: 525.0149; M.P.: 148 °C.

E. Synthesis of N,N’-(1,3-phenylenebis(methylene))bis(4-bromobenzenesulfonamide) 1le,
(CaoH18BIraN20,4Sy):

In a 50 mL round bottom flask m-xylylenediamine 3 (0.19 mL, 1.46 mmol) and Et;N
(0.45 mL, 3.3 mmol) were dissolved in dry CH,Cl, (5 mL). To the reaction mixture, a solution of
4-bromobenzenesulfonyl chloride 5d (750.7 mg, 3.0 mmol) in dry CH,Cl, (3 mL) was added
dropwise at 0 °C. The reaction mixture was stirred at 0 °C for 30 min. After completion of the
reaction, the reaction mixture was filtered. Filtrate was evaporated under reduced pressure to
obtain yellow residue, which was purified by column chromatography over silica gel (Eluent: 1%
MeOH in CHCIs) to furnish the pure 1e (206 mg, 24%) as a off white solid. *"H NMR (400 MHz,
DMSO-dg): 8 8.26 (t, J = 6.3 Hz, 2H), 7.81 — 7.75 (m, 4H), 7.72 — 7.66 (m, 4H), 7.17 (t, I = 7.7
Hz, 1H), 7.07 (d, J = 7.5 Hz, 3H), 3.92 (d, J = 6.3 Hz, 4H); *C NMR (100 MHz, DMSO-ds): &
139.98, 137.35, 132.14, 128.50, 128.18, 126.84, 126.46, 126.05, 45.98; IR: v/icm* 3862, 3751,
3733, 3690, 3647, 36069, 3244, 1796, 1744, 1685, 1510, 1335, 1164, 1093, 1066, 1009; HRMS
(ESI): Calc. for CyH1BrN,0,S," (M+H)*: 574.9127; Found: 574.9135; M.P.: 171 °C.

F. Synthesis of N,N’-(1,3-phenylenebis(methylene))bis(4-(trifluoromethyl)
benzenesulfonamide) 1f, (Cx,H1sFsN2O4S,):

In a 50 mL round bottom flask m-xylylenediamine 3 (0.029 mL, 0.22 mmol) and Et;N
0.067 mL, 0.48 mmol) were dissolved in dry CH,Cl, (0.75 mL). To the reaction mixture, a
solution of of 4-(trifluoromethyl)benzenesulfonyl chloride 5e (107.6 mg, 0.44 mmol) in dry
CH,CI, (0.44 mL) was added dropwise at 0 °C. The reaction mixture was stirred at 0 °C for 30
min. After completion of the reaction, reaction mixture was filtered the. The filtrate was
evaporated under reduced pressure to obtain a residue which was purified by column
chromatography over silica gel (Eluent: 1% MeOH in CHCIs) to furnish pure 1f (40 mg, 33 %)
as a off white solid. '"H NMR (400 MHz, CD,CN): & 7.93 (d, J = 8.2 Hz, 4H), 7.81 (d, J = 8.3
Hz, 4H), 7.12 (dd, J = 8.6, 6.7 Hz, 1H), 7.03 (d, J = 8.0 Hz, 3H), 6.22 (s, 2H), 4.02 (d, J = 4.8
Hz, 4H). *C NMR (101 MHz, CD;CN): & 145.44, 138.20, 129.59, 128.64, 128.33, 128.00,
127.28, 127.25, 127.21, 127.17, 47.43; IR: vicm ' 3863, 3742, 3678, 3648, 3616, 2308, 1744,
1699, 1651, 1541, 1517, 1460, 1327, 1170, 1136, 1063; HRMS (ESI): Calc. for
CH1sFN,0,S;,Na” (M+Na)*: 575.0509; Found: 575.0499; M.P.: 187 °C.

G. Synthesis of N,N'-(1,3-phenylenebis(methylene))bis(naphthalene-2-sulfonamide) 1g,
(C2sH2N20,4S;):
In a 50 mL round bottom flask m-xylylenediamine 3 (0.194 mL, 1.5 mmol) and EtzN 630

mL, 4.5 mmol) were dissolved in dry CH,CI, (6 mL). To the reaction mixture, a solution of of
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naphthalene-2-sulfonyl chloride 5g (730 mg, 3.23 mmol) in dry CH,Cl, (2 mL) was added
dropwise at 0 °C. The reaction mixture was stirred at 0 °C for 1 h. After completion of the
reaction, solvent was evaporated under reduced pressure to obtain a residue which was purified
by column chromatography over silica gel (Eluent: 1% MeOH in CHCI;) to furnish pure 1g (600
mg, 77 %) as a off white solid. '"H NMR (400 MHz, CD;CN): & 8.35 (d, J = 1.4 Hz, 2H), 8.06 —
7.92 (m, 6H), 7.75 (dd, J = 8.6, 1.9 Hz, 2H), 7.69 — 7.59 (m, 4H), 7.06 (dd, J = 8.3, 6.8 Hz, 1H),
7.00 — 6.94 (m, 2H), 6.91 (s, 1H), 6.00 (t, J = 6.4 Hz, 2H), 3.88 (d, J = 6.5 Hz, 4H). *C NMR
(101 MHz, CD5;CN): & 138.34, 135.61, 133.06, 130.35, 130.14, 129.76, 129.36, 129.04, 128.80,
128.52, 128.16, 127.81, 123.27, 47.36. IR: v/cm™* 3265, 1431, 1314, 1145, 1055, 862; HRMS
(ESI): Calc. for CysH24N,04S,Na” (M+Na)*: 539.10759; Found: 539.1067; M.P.: 139 °C.

H. Synthesis of N,N’-(1,3-phenylenebis(methylene))bis(4-(trifluoromethyl)benzamide) 2,
(CasH18F6eN205):

In a 50 mL round bottom flask 4-(trifluoromethyl) benzoic acid 4 (0.2 g, 1.05 mmol) was
dissolved in SOCI, (5 mL) and refluxed overnight. Excess SOCI, was evaporated under reduced
pressure to get 4-(trifluoromethyl)benzoyl chloride.

In a 50 mL round bottom flask m-xylylenediamine 3 (65.9 pL, 0.5 mmol) and Et;N
(0.342 mL, 2.5 mmol) was dissolved in dry CH,Cl, (2 mL). To the reaction mixture, a solution of
freshly prepared 4-(trifluoromethyl)benzoyl chloride in dry CH,CI, (3 mL) was added dropwise
at 0 °C. The reaction mixture was stirred at 0 °C for 1 h. After completion of the reaction,
reaction mixture was filtered, and filtrate was evaporated under reduced pressure to obtain
residue which was purified by column chromatography over silica gel (Eluent: 0.5% MeOH in
CHClIs) to furnish the pure 2 (130 mg, 54%) as a off white solid. ‘H NMR (400 MHz, CD;CN):
§ 7.93 (d, J = 8.2 Hz, 4H), 7.72 (d, J = 8.2 Hz, 4H), 7.64 (s, 2H), 7.33 (s, 1H), 7.32 — 7.28 (m,
1H), 7.24 (d, J = 7.6 Hz, 2H), 4.56 (d, J = 6.1 Hz, 4H); *C NMR (101 MHz, DMSO) 5 165.04,
139.46, 138.08, 131.26, 130.94, 128.28, 128.10, 125.73, 125.55, 125.29, 125.25, 122.55, 42.60;
IR: vicm ' 3852, 3745, 3648, 3614, 3306, 2312, 1744, 1699, 1647, 1541, 1323, 1115, 10686,
1014; HRMS (ESI): Calc. for C,,H15FgN,O,H" (M+H)*: 481.1350, Found: 481.1353; M.P.: 232
°C.

6.4.4. Anion Recognition by *H NMR Titration:

'H NMR titrations were carried out in Bruker 500 MHz or 400 MHz spectrometer at
room temperature and calibrated to the residual solvent peak in CD3CN (8 = 1.94 ppm) or CDCly
(6 = 7.26 ppm). Titrations were performed by the addition of aliquots of tetrabutylammonium
chloride (TBACI) (0.3 M in CDs;CN or CDCIly) to the solution of receptor (~ 0.006 M) in CD3;CN
or CDCl;. Both TBA-salt and receptor were dried under high vacuum prior to use. All NMR data
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were processed in MestReNova 6 software, and the change in chemical shift was plotted and
fitted to the 1:1 binding model using WinEQNMR?2 program.®

Stoichiometry of anion binding by Job’s plot analysis:
Stock solutions of 1f and TBACI (30.1 mM each) were prepared separately and mixed in a
specific ratio in 10 different samples according to Table 6.4.

Table 6.4. Calculation and Result table for Job’s plot analysis.

Sampl [H]? [G]° [H] + [G] | [HI/([H]+[G & of Ad | [H/(H+G)]*
e No (mM) (mM) (mM) D proton H, Ad
1f-J1 3.01 27.09 30.1 0.1 7.311 0.27 0.0275
5

1f-J2 6.02 24.08 30.1 0.2 7.308 0.27 0.0544
2

1f-J3 9.03 21.07 30.1 0.3 7.297 0.26 0.0783
1

1f-J4 12.04 18.06 30.1 0.4 7.279 0.24 0.0972
3

1f-J5 15.05 15.05 30.1 0.5 7.236 0.2 0.1

1f-J6 18.06 12.04 30.1 0.6 7.196 0.16 0.096

1f-J7 21.07 9.03 30.1 0.7 7.168 0.13 0.0924
2

1f-J8 24.08 6.02 30.1 0.8 7.106 0.07 0.056

1f-J9 27.09 3.01 30.1 0.9 7.071 0.03 0.0315
5

1f-J10 30.1 0 30.1 1 7.036 0 0

%TH] = Conc. of 1f, ? [G] = Conc. of TBACI.

6.4.5. lon Transport Experiments:
lon transport activity through the liposomal membrane was done according to the previous

chapter.

6.4.6. Evidence of Carrier Mechanism:
U-tube Experiment:

The U-tube experiments were carried out in a U-shaped glass tube, partially filled with
CHCI; as the organic phase. Two aqueous layers were created at the donor and receiver end of
the tube. 0.5 M NaCl and equimolar NaNO; were placed at the donor and receiver end,
respectively. It has been assumed that ion channel connecting two aqueous layers is not
favourable as the long organic layer. 2 mM of TBAPF6 was added in the organic phase to
maintain the ion balance. Delivery of CI™ ion to the receiver aqueous layer was monitored in the
absence and presence of 1f (2 mM). The experiments were carried out at room temperature under
a slow stirring condition in the organic phase. The concentration (ppm) of CI™ in the receiving

phase was measured by chloride ion selective electrode (ISE).
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A glass made U-shaped tube of 1 cm diameter has been used for this assay. The volume of
organic layer is 14 mL and each aqueous layer contains 7 mL of salt solution. The stirring rate
has been kept in between 150-200 rpm.

6.4.7. Biological Studies:

A. Cell culture protocol:

All cell lines were grown in High Glucose Dulbecco’s Modified Eagle Medium (DMEM;
Invitrogen or Lonza) containing 10% fetal bovine serum (FBS; Invitrogen), 2 mM L-glutamine
(Invitrogen) and 100 units/mL penicillin-streptomycin (Invitrogen). Cells were maintained in 100
mm tissue culture treated dishes (Corning) at 37 °C in humidified 5% CO, incubator (Thermo
Scientific).

B. MTT-based cytotoxicity assay:

Cells were dispersed in a 96-well flat bottom tissue culture treated plates (Corning) at a
density of 10* cells/well (per 100 pL) and incubated at 37 °C in a 5% CO, incubator for 16 h.
Compounds were added to each well in different concentrations by maintaining the maximum
amount of DMSO at 2 uL and incubated for 24 h. DMEM solution containing compounds in
each well were replaced with 110 uL of MTT-DMEM mixture (0.5 mg MTT/mL of DMEM) and
incubated for 4 h in identical condition. After 4 h, MTT solution was removed and 100 pL of
DMSO was added to each well to dissolve the formazan crystals. The absorbance was recorded
in a microplate reader (Varioskan Flash) at the wavelength of 570 nm. All experiments were
performed in quadruplicate, and the relative cell viability (%) was expressed as a percentage
relative to the untreated cells.

Table S3: ICs, values of 1e and 1f.

le (uM) 1f (uM)

MCF7 18.7 11.2
NIH3T3 47.1 99.7
u20S 14.6 7.5
HelLa 32.4 8.9
A549 56.9 12.2

C. Measurement of intracellular CI” concentrations: Time-dependent influx data of CI™ were
measured in HeLa and MCF7 cells by using chloride selective cell permeable fluorescent dye N-

(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE). Cells were seeded in a 96-
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well flat bottom tissue culture treated plates (Corning) at density of 10* cells/well (per 100 pL)
and incubated at 37 °C, 5% CO, for 16 h. MQAE was added to each well by maintaining final
concentration as 5 mM for 3.5 h. Extracellular dye was removed by washing with PBS and
compound 1f was added in DMEM at various concentrations and cells were incubated for 24 h.
The MQAE fluorescence was measured using a fluorescence microplate reader (Aex = 350 nm
and Aem = 460 nm).

D. Chloride mediated cell death studies.

HBSS buffer solution. Hank's balanced salt solution (HBSS with CI”) was prepared with the
following compositions: 136.9 mM NaCl, 5.5 mM KCI, 0.34 mM Na,HPQ,, 0.44 mM KH,PO4,
0.81 mM MgSQ,, 1.25 mM CaCl,, 5.5 mM D-glucose, 4.2 mM NaHCO; and 10 mM HEPES
(pH 7.4). Chloride free HBSS was prepared by mixing 136.9 mM Na-gluconate, 5.5 mM K-
gluconate, 0.34 mM Na,HPQO,, 0.44 mM KH,P0O4, 0.81 mM MgSO,, 1.25 mM Ca-gluconate, 5.5
mM D-glucose, 4.2 mM NaHCO; and 10 mM HEPES (pH 7.4).

Cells were dispersed in a 96-well flat bottom tissue culture treated plates (Corning) at a
density of 10* cells/well (per 100 pL) and incubated at 37 °C in 5% CO, for 16 h. Cellular media
was replaced by HBSS buffer (either with CI™ or without CI") containing 10% FBS. Compounds
were added to each well in different concentration by maintaining the maximum amount of
DMSO at 2 uL and incubated for 24 h. HBSS buffer solution of compounds in each well was
replaced by 110 uL of MTT-DMEM mixture (0.5 mg MTT/mL of DMEM) and incubated for 4 h
in identical condition. Remaining MTT solution was removed after 4 h and 100 uL of DMSO
was added to each well to dissolve the formazan crystals. The absorbance was recorded in a

microplate reader (Varioskan Flash) at the wavelength of 570 nm.

E. Immunofluorescence analysis for cytochrome c release:

Cells were seeded at a density of 1x10° cells per well on top of glass cover slips (Micro-Aid,
India). Following 1f treatment, cells were fixed using 4% formalin (Macron Chemicals) and were
permeabilised using 0.5% Triton X-100 for 10 min at 4 °C. Cells were blocked with 10% (v/v)
FBS (Invitrogen), stained with primary antibody (cytochrome ¢ antibody) and then incubated
with secondary antibody (goat anti-rabbit AlexaFluor-488). Cells were then counterstained with
0.5 pg/mL Hoechst 33342 and mounted on glass slides (Micro-Aid, India). Cell images were
taken in were taken using Olympus Inverted 1X81 microscope equipped with Hamamatsu Orca

R2 camera. Microscopy images were captured using 100X oil-immersion objective.

F. Immunoblot analysis:
Cells were seeded at a density of 6 x 10° cells per well in 6-well tissue culture treated plates

(Corning) and maintained at 37 °C for 16 h. Cells were then treated with 1f by direct addition of
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the drug to the culture medium for 24 h at different concentration (0, 10, 20 and 40 uM). Control
cells were treated with an equivalent volume of DMSO. After 24 h treatment, medium containing
1f was aspirated, and cells were washed once with 1X phosphate buffered saline (PBS; PAN-
Biotech GmbH). Cells were lysed in sample buffer containing 60 mM Tris (pH 6.8), 6%
glycerol, 2% sodium dodecyl sulfate (SDS), 0.1 M dithiothreitol (DTT) and 0.006%
bromophenol blue and lysates were stored at —40 °C.

Cell lysates were resolved using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to Immaobilon-P polyvinylidene difluoride (PVDF)
membrane (Millipore). Blocking was performed in 5% (w/v) skimmed milk (SACO Foods,
USA) prepared in 1X Tris-buffered saline containing 0.1% Tween 20 (1X TBS-T) for 1 h at
room temperature. Blots were incubated for 3 h at room temperature (or for 16 h at 4 °C) in
primary antibody solution. Following washes, blots were incubated with peroxidase-conjugated
secondary antibody solution prepared in 5% (w/v) skimmed milk in 1X TBS-T for 1 h at room
temperature following which blots were developed using Immobilon Western Detection Reagent
kit (Millipore) and visualized using ImageQuant LAS 4000 (GE Healthcare).

G. Caspase Inhibitor Activity:

Inhibitor for caspase-3: Benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-
fluoromethylketone (z-DEVD-fmk).

Inhibitor for caspase-9: Benzyloxycarbonyl-Leu-Glu(OMe)-His-Asp(OMe)-fluoromethylketone
(z-LEHD-fmkK).

Immunoblot analysis: Cells were seeded at a density of 6 x 10° cells per well in 6-well tissue
culture treated plates (Corning) and maintained at 37 °C for 16 h. One set of cells were then
treated with z-DEVD-fmk and z-LEHD-fmk (50 uM each) for 3 h. Then each set of cells were
incubated with 1f for 24 h at different concentration (20 uM). Control cells were treated with an
equivalent volume of DMSO. After 24 h treatment, medium containing 1f was aspirated, and
cells were washed once with 1X phosphate buffered saline (PBS; PAN-Biotech GmbH). Cells
were lysed in sample buffer containing 60 mM Tris (pH 6.8), 6% glycerol, 2% sodium dodecyl
sulfate (SDS), 0.1 M dithiothreitol (DTT) and 0.006% bromophenol blue and lysates were stored
at —40 °C. Remaining procedure of gel electrophoresis was done according to the same protocol

as stated above.

MTT assay: MTT assay was performed as stated above. Cells were preincubated with caspase
inhibitors (50 uM each) followed by incubation with 1f (10 uM) for 24 h. Each bar represents the

mean intensity of three independent experiments, and the differences in mean intensity are
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statistically significant (P < 0.05), in each case, according to one-way analysis of variance
(ANOVA).

H. Nuclear fragmentation by live cell imaging:

The HeLa cells were seeded in glass bottom 35 mm dishes at the concentration of 0.75 x 10°
cells per plate. Cells were incubated with 20 uM of 1f for 24 h. After that cells were washed
thoroughly and incubated with Hoechst 33342 for 15 min. Fluorescence images were acquired
after washing with PBS (Figure 16).

I. Measurement of ROS level:

Cells were dispersed in a 96-well flat bottom tissue culture treated plates (Corning) at density of
1.5 x 10 cells/well (per 100 pL) and incubated at 37 °C in a 5% CO, incubator for 16 h.
Compounds were added to each well in different concentration by maintaining the maximum
amount of DMSO at 2 pL and incubated for 7 h. 3-methyl-7-(4,4,5,5-tetramethyl-1,3,2-

374 \was added to the each well at final

dioxaborolan-2-yl)-2H-chromen-2-one (ROS probe)
concentration 50 uM and incubated further for 1 h. Fluorescence intensities were recorded from
the plate reader at Ao, = 460 nm (A, = 315 nm ), and normalized with respect to the fluorescence
intensity of untreated cells. Each bar represents the mean intensity of three independent
experiments, and the differences in mean intensity are statistically significant (P < 0.001), in
each case, according to one-way analysis of variance (ANOVA).

In another set of experiment, external media was replaced with HBSS buffer and the
enhancement in fluorescence intensity was compared with CI~ free HBSS buffer. Gradual
increase in fluorescence was observed in case of ClI™ containing HBSS buffer. But, CI™ free buffer
showed very less enhancement in the fluorescence intensity i.e. less production of ROS in

absence of CI".
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Figure 6.36. "H NMR spectrum of 1a.
20150629-M5H-01-068
MSH-01-068
2
z
D\;S,NH HN,S:;O %
g i
o] o n
[ [ |
- 2 wn
o 3 3
. 2183583 |2 " g
3 CEEEEEEN I ]
2 CEEERRE
| |
I
| L . L
1 ;U lt:lﬂ Léﬂ 1«;-0 1;0 1:|:o 1 10 11‘]0 9‘0 s;n ?IO 6‘0 5‘0 4‘0 3‘0 2‘0 1‘0 CIF
f1 (ppm)
H 13
Figure 6.37. °C NMR spectrum of la.
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Figure 6.38. "H NMR spectrum of 1b.
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Figure 6.39. °C NMR spectrum of 1b.
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Figure 6.47. *C NMR spectrum of 1f.
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Figure 6.50. "H NMR spectrum of 2.
20151216-MSH-01-080
MSH-01-080
w
3
=
S
8
a
=
£
0.__NH HH__,0 2
25
e
|
CFsy CFs
533
588
TEL
= v
| i | |
| Ll [
T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 a0 80 70 60 50 40 30

110 100
1 (ppm)

Figure 6.51. *C NMR spectrum of 2.

Tanmoy Saha; IISER Pune

Page 177



Chloride Transport Mediated Apoptosis by lon Carrier Chapter 6

6.5. REFERENCE:

(1) Fuerstner, A. Angew. Chem., Int. Ed. 2003, 42, 3582.

(2) Seganish, J. L.; Davis, J. T. Chem. Commun. 2005, 5781.

(3) Sessler, J. L.; Eller, L. R.; Cho, W.-S.; Nicolaou, S.; Aguilar, A.; Lee, J. T.; Lynch, V. M,;
Magda, D. J. Angew. Chem., Int. Ed. 2005, 44, 5989.

(4) Marchal, E.; Rastogi, S.; Thompson, A.; Davis, J. T. Org. Biomol. Chem. 2014, 12, 7515.

(5) Busschaert, N.; Wenzel, M.; Light, M. E.; Iglesias-Hernandez, P.; Pérez-Tomas, R.; Gale, P.
A.J. Am. Chem. Soc. 2011, 133, 14136.

(6) Moore, S. J.; Wenzel, M.; Light, M. E.; Morley, R.; Bradberry, S. J.; Gomez-Iglesias, P.;
Soto-Cerrato, V.; Perez-Tomas, R.; Gale, P. A. Chem. Sci. 2012, 3, 2501.

(7) Moore, S. J.; Haynes, C. J. E.; Gonzalez, J.; Sutton, J. L.; Brooks, S. J.; Light, M. E.;
Herniman, J.; Langley, G. J.; Soto-Cerrato, V.; Perez-Tomas, R.; Marques, |.; Costa, P. J.;
Felix, V.; Gale, P. A. Chem. Sci. 2013, 4, 103.

(8) Ko, S.-K.; Kim, S. K.; Share, A.; Lynch, V. M.; Park, J.; Namkung, W.; Van Rossom, W.;
Busschaert, N.; Gale, P. A.; Sessler, J. L.; Shin, I. Nat. Chem. 2014, 6, 885.

(9) Soto-Cerrato, V.; Manuel-Manresa, P.; Hernando, E.; Calabuig-Farifias, S.; Martinez-
Romero, A.; Ferndndez-Duefias, V.; Sahlholm, K.; Knopfel, T.; Garcia-Valverde, M.;
Rodilla, A. M.; Jantus-Lewintre, E.; Farras, R.; Ciruela, F.; Pérez-Tomas, R.; Quesada, R. J.
Am. Chem. Soc. 2015, 137, 15892.

(10) McNally, B. A.; Koulov, A. V.; Smith, B. D.; Joos, J.-B.; Davis, A. P. Chem. Commun.
2005, 1087.

(11) Davis, A. P.; Joos, J.-B. Coord. Chem. Rev. 2003, 240, 143.

(12) Davis, A. P. Coord. Chem. Rev. 2006, 250, 2939.

(13) McNally, B. A.; Koulov, A. V.; Lambert, T. N.; Smith, B. D.; Joos, J.-B.; Sisson, A. L.;
Clare, J. P.; Sgarlata, V.; Judd, L. W.; Magro, G.; Davis, A. P. Chem. Eur. J. 2008, 14,
9599.

(14) Hussain, S.; Brotherhood, P. R.; Judd, L. W.; Davis, A. P. J. Am. Chem. Soc. 2011, 133,
1614.

(15) Tong, C. C.; Quesada, R.; Sessler, J. L.; Gale, P. A. Chem. Commun. 2008, 6321.

(16) Gale, P. A.,; Tong, C. C.; Haynes, C. J. E.; Adeosun, O.; Gross, D. E.; Karnas, E.;
Sedenberg, E. M.; Quesada, R.; Sessler, J. L. J. Am. Chem. Soc. 2010, 132, 3240.

(17) Fisher, M. G.; Gale, P. A.; Hiscock, J. R.; Hursthouse, M. B.; Light, M. E.; Schmidtchen, F.
P.; Tong, C. C. Chem. Commun. 2009, 3017.

(18) Busschaert, N.; Gale, P. A.; Haynes, C. J. E.; Light, M. E.; Moore, S. J.; Tong, C. C.; Davis,
J. T.; Harrell, W. A., Jr. Chem. Commun. 2010, 46, 6252.

Tanmoy Saha; IISER Pune Page 178



Chloride Transport Mediated Apoptosis by lon Carrier Chapter 6

(19) Santacroce, P. V.; Davis, J. T.; Light, M. E.; Gale, P. A.; Iglesias-Sanchez, J. C.; Prados, P.;
Quesada, R. J. Am. Chem. Soc. 2007, 129, 1886.

(20) Busschaert, N.; Kirby, I. L.; Young, S.; Coles, S. J.; Horton, P. N.; Light, M. E.; Gale, P. A.
Angew. Chem., Int. Ed. 2012, 51, 4426.

(21) Cooper, J. A;; Street, S. T. G.; Davis, A. P. Angew. Chem., Int. Ed. 2014, 53, 56009.

(22) Wenzel, M.; Light, M. E.; Davis, A. P.; Gale, P. A. Chem. Commun. 2011, 47, 7641.

(23) Andrews, N. J.; Haynes, C. J. E.; Light, M. E.; Moore, S. J.; Tong, C. C.; Davis, J. T,
Harrell Jr, W. A.; Gale, P. A. Chem. Sci. 2011, 2, 256.

(24) Valkenier, H.; Judd, L. W.; Li, H.; Hussain, S.; Sheppard, D. N.; Davis, A. P. J. Am. Chem.
Soc. 2014, 136, 12507.

(25) Busschaert, N.; Bradberry, S. J.; Wenzel, M.; Haynes, C. J. E.; Hiscock, J. R.; Kirby, I. L.;
Karagiannidis, L. E.; Moore, S. J.; Wells, N. J.; Herniman, J.; Langley, G. J.; Horton, P. N.;
Light, M. E.; Marques, |.; Costa, P. J.; Felix, V.; Frey, J. G.; Gale, P. A. Chem. Sci. 2013, 4,
3036.

(26) Valkenier, H.; Haynes, C. J. E.; Herniman, J.; Gale, P. A.; Davis, A. P. Chem. Sci. 2014, 5,
1128.

(27) Lee, J. H.; Lee, J. H.; Chai, Y. R.; Kang, P.; Choi, M.-G.; Jeong, K.-S. J. Org. Chem. 2014,
79, 6403.

(28) Winstanley, K. J.; Allen, S. J.; Smith, D. K. Chem. Commun. 2009, 4299.

(29) Berryman, O. B.; Hof, F.; Hynes, M. J.; Johnson, D. W. Chem. Commun. 2006, 506.

(30) Mammoliti, O.; Allasia, S.; Dixon, S.; Kilburn, J. D. Tetrahedron 2009, 65, 2184.

(31) Huang, X.-Y.; Wang, H.-J.; Shi, J. J. Phys. Chem. A 2010, 114, 1068.

(32) http://www.chem.wisc.edu/areas/reich/pkatable/index.htm.

(33) Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J. Adv. Drug Deliv. Rev. 1997,
23, 3.

(34) Marvin 5.8.0, ChemAxon, 2012 (http://www.chemaxon.com).

(35) Hynes, M. J. J. Chem. Soc., Dalton Trans. 1993, 311.

(36) Goto, H.; Obata, S.; Nakayama, N.; Ohta, K. CONFLEX 7, CONFLEX Corporation: Tokyo,
Japan, 2012.

(37) Goto, H.; Osawa, E. J. Am. Chem. Soc. 1989, 111, 8950.

(38) Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J.
R., Scalmani, G., Barone, V., Mennucci, B., Petersson, G. A., Nakatsuji, H., Caricato, M.,
Li, X., Hratchian, H. P., 1zmaylov, A. F., Bloino, J., Zheng, G., Sonnenberg, J. L., Hada,
M., Ehara, M., Toyota, K., Fukuda, R., Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y.,
Kitao, O., Nakai, H., Vreven, T., Montgomery, J. A., Jr., Peralta, J. E., Ogliaro, F,,
Bearpark, M., Heyd, J. J., Brothers, E., Kudin, K. N., Staroverov, V. N., Keith, T.,
Kobayashi, R., Normand, J., Raghavachari, K., Rendell, A., Burant, J. C., lyengar, S. S.,

Tanmoy Saha; IISER Pune Page 179



Chloride Transport Mediated Apoptosis by lon Carrier Chapter 6

Tomasi, J., Cossi, M., Rega, N., Millam, J. M., Klene, M., Knox, J. E., Cross, J. B., Bakken,
V., Adamo, C., Jaramillo, J., Gomperts, R., Stratmann, R. E., Yazyev, O., Austin, A. J.,
Cammi, R., Pomelli, C., Ochterski, J. W., Martin, R. L., Morokuma, K., Zakrzewski, V. G.,
Voth, G. A., Salvador, P., Dannenberg, J. J., Dapprich, S., Daniels, A. D., Farkas, O.,
Foresman, J. B., Ortiz, J. V., Cioslowski, J., Fox, D. J. Gaussian 09, Revision B.01,;
Gaussian, Inc.: Wallingford, CT, 2010.

(39) Foster, J. P.; Weinhold, F. J. Am. Chem. Soc. 1980, 102, 7211.

(40) Madhavan, N.; Robert, E. C.; Gin, M. S. Angew. Chem., Int. Ed. 2005, 44, 7584.

(41) Bochenska, M.; Biernat, J. F.; Topolski, M.; Bradshaw, J. S.; Bruening, R. L.; lzatt, R. M;
Dalley, N. K. J. Inclusion Phenom. Mol. Recognit. Chem., 1989, 7, 599.

(42) Biwersi, J.; Tulk, B.; Verkman, A. S. Anal. Biochem. 1994, 219, 139.

(43) Milano, D.; Benedetti, B.; Boccalon, M.; Brugnara, A.; lengo, E.; Tecilla, P. Chem.
Commun. 2014, 50, 9157.

(44) Tsukimoto, M.; Harada, H.; Ikari, A.; Takagi, K. J. Biol. Chem. 2005, 280, 2653.

(45) Yu, L.; Jiang, X. H.; Zhou, Z.; Tsang, L. L.; Yu, M. K.; Chung, Y. W.; Zhang, X. H.; Wang,
A. M.; Tang, H.; Chan, H. C. PLoS One 2011, 6, e17322.

(46) Verkman, A. S. Am. J. Physiol. Cell Physiol. 1990, 259, C375.

(47) Zhu, Y.; Parsons, S. P.; Huizinga, J. D. Neurogastroenterology & Motility 2010, 22, 704.

(48) Van Rossom, W.; Ashy, D. J.; Tavassoli, A.; Gale, P. A. Org. Biomol. Chem. 2016, 14,
2645.

(49) Gottlieb, E.; Armour, S. M.; Harris, M. H.; Thompson, C. B. Cell Death Differ. 2003, 10,
700.

(50) Ly, J. D.; Grubb, D. R.; Lawen, A. Apoptosis 2003, 8, 115.

(51) Chu, Z.-L.; Pio, F.; Xie, Z.; Welsh, K.; Krajewska, M.; Krajewski, S.; Godzik, A.; Reed, J.
C. J. Biol. Chem. 2001, 276, 9239.

(52) Druskovi¢, M.; Suput, D.; Milisav, . Croat. Med. J. 2006, 47, 832.

(53) Ashkenazi, A. Nat. Rev. Drug Discov. 2008, 7, 1001.

(54) Loreto, C.; La Rocca, G.; Anzalone, R.; Caltabiano, R.; Vespasiani, G.; Castorina, S.;
Ralph, D. J.; Cellek, S.; Musumeci, G.; Giunta, S.; Djinovic, R.; Basic, D.; Sansalone, S.
BioMed Res. Int. 2014, 2014, 10.

(55) Smiley, S. T.; Reers, M.; Mottola-Hartshorn, C.; Lin, M.; Chen, A.; Smith, T. W.; Steele, G.
D.; Chen, L. B. Proc. Nat. Acad. Sci. 1991, 88, 3671.

(56) Cossarizza, A.; Baccaranicontri, M.; Kalashnikova, G.; Franceschi, C. Biochem. Biophys.
Res. Commun. 1993, 197, 40.

(57) Liu, X.; Kim, C. N.; Yang, J.; Jemmerson, R.; Wang, X. Cell 1996, 86, 147.

(58) Li, P.; Nijhawan, D.; Budihardjo, I.; Srinivasula, S. M.; Ahmad, M.; Alnemri, E. S.; Wang,
X. Cell 1997, 91, 479.

Tanmoy Saha; IISER Pune Page 180



Chloride Transport Mediated Apoptosis by lon Carrier Chapter 6

(59) Jiang, X.; Wang, X. Annu. Rev. Biochem. 2004, 73, 87.

(60) Cullen, S. P.; Martin, S. J. Cell Death Differ. 2009, 16, 935.

(61) Wu, J.; Liu, T.; Xie, J.; Xin, F.; Guo, L. Cell. Mole. Life Sci. 2006, 63, 949.

(62) Mcllwain, D. R.; Berger, T.; Mak, T. W. Cold Spring Harbor Perspect. Biol. 2013, 5.

(63) de Vries, E. G. E.; Gietema, J. A.; de Jong, S. Clin. Cancer Res. 2006, 12, 2390.

(64) Haupt, S.; Berger, M.; Goldberg, Z.; Haupt, Y. J. Cell Sci. 2003, 116, 4077.

(65) Milczarek, G. J.; Martinez, J.; Bowden, G. T. Life Sci. 1996, 60, 1.

(66) Ekert, P. G.; Silke, J.; Vaux, D. L. Cell Death Differ. 1999, 6, 1081.

(67) Shah, N.; Asch, R. J.; Lysholm, A. S.; LeBien, T. W. Blood 2004, 104, 2873.

(68) Boulares, A. H.; Yakovlev, A. G.; Ivanova, V.; Stoica, B. A.; Wang, G.; lyer, S.; Smulson,
M. J. Biol. Chem. 1999, 274, 22932.

(69) Park, S.-H.; Choi, Y. P.; Park, J.; Share, A.; Francesconi, O.; Nativi, C.; Namkung, W.;
Sessler, J. L.; Roelens, S.; Shin, I. Chem. Sci. 2015, 6, 7284.

(70) Curtin, N. J. Nat. Rev. Cancer 2012, 12, 801.

(71) O’Rourke, B.; Cortassa, S.; Aon, M. A. Physiology 2005, 20, 303.

(72) Zhao, W.; Lu, M.; Zhang, Q. Mol. Med. Rep. 2015, 12, 8041.

(73) Khodade, V. S.; Kulkarni, A.; Gupta, A. S.; Sengupta, K.; Chakrapani, H. Org. Lett. 2016,
18, 1274.

(74) Kim, E.-J.; Bhuniya, S.; Lee, H.; Kim, H. M.; Cheong, C.; Maiti, S.; Hong, K. S.; Kim, J. S.
J. Am. Chem. Soc. 2014, 136, 13888.

(75) Simon, H. U.; Haj-Yehia, A.; Levi-Schaffer, F. Apoptosis, 5, 415.

(76) Tsujimoto, Y.; Shimizu, S. Apoptosis 2006, 12, 835.

(77) Circu, M. L.; Aw, T. Y. Free Radical Biol. Med. 2010, 48, 749.

(78) Herrera, B.; ALvarez, A. M.; SANchez, A.; FernANdez, M.; Roncero, C.; Benito, M.;
Fabregat, I. FASEB J. 2001, 15, 741.

End of Chapter 6

Tanmoy Saha; IISER Pune Page 181



Conclusion

+» Overall Conclusion:

In the overall conclusion, | can state that the fundamental objective of my doctoral
research was to introduce artificial ion transport systems and to explore its application
in the biomedical arena. The thesis deals with the design, synthesis, and characterization
of biomimetic artificial ion channels and ion carriers which have shown a remarkable
biological application in the line of future therapeutics. The ion transport activity, ion
selectivity, lipophilic correlation with the transport activity and the bioapplicability are
the main focus of my doctoral research. Apoptosis inducing activity because of chloride
ion transport in live cells by ion carrier and ion channel could be a potential therapeutic
tool for cancer treatment in the next generation. However, a careful and smart
optimization related to structure and the activity of those ion transporting agents are

required for the direct biomedical application. The study related to the bioactivity is still

in early stage and ‘miles to go’ before it reaches to the humanity as a therapeutic agent.

Figure: Schematic illustration of ion transporting agent discussed in the thesis.

End of the Thesis
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