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Synopsis

The thesis entitledRegulating Mitochondrial Permeability Transition: A Chemical Biology

Approach to Preserve Mitochondrial Integrity” contains three chapters:
Introduction

In this chapter | introduce the concept of mitodirtad permeability transition pore (MPTP) and

its role in preserving mitochondrial function andustural integrity. | discussed the molecular
composition in terms of the canonical paradigm adl s the presently evolved dynamic
concept of the pore to describe its physiological pathophysiological role in type 2 diabetes,
cardiovascular disorder. Further, the chapter de=srthe chemical modulators of the
mitochondrial permeability transition pore and thmiechanism of action in context of cardiac
reperfusion injury and progressive loss of panadagta cell mass. Finally a model has been
proposed to describe how inhibition of cis-tranptplyl prolyl isomerase activity of cyclophilin

D prevents mitochondrial pore opening and preveelisdeath.

Chapter 1: Screening and Identification of a small molecule that inhibits mitochondrial
permeability transition and prevents pancreatic B cell death. (Eur. J. Org. Chem. 2014,
1151-1156)

Thapsigargin is known to inhibit SERCA (sarco-endsemic reticulum calcium ATPase) pump
and prevents the entry of calcium to endoplasmicueim. However Korge and Weiss (ref)
have shown that in isolated heart and liver, tlggogin directly induces mitochondrial
permeability transition at micromolar concentraiolVe employed this strategy to develop a
cell based model using cultured pancreatic betis ¢elscreen for inhibitors that prevents the
depolarization of mitochondrial membrane potentidy l1la) which is one of the read out for
mitochondrial permeability transition. Enantioeied, benzofuran derived compounds with 12
member macrocyclic rings was screened in our @dét assay system among which compound
2.4c and its analogues was found to inhibit theotiepzation of mitochondrial membrane
potential in a dose dependent man(fég 1b). The assay also revealed that the macrocyclic
architecture of the compound is required for thiveig as the acyclic precursor (2.3c) did not
show any effect(Fig 1c).The final readout of the prolonged opening of thioamondrial

permeability transition pore is the release of chtome c from mitochondria. The data
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presented in this chapter shows that treatment .4t Prevents the thapsigargin induced

cytochrome c release from pancreatic beta cellahtadria(1d).
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Figure 1: Compound 2.4c inhibits the Mitochondiral PermaypiliTransition and release
Cytochrome C1A, Temporal depolarization of the mitochondrial meante potentialA¥m) in
pancreati@-cells; 1B, Dose response curve for the rescue of thapsigamduced depolarization
of AYm by 2.4c;1C, Structure of Compound 2.3c and Compound 2M42,Prevention of
Cytochrome C release from thapsigargin-treateds cepjon treatment with 2.4c. Confocal
microscopy images of Brin-BD11 cells immune labela@th primary monoclonal mouse anti-
cytochrome C antibody (green) depicting releasecygbchrome C from the mitochondria.
Mitochondria are labeled by Mito-tracker red (read the nucleus is visualized by DAPI (blue)
staining. Yellow indicates co-localization of cytwome C with Mito-tracker Red in control and
2.4c treated cells in mitochondria. Diffused stagniin thapsigargin-treated cells shows the
release of cytochrome c¢ from the mitochondria.
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Chapter 2: Interaction of compound 2.4c with Cyclofmilin D and in silico analysis

(manuscript submitted).

In the next step | explored whether compound eracts with any member of the protein
complex that constitutes the MPTP. Cyclophilin Dthe only undisputed regulatory protein
which modulates the opening and closure of MPT&xdle in MPTP has been proved by genetic
studies. The in silico analysis by Swiss online &tollar docking platform of compound 2.4c
with protein PPIF (PDB ID 3R49) results in 32 chkrst being identified in several different
pockets of the protein. The top scoring cluster weed for further analysis; it had significantly
lower Fullfitness value -674.75 than others. Thedivg site is formed within two hydrophobic
pockets; wherein Glycine 114 is predicted to forydidgen bond with Nk group of ring in
ligand with a bond length of 2.62A (Figure 2A). Ttiecking of other open ring structure 2.3c
gives full fitness score of -690.07 which is higliean that of 2.4c. Due to its rigid structure 2.4c

gives less of possible rotation of bonds whicheiflected in the full fitness score. The site of



binding of cyclosporine A and 2.4c to PPIF might be dédfé based on predicted docki

model.
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Figure 2: Molecular docking of compound 2.4c with protCyclophilin DPPIF. A, Molecular
modeledbinding site of compound 2.4c, partial view of giatHuman PFF showing location o
the proposed binding site of compound . ( top score position from Swiss dock with f
fitness), the residue Gly 114 forms a Hydrogen baitd NH2 group of ring of compound 2.4
which is shown as a blue linB, Compound 2.4c angrotein PPIF molecular docking sho
interaction with both the pockets, various actiite smino acids Arginine (Arg) 55, Glycir
(Gly) 109, Serine (Ser) 110, Glutamine (Glu) 114 anyptophan (Trp) 121 of PPIF prote
interacting with 2.4c (shown witshaded molecular surface) and therdodids formation i
highlighted with black dash lan C, Cyclosporine A (CSA)molecular docking with protei
PPIF shows a strong binding to one poc D, Compound 2.3@ocking with protein PPIF i

shown.



We analyzed further in collaboration with Dr. BRoss lab, Queensland University, Australia
and used Maestro (version 9.8) for molecular modelsimulations of molecules using
Schrodinger molecular modeling suite-2014 (SchrgelirRelease 2014-2). The compound 2.4c,
2.3c and CSA were drawn in 3D format using Builthgdaools of Maestro; the structures were
energy minimized using OPLS 2005 force field. Thetgin Peptidyl prolyl Cis-Trans isomerase
F model was acquired from Protein data bank (POBRZ6W (Kajitani et al., 2008).The
structure was further refined by addition of Hydengand missing residues and minimized by
using OPLS 2005 force field. The grid for dockinmslations was generated with bound co-
crystallized cyclosporine A molecule. The dockin@lgsis of compound 2.4c reveals it to be a
better Cyclophilin D binder compared to compoun8c2Memo and isopropyl moieties of the
molecule are well occupied by both deep bindingkpts& of PPIF protein. The hydrogen
bonding of =O group with Arg-55 facilitates the gnof the isopropyl group in the hydrophobic
pocket of protein .The highly flexible structure 28c does not support its compatible binding

orientation in deep hydrophobic pocket of CycldiphD (Fig 2B).
Selected references:
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Chapter 3: Validation of in silico data in enzymatt as well as cell based assays (Manuscript
submitted).

In Chapter 4, we explored further the biochemicsaeasment of compourad(compound 2.4c
renamed henceforth inhibiting the peptidyl prolykis-trans isomerase activity of cyclophilin
D. As shown in Figure 4, compourzddecreases the peptidyl prolyk-trans isomerase activity
of cyclophilin D similar to cyclosporin A as measdrby the chymotrypsin activity on Suc-Ala-
Ala —Pro-Phe Para nitroanilide synthetic substiéte.studied further in cell based system using
H9c2 cardiomyocytes we compared the activity of C8A compoun@ in the regulation of
cytochrome c release in. As the data reveals, k8A (1) and compound decrease the
cytochrome c release by 47.41% and 47.23% respéctiralidating ourin vitro biochemical
studies. We collaborated with Dr. Sandhya Sitasalahdratory at National Centre of Cell

Science, Pune, for evaluation of cytochrome c seld®y flowcytometer.

We also evaluated the effect of compouddand CsA {) on the mitochondrial structural
integrity in H9c2 cells. Thapsigargin has been regggbto induce biphasic fragmentation of
mitochondria (ref) As shown in Figure 4, both C&H and compound treatments prevent
thapsigargin-induced mitochondrial fragmentation H®c2 cells indicating at their role in

preserving mitochondrial integrity

Selected references:
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2. Jennifer R Homet al. J. Cell. Physiol.212, 498-508(2007).



Concluding remarks:

Protection of mitochondria structurally and funo@dly has implications in clinical scenarios
associated with Cardiac reperfusion injury and Resgjve loss of pancreatic beta cells in Type
Il Diabetes. Cyclosporine A is used clinical foettreatment of Cardiac reperfusion injury; it
inhibits PPIF enzyme activity and blocks MPT. Otwdy was to search for small molecule with
similar function like Cyclosporine A. We devisedcall based method to screen for such
compounds and found compound 2.4c with MPT inhilgiactivity. Next, we hypothesized that
whether the molecule interacts with PPIF, a welbwn MPT regulator. The compound was
found in in silico studies to have strong interactwith PPIF similar to Cyclosporine A. Further
to validate the study, we performed PPIF enzymayaasd found that compound 2.4c inhibits
PPIF similar to Cyclosporine A. Additionally it algrotected mitochondria structurally and also
form release of cytochrome c. The study reportsadisry of a novel small molecule which
blocks MPTP change by inhibiting PPIF enzyme atgtj\and subsequent structural protection of
mitochondria. To my knowledge this is first repofta small molecule protecting Mitochondria
structurally by enzymatic inhibition of PPIF. Tadlend compound 2.4c (or 2) has wide spread
application for treatments of features of mentiodesbrders albeit further study in this direction

are required on animal models of cardiac reperfusijury.
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MTT - (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenylteti@mim bromide)
Na+-Sodium ions

NAD+- Nicotinamide adenine dinucleotide

NADH - reduced Nicotinamide adenine dinucleotide

NFAT - Nuclear factor of activated T-cells

23



Ni-NTA - Nickel- Nitrilotriacetic acid

NMR - Nuclear magnetic resonance

nS- nano Siemens

OD- optical density

OMM -outer mitochondrial membrane

OPLS- Optimized Potentials for Liquid Simulations

OSCP-Oligomycin sensitivity conferring protein

PAGE- Pole acrylamide gel

PBR- peripheral benzodiazepine receptor also knownO-SRanslocator protein

PBS phosphate buffered saline

PDB- protein data bank

Pdx1- Pancreatic duodenal homeobox gene 1

PEG- Poly ethylene glycol

pH- Per Hydrogen ion concentration

Phe- Phenylalanine

PiC- inorganic phosphate carrier protein

PKCe-protein kinase C epsilon
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PMI -posterior myocardial infarction

pNA- para nitro anilide

PPlase Peptidyl-Prolylcis-transisomerase

PPIF- Peptidyl-Prolylcis-transisomerase F

Pro- Proline

pS- pico siemens

PT- permeability transition

PTP- Permeability Transition Pore

RAM - random access memory

RINmM5F- Rat insulinoma

RMSD- Root means square deviation

RNA- Ribonucleic acid

RNAIi - RNA interference

S-seconds

Sar- Sarcosine

SASA- solvent accessible surface area

SDS Sodium deoxy lauryl sulphate
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SERCA- smooth endoplasmic reticulum calcium ATPase

Ser- Serine

SfA- Sangliferin A

SMV- Sub mitochondrial vesicles

SP- Standard precision

Sr?*- Strontium ions

STZ- Sterptozotocin induced diabetic rats

Suc- A-A-P-F-pNA- succinyl Ala- Ala- Pro-Phe- para nitro anilide

T4- T even umbered bacteriophage

TFE- Tri fluoro ethanol

Thr - Threonine

TMRE - Tetra methyl rhodamine ethyl ester

TNF- a- Tumour necrosis factor alpha

Trp - Tryptophan

Tyr- Tyrosine

UNT - untreated

Val- Valine
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VDAC- Voltage dependent anionic channel

Ver- Version

XP- extra precision

Z0- Zucker Obese rats

Awm- mitochondrial membrane potential

pm- Micro meter

B-ME - beta mercaptoethanol

pL- Micro liter
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Aim of the Thesis

Mitochondrial Permeability Transition Pore (mPTP) regulates the solute exchange between the
mitochondrial matrix and cytoplasm and plays an essential role in regulating ROS signaling and
calcium efflux. However, the prolonged opening of mPTP results in the depolarization of
mitochondrial membrane potential and the release of cytochrome ¢ which causes ischemic
cellular injury and necrotic cell death. Understanding the mechanism of mPTP and more
importantly, the identification of specific pharmacological inhibitors that regulate mPTP opening
is of profound disease relevance. The aim of my present study is to develop a screening
paradigm to identify novel chemica entities that could prevent the depolarization of
mitochondrial membrane potential and the release of cytochrome ¢ from mitochondria under
patho-physiological conditions. | further studied the molecular target to explore the mechanism
of action of the lead compound and related analogs which reveals that the enantiopure, 12-
membered macrocyclic compound we identified in our screen inhibits the peptidyl prolyl cis-
trans isomerase activity of cyclophilin D, a component of mitochondrial permeability transition
pore, much similar to cyclosporin A. Like cyclosporin A, the molecule aso reverses the
thapsigargin-induced rupture of mitochondria and the subsequent release of cytochrome c in

cultured cardiomyocytes.
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Chapter 1. Literaturereview
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Mitochondria: Determinator of Life or Death of a Cell.

Among the cell organelles mitochondrion has a sppeoiportance due to its complexity and
involvement in an array of cellular physiologicabpess. Being endosymbiotic in origin, arising
from engulfment ofx proteo-bacterium by eukaryotic cells around Zdillyears ago (Lane and
Martin 2010), mitochondria have their own circuNA and have been conjectured to be
domesticated for generation of ATP through oxidatphosphorylation of nutrients. However
recent evidences suggest a wider role of the emaloisyt in regulating the cell nucleus: the
organelle at one end supports the physiologicalti@as pertaining to the liveliness of the cell;
on the other hand it is involved in the releaseaspase activators and the regulation of pro and
anti-apoptotic family of proteins that delineatdl cdeath. These dramatically opposite functions
reflects on the intricacy of the relationship oteshondria with its host: in return of serving as a
platform for cellular metabolism, the organelle uleges the fate of the cell; in fact, the
architecture, location and activity of mitochondrs®rves as a key marker of cellular
pathophysiology which defines various metabolic ayghetic disorders extant in human

population.

1.1 Mitochondrial architecture:

Mitochondria are about 0.5+4im in diameter and up tourh in length (Krauss 2001). Their
shape and number per cell varies from one tissuthdoanother; in humans, for example,
erythrocytes do not contain any mitochondria wihigart liver and muscle cells have them in
thousands (Alberts et al. 2002; Voet and Voet 200ie ancestral bacterial cells, mitochondria
also have a double membrane organization (Bui, IByadand Johnson 1996) with two

membranes having distinct physico-chemical properiand different biochemical function.
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Phospholipid compositions and protein-to-lipid oatiare also different in outer and inner
membrane of mitochondria. In the inner membranenibdbchondria the protein to-lipid ratio is
80:20 where as for the outer membrane this rat@bsut 50:50 (Krauss 2001). Moreover, the
inner membrane of mitochondria is unique in posagsa unique phospholipid cardiolipin
which constitutes about 20% of the total lipid casiion and is essential for the optimal
function of enzymes involved in mitochondrial enemgetabolism (M Schlame, Brody, and
Hostetler 1993; Michael Schlame et al. 2003; M &cfd and Haldar 1993).The outer membrane
is permeable to ions and larger molecules, butirther mitochondrial membrane, unlike the
outer membrane, is much less permeable and serpaettee mitochondrial matrix from the
cytosolic environment. The inner mitochondrial meam®, in fact serves as an electrical
insulator and chemical barrier which allows onlggfic carriers, ion transporters and shuttles to
cross the barrier thus generating a differenceotergial which is prerequisite for ATP synthesis

(Krauss 2001).

1.2 Mitochondrial Permeability Transition Pore:

In addition to transporters and shuttles, differel@ctrophysiological and biochemical studies
reveal the existence of an inducible nonspecifitage gated pore across the mitochondrial
inner membrane that allows molecules less than Haltdns to traverse the membrgfégure
1.1). The pore, termed as Mitochondrial Permeabilitynsrdon Pore (mPTP) allows the solute
exchange between matrix and cytosol on transieahiog (low conductance openiigigure
1.1), however, on prolonged opening (long lasting Pffié)pore releases pro-apoptotic factors in

cytoplasm causing cell deathigure 1.1B).
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Figure 1.1: Schematic diagram explaining the differences betwegdysiological ant

pathological conditions of mPTP openi (Brenner and Moulin 2012).

The mPTP thus has an essential role in regulagtiglar physiology and pathophysiology a

has been implicated in various diseases includischeami—reperfusion damage¢(D. J.
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Hausenloy, Boston-Griffiths, and Yellon 2012), lvdamage (Christopher P Baines et al. 2005),

and chronic disorders of the nervous system (Sbeatst al. 2014).

1.3 mPTP: A Historical Perspective:

The permeability transition(PT) is defined as anréase of mitochondrial inner membrane
permeability to ions and solutes with molecular seasup to about 1500 Daltons which leads to
the matrix swelling (Elrod and Molkentin 2013). Thleenomenon has been reported since early
1950s (Raaflaub 1953; F. E. Hunter and Ford 198pjely 1956; A. L. Lehninger and Remmert
1959; Wojtczak and Lehninger 1961; Zborowski andté?ak 1963; Azzone, Azzi, and A 1965;
Azzone and Azzi 1965; A Azzi and Azzone 1966; Chdipand Crofts 1965); but the
observation being prior to the emergence of chemade concept (P Mitchell and Moyle 1967;
Peter Mitchell 2011) could not evoke substantitdrdton. Later, the pioneering work of Hunter,
Howarth and Southard (D R Hunter, Haworth, and &anst 1976) on heart mitochondria
provided the basis of the mechanism that reguldtesphenomenon. They coined the term
permeability transition (PT) and showed the PT wia® to the reversible opening of a
proteinaceous pore in the inner mitochondrial m@mérwhose physiological role remained

undefined.

1.4 Mitochondria swelling phenomenon: First step of mPTP Discovery:

Mitochondria, isolated from animal tissues wereesbsd to undergo “swelling” when placed in
a sucrose deficient isotonic medium (Gotterer, Thsom, and Lehninger 1961) which accounted
for the variations in their optical density (A Azand Azzone 1965). Several agents, namely,
inorganic phosphate, calcium, reduced glutathiofe L( Lehninger 1959) was reported to

induce mitochondrial swelling which was blocked AYP, azide and arsenate. Interestingly,
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mitochondrial swelling induced by some agents veagnsible through ATP-driven mechanism,
while swelling by glutathione, carbon tetrachlorigied digitonin were not found to be readily
reversible by ATP + M ( a L. Lehninger 1959; a L. Lehninger and Scheeitd59) adding
complexity to the observation. Among various indgcecalcium and phosphate mediated
mitochondrial swelling received major attention dese of its stoichiometric synchrony with
oxidative phosphorylation (Rossi and Lehninger )9@4owever, the electron microscopic
studies of swelling found out that phosphate indusselling completely disrupted the size and
shape of the particles of the inner membrane wh#wing the outer membrane intact and the
phenotype was not restored by #ddition of ATP. This observation ruled out the gbsity of
any coupled system in mitochondrial membrane whegjulates the swelling and contraction as
well as the production of ATP (Bartley and Ense64)9 The calcium induced mitochondrial
swelling stimulated respiration, and was not inteithi even in presence of cyanide and
dinitrophenol but this additional treatment causedensive swelling and eventual release of
calcium into the medium. The calcium induced swglloccurred even in anaerobic conditions
and in the presence of oligomycin (Crofts et ab3)9which clarified the concept that calcium

induced mitochondrial swelling did not require amergy in the process.
1.5 Calcium induced Per meability Transition:

Mitochondria swell when its membrane becomes pebieeto ions of medium while in the
presence of an oxidizable substrate or ATP, the wware pumped out causing shrinkage. The
efflux of ions from mitochondria did not occur dowre concentration gradient and was found to
be coupled to metabolism. These observations |#tetproposal of two basic mechanisms: a) an
operating contractile system in mitochondrial meaner or b) the active extrusion of ions

(Angelo Azzi and Azzone 1967). Haworth and Hunter,their study on calcium induced
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mitochondrial swelling, used a specialized medildrR Hunter, Haworth, and Southard 1976)
that effectively block both the electron transponin and the energy generation by substrate
catalyzed reaction. In these conditions, the"'i@duced swelling required neither electron
transport chain nor energy, but appeared to haventamal site blocked by some unknown
endogenous protective agents (Robert A. Haworthtamater 1979; R A Haworth and Hunter
1979; Douglas R Hunter and Haworth 1979). Mitochianih presence of low levels of €a
accumulated it rapidly with no change in shape; éwav, after a period of time, they underwent
a sudden increase in permeability of the inner nram allowing the molecule to enter the
matrix and maintain ionic equilibrium and tonicityhis phenomenon they coined @dcium
induced transition; in fact, identical transitions were also produdsdagents like phosphate,
arsenate or fatty acids, but they were found tanleee potentiators of the activity of calcium
which was the common physiological agent in all dases (Robert A. Haworth and Hunter

1979).

The calcium induced transition was inhibited byhartium red and was found to occur
only in case C& with SF*having no effect. The data suggested that theasitehich C&" acts
might be a ruthenium red-sensitive carrier protgirspace. The study was further supported by
observation that calcium induced transition coutdréversed by G&ionophore A23187 which
led to the speculation of a €hinding ‘trigger site” that allows permeability frsition (R A
Haworth and Hunter 1979). Haworth and Hunter enmgdioy permeability assay to determine the
size limit by using osmotically active solute lilkEG (poly ethylene glycol) and reported that
molecules less than 1500 daltons are able to diwssbarrier defining the size limit of
permeability transition (Douglas R Hunter and Halwdr979). The most probable molecules in

less than 1500 daltons molecular weight range @eaine nucleotides, NAD+ and other Krebs
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cycle cofactors implying at the physiological redece of calcium induced permeability
transition. Moreover, permeability transition wasumd to be non-specific as this could be
modulated by adjusting the concentration of avéslabe* in the medium and could be reversed
by addition of EGTA. Thus the pioneering work ofwtath and Hunter finally established the
fact that C&" induced transition of mitochondrial permeabilitpes not require a source of
energy and is insensitive to inhibitors and uncergplof mitochondrial respiration and energy

synthesis pathways.
1.6 Voltage dependency of mPT: presence of low conductance and high conductance states:

Mitochondria function in a cytosolic environmentneaining N&, K*, Cd? as well as other
cations and anions. The inner mitochondrial mendr&iowever, is impermeable to these ions
and their flux to mitochondrial matrix is regulatbyg specific channels and transporters. Patch
clamp experiments of inner mitochondrial membranevided reveling information about the
presence of different kind of channels which weskage sensitive. In patch clamp experiments
with 150mM KCI, the conductance of these channalsed from 10-20, 45, 80, 120-150, 200,
350 and 1000 pS (pico Siemens of conductance) wditterent selectivity (Kathleen W.

Kinnally, Campo, and Tedeschi 1989; K W Kinnallya&t1989)Table 1.1).

Conductance(in pico | Negative Voltage Positive Voltage Selectivity
Siemens) in 150mM | effect effect

KCI

10-20 not measured not measured not measured
45 None None Anion

80-150 Open Close Cation
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350 Open Close Cation

1000 Close Open Non selective

Table 1.1: Various conductance channels present in inner matodrial membrane. (Redrawn

from K.W. Kinnally (Kathleen W. Kinnally, Campo, dTedeschi 1989))

Zoratti, DeMarchi and Szabo, in a series of sehpagers reported full mPTP conductance in
the range 0.9-1.5 nS, which had a preferred valde3nS (Zoratti and Szabo 1995; De Marchi
et al. 2006; Szabo and Zoratti 2014). More impdiyarthe mPTP conductance was found to
have many lower substates, including a prominelitdiee one which is often termed as a “way
station” during the closures or openings of thé ¢ohductance (Szabo and Zoratti 2014). The
data gave rise to the present concept that theqoinplex operates at least in two modes: a low
conductance mode that provides transient openliniéfing of the pore) for solutes with MW
<343 Da which allows exchange of small ions sucha<&", or K" and serves the purposes of
generating Cdwaves in the cell and a high conductance mode wisighermeable to solutes
with MW <1,500 Da and results in the release ofpapgenic materials thus contributing to cell

death.

Patch clamp studies also provided information abting structural feature of the pore.
Reconstitution of adenine nucleotide translocas®&TAin liposomes and treatment with
Bongkrekic acid and carboxyataractlyate (Known litors of ANT) showed that ANT may not
be an integral part of inner membrane channel.n@rother hand, electrophysiological evidences
for the presence of half-mPTP gave rise to the epnthat the pore may be dimeric in nature

(reviewed in (Szabo and Zoratti 2014).
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1.7 Cyclosporin A: inhibitor of mPTP:

Fournier et.al in their pioneering work observedttiwhen calcium was added in high
concentrations, mitochondria could not accumulateompletely and the membrane potential
gets dissipated. However, the addition of Cyclospdx (CsA) restored the ability to store
calcium and prevented the dissipation of mitoch@dnembrane potential (Fournier, Ducet,
and Crevat 1987). Prior to this observation, Miblatst.al reported the presence of giant
mitochondria (Mihatsch et al. 1981) due to CsA tirent in their electron micrograph
observations of renal biopsies of patients whicls waggestive of matrix &aoverload being
induced by CsA. These observations set the stagértonpton et.al who first identified CsA as
an inhibitor of the C& dependent pore of the inner membrane responsiblenfinchondrial
permeability transition (M Crompton, Ellinger, af@bsti 1988; Broekemeier, Dempsey, and
Pfeiffer 1989; Broekemeier and Pfeiffer 1989). lcatee patch clamp experiments on mitoplasts
in the presence of CsA showed that CsA inhibitedabnductance activity of 1.3 nano Siemens
(~ 1000pico Siemens) channel of the inner membrawettze inhibitor acted when present on
the matrix side of membrane (Szabo and Zoratti 19%he experiment established CsA as a
pharmacological inhibitor of MPT,RSzab6 and Zoratti also showed that the 1.3nS actadce
channel responded to the activation by ‘Cihibition by Md¢f*, CsA and ADP and confirmed
that the minimum pore size derived from conductacaeesponds to independent estimates of
minimum size of permeabilization pore (Szabé anchfn1992).

1.8 Cyclosporin A inhibits mitochondrial peptidyl prolyl cis-transisomerase:

CsA, a cyclic undecapeptide of fungal origin wagwn for its ability to prevent the immune
response against xenografts (Borel et al. 1976gBet al. 1977). Mechanism of action of

Cyclosporin A was through its interaction with csotic cyclophilinA (CypA) resulting in the
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formation of a CsA-Cyp A complex which inhibitedl@aeurin, a C&/calmodulin-dependent
cytosolic phosphatase (Jun Liu et al. 1991). Duethe inhibition, NFAT remained
phosphorylated and could not translocate to théenscto trigger IL-2 dependent activation of
the immune response (Jun Liu et al. 1991). Theeeldr cyclophilins in the human genome
sharing a common domain of about 109 amino aciésClyp-like domain (Wang and Heitman
2005) which possess Peptidyl-Protyg-transisomerase (PPlase) activity (G. Fischer et al. 1989
Takahashi, Hayano, and Suzuki 1989) and inhilafést the binding to CsA (Borel et al. 1977).
Site-directed mutagenesis of CyP-A allowed the B¥lactivity to be separated from CsA
binding and calcineurin inhibition (Zydowsky et 4d1992), which suggested that cyclophilins
function through interactions with a specific separtner proteins rather than serving as general
mediators of protein folding (Wang and Heitman 200E0 decipher the mechanism of CsA
mediated inhibition of MPTP, a photoactive, rachbe¢led CsA derivative was used to tag the
putative CsA ‘receptor’ in mitochondria (Andreevanveer, and Crompton 1995; Tanveer et al.
1996). In photo-labeling experiments, a number wbahondrial components became covalently
labeled by the CsA derivative, but only photo-lafglof CypD was promoted by ADP and
abolished by C& thereby identifying CypD as the pore-associated-Bisding component
(Andreeva, Tanveer, and Crompton 1995; Tanvedr ¢086).

The full-length CypD protein comprises of 207 A& (BDa) having 109 AA cyclophilin domain
that imparts prolyl-isomerization activity. Bainesal., showed that cyclophilin D (Arg 96 Gly),
an isomerase deficient mutant, unlike its wild typeunterpart, was unable to rescue
mitochondrial swelling or ROS-induced cell deathRRIF —/— mouse embryonic fibroblasts
(MEFs), highlighting the importance the isomerasmdin of CypD in modulation of the mPTP

(Christopher P Baines et al. 2005). The X-ray @iystructure of the complex between
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recombinant cyclophilin B with Cyclosporin A refith@t 1.85-A resolution provided the insight
on the mechanism of CsA inhibition (Mikol, Kalleand Walkinshaw 1994). CsA has
unmodified alkyl side chains, which occupies thedrophobic pocket in cyclophilin
corresponding to the active site. Residues 1, 9, 30 and 11 provide the Cyp-binding domain
and the residues 4 to 8 are reported to be expwoséie solvent (reviewed by (M Crompton
1999). Modification of the CsA residue 4 from médttgucine to methyl-valine did not alter the
affinity of the pore or Cyp D (for details readeethapter 3) towards the inhibitor; however, the
modification of residue 8 from alanine to dans\dihe decreased cyclosporin potency as pore
inhibitor which is in concert with equivalent dease in its binding affinity of free CypD
(Nicolli, Redetti, and Bernardi 1991). Thus CsA naged inhibition of mPTP was conjectured to
be due to the occupancy of the active site of Cypoilike Cyp-A-CsA-calcineurin complex, no
data has yet suggested that CypD-CsA complex lmdsher mitochondrial proteins to regulate
the pore opening (M Crompton 1999).

1.9 Physiology of mPT Pore:

Ichas et.al first reported that in living cells, taghondrial calcium uptake during inositol
trisphosphate (IP3)-induced calcium mobilizatioiggers a mitochondrial efflux of Ga
(mCICR) that is generated in concert with depoktron spikes (mDPS) initiated due to
transient opening of mPTP (Ichas, Jouaville, andzdld997). The mPTP thus served as an
amplifier and propagator of depolarization and icafc waves that was emitted from
endoplasmic reticulum and contributed to the irghatar calcium induced calcium release
(CICR) which regulates the different physiologiéahction in different cell types ranging from
insulin secretion (Santulli et al. 2015) to neneageneration (Duregotti et al. 2015). The

mechanism of mMDPS generation and mCICR is explaméuk following figure(Figure 1.2)
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Figure 1.2: Schematic representation showing cross talk betwéBm pore and respiratio

matrix, pH, Azm (mitochondrial membrane potential) and?*(Ichas, Joualle, and Mazat
1997).

As the Figure describes, mDPS and mCICR is pH dig®nand is initiated by the entry
calcium in mitochondria due t&¥'m which is negative inside the organelle. This &cka the
the activity of electron transport chain whincreases pH. High pH triggers the PTP ope
that collapsed the proton gradient and dissipdted¥m causing outward efflux of calcium a
concomitant matrix acidification which closes th&@P? The Electron transport chain tr
generates the proton giadt restoringA¥Ym thus facilitating calcium reuptal(Ichas, Jouaville,
and Mazat 1997)Thus the flickering of the pore at low conducenoode represents t

excitability of the orgnelle which is associated with diverse cellularctions.



1.10 Early models of mPT pore complex:

The CsA binding to the mitochondrial cyclophilin y@D) contributed immensely to the
understanding of the molecular composition of tbeegcomplex. The CypD-GST affinity matrix
identified voltage dependent anion channel (VDAGY) adenine nucleotide translocase (ANT)
as its interacting partners. Moreover, artificiposomes having GST-CypD, VDAC and ANT
could be permeabilized by &€aand phosphate which is blocked by CsA. These keimital
properties shown by these proteo-liposomes werdasino the putative pore in mitochondria
(Martin  Crompton, Virji, and Ward 1998). Detergeriiased extraction and further
characterization by chromatography showed periphenazodiazepine receptor (PBR) to be co-
purified with ANT and VDAC (McEnery et al. 1992).@antly known as Translocator Protein
(TSPO), the protein had been shown to be presemhitichondrial outer membrane and
cooperate with steroidogenic acute regulatory pmo{&StAR) to facilitate the cholesterol
transport to mitochondria (Selvaraj and Stocco 20EGrther characterization of the outer and
inner membranes by electron microscopy using galbeéled antibodies and selective disruption
of the outer membrane by digitonin identified sewepossible protein-protein interacting
partners like hexokinase and creatine kinase (l€ogtkal. 1988). It was presumed that there is
contact between both outer and inner membrane abchondria which facilitated mPT
phenomenon; therefore the putative contact site fidbler characterized by density gradient
centrifugation from osmotically disrupted mitocholag and in agreement with the previous
reports, the fraction was found to be rich in herake and was also found to have creatine

kinase (Adams et al. 1989).
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Studies on freezedrctured liver mitochondria also revealed the eristeofthe contact sites
between outer and inner membr andits occurrence was observed in the presence of Aff
carboxyatractyloside, a ligand that binds with ANT desitieibition by antimycin A. ATP wa
ineffective in inducing the contact sites irrective of the membrane potent further, the
binding amalysis of [3H] atractyloside showed that ANT isdtized in the peripheral part of t

inner membrane (Blchelerdams, and Brdiczka 19¢.

Glucose-6-nhasphate  __ _ Giucose+ATP
L L

I I
I I —
I . — ] — L — | —ui
I onna BBt VDAC VOAC Bl DeEE i
~— | | — — T —
— I I i
I i “—
W AN & _ ..
Mi— AT actyioside
E E ~
I [ ., ¥ ate/ATD/ADP
B I — - -
T .~ EE u
Al L AHE = I
B e =1
I [ I8 Cardioiipin
i I n
» o

Figure 1.3: lllustrative diagram of mitochondrial permeabilitiransition pore comple
(Zamzami and Kroemer 20Q1ANT-adenine nucleotide translocator, VDAGHage-dependent
anion channel, PBRperipheral benzodiazepine receptor, m- mitochondrial creatine kinas

HKII- hexokinase 11, Cyp Deyclophilin D, Cs/- Cyclosporin A.

ANT was found to have interactions with the Bclghfly of proteins as wel(Marzo et al. 199t
Bax and ANT have been shown to interact i-immunoprecipitation experiments as well a:
yeast two hybrid systems. In addition, ectopic egpion of Bax could not induce death in A

deficient yeas{Marzo et al. 199¢{. These set of observations led to a model of m&€ ps ¢
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multi-protein  complex spanning both the membranesl @omposed of ANT, VDAC,
PBR(~TSPO), hexokinase Il, Bcl2, Bax and Cyclophilimms shown irFigure 1.3 (Zamzami
and Kroemer 2001). However, the model was seriogisgstioned by genetic ablation and knock
down studies as CsA sensitive mPT could still beeated in the absence of ANT isoform1/2
(Kokoszka et al. 2004), VDAC isoform 1/2/3 (Kraupket al. 2006; Christopher P Baines et al.
2007) and TSPO (Sileikgtet al. 2014). Another model of formation of mPT plyosphate
carrier (PiC) was proposed due to its interactiotihn \€ypD and ANT (Leung, Varanyuwatana,
and Halestrap 2008). However, the electrophysiobdgxperiments with reconstituted PiC did
not show similar conductance and properties likeTnm#&so the genetic ablation experiments
showed that PiC is not required for MPT (HerickaKrer, and Luhring 1997; Kwong et al.
2014). CypD, on the other hand, was found to begulator of mPT but not a structural
component of the pore since mitochondria isolatethfheart, brain and liver of Peptidyl prolyl
isomerase F(PPIF) knockout mice showed mPTP openiregg CSA insensitive manner at a
higher calcium concentration and after prolongeposxre (Christopher P Baines et al. 2005;

Basso et al. 2005; Nakagawa et al. 2005).
1.11 Present model of MPT por e complex:

The blue native gel electrophoresis along with ithenunoprecipitation and extraction with

digitonin showed that CypD associated with ATP Bgise complex which was again confirmed
by cross-linking experiments (Giorgio et al. 2009g data further showed that interaction of
CypD happened with the lateral stalk of ATP syn¢haghere the main interacting subunits were
OSCP (oligomycin sensitivity conferring protein)dam and d subunits which bind with Cyp D at
a ratio of 1:1:1:1 (Giorgio et al. 2009). Furtheeconstituted ATP synthase dimerizes in

liposomes and shows conductance of 1.0-1.3nS imM&CI| whose activity was inhibited by
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Mg?*with ADP and not inhibited by CsA owing to absemdeCypD in preparation , which is

similar to earlier reports of mega channel (reviewe(Bernardi 2013).

Figure 1.4: Schematic model of FOF1 ATP synthase subunit enasisociation with cyclophilin

D(Cyp D)(Bernardi 2013).

The model was taken further by Alavian et.al whopmsed that the c-subunit of the FO-
F1ATPase synthase creates the regulated pore @hlaati al. 2014). Proteoliposomes having
purified ¢ subunit demonstrated the presence otiroohductance channel having 100pS sub-
conductance states with peak conductance &ft6—2 nS similar to the reported conductance
reported for mPTP (Alavian et al. 2014). In a seoé elegant electrophysiological experiments
to delineate the structure of mPTP they have shthah the conductance in proteoliposomes
having ¢ subunit was independent of modulation &lgiom or CsA. Proteoliposomes having
monomeric ATP synthase showed infrequent channefitgovhich is significantly enhanced by
the addition of recombinant CypD and inhibited bgAC Whole mitochondria and sub
mitochondrial vesicles (SMV) exhibited robust chahractivity and calcium and CsA

responsiveness which is lost in urea denatured SkiNasre FO-F1ATPase, OSCP and CypD
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were removed. The data confirmed tha®*, CypD, and CsA regulate the inner mitochond
membrane conductance by binding to an extra meralpastein site, possibly witn the OSCP-
subunit of ATP synthas&he work supported the previous observation of Barend Pintor
(Bonora et al. 2013jvho have used calcein fluorescence in presenceolodlic quencher t

demonstrate that genetic ablation of ¢ subunFO+F1ATPase prevents the mPTP oper

Contrasting views exist regarding the oumembrane component of mPTP. Karch et.al repc

proapoptotic BcR family members Bax ar

Bak to be a member of the outer membr CunD

N T
irigatiiA

component of mPTP(Karch et al. 201

Mitopatching experiments revealed that Bax :Z - iMM
Bak double deleted fibroblasts were resistar 3:-' F

ca*induced swelling and lacke %

permeability/conductivity(Karch et al. 213) é

however the current model predicted that o f'l—f

membrane and inner membrane mPTP

function independently; outer membrane mF
in presence of Bax and Bak is largely permissivélesinat of inner membrane permeatior
highly regulatory(Karch et al. 201{. Morciano summarized the current model of molat

identity of mPTP in the followinFigure 1.5 (Morciano et al. 2015).

Figure 1.5: Present model of MPT pore and the mitochondriatacinsite between outer a
inner membrane(Morciano et al. 201! IMM-inner mitochondral membrane, IM-inter

membrane space, OMMdter mitochondrial membrane, Pk-protein kinase C epsilon, G-
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3B- glycogen synthase kinase 3- beta, TSPO- Mitochahttanslocator protein (also known as

PBR).

Emerging evidences and observations from genelatiab studies and patch clamp experiments
of reconstituted proteins of inner membrane of ofitlndria put in favor of the present model of
mPT pore complex (Bernardi and Di Lisa 2015; Mamnoiat al. 2015; Murphy 2015). A critical
assessment of old and new candidates of mPT pamnpler by Halestrap’s group suggested that
perhaps a fraction of ‘ATP synthasome complex’ cosagal of FOF1ATPase, PiC, ANT, Cyp D
and VDAC might form the site of mPT induction (Aed/ P Halestrap and Richardson 2015).
The endogenous pathway modulators of mPT phenomeeos also explored and it was found
that GSK3B inhibitors impair the ANT function and thus maynse hitherto unknown
regulatory role (Miura and Miki 2009). Protein KseC family of kinases was found to have
interactions with VDAC+ANT+ Hexokinase Il complexweh increases VDAC phosphorylation
and may regulate mPT pore opening (Christopher &ne® et al. 2003). Thus, the debate
regarding the composition of mPT exists till ddtet the application of this mPT phenomenon in
context of cardiac reperfusion injury and ischemiaeuronal cells makes it an attractive drug

candidate.

1.12 mPT and relevance to Cardiac Reperfusion injury:

Patients undergoing cardiopulmonary bypass (CPB)esy suffers from perioperative

myocardial infarction resulting in increased mortyicand mortality (Roques et al. 1999). The
resultant aortic cross clamping-unclamping indueedlobal myocardial ischemia-reperfusion
sequence which results in myocardial injury reféecthrough increased cardiac troponin | (cTnl)

levels (diagnostic marker for acute coronary synmd¥s) (Chiari et al. 2014). During the initial
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periods of reperfusion, rapid correction of acidosise in H ion concentration in body fluids)
via the Na+/H+ exchangers causes activation of\tae /Cd* exchanger in the reverse mode
resulting in cytosolic Cd accumulation (Argaud et al. 2005). In additionrugtv re-exposure of
the ischemia (lack of normal oxygen levels) geregtat’m which stimulated ATP synthesis but
also caused rapid matrix €aoverload and massive generation of oxygen freigatdresulting

in mPTP opening (S. Javadov et al. 2008; S. A. dawat al. 2000). Griffith et.al used®p{-
deoxyglucose (radio labeled glucose analog ) emtesu kinetics in mitochondria as a marker of
mPTP opening (Griffiths and Halestrap 1995). Thehtéeque has been used further to
demonstrate that mPTP did not open during ischeomnathe other hand, opening happened
within the first five minutes of reflow following 80 min ischemia in the isolated rat heart
(Griffiths and Halestrap 1995). In fact, the tinmucse of mPTP opening was found to match the
rapid correction of pH that happened during reeoiu (Ovize 2006). CsA, a potent inhibitor of
mPT, when administered intravenously just befoneerision, has been reported to reduce
myocardial injury in patients with acute ST-elewatimyocardial infarction (where ECG shows
the line of ST segment in unusually higher tharebdaee) (Piot 2007). This protective effect was
further evaluated in randomized controlled clinit@ls on patients undergoing perioperative
myocardial surgery (D. Hausenloy et al. 2014) whiebhealed that in higher-risk patients with
longer cardiopulmonary bypass times, there wasgaifgiant reduction in PMI (posterior
myocardial infarction) with CsA therapy that reddcpostoperative cTnl levels rise when
compared with placebo group (D. Hausenloy et all420 However CsA, in addition to
cyclophilin D, interferes with several molecularrgets including HSP70, HSP90, ERK,

p38MAPK, and Akt thereby evoking several off targéects (C. W. Yang et al. 2003; Rezzani
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et al. 2003). This necessitates the developmemowtl inhibitors to modulate MPT during
cardiac reperfusion.

1.13 mPT and pancreatic beta cell:

Targeting mPT promotes pancreatic beta cell sunava prevents diabetes during Pancreatic
Duodenal homeobox gene-1 (Pdx-1) deficiency (Fujoret al. 2010). Mutations in Pdx-1gene
have been reported to cause heritable diabetesinmats and mice (Stoffers, Thomas, and
Habener 1997; Kulkarni et al. 2004). RNAI mediagddation of Pdx-1 in Min-6 cells has been
shown to dissipate mitochondrial membrane poteatia promote cell death which is inhibited
by cyclosporin A (Fujimoto et al. 2010). Mitochoradrabnormalities in Pdx-1 haplo-insufficient
pancreatic beta cells were found to be amelioratedenetic ablation of PPIF(Fujimoto et al.
2010). Most importantly, Pdx1+/- mice maintainedaohigh-fat diet develop increased fasting
blood glucose and impaired glucose clearance dyectll insufficiency and defective insulin
secretion which is not found in Pdx1+/- PP mice which defines the link between mPT and
Pdx-1. However the mechanism of the regulation d®Tmthrough PDX-1 is hitherto
undiscovered.

1.14 Modulation of mPT pore complex by inhibition of Cyp D:

There are both endogenous factors and exogenounsadieagents that can modulate mPT pore
opening and closing, but in a clinical scenaridbetomes apparent that the later attains more

importance.
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Table 1.2: Modulators of Cyclophilin D and MPT pore

Name of | Description of | Preclinical/Clinical References
compound activity status
Cyclosporin A | Binds to family of Phase Il for Ml (Andrew P Halestrap
(CsA) proteins called www.ClinicalTrials.go | and Richardson 2015
cyclophilins, clinical | v ID : NCT01650662 | (Nathan Mewton et al
use for graft rejection 2010; Gallay 2009)
prevention,
Reperfusion injury in
acute Myocardial
Infarction(MI)
Quinoxaline Inhibits CypD Preclinical (Guo et al. 2005)
enzyme activity and
MPT
NVP018 Amide derivatives of | Preclinical (Gallay 2009)
(Sangamide Sanglifehrin A,
based) (Allosteric modulator
of Cyp D)
NIM811 A non- Phase Il for Chronic | (Ma et al. 2006;
immunosuppressive | Hepatitis C Gallay 2009)
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analog of CsA, www.ClinicalTrials.go
inhibits Hepatitis C | v ID: NCT00983060
Virus replication
Alisporivir A non- Several Phase Il (Landrieu et al. 2010;
(DEBO025) immunosuppressive | studies for chronic Gallay 2009)
analog of CsA, hepatitis,
inhibits Hepatitis C | www.ClinicalTrials.go
Virus replication v ID: NCT01446250,
NCTO01500772
Sanglifehrin A Novel immune- In pipeline (Rat heart(Samantha J. Clarke,
suppressive reperfusion injury McStay, and Halestra
cyclophilin inhibitor. | model) 2002; Gallay 2009)
Antamanide Cyclic decapeptide | Cellular model and (Azzolin et al. 2011)
inhibitor of Biochemical tests
cyclophilin activity
GNX-5086  or | Reduces cardiac Phase | From company
mPTPI reperfusion injury website
induced cell death in (http://www.congenia.
rabbit it/rd-preclinical-
programs.html)

CsA was approved by US FDA in 1983 for its immurpysessive properties in the treatment of
graft rejection (Borel and Kis 1991), and is in @iledate. It inhibits the activity of a family of

proteins called cyclophilins which has Probyk-transisomerase activity and is required for
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protein folding. CsA binds to Cyclophilin A and fos a complex which further binds to calcium
dependent calmodulin phosphatase-calcineurin ambits its activity (Jun Liu et al. 1991). The
calcineurin inhibition by CsA-CyPA complex, stopartslocation of NFAT (Nuclear factor of
activated T-cells) which leads to the blockagegiression of cytokine genes like 1L2, TNF-
GM-CSF and IFNy (Walsh, Zydowsky, and McKeon 1992). However, thecsfic inhibitor of
the calcineurin, tacrolimus did not show any eff@ttinfract size in reperfusion injury models of
rat hearts, attributing the fact that cardiopratecteffect of CsA was solely due to mPT
inhibition (D. J. Hausenloy et al. 2002). Hence tlen-immunosuppressive variants of CsA
which do not show inhibition of calcineurin pathwagre in great demand which paved the way
for discovery of NIM811 and DEB025. Both of theravie shown promising cardio-protective
effect, but were having some undesirable propeiryilaxr to CsA when it comes to mass,
bioavailability and lack of specificity (D. J. Hardoy, Boston-Griffiths, and Yellon 2012).
Sanglifehrin A (SfA) which is a cyclic peptide withigh molecular mass and showed cyclophilin
D inhibition also shows protection of cardiac cdlism reperfusion induced death. The SfA
inhibits mitochondrial swelling by Gain a sigmoidal pattern with not much activity aw
concentration, while CsA was giving a progressive/e of activity. GST tagged Cyp D affinity
chromatography and subsequent immunoblot analgsiddtection of ANT, revealed pattern of
interaction between Cyp D and ANT in the preserfc€sA and SfA; binding of SfA to Cyp D
enhanced ANT-Cyp D interaction while CsA inhibiti@ interaction, suggesting that CsA binds
to the same site where ANT binds and SfA bind tdistinct site (S J Clarke, McStay, and
Halestrap 2002). SfA like CsA also showed mPT iitab and cell protection in reperfusion
injury of rat hearts induced for ischemia (whentgg&ted before perfusion). The table 2.5.1 lists

some known Cyclophilin inhibitors of which many aderivatives of CsA. Among them
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NIM811 and DEBO025 have been studied for their dgtiin blocking viral replication. The

immune-suppressive effect of CsA is much soughtreastment of graft rejection during organ
transplantation. CsA, among various compounds deslso showed suppressive effect on
Hepatitis C Virus (HCV) replication both at RNA amdotein levels in cultured hepatocytes
infected with the virus (Watashi et al. 2003) whicdkdlicates at its pleiotropic role in disease

pathophysiology.

1.15 Limitations of Cyclosporin A:

The protective effect of CSA has been shown toueetd its binding to Cyp D, but it has been
shown to interact with other cyclophilins as weikstly CsA-CypA complex inhibits calcineurin
and brings about its immunosuppressive activityjctvhhas adverse outcomes for patients
undergoing cardiac surgery. The complex structireC®A does not have much room for
structural modifications, yet, analogs NIM811 andHD25 were found to have same activity of
CsA without having interaction with calcineurin. ASfan mPT inhibitor and a promising
candidate for treatment of ischemia induced ceadtldshows immunosuppressive activity as well
inspite of having different macrocyclic architeguin a nut shell, the high molecular mass and
low bioavailability as well as non-specificity atiee major concerns for the use of CsA and
analogs in the treatment of ischemia reperfusigaryn The other drawbacks of CsA is the
reduction of efficacy in presence of co-morbid atinds like type 1l diabetes, and hypertension
with left ventricular hypertrophy (Whittington et. £012; Dongworth et al. 2014). Rat hearts
isolated from Zucker Obese (ZO) rats, which arenomglycemic but pre-diabetic, were resistant
to CsA- mediated cardio-protective effect in caseeperfusion during myocardial infarction
(Huhn et al. 2010). CsA has been tested both atoprhtioning stage and post conditioning

stage in streptozotocin induced diabetic (STZ) eatd one of studies have identified that CsA
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could reduce ischemia induced death in hearts & ®dated diabetic rats when given at post
conditioning stage (Najafi et al. 2014). The ungied mechanism for variation in mPT in each
diabetic model is yet unclear, however CsA basediagrotective treatment still stands as a

viable option till specific inhibitors of mPT arésdovered.
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Chapter 2: Prevention of Depolarization of
Mitochondrial Membrane Potential &
Cytochrome C Release by Novel Small

Molecules
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2.1 Abstract:

The inhibition of mitochondrial permeability tratisnh (mPT) by CsA has been known to rescue
cells from reperfusion injury during ischemia répsion sequence. The underlying mechanism
behind this rescue has been attributed to enzynrdtibition of cyclophilin D (CypD), which
regulates the opening and closure of mPT pore aamplhe existing CypD inhibitors have
nonspecific effect and low bioavailability. In thiest part of my work, | developed a screening
platform to analyze small molecules that can resmltured pancreatic beta cells from mPT-
mediated cell death. We selected a chemical libreoyprising of Benzofuran based
macrocycles; the selection being based on the quevobservation of the inhibitory activity of
mPT by Benzofuran based small molecule Amiodardibutyl-3-benzofuranyl-4-[2-(diethyl
amino)-ethoxy]-3, 5-diiodophenyl-ketone hydrochil®). The macrocycle architecture of the
compounds in the chemical library with diverse fimeality and stereochemical complexity in a
conformational pre-organized ring structure weranjectured to modulate protein- protein
interactions required for the opening and closdréhe mPTP. The compounds were screened
against thapsigargin induced loss of mitochondnambrane potential and cytochrome c release
which are the hall marks of mPT. The TMRE basedvéjtometry assay identified the
compound2.4cto be having protective effect against thapsigangduced loss of mitochondrial
membrane potential. Further, the small molecule 2uds found to inhibit cytochrome c release

and prevent death of cultured pancreatic beta.cells
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2.2 Introduction:

Mitochondrion is the site of cell fate determinatiats well-being is an indicator of cellular
homeostasis (Jang et al. 2015; Tower 2015). Theg h&o lipid bilayer membranes of which
outer membrane is permeable to the solutes of 5&R2a while the inner membrane is
impermeable. However, in response to elevateddelitdar calcium levels, the inner membrane
undergoes a transition which opens up a channalda molecules of less than 1500 Dalton to
cross the barrier without any charge specificittheTabove phenomenon, termed as
mitochondrial permeability transition (mPT), dissips the proton gradient, depolarizes
mitochondrial membrane potential (mmp) and on prgém opening of the pore, releases the

apoptogenic materials which causes cell death.

C&" levels have been reported to be increased dueihglar apoptosis/ necrosis (Pinton
et al. 2008) which opens up mPT pore and aids dtease of cytochrome c (cyt c) from
mitochondria. The agents that like CsA that blookBT were known to arrest cell death in
several cellular models by protecting the mitochr@dnembrane potential and inhibiting cyt ¢
release (Waring and Beaver 1996). Apoptosis is agrammed cell death pathway which
requires energy, while necrosis is spontaneousowitlenergy requirement. However, both
apoptosis and necrosis have a common intermedidte gvhose release from mitochondria
serves as a marker of cell death (Li et al. 1988 derson, LaPlante, and Treeful 2002). Thus,
the measurement of mmp and cyt c release are thariamt parameters to study the pathological
opening of MPTP (Zhang and Armstrong 2007; Zharaj.2008) For the measurement of mmp,
the cationic rhodamine based dyes were introducetOB0’s. The dyes, on binding to intact
mitochondria showed increased fluorescence basethe@mitochondrial membrane potential

which could be estimated by microfluorimeter (EHrery et al. 1988). The tetra methyl
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rhodamine esters (TMRM and TMRE) displayed a rgaddversible membrane poten-
dependent staining of mitochondria and thus were deedtudies like fluorescence activat
cell sorting and digital fluorescence microscopyheTdyes followed nernstian distributi
(Farkas et al. 1989and showd distinct pattern of staining cytoplasmic and rmtondrial
fluorescence allowip for the quantification of mn-based studiegScaduto and Grotyohat

1999; Perry eal. 2011; Lemasters and Ramshesh 2.

For our study we have induced mPT by thapsigargimlant alkaloid from planThapsia
gargnica. Thapsigargin inhibits smooth endoplasmic retioulgalcium ATPase (SERC#
(Hakii et al. 1986)which transiently elevates ' levels of cytoplasm, howey, at micromolar
concentrations it has been found to induce mPT hiscCsA depender(Korge and Weis

1999).

Figure 2.1: Structure of Thapsigarg(Hakii et al. 1986; Treiman, Caspersen, and Chrssta
1998).

Thapsigargin has been speculated to act directlynachondria to induce mP(Korge and
Weiss 1999and has been used by several authors to inducepéning of mPTP in differen

cell systems to study necrotic cell de(Zhang and Armstrong 2007; Quintanilla et al. 2(. In

75



our study, we used BriBD11 pancreatic beta cells which were first devetbjn Prof. Pete
Flatt’s laboratory by electrbiising RINm5F and primary rat pancreatic beta (McClenaghan
et al. 1996) The chemical tool box that | used comprised ofetules based on Benzofuran c
scaffold which was synthesized in Prof. Piat Arya’s lab at Dr.Reddy’s Institute of Li
Sciences. Benzofuran has a benzene ring fusedrdao fing and is also called as coumartc

whose derivatives are found in various natural potsl like Liphagal, a specific inhibitor

PI13kinasea, which is isolatedrom marine spongékacoralliphaga. sp. (Marion et al. 200¢,

Morphine, an opioid analgesic drug isolated frPapaver somniferum (Yoshimatsu et al. 200

and Moracins isolated fromdlorus alba having antinflammatory, antimicrobial, anticancer a

antioxidant activityNaik et al. 201t .
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Figure 2.2: Proposed modular approach for synthesis of difterbanzofuran derive

macrocyclic compoundg$Jimmidi, Govardhan KS, Arya P and Prasenijit Mitra. 20!

Benzofuran derivatives, in fact, have a plethordieérse pharmacological propertie-Butyl, 3
— (4-hydroxybenzoylpenzofuran has a-histamine property, and Benziodarone is a hi
potent coronary dilator. Amiodarone has antiangpralperty and caes coronary dilation i

addition to its activity of mPT inhibition at lowenicromolar concentrations. The chemical t
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box | used are based on benzofuran scaffold, hawévey have additional large ring

macrocyclic architecture which enabled them to fiamcin a 3 dimensional space where dimers
and multimers of proteins interact to regulate anglex phenomenon like permeability

transition. The presence of amino acid moiety witihie macrocycle architecture of the chemical
library provided attractive features to introduceligerse array of chiral side chains having a
variety of polarities. Our data identified three letules from the chemical tool box that could
prevent the depolarization of mitochondrial memlbraotential and inhibit cytochrome c release

from thapsigargin treated cultured pancreatic betks.

2.3 Materials and Methods:

2.3.1 Cell culture

Brin-BD 11 pancreatic beta cells were purchaseoch fElCACC and maintained at 37%, 5% £O
in RPMI 1680 medium, supplemented with 10% FetaliB® Serum (FBS), and standard
antibiotics. All media and components were purciaBem Invitrogen, Cell passages were

maintained every 48hrs following ECACC guidelines.

2.3.2 Treatment of Brin-BD11 cells

Brin-BD11 pancreatic beta cells were seeded in b plates a day before the treatment which
was carried out at 60-70% confluence. Before treatyncells were washed once with 1X PBS
and the treatment was carried out in fresh comphegelia. Final DMSO concentration in

treatment media is 0.1%. The cells were treatedh whiapsigargin (3uM) in presence and
absence of small molecules at different concewinatiand at different time points as per the

requirement of the experiment.
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2.3.3 TMRE based flowcytometry assay

Brin BD11 cells were plated in 6 well plates (800&Is/well) and allowed to grow for 24h.
After respective treatments, 50nM TMRE (prepared XnPBS 0.2% BSA) solution was added
to the cells for 10mins. The stained cells weretlgepipetted and the cell suspension was

analyzed by BD canto Il flowcytometer using weds@lsoftware (Battye 2013).

CCCP (Carbonyl cyanider-chlorophenyl hydrazone) at the concentration ¥ i was used
as a negative control to represent maximum mitodhahmembrane depolarization wherever

necessary.

2.3.4 Immunofluorescence studies

Cells were grown on coverslips till they reach 7@%a on coverslips and were treated with
thapsigargin (3uM) with or without compound 2.40M). The cells were stained with
MitoTracker red stain (100nM) and the images wecquaed using confocal microscopy.

Images were processed by Bio image XD software Kanpaa et al. 2012).

The sub cellular localization of cytochrome C wasrfprmed by dual-labeling confocal
fluorescence imaging. The cells were treated withnM MitoTracker Red for 10min and fixed
with 3% paraformaldehyde, washed with 1X PBS twpsrmeabilized with 0.02% Triton X 100
and incubated in blocking buffer (5%BSA in PBS) fidr min. After blocking, the cells were
treated with primary rabbit polyclonal cytochrome adtibody (1:50) from Cell Signalling

Technology, MA, USA for 2 h at room temperaturesthed thrice with 1X PBS and incubated
with Cy2 conjugated goat anti-rabbit antibody (Dpbfbr 1h. After washing with 1X PBS thrice,

cells were treated with DAPI for 2 minutes and mednwith Anti-fade (Jackson Immuno-
research) mounting medium on glass slides. Celinlages were acquired in Leica confocal
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microscope and were acquired using Leica ApplicaBaoite (2.6.3) Advanced Fluorescent Lite

software (Leica microsystems).

2.3.5 Cell viability assay by MTT dye

Cell viability was measured quantitatively by assgg mitochondrial dehydrogenase activity on
MTT dye reduction. The yellow tetrazolium MTT (3;(45-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) is reduced by the actof dehydrogenase enzymes NADH and
NADPH of metabolically active cells to produce performazan crystals that can be solubilized
and quantified spectrophotometrically at 570nm.I<elere seeded at 10,000 cells/well in 96
well plates and were allowed to grow for 24houriteebeing treated with thapsigargin with or
without compound 2.4c. After respective treatm®&ff,T dye (10mg/ml) was added at 10uL per
100uL media and incubated for 2hours which leadb¢oformation of formazan crystals based
on the levels of cellular dehydrogenase activitye Tormazan crystals were solubilized by 100ul
Solution of 20% SDS prepared in 50% DMF solutiord dhe absorbance was measured at
570nm using microplate reader (Perkin Elmer Vicdd20 multi label counter). The untreated
cell absorbance was considered 100% viability. En@phpad prism 5.0 was used for statistical

calculations and plotting graphs.

2.4 Results:

2.4.1Thapsigargin induced loss of mitochondrial membaoiential in Brin-BD11 cells

Depolarization of mitochondrial membrane potensahe primary indication of mPT (Brenner
and Moulin 2012). In our present study we followied method of Zhang and Armstrong (Zhang
and Armstrong 2007) to assess the depolarizatiomitfichondrial membrane potential (mmp)

by Thapsigargin in Brin-BD11 cells. As tliégure 2.3 reveals, thapsigargin initially increased
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TMRE signal at 6hrs time point, fow,, activation being 1.5 fold compared to untreatedtrao!
cells. By 24 hrs time point the fow,, activation as measured by TMRE signal was down
fold compared to untreated control. Eventually TMRE signal becomes negligible by 36F
42 and 48hrs indicating the loss of mmp on thapgigatreatment. The data provided u:
temporal assay platform to seremolecules to restore mmp which is one of thiersiafeature:

of mitochondrial permeability transition (mP~

| Unt+DMST
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Figure 2.3: Thapsigargin induced MMP losA, Representative Flowytometric data plotted as
2D graph, X axis+SC (Forward Scatter events) and Y - PerCP-CY55A region positive

events ( excitation 482nm and emission 690nm cporeds for red fluorescence region) d
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conveniently represented as quadrants by Weastiaef B, CCCP- Carbonyl cyanide m-
chlorophenyl hydrazone (uncouples and depolarizB8M UNT- untreated, DMSO- Dimethyl
sulfoxide, Thaps- Thapsigargin, hrs- hours. Fgjdas represented in bar graph, TMRE positive
events in untreated plus DMSO is considered agi1fidie data represents experiments done in

triplicate.

2.4.2 Screening of Benzofuran based small molecules

The chemical library that was screened comprise2iagnantioenriched benzofuran based small
molecules synthesized at Dr. Reddy’s Institute @& LSciences (contributor: Prof. Prabhat
Arya). These molecules were screened for the pt@rerof Thapsigargin (3uM) induced
depolarization of mitochondrial membrane potenfidle compounds which are precipitated at
10uM concentration are excluded from the studye fitlowing Table 2.1describes the results

of the screening.

No. | Name | Structure Mol. formula |Mol.wt | Fold P
1. |Al
MEMO
O C15H>1NOg 311.33 | 0.23+0.04
“'CO4Et
NH>
2 A3
MEMO
o CiHoNO, | 35337 | 0-290.03
""J/OH
NHAlloc
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MEMO

0
A5 "‘:,,/NHZ
NHAlloc CiH2N0s | 352.38 | 0.05+0.03
Br
MEMO
6 @]
A
"r,,/NH
NHAlloc CosHo9BrN,Og | 521.40 | 0.11+0.07
A7
Br
MEMO o) ‘/@/Ph C4gH4eBrN3Og | 890.81 | 0.28+0.02
Ej? ~N NHFmoc
NHAlloc O
A8
C36H3gBrN306 688.61 | 0.60+0.08

Br
MEMO , K@'/ph
iy, N \n/\ NH
O

NH4 o | SN
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Al2

MEMO
o)
ty_NH, CaeHaaBIN 1O | 688.61 | 0.54+0.07
O
Br /ﬁ'\
Ph\I
N~ “Ph
H
MEMO
Bl - CaHaN,Os | 568.66 | 0.55+0.09
'f.'CDOEt 31r140IN2\Ug . . TU.
HN__.O f,
N
ﬂ}\ph
B2
MEMO
@)
.. _OH
"o CogH3gN0O7 526.62 | 0.51+0.04
HN.__O f
N
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10.

B3

C3oH3sN207

538.63

0.62+0.02

11.

B4

C2gH35N309

557.59

0.06+0.01

12.

BS

MEMO

=

C29H35N30g9

569.60

1.60+0.05
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13.

B6

MEMO

"G OOEt

C34H38N20g

602.67

0.28+0.04

14.

B7

CaoH36N207

560.64

0.09+0.03

15.

B8

Ca3zH3zeN207

572.65

0.19+0.08
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16. | B9
MEMO

“COOEt
CogH34N2Og 526.58 | 0.17+0.11

17. | B10
MEMO

HN._O =
I f CoHsN,O, | 484.54 | 0.28+0.02

18. | B11

Co7H32N07 496.55 | 0.59+0.003

Table 2.1 Screening of compounds for the rescue of thapgiiganduced depolarization of

A¥m. Fold®: fold increase ofm over untreated mitochondria.
Figure 2.4A describes the graphical presentation of the sorgaesults. As thdable 2.1and

Figure 2.4Areveals, compound 2.4c (B5Tmable 2.1 which has a 12 member macrocyclic ring
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with an N-(4-Nitrobenzoyl) Valine amino acid moidtysed to the benzofuran scaffold showed
the highest activity for prevention of thapsigargimduced depolarization of mitochondrial
membrane potential. To further validate the dataewaluated C104 and C108 which are the
analogues of 2.4c. C104 has N — benzoyl valine wititout NG attached to the benzene ring
whereas in C108, the amino acid moiety is repldmgdeucine(Figure 2.5) Both C104 and
C108 have comparable efficacy as that of 2Bi@ure 2.4A). However when valine amino acid
was replaced with Phenylalanine (2.4b, B8Table 2.1 group there is a dramatic decrease in
the activity emphasizing the importance of aminml atde chains in conferring the prevention

from thapsigargin- induced depolarization of mitoetirial membrane potential.

2.0

Fold Wm activation
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Figure 2.4: Graphical representation of Fcy, activation of a series of benzofuran based s
molecules; Compound 2.4c rescues cells from thapgilg induced MMP loss in the compoL
screening assay. Thap$hapsigargin, Folcr,, activation, the TMRE positive events in ci
untreated was considered as 1 fold and the rest eaculatedA. Entire screening data of sm
molecules tested. The foldw, activation of compound C104 and C108 and 2.4c @svehas

graphical chart (Jimmidst al. 2014.
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Figure 2.5: Structure of compounds 2.3c, 2.4c, C104 and Ci®8l@own as graphical images. —
OMEM: methoxy ethoxy methyl group, red color regiaentral ring structure of which two
variation are present closed ring and open ridge bolor region- benzofuran core, other groups
on the right corner is a benzene ring with or with®O, (C104)., the amino acid moiety

attached to red region.

2.4.3 Dose response curve of compound 2.4c

In the next step we determined the dose dependspbnse of 2.4c in preventing thapsigargin
induced depolarization of mitochondrial membranteptal (fold ¥, activation). The folde, in
only thapsigargin treated cells is considered &sld activity. The assay response values were
taken as Y-axis and log Dose of compound used akentas X-axis, which generated a typical
sigmoidal curve as plotted in Graph Pad Prism saoivFigure 2.4B) The EGp which is the

half maximal effective concentration was determiteetie 9.04uM.
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Figure 2.6: Dose response curve of compound 2.4c, determipededlinear regression analysis
in Graph pad prism version 540, Flow cytometer data depicted as graphical ghiapared in
Weasel softwareB., Dose response curve showed that thegECbe 9.084uM. (Govardhan KS

and Prasenjit Mitra 2014).

2.4.4 Prevention of cytochrome c release

The release of cytochrome ¢ from mitochondria ssléent feature of mitochondrial permeability
transition. Thapsigargin treatment is known to ragglicytochrome c release and promotes cell
death. In my present study | assessed whether aomdp®.4c could prevent the cytochrome ¢
release from pancreatic beta cell mitochondriath&d-igure 2.7 reveals, in control cells there is
a complete overlap of cytochrome c staining wititdvliracker Red indicating its presence in
mitochondria. Treatment with Thapsigargin for 1&uses a marked loss of Mito-Tracker Red
staining and a concomitant release of cytochrorteethe cytoplasniFigure 2.7, Second row)

which is totally prevented on treatment with compad@.4c(Figure 2.7, Third row).
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cytochrome ¢ mitotracker DAPI overlay inset

O~ A
|

Figure 2.7: Compound 2.4c prevents Thapsigargin induced reledscytochrome c from

control

Thapsigargin (3uM)

Thapsigargin +2.4c

pancreatic beta cell mitochondria. Mitotracker Rel) stains the mitochondria and cytochrome
C is immune stained with Cy2 anti -rabbit antibddyeen) Nucleus is visualized with DAPI
staining (blue) Yellow dots in overlay shows theegwnce of cytochrome c in mitochondria.

(Govardhan KS and Prasenjit Mitra 2014)

2.4.5 Cell viability assay

The cells were treated with Thapsigargin (3uM), GCQA0uM), Tunicamycin (10uM) and
Staurosporine (10 uM) in presence and absencengpaond 2.4c (10 uM¥igure 2.8 explains
the efficacy of the compound 2.4c in preventing ¢e# death as measured by MTT assay. As
the data reveals, 2.4c prevents thapsigargin irtdeed death but has no effect on antimycin
(inhibitor of electron transport chain), staurosper (ATP-competitive kinase inhibitor) or

tunicamycin (N-linked glycosylation blocker) induteeduction of cell viability. The dose



dependency of amelioration of Thapsigargin inducelll death is shown ifrigure 2.8. The

experiment was carried out in serum free mediunml8r. As shown in the figure, Thapsigargin
treatment at the concentration of 5uM causes 5835%4 cell death which is reduced to
46.81+4.31% on treatment with 5uM 2.4c, 34.05 £1%7n treatment with 10uM 2.4c and

30.92 + 2.42 % on treatment with 25 uM 2.4c
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Figure 2.8: Cell viability assay as determined by MTT. A. %l ceability on treatment with
different inhibitors in presence and absence oft Zliaps: Thapsigargin; Anti: Antimycin;
Tunica: Tunicamycin; Stau: Staurosporine B. Dos@edeéent effect of 2.4c in rescuing

Thapsigargin induced cell death in Brin-BD11 cétt¢ p value<0.0001).

2.5 Discussion:

There is a growing interest in evaluating small @ésales having 3D-dimensional architectures to
study complex protein- protein interactions. Thewld either have multiple rings or could also
have the macrocyclic architectures. The exploratbrithe latter is gaining momentum since
macrocycles can potentially make more extensivaaobrwith the protein target (Villar et al.
2014). More importantly, macrocycles are conforovaily constrained, although not rigid,
which allows them to have sufficient flexibility efficiently interact with the binding site of the
proteins keeping the internal entropy penalty tmiaimum which is associated with a change
from unbound to a bound state of the ligand (Matim and Collins 2012). The data | presented
in this chapter shows that while the small moleq@elc ) with its macrocyclic architecture
possess the efficacy in inhibiting the thapsigargduced depolarization &m and cytochrome

c release , its acyclic precursor 2.3c do not skaw activity emphasizing the role of
macrocyclic architecture in regulating mPT. Theaimolecule 2.4c does not have any effect
on Thapsigargin induced modulation of cytosolicitah indicating that the compound does not

have any direct effect on SERCA pump (data not show

The small molecules evaluated in this study haveratgclic rings incorporated to benzofuran

scaffold. Benzofuran based small molecule amiodaributyl-3-benzofuranyl 4-[2-(diethyl
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amino)-ethoxy]-3, 5-diiodophenyl-ketone hydrochli@), a class Il anti angina drug, has been
previously reported to prevent mPT at lower conegiuns in cardiomyocytes as well as during
ischemia and reperfusion in Langendorff-perfusedearts (Varbiro et al. 2003). However, the
drug is metabolized in liver and its metaboliteatbgl-amiodarone (the absence of the ethyl side
chain from the amino group), unlike amiodarone dowdt prevent mPT (Hellebrand and Varbiro
2010). In addition, the use of amiodarone is sdydmited due to its side effects including
pulmonary fibrosis (Martin 2nd and Rosenow 3rdB&)9 thyroid abnormalities liver, and
pancreas fibrosis (Amico et al. 1984; Martin andwdad 1985). In MTT assay, amiodarone
shows significant cytotoxicity in PANC-1 cells andrdiomyocytes (Varbiro et al. 2003); on the
contrary, we did not notice any toxicity of 2.4cdardiomyocytes and cultured pancreatic beta
cells. Moreover, compound 2.4c prevents thapsigaimgluced cell death; it has no effect on
staurosporine, antimycin or tunicamycin induceeratation of cell viability which indicates at
its precise mechanism of action.

In summary, the work describes the first reporth& involvement of macrocycle based small
molecule 2.4c in regulating the thapsigargin iretldepolarization of mitochondrial membrane
potential and the release of cytochrome ¢ whichtlagesalient features of mPT. The interaction
of compound 2.4c with components of mitochondriatnpeability transition pore has been

evaluated in the Chapter 11l & Chapter IV.
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Chapter 3: Molecular modeling of interaction

of compound 2.4c with Cyclophilin D/PPIF
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3.1 Abstract:

The computational modeling of protein with smalllesules and their study based on known x-
ray crystallographic data defines the charactesstf interaction, the binding pockets, and the
active site and is also a widely used techniquerfailico drug discovery analysis. The protein
human PPIF (Cyclophilin D) is a mitochondrial cymhalin of 207 amino acids in length, it has 3
helices, 12 parallel beta sheets and 5 turns.nifibito cyclosporin A (CsA) and the bound
complex hinders mPTP opening. However CsA has satwerse physiological effects and as a
consequence there is an unmet medical need fadiscevery of small molecules which could
hinder the mitochondrial permeability transitiorhelscreening platform | developed (detailed in
Chapter 2) identified the compound 2.4c as a “lotenule” that inhibits thapsigargin-mediated
depolarization of mitochondrial membrane poterdiad prevents cytochrome c release, both the
criteria being the functional hall mark of mPTP ojpg. Genetic scrutiny as well as randomized
clinical trials identified Cyclophilin D as the relgtor of mPTP which encouraged us to carry
out in silico analysis of the interaction betweeyp® and compound 2.4c. Based on known X-
ray crystallographic structures of Cyp D/PPIF bouwdsome ligands, we explored how
compound 2.4c might interact with the protein. Twiss dock based preliminary docking
analysis showed that compound 2.4c binds to thedpyubbic region near the active site, while
the non-active analog compound 2.3c showing lowfitnless values did not show binding to the
active site of the protein. To further validate study, we did molecular docking in Schrédinger
Maestro platform which revealed that CyclophilinPBPAF unlike the compound 2.3c interacts
very well with compound 2.4c and forms several bgén bonds as well as hydrophobic
interactions with the compound. The compound 2s4conformationally constrained and hence

have minimized internal entropy while being conedrfrom unbound to bound state. On the
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other hand, the compound 2.3c is flexible with usefd ring and hence prone to excessive
entropic penalty during its interaction with Cydtalpn D/PPIE Our in silico analysis described
in this chapter provides an insight into probabl@euular interaction between compound 2.4c

and Cyclophilin D/ PPIF

3.2 Introduction:

Cyclophilin family of proteins (PPlases) were digeed and named after their property of
binding to Cyclosporin A (CsA). The human genomdesfor 17 cyclophilins and they share a
common domain called cyclophilin domain which cgtak thecistrans isomerization of
proline (Davis et al. 2010)). Some of the membdrxyelophilins have clinical relevance.
Cyclophilin A is known to form a ternary complextiviCsA and inhibit calcineurin, a calcium-
calmodulin-activated serine/threonine-specific protphosphatase. As a consequence, NFAT
mediated IL-2 dependent activation of immune respomgainst the implant is hindered
(Belshaw 1996). Cyclophilin A is also involved irephtitis C (Jyothi KR 2015) and HIV-1
infectivity (Delaco A 2014). Cyclophilin D on theaher hand is present in mitochondria and is
known to regulate mitochondrial permeability traiosi and consequent cell death which has
implications during myocardial reperfusion injutgwong and Molkentin 2015) as well as in
neurodegeneration (Thomas et al. 2012). Among séverember of PPlases family, cyclophilin
A (abundant, cytoplasmic) has been studied extehsto determine its active site. The PPlases
catalytic site comprised of the following aminodgciArg 55, Phe 60, Met 61, GIn 63, Ala 101,
Phe 113, Trp 121, Leu 122 and His 126 numberedcaordance to their presence in CyPA
(Howard et al. 2003; Davis et al. 2010) and they @nserved among CyP A, CyP B and CyP
D. In depth analysis of CyPA active site reveaks pnesence of two deep hydrophobic pockets

named as S1 and S2 pockets; S1 is the site wheliagbinds; S2 site, according to molecular
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modeling studies, confers specificity by bindingotber amino acids of the peptide.S2 pocki
deep and relativgl nonspecific and thus can accommodate long spotér and hydrophobi
side chains. However, the site is guided by a tgatekeeper residues which restrict acces
the pocket. In Cyp A, the gatekeeper residues ceegbrof Thr73, Glu81, Lys 82, Al07, Thr
107, Ser 110 and Glulll which also represent aracttte site to design isofor

specificity.(Davis et al. 2010).

Figure 3.1: Protein PPIF and PPlases modeled molecular staucA, lllustrative diagram o
CyP D/ PPIF with depiction of active site and othertations screened for aiding crystallizat
(Schlatter et al. 20058, Computational mod of cyclophilin a bound to synthetic pepti
showing Pocket S1 and S2 which define the activedsiCyclophilin group of proteii(Davis et
al. 2010) Abbreviations: standard amino acid single ledi®d triple letter code were us

The several mPTP pore complex model and genetickdwoawn studies ptCyp C as undisputed

protein part bthe complex capable of regulating mPT phenomefdd® data | presented
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Chapter 2 clearly reveals that the compound 2.4ggnts the depolarization of mitochondrial
membrane potential and the release of cytochromieich are the salient features of mPTP pore
opening. The observation encouraged us to spedhiatéhe regulation of mPTP by 2.4c might
happen due to its interactions with protein Cyp IR To study the interaction in silico we
performed a preliminary docking study using Swieskdonline docking server and conducted a
detailed docking and simulation study by Maestmnglin collaboration with Mr. Girdhar Deora
and Dr. Ben Ross, University of Queensland, AustyalCurrently, there are 28 structures
coordinates of human PPIF which are available otdtn Data Bank(PDB) of varying resolution
from 0.85 to 2.01 A. Dr. Hennig and coworkers autloCyp D/PPIF structures at resolution of
1.7 A which are unbound to ligand and are therefonéit for molecular docking studies
(Schlatter et al. 2005However the most important outcome of the studyésidentification of
K133l mutant (Lysine at 133 positions is replacgddwleucine) which have similar biochemical
or enzymatic property (Schlatter et al. 2005) tattbf wild type Cyp D/PPIF but could be
crystallized with relative ease. The Kajitani K gpoin 2008 authored the PPIF bound to CsA
protein structure where they used K133l mutant faiPPIF. The reported structure has a
resolution of 0.96 A, revealing additional detatimt contributed immensely in the molecular
understanding of Cyp D-CsA interaction. The struettevealed that half of the CsA residues
were buried in hydrophobic pocket with nitrogen angygen atoms of CsA being engaged in
hydrogen bond formation(Kajitani et al. 2008). Di&uichou and his coworkers deposited PPIF
structures with different ligands bound to the pnot which were basically built upon scaffolds
of quniolines, sulfamoyl benzoic acids, carbaldedsyd indazolamines, aminophenyls,
oxalamines and diaryl ureas. In our in silico as@slywe selected PDB ID: 3R49, protein PPIF

bound to a ligand quinolin-8-amine for the preliamy study using Swiss molecular docking
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server; for detailed molecular docking study weéhaliosen the PDB ID: 2Z6W( Kajitani et.

2008), where PPIF isound to Cs#

3.2.1Cyclosporin A and its interaction with cyclophil

Cyclosporin A (CyPA) is a cyclic undecapeptide isolated firstnirdungi Tolypocladium

inflatum, by Dr. Hans Peter Frey in 1969 which is of -ribosomal in origin(Svarstad, Bugg

and Dhillion 2000) It is widely used to prevent or treat graft ver$wost rejection during orge

transplantation and also used as an immunosupptdesdreatment of rheumatoid arthritis a

psoriasis. The CsA structural studies by NMR anch¥X ciystallography revealed that it mig

have 4 intramolecularnjdrogen bond (three shown in figure), and cis peptide bond betwee

methyl Leucine 9 and 1O hériault et al. 993).
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Figure 3.2: The chemical structure of cyclosporin a as deedritny Dreyfuss(Dreyfuss et al.
1976), MeBmt- (4R)-4-[(E)-2-butenyl]-A-dimethyl-L-threonine, Abu- Le-aminobutyric acid,

Sar- Sarcosine, MeLeiN-methylleucine, MeValN-methylvaline.

CsA can be divided into two domains based on iteraction with cyclophilins, ‘effector
domain’ composed of residues 1, 2, 3, 9, 10 andrélthe actual cyclophilin binding region of
CsA. The other residues 4, 5, 6, 7, and 8 arewhith are exposed to solvent phase and are
deemed to interact with calcineurin (shownHigure 3.2). Supporting this notion we found a
report from Liu et.al(Liu et.al 1991) that Tryptaggh 121 mutation to Phenyl alanine led to low
affinity binding of CsA to CyPA, and Tryptophan 1B&lknown to interact with MeLeu9 of CsA
(J Liu, Chen, and Walsh 1991). Another notable rincation in CsA, where MeVal 11 was
replaced with MeAla 11, showed a decrease in cyiliop binding but enhancement in
immunosuppressive activity. Moreover, binding stsdieport that MeVal 11 interacts and binds
to the hydrophobic pocket and any change of thisetpndo lower hydrophobic amino acids
yields to a lower order of interaction which idleeted in its ability to bind to the cyclophilins

(R M Wenger and Payne 1989; Roland M. Wenger, Paymd Schreier 1986).
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Figure 3.3. lllustrative diagram of CsA interaction witCyp D from Kajitani group, the

hydrophobic interaction between CsA atoms Cyp Dare marked as green circles (without .

letters) and green ellipsoids (with letters) resipety, hydrogen bond interactions

represented as red dash lafiegjitani et al. 200¢.

CsA residue | Cyclophilin A amino acid Type of interaction

number

MeBmt (1) Arg 55, GIn 63, Asn 1( Hydrogen bond ( GIn 6

Abu (2) Gly 72, Thr 73, Ala 101, Asn 102, A| Hydrogenbond (Asi 102,

103, Thr 107 and Gin 1. GIn111)

Sar(3) Gly72, Thr 7: Hydrogen bond (Gly 72,
Thr 73)

MeLeu(9) Phe 60, Trp 1z vander Waals interactic
(Phe 60), Hydrogen bon
(Trp 121)

MelLeu(10) Arg 55, Phe 60, Lys 1: Hydrogen bond (Arg 55)
van der Waals interactic
(Phe 60)

MeLeu(11) Arg 55, Phe 60, Met 61, GIn 63, A| vander Waals interactic
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101, Asn 102, Phe 113, Leu 122, || (Met 61, Phe 113, His 12
126

Table 3.1: Interacting partners of residues from CsA and amaiids from CyP, (Kajitani et al.
2008).

3.2.2Structural aspects of lead compound 2.4c anc

Compound 2.4c was built on benzofuran scaffoldn@orporates some interesting structt
features, a fused 12 member ring and a criticaiygdd amino acid moiety. The 2.4c rela
compoundswith changes in amino acid region and closed anenogpng, showed marke

variations in their biological activit
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Figure 3.4: Chemical structure of Compound 2.4c and 2.3c, sitbcific moieties highlighte

Compared to cyclopsorin a structure, 2.s a small macrocycle and has valine in comi
which is present as N-(dirobenzoyl) valine fused to benzofuran scaff®eplacing the valin
group with Nbenzoylvaline unit (without N, group, compound C104) or leucine (compol

C108) did not alter itsiblogical activity while the acyclic form, compourad3c, does not sho
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any biological activity. The replacement of valiggoup with phenylalanine also reduced the

activity emphasizing the importance of isopropyliebpin conferring the inhibitory activity.

3.2.3 Molecular docking

The structural model of enzyme binding to a substread been referred to as ‘Lock and Key
model’ proposed by Emil Fischer (E. Fischer 1824ter, Daniel Koshland modified the model
by proposing ‘Induced fit model’(Koshland 1958) wé¢he enzymes are flexible structures and
are reshaped in the presence of substrate. Bothmthaels carry similar references how a
polymer like protein recognize other molecules & specifically and carry out catalysis
which is termed as ‘conformational proofreadindieTstudies based on these models became the
basis for understanding of the interaction patteetween protein and small molecules and is
coupled with rapid expansion of available proteinuctures and its atomic co-ordinates
determined by both X-ray crystallography or NMR dxhsnethods which established the field of
molecular modeling (Warren et al. 2006; DesJaridisal. 1988). It involved computational
determination of how a molecule binds to a proteith details involving amino acids interaction
and also the type of bonds or interactions forn&eth studies actually contribute towards the
understanding of how better we could design a nubdethat binds to the protein. In reality,
protein is not rigid and is a polymer of amino a&gigdo the number of probable configuration for
protein is out of reach for computational deterrtiora However, to ease out the study, protein
can be kept rigid or flexible form in computatioqabgrams and their interaction with the ligand
can be determined. This kind of study is termedMwlecular docking’. There are several
traditional algorithms used for molecular dockingassified according to their protein
conformation prediction strategies and genetic rélgms which work basically by calculating

low energy conformation of atomic structures of tpimo, while molecular dynamics based
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algorithm simulates the movement of atoms and iootatof bonds which takes into account all
possible confirmation of protein and is computagibnexpensive. For our study, we have used

Swiss dock online docking server for preliminargkiog and Maestro for detailed study.

Swiss dock is based on EADock evolutionary algamittwhich starts with the initial
input of protein structural co-ordinates as well@s energy structure of ligand and prepares a
population of diverse structures and pulls out aagament system for them based on RMSD
(root mean square deviation) variation between gmostructure before docking and after
docking. EADock utilizes two fitness functions ftite discrimination; they are simple fitness

and full fitness.

SimpleFitness = Eligand intra_ receptor intra,, inter

Where the E stand for internal energy calculatetbaiing to CHARMM program (based on

number of internal bonds, angles and electrossaitcvan der Waals interactions), Ligand intra-
internal energy of ligand, receptor intra-intermadergy of receptor, inter- interaction energy
between ligand and receptor (Grosdidier, Zoete,Miuthielin 2007). Next the fullfitness values

are determined based on RMSD values of all complemethe population; the threshold of

RMSD values to be fixed is deduced by taking theamef most favorable effective energy

(Gerr).

Geff= E ligand |ntra+Ereceptor |ntra+E mter"'AGelec.solv"‘G X SASA

Where AGeecsoiv IS determined from electrostatic and non-polaeriattions of molecules,
SASA- solvent accessible surface akegmpirical atomic solvation parameter which is ddaa
7.2 call(mol R)(Still et al. 1990). In effect, EADock fitness fttion like SimpleFitness are

related to electrostatic and van der Waals intemastwhich get grouped according to their
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scores, which is further refined by FullFitnessueal which are related to the solvent effect and
search region. This fitness value is utilized fanking and reanalyzing the interaction until a

number of user defined cycles are reached.

Maestro docking platform from Schrddinger is a ecdlion of program pertaining to
molecular docking and modeling. It uses Glide paogfor ligand docking, wherein the ligand is
kept flexible and the protein rigid, additionally,the protein has already bound to a known
ligand we can define the region of interest by ¢maged docking. The initial step is generation of
low energy structure of ligand. For this purpose?LS (Optimized Potentials for Liquid
Simulations) force field molecular mechanics progsaare used, which remove the predicted
structures containing abnormal bonds and torsiaieanas well as high energy conformations.
OPLS (developed by William L Jorgensen) is built @rstudy based on reported 25 peptide
residues plus neutral and charged terminal groug&rmolecular potential functions; these
parameters were tested in combination with MontdoO@aechanical simulations of 36 organic
compounds and aqueous solvents of organic ions. $imilar to AMBER (Assisted Model
Building and Energy Refinement) and CHARMM (Chemjistat HARvard Molecular
Mechanics)force field chemistry programs and &eligtuperior in terms of RMSD from crystal
structure of atomic positions (Jorgensen and ThRoes 1988; Jorgensen, Maxwell, and
Tirado-Rives 1996). The several optimized structuaee docked onto refined protein structure
with or without defined grid region and best scgrimteractions are ranked and presented.
Scoring is the important function in docking pragsa Maestro uses GlideScore for examining
the binding affinity and ordering ligand interactiomodels, additional ligand receptor mechanics
interaction energy and ligand strain energy are ated to further refine the ranking pattern. For

example, a predicted hydrogen bond crossing 2.0ilf result in penalty score and for a
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predicted angle crossing the limit of 30° to 1&0also penalized. Glide Score are of two types:
(i) SP- standard precision, (ii) XP- extra preasi®&P — is designed to identify the ligand that
have nominal probability of binding and does nddetanto account of imperfections in ligand
poses, while XP- is designed to put penalty fumgtifor those poses which does not fit into
established biophysical and chemistry principleasThaestro serves as one of the best platform

for extensive molecular modeling and docking stsidie

3.3 Materials and methods:

3.3.1 Computer and software programs

Lenovo desktop with following configurations, Inteéntinum D 2GB RAM, Windows 7 32 bit
operating system with Microsoft office 2007 and Mbps internet connection, Chem Office and
Marvin sketch for drawing ligand structure, Raswvand UCSF Chimera for viewing and
analyzing PDB structures as well as docking resuwiss dock online docking platform
(http://www.swissdock.ch/docking) for academic gsévlaestro docking program (version 9.8)

implemented from Schrédinger molecular modelinges@D14 has been used.

3.3.2 Dataset preparation

The compound 2.4c and 2.3c structures were draw@hemDraw professional and also in
Marwin sketch as 2D diagrams and rendered as 3ixtates with refining by addition of
hydrogen atoms and checking for abnormal bondsaagtes, energy minimized and saved in

Mol2 or SDF format for further analysis.

3.3.3 PDB structural details of Cyp D/PPIF
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All  protein structure and its atomic co-ordinateser&v accessed in PDB bank
(http://www.rcsb.org/pdb), we choose human PPIF/Oyprotein PDB ID: 3R49 for Swiss dock

and 2Z6W for Maestro.

3.3.4 Swissdock server based molecular docking

Swiss dock server allows for uploading PDB fileoof choice or enter and search by PDB code,
the PDB ID 3R49 was entered and searched , thedmgltayed the hit after which the exact
peptide chain A with 166 amino acids was selectedibcking, successful set up and inspection
is confirmed by green tick mark. The compound dstmes were drawn in ChemDraw 3D
software and Marwin sketch and energy minimizedséhfiles were uploaded in mol2 format.
The job name was given and docking was starteer, 2i8hrs the docking results link was active
and available. The docking results were downloatetithe zip file was extracted and analyzed
by UCSF Chimera software (Ver 1.9). On the Filepdnoenu the option open was clicked and
respective docking results folder was selectedpenoa file named target.pdb. The chimeras
opens into protein structure, select all to colat@n white and then select negatively charged
amino acid to color them red and positively chargedino acid to color them blue. For
analyzing and opening ligand binding pose, view kdaption was selected and then
clusters.doc4.pdb was opened, then a new windowshehere dock 4, 5 or 6 option was
selected. The docking ligand in the protein surfigcdisplayed; docking is further analyzed by
checking position of ligand. Along with the struawisplayed another window remained open,
showing the details of cluster rank number, eneg&mpleFitness and FullFitness values. Based
on the fitness values and known interaction stutlieher conclusion about docking could be

drawn.
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3.3.5 Maestro docking platform

We adapted method from Woody Sherman’s report (Baeret al. 2006). The Molecular
modeling simulations of molecules were performemhgidMaestro (version 9.8), implemented
from Schrodinger molecular modeling suite-2014(%®dmger Release 2014-2: Maestro,
Version 9.8, Schrodinger, LLC, New York, NY, 2014.All molecules were sketched in 3D
format using build panel of maestro and energy miméd using OPLS-2005 force field to
produce low-energy conformers. The structural cimatés of peptidyl prolyl cis-trans isomerase
F were taken from protein data bank (PBD) with PBRZ6W (Kajitani et al. 2008). Raw PBD
protein structure was prepared by giving prelimjnaeatment like adding hydrogen, adding
missing residues, refining the loop with prime dinelly minimized by using OPLS-2005 force
field. The grid for docking simulations was genedatvith bound co-crystallized CsA molecule.
Molecules were docked using Glide module in Extrecsion (XP) mode, with up to three
poses saved per molecule. The ligand was kepbiexivhereas, the protein PPIF was kept rigid
throughout the docking studies. The lowest enemyarmations were selected and, the ligand

interactions (H-Bond and Hydrophobic interactiongh target protein were determined.

3.4 Results:

3.4.1 Ligand preparation

Compound 2.4c and control compound 2.3c (witho@ thacrocycle ring) were drawn in
ChemDraw 3D, and energy minimized. We utilized Mi2ce filed for energy minimization

(Allinger 1977), it showed the 3D structure of 2.4s a rigid molecule with less possible
conformations, while 2.3c was flexible with morespible conformations. As shown in the

figure the central core fused 12 member ring retstithe possible rotations of bonds and angles;
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while compound 2.3c presents a more flexible stinectvhere the distance between nitrobenozyl
group and benzofuran is less compared to 2.4c. [¥¢ehave shown in the OPLS force field the

chemistry determined structures of compound 2.48x, @and CsA.

NO,
MEMO
0]
I"I//OH
HN
Of/
N
0
NO,

Figure 3.5: Energy minimized structures of compound 2.4c aadpound 2.3c generated by
MM2 program in ChemDraw 3D.
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Figure 3.6: Energy minimized structures of Compound 2.3c, 24d CsA generated by OP-
2005 force field.

3.4.2Swiss dock results analyzed by UCSF chimera (V.8)

Chimera analysis of Swiss molecular docking resshtswved that, compound 2.4c binds neat
active site of human Cyp/BPIF enzyme. The active site comprised of catalitiginine anc
possesses two deep hydrophobic pockets S1 and &seasbed by Dav et.al (2010). On th
other hand, the compound 2.3c binds at the otlggomdar from the active site. Protein PPIF
rigid protein showingvery few structural changes upon binding with sotveolecules like
DMSO and PEG40(Davis et al. 201(. Hence, we believe that PPIF and small moleculc]:

interaction and binding are more less like Lock and Key model of Daniel Koshman.c8i
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2.4c shows to be binding to active site and 2.3zsdwmt, we speculate a correlation might exist

between their biological activities which can b@lexed by structural interaction study.

Energy: 55.3545
SimpleFitness: 55.3545
FullFitness: -674.75934
deltaG: -7.1456785
Cluster: 0

ClusterRank: 0

Energy: 32.6383
SimpleFitness: 32.6383
FullFitness: -690.07056
deltaG: -8.587084
Cluster: 0

ClusterRank: 0

Figure 3.7: Snapshot images of results of molecular dockinGWwiss dock as analyzed by

Chimera 1.9 software.

3.4.3 Maestro docking platform

The maestro platform allowed us to achieve a moetiled analysis of protein—ligand

interaction. Compound 2.4c has several oxygen atrdgen atoms at key positions which
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increase the chance of having a hydrogen bondaictien. The carbonyl group of the compound
between macrocycle and the phenyl ring establish@&ogen bonding with catalytic Arginine
of PPIF, the valine of compound 2.4c sets up hyldobp interactions with Phell3, Alal01,
Leul22 at the S1 hydrophobic pocket of the actitee\ghile —-OMEM remained well occupied
in a unique pocket in the active site of the protgith its terminal oxygen making 4 hydrogen

bonds with Gly109, Ser110 and GIn111 are showrbDinn2eractive maggFigure 3.9D).

E &~
.

i ‘ &

o

Figure 3.8: Snapshot images of docking pattern observed insMaedocking analysis of

i

compound 2.3c/2.4c with PPIF protein.

In our study we compared the CsA and 2.4c intesads well. 2.4C like CsA reveals hydrogen
bonding with catalytic Arg55 and hydrophobic intgrans with Phe 60, His126 and Leu 122.
However, the interaction of -OMEM group with GIn113%er110 and Gly 109 could not be
extrapolated to CsA which highlight the novel hpbts of interaction between Cyp D and

compound 2.4c.
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Figure 3.9: Snapshot of docking analysis as performed by Magsh;, docking picture
highlighting the hydrogen bond involved on theondary structure of protein PPIF, 2.4c
shown with full molecular surface graphics, B, Malir surface depiction of both protein &
ligand of the docking model, C, 3D interactive msipowing amino acids their structu
positions while highlighting # bonds involved, D, 2D interactive map showindedént type o

interactions of 2.4c with the amino acids of thetein under stud

3.5 Discussion:

The molecular docking technique we employed in swudy enabled us to understand
interactions beteen compound 2.4c and cyclophilin D/PPIF. The PBItructurally rigid
protein which sans the mitochondrial signal peptsdef 160 amino acids in length. The rigid
of the protein PPIF was determined by reports afaX crystal structures of PPIF cplexed

with tetra peptide substrate and PPIF complexeld @gA; these features put molecular dock
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and modeling studies to a great advantage. Therkglution structure of PPIF bound to ligand
was available in PDB bank, for preliminary study setected human PPIF PDB ID 3R49 which
was bound to ligand quinoline-8-amine. As showikigure 3.7, the compound 2.4c docks near
the active site and also shows low Full Fitnesses¢e74.75) than the 2.3c docking on PPIF.
The 2.3c docks to an altogether different regiod also does not show consistency in several
clustered docking poses and gives high Full Fitsesse (-690.07) compared to 2.4c. Nearly, 28
different clusters of docking pose were formed asec of 2.4c, majority of them were showing
high tendency to dock around S1 and S2 pocketseoattive site. Swiss dock relays on global
docking, hence we find best possible outcome pbe#sin case of 2.4c and 2.3c. We noted a
drawback of our docking posed of 2.4c with PPIF mghleydrophobic valine was exposed to
solvent environment which could not be the casee@l space due to the proximity of regional
S1 and S2 hydrophobic pockets. Nevertheless, 21d@&c docking by Swiss dock could help
us to understand and explain their respective gio#b activity, which is exactly reflected again
in terms of its molecular docking with protein PPIFo understand in depth the nature of

interaction we carried out detailed in silico arsédyusing Maestro docking platform.

Compound 2.4c has a fused ring structure whichtcains the possible rotations of important
groups and in turn makes it more rigid compared.8z. The other compound is CsA which is a
cyclic peptide and has a similar locked configunatiike 2.4c due to the closure of the peptide
chain. Another structural similarity we found wae tpresence of valine amino acid in both the
compounds. So we speculated that 2.4c and CsA nbigick to similar site in a predictable

manner. Docking studies by Maestro’s glide prograatidated our speculation. The compound
2.4c was found to have good interactions comparezl3c, the valine was found buried in the

deep pocket and —OMEM moiety revealed Hydrogen bondractions with some novel
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hotspots. As revealed in the 2D interactive mam5Arforms a hydrogen bond with oxygen
atom near the benzoyl nitro group, similarly werfduhree other amino acids having propensity
to from hydrogen bonds. The 3D interactive maphirtstates the positioning of atoms and
shows bond formation. This molecular docking st@utgher strengthens our understanding of
interactions between compound 2.4c and PPIF. Tgie flexibility of 2.3c does not support this
kind of interaction, though we observe it's bindingar to the deep pocket of active site. The
molecular docking of 2.4c with Cyp D /PPIF show®rmpising in silico interaction which
encouraged us to carry out further explorationsiathemical and cell based assays (described

in Chapter 4).
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Chapter 4. Compound 2.4c mediated
Inhibition of mitochondrial permeability
transition (mPT) in cardiomyocytes. a

mechanism based evaluation
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4.1 Abstract:

The pathological opening of mitochondrial permagpiltransition pore (MmMPTP) causes
mitochondrial dysfunction and necrotic cell deallhis has special implication in case of
cardiomyocytes as increasing body of evidence atdg at the role of mPTP in mediating
cardiac dysfunction and cell death. My present wddscribes the discovery of a novel
benzofuran-based macrocycle compound 2.4c thaepts\the depolarization of mitochondrial
membrane potential and the cytochrome c releaserided in Chapter 2) which are the salient
features of mPTP opening. To understand the mestmarwe carried out an in silico analysis
(described in Chapter 3) which predicted the irtiéoa of compound 2.4c with the active site
pocket of cyclophilin D (Cyp D), the molecule whibhs been reported to be the regulator of the
pore. In the present chapter, we evaluated thenpakeof compound 2.4c in inhibiting the
peptidyl prolyl cis-trans isomerase activityp(f activity) of Cyp D. The data reveals that like
cyclosporin A the compound 2.4c also inhibits Byaf activity of Cyp D. More importantly, in
cultured cardiomyocytes, the compound 2.4c, likelagporin A, preserves mitochondrial
integrity and inhibits the cytochrome C releasemrthapsigargin treated mitochondria at a

comparable efficacy indicating at its role in inkifg the phenomenon of mPT.
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4.2 |ntroduction:

CsA binds to cyclophilin family of proteins whosmding inhibits the enzymatic activity of the
protein. Earlier CsA was known as immunosuppressigent used in treating graft rejection
cases. The mechanism of action of CsA was founbetinvolved with calcineurin; the CsA-
cyclophilin complex binds to calcineurin and blodissactivity that eventually leads to inhibition
of expression key immuno-modulating factors. CsAsvedso found to inhibit that calcium
induced mPT phenomenon, and also that it had pateedl protective effect during reperfusion
injury treatment segment of myocardial infarcti@ses, but immune-modulator function of CsA
was not necessary for this action. There have beeeral reports where CsA has been used to
treat myocardial infarction both in animal modets well humans (D. J. Hausenloy, Boston-
Griffiths, and Yellon 2012; S. Javadov and Karma2007; A P Halestrap, Clarke, and Javadov
2004; Dongworth et al. 2014; Najafi et al. 2014;PCBaines 2007; Duchen et al. 1993; A P
Halestrap 2002; N Mewton et al. 2010; Argaud et2@05). Hence, CsA analogs which were
non-immunosuppressive gained lot of importancegtlage two such molecular as mentioned in
Table 1.2 chapter 1, they are NIM811 and DEBO025. These nué¢scdo not have strong
interaction with calcineurin protein due to moditfiions of in the region of CsA peptide which is
exposed after binding to cyclophilins ( refer clea®). These studies of molecular and structural
interaction between CsA and cyclophilins has beeil @stablished by X ray crystallographic
and solution NMR biophysical experiments (Zuriniatt 1990; Thériault et al. 1993; Mikol,
Kallen, and Walkinshaw 1994; Kallen et al. 2005; é€eal. 1994; Schlatter et al. 2005; Kajitani
et al. 2008), based on this study many differenfemdes could be designed which bind
specifically to Cyp D and have no interaction wetdicineurin (Guichou et al. 2006). The current

studies also involve fragment based designing deoute that bind to cyclophilins specifically
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(Fu et al. 2014; Valasani et al. 2014; Sweeney,afd, Wiedmann 2014) and inhibit its enzyme

activity.

In our study, we found out that compound 2.4c dimckhe active site of CypD protein
much similar to how CsA binds to cyclophilins, wpesulated that this might lead to the
inhibition of enzyme activity of Cyp D. Hence wergad out a study from recombinant His
tagged rat cyclophilin D/PPIF to ascertain whett@mpound 2.4c inhibits its enzyme activity.
The assay was initially developed by Fischeal in 1984 who synthesized tetra peptides with 4-
nitroanilide group as chromogenic substrate fomedion of chymotrypsin enzyme activity.
When proline was present at second position, chyypsin cleaves only trans-proline isomer
containing peptide which serves as the basis BRHEyme activity analysis (G. Fischer et al.

1984).
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Figure 4.1: lllustrative diagram of enzymatic estimation of gCyD/ppif activity. TFE-
Trifluoroethanol, Ala- Alanine, Pro-Proline, Phedrlyl alanine, pNA- para nitroanilide, nm-

nanometer.

The synthetic substrate where proline is presenthiatl position has high conformational
selectivity for chymotrypsin against trypsin; thgdholysis of terminal p-nitroaniline (pNA)
bond occurs preferably in trans X-pro conformati@ Fischer et al. 1984). Kofroat.al
coupled the proline isomer specific cleavage ofstnalbe chymotrypsin for estimation of activity
of peptidyl prolyl Cis-Transisomerases (PPlases). The enzyme activity estmatas limited
due to kinetic complexity of assay and physicalpgrties of substrates and products (pNA). In
water based solutions, the proline exists as t@and 90%trans isomer, which lead to high
signal to noise ratio for estimation of PPlase\atgti The substrate concentration could also be
not increased due to limited solubility of pNA. Tater limitations which was encountered was
that in order to determine velocities reaching Miels constant, the enzyme must be saturated
with excess substrate, which was not possible dypN#A solubility. To circumvent these issues,
Kofron e.t al, formulated a unique method, wherein substrafgepared in an organic solvent
with high salt concentration, here the cis isonmroentration was found to be increased to more
than 50%. The chymotrypsin concentration was keighest levels so that noise ratio due to
trans- peptide cleavage could be lowered ddwRIF concentration was kept as low as possible
to estimate its velocity and the entire assay edrdat 0° degree celcius so tiRRIF activity
could estimated favorably in time. Using this pite Kofron estimated Km (of cis substrate) of
tetra peptide for human Cyp BRPIF to be ~ 870uM, which was found to be confirmed bR

based assays of enzyme activity (Kofron et al. 19Rhowski et al. 1997). Cyclophilin D
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catalyzedcis-transisomerisation is reversible; however, till datesre are no method devised to

estimateransto cisisomerase enzyme activity of PPlases.

Our first screening study was performed in partardzeta cells, but we found out that
Cyp D inhibition has more direct correlation withrdiac muscle cells death due sudden change
of ions and oxygen concentrations levels which lkappduring treatment of Myocardial
infarction while reperfusing the clogged blood \e#sqD. J. Hausenloy, Boston-Griffiths, and
Yellon 2012). Therefore we wanted to check whettiee compound 2.4c has similar
mitochondrial protective effect in cardiac muschldl Cellular death both by necrosis and
apoptosis has been estimated by cytochrome c leddtected by flowcytometer,
immunoflouresence, western blot and ELISA (Nanic®a,, and Pasinelli 2011). Cytochrome ¢
is a protein which is present in mitochondrial meame space, and released upon increase in
porosity or damage to membranes, which happen dwelt death or injury (Tait and Green
2010). Anti apoptotic protein Bcl2 and pro apoptgirotein Bax have also been associated with
mPT induced cell death and cytochrome c has seaged valuable marker in these studies
(Zzhang and Armstrong 2007; Chen et al. 2015). Nbe#rss, mitochondrial permeability
transition pore (MPTP) acts as a critical deterteinaf cellular viability and regulates
cytochrome c release (Zhang et al. 2008). The opemif the pore causes swelling of
mitochondria, uncouples the mitochondrial oxidatiy@osphorylation and release the
apoptogenic material which results in cell deathriby myocardial infarction and reperfusion
sequence, mPTP has been found to open only dwejreyfusion when mitochondrial Gaand
inorganic phosphate ions concentration is highthedrganelle is under oxidative stress and in
ATP depleted state (Ovize 2006). Suppression of dpening of mPTP at the onset of

reperfusion thus offers an attractive clinical pexive for cardio protection.
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Mitochondria are structurally dynamic in naturbey tend to undergo swelling and
rupture and have characteristic interconnectecttstre. They are stained by several dyes and
visualized under microscope; we have utilized Mieker red dye for staining mitochondria.
Thapsigargin is known to induce swelling and ruptof mitochondria when cells are treated for
longer durations (Zhang and Armstrong 2007) ansd &lso known induce mPT at micro molar
concentrations (Korge and Weiss 1999). We soughk&mine whether compound 2.4c protects
mitochondrial structurally and prevents cytochromeelease as compared to CsA which has
been reported to preserve mitochondrial integrigiaiast mPT inducing agents (Zhang and

Armstrong 2007; Cho et al. 2010; Quintanilla e2&l13).

4.3 Materials & Methods:

4.3.1 Materials

DMEM (Dulbecco's Modified Eagle's medium), FBS @eBovine Serum), Penicillin-
Streptomycin, Trypsin , MitoTracker Red ,Alexa Rlu488 goat anti-mouse 1gG and DAPI were
purchased from Life technologies; Thapsigargin, idamycin, a-Chymotrypsin, Succinyl Ala-
Ala-Pro-Phe-pNA, Urea, HEPES, Trifluoroethanol, @&armaldehyde, Lithium Chloride,
Cyclosporin A were purchased from Sigma-Aldrichyeslips and glass slides, Culture dishes
from Corning Life sciences, H9c2 cardiomyocytes walstained from ATCC, Mouse

monoclonal anti-cytochrome ¢ (SC-13156) was puretidom Santa Cruz Biotechnology.

4.3.2 Cell culture

H9c2 cells were grown on cover slips or in 60mmiwrel dishes in complete media (DMEM
with 10% FBS and standard antibiotics) at 37°C % &0,. After the cells reached 60%
confluency, they were treated with thapsigarginhwot without compound 2.4c or CsA. The
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cells treated with 0.1% DMSO served as vehicle robntFinal DMSO concentration is
maintained at 0.1% in assay media. After respedtigatment, cells were either stained and

mounted on glass slides or harvested for flow cytibim analysis.

4.3.3 Rat PPIF cloning and Protein expression

Total RNA was isolated from rat L6 myocytes by gsifrizol reagent following manufacturer’s
protocol. The First strand cDNA was synthesizedanfn@at total RNA by Superscript [I cDNA
synthesis kit, by utilizing random hexamers as prsmand following kit manual. The first strand
cDNA was used as template for amplification of optlilin D (Ppif) by using the following
primers Forward (5 to 3') - CGCGGATCCATGCTAGCTCT@&CTGCGG with BamHI
restriction site, Reverse (5’ to 3') - CCCAAGCTTAGCAACTGGCCACAGTC with Hindlll
restriction site. Around 500ng of pET 28a vectosvidigested with BamHI and Hindlll for 8h
and heat inactivated at 85°C. The gel purified R@#plicon was added at a molar ratio of 3:1
(insert: vector) and the ligation was performeddulgding T4 DNA quick ligase for 15min at
16°C. The resulting recombinant plasmid was usetransform DH5 alpha E.coli strain to

generate high quantity of recombinant plasmid DNA.

E. ColiBL21 cells were transformed by pET 28a recombimdasmid containing ra®pif insert
and bacterial culture (in LB broth with ampicillBOuG/mL) was grown till O.D. at 600nm
reaches 0.4 and then induced with 1mM IPTG for Afiter induction, 2ml culture was spun

down and analysed in SDS PAGE to confirm protejoression.

4.3.4 Rat PPIF protein purification

PPIF protein was expressed i coli BL21 cells, in 1L LB broth medium with 0.1mg/ml
Ampicillin; the medium was incubated at 37°C tillDOreaches 0.4 after which 1.5mM
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isopropyp-D-1 -thiogalactopyranoside (IPTG) was added anotreer 8hrs of incubation was
carried out. After incubation, 50ml culture contamthe cells was pelleted by spinning at 3000
rom for 10 min and supernatant was discarded. Eletpvas resuspended in 1X Phosphate
Buffered Saline (137 mM Sodium chloride; 2.7 mM d&&sium chloride; 8.1 mM Disodium
hydrogen phosphate pH 7.4), centrifuged twice teeheell pellets free of debris. We adapted
method of protein purification with little modifidan of two step denaturing and refolding
method described in (Z. Yang et al. 2011) .Cellgtelwere then resuspended in10 ml of 8M
Urea denaturing buffer containing 50mM Tris pH &abd 150mM NaCl; the solution was
sonicated 5 times at 45 kHz for 30 seconds withOaeéond pause in ice between each
sonication. After sonication, the mixture was céngred for 30min at 10000 rpm, supernatant
was discarded and the resulting pellet was agasnspended in fresh 8M Urea denaturing
buffer. The resultant crude protein extract wasliagpn Ni-NTA column equilibrated with 8M
Urea denaturing buffer and the flow through wadeodéd by gravity and stored in ice. The
column was washed twice with 8M Urea denaturingdsudind then washed 4 times with 10ml
8M Urea denaturing washing buffer containing 10mmiridazole and the flow through was

collected and stored.

The column was subjected to step gradient renauaratsing 4 buffer systems each being
applied twice consecutively. All the buffers comt&0mM Tris-Cl pH 7.5, 150mM NaCl, 10%
Glycerol, 10mMB-mercaptoethanol, with a gradual decrease of Uoementration from 5M
(Buffer A) , 3M (Buffer B), 1M (Buffer C) and lastlwith no Urea (Buffer D). Finally, the His
tagged protein CypD was eluted in Buffer D contajn500mM Imidazole and the eluted
protein was dialyzed against 1X PBS at 4°C ovetnigith four buffer changes of 1000ml

volume. The protein was then concentrated in Gamriwith a cut-off of 10kD. The
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concentrated protein was estimated by Bradfordemtagnd stored in -80°C freezer for further

use.

4.3.5 Cyclophilin D(PPIF) enzyme assay

The enzyme assay was carried out following the owktbf (Kofron et al., 1991) with
modifications using synthetic substrate Succinyd-Ala-Pro-Phe pNA (s7388) and the purified
Cyclophilin D Ppif) protein prepared in our laboratory. Tdrvehymotrypsin mediated para-nitro
aniline (pNA) release was the read out in this expent. The principle of the assay is based on
the fact that chymotrypsin specifically cleavestmipwith trans-proline but not with cis-proline.
The ratio of cis-proline to trans-proline in Sugdi\-A-P-F pNA (s7388) varies in different
solvents: while it is 90%rans proline: 10%cis proline in distilled water, the ratio shifts to%0
trans proline: 50% cis proline in Trifluoroethanol (TFEPntaining Lithium chloride. The 50%
trans proline peptide is readily cleaved laychymotrypsin while remaining 50% cis proline
peptide remains un-cleaved. When the syntheticteaibscleavage was carried out in TFE in the
presence of CypD, it catalyzed the conversiolCstproline to Transproline, thus isomerized
peptide is further cleaved by-chymotrypsin and the increase in paranitroaniliekease is
considered as a read out to estimate CypD (PPIB)nes activity. The principle of the assay is

explained inFigure 4.1.

The a-chymotrypsin was dissolved in double distilled evaat a concentration of 30mg/ml, and
100mM succinyl Ala-Ala-Pro-Phe pNA substrate waspared and stored in TFE with 470mM
Lithium chloride. For enzymatic inhibition assa@sA and Compound 2.4c was incubated with
PPIF at 10uM CsA concentration for 1hour in iceopto the addition of substrate. The enzyme
assay was carried in 1ml of 50mM HEPES buffer pB &ith 100mM NaCl; 10uL ofu-

chymotrypsin and 100nM of Cyp D (PPIF) were predimated in ice for 10mins. The reaction
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was initiated by addition of substrate at 100puMasariration, and the increase of absorbance at

410nm was monitored for 240 s.

4.3.6 Cytochrome c release analysis

A guantitative Cytochrome c release assay wasechout through flowcytometry following the
method of Waterhouse and Trapani (cell death affdrentiation 2003)A stock solution of
digitonin was prepared just before each experirbgrtissolving digitonin in phosphate buffered
saline (PBS), by heating in a boiling water bathfarm a 20 mg/ml solution. The stock solution
was diluted with 200 mM KCI in PBS (the NaCl contration of the PBS was decreased so that
the PBS/KCI solution was isotonic) to form 30ugAwdrking solutions, which were placed on
ice. Washed cells (100ul aliquots) were mixed wdigitonin working solution (300ul) and the
suspension was kept on ice for exactly 5min. This eeere then washed and fixed with 200ul of
3.7% formaldehyde for 20 min at room temperaturasived twice with PBS, resuspended in 1
ml blocking buffer (3% bovine serum albumin, 0.05%4ponin in PBS) for 1 hrs at room
temperature and centrifuged. Mouse monoclonal @ttiechrome ¢ was added to the cell pellet
and the cells were left at 4°C overnight. Cells evetashed once with blocking buffer and the
cell pellet was incubated with secondary Alexa Fl®3 goat anti-mouse IgG for 1 hrs at room
temperature. Cells were then washed, resuspend&B& and then acquired on BD FACS

calibur, followed by analysis using Cell Quest Boftware.

4.3.7 Assessment of mitochondrial integrity

H9c2 cells were grown cover slip in DMEM media sleppented with 10% FBS and standard
antibiotics at 37°C in 5% CGOAt 60% confluency, the cells were treated witapigargin with

or without compound 2.4c or CsA while treatmentwdt1% DMSO served as vehicle control.
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In the next stg, cells were stained with 100nM MitoTracker red 1®min and fixed with 39
paraformaldehyde for 5min following whi they were washed with PBS twice and the cc
slips were mounted with antifade containing DAPEllGlar images were acquired in Ze

confocal microscope.
4.4 Results:

4.4.1 Cloning of ra€yp D in pET 28 a vect

Rat cyclophilin D was amplified by PCR with the dgeed primers having specific restricti
sites. The amplified product was digested with Hihdand BamHI and the pET 28a ctor
mediprep sample was digested with the same enzZ{heeadmixture was subject to ligation
T4 DNA ligase and resulting mixture was used foctbaal transformation. ThFigure 4.2
shows the restriction enzyme digested plasmidatiedlfrom transformed colonies, two color

came up positive for the insert DNA fragment whiatre later confirmed by DNA sequenci

Figure 4.2: Agarose gel picture showing the two colonies whaame to be positive fo
presence of insert Cyclophilin D in pET28a vectBositive colonies were inoculated -
miniprep and resulting DNA is digested with samstnietion enzymes and checked for ins
pop out. The positive colonies C5 (lane6) and @ne8) were sentand confirme by DNA

sequencing.
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4.4.2 Rat Cyp protein expression and purificat

Rat Cyp DPPIF was expressed [E coliBL21 cells and induced for expression with 1mM IP
for 8hrs at 37°C, the expression was found to bg atathese contions. The crude extra
obtained from sonication was used for testing gty expression by SDS page (data
shown). After initial confirmation the crude wasnt@&uged and the inclusion bodies stuck

tube was redissolved in 8M urea denaturirlution.

Figure 4.3: Purification of HisTagged Cyclophilin D. Lane 1: Protein ladder; LaheFlow

through; Lane 4, 5, 6: Imidazole elution; Lane [tuced Cell Lysat

4.4.3Assessment of enzyme acti

Peptidyl prolyl cistrans isomerasePpif) activity of purified cyclophilin D was measurea &
coupled enzyme assay using synthetic substratenglidda-Ala-ProPhe pNA Ppif activity is

measured as increase of chymotrypsin mediateddaeetiactivity on addition of Cyp D over t
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basal valudFigure 4.4). As theFigure revealscompound 2.4c, at 10uM concentratishowed
a significant reduction oPpif activity in enzyme assay, however unlike CsA commub@.4 c

does not show significant reductionPpif activity in 1uM and 0.1 pNhhibitor concentratiol

o
E =8
1

A OD at 410nm
o
e

Figure 4.4: Coupled enzyme assay to determine inhibitioiCyp D (Ppif) enzyme activity by

CsA and compound 2.4c; (*p<0.05; **p<0.01; ns: -significant)

4.4.4Prevention of cytochrome c release in cardiomy®

In the next step, we compared the activity of Cs@l @ompound 2.4c in the regulation
cytochrome c release in H9c2 cardiomyocytes. This aeere treated with 3.0 uM thapsigar
for 36 h in the presence and absence of CsA or oangp2.4c and the cythrome c release wi

analysedhrough flowcytometry(Figure 4.5). As the data reveals, both CsA (1) and compou
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decrease the cytochrome c release by 47.41% a@8%fespeively in H9c2 cardiomyocyte

which is in concert to our in vitro enzyme inhibiti studies
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Figure 4.5: The effect of CsA and compound 2 on thapsigemediated cytochrome c relee

from H9c2 cardiomyocytes. Thapsigargin (3.0 uM) ratt cytochrome c release is conside

as 100%.

4.4.5Preservation of mitochondrial inteqgt

Bonora et.alyeported the involvement of ¢ subunit of FO ATPthase in mPT as well as

mitochondrial fragmentation and cell de (Bonora et al. 2013)n the next step of our study \

evaluated whether effect of compound 2.4c and Gafldcpreserve mitochondrial integi in

H9c2 cardiomyocytes which is compromisen thapsigargin treatmenfiQure 4.6). As the data

reveals, thapsigargin at 3uMoncentration induces mitochondrial morphologictieration
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including swelling and fragmentationFigure 4.6 panel B) which is prevented by both
(Figure 4.6 panel G and compound 2.. (Figure 4.6 panelD) further confirming the role of th

compound 2.4c in preservation of mitochondrial dedture

Untreated Thapsigargin

Thapsigargin & CsA Thapsigargin & 2.4c

Figure 4.6: The effect of CsAand compound 2.4c on the preservation of mitochahitegrity
in thapsigargin treated H9c2 cardiomyocytes. Areatted; B: treated wit3.0 uM thapsigargin
for 18 h; C: treated with 3.0 uM thapsigargin 18hin the presence of 10.0 uM CsA; D: tred

with 3.0 uM thapsigargin for 18 in the presence of 10.0 uM Compound 2.4C
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4.5 Discussion:

Mitochondrial permeability transition (mPT) is a tipalogically relevant process which
precipitates to cell death in response to varidusuti. The phenomenon which is activated by
ischemia/reoxygenation is a leading cause of aogste of cardiomyocytes and thus considered
as an attractive target for cardioprotection. Malar nature of the pore is yet unclear; however
the regulatory role of cyclophilin D in the openiagd closure of mitochondrial permeability
transition pore (MPTP) is established in animal el®as well as in clinical settings (Elrod and
Molkentin 2013). The CsA which inhibits thipif activity was found to be protective to patients
immediately after myocardial infarction (MI) whepmied during the revascularization phase
(Piot 2007) but the compound itself has limitatiahe to its several off targets effects (Wilkins
and Molkentin 2004). The development of new infoibof mPTP is therefore an unmet medical
need in the field of cardioprotection. The benzafuderivative amiodarone and its derivatives
are known to inhibit mPT but the compound showeekesk side effects and the mechanism of

action is unclear (Hellebrand and Varbiro 2010).

The data presented in this chapter clearly revtbalsthe benzofuran based macrocycle identified
in my screening inhibits thePIF activity of Cyp D and prevents the mitochondriak$iimg and
cytochrome c release. The compound unlike anotrenzdfuran based small molecule
amiodarone does not show any effect on the surwvatultured pancreatic beta cells and
cardiomyocytes which indicates at its different threedsm of action. The small molecule 2.4c
may find its application in reducing the periopamtmyocardial injury during cardiopulmonary
bypass (CPB) surgery which remains a challengioglpm in developed as well as developing

countries.
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Macrocyclic drugs represent an emerging class efafbeutics which targets biological spaces
that is inadequately addressed by small chemidatieesn Cyclosporin A (CsA) is the classic
example of such a drug where a cyclically conse@ipeptide with modifications at its backbone
(N-methylation) as well as on selected side ch#inen-natural” amino acids) offers unique
attributes of intracellular targeting that has rahe immunosuppression as well as in the
prevention of myocardial ischemia reperfusion ipjufiRl); CsA’s role in regulating
mitochondrial permeability transition pore (mPT®ell documented in literature. Treatment of
rodent model with CsA prior to coronary artery tiga had been reported to reduce reperfusion
induced arrhythmias as well as myocardial necrddie. observation was supported by Griffith
and Halestrap (1993) who reported the ability oAGs protect against sustained myocardial
ischemia reperfusion injury in isolated rat he@he data has clinical implication as CsA when
administered intravenously just before reperfusi@s found to reduce the extent of myocardial

injury in patients with acute ST-elevation myocatdinfarction.

CsA-Cyclophilin Top view

Figure 4.7 : Model of Macrocycle(MC) CsA bindingtenaction with cyclophilin active site,
molecular surface of CsA is color coded based eir timount of contact with protein, white:
<25% buried, gold: 25-50% buried; orange: 50-908&6t *90%burried. (Villar et al. 2014) The

reference bibliography is found in chapter 4.

153



The shortcoming of CsA in cardioprotection is itgeraction with Cyclophilin A which forms a
ternary complex with catalytic subunit of calcineuand inhibits its phosphatase activity. The
macrocycle (MC) of CsA adopts an “edge on “ bindjegmetry in which the MC ring lies face
on to the protein surfac&iQure 4.7) making contact across a large contact area wibistguent
interacting with pockets and clefts in the proteinile the outer edge of the ring being exposed
to the solvent. In case of CsA around 50% of the M@ains solvent exposed and thus have a
chance to interact with calcineurin through Met-&evhich contacts with Tyr-341, Pro-344, and

Trp-352 of Calcineurin A and Leu-123 of CalcineuBn

In case of compound 2.4c the MC is smaller and éeadopts a compact, roughly globular
conformation and bind in a cleft or pronounced depion on the protein. Nearly 70% of the MC
of compound 2.4c is buried while 30% is solventasga which is in stark contrast to that of
CsA. Compound 2.4c like CsA establishes hydrogendimg with catalytic Arg 55 and
hydrophobic interaction with Phe60, Phell3, Hisl28)-122, and its —OMEM moiety
establishes novel interaction with Cyp D througlddogen bonding with Gly109, Ser110 and
GIn111 which is unexploited by CsA. The data intheaat the unique interaction pattern of 2.4c
with Cyp D, however whether compound 2.4c —Cyp Dhplex could inhibit the phosphatase
activity of calcineurin has to be addressed in sspastudies.

The CsA Cyclophilin binding affinity has been stwdiin details by several authors. The
equilibrium dissociation constant of CsA4s) and CypA was estimated to be 23+ 6nM (Wear
et al. 2005). In my present study f&@or restoration of mitochondrial membrane potdntias
found to be in micromolar range. However the waskpresently in progress in our lab to
determine the potency at which the compound 2.4ddcnhibit cytochrome c release, the

experiments are also being carried out to findemitilibrium dissociation constant of compound
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2.4c¢c (Ky2.49 in surface plasmon resonance studies which woeitdal more details on Cyp D-

compound 2.4c interaction.

In summary, the present research work reports ibeodery of a novel small molecule 2.4c
which could inhibit Cyp D inhibition and preventrd@myocytes from mPT induced cell death.
The following Figure (Fig 4.8) describes the pragmbsnechanism of action of 2.4c¢ in regulating

mitochondrial permeability transition.

cytoplasm
Restoring mPTP closure
mPTP closed mPTP open by comp.2.4c
________________ U! S | Wm—
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Fig 4.8: Proposed model of mechanism of actiomoafigound 2.4c¢ in regulating mitochondrial

permeability transition.
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Harnessing Impaired Energy Metabolism in Cancer Cell: Small Molecule- Mediated

Ways to Regulate Tumorigenesis
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Abstract: Altered cellular metabolism is a hallmark of tumorigenesis. Described first in 1924 by Otto Warburg, a cancer cell undergoes
complete metabolic reprogramming to attain nutrient self-sufficiency for proliferation and survival. Interplay between diverse signalling
cascades confers this metabolic advantage. In this review we focus on signalling molecules that regulate this altered metabolic paradigm
in a cancer cell with emphasis on small molecule mediated intervention for attenuation of growth and progression of tumor.
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INTRODUCTION

A living cell must produce energy to remain viable and perform
its genetically programmed function. This energy is stored as ATP
and is released during the hydrolysis of the terminal phosphate
bond. The standard energy of ATP hydrolysis under physiological
conditions is known as AG’ATP and is tightly regulated between -
53 to -60 kJ/mol in all cells [1]. In a normal cell with functional
mitochondria, AG’ATP is derived mostly from oxidative phos-
phorylation; only a fraction of the amount is produced through gly-
colysis in the cytoplasm.

A constant AG’ATP of approximately -56 kJ/ mol is maintained
in quiescent liver or kidney cell as well as in proliferating cancer
cell [2]. However, the major difference in cellular energy metabo-
lism between a normal cell and a cancer cell is in the origin rather
than in the amount of energy generation. Most cancer cells, in con-
trast to their normal counterpart, generate energy through an ineffi-
cient way of aerobic glycolysis even in the presence of abundant
oxygen. First observed by Otto Warburg in 1924, the phenotype is
considered as an essential hall mark of cancer and possibly a causal
event of tumor formation [2, 3].

A cancer cell’s preference for glycolysis over energy- efficient
oxidative phosphorylation has been an enigma right from the day of
Warburg’s observation. Several hypotheses have been put forward
to address the issue, however the phenomenon still remains incom-
pletely understood. In this review we explore the signalling net-
works that drive a tumor cell to shift to aerobic glycolysis thereby
ensuring its progression and survival. We also discuss the differ-
ences in signalling events occurring under normal homeostatic con-
ditions and those in a tumorigenic milieu with an aim to identify
candidates amenable for therapeutic intervention.

A CANCER CELL SURVIVES IN AN ENVIRONMENT OF
GLUCOSE ABUNDANCE

Cancer cells require a high ATP/ADP ratio and a high
ATP/AMP ratio to ensure its proliferation and survival. This is
achieved by overexpression of facultative glucose transporters
(GLUT1-9) which ensures adequate glucose abundance in majority
of cancer cells. Ciampy et al., [4] carried out expression analysis of
GLUT isoforms in thyroid tumor cell lines derived from anaplastic,
papillary, follicular and medullary human thyroid carcinoma as
well as in malignant and benign thyroid tissues. They reported
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overexpression of GLUT1 but not GLUT3 in malignant human
thyroid tumors. A high level of GLUT1 expression has also been
documented in human colorectal adenocarcinoma [5], in primary
squamous cell carcinoma of head and neck [6] and also in renal cell
carcinoma [7] making it a potential target for tumor cell therapy.
Wood et al., [8] reported that N-[4-chloro-3-(trifluoromethyl)
phenyl]-3-oxobutanamide (Fasentin), a small molecule chemical
sensitizer to the death receptor stimuli FAS, interact with a unique
site in the intracellular channel of GLUT1 and sensitize cells to
FAS induced apoptosis.

Similar to GLUT1, Sodium dependent glucose co-transporters
(SGLT) induction has also been exploited by cancer cells to en-
hance glycolysis. Ishikawa et al., [9] studied the expression of
SGLT1 and SGLT2 in autopsies from normal lung and lung pri-
mary tumors along with their metastatic lesions and reported
SGLT2 expression to be significantly higher in metastatic lesions.
These observations provide evidences that tumor cells evolve dif-
ferent adaptive mechanisms to ensure adequate glucose supply so
that in spite of having an inefficient method of energy generation
through aerobic glycolysis, the ATP/ADP ratio remains sufficiently
high to ensure proliferation and survival.

GLUCOSE ENTRAPMENT IN CANCER CELL IS ACCOM-
PLISHED BY HEXOKINASE Il

Once inside the cell glucose needs to be irreversibly entrapped
through phosphorylation to glucose-6-phosphate; the reaction being
carried out by one of the hexokinase present in the cell. For entrap-
ment of glucose, hexokinase needs to have low Ky, for glucose, the
ability to escape product inhibition and an adequate and continuous
supply of ATP. Mammalian cells harbour four hexokinases isoform
HK1-4 [10] of which HK-1, HK-3 and HK-4 are present in cyto-
plasm. HK-4, also known as glucokinase, possesses higher Ky, for
glucose and function as glucose sensor in liver and pancreas. The
predominant hexokinase isoform present in cancer cell is HK-2
which is associated with the outer mitochondrial membrane protein
Voltage dependent anion channel (VDAC). The strategic location
gives the enzyme preferential access to mitochondrial generated
ATP via mitochondrial adenine nucleotide translocator (ANT).
Moreover, location of HK-2 in mitochondrial membrane protects
the enzyme from inhibition by its product Glucose-6 phosphate
[11]. Thus by overproducing HK-2 and stationing it with VDAC on
the mitochondrial outer membrane, tumor cell executes a clever
manipulation to maintain glycolysis at an enhanced rate.

The pivotal role of HK-2 in regulating cancer cell metabolism
makes it an attractive target for anti-cancer therapy. Ko et al., [12]
and others have independently demonstrated that the use of a small-
molecule analog of pyruvate, 3-bromopyruvate, eliminates large
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tumors in animals by targeting both HK-2 and mitochondrial ATP
synthasome. Pre-clinical studies using 3-bromopyruvate against a
multitude of tumors are currently being conducted in many labora-
tories [13, 14] indicating at the interest on the target for anti-cancer
therapy.

EXCLUSIVE EXPRESSION OF PKM2 IN CANCER CELL
ENSURES ACCUMULATION OF GLYCOLYTIC INTER-
MEDIATES TO BE USED AS SYNTHETIC PRECURSORS
FOR NUCLEIC ACID, LIPID AND AMINO ACIDS RE-
QUIRED FOR UNCONTROLLED PROLIFERATION

The last and rate limiting step in glycolysis is the transfer of a
phosphate group from phosphoenol pyruvate to ADP to generate
one molecule of pyruvate and one molecule of ATP. The reaction is
catalysed by Pyruvate kinase (PK) which is largely conserved
through evolution. Four mammalian PK isozymes exist (M1, M2, L
and R) which are generated through alternative splicing and are
expressed in different cell types. Normal adult cells constitutively
express M1 while M2 is expressed in foetal cells and is re-
expressed when a cell acquires tumorigenic potential. The M1 and
M2 isoforms are encoded by the M gene and result from alternative
splicing of exon 9 and 10. These exons encode a stretch of 56
amino acids that have amino acid differences between M1 and M2
isoforms in 22 positions [15]. These amino acid differences are
concentrated near the site required for binding and allosteric activa-
tion of Pyruvate kinase M2 (PKM2) by fructosel, 6, biphosphate
(FBP). Binding of FBP is known to tetramerize PKM2 to a higher
active form while its release causes dissociation to a lower active
form.

Switching of PKM2 to a lower active form confers a distinct
advantage to cancer cell since it can shunt the key glycolytic inter-
mediates towards pathways where they can be used to synthesize
precursors for lipids, nucleic acid and amino acids. In cancer cells
this is accomplished by binding of the PKM2 isoform to tyrosine-
phosphorylated proteins [16] which impair binding of PKM2 to
FBP. Similarly, Fibroblast growth factor receptor (FGFR)-
dependent phosphorylation of PKM?2 at tyrosine 105 residue causes
its dimerization by the release of FBP favouring the stability of
dimeric form over tetrameric form. Tumor cells thus have multiple
pathways to regulate PKM2 to ensure energy metabolism through
aerobic glycolytic pathway.

Studies on nude mice with cancer cells engineered to express
only PKM1 shows delayed tumor formation. Moreover tumor
formed in this model re-expresses PKM2 making the enzyme an
attractive target for anti-cancer therapy. Boxer et al., recently iden-
tified substituted N, N’- diarylsulfonamides as activators of PKM2
[16] which can be an attractive option to restore oxidative phos-
phorylation and attenuation of lactate production thereby regulating
tumorigenic potential (Fig. 1).

THE PYRUVATE DEHYDROGENASE COMPLEX SERVES
AS A GATE POINT FOR CELL’S ENTRY TO OXIDATIVE
PHOSPHORYLATION

The next step of glucose metabolism is the irreversible decar-
boxylation of pyruvate to acetyl -CoA, NADPH and carbon dioxide
[17] which is catalysed by pyruvate dehydrogenase complex (PDC).
PDC determines whether carbons derived from carbohydrates will
be used to generate energy or biosynthetic intermediates necessary
for cell proliferation (Fig. 1). Three catalytic components comprise
PDC; pyruvate dehydrogenase (E1), dihydrolipoamide transacety-
lase (E2) and dihydrolipoamide dehydrogenase (E3) and these are
organized into large multimeric complexes together with structural
subunit E3 binding protein (E3BP). The E1 pyruvate dehydro-
genase complex is a hetero tetramer of two alpha and two beta
subunits which catalyzes the first step of pyruvate decarboxylation.
The activity of PDC is regulated by reversible phosphorylation of
three serine residues of E1 a. Pyruvate dehydrogenase kinase
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(PDK1-4) inactivates PDC while pyruvate dehydrogenase phospha-
tase (PDP1-2) activates the complex [17].

Regulation of PDC by PDK and PDP provides an important
tool for regulation of cancer cell metabolism. Dichloroacetate
(DCA) has been identified as PDC activator through its ability to
inhibit PDK activity [17]. The crystal structure of PDK2 in complex
with DCA shows that DCA occupies the pyruvate binding site in
the N-terminal regulatory domain. Of the four isozymes, PDK2 is
most sensitive to DCA inhibition, PDK1 and PDK4 are moderately
sensitive and PDK3 is least sensitive.

The importance of DCA in inhibiting tumor growth emerges
from the work of Bonnet et al., who demonstrated that DCA sup-
presses the growth of A549 lung tumor xenografts in rats [18]. Pa-
pandreou et al., [17] also reported that daily DCA treatment of mice
with pancreatic SU86.86 xenografts causes significant tumor
growth delay. These results are in agreement with initial clinical
trial data [19] where DCA has been used in combination with sur-
gery, temozolomide and radiation for treatment of five patients with
glioblastoma multiforme. The authors reported promising clinical
results in four out of five patients with significant change in mito-
chondrial membrane potential, increased amounts of mitochondri-
ally generated oxygen radicals and increased tumor cell apoptosis.
Mechanistic studies on DCA mediated regulation of growth and
progression of cancer cells reveal altered level of HIF1 signaling,
p53 activation and decreased angiogenesis indicating involvement
of multitudes of signaling events downstream of PDKSs in regulating
the process.

AEROBIC GLYCOLYSIS IS ASSOCIATED WITH CREA-
TION OF A MICROENVIRONMENT SUITABLE FOR TU-
MOR CELL METASTASIS

Attenuation of oxidative phosphorylation in cancer cells en-
sures generation of lactic acid through glycolysis which conditions
the environment for tumor invasion [20]. Muller recently reported
that primary lesions with metastasis contain significantly higher
amount of lactate than non-metastatic tumors and survival of pa-
tients with high-lactate tumours is worse than low lactate-tumours
[21]. One of the major advantages that lactic acid generation con-
fers is to help the tumor evade the host’s immune response by sup-
pressing the proliferation and cytokine production of human cyto-
toxic T lymphocytes (CTLs) [22]. However the most important
aspect of lactate generation is the establishment of an exquisite
symbiosis in which glycolytic and oxidative tumor cells mutually
regulate their access to energy metabolites [23]. A tumor in fact
offers a heterogeneous microenvironment where a subpopulation
remains in aerobic environment and another subpopulation remains
in a hypoxic milieu. Sonveaux et al., [24] showed that the lactate
produced by hypoxic cells is taken up by aerobic cells which in turn
use it as a prominent source of energy defining a concept of meta-
bolic symbiosis.

Shuttling of lactate between hypoxic and aerobic tumor cells is
carried out by monocarboxylate transporters (MCT). At least 9
MCT (MCT1-9)-related genes have so far been identified in mam-
mals, each having a different tissue distribution. Among all MCTs,
MCT1 is expressed in a variety of cell lines and primary tumors
including breast, head and neck and lung cancer [24] as well as in
neuroblastoma [26], brain [27] and colon cancer [28]. It has been
shown that while lactate is released from cells through the low af-
finity transporter MCT4, lactate uptake is carried out by the high
affinity transporter MCT1. Immunostaining reveals presence of
MCT1 in tumor cell populations at well vascularized area and
MCT4 in hypoxic regions justifying their respective function in the
shuttling phenomenon [24].

Broad MCT1 expression among human cancers and its role in
fuelling tumor cells opens up opportunity for the development and
clinical evaluation of MCTL1 inhibitors as potential anticancer
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Fig. (1). Signaling networks that regulate cancer cell metabolism. The figure summarizes salient feature of regulation of glucose and glutamine metabolism
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vates mTORC1which stimulates Myc resulting in increased PKM2 gene expression and enhanced lactate generation. Tyrosine kinase signaling impairs bind-
ing of FBP to PKM2 keeping the latter in low active state thus ensuring availability of intermediates of glycolytic pathway for generation of biosynthetic pre-
cursors necessary for cell proliferation. Myc regulates LDH A and also promotes glutamine uptake and glutaminolysis. Citrate exported to cytoplasm is con-
verted to acetyl CoA by ATP-citrate lyase which regulates lipogenesis and epigenetically controls aerobic glycolysis through regulation of expression of
Glut4, HK2, PFK1 and LDHA. The enzymes which are targets for cancer are in italics and underlined, * indicates oncogenes and indicates tumor suppressors;
small molecules that intervene in the pathways are depicted in oval, double arrow in one side indicates multiple steps in a pathway and curved arrow signifies
allosteric activation. HK-2:Hexokinase 2; PFK-1:Phospho fructo kinasel; LDH A: Lactate dehydrogenase A; PKM2: Pyruvate kinase M2; TSC1& 2: Tuber-
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citrate lyase inhibitor; ACL: ATP citrate lyase; PDC: Pyruvate dehydrogenase complex; KG: Ketoglutarate; GLS2: Glutaminase 2; OAA: Oxalo acetic acid,

ASCT2- Sodium-dependent neutral amino acid transporter type 2.

agents. Hypoxic tumor cells are mostly resistant to chemotherapy
and radiation, thereby leading to treatment failure or disease relapse
[25]. Sonveaux et al., [24] has made a pioneering observation that
treatment of tumor- bearing mice with MCT1 specific siRNA or
with a-cyano-4-hydroxycinnamate, a small molecule inhibitor of
MCT1, provides a new mechanism to kill cancer cells. The authors
conjectured that MCT1 inhibition disrupts the lactate shuttle be-
tween aerobic and hypoxic tumor cells. Aerobic cells increase their
uptake of glucose thereby depriving hypoxic cells from adequate
nutrition. In their seminal paper, Sonveaux et al., also showed that
growth delay of mouse tumor xenografts induced by radiotherapy is
increased when combined with MCT1 inhibition [24].

ATP CITRATE LYASE LINKS AEROBIC GLYCOLYSIS
WITH DE-NOVO FATTY ACID SYNTHESIS IN TUMOR
CELLS

In addition to aerobic glycolysis, de novo lipogenesis is also a
salient feature of cancer cell metabolism. Fatty acids play an essen-
tial role in variety of cellular process [29]. They are obtained from
the diet or can be synthesized from carbohydrate precursors in liver

and adipose tissue. De novo fatty acid synthesis is very active dur-
ing embryogenesis; however, in adults, it is limited only to lactating
breast and cycling endometrial tissue.

Cancer cells, on the contrary, display high level of fatty acid
synthesis [30]. *C glucose studies have shown that in tumor cells
almost all fatty acids are derived from de novo synthesis despite
having abundance of extracellular lipids [31,32]. This glucose de-
pendent increased lipogenesis results as a consequence of truncated
TCA cycle in tumor cells [33, 34,] which instead of ATP generation
exports citrate to cytoplasm to be converted by ATP citrate
lyase(ACL) to lipogenic precursor acetyl CoA (Fig. 1).

In addition to its role in linking glucose metabolism to tumor-
associated enhanced lipogenesis, ACL has very recently been im-
plicated in global transcriptional control through regulation of his-
tone acetylation [35]. Wellen et al., [35] showed that suppressing
ATP-citrate lyase expression by siRNA decreases global histone
acetylation in several different mammalian cell types. Their studies
also describe an interesting connection between ATP-citrate lyase
mediated acetyl CoA production and expression of Glut4,
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hexokinase2 (HK-2), phosphofructokinase-1(PFK-1) and lactate
dehydrogenase A (LDH-A) in adipocytes which are the key regula-
tors of glycolysis. This effect on glucose metabolism seems to be
selective, since markers of adipocyte differentiation are not modu-
lated by ACL ablation [35].

Marked elevation of ACL expression and activity has been
reported in different cancer cells [36,37]. The expression of phos-
phorylated ACL in human lung adenocarcinoma correlates with
stage, differentiation grade and poor prognosis of the tumor [38].
Moreover ACL inhibition by siRNA or selective inhibitor SB-
204990 supresses the growth of tumor cells in vitro and in vivo [36,
37, 38] making it an attractive target for cancer therapy. The ability
of ACL inhibition to suppress tumor growth is in correlation with
glycolytic phenotype of the tumor [37]; cancer cells with high rates
of glucose metabolism are severely affected while those with low
rate of aerobic glycolysis are largely unaffected. This differential
sensitivity of tumor cells to ACL inhibition indicates at the crucial
role of the enzyme in regulating the growth and proliferation of
glycolytic tumors. ACL expression increases on growth factor
stimulation [35] and identification of ACL as Akt substrate [39]
highlights its potential to contribute to tumorigenesis.

ACTIVATION OF ONCOGENES AND LOSS OF TUMOR
SUPPRESSOR GENES CONTRIBUTE TO METABOLIC
REPROGRAMMING REQUIRED FOR CANCER CELL’S
PROLIFERATION AND SURVIVAL

Mounting evidence indicates that ATP production and genera-
tion of biosynthetic precursors are under direct regulation of onco-
genes and tumor suppressors. Activation of oncogenes such as Myc,
Ras, Akt and phosphatidylinositol-3-kinase and loss of tumor sup-
pressor genes such as p53, LKBland VHL (Von Hippel Lindau)
triggers transcriptional and post-transcriptional alterations that re-
wires the signalling network of a tumor cell and helps it to attain
metabolic autonomy [40].

PI3K/Akt pathway is considered as a major signalling cascade
which regulates both growth control and glucose metabolism. Akt
activation regulates glucose transporter expression, enhances glu-
cose capture by hexokinase, increases phosphofructokinase activity
[41] and stimulates glucose to lactate metabolic pathway thereby
promoting tumorigenesis [42]. In addition, IGF1/PI3K/Akt pathway
is known to regulate mTORC1which acts as a scaffold to recruit
downstream substrates such as eukaryotic translation initiation fac-
tor 4E binding protein 1(4EBP1) and ribosomal S6 kinase (S6K1).
mTORCL1 controls the translation of many cell growth regulators
including cyclin D1, hypoxia inducible factor 1a (HIF1a) and Myc
which promotes cell cycle progression, cell growth and angiogene-
sis [43]. mTORCL1 is nutrient sensitive and is regulated by tumor
suppressors like LKB1, TSCland TSC2 (Fig. 1). Loss of function
mutation of these tumor suppressors plays a critical role in tumor
initiation and progression.

The mTOR signalling is deregulated in many different human
tumors making it an attractive target for cancer therapy. A well-
known mTOR inhibitor is rapamycin which is a macrocyclic natural
product that inhibits mTOR kinase activity by forming a complex
with the immunophilin FK506-binding protein of 12kDa
(FKBP12). FKBP12 binds to the C terminus of mTOR that is adja-
cent to catalytic site. This protein—protein interaction interferes
exclusively with the kinase activity of the mTORC1 complex, but
does not inhibit all the functions of mMTOR; it does not block
mTORC2 kinase activity either [44].

Currently, several of mTOR inhibitors are in clinical trials
(Table 1) and among them rapamycin analogs temsirolimus and
everolimus have been approved by US Food and Drug Administra-
tion (USFDA) for treatment of advanced kidney cancer. However
rapamycin has limited efficacy in majority of tumors due to a nega-
tive feedback loop that activates Akt in preclinical and clinical set-
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tings [45]. Recent research advocates the use of ATP-competitive
mTOR inhibitors (TKIs) that bind to the active site of mTORC1
and mTORC2 thereby effecting a global inhibition on mTOR activ-
ity [46]. Global inhibition of mTOR has a selective advantage for
inhibition of tumor progression since attenuation of mMTORC2 ac-
tivity by TKIs impair phosphorylation of Akt at serine 473 residue
inhibiting aerobic glycolysis, lipogenesis and lactate production in a
tumor cell.

A pyrazolopyrimidine derivative PP242 is one of the first selec-
tive ATP-competitive mTOR inhibitor described in literature [47],
(Table 1). Several studies have shown that PP242 blocks tumor cell
proliferation and phosphorylation of mTORC1 substrate 4EBP1
more effectively than rapamycin (reviewed in 44). Most impor-
tantly, the compound inhibits mMTORC2 complex and attenuates
downstream Akt activation underlying its immense importance for
the development of anticancer therapeutic agents.

One of the potential pitfalls of ATP-competitive mTOR inhibi-
tors is their toxicity [48]. However TKIs are reported to be well
tolerated in short term xenografts studies [49]. A second caveat is
that mTORC1 inhibition may activate autophagy which in turn may
promote cancer cell survival [50]. In that context specific mTORC2
inhibitors might be of future therapeutic relevance.

Another mechanism of regulating mTOR pathway is by using
low doses of metformin, a biguanide which is also a standard an-
tidiabetic agent [51]. Metformin exerts its effects by activating
LKB1 and its downstream target AMPK which in turn suppresses
mTORC1 through activation of tumor suppressor TSC2 (Fig. 1),
[51]. More recently metformin has also been reported to regulate
mTORC1 in AMPK independent manner through Rag family of
trans membrane GTPases [51].

Inhibition of MTOR pathway by metformin makes the latter an
attractive molecule for potential anticancer therapy. Several pre-
clinical models have demonstrated the efficacy of metformin in
reducing the tumor burden. Intraperitoneal administration of met-
formin reduces NNK (4-(methyl nitrosamino)-1-(3-pyridyl)-1-
butanone) induced lung tumorigenesis in A/J mice [52]. Treatment
with metformin selectively suppresses the tumor growth of
HCT116 p53”xenografts in nude mice [53]. Also nude mice bear-
ing tumor xenografts of the triple negative breast cancer cell line
MDAMB231 shows significant reduction of tumor growth when
treated with metformin [54].

Several clinical trials are currently underway to test the efficacy
of metformin as an adjuvant to conventional chemotherapy as well
as in combination with new targeted agents in various settings such
as breast cancer and other solid malignancies [51]. The outcome of
these clinical trials will be of great importance in understanding the
role of metabolic perturbations in regulating tumor growth and
survival.

Amino acids also can activate mTORCL signaling cascade [55].
Leucine and glutamine has been reported to cause maximum activa-
tion of mMTORCL1 [56, 57]. Glutamine, in addition to its role in pro-
tein translation, is involved in production of o ketoglutarate, an
oxidative substrate of TCA cycle and also in production of lactate
by glutaminolysis. Real time **C NMR studies have shown that a
significant amount of glutamine carbon is converted to lactate and
secreted out of the cell. This is analogous to the effect described by
Warburg on glucose metabolism in cancer cell [58]. Conversion of
glutamine to lactate requires the activity of malic enzymes which
oxidatively decarboxylates malic acid producing carbon dioxide,
pyruvate and NADPH, the latter being used for lipid and nucleotide
biosynthesis [59]. Thus glutamine serves as important source for
cellular energy and anabolic carbon and nitrogen required for
growth and progression of tumor.

Recent studies using quantitative RT-PCR and chromatin im-
munoprecipitation in multiple cell systems reveal the participation
of Myc oncogene in regulating glutamine metabolism. Myc activa-
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Table 1. Small Molecule Mediators of Cancer Cell Metabolism
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tion and amplification is one of the common events in human tu-
mors and Myc transformed cells are particularly sensitive to glu-
tamine withdrawal resulting in rapid loss of TCA cycle intermedi-
ates and cell death [60]. Myc up regulation has recently been linked
to increased glutaminolysis (reviewed in 59) and transcriptional
activation of two high affinity glutamine transporters: SLC38A5
(SN2) and SLC1A5 (ASCT2) which are required for glutamine-
dependent mMTORC1 activation. In addition, Myc promotes conver-

sion of glutamine to glutamate and ultimately to lactate facilitating
tumor growth under hypoxic condition.

Glutamine dependency of cancer cell lines has stimulated re-
search on glutamine analogues as anticancer agents; however major
caveat against glutamine analogues is their dose limiting neurotox-
icity, gastrointestinal toxicity and myelosuppression which limit
their use under clinical settings. Present research focuses on at-
tenuation of cancer cell glutamine uptake by using L-y-glutamyl-p-
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nitroanilide, one of a panel of SLC1AS5 inhibitors, or by suppression
of glutamine-dependent anaplerosis by transaminase inhibitor
amino-oxy acetic acid (AOA) through blocking the entry of glu-
tamine carbon in TCA cycle. The extensive in vivo utility of these
approaches are currently under investigation [63, 64].

CONCLUDING REMARKS

Metabolism essentially directs the functionality of a cell. The
evolving evidence indicates that cell metabolism is reprogrammable
appropriately adjusted to specific functional necessities of a cell.
The necessity of cancer cells to attain uncontrolled proliferation and
nutrient self-sufficiency requires metabolic rewiring and this is
mostly accomplished by activation of oncogenes and loss of tumor
suppressor genes. Tumorigenesis is an ever evolving process where
a cell adapts to constantly changing microenvironment by modify-
ing its metabolism in synchrony with the altered milieu it has to
deal with. A cell’s journey to malignancy may be interpreted as a
gradual shift of metabolic balance between oxidative phosphoryla-
tion and aerobic glycolysis accomplished in part by upregulation of
IGFR/PI3K/Akt signaling cascade as well as by deregulated expres-
sion of Myc oncogene. The extent of activation/expression and
regulation by tumor suppressors determines the metabolic advan-
tage bestowed on a tumor cell at a particular stage of malignancy
and whether small molecule mediated intervention can convert that
advantage to therapeutic vulnerability will be unfurled by outcome
of future research.

ABBREVIATIONS

G6P = Glucose 6 phosphate

F6P = Fructose 6 phosphate

FBP = Fructosel, 6 bisphosphate

G3P = Glyceraldehyde 3 phosphate

PEP = Phosphoenolpyruvate

SGLT = Sodium glucose transport proteins

MCT-1 = Monocarboxylate transporterl

HIF1A = Hypoxia inducible factor 1A

NADPH = Nicotinamide adenine dinucleotide phosphate
bonded with Hydrogen

Acetyl COA = Acetyl coenzyme A

TCAcycle = Tricarboxylic acid cycle
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Mitochondria produce the majority of cellular energy
through the process of oxidative phosphorylation and play
a central role in regulating the functionality and survival of
eukaryotic cells. Under physiological stress, mitochondrial
membrane permeabilization results in the release of
apoptogenic material such as cytochrome c in the cytoplasm,
which thereby initiates caspase activation and the conse-
quent cell death. In our present study, we screened a series
of compounds for their ability to inhibit mitochondrial mem-
brane permeabilization and to prevent cytochrome c release
during the endoplasmic reticulum stress in cultured pancre-

atic B-cells. Three benzofuran-based macrocyclic small mole-
cules, that is, 2.4c, c104, and c108, were found to restore the
depolarization of mitochondrial membrane potential and to
prevent the release of cytochrome c from mitochondria. Inter-
estingly, the acyclic precursor of 2.4c (i.e., 2.3c) did not show
any effect, whereas the macrocyclic derivative obtained by
utilizing ring-closing metathesis as the “stitching technol-
ogy" led to this function. The macrocyclic architecture seems
to play a crucial role in presenting various functional moie-
ties in the right orientation to observe this effect.

Introduction

Mitochondria play an essential role in pancreatic p-cell
homeostasis through their involvement in the modulation
of stimulus-coupled insulin secretion!!l and in the regulation
of cell survival.>3] The permeabilization of mitochondrial
membranes under the influence of various cytokines results
in the release of cytochrome ¢, which is known to activate
the caspase cascade.) Most importantly, during chronic en-
doplasmic reticulum (ER) stress, the accumulation of un-
folded proteins in the ER results in leakage of calcium from
the ER, which leads to calcium overload in the mito-
chondrial® and the consequent opening of the mito-
chondrial permeability transition pore. The latter process
plays a decisive role in the depolarization of the mito-
chondrial membrane potential and programmed cell death.

In our present study, we induced chronic ER stress in
cultured BRIN-BDI11 pancreatic B-cells by treating them
with the sarcoendoplasmic reticulum Ca?* ATPase
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(SERCA) pump inhibitor thapsigargin (note: structure not
shown). Thapsigargin treatment causes the depolarization
of the mitochondrial inner membrane potential and com-
promises cell survival.l”l To prevent this depolarization, we
utilized a small-molecule toolbox having 18 enantio-
enriched, benzofuran-derived compounds with 12-mem-
bered macrocyclic rings that are rich in 3D architectures
and that can be considered members of the broad family of
natural-product-inspired compounds. Our data reveals that
enantioenriched benzofuran-based macrocycles having a
12-membered ring, which we synthesized, prevent the depo-
larization of the mitochondrial membrane potential and in-
hibit apoptogenic cytochrome c release from mitochondria
in cultured pancreatic B-cells.

Results and Discussion

There is growing interest in accessing small molecules
that are inspired by bioactive natural products having 3D
architectures to explore their biological functions.[®! They
could have either multiple rings or macrocyclic architec-
tures. The latter is quite interesting,! because there are nu-
merous examples of complex macrocyclic natural products
exhibiting a wide range of biological properties.'?! Owing
to several advantages that are associated with macrocyclic
rings, there is also growing interest!>>!" in developing modu-
lar synthesis methods that allow a diverse chemical toolbox
having different types of macrocyclic architectures to be ob-
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tained. Some of these advantages!'® include (1) preorgani-
zation, (2) enhanced cell permeation properties, and (3) the
possibility of having numerous binding interactions, a prop-
erty that could be highly relevant to search for small mole-
cule modulators of protein—protein!!?l and other types of
biomacromolecular (e.g., DNA/RNA-protein)!'3! interac-
tions.

Earlier, we reported an enantioenriched synthesis of
benzofuran-based, 1,2-trans-p-amino acid 1.1
(Scheme 1).1'"4 In this article, with the objective to explore
further the additional large-ring chemical space, we report
here a modular approach that allowed us to incorporate
two different types of 12-membered macrocyclic rings onto
the benzofuran scaffold (Scheme 1; see 1.2/1.2a and 1.3/
1.3a). The presence of an amino acid moiety within the
macrocyclic architecture is an attractive feature to introduce
a diverse array of chiral side chains having a variety of po-
larities.

benzofuran as privileged
sub-structure

enantioenriched

MEMO MEMO
o}
““CO,H

NH, HN
1.1

X=0(1.2)

R1 N
X =NCOR* (1.2a

)/4 o)\ R2

amino acid functionality

‘/
/«
N

Shown in Scheme 2 is our plan to obtain a 12-membered
macrocyclic ring that utilizes benzofuran-based trans-f-
amino ester 2.1. Compound 2.2, a derivative of an N-pro-
tected amino acid, was prepared (see Supporting Infor-
mation). In each case, following the derivatization of -OH
as —OAllyl, the sample was submitted to ring-closing
metathesis!!>! (RCM, Grubbs 2nd generation catalyst) as the
“stitching technology”. All macrocyclic compounds that
were synthesized are stable at room temperature.

In our next approach, we were interested in accessing a
different type of macrocyclic architecture, that is, 3.2
(Scheme 3), that would arise from coupling the amino acid
moiety to the primary hydroxy side of the benzofuran scaf-
fold. To achieve this, we synthesized 3.1 as the N-protected
chiral amine-based benzofuran derivative. This was further
coupled with the N-allyl derivative of the N-protected
amino acid that produced the starting material required for
the Grubbs RCM-based stitching technology. Our last ap-

12-membered
macrocyclic diversity

MEMO. :

R200

=[] & o
X =0 (1.3) \

X =NR* (1.3a)

stitching

Scheme 1. Proposed synthesis of four different types of benzofuran-derived macrocyclic compounds, that is, 1.2/1.2a and 1.3/1.3a, from

enantioenriched 1.1. MEM = (2-methoxyethoxy)methyl.

(i) 2.2 (1.2 equiv.),

MEMO o EDC-HCI (1.2 equiv.) MEMO o]
CH4CN, .t 1h _ oy ~OH o R
‘COOEt _ h , L
NH, (if) LiBH4 (1.2 equiv.), THF, 0 °C, 3 h HN__O RZ” N on
2.1 1 2 23 f
R R . B
— 2.2
<Bu Ph 5 R1 N/\/ l
Bn Ph b )\ 2
iPr | p-ONCeH, | ¢ o~ R
Me Ph d
iBu p-CICgH, e
iPr Ph f
Bu p-OZNCGH4 g
(i) NaH (1.2 equiv.),

allyl bromide (1.3 equiv.)
THF,0°Ctort,6h

-«€

2.4a—g

HY
HNfO —

OR2

(note: 2.4f and 2.4g are labeled
as ¢104 and ¢108 in biological studies)

(i) 10 mol-% Grubbs 2nd gen. cat.
DCM,

reflux, 12 h

Scheme 2. Synthesis of 12-membered macrocyclic derivative 2.4, which is derived from N-functionalized 1,2-frans-amino alcohol 2.3.

EDC = 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide,.
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MEMO 5 EDC-HCI (1.2 equiv.), MEMO
DMAP (0.1 equiv.), DCM, r.t., 4 h
o, ~OH -
ii) 20 mol-% Grubbs 2nd gen. cat., '
O N A (i O~ _N
Y X DCM, reflux, 12 h srme R
R3 RN
3.1

R’ R? R® ratio f
iBu p-CICgH4 cyclopropyl 1:1 (@) inseparable
Me Ph p-CICgH, 1.1 (b) mixure
iBu p-CICgH, | p-FCgH,4 1,1 (c)
sBu p-FCeHy | p-FCgH,4 1:1 (d)
iPr Ph m-BrCgHy 1:1 (e)

Scheme 3. Macrocycle 3.2 from N-functionalized, enantioenriched, 1,2-trans-amino alcohol 3.1.

proach involved the synthesis of 3.2 (Scheme 3; see also
Supporting Information) that would arise from coupling
the amino acid moiety to the primary hydroxy side of the
benzofuran scaffold. The detailed synthesis plan is shown
in the Supporting Information.

In another plan (Scheme 4; see also Supporting Infor-
mation), the goal was to replace the primary ~-OH group
by an —-NH, group to allow the incorporation of three di-
versity sites into the 12-membered ring. To achieve this syn-
thesis, 4.1 as the starting material was utilized. This pro-
duced 4.2 in several easy steps that included (1) primary
~NH, protection as an —NTeoc group {Teoc = [2-(trimeth-
ylsilyl)ethoxy]carbonyl}, (2) —-NAlloc removal (Alloc = all-
yloxycarbonyl), (3) reductive alkylation (R? as the diversity
point), (4) coupling with the protected amino acid (to intro-
duce two diversity sites as R! and R?). Finally, 4.2 was sub-
jected to—NTeoc removal, amidation, which further upon bis-
(allylation) produced the key precursor for the RCM-based
stitching technology. Once again, the RCM approach
worked well, and 4.3 as the macrocyclic derivative was ob-
tained as a mixture of two olefinic compounds. The details
of the synthesis plan are provided in the Supporting Infor-

mation.
MEMO MEMO

/NHTeoc

.N (0}
G
R’ N R?
H
MEMO
(0] H (IZO—biphennyI
N
— n

—> o0 — ~—
separable isomers

41 NHAlloc

43 p-BrCgH,~

Bn N

OJ\ Ph

Scheme 4. 12-Membered macrocycle 4.3 from 1,2-trans chiral di-
amine 4.1 (see Supporting Information).

1 (4.3b, cis) : 1.2 (4.3a, trans)

As described earlier, a similar approach that utilized 5.1
(Scheme 5) as a starting material led to the synthesis of
macrocyclic derivative 5.2. Using the orthogonally pro-
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tected chiral amine derivative of benzofuran, 5.1 was easily
prepared. This compound has the coupled protected amino
acid moiety on the primary amine and contains three diver-
sity sites (R!, R% and R?). Once subjected to —NAlloc re-
moval, it was then derivatized through amide coupling, fol-
lowed by bis(allylation) needed for the RCM technology.
This approach was attempted with three cases, and macro-
cyclic product 5.2 was easily obtained as a single isomer,
although the olefin geometry remains to be assigned. The
detailed synthesis methods are provided in the Supporting

Information.
MEMO MEMO
—>
NHAlog -, N Rzoc ,
5.2a-c
4
Rz’go B \

single isomer
(geometry not assigned)

R | me | r3 | Rt | 5.2
Bn Ph p-BrCeH,4C(=0) | biphenylyl | a
iPr naphthyl p-BrCeH4C(=0) | Ph b
iBu p-CICgH; | Bn m-BrCgH, | ¢

Scheme 5. Synthesis of macrocycle 5.2 from N-functionalized, chi-
ral 1,2-trans diamine 5.1 (see Supporting Information).

Prevention of Thapsigargin-Induced Mitochondrial
Depolarization

Benzofuran-based macrocycles reported in this study
showed remarkable activity to prevent the depolarization of
the mitochondrial membrane potential (MMP) under thap-
sigargin-induced ER stress. Figure la shows the temporal
effect of thapsigargin on the depolarization of the MMP.
As the data reveals, a 36 h treatment of thapsigargin at a
concentration of 5.0 um caused a 10-fold reduction in the
mitochondrial membrane potential. To prevent this depo-
larization of the MMP, we screened a library of benzo-
furan-based compounds to study their efficacy to rescue the
phenotype (Figure 1b,c). Compound 2.4¢c was found to pre-
vent the depolarization of the MMP induced on thapsigar-
1153
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gin treatment in cultured pancreatic -cells. Compound 2.4¢
possessing a 12-membered macrocyclic ring and having an
N-(4-nitrobenzoyl)valine amino acid moiety fused to the
benzofuran scaffold showed the highest activity for the pre-
vention of thapsigargin-induced depolarization of the mito-
chondrial membrane potential. To validate the structural
features of this compound, we further synthesized two more
related macrocyclic compounds, that is, ¢104 and ¢108. In
¢104, the N-(4-nitrobenzoyl)valine is replaced by an N-benz-
oylvaline unit (i.e., no NO, group), whereas the amino acid

20

1B

-
>

o

L

iy
b

1.0

0.5

Fold TMRE change over untreated

Fold TMRE change over untreated

moiety in 2.4c is replaced by leucine to obtain ¢108. A com-
parative account of the efficacy of all these macrocycles to
prevent thapsigargin-induced depolarization of the MMP is
shown in Figure 1. Compounds 2.4¢, c¢104, and c¢108
showed comparable efficacy in the prevention of thapsigar-
gin-induced depolarization of the MMP at a concentration
of 10.0 uMm. Interestingly, the acyclic precursor of 2.4¢ (i.e.
2.3¢) did not show any effect. In addition, replacement of
the N-benzoylvaline amino acid moiety with an N-benzoyl-
(phenylalanine) (i.e., 2.4b) group dramatically reduced the

1c 1D 25 ECs~9.084uM
S
-
£ 154
S0
=
2 5
f 2= T T T 1
05 0.0 05 10 15 20
Log {2.4c) concentration (ph)

active compound

MEMO MEMO.
\\\

N

OJ\CGH“NOZ -

analogs of 2.4c

07 CeHNO,p
(0]
p-OH
2.4b
23b HN__O f

MEMO.

O)\CGH4N02-p

Selected compound

Fold activity

2.3c
2.4c
2.3b
2.4b
c104
c108

0.06x0.01
2.69+0.14
0.09+0.03
0.19+0.08
2.13%0.03
2.38+0.08

Figure 1. Attenuation of thapsigargin-induced mitochondrial depolarization: (a) Temporal depolarization of the mitochondrial membrane
potential (A¥,,) in pancreatic B-cells. (b and c) Screening potential of compounds that prevent the depolarization of the MMP. (d) Dose—
response curve for the rescue of thapsigargin-induced depolarization of A¥,, by 2.4c. (Note: for detailed structural information of all
compounds tested, see Supporting Information).
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Figure 2. Prevention of cytochrome c release from thapsigargin-treated cells upon treatment with 2.4¢. Confocal microscopy images of
BRIN-BDI11 cells immune-labeled with primary monoclonal mouse anti-cytochrome c antibody (green) depicting release of cytochrome ¢
from the mitochondria. Mitochondria are labeled by Mito-tracker Red (red), and the nucleus is visualized by DAPI (blue) staining.
Yellow indicates co-localization of cytochrome ¢ with Mito-tracker Red in control and 2.4c¢-treated cells in mitochondria. Diffused staining
in thapsigargin-treated cells shows the release of cytochrome ¢ from the mitochondria.

activity. A dose-response curve for the prevention of the
depolarization of the MMP by 2.4c¢ is shown in Figure 1d,
and the ECs, of the response was found to be 9.04 um (Fig-
ure 1c¢).

Prevention of Cytochrome C Release

In the next step, we evaluated the distribution of cyto-
chrome ¢ in untreated, thapsigargin-treated, and 2.4c-
treated cells. As Figure 2a reveals, in normal cells, there was
a complete overlap of cytochrome ¢ staining with Mito-
Tracker Red; this indicated its presence in the mito-
chondria. Treatment with thapsigargin for 18 h caused a
marked loss of Mito-Tracker Red and a concomitant re-
lease of cytochrome c into the cytoplasm (Figure 2b), which
was totally prevented with the use of 2.4¢ (Figure 2c). The
data suggest the role of 2.4¢ in preventing the release of
cytochrome ¢ from the mitochondria, which is known to
activate cell death in pancreatic B-cells.

Conclusions

To the best of our knowledge, this is the first report of a
macrocyclic small molecule that modulates the mito-
chondrial membrane potential (A¥,,) and further prevents
the release of cytochrome c from mitochondria from thapsi-
gargin-induced ER stress in pancreatic B-cells. Given the
role of small molecule 2.4¢ in preventing mitochondria
from high cytosolic calcium insult, this compound may also
have interesting applications related to neurological disor-
ders, such as, cortical spreading depression (CSD). Whether
2.4c regulates protein misfolding and/or clustering in mito-
chondria or participates in chaperone-mediated regulation
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of mitochondrial membrane permeabilization is yet to be
determined.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details, characterization data, and copies of the
'H and '3C NMR spectra of all key intermediates and final prod-
ucts.
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