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1.1 Introduction

1.1. Mitochondria

Mitochondria is a double membranous organelle found in all eukaryotic organisms (Henze &
Martin, 2003). Mitochondria differ in their size, shape and number that depends on tissue type and
organism. The size of the Mitochondrion ranges from 0.5-10 um and their number differs from 1 to
1000. These are called powerhouse of the cell. They are vital organelles for the survival under aerobic
conditions. Besides the production of energy, they are involved in number of other fundamental
functions of a cell that includes lipid metabolism, metal homeostasis, hormonal signaling, heme
biosynthesis, amino acid metabolism, urea cycle, cellular metabolism, apoptosis and autophagy. To
perform its multiple functions, mitochondria depends upon the products of 10-15% of genes found in
eukaryotes. Mitochondria can encode 13 out of serval proteins produced by its individual genome.
Majority of the mitochondrial proteins are encoded by nuclear DNA and imported to the mitochondria
through well-characterized protein translocases of outer and inner membrane called as Translocase of
Outer Membrane (TOM) & Translocase of Inner Membrane (TIM).

1.2. Architecture of Mitochondria

A typical mitochondrion has two detached membranes, outer and inner membrane made up of
phospholipid bilayers and proteins. The outer membrane creates a fence between the organelle and the
cytosol. The two membranes acquire different properties owing to their membrane composition, as a
result of this double membrane structural organization, mitochondria have four different sub-
compartments (Figure:1.1), Outer membrane, Intermembrane space, Inner mitochondrial membrane,
and the matrix. These four compartments of mitochondria diverge in their structure and function.
Mitochondria peeled off their outer membrane are labelled as mitoplast. The mitochondrial outer
membrane wraps the entire organelle and is of 60 to 75 angstroms (A) thick. It consists of
phospholipids and protein in the proportion related to that of the eukaryotic plasma membrane (1:1).
Porin channel proteins make the outer membrane accessible to the small molecules. Molecules around
5-10 kDa pass through the outer membrane passively via porin, whereas, the high molecular weight
proteins pass into mitochondria through the TOM complex (Herrmann & Neupert, 2000). The
intermembrane space is a sub-compartment in between outer membrane and inner (Frey & Mannella,

2000; Frey et al, 2002). The concentration of minute molecules like ions and sugars in the



intermembrane space are identical to cytosol, as the outer membrane is permeable to minute molecules.
Proteins that have targeting information can only pass through the TOM complex and so the protein
content in the intermembrane space is distinct from the cytosolic protein content. The mitochondrial
inner membrane is rich with protein and has a proportion of protein to phospholipids is nearly 3:1. The
mitochondrial inner membrane is impermeable to maximum number of the molecules, due to the
presence of a special phospholipid known as cardiolipin (Bruce, Johnson et al. 1994). As the
impermeable texture of the mitochondrial inner membrane, maximum number of ions and molecules
depend upon exclusive transporters to go in or to go out from the matrix. Additionally, movement of
enzymes create a membrane potential across the inner membrane of the electron transport chain. The
mitochondrial inner membrane proteins are elaborated in metabolite transport, protein import,
mitochondrial fusion, fission, oxidative phosphorylation and ATP synthesis. The space enveloped by
the inner membrane is called matrix which consists of around 2/3 of total mitochondrial proteins. The
mitochondrial matrix consists of a variety of enzymes, mitochondrial ribosomes, tRNA and several
copies of circular DNA. The mitochondrial matrix enzymes are involved in citric acid cycle, oxidation
of pyruvate and fatty acids, amino acid metabolism, heme and Fe-S cluster biosynthesis, and the urea
cycle (Bruce, Johnson et al. 1994).

’ POIHL, outer membrane
0.0

l—»Inner membrane
I—» Inter membrane space

Matrix
Mitochondrial DNA

Ribosome

Granule(calcium phosphate)

Electron Transport chain



Figure: 1.1 Architecture of Mitochondria: - Mitochondria are double membrane-bound organelle. The
outer membrane wraps the entire organelle. The wrinkle of the inner mitochondrial membrane is known as
cristae where most of ATP is produced. The inner membrane encloses the fluid-filled compartment called the
mitochondrial matrix. The mitochondrial matrix has ribosomes and DNA.

1.3 Functions of mitochondria

The prominent role of mitochondria is to produce energy. Mitochondria have a well-organized
energy generating system known as the oxidative phosphorylation which utilizes NADH and oxygen
to generate ATP (Figure: 1.2). It is very important to keep proper concentrations of calcium ions within
compartments of various cell organelles (Newmeyer & Ferguson-Miller, 2003) for various biological
functions. Mitochondria also act as storage reservoir for calcium ions. The mitochondria in liver cells
bear enzymes that detoxify ammonia. Other than energy production, mitochondria are also studied as
central integration sites for biological signals that promote cell death or cell survival. As mitochondria
have various proteins involved in the apoptotic signaling cascade, it is now accepted that mitochondria
play a key governing role in deciding whether a cell has to live or die following a death signal-factually
a “license to kill” (Regula et al, 2003). In counter to apoptotic stimulation, one of the mitochondrial
intermembrane space protein, Cytochrome c releases into the cytosol to begin the cascade of events
that leads to the activation of caspase-3 and caspase-7 that finally degrades many cellular proteins and
causes cell death (Regula et al, 2003; Gorla & Sepuri, 2014). Other than apoptosis, mitochondria are
also involved in alternative forms of programmed cell death (Galluzzi et al, 2012). One such example
is necroptosis (necrosis-like cell death pathway) which is mediated by RIPK-3 (Receptor-interacting
serine/threonine Protein Kinase-3) (Vandenabeele et al, 2010). RIPK-3 dependent necrosis plays a
crucial role in embryonic development and host antiviral immunity (Kaiser et al, 2011; Upton et al,
2010). Mitochondria serve as platforms to initiate cell signaling in multiple processes (Tait et al. 2012).
For example, outer mitochondrial membrane behaves as a major signaling platform for antiviral innate
immunity and regulated generation of mitochondrial reactive oxygen species (ROS) which serves as
a signaling platform for anti-microbial activity during phagocytosis (Seth et al, 2005). Defects in
mitochondrial regulation of cell signaling may cause many diseases and age-related pathologies (Tait
et al. 2012).
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Figure: 1.2 Functions of Mitochondria:- Mitochondria are essential organelle involved in distinct
functions which include energy production, various oxidative metabolisms, apoptosis, Ca homeostasis as well
as the integration of most of the signaling pathways in response to external stimulus.

1.4 Evolution of mitochondria

Eukaryotic cells (Nucleated) are larger and highly structured than prokaryotic cells with sufficient
genomes and proteomes (Lane et al. 2005). Acquisition of mitochondria and chloroplasts is one of the
essential events in the evolution of eukaryotic cells as they perform the roles of energy generators and
biosynthetic industry of the cell. The origin of Mitochondria in eukaryotic cells is best explained by
an endosymbiotic theory which postulates that eukaryotic cells were invaded by eubacteria nearly a
billion years ago which later entered into symbiotic association wherein complex molecular events
triggered by evolutionary processes transformed the endosymbionts to present powerhouses of the cell
(Dyall et al, 2004).



1.4.1 Endosymbiotic theory

The endosymbiotic theory proposes that the mitochondria are originated from o-proteobacterium
(Lang et al, 1999; Gray et al, 2001). Phylogenetic analysis of small ribosomal RNAs proves that the
monophylogenetc origin of mitochondria from a-proteobacterium (Yang et al, 1985). Two scenarios
were proposed to explain the mitochondrial origin, the Symbiosis scenario, and the Archezoan
scenario (Figure: 1.3) (Gray et al, 2012).

According to Symbiosis scenario, endosymbiont was buried by an archaeal cell (Martin &
Miiller, 1998), whereas Archezoan theory advocates that host of the endosymbiont was substantially
compartmentalized as amitochondriate of the eukaryotic cell (CAVALIER- SMITH, 1987). However,
growing evidence supports the Symbiosis theory due to the absence of any amitochondriate eukaryotic
ancestry in eukaryotes (Embley & Hirt, 1998). The evolution of the ancestral bacterial endosymbiont
to current mitochondria has been escorted by many changes such as reduction of mitochondrial
genome due to loss or relocation of bacterial genome to the host genome (Adams & Palmer, 2003;
Berg & Kurland, 2000). Thus, most of the genes coding for mitochondrial functions are in fact placed

in the nucleus.



Symbiosis scenario:

a-proteobacteria

q —

Mitochondria

Nucleus

An Archean cell Symbiotic invasion

Archezoan scenario:

a-proteobacteria

— —

Mitochondria

Primitive Archezoan Invasion Proto-Eukaryotic cell

Figure: 1.3 Endosymbiotic theory:- The Simplified representation that denotes the bacterial origin of
mitochondria. Two scenarios (Symbiosis scenario and Archezoan scenario) were proposed to demonstrate the
endosymbiotic origin of mitochondria.

1.5 Mitochondrial biogenesis
It is a process through which cells gain mitochondrial mass and copy number to increase the
production of ATP as feedback to higher energy consumption. It can be described as growth and
subdivision of pre-existing mitochondria, and mitochondria don’t originate de novo (Jornayvaz &
Shulman, 2010). The symmetry, diameter, and the total number of mitochondria differ greatly in
different cell types based on energy requirements, physiological and environmental conditions. The
mitochondrial count per a cell is precisely connected to the biogenesis of the organelle. Its biogenesis
per cell is firmly governed by the stimulation of different transcription factors and signaling pathways.
These are the absolute product of an a-proteobacteria endosymbiont that eventually is established in
a host cell. Because of their bacterial ancestor, mitochondria carry their individual genome and can

7



auto replicate. Even though mitochondria consist of their individual genome, it encodes only a limited
number of proteins, and maximum number of the proteins and enzymes that are located in the
mitochondria are nuclear gene-encoded. Proper mitochondrial biogenesis depends on the coordinated
synthesis and import of relatively 1000-1500 proteins encoded by the nuclear genome and synthesized
on cytosolic ribosomes. Mitochondrial DNA replication, as well as mitochondrial fusion and fission,
must also be coordinated. Import of macromolecules, proteins, and tRNA, represents a primary aspect
of mitochondrial biogenesis.

The mitochondrial and nuclear-encoded proteins are well-organized and execute a function in
the synthesis of ATP over an electron transport chain (ETC) and oxidative phosphorylation. Another
duty of nuclear-encoded mitochondrial proteins includes maintenance of organelle structure,
pyrimidine and heme biosynthesis, components of mitochondrial genetic information processing. The
mitochondrial proteins encoded by nucleus are imported to the various sub-compartments of
mitochondria by a complex import protein machinery present in the outer and inner mitochondrial
membrane. Additionally, 13 proteins are encoded by Mt DNA are mostly consist of 7 subunits of
Complex I /NADH dehydrogenase (ND1-ND6), single subunit of complex Il /cytochrome c
oxidoreductase (cytochrome B) and 3 subunits of Complex IV /cytochrome ¢ oxidase (CoxI - CoxllIl),
two subunits of Complex V/ FOF1 ATPase (ATPase6 & ATPase8). Mammalian mt DNA further
encodes for 2 rRNAs and the whole set of 22 tRNAs that are indispensable for protein synthesis in
mitochondria. The functioning and assembly of the ETC enzymes in mitochondria depend upon
combined expression and cooperation among mitochondrial and nuclear gene products.

Further, the mitochondria import phospholipids from the cytoplasm to preserve their
membranes. Hydrophobic phospholipid & cardiolipin are essential for mitochondrial proteins such as
cytochrome c oxidase.

The master governor of mitochondrial biogenesis appears to be peroxisome proliferator-
activated receptor gamma coactivator 1- a (PGC-1a) (Puigserver et al, 1998). PGC-1la is a co-
transcriptional regulatory factor that activate mitochondrial biogenesis (Figure: 1.4) by activating the
nuclear respiratory factors, NRF-1&NRF-2. The NRFs, consecutively, activate the mitochondrial
transcription factor (Tfam) that transcribes the mitochondrial genome (Virbasius & Scarpulla, 1994).
Mitochondrial biogenesis is also altered under environmental stresses like oxidative stress, exercise,

low temperature, caloric restriction, cell division, renewal, & differentiation.
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Figure: 1.4: Signaling pathway for mitochondrial biogenesis:- Mitochondrial biogenesis governed by
PGC-1a through nuclear receptor family members, NRF-1/2 and ERR-a in response to increasing in energy
demand. Reactive oxygen species generated by mitochondria increases PGC-la by feedback mechanism
through CREB gene-regulatory factor. ROS induced PGC-1a is crucial for stimulation and the expression of
host antioxidant proteins such as superoxide dismutase (SOD), glutathione peroxidase (GPx) and Catalase.
The majority of proteins required for mitochondrial structural integrity, functional diversity and
biogenesis are imported from the cytosol.
1.6. General protein import machinery in the mitochondria

Cells have derived with mature import machinery at the OM, IM, and IMS of mitochondria to
import nuclear-encoded proteins into various sub compartments of the mitochondria (Bolender et al,
2008). Most of the mitochondrial matrix-targeted proteins contain pre-sequence at N-terminus. These
proteins traverse OM and IM mitochondrial membranes through TOM and TIM complexes



correspondingly in an unfolded conformation (Figure: 1.5A). Proteins are imported to the innermost
compartments of mitochondria, known as the matrix, usually carry import signals at the N-terminus.
The imported protein into the mitochondria is correspondingly known as pre-protein or precursor
protein. The pre-protein N-terminal directing sequences generally contains 10-80 amino acid residues
and it forms an amphipathic a-helices in the membrane ambience. These helices have positively
charged amino acids on one side & hydrophobic amino acids on another side. The translocation of
precursor proteins into mitochondria is directed by mitochondrial membrane potential and
mitochondrial matrix Hsp70. After import of pre-protein into the matrix, the N-terminal targeting
sequence is cleaved by the mitochondrial processing peptidases to generate a mature protein. In
contradiction, most of the pre-proteins that are targeted to the mitochondria don’t have any N-terminal
directing sequence, and their targeting sequence is present within the protein. Almost all mitochondrial
pre - proteins are imported through TOM complex. Tom20, Tom22, and Tom70 are the various
receptor proteins for the detection of the mitochondrial targeted pre-proteins and rest of the other
proteins create the translocation pore (Dekker, 1998; Kiinkele et al, 1998; Terziyska et al, 2007).

The cytosolic Hsp90 & Hsp70, binds and obstruct the accumulation of freshly synthesized pre-
proteins in the cytosol and transport them to the OM. Hsp70 conversely binds to the pre-proteins
having N-terminal pre-sequence and transport them to the TOM complex in an ATP dependent
machinery. Tom20 is the first recognition place for pre-proteins having pre-sequences at N-terminus
(Saitoh, Igura et al. 2007). Tom20 binds and handovers the pre-proteins to the Tom22. Hsp90 binds
to the pre- proteins with internal targeting sequences and transport to the Tom70. Tom70 delivers the
precursor proteins to Tom22 and then introduced into Tom40 channel. Later passing over the channel
of TOM complex, pre-proteins can go after one of 4 key import pathways (Koehler, 2004; Zong et al,
2014); (i) The proteins with a pre sequence are transported to the pre-sequence translocase of the 1M,
known as TIM23 complex. TIM23 forms a channel in the inner membrane and connects to mtHsp70.
mtHsp70 is the core of the pre-sequence translocase accompanying motor (PAM) which pushes the
end of protein transport to the mitochondrial matrix. (ii) A few hydrophobic IM proteins use
chaperone-like machineries in the IMS and the protein insertion mechanism of the inner membrane
transporter translocase was known as TIM22 complex (iii) The precursor of OM proteins like Tom40
and Porin is incorporated into the OM of mitochondria by the sorting and assembly machinery(SAM).
(iv) The sum of precursor proteins that are directed to the IMS use oxidative folding mechanism having
Mia40 and Erv1 or TIM23 complex.
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Figure: 1.5.A. The mitochondrial protein import pathway:- Nuclear-encoded mitochondrial targeting
proteins are imported through the translocase of the outer membrane (TOM) complex. Precursor proteins they
follow the different sorting pathways. (i) Pre-sequence containing proteins are translocated through the TIM23
complex and PAM complex into the matrix, mitochondrial processing peptidase (MPP) cleaves off the pre-
sequences in the matrix. (ii) Small-scale proteins of the intermembrane space (IMS) are imported through the
mitochondrial inter membrane space assembly machinery (MIA). (iii) B-barrel precursor proteins of the outer
membrane (OM) are transported from TOM to SAM complex. (iv) Precursor proteins of the inner membrane
(IM) carriers use Tim9-Tim10 and transfer to the TIM22 complex that drives infusion into the inner membrane
(Wiedemann et al. 2004) .
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1.6.1. Intermembrane Space (IMS)
Physico-chemical properties of the IMS

The IMS is linked to the cytosol via pores, typically formed through porins in the outer
membrane, that permit the free passage of molecules of around 5-10 kDa (Benz, 1994). Due to
unrestricted diffusion of GSH, ions, and protons, the intermembrane space is usually considered as a
compartment with physicochemical properties undistinguishable to those of the cytosol. Unlike to the
cytosol, cysteine residues in IMS almost completely reduced. However, current literature have shown
that the existence of various disulfide bonds in isolated inter membrane space proteins like Cox11
(Banci et al, 2004), Erv1l (Levitan et al, 2004), Rieske iron-sulfur protein (Iwata et al, 1998), CCS
[Lamb et al. 1999], Sod1 (Frazzon & Dean, 2003), and small Tim proteins (Lu et al, 2004; Curran et
al, 2002). Although IMS contains a distinct number of important proteins, it is an intensely small part
of mitochondria. IMS also have metal ions, electron transporters, set of pro-apoptotic proteins and
enzymes vital for metabolic reactions. IMS targeted proteins don’t hold any canonical mitochondrial
targeting signals. Intermembrane space targeted proteins can be sub-divided into 3 classes based on
their energy requirement, structural considerations, & sorting directions (Figure: 1.5B) (Terziyska et
al, 2007).

Class | proteins have N-terminal mitochondrial targeting sequences followed by the
hydrophobic transmembrane domain. They use the TOM and TIM23 complex for IMS targeting and
require ATP and membrane potential. The targeting sequence at N-terminus translocates over the
TIM23 complex. Mature proteins released into the inter membrane space by the action of inner
membrane peptidase removes the introduced hydrophobic domain from the IMS domain (Glick et al,
1992). Class Il proteins are usually low molecular weight, around 7-15 kDa, and they don’t have any
prominent pre-sequences. They consist of conserved cysteine and histidine those are necessary in the
binding of other cofactors and / metal ions. The cysteines existing in these proteins permit them to
form intra disulfide bonds to support mature protein. This kind of disulfide-mediated compact of
proteins in inter membrane space stops them from diffusing back into the cytosol (Lutz et al, 2003;
Mesecke et al, 2008). Class Il proteins of the intermembrane space don’t require ATP nor the
membrane potential for their translocation. They diffuse into the IMS after cytosol and fix to high-
affinity sites present on inter membrane space proteins. The energy released at the time of tie-up with
IMS is the dynamic power for the import of third class proteins into inter membrane space (Steiner et
al, 1995).
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Figure: 1.5.B. Distribution of intermembrane space proteins: Intermembrane space proteins are
divided into 3 classes depending on their import signals. 1) Class | proteins have two types of import signal,
like a small helix and a hydrophobic anchoring domain. These proteins are processed after import. 2) Class Il
proteins obtain their native confirmation by forming disulfide bonds or binding to cofactors. 3) Class 111 proteins
bind to high affinity site in the intermembrane space. (TOM - Translocase of the Outer Membrane, TIM -
translocase of the Inner Membrane, OM - Outer Membrane, IMS - Intermembrane Space, IM - Inner

Membrane,) (Adapted from Herrmann and Hell 2005).
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1.7 Glutathione

Glutathione (L-y-glutamyl-L-cysteinylglycine, GSH) (Figure: 1.6) is the amplest low molecular
weight thiol in a eukaryotic cell (Meister et al. 1983). Glutathione is a tripeptide had gamma peptide
linkage between the carboxyl (COOH) group of the glutamate side chain and the amine (NH2) group
of cysteine, and the carboxyl (COOH) group of cysteine is attached by a normal peptide linkage to a
glycine (Figure: 1.6). It is present in millimolar concentrations (1 to 10mM) in most mammalian cells,
generally conserved among species throughout evolution, from microorganisms to plants and
mammals. It is an important antioxidant in animals, plants, fungi, bacteria, and archaea. GSH gives
the first line of defense against ROS, as it can protect reduced cysteine thiols on the surface of proteins,
reduce disulfides to thiols or scavenging free radicals and reduce H>O,. Further GSH-dependent
enzymes are able to detoxify ROS products and prevent generation of free radicals. The normal
mechanism of this protection gets from the capacity of GSH to form a disulfide (GSSG) when
oxidized, and that can then be reduced back to GSH by glutathione reductase (GR). This mechanism
makes GSH a recyclable antioxidant molecule. The GSH/GSSG ratio reflects the intracellular redox
status of the cell; typically this ratio is 100:1(Kosower & Kosower, 1978; Gilbert, 1995) in resting
cells. However, the equilibrium may change to 10:1 in response to the cellular redox potential. This
may result in the formation of protein-GSH mixed disulfides or protein disulfides and leads to
alterations in the structure of the protein. Reduction of disulfides and mixed disulfides, and reversion
to the original protein confirmation is typically mediated by redox enzymes such as thioredoxin,
glutaredoxin and protein-disulfide isomerases. The GSH/GSSG ratio is maintained de novo by
synthesis of nascent GSH, cellular excretion of GSSG, and reduction of GSSG back to GSH by
glutathione reductase (GR) at the expense of NADPH. GR activity is found in cytosol as well as in

mitochondria.

Apart from scavenging free radicals and maintaining the redox balance of the cell, GSH is
involved in redox reactions, detoxification of xenobiotics, carcinogens, in the biosynthesis of DNA,
protein, and leukotrienes. Further, protein glutathionylation may have a regulatory post-translational
effect on protein function or activity. Glutathionylation or deglutathionylation of key proteins may be

a control point for certain redox-sensitive gene expression.
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Figure: 1.6 Glutathione:- It is a tripeptide that is synthesized by forming one peptide bond between the y-
carboxyl group of glutamate and the amino group of cysteine and a peptide bond between the COOH group of

cysteine and the NH2 group of glycine (y-glutamyl cysteine) .
1.7.1 The role of glutathione

The oxidative stress is involved in the pathogenesis of a sum of human diseases, including
neurodegenerative diseases and cancer. Glutathione has been shown to play a critical role in several
diseases, for instance, Parkinson’s disease, cystic fibrosis and, HIV (Wu et al, 2004). The brain is
more sensitive to oxidative stress as it has a relatively low antioxidant defense, and the levels of
glutathione play a key role in determining the way brain cells combat stressful situation (Mates, 2000).
Other than protecting cells from oxidative stress, glutathione is also involved in a number of metabolic
processes (Wu et al, 2004).

During oxidative stress, in addition to its radical scavenging properties, GSH can convert hydro
peroxides into their corresponding alcohols through the action of glutathione peroxidase
(Figure:1.7A). This reaction can also be catalyzed by peroxiredoxins, although their rate constants for
the reaction with hydro peroxides in mammals is believed to be comparatively slow (Hofmann et al.
2002). If peroxides are not removed, they could produce toxic radicals in the presence of reduced
metal ions such as Fe?* and Cu* (Halliwell & Gutteridge, 1985).
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Figure: 1.7A Actions of glutathione peroxidase and glutathione S- transferases: ROOX is a
peroxide converted into alcohol with the help of glutathione (GSH) and glutathione peroxidase. GSH is oxidized
to glutathione disulphide (GSSG). RX is a different compound that is enzymatically conjugated with GSH
forming RSG.

Glutathione can also form conjugates with electrophilic compounds through the action of
glutathione S- transferases (Figure.1.7B). This will protect the cell against the redox cycling of
quinones and oxidative stress that otherwise might result in the accumulation of these metabolites
(Mates, 2000; Eaton & Bammler, 1999). The glutathione conjugates are excreted in the urine in the
form of processed mercapturates, and the mechanism is a part of the coordinated detoxification
machinery of the cell. The liver, which is particularly rich in glutathione S-transferases, often excretes
glutathione conjugates into bile (Halliwell et al, 1995). Reduced glutathione is regenerated from
glutathione disulfide by glutathione reductase, in an NADPH dependent reaction ( Figure.1.7B). The
reducing equivalents of NADPH are supplied predominantly by the pentose phosphate pathway
(Dickinson & Forman, 2002).

NADPH+H* NADP”

glutathione
reductase

GSSG 2GSH

Figure: 1.7B:- The regeneration of reduced glutathione (GSH) from glutathione disulfide (GSSG).
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The levels of GSH may vary diurnally in some cells, especially in liver cells, where they are
affected by detoxification processes and oxidative stress. During this process, glutathione levels are
decreased due to the formation of GSSG (via radical scavenging or oxidation via glutathione
peroxidases), protein mixed disulfides, efflux of glutathione-S-conjugates and direct efflux of GSSG.
When GSSG levels rise, it is exported from the liver into bile in order to avoid oxidative effects (i.e.
oxidative stress). Thus the efflux is directly related to the hepatic GSSG levels (Brigelius et al, 1983).
In other cells, such as erythrocytes and heart cells, transport of GSSG across the plasma membrane
into the extracellular space is used to alleviate stress and recycle glutathione (Dickinson & Forman,
2002).

Deficiency of glutathione compromises the glutathione peroxidase detoxification system.
This leads to accumulation of H202 and lipid hydro peroxides and subsequent oxidative damage. This
may overpower the cell’s defense system and affect mitochondrial membrane permeability and
enzymes function (Ferndndez-Checa, 2003). Redox imbalance has long been associated with cell
death. In fact, glutathione efflux plays an integral part in the damage-induced apoptotic pathway, and
GSH depletion causes cytochrome c release from mitochondria. Depending on the strength of the
oxidative stimulus, this may lead to activation of the apoptotic pathway via caspase 3 (Coppola &
Ghibelli, 2000).

Depletion of glutathione can either be counteracted by the cells through GSSG reduction by
glutathione reductase (Figure: 1.7B) or by the release of GSH from cellular proteins by the action of
glutaredoxin or thioredoxin or through glutathione recycling and de novo synthesis. Glutathione
recycling involves the import of GSH from the extracellular space, where it is degraded, firstly by the
membrane-bound enzyme y-glutamyl-transpeptidase (GGT) (Figure: 1.7C), the only enzyme capable
of breaking the y-glutamyl bond in GSH and GSH conjugates. The Cys-Gly dipeptide is then cleaved
by dipeptidases, and the constituents can be imported as amino acids, which are used in glutathione
synthesis. This recycling of glutathione preserves the amino acid cysteine, which is often limiting in
de novo synthesis (Dickinson & Forman, 2002; Griffith, 1999). The liver actively exports GSH and is
the main source of circulatory GSH. Circulatory GSH may also play a role in the extracellular
antioxidant defense (Smith et al, 1996).
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Figl.7C:- Recycling of glutathione (GSH), and import of its amino acid constituents into the cell through the
action of y-glutamyl- transpeptidase (GGT), dipeptidases and amino acid transporters. (Placeholderl) Adapted
from Akerboom et al. 1990.

1.8 GSH metabolism

Glutathione is synthesized from glutamate, cysteine, and glycine by the sequential actions of the ATP-
dependent enzymes y- glutamylcysteine synthetase and glutathione synthetase (Figure: 1.8).
Glutathione is degraded by y-glutamyltranspeptidase and dipeptidases. The most generally used
inhibitor of glutathione synthesis is buthionine sulfoximine (BSO) that binds to y- glutamylcysteine
synthetase. Some cells may also export GSH. Liver is the leading organ for synthesis and export of
GSH into the plasma. Further, when cells /tissues are exposed to oxidative stress, GSSG efflux has
been observed. A putative reason for the export of GSSG may be maintenance of GSSG/GSH ratio

and thus sustain a favourable redox environment in the cells.

ATP ADP + Pi

glutamate
cystein ligase

(a) L-Glu+L-cys v-L-Glutamyl-L-cys

ADP + Pi

glutathione
synthatse

ATP

(b) y-L-Glutamyl-L-cys y-L-Glutamyl-L-cysteinyl- glycine

Figure: 1.8: The two enzymatic steps of glutathione de novo synthesis.
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1.9 Protein S- glutathionylation

It is the posttranslational adaptation of protein cysteines by the addition of glutathione, the greater
ample & essential low-molecular-mass thiol in utmost cell categories. Protein S-glutathionylation is
involved in oxidative stress, nitrosative stress, and block irreversible oxidation of protein thiols and

regulation of cell-signaling pathways by modifying protein function
1.9.1 Reversible S- glutathionylation

Reversible S- glutathionylation of protein thiols is an enzyme-catalyzed reaction, catalyzed by the
enzyme Glutaredoxin (Grx), in both directions (Figure: 1.9) (Mannervik & Axelsson, 1975, 1980;
Axelsson & Mannervik, 1980).

Protein-SSG +2GSH -_ GRX - Protein-SH + GSSG
Figure: 1.9:- Reversible S- glutathionylation of S-glutathionylated proteins, catalyzed by glutaredoxin.
Adapted from (Mannervik & Axelsson, 1975).

1.9.2 Glutaredoxin

Itis a small redox enzyme of about one hundred amino acid residues that uses glutathione as a cofactor.
This gets oxidized through substrates and reduced non-enzymatically by glutathione. It is an enzyme
clearly ubiquitous to mammalian cells (Rozell et al, 1993; Fernandez-Checa, 2003). Its structural
relative, thioredoxin, may have a small capacity to aid Grx in the reduction of mixed disulfides in vitro
(Jung et al. 1996). Glutaredoxin has an in vitro efficiency of about 5000 times that of thioredoxin in
deglutathionylation reactions, and a broad specificity for various S-glutathionylated proteins. Hence,
glutaredoxin appears to be the most physiologically relevant candidate for deglutathionylation
reactions in vivo (Chrestensen et al, 2000). Glutaredoxin also has the capacity to reduce intramolecular
disulfides, and therefore function as a backup for thioredoxin in some situations (Fernandes &
Holmgren, 2004; Holmgren, 1979; Prinz et al, 1997).

The catalytic site for glutaredoxin typically contains a CXXC motif (generally CPYC), a solvent-
accessible hydrophobic area and a binding site for GSH. To reduce a mixed disulfide, the enzyme

recognizes and binds to the GSH moiety of the mixed disulfide via its N-terminal cysteine thiol,
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forming a mixed intermediate. The protein is reduced and released, and the second intermediate
glutaredoxin-SG is then in turn reduced by glutathione (Figure: 1.9A). This mechanism is referred to
as a “monothiol mechanism”, and it is functionally separate from its “dithiol mechanism”, in which

the enzyme utilizes both its catalytic site cysteines to reduce intramolecular disulfides (Fernandes &

Holmgren, 2004; Nordstrand et al, 1999).
GSSG @
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Figl.9A The glutaredoxin monothiol mechanism:- The grey arrows show the initiation of
deglutathionylation (left to right). The S-glutathionylation from right to left. Adapted from (Fernandes &
Holmgren, 2004).

Glutaredoxin has been demonstrated to be susceptible to redox status of the cell. Wild-type
E. coli Grx3 has a tendency to form mixed disulfides with glutathione (Lind et al. 1996) that causes a
decrease in its catalytic activity (Aslund et al. 1998). A mutant construct of E. coli Grx3, with Tyr
replacing a conserved Cys® doesn’t have this tendency, suggesting that S-glutathionylation of Cys®
regulates wild-type enzyme’s activity. This particular cystein is S-glutathionylated in vitro during
H20; induced stress, and it is possible that S-glutathionylation of residue Cys® regulates Grx activity

towards S-glutathionylation of protein thiols under oxidative stress (Lind et al. 1996).

Diverse factors may influence the process of S-glutathionylation of proteins in vivo. Different
mechanisms have been proposed for S-glutathionylation, i.e. the development of mixed disulfides
between protein and glutathione (GSH). A decrease in the cellular GSH/GSSG ratio due to the action
of oxidants such as diamide, H>O;, t- butyl-hydro peroxide and redox cycling of quinones such as
menadione, leads to the formation of mixed disulfides (Brigelius et al, 1983; Collison et al, 1986).

20



The properties and thermodynamic possibilities of the reversible glutathione — disulfide exchange
reaction in the absence of enzymatic catalysis have been (Figure: 1.9B) thoroughly discussed (Gilbert,
1995).

Thiol disulfide exchange reactions

PrS™+ R-S-S-R Pr-S-S-R + RS

PrS™+ Pr-S-S-R EE— Pr-S-S-Pr +RS”

RS +R'-S-S-R' — R-S-S-R'+R'S”

PrS™+ Pr'-S-S-Pr — Pr-S-S-Pr+Pr'S

Disulfide exchange reactions

S
PrS-SPr + R-S-S-R IEESSmmN) oPrS SR

Fig 1.9B:- Proposed possible non-enzymatic thiol-disulfide exchange (4 different types) and disulfide
exchange reactions: Pr, protein; R; low molecular weight thiols (Cotgreave, Atzori and Moldéus,
1989).

Typically, the formation of thiolate anion is necessary for thiol-disulfide and disulfide-
disulfide exchange reactions under physiological conditions. Furthermore, the thiol-disulfide
oxidation potentials of proteins are hard to predict. Further, a large variation between those potentials,
one may presume that many proteins are not functionally affected simply by a physiological change
in the GSH/GSSG ratio (Gilbert, 1995). There are proteins whose function can be non-enzymatically
modified in vitro by a change in GSH redox status such as transcription factor c-Jun (Klatt et al, 1999).

Further, the oxidative stress-induced formation of GSH-mixed-disulfides on proteins is not necessarily
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dependent on perturbation of the cellular GSH/GSSG redox status(Chai et al, 1994; Schuppe-
Koistinen et al, 1994).

Enzyme-catalyzed formation of GSH-mixed-disulfides is more rapid in the presence of free
radicals (Starke et al. 2003). The thiyl-radical intermediate mechanism is may be one of the possible
reason for formation of mixed disulfides as suggested by Thomas and co-workers (park et al. 1987;
Thomas et al. 1995). Free radicals in the cell, like OH", induce the formation of reactive protein
sulfhydryl intermediates such as thiyl-radicals, which then react rapidly with GSH to form mixed
disulfides (Figure: 1.9C). Grx stabilizes a GS- radical in its active site and that the transfer of this
radical to protein sulfhydryls is particularly rapid(Starke et al, 2003). Thus, the local redox
environment will influence the enzymatic catalysis of S-glutathionylation and de-glutathionylation
and the rate and direction of Grx-catalyzed reversible glutathionylation is often influenced by several

factors.

GSH Pr-S-S'-G

Pr-S” Protein thiyl radical
intermediate

Pr-S-S-G

Grx

Pr-SH
GSH

Figure: 1.9C:- Proposed mechanism of reversible S- glutathionylation via a thiyl-radical intermediate:Pr,
protein (Thomas et al, 1995).

1.10 Functional significance of S-glutathionylation in proteins

Cellular stress can affect diverse functions such as apoptosis, proliferation, ion channel
function, cytoskeleton apparatus arrangement, signal transduction pathways, gene regulation,
carbohydrate metabolism, neurotransmitter release and proteolysis. It has been shown that S-
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glutathionylation of GAPDH, actin, certain heat shock proteins and peroxiredoxins in various cell
types in response to different types of stresses (Chai et al, 1994; Ravichandran et al, 1994). These
studies indicate that the binding of glutathione to these proteins is not a random process. Further,
oxidative stress-mediated regulation of actin polymerization with involvement of glutaredoxin,
influence of GSH/GSSG perturbations on transcription factors like NFkB and AP-1 (Klatt et al, 1999;
Pineda-Molina et al, 2001) (non-enzymatic redox regulation), and production of NADPH by stress-
induced regulation of GAPDH and other glycolytic enzymes (Lind et al, 1998) demonstrates the
importance of S-glutathionylation.

1.11 Electron Transport Chain (ETC)

Electron Transport Chain which is present in the inner mitochondrial membrane, is the most important
step of cellular respiration. It is organized into five different complexes (Fig.1.11). 1) Complex I
(NADH- coenzyme Q reductase) comprising of 46 subunits. 2) Complex Il (succinate dehydrogenase—
ubiquinone oxidoreductase) comprising of 4 subunits. 3) Complex Il (ubiquinone—cytochrome ¢
oxidoreductase) comprising of 11 subunits. 4) Complex IV (cytochrome ¢ oxidase) comprising of 13
subunits and 5) Complex V (ATP synthase) comprising of 16 subunits. Apart from these membrane-
bound complexes, two small mobile electron carriers, cytochrome ¢ and coenzyme Q are also required.
In this reaction, electrons are transferred along ETC complexes to oxidise NADH or FADH: and
reduce molecular oxygen to water. The energy released during this process is used to transfer protons
from matrix to the intermembrane space. Influx of these protons back into the mitochondrial matrix
produces ATP via ATP synthase (complex V) (Elston et al, 1998; Noji & Yoshida, 2001). This

pathway is often called the “respiratory chain” as it is the major reason for respiration in animal cells.
Complex I (NADH dehydrogenase)

Complex | contains an Fe-S cluster and an FMN. In Complex I, NADH is oxidised to NAD"
by reducing FMN to FMNH.. Electrons are then transferred from FMNH: to Ubiquinone via Fe-S
cluster. During this process, each pair of electron pumps 4 protons from the mitochondrial matrix to
the intermembrane space thus generating a proton gradient. Coenzyme Q located in IMM can accept
electrons from Complex | and Il and transfer it to Complex Ill. The main source of superoxide

generation in ETC is Complex | due to its premature electron leakage to O,
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Complex 11 (Succinate Dehydrogenase)

Succinate dehydrogenase is a TCA cycle exclusive enzyme present in inner mitochondrial
membrane. It facilitates conversion of succinate to fumarate via reduction of FAD to FADH:.
Electrons are further tranferred from succinate to Coenzyme Q during oxidation of FADH,. Succinate

dehydrogenase does not pump protons, and therefore less energy is produced in this step.
Complex 111 (Coenzyme Q-dependent cytochrome c reductase)

Complex 111 accepts electrons from Coenzyme Q and sequentially tranfers it to Cytochrome c.
Cytochrome c is a water soluble electron carrier present in the intermembrane space. Akin Complex
I, Complex Il also generates a proton gradient. Complex Il may also contribute to ROS generation

in mitochondria by leaking electrons directly to oxygen (Turrens, 2003).

Complex 1V (Cytochrome c oxidase)

Cytochrome c oxidase takes electrons from Cytochrome c and transfers them straight to oxygen
(O2). Akin Complexes | and Ill, Complex IV also generates a proton gradient. Approximately 10
protons per pair of electron are pumped from mitochondrial matrix by these three proton pumps
(Complex I, 111, and V).

Complex V (ATP Synthase)

ATP synthase is required for the synthesis of ATP. One molecule of ATP is synthesised for
every 4 proton, that moves down the proton gradient generated by the proton pumps. The ATP
synthase is a protein complex comprising of two subunits: Fo (a transmembrane pore that facilitates
(H") proton movement down the gradient) and F1 (the part of the complex that performs ATP

synthesis). Because of their rotational motor mechanism, ATP is produced.
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Figure: 1.10 Schematic Representation of electron transport chain:- It is composed of five enzyme
complexes which are Complex | (NADH-ubiquinone oxidoreductase), Complex Il (succinate ubiquinone
oxidoreductase), Complex Il (ubiguinol: cytochrome ¢ oxidoreductase), Complex 1V (cytochrome c oxidase)
and ATP synthase (Complex V). NADH and FADH: enter the chain via complex | and complex Il, proceeding
with electron transfer through molecular oxygen and result in H,O formation in complex 1V. H,O formation

changes proton gradient and membrane potential resulted in ADP phosphorylation in complex V .

1.11.1Mitochondrial Electron transport chain- Diseases

Mitochondria have their own DNA (mtDNA) and machinery for RNA and protein synthesis.
But mtDNA encodes for only 3% of mitochondrial gene products, the remaining 97% are encoded by
nuclear DNA (nDNA) and are imported from the cytoplasm. Any defect in mitochondrial pathways
may lead to mitochondrial diseases. Mitochondrial disorders affecting brain and skeletal muscle are
referred to as mitochondrial encephalomyopathies whereas the ones caused due to defects in electron
transport chain are called LHON, which is under both Mendelian and mitochondrial genetics. Yet,
these diseases are not as rare as commonly accepted neurologic diseases, like amyotrophic lateral

sclerosis and the muscular dystrophies (Chinnery & Turnbull, 2001).
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Figure: 1.11. The mitochondrial electron transport chain- Diseases: - The subunits of the respiratory
chain encoded by nuclear DNA (nDNA) in blue and the subunits encoded by mtDNA in red. At the time of
electrons (&) flow along the ETC, H* (protons) are pumped from the matrix to the intermembrane space over
complexes I, 111, and IV & again back into the matrix through complex V, to generate ATP. CoQ and Cyt c are
electron-transfer carriers. Genes responsible for the indicated respiratory-chain (ETC) disorders are also shown.
ATPase 6 stand for ATP synthase 6; BCS1L Cytochrome b—c complex assembly protein (complex 111); NDUF
NADH dehydrogenase—ubiquinone oxidoreductase; SCO synthesis of cytochrome oxidase; SDHA, B, C, & D
succinate dehydrogenase subunits; SURF1 surfeit gene 1; FBSN familial bilateral striatal necrosis; LHON
Leber’s hereditary optic neuropathy; MELAS mitochondrial encephalomyopathy, lactic acidosis, and stroke
like episodes; MILS maternally inherited Leigh’s syndrome; NARP neuropathy, ataxia, and retinitis
pigmentosa; GRACILE growth retardation, aminoaciduria, lactic acidosis, and early death; and ALS
amyotrophic lateral sclerosis. Adapted from (Dimauro & Schon, 2003).

1.12 Iron (Fe)

From single cell bacterium to human’s iron is the vital molecule. Iron can occur in 3 different

oxidation states, 1) Fe?*, 2) Fe®*, and 3) Fe**. Iron plays a role in e transfer and flexible binding to the
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ligands because of their inter exchange of oxidative states. So, the e spin state and redox potential of
Fe are important for its chemical activity. Oxygen, nitrogen, and sulfur are favoured biological ligands
for Fe. Hence, iron is an essential for some the key biological molecules those participate in oxidation-

reduction (ferredoxin), oxygen transport (hemoglobin), and electron transfer (cytochromes).

1.13 Major routes for cellular iron uptake

Iron homeostasis is firmly controlled in a cell to evade extra iron toxicity or iron scarcity
(Hentze et al, 2004; De Domenico et al, 2008; Ganz, 2008). There are 2 mechanisms to transport non-
heme iron into cells, transferrin and non-transferrin bound iron uptake (Tf and NTBI respectively). In
circulation, iron is completely bound to transferrin under normal physiological conditions. Transferrin
saturation with iron and surplus of plasma iron occurring as NTBI are usually seen in diseased
conditions that results from iron load. Specific uptake route(s) for NTBI remain uncertain, however in
some cases it was shown that it might involve more than one cellular surface ferrireductases.
Nevertheless, the main iron uptake route is through the iron which is bound to the transferrin. This
transferrin bound iron is adopted by receptor-mediated endocytosis once it binds to transferrin receptor
1 (TfR1). The ferric state of iron, free from transferrin within the endosome is later acted upon by an
endosomal ferrireductase (STEAP3), or by a new machinery involving cellular ascorbate to decrease
its acidification. Similar to NTBI uptake, ZIP14 or DMT1 mediate the transport of the ferrous iron
through the endosomal membrane. This promising cytosolic iron then becomes part of an unwell
characterized chelatable or LIP (labile iron pool) that can be used for metabolism, deposited in ferritin
or released back to the extracellular space. The released iron can be gathered into Fe-S clusters for the
maturation of cytosolic and nuclear proteins (Rouault 2006) for example ribonucleotide reductase (Liu
and Graslund 2000). Mitochondria, the key iron consuming sub-cellular organelle, has a central role
in iron metabolism. IRP1& IRP2, 2 iron regulatory proteins are involved in regulating the iron

homeostasis in cellular systems. (Rouault, 2006; Wallander et al, 2006).
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Figure 1.12 Mechanism of iron transport in human cells:- Two types of cellular iron (Fe) uptake

pathways, i.e. transferrin (Tf)-bound Fe uptake and non-Tf-bound Fe (NTBI) uptake. Under physiological
conditions, most Fe is bound to Tf which binds to the transferrin receptor 1 (TfR1) on the cell surface that is
then involved in receptor-mediated endocytosis with the Fe being released from Tf by a decrease in endosomal
pH and reduction by an endosomal reductase [e.g., six transmembrane epithelial antigens of the prostate 3
(STEAP3)] or, potentially, by ascorbate. The Fe (l1) is then transported across the endosomal membrane by
divalent metal transporter 1 (DMT1) where it then becomes part of the poorly characterized labile iron pool
(LIP) in the cytosol. Iron in the LIP acts as an intermediate and can be utilized for storage in the iron storage
protein, ferritin, or used for the synthesis of heme and iron-sulfur clusters in the mitochondrion or cytosol. Iron
can also be exported from the cell by ferroportin 1 (FPN1). In conditions of iron overload, NTBI exists in the
blood, and may be taken up by processes that include cell surface reduction by ferrireductases such as duodenal
cytochrome b (DCYTB), or by effluxed reductants, such as ascorbate. Intracellular ascorbate can also supply
electrons for DCY TB-dependent ferrireduction. Such enzymes reduce ferric NTBI to its ferrous state, which

can be imported from the plasma membrane by transporters such as DMT1. Adapted from(Lane et al, 2015).
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1.14 Fe-S clusters

Iron is a module of iron- sulfur clusters (Fe-S), it is vital for many essential processes together
with replication and repair of DNA processes, and processes regulating gene expression, redox
catalysis, electron transfer, and cellular respiration (Stephens et al. 1996; Beinert 2000; Ryter and
Tyrrell 2000; Walden et al. 2006; Boal et al. 2007; Netz et al. 2012; Rouault 2012). They are
evolutionarily antique and are typically found in all organisms. The most familiar iron sulfur clusters
found in eukaryotic proteins are 2Fe-2S and 4Fe-4S. These iron sulfur clusters are made by tetrahedral
coordination of iron atoms with sulphide and ligated to the protein over the cysteine residues.

Figure 1.13 Structure of Fe-S clusters: - The most familiar iron sulfur clusters are the 2Fe-2S and 4Fe-
4S.
1.15 Fe-S cluster biogenesis

The investigation work on bacteria elucidates that 3 diverse biosynthetic types of machinery
are present to make iron-sulfur proteins (Frazzon and Dean 2003). 1% machinery, the nitrogen fixation
machinery is involved in the association of the complex iron-sulfur protein nitrogenase. Nitrogenase
is important for the conversion of nitrogen (N2) to ammonia (NHz3) in nitrogen-fixing bacteria (Rees
and Howard 2000; Frazzon and Dean 2002). 2) The 2"¢ machinery, iron-sulfur cluster assembly
mechanism that is required for the synthesis of cellular iron-sulfur proteins (Zheng et al. 1998). 3) The
39 machinery, sulphur-mobilization mechanism that is an autonomous system and mostly utilizes
under iron-restrictive and/ or oxidative conditions (Fontecave et al. 2005; Johnson, Dean et al. 2005).
Mitochondria have the mechanisms similar to ISC machinery, although plastids have machineries
similar to SUF machinery of bacteria (Lill and Kispal 2000; Balk and Lobreaux 2005).
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Fig 1.14 Biogenesis and the evolutionary origin of Fe-S cluster proteins:- In eukaryotes, Fe-S cluster
proteins are present in the cytosol, mitochondria, and nucleus. The ISC assembly machinery of mitochondria
was originated from the evolutionary ancestor, a-proteobacteria. The SUF machinery of plastids in plant cells
may be transferred to the eukaryotic cell by endosymbiosis of a photosynthetic bacterium. The mitochondrial
ISC assembly machinery, the ISC export system and the CIA machinery are required for the maturation of both
nuclear and cytosolic Fe-S proteins. These three systems are highly conserved from lower to higher eukaryotes.
The bacterial NIF machinery is principally required for the assembly of nitrogenase in bacteria. A small red and

yellow circle denotes the Fe/S clusters . Adapted from Ronald Lill et al. 2006.

1.16 Role of Fe-S proteins in metabolism
Aconitase, residing in both mitochondria and cytosol, is an iron-sulfur cluster enzyme. The

mitochondrial enzyme contains a 4Fe-4S cluster wherein the cysteines on the enzyme backbone are
bound by three Fe atoms and the fourth is ligated to sulfur of the inactive 3Fe-4S cluster giving rise to
a free coordination site that binds substrates (Gardner and Fridovich 1992; Gardner 1997). The
cytosolic enzyme is a bifunctional enzyme which may or may not have a 4Fe-4S cluster. The holo
form (4Fe-4S) has aconitase activity while the Apo form lacking the enzyme activity regulates the

levels of iron intracellularly.
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In humans, there are three different kinds of iron sulfur proteins involved in the metabolism of
nucleotides. 1) Dihydropyrimidine dehydrogenase (DPYD) consist of four 4Fe-4S clusters that
function as a channel for e transport between the FAD and FMN groups of the enzyme (Schnackerz
et al. 2004). It participates in the catalysis of initial rate-determining step in pyrimidine metabolism,
i.e. degradation. 2) Glutamate phosphoribosyl pyrophosphate amidotransferase (GPAT) containing
4Fe-4S cluster catalyses the rate- determining step of purine biosynthesis. Remarkably, iron sulfur
cluster in Bacillus subtilis associated with GPAT is essential for the structural stability and N-terminal
processing of the protein. (Makaroff et al. 1986; Grandoni et al. 1989). The requirement of iron sulfur

cluster integration in to GPAT for protein stability has also been exposed in human cell lines.
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1.17 Medical Impact

Iron- sulfur cluster biogenesis is necessary for cellular development. These Fe-S proteins are

vital for functioning of electron transport chain, TCA pathway enzymes like aconitase, and succinate

dehydrogenase and some of the functions in mitochondria, cytosol and nucleus. Hence, it isn’t very

surprising that defects in iron sulfur cluster biogenesis can lead to numerous disorders (Table 1.1).

Table 1.1. Diseases caused by defects in Fe-S cluster biogenesis

Friedreich’s ataxia

(FRDA)

GLRXS deficient

sideroblasticanemea

ISCU myopathy

Mitochondrial
encephalomyopathy

Multiple
mitochondrial

Dysfunctions
syndrome (NFU type)

Multiple
Mitochondrial
dysfunctions
syndrome (BOLA

type)

Disease Cause Clinical phenotype Tissues affected
and incidence

Decreased expression of Ataxia, loss of sensation Primerly affects dorsal

frataxin due to
expansion of intronic
GAA repeat

Low expression of
GLRXS due to mis
splicing

Splicing defect in ISCU
that diminishes
expression

Mutations in NUBPL
impair the function of
respiratory complex I
Mis-splicing of the
NFUI, causes reduced
expression

Single exonic base pair
duplication leads to
frame shift and a
premature stop codon in
BOLA3

Adapted from (Rouault, 2012a).

in extremities, heart
failure; incidence:
1/50,000 births
Sideroblasticanemia

Exercise induced lactic
acidosis and muscle
weakness
Developmental delay,
myopathy ataxia

Weakness, lethargy

progressing to death at 4

weeks of age, lactic
acidosis, elevated blood

levels of branched chain

amino acids and glycine
Hyper glycinemia,
acidosis, dilated
cardiomyopathy,
epileptic encephalo
myopathy, death at 11
months of age
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root ganglia, cerebellum
and heart

Red blood cells

Skeletal muscle and

heart

Neurons, skeletal
muscle

No tissue specificity,
possibly because of
early onset severe
systemic illness

Majorly affects central
nervous system and
heart



1.18 Scope of the present study investigation

Human MIA40 contains seven cysteine residues. Six cysteines residues are conserved and are
aligned in the order of one CPC (C represents cysteine and P proline) and two CX9C motifs. In a
disulfide relay system, oxidized CPC motif introduces a disulfide bond in the substrate molecule by
accepting electrons from the incoming polypeptide chain (Stojanovski et al, 2012). The reduced
MIA40 needs to be reoxidized to perform another round of substrate oxidation and import.
Reoxidation of CPC motif in MIA40 is mediated by Ervl (in mammals ALR). The ternary complex
that is formed in-between substrate, hMIA40 and ALR is able to introduce efficient electron transfer
during disulfide relay system (Bottinger et al, 2012). Further, electrons from ALR are transferred to
molecular oxygen via cytochrome c of the electron transport chain.

Recently, we and others have shown that MIA40 binds Fe-S clusters and is involved in the
export of Fe-S from mitochondria to the cytosol (Daithankar et al. 2010; Spiller et al. 2013; Murari et
al. 2015). In yeast ATM1 (ABCB7 in mammals), an inner membrane protein has been recognized as
a Fe-S cluster exporter from mitochondria. The exact module that is exported by ATML1 is still not
known, but, few studies suggest that it is maybe involved in the export of sulfur to cytosol through
some anonymous mechanism. The extra components of Fe-S export machinery that are perhaps
working beside with ATM1 includes Ervl, MIA40, and GSH (Ronald et al. 2006), as depletion of
these proteins leads to increase of iron in mitochondria and defect in maturation of cytosolic Fe-S
containing proteins. Still, the specific physiological importance of Fe-S cluster in MIA40 is yet to be
understood.

In addition, it has been shown that hMIA40 interacts with AIF and regulates respiratory chain
biogenesis. Apoptosis-inducing factor (AIF) is a mitochondrial flavoprotein. Apart from its apoptotic
function, it is required for the normal expression of major respiratory chain complexes. Depletion of
AIF causes a down-regulation of hMIA40 protein probably by reduction of its mitochondrial import.
Restored hMIA40 levels by overexpressing MIA40 restores the respiratory chain function in AlF
deficient cells (Hangen et al, 2015). Hence the potency of the MIA pathway influences the functional
state of the respiratory chain complex (Allen et al, 2005). However, the precise mechanism of the
MI1AA40 role in electron transport chain function is still to be explored. Further, the importance of GSH
on MIA40 mediated import suggests that a possible potential role of GSH in electron transport chain
biogenesis and function, protein import and Fe-S cluster biogenesis.

Based on the above rationale, the outline of the present study is as follows:
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1. Characterization of hMIA40 function in electron transport chain biogenesis.

2. Functional characterization of glutathionylated MIA40 in protein import and iron

homeostasis of the cell.
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2.1 Introduction:-

The intermembrane space (IMS) of mitochondria has been found to be teeming with proteins enriched
in disulphide bonds (Herrmann & Hell, 2005). It is thought that the presence of disulphide bonds locks
these proteins in the IMS. Unlike the proteins that are present in the mitochondrial membranes or
matrix by a dedicated import machinery constituting a plethora of proteins, the IMS proteins are
brought in and retained in the IMS by a unique pathway called the disulphide relay pathway. The
disulphide relay pathway depends on two proteins: MIA40 and ALR/Ervl. MIA40 is an
oxidoreductase that facilitates the import and folding of the IMS targeted proteins by introducing
disulphide bonds. Reduced MIA40 is recycled to oxidized form for initiating another import cycle by
its partner, ALR (in yeast Erv1). The downstream trail of the electrons from ALR has been shown to
reach the electron transport chain. The hydrophobic binding cleft of MIA40 is thought to recognize
the substrates for introducing the disulphide bonds, to trigger subsequent folding of precursor proteins.
Additionally, the efficacy of oxidative folding of IMS proteins has been shown to be tightly coupled
to their accumulation in the IMS (Mesecke et al, 2005; Mdiller et al, 2008). Thus, disulphide relay
system prevents the leakage of mature proteins from the IMS (Chacinska et al, 2009; Sideris &
Tokatlidis, 2010).

Maintenance of mitochondrial redox homeostasis is a tightly regulated and controlled process
as any alterations affect mitochondrial function. Generally, cells use glutathione (GSH) and oxidized
glutathione (GSSG) to tweak redox imbalances that frequently occur in the mitochondria that house
the electron transport chain, the main contributor of Reactive Oxygen Species (ROS). Glutathione is
a tripeptide (L-y-glutamyl-L-cysteinylglycine, GSH) that serves as an easily accessible cellular
antioxidant. More recently, it has been re-discovered to S-glutathionylated proteins, a covalent post-
translational modification (PTM) that is competing with other PTMS for its ability to modulate
proteins reversibly in diverse cellular pathways like cell growth, cell differentiation, transcription and
metabolism during both physiological and mild oxidative stress conditions. Interestingly, the IMS
import process can be accelerated by the presence of GSH (Bien et al, 2010). Glutathione reduces the
formation of long-lived, partially oxidized import intermediates and functions as a proof-reader during
mitochondrial disulphide relay system (Bien et al, 2010). However, it is not clear whether GSH

directly interacts with M1A40 or employs glutaredoxin.
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MIA40 is an evolutionally conserved and essential protein. The highly conserved region in
human MIA40 (hMIA40) harbours seven cysteines, out of which six conserved cysteine residues
aligned in the order of CPC and two CX9C motifs besides present as C4 (Fig:2.3.4A). The cysteine
pair in the CPC motif has been implicated in the formation of disulphide bond during the run of the
disulphide relay system (Stojanovski et al, 2012). At the end of the disulphide relay cycle, ALR, a
flavoprotein re-oxidizes the CPC motif of hMIA40 so as to facilitate a new cycle of disulphide relay
cycle. The ternary complex formed between substrate, hnMIA40 and ALR is efficient in executing the
electron transfer, critical for the import, folding and retention of IMS proteins. ALR is thought to act
as a redox switch as it accepts an electron pair from MIA40 and transfers two single electrons to two

molecules of cytochrome ¢ (Fig: 2.1).
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Figure: 2.1 Schematic representation of the MIA40-Erv1l/ALR disulfide relay system: Simplified
image of the protein import into intermembrane space (IMS) of mitochondria. The oxidized active state of
MIA40 interacts with newly imported pre-proteins by intermolecular disulfide bonds, and subsequently, the
substrate proteins getting into folded state. For the next cycle of protein import, MIA40 interacts directly with
sulfhydryl oxidase Ervl/ALR and gets converted into active oxidized MIA40. The sulfhydryl oxidase
Ervl/ALR is a dimeric FAD-binding protein that maintains an oxidized state by transferring electrons to

cytochrome ¢ and or molecular oxygen. Adapted from (Hell, 2008).
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Recently, it has been shown that Apoptosis-inducing factor (AlIF), a known mitochondrial
apoptotic factor, is also required for biogenesis of respiratory chain complex I. AIF interacts with
hMIA40 and regulates respiratory chain biogenesis by acting upstream to hMIA40. Depletion of AlF
reduces hMIA40 protein levels in mitochondria by affecting its mitochondrial import. Overexpression
of hMIA40 in AIF depleted cells restores the respiratory chain function, in particular, Complex I
(Hangen et al, 2015). Thus MIA40 mediated pathway can influence the functional state of the
respiratory chain complexes (Allen et al, 2005). However, the precise mechanism is not known.
Besides the role of MIA40 in the disulphide relay system and in the functioning of Complex I, we
have additionally shown that the CPC motif in MIA40 is capable of binding iron and thereby helps in

the export of Fe-S clusters from mitochondria (Murari et al, 2015).
2.1.2 In vivo redox status of hMI1A40:

It has been shown that 70% of steady state levels of hMIA40 in oxidized state under normal
physiological condition, and it appears that local glutathione pool offers reducing equivalents to
maintain redox levels of MIA40 (Kojer et al, 2012a). But it is not clear whether glutathione directly
interacts with MIA40 or not. To test the redox status of MIA40 in vivo, we overexpressed hMIA40 in
Human Embryonic Kidney (HEK293) T cells and isolated the mitochondria. 50 pg of mitochondria
were treated with or without 10 mM DTT and kept for 15 min at 60°C and then cooled to room
temperature following by addition of 20 mM IAA for 1 hr at room temperature to block free cysteines.
Next, mitochondria were resolved on 12%SDS-PAGE and immunoblotted with the antibodies specific
for hMIA40 (Figure: 2.12). As expected, most of the MIA40 was found to be in oxidized form.
However, some portion of MIA40 was converted to the reduced form in presence of DTT. Itis an in

vitro experiment as we have treated mitochondria with DTT, but in vivo GSH may play a similar role.
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Figure: 2.1.2: In vivo redox status of hMI1A40:- hMIA40 overexpressing mitochondria were treated with
10 mM DTT& blocked free cysteines with IAA and immunoblotted with antibodies against hMIA40.

In view of the importance of GSH during disulfide relay system, we speculate that chances of
MIA40 undergoes glutathionylation are considerably high. In such case, it should also influence the
electron transport chain as GSH plays a role in redox homeostasis. The present study was, therefore,
undertaken with the following objectives:

1. Does MIA40 undergo post-translational modification, like glutathionylation?

2. Does glutathionylated MI1A40 influence the function of electron transport chain?

2.2. Materials and Methods

2.2.1. Materials

N-Acetyl-L-cysteine (NAC) and L-Buthionine-sulfoximine (BSO) were bought from sigma to
induce and inhibit glutathione synthesis respectively in cells. TOM40, OXPHOS, AIF, Hsp70, Acol,
Aco2, TOM20, c-Myc, GAPDH antibodies were procured from Abcam (USA). To knockdown
humanMIA40, MIA40 specific sShRNA was procured from ORIGENE. Glutathione Sepharose and Ni-
NTA Sepharose beads were bought from GE health care. Cytochrome c, decylubiquinone, NADH,
rotenone, BSA, sodium azide and DCFDA for mitochondrial complex activities and ROS
measurement respectively were purchased from Sigma. DTT and IAA for protein reduction and
alkylation studies were obtained from Sigma-Aldrich. Cell culture components like DMEM, Pen-

strep, FBS, and lipofectamine for preparation of complete media and for transfection studies
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respectively were purchased from Invitrogen. Cell culture 35mm, 60mm and 100mm dishes and T-25,

T-75 and T-175flasks were purchased from Eppendorf India.

2.2.2. Methods

2.2.2A Plasmid constructions

From total RNA of HeLa cells, cDNA encoding hMIA40 was generated by following the
manufacturer protocol (Bangalore GeNei, India). Open reading frame (ORF) of hMIA40 was
amplified from cDNA by using primers MIA40-Fwd1 (5-
“CCCAGAATTCACCATGTCCTATTGCCGGCAGGAA-3’) and MIA40-Rev1 (5°-
“CCACTCGAGTTAACTTGATCCCTCCTCTTCTTT”-3”). hMIA40 ORF was cloned into pET28
(at+) vector to generate plasmid pNB130 carrying hMIA40 with a His tag at the N terminus as
described earlier (Murari et al, 2015). As per manufacturer’s protocol site-directed mutagenesis
(Fermentas) was performed with plasmid pNB130 containing wild type hMIA40 to create plasmids
pNB309 (hMIA40 C53S&C55S), pNB388 (hMia40 C4-97S), pNB389 (hMIA40 C4S, C74S&CI7S)
and pNB390 (hMIA40 C4S, C64S, C74S&C9I7S). All mutants were cloned into pcDNA3.1 Myc-His
vector with EcoR1 and Xhol restriction sites to generate plasmids pNB202 (WThMIA40) and pNB314
(hMIA40 C53S&C55S), pNB379 (hMIA40 C4S&C97S (DM)), pNB380 (hMIA40 CA4S,
C74S&C97S(TM)), pNB391 (hMIA40 C4S, C64S, C74S&CI7S (QM)) for expression in mammalian

cells.

2.2.2B Site-Directed Mutagenesis

For generation of cysteine to serine mutation (Cysteine-Serine) in hMIA40, pcDNA-MIA40/
pET28a-hMIA40 plasmid was used as a template to amplify the DNA using Pfu /Taq DNA polymerase
(Invitrogen) and exact primers as defined below. After amplification the PCR product was treated with
the enzyme Dpnl at 37°C for 1 hr. The enzyme treated PCR/plasmid product was transformed into
E.coli DHSa Cells. Finally, clones were confirmed by the restriction digestion and plasmid
sequencing. The list of the primers used for the generation of Cysteine to Serine was listed below.
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GBLFWP [5-AAC TGG AAC TCC CCATGC CTT -3’ MIA40 C53S
GB2Rev | 5'-AAG GCA TGG GGA GTT CCA GTT-3’ MIA40 C53S
GB3FWP |5-AAC TGC CCA TCC CTT GGG GGA-3’ MIA40 C55S
GB4Rev  |5-TCC CCC AAG GGA TGG GCA GTT-3’ MIA40 C55S
GBI3FWP |5-TGG AAC TCC CCATCC CTT GGG-3’ MIA40 C5355S
GBl4Rev | 5'-CCC AAG GGA TGG GGA GTT CCA-3’ MIA40 C5355S
GB5 FWP | 5'-AGC GGT CCC TCT GGA GAA CAG-3° MIA40 C64S
GB6Rev | 5'-CTG TTC TCC AGA GGG ACC GCT-3’ MIA40 C64S
GBTFWP [5-GCC TTT TCC TCC TTC CAC TAT-3’ MIAL0 C74S
GB8Rev | 5'-ATA GTG GAA GGAGGA AAA GGC-3’ MIA40 C745
GBIFWP _|5°-GGG TCA GAC TCT GTA GAC CAG-3° MIA40 C87S
GBLORev  |5'-CTG GTC TAC AGA GTC TGA CCC-3’ MIA40 C87S
GBI FWP | 5'-ATG CAG GAA TCC ATG CAG AAA-3’ MIA40 C97S
GB12Rev_ | 5'-TTT CTG CAT GGA TTC CTG CAT-3’ MIA40 C97S
NB 695FWP | 5-CCCAGAATTCACCATGTCCTATTCCCGGCAGGAA-3° MIA40 C4S

2.2.2C Restriction Digestion

The PCR amplified hMIA40 Cysteine to Serine mutants and pcDNA3.1 c-myc-His/ pET28
(a+) vectors were exposed to double digestion with E.coRI & Xhol restriction endonucleases. In a 20
ul reaction {(Plasmid /PCR amplified product 10 ul; 10X Tango Buffer 4 ul (Fermentas); double
distilled water 5.4 ul; E.coRI 0.3 U; Xhol 0.3 U) and pcDNA3.1 c-myc-His vector /pET 28 (a+) 30
ul; 10X Tango Buffer 4 pl; double distilled water 5.4 ul; E.coRI 0.3 U; Xhol 0.3 U)} at 37°C for12-

16hrs. The digested products were visualized by agarose gel electrophoresis.
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2.2.2D Bacterial Transformation

DH5a E. coli cells / E. coli Rosetta gami competent cells were used for transformation of
plasmids and/ ligated products. Around 10 ul of PCR amplified product was added to DH5a cells and
incubated on ice for 20- 30 min; heat shock was given at 42°C for 90 seconds and cool on ice for 2
min. After 2min 1 ml of LB medium was added and incubated at 37°C shaker incubator for 1hr, After
1hr 100ul culture was plated on LB agar plate containing an antibiotic (Ampicillin/ Kanamycin).

Finally clones were confirmed with restriction digestion and sequencing.

2.2.2E Bacterial expression and protein purification of recombinant proteins

Plasmids pNB130, pNB388, pNB389 and pNB390 were transformed into E. coli Rosetta gami
strain. Expression and purification of all recombinant cysteine mutant proteins were done as described
earlier (Murari et al, 2015). Briefly, with 0.5mM isopropyl-B-D-thiogalactopyranoside (IPTG)
recombinant protein expression was induced when bacterial cultures attained an ODgsoonm equal to 0.6-
0.8. Ni-NTA affinity column (Clontech) was used to purify recombinant proteins with Buffer- A.
Buffer -A containing 10 mM imidazole was used to wash the column. Buffer- A containing 400 mM

imidazole was used for elution.
2.2.2E1 Expression of His-hMI1A40

The plasmid pET28 (a*) harbouring His-hMIA40 and His-hMI1A40 mutants (Cysteine-Serine)
were transformed into Rosetta gami E. coli cells. A colony having the pET28-His-hMIA40 plasmid
was grown for12-16hr in LB medium containing kanamycin at 37°C shaker incubator. The principal
culture was diluted to 1:100 in 500 ml LB medium, full-grown with dynamic agitation to reach OD600
nm: 0.6 and kept at 37°C by addition of 1 mM IPTG for 3-4 hrs. Afterwards, the culture was spin at
8000 rpm for 15 min to pellet down the cells. The bacterial pellet was resuspended in 50 mM Tris-
HCI pH8.0 of 1/20™ of culture. Further, the frozen bacterial cells were burst by sonication. Next, the
supernatant (soluble) and inclusion (insoluble bodies) portions were separated by spin at 8000 rpm for
15 min. The recombinant protein was present in supernatant (soluble) form. The soluble hMIAA40
recombinant protein was purified by using Ni-NTA Sepharose beads (Clontech).
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2.2.2E2 Recombinant His-hMI1A40 protein purification by Ni-NTA Sepharose beads

To the soluble / supernatant protein portion having His-MIA40, an equivalent volume of
Buffer-B was added. The sample was then passed through the Ni-NTA column which was equilibrated
with Buffer-A. Then the column washed thrice with Buffer-A containing 10 mM Imidazole pH7.2,
and the bound protein was eluted by using elution buffer.

Buffer A Buffer B Elution buffer

100Mm Nacl, 20Mm Tris- | 200Mm Nacl, 10Mm |0.4M Imidazole,50mMTris-
Hcl pH 7.5 and 10Mm B-Me | Tris-Hcl-pH-7.5, Hcl-pH7.5,10mMNacl  and

and10Mm B-Me SmMDTT

2.2.2F SDS-PAGE analysis

Purified proteins or cell lysate were subjected to reducing and/ non- reducing SDS-PAGE
(Sds-page & Sds, 1970). Further, to analyse the redox states of hMI1A40, mitochondria were treated
with or without DTT and subjected to non-reducing SDS-PAGE. For MALDI study GSH-Sepharose
pulldown and/ recombinant hMIA40 protein was subjected to non-reducing SDS-PAGE and further

stained with Coomassie brilliant blue R250.
2.2.2G MALDI-TOF/LC-MS/MS

MALDI-TOF and LC-MS/MS were implemented to identify cysteine modifications of
hMIA40. Glutathionylated peptide peaks can be distinguished in MALDI-TOF spectra by the
corresponding 306 Da increase in molecular weight. Trypsin-digested peptides were separated by
BECH18 (2.1mmx150mmx1.7um dimension) column and were run on Synapt G2 QTOF instrument
for MS/ MS analysis and the data received from the instrument was analysed by PLGS (protein lynx

global server) software.
2.2.2H Western blot examination

The proteins were subjected to SDS-PAGE as defined earlier and proteins were transferred to
a NC membrane/PVDF membrane (Pall/Millipore) 12hrs at 45 volts. The NC/PVDF membrane was
blocked with TBST (“150 mM NaCl, 20 mM Tris-HCI pH 7.5, and 0.05% Tween-20") having 5%
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milk powder for 60 min at room temperature on rocker. The NC/PVDF membrane was probed with
primary antibody in TBST at 4°C for 12-16hrs on rocker. The NC/PVDF membrane was washed 3
times (each 10-15 min) with TBST solution and probed with Horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 hr at room temparature on rocker. The NC/PVDF membrane was
washed three times (each 10-15 min) with TBST and developed the blot using Western Bright ECL
HRP substrate (advansta, USA) and Chemi Doc Imaging system (Bio-Rad). Cell lysate (50 ug),
Mitochondria (30 pg) and recombinant proteins were resolved on SDS-PAGE and electroblotted onto
Nitrocellulose membrane (PALL). The blots were probed with primary antibodies such as hMIA40
(human mitochondrial intermembrane space import and assembly protein 40), GAPDH
(glyceraldehydes-3-phosphate dehydrogenase), ACO1 (Aconitasel), ACO2 (Aconitase2), Myc,
TOMMA40 (translocase of outer mitochondrial membrane 40), AIF (apoptosis-inducing factor) and
Total OXPHOS (Abcam) followed by rabbit or mouse secondary antibody conjugated with HRP
(Abcam) and developed by Western Bright ECL HRP substrate (advansta, USA) and Chemi Doc
Imaging system (Bio-Rad).

2.2.21 Antibodies production

Against the hMIA40 protein polyclonal antibodies were raised up in the rabbit. The MIA40
protein was grained with either Freund complete adjuvant or Freund incomplete adjuvant (Bangalore
GeNei) for primary and subsequent booster dose respectively (20 days break for each booster) and
introduced into the rabbit. Serum was collected from the rabbit blood after following booster doses.
With the help of antigen coupled Sepharose beads (GE healthcare) human MIA40 monospecific
antibodies were purified. Before inducing antibodies, Pre-immune serum was collected from the rabbit
blood

2.2.2J hMIA40 Polyclonal Antibodies Purification

The purified antigen (hM1A40) was dialyzed against coupling buffer (0.5 M NaCl and 0.1 M
NaHCO3 pH 8.0) for 12-16hrs at 4'C. CNBr activated Sepharose 4B beads were mixed with the
dialyzed antigen in coupling buffer and kept on the rotator for 60 to 90 mins at room temperature or
12-16hrs at 4°C. Further, beads were washed thrice with coupling buffer, and the free active groups
were blocked with the 200mM Tris-HCI, pH 8.0 and incubated at room temperature for 60-120mins.

Afterwards the column was washed thrice with different pH cycles. Every cycle consists of a wash
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with 100mM Acetate buffer pH 4.0 having 500mM Na CI followed by a wash with 100mM Tris-HCI,
pH 8.0 containing 500mM Na CI. Lastly, the beads were stored at 4°C in PBS buffer pH 7.2. The
dialyzed serum against 1X PBS pH 7.2 buffer was mixed with the ligand coupled CNBr activated
Sepharose beads and kept on a rotator for 2-4 hrs at 4°C, followed by spin at 5000 xg for 5 min to
pellet down the Sepharose beads. Next the beads were washed thrice with PBS. Finally, the Mono-
specific antibodies bound to beads were eluted with 2100mM Glycine pH 2.5. The antibodies were

neutralized with tris base, concentrated and store at -20°C or -80°C.
2.2.2K UV-Visible Absorption Spectroscopy

UV-Visible absorption spectra were documented in 10 mm path length quartz cuvettes with a
HITACHI U-2910 spectrophotometer at RT in the range 200 nm-600 nm (Gorla & Sepuri, 2014).

2.2.2L Circular Dichroism Spectroscopy

For recombinant hMIA40 and cysteine mutants of hMIA40 Circular Dichroism were
performed in a Jasco J-815 spectrophotometer with quartz cuvettes of 0.1 cm path length. Spectra was
documented at 200°C from 200 to 260 nm wavelength with a determination of 1.0 nm and an
acquisition time of 50 nm/min. The ultimate spectra were got by averaging three repeated scans. CD
scans were adjusted for background noise by deducting spectra of protein-free samples documented

under same conditions.
2.2.2M Cell culture, transfection and Treatments

HEK 293T cells were cultured in complete Dulbecco’s Modified Eagle’s Medium (Invitrogen)
having 10% (v/v) Foetal Bovine Serum at 37°C under an atmosphere of 5% CO,. Cells grown in 100
mm/T-175 mm flasks were transfected with either 8 ug /15 pg respectively of scrambled shRNA or
human MIA40 shRNA plasmid (ORIGENE) by using lipofectamine transfectant agent (Invitrogen).
HumanMIA40 was overexpressed in HEK 293T cells by transfecting with mammalian expression
vector pcDNA3.1c-myc-His vector containing human MIA40 ORF (pNB202) pNB314 (hMIA40
C53S-C55S), pNB380 (hMIA40 C4S, C74S&C97S(TM)) and pNB391 (hMIA40 C4S, C64S, C74&
C97S (QM)). Co-expression was done in HEK 293T cells by co-transfecting with 15 pg plasmid each
of MIA40 shRNA/pNB314 c-myc-His and MIA40 shRNA/ pNB380 c-myc-His, and MIA40 shRNA/
pNB391c-myc-His. After 24hrs of transfection DMEM medium was substituted with fresh DMEM
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medium and cells were incubated in the presence or absence of NAC (1 & 5 mM) and / H20, (25, 50
& 100 puM) for 12hrs / 30 mins respectively at 37°C under an atmosphere of 5% CO..

2.2.2N Mitochondria isolation from HEK 293T cells

Isolation of mitochondria from HEK 293T cell lines was performed as described earlier
(Murari et al, 2015). Briefly, Cells were washed twice with 1XPBS and harvested in mitochondria
isolation buffer. The cell suspension was further homogenized using Polytron 1600 at 5 sec X 2 pulses
and 15 rpm. The cell suspension was subjected to Dounce homogenization and spin at 1000 X g for
10 min at 4°C. Pellet fraction contains a nucleus and unbroken cells. The supernatant was spin again
at 10,000 X g for 15 min at 4°C. Pellet fraction containing mitochondria were washed twice and

suspended in a Mito solubilization buffer.

Mito isolation buffer Mito solublization buffer

20 mM HEPES pH 7.5, 1.5 mM MgCI2, 1mM 250 mM sucrose, 5 mM magnesium
EDTA pH 8.0, 210 mM sucrose and 70 mM | acetate,40 mM potassium acetate, 10 mM

mannitol sodium succinate, 1 mM DTT and 20 mM

HEPES-KOH pH 7.4.

2.2.20 Immunoprecipitation

Transfection was done with mammalian expression vector pcDNA3.1c-Myc-His or vector
(Invitrogen) containing hMIA40 ORF to HEK293T cells. Cells were grown for 6h in serum-free
DMEM medium and later replaced with complete media. 24h of post transfection cells were treated
with 10mM NAC for 12h. Cells were washed with PBS and lysed in NP-40 buffer (150 mM Na CI
,50 mM Tris-HCI-pH 8.0, 10% NonidetP-40 (NP40) and 1X protease inhibitor cocktail).
Immunoprecipitation (IP) was done with Glutathione antibody for overnight, and later Protein A-
Sepharose beads were added to lysates and incubated for 3h at 4°C on a rotator. Washing of beads was
done with NP40 buffer and elution with 2x Laemmli’s sample buffer. Elutes were subjected to
reducing SDS PAGE and immunoblotted with the hMIA40 antibody, true blot secondary rabbit —-HRP
antibody was used to detect hMIA40 band specifically.
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2.2.2P GSH-Sepharose Pulldown Assay

Transfection was performed with mammalian expression vector pcDNA3.1c-myc-His or
vector (Invitrogen) containing hMIA40 ORF in HEK29T cells. For co-expression studies, HEK 293T
cells were co-transfected with 15 pg of each plasmid MIA40 shRNA/pNB314 c-myc-His and MI1A40
SshRNA/ pNB380 c-myc-His, and MIA40 shRNA/ pNB391 c-myc-His. Cells were allowed to grow
for 6h in serum-free DMEM medium and later replaced with complete media. 24h of post transfection
cells were treated with 10mM NAC for 12h. Next, cells were lysed with NP-40 buffer and thereafter
lysates (1mg) with 1X protease inhibitor cocktail (Roche) were incubated with Glutathione Sepharose
beads for 1hr at room temperature on a rotator. Beads were washed thrice with NP40 buffer and elution
was done with 2x Laemmli’s sample buffer and subjected to reducing SDS PAGE and immunoblotted
with the hMIA40 antibody.

2.2.2Q Detection of GSS-hMIA40 on GSH-Sepharose in vitro

50ug of recombinant hMIA40 protein was pre-treated with different concentrations of 1, 5, 10, and
20mM DTT and/ or 1, 2, and 5mM H20, at room temperature for 1hr. To block free thiols/ free
cysteines we added alkylating agent (20mM iodoacetamide (IAA)). After 30 mins pre-treated
(DTT/H202) recombinant hMIA40 protein was mixed with 30ul of GSH-Sepharose beads for 1hr at
room temperature on a rotator. Beads were extensively washed and elution was done with buffer
containing 10mMDTT. Buffer containing 10mMDTT released proteins binds to GSH Sepharose beads
by disulfide bonds. We identified GSS-hMIA40 by probing with antibodies against hMIA40.

2.2.2R In Vitro GSH-Sepharose Pulldown Assay

Recombinant WThMIA40, hMIA40 DM, hMIA40 TM and hMIA40 QM (200ug) proteins
were incubated with glutathione beads for 1h at room temperature on a rotator. Beads were washed
thrice with 1mM reduced glutathione and beads were eluted with 10mMDTT and/or 20mM reduced
glutathione and subjected to reducing SDS PAGE and immunoblotted with the hMI1A40 antibodly.

2.2.2S Mitochondrial complex activities

a) NADH oxidation to NAD™ at 340 nm was calculated for complex | activity (Spinazzi et al, 2012).
Briefly, 30 pg of 0.05% Triton X 100 treated mitochondria were incubated with 100 pM NADH in a
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buffer containing 50 mM potassium phosphate (KP) pH 7.5, 5 mM MgCl; and 0.25% BSA for 2 min.
By adding 60 uM decylubiquinone the activity assay was initiated, and the decrease in absorbance at
340 nm was measured. With the help of velocity of reaction (Aabsorbance/min) and the molar
extinction coefficient of NADH (3.4 mM-1cm-1 at 340 nm with reference wavelength) Complex |

activity was calculated.

b) Mitochondrial complex Il activity was monitored spectrophotometrically at 600 nm (Spinazzi et al,
2012). Briefly, mitochondria (30pg) was solubilized in 0.05% Triton X 100 in 25mM potassium
phosphate buffer and 20mM succinate incubated at 37°C for 10 min. The activity of complex Il was
initiated by addition of 80uM 2, 6-dichlorophenolindophenol (DCPIP) and the decrease in absorption
was measured at 600 nm. The blue color of oxidized DCPIP turns colourless when it accepts an
electron from complex 1. Complex Il activity is determined with the velocity of reaction and the molar
extinction coefficient of DCPIP (19.1mM™cm™).

c¢) Mitochondrial complex 1 activity was analysed by measuring the cytochrome ¢ reduction at 550
nm (Spinazzi et al, 2012). Briefly, 30 pug of 0.05% Triton X 100 treated mitochondria were incubated
with 25mM Potassium phosphate buffer pH7.4, 2mM NaN3 and 50pM cytochrome c. By the addition
of 50uM reduced decylubiquinone (DBH2), the activity was initiated, and the increase in absorption
at 550 nm for 2 min was measured. Cytochrome c is brown in colour in its oxidized state, and that
turns orange-pink when it accepts an electron from complex I1l. Complex Il activity was calculated
with the velocity of reaction (Aabsorbance/min) and the molar extinction coefficient of cytochrome ¢
(18.5 mMtecm? at 550 nm with reference wavelength). Beer-Lambert law equation was used to

calculate the complex Il activity.

d) Mitochondrial complex IV activity was analysed by measuring cytochrome ¢ oxidation at 550 nm
(Spinazzi et al, 2012). Briefly, 50 uM of reduced cytochrome ¢ was incubated in 50 mM Potassium
phosphate buffer pH7.4. The activity of complex IV was initiated by addition of 30 g of 0.05% Triton
X 100 treated mitochondria, and the decrease in absorbance at 550 nm for 2min was measured.
Cytochrome c¢ reduction was performed by adding tiny amounts of sodium dithionate until the
absorbance of reduced cytochrome c at 550 nm is between 1.8 and 1.9. Complex IV activity was

calculated with the velocity of reaction (Aabsorbance/min) and the molar extinction coefficient of
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cytochrome ¢ (18.5 mM2ecm™ at 550 nm with reference wavelength). Complex IV activity was

calculated by using the Beer-Lambert law equation.

2.2.2T Cytochrome ¢ Reduction by hMIA40 (CHCHDA4)

Recombinant WT hMIA40, (or) hMI1A40 DM, (or) hMia40 TM, (or) & hMIA40 QM (10uM)
were incubated with 50mM potassium phosphate buffer pH7.4, 0.5mM EDTA and 40puM oxidized
cytochrome ¢ for 5min (Bihlmaier et al, 2007). Reduction of cytochrome ¢ was measured with UV-
Visible spectra from 200 to 700 nm and recorded in a HITACHI U-2910 spectrophotometer at room
temperature using a quartz cuvette of 1cm path length. Cytochrome c¢ will be brown in colour in its

oxidized state and becomes orange-pink colour upon electron acceptance from MIA40 protein.
2.2.2U ROS measurement

The generation of ROS was measured using H.DCFDA. Post-transfection, cells were
incubated with 25uM DCF-DA for 45 min at 37°C. Then cells were washed and harvested in PBS.
The emission of fluorescence was measured by using fluorescence spectroscopy with maximum

excitation and emission spectra of 495 nm and 529 nm respectively.
2.2.2V Statistical analysis

All statistical studies were done using Jandel Scientific Sigma stat software by one-way ANOVA
followed by Post hoc Dunkan’s test for multiple comparisons and alterations between two groups with
Student’s t-test.

2.3 Results

2.3.1 MIA40 undergoes glutathionylation in vitro

Recombinant human MIA40 was purified as described in the Methods and separated on non-
reducing and reducing SDS-PAGE (Figure: 2.3.1 A) and stained with Coomassie. As expected, in the
absence of reducing agent, MIA40 was found to be in two major forms, a fast migrating oxidized and
a slow migrating reduced form. Also we find other high molecular weight forms and they likely
represent the dimer, trimeric and oligomeric forms of MIA40 as described (Figure: 2.3.1A Lanel).
(Hofmann et al, 2005; Murari et al, 2015; Erdogan et al, 2018). However, majority of MI1A40 migrates

as a reducing form in the presence of reducing agent (Figure: 2.3.1A Lane 2). To test either
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recombinant hMIA40 protein has any glutathione, increasing concentration of recombinant MIA40
protein (0.5, 1, &1.5ug) was separated on non-reducing SDS PAGE and probed with antibodies
specific for glutathione and MIA40 (Figure: 2.3.1B&C). We find that several prominent glutathione
antibody cross reacting bands of M.W 22 kDa, 35 kDa and 50 kDa along with some high molecular
weight bands. These protein bands likely represent the monomeric, dimeric, trimeric and high
molecular weight oligomeric form of MIA40 as described (Figure: 2.3.1 Lane 1). However, when we
treated the similar amount of protein with increasing concentration of DTT (1mM, 2mM & 5mM), we
find that a single glutathione antibody cross reacting band at 22 kDa that likely represent the
monomeric hMIA40 (Figure:2.3.1B Lane 4-6). These results suggest that both monomeric and
oligomeric forms of hMIA40 may contain glutathione moiety in its structure. Further, similar kind of
pattern was observed when we probed with MIA40 antibodies except a prominent oxidized form under
non-reducing conditions (Figure: 2.3.1C). It’s well known that proteins undergo glutathionylation
under oxidative conditions (Dalle-Donne et al, 2009). To test whether enhanced glutathionylation of
MIA40 under oxidative conditions, recombinant MIA40 (50pg) incubated with increasing amount of
H202 (1ImM, 2mM&5SmM) and 5 pg of protein was separated on non-reducing gel and immunoblotted
with glutathione antibody. We find that increasing concentration of H>O> treatment enhances the
oligomeric form of glutathionylated M1A40 while decrease in dimeric form (Figure: 2.3.1D lane 3&4).
Similar kind of pattern was observed when recombinant MIA40 incubated with 2mM & 5mM of H,0>
and probed with MIA40 antibody (Figure:2.3.1E). However, majority of H>O, treated hMIA40
resolves as monomeric and oligomeric form in presence of glutathione (Figure: 2.3.1D). This pattern
is indeed similar when we probed with glutathione antibody as well (Figure: 2.3.1D). These results
suggest that altered confirmation of MIA40 with peroxide treatment and presence of glutathionylated
moiety in MIA40 (Figure: 2.3.1D). Protein S-glutathionylation is a reversible process and oxidative
agents enhance S-glutathionylation while reducing agents reverse this process. Intriguingly, we still
detect glutathione moiety on MIA40 in presence of DTT (1-5 mM) or GSH (1-5mM). This
observation likely suggests that a strong —S-S-P bond due to multiple glutathionylation of available
cysteines and probably require strong reducing agent to reduce the protein. To test this hypothesis,
equivalent amount of recombinant MIA40 protein was treated with increasing concentration of DTT
(1mM, SmM &10mM) and/or increasing concentration of f-Me (100 mM,150 mM & 200 mM) and
analysed on the non-reducing SDS-PAGE and immunoblotted with glutathione antibody and hMI1A40
(Figure: 2.3.1F&G). Glutathione probed blots show that a lower level of glutathionylated MIA40 with

50



10 mM DTT (Figure: 2.3.1F Lane 4). However, B-Me treatment completely reduces the MIA40 protein
as glutathione antibody fails to detect any protein band. Further, M1A40 antibody probed blots shows
the presence of equivalent amount of protein in DTT or 3-Me treated samples (Figure: 2.3.1G). These
results suggest that with increasing concentration of either DTT/ B-Me reverses S-glutathionylation of
MIA40.
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Figure: 2.3.1 MIA40 undergoes glutathionylation in vitro: (A&B) Recombinant purified MIA40
subjected to Non-reducing (Lane 1) and reducing SDS-PAGE (Lane 2). (B&C) Increasing concentration of
recombinant hMIA40 was treated with or without DTT was analysed on non-reducing SDS-PAGE and
immunoblot was performed with antibodies against GSH and hMIA40. (D&E) Recombinant hMIA40 protein
was treated with increasing concentration of H»0, and/H20.&GSH, thereafter analysed on non-reducing SDS-
PAGE, and immunoblot was performed with antibodies against GSH and hMIA40. (F&G) Recombinant
hMIA40 protein was treated with increasing concentration of DTT and/B-ME thereafter analysed on non-
reducing SDS-PAGE and immunoblot was performed with antibodies against GSH and hMIA40.
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2.3.2 Glutathionylation of hMI1A40

GSH-Sepharose beads has been used successfully to identify the glutathionylated proteins.
Treatment of proteins either with peroxynitrate or peroxide induces the formation of reactive cysteines.
Reactive cysteines that are prone to glutathionylation can form disulphide bond with GSH-Sepharose.
The bound proteins eluted with reducing agents like DTT by disrupting the disulphide bond in between
protein and GSH-Sepharose beads. We have shown that recombinant MIA40 undergoes
glutathionylation and it enhances with peroxide treatment (Figure: 2.3.1E) indicating that the presence
of reactive cysteines. To further analyse the glutathionylation profile and presence of reactive cysteine
on MIA40, recombinant purified MIA40 was pre-treated with either increasing concentrations of DTT
(1 to 20 mM) to reduce the glutathionylated cysteines/ reactive cysteines (Figure: 2.3.2A) or H20- (1
to 5 mM) (Figure: 2.3. 2B) prior to binding to GSH Sepharose beads as described in the methods
section. Beads were washed, eluted with 10 mM DTT and loaded on SDS-PAGE, immunoblotted with
antibodies against MIA40. Recombinant MIA40 is observed to harbour glutathionylated cysteines/
reactive cysteines as it binds to GSH Sepharose beads, however, this binding decreases with increasing
concentration of DTT pre-treatment while H>O> has the opposite effect. We repeated this experiment
using lysates from HEK293Tcells that were transiently transfected with the Myc-His-hMIA40
construct or vector control. Cells were pre-treated with H>O, (25 to 100 pM) as described in the
methods. An equivalent amount of lysates were used (Figure: 2.3.2D) for binding studies with GSH
Sepharose beads (Figure: 2.3.2C). Two forms of hMIA40 are observed, a reduced and probably an
oxidized form (Figure: 2.3.2D). The binding of native MIA40 is faint, however, with over-expression,
we detect binding that is further augmented with H>O> pre-treatment. This result is consistent with the
assessment using recombinant MIA40 that MIA40 has a mixture of reactive and latent cysteines and

that H2O- can activate the latter.

N-acetyl-L-cysteine (NAC) can act as a precursor for GSH synthesis intracellularly. If indeed
MIA40 is getting glutathionylated under normal physiological conditions, we should expect an
increase in its glutathionylation with an increase in GSH levels. Hence, to confirm glutathionylation
of MIA40, we initially grew HEK293T cells in the presence of increasing concentration of NAC for
12 hrs. We used HEK?293T cells that were transiently transfected with Myc-His-hMIA40 construct or
vector alone. Transfected cells were used instead of native cells so as to improve the sensitivity of the

immunoprecipitation assay with an antibody against glutathione. Upon immunoprecipitation of cell
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lysates with glutathione antibody, the resolution on SDS-PAGE and immunoblotted with antibodies
against M1A40. We find MIA40 being pulled down with glutathione antibody and its level increases
with increase in NAC treatment (Figure: 2.3.2E).

The transfected cell lysates were additionally monitored for steady-state expression level of hMIA40,
mitochondrial and cytosolic proteins by western blot after exposure to NAC. The protein levels were
comparable except for MIA40 that had increased expression in Myc-hMIA40 transfected cells (Figure:
2.3.2F). The aforementioned results clearly show that MIA40 undergoes glutathionylation.
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Figure: 2.3.2 Glutathionylation of hMIA40: (A) Recombinant hMIA40 protein was treated with
increasing concentration of DTT (4, 5, 10 and 20mM) followed by pulldown with GSH-Sepharose beads and
immunoblot was performed with antibodies against hMIA40. (B) Recombinant hMIA40 protein was treated
with increasing concentration of H.0; (1, 2, and 5mM) followed by pulldown with GSH-Sepharose beads and
immunoblot was performed with antibodies against hMIA40 (C) hMIA40 was overexpressed in HEK293T cells
and treated with increasing concentration of H,O; (25, 50 and 100puM) lysate was pulldown with GSH-
Sepharose beads and immunoblot was performed with antibodies against hMIA40. (D) hMIA40 was
overexpressed and treated with increasing concentration of H,O, (25, 50 and 100uM) as described in the
Methods. Cell lysates were immunoblotted with antibodies against hMIA40 and GAPDH. (E) hMIA40 was
overexpressed and treated with increasing concentration of NAC (1, 5 and 10mM) and the cell lysates were
either immunoprecipitated with GSH antibody and immunoprobed with antibodies against hMIA40 or (F)
immunoblotted with antibodies against h(MIA40 and GAPDH.
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2.3.3: Identification of Glutathionylation sites on hMI1A40

Human MIA40 harbours seven cysteines clustered in the CPC (C53, C55) and in two CX9C
(Ce4, C74, C87, C97) motifs besides present as C4. MALDI-TOF-MS/MS (hereafter, MALDI)
analysis was used to ascertain the reactive cysteines and glutathionylation in hMIA40. Recombinant
hMIA40 or HEK293T cells over-expressing Myc-His-hMIA40 were harvested for carrying out GSH
pull-down assay as described in the methods. The proteins bound to GSH-Sepharose were resolved on
a non-reducing SDS-PAGE along with recombinant His-hMIA40 and the gel Coomassie stained
(Figure: 2.3.3A). The ~22 kDa band corresponding to over-expressed Myc-His-hMIA40 (using
recombinant hMIA40 as reference), was excised out, trypsin digested and subjected to MALDI
analysis as described in the Methods (Figure 2.3.3). C4, C64, C74 and C97 appear to be
glutathionylated while the cysteines in CPC motif and C87 in CX9C motif appear to be insensitive to

glutathionylation.
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Figure: 2.3.3: Four cysteines in MIA40 are prone to Glutathionylation: hMIA40 c-Myc-His was
overexpressed in HEK293T cells in presence of 10 mM NAC. (A) GSH-Sepharose pulldown was performed
with lysates overexpressing hMIA40, eluted samples were subjected to non-reducing SDS-PAGE. Recombinant
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purified MIA40 was used as a control to excise 22 kDa band. The protein band was subjected to MALDI
analysis. (B) MS/MS spectra of hMIA40 showing an increase of 306 Da at multiple Cysteine sites. (C) LC-
MS/MS analysis of glutathionylated Cysteine peaks spectrum.

2.3.4 Validation of cysteines involved in hMI1A40 glutathionylation

To further establish that C4, C64, C74 and C97 are indeed glutathionylated, we resorted to
site-directed mutagenesis studies to generate double (pNB388 C4S, C97S, henceforth MIA40 DM),
triple (pNB389, C4S, C74S, C97S, henceforth MIA40 TM) and quadruple (pNB390, C4S, C64S,
C74S, C97S, MIA40 QM) MIA40 mutants (Figure:2.3.4A). E.coli Rosetta gami cells were
transformed with the plasmids, and the overexpressed recombinant His-MIA40 wild type and mutants
were affinity purified using Ni-NTA beads as described in the methods. An equal amount of
recombinant MIA40 proteins was used for carrying out affinity pull down using GSH Sepharose beads
as described above. Western blots were probed with the MIA40 antibody. Recombinant wild type His-
MIA40 having all the reactive cysteines is able to bind GSH beads efficiently. However, the binding
capacity of MIA40 decreases with increase in substitutions at the reactive cysteines/glutathione prone
cysteines. Despite the presence of intact cysteines in the CPC motif and of C87, binding of His-MIA40
QM to GSH Sepharose is almost abolished (Figure: 2.3.4B). Together, these results clearly
demonstrate that hMIA40 is glutathionylated in vivo at four cysteine sites and it is imperative that C4,
C64, C74 and C97 be present for maximum glutathionylation.

We replicated the in vitro GSH-Sepharose binding studies using the whole repertoire of
cysteine to serine hMIA40 mutants expressed in HEK293T cells. Endogenous expression of hMIA40
in HEK293T was silenced partially by transfecting cells with shRNA specific against endogenous
hMIA40 while cells were concomitantly co-transfected with pcDNA3.1 plasmids hosting Myc-His-
hMIA40 wild type or hMIA40 TM and MIA40 QM mutants. After 24 hrs post-transfection, an equal
number of cells were treated with 10 mM NAC for 12 hrs followed by cell lysis as described in the
methods section. Lysates were resolved on SDS-PAGE, western blotted and probed with hMIA40
antibody to measure the shRNA mediated reduction in endogenous hMIA40. Around 30 to 40%
reduction in endogenous expression of hMIA40 was achieved compared to control cells that were
transfected with random shRNA (Figure: 2.3.4D). Most importantly, a three to four fold over-
expression of wild type and DM (C53S-C55S) mutant of Myc-His-MIA40 was observed compared to
endogenous control level (Figure:2.3.4D). However, cells transfected with triple and quadruple Myc-

His-MIA40 construct had a relatively lower expression (Figure 3D). A plausible reason for the dip in
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the over-expression of the triple and quadruple mutants maybe increased degradation triggered by
structural instability (Figure: 2.3.5) (Hofmann et al, 2005), which infers the importance of MIA40
glutathionylation in its stability. GSH-Sepharose pulldown assay using the above lysates essentially
re-confirmed the MALDI and in vitro results. hMIA40 wild type has the innate ability to bind to GSH-
Sepharose as a result of its glutathionylated cysteines/reactive cysteines. Cysteine residues at positions
4,64, 74 and 97 are instrumental in conferring this capability to MIA40 while the cysteines in the CPC
motif are not involved (Figure: 2.3.4C). In addition, we also monitored the steady-state protein levels
of several mitochondrial proteins in the lysates to ensure that there are no non-specific effects (Figure:
2.3.4D). Taken together, the GSH assays using hMIA40 mutants provide convincing evidence that
indeed hMIAA40 is glutathionylated in vivo and more specifically four of the seven cysteines within it

-are glutathionylated in vivo.
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Figure: 2.3.4: Validation of glutathionylated Cysteines in hMI1A40:- (A) Schematic representation of
hMIA40 showing all seven cysteines and generation of, double (DM), triple (TM) and quadruple (QM) Cysteine
to Serine mutants at C4, C64, C74, C97 and CPC motif. (B) GSH-Sepharose pulldown was performed with
recombinant WT hMIA40 His, double (DM), triple (TM) and quadruple mutants (QM), immunoblotted with
antibodies against hMIA40. (C) HEK293T cells were transfected with scrambled shRNA and shMIA40, and
co-transfected with shMIA40/ WThMIA40 c-Myc-His, shMIA40/DM hMIA40, shMIA40/TM hMIA40 and
shMIA40/QM hMIA40. After 24h of post transfection cells were treated with 10mM NAC for 12h and lysates
were pulldown with GSH-Sepharose beads and immunoblotted with antibodies against hMIA40. (D)
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Immunoblot analysis of few cytosolic and mitochondrial proteins as shown with whole cell lysates expressing
WT hMIA40 and mutants in HEK293T cells.

2.3.5 Role of cysteine residues on the secondary structure of hMI1A40

In our previous experiments, we find that cells transfected with triple and quadruple Myc-His-
MIA40 construct had a relatively lower expression (Figure: 2.3.4D). We reasoned that triple and
quadruple mutants might have structural instability (Figure: 2.3.5) as cysteine residues play a key role
in proper folding and structural stability of proteins. We examined whether cysteine mutants have any
effect on folding and structural stability of hMIA40 by analysing the secondary structure of
recombinant WT hMIA40 and mutants of MIA40 using Circular Dichroism. These results show that
WT hMIA40, DM hMIA40, TM hMIA40 and QM hMIA40 mutants predominantly contain a-helical
structure of 84.27%, 84.27%,56.82% 80.68% respectively. Further, WT hMIA40, DM hMIA40 and
QM hMIA40 has very low B-barrel structure of 1.24%, 1.24% and 1.47% respectively while
hMIA40TM has a moderately high B-barrel structure of 5.09%. Except TM hMIA40, no major
deviation in secondary structure was observed in cysteine mutants of human MIA40. However,
considerable deviation in the alpha helix and -Sheet percentage was observed only in case of TM
MIA40. This altered structure may be one of the reason for the instability of TM MIA40 in vivo.
However, it does not explain about the instability of QM hMIA40 in vivo as we observed very slight
deviation in alpha helix and B-Sheet content from that of WT. We assume that lower expression of
TM and QM MIA40 may be a combination of altered alpha helix, B-Sheet content and instability of

MRNA and or lower level of translation.
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Figure: 2.3.5 Secondary structure analysis of hMIA40 and cysteine mutants by Circular
dichroism:- (A). CD spectrum (200-260 nm) study of hMIA40 and cysteine mutants. (B)The secondary
structure of hMIA40 and cysteine mutants was measured from 200 nm to 260 nm by CD. The content of a-
helix and B-sheet was calculated using web-based CDNN 2.1 analysis.

2.3.6 Glutathionylated hMI1A40 regulates the ETC Biogenesis and ROS production

For the first time, we show that hMIA40 is getting glutathionylated in vivo. To gain insights
into the physiological consequences of this post-translational modification. One of the other primary
function of MIA40 is its chaperonic role in the assembly of inner mitochondrial membrane protein
complexes of the vital ETC. We speculated that glutathionylation of the cysteines in MIA40 might
improve its effect on the ETC complex assembly. To check if this is correct, we monitored the steady-
state levels of the various complex proteins of ETC in HEK293T cells over-expressing Myc-His-
MIA40 wild type and mutants (CPC motif mutant; triple mutant and quadruple mutant). Mitochondrial
samples from the shRNA and pcDNAS3.1 co-transfected cells were resolved on SDS-PAGE, western
blotted and probed with the OXPHOS antibody. OXPHOS antibody is a combination of antibodies
that are able to detect five significant components of complexes I, II, Ill, IV and V of ETC.
Components of complex 1 (NDUFB8), 1l (SDHB), IV (MTCOL1) have reduced steady-state levels in
the mitochondria isolated from cells expressing hMIA40 TM, QM besides control cells wherein
hMIA40 is partially silenced compared to cells expressing wild type MIA40, or it's CPC mutant
version (Figure: 3.2.6A).

This outcome depicts a direct correlation between the glutathionylation of hMIA40 and the
protein level of the components of ETC complexes. As a follow up to this finding, we were curious to
look at the efficiency and activity of the individual complexes that constitute the ETC in the
mitochondrial samples. Surprisingly, in case of complexes | and Il activities, all the samples had
comparable activity despite the over-expression of wild type and mutant hMIA40 or partial silencing
of endogenous hMIA40 (Figure: 3.2.6B, C and Figure:3.2.8A). However, Complex Il activity is
sensitive to partial silencing of endogenous hMIA40 as the activity decreases by half in cells
transfected with only MIA40 shRNA (Figure:2.3.6D). Correspondingly, complex Il activity is
augmented in cells over-expressing hMIA40 wild type or the CPC mutant. However, cells over-
expressing hMIA40 TM or QM have compromised complex Il activity compared to cells over-
expressing wild type hMIA40 (Figure:2.3.6D). The pattern of complex IV activity mimics that of

complex 11 except that there is a dramatic reduction of this activity in cells over-expressing all the
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mutants of hMIA40 including the CPC mutant (Figure:2.3.6E). These results provide evidence that
hMIA40 modulates complex Il and complex 1V activity to influence the ETC. Most importantly,
glutathionylation of cysteines in MIA40 is crucial for both complex 111 and complex IV activities while
the latter is additionally sensitive to the overall structure of hMIA40. Further, alteration of steady-state
levels may not affect the activities of ETC as in case of Complex I and Il activities (Figure: 2.3.6
A&B). As ETC is the production site for ROS and hMIA40 regulates the complexes of ETC, we
measured ROS in the cells over-expressing hMIA40 wild type and its mutants. A highly significant
increase in ROS is observed when endogenous hMIAA40 is partially silenced (Figure 4F). It is notable
that about 30 to 40% reduction in hMIA40 is enough to evoke such a dramatic increase in ROS. In
corollary, over-expression of hMIA40 wild type decreases the level of ROS to a level that is lower
than in control cells. Over-expression of hMIA40 CPC, TM and QM mutants increase the ROS. Our
results disclose for the first time a hitherto unappreciated link between hMIA40 and ROS production

that impacts cellular homeostasis.
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Figure: 2.3.6 Glutathionylated hMIA40 regulates the ETC Biogenesis and ROS production: -
HEK?293T cells were transfected either with scrambled shRNA or shMIA40, or co-transfected with
shMIA40/WThMIA40, shMIA40/ C53S-C55S MIA40, shMIA40/TM hMIA40 and shMIA40/QM hMIA40
mutants. (A) Mitochondria were isolated and immunoblot was performed with OXPHOS subunits antibodies
that can detect major components of electron transport chain such as Complex | (NDUFBS, 20 KDa), Complex
Il (SDHB, 30 KDa), Complex Il (UQCRC2, 48 KDa), Complex IV (MTCOQOL1, 40 kDa) and Complex V
(ATP5A, 55 kDa). (B, C, D and E) Electron transport chain Complex I, II, 11l and 1V activities was analyzed
spectrophotometrically as described in the Methods. (F) Reactive Oxygen Species (ROS) levels were measured
using H2DCFDA in cells after 24 hrs of post-transfection as described in the Methods. All results were plotted
with mean + S. E. (n=3), "P < 0.05.

2.3.7.1 Glutathionylated hMI1A40 transfers electrons to cytochrome c

Cytochrome c¢ is the intermediate molecule accepts electrons from complex Il and
mitochondrial intermembrane disulphide relay system and gives to complex IV. As complex Il and
IV activity is decreased in mutants, we further estimated cytochrome c (intermediate molecule
between complex Il and 1V) levels in mitochondrial (Fig: 2.3.7.1A) and whole cell lysates of WT
hMIA40 and mutants in HEK 293 T cells (Fig: 2.3.7.1B). We found cytochrome c levels were found
to be decreased in all mutants compared to wild type as well with controls. Since we observed the
decreased levels of cytochrome c in all mutants (Mitochondria and whole cell lysate), we interpret that

glutathionylated hMIA40 may regulate the steady state or the stability of cytochrome c.

In the ETC assembly line, cytochrome c accepts electrons from complex 111 and mitochondrial
intermembrane relay system to deliver them to complex IV. We reasoned that since the activities of
both complex Ill and IV were decreased in the MIA40 mutants, the activity of cytochrome ¢ could
also have been compromised as a result. To validate this reasoning, we assessed the activity of
cytochrome c using purified recombinant hMIA40 wild type and mutant proteins in vitro. Oxidized
cytochrome ¢ was incubated with reduced hMI1A40 proteins, and the reduction of oxidized cytochrome
¢ was followed by monitoring the UV-visible spectra from 200 to 700nm. Cytochrome ¢ reduction can
be monitored by the appearance of the prominent o and B peaks and the subtle movement of the gamma
peak to the right. Addition of sodium dithionate, a known reducing agent, efficiently reduces
cytochrome ¢ while GSH cannot (Figure: 2.3.7.1C). It has been reported that hMIA40 requires
ALR/Ervl to act as an intermediate for transfer of electrons to cytochrome c. Curiously, we find
reduced recombinant wild type hMIA40 is capable of reducing cytochrome c efficiently in the
presence of DTT or GSH and does not require ALR. However, all the mutants of hMI1A40 that were
tested (DM, TM, QM and CPC) have significantly reduced activity with the CPC mutant being
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completely defective in reducing oxidized cytochrome c (Figure: 2.3.7.1D). Interestingly we could not
find cytochrome c reduction when oxidized cytochrome c is incubated with recombinant ALR protein
alone ((Figure: 2.3.7.1E). Cytochrome c reduction was decreased significantly when the assay was
performed with WT hMIA40 and ALR, suggesting the sharing of electrons between ALR and
cytochrome c¢ from hMIA40 in vitro. (Fig: 2.3.7.1D).

Total Cell Lysate
Mitachondria

. (nm) A (nm)

Figure: 2.3.7.1 Glutathionylated hMI1A40 transfers electrons to cytochrome c: (A) HEK293T cells
were transfected either with scrambled sShRNA or hMIA40 shRNA, and or co-transfected with hMIA40 shRNA/
WThMIA40, hMIA40 shRNA /TM hMIA40 and hMia40 shRNA/QM hMIA40. After post transfection, isolated
mitochondria (A) and/ cell lysates (B) were prepared and immunoblotted with antibodies against hMI1A40,
Cytochrome ¢ and AlF. (C) Oxidized cytochrome ¢ was incubated with GSH/Sodium dithionate and scanned
in the range of 200 to 700 nm wavelength using spectrophotometer. (D) WT hMIA40 and mutants were
overexpressed in E. coli Rosetta gami and purified with Ni-NTA beads as described in the Methods.
Recombinant WThMIA40 and mutant proteins were incubated with oxidized cytochrome ¢ for 5 min and
performed scanned wavelength spectroscopy (200 to 700 nm). (E) Recombinant purified ALR protein was
incubated with oxidized cytochrome c for 5 min and performed wavelength spectroscopy as mentioned (200 to
700 nm).

2.3.7.2 Glutathionylated hMI1A40 transfers electrons to cytochrome c

Further chased the reduction of oxidized cytochrome ¢ on SDS-PAGE in a temporal manner.
Reduced recombinant hMIA40 and the above mutants were incubated with oxidized cytochrome c to
different time points in the presence of GSH or DTT as shown (Figure: 2.3.7.2). The free cysteines in
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MIA40 were blocked with iodoacetamide (IAA) to preserve the reduction status prior to the separation
of samples on a non-reducing SDS-PAGE and staining with Coomassie to detect for the presence of
oxidized (lower) and reduced (upper) forms of M1A40. Sample with wild type MIA40 and cytochrome
¢ shows its reduced form decreasing with time while its oxidized form makes its presence with an
increase in time (Figure:2.3.7.2A). The reduced form is clearly visible while the oxidized form,
especially at later time points, is diffused probably to degradation through over-oxidation (Pajares et
al, 2015; Mitchell et al, 1985). Both the QM and CPC mutants of hMIA40 remain in the reduced form
(Figure: 2.3.7.2B&C) consistent with the above in vitro activity assay. Notably, the oxidized and
reduced temporal pattern of MIA40 directly implicates it in the direct transfer of electrons to

cytochrome c. Importantly, both glutathionylation and CPC motif appear to be essential for reducing
cytochrome c.
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Figure: 2.3.7.2 Glutathionylated hMIA40 transfers electrons to Cytochrome c: (A) Recombinant
WT hMIA40 protein was incubated with cytochrome ¢ from zero to 60 mins and samples were subjected to
non-reducing SDS-PAGE and further stained with Coomassie brilliant blue. (B) Recombinant hMIA40 QM
mutant protein was incubated with cytochrome ¢ from zero to 60 mins and separated on non-reducing SDS page
and stained with Coomassie brilliant blue. (C) Recombinant hMIA40 C53S-C55S protein was incubated with
cytochrome ¢ from zero to 60 mins and samples were subjected to SDS PAGE and stained with Coomassie
brilliant blue.

2.3.8 hMIA40 interacts with cytochrome ¢

To test whether MIA40 is directly interacts with Cytochrome c, we carried out
immunoprecipitations and Ni-NTA pull down studies. We transfected the HEK293T cells either with
scrambled shRNA or shMIA40, and/or co-transfected with shMIA40/WThMIA40c-Myc-His,
shMIA40/MIA40 C53S-C55S c-Myc-His, shMia40/TM hMIA40c-Myc-His and shMIA40/QM
hMIA40c-Myc-His. After 48hrs of post-transfection, cells were harvested, lysed and the cell lysates
were resolved on SDS-PAGE and immunoblotted with MIA40, Myc and GAPDH (Figure:2.3.8A),
these results suggest that the over-expression of wild type and mutant hMIA40 or partial silencing of
endogenous hMIA40.GAPDH used as internal loading control. Further cell lysates were either
subjected to immunoprecipitation with hMI1A40 antibody (Figure: 2.3.8B)) or pulldown with Ni-NTA
Sepharose beads (Figure: 2.3.8C) and immunoblotted with cytochrome c antibody. In MIA40
knockdown and in glutathionylated cysteine mutants (TMhMIA40&QM hMIA40) (Figure: 2.3.8B &
C) the cytochrome c levels were decreased, while they were increased in MIA40 WT and C53S-
C55S hMIA40 over-expression conditions (Figure: 2.3.8B & C). These results support that MIA40

may interact with cytochrome c.
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Figure: 2.3.8 MIA40 interacts with cytochrome c: - HEK 293T cells were transfected with scrambled
shRNA and shMIA40, and co-transfected with shMIA40/WThMIA40 c-Myc-His, shMIA40/MIA40 C53-55S,
shMIA40/TM hMIA40 and shMIA40/QM hMIA40 mutants. (A) Cell lysates were analysed on SDS-PAGE and
immunoblotted with hMIA40, Myc and GAPDH. (B) Cell lysates were immunoprecipitated with MIA40 and
immunoblotted with cytochrome c antibody. (C) Cell lysates were pulldown with Ni-NTA Sepharose beads and
immunoblotted with cytochrome ¢ antibody.

2.3.9 Glutathionylated hMI1A40 may be essential for the stability of the electron transport chain
components:-

It is known that hMIA40 acts as a chaperone and contributes to the assembly of inner
mitochondrial membrane complexes, including some components of the (ETC). To further elucidate
whether glutathionylation of hMIA40 has any role in regulation ETC components, we have probed
the mitochondrial samples of WT hMIA40 and mutants isolated from HEK 293 T cells with total
OXPHOS antibody that can detect five significant components of Complex I, 11, I11, IV, and VV of ETC.
Interestingly we found NDUFB8 (a component of complex 1), SDHB (a component of complex II)
and MTCOL1 (a component of 1V) was found to be decreased TM hMIA40, QM hMIA40 mutants and
in endogenous hMIA40 silenced condition and increased in hMIA40WT (Fig:2.3.6A). Further to
elucidate either glutathionylated MIA40 is necessary for import and /or the stability of ETC
components, we have probed the total cell lysate samples of WT hMIA40 or mutants with total
OXPHOS (Figure: 2.3.9) and B-Tubulin used as an internal loading control. Interestingly we found
NDUFB8, SDHB and MTCO1 were found to be decreased in TM hMIA40, QM hMIA40 mutants and
hMIA40 silenced condition, and increased in WT hMIA40. NDUFB8 and SDHB genes were nuclear
encoded, whereas MTCOL is a mitochondrial encoded OXPHOS protein. In general, protein import
defect associated with decrease in steady state levels of proteins in mitochondria. Since MTCOL1 is a
mitochondrially encoded protein and the levels of MTCO1 may not decrease due to defect in import.
Surprisingly, we find that decrease in protein levels of nuclear encoded NDUFB8, SDHB and
mitochondrial encoded MTCOL in total cell extracts. It probably indicates that glutathionylated
hMIA40 is necessary for the stability of ETC components rather than import.
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Figure: 2.3.9 Glutathionylated hMIA40 may be essential for the stability of the electron
transport chain components: - HEK 293T cells were transfected with scrambled shRNA and shMIA40,
and co-transfected with shMIA40/WThMIA40 c-Myc-His, shMIA40/MIA40 C53-55S, shMIA40/TM hMIA40
and shMIA40/QM hMIA40 mutants. Total cell lysates were immunoblotted with OXPHOS antibody which can
detect major components of electron transport chain such as Complex | (NDUFBS8, 20 kDa), Complex Il
(SDHB, 30 kDa), Complex 11l (UQCRC2, 48 kDa), Complex IV (MTCOL, 40 kDa) and Complex V (ATP5A,
55 kDa).

2.3.10: Schematic representation of the inter membrane space disulfide relay system and the
regulation of ETC and ROS production: -

In this study we have identified hMIA40 undergo glutathionylation, and /elevated ROS may
increase the hMIA40 glutathionylation due to which ROS levels may get regulated. Glutathionylated
MIAA40 transfer electrons directly to cytochrome ¢ and /or share electrons with the FAD-containing
sulfhydryl oxidase Erv1 and regulates cytochrome ¢ mediated electron transport chain biogenesis. Gt
MIA40 directly transfer the electrons to cytochrome c. Given the importance to all these observations,

this study explains the pleiotropic roles of Gt MIA40 during disulfide relay system.
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2.3.10: Schematic representation of the inter membrane space disulfide relay system and the
regulation of ETC and ROS production: - Proteins in the IMS compartment enter through the TOM
complex. They are typical of small size and contain several reduced cysteines resides. The IMS
receptor/oxidoreductase MIA40 is able to form mixed disulfides with these proteins and promotes their
oxidation. MIA40 undergo glutathionylation and /elevated ROS may increase the hMIA40 glutathionylation
due to which ROS levels may get regulated. Glutathionylated hMIA40 transfer electrons directly to cytochrome
c and/or share electrons with the FAD-containing sulfhydryl oxidase Erv1 and regulates cytochrome ¢ mediated
electron transport chain biogenesis. The flow of electron (e”) from the imported proteins to the final electron
acceptor oxygen (O) is indicated. The cytochrome c—independent side reaction of Erv1 with oxygen is shown
in light grey. Cytochrome ¢ reductase and oxidase complexes are indicated as complexes Il and 1V,
respectively. Q indicates the ubiquinone pool .

2.3.4 Discussion:-

MI1A40, a synonym for CHCHD4 (Coiled-coil-helix-coiled-coil-helix domain-containing protein 4) is
imported from the cytoplasm into the mitochondrial IMS. It has been assigned the function of folding
small cysteine containing mitochondrial IMS bound proteins for their import and retention. We have
shown earlier that it has an essential role as a component of the mitochondrial Fe-S cluster export
machinery. In this study, we show that hMI1A40 undergoes post-translational modification by getting

glutathionylated at four cysteines C4, C64, C74 and C97. We demonstrate that glutathionylation of
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hMIA40 has critical consequences that affect cellular respiration and redox homeostasis. hMIA40
defective in glutathionylation increases ROS decreases the steady-state levels of components of
complexes Il and 1V of the ETC and is unable to reduce oxidized cytochrome c (Figure: 2.3.7.1D).
MIAA4O0 resides in the IMS that is populated with proteins of the respiratory chain proteins and IMS
import machinery with possible overlap in functions and dependency (Allen et al, 2005; Bihlmaier et
al, 2007; Dabir et al, 2007). We demonstrated for the first time that, hMIA40 undergoes
glutathionylation. We have shown employing several approaches that GSH has direct interaction with
hMIA40 (Figure: 2.3.1& Figure: 2.3.2). Earlier studies could not prove this direct interaction as it was
thought that glutaredoxin was acting as a catalyst with GSH being its cofactor. Over-expressed
cytoplasmic hMIA40 was always found to be in an oxidized and folded state, and their entry into the
mitochondrial IMS was facilitated by glutaredoxin (Banci et al, 2009; Kojer et al, 2012b; Durigon et
al, 2012). In the current study, we show that GSH can directly interact with hMIA40 and
glutathionylated it. Intriguingly, the CPC motif is bereft of any glutathionylation while three cysteine

residues in the twin CXC9 motifs are glutathionylated.

Interestingly, the CPC motif of MIA40 contributes a redox potential of -200 mV (Banci et al,
2009) while CXC9 motif containing proteins have -300 mV redox potential (\VVoronova et al, 2007; Lu
& Woodburn, 2005). Based on the possible redox dynamics within the hMIA40 protein, we believe
that the CXC9 motifs get glutathionylated by transferring electrons to the CPC motif which in turn
transfers electrons directly to cytochrome ¢ or ALR based on the redox environment. The cycle of
glutathionylation on MIA40 may be continuous on and off cycle to regulate mitochondrial electron
transport chain activities, in particular, Complex 11 and Complex 1V. Based on the above explanation,
we should have observed a decrease in Complex 111 and Complex 1V activities in the CPC mutant and
not just in the QM and TM mutants of hMIA40. As we don’t see the CPC mutant being compromised
in complex I activity, it is possible that there is another layer of regulation that we are yet to
understand. Ervl/ALR is a Flavin oxidoreductase that is known to re-oxidize hMIA40 and transfer
electrons to cytochrome c (Stoganovski et al.2012)

There have been reports suggesting that complex | was compromised in MI1A40 silenced cells.
However, in our studies, we did not see this effect. We could not achieve greater than 30% reduction
in MIA40 levels as depletion of MIA40 greater than 50% was lethal in our hands. Nevertheless, with

30% reduction itself, we were able to observe a dramatic increase in ROS and decrease in complex I11

67



and IV activities. Given that hMIA40 affects complex 11 and 1V activities in vivo and is able to reduce
cytochrome ¢ in vitro without the requirement of ALR, the obvious question of its physiological
significance in the presence of cytochrome ¢ and ALR arises. It is well known that redundancy of
pathways provides flexibility and a failsafe mechanism to sustain critical processes in the face of
potential damage. ETC is crucial for energy production, and cells must be employing multiple electron
acceptors and intermediates. Interestingly, Ervl/ALR has been shown to transfer electrons directly to
oxygen form H»>O, (Fraga & Ventura, 2013). However, during anaerobic conditions, fumarate
reductase (Osm1) transfers the electrons from Erv1 to fumarate in the IMS (Neal et al, 2017). Based
on our investigations, we strongly believe that the function of hMIA40 is not limited to import of
proteins into IMS or to the export of Fe-S cluster but undergoes post-translational modification to
sustain the ETC.

Mitochondria act as a hub for production of ROS which is a physiological by-product for many
of the metabolic activities. The cell efficiently uses it as a signalling molecule when it is at a low level.
However, it succumbs to it when its level increases. The mitochondria continually adapt to the
dynamic redox environment as a result of flux changes in ROS by modulating the function of its
proteins through oxidation of protein cysteine thiols. The importance of glutathionylation as a PTM
has recently gained more traction. It is now considered as a ‘bona fide’ redox signal as it can modulate
protein function in vivo by modifying it reversibly, swiftly and in a highly specific manner, fulfilling
all the criteria for an efficient and important PTM (Shelton & Mieyal, 2008). Several proteins from
varying biological pathways including metabolic and mitochondrial protein import have been
identified to undergo glutathionylation. Reactions involving glutathionylation are susceptible to both
oxidized and reduced glutathione levels that are driven by the cellular ROS. Glutathionylation of
proteins is now considered as a hallmark for stress response and any defects in this can lead to
pathological conditions. MIA40 could act as a repository for ROS by getting glutathionylated and
transferring back the electrons to the ETC to mitigate the toxic effects of ROS. 30% reduction in
MIA40 increases ROS several folds (Figure: 2.3.6F). Because of the biological outcomes of protein
glutathionylation associated with stress, they are now being viewed as potential biomarkers for stress-
related human diseases. The concept of cells having a ‘redoxome’ wherein protein cysteine thiols act
as sensors for the surrounding redox environment is being appreciated. Jones and Sies have recently
suggested the existence of a ‘redox code’ determined by the redox flux generated by the cellular

metabolic activities, bioenergetics and the health of the anti-oxidant systems (Jones and Sies 2015).
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Given that proteins can undergo a multitude of redox modifications, glutathionylation being just one;
and the paucity of information on the molecular mechanism behind these modifications, further studies
are required to unravel the redox world. Increased ROS production was associated with several
pathological conditions such as cancer, diabetes mellitus, atherosclerosis, ischemia and other
mitochondria-related abnormalities (Balaban et al, 2005; Droge, 2002; Ha et al, 2000; Baynes, 1991;
Kinscherf et al, 1999; Kushnareva et al, 2002; Chen et al, 2003). Hence, glutathionylation of hMI1A40
could be an important mechanism as it is protecting ETC complex components, ETC activities and
ROS generation.
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CHAPTER III

Functional characterization of glutathionylated MIA40

In protein import and cellular iron homeostasis

[2Fe-2S]
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3.1 Introduction

Mitochondria are essential for distinct cellular processes that includes energy metabolism,
amino acid, lipid metabolism & programmed cell death (apoptosis). Further, mitochondria also play a
major part in iron metabolism that includes Fe-S clusters biogenesis and heme synthesis. Iron is a vital
molecule in all organisms from single cell bacteria to humans. Besides, iron is a module of the Fe-S
cluster, an ancient biological molecule that is necessary for many essential processes including DNA
replication, DNA repair, heme synthesis, redox catalysis, regulation of gene expression, and electron
transfer (Beinert, H. (1954). BIOLOGICAL OXIDATIONSI, 2 et al, 2007; Netz et al, 2012; Boal et
al, 2007; Stephens et al, 1996). Generation, maturation and transfer of Fe-S clusters to substrates is a
very complex processes and require protein components that are present particularly in mitochondria
(Rouault, 2012b). Based on research in yeast, it was proposed that three different systems are intricate
in the biogenesis of Fe-S clusters known as cytosol iron-sulfur assembly system (CIA), iron-sulfur
cluster assembly system (ISC), and iron-sulfur exporter system (Roland et al. 2006). The above two
systems (ISC and Fe-S export) are present in mitochondria, and the CIA is present in the cytosol.
Homologues for most of the yeast proteins that are involved in Fe-S cluster biogenesis are present in
higher eukaryotes. Although the low amounts of few components of ISC machinery were detected in
nucleus and cytosol, there are some differences in Fe-S cluster biogenesis in higher eukaryotes related

to yeast. Anyway, the overall Fe-S system in mammals is functionally identical to yeast counterpart.

The mitochondrial matrix localized iron-sulfur cluster assembly (ISC) system is actually
involved in the formation of Fe-S cluster, which occurs in three different steps (Figure: 3.1). In the
first step, a desulfurase (Nfs1) in combination with Isd11 withdraws sulfur from cysteine and transfer
it to a scaffolding protein Isul, and it also receives Fe from frataxin (Yfhl) and forms a transient Fe-
S cluster. In the next step, this cluster will be transferred to Apo protein with the help of Hsp70 isoform
(SSQ) and glutaredoxin (Grx5) ((Rouault, 2012b)). Mitochondria also contain Fe-S export machinery.
In yeast ATM1 (ABCB?7 in mammals), an inner membrane protein has been identified as an iron-
sulfur exporter from mitochondria (Ronald et al. 1997). The exact module that is exported by ATM1
is still not known, but, few studies suggest that it is possibly involved in the export of sulfur to cytosol
through some unknown mechanism. The additional modules of the Fe-S export machinery that are
perhaps working along with ATML1 includes Ervl, a sulfhydryl reductase, and GSH (Figure:3.1)
(Ronald et al. 2001), as depletion of these proteins replicates the comparable phenotype like ATM1
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deficiency like an increase of iron in mitochondria and defect in maturation of cytosolic Fe-S
containing proteins. Erv1 has been shown to play a role in grouping with M1A40, a mitochondrial IMS
protein in the import of various cysteine-rich intermembrane space proteins by an oxidative folding

machinery (Bottinger et al, 2012).

Dre2
CIA machinery

M GSH
Cytosolic and nuclear Fe/S
@ ? proteins

Narl-Cial

m—

S,

ISC export - )
~ machinery Mitochondrial

f Fe/S proteins
. _ . e
Mitochondria o

L ]
ISC assembly L]
machinery Isul & Grx5 — APO
 /Ssql-ATP e | :
" Jacl/Mgel al-Isa2 /

Nfsl- Isd11 U

cys-SH | Aconitase "
% biotin synthase

Cytosol

Iron(Fe2")

Figure: 3.1 Schematic representation of Fe-S cluster biogenesis in eukaryotes:- The Fe-S clusters
are synthesized in mitochondrial matrix by the ISC machinery. Cytosolic and nuclear Fe-S cluster proteins
depend on the mitochondrial ISC assembly and also on the ISC export machinery for their maturation and
function. Previous literature suggested that the yeast Atml is involved in the export of Fe-S clusters over the
inner membrane of mitochondria. Though, it is not established that how these Fe-S clusters are exported to the
cytosol from the inter membrane space and outer membrane of mitochondria .

The CPC motif of MIA40 is involved in drawing the electrons from substrate proteins to
Ervl/ALR and thereby facilitates the oxidative folding of substrate proteins in the intermembrane
space of mitochondria (Figure: 2.1). The human MIA40 (CHCHD4) and yeast Mia40 contains the a-
helical structure and is stabilized by two intra disulfide bonds. However, in yeast, Mia40 is stably fixed
to the inner membrane of mitochondria over its N-terminal hydrophobic domain whereas essential
domain open to the intermembrane space. In contrast to yeast Mia40, human MIA40 lacks the

transmembrane domain.(Hofmann et al, 2005).
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Recently, we and others have shown that MIA40 binds Fe-S clusters and is involved in the
export of Fe-S from mitochondrial to the cytosol (Daithankar et al, 2010; Spiller et al, 2013b; Murari
et al, 2015). However, the specific physiological significance of Fe/S cluster in MIA40 is yet to be
understood. Further, the importance of GSH on MIA40 mediated import suggests that a possible
potential role of GSH in protein import and Fe-S cluster biogenesis. Based on the above explanation,
the outline of the current work is as follows:

(1) Functional characterization of glutathionylated MIA40 in protein import and iron
homeostasis of the cell.

3.2. Materials and Methods
3.2.1. Materials

His60 Ni super flow resin was purchased from Clontech. L-Glutathione (reduced) was
purchased from Sigma-Aldrich. Decylubiquinone, NADH, rotenone, BSA, sodium azide for complex
I, and 1,4-Dithiothreitol (DTT) were obtained from Sigma. Cell culture components like Dulbecco's
Modified Eagle's Medium (DMEM), Pen-strep, foetal bovine serum (FBS), and lipofectamine for
preparation of complete media and for transfection studies respectively were purchased from
Invitrogen. Cell culture 35mm, 60mm and 100mm dishes and T-25, T-75 and T-175flasks from
Eppendorf India.

Bathophenanthroline was bought from Sigma Aldrich to determine the mitochondrial non-
heme iron. Decylubiquinone and isocitrate were bought from Sigma Aldrich to quantify the complex
| cytosolic & aconitase activity respectively. Radiolabel *>Fe was bought from American Radio
Chemicals (USA) for quantifying the iron uptake. Mouse polyclonal GPAT (Glutamate
phosphoribosyl pyrophosphate amido transferase), a c-myc tag, GAPDH (Glyceraldehyde-3-
phosphate dehydrogenase) antibodies were bought from Abcam (USA).

3.2.2. Methods

Details of cloning, protein expression, and protein purification by His60 super flow resin, complex 1
activity were described in 2.2 Methods.
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3.2.2A Fe-S cluster measurement with UV Absorption Spectroscopy

Recombinant WT hMIA40 protein was incubated with or without 5mM GSH and / 5Mm
GSSG for 0, 15, and 30 mins. Fe-S cluster was measured with UV-Visible spectra from 200 to 700
nm and recorded in a HITACHI U-2910 spectrophotometer at room temperature using a quartz cuvette
of 1cm path length.

3.2.2B Cell culture, transfection and Treatments

HEK 293T cells were grown in complete Dulbecco’s modified Eagle’s medium (Invitrogen)
containing 10% (v/v) foetal calf serum at 37°C under an atmosphere of 5% CO2. Cells grown in 100
mm / T-75 mm flasks, were transfected with either 8 g /12 ug respectively of scrambled shRNA or
human MIA40 shRNA plasmid (ORIGENE) by using lipofectamine transfectant agent (Invitrogen).
HumanMIA40 was overexpressed in HEK 293T cells by transfecting with mammalian expression
vector pcDNA3.1c-myc-His vector containing human MIA40 ORF (pNB202) pNB314 (hMIA40
C53S-C55S), pNB380 (hMIA40 C4S, C74S&CI97S(TM)) and pNB391 (hMIA40 C4S, C64S, C74&
C97S (QM)). Co-expression was done in HEK 293T cells by co-transfecting with 12 pg plasmid each
of MIA40 shRNA/pNB314 c-myc-His and MIA40 shRNA/ pNB380 c-myc-His, and MIA40 shRNA/
pNB391c-myc-His. After 24hrs of post transfection DMEM medium was substituted with fresh
DMEM medium and cells were incubated with or without of 500 nM *Fe, NAC (1 & 5 mM) and /or
BSO (100, 250 & 500 uM) for 12hrs at 37°C under an atmosphere of 5% COs..

3.2.2C Aconitase activity

The mitochondrial/ cytosolic Aconitase activity was determined spectrophotometrically. The
reaction mixture holds, 5 mM MnCl,, 50 mM Tris-HCI pH 7.5, and 1 mM isocitrate as a substrate, and
a cytosolic/mitochondrial fraction. The conversion of isocitrate to cis-aconitate was measured as an
increase in absorbance at A240 nm. One unit of enzyme activity was determined as the absorbance
equivalent of 1 pumole of cis-aconitate released per min per mL of the enzyme solution under

experimental conditions.

3.2.2D Measurement of mitochondrial iron

The non-heme iron present in the mitochondria was determined by the bathophenonthroline

method (Tangeras et al, 1980). Concisely, mitochondria were resuspended in medium having 10 mM
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MES pH 4.5, 1 % sodium dodecyl sulphate and 0.5 mM dithionite. To this reaction mixture, 50 uM
bathophenonthroline was added, and the Fe (Il)-chelate formation was determined in a dual-
wavelength HITACHI spectrophotometer at 540 nm and 575 nm. For the measurement of
mitochondrial *°Fe content (specific Activity-10.18 mCi/mg), 60% - 80% confluent cells were
incubated with or without 500 nM >5Fe for 24 hrs. Mitochondria were wash away with cold 500 pM
bathophenonthroline to eliminate membrane-bound iron. Radioactivity was counted by using a

Beckman scintillation counter.

3.2.2E In vitro protein import into isolated mitochondria

Precursor proteins were produced by coupled transcription/translation in rabbit reticulocyte lysate
(Promega) in the presence of **S (radio labelled methionine) and imported into mitochondria isolated
from HEK?293T cells. The radiolabeled Signals of the proteins were identified by autoradiography.

For in vitro protein import studies, 3*Slabeled TIMM9, TIMMS8 and SU9-DHFR protein was
incubated with purified mitochondria in import buffer (250 mM Sucrose, 5 mM Mg acetate, 80 mM
K acetate, 10 mM Na-Succinate pH-7.2, 1 mM DTT, 20 mM HEPES-KOH pH 7.4, 0.1mMADP,2
mM ATP, 2 mM GTP) at 37°C for 2 to 10 min. The samples were then subjected to 25 pg/ml trypsin
treatment for 15 mins on the ice and 100ug /ml trypsin inhibitor treatment on ice for 5mins. To remove
the non-imported proteins, mitochondria were reisolated by passing through a sucrose cushion (0.8 M
sucrose in 10 mM HEPES, pH-7.2). Mitochondria were rewashed with buffer containing 0.25 M
Sucrose, 1 mM EDTA, 10 mM HEPES, pH-7.2 and pellet down by centrifugation at 12,000 rpm for
10 min at 4°C and resuspended in 2x Laemmli sample buffer. The mitochondrial proteins were
subjected to SDS-PAGE and examined the labelled protein by autoradiography.

3.3 Results:

3.3.1 The CPC motif in hMIAA40 is essential for Fe-S cluster export from mitochondria

We have shown earlier (Murari A thesis) that MIA40 is a component of Fe-S cluster export
machinery of mitochondria. However, it is not clear wheter CPC motif or other cysteine motif of
MIA40 are involved in the export of Fe-S from mitochondria. We evaluate the role of the hMIA40
CPC motif in binding iron in vivo. HEK-293T cells were transfected with plasmids pNB202 and
pNB314, which express hMIA40 wild-type or S53-55S (M1) respectively.
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To determine the importance of the CPC motif in Fe—S export in vivo, we overexpressed either
wild-type hMIA40 or hMIA40 CPC motif mutant (hMIA40 S53S&C55S) in HEK293T cell lines that
are depleted in endogenous hMIA40. We used hMIA40 shRNA that is specific to the non-coding
region of hMIA40 to deplete the steady-state levels of endogenous hMIA40. HEK-293T cells were
transfected with either hMIA40 shRNA or co-transfected with hMIA40 shRNA/wild-type hMIA40 or
hMIA40 shRNA/hMIA40 S53S&C55S to overexpress wild-type and mutant CPC motif respectively.
In sShRNA hMIA40-transfected samples, hMIA40 levels were reduced by 50% compared with
scrambled shRNA-transfected samples (Figure: 3.3.1A). However, both WT hMIA40 and mutant
hMIA40 protein levels are high in co-transfected samples as sShRNA fails to inhibit the plasmid-borne
hMIA40 translation. Next, we checked the steady state levels of GPAT, a cytosolic Fe-S containing
enzyme and its activity and stability depends on the presence of Fe-S clusters. As expected, GPAT
levels were reduced by around 50% in cell lysates expressing ShRNA. However, overexpression of
WT hMIA40, but not mutant, rescues the steady-state levels of GPAT in hMIA40-depleted cell lines
(Figure: 3.3.1A). In addition, we found an accumulation of *°Fe in the mitochondria samples isolated
from shRNA hMIA40 or shRNA hMIA40 co-transfected with mutant, but not with wild-type hMIA40,
co-expressing cell lines (Figure: 3.3.1B). Overexpression of wildtype hMIA40, but not SPS hMIA40
mutant, rescues the cytosolic aconitase activity in hMIA40-depleted cell lines (Figure: 3.3.1C). The
transfected samples were probed with Myc to confirm the equivalent overexpression of plasmid-borne
wild-type and mutant proteins and GAPDH to confirm the equivalent amount of lysate in all samples
(Figure: 3.3.1A). Besides the comparable amount of wild-type and mutant hMIA40 proteins, we
observed no significant difference in the mitochondrial Complex I and aconitase activity in all samples
(Figures: 3.3.1D&E). These results absolutely incriminate the CPC motif in hMIA40 to be necessary
for effective binding to iron both in vitro and in vivo.
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Figure 3.3.1 CPC motif in hMIA40 is essential for Fe-S export from mitochondria: - HEK293T
cells were transfected with MIA40 shRNA specific to a noncoding region or scrambled shRNA vector control
or co-transfected with shRNA MIA40/WT MIA40 or shRNA MIA40/S53-55SMIA40 and isolated the
mitochondria or cytosolic fraction as described in the methods. (A) Western blot analysis of total cell extract of
HEK293T cells. The blot was probed with antibodies against GPAT, MIA40, Myc and GAPDH. GAPDH was
used as an internal loading control. (B) Mitochondrial accumulated radiolabelled Fe was measured from the
isolated mitochondrial fractions of transfected cells as described in the methods section and shown here as
CPM/mg of mitochondrial protein. (C) Cytosolic aconitase activity was measured at 240 nm and shown here
as uM/min/mg protein. (D) Mitochondrial aconitase activity was measured at 240 nm and represented as
units/mg protein. (E) Complex | activity was measured in transfected cells spectrophotometrically at 340 nm
and presented as puM/min/mg protein. Bar graphs represent the means of three independent experiments,
P<0.001. Statistical analysis was performed using t- test .
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3.3.2 Glutathione has an effect on hMIA40 iron binding

We have shown in Chapter Il about the importance of glutathionylated MIA40 in ETC
function. Given the importance of glutathione, we would like to explore the role of glutathione in Fe-
S synthesis and export. It is well known that N-acetylcysteine (NAC) is a pro-glutathione drug and
DL-Buthionine (S, R)-sulfoximine (BSO) is an inhibitor of glutathione synthesis(Akan et al, 2005).
Our in vitro and in vivo studies evidently show that hMIA40 binds to iron. Based on these results, we
were interested to see the iron binding to hMIA40 protein in the presence and /or absence of NAC and
BSO (Glutathione). To enhance hMIA40 in vivo, cells were transfected with a plasmid containing
pcDNA-MIA40 cmyc-His and incubated with or without **Fe and then treated with NAC and /or BSO
for 12 h. Thereafter, cell lysates were subjected to pulldown with Ni-NTA Sepharose beads. The
amount of radioactivity in the pull-down fraction was counted in a scintillation counter (Figure:
3.3.2A). With increasing concentration of NAC, the amount of *Fe binding to MIA40 is decreased,
and no significant change was observed with BSO treatment (Figure: 3.3.2B). Our results indicate that
glutathione may have an effect on the binding of iron to hMIA40. Further, cell lysates were separated
on non-Reducing SDS-PAGE, immunoblotted with hMIA40 antibody to test the redox status of
hMIA40 in the presence and absence of NAC and / or BSO treatment (Figure: 3.3.2C&D). Oligomeric
forms of MIA40 decreased while monomeric form or reduced form of MIA40 increased with
increasing concentration of NAC treatment (Figure: 3.3.2C). However, oligomeric forms of MIA40
increased with increasing concentration of BSO (Figure: 3.3.2D). Our results suggest that NAC and
BSO has an opposing effect on MIA40 redox status. These results also suggest that glutathione also

influences the binding of iron to MI1A40.
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Figure 3.3.2 Glutathione have an effect on the redox status of hMIA40 and iron binding:-
hMIA40 transfected HEK293T cells were treated with increasing concentration of NAC or/and BSO
and incubated with *Fe. (A&B) Cell lysates were pull-down with Ni-NTA Sepharose beads and
amount of radiolabeled iron present in the pulldown fraction was determined in the scintillation
counter. (C&D) Cell lysates were analyzed on reducing and non - reducing gels and immunoprobed
with antibodies against hMIA40. All results were plotted with mean + S. E. (n=3), "P < 0.05.

3.3.3 Glutathione affects the binding of iron to Recombinant hMIA40 in vitro

Earlier we have shown that an oxidative sensitive labile iron bound to hMIA40 in vitro (Murari
A et al. 2005). To test whether the glutathione has any effect on Fe-S clusters binding to hMIA40, the
recombinant hMIA40 protein was incubated with or without glutathione (GSH), oxidized glutathione
(GSSG) and exposed to air and at different time points UV-VIS spectrum was monitored for the
presence of Fe-S as described in the Methods. We have shown earlier that MIA40 shows a
characteristic Fe/S cluster peak either at 410 or 460 nm or both depending on the redox status (Murari
A Thesis, 2014). As expected, all samples at 0 min time point showed an absorption peak at 460nm
indicating the presence of Fe-S cluster. Later, we observed a decrease in absorption in a time
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dependent manner whether hMIA40 in presence or absence of GSH/GSSG. However, in the presence
of GSH/GSSH, there is rapid decrease in absorption at 460 nm indicating the loss of Fe/S. These
results suggest that MIA40 may be glutathionylated in presence GSH/GSSG in exchange of Fe/S

clusters (Fig 3.3.3 A, B, &C).
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Fig 3.3.3 Glutathione affects binding of iron to Recombinant hMIA40 in vitro:- UV-Vis spectra
(300 nm-600 nm) of purified recombinant His-nMIA40 was carried out in presence and absence of GSH/GSSG
for different time points. Arrows indicate the characteristic iron peak at 460 nm, (A, B&C).
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3.3.4 Glutathionylated MI1A40 mutants do not affect the binding of iron

Our in vitro and in vivo studies clearly show that hMIA40 binds to iron and also sensitive to
GSH/GSSG. Based on these results, we were curious to know wheather iron binds to the glutathione
cysteine mutants of hMIA40 (hMIA40 DM, hMIA40 TM& hMIA40 QM). Equivalent amount of
purified recombinant hMIA40 and glutathione cysteine mutants hMIA40 (hMI1A40 DM, hMIA40
TM&hMIA40 QM) were subjected to UV-VIS absorption spectrum for the presence Fe/S cluster.
Interestingly, WT and all cysteine mutants displayed an absorption peak at 410 nm and 460 nm in the
UV-Visible absorption spectrum, a typical spectral feature of a protein harbouring Fe-S clusters (Fig
3.3.4A). These results suggest that glutathione cysteine mutant’s in hMIA40 does not affect the
binding of Fe-S clusters in vitro. Further, our results strongly suggest that CPC motif of hMIA40 is
critical for iron binding.

To test the effect of glutathionylated mutants on binding of iron to MIA40, we overexpressed
hMIA40 or glutathionylated (TM, QM) or CPC mutants by co-transfecting HEK293T cells with
specific ShRNA that selectively depletes endogenous MIA40. After 12 hrs of transfection, cells were
incubated with or without *>Fe for 12 hrs. Cells were harvested with NP40 buffer and lysates were
subjected to pulldown with Ni-NTA Sepharose beads as described in the Methods. The amount of
radioactivity present in the pull-down fraction was counted using scintillation counter (Fig3.3.4B).
WT and glutathione cysteine mutants of hMIA40 (hMIA40 TM&hMIA40 QM) were more enriched
in °>Fe compared to ctrl ShRNA, shRNA MIA40 or hMIA40 CPC motif mutants. These results indicate
that glutathione cysteine mutants hMIA40 (hMIA40 TM&hMIA40 QM) does not affect the binding
of Fe-S clusters in vivo. It also confirms that CPC motif of hMIA40 is critical for binding of Fe-S

clusters.
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Figure 3.3.4 Glutathionylated M1A40 mutants also bind to Fe-S clusters :- (A) UV-Vis spectra (300
nm-700 nm) of purified recombinant His-hMIA40 and glutathionylated cysteine mutants were carried out as
described in the Methods. Arrows indicate the characteristic Fe/S cluster peak at 410 and 460 nm. B) HEK293T
cells were transiently transfected either with shRNAMIA40 or shRNAMIA40 / Myc-His-hMIA40 or
shRNAMIA40 / mutants of MI1A40 followed by incubation with labelled °Fe. The cell lysate was prepared by
using NP40 buffer and Ni-NTA pulldown was carried out as described in the methods. Labelled **Fe present in
Ni-NTA pulldown fractions was measured in a scintillation counter and shown here as CPM/mg protein. All
results were plotted with mean + S. E. (n=3), "P < 0.05.

3.3.5 Glutathionylated hM140 is important for Fe-S cluster export from mitochondria

To demonstrate the importance of glutathionylation of MIA40 in in Fe-S export in vivo, we
overexpressed either wild-type hMIA40 or hMIA40 CPC motif mutant (hMIA40 C53-55S) and
glutathione cysteine mutants of MIA40 (hMIA40 TM, hMIA40 QM) in HEK293T cells that are
depleted in endogenous hMIA40. HEK-293T cells were transfected with either hMIA40 shRNA or
co-transfected with hMIA40 shRNA/wild-type hMIA40, hMIA40 shRNA/hMIA40 S53-C55S,
hMIA40 shRNA/ hMIA40 TM, and hMIA40 shRNA/ hMIA40 QM. Cell lysates or mitochondria were
isolated as described in the Methods. Cell lysates were analysed on SDS-PAGE and immunoblotted
with antibodies against MIA40, GAPDH and GPAT. hMIA40 levels were 30% reduced in ShRNA for
MIA40 transfected samples when compared to scrambled shRNA-transfected samples (Figure:
3.3.5B). However, both WT and CPC mutant of hMIA40 protein levels are high in co-transfected
samples as shRNA fails to inhibit the plasmid-borne hMIA40 translation. As expected, GPAT levels
were reduced in cell lysates expressing sShRNA and CPC mutant of MIA40. However, overexpression
of WT hMIA40, but not mutant, rescues the steady-state levels of GPAT in hMIA40-depleted cell
lines (Figure: 3.3.5B). In addition, we found an accumulation of *°Fe in the mitochondria samples
isolated from shRNA hMIA40 or shRNA hMIA40 co-transfected with mutant (hMIA40 SPS, hMIA40
TM and hMIA40 QM) but not with wild-type hMI1A40 (Figure: 3.3.5A). The transfected samples were
probed with Myc to confirm the overexpression of plasmid-borne wild-type and mutant proteins and
GAPDH used as a control to confirm the equivalent amount of lysate in all samples (Figure: 3.3.5B).
Further, overexpression of wildtype hMIA40, but not SPS mutant hMIA40, TM MIA40 and QM
MIA40, rescues the cytosolic aconitase activity in hMIA40-depleted cell lines (Figure: 3.3.5C). Our
results clearly show that the CPC motif in hMIA40 to be important for effective binding to iron both

in vitro and in vivo. However, glutathionylated hMIA40 may be important for the Fe-S cluster export.
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Figure 3.3.5 Glutathionylated hMIA40 is important for Fe/S export from mitochondria:-
HEK293T cells were transfected with MIA40 shRNA specific to a noncoding region or scrambled shRNA
vector control or co-transfected with shRNA MIA40/WT MIA40 or shRNA MIA40/S53-55S
MIA40,shMIA40/TM MIA40 and shMia40/QM hMIA40 and isolated the mitochondria or cytosolic fraction.
(A) Mitochondrial accumulated radiolabelled °Fe was measured from the isolated mitochondrial fractions of
transfected cells as described in the methods section and shown here as CPM/mg of mitochondrial protein. (B)
Western blot analysis of total cell extract of HEK293T cells. The blot was probed with antibodies against GPAT,
MIA40, Myc and GAPDH. GAPDH was used as an internal loading control. (C) Cytosolic aconitase activity
was measured at 240 nm and shown here as um/min/mg protein. All results were plotted with mean £ S. E.

(n=3), P < 0.05.
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3.3.6 Glutathionylated MI1A40 have no defect in IMS protein import

To examine whether the glutathionylated MIA40 is essential for the import of MIA40
Osubstrates into mitochondria, we performed import studies of known MIA40 substrates like TOIMMS8
and TIMM9. We isolated the mitochondria from HEK293T cells overexpressing either WT or
Oglutathionylated mutants of MIA40 (hMIA40 DM and hMIA40 TM) and import of radiolabelled
TIMMS8 and TIMM9 was carried out as described in the Methods. Radiolabeled TIMMS8 and TIMM9
is efOficiently imported into WT and mutants of MIA40 mitochondria (Fig 3.3.6A &B). To test the
qualitOy of mitochondria, we carried out the import of matrix targeted radiolabelled SU9-DHFR into
WT an0d mutant MIA40 mitochondria. The amount of imported SU9-DHFR increased considerably
from 2 Omin to 10 min (Fig 3.3.6C). In addition, immunoblot analysis of the WT and mutant M1A40
mitochondria with complex 111 corel, TIMMO9A andTIMM10 antibodies reveals that no defect in the
import of these IMS substrates (Fig3.3.6D). It’s known that CPC motif of Mia40 is critical for import
of intermembrane space (IMS) proteins. These results suggest that glutathionylated MIA40 have no
defect in IMS protein import.
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Fig 3.3.60 Role of glutathionylated hMI1A40 in protein import. (A, B, & C) Radiolabelled precursors
TIMMS, TIOMM?9 and SU9-DHFR were imported in vitro into WT hMIA40 and mutants MIA40 mitochondria
isolated from0 HEK?293T for the indicated time periods at 37°C. Samples were analysed by SDS-PAGE and
autoradiography. (D) WThMIA40 and mutant’s hMIA40 mitochondria were prepared, and equal amounts of
protein (50 mg00) were immunoblotted with TIMMO9A, TIMM10 and complex 11 corel antibodies.

3.4 Discussion

Being the fundamental organelle of the cell, mitochondria is involved in diversified functions.
Regulating iron homeostasis in the cell is one of the most significant roles of mitochondria. It is the
core for the production and export of iron-sulfur clusters. The enzyme machineries of the iron-sulfur
cluster synthesis pathway of the mitochondria have been well categorised genetically and
biochemically in bacteria and yeast (Frazzon & Dean, 2003; Lill & Muhlenhoff, 2006). In higher
eukaryotes, they have their own machinery for the iron sulfur cluster assembly in both nucleus and
cytoplasm (CIA). The mechanism underlying the maturational defects of cytoplasmic and nuclear
enzymes caused by mitochondrial iron sulphur pathway is yet to understood. This specifies the
significance of mitochondrial iron-sulfur cluster system in the iron homeostasis of the cell. The
mechanism by which mitochondrial iron-sulfur cluster system exports Fe-S to the cytoplasm is yet to

be clarified.

Ultraviolet-Visible (UV-Vis) spectrum of recombinant hMIA40 and glutathione hMIA40
mutants (h(M1A4 DM, hMIA4 TM and hMIA4 QM) displayed an absorption spectrum peak at 410 and
460 nm (Fig: 3.3.3 A, B, C&3.3.4A) which are typical iron peaks for 4Fe-4S and 2Fe-2S clusters
correspondingly. We assume that 4Fe-4S and 2Fe-2S forms might be coordinated to the CPC motif of
hMIA40. Our Atomic Emission Spectroscopy (AES) experiments by exhausting hMIA40 protein
strongly suggest0 that hM1A40 binds to Fe-S cluster (Murari et al, 2015). In addition spectral analysis,
and gel filtration of hMI1A40 protein strongly recommend that majority of hMIA40 is in a tetrameric
state (Murari et al, 2015) and possibly contains a cubane 4Fe-4S cluster as it displays a typical 4Fe-
4S spectrum peak at 410 nm while dimeric form of hMIA40 displayed a 460 nm absorption spectrum
peak which is representative for 2Fe-2S cluster (Murari et al, 2015; Cai et al, 2013). The hMIA40
2Fe-2S cluster may involve in oxidoreductase activity, 4Fe-4S cluster may involve in the iron-sulfur

export.
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The biological importance of iron-sulfur clusters found in MIA40 is anonymous. We have tried
to elucidate tOhe function of hMIA40 in iron homeostasis of the cell. We assessed the >°Fe binding to
hMIA40 WT, CPC hMIA40 mutant and glutathione hMI1A40 mutants (hMIA40TM and hMIA40QM).
These results show a significant defective in *°Fe binding in CPC hMIA40 mutant compared to WT
hMIA40 and glutathione hMIA40 mutants (hMIA40 TM and hMIA40 QM) (Fig: 3.3.4B). These
results strongly suggest that CPC motif of hMIA40 is critical for Fe binding. Since the CPC motif is
required for protein import and Fe-S binding, it is possible that the microenvironment of the
intermembrane space and its redox status may influence hMIA40’s function either in protein import

or/and Fe-S export.

We used shRNA to deplete the levels of MIA40 and overexpression of glutathione hMIA40
mutants hMIA40TM, and hMIA40QM HEK293T cell lines (Fig: 3.3.1A&3.3.5B). To measure the
iron present in mitochondria, we have followed 2 different methods, namely bathophenanthroline and
Fe method. These results display significant increase of mitochondrial iron load when we
knockdown the hMIA40 and/ overexpression of glutathione hMIA40 mutants (hMIA40TM and
hMIA40QM) in HEK293T cell lines (Fig: 3.3.6A &3.3.1B). In addition, we have studied the activity
and maturation of cytosolic iron-sulfur cluster containing enzymes in MIA40 knockdown and
overexpression of glutathione hMIA40 mutants (hMIA40TM and hMIA40QM) in HEK293T cell
lines. The knockdown of hMIA40 and overexpression of glutathione hMIA40 mutants (hMIA40TM
and hMIA40QM) significantly decreased the activity of cytosolic iron-sulfur cluster containing
enzymes Aconitase (Fig: 3.3C& 3.3.6C), the stability of GPAT (Glutamate Phosphoribosyl
pyrophosphate Amido transferase) is also decreased in the hMIA40 knockdown cells and
overexpression of glutathione hMIA40 mutants (hMIA40TM and hMIA40QM) (Fig: 3.3.6B&
3.3.1A). These results strongly propose that hMI1A40 CPC motif is key for Fe binding and glutathione
binding cysteines are critical for Fe-S cluster export. Therefore, these outcomes strongly propose that

hMIA40 exports Fe-S clusters from mitochondria to cytosol.

Related information has been published when the amount of ABCB7 (humans)/ Atm1 (yeast),
an inner mitochondrial membrane protein levels were decreased & so that Atml/ ABCB7 was
proposed to be a part of Fe-S export device of mitochondria (Kispal et al, 1997). Albeit the actual
module that is exported by Atm1 from mitochondria is arguable. The defect in Atm1 leads to iron load

in mitochondria followed by defects in iron-sulfur cluster biogenesis that arise in nucleus & cytosol.
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Yet, no significant effect was detected on the stability of mitochondrial enzymes associated with Fe-
S clusters or mitochondrial ISC pathway(Kispal et al, 1997). Additionally, ABCB7/Atm1, the iron-
sulfur export machinery most likely contains ALR/Ervl in mammalians or yeast respectively, a
sulfhydryl oxidase and GSH as knockdown of these proteins effects in a phenotype comparable to that

of Atm1 deficiency.

It is a known fact that MIA40 and Ervl/ ALR cooperate in the import of various cysteine
contain intermembrane space (IMS) proteins by an oxidative folding machinery (Allen et al, 2005)
from this we have hypothesised that MIA40 may work in association with Erv1/ALR to export iron-
sulfur cluster from mitochondria to cytosol.. The mutations in these proteins that are involved in iron-
sulfur cluster biogenesis lead to certain human disorders. The particular diseases are ranging from
ataxia like Friedreich’s ataxia (FRDA), anaemia & myopathies (Mochel, Knight et al., 2008; Ye, Jeong
et al.,, 2010; Koeppen 2011). Deeper insight into iron-sulfur cluster synthesis and export from
mitochondria to cytosol would lead to the development of improved remedy against genetic disorders

caused by mutations in iron-sulfur cluster biogenesis.
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Human mitochondrial MIA40 (CHCHD4) is a component of the Fe-S cluster

export machinery

Anjaneyulu Murari*, Venkata Ramana Thiriveedi*, Fareed Mohammad™, Viswamithra Vengaldas*, Madhavi Gorla*,
Prasad Tammineni*, Thanuja Krishnamoorthy* and Naresh Babu V. Sepuri*"

*Department of Biochemistry, University of Hyderabad, Gachibowli, Hyderabad 500046, India

Mitochondria play an essential role in synthesis and export of
iron—sulfur (Fe-S) clusters to other sections of a cell. Although
the mechanism of Fe-S cluster synthesis is well elucidated,
information on the identity of the proteins involved in the export
pathway is limited. The present study identifies hMIA40 (human
mitochondrial intermembrane space import and assembly protein
40), also known as CHCHD4 (coiled-coil-helix—coiled-coil-helix
domain-containing 4), as a component of the mitochondrial Fe—S
cluster export machinery. hMIA40 is an iron-binding protein with
the ability to bind iron in vivo and in vitro. AMIA40 harbours CPC
(Cys-Pro-Cys) motif-dependent Fe—S clusters that are sensitive
to oxidation. Depletion of hMIA40 results in accumulation of

iron in mitochondria concomitant with decreases in the activity
and stability of Fe—S-containing cytosolic enzymes. Intriguingly,
overexpression of either the mitochondrial export component or
cytosolic the Fe—S cluster assembly component does not have any
effect on the phenotype of hMIA40-depleted cells. Taken together,
our results demonstrate an indispensable role for htMIA40 for the
export of Fe—S clusters from mitochondria.

Key words: CIA, GPAT, hMIA40, iron export, iron—sulfur (Fe-S)
cluster, mitochondria.

INTRODUCTION

Fe-S (iron—sulfur) clusters are essential inorganic structures
required by all organisms across evolution from bacteria to
humans to perform various cellular functions [1]. Several enzymes
that are involved in a variety of biological processes such as
electron transfer, redox catalysis, DNA replication and repair, and
regulation of gene expression contain Fe—S clusters as prosthetic
groups [2-6]. The synthesis, maturation and transfer of Fe-S
clusters to apoproteins are very complex processes requiring
multiple protein components present in mitochondria and cytosol.

Several studies in yeast suggest the existence of three different
assembly systems for the biogenesis of Fe—S clusters. These
are the ISC (iron—sulfur cluster) assembly system, the ISE
(iron—sulfur exporter) system and the CIA (cytosolic iron—sulfur
assembly) system [7—10]. The first two systems are present in the
mitochondria, whereas the last-named system is present in the
cytosol. Homologues of yeast proteins that have been implicated
in the biogenesis of Fe—S clusters exist in higher eukaryotes
as well. The Fe-S cluster systems in mammals are functionally
equivalent to the yeast systems despite some of the components
of ISC system being found in cellular organelles other than the
mitochondria [11].

The ISC system is required for the maturation and functioning
of mitochondrial enzymes that contain Fe-S clusters [12]. The
components required for the ISC system are present in the
mitochondrial matrix. Besides the assembly and insertion of Fe—
S clusters, the ISC system of mitochondria is also essential for
the maturation of cytosolic and nuclear proteins that contain Fe—
S clusters [13,14]. This process probably uses the Fe—S clusters

that are exported through the ISE machinery that is present in
the mitochondria. Atml1, an inner membrane protein of yeast
mitochondria, and its mammalian homologue ABCB7 (ATP-
binding cassette transporter B7), and Ervl, an intermembrane
space thiol oxidase, and its mammalian homologue ALR
have been identified as components of the ISE machinery
of mitochondria [13,15,16]. The phenotype that is associated
with deficiency of Atml or Ervl includes accumulation of
iron in mitochondria and defects in maturation of cytosolic
proteins that contain Fe—S clusters. Although there are reports
suggesting that it may be exporting sulfur to the cytosol, the
exact component that is exported by Atml or Ervl and the
export mechanism are not known [17,18]. Interestingly, Ervl is
also a member of the mitochondrial protein import machinery.
Ervl is specially required for the import of intermembrane
space proteins of mitochondria. Ervl, along with Mia40, an
intermembrane space protein of mitochondria, functions in the
import of numerous cysteine-rich intermembrane space proteins
by an oxidative folding mechanism [19,20]. Mia40 harbours
six conserved cysteine residues that are clustered in the form
of one CPC (Cys-Pro-Cys) and two CX,C (Cys-Xaay-Cys)
motifs. Mia40, through its CPC motif, promotes the oxidative
folding of precursor proteins. In contrast, the CXy,C motifs
are involved in creating intramolecular disulfide bonds for
stabilizing the structure of Mia40 [21,22]. hMIA40 (human
mitochondrial intermembrane space import and assembly protein
40), also known as CHCHD4 (coiled-coil-helix—coiled-coil-helix
domain-containing 4), a homologue of yeast Mia40 contains
similar cysteine motifs and is also involved in the import of
intermembrane space-targeted proteins [23,24].

Abbreviations: ABCB7, ATP-binding cassette transporter B7; CIA, cytosolic iron-sulfur assembly; DCPIP, 2,6-dichlorophenol-indophenol; DMEM,
Dulbecco’s modified Eagle’s medium; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPAT, glutamine phosphoribosylpyrophosphate
amidotransferase; HEK, human embryonic kidney; hMIA40, human mitochondrial intermembrane space import and assembly protein 40; ISC system,
iron-sulfur cluster system; ISE system, iron-sulfur exporter system; mtHsp70, mitochondrial heat-shock protein 70; Ni-NTA, Ni?* -nitrilotriacetate; NUBP1,

nucleotide-binding protein 1.
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ABSTRACT Despite the growing evidence of the role of oxidative stress in disease, its mole-
cular mechanism of action remains poorly understood. The yeast Saccharomyces cerevisiae
provides a valuable model system in which to elucidate the effects of oxidative stress on mi-
tochondria in higher eukaryotes. Dimeric yeast Mge1, the cochaperone of heat shock protein
70 (Hsp70), is essential for exchanging ATP for ADP on Hsp70 and thus for recycling of Hsp70
for mitochondrial protein import and folding. Here we show an oxidative stress—dependent
decrease in Mge1 dimer formation accompanied by a concomitant decrease in Mge1-Hsp70
complex formation in vitro. The Mge1-M155L substitution mutant stabilizes both Mge1 di-
mer and Mge1-Hsp70 complex formation. Most important, the Mge1-M155L mutant rescues
the slow-growth phenomenon associated with the wild-type Mge1 strain in the presence of
H,0; in vivo, stimulation of the ATPase activity of Hsp70, and the protein import defect dur-
ing oxidative stress in vitro. Furthermore, cross-linking studies reveal that Mge1-Hsp70 com-
plex formation in mitochondria isolated from wild-type Mge1 cells is more susceptible to re-
active oxygen species compared with mitochondria from Mge1-M155L cells. This novel
oxidative sensor capability of yeast Mge1 might represent an evolutionarily conserved func-
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tion, given that human recombinant dimeric Mge1 is also sensitive to H,0,.

INTRODUCTION

Mitochondria are essential organelles involved in many cellular pro-
cesses, such as energy metabolism and apoptosis. Although the
mitochondrion has its own genome, it depends on the nucleus for
optimal functioning (Chacinska et al., 2009). Based on their signal
sequence, mitochondrial proteins encoded by nuclear DNA are
targeted to different subcompartments of mitochondria through
a translocase system present on outer and inner mitochondrial

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E12-10-0719) on January 23, 2013.
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Abbreviations used: Ccpo, cytochrome ¢ peroxidase; DHFR, dihydrofolate
reductase; HSP 70, heat shock protein 70; ROS, reactive oxygen species; Tim,
translocase of inner membrane; Tom, translocase of outer membrane.
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membranes known as the translocase of outer membrane (TOM)
and translocase of inner membrane (TIM) complexes, respectively
(Schulke et al., 1997, 1999; Endo et al., 2003; Kutik et al., 2007;
Neupert and Herrmann, 2007). Targeting of precursor protein to the
matrix involves an interplay among many proteins; however, the fi-
nal step of this process is mediated by Tim44 and a translocation
motor that contains mitochondrial heat shock protein 70 (mHsp70),
Pam16, Pam18, and the nucleotide exchange factor Mge1 (Azem
etal., 1997; Mokranjac et al., 2007; Stojanovski et al., 2007; Schiller
etal., 2008). Hsp70, in combination with Tim44, binds to the emerg-
ing end of the transit peptide from the TIM channel in an ATP-de-
pendent manner, and the ATPase cycle of mHsp70 leads to pulling
or vectorial translocation of preproteins across the inner mitochon-
drial membrane (Matouschek et al., 2000; Okamoto et al., 2002; Liu
et al., 2003). Mge1, a component of this translocation motor, accel-
erates the exchange of ATP for ADP on mHsp70 and promotes a
change from the high-substrate affinity conformation of mHsp70 to
a lower-substrate affinity form with a concomitant release of precur-
sor protein from mHsp70 to begin the next round of translocation
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