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1.1 Mitochondria

Mitochondria are the power house of cell and required for performing different cellular functions
ranging from cell survival to cell death [1], [2]. As indicated by endosymbiontic hypothesis,
mitochondria are free living, ancient alphaproteobacteria that were occupied in the cytosol of
primitive eukaryotic cell [3]. During evolutionary transition from symbiont to organized
eukaryotic cell, mitochondria progressively lost independence and totally rely on nuclear encoded
gene products for its biogenesis [4]. Although mitochondria lost most of the genes to nuclear
genome, it contains autonomous replicating DNA and encodes proteins that play a significant role
in electron transport complex (ETC) assembly. Apart from regulating various metabolic processes,
mitochondria are also major site for reactive oxygen species (ROS) production [5]. Mitochondrial
biogenesis requires coordination of several functions that includes nuclear encoded protein import

and assembly, ETC assembly, mtDNA maintenance and mitochondrial fusion-fission [6], [7]

1.2 Mechanism of mitochondrial biogenesis

Mitochondria are double membrane organelles and consists of distinct compartments separated by
outer and inner mitochondrial membranes with embedded aqueous inner mitochondrial space
(IMS) and matrix [8]. Yeast mitochondria consists of nearly 1000 proteins and mammalian
mitochondria contains approximately 1500 proteins [9], [10]. Most of these proteins are
transcribed from nuclear genome and translated in cytosol. These pre-proteins from cytosol are
imported into mitochondria through protein import machinery present on both outer and inner
membranes with assistance of cytosolic and mitochondrial chaperones [11]. Assembly of precursor

proteins into macromolecular complexes and mitochondrial proteostasis are mediated by a highly
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conserved molecular chaperones and proteases [12], [13]. Environmental stress and external

factors like nutrients,

Nucleus

f‘\,

=

with nucleus

Ancestral prokaryote

Aerobic bacterium

\

@ € Mitochondtria
/

Engulfing heterotrophic
prokaryote

Ancestral heterotrophic
eukaryote

Outer mitochondrial membrane

Figure 1.1 Endosymbiont theory

Alphaproteobacteria was engulfed by an ancestral prokaryote. During evolution most of genes from an

ancient bacterium was transferred to a prokaryote and formed mitochondria in a eukaryotic cell. Inset image

showing an ultra-structural features of mitochondria.

hormones, temperature, exercise, hypoxia and aging influence mitochondrial biogenesis and

proliferation [14], [15]. Metabolic changes primarily regulate the biogenesis of mitochondria. This

processes controlled by various signaling molecules and transcription factors like 5'adenosine

monophosphate-activated protein kinase (AMPK), peroxisome proliferator-activated receptor y
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co-activator 1a (PGC-1alpha) and nuclear respiratory factors (NRF-1 and 2) [14]. Mitochondria
are also known to contain several transcriptional factors (p53, STAT3, CREB etc.,) that are crucial

for sustaining mitochondrial to nuclear communications [16], [17].
1.3 Protein import into mitochondria

Mitochondrial protein import system contains three main protein complexes that are required for
translocation of nuclear encoded mitochondrial proteins. Translocase of Outer Membrane (TOM)
and Translocase of Inner Membrane (T1M) complexes are outer and inner membrane components
of the protein import system respectively. TOM complex acts as central entry gate for
mitochondrial pre-proteins. TIM23 complex, an inner membrane TIM complex, targets most of
the matrix proteins and some inner membrane proteins. TIM22 complex is also present in the
inner mitochondrial membrane and helps in import and insertion of polytopic inner membrane

proteins [11].

The TOM complex consists of Tom40 as a core protein and Tom5, Tom6, Tom20, Tom22 and
Tom70 as associated components [18], [19]. TOM complex associated components in particular
Tom20 and Tom70 not only required to stabilize the TOM complex but also has a specific role in
the import of polypeptides [20]. Signals that are present in the precursor protein either at N-
terminal or internal targeting sites are recognized by TOM complex machinery. Pre-proteins from
TOM complex are further directed to specific locations by additional signals that are present in the
protein. TIM23 complex is involved in sorting of matrix and membrane proteins and it mainly
consists of Tim17, Tim23, Tim50 and translocation motor complex [20], [21, p. 50]. The driving
energy for protein import into the mitochondrial matrix is mediated by translocation motor

complex, which consists of Hsp70, Mgel, PAM complex (Pam16/Pam18, Pam17) and Tim44 [22],
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[23] . The targeting of carrier/polytopic membrane proteins, like phosphate carrier and ADP/ATP
carrier (AAC) requires TIM22 complex. It consists of Tim18, Tim22, Tim54 and small Tims
(Tim8, Tim9, Tim10, Tim12, and Tim13) [24], [25]. These outer and inner membrane translocase
complexes interact with each other in a dynamic manner, in coordination with molecular
chaperones during protein import. Dynamic organization of translocase complex represents the
key principle in protein import processes such as driving force, translocation and assembly of

proteins in mitochondria [26], [27].
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Figure 1.2 Protein import machinery in mitochondria

Nuclear encoded proteins are imported into mitochondria through translocases present on outer and inner
mitochondrial membranes. Signals present on pre-proteins were identified by Translocase of outer
membrane (TOM) complex. These pre-proteins are further translocated to different sub compartments of

mitochondria through inner membrane translocases (TIM23 and TIM22) complexes.

Protein translocases are primary sites for mitochondrial biogenesis. Multiple investigations
suggested that several kinases exert stimulatory or inhibitory effects on the protein import
machinery. Mitochondrial protein import finely adjusted in response to metabolic changes, cell
cycle dynamics in addition to external stress factors. For example, protein kinase A (PKA) induced
phosphorylation of several components of TOM machinery, regulates the protein import at various
levels. Similarly casein kinases (CKI and CKII) also regulate protein import by phosphorylation
of the TOM complex, during metabolic switch from respiration to fermentation [28], [29].
Furthermore, proteomics and in silico approaches also predicted that phosphorylation of
translocases present in IMS and TIM complex [30]-[32]. These reports intriguingly suggest that
regulation of protein import in response to various external factors and metabolic changes might

be crucial for mitochondrial biogenesis [33], [34].
1.4 Quality control in mitochondria

Chaperones play major role in cellular resistance to various stress conditions and participate in
many constitutive cellular processes. Protein folding and intricate macromolecular assembly are
indispensable mechanisms for cell survival. Molecular chaperones accomplish these tasks by
recognizing either folding intermediates or non-native proteins thereby prevent the protein
aggregation. Chaperones are usually called as Heat shock proteins (Hsp), owing to induce upon
heat stress or other stress conditions. Most of the organisms contain five classes of chaperone
families. Based on their molecular weight these chaperones are distinguished as Hsp60, Hsp70,
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Hsp90, Hspl00 and small Hsps. Homologs of Hsp60, Hsp70 and HsplO0 are present in

mitochondrial matrix of all eukaryotes [12], [35], [36]. Hsp70, a homolog of bacterial DnakK, is

the major mitochondrial chaperone system involved in various proteostasis functions, involved in

protein translocation, folding and protein aggregation [37]. Hsp60 chaperonin forms a large

multimeric, cage like structure that is involved in folding of new proteins in an ATP dependent

mechanism [38]. Another class of chaperone system Hsp100, mainly involved in resolubilization

of protein aggregates and works in association with Hsp70 in unfolding of aggregates [39].

Mitochondrial biogenesis also requires proper functioning of cytosolic chaperones, mainly Hsp70

and Hsp90 involved in import of some specific proteins to mitochondria [40].

Aggregated protein

Matrix

Partially folded protein

Hsp60

— @/ Folded protein
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Figure 1.3 Quality control pathways in mitochondria

Mitochondrial inner membrane and matrix contain most of the proteases and chaperones. Apart from
protein import and folding, Hsp70 chaperone system also involved in disaggregation and degradation of
proteins. Hsp100 majorly involved in disaggregation of proteins and Hsp60 involved in protein folding.

AAA* PARL and Lon proteases involved in the mitochondrial protein quality control.

Proteolytic system is crucial for mitochondrial biogenesis by maintaining the mitochondrial
functions through protein quality control [41]. Proteases are majorly present in matrix and inner
membrane fraction of mitochondria. Two classes of proteases are present in mitochondria namely,
processing peptidases and ATP dependent proteases [42]. Processing peptidases are involved in
maturation of nuclear encoded proteins by removing the N-terminal targeting sequence [43], [44].
ATP dependent proteases are the main components of protein quality control system in
mitochondria. Matrix proteases clpX (identified only in mammalian mitochondria) and Lon
proteases are involved in the removal of unfolded or oxidized proteins in the mitochondrial matrix
[45], [46]. Inner mitochondrial membrane AAA+ proteases (Ymel and Ytal0/Ytal2) involved in
clearance of membrane proteins and IMS proteins [47]. Prohibitins are also implicated in the
proteolysis by modulating the proteolytic activities of AAA+ proteases [48]. Other proteases like
HtrA2 and PARL also present in mitochondria of higher eukaryotes, involved in quality control of
IMS and inner membrane proteins [49],[50]. Chaperones and proteases act sequentially during
stress conditions to maintain mitochondrial protein quality control and removes aggregated or

misfolded proteins [51].
1.5 Electron transport complex

Oxidative phosphorylation is the final step of aerobic metabolism and takes place at mitochondrial

inner membrane. Oxidation of NADH and FADH produces electrons, these electrons are passed
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through 10 redox centers to generate transmembrane proton gradient. Electron transport occurs
from low to high standard redox potential mediated through redox centers present in complex | to
complex IV [52]. ATP synthase complex produces ATP by translocation of protons generated
during electron transport. Yeast mitochondria contain incomplete complex I and most of the ETC
proteins are conserved across eukaryotes. ETC proteins are majorly nuclear encoded and few by
mtDNA (Yeast 8 proteins and mammalian 10 proteins) [53].The protein products of mtDNA play
major role in assembly of ETC components. Improper assembly or defective proteins of ETC
complex abrogates mitochondrial functions and known to increase ROS, which eventually cause

several disorders [54], [55].
1.6 Iron-Sulfur (Fe/S) cluster biogenesis

Iron-sulfur (Fe/S) clusters are essential co-factors for many biological processes, including
electron transfer and redox catalysis. Although Fe/S cluster biogenesis occurs in mitochondria and
cytosol, mitochondrial role is indispensable. Iron-sulfur cluster biogenesis involves several
proteins and assembly factors [56]. Maturation and folding of these proteins in yeast mitochondria
primarily depends on Hsp70 chaperones, like Ssqland Sscl [57]. Mitochondrial matrix comprises
of Iron-Sulfur Cluster assembly (ISC) machinery involved in the formation of Fe/S clusters.
Assembly of cytosolic Iron-Sulfur clusters also depends on ISC machinery and mitochondrial Fe/S
cluster export machinery. Fe/S clusters traverse through the inner membrane, IMS and then to
outer mitochondrial membrane for the biogenesis of cytosolic Fe/S clusters. Mitochondrial outer
and inner membrane contains specific proteins like mitoNEET and Abcb7 that exports iron-sulfur
cluster to cytosol . Deletion of either ISC machinery proteins or export machinery components

causes defective Fe/S cluster biogenesis in both cellular compartments [58], [59]. These defects
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develops mitochondrial iron overload that eventually causes diseases like Frederic ataxia (FRDA)

and other multiple mitochondrial dysfunctions.

1.7 MtDNA

Mitochondrial DNA is a self-replicating genome evolved from alphaproteobacteria and plays a
prominent role in mitochondrial biogenesis. mtDNA encodes 11 proteins (in yeast 9 proteins)
several tRNAs and some rRNAs. mtDNA encoded proteins are mainly associated with electron
transport chain (ETC) and ATP synthase complex . mtDNA is highly sensitive to mutations that
leads to heteroplasmy situation due to multiple copies of mtDNA, where both mutant and wild
type DNA can exist in a mitochondrion [60]. Deletion of yeast mtDNA (p° cells) or mutations
generate a petite phenotypes with OXPHOS dysfunctions and incapable to utilize non-fermentable
carbon source [61]. To complement the mtDNA translation defects, mitochondria also known to
import cytosolic tRNAs and few rRNAs. Accumulation of mtDNA mutations linked to
neuromuscular diseases and also implicated more common disease like cancer, diabetes and
Parkinson’s disease. mtDNA mutations also a major factor for premature aging and age related

pathologies [62].

1.8 Cellular sources of reactive oxygen species

ROS primarily generated as superoxide (O2") by incomplete reduction of Oz to H>O. These further
reduced to H202 by superoxide dismutase (SOD) and metal mediated conversion of O27/ H20:
(Fenton reaction) produces highly reactive OH-. Other free radicals generated by reacting ROS
molecules with signaling molecules like NO, forming reactive nitrogen species (RNS) [63],[64].
Different intracellular process generate ROS molecule for example mitochondrial ETC, NADPH
oxidase, peroxisome oxidases and endoplasmic reticulum oxidative protein folding. Mitochondria

represents the major site for cellular ROS (MROS) due to inevitable electron outflow during
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aerobic metabolism. There are eight prominent O2" generation sites in mitochondria, out of this
Complex I and complex I11 are the primary sites for electron leakage. Mitochondrial ROS (mMROS)
released into matrix fraction, except Complex 111Q,, which releases into inner mitochondrial space.
Theoretically ROS generated from Complex 111Q, has easier access to cytosol. Pool of mROS in

matrix fraction is more when compared to Complex 111Q, generated IMS ROS [64],[65].

Mitochondrial ETC Xanthine NADPH

oxidase oxidase

N T

Nitric acid
synthase
0," ¢ O,

NO Superoxide Molecular oxygen
Nitric oxide
Fe +2

¢ Fenton reaction
ONOO Fet2
peroxynitrate c

H,0,

_ OH-
Hydrogen peroxide ? ; Hy d roxyl radical

2

Figure 1.4 Source and mechanism of ROS production

Cyclooxygenase

pathway

Different sources of superoxide molecule. O, molecules are neutralized by series of reductions reactions
forming lower toxic ROS molecules, H.0, (SOD) or H,O (Catalase). In addition metal mediated oxidation

(Fenton reaction) of H,O- or O, produces higher toxic OH"radicals.

However, both mROS play major role in mitochondrial mediated signaling processes.

Mitochondrial Disorders or defective mitochondrial biogenesis lead to increased production of
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ROS and causes oxidative damage and cell death. Thus mitochondrial ROS is the key site for many

diseases, including diabetes, neurological disorders and premature aging [66], [67].

1.9 ROS detoxification mechanisms

There are several lines of enzymatic and non-enzymatic antioxidant defense mechanisms to
decrease ROS levels [68]. Enzymatic degradation of ROS is mediated by SOD, catalase, and
cellular redox components (Trx, Prx and Grx systems) [69], [70]. Superoxide dismutases decreases
the Oz levels by forming H20., through metal dependent dismutaion of superoxide molecules.
Multiple isoforms of SOD proteins are present in mammals, majorly located in mitochondria and
cytoplasm [71]. H202 was further neutralized to water molecule by catalase present in the
sarcoplasm, nucleus, and peroxisomes. Peroxiredoxins (Prx), glutaredoxins (Grx) and thioredoxin
(Trx) acts as H20. buffering agents by reducing H20. to H20 in sequential reactions utilizing
NADPH as energy equivalents. In mammals there are six Prx isoforms, including mitochondrial

Prx3 and Prx5.

H,0, Prx, g Trx,,, Tt NADP*
H,O Prx, Trx, g Trr,, NADPH
H,0, Gpxeq GSSG Gst,y NADP*
H,0 Gpx,, GSH Gst,, NADPH

Figure 1.5 H,O; clearance by antioxidant pathways
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Primary antioxidant mechanism in cells is mediated by peroxiredoxin (Prx), glutaredoxin (Gpx) and
thioredoxin (Trx) system. H.O, primarily detoxified by Prx system. Prx protein acts on H,O, and forms
water and oxidized Prx (Prxox). Prxox was further restored by Trx system (thioredoxin, thioredoxin
reductase and NADPH). Similarly H,O, nullified by Glutaredoxin by forming H,O and oxidized Gpx,
which further restored back with small molecule like GSH

Prx primarily acts as H.O> buffering agents because of their high abundance and high rate of
reaction. Oxidized Prx was further recycled back to Prx by thioredoxin/thioredoxin reductase
system [72]. Gpx also contain different isoforms in yeast and mammals, oxidized upon H20> and
subsequently reduced by glutathione (GSH). Gpx also have high rates of reaction towards H.Oz,
but expressed in low levels [73]. Non-enzymatic clearance of ROS is achieved by low abundant
vitamins (A, E and C), glutathione (GSH), selenium and ubiquinone. Expression levels and activity
of antioxidant proteins are regulated in response to ROS levels and external or internal stress
factors. Additionally signaling processes mediated by PGCla not only induces mitochondrial

biogenesis and ROS levels, but also regulates several antioxidant proteins transcriptionally [15].
1.10 Oxidative stress: real culprit for age related diseases

Oxidative stress is due to imbalance of generation of free radicals and antioxidant system. This
may be due to decreased antioxidant capacity of the cell, external ROS inducing agents and age
related pathologies. Oxidative stress leads to oxidation of various cellular components, primarily
proteins, lipids and DNA and promotes genomic instability. Accumulation of free radicals is the
major cause of several diseases, including diabetes, neurological disorders and early onset of
aging. Mitochondrial damage increases ROS production and shortens lifespan in yeast and animal
models. Increased ROS levels derail signaling pathways or redox sensor properties of proteins that

eventually leads to disturbance of cellular homeostasis [54], [64], [67], [74], [75].

1.11 Redox - regulation of proteins
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Recent evidence suggests that ROS regulates several protein functions through reversible redox
mechanism. Proteins undergo reversible post translational covalent modifications in response to
oxidative stress. ROS mediated modifications on proteins controls various physiological systems,
including adaptation to hypoxia, regulation of several pathways comprising of autophagy,
immunity, differentiation and longevity. Reversible oxidative modifications occur at cysteine and
methionine residues of proteins [66], [76]. Another class of signaling molecules derived from
irreversible oxidative modifications of proteins and lipids like peroxidation products and reactive
electrophile species. However, the amount of ROS generated is not well defined at cellular
environment and the regulation of signaling cascade predominantly is determined by levels of

ROS.

1.11.1 Regulation of proteins through Cys redox mechanism

ROS/RNS molecules specifically oxidize cysteine thiol groups (-SH) forming sulfenic acid (-SOH)
that may further glutathionylated by reacting with GSH or form disulfide bond (-SS-) reacting with
an adjacent thiol group or even form sulfenyl amide (-SN) by reacting with amide groups. Many
of these modifications cause allosteric changes in protein and alters varying downstream functions.
Intra or inter disulfide bond formation is the hallmark of redox mechanisms mediated by Cys
residues [77, p. ], [78], [79]. Antioxidant molecules further reduce disulfide bonds formed during
oxidation to retain protein native state, thereby regulating protein functions through oxidation-
reduction cycles. Several reports demonstrate that the role of redox regulation of Cys residue
regulates the downstream signaling processes. Majority of unicellular organisms and multicellular
eukaryotes respond to oxidative stress primarily at transcription level to maintain cellular
homeostasis. Several transcription factors like OxyR, c-Jun N-terminal kinase 1 (JNK1), p53, etc.,

acts as a redox sensor and regulate the downstream gene expression [80], [81]. For example,
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cysteines in Escherichia coli transcription factor OxyR are sensitive to H202. Oxidation of Cys
residues in OxyR results in formation of inter disulfide bonds, which causes the switch in protein
function from repressor to inducer of antioxidant genes. Similarly, the eukaryotic transcription
factors also undergo oxidation and mediate specific transcriptional signals. Some of the protein
phosphatases (PTEN and PTBP1b) contain redox Cys at enzyme catalytic region, which undergo
reversible oxidation in response to ROS and regulates dephosphorylation activity [82]. Cys redox
sensor properties of many proteins control signaling pathways that arbitrate cell proliferation and

survival.

1.12 Methionine oxidation and Methionine sulfoxide reductases

Recent reports suggest that reversible oxidation of methionine residues play significant role in
redox regulation of proteins. Methionine oxidation in proteins causes major allosteric or tertiary
structural changes that could affect protein functions or signaling pathway. Similar to Cys
oxidation, methionine oxidation at the enzyme active site inhibits the catalytic activity. Oxidation
of Methionine leads to the formation of either reversible methionine sulfoxide (Met-SO) or
irreversible methionine sulfenic acid (Met-SO;). Oxidation of Met to Met-SO creates two
enantiomers at sulfur atom forming either Met-(S)-SO or Met-(R)-SO. Methionine sulfoxide
reductases (Msrs) reduce either free Met-SO or protein bound Met-SO. Two specific Msr proteins,

namely MsrA and MsrB reduce Met-(S)-SO and Met-(R)-SO respectively [75], [83], [84],[85].

All prokaryotes and eukaryotes contain both MsrA and MsrB proteins. Most of the organisms
contain two MSR genes at different transcriptional origin, but few bacteria like Neisseria contain
transcriptionally fused gene, producing both MsrA and MsrB as a single protein [86]. Some Msr

genes from pathogenic bacteria exhibit stress induced expression and also play an essential role in
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disease infections [87], [88]. Yeast contains three Msr proteins, namely fRMsr, Mxrl and Mxr2.
Mxr1 belongs to MsrA family, while fRMsr and Mxr2 are related to MsrB. Mxr1 contains similar
catalytic efficiency towards free Met-(S)-SO and proteins bound Met-(S)-SO. Mxr2 known to act
more specifically towards protein bound Met-(R)-SO, while fRMsr is active only on free Met-(R)-
SO. Mxrl and fRMsr are localized to cytosol and Mxr2 localized to mitochondria. Yeast strain
with deletion of fRMsr is able to grow normally in rich medium, but sensitive when medium
contains Met-(R)-SO as sole methionine source. Deletion of protein bound Met-SO reducing
enzymes (MsrA and MsrB) could decrease yeast growth in presence of stress and also disrupts
mitochondrial biogenesis [89]-[91]. Mammals contain multiple isoforms of MsrA and MsrB,
occupied in most of the compartments of the cell. Mammalian mitochondria contain both MsrA

and MsrB reducing enzymes [92].

1.12.1 Catalytic mechanism of Methionine sulfoxide reductases

Most of Msr proteins require two cysteine residues, namely catalytic cysteine and resolving
cysteine for reduction of methionine sulfoxide. Catalytic cysteine attacks on Met-SO and reduces
to Methionine forming an intermediate sulphenic cysteine, which then cooperates with resolving
cysteine to form disulfide bond. Both MsrA and MsrB proteins require thioredoxin (Trx),
thioredoxin reductase (Trr) and NADPH for recycling of disulfide bond formed during catalysis.
As resolving cysteine is absent in some of the Msr proteins, catalytic Cys directly depends on Trx
system for recycling. Most of MsrB proteins contain divalent metal ion and any mutation in this
region decreases the enzyme activity, while MsrA Met-SO reduction activity is independent of
metal ion. MsrA and MsrB proteins differ in their primary structure level and also in the

mechanism of Met-SO reduction [93], [94].
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Figure 1.6 Oxidation and reduction mechanism of Methionine

Methionine oxidized by ROS molecules and forms reversible either Met-(S)-SO or Met-(R)-SO. Higher
levels of ROS molecules damage Met to produce irreversible Met-SO.. Msr proteins acts on Met-SO and
reduce to methionine forming oxidized Msr proteins. Disulfide bonds or oxidized Cys residues in Msr were

resolved by thioredoxin system which includes thioredoxin, thioredoxin reductase and NADPH.

1.12.2 Proteins regulated by Met oxidation

Some of the cytosolic eukaryotic proteins have been reported to be regulated by a methionine
redox mechanism. For example, nuclear localization of nuclear factor-xB (NF-kKb) is controlled
upon methionine oxidation in response to ROS. Oxidized NF-kB met* requires both MsrA and

MsrB for complete reduction to native state. Special enzymes called as Micals regulate cell
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morphology dynamics by oxidizing the actin at met*® [95]. Oxidation of Methionine causes the
depolymerization of actin. MsrB enzymes specifically reduce Met-SO of actin and restores
polymerization capacity [96]. In addition, potassium channels and Ca?*/calmodulin-dependent
protein kinase 11 (CaMK 1) are known to be inactivated upon Met oxidation and further reactivated
by Msrs enzymes [97], [98]. Cytochrome C (cytC), an electron carrier in ETC, also mediates cell
death by redox induction of Cyt C to cytosol upon methionine oxidation. MsrA enzymes prevent
Cyt C mediated apoptosis by reduction of Met-SO [99]. Some proteins are also activated upon
methionine oxidation like E.coli HypT (hypochlorite-responsive transcription factor) transcription
factor methionines oxidation induces the gene expression while reduction by Msr represses the
gene expression [100]. Since the pool of Methionine present in a cell at any given condition is
approximately 1 mM. Methionine in proteins apart from regulating the protein functions, it is also
known to acts as antioxidant. Thus deletion of Msr proteins increases ROS levels and play a major

role in age related diseases [92], [101].

1.13 Mitochondria - the site of redox regulation

ROS is an inevitable byproduct of mitochondrial aerobic metabolism. ROS generated by ETC
complex is majorly matrix destined. This possibly suggest that most of matrix proteins are easily
prone to free radical damage. Therefore, mitochondrial proteins might be regulated in response to
oxidative stress to control mitochondrial protein homeostasis. ROS also play a major role in
mitochondrial to nuclear communication or retrograde signaling pathways. There are few reports
regarding the redox regulation of mitochondrial proteins mediated through redox sensitive cysteine
or methionine residues [74], [82]. Mitochondrial biogenesis, primarily depends on protein import
and metabolic capacity of mitochondria. Protein import machinery is highly regulated in response

to metabolic demand and cell cycle dynamics that is primarily mediated through phosphorylation
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of outer and inner mitochondrial translocase complex proteins [29]. Similarly, protein import is
inhibited during oxidative environment, like treatment with ROS producing molecules antimycin
A, rotenone, indicating that oxidation of specific components might halt protein import [102]. This
hypothesis led us to the identification of components that are oxidatively damaged in protein
import machinery. From our lab we are for the first time reported that Mgel is an early stress
response protein that was structurally destabilized and inhibited the protein import during elevated
levels of ROS [103].

1.14 Hsp70 chaperone system in mitochondrial biogenesis

Hsp70 chaperones play an important role in prokaryotes and eukaryotes, majorly involved in
protein translocation, folding and disaggregation of proteins. Yeast contains eight homologs of
Hsp70, distributed to different compartments. Mitochondrial Hsp70 (mHsp70) homologous to
bacterial DnaK and is the well characterized chaperone system [104], [35]. Three homologs of
Hsp70 chaperones are present in the yeast mitochondrial matrix (Sscl, Ssql and ECM10) and each
mHsp70 complex consist of Hsp70 ATPase protein/J-domain protein /nucleotide exchange factor
(NEF). Sscl is the most abundant chaperone in yeast mitochondria involved in protein import and
folding, assembly, disaggregation and degradation of proteins. Ssgl is involved in import of
proteins required for Fe/S cluster biogenesis while ECM10 is involved mtDNA maintenance [57],
[105]. Yeast mitochondria contain three J family co-chaperones, named as Mdjl, Jacl and
Pam16/Pam18 (PAM complex). These three J proteins interact with Hsp70 and involved in various
functions. PAM complex is involved in protein import into the mitochondrial matrix. Mdj1 and
Jacl involved in protein folding of matrix proteins and Fe/S cluster biogenesis respectively [104],

[106]. Mgel is the only homolog of GrpE present in yeast mitochondria and known to act on all
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Hsp70 chaperones. Although yeast mitochondria contain different Hsp70 components, the

mechanism of action is conserved [107], [108].
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Figure 1.7 Hsp70-Mgel structure and ATPase cycle

(A) Mgel-Hsp70 (PDB: 1DKG) structure indicating interaction sites of GrpE and DnaK. (B) Hsp70
ATPase cycle illustrating ATP hydrolysis favored by J co-chaperones and ADP release by nucleotide

exchange factor (Mgel).
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Hsp70 contain two domains, a highly conserved N-terminal nucleotide binding domain (NBD) and
C-terminal peptide binding domain (PBD) comprising a B-sandwich and an a-helix bundle
subdomains. PBD binds to short stretches of hydrophobic side chains of unfolded polypeptides,
which are normally buried in the interior of protein native structures. ATP binding to the Hsp70
NBD region allosterically controls polypeptide binding to the PBD through hydrophobic
interdomain linker. Hydrolysis of ATP by Hsp70 nucleotide binding domain induces
conformational changes in PBD and forms Hsp70-ADP-substrate complex. J- co-chaperone family
proteins enhance ATP hydrolysis and favors Hsp70-ADP-substrate complex. In the ATP-bound
state, attached peptides are rapidly exchanged by Hsp70, while in the ADP-bound form peptides
are firmly attached to Hsp70 [109]-[111]. The rate of dissolution of Hsp70-ADP complex is low
in the absence of NEF's and addition of NEF (Mgel) significantly accelerates the nucleotide
cycling and concomitantly protein folding by Hsp70. Therefore, NEF's enhances the rate of Hsp70
cycle approximately by 5000 fold. Thus Mgel of mitochondria play a major role in Hsp70
dependent proteostasis. Any lethal mutations in Mgel deliberately affect the Hsp70 activity as
well as mitochondrial biogenesis, due to defect in protein homeostasis and Fe/S cluster synthesis
[112], [113].

1.15 Structural topology of GrpE

Bacterial GrpE is homologous to yeast Mgel, and is the well-known NEF of Hsp70. In solution,
GrpE forms homodimeric structure that interacts with single Hsp70 molecule during Hsp70-ADP
complex hydrolysis. GrpE dimer composed of two long a-helical regions at N-terminus, followed
by four helix bundle region and a compact p-sheet domain at the C-terminus. Four-helix bundle is
formed by two short successive a-helices from each monomer arranged in anti-parallel topological

fashion. Interface of four helix bundle forms square type arrangement and most of exterior amino
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acids are solvent exposed [112], [114], [115]. Small B-sheet domain present at the C-terminus does
not contribute to dimer interface, but this region mainly interacts with Hsp70 inserting into the
central cleft of the Hsp70 NBD. This interaction results in 14° outward movement of Hsp70 11B
domain that causes nucleotide dissociation. GrpE or Mgel mutations that destabilize DnaK
interaction or Mgel dimerization significantly inhibit Hsp70 activity [112], [116]. Mutations in
the long a-helical and four helix region of Mgel or GrpE known to exhibit thermo sensitive

phenotypes and decreased Hsp70 ATPase activity.
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Figure 1.8 Mgel structural and functional domains
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Homodimeric structure of Mgel contains two long a-helices, a short four helix bundle and two B-sheet
domain. Long helices and pB-sheet domain was formed from each monomer of GrpE and four helix bundle
was formed by the interaction of two GrpE monomers. Inset image depicts four helix bundle with Met at
155 position. Structure developed by using I-TASSER and GALAXYGEMINI software’s.

In yeast Mgel, thermal sensitive mutations accumulate pre-proteins in cytosol and decrease
mitochondrial functions. All GrpE proteins display structural transition in response to various
stress conditions and this phenomena is crucial for controlling Hsp70 functions during stress
conditions [113], [103]. In response to thermal stress, most of GrpE homologs depict reversible
structural transition from dimer to monomer. N-terminal a-helical region and four helix bundle
structure that stabilizes homodimeric structure are primarily responsible for GrpE unfolding during
stress. Dimerization capacity of Mgel is reversible upon restoration of thermal stress and
complement the Hsp70 activity. Similar to thermal stress, Mgel is also sensitive to oxidative stress

and forms monomer during oxidative stress [103].
1.16 Scope of the study

Recent investigations from our lab identified that Mgel acts as a redox sensor and treatment of
Mgelwith H20- causes defective Hsp70 chaperone system. During oxidative conditions Mgel
dimer converts to monomer and incapable to from interaction with Hsp70 besides decreasing the
steady state ATPase activity. Redox sensitive cysteines are absent in Mgel, however it contains
one methionine at 155 position in the four-helix bundle region. Mgel Met155 is conserved across
evolution and present in all eukaryotes. Mutation of Mgel M155L protects dimer structure and
Hsp70 interaction, in response to ROS in vitro as well as in vivo. In vivo expression of Mgel
M155L in yeast strains protects the cells from oxidative damage. Met residues are well known for
regulation of protein functions through reversible redox mechanism. These observations led us to

an interesting hypothesis whether Mgel Met155 residue is essential for redox regulation of Hsp70
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chaperone system [103]. Therefore, we investigated whether Mgel is structurally and functionally
regulated through Msr proteins in response to oxidative stress. Since Mgel is indispensable for
protecting Hsp70 functions, analysis of this pathway, possibly address a novel mechanism of redox

regulation for mitochondrial biogenesis
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2.1 Introduction

Persistent oxidative stress is responsible for several neurological disorders, heart failure and ageing
[74], [117]. To combat oxidative stress, cellular systems have evolved several antioxidant
defensive mechanisms. Methionine sulfoxide reductases (Msrs) are one of the important regulators
of oxidative stress [118]. These enzymes reduce either free or protein bound oxidized methionine
in a thioredoxin and thioredoxin reductase dependent mechanism to prevent the accumulation of
oxidized proteins and amino acids [94], [101]. The mechanism of action of these enzymes have
been well characterized in vitro using reconstitution assays containing purified Mxrs [93].
Homologues of Mxr proteins are present across evolution and they have been found to play an
essential role in the prevention of oxidative damage to proteins mediated by ROS in bacteria, plant
and animals cells [119]. These enzymes have been implicated in ageing and age related disorders
such as Alzheimer’s, Parkinson’s, cataract development and insulin resistance [120]-[123].
Despite their clinical relevance, there is paucity of information on the identity of the physiological
substrates of Mxrs and their regulation. Several reports suggest NF-kappa B, potassium channel
and calmodulin as possible substrates of Mxrs [95], [97], [98]. In a recent publication, SelR, a
homologue of MsrB in drosophila, has been shown to reduce the oxidized R form of methionine
in actin and thereby regulate actin polymerization [96]. In yeast Mxrl has been shown to be
localized to cytosol while Mxr2 is present in the mitochondria. In yeast, deletion of MXR1 or
MXR2 or both abolishes growth on non-fermentable carbon sources indicating that mitochondrial
function is derailed. However, the precise role of Mxrl or Mxr2 in mitochondria and their

physiological substrates are yet to be discovered.

Mitochondrial biogenesis requires continuous translocation of nuclear encoded and cytoplasmic

synthesized proteins to different compartments of mitochondria [11], [124]. Oxidative conditions
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within the cell influence the import of pre-proteins into mitochondria [125]. Pre-treatment of
mitochondria with antimycin A, a superoxide generating oxidizing agent reduces the import of
proteins into mitochondria in vitro. We have recently discovered that a component of
mitochondrial protein import machinery, Mgel, acts as an oxidative sensor to regulate protein
import into mitochondria and that this mechanism is likely to be conserved across evolution [103],

[125].

Mgel is an essential component of the molecular protein import motor present in the mitochondrial
matrix. The other components of the molecular motor are Pam18, Pam16, Hsp70 and DnaJ [115],
[126]. Proteins targeted to mitochondrial matrix require TOM and TIM complexes that are present
in the outer and inner membranes of mitochondria respectively. The incoming precursor protein
emerging from the TIM complex interacts with Tim44 and Hsp70 in an ATP dependent manner.
Hydrolysis of ATP on Hsp70 results in Hsp70-ADP complex that has a high affinity for pre-
proteins [127]. Mgel, an adenine nucleotide exchange factor, in its active dimeric form exchanges
ATP for ADP on Hsp70 and thereby facilitates the release of precursor protein from Hsp70 [113],

[128].

In response to heat or oxidative stress, Mgel monomerizes and fails to interact with Hsp70-ADP
complex. This failure results in the halting of protein import into mitochondria. We have recently
shown that the lone methionine at position 155 in Mgel is crucial for the oxidative sensor function
of Mgel. A single point mutation of methionine to leucine at position 155 (M155L) within Mgel

prolongs the time taken for the cell to respond to oxidative stress [103].

In this chapter, we present in vivo and in vitro evidence that Mgel, a conserved and an
essential protein of mitochondria is a physiological substrate of Mxr2. Using genetic and

biochemical methods we show that Met155 in Mgel gets oxidized and the oxidized Mgel interacts
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with Mxr2. Mxr2 specifically reduces the oxidized Met155 in Mgel both in vivo and in vitro. Most
importantly, Mgel M155L mutant rescues the protein aggregation and slow growth phenotype of
mxr2A during oxidative stress. Our studies unravel a novel reversible mechanism that the cell

employs to regulate oxidative stress in mitochondria.
2.2 Methodology

2.2.1 Plasmid construction

The primers and plasmids used in this chapter are listed in Table 2.1 and 2.2 respectively. The
complete coding sequence of yeast MXR2 (A29 amino acids, without mitochondrial pre-sequence)
was amplified using yeast genomic DNA as a template with the following primer pairs:
MXR2_Fwd2 (5°-AAA ACC ATG GGC AAG AGC AAG AAA ATG AGT-3") | MXR2_Rev2
(5'- ACCC AAGCTT ATC CTT CTT GAG GTT TAA AGA -3'). The amplified MXR2 product
was cloned into E. coli expression vector pET28a" to generate pNB483 with hexa histidine tag at
the C terminus of MXR2. To create plasmid pNB485 that harbors MXR2 (A29 amino acids)
without any tag, MXR2 was amplified using primers MXR2_Fwd2 / MXR2_Rev4 (5'- ACCC
CTCGAG TTA ATC CTT CTT GAG GTT TAA -3') from yeast genomic DNA and cloned as
Ncol-Xhol fragment into pet28a* vector. Complete coding sequence of MXR1 was amplified from
yeast genomic DNA with primers MXR1_Fwdl (5°- AAAC GAATTC ACCATG TCGTCGCTT
ATT TCA-3") and MXR1_Revl (5- ACCC CTCGAG CTACAT TTC TCT CAG ATA ATG -3
and cloned into pcDNA 3.1 to generate pNB467. MXR2 full length was amplified from yeast
genomic DNA with primers using MXR2_Fwd4 (5- AAAC GAA TTC ACC ATG AAT AAG

TGG AGC AGG -37) / MXR2_Rev4 and cloned into pcDNA 3.1 to generate pNB468.

36



To create a plasmid carrying FLAG-MXR2, full length MXR2 was initially amplified with primers
MXR2_Fwd4/ MXR2_Rev5 (5'- ACCC AAGCTT ATC CTT CTT GAG GTT TAA AGA -3°)
and cloned into pTEF-2u-URA to generate pNB472. pNB472 was digested with Hindll1-Xhol
restriction enzymes and a FLAG epitope inserted therein to generate plasmid pNB475. FLAG
epitope linker was created with predigested primers FLAG_Fwd6 (5'- AG CTT GAC TAC AAG
GAC GAT GAT GAC AAG GAC TAC AAG GAC GAT GAT GAC AAG CTA C -3) and
FLAG_Rev6 (5'- TC GAG TAG CTT GTC ATC ATC GTC CTT GTA GTC CTT GTC ATC

ATCGTCCTT GTAGTC A -3)).

Plasmid pNB579 (pTEF MGE1-HIS6, 2, LEU) is a high copy yeast shuttle vector harboring His
tag at the C terminus of MGEL. To construct pNB579, full length MGE1 was amplified with
primers MGE1_Fwd7 (5" - CCCC GGATCC ACC ATG AGA GCT TTT TCA GA GCC -3)) /
MGE1_Rev7 (5-AATTCTCGAG TTAGTGGTGGTGGTG GTG GTG CCATGG AATGTT
CTC TTC GCC CTT AAC -3°) and cloned into pTEF 2y, LEU vector. Plasmids containing
thioredoxin (TRX) and thioredoxin reductase (TRXR) were kind gifts from Dr. Charles Williams

(Medical School, University of Michigan).

2.2.2 Expression and purification of recombinant proteins

E. coli BL21 (DE3) Codon Plus (RIL) cells were transformed with pNB483 plasmid carrying
HisMXR2. Recombinant protein expression was induced with 1 mM IPTG and soluble protein
was purified using Talon metal affinity resin (GE Healthcare) and dialyzed in phosphate buffered
saline (PBS) pH 7.2 with 5 mM B-mercaptoethanol. Wild type Mgel, mutant Mgel M155L and
Hsp70 proteins were expressed and purified with similar protocol. pNB485 plasmid was
transformed into E. coli BL21 (DE3) Codon Plus (RIL) and un-tagged MXR2 protein was

expressed by inducing bacterial cultures with 1 mM IPTG and the soluble protein fraction was
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stored in PBS at -20°C. Native un-tagged Trx and TrxR proteins were expressed in E. coli BL21
(DE3) Codon Plus (RIL) and the soluble extracts were passed through a DEAE cellulose column.
The column was washed with buffer and protein eluted with increasing concentration of NacCl.
Eluted sample containing high fraction of Trx and TrxR were used for further steps. The eluted

proteins were concentrated and dialyzed against PBS with 10% glycerol.

2.2.3 Yeast strains and construction

Yeast strains used in this chapter and their genotypes are shown in Table 2.3.Yeast strains used in
this study were derivatives of BY4741 or BY4742. Haploid yeast strains yNB114 and yNB115
deleted for MXR1 and MXR2 respectively were purchased from Euroscarf, Germany. We used
haploid yNB65 strain deleted for chromosomal MGEL but expressing MGE1 ectopically from
plasmid pNB65 (pTEF-MGE1, 2u, URA3) for construction of diploid stain [103]. Diploid
yNB118 strain heterozygous for MGE1 and MXR2 was constructed by mating haploid yNB65
strain with haploid yNB115. Standard yeast genetics methods were used to sporulate diploid
yNB118 on SC-URA and the dissected haploid spores were screened for double deletion of
chromosomal MGE1 and MXR2 by PCR using primers MGE1 Fwd8, MXR2 Fwd9 and
KAN REV. yNBI126 strain denoted as AA, a haploid progeny contains deletion for both
chromosomal genes of MGE1 and MXR2. pNB186 (pTEF-MGEL, 2u, LEU2) and pNB187
(pTEF- MGE1 M155L, 2u, LEU2) were transformed into yNB126 to generate yNB128 and
yNB129 strains respectively. The URA3 plasmid pNB45 was evicted from yNB128 and yNB129
strains by growing them on SC plates supplemented with 5-FOA plates to generate yNB130 and
yNB131 strains respectively. The strains were confirmed by the inability of these strains to grow
on SC-URA plates. Strain yNB115 was transformed with plasmid pNB475 to create strain

yNB124. Strain yNB115 was transformed with pNB402 (pTEF, 2u LEU2) vector to generate
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strain yNB122. The strain yNB134 expressing His-MGE1 was created by plasmid shuffling
pNB579 (pTEF-MGE1-HIS6, 2, LEU?2) into yNB126 as described above. Yeast strain yNB140
double deletion for MXR1 and MXR2 was constructed from haploid mxr1A and mxr2A strains.
Briefly diploid strain obtained from mating of mxr1A and mxr2A was sporulated. Haploid strains
were screened with selected markers and and PCR using primers MXR1 Fwd10, MXR2_Fwd9

and KAN_REYV to confirm the double deletion of MXR1 and MXR2.

2.2.4 Yeast media - growth conditions

Yeast Saccharomyces cerevisiae was grown in standard YPD medium containing 1% yeast extract,
2% peptone and 2% dextrose unless otherwise stated. For retaining the plasmids, yeast strains
were grown in synthetic complete (SC) medium containing yeast nitrogen base (YNB) and with
all amino acids except Uracil (SC-URA) or Leucine (SC-LEU) was used. Synthetic media was
prepared as follows: 2% dextrose, 0.67% SC medium and pH was adjusted to 5.5 with NaOH.
Nonfermentable carbon source medium had either 2% lactic acid (YPL) or 3% glycerol and 2%
Ethanol (YPGE) instead of dextrose in YPD. To evict URA3 plasmid, strains were grown on SC
medium containing 5-FOA (0.67% SC-URA, 2% dextrose, 60 pg/ml uracil, 2% agar and 0.1% 5-
FOA). Yeast transformation was done by LiOAc chemical method [129]. Yeast strains were grown

at 30°C with shaking.

2.2.5 Spotting assay

Freshly streaked yeast cultures were grown overnight in YPD or SD medium and normalized to
ODsoo 0.5. 10 pl of each dilution was spotted on YPD or SC-LEU containing various
concentrations of H2O: as indicated in the legends and plates were incubated at 30°C for 2 days.

Spotting assay that was carried out on YPGE plates incubated at 30°C for 4-5 days. Growth curve
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experiments were performed in YPD medium with starting ODesgo 0.02. The inoculum for the
growth curve was taken from overnight cultures grown in YPD. The cultures for monitoring
growth rate were grown at 30°C in the presence or absence of H,O> and the optical density at
600nm was monitored at regular intervals. Growth of each strain was carried out in triplicate by

taking three different colonies for culture and the average ODegoo Was calculated for each time point.

2.2.6 Isolation of mitochondria

Yeast strains were grown in YPL/YPGE medium at 30°C and cells were harvested when the
cultures reached 1 or 2 ODeoo. Cultures were centrifuged at 5000 rpm for 5 min and the cell pellets
washed with autoclaved distilled water. The cells were treated with 10 mM DTT in 0.1 M Tris-
S04, pH 9.4 buffer for 15 min and centrifuged at 5000 rpm for 5 min. Cells were converted to
spheroplasts by using Zymolyase in 1.2 M Sorbitol /20 mM phosphate buffer pH 7.0. After
obtaining 50% lysis of cells (lysis correlated to a decrease in ODgoo of 100 pul cells in 900 ul water),
the resulting spheroplasts were gently washed with 1.2 M Sorbitol two or three times. The
spheroplasts pellets were suspended in SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM
MOPS, 1 mM PMSF, 0.2% BSA pH 7.0) and homogenized using dounce homogenizer (15 times).
The homogenates were centrifuged at 3500 rpm. The supernatants were collected and centrifuged
at 10,000 rpm for 10 min. The resultant pellets were dissolved in SEM buffer and centrifuged at
3500 rpm for 5 min. The supernatants were once again centrifuged at 20000 rpm for 10 min and
pellets washed 3 times in SEM buffer. The mitochondria were solubilized to a concentration of

1mg/ ml in SEM buffer (without BSA) and kept frozen at -80°C.

2.2.7 In vitro protein import
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[*°S] radiolabelled full length proteins Mxr1, Mxr2 and Su9-DHFR were generated using a T7 or
Sp6 in vitro coupled transcription translation system (Promega, Madison, WI). 100 pg of
mitochondria was suspended in import buffer ( 0.2% fatty acid—free bovine serum albumin, 250
mM sucrose, 80 mM KCI, 5 mM MgCl,, 5mM MOPS pH 7.0, 5 mM ATP and 1 mM dithiothreitol)
and treated with valinomycin (5 pM) for 15 min. Next, [**S] proteins were added and incubated at
30°C for 20 min. After import, each import sample was divided into two equal halves. One half
was treated with trypsin (50 pg/ml) for 15 min on ice while the other half was processed directly.
Trypsin inhibitor was added to the import sample after the trypsin treatment. The samples were
washed with SEM buffer, solubilized in 2X sample buffer, resolved on a SDS-PAGE gel and

analyzed by autoradiography.
2.2.8 Preparation of mitoplasts and treatment with proteinase K

100 pg of yeast mitochondria was suspended in hypotonic buffer (20 mM KCI, 10 mM HEPES
pH 7.2) and incubated for 20 min with occasional mixing on ice followed by a spin at 20000 rpm
10 min at 4°C to generate mitoplasts as pellet. Mitoplasts were collected and re-suspended in SEM
buffer. Mitochondria, mitoplasts and 0.1% Triton X-100 solubilized mitochondrial extract were
treated with or without proteinase K (50 pug/ml) in SEM buffer. After incubation for 10 min on ice,
PMSF (1 mM) was added and the samples centrifuged at 10000 rpm for 10 min. Sample buffer
was added to the pellets and the protein suspensions were resolved on a SDS-PAGE, the gel

western transferred and the membrane probed with the antibodies.
2.2.9 Ni pull down assay
Soluble bacterial protein fraction enriched in recombinant Mxr2 and yeast mitochondrial fractions

containing Flag-Mxr2 or Flag alone were solubilized in RIPA buffer. The fractions were pre-
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cleared with Talon metal affinity resin and the supernatants collected. Purified recombinant His-
Mgel or His-Mgel M155L proteins was treated with increasing concentrations of H2O> for 2 hrs
before allowing it to bind to Ni-NTA beads. The pre-cleared Mxr2 containing bacterial lysate
fractions or mitochondrial fraction containing Flag-Mxr2 or Flag alone were added to the Ni-NTA
beads that had been pre-bound with His-Mgel in separate assays. The samples were kept on a
rotisserie for 1 hr at 4°C, washed thrice in PBS/RIPA buffer containing 10 mM imidazole and the
beads were collected by centrifuging at 2000 rpm for 5 min at 4°C. The beads were directly

processed for SDS-PAGE followed by coomassie staining or western immunoblotting.

2.2.10 Co-immunoprecipitation

500 pg of mitochondria from yeast expressing Flag-Mxr2 was suspended in 100 pl of SEM buffer
and centrifuged at 10000 rpm for 10 min. The mitochondrial pellet was solubilized in RIPA buffer
and pre-cleared with protein A beads (GE Healthcare).The resultant supernatant was incubated
with FLAG M2 (Sigma Aldrich) antibody or control 1gG at 4°C on a rotisserie for 4 hrs before
addition of protein A beads. The sample was centrifuged at 2000 rpm and the beads washed with
RIPA buffer thrice. The beads were suspended in sample buffer without B-mercaptoethanol and
loaded on a SDS-PAGE gel to resolve the bound proteins. The resolved proteins were western

transferred and the membrane was probed with Flag and Mgel antibodies.

2.2.11 Mxr2 enzymatic assay

The activity of oxidized protein (50 puM) or free Met-SO (1 mM) was assayed at 37°C in 50 mM
sodium phosphate buffer pH 7.2 containing 50 mM NaCl, 0.2 mM NADPH, 10 pg thioredoxin
and 20 pg of thioredoxin reductase. Recombinant His-Mgel and GST proteins were treated with

20 mM H,O; for 4 hours and dialyzed overnight prior to addition to the assay. The assay was
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initiated with the addition of Mxr2 and the decrease in absorption at 340 nm was continuously
monitored for 60 minutes. A small decrease in the absorption with Mxr2 control in the absence of

substrate was deducted at all-time points and used to calculate the enzymatic activity of Mxr2.

2.2.12 ATPase assay of Hsp70

ATPase activity assay was performed in ATPase buffer (50 mM HEPES pH 7.2, 5 mM MgCly,
and 100 mM KCI). Recombinant Mgel was treated with 5 mM H2O> for 2 hours and incubated
with or without 5 pg of His-Mxr2 in presence of 10 mM DTT before using it for ATPase activity
assay of Hsp70. Equivalent amount of His-Mxr2 was used in the control reactions that had Hsp70
or Hsp70 and Mgel prior to start of the ATPase assay. The amount of radioactive inorganic

phosphate (pi) released at various time points was measured in a scintillation counter.

2.2.13 ROS measurement

Yeast strains were grown overnight in liquid medium before diluting them in 10 ml of required
medium at a starting ODsoo is 0.1. The cultures were allowed to grow at 30°C until they reached
ODesoo 1.0. 20 uM of Dichlorofluorescin diacetate (DCFDA) was added to the cultures and further
incubated for 1 hr at 30°C. Next, the cells were washed and suspended in 100 pl of PBS. The
intensity of fluorescence measured in a fluorescence spectrophotometer (Perkin Elmer) with an
excitation wavelength of 480 nm and an emission wavelength of 525 nm and the emission is taken

as the total ROS levels.

2.2.14 Purification of His-Mgel from yeast cells

For purification of His-Mgel, yNB134 and yNB135 strains were grown in 4 litres of YPGE
medium at 30°C until the cultures reached to 1 ODeco. Cells were harvested by centrifuging the
cultures at 5000 rpm. Cells were washed with double distilled water and lysed with lyticase in 1.2
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M sorbitol buffer. After formation 50% sphaeroplasts, lysis buffer (6 M Guanidium Chloride, 150
mM NaCl, 50 mM Tris-HCI pH 8.0, 10 mM Imidazole and 5 mM B-ME) was added. Lysates were
pre-cleared by centrifuging the samples at 20000 rpm for 10 mins to remove cell debris. Ni-NTA
beads were added to the lysates and incubated on a rotisserie for 4 hr at room temperature. The Ni-
NTA beads were collected by spinning the samples at 2000 rpm for 5 mins. The beads were
washed thrice with wash buffer (6 M Guanidinium Chloride, 150 mM NaCl, 50 mM Tris-HCI pH
8.0, 20 mM imidazole and 5 mM B-ME ) followed by another wash with PBS buffer pH 7.2. His-
Mgel protein was eluted in 400 mM imidazole in PBS buffer and resolved by SDS-PAGE. The
gel was coomassie stained and the His-Mgel protein band was excised and submitted for mass

spectrometry analysis.

2.2.15 In vitro treatment of Mgel with H202 and Mxr2 for MALDI-TOF analysis

Mgel protein was oxidized with 20 mM H2O: in PBS for 6 hr and dialyzed in PBS pH 7.2
overnight to remove H20,. 20 pg of Mgel protein pre-treated with H,O> was incubated with or
without Mxr2 (2.5 ug) protein in presence of 10 mM DTT in 50 mM NaCl and 50 mM sodium
phosphate buffer pH 7.2. After 4 hr incubation at room temperature, samples were processed for
SDS-PAGE and the gel was coomassie stained. The Mgel protein bands were excised and sent for
mass spectrophotometric analysis at the Proteomics facilities present at University of Hyderabad

and at Indian Institute of Sciences, India.

2.2.16 Mass spectrometry

For mass spectrometric analysis, all protein samples used in this study were separated by SDS-
PAGE, coomassie stained and the protein band excised and subjected to mass spectrometry

analysis. Proteins were reduced (10 mM DTT) and alkylated (10 mM iodoacetamide) using
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standard protocols followed by in-gel Trypsin/LysC overnight digestion at 37°C. Peptides
concentrated in a vacuum centrifuge at room temperature and suspended in 0.1% TFA / 25%
acetonitrile. The peptides were analyzed by Matrix-Assisted Laser Desorption lonization - Time
of Flight Mass Spectrometry (MALDI-TOF/MS) and MALDI-TOF/TOF/MS/MS. MALDI
spectra were obtained using a Bruker Daltonics mass spectrometer. PMF search was performed
using MASCOT server for protein identification. Graphs plotted by taking percentage of relative
intensity to the interested peptide. MS/MS fragment ions were assigned by comparing with
predicted ions generated in silico by using a Protein Prospector (University of California, San

Francisco).

2.2.17 Protein aggregation assay

For each protein aggregation assay, 50 pg of mitochondria was suspended in aggregation assay
buffer (250 mM Sucrose, 10 mM MOPS, 80 mM KCI, 5 mM MgClz, 5 mM ATP and 4 mM
NADH) and treated with H2O> for 30 mins at room temperature. The mitochondria was centrifuged
at 10000 rpm for 10 mins and the pellet was solubilized in lysis buffer (0.5% Trition X 100, 200
mM KCI, 30 mM Tris-HCI pH 7.5, 5 mM EDTA). The solubilized mitochondria were centrifuged
at 25000 rpm for 1 hr. The supernatant fraction (soluble fraction) was collected and the pellet
(aggregated fraction) was re-suspended in lysis buffer. 20 % of supernatant fraction and total pellet

fraction were separated by SDS-PAGE and the gel was silver stained [13].
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Tables

Table 2.1 Primers used in this chapter

Name

Oligonucleotide Sequence

MXR1_Fwdl

5- AAAC GAATTC ACCATG TCG TCG CTT ATT TCA-3°

MXR1_Revl

5-ACCC CTCGAG CTACAT TTC TCT CAG ATAATG -3

MXR2_Fwd2

5-AAA ACC ATG GGC AAG AGC AAG AAA ATG AGT-3

MXR2_Rev2

5'- ACCC AAGCTT ATCCTT CTT GAG GTT TAA AGA -3'

MXR2_Fwd4

5- AAAC GAATTC ACC ATG AAT AAG TGG AGC AGG -3°

MXR2_Revé

5- ACCC CTCGAG TTAATCCTT CTT GAG GTT TAA -3

FLAG_Fwd6

5- AG CTT GAC TAC AAG GAC GAT GAT GAC AAG GAC

TAC AAG GAC GAT GAT GAC AAGCTAC -3

FLAG_Rev6

5-TCGAG TAGCTT GTC ATCATCGTCCTT GTAGTCCTT

GTC ATCATCGTCCTT GTAGTCA -3

MGEL_Fwd?

5 -CCCC GGATCCACCATGAGAGCTTTT TCAGCA GCC -

3

MGEL_Rev7

5-AAT T CTC GAG TTAGTG GTG GTG GTG GTG GTG CCA

TGG AATGTTCTC TTC GCC CTT AAC -3°

MGEL_Fwd8

5 TCGTGA ACGGCCATCTCCAAT
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MXR2_Fwd9 | 5° CGTGGATATACACCAAGTTATCACA 3

KAN_REV | 5'CTG CAG CGA GGA GCC GTAAT 3"

Table 2.2 Plasmids used in this chapter

Name Description Reference
NB45 pTEF-MGEL, 214, URA 103

NB186 | pTEF-MGEL, 2, LEU 103

NB187 | pTEF-MGE1 M155L, 2, LEU 103

NB467 | pcDNA 3.1 MXR1 This study
NB468 | pcDNA 3.1 MXR2 This study
NB475 | pTEF MXR2-FLAG, 2, LEU This study
NB483 | pET28a" MXR2 (without Histag) | This study
NB485 | pET28a" MXR2-His6 This study
NB579 | pTEF-2u-LEU MGE1-His6 This study

Table 2.3 Yeast strains used in this chapter

Strain Genotype

Resource

BY4741 | MATa, his3A 1, leu2A 0, metl5A 0, ura3A 0

In House
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BYA4742 | MATo , his3A 1, leu2A 0, lys2A 0, ura3A 0 In House

yNB65 | Mat a, hisAl, leu2A0,  lys2A0,  ura3A0, | 103
YOR232w::KANMX4

yNB114 | Mat a, his3Al, leu2A0, lys2A0, ura3AO0, | Euroscarf
YERO42w::KANMX4

yNB115 | Mat a, his3A, leu2A0, lys2A0,  ura3AO0, | Euroscarf
YCLO033c::KANMX4

yNB118 | Mat a/a, his3Al, leu2A0, lys2A0, ura3AO0, | This study
YCLO033c::KANMX4, YOR232w::KANMX4, pTEF-
MGEL, 214, URA.

yNB122 | Mat a, his3Al, leu2A0, lys2A0,  ura3A0, | This study
YCLO033c::KANMX4, pTEF-2u-LEU

yNB124 | Mat a, his3Al, leu2A0, lys2A0, ura3A0, | This study
YCLO033c::KANMX4, pTEF-2u-URA MXR2-FLAG

yNB126 | Mat a, his3Al, leu2A0, lys2A0,  ura3A0, | This study
YCLO033c::KANMX4, YOR232w::KANMX4, pTEF-
MGE1, 2, URA.

yNB130 | Mat a, his3Al, leu2A0, lys2A0, ura3AO0, | This study

YCLO33c::KANMX4,

MGEL, 2y, LEU.

YOR232w::KANMX4, pTEF-
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yNB131 | Mat a, his3Al, leu2A0, lys2A0, ura3AO0, | This study
YCLO033c::KANMX4, YOR232w::KANMX4, pTEF-
M155L MGE1, 2, LEU.

yNB132 | yNB130 transformed with plasmid pTEF-2u, URA This study

yNB133 | yNB130 transformed with plasmid pTEF- MXR2- | This study
FLAG, 2, URA

yNB134 | Mat a, his3Al, leu2A0, lys2A0, ura3A0, | This study
YCL033c::KANMX4, YOR232w::KANMX4; pTEF-
WT MGE1-HIS6, 2, LEU.

yNB135 | yNB134 transformed with plasmid pTEF-MXR2-FLAG, | This study
21, URA

Table 2.4 Peptides generated from Mgel after digestion with LysC enzyme

Amino acid region
Peptide Mass (m/z) Amino acid sequence
in Mgel
EPGTVFHVQQLGFTLNDRVI
2722.4787 152-175
RPAK
2643.3559 101-122 EISDLYTGVRMTRDVFENTL RK
2159.2043 42-59 DRLLRSVADFRNLQQVTK
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1889.9391 76-92 DLLESVDNFGHALNAFK
1677.7449 11-24 ENNEDLTEEQSEIK
1411.6852 140-151 HEATFELPQPDK
1341.6685 128-139 LDPLGEPFDPNK
875.4832 26-33 LESQLSAK
761.3675 93-98 EEDLQK

721.3879 67-72 DFALQK

676.3512 36-41 EASELK

583.3198 123-127 HGIEK

579.2620 6-10 SEESK

549.2515 1-5 SDEAK

515.3551 76-180 VGIVK

503.2824 61-64 DIQK
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2.3 Results

2.3.1 Deletion of MXR2 exacerbates sensitivity to H202

Yeast Mxrl and Mxr2 are peptide methionine sulfoxide reductases located in the cytoplasm and
mitochondria respectively. Given the similar function for both the enzymes, we wished to
investigate whether their functions are redundant in the oxidative stress response pathway.
Oxidative stress response can be elicited in yeast cells by addition of H2O,. Hence, we monitored
the growth of serially diluted yeast Saccharomyces cerevisiae cells in wild type (BY4741) or
deleted for MXR1 (mxrlA) or deleted for MXR2 (mxr2A) on YPD plates with or without the
addition of 1 mM H»O. Both the deletion strains exhibited normal growth similar to wild type
strain on control YPD plates (Fig. 2.1A, top left panel) while slow growth was observed in case of
all the strains on YPD plates with 1 mM H2O,. Most interestingly, cells deleted for MXR2 were
found to be highly sensitive to H.O2 when compared to wild type or mxr1A strains (Fig. 2.1A, top
right panel). Similar results were obtained when we grew all the strains in liquid YPD medium
with or without H20> (Fig. 2.1B). These results implicate Mxr2 rather than Mxr1 with a potential
role in the oxidative stress response pathway. However, yeast having double deletion of MXR1

and MXR2 are much more sensitive to H.O> than yeast harboring only MXR2 deletion (Fig. 2.1C).
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Figure 2.1 Mitochondrial localization and sensitivity of MXR2 deleted cells to H,O»

(A). Spotting assay. Yeast BY4741 (WT) strain and its derivatives mxrlA (yNB114) and mxr2A (yNB115)
were tested for growth on solid and liquid medium besides monitoring for mitochondrial localization of
proteins. (All the three strains were grown overnight in YPD medium. 0.5 OD of cells were serially diluted
(1:10) and 10 pl of each suspension was spotted on YPD plates supplemented with or without 1 mM H>0>
and incubated at 30°C for 2 days. (B) Strains were grown overnight in YPD medium prior to diluting them
in fresh YPD medium +/- H20, (1 mM) and were allowed to grow at 30°C with shaking. Growth was
monitored at various time points as shown by taking the OD at 600 nm. (C) Double deletion strain of MXR1
and MXR2 (indicated by rl1 A/r2A) studied for growth phenotype along with controls (BY474, mxr1A and
mxr2A strains).Yeast strains were grown overnight in YPD medium and inoculate to fresh YPD medium
+/- H202 (1 mM) and were allowed to grow at 30°C with shaking. Growth was monitored at various time
points by taking the OD at 600nm.

2.3.2 Mxr2 localized to mitochondrial matrix

Epifluorescence studies have shown that GFP-Mxr2 is present in the mitochondria while GFP-
Mxrl stays in the cytoplasm [91]. However, the precise sub-compartmental localization of Mxr2
within the mitochondria is not known. To determine the localization of Mxr2 within the
mitochondria, we monitored the import of in vitro [*°S] labeled Mxr2 along with cytoplasmic
localized Mxrl and a known mitochondrial matrix localized protein, Su9-DHFR into
mitochondria. Our results show that Mxrl is poorly bound to mitochondria as it is found to be
sensitive to externally added protease confirming its cytosolic localization (Fig. 2.2A, Bottom
panel). We find both Mxr2 and Su9-DHFR are enriched in the mitochondrial matrix fraction. Like
Su9-DHFR, Mxr2 appears to be effectively processed by a mitochondrial matrix localized
processing peptidase and the processed mature protein band is protected from the externally added
trypsin (Fig. 2.2A). However, both the imported proteins become accessible to trypsin when the
membranes get solubilized with Triton X-100 prior to protease treatment (Fig. 2.2A, lane 5)

indicating the matrix localization of Mxr2 and Su9-DHFR. Valinomycin dissipates the membrane
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potential and inhibits the import of matrix targeted proteins. We observe complete abolishment of
the import of Mxr2 into valinomycin treated mitochondria (Fig. 2.2A, lanes 3 and 4). To further
confirm the matrix localization of Mxr2, the cytoplasmic and mitochondrial fractions from the
strain expressing Flag-Mxr2 were resolved on SDS-PAGE before carrying out western blot
analysis using antibodies against proteins that are benchmarks for the two fractions besides Flag
antibody for detecting Mxr2. Flag-Mxr2 was detected only in the mitochondrial fraction (Fig.
2.2B). Tom40, known to be enriched in the mitochondrial fraction and Funl2, a marker for
cytosolic fraction were used as controls. The mitochondrial fraction was further sub-fractionated
to mitoplasts or subjected to Triton X-100 treatment as described in the Methods section. The
fractions containing mitochondria, mitoplasts and Triton X-100 treated mitochondria were further
incubated with or without Proteinase K and subjected to western blot analysis. Proteins Tom40,
CCP1 and Aconitase that are hallmarks of the outer membrane, inter membrane space and matrix
fractions respectively were used as controls. Flag-Mxr2 along with Aconitase were detected in the
matrix fraction as they were resistant to protease action in the mitochondria and mitoplasts
fractions while Tom40, and CCP1 protein were susceptible to protease treatment (Fig. 2.2C).
When the mitochondrial membranes were solubilized with Triton X-100, all proteins were
susceptible to externally added protease (Fig. 2.2C, lane 6). Taken together, these results clearly
show that Mxr2 is targeted to matrix region of mitochondria and functions in the oxidative stress

response pathway.
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Figure 2.2 Mitochondrial localization of Mxr2

(A) Autoradiogram of a mitochondrial import assay. *S labeled Su9-DHFR, Mxr1 and Mxr2 proteins were
incubated with mitochondria in the presence (lanes 3 and 4) or absence (lanes 1, 2 and 5) of 5 uM
valinomycin. Import was carried out for 20 min at 30°C in the presence or absence of 50 pg/ml trypsin
and/or Triton X-100 as shown in the panel. Samples were resolved on an SDS-PAGE gel and subjected to
autoradiography. The ‘load’ lane represents 10% of Mxr1 that was used in the import assay. The letter ‘p’
shown in the figure indicates precursor and ‘m’ indicates mature form of precursor protein. (B) Flag-Mxr2
protein localizes to mitochondria. Whole Cell Extract (WCE) of yeast strain expressing Flag-Mxr2 was
subjected to differential centrifugation to fractionate mitochondrial and cytosolic fractions. The figure is a
western blot probed with antibodies specific for Flag, Fun12 and Tom40. (C) Flag-Mxr2 is enriched in the
mitochondrial matrix. Mitochondrial and mitoplast fractions were purified from strain that expresses Flag-

Mxr2. The two fractions were incubated with or without proteinase K. The mitochondrial fractions were

55



additionally subjected to Triton X-100. Samples were resolved by SDS-PAGE, western transferred and
probed with the following antibodies that detect proteins which are hallmarks for various mitochondrial
fractions: Aconitase (mitochondria matrix), CCP1 (inter membrane space), Tom40 (outer membrane) and

Flag for finding sub-mitochondrial localization of Mxr2.

2.3.3 Mxr2 interacts with Mgel in an oxidative stress dependent manner

We have shown earlier that Mgel, a nucleotide exchange stimulating factor of Hsp70, undergoes
oxidation in the presence of H.O> and thereby loses its stimulating activity. Coincidentally, like
Mxr2 as shown here, Mgel is also present in the mitochondrial matrix. Site directed mutational
studies suggested that Met155, the lone methionine within Mgel could be the likely oxidation site.
Given that both Mxr2 and Mgel respond to H20- triggered oxidative stress and the complementing
activity of Mxr2 for restoring the functions of methionine oxidized proteins in vitro, we
hypothesized that Mxr2 may be interacting with Mgel. To test our hypothesis, we initially
expressed mature Mxr2 protein in its native form in bacterial cells. A prominent protein band
corresponding to the molecular weight of Mxr2 (~15 kDa) is observed upon induction (Fig. 2.3A,
left Panel). Purified recombinant His-Mgel used in this chapter is shown (Fig. 2.3A, right panel).
Two equal amounts of recombinant purified His-Mgel were taken and were pre-treated with or
without H20, and mixed with soluble bacterial protein fraction enriched in native untagged Mxr2
and then allowed to bind to Ni-NTA beads. After washing the beads, Mgel was eluted, resolved
on SDS-PAGE and stained with coomassie blue. Mgel was detected in the eluates from both the
beads (Fig. 2.3.3B). However, a protein band corresponding to the molecular weight of Mxr2 was
consistently observed only in the eluate from the beads that had H>O- treated Mgel (Fig. 2.3B,
lane 2). The band was excised from the gel and subjected to MS/MS and the protein was confirmed
to be Mxr2 (Fig. 2.3C). This finding suggests that Mxr2 has affinity only for Mgel that is

apparently oxidized by H>O: in vitro. The active site of Mxr2 contains two Cys amino acids that
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are known as catalytic cysteine and resolving cysteine and mutation of any of these two amino
acids result in an inactive enzyme [93]. The binding of Mxr2 to Mgel may also require these
cysteine amino acids in Mxr2. To test the importance of these two cysteine amino acids in the
binding of Mxr2 to Mgel, we employed the classical biochemical route of reducing the cysteine
with dithiothreitol (DTT) followed by blocking it with iodoacetamide (IAA) to prevent reverse
reaction. Bacterial lysate enriched for Mxr2 was initially treated either with DTT or with DTT and
IAA and then was allowed to bind Ni-NTA beads that was pre-bound with H,O, treated
recombinant His-Mgel. The beads were washed and His-Mgel was made to elute, resolved on
SDS-PAGE and the gel was stained with coomassie (Fig. 2.3D). A protein band corresponding to
the molecular weight of Mxr2 is detected only in the eluate from the beads that had DTT treated
Mxr2. Recombinant H2O- treated His-Mgel is able to pull down Mxr2 from the bacterial lysate
that was treated with DTT but fails to do so when DTT and IAA were added to the bacterial lysate
(Fig. 2.3D). These results show that functional cysteine residues within Mxr2 are important for
efficient binding to Mgel. To test the specificity, we used recombinant H20O> treated methionine

substitution mutant (Mgel M155L) in the pull down assay and we could not detect any Mxr2 in
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Figure 2.3 In vitro interaction of Mxr2 with Mgel in the presence of H.O>

(A) Soluble protein fractions were prepared from bacteria transformed with vector or vector expressing
recombinant Mxr2. An aliquot of the soluble protein fractions were resolved by SDS-PAGE and the gel
coomassie stained (left panel). Purified recombinant His-Mgel was resolved by SDS-PAGE and the
coomassie stained gel is shown (right panel). (B) Soluble protein fraction of bacterial transformant
expressing Mxr2 was incubated with purified His-Mgel that was pre-treated with or without H2O,. His-
Mgel was recovered using Ni-NTA beads, resolved on SDS-PAGE and the coomassie stained gel is shown.
(* Mxr2, ** Mgel-His and *** indicates the non-specific bands co-eluted with Mgel). (C) Proteins (from
the soluble lysate prepared from bacteria expressing Mxr2) that interacted with His-Mgel were resolved
on a SDS-PAGE and coomassie stained. The proteins bands were excised, digested with trypsin and the
peptides analyzed by MALDI-TOF/MS/MS. The peptide mass fingerprint (PMF) obtained by MALDI.-
TOF/MS are shown with sequences matching Mxr2 marked in bold red. m/z 2239 Da peptide was further
subjected to MALDI-TOF/MS/MS and sequence was matched to the indicated peptide of Mxr2. (D)
Bacterial lysate expressing Mxr2 was treated with 10 mM DTT for 10 mins before dividing it into two equal
portions and one portion was treated with 50 mM IAA. Both portions containing Mxr2 were incubated with
purified His-Mgel that was pre-treated with H,O,. His-Mgel and its interacting partners were recovered
using Ni-NTA beads and separated on a SDS-PAGE and the proteins resolved on the gel were stained with
coomassie. (E) Purified His Mgel M155L was pretreated with or without H.O, and incubated with bacterial

lysate expressing Mxr2. Interacting protein were resolved on SDS-PAGE and coomassie stained
the eluate (Fig. 2.3E). This finding suggests that Mxr2 has affinity only for Mgel that is apparently

oxidized by H202 in vitro.

2.3.4 In vivo oxidative stress dependent interaction of Mxr2 and Mgel

To extend these studies to quasi in vivo conditions, we repeated the above binding assay using
cholate solubilized mitochondrial extract prepared from yNB124 cells expressing Flag-Mxr2 as a
source for Mxr2 instead of bacterial lysate and additionally pre-treated recombinant His-Mgel
with increasing concentrations of H2O,. The eluates were resolved on SDS-PAGE, western
transferred and probed with Mgel and Flag antibodies. With increasing concentrations of H2Op,

there is a concomitant increase in the binding of Flag-Mxr2 with the amount of Mgel being almost
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same (Fig. 2.4A). To demonstrate that increased pull down of Flag-Mxr2 is indeed due to oxidation
as opposed to better bait recovery, we quantified the amount of Mxr2 relative to that of Mgel from

three independent experiments and found that Flag-Mxr2 preferentially binds to oxidized Mgel

(Fig. 2.4B).
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Figure 2.4 In organello Mxr2 interaction with Mgel during oxidative stress

(A) Purified His-Mgel was treated with increasing concentrations of H.O, and mixed with mitochondrial
extracts prepared from yeast expressing Flag-Mxr2 as described in the Methods section. His-Mgel and
bound proteins were recovered using Ni-NTA beads. As a control (lane 4), a Ni-NTA pull down was also

performed using only mitochondrial extracts to exclude any non-specific binding to the beads. Samples
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were resolved on SDS-PAGE and subjected to immunoblot analysis for the presence of Flag-Mxr2 and
Mgel. (B) Three independent blots of Fig. 2.4A were quantified to assess the relative quantity of Mgel to
Mxr2 using ImageJ software (C) Immunoprecipitation of Flag-Mxr2. Flag-Mxr2 was immunoprecipitated
from mitochondrial extracts prepared from yeast strain expressing Flag-Mxr2. A control
immunoprecipitation was carried out using 1gG. Samples were resolved on SDS-PAGE and subjected to
immunoblot analysis using antibodies specific for Flag and Mgel. (D) Yeast stains BY4741 were grown to
early log phase in different media as shown and ROS was measured as described in the Methods. The

histogram represents the average emission values of DCFDA at 525 nm from three replicates.

Based on our in vitro and quasi in vivo binding assays, we conclude that Mxr2 interacts with Mgel
in an oxidative stress dependent manner and that the cysteines within Mxr2 are crucial for this
interaction. We next proposed to examine if Mxr2 is indeed capable of interacting with Mgel in
the cellular context. Co-immunoprecipitation studies were carried out using mitochondria that
were isolated from yeast cells expressing Flag-Mxr2. Mxr2 was immunoprecipitated with Flag
antibody and probed with antibodies specific for Flag and Mgel (Fig. 2.4C). Intriguingly, Mgel
was detected in Flag-Mxr2 immunoprecipitates without the addition of any external oxidizing
agent to the yeast cells grown in YPL medium prior to isolation of mitochondria. We speculate
that the internal ROS that is being produced in the mitochondrial milieu is sufficient to cause
oxidation of at least a certain fraction of Mgel. To confirm our speculation, we measured the ROS
levels in yeast cells grown in YPL medium and used cells grown in YPD as control. We observe
relatively higher levels of ROS in yeast cells growing in YPL medium compared to cells in YPD
medium (Fig. 2.4D). The cellular ROS level suggests that indeed it is possible that Mxr2 is
interacting with Mgel in an oxidation dependent manner in vivo, a suggestion that is consistent

with our in vitro findings.

2.3.5 Oxidation of Mgel at methionine 155 and its subsequent reduction by Mxr2 in vitro
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Amino acids like Cys, Met, Trp, Tyr, Phe and His are most vulnerable to oxidation in a protein.
Given that Mxr2 interacts with Mgel in an oxidation dependent manner, we wished to investigate
which amino acids within Mgel are being targeted for oxidation. We employed MALDI-
TOF/MS/MS analysis to evaluate peptide fragments generated from Mgel as described in the
Methods section. Purified recombinant His-Mgel was pre-treated with or without H2O> before
resolving on a SDS-PAGE gel. Mgel bands were in-gel, digested with endoproteinase Lys-C and
extracted peptides subjected to MALDI TOF spectrum analysis. Peptides generated from Lys-C
digestion (Table 2.4) were monitored for their spectrum (Fig. 2.5A and B). All the peptides had
the expected MALDI-TOF m/z values except for the Met155 containing peptide (Fig. 2.5C and
D). This particular peptide from the untreated Mgel protein displayed two m/z values, a relatively
higher intensity peak of m/z value 2643.3 and a lower intensity peak with m/z value of 2659.3 (Fig
.2.5C). The difference in the m/z values of the two peaks obtained from the Met155 containing
peptide was ~16 Da. The Met155 containing peptide from the oxidized Mgel also displayed two
peaks with ~16 Da difference in m/z values (Fig. 2.5D). However, the second sample had majority
of the intensity coming from the peak that had m/z value of 2659.3 (Fig. 2.5D). The intensity peak
profile for the Met155 peptide had changed after oxidation (compare Fig. 2.5C to Fig. 2.5D). We
further examined the Met155 containing peptide from both the H20- untreated and treated samples
by MS/MS (Fig. 2.5E and F). From C terminal sequencing we find all the amino acids were
identical in both the peptides up to methionine. In case of the peptide from the oxidized sample,
after Met the subsequent peptide fragments shows an apparent shift that corresponds to oxidation
(Fig. 2.5F). The difference between un-oxidized and oxidized Met155 mass by 16 Da was
ascertained by comparing the y11 and y12 ions that were derived from C terminal fragmentation.

Addition of 16 Da indicates the formation of methionine sulfoxide in the oxidized peptide. The
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formation of methionine sulfoxide was also confirmed by the presence of ions with loss of methane
sulfenate (CH3SOH, -64 Da) side chain due to instability of Methionine sulfoxide immonium ion.
The MALDI-TOF/MS/MS results provide evidence that Metl55 in Mgel gets oxidized in

presence of H2O».
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Figure 2.5 Met155 in Mgel is oxidized by H,0 and reduced by Mxr2

Untreated His-Mgel and His-Mgel treated with 20 mM H>O. were incubated at room temperature for 4
hrs and SDS-PAGE separated and coomassie stained. Excised Mgel-His bands were processed for
MALDI-TOF as described under the Methods section. The digested peptides were analyzed by MALDI
TOF Spectrum of untreated (A) and H,O; treated (B). (C and D) Reconstructed MALDI-TOF spectrum of
Met155 peptide from His-Mgel. Relative quantification of MALDI-TOF spectrum of the Metl55
containing peptides was presented (C) from Fig. 2.5A and (D) from Fig. 2.5B. (E). MS/MS spectrum of
unoxidised (m/z 2643.3) peptide. (F). MS/MS spectrum of oxidized (m/z 2659.3) peptide. (G and H)
Oxidized His-Mgel was further treated with DTT (G) and DTT + Mxr2 (H) for 4 hrs prior to processing
for MALDI-TOF. The MALDI-TOF spectrum of the Met155 containing peptide was presented.

Also, it shows that the apparently un-oxidized Mgel is a mixture of small fraction of oxidized and

major fraction of un-oxidized Mgel.

As the oxidized form of Mgel alone is capable of significant interaction with Mxr2, we were
interested to test if Mxr2 can reduce oxidized Mgel and more specifically the oxidized Met at
position 155 in Mgel. MALDI-TOF/MS/MS method was further employed to investigate if Mxr2
targets the oxidized Met155 for reduction. We repeated the MALDI-TOF analysis of H20- treated

Mgel protein with one modification. After H2O, treatment, Mgel was further treated with DTT in
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the presence or absence of Mxr2. As shown (Fig. 2.5G), H20- treated Mgel in the absence of Mxr2
was more than 75% enriched in the higher m/z value peak of 2659.3 indicating that H.O> was able
to efficiently oxidize Mgel (Fig. 2.5G). Most importantly, Mxr2 treatment reduces the intensity
of the oxidized peak of m/z value 2659.3 by nearly 50% concomitant with a corresponding increase

in the intensity of the un-oxidized peak of m/z value 2643.3 (Fig. 2.5H).

To determine the specificity of Mxr2 action, we adopted a coupled NADPH dependent thioredoxin
/ thioredoxin reductase assay system in which wild type recombinant Mgel, free methionine
sulfoxide and a known Mxr2 substrate protein, GST were used as substrates. Free methionine
sulfoxide and GST were included to determine the specificity of Mxr2 activity. Equimolar amounts
of purified wild type Mgel and GST were treated with H2O for 4 hours prior to the addition of
Mxr2 in the coupled assay as described in the Methods section. Mxr2 exhibits significant activity
on H20, treated Mgel and is comparable to its activity on GST (Fig. 2.6A). However, Mxr2 shows
very less activity on free methionine sulfoxide indicating the specificity of Mxr2 to reduce
oxidized methionine only in proteins. Our results clearly show that Mgel is a substrate for Mxr2

and Mxr2 majorly and specifically acts on oxidized methionine at position 155 in Mgel.

As the results described above unequivocally show that Mxr2 reduces oxidized Mgel specifically,
we further wished to understand if there is any correlation to the functional activity of Mgel. In
an earlier study, we have shown that dimeric Mgel interacts with Hsp70 to form Hsp70-Mgel
complex that has a stimulatory effect on the ATPase activity of Hsp70. We have additionally
shown that H>O> reduces this stimulatory function of Mgel. To determine whether oxidation of
methionine 155 within Mgel is directly responsible for its loss of stimulatory activity and whether
the reducing activity of Mxr2 on Mgel will restore this function, we performed a steady state in

vitro ATPase activity of Hsp70 as described in the Methods section.
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Figure 2.6 Mxr2 reduces oxidized Mgel and restores ATPase activity of Mgel

(A) Purified recombinant His-Mgel (50 uM) and GST (50 uM) proteins were treated with H,O; prior to
being used as substrates in Mxr2 enzymatic assay as described in the Methods section. Free methionine
sulfoxide (Met-SO, 1 mM) was also included as a control substrate. Mxr2 activity was measured as a
decrease in the absorption at ODss nm. The graph represents relative activity of the enzyme and is
expressed as micromoles per mg per ml. The basal activity observed in the absence of substrate was
subtracted from the values obtained in the presence of substrate and enzyme. As there was no detectable
enzymatic activity in the absence of Mxr2, this control is not shown. (B) Purified Mgel was initially
incubated with or without 5 mM H,0, for 2 hrs in PBS pH 7.2. Later, the proteins were treated with or
without Mxr2 for 0, 30 or 60 min followed by incubation with recombinant Hsp70 in an ATPase assay

buffer as described previously. The release of labeled inorganic phosphate was monitored at different time
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points in a scintillation counter. A control Hsp70 sample was incubated with Mxr2 to monitor non-specific
ATP hydrolysis.

Mitochondrial Hsp70 has low ATPase activity in the absence of Mgel (Fig. 2.6B). In the presence
of wild type recombinant Mgel, the ATPase activity of Hsp70 is enhanced three fold. However,
H>0O> treated Mgel has negligible effect on the ATPase activity of Hsp70. Most importantly, prior
treatment of oxidized Mgel with Mxr2 restores the ATPase stimulatory activity of Mgel on Hsp70
in vitro (Fig. 2.6B). The aforementioned results clearly show that Mgel gets oxidized at Met155
in presence of H2O2 and Mxr2 specifically reduces the oxidized Met155 in Mgel in vitro. We
additionally provide evidence that Mgel is a substrate for Mxr2 and that Mxr2 specifically reduces
oxidized methionine at position 155 in Mgel and modulates Hsp70 function through Mgel in a

quasi-physiological system.

2.3.6 Mgel is a physiological substrate of Mxr2

To determine whether Mgel is a physiological substrate of Mxr2 and if yes, to elucidate
the in vivo functional significance of Mgel Met-SO reduction by Mxr2, we studied the effect of
deletion of MXR2 on the growth of yeast strains expressing either wild type MGE1 or MGE1
M155L mutant. Since Mgel is an essential gene, we constructed haploid yeast strains that had
chromosomal copies of both MGE1 and MXR2 deleted (indicated by AA), however, ectopically
expressing either WT MGE1 (yNB130: AA/ WT MGE1) or MGE1 M155L mutant (yYNB131: AA/
M155L MGE1) from high copy plasmids. The parent BY4741 strain and its derivatives yNB66
(BY4741/vector) and yNB122 (mxr2A, vector) were included as controls when testing for growth.
We compared the growth sensitive phenotype of all the above yeast strains by spotting on YPD
and SC-Leu plates that were supplemented with or without H2O. (Fig. 2.7A and B). All the strains

had comparable growth on YPD and SC-Leu plates. However, the growth of WT MGEL1
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expressing strains in mxr2A background were severely retarded in presence of H.O> compared to
the parent BY4741 strain which has an intact MXR2 (Fig. 2.7A and B). Most importantly, yNB131
strain expressing MGE1 M155L in the MXR2 deletion background was able to grow robustly in
the presence of H20,. Similar results were obtained when the above mentioned yeast strains were
grown in liquid YPD in the presence or absence of H>O> (Fig. 2.7C). Our results suggest that

MGE1 and MXR2 have a functional genetic interaction and that MXR?2 is epispastic to MGEL.

It has been shown previously that deletion of MXR2 compromises the growth of yeast on media
containing non-fermentable carbon sources. To examine whether MGE1 M155L mutant can
rescue this growth defect, we tested the growth of yNB66, yNB122, yNB130 and yNB131 strains
on YPGE plates that contain ethanol and glycerol as non-fermentable carbon sources. As shown
(Fig. 2.7D), over-expression of MGE1 M155L mutant partially rescues the growth defect of mxr2A
strain when compared to mxr2A strain expressing wild type MGEl on YPGE plates. We
additionally transformed yNB130 with a high copy URA3 vector or with pNB475 to create
yNB132 (AA/WT Mgel, vector) and yYNB133 (AA/WT MGE1, FLAG-MXR?2) strains respectively
to check if ectopic expression of MXR2 can compensate the chromosomal deletion of MXR2.
Ectopic expression of MXR?2 is able to compensate the chromosomal deletion of MXR2 as the

strain yNB133 displayed better growth compared to yNB132 in presence of H20- (Fig. 2.7E).
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Fig.2.7
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Figure 2.7 Mgel is a physiological mitochondrial substrate of Mxr2

Yeast strains yNB62 (BY4741/vector), yNB115 (mxr24), yNB130 (AA/WT MGEL1), yNB131 (AA/M155L
MGE1), yNB122 (mxr2A/vector), yNB132 (AA/WT MGE]/vector) and yNB133 (AA/WT MGE1/Flag-
Mxr2) were studied for growth on solid and liquid medium during stress conditions. (A, C, and D) Spotting
Assay. All strains were grown overnight in YPD medium before being serially diluted the cells from
strains yNB62, yNB115, yNB130 and yNB131 and spotted on a YPD +/- 1 mM H,0, (A), SC-LEU +/- 0.5
mM / 1 mM H20: (A, Middle Panel) and on YPG Ethanol (YPGE) (C) plates. (B) Growth curve. Yeast
strains were grown overnight in YPD medium and used to inoculate fresh YPD media supplemented with
or without H,O,. Growth was monitored by taking ODeoo Nm every 4 hr over a 30 hr time period. (D)
Overnight grown yeast cells from the strains yNB62, yNB130 and yNB131 were spotted on an YPD plate
with or without 1 mM H:0.. (E) Mitochondria were isolated from indicated strains and increasing

concentrations of the mitochondrial fraction (10, 25 and 50 pg) were resolved on SDS-PAGE and subjected
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to immunoblot analysis using antibodies against mitochondrial proteins. (AA indicates the chromosomal
deletion of both MXR2 and MGEL).

To rule out the possibility that altered protein expression may be responsible for the resistance
offered by MGE1 M155L expression in the absence of MXR2, we evaluated the steady state level
of mitochondrial proteins in yNB122, (mxr2A), yNB130 (AA/WT MGEI) and yNB131
(AA/MGE1 M155L) strains. Isolated mitochondrial samples were resolved on SDS-PAGE,
western transferred and probed with antibodies specific for Porin, Tim44, Hsp70, Tim22, CCPO,
Aconitase, Tim23 and Tom40 (Fig. 2.7F). We did not observe any significant change in the
expression of the tested proteins. Taken together, the above results show that MGE1 M155L is not
susceptible to oxidation and thereby overcomes the requirement of MXR2 by the yeast cell to grow

in presence of oxidative stress.

2.3.7 In vivo oxidation of Mgel

To ascertain if Mgel is indeed getting oxidized at methionine 155 in vivo and subsequently gets
reduced by Mxr2, we constructed two yeast strains, yNB134 (AA/ His-MGE1) and yNB135 (AA/
His-MGEL1, Flag-MXR2) as described in the Methods. Yeast strains yYNB134 and yNB135 were
spotted on YPGE plates. As expected, yeast strain yNB134 has very poor growth on YPGE plate.
However, yNB135 exhibits better growth as Flag-MXR2 is apparently able to compensate for the
MXR2 deletion (Fig. 2.8A). Further, we have observed that the internal ROS is much higher when
cells are grown in non-fermentable carbon medium (YPGE) compared to YPL/YPD medium (Fig.
2.8B). Yeast strains yNB134 and yNB135 were grown in liquid YPGE medium and His-Mgel
was affinity purified by passing the yeast cells extract through a Ni-NTA column as described in
the Methods section. Purified His-Mgel was resolved on SDS-PAGE, stained with coomassie and

the His-Mgel protein band was extracted from the gel for MALDI-TOF/MS-MS analysis as
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described above. The relative mass spectrum of His-Mgel from strains yNB134 and yNB135 are
similar (Fig. 2.8 C and D). MALDI-TOF analysis revealed that in the absence of MXR2, the
Met155 containing peptide of Mgel exists in both oxidized (m/z 2659.3) and un-oxidized (m/z
2643.3) forms (Fig. 2.8B). However, the relative intensity of the oxidized peak is much higher
than the un-oxidized peak in case of the Metl155 peptide from yNB134 that lacks MXR2. In
contrast, the reverse is true in case of yNB135 that ectopically expresses Flag-MXR2.
Interestingly, this result shows that the internal ROS generated during growth in YPGE medium
is sufficient to trigger oxidation of Mgel. Nevertheless, the MALDI-TOF results are consistent

with the slow growth

Fig.2.8
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Fig.2.8
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Figure 2.8 MALDI-TOF spectrum of Met155 peptide of intracellular His-Mgel

(A).Yeast strains BY4741, yNB134 (AA/His-MGE1) and yNB135 (AA/His-MGE1/Flag-MXR2) were
grown overnight in YPD medium and serial diluted the cells and spotted on YPGE plates. (B) Yeast strains
BY4741 and yNB115 were grown to early log phase either in YPD or YPGE and equal amount of cells
were used to measure the ROS as mentioned in Methods. The histogram represents the average emission
values of DCFDA at 525 nm from three replicates. (C and D) As mentioned in methods Mgel His protein
purified from yeast cells containing with or without MXR2 gene and SDS-PAGE separated. The excised
Mgel protein was extracted from gel and digested with LysC. The complete MALDI TOF Spectrum of
digested peptides from mxr24 background (C) and MXR2 expressing strain (D). (E and F). Reconstructed
MALDI-TOF spectrum of His-Mgel in vivo. MALDI-TOF spectrum of the Met155 containing peptide of
His-Mgel from yNB134 (E) and yNB135 (F) is shown. The peak with m/z value 2643.3 represents the
unoxidized Met155 peptide while the peak with m/z value of 2659.3 represents the oxidized Met155 peptide
as deduced from the MS/MS spectrum (Fig 2.8 C and D respectively). Met155 containing peptides of
oxidized and un-oxidized His-Mgel were further subjected to MS/MS analysis. The appearance of oxidized
methionine of ~16 atomic mass units in y11 and y12 ions is indicated. (G) MS/MS spectrum of un-oxidized
(m/z 2643.3 Da) peptide. (H) MS/MS spectrum of oxidized (m/z 2659.3 Da) peptide.

phenotype of yNB134 strain (AA/His MGE1) on YPGE plates and our co-immunoprecipitation
results which showed that Mgel interacts with Mxr2 in vivo (Fig. 2.4C). Most importantly, ectopic
expression of MXR?2 is able to reduce the oxidized form of His-Mgel as there is an increase in the
intensity of the un-oxidized Met155 peptide (m/z value 2643.3) concomitant with a decrease in
the Met155 oxidized peptide (m/z value 2659.3) (Fig. 2.8C). We further confirmed the oxidation
status of the Met155 peptide by MS/MS analysis using protein isolated from above strains (Fig.
2.8 G and H). Consistent with our in vitro findings, we find that Mgel indeed is capable of getting
oxidized at Met155 in vivo. Most notably, we show through genetic complementation experiments
and by MALDI-TOF/MS/MS that expression of MXR2 is essential for restoring growth during

oxidative stress and for reducing oxidized Mgel at Met155.

2.3.8 Mgel M155L protects cells from stress mediated protein aggregation
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In order to understand the functional consequence of Mgel Met155 oxidation in the absence of
MXR2, we monitored protein aggregation in strains that express wild type MGE1 or MGE1
M155L mutant in a MXR2 deletion background. Most of the proteins have a finite tendency to
misfold or unfold during stress conditions and form protein aggregates. Oxidative stress in the
form of H20. can induce aggregation of proteins in mitochondria. So far, the evidence has
implicated Mgel with a role of an oxidative sensor, a modulator of Hsp70 and a regulator of
mitochondrial protein import in the oxidative stress response pathway. We wished to examine the
role of Mgel M155L mutant in prevention of aggregation of proteins during oxidative stress.
Towards this end, we employed two strains, a BY4741 as control and a second strain, yNB115
that is deleted for MXR2. Strains BY4741 and yNB115 were grown in YPL medium for 24 hrs
before harvesting the cells. Mitochondria were isolated from both the strains and were treated with
increasing concentration of H>O2 (0, 5, 10 mM) for 30 minutes in presence of energy before
centrifuging the samples. ATP dependent Hsp70 activity is inhibited when energy is not present
and it is likely that any differences in protein aggregation will be masked by this low activity.
Hence, energy in the form of ATP was included. The supernatant and pellet fractions were resolved
on SDS-PAGE, silver stained and the protein profile examined (Fig 2.9) for protein aggregation.
Absence of MXR?2 triggers increased protein aggregation compared to control sample in the pellet
fraction even at low concentration of H2O» (Fig 2.9B). We repeated the above experiment in strains
ectopically expressing either MGE1 M155L mutant (yYNB131) or MGE1 (yNB130) wild type in
MXR2 deletion background (Fig 2.9C & D). We find that the mitochondria isolated from the strain
harboring MGE1 M155L mutant is partially protected from protein aggregation (Fig 2.9C). In case
of mitochondria from the strain carrying wild type MGEL, protein aggregation is observed even at

5 mM HO,. These results lend support to our hypothesis that protein aggregation is prevented
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because of an efficient Hsp70-Mgel M155L mutant complex. In case of wild type Mgel, Met155

gets oxidized and destabilizes the Hsp70-Mgel complex leading to protein aggregation.

Fig.2.9
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Figure 2.9 Oxidative modification of WT Mgel causes loss of function
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(A, B, C, D) Mitochondria (50 ug) were isolated from strains BY4741, yNB115 (mxr2A), yNB130
(AA/M155L Mgel), and yNB131 (AA/WT Mgel) and treated with increasing concentrations of H,O- in the
presence of energy as indicated in the Figure and processed as described under ‘Protein Aggregation’ in
the Methods section. The figures are pictures of silver stained SDS-PAGE gels of supernatant and pellet

fractions of mitochondria.

Our findings provide compelling evidence that Mgel and Mxr2 are components of the oxidative
response pathway and that Mxr2 is epistatic to Mgel. We have presented genetic and biochemical
evidence to show that Mgel is a physiological substrate of Mxr2. MGE1 M155L mutant can
effectively compensate for the absence of MXR2 as it relieves the growth defect associated with
MXR2 deletion in presence of H202 and on non-fermentable carbon sources. Most importantly,
we have shown that Met155 in Mgel gets oxidized in vitro and in vivo and that Mxr2 very
specifically can reduce oxidized Met155 within Mgel. We conclude that oxidized Mgel is a
substrate of Mxr2 and that methionine 155 is crucial for the reversible regulation of Mgel thereby

adding a new paradigm in the regulation to the oxidative stress response pathway.

2.4 Discussion

Oxidative stress causes an imbalance in the redox potential that may lead to the development of
several neurological disorders and ageing [85]. Several antioxidative defensive mechanisms have
evolved to neutralize the oxidative stress and thereby protect cells from oxidative damage [130],
[131]. More than 90% of cellular oxygen is consumed within mitochondria, making mitochondria
the main contributor of ROS and mitochondrial proteins as major and immediate targets of ROS
[64], [66], [117]. ROS generated in mitochondria has been implicated in multiple signaling
pathways ranging from apoptosis, tumor survival to turnover of mitochondria also known as
autophagy. Increasing evidence suggests that ROS is also essential for several biological processes

such as growth and development [74], [76]. Sulfur containing amino acids methionine and cysteine
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are easily susceptible to oxidation thereby placing the cell on alert. This mechanism plays an
important role in regulating protein function and redox signaling. Like cysteine, hydrophobic
methionine is also capable of getting oxidized to create a hydrophilic environment within its
proximity with an increased affinity for hydrogen bonding. Hydrogen bonding causes a
conformational change in the proteins. The reversibility of the oxidation status of Cys and Met
amino acids in a protein transforms these amino acids into powerful regulators of the proteins
function in which they reside and also regulate the interaction of the protein with its partners [118].
Interestingly, yeast Mgel harbors only one methionine and this is present in the helical region of
the protein. Substitution of methionine to leucine renders the Mgel protein resistant to oxidation
and is also sufficient to stabilize the dimer formation and interaction with Hsp70 both in vitro and

in vivo from oxidative stress.

Mgel mediated ADP release is the rate limiting step in the exchange of ADP for ATP by Hsp70.
Presence of Mgel increases this nucleotide exchange activity of Hsp70 by 5000 fold [132]. The
Mgel dimer has two long a-helices, a four-helix bundle and six B-strands. The a-helical bundles
are essential for dimer formation besides providing a surface for Mgel-Hsp70 interaction [133].
The amino acids present on the exterior surface of the four a-helical bundles are uniquely exposed
to high solvent content [114]. Impaired Mgel dimer formation and failure to interact with Hps70
contributes to the lowered efficiency of Hsp70 [134]. Intriguingly, the Met155 resides in this four
a-helical bundle motif. Our in vitro results have shown that oxidation of Met155 decreases
interaction of Mgel with Hsp70 and decreases Hsp70 ATPase activity (Fig. 2.6B). Hence, we
think that four a-helical region is crucial for oxidation sensor activities of Mgel for regulating

Hsp70 function.
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Methionine sulfoxide reductases are important regulators of oxidative stress. Oxidation of
methionines in proteins alerts these reductases to reduce the oxidized proteins and thereby protect
the function of proteins and the cell from oxidative damage. Although mitochondrial proteins have
been known to be major targets of ROS, yet there have been no reports on the functional regulation
of these proteins by methionine oxidation. The current study underscores the importance of the
mitochondrial localized MXR2 as yeast cells devoid of MXR2 are sensitive to H2O> stress. In
yeast, deletion of cytosolic localized MXR1 also causes the dysfunctional mitochondria [91].
Yeast deleted for MXR1 is only sensitive to H20 at higher concentrations whereas deletion of
MXR2 results in increased sensitivity even at low concentration (Fig. 2.1A). Intriguingly, yeast
having double deletion of MXR1 and MXR2 are much more sensitive to H>O> than yeast harboring
only MXR2 deletion (Fig. 2.1C). We suspect that Mxr1 might be having a role in regulating the
cytosolic redox balance and thereby indirectly affects mitochondrial function. The isoforms of
reductases have increased with evolution underlining their increased requirement. In higher
eukaryotes, both Mxr1 and Mxr2 isoforms are present in the mitochondria indicating the presence
of multiple substrates and increased complexity in regulation of redox homeostasis. HGrpEL1, the
human homologue of Mgel is similarly sensitive to H2O,. To our knowledge, Mgel will be the
first in vivo substrate of mitochondrial Mxrs. We have also shown that the function of Mgel is
reversibly regulated by oxidation / reduction status of its methionine residue present in the four a-

helical bundle motif (Fig 2.4 and 2.5).

Hsp70 complex (DnaK70-Dnal-GrpE, prokaryotic homologs) laterally with GroEl/GroEs
chaperonins increases the efficiency of protein folding and prevents misfolded proteins which
leads to aggregation [104], [113]. Whereas Prokaryotic chaperone ClpB in association with DnakK,

the prokaryotic homologue of Hsp70 binds large aggregated proteins and dissociates them into
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smaller aggregates or individual proteins. The small aggregates are further dissolved by former
system. In addition to protein folding, dissociation of the aggregated protein requires energy in the
form of ATP as Hsp70 system and the other components of the chaperone system are otherwise in
the switch off mode [12], [135]-[137]. In the absence of Mxr2, the oxidative resistant mutant of
Mgel (M155L) stalls protein aggregation to a certain extent in presence of energy (Fig. 2.9). These
results lend further support to our conclusion that oxidation of Met155 in Mgel causes loss of
function of the Mgel-Hsp70 complex and this is manifested as an oxidative sensitive phenotype
in the mxr2A strain that has wild type Mgel in presence of H20». The substitution of methionine
to leucine at position 155 in Mgel is a gain of function mutation as it is able to protect yeast cells

deleted for mxr2A from oxidative stress to a certain level.

As Mgel has multi-functional roles, it is important that small perturbation in ROS levels should
not alter the functions of Mgel. Most likely, the cell employs Mxr2 to reduce any oxidized Mgel
so that Mgel dependent pathways operate smoothly and continuously. The cell may be utilizing
the reversible modification of the methionine residues in such proteins to revert to normalcy
rapidly once the duress is released. It is possible that such a mechanism operates during heat, cold
and other stresses besides oxidative stress that has been described here. Thus, the oxidative stress
response pathway mediated by Mgel and Mxr2 will eventually help in identifying additional
components involved in redox biology and in developing therapeutics for oxidative stress mediated

diseases.
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3.1 Introduction

ROS is an important signaling molecule for various cellular functions such as redox regulation of
several transcription factors, kinases and enzymes [138], [139]. However, enhanced levels of ROS
can damage most of biomolecules and hence cell employs several detoxification mechanisms to
maintain optimal levels of ROS [75]. ROS imbalance is a factor for myriad of several diseases
including metabolic and neurodegenerative disorders. Biomolecular aging was possibly due to
buildup of both reversible and irreversibly oxidatively damaged macromolecule aggregates.
Destabilization of redox mechanism is the hallmark of various diseases due to change in either
cellular signaling or loss of protein activity [140], [141]. Protein reversible oxidative modification
can occur only at cysteine and methionine amino acids. Oxidation of cysteine forms reversible
cystine (disulfide bonds) in proteins and these oxidized forms are further reduced by antioxidant
enzymes like glutaredoxins, thioredoxin and peroxiredoxins [142]. Methionine upon oxidation
forms reversible diastreomeric methionine sulfoxide (Met-S-SO or Met-R-SO) and these oxidized
methionines are specifically reduced by methionine sulfoxide reductase MsrA or MsrB
respectively in a thioredoxin dependent mechanism. Methionine in proteins not only acts as
antioxidants but also regulates several proteins that undergo Met-SO dependent structural
destabilization. Recent studies predict that methionine could act like a protein phosphorylation in
cellular signaling and thereby controls several protein functions. Deletion of Msrs known to
increase the ROS levels and that has been implicated in several diseases including diabetes,

neurodegeneration, and aging [143], [144].

Chaperons play an important role in mitochondrial biogenesis through efficient protein
translocation, assembly, iron-sulfur cluster formation and protein homeostasis. Indispensable
Hsp70 chaperone system consists of highly conserved components (DnaK/Dnal or J-
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complex/GrpE proteins) involved in mitochondrial proteostasis like protein import and folding,
disaggregation or degradation of proteins, Fe/S cluster biogenesis, and mtDNA maintenance.
Mgel, a homologue of E.coli GrpE, in its dimeric form interacts with Hsp70-ADP complex and
facilitate the release of ADP and binding of ATP to initiate another round of Hsp70 cycle.
Consequently, Mgel enhances the Hsp70 ATPase cycle by 5000 fold [111], [145]. Mgel/GrpE
has been identified till date as the only component of Hsp70 system that can undergo early stress
dependent structural transition and regulates Hsp70 chaperone efficacy [126]. Oxidative stress is
known to change the ratio between active dimeric Mgel to inactive monomer. We have shown
earlier that lone conserved methionine at 155th position in Mgel responds to oxidative stress.
Further, we have shown that mitochondrial localized methionine sulfoxide reductase 2 reversibly
regulates Mgel by selectively reducing the Met155-SO and restores the activity of Mgel and
thereby regulate the Hsp70 ATPase cycle through redox switch [103], [146]. GrpEL1 a
mammalian homolog of yeast Mgel, also known to display structural destabilization in response
to oxidative stress in vitro. However, it is difficult to assess whether the Mgel mediated redox
regulation of Hsp70 function is evolutionarily conserved in mammals as mammalian mitochondria
contain two isoforms of GrpE (GrpEL1 and GrpEL2). GrpEL1 is the major isoform and expressed
across all tissues [147], [148]. However, GrpEL1 contains cysteines and two methionine residues
while it counterpart yeast Mgel lacks cysteines and contain only one methionine. Further,
mammalian mitochondria contains three Msrs that can reduce both R (MsrB2 and MsrB3) and S
type sulfoxide epimer (MsrA) while yeast mitochondria contain only R type Msr [92], [149], [150].
Although, MsrB specifically reduces the Met-SO of yeast Mgel, our study does not preclude the

formation of only R type sulfoxide upon oxidation.
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In this chapter we show that the methionine residues in GrpEL1 are oxidized upon exposure to
H20,. However, the conserved oxidized methionine at 146 is specifically reduced by R type of
methionine sulfoxide reductase in vitro. Using yeast heterologous system we show that human
GrpEL1 (hGrpEL1) and human R type Msr complements deletion yeast Mgel or Mxr2
respectively. Yeast cells expressing human GrpEL1-M146L mutant conferred better growth
kinetics than yeast strain expressing wild type hGrpEL1 under oxidative stress. This chapter
reinforces the role of Mgel and R type Msrs in redox regulation and evolutionarily conserved role

of Mgel/GrpE in mitochondrial oxidative stress response pathway.
3.2 Methodology

3.2.1 Plasmid construction

Plasmids and primers used in this chapter were listed in Table 3.1 and 3.2 respectively. Plasmids
MSRA, MSRB2, MSRB3 were purchased from DNASU plasmid repository. MSRA gene
amplified with primers MSRA_Fwdl (5°-CCCA GAATTC ACC ATG GCT GTA TTT GGA
ATG -3") and MSRA Revl (5-CCCCCTCGAGTTT TTT AAT ACC CAC TGG GCA -3") and
cloned in pET28a" vector to generate pNB638, MSRB2 and MSRB3 amplified with following
primers MSRB2_Fwd?2 (5'- AAAA CCATG GCG CGG CTC CTC TGG -3%), MSRB2_Rev2 (5'-
AAAA GGATCC ACC ATG GCG CGG CTC CTC TGG -3%), and MSRB3_Fwd3 ('5- AAAA
CCATG GGC TCT GCA TTC AAC CTG CTG -3°), MSRB3_Rev3 (5'- CCCC AAG CTT CTC
CGCTTT GTC TGC CTG -3') to generate pET28a" clones pNB640 and pNB648 containing genes
MSRB2 and MSRB3 respectively. For in vivo expression in yeast, mammalian Msr genes were
subcloned into pTEF-URA vector to the downstream of SU9 MTS and with C-terminal FLAG

epitope. SU9 MTS was cloned into pTEF-URA vector using primers Su9-Fwd4 (5° AACC
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ACTAGT ACC ATG GCC TCC ACT CGT GTC3’) and Su9-Rev4 (5° AAAA GGATCC GGA
AGA GTA GGC GCG CTT 3) with restriction sites Spel-BamHI to create pNB543. MSRA and
MSRB3 are amplified with primers MSRA-Fwd5 (5"-CCCA GGATCC ATG GCT GTA TTT
GGA ATG -3") and MSRA-Rev (5- CCCC AAG CTT TTT TTT AAT ACC CAC TGG -3") and
MSRB3-Fwd7 (5-AAAA GGATCC ACCATG TCT GCATTC AACCTG -3) and MSRB3-Rev3
with restriction sites BamHI-Hindlll to generate pNB639 and pNB643 containing MSRA and
MSRB3 respectively. Since MSRB2 contain internal BamHI site we amplified full length gene
with primers MSRB2-Fwd2 and MSRB2-Rev2. Amplified gene was digested with Ncol-HindllI
and cloned into Spel-HindllI predigested plasmid pNB475 to express MSRB2 full length protein
with FLAG epitope. Similarly GRPEL1 wt and GRPEL1 M146L were subcloned from pET28a"
into pTEF LEU plasmid with Su9 MTS for yeast expression. Pet28a™ plasmid pNB555 harboring
GRPEL1-M146L was created by site-directed mutagenesis of GRPEL1 in pNB243 using primers
GRPEL1 Fwd (5 GGG CTG GTC CTG ACT GAAGTC 3") and GRPEL1 Rev (5'-GACTTC

AGT CAG GAC CAG CCC -3).

3.2.2 Protein expression and purification

Plasmids containing His-MSRA, His-MSRB2, His-MSRB3 and His-MRP6 genes were
transformed into E. coli BL21 (DE3) Codon Plus (RIL) cells. Protein expression was induced with
1 mM IPTG and soluble proteins were further purified by using Ni-NTA talon affinity resin (GE
Healthcare). Purified proteins were dialyzed in phosphate buffered saline (PBS) pH 7.2 with 5 mM
B-ME. Similarly hGrpEL1 wild type protein was expressed, purified and dialyzed in PBS. MXR1
gene without His tag in pET28a" vector was induced with 1 mM IPTG and supernatant fractions

containing protein was collected and dialyzed against PBS.

3.2.3 Yeast strain construction
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Yeast strains used in this chapter were listed in table 3.3. Yeast strain yNB65 [103] with MGE1
chromosomal copy deleted and expressing MGE1 from plasmid pTEF URA 2p was used to
generate haploid hGRPEL1 expressing yeast strain. Briefly yNB65 transformed with hGRPEL1
pTEF Leu (pNB598) and transformants were treated with 5-FOA. Yeast colonies survived upon
5-FOA treatment were screened for MGE1 deletion by plating on SC-URA plates. These strains
were further confirmed the deletion of MGE1 by immunoblot analysis. To construct hGRPEL1
WT and mutant hGRPEL1-M146L in mxr2A background strain, we used yNB126 which has
deletion of MXR2 and MGE1 chromosomal copy. However the deletion of essential MGE1 gene
was complemented with exogenous plasmid pTEF URA 2y MGEL. Plasmids pNB598 and
pNB605 were transformed into yNB126 and treated with 5-FOA. Colonies selected and screened
as mentioned above to generate yNB140 and yNB141 respectively expressing hGrpEI1 wt and
mutant. To construct yeast strains expressing human mitochondrial Msr genes, we used MXR2
deletion strain yNB117. Msr genes containing plasmids pNB639, pNB641 and pNB643 were
transformed into yNB117 and selected on SC-URA plates to generate yNB144, yNB145 and

yNB146. Expression of respective genes was confirmed by immunoblot with FLAG antibody.

3.2.4 Yeast media and growth assay

Standard conditions were used for culturing and maintaining of yeast strains. To remove URA3
plasmid, yeast strains were plated on SC medium (0.67% SC-URA, 2% dextrose, 50 pg/ml uracil,
2% agar and 0.1% 5-FOA) containing 5-FOA. For performing growth assay, yeast strains were
freshly streaked on YPD plates and the resultant colonies were grown in YPD medium overnight.
These cultures were normalized to ODsoo 1.0 and 10 fold serial diluted cultures were spotted 5 pl
on YPD plates with or without 1 mM H20.. Images were taken after 2 days incubation of these

plates at 30°C. Spotting assay was performed on nonfermentable carbon source YPGE (1% yeast

88



extract. 2% peptone, 3% glycerol and 2% ethanol) plates and incubated for 3-4 days at 30°C.
Growth curve experiments were performed in liquid YPD/YPGE medium treated with or without

1 mM H20..

3.2.5 In vitro interaction assay

Mxr1 bacterial lysate, Flag-MsrA, Flag-MsrB2, Flag-MsrB3, Flag-Mxr2 mitochondrial lysate and
Flag-Mxrl cytosol lysate were used for in vitro interaction studies. His-hGrpEL1 or His-Mrp6
proteins were treated with H>O2 and incubated with NI-NTA pre-cleared lysate expressing
different Msr proteins. His tag affinity pull-down was performed and Ni-NTA beads were washed
3X times with 10 mM imidazole buffer. The beads were collected and separated by SDS-PAGE

followed by coomassie stain or immunoblot analysis.

3.2.6 In vitro Mxr2 enzymatic assay and reduction of oxidized hGrpEL1

All Active methionine sulfoxide reductase proteins were used for reducing oxidized hGrpEL1.
Msr enzyme activity was determined by the protein mobility shift assay of methionine rich proteins
(MRP6) on SDS-PAGE. H,0; treated MRP6 runs slower that reduced MRP6 due to oxidation of
methionine’s [151]. To determine the MSR activity, 20 pg of oxidized MRP6 protein was
incubated with 10 pg of different Msr proteins in a reaction buffer (50 mM sodium phosphate, 50
mM sodium chloride, 10 mM DTT) [93]. The reaction was incubated at 30°C for 1 hr and proteins
separated by SDS-PAGE followed by coomassie stain. Oxidized hGrpEL1 was incubated with
different Msrs proteins in reaction buffer and separated by SDS-PAGE followed by mass

spectrometry analysis.

3.2.7 Hsp70 ATPase assay
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ATPase activity assay was performed as described in previous chapter with minor modifications.
For hGrpEL1 complementation on yHsp70 ATPase activity, equivalent amounts of either Mgel
or hGrpEL1 proteins that were treated with or without H2O> were added to the buffer (50 mM
HEPES/ KOH, pH 7.2, 5 mM MgCI2, and 100 mM KCI) containing 2 pg of yHsp70 and 0.05 mM
[y- 2P] ATP (3000 Ci/mmol). The amount of radioactive inorganic phosphate (pi) released after 5
mins was measured in a scintillation counter. The histogram was plotted from three independent
experiments. Reduction of oxidized hGrpEL1 by Msr proteins was performed with His-hGrpEL1
treated with 5 mM H20: for 2 hours and incubated with or without 5 g of different Msr proteins

in presence of 10 mM DTT for 30 min before using it for Hsp70 ATPase activity assay.
3.2.8 Mitochondria isolation

Mitochondria isolation was performed as described chapter 2. Briefly yeast strains expressing
Flag-MsrB2, Flag-MsrB3 and Flag-MsrA were grown overnight in 2% Lactate medium. Cells
were centrifuged at 5000 rpm and washed with 100 mM Tris-SO4 pH 9.4 followed by lysis with
Iyticase (Sigma- L2524) in 1.2 M sorbitol and 20 mM phosphate buffer pH 7.0. After 50 % lysis,
cell were homogenized in SEM buffer (250 mM Sucrose, 1 mM EDTA, 10 mM MOPS) and
centrifuged at 3500 rpm. The resultant supernatant was collected and centrifuged at 10000 rpm.
The resultant mitochondrial pellet was suspended in SEM and stored at -80°C. Preparation of
cytosol fraction from Flag-Mxrl yeast strains was performed by the similar procedure and

collected the post-mitochondrial fraction and stored at -20°C.
3.2.9 MALDI studies
H20> treated hGrpEL1 was incubated with the individual Msr proteins in a reaction buffer. The

sample was incubated for 2 hrs followed by separation of proteins on SDS-PAGE. The proteins
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excised from gel and digested with trypsin followed by mass spectrometric analysis. Relative

levels of peptides of interest (listed in table 3.4) were quantified and plotted.

Tables

Table 3.1 Primers used in this chapter

Name Oligonucleotide Sequence
MSRA_Fwdl | 5-CCCA GAATTC ACC ATG GCT GTATTT GGA ATG -3
MSRA Revl |5-CCCCCTCGAGTTTTTT AAT ACC CAC TGG GCA -3
MSRB2_Fwd2 | 5- AAAA CCATG GCG CGG CTC CTC TGG -3
MSRB2_Rev2 | 5- AAAA GGATCC ACC ATG GCG CGG CTCCTC TGG -3°
MSRB3_Fwd3 | 5°- AAAA CCATG GGC TCT GCATTC AAC CTG CTG -3°
MSRB3_Rev3 | 5- CCCCAAGCTTCTCCGCTTT GTC TGC CTG -3
Su9-Fwd4 5 AACC ACTAGT ACC ATG GCC TCC ACT CGT GTC3®
Su9-Rev4 5° AAAA GGATCC GGA AGAGTAGGC GCGCTT &
MSRA-Fwd5 | 5-CCCA GGATCC ATG GCT GTATTT GGA ATG -3
MSRA-Rev6 | 5-CCCCAAGCTTTTT TTT AAT ACC CAC TGG -3'
MSRB3-Fwd7 | 5-AAAA GGATCC ACC ATG TCT GCATTC AAC CTG -3
GrpEL1_Fwd |5 GGG CTG GTC CTG ACT GAAGTC 3°
GrpEL1 _Rev |5-GAC TTC AGT CAG GAC CAG CCC -3

Table 3.2 Plasmids used in this chapter

Name Description Reference
NB45 pTEF-MGEL1, 2y, URA 103
NB243 | pET28a" GRPEL1 103
NB555 | pET28a" GRPEL1 M146L This study
NB638 | pET28a" MSRA This study
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NB640 | pET28a" MSRB2 This study
NB648 | pET28a" MSRB3 This study
NB598 | pTEF- SU9-GRPELL, 2, LEU This study
NB605 | pTEF- SU9-GRPEL1 M146L, 2u, LEU This study
NB639 | pTEF-SU9-MSRA-FLAG, 2, URA This study
NB645 | pTEF- MSRB2-FLAG, 2, URA This study
NB641 | pTEF- SU9-MSRB3-FLAG, 24, URA This study
NB478 | pTEF- MXR1-FLAG, 2y, URA This study
NB483 | pET28a" MXR1 (without His tag) This study

Table 3.3 Yeast strains used in this chapter

Strain Genotype Resource
BY4741 | MATa, his3A 1, leu2A 0, metl5A 0, ura3A 0 In House
yNB65 | Mat a, hisAl, leu2A0, lys2A0, ura3A0, YOR232w::KANMX4, 103
pTEF-2u-URA MGE1

yNB117 | Mat a, his3A, leu2A0, lys2A0, ura3A0, YCL033c::KANMX4 Euroscarf

yNB124 | Mat A, his3Al, leu2A0, lys2A0, ura3A0, YCL033c::KANMX4, 146
pTEF-2u-URA MXR2-FLAG

yNB138 | Mat a, hisA1, leu2A0, lys2A0, ura3A0, YOR232w::KANMX4, | This study
pTEF-2u-LEU SU9-hGRPEL1

yNB140 | Mat a, his3A1, leu2A0, lys2A0, ura3A0, YCL033c::KANMX4, | This study
YOR232w::KANMX4, pTEF- hGRPEL1, 2, LEU

yNB141 | Mat a, his3A1, leu2A0, lys2A0, ura3A0, YCL033¢c::KANMX4, | This study
YOR232w::KANMX4, pTEF- M146L hGRPEL1, 2u, LEU

yNB145 | Mat A, his3Al, leu2A0, lys2A0, ura3A0, YCL033c::KANMX4, | This study
pTEF-2u-URA SU9-MSRA-FLAG

yNB146 | Mat A, his3A1, leu2A0, lys2A0, ura3A0, YCL033c::KANMX4, | This study
pTEF-2u-URA SU9-MSRB3-FLAG

yNB147 | Mat A, his3A1, leu2A0, lys2A0, ura3A0, YCL033c::KANMX4, | This study
pTEF-2u-URA SU9-MSRB2-FLAG
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Table 3.4 Peptides generated from GrpEL1 after digestion with trypsin enzyme

Peptide Mass (m/z) hGRPEIF;;SiEQr:)ino acid Amino acid sequence
2015.9497 148-164 FDPYEHEALFHTPVEGK
1793.7606 13-28 NSGQNLEEDMGQSEQK
1764.200 117-131 NLYEGLVMTEVQIQK
1243.6780 88-98 DLLEVADVLEK
1152.7463 183-193 TLRPALVGVVK
1042.5390 79-87 LYGIQAFCK

1002.5214 59-67 ALADTENLR

1000.5673 165-174 EPGTVALVSK

838.4053 110-116 DDNPHLK

828.4097 29-36 ADPPATEK

759.4247 45-50 LEEQLK

749.4226 4-10 LLCTATK

746.3865 99-105 ATQCVPK

732.4138 37-42 TLLEEK

698.4195 141-147 LNPVGAK

688.3875 73-78 LVEEAK

605.3141 51-55 ETVEK

567.3613 136-140 HGLLK

518.2820 106-109 EEIK




3.3 Results

3.3.1 Human GrpELL1 is sensitive to H202 and methionine oxidation alters the ATPase

stimulating activity on Hsp70

Mgel is known to be oxidized at conserved Met155 amino acid both in vitro and in vivo upon
exposure to oxidative stress. Human GrpEL1 contains methionine residue at 44th and 146th
position and the later one is analogous to Mgel Met155. To test whether hGrpELL1 is oxidized
like Mgel, purified recombinant hGrpEL1 was treated without or with H2O> as described in the
methods and separated on SDS-PAGE, coomassie stained and trypsin digested followed by
MALDI-TOF-MS/MS analysis (Fig. 3.1A and B, Table 3.4). In the absence of H.O> treatment, we
observed a peptide mass 1764 Da that represents the Met146 containing peptide (Fig.3.1C).
However, an increase in 16 Da in Met146 peptide (1780 Da) was observed from the MALDI
spectrum obtained from H,O> treated hGrpELL1 (Fig. 3.1D). We further analyzed these peptides by
MS/MS and confirmed that Met is getting modified to Met SO attaining a mass by 16 Da with
H20, treatment (Fig. 3.1E and F). The other Met44 present at N terminus is also getting modified
in presence of H>O> (Fig. 3.1G and H). We hypothesize that modification of Met44 may not
destabilize the structure as this domain present in the unstructured region (Fig. 3.11). We have
shown earlier that hGrpEL1 responds to H2O. treatment by dissociation of dimeric form to
monomer. Next, we investigated whether Met-SO formation in hGrpEL1 could alter ATPase

activity of Hsp70. We performed a steady state ATPase activity of purified His-Sscl (His-
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Figure 3.1 Met146 in hGrpEL1 is susceptible for oxidation and oxidized hGrpEL1 is inactive

Recombinant purified human His-GrpEL1 protein was treated with or without H.O> and separated on SDS-
PAGE followed by coomassie staining. The protein band was excised from the gel and trypsin digested
peptides were analyzed by MALDI-TOF/MS/MS. Complete MALDI-TOF spectrum of untreated (A) and
H,O, treated (B) hGrpEL1 protein. From the MALDI spectra percentage of interested ion was calculated
against highest ion species of the spectrum. (C) Metl146 oxidation status from untreated hGrpEL1 (D)
Met146 oxidation status from H,O, treated hGrpEL1. (E) Peptide 1764 Da from Spectrum A was further
sequenced and analyzed by MS/MS. (F) peptide 1780 Da from Spectrum B was sequence and analyzed the
oxidation of Met by MS/MS. Met44 oxidation status was analyzed by MALDI spectrum (G) untreated
hGrpEL1 (H) H20; treated hGrpEL1. (1) I-TASSER hGrpEL1 structure and space fill molecules represents
methionines region. (J) ATPase activity was performed as indicated in the material and methods. Bar graphs
show means of three independent experiments SD+ 0.001 of radioactive 2P counts measured using

scintillation counter.

mtHsp70) in the presence of Mgel or hGrpEL1 with or without H20- treatment as described in the
methods. In the absence of GrpE proteins the rate of Hsp70 mediated ATP hydrolysis is low as
expected. In the presence of Mgel or hGrpEL1 the ATPase activity of Hsp70 is enhanced by
several folds. However, the ATPase activity of Hsp70 is completely reduced when Mgel or
hGrpEL1 were treated with H20> prior to the assay (Fig. 3.1J). These results support the notion
that Mgel/hGrpELL1 protein in eukaryotes probably regulates the Hsp70 chaperone system through

oxidative modification.
3.3.2 Human GrpEL1 complements the deletion of yeast Mgel

To test whether oxidation of hGrpEL1 regulates the Hsp70 chaperone system in vivo, we used
yeast Saccharomyces cerevisiae as a model system. Mgel is an essential protein and yeast Mgel
was shown to be complements the deletion of E. coli GrpE [152], [153]. However, there are no
reports about the human GrpE or other higher eukaryotic homologues can complement the deletion

of yeast Mgel. We generated the yeast strain that exclusively carrying the hGrpEL1 plasmid by

98



plasmid shuffling in mgelA background as described in the methods. Further, western analysis
show that the expression of hGrpE while the absence of yeast Mgel in cell lysates obtained from
the yeast strain carrying the hGrpEL1 plasmid (Fig 3.2A). These results suggest that hGrpEL1 able
to complement the deletion of essential yeast Mgel. We further analyzed the growth phenotypes
of cells expressing hGrpEL1 and compared with cells expressing yeast Mgel in presence or
absence of H,O». Yeast strain expressing hGrpEL1 able to grow normally on YPD and YPGE
plates like that of wt Mgel at 30° C in absence of H.O> (Fig. 3.2B &D). However, both the wt
Mgel and Wt hGrpEL1 expressing strains show similar slow growth phenotype on H20:
supplemented YPD plates (Fig.3.2C). These results suggests that the conserved role for hGrpEL1

under oxidative conditions.

Fig. 3.2
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Figure 3.2 HGrpEL1 complements deletion of essential yeast MGEL1 function

HGrpEL1 expressing yeast strain in the background of yeast MGE1 deletion was carried out as described
in the Methods. (A) After 5-FOA treatment, yeast cells selected on SC-URA and the interested colonies
were further performed immunoblot with Mgel and hGrpELL. (B-D) Growth phenotype of yeast strain
expressing hGrpEL1 was compared with strain over-expressing WT Mgel and parent BY4741 strain.
Overnight grown cultures in YPD were normalized to ODsgg 0.5 and 10 pl of each dilution was spotted on
different plates. Plates incubated at respective temperatures for 2 days (YPD) or 4 days (YPGE). (B) YPD

plates at 30°C, (C) YPD plates with 1 mM H.O;and (D) YPGE at 30°C.

3.3.3 Mammalian Methionine R sulfoxide complements yeast mxr2 deletion and interacts

with oxidized hGrpEL1

Since hGrpEL1 is sensitive to oxidative stress both in vitro and in vivo, we intend to test whether
it is undergoing reversible Met-SO modifications as Mgel. Mammalian mitochondria contain
three methionine sulfoxide reductases that include both R type (MsrB2 and MsrB3) and S (MsrA)
type of sulfoxide reductase. Oxidation of Methionine known to form two enantiomers (Met-R-SO
or Met-S-SO) and, some of the protein bound Met-SO are known to be specifically reduced by
either of Msr enzymes [96], [154]. Previous reports shown that yeast mitochondria contain only R

type Msr and it can only reduce Met-R-SO [90], [91].

Initially, we intend to analyze the role of multiple mammalian Msr genes in oxidative stress using
yeast system. We constructed the yeast strains that expressing human Flag-MsrA, Flag-MsrB2 and
Flag-MsrB3 in mxr2A background as described in the methods. We analyzed the growth
phenotypes of Flag-Msr expressing strains with WT carrying vector alone (By4741/vc) and mxr2A
strain that ectopically expressing Flag-Mxr2 on YPD plates in the presence or absence of H.Ox.

All the strains grow normally on YPD plates in the absence of H.O». However, in the presence of
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Fig. 3.3
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Figure 3.3 Mammalian MsrB complements yeast mxr2A

(A) Generation of mammalian MSR genes in the background in mxr2A and yeast 24 MXR2 in mxr2A was
carried out as described in the Methods. These strains were grown overnight in SC-URA medium and
performed serial dilution assay as described in material and methods on SC-URA plates with or without
H,O,. (B-D) Yeast strains expressing different human MSR genes were subjected to subcellular
fractionation. Total cell lysate, cytosol and mitochondrial fractions were separated on SDS-PAGE and
probed with antibodies specific to cytosolic (Pgkl) and mitochondria (Acol) (B) MsrA, (C) MsrB2 and (D)
MsrBa3.

H20>, the growth of the strains expressing mammalian Met-R-SO reducing enzymes MsrB2,
MsrB3 and yeast Mxr2 able to grow similar to the WT strain (Fig.3.3A). But the strain expressing

101



mammalian MsrA is unable to complement H20: sensitive phenotype of mxr2A. These results
suggest that only mammalian Met-R-SO reducing enzymes efficiently complement the mxr2
deletion. To further confirm the mitochondrial localization of these Msrs, subcellular fractionation
of yeast strains expressing different Flag-Msr was carried out and the fractions were probed with
antibodies specific to the mitochondria fraction (Tom40) and cytosolic faction (Glycerol kinase)
along with Flag. As shown in the Figure 3, Flag-Msr proteins are enriched in the mitochondrial
fraction like Tom40 (Fig. 3.3B, C &D). These results suggest that MsrB proteins are efficiently

targeted to the mitochondria and able to complement yeast Mxr2.

Since oxidation of methionine can form R or S type of enantiomers or both enantiomers in proteins
[150], we intend to analyze the type of Met-SO formation upon oxidation of hGrpEL1 by
examining the interaction of Flag-Msr proteins towards hGrpEL1 Met-SO. We performed an in
vitro Ni-NTA pull down assay to show the specificity of Msr interaction with oxidized hGrpEL1.
The cell lysates expressing Flag-Msrs proteins were passed through the Ni-NTA bound oxidized
or unoxidized recombinant purified hGrpEL1 and bound proteins were eluted and analyzed by
western immunoblot as described in the methods. No Msr protein is present in the eluate when
unoxidized hGrpEL1was used as bait. However, Flag-MsrB2 and Flag-MsrB3 but not Flag-MsrA
proteins are present in the eluates when oxidized hGrpEL1 was used as bait (Fig. 3.4A, B &C).
We further analyzed the specificity of Met-R-SO reducing enzymes interaction with oxidized
hGrpEL1. We used yeast cells expressing either Flag-Mxr2 or Flag Mxrl as prey. Unoxidized
hGrpELL1 is incompetent to interact with yeast Mxr2 while oxidized hGrpEL1 specifically interacts
with yMxr2 (Fig. 3.4D). However, yeast Mxr1 fails to interact with either oxidized or unoxidized
hGrpEL1 (Fig.3.4E). However, when we performed pull down assay with MRP6 a known MsrA

substrate, we find a specific interaction of MsrA protein with oxidized MRP6 (Fig. 3.4F). These
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results suggest that R epimer reducing Msrs able to interact with oxidized hGrpEL1 and GrpE

protein might be forming Met-R-SO upon oxidation at conserved Met146 region.

Fig. 3.4
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Figure 3.4 Oxidation dependent interaction of HGrpEL1 with methionine sulfoxide reductases

Purified hGrpEL1 protein was pretreated with H.O, for 2 hr and used for studying in vitro interaction with
different Msr’s. Mitochondrial lysate isolated from the strains expressing Flag-Mxr2, Flag-MsrA and Flag-
MsrB and cytosolic extract isolated from the strain expression Flag-Mxr1 were mixed and incubated with
oxidized or unoxidized hGrpEL1 protein for 1 hr and pass it through the Ni-NTA column. Bound proteins
to the beads were eluted and separated on SDS-PAGE followed by probing with antibodies specific to
FLAG and hGrpELL1 antibodies. Interaction assay was performed with (A) Flag-MsrB2, (B) Flag-MsrB3,
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(C) Flag-MsrA, (D) Flag-Mxr2 and (E) Flag-Mxr1. (F) MsrA specificity was assayed by treating His-Mrp6
protein with or without H.O, followed by Ni-NTA pull-down with extract containing Flag-MsrA as
described in material and methods.

3.3.4 Reduction of hGrpEL1-Met SO at Met146 by R type enzymes

So far our result suggests that methionine sulfoxide R reductases are predominantly interacts with
oxidized hGrpEL1/Mgel while Met-S-SO reducing enzymes failed to interact. To further support
our assumption, the recombinant hGrpEL1 protein was treated with H>O> and subjected to
MALDI/TOF/MS/MS analysis as described in the methods. In another case the oxidized hGrpEL1
protein was incubated with Msr enzymes prior to MALDI/TOF/MS/MS analysis. All active
enzymes were used for reduction of oxidized GrpEL1. Msrs enzyme activity was tested using
MRP6 based reduction assay as described in material and methods (Fig 3.5 A, B & C). Most of
recombinant hGrpEL1 protein is oxidized with H20- treatment as we observed a peptide peak 1780
Da that corresponds to oxidized Met146 peptide (Fig. 3.5D). Strikingly, when the oxidized
hGrpEL1 was incubated with R type of reductases (MsrB2 or MsrB3) we have observed a
prominent Met1764 Da peptide indicating that reduction of oxidized peptide (Fig. 3.5E &F).
However, when the oxidized hGrpEL1 was incubated with MsrA, the reduction reaction was not
observed and MALDI spectrum contains majorly 1780 Da peptide (Fig.3.5G). Since yeast Mxr2
is also specifically interacted with hGrpEL1, we checked whether Mxr2 protein is able to reduce
oxidized hGrpEL1. From MALDI analysis, we find that even Mxr2 specifically reduces the
hGrpEL1 Met SO probably at Met146 (Fig. 3.5H). MALDI analysis further shows the oxidation
of methionine 44 in hGrpEL1 with H.O> treatment. However, either Met R or Met S sulfoxide
reducing enzymes failed to reduce the oxidize methionine 44 in hGrpELL1 significantly (Fig. 3.5I
&J). From these studies we propose that the oxidation of Met146 probably forming Met-R-SO

enantiomer and conserved oxidative regulation by MsrB enzymes.
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Fig. 3.5
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Figure 3.5 Enzyme activities of MSRs proteins

MRP6 untreated and treated can be distinguished in SDS-PAGE by their migration (A) further reduction
with Msr proteins show different pattern of migration lower than treated Mrp6 (B). This observation was
used to distinguish the enzyme activity of different Msr proteins. MRP6 was oxidized with 10 mM H,0-
and dialyzed overnight. These oxidized proteins was incubated with different Msr proteins and SDS-PAGE

followed by coomassie staining (B & C).
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Fig. 3.5
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Fig. 3.5
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Figure 3.5 Specific reduction of oxidized hGrpEL1 protein by R type Msrs enzymes

Oxidized hGrpEIl (20 pg) protein was incubated with each Msrs proteins (MsrA, MsrB1, MsrB, yMxr2)
in a reaction buffer for 2 hours followed by separation of proteins on SDS-PAGE and coomassie stained.
hGrpEL1 proteins was excised and trypsin digested and the resulting peptides were analyzed by MALDI-
TOF/MS/MS. (D) hGrpEL1 protein reduced with DTT alone, (E & H) hGrpEL1 protein reduced with
MsrB2 (F & I) hGrpELL1 protein reduced with MsrB3 (G & J) hGrpEL1 protein reduced with Mxr2 (H)
hGrpEL1 protein reduced with MsrA. (K) Steady state ATPase activity. Hsp70 ATPase activity was
performed as mentioned in material and methods. hGrpEL1 protein was treated with or without H20- (5
mM) for 2 hours and then followed by incubation with different Msr enzymes for 1 hr. Steady state ATP
hydrolysis of Hsp70 was monitored by analyzing the released 32Pi in the presence or absence of hGrpEL1
protein that was oxidized and reduced with Msr enzymes. Bar graphs show means of three independent
experiments SD 0.0001
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Our in vitro results efficiently determine that R type of Msrs interacting with oxidized hGrpEL1
and ably reduce Met-SO at Met146. We asked the question whether the reduced hGrpELL1 able to
functionally complement the ATPase stimulating activity on yHsp70. We performed ATPase cycle
of recombinant yHsp70 by using recombinant hGrpEL1 with or without treatment with H2O> as
described in the methods. In another set, we reduced the oxidized hGrpEL1 by incubating with
different Msrs prior to performing yHsp70 ATPase activity assay. Hsp70 alone shows a low
intrinsic ATPase activity and the addition of hGrpEL1 stimulates ATPase activity of Hsp70 by
five folds while oxidized hGrpEL1 does not stimulate the activity. Incubation of oxidized
hGrpEL1 with R type of Msrs (MsrB2, MsrB3 and yMxr2) could able to restore the function
competently (Fig. 3.5K). However, pretreatment of oxidized hGrpEL1 with S epimer reducing
enzyme MsrA does not restore the ATPase stimulation activity on Hsp70. These results strongly
support that R epimer reducing enzymes play a major role in the biogenesis of hGrpEL1 during

oxidative stress.

3.3.5 Human GrpEL1 M146L functionally complements the oxidative sensitive phenotype of

MXr2A in vivo

So far our study shows that human hGrpEL1 gene complements the function of MGEL both in
vitro and in vivo. Further, hGrpEL1 mutant is resistant oxidative stress like Mgel-155L in
stimulating ATPase activity on Hsp70 in vitro. We have shown that oxidation resistant mutant
Mgel-M155L supports the growth of mxr2A under different oxidative stress conditions. To further
understand whether hGrpEL1 M146L can functionally complement the deletion of MXR2, we
generated a yeast strain that ectopically expressing either wild type hGrpEL1 or hGrpEL1 M146L

in mxr2A strain background as described in the methods and compared the growth phenotype with
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wild type BY4741 strain in presence and absence of H2O.. Yeast strains expressing wild type and
mutant hGrpEL1 grow normally in absence of H20. while hGrpEL1-M146L mutant displayed

better growth phenotype in presence of H.O> (Fig. 3.6A).

Fig. 3.6
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Figure 3.6 Yeast cells expressing human GrpEL1 M146L are resistance to oxidative stress

Yeast strains expressing WT human GrpEL1 and hGrpEL1-M146L mutant in mxr2A background were
analyzed for the tolerance of oxidative stress. BY4741 parent strain was used as a control. Overnight grown
cultures were normalized to ODggo 0.5 and spotted on YPD plated with or without H20. (A) YPD -/+ 1
mM H;O,, (B) YPGE. Liquid growth assay was performed in YPD +/- H,0- (C) and YPGE (D) by taking
OD values at different time intervals and plotted a growth curve from three independent cultures.
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Similar growth resistant phenotype of hGrpEL1 M146L was observed in YPD liquid cultures with
H20, (Fig. 3.6B). These results indicate hGrpELL1 is oxidatively sensitive in vivo and conserved
Met mutant plays a major role in protecting GrpE mediated Hsp70 chaperone functions. We have
shown earlier that mxr2A strain fails to grow on non-fermentable carbon sources while Mgel-
M155L can grow efficiently like BY4741. Similarly, we find that hGrpEL1 M146L able to grow
on non-fermentable carbon source when compared to the strain expressing WT hGrpELL in mxr2A
strain background (Fig. 3.6C &D). These results further strengthen our notion that GrpE is critical
in regulation of Hsp70 chaperone system during oxidative stress. Further, our study demonstrate

that Msrs mediated redox regulation cycle is conserved across evolution.

3.4 Discussion

Molecular Chaperones are crucial components for cellular protein homeostasis. Chaperones are
highly conserved across evolution and they comprise of distinct subunit components. Most of the
chaperones assist in protein folding by utilizing ATP as energy source [135], [155]. Certain
chaperones display stress dependent expression and also regulated by post translational
modifications. Very few chaperones have been reported to be regulated through reversible
oxidative modifications at cysteine or methionine residue. It has been shown that thermal stress
induces the expression Hsp33 gene and also regulates its activity through redox mechanism by
disulfide bond formation at zinc binding site [156], [157]. In eukaryotes redox modifications at
Cys residues of cytosolic Hsp70 and Hsp90 chaperones causes the inactivation of chaperones and
induction of unfolding protein response (UPR) [158], [159]. In addition, Met and Cys oxidation in
eye lens proteins a-Crystallins thought to be one of the major cause of eye defects (cataract) due

to loss of a-Crystallins function in protein folding [160], [161].
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Hsp70 chaperone system is also required for mitochondrial proteostasis, iron sulfur cluster
biogenesis and mtDNA maintenance. In the Hsp70 chaperone complex, GrpE is the only
component which can respond to thermal and oxidative stress. Hsp70 ATPase cycle known to
regulate through Met mediated redox modifications of Mgel [103], [146]. During oxidative stress
Met in Mgel gets oxidized and reduces the ATPase stimulating activity on Hsp70. Methionine
sulfoxide reductase 2 restores the activity of Mgel by reducing it. hGrpEL1 a mammalian
homologue of Mgel also responds to oxidative stress by dissociating dimeric form into monomer.
In this chapter, we show that hGrpEL1 modulates the ATPase activity of Hsp70 during oxidative
stress (Fig. 3.1E). Our results also display hGrpEL1 able to complement MGEL1 deletion indicating
that it is probably playing a similar role in in regulating different Hsp70 chaperones that are present
in yeast mitochondria (Fig. 3.2). Further, oxidation resistant mutant hGrpEL1-M146L is able to
rescue the growth defect of mxr2A strain in presence of H2O: indicating the conserved role of

hGrpEL1 during oxidative stress (Fig. 3.6).

Msrs act as antioxidants to regulate various biological process. These proteins preferentially show
high activity towards Met-SO in unfolded proteins. Although, Met-R-SO and Met-S-SO reducing
enzymes are present in human mitochondria there are few reports depicting the specificity of Msrs
reduction towards protein bound Met-SO. Our previous and current in vitro data suggest that
hGrpEL1/Mgel is specifically reduced by R epimer reducing enzymes. Although both
methionines in hGrpEL1 are oxidized in vitro, MsrB isoform shows high specificity towards M146
SO when compared to Met44 SO in reducing the sulfoxide. Yeast cells fails to grow in the absence
MsrB on non-fermentable carbon sources or under oxidative conditions which further signifies the
importance of R type Msrs (Fig. 3.3). We show that only R type of human Msr isoforms can

complement the loss of yMxr2 to support the mitochondrial biogenesis. Further over-expression

112



of MsrB in yeast protects the cells from aging under calorie restriction suggesting that important

collaborative role of chaperones and antioxidant proteins in mitochondria.

Mitochondria accounts for 90% of total cellular ROS. ROS in optimal level can regulate the protein
functions, however, excessive ROS can damage various biomolecules. Imbalance in ROS
production could be due to dysfunctional mitochondria or environmental factors or decreased
antioxidant capacity of cell [117], [140]. Methionine oxidation, loss of Msrs and increased
mitochondrial ROS is major cause of several neurological disorders like Parkinson’s and
Alzheimer’s disease including aging [120], [122]. We hypothesize that hGrpEL1 oxidation might
be playing a key role in Msr associated pathologies during aging due to its multifactorial role in
mitochondrial biogenesis. Age dependent accumulation of ROS or decreased antioxidant property
or altered Msrs activities could leads to increased Met-SO of hGrpEL1. Met oxidation of
Mgel/hGrpEL1 leads to defective chaperones system and protein homeostasis which may be the
reason for progress of several pathological mitochondrial associated disorders. Recent studies
suggest that mitochondrial biogenesis primarily regulated through mitochondrial protein import
machinery. Mitochondrial GrpE probably act like a redox sensor and that transduce appropriate

signals for mitochondrial protein homeostasis.
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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
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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
et al., 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
etal., 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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ABSTRACT Peptide methionine sulfoxide reductases are conserved enzymes that reduce
oxidized methionines in protein(s). Although these reductases have been implicated in sev-
eral human diseases, there is a dearth of information on the identity of their physiological
substrates. By using Saccharomyces cerevisiae as a model, we show that of the two methion-
ine sulfoxide reductases (MXR1, MXR2), deletion of mitochondrial MXR2 renders yeast cells
more sensitive to oxidative stress than the cytosolic MXR1. Our earlier studies showed that
Mge1, an evolutionarily conserved nucleotide exchange factor of Hsp70, acts as an oxidative
sensor to regulate mitochondrial Hsp70. In the present study, we show that Mxr2 regulates
Mge1 by selectively reducing MetO at position 155 and restores the activity of Mge1 both in
vitro and in vivo. Mge1 M155L mutant rescues the slow-growth phenotype and aggregation
of proteins of mxr2A strain during oxidative stress. By identifying the first mitochondrial sub-
strate for Mxrs, we add a new paradigm to the regulation of the oxidative stress response
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pathway.

INTRODUCTION

Persistent oxidative stress is responsible for several neurological
disorders, heart failure, and ageing (Finkel and Holbrook, 2000;
Orrenius et al., 2007). To combat oxidative stress, cellular systems
have evolved several antioxidant defensive mechanisms. Methion-
ine sulfoxide reductases (Msrs) are among the important regulators
of oxidative stress (Levine et al., 2000). These enzymes reduce either
free or protein-bound oxidized methionine in a thioredoxin and thi-
oredoxin reductase—dependent mechanism to prevent the accumu-
lation of oxidized proteins and amino acids. In yeast, they are three
methionine sulfoxide reductases, known as fRMsr, Mxr1/MsrA, and
Mxr2/MsrB. The first is responsible for reducing free methionine sul-
foxide (free Met-SO), and the last two are involved in the reduction
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of oxidized methionine present in proteins (Boschi-Muller et al.,
2008; Le et al., 2009). Oxidation of methionine can produce a di-
astereomeric mixture of R and S methionine sulfoxide forms. Mxr1
apparently plays a role in reducing the S form of sulfoxide, whereas
Mxr2 acts specifically on R sulfoxides. The mechanism of action of
these enzymes has been well characterized in vitro using reconstitu-
tion assays containing purified Mxrs (Boschi-Muller et al., 2008;
Tarrago et al., 2012). Homologues of Mxr proteins are present across
evolution and have been found to play an essential role in the pre-
vention of oxidative damage to proteins mediated by reactive oxy-
gen species (ROS) in bacterial, plant, and animal cells (Zhang and
Weissbach, 2008). These enzymes have been implicated in ageing
and age-related disorders such as Alzheimer and Parkinson disease,
cataract development, and insulin resistance (Gabbita et al., 1999;
Kantorow et al., 2004; Glaser et al., 2005; Styskal et al., 2013). De-
spite their clinical relevance, there is a paucity of information on the
identity of the physiological substrates of Mxrs and their regulation.
Several reports suggest NF-kBo., potassium channel, and calmodu-
lin as possible substrates of Mxrs (Ciorba et al., 1997; Midwinter
et al., 2006; Erickson et al., 2008). In a recent report, SelR, a homo-
logue of MsrB in Drosophila, was shown to reduce the oxidized R
form of methionine in actin and thereby regulate actin polymeriza-
tion (Hung et al., 2013). In mammals, MsrA has two isoforms present
in mitochondria and cytosol, whereas MsrB has multiple isoforms
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