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1.1.  Mitochondria 

 

Mitochondria are double membrane-bound organelles (mitochondrion, singular) found in 

almost all eukaryotic cells. Mitochondria are popularly known as the ‘powerhouse of the cell’ 

as their main function is to produce adenosine triphosphate (ATP) through aerobic metabolism, 

which is used as the energy source for cellular activities. Later other studies have revealed that, 

other than energy production, mitochondria play a major role in cellular signaling networks 

like calcium signaling, and apoptosis; metabolic pathways like fatty acid metabolism, amino 

acid metabolism, iron-sulfur cluster biosynthesis, and many other stress responses. 

Mitochondrial size varies from 0.5-1 µM in diameter and 0.75 to 3 µM2 in cross-section. 

Mitochondrial size and shape vary with the physiological and metabolic conditions of the cell. 

The double membrane structure of the mitochondria of the mitochondria divides it into 4 

different compartments- outer membrane (OM), intermembrane space (IMS), inner membrane 

(IM), and matrix. The outer membrane of the mitochondria is highly permeable towards low 

molecular weight molecules due to the presence of porin, which allows them for free diffusion 

into the IMS region. The IMS region is a closed lumen encircled by outer and inner membranes, 

and it contains the proteins, involved in protein transport, lipid homeostasis and apoptosis. The 

inner membrane is impenetrable and only allows proteins through the transporter complex. The 

inner membrane also carries the respiratory chain complexes for energy production. The inner 

membrane forms finger-like invaginations, known as cristae, and thus enhances the inner 

membrane surface to maximize the energy production. The matrix region is the central luminal 

region of the mitochondria which is tightly enclosed by the inner membrane and this is the site 

for most of the mitochondrial metabolic pathways like fatty acid oxidation, urea cycle, and 

citric acid cycle etc. 

Yeast mitochondria contain more than 1000 proteins among them only eight proteins are 

transcribed from mitochondrial DNA. Among those eight proteins, seven proteins are 

associated with respiratory chain complexes (Cob1 from Complex III; Cox1, Cox2, and Cox3 

from Complex IV; Atp6, Atp8, and Atp9 from Complex V) and one protein from small 

ribosomal subunit, Var1. Most of the mitochondrial proteins are encoded by nuclear DNA and 

synthesized in cytoplasmic ribosomes, so these proteins are imported within mitochondria via 

the mitochondrial protein import pathways. There are 5 different mitochondrial protein import 

pathways all of them is dependent on the translocase complex present in the outer membrane 

(TOM complex) and among them, the protein import pathway using pre-sequence is the major 
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pathway used to import mitochondrial matrix proteins and some inner membrane proteins. In 

this pathway, precursor proteins carry a presequence and are recognized by the TOM complex, 

which helps it to pass through the TIM complex (Translocase of Inner membrane). The import 

via the TIM complex is driven via the Tim23 associated import motor consisting of the PAM 

complex, HSP70 chaperone protein Ssc1, and nucleotide exchange factor Mge1. During import 

through the TIM complex, the presequence region is cleaved by mitochondrial processing 

protease (MPP), and further proteolytic processing is done by other cleaving proteases if 

needed.  

 

1.2.  Reactive Oxygen Species, Oxidative Stress and damage to 

biomolecules 

Reactive oxygen species (ROS) are highly reactive compounds generated from oxygen (O2), 

water (H2O) or hydrogen peroxide (H2O2). As most of them contain one or more free electrons 

in their outer shell, they are unstable in nature and can extract one electron form a stable 

molecule to gain stability. This makes the newly affected molecule unstable and thus starts a 

sequence of reactions and ultimately leads to cellular damage. This some of the most important 

ROS are hydroxyl radicals, singlet oxygen, superoxides, peroxides etc. Hydroxyl radicals are 

generated by the Fenton reactions between ferrous compounds and hydrogen peroxide and it is 

the most reactive ROS, which can oxidize both in organic and inorganic substrates [1,2]. The 

reduction of oxygen leads to the production of superoxides, by an enzymatic or non-enzymatic 

electron transfer reaction, which mostly occurs in mitochondria. The enzymes involved in the 

formation of superoxides are cyclooxygenase, lipooxygenase, xanthine oxidase and NADPH-

dependent oxidase [3,4]. Peroxyl radicals are generated by the protonation of superoxides and 

are involved in fatty acid oxidation [5]. Hydrogen peroxide is produced via a dismutation 

reaction carried out by superoxide dismutase. It can cross the biological membranes to cause 

oxidative damage [6]. Singlet oxygen is highly reactive and unstable form of molecular oxygen, 

a very toxic ROS molecule [7]. It is generated via the stimulation of eosinophils and neutrophils 

[8,9], catalyzed by dioxygenases lipoxygenases and lactoperoxidase [10-12]. This ROS 

molecule can do serious DNA damage and even tissue damage [9,13]. Cellular organelles 

involved in the production of ROS are mitochondria peroxisomes, endoplasmic reticulum etc. 

Mitochondria produces around 70% of the total cellular ROS during oxidative phosphorylation. 

The main sites of ROS generation in mitochondria are complex I and complex III [14].  In 

peroxisomes, β-oxidation of the fatty acids is the main source of ROS production [15].  In 
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endoplasmic reticulum, cytochrome p-450 enzymes, thiol oxidase and diamine oxidase 

produce ROS and contribute to oxidative stress [16,17].  

At a low level, ROS molecules are used in different biological functions, such as various cell-

signaling pathways, as a protective measure against pathogenic organisms, and in redox 

regulations [18,19]. But uncontrolled and high concentrations lead to oxidative stress and 

damage different biomolecules including DNA, RNA, proteins, and lipids [20-22]. ROS can 

damage DNA molecules by reacting with every constituent i.e., DNA bases, phosphate groups, 

sugar molecules etc.  Hydroxy radicals extricate the hydrogen atoms from the base and produce 

modified adducts of purine (8-hydroxy deoxy adenosine, 8-hydroxydeoxy guanosine etc.), 

pyrimidine bases (uracil glycol thymine glycol, 5-hydroxy deoxycytidine, 5-hydroxydeoxy 

uridine etc.) and sugars molecules (erythrose, glycolic acid etc.), DNA -protein crosslinks or 

even DNA breaks [23]. The level of 8-hydroxydeoxy guanosine or 8-oxo G is a biomarker to 

understand the oxidation of DNA molecules. Mitochondrial DNA is much more sensitive to 

oxidative stress because of lack of a protective membrane around it and the vicinity of the DNA 

with the site of ROS source. RNA molecules are more prone to ROS-mediated attack as they 

are single-stranded, get less protection from proteins than DNA and lacks repair mechanisms 

[24]. RNA damage has been found to be more present in different pathological conditions like 

Parkinson’s and Alzheimer’s disease, atherosclerosis etc. [25-27].  Membrane lipids and 

specifically phospholipids are more prone for oxidation by free radicals, which causes lipid 

peroxidation and leads to, the deactivation of membrane-bound proteins and reduced 

membrane fluidity [28]. At the start of lipid peroxidation one free radical extracts a hydrogen 

atom from a fatty acid’s methylene group and produces a lipid radical, which then forms lipid 

peroxyl radical using molecular oxygen. These radicals attack further lipids and start a chain 

of oxidative reactions [29]. Almost all ROS molecules can cause protein oxidation [30]. ROS 

oxidizes different amino acids in the proteins and forms different oxidized products of the 

amino acids causing protein cross-links, which ultimately results in denaturation and 

dysfunction in different enzymes like enzymes and transport receptors [31].  

Oxidative stress can be formed either due to excess production of ROS or a dysfunction in 

antioxidant pathways. Oxidative stress has been reported to cause different clinical conditions 

like cardiovascular [32], neurodegenerative [33], digestive [34] diseases, cancer [35] and even 

aging [36].  
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1.3.  Anti-oxidant defence mechanism 

To protect cellular components from such fatal oxidative insults, cells have evolved with 

diversified antioxidant mechanisms involving enzymatic and nonenzymatic techniques. 

Among different defence mechanisms, some of them directly work upon ROS molecules and 

detoxify them, while the other act upon the oxidatively damaged biomolecules specifically 

proteins, to repair them. The anti-oxidant defence mechanisms found in yeast is explained 

below-  

1.3.1.  Superoxide Dismutases- Superoxide dismutases or SODs catalyze the enzymatic 

conversion of superoxide ions to hydrogen peroxide and require metal ions in their active site 

[37,38]. S. cerevisiae contains two SOD enzymes namely Sod1, which reside in the cytosol and 

requires copper and zinc molecules in their active site whereas Sod2 has been found in the 

mitochondrial matrix which requires manganese ion [38]. A small pool of Sod1 has been also 

found in the mitochondrial IMS region, thus enabling both SODs to quench mitochondrial ROS 

[39]. Sod1 has been found to defend cells against environmental exposure to oxidants, while 

Sod2 is essential for cells to deal with ROS generated within the cellular environment [40-45].  

1.3.2. Catalases- Catalases reduce hydrogen peroxide utilizing the reduction properties of the 

haem group attached to it. S. cerevisiae possesses two catalase enzymes, one is peroxisomal 

Cta1 and another is cytosolic Ctt1 [46]. Cta1 is involved in the quenching of β-oxidation 

mediated ROS, where the function of Ctt1 is unclear [47].  

1.3.3. Peroxidases- These enzymes reduce both organic and inorganic peroxides into alcohol 

using their active cysteine thiol groups, unlike SOD or catalase which employ metal-associated 

co-factors. Depending on the type of electron donor for the thiol group, peroxidases are of Two 

types, namely glutathione peroxidases (GPXs), which require GSH and the other is TRX 

peroxidases or peroxiredoxin, which require TRX as their electron donor. Yeast cells possess 

three GPXs; Gpx1, Gpx2 and Gpx3. They can all reduce soluble and lipid hydroperoxides with 

Gpx3 having the highest activity [48-51]. Peroxiredoxins (PRXs) use TRX as the electron 

donor to reduce peroxides [52,53]. S. cerevisiae has five different PRXs present in different 

locations within the cell; Tsa1, Tsa2, Ahp1 in cytosol; Prx1 in the mitochondria; Dot5 in the 

nucleus. 

1.3.4. Thioredoxin System- Thioredoxins (TRXs) are small proteins that catalyze the 

reduction of thiols groups present in proteins utilizing two conserved cysteine residues present 
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in their active site. The thioredoxins system includes TRXs and TRX reductases, which 

participate in the reduction reaction of oxidized TRXs using NADPH [54]. S. cerevisiae 

possesses 3 TRX proteins, among which Trx1 and Trx2 are cytosolic whereas Trx3 is 

mitochondrial. On the other hand, this yeast strain contains only 2 thioredoxin reductases, one 

is Trr1, found in cytosol and the other one is Trr2, found in mitochondria.  

1.3.5. Glutaredoxin System- Like thioredoxins glutaredoxins are also small oxidoreductase 

proteins that catalyze disulphide reductions via using active cysteine residues in its active site. 

But unlike thioredoxins, here GSH molecules are used as hydrogen donors [54-56]. After 

getting oxidized (GSSG), glutathione gets reduced (GSH) by glutathione reductase with the 

help of NADPH. S. cerevisiae possesses 2 GRX enzymes Grx1 and Grx2 [57]. Though both 

proteins are mainly cytosolic, a pool of Grx2 is present in mitochondria also [58]. Grx1 protects 

the cell from both hydroperoxides and superoxides, whereas Grx2 can protect only against 

hydroperoxides [59].   

1.4.  Methionine oxidation and Role of Methionine Sulfoxide Reductases 

Sulfur-containing amino acids such as cysteine and methionine are the prime targets of ROS 

molecules [60,61]. Oxidation of thiol groups in the cysteine produces disulphides, whereas 

oxidation of methionine leads to the formation of either reversible methionine sulfoxide (Met-

SO) or irreversible methionine sulfenic acid (Met- SO2) [61]. These modifications bring major 

structural changes in the three-dimensional conformation of the protein leading to the 

inactivation of the enzymes or even accelerating the degradation of the protein due to less 

stability.  

Methionine sulfoxide reductases (MSRs)are the enzymes that reduce oxidized methionine 

sulfoxides to their native form, thus restoring structural and functional alteration in the proteins 

that happened due to oxidation [62,63]. These enzymes are conserved from bacteria to humans 

[64]. After a reduction cycle of sulfoxides, MSRs get oxidized and are unable to reduce any 

more sulfoxides, unless they are reactivated by thioredoxin and thioredoxin reductases [65,66]. 

Based on their structural conformation methionine sulfoxides are of 2 types- R or S form. Based 

on the enantiomeric form of sulphoxide they reduce, Msrs are segregated into A and B families, 

where Msrs of the A family takes care of Met-(S)-SO and Msrs of the B family look after Met-

(R)-SO (9 jbc). There are three MSR enzymes in S. cerevisiae, fRMsr, Mxr1, and Mxr2; Mxr1 

corresponds to the A family, whereas fRMsr and Mxr2 belong to the B family [67]. Mxr1 can 

reduce both free sulfoxides and those that are embedded within the protein, whereas Mxr2 can 
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reduce only protein-bound sulfoxides and fRMsr reduces only free methionine sulfoxides 

[68,69]. If we see the localization of the MSRs in yeast, Mxr1, and fRMsr are present in cytosol 

whereas Mxr2 is present in mitochondria [67]. Our earlier studies have shown that Mxr2 is 

more important than Mxr1 in combating against oxidative stress, as mxr2Δ cells exhibited much 

more sensitivity than mxr1Δ cells towards oxidative stress [70]. Mge1, the nucleotide exchange 

factor for mitochondrial Hsp70, was the first identified physiological substrate for the Mxr2 

[70] . Later studies have also shown the presence of Mxr2 in cytoplasm and identified Fes1 as 

the substrate for both Mxr2 and Mxr1 [71]. Though few physiological substrates have been 

identified, the molecular signaling circuits, Msrs are involved, are largely unexplored. For 

mammalian cells also both A and B families of MSRs are present. There is only one member 

in A family, known as MsrA which is present in cytosol, mitochondria, and nucleus. But there 

are 4 different members in the B family, namely MsrB1 found in the nucleus and cytosol; 

MsrB2 in mitochondria; MsrB3A in endoplasmic reticulum and MsrB3B in mitochondria.  

Enzymatic reaction Mechanism of MSR- Msrs interact with oxidized methionine sulfoxides 

to reduce them to methionines. The catalytic mechanism was first elucidated on MsrA enzymes. 

It was later found that both MsrA and MsrB follow a canonical process where three 

cysteine residues from the enzymes participate in the reduction reaction [72]. The first cysteine 

makes a nucleophilic attack on the sulfoxide moiety to form an unstable intermediate that 

breaks down to form sulfenic acid at the first cysteine, releasing a reduced methionine. The 

other two cysteines reduce the sulfenic acid at first cysteine residue by exchanging multiple 

thiol-disulfide reactions using the thioredoxin system and NADPH [65,73-76].  

1.5. Autophagy 

Autophagy is a physiological stress-responsive recycling process of cellular components, 

which helps cells to adapt and survive under various stress condition including starvation and 

other physiological stress conditions. In this process damaged cellular components or even 

damaged organelles are engulfed and digested inside vacuole (for yeast) or lysosome (higher 

eukaryotes). Autophagy process initiates with the formation of a double membrane, which 

matures to form autophagosome, after engulfing damaged components or organelles. 

Autophagosomes further fuses with either vacuole or lysosome to pour the cargo materials of 

the vesicle for degradation by the resident hydrolases [77].  

In yeast, based on the type of cargo engulfed within the vesicle, autophagy pathways are 

divided into two categories- selective and non-selective. In non-selective autophagy, a random 
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part of the cytoplasm is sequestered, whereas specific proteins or organelles are engulfed in 

selective autophagy[78]. Non-selective autophagy is mainly induced by the inactivation of 

kinase target of rapamycin complex 1 (TORC1) during nutrient limitation, whereas selective 

autophagy can occur even in high TORC1 activity. Selective autophagy is mostly dependent 

on master adapter protein of selective autophagy, Atg11 [79]. Selectivity in this process is based 

on the specificity of interaction between Atg11 and the receptor protein present on the surface 

of the organelles (e.g., Atg32 on the mitochondria, for mitophagy) [80] . The selective 

autophagy pathways found in yeast are Cvt pathway, Mitophagy (Mitochondria), ribophagy 

(Ribosome), nucleophagy (Nucleus), lipophagy (Lipid molecules), reticulophagy 

(Endoplasmic reticulum) etc,  

1.6. Cytoplasm to Vacuole (Cvt) pathway  

Cytoplasm to vacuole targeting (Cvt) pathway is a well-characterized selective autophagy 

pathway, which is responsible for the delivery of vacuolar hydrolases from the cytoplasm to 

the vacuolar lumen both under vegetative growth condition (via Cvt vesicles) and nutrient 

starvation condition (via autophagosomes) [81,82]. Cvt vesicles are specialized 

autophagosomes, which specifically enclose Cvt cargos and are much smaller (~ 150 nm) than 

autophagosomes, which develop during nutrient starvation (300 nm- 900nm) [81-83].  

The vacuolar hydrolases that are transported via the Cvt pathway are Leucine aminopeptidase 

(Ape1), α-mannosidase (Ams1) and Aspartyl aminopeptidase (Ape4), where, Ape1, being the 

major cargo, acts as the core of the Cvt vesicle. Ape1 is synthesized in the cytosol as a zymogen 

form with a 45 amino-acid long N-terminal propeptide, which interacts with the propeptide of 

other Ape1 molecules and readily forms a homo-dodecamer structure, which further 

congregates into Ape1 complex that shapes Cvt vesicle core [84,85]. After Ape1 complex 

formation, the first α-helical region of Ape1 propeptide interacts with the coiled-coil region of 

receptor protein, Atg19 and forms a heterotrimer with an Ape1 molecule, which stops further 

Ape1 assembly and allows Atg19 to localize onto Ape1 complex surface, and this structure is 

known as the Cvt complex [86-91]. Ams1 and Ape4, the other two cargo of this pathway, also 

associate with the Cvt complex via distinct interactions with Atg19 [92-95]. 

 The C-terminal region of Atg19 in the Cvt complex interacts with the master adaptor protein 

of selective autophagy, Atg11, which helps the Cvt complex to reach the phagophore assembly 

site (PAS), with the help of actin cytoskeleton and Arp2/3 actin binding complex. Atg11 helps 

to tether the Cvt complex with the actin cytoskeleton, and the Arp2/3 complex motors the 
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progression of the complex to PAS through actin [79,88,96,97]. After reaching PAS, Atg19 

interacts via its WXXL motif with the β2 of Atg8 to form a β sheet structure, and this interaction 

tethers the Cvt complex with the phagophore and aids in phagophore expansion around the Cvt 

complex [98,99]. Vps53 tethering (VFT) complex also assists in the localization of the Cvt 

complex and Atg19 in PAS [100]. Once properly localized at PAS, VFT complex, Vps45, 

QSNAREs (Tlg1 and Tlg2) and autophagy machinery drive CVT vesicle formation [101].  

After vesicle formation, Atg8 molecules attached to the phosphatidylethanolamine residues on 

the outer surface of the Cvt vesicle are cleaved off by ATG4, and finally the vesicle docks and 

fuses with the vacuole where its inner single membrane compartment is liberated in the 

vacuolar lumen [102]. Atg15 in the vacuolar lumen acts as a lipase that degrades the inner 

membrane, which releases Cvt vesicle cargo into the lumen [103,104]. In the lumen, Pep4 

cleaves the propeptide of the Ape1, resulting in the formation iApe1 which further gets 

processed by Prb2 for maturation and activation of the Ape1 enzyme [105]. At the same time, 

the other cargo hydrolases do not require processing as they do not have any propeptide (105). 

1.7. Non-selective Macroautophagy 

Non-selective autophagy is an evolutionarily conserved cellular recycling process, which 

degrades different biomolecules, dysfunctional components, and even damaged organelles into 

reusable simpler forms. In vegetative condition, basal level of autophagy has been noted and 

used for the turnover of some proteins and organelles. But in different stress conditions like 

oxidative stress, heat shock or nutrient starvation conditions, autophagy is induced to deal with 

these conditions [106]. Autophagy is involved in diverse physiological functions like cellular 

growth and development, immunity responses and MHC presentations etc. [106,107]. 

After induction, autophagy starts with the nucleation of a double membrane phagophore, which 

engulfs damaged cellular components and eventually matures into an autophagosome [108]. 

Autophagosome fuses with the lysosome (vacuole for yeast), leading to degradation of the 

engulfed component and consequent release into simpler biomolecules [109]. More than 40 

Atg proteins are involved in different steps of autophagy in yeast. Different stages of this 

dynamic process are explained below, emphasizing the pathway induced by nitrogen starvation 

condition. 

1.7.1. Autophagy induction and phagophore nucleation-  

Role of Atg1 kinase complex –  
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TORC1 (target of rapamycin complex I) kinase phosphorylates Atg13 protein in nutrient-

available conditions. Phosphorylated Atg13 cannot interact with Atg1 and Atg17 proteins due 

to their low affinity for them in phosphorylated conditions. Under nutrient limitation 

conditions, the TORC1 complex is inhibited and the Atg13 protein gets dephosphorylated. 

Hypophosphorylated Atg13 protein interacts with Atg1 and thus mediates the interaction 

between Atg1 and the scaffold complex consisting of Atg17-Atg29-Atg31 [110]. Interaction 

with Atg13 and the scaffold complex generates a ternary complex and activates the kinase 

activity of Atg1. Activated Atg1 kinase complex recruits other Atg proteins at the phagophore 

assembly site (PAS) and phosphorylates downstream target proteins [111,112].  

Role of  class III phosphatidylinositol 3-kinase complex- 

Phagophore is the precursor form of the autophagosome, which lengthens by gaining huge 

amounts of membrane lipid to generate autophagosome. In the phagophore nucleation step, a 

small bunch of proteins mobilize towards PAS, which promotes further assembly of Atg protein 

for phagophore expansion. Recruitment of class III phosphatidylinositol 3-kinase (PtdIns3K) 

is an essential event during nucleation. This complex helps in membrane acquisition and 

consists of a serine/threonine kinase Vps34 and some auxiliary proteins. Vps34 forms two 

different complexes in yeast namely, complex I and complex II, each of which consists of three 

common protein subunits, Vps34, Vps15, Vps30, and either Atg14 (complex I) or Vps38 

(complex II) [113,114]. Vps34 complex is involved in autophagy, Cvt pathway, and vacuolar 

transport of carboxypeptidase Y (CPY). Vps15 is necessary for membrane attachment and 

activation of Vps34 [115]. Atg14 and Vps38 provide substrate specificity to the complex as it 

has been shown deletion of Atg14 inhibits autophagy and Cvt pathway, whereas deletion of 

Vps38 hinders CPY’s vacuolar delivery. The role of this complex is to produce phosphatidyl-

inositol-3-phosphate so that phosphatidyl-inositol-3-phosphate binding proteins can be 

recruited, which will further recruit other downstream proteins involved in autophagy [116]. 

Atg20 and Atg24 are two such proteins, which interact with Atg17 and are thought to be part 

of the Atg1 kinase complex [117]. Along with Atg20 and Atg24, Atg18 and Atg21 also binds 

with phosphatidyl-inositol-3-phosphate. Atg18 is required for appropriate movement of Atg9 

but, Atg21’s function is still unknown [118,119]. Along with Atg9, this complex is also 

involved in recruiting Atg8 and Atg12 [120].  
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1.7.2. Expansion of phagophore- 

Role of Ubiquitin-like conjugation system- There are two essential protein conjugation systems 

for phagophore expansion, involving two major proteins Atg12 and Atg8 [121]. During the 

formation and expansion of phagophores, the Atg12 complex is located on the phagophore 

surface and serves as the E3 ubiquitin ligase enzyme for the Atg8 conjugation system [122]. 

Unlike Atg12, Atg8 is distributed symmetrically in two different surfaces of the 

autophagosome. Atg8 proteins present in the outer surface of the autophagosome are cleaved 

off, while those present in the inner surface are degraded when delivered and processed in the 

vacuole [123-125]. The Atg8 complex helps in autophagosome membrane expansion by 

driving membrane tethering and fusion.  

The Atg12 complex is comprised of Atg12, Atg5, and Atg16. The conjugation reaction of Atg12 

with Atg5 via an isopeptide bond is carried out by Atg7 and Atg10 proteins, where Atg7 acts 

as an E1 or Ubiquitin activating enzyme and Atg10 as E2 or Ubiquitin-conjugating enzyme 

[126-128].  Atg5 non-covalently interacts with Atg16, which further assembles to generate a 

multimeric complex of 350 kDa [129].  

The Atg8 protein in the second complex is conjugated with the phosphatidylethanolamine (PE) 

residues of the phagophore membrane [130]. At first, Atg4, a cysteine protease cleaves Arg117 

at the C-terminal part of Atg8 and exposes a Glycine residue (DD). Via this glycine residue, 

Atg8 at first covalently interacts with E1 enzyme Atg7, then transferred to E2 enzyme, Atg3 

and ultimately to PE residue of the phagophore membrane via E3 enzyme, Atg12 complex. 

Atg8 protein conjugation is a reversible process, as the proteins present on the outer membrane 

of the autophagosome is cleaved of Atg4 for further rounds of association [102,131].  

Role of Atg9 for membrane provision- A continuous supply of membrane lipid is required at 

the PAS site for phagophore expansion and autophagosome formation. This job is meticulously 

done by Atg9 [132,133], which is the only transmembrane Atg protein. and 0unlike other Atg 

proteins, which concentrate only close to PAS region, punctate structures of Atg9 have been 

observed in PAS regions and also in other cytosolic regions [134]. The shuttling of Atg9 from 

other cytosolic regions to PAS region is thought to be the mechanism, by which membrane 

component is trafficked from the membrane donor region to the PAS region. This shuttling of 

Atg9 involves several Atg proteins like Atg11, Atg23 and Atg27. Atg23 and Atg27 along with 

Atg9 produce a structure involved in membrane acquisition [135,136]. Along with Atg 

proteins, the Actin cytoskeleton and Arp2 protein in the Arp2/3 complex of Actin, physically 
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interacts with Atg9 and controls the Atg9 shuttling [137]. So, in Atg9 shuttling, adaptor protein 

Atg11 helps Atg19 to attach to actin, and the Arp complex pushes the Atg9 complexed with 

membrane to the PAS region [132,137,138].  

1.7.3. Docking and fusion of the matured autophagosome with vacuole-  

 After formation and maturation, autophagosomes are destined to fuse with vacuole, using the 

machinery involved in homotypic vacuole fusion. This machinery is composed of SNARE 

proteins Ykt6, Vam7, Vam3 and Vti1, the NSF Sec18, the α-SNAP Sec17, class C Vps/HOPS 

complex and the Rab GTPase Ypt7. Another two protein, which is involved in this fusion 

process are Mon1 and Ccz1 [139]. The atg12-Atg5-Atg16 complex on the outer face prevents 

premature docking of the autophagosome. After fusion, the inner vesicle with a single 

membrane layer is discharged in vacuolar lumen.  

1.7.4. Vesicle Breakdown and Recycling of the Resulting Macromolecules- 

After delivery to the vacuolar lumen, the single membrane of the released vesicle is digested 

by Atg15. Atg15 contains a lipase active-site motif and is a putative lipase [103,104]. The 

multivesicular body (MVB) pathway targets Atg15 to the vacuolar lumen [140]. After digestion 

of the membrane, the autophagosomal content is released into the vacuolar lumen. Vacuolar 

hydrolases, Prb1 and Pep4 and the acidic pH of the vacuole degrade the cargo components 

released into the lumen. Once degraded, the products must be freed to cytosol for recycling. 

Atg22, a known amino acid efflux protein in the vacuolar membrane, releases leucine and other 

amino acids in the cytosol [141]. Other than Atg22, Avt3 and Avt4 also act as the vacuolar 

permeases, which are involved in the efflux of recycled components [142]. 

1.8. Mitophagy 

During oxidative phosphorylation within the mitochondria, along with ATP molecules, reactive 

oxygen species (ROS) molecules are also produced, which damage mitochondria. Damaged 

mitochondria further produce more ROS, which damages different biomolecules and 

organelles and leads to various pathological conditions [143]. To maintain mitochondrial 

homeostasis, these damaged mitochondria should be eliminated from the cells, where 

mitophagy play a vital role.  

In the absence of mitophagic stimuli, polymerase-associated factor 1 (Paf1) complex and Rpd3- 

Sin3 deacetylase complex inhibits transcriptional expression of Atg32, which is mitochondrial 

membrane protein and acts as a receptor for mitophagy [144-146]. Moreover, phosphorylation 
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of Atg32 is blocked by Ppg1 and Far complex. Upon mitophagic stimuli, Atg32 gets 

upregulated and then phosphorylated at Ser114 and Ser119 by CK2 with the dissociation of the 

Far complex [147]. Moreover, Yme1 also cleaves Atg32 at its C-terminal end [148]. 

Phosphorylated Atg32 interacts with Atg11, which recruits the damaged mitochondria to the 

PAS. In the PAS, autophagy machinery expands the isolation membrane around the surface of 

the damaged mitochondria, which helps it to get engulfed within autophagosome vesicle.  

1.9. Transcriptional control of Non-selective Macroautophagy 

Autophagy is a highly synchronized process, which involves more than 40 Atg proteins. 

Though basal autophagy is needed for turnover of the biomolecules which could not get 

degraded via proteasome or other degradation machineries in the cell, but it is mainly induced, 

when cells are exposed to stress conditions. So, the expression or the activity autophagy 

regulatory proteins should be tightly regulated, to avoid autophagy activation in favourable 

conditions and less activation in stressed conditions. So eukaryotic cells have evolved different 

mechanisms for precise regulation of autophagy in different level like transcriptional, post-

transcriptional, translational, and posttranslational etc. Transcriptional regulation of autophagy 

is done by different transcription factors and histone modifications; post-transcriptional 

regulations are executed by regulating the localization and turnover of mRNAs and by 

controlling ribosome binding proteins; whereas the post-translational regulations include 

protein modifications like acetylation, phosphorylation, glycosylation, ubiquitination, and 

protein-protein interactions etc. Here to our interest, transcriptional control of autophagy is 

further discussed.   

Transcriptional regulation of autophagy is one of the most crucial regulatory circuits, which 

helps cells to persist in various stress conditions. Several ATG genes and other factors are 

upregulated during autophagy induction. Studies have shown that, under cycloheximide 

conditions, where protein synthesis is blocked, if autophagy is induced, it generates tiny 

autophagosomes. This result indicates that protein synthesis is essential for the formation of 

autophagosome and autophagy progression but not for autophagy induction [149]. Among ATG 

genes, Atg8 and Atg14 show maximum upregulation. Atg8 shows at least 8-fold upregulation 

during autophagy induction [123,124]. Atg8 knockout mutant [149,150] or cells with mutant 

Atg8, having defective fusion properties [151] also exhibit tiny autophagosomes. On the other 

hand, the ATG14 gene is upregulated up to 14 folds, once autophagy is induced, via the Gln3 

transcription factor [152]. Other than ATG8 and ATG14, to a lower extent other ATG genes like 
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ATG1, ATG3, ATG4, ATG5, ATG7, ATG12 and ATG13 also get upregulated [153]. The 

molecular network regulating ATG8 gene transcript level is further explained elaborately. 

Transcriptional regulation of ATG8 gene during autophagy induction-  

Transcriptional regulation of ATG8 is very crucial for optimal autophagic activity. Though the 

Ume6 repressor mainly controls the transcriptional expression of Atg8, other transcriptional 

regulators like Pho23, Rph1 and Msn2-Msn4 were also found to regulate ATG8 expression 

[154-158]. Availability of nutrients is sensed by Tor and Sch9 kinases which phosphorylate and 

retain Rim15 kinase in cytoplasm so that it cannot phosphorylate nuclear localized Ume6 

[159,160]. Unphosphorylated Ume6 binds with the ATG8 promoter and represses its 

expression with the help of histone deacetylase Rpd3 and co-repressor Sin3 [154,155,161]. 

However, under nitrogen starvation, Tor and Sch9 kinases become inactive and cannot 

phosphorylate Rim15 anymore [155,161]. Moreover, Tps2 dephosphorylates the 

phosphorylated residue of Rim15 [162]. Dephosphorylated Rim15 enters the nucleus and 

undergoes autophosphorylation [159]. Hyperphosphorylated Rim15 phosphorylate Ume6 and 

disarray the association with Sin3 and Rpd3 thus ATG8 gene expression reinstates [161,162]. 

1.10. Protein acetylation  

Protein acetylation is one of the most important post-translational modifications, along with 

phosphorylation, ubiquitination, etc. Acetylation of histones is well-reported and is known to 

regulate transcriptional expression of genes, DNA silencing, DNA repair, and cell cycle 

[163,164]. However recent discoveries have identified many non-histone proteins that get 

acetylated and their acetylation plays a significant role in cellular signaling [165-168]. In 

protein acetylation, an acetyl group is transferred from acetyl-CoA to a protein's ε-amino group 

of lysine residues, catalyzed via lysine deacetylases (KATs), which employ either an aspartate 

or glutamate residue in their active site. In these reactions at first, a ternary intermediate of 

KAT- acetyl CoA – lysine residue formed, followed by deprotonation by the aspartate or 

glutamate residue and the nucleophilic attack on the carbonyl residue of acetyl-CoA [169-171]. 

The level of protein acetylation in the cells is also controlled by histone deacetylase complexes 

(HDACs), which remove protein acetylation by degrading the amide linkage between lysine 

residues and the acetyl group.  

Based on their localization, KATs are of two types: A-type, found in the nucleus, or B-type, 

found in cytoplasm [172]. In S. cerevisiae, only one B-type KAT is present, known as Hat1 
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[173]. On the other hand, there are 6 candidates in the A-type KATs, namely Gcn5, Esa1, Sas3, 

Sas2, Elp3 and Rtt109 [174]. HDACs on the other side, are of three types, class I, class II and 

class III HDACs. Class I and II HDACs form similar types of catalytic domains, whereas class 

III HDACs, also known as sirtuins, depend on NAD+ for their activity. Class I HDACs are 

Rpd3, Hos1, and Hos2; Hda1 and Hos3 are classified as class II; whereas class III candidates 

are Sir2, Hst2, Hst1, Hst4, and Hst3 [175,176]. 

Role of Protein acetylation in cellular physiology 

Histone acetylation- The entire length of DNA is orderly assembled around histone proteins to 

form the chromatin structure. This stringent packaging of DNA in one way prevents the 

exposure of DNA to mutagens, but in the other way, it prevents DNA access from DNA 

modifying enzymes (167).  Acetylation of the specific lysine residues in the histone proteins in 

one way neutralizes the positive charge of the lysine and thus loosens the tight packaging of 

the DNA, and on the other way marks the lysine residues for the chromatin structure modifying 

reactions by bromodomain-containing proteins. Acetylation of histones modifies chromatin 

structure, thus affecting gene expression and regulating different molecular signaling. 

[164,177] 

Acetylation of non-histone proteins-  

Acetylation of non-histone proteins regulates various physiological processes. These processes 

range from RNA metabolism, membrane trafficking, cell cycle progression, metabolic 

pathways, and regulation of cytoskeleton dynamics [166,178]. Acetylation modifies activity of 

different enzyme subunits like Pck1 and Sip2, thus regulating gluconeogenesis and replicative 

lifespan, respectively [167,179]. The Rsc4p subunit of the RSC chromatin remodeling complex 

and Swi2 subunit of the SWI/SNF complex is acetylated and regulated by Gcn5 [180,181]. 

Along with other proteins, different subunits of acetylase complexes also gets acetylated. In 

NuA4 complex, the catalytic subunit Esa1 undergoes autoacetylation [182] and also acetylates 

Yng2 subunit [183]. Rtt109 also undergoes autoacetylation and regulates itself [169]. Gcn5 

also catalyzes different subunits of the SAGA complex [184]. Several mitochondrial proteins 

are also reported to be regulated by the acetylation. One of the prime examples is the Pda1 

subunit of PDH1 enzyme complex [185].  

Role of Rpd3 deacetylase complexes - Rpd3 deacetylase complexes are one of the most 

important groups of lysine deacetylases, which is conserved from unicellular yeast to human 

[186]. Normally Rpd3 is associated in 3 different protein complexes namely Rpd3L, Rpd3S 
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and Rpd3µ. Rpd3L is involved in different ribosome biogenesis, and in response to different 

abiotic stresses like heat [187,188]. On the other hand, Rpd3S is involved in maintaining 

chromatin integrity [189], while Rpd3µ complex helps the cell to deal with oxidative stress 

[190]. RPD3L complex is composed of around 10 protein subunits, Rpd3, Sin3, Pho23, Dep1, 

Rxt2, Rxt3, Sds3, Ume1, Sap30, Cti3. Rpd3S complex is composed of Rpd3, Sin3, Ume1, 

Eaf3, Rco1. Rpd3µ complex is composed of Rpd3, Snt2, Ecm5 [190].  

Role of Ume6 Acetylation- Ume6 is a transcription factor that regulates gene expression of 

early meiotic genes in yeast like Ime2, Spo11 and Spo13 and [191]. Ume6 represses these genes 

during mitosis but during the onset of meiosis, proteolytic destruction of Ume6 ensures optimal 

meiotic induction [192,193]. During repression, the Ume6 protein binds with URS1 element 

present upstream of the target gene and then recruits Rpd3 and Sin3, the deacetylase complex 

subunits, thus causing hypoacetylation of the histone H3 and H4, resulting in target gene 

repression [194,195]. Proteolytic degradation of Ume6 protein is executed in two different 

steps. In the first step, where the meiotic condition has been induced, Ume6 is acetylated by 

Gcn5 acetylase at specific sites, which induces its partial degradation. To prevent Ume6 

degradation in vegetative conditions, the HDAC, Rpd3 complex removes undesirable 

acetylation from Gcn5. Upon meiotic entry, complete degradation of Ume6 happens by 

ubiquitination-mediated proteasomal destruction.  

DNA binding region within the C-terminal region of the Ume6 possesses 6 cysteine residues 

and can bind two Zn2+ ions, thus it is named the Cys6Zn2 motif. Within this motif, there are 5 

different lysine clusters, among which acetylation at Cluster 1 and 3 is important for Ume6-

mediated regulation [196,197]. Acetylation at cluster 1 marks it for degradation to relieve the 

repression [196]. Moreover, acetylation at cluster 3 prevents Ume6 from binding with the target 

gene promoter [197]. Thus, the first level of Ume6-mediated gene repression is withdrawn. 

Upon meiotic entry, Ume6 is phosphorylated by two kinases, Rim11 and Mck1[198,199]. 

Phosphorylated ume6 interacts with meiotic gene transcriptional activator Ime1 [200]. This 

interaction activates Cdc20, which in turn activates APC/C ubiquitin ligase for ubiquitination-

mediated degradation of Ume6 [193].  

1.11. Iron-Sulfur Cluster Biogenesis 

The iron-sulfur cluster biogenesis is a critically regulated multistep process, involving different 

cellular compartments. All biosynthesis and steps for insertion of clusters within mitochondrial 

proteins occur in mitochondria using Fe/S cluster assembly (ISC) machinery consisting of 18 
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proteins. Cytosolic Fe/S protein assembly (CIA) machinery helps in further biosynthetic 

rearrangement, transferring and incorporation of the clusters in the cytosolic and nuclear 

proteins. The basic constituents needed for this biosynthesis are cysteine, iron and electrons. 

Iron-sulfur clusters containing proteins are involved in diverse physiological processes like 

protein translation, DNA replication, biosynthetic enzymes and defence mechanisms [201-

203]. 

At the very beginning, a [2Fe-2S] cluster is started to synthesize by early ISC machinery, 

comprised of scaffold protein Isu1; cysteine desulfurase complex Nfs1-Isd11-Acp1, which 

provides sulfide; NADPH-Arh1 which provide electrons from electron transport chains; 

ferredoxin Yah1 and regulatory protein Yfh1, that donate iron. The [2Fe-2S] cluster 

biosynthesized upon scaffold protein Isu1 is then transferred to a glutaredoxin molecule Grx5. 

This reaction is accomplished by an Hsp70 chaperone Ssq1, co-chaperone Jac1 and the 

nucleotide exchange factor Mge1. This [2Fe-2S] cluster is either incorporated into the target 

protein within mitochondria or delivered to late ISC machinery for synthesis of the [4Fe-4S] 

cluster. The late ISC machinery is mainly composed of 3 proteins, Isa1, Isa2, and Iba57. 

Trafficking and incorporation of the [4Fe-4S] clusters are further done by Nfu1, Ind1 and Bol 

proteins. The iron-sulfur clusters are also transported out of the mitochondria for insertion in 

the different proteins localized in the cytosol and nucleus [201-203]. 

1.12. Retrograde Signaling 

Earlier we have discussed that mostly all of the mitochondrial protein are encoded because 

during evolution, most of the genetic material has been transferred from mitochondria to 

nucleus. this phenomenon necessitates a stable communication between mitochondria and 

nucleus to harmonize the protein expression and import and to convey the information about 

mitochondrial dysfunction to nucleus to counterbalance the crisis. Retrograde signaling is a 

communication circuit between mitochondria and nucleus along with various other organelle, 

which helps cells to adapt with the changes in mitochondrial functionality. This signaling is 

conserved from yeast to human and best understood in yeast, where it is mainly regulated by 

Rtg1-Rtg3 transcription factor complex [204]. 

The major event in this signalling is translocation of Rtg1-Rtg3 complex to the nucleus from 

cytoplasm. Both transcription factors are of basic helix loop helix leucine zipper type, which 

forms and hetero dimer. This complex binds to a specific sequence (GTCAC) in the target DNA 

via Rtg3 and upregulate specific set of genes required for the metabolic reprogramming 
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[205,206]. In the uninduced condition, cytoplasmic protein Mks1 forms a complex with 14-3-

3 proteins Bmh1/2. This complex keeps Rtg3 in hyperphosphorylated state, where it cannot 

interact with Rtg1 leading to silence of the target genes [207]. During mitochondrial distress, 

the signal is sensed by Rtg2, which prevents binding of Mks1 with 14-3-3 proteins, which leads 

to partial dephosphorylation of Rtg3 [208]. Moreover, Mks1 is ubiquitinated and marked for 

degradation by E3 ubiquitin ligase, Grr1 [209].  Partially phosphorylated Rtg3 now make 

complex with Rtg1 in cytoplasm and this complex is then translocate to nucleus to upregulated 

downstream genes, like CIT2, DLD3 and other genes involved in the TCA cycle.  

1.13. Rationale and Objective  

In this work, we have tried to find the role of Msrs, specifically Mxr2 in cellular physiology of 

Saccharomyces cerevisiae. A high-throughput study suggested that, Mxr2 may interact with 

two proteins of Cvt autophagic pathway, Atg19 and Ape1 [210]. Here we have attempted to 

check the role of Mxr2 in Cvt pathway. Later we also tried to search if Mxr2 controls 

nonselective macro autophagy and whether the status of mitochondrial physiology can regulate 

the autophagy machinery. To achieve these goals, this work is divided into two major 

objectives- 

1. To study the role of Mxr2 in regulating Cvt autophagic pathway 

2. To study the role of Mxr2 in controlling nonselective macro autophagy. 
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CHAPTER 2 

 

 

Mxr2 regulates Cvt autophagic 

pathway by altering the stability 

of Atg19 and Ape1 
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2.1. BACKGROUND 

Sulfur-containing amino acids, cysteine, and methionine are more vulnerable to oxidative 

damage.  Under oxidative stress conditions, Methionine residues in the cell either free or 

embedded in the protein, get oxidized and form either reversible methionine sulfoxides or 

irreversible methionine sulfone [61]. This oxidation of methionine residues results in 

detrimental consequences within the cell, ultimately leading to cell death. Methionine sulfoxide 

reductases reduce oxidized methionine sulfoxide molecules to their native form to restore the 

physiological equilibrium within the cell. Loss or reduction in Msrs’ activity has been 

implicated in many diseases, including pulmonary, vascular, ocular, aging, and neurological 

disorders [211-215]. The known physiological consequences of dysfunctional Msrs are 

mitochondrial dysfunction, decreased cytochrome C biosynthesis, and metal resistance in 

yeast [67,216]. Given the dynamic nature of ROS levels, the importance of redox 

homeostasis, the alacrity at which the cells reactivate Msrs, the number of diseases 

associated with dysfunctional Msrs, and the plethora of proteins that harbor methionine, 

more studies are required to identify the substrates of Msrs rapidly and to unravel the 

ramifications of Msrs role that impinge on the structural and functional stability of proteins. 

Cytoplasm to vacuole targeting (Cvt) pathway is a well-characterized selective autophagy 

pathway in yeast that delivers vacuolar hydrolases from the cytoplasm to the vacuolar 

lumen [81,82,217]. Cvt pathway has been extensively studied to identify the molecular 

players regulating it and as a model system to delineate selective autophagy pathways. 

However, little is known about the stability and turnover rate of the proteins orchestrating 

the intricate Cvt pathway under normal, oxidative, and nutrient stress conditions. 

 

Our earlier study published identified the first substrate for Mxr2, Mge1, the nucleotide 

exchange factor for mitochondrial Hsp70 [70,218]. Recently, it has been shown that 

cytosolic Hsp40 may also be a probable substrate of Mxr2. Since Mxr2 is present in the 

cytosol and mitochondria, we wished to identify other cytosolic substrates of Mxr2. A 

high-throughput yeast interactome study predicted that, Ape1 and Atg19 proteins of the 

Cvt pathway might interact with Mxr2. This study demonstrates Ape1 and Atg19 as 

potential substrates of Mxr2 and tries to uncover the role of Mxr2 in the regulation of Cvt 

pathway. 
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2.2. MATERIALS AND METHODS 

2.2.1. Yeast strains and plasmids 

The yeast strains used in this study are derived from the parent strain BY4741 and are 

listed in Table 1. Genomic deletion of the MXR2 gene was achieved by replacing the ORF of 

the MXR2 gene with HIS3MX6 cassette by PCR-based homologous recombination using 

NB1164/NB1165 primers, as indicated [219]. For generating the plasmid constructs, the 

coding regions of the genes were amplified either from yeast genomic DNA or mentioned. All 

the plasmids and the primers are listed in Tables 2 and 3, respectively. To generate p425TEF 

Mxr2-FLAG, the coding region of MXR2 was amplified using primers NB815/NB1048, where 

the reverse primer NB1048 has the 3× flag sequence embedded within it. The PCR product 

was then digested with BamHI/XhoI and ligated with digested p425TEF (pNB356) empty 

vector to create pNB904. MXR2- FLAG fragment from pNB904 was then subcloned into 

BamHI/SalI sites of yeast two-hybrid vector pGBD- C1(pNB415) to generate pNB901. For 

constructing yeast two-hybrid vectors pGAD-APE1, pGAD-ATG19, and pGBD- MXR1, the 

coding regions of APE1, ATG19, and MXR1 genes were amplified using NB1364/NB1365, 

NB1362/NB1363, and NB 1678/NB1679, respectively and digested with ClaI/SalI, 

BamHI/SalI, and EcoRI/BamHI enzymes, respectively. Double- digested DNA fragments 

were ligated to the respective site of pGAD-C1 (pNB422) and pGBD-C1 to generate pNB902, 

pNB903, and pNB912, respectively. For producing the over- expressing constructs of APE1 

and ATG19 with HA tag, DNA fragments of both genes were amplified using NB1404/ 

NB1405 and NB1362/NB1399 primers, respectively, where both reverse primers (NB1405 

and NB1399) have the HA tag sequence embedded within them. The amplified DNA frag- 

ments were then digested with HindIII/SalI and BamHI/XhoI enzymes, respectively, and then 

ultimately ligated to respective sites of p426 (pNB356) to generate pNB906 and pNB907. To 

create Δ45 deletion mutation of the first 45 amino acids in the APE1 gene, the requisite DNA 

fragment was amplified using NB1563/NB1365 and ligated to ClaI/SalI sites of pGAD-C1 to 

generate pNB908. For creating further point mutations in APE1 genes, at first APE1 coding 

region was amplified with NB1645/NB1365 and NB 1633/NB1365 primers to create M1L 

single and M1L/M17L double mutation, respectively. After digesting the amplified fragments 

with ClaI/SalI, DNA frag- ments were then ligated to respective sites of pGAD-C1 to generate 

pNB911 and pNB909. For generating M17 single mutant, pNB909 was used as a template and 

amplified with NB1364/NB1365 primers and after digestion with ClaI/SalI, ligated to the same 

sites in pGAD-C1 vector to generate pNB910. For expressing wt and M17L APE1 from the 
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pRS315 CEN vector, 5՛ UTR of the gene (380 bp) was amplified with NB1406/NB1674 

primers and the coding region of the gene along with 3՛ UTR (729 bp) was amplified with 

either NB1499/ NB1511 (for wt APE1) or NB1675/NB1511 (for M17L APE1) primers. The 

5՛ UTR and the gene along with 3՛ UTR fragments were then digested with NotI/SpeI and 

SpeI/ApeI and then ligated to NotI/ApaI site of the pRS315 (pNB399) to generate pNB913 

and pNB914. For the construction of pRS313 ATG19-HA, 5՛ UTR of the gene (700 bp) 

and the DNA fragment having ATG19 coding region along with HA tag were amplified 

using NB1400/NB1401 and NB1362/NB1399 primers, respectively. The amplified 

products after digestion with NotI/BamHI (5՛ UTR) and BamHI/XhoI (gene sequence with 

HA tag) were then ligated to NotI/XhoI digested pRS313(pNB398) to generate pNB915. 

 

Table 1. Strains 

Strain Genotype Reference 

YNB105 BY4741; MATa his3Δ1; leu2Δ0; met15Δ0; ura3Δ Euroscarf 

YNB117 BY4741; mxr2Δ::KANMX Euroscarf 

YNB114 BY4741; mxr1Δ::KANMX Euroscarf 

YNB 339 PJ469-A [220] 

YNB 483 BY4741; atg19Δ::KANMX Euroscarf 

YNB 484 BY4741; ape1Δ::KANMX Euroscarf 

YNB 514 BY4741; ape1Δ::KANMX mxr2Δ::HIS3 This study 

 

Table 2. Plasmids 

Plasmid no. Plasmid Name Source/Reference 

pNB478 pFA6a-HisMX6 [221] 

pNB415 pGBD-C1 [220] 
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pNB422 pGAD-C1 [220] 

pNB901 pGBD-C1 MXR2-Flag This study 

pNB902 pGAD-C1 APE1 This study 

pNB903 pGAD-C1 ATG19 This study 

pNB908 pGAD-C1 APE1Δ45 This study 

pNB909 pGAD-C1 APE1 DM (M1L,M17L) This study 

pNB910 pGAD-C1 APE1 M17L This study 

pNB911 pGAD-C1 APE1 M1L This study 

pNB912 pGBD-C1 MXR1 This study 

pNB356 p425 TEF [222] 

pNB357 p426 TEF [222] 

pNB904 p425TEF MXR2-Flag This study 

pNB905 p426TEF APE1-HA This study 

pNB906 p426TEF ATG19-HA This study 

pNB270 p426TEF MXR2-Flag [70] 

pNB399 pRS315 [223] 

pNB398 pRS313 [223] 

pNB913 pRS315 APE1 This study 

pNB914 pRS315 APE1 M17L This study 

pNB915 pRS313 ATG19 This study 
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Table 3. Primers 

Primer name Sequence (5՛-3՛) Restriction 

site 

NB815 MXR2 

fwd 

ATCGGGATCCATGAATAAGTGGAGCAGGC BamHI 

NB1048 MXR2 

FLAG rev 

GTTTAAACCTCGAGTTACTTGTCATCGTCATCCT 

TGTAATCGATGTCATGATCTTTATAATCACCGTCAT

GGTCTTTGTAGTCGGGCCCGTCGACATCCTTCTTGA

GGTTTAAAGACGC 

XhoI 

NB1101 FLAG 

rev 

ACATGTCGACTTACTTGTCATCGTCATCCTTGTAAT

CGATG 

SalI 

NB1164 

Mxr2 deletion 

fwd 

CCGATGATAGTTTAAATAAAGGGAGAAAGGAAGC

AATATCAAAAACGGATCCCCGGGTTAATTAA 

 

NB1165 

Mxr2 deletion 

rev 

GTACGTATGCATACACACATATATATATATATATAT

ATAGTACATGAATTCGAGCTCGTTTAAAC 

 

NB1362 ATG19 

fwd 

CTAGGATCCATGAACAACTCAAAGACTAACC BamHI 

NB1363 ATG19 

rev 

ATGGTCGACGAGTTCTTCCCAAGTCAG SalI 

NB1364 APE1 

fwd1 

CCCATCGATATGGAGGAACAACGTGAAATAC ClaI 

NB1365 APE1 

rev 

ATGGTCGACCAACTCGCCGAATTCATC SalI 

NB1399 ATG19 

HA rev 

ATGCTCGAGCTAAGCATAATCTGGAACATCATATG

GATAGTCGACGAGTTCTTCCCAAGTCAG 

XhoI 
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NB1400 ATG19 

5՛ UTR fwd 

CTAGCGGCCGCTGAGAAGCAATTGTGA NotI 

NB1401 ATG19 

5՛ UTR rev 

ATGGGATCCTTACCAGAACTCTCCTTTGGG BamHI 

NB1404 APE1 

fwd2 

CTAAAGCTTATGGAGGAACAACGTGAAATAC HindIII 

NB1405 APE1 

HA rev 

ATGGTCGACCTAAGCATAATCTGGAACATCATATG

GATAAGATCTCAACTCGCCGAATTCATC 

SalI 

NB1406 APE1 

5՛ UTR fwd 

CTAGCGGCCGCGTCAGCTTCTACTTTAG NotI 

NB1499 APE1 

fwd3 

CCCACTAGTATGGAGGAACAACGTGAAATAC SpeI 

NB1511 APE1 

3՛ UTR rev 

ATGGGGCCCCTTATTGCTTATTTGGCCC ApaI 

NB1563 APE1 

Δ45 rev 

CCCATCGATATGGAGCACAATTATGAGGATATTG ClaI 

NB1633 APE1 

DM fwd 

CCCATCGATCTGGAGGAACAACGTGAAATACTGGA

ACAATTGAAGAAAACTCTGCAGCTGCTAAC 

ClaI 

NB1645 APE1 

M1L fwd 

CCCATCGATCTGGAGGAACAACGTGAAATAC ClaI 

NB1674 APE1 

5՛ UTR rev 

ATGACTAGTTCTTTTTTTCTTAATTTTGTTGGTTGTC SpeI 

NB1675 APE1 

M17L fwd 

CCCACTAGTATGGAGGAACAACGTGAAATACTGGA

ACAATTG AAGAAAACTCTGCAGCTGCTAAC 

SpeI 

NB1678 MXR1 

fwd 

CTAGAATTCATGTCGTCGCTTATTTCAAAAACC EcoRI 
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NB1679 MXR1 

rev 

ATGGGATCCCATTTCTCTCAGATAATGAGTA BamHI 

NB758 ACT1 

RT fwd 

GAAATCACCGCTTTGGCTCC 

 

NB759 ACT1 

RT rev 

GTGGTGAACGATAGATGGACCA 

 

NB1621 APE1 

RT fwd 

CGTCAACCACCTCTACAA 

 

NB1622 APE1 

RT rev 

TGGCCATATGACCGTTAG 

 

NB1623 ATG19 

RT F P.- 

TTACAGGCATCCCAAGAG 

 

NB1624 ATG19 

RT R. P.- - 

TGTCGTCACCGTCATAAG 

 

 

 

2.2.2. Media and Growth conditions 

Yeast cells of the mid-log phase (A600 = approximately 0.8–1) were used for all experiments, 

where strains were grown at 30 ◦C either in synthetic medium with dextrose [0.67% yeast 

nitrogen base (Becton Dickinson, 291940), 2% dextrose (Himedia, GRM077), and 

supplemented auxotrophic amino acids and vitamins as needed, pH 5.5] as described 

previously [224] or in synthetic minimal medium, where specific auxotrophic nutrient 

needed for plasmid DNA selection in the experiment was not supplemented. To induce 

autophagic condition, where APE1 expression increases, cells grown up to mid-log phase 

were incubated in nitrogen starvation medium [0.17% yeast nitrogen base having neither 

ammonium sulfate nor amino acids (Becton Dickinson, 233520), and 2% dextrose]. For 

imparting oxidative stress, cells from mid-log phase were treated with 2 mM H2O2 for 2 

h at 30◦C. Yeast cell were transformed with plasmids using lithium acetate and single-

stranded carrier DNA, as described [225]. For yeast two hybrid analysis, transformants 
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carrying yeast two hybrid constructs were grown, serially diluted, and spotted on selection 

plates and then incubated at 30 ◦C for 2 to 3 days, as described [ 2 2 6 ] . 

 

2.2.3. Whole cell lysate preparation and Immunoblotting 

Yeast cells of A600nm 3.0 were harvested and washed with water to prepare whole cell 

lysate. The washed cells were then resuspended in freshly prepared 200 μl lysis buffer 

[1.85 M NaOH (Himedia, MB095), 7.4% β-mercaptoethanol (Sigma- Aldrich, M3148)] 

and incubated on ice for 10 min. An equal volume of 50% trichloroacetic acid (Himedia, 

GRM6274) was then added to the cell suspension, mixed and incubated on ice for 

another 10 min. After incubation, the cell suspension was centrifuged at 13,000 R.P.M 

for 2 min at 4◦C. The protein pellet was then washed with 500 μl 1M Tris (Sigma-

Aldrich, T6066) solution (not pH adjusted), without resuspending the pellet, by 

centrifugation at the same speed. The pellet was resuspended in 30 μl 1× Laemmli buffer 

and heated at 95 ◦C for 5 min. The protein samples were centrifuged at 13,000 RPM for 

5 min after cooling down to collect the supernatant. Ten microliters of the supernatant,  

equivalent to 1 A600nm cells, were then analyzed via SDS-PAGE. After electrophoresis, 

Western blot was performed following standard protocols. Immunoblotting was done 

with standard procedures with anti-FLAG antibody (Sigma-Aldrich, F3165, 1:2000), 

anti-HA antibody (Proteintech, 66006-2-Ig, 1:5000), anti-Pgk1 serum (kind gift from 

Prof. Debkumar Pain, New Jersey Medical School, Rutgers University), anti- Ape1 

antibody (kind gift from Dr Claudine Kraft, Institute for Biochemistry and Molecular 

Biology, University of Freiburg), Horseradish peroxidase-conjugated anti-rabbit 

polyclonal antibody (Jackson Laboratories, 111-035-144, 1:25,000), anti-mouse 

polyclonal antibody (Jackson Laboratories, 115-035-146, 1:25,000). Immunoblotting 

signals enhanced by enhanced chemiluminescence reagents (Advansta WesternBright, 

K-12045- D20) were detected in the Chemidoc imaging facility (Bio- Rad). Immunoblot 

images were quantified using Fiji software (http://imagej.net), followed by statistical 

analysis using GraphPad Prism8.  

 

2.2.4. Coimmunoprecipitation 

Cells, harvested for co-IP assay, were washed, and then resuspended in NP-40 lysis 

buffer [50 mM Tris–HCl buffer pH8, 150 mM NaCl (Himedia, GRM031), 2 mM EDTA 
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(Amresco, 0105), 2 mM MgCl2 (SRL, 69396), 1% NP-40 (Sigma-Aldrich, I8896), 

1× Protease inhibitor cocktail (Roche, 04693132001)]. Resuspended cells were then 

lysed with glass beads using the bead-beating method. The cell lysate was centrifuged at 

12,000 R.P.M. for 12 min to remove the cell debris and supernatant with soluble protein 

fraction was collected. After protein estimation with Lowry reagents, 1 mg of the 

supernatant was incubated with 10 μl of Protein A/G PLUS-Agarose beads (Santacruz 

Biotechnology, SC- 2003) in an end-over-end rotator at 4 ◦C for 2 h, for pre-clearing 

step. The precleared supernatant was then incubated with anti-FLAG antibody at the same 

condition for overnight incubation. For binding of the antibody with the beads, 30 μl of 

protein A/G beads were added to the mix and again incubated at the same condition 

for 4 h. After incubation, beads were collected and washed three times with the lysis 

buffer and then analyzed via SDS-PAGE, followed by immunoblotting with anti-FLAG, 

anti-HA, and anti-APE1 antibodies. 

 

2.2.5. Cycloheximide Chase Assay 

For the cycloheximide chase assay, strains were grown up to mid-log phase either in 

synthetic complete medium or synthetic minimal medium, as required, and then 

harvested. Harvested cells were then subjected to cycloheximide [Sigma- Aldrich, 

C7698] treatment (50 or 100 μg/ml) for different durations (0, 10, 30, 60, and 120 min). 

After each time point, cells were harvested and subjected to whole cell lysate preparation 

followed by the analysis of the protein degradation profile by immunoblotting with anti-

Ape1 antibody. 

 

2.2.6. RNA extraction, cDNA synthesis, and qRT-PCR 

For RNA extraction, cells were harvested after growing up to mid-log phase. Total RNA 

was extracted using the hot acid phenol method described in [227]. To remove DNA 

contamination, extracted RNA was subjected to DNase digestion, where 3 μg of RNA was 

incubated with 1 Unit of DNase I (Thermo Fisher Scientific, EN0521) at 37 ◦C for 2 h 

followed by DNase inactivation by incubating the mix with EDTA at 65◦C for 2 min. 

DNase treated RNA was subjected to complementary DNA (cDNA) synthesis using 

Verso cDNA Synthesis Kit (Thermo Fisher Scientific, AB1453A) as per kit protocol, 

where 1 μg of RNA was used and incubated at 42◦C for 35 min followed by inactivation 
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at 95 ◦C for 2 min, along with the kit reagents. One μg of cDNA was diluted to a final 

concentration of 40 ng/μl, and 1 μl of cDNA was analyzed via qRT-PCR in a final volume 

of 10 μl reaction mix with the PowerUp SYBR Green PCR Master mix (Applied Biosystems, 

A25742) using a Quanstudio 3 Real-Time PCR System. 

 

2.2.7. Leucine aminopeptidase (LAP) assay 

For LAP activity assay, the respective strains were grown in minimal medium up to mid-

log phase and harvested. Cell lysates were prepared using lysis buffer previously described 

for performing co-immunoprecipitation. Fifty micrograms of cell lysate were used for 

each reaction. A total volume of 500 μl of reaction mixture was prepared consisting of 400 

μl of 75 mM Tris–HCl pH-7.5, 50 μl 20 mM leucine para nitroanilide (Sigma-Aldrich, 

L9125) and 50 μg of cell lysate and incubated at 30 ◦C for 15, 30, and 45 mins time points. 

After incubation, spectrophotometric analysis was performed at 405 nm and μmol of 

product formed/mg of cell lysate was calculated according to the equation mentioned in 

Figure 5B. 

 

2.3. RESULTS 

2.3.1. Mxr2 interacts with Ape1 and Atg19 of the Cvt pathway 

To identify potential cytosolic substrates of Mxr2, we studied the high throughput data 

of yeast interactome. The data predicted Atg19 and Ape1 of the Cvt pathway to be 

probable substrates of Mxr2 [210]. To validate this finding, a yeast two-hybrid assay was 

performed as described in the materials and methods. We find that Mxr2 strongly in- 

teracts with Atg19 and weakly with Ape1 as transformants carrying MXR2 with APE1 

constructs cannot grow on the SC- Leu-Trp-Ade medium plate (Fig. 1A). To further 

confirm these interactions, we overexpressed MXR2 with a 3x FLAG tag from the p426 

vector and ATG19 or APE1 with a hemagglutinin (HA) tag from the p425 vector under 

the TEF1 promoter in mxr2Δ strain. Next, immunoprecipitation with FLAG antibody was 

carried out after growing the above strains as described in the materials and methods. 

Immunoprecipitation results showed that Atg19 and Ape1 proteins interact with Mxr2 in 

vivo. To confirm the specificity of Mxr2 interaction with Atg19 and Ape1, we included 

Mxr1, which acts on S-methionine sulfoxide in the yeast two-hybrid assay. Unlike Mxr2, 
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Mxr1 does not interact with Atg19 or Ape1 (Fig. 1C). Based on yeast two-hybrid and 

immunoprecipitation results, we show that Mxr2 interacts specifically with Atg19 and 

Ape1, which are crucial components of the Cvt pathway. 

 

 

 



31 
 

Figure 1. Mxr2 interacts with the Cvt pathway proteins, Atg19 and Ape1. A, yeast two-

hybrid assay was performed between Mxr2 and Atg19 or Ape1. The PJ69-4A strain was 

transformed with pGBD-C1 (expressing MXR2) and pGAD-C1 (expressing APE1 or ATG19) plasmids. 

Transformants were then grown in the presence and absence of histidine and adenine at 30 ◦C for 

2 days. B(i), coimmunoprecipitation assay between Mxr2 and Ape1 (ii) co-immunoprecipitation 

assay between Mxr2 and Atg19. mxr2Δ cells expressing Mxr2-FLAG and either Ape1-HA or Atg19-HA 

were grown in a minimal medium lacking leucine and uracil up to the mid-log phase. mxr2Δ cells 

not expressing Mxr2 were kept as the negative control. 

 

2.3.2. Mxr2 protects Ape1 and Atg19 proteins from oxidative stress and premature 

degradation 

To gain insights into the physiological role of Mxr2 in the context of the Cvt pathway, 

we initially looked at whether Mxr2 affects prApe1 maturation. To investigate this, an 

Ape1 maturation assay was performed in wt, mxr2Δ, and atg19Δ strains under normal 

and nitrogen starvation conditions as described in the materials and methods. Strains were 

grown to the mid-log phase before being exposed to nitrogen starvation for 0 or 4 h. Next, 

cells were lysed, and lysates resolved on SDS-PAGE, Western transferred and 

immunoblotted with anti-Ape1 antibody. Immunoblotting results showed two distinct 

bands of molecular weights, 62 kDa and 50 kDa, corresponding to the prApe1 and mature 

Ape1 (mApe1) in the wt control strain (Fig. 2Ai). As expected, the expression of Ape1 

increased upon nitrogen starvation in the wt strain (Fig. 2Ai) [228]. In the absence of 

Atg19, maturation of Ape1 is abolished in control and nitrogen-starved cells (Fig. 2Ai). 

Intriguingly, the deletion of MXR2 does not affect the maturation process of Ape1. 

However, the Ape1 protein level is significantly reduced compared to wt cells in control 

and nitrogen-starved cells (Fig. 2Ai). As we observed the interaction of Mxr2 and ATG19 

along with Ape1, we also looked at the expression of HA-tagged Atg19 in wt and mxr2Δ 

strains (Fig. 2Aii). As speculated, the protein expression of HA-Atg19 from the pRS313 

vector shows a modest decrease in mxr2Δ than the wt strain (Fig. 2Aii). 

The apparent decrease in protein levels of Ape1 and Atg19 could be a cascading effect of 

a decline in their transcription. To determine if this is true, we examined the transcript 

levels of APE1 and ATG19 after isolating total RNA from wt and mxr2Δ strains. 

Quantitative reverse transcription PCR (qRT- PCR) results revealed no significant 

difference in the mRNA levels of both genes in the mxr2Δ strain compared to the wt strain 

(Fig. 2B). 
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Considering the above results, we hypothesized that Mxr2 protects Ape1 and Atg19 from 

oxidative stress and degradation. To test this hypothesis, the turnover rate of Ape1 was 

monitored in wt and mxr2Δ strains. Cells were grown to the mid-log phase before treating 

them with cycloheximide for 2 h to stop the translation of new proteins. Temporal protein 

degradation monitoring was done by regularly harvesting cells during cycloheximide 

treatment. Western blotting was carried out on harvested cells as described in the material 

and methods. The blots were probed with Ape1 and Pgk1 antibodies, the latter as a loading 

control (Fig. 2C). At zero time points, the Ape1 protein levels in both strains appear 

comparable (Fig. 2C). However, at the end of 2 h, the mxr2Δ strain significantly deviates 

from the wt strain as the Ape1 protein undergoes almost 60% degradation compared to 20 

to 25% in the wt strain (Fig. 2C). Our results demonstrate that in the absence of Mxr2, the 

Ape1 protein is susceptible to premature degradation. To ensure that the protective 

function of Mxr2 on Ape1 is not a generic function of all MSRs, we monitored the steady- 

state levels of Ape1 in wt and mxr1Δ strains under nitrogen starvation, as described earlier. 

In contrast to the decreased level of Ape1 in mxr2Δ strain compared to WT strain under 

nitrogen starvation duress (Fig. 2Ai), there is no change in Ape1 level in mxr1Δ strain (Fig. 

2D). This result underscores the specificity of Mxr2 action on Ape1. 

Our previous study [105] found excess ROS in the mxr2Δ strain compared to the wt strain. 

If the ROS-triggered anti- oxidant function of Mxr2 is driving its protective function on 

Ape1 and Atg19, increased oxidative stress should also affect the stability of these 

proteins. To ascertain if this assumption is accurate, we first treated wt strain expressing 

HA-Atg19 with 2 mM H2O2 for 2 h to induce the production of ROS. After that, we 

checked for the protein levels of Ape1 and HA-Atg19 by Western blotting (Fig. 2E). H2O2 

treatment led to a sig- nificant reduction in the steady-state level of both proteins (Fig. 2E). 

The above results suggest that Mxr2 protects Ape1 and Atg19 from oxidative stress and 

premature degradation. 
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Figure 2. Mxr2 protects Ape1 and Atg19 proteins from oxidative stress-mediated 

degradation. A, analysis of the steady-state level of (i) the Ape1 protein in wt, mxr2Δ, and 

atg19Δ and (ii) the Atg19 protein in wt and mxr2Δ strains. For (i) wt, mxr2Δ, and atg19Δ strains 

were grown and then either left untreated or exposed to nitrogen starvation for 4 h, whereas for 

(ii) wt and mxr2Δ strains transformed with Atg19-HA CEN constructs and grown up to mid- log 

phase. Harvested cells were analyzed via Western blotting using either anti-Ape1 antibody (i) or anti-

HA antibody (ii). B, APE1 and ATG19 transcript levels were checked in wt and mxr2Δ strains via 

qRT-PCR analysis. C, cycloheximide chase assay. wt and mxr2Δ strains were grown up to mid-

log phase and treated with 50 μg of cycloheximide for 2 h, and then the Ape1 turnover profile 

was checked via Western blotting with anti-Ape1 antibody. D, wt and mxr1Δ strains were grown 

and left untreated or exposed to nitrogen starvation for 4 h. The steady-state level of Ape1 

protein was checked in these conditions via Western blotting. E, degradation of the Ape1 protein 

under oxidative stress. wt strain was treated with 2 mM H2O2 for 2 h. Treated and untreated cells 

were analyzed for steady-state levels of Ape1 and Atg19 via Western blot. To monitor the Atg19 

steady-state level, wt strain transformed with the CEN construct of Atg19-HA was used. The 

data shown are the mean ± SD of three biologically independent experiments and full-length 

blots are represented in supporting information 1. Statistical analysis was done using an 

unpaired Student’s t test for (B), whereas for (A) and from (C–E), it was done using a two-way 

ANOVA test. ****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05. ns, nonsignificant. HA, 

hemagglutinin; qRT-PCR; quantitative reverse transcription PCR. 

2.3.3. Amino acid methionine 17 in Ape1 is required for interaction with Mxr2 

Yeast Ape1 exists in two intracellular protein pools, prApe1 and mApe1. The N-terminal 

45 amino acid propeptide is cleaved by Pep4 protease in the vacuole to generate a 55 kDa 

intermediate form (iApe1) before being finally converted into the 50 kDa mature form 

(mApe1) by proteinase B (PRB1) [229]. Yeast two-hybrid (Fig. 1A) and 

immunoprecipitation (Fig. 1Bi) assays show that Mxr2 can interact with prApe1. To 

determine if Mxr2 can also interact with vacuolar processed Ape1 by yeast two-hybrid, 

we first amplified the Ape1 without the propeptide resembling the iApe1 (Ape1Δ 2–45aa) 

and cloned it into the pGAD-C1 vector as described in the materials and methods. Yeast 

two-hybrid was performed, and we observe that Mxr2 interacts with full-length Ape1 

(prApe1) (Fig. 3A), as observed above (Fig. 1A); however, it fails to interact with iApe1 

implying that the propeptide is essential for Mxr2 to interact with Ape1. 

Mxr2 binds to oxidized methionine residues in the proteins to reduce them [230]. Our 

earlier study [70] showed that Mxr2 interacts with Mge1 in a manner that is dependent 

on methionine 155, as substitution of methionine with leucine at 155 in Mge1 abolishes 

the interaction. Ape1 contains a total of six methionine residues, of which two are present 

in the propeptide (M1 and M17), and the remaining four are present in the mature peptide 

(M277, M312, M420, and M478). Since mApe1 does not interact with the Mxr2, we 
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hypothesized that the association of Mxr2 with prApe1 may depend on M1 or M17 or 

both residues in Ape1. Site-directed mutagenesis generated three prApe1 constructs in 

the pGAD-C1 vector where M1, M17, or both (DM) were substituted with leucine for 

yeast two-hybrid studies. Both wt prApe1 and prApe1 M1L interact with Mxr2 (Fig. 3B). 

Strikingly, neither prApe1 M17L nor prApe1 M1L M17L exhibited any interaction with 

Mxr2 (Fig. 3B). To further confirm this result, we performed coimmunoprecipitation. 

First, we constructed plasmids that expressed APE1 wt or APE1 M17L mutant under its 

native promoter. Next, the ape1Δ strain was transformed with wt APE1 or APE1 M17L 

plasmid and the plasmid expressing FLAG-MXR2 under the TEF1 promoter. 

Coimmunoprecipitation was carried out using the FLAG antibody as described in the 

materials and methods (Fig. 3C). WT Ape1 coprecipitates with FLAG-Mxr2, whereas the 

M17L mutant does not. Significantly, only the premature form of Ape1, not the mature 

form, precipitates with FLAG-Mxr2. These results reinforce the pivotal role of M17 in 

prApe1 interaction with Mxr2. 
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Figure 3. Mxr2 interacts exclusively with M17 residue of Ape1. A, yeast two-hybrid 

experiment between Mxr2 and either full-length or Δ (2–45aa) Ape1 constructs was carried out. 

The PJ69-4A strain was transformed with yeast two-hybrid vector constructs expressing indicated 

proteins. B, yeast two-hybrid experiment between Mxr2 and different methionine mutant 

constructs (M1L; M17L; M1L, M17L) of Ape1. C, coimmunoprecipitation assay between Mxr2 and 

wt or M17L mutant Ape1. mxr2Δape1Δ cells expressing Mxr2-FLAG and either wt or M17L Ape1 

were grown up to the mid-log phase. The mxr2Δape1Δ cells transformed with wt Ape1 alone were 
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used as a negative control. The anti-FLAG antibody was used to precipitate the Ape1 protein. 

Immunopre- cipitated proteins were then detected via Western blots using anti-Ape1 and anti-

FLAG antibodies. Spotting assay and the immunoprecipitation experiments were conducted 

twice. 

 

2.3.4. M17L mutation confers increased stability to Ape1 

Oxidative stress triggers methionine oxidation in proteins, making them dysfunctional 

and vulnerable to degradation. Mxr2 has the innate ability to recognize oxidized 

methionine within proteins, bind, and reduce it. Counterintuitively, we speculated what 

would happen if the methionine is mutated into an amino acid that cannot be oxidized. 

The protein will probably be insensitive to oxidative stress and become stable, and Mxr2 

will not interact with the protein. If this is true, we reasoned that Ape1 M17L should resist 

oxidative stress and be highly stable. We expressed wt or M17L Ape1 protein from a 

pRS315 vector in ape1Δ and ape1Δmxr2Δ strains to validate this thinking. The steady-

state level of Ape1 protein was assessed as described earlier by immunoblotting with 

Ape1 antibody after exposure to 0 or 2 h of nitrogen starvation. Similar to earlier results 

(Fig. 2Ai), the steady-state level of wt Ape1is reduced in the ape1Δmxr2Δ strain in 

comparison to the ape1Δ strain (Fig. 4A), reinforcing the impact Mxr2 has on the stability 

of Ape1. Consistent with our reasoning, the Ape1 M17L mutant is highly stable as it is 

present at a significantly higher concentration than wt Ape1 with or without nitrogen 

starvation and in both strains (Fig. 4A). Deletion of MXR2 does not affect the stability of 

Ape1 M17L (Fig. 4A). Ape1 M17L appears immune to oxidative stress and degradation. 

To rule out the possibility of increased expression of Ape1 M17L compared to wt Ape1, 

we isolated total RNA from cells expressing wt and Ape1 M17L and measured their 

transcription levels. The transcription of both genes is comparable, and no significant 

difference is observed (Fig. 4B). To verify that Ape1 M17L is less prone to turnover and 

thereby more stable, we performed the cycloheximide chase assay on ape1Δ cells 

expressing either wt or M17L mutant Ape1. We observe nearly 45 to 50% wt Ape1 protein 

degradation at the end of 2 h (Fig. 4C). Significantly and in contrast, Ape1 M17L is robust 

by displaying a mere 10% degradation (Fig. 4C). 
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Figure 4. M17L mutant Ape1 resists degradation. A, ape1Δ and ape1Δmxr2Δ strains 

expressing either wt or M17L mutant Ape1 were grown up to mid- log phase and further exposed 

to nitrogen starvation for 2 h or left untreated. Harvested cells were lysed and analyzed via 

Western blot. B, wt and M17L mutant Ape1 expressing cells were assessed to check the 

transcript level of Ape1. C, cells harboring wt and M17L Ape1 were grown and subjected to 

cycloheximide treatment for five different time points for up to 2 h. Harvested cells were analyzed 

via Western blot. Data is represented as mean ± SD of three independent experiments. Statistical 

analysis was done using an unpaired Student’s t test for (B), whereas for (A and C), it was done 

using a two-way ANOVA test. ****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05. ns, 

nonsignificant. 

 

2.3.5. mxr2Δ strain exhibits decreased LAP activity 

Ape1 is a vacuolar resident leucine aminopeptidase (LAP), which cleaves N-terminal 

leucine residues. The enzyme is a member of the M18 class of zinc metalloproteases 

[231-233]. Saccharomyces cerevisiae has four leucine aminopeptidases: Lap1/Ape2, 

Lap2, Lap3, and Lap4/Ape1 [233]. As the deletion of MXR2 affected the stability of Ape1, 

we reasoned that it may additionally affect its activity. To check this, we carried out the 

LAP activity assay. As the yeast cell harbors redundant LAPs, we measured the LAP 

activity in three strains, wt, mxr2Δ, and ape1Δ strains. Generally, leucine-β-naphthylamide 

or leucine-para-nitroanilide are used as substrates to assess the LAP activity. Both 

substrates generate fluorescent products after the reaction, which can be monitored in a 

spectrophotometer. Trumbly J. R. et al. showed that leucine-para-naphthylamide is the 

preferred substrate for Ape1 as it exhibits more activity with this substrate over the others 

[233,234]. Hence, we used leucine-para-naphthylamide as the substrate in our assays, as 

described in the materials and methods. Cell lysates from the above three strains were used 

to perform the aminopeptidase assay, where μmol of product formed/mg of cell lysate was 

measured as described (Fig. 5A). The amount of product formed in the mxr2Δ strain is 

comparable to that in the ape1Δ strain; however, it is significantly lower than the wt strain 

(Fig. 5B). These results imply that the Ape1 enzyme molecules in mxr2Δ are oxidatively 

modified and less active. 
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Figure 5. Leucine aminopeptidase activity decreases in mxr2Δ strain. A, equation to 

estimate amount (μmol) of product formed/mg of lysate in leucine aminopeptidase assay. B, wt, 

mxr2Δ and ape1Δ cells were grown up to log phase, and cells lysates were prepared to check 

the leucine aminopeptidase activity of the cells. Fifty micrograms lysate from each strain was 

then incubated with leucine p-nitroanilide substrate for up to 45 min as described under 

methods. Samples were analyzed in a spectrophotometer by measuring their absorbance at 

405 nm, and μmol of product formed was calculated for the three strains. Data are represented 

as mean ± SD of three independent experiments. Statistical analysis was done using a two-way 

ANOVA test. ****p <0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05. ns, nonsignificant. 

 

2.3.6. Mxr2 helps in maintaining the stoichiometry of Ape1 and Atg19 in Cvt 

pathway 

After the Ape1 complex formation, Atg19 interacts with Ape1, facilitating communication 

and association with other Atg proteins, including Atg8 and Atg11, to form Cvt vesicles. 

Considering the above information, we inquired whether overexpression of Atg19 alone 

or with Mxr2 can rescue the unstable phenotype of Ape1 in the mxr2Δ strain. HA-tagged 

ATG19 plasmid alone or with FLAG-tagged MXR2 plasmid were overexpressed in wt and 

mxr2Δ strains. The strains were grown until the mid-log phase before being exposed to 

nitrogen starvation for 4 h. As described earlier, cells were harvested, Western blotted, and 
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probed with Ape1, HA, FLAG, and Pgk1 (loading control) antibodies (Fig. 6). Intriguingly, 

instead of rescuing the instability phenotype of Ape1, over-expression of Atg19 

exacerbates the phenotype in not only the mxr2Δ strain but also destabilizes Ape1 in 

the wt strain (Fig. 6). This could be due to imbalanced stoichiometry of both the protein 

in the system. This effect is observed under normal physiological and nitrogen starvation 

conditions (Fig. 6). Interestingly, additional overexpression of Mxr2 does not improve the 

stability of Ape1 in wt or mxr2Δ strain under physiological conditions (Fig. 6). Strikingly, 

under nitrogen stress, Mxr2 overexpression restores the steady-state level of Ape1 in wt 

and mxr2Δ strains to that observed in wt cells transformed with an empty vector (Fig. 6). 

Moreover, Ape1 in the mxr2Δ strain exhibits increased stability in the presence of Mxr2 

overexpression (Fig. 6). We conclude that Mxr2 acts as a shield protecting Ape1 and Atg19 

from premature degradation during oxidative stress and thus maintains their stoichiometry 

for proper functioning of the Cvt pathway. 
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Figure 6. Mxr2 maintains stoichiometry of Atg19 and Ape1 in the Cvt pathway. wt and 

mxr2Δ cells carrying empty vectors or expressing either HA- Atg19 alone or with Flag-Mxr2 

were grown up to the mid-log phase. Next, cells were exposed to nitrogen starvation for four 

hours to induce oxidative stress or left untreated. Cells were harvested, lysed, and analyzed via 

immunoblotting with Ape1, HA, and FLAG antibodies. The data are represented as mean ± SD 

of three independent experiments and f Statistical analysis was done using a two-way ANOVA 

test. ****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05. ns, nonsignificant. Cvt, cytoplasm 

to vacuole targeting; HA, hemagglutinin. 
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2.4. CONCLUSION 

In this chapter, we conclude that Mxr2 physically interacts with both Atg19 and Ape1, using 

yeast two-hybrid assay and the co-immunoprecipitation method and regulates the Cvt pathway. 

We showed that Mxr2 protects Ape1 and Ag19 from oxidative stress, as Δmxr2 strain showed 

less physiological abundance and less stability in cycloheximide chase assay. Further, we also 

showed that Mxr2 interacts with Ape1 via M17 residue in the Ape1, which is vulnerable to 

oxidative damage and reduces the methionine residue, if oxidized and mutating the residue 

renders Ape1 protein more stable and less vulnerable towards oxidative stress. Leucine 

aminopeptidase activity assay showed the Δmxr2 strain exhibits significantly reduced leucine 

aminopeptidase activity, which is comparable with Δape1 strain. At last, it has been 

demonstrated that, Mxr2 protects both proteins and maintains their stoichiometry within the 

cell for smooth running of the Cvt pathway, and thus regulates this specific autophagy 

pathway. The overview of this study is summarized in the following schematic diagram (Fig. 

7)  
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Figure 7. Schematic diagram depicting the role of Mxr2 in the Cvt pathway. (Left panel) 

In wt cells, Mxr2 interacts and protects Ape1 and Atg19 from oxidative stress, thereby 

preventing premature turnover. (Middle panel) Excess ROS in mxr2Δ cells destabilizes Ape1 

and Atg19 proteins. Destabilized proteins tend to degrade faster, and in this context, leading to 

decreased leucine aminopeptidase activity. (Right panel) M17L mutation confers oxidative stress 

resistance to the Ape1 protein. Stable and oxidative stress-resistant Ape1 M17L protein 

rescues the decreased leucine aminopeptidase activity phenotype of the mxr2Δ strain. Cvt, 

cytoplasm to vacuole targeting; ROS, reactive oxygen species. 
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CHAPTER 3 

 

 

Mxr2 controls the bulk autophagy 

pathway by regulating Atg8 

transcription through the Mxr2-

Mge1-Dep1 axis 
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3.1. BACKGROUND 

Cells are continually exposed to oxidative insults, which can lead to structural and functional 

changes in biomolecules, leading to various clinical conditions' onset [235-237]. Cells have 

evolved various enzymatic and non-enzymatic mechanisms to combat oxidative stress. Among 

these are methionine sulfoxide reductases (MSRs), which are crucial role in reducing oxidized 

methionine sulfoxide residues back to their native form [62,63,238]. The impairment of MSR 

enzymatic activity is linked to harmful physiological defects in yeast, and various human 

pathophysiological conditions [67,211,213,215,239]. In yeast, studies have demonstrated that 

MSRs protect nucleotide exchange factors for cytosolic and mitochondrial Hsp70 [70,71]. 

Additionally, research has shown that one specific autophagy pathway in yeast, the Cvt 

pathway, is regulated by the MSR known as Mxr2 [226]. Despite evidence that MSRs 

safeguard specific physiological substrates, the broader physiological impact of their functional 

loss and their associations with diverse physiological events remain largely unexplored.  

Non-selective autophagy is a highly conserved cellular recycling process that breaks down 

various biomolecules, dysfunctional components, and damaged organelles into simpler forms 

that can be reused [106]. In yeast, more than 40 Atg proteins participate in various stages of 

autophagy.  Autophagic dysregulation leads to severe consequences, and hence, cellular 

autophagic activity is tightly regulated, primarily through stringent transcriptional control of 

ATG genes [145,240]. Although extensive research has focused on understanding the 

transcriptional regulation of ATG genes, many molecular factors remain to be elucidated. 

Among the ATG proteins whose transcriptional expression undergoes significant changes 

before and after autophagy induction, Atg8 stands out as a prominent candidate. Atg8, a 

ubiquitin-like protein, integrates into the phagophore membrane, a crucial step for its expansion 

and the formation of autophagosomes [241,242]. Therefore, the transcriptional regulation of 

ATG8 is pivotal for maintaining optimal autophagic activity. While the Ume6 repressor 

predominantly controls Atg8 transcriptional expression, other regulators such as Pho23, Rph1, 

and Msn2-Msn4 have also been identified as modulators of Atg8 expression [154-156,158]. In 

addition to its role in autophagy, Ume6 also plays a critical role in the transcriptional regulation 

of meiotic genes, where the acetylation status of Ume6 proteins is crucial for this regulation 

[196,197,243]. Although the significance of acetylation in ATG proteins has been studied 
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extensively, the role of Ume6 acetylation in autophagy progression has not received sufficient 

attention. 

Autophagy plays a critical role in maintaining mitochondrial quality control. During stress 

conditions, dysfunctional mitochondria are eliminated through either mitophagy or non-

selective autophagy. Numerous studies have highlighted that cells deficient in autophagy 

exhibit significant impairments in mitochondrial function, including lower oxygen 

consumption rates, growth defects in non-fermentable medium, reduced activities of 

respiratory complexes, decreased membrane potential, and increased levels of mitochondrial 

DNA mutations and reactive oxygen species [244]. Under stress, when cells transition from 

glycolysis to respiratory growth, autophagy facilitates the recycling of iron necessary for 

mitochondrial activity during respiration. Mutants lacking functional autophagy, such as atg 

mutants, struggle with this metabolic shift, which can be alleviated by supplementing iron 

[245]. Despite extensive research into the role of autophagy in mitochondrial function, there is 

a notable gap in understanding whether the status of mitochondria physiology influences 

cellular autophagic activity. 

This study aimed to investigate how mitochondrial physiology regulates the progression of 

autophagy by modulating the Atg8 expression. We illustrated the importance of mitochondrial 

localized Mxr2 in regulating ATG8 expression by controlling the stability of Ume6 via 

modulating the activity of deacetylase complexes.  

3.2. MATERIALS AND METHODS 

3.2.1. Media and Growth conditions 

For all experiments, yeast cells are grown at 30°C up to mid-log cells with optical absorbance 

600nm ranging between 0.8-1.0 in synthetic media with required auxotropic supplements as 

described earlier [245,246], followed by treatment with nitrogen starvation media, as indicated 

in [246] if needed. Plasmid transformations within yeast cells have been carried out via 

standard method using single-stranded carrier DNA and lithium acetate as described [225]. For 

autophagy assay, cells are at first grown in synthetic minimal media with glucose upto mid-log 

phase followed by washing with sterile water via centrifugation and finally incubation with 

nitrogen starvation conditions for 6 hours to induce autophagic stress. On the other hand, for 

mitophagy assay, cells of mid-log phase were at first incubated in synthetic media with lactate 

for mitochondrial enrichment followed by washing and incubation with nitrogen starvation 
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conditions for 10 hours to induce mitophagic stress. To impel oxidative stress, cells from mid-

log phase cells were incubated with media having 2 mM H2O2 for 2 hours. To check the 

phosphorylation status of Atg13 or Ume6 and to check the gene transcript level at stress 

condition, mid-log phase cells were treated with nitrogen starvation media for 2 hours. To check 

the vacuolar dysfunction, mid-log phase cells were serially diluted and spotted in YPD agar 

plates (1 % yeast extract (Himedia, RM668), 2% peptone (Himedia, RM001), 2% with dextrose 

(Himedia, GRM077), 2% agar powder (Himedia, GRM666)) etc. pH 5, pH 7 or 100 mM CaCl2 

(SRL, 70650).  

3.2.2. Yeast strains and plasmids 

In this study, parent strain BY4741 and its derivatives are used. Genomic tagging of MXR2, 

ATG13 and UME6 genes was achieved by changing the stop codon of the gene with an 

amplified cassette containing 3՛ end of the respective gene without stop codon, myc tag, and 

HIS cassette, via by PCR-based homologous recombination as indicated [219]. The gene 

coding sequence were amplified from either yeast genomic DNA or mentioned DNA constructs 

to create different plasmid constructs. For pNB1042, coding sequence of Mxr2 without the 

mitochondrial targeting sequence was cloned in pRS425 using NB1398/NB1048 primers. For 

pNB1043, the coding sequence along with 5’UTR sequence of Ume6 along with 3X FLAG tag 

was cloned in pRS315 vector using NB1845/NB1950 primers. For pNB1044, 3՛ portion of the 

Ume6 gene was amplified form a Ume6 acetylation null mutant construct using 

NB1845/NB1952 primers. The 5՛ portion of the Ume6 gene along with 5՛ UTR was amplified 

using NB1951/NB1950 primer pair. Both the fragment was then cloned to generate NB1044. 

For pNB1045, pNB1048, pNB1049, pNB1050, pNB1051, pNB1052 and pNB1053, coding 

sequence of the DEP1, SSQ1, ISA1, ISA2, YFH1, ISU1 nad GRX5 gene was amplified 

respectively using respective primer pairs and ligated to BamHI/SalI digested fragment of 

pNB904. For pNB1046 and pNB1047, the mitochondrial targeting sequence (MTS) and COX4 

nuclear localization sequence (NLS) of NUP60 along with DEP1 gene were cloned into 

BamHI/SalI digested fragment of pNB904 using NB1978/NB1845 and NB1979/NB1845 

primer pairs respectively, where MTS and NLS sequences were embedded into 5’ end of the 

forward primers. The strains used in this study are mentioned in this study are listed in Table 

4, whereas the plasmids and the primers are listed in Table 5 and table 6 respectively.  
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Table 4. Strains 

Strain Genotype Reference 

YNB105 BY4741; MATa his3Δ1; leu2Δ0; met15Δ0; ura3Δ Euroscarf 

YNB117 BY4741; mxr2∆::KanMX Euroscarf 

YNB114 BY4741; mxr1∆::KanMX Euroscarf 

YNB489 BY4741; vma2∆::KanMX Euroscarf 

YNB 339 PJ469-A [220] 

YNB513 BY4741; MXR2-13XMYC::HIS3 This study 

YNB518 BY4741; ATG13-13XMYC::HIS3 This study 

YNB519 BY4741; mxr2∆::KanMX ATG13-13XMYC::HIS3 This study 

YNB516 BY4741; UME6-13XMYC::HIS3 This study 

YNB517 BY4741; mxr2∆::KanMX UME6-13XMYC::HIS3 This study 

YNB522 BY4741; ume6∆::KanMX Euroscarf 

YNB529 BY4741; dep1∆::KanMX Euroscarf 

YNB488 BY4741; ssq1∆::KanMX Euroscarf 

YNB411 BY4741; mge1∆::KanMX pRS425- WT MGE1::LEU2 [247] 

YNB431 BY4741; mge1∆::KanMX pRS425- DM MGE1::LEU2 This study 

 

Table 5. plasmids 

Plasmid No. Plasmid Name Source/Reference 

pNB415  pGBD-C1 [220] 

pNB422  pGAD-C1  [220] 

pNB901 pGBD-C1 Mxr2-FLAG [246] 

pNB 1041 pGAD-C1 ATG8 This study 

pNB362  pRS423 GFP-Atg8  Ravi Manjithaya, 

JNCASR Bangalore 

pNB449  pRS316 Su9-DHFR-GFP  [248] 

pNB356 p425 TEF  [222] 

pNB904 p425TEF Mxr2-FLAG WT [246] 

pNB500 pFA6a 13 Myc-HisMX6 [219] 

pNB 1042 p425TEF Mxr2-FLAG (Δ29) This study 

pNB494 Ura- MXR2 GFP – WT [71] 

pNB495 Ura- MXR2 GFP - M1L [71] 

pNB496 Ura- MXR2 GFP - M34L [71] 

pNB357 p426 TEF [222] 

pNB399 pRS315 [223] 

pNB 1043 pRS315- UME6 WT This study 

pNB 1044 pRS315- UME6 (K736R,K737R,K745R, 

K812R,K183R,K814R) 

This study 

pNB 1045 p425TEF DEP1-FLAG WT This study 

pNB 1046 p425TEF DEP1-FLAG MTS This study 

pNB 1047 p425TEF DEP1-FLAG NLS This study 

pNB 1048 p425TEF SSQ1-FLAG  This study 

pNB 1049 p425TEF ISA1-FLAG This study 

pNB 1050 p425TEF ISA2-FLAG This study 

pNB 1051 p425TEF YFH1-FLAG This study 
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pNB 1052 p425TEF ISU1-FLAG This study 

pNB 1053 p425TEF GRX5-FLAG This study 

pNB 457 p425TEF MGE1 WT [247] 

pNB 459 p425TEF MGE1 DM (M115L, H167L) This study 

pNB 1054 pGBD-C1 MGE1 WT This study 

pNB 1055 pGBD-C1 MGE1 DM (M115L, H167L) This study 

pNB 1056 pGAD-C1 DEP1 This study 

pNB357 p426 TEF [222] 

pNB 1057 p426TEF MGE1 WT [247] 

pNB 1058 p426TEF MGE1 DM (M115L, H167L) This study 

 

Table 6. Primers 

Primer name Sequence (5՛-3՛)  

NB1736 ATG8 F.P. CTG GGATCC ATGAAGTCTACATTTAAGTCTG     BamHI 

NB1683 ATG8 R.P. ATG GAATTC CTACCTGCCAAATGTATTTTCTCC     EcoRI 

NB1398 Mxr2 Δ29 

F.P.  

CTA GGATCC ATGAAGAGCAAGAAAATGAGTGACG BamHI  

NB1048 MXR2 

FLAG rev 

GTTTAAACCTCGAGTTACTTGTCATCGTCATCCTTGTAATCGA 

TGTCATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCGGG 

CCCGTCGACATCCTTCTTGAGGTTTAAAGACGC 

 

NB 1894 DEP1 F.P.-  

 

CTA GGATCC ATGAGTCAGCAAACACCAC  BamHI 

NB 1895 DEP1 

R.P.-  

ATG GTCGAC CTGGGCCCACTGGTG  

 

SalI 

NB1978 Dep1 F.P. 

with MTS.  

CTA GGATCC 

ATGCTTTCACTACGTCAATCTATAAGATTTTTCAAGCCAGCCA

CAAGAACTTTGTGTAGCTCTAGA GATATC 

ATGAGTCAGCAAACACCAC 

BamHI 

NB1979 Dep1 F.P. 

with NLS-  

CTA GGATCC 

ATGCATCGTAAATCATTGAGGAGGGCTAGCGCTACTGTGCCTT

CCGCTCCCTATCGAAAGCAGATTATTAGC GATATC 

ATGAGTCAGCAAACACCAC 

 

BamHI 

NB 1845 UME6 5’ 

UTR FP- 

CTA GGGCCC GGCACCGAACGGTCTTG  

 
ApaI 

NB 1950 Ume6 3X 

FLAG R.P. - 

 ATG GTCGAC 

TTACTTGTCATCGTCATCCTTGTAATCGATGTCATGATCTTTAT

AATCACCGTCATGGTCTTTGTAGTCAAGCTTTTTTTTTTTCATT

GCTCTTCTTTTGGCC 

 

NB1951 UME6 

lysine mutation F.P.- 

GCAAAATCAAAGGCGAAACAGTCATCA 

 

 

NB1952 UME6 

lysine mutation R.P.- 

TGATGACTGTTTCGCCTTTGATTTTGC  

NB 1869 SSQ1 F.P.-  CTA GGATCC ATGCTTAAATCTGGTAGACTCAAC  

 

BamHI 

NB 1870 SSQ1 

R.P.-  

ATG GTCGAC TTTACCTTGATTCTGCTGGTTTTTTG  

 

SalI 

NB 1875 ISA1 F.P.-  CTA GGATCC ATGATAAACACAGGAAGAAGCAG  

 

BamHI 

NB 1876 ISA1 R.P.-  ATG GTCGAC AACCATGAAACTCTCGCC  SalI 

NB 1877 ISA2 F.P.-  CTA GGATCC ATGCAGGCTAAATTATTGTTTACCAG 62.1 BamHI 

 

BamHI 



51 
 

NB 1878 ISA2 R.P.-  ATG GTCGAC TTAATTTTCAATATCAAAACTACTTCCACAACC  SalI 

NB 1849 YFH1 F.P.- 

  

CTA GGATCC ATGATTAAGCGGTCTCTCG  BamHI 

NB 1850 YFH1 

R.P.-   

ATG GTCGAC TTGGCTTTTAGAAATGGCCTTC  

 

SalI 

NB1110 Isu1 F.P. CTAGGATCCATGCTTCCTGTTATAACGAG BamHI 

NB1111 Isu1 R.P. ATGGTCGACTTACGATAACATGGTTGG SalI 

NB 1879 GRX5 

F.P.-  

CTA GGATCC ATGTTTCTCCCAAAATTCAATCCC  

 

BamHI 

NB 1880 GRX5 

R.P.-  

ATG GTCGAC ACGATCTTTGGTTTCTTCTTCTTC  

 

SalI 

NB341 MGE1p 

SDM H167L F.P.

  

CTAAGAAAGCTCGGTATTGAA  

NB342 MGE1p 

SDM H167L R.P.

  

TTCAATACCGAGCTTTCTTAG  

NB866 MGE1p 

SDM M155L F.P.

  

GGGGTTAGACTGACAAGAGAT  

NB867 MGE1p 

SDM M155L R.P.

  

ATCTCTTGTCAGTCTAACCCC  

NB 1946 MGE1 FP

  

CTAGAATTCATGAGAGCTTTTTCAGCAGCC BamHI 

NB820 MGE1 R.P. CATAGGATCCTTAGTTCTCTTCGCCCTTAACAATTCC EcoRI 

NB 1980 MGE1 

Y2H R.P.  

ATG GTCGAC GTTCTCTTCGCCCTTAAC SalI 

NB1644 MXR2 

Myc tagging F.P.- 

GACACCAGACACTGTGTGAACAGTGCGTCTTTAAACCTCAAG

AAGGATCGGATCCCCGGGTTAATTAA 

 

NB1165 MXR2 

Myc tagging R.P.- 

GTACGTATGCATACACACATATATATATATATATATATAGTACAT 

GAATTCGAGCTCGTTTAAAC 

 

NB1714 ATG13 

Myc tagging F.P.- 

ATGATGATCTAGTATTTTTCATGAGTGATATGAACCTTTCTAAA

GAAGGTCGGATCCCCGGGTTAATTA 

 

NB1715 ATG13 

Myc tagging R.P.- 

TTTGATTATTTTTCTTTAGTTGTGCCCTTTAAAATAAAACTTTA

CCATTTGAATTCGAGCTCGTTTAAAC 

 

NB1710 UME6 

Myc tagging F.P.-  

AAATCAAGAAAAAAACAAAAGAGGCCAAAAGAAGAGCAAT

GAAAAAAAAACGGATCCCCGGGTTAATTAA 

 

NB1711 UME6 

Myc tagging R.P.-  

AATAATAATAATAATAGTAACAATATCTCTTTTTTTTTTTCAGTG

AGCTTGAATTCGAGCTCGTTTAAAC 

 

NB1542 ATG8 RT 

FP - 

CTAGTTCCTGCTGACCTTAC 

 

 

NB1543 ATG8 RT 

RP- 

GCAGTAGGTGGCAAAGTA 

 

 

NB1544 ATG14 RT 

FP-   

AGGCACAGGATAGAACAG  

NB1545 ATG14 RT 

RP-   

GTACCAGTACCCACCTTA  

NB1758 Actin RT 

F.P.-   

GAAATCACCGCTTTGGCTCC  

NB1758 Actin RT 

R.P.-   

GTGGTGAACGATAGATGGACCA  

NB1777 GCN5  F.P. 

RT - 

GGAGGATCTGAAGTGGTT 

 

 

NB1778 GCN5  R.P. 

RT - 

GACACTGGGTCTCTCTTT 
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NB1779 SIN3  

F. P. RT - 

GCAGATGCTAACGATGAC  

 

 

NB1780 SIN3  

R. P. RT- 

GACCTGTTCGAGGTAAGA  

NB1781 RPD3 F. P. 

RT - 

CTTCTGCTGTCGTGTTAC    

NB1782 RPD3 R. P. 

RT -   

GGGATCCCAAAGGATTTC  

 

 

NB1629 UME6 RT 

F.P.- 

GAAGGTCAGTTGGAAACG 

 

 

NB1630 UME6 RT 

R.P.- 

AAGATGGAGACGATGGAG 

 

 

NB1783 CAR1 F. P. 

RT -   

CGGTGAAGGTCCCATTAT  

 

 

NB1784 CAR1 R. P. 

RT- 

GCCAATCTTTCCACCAAG 

 

 

 

3.2.3. Whole cell extract preparation and Western blot Analysis 

Cell lysates from harvested yeast cells were prepared as described earlier [246]. SDS-PAGE 

and western blotting were carried out using standard protocols. Immunoblotting was done 

following standard procedures using anti-FLAG antibody (Sigma-Aldrich, F3165, 1:2000), 

anti-Myc antibody (Proteintech, 16286-1-AP, 1:5000), anti-GFP antibody (Abcam, ab183734, 

1:5000), anti-pan acetylation antibody (Proteintech, 66289-1-IG, 1:5000), anti-Pgk1, Por1 

serum (kind gift from Prof. Debkumar Pain, New Jersey Medical School, Rutgers University), 

anti-Mge1 antibody (In house raised)[247], Horseradish peroxidase-conjugated anti-rabbit 

polyclonal antibody (Jackson Laboratories, 111-035-144, 1:25,000), anti-mouse polyclonal 

antibody (Jackson Laboratories, 115-035-146, 1:25,000). After immunoblotting, the 

immunoblotting signal was detected, the immunoblotting images were quantified, and the 

statistical analysis was done as described earlier [246]. 

3.2.4. Cycloheximide Chase Assay 

For the cycloheximide chase assay, cells were grown up to a mid-log phase, in synthetic 

minimal media as required and then subjected to cycloheximide [SigmaAldrich, C7698] 

treatment (50 μg/ml) for different time durations (0, 10, 25, 40, 75 and 120 min) to stop the 

ribosomal translation. After harvesting at indicated time points, cell lysates were prepared from 

harvested cells and analyzed via western blotting with anti-GFP antibody to understand the 

protein degradation profile of Atg8 protein.  
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3.2.5. Mitochondrial Fractionation 

For mitochondria isolation, yeast cells are grown up to the late log phase in synthetic minimal 

media with optical absorbance600nm ranging between 1.2-1.8. After that, cells are either 

harvested or starved using nitrogen starvation media for indicated time points, before 

harvesting. Harvested cells were subjected to mitochondria isolation as described earlier [249-

251], where crude mitochondrial fraction was isolated as described previously [226]. Along 

with mitochondria, cytosolic fractions were also collected to determine the protein abundance 

in the cytosolic fractions. 

3.2.6. RNA extraction and quantitative real-time PCR (qRT PCR) 

RNA extraction was done from the harvested cells using the hot phenol protocol as described 

(86 of JBC). After RNA extraction, DNase digestion to remove DNA contamination and cDNA 

synthesis were done using the procedure described earlier [246]. Relative RNA abundance was 

determined by qRT-PCR using the PowerUp SYBR Green PCR Master mix (Applied 

Biosystems, A25742) via a Quanstudio 3 Real-Time PCR System. The results were normalized 

against ACT1 and transcript levels were calculated using 2-ΔΔC
T method [252].  

3.2.7. Coimmunoprecipitation Assay 

Cell extract for coimmunoprecipitation was prepared following procedures described earlier 

[246]. After protein estimation, 1 mg of cell lysate was at first incubated with protein A/G 

PLUS-Agarose beads (Santacruz Biotechnology, SC- 2003) at 4°C for 2 hours. Precleared cell 

extract was then incubated overnight at the same condition with either anti-pan acetylation 

antibody or anti-FLAG antibody. Next, the cell extract-antibody suspension was incubated 

again with protein A/G PLUS-Agarose beads for 4 hours with the same condition for binding 

of antibodies with the beads. After incubation, beads were collected, washed 3 times and then 

analyzed via western blotting using anti-Myc, anti-FLAG and anti-Mge1 antibodies. 

3.2.8. Statistical Analysis 

Statistical analysis was done using either unpaired Student’s t-test or one-way ANOVA or two-

way ANOVA test (mentioned in the figure legends). The significance of differences was 

marked based on the p value of the respective statistical tests, which is as follows ****p < 

0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05. ns, nonsignificant. The values represented in 

the data quantification are the mean of three independent experiments and the error bars 

showed in the graph indicate the standard deviation among the experiments. 
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3.3. RESULTS 

3.3.1. The mxr2Δ strain exhibits a markedly reduced autophagy flux  

Our previous study [246] demonstrated that Mxr2 regulates the Cvt pathway, a specific 

autophagy pathway, by protecting Ape1 and Atg19, two major components of the Cvt pathway. 

Therefore, we were intrigued to investigate whether Mxr2 plays a role in the bulk autophagy 

pathway in yeast. To examine this, we conducted an autophagy flux assay comparing wild-type 

(WT) and mxr2Δ cells, expressing Atg8-GFP ectopically from the pRS423 vector, and induced 

the autophagy by nitrogen starvation for 6 hrs as mentioned in the materials and methods 

section. The cell lysates were separated on SDS-PAGE, western transferred and probed with 

GFP to assess the autophagy flux. We find that the mxr2Δ strain exhibited a significant 

autophagic defect compared to the WT strain (Fig.8A). To validate further the involvement of 

Mxr2 in bulk autophagy, we overexpressed the Mxr2 protein tagged with 3x FLAG in the 

mxr2Δ strain using the pRS425 vector under the control of the TEF1 promoter, alongside empty 

vector controls. We find that the overexpression of Mxr2 could completely rescue the 

autophagic defect observed in the mxr2Δ strain, thereby confirming its role in bulk autophagy 

(Fig.8B). 

To confirm Mxr2's specific role in bulk autophagy, we also examined the mxr1Δ strain, which 

lacks the S type of methionine sulfoxide reductase, in the autophagy flux assay. Unlike the 

mxr2Δ strain, the mxr1Δ strain demonstrated autophagic flux similar to the WT strain, thereby 

confirming the specificity of Mxr2's involvement (Fig.8C). Since the mxr2Δ strain has more 

ROS, we intend to determine whether the autophagic defect in the mxr2Δ strain is due to this 

additional ROS. The WT cells were subjected to oxidative stress by treating with 2 mM H2O2 

for 2 hrs and compared with the untreated WT and mxr2Δ cells. Western blot data shows that 

with or without oxidative stress could not reduce the Atg8-protein abundance in WT compared 

to the mxr2Δ strain. These results suggest that additional ROS in mxr2Δ strain is not the reason 

for its autophagic defect (Fig. 8D). 

To determine the observed autophagic defect in the mxr2Δ strain resulted from vacuolar 

dysfunction, we conducted a survivability assay under vacuolar stress conditions (e.g., high pH 

and elevated calcium concentration) using WT, mxr2Δ, and vma2Δ strains. The vma2Δ strain, 

lacking a major subunit of vacuolar H+-ATPase, exhibited significantly reduced growth under 

high pH conditions and no growth on plates containing 100 mM CaCl2, indicative of severe 

vacuolar dysfunction. In contrast, similar to the WT strain, the mxr2Δ strain displayed a 
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comparable survivability profile, indicating its intact vacuolar health (Fig.8E). Overall, these 

findings strongly suggest that Mxr2 is involved in the regulation of bulk autophagy. 
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Figure 8. mxr2Δ strain exhibits significantly less autophagy flux. (A) WT and mxr2Δ cells 

expressing Atg8-GFP protein were grown in minimal media up to mid-log phase and then kept 

untreated (0 hr time point) or starved in nitrogen starvation media for 6 hrs (6 hr time point). 

Immunoblotting with an anti-GFP antibody was done to check Atg8-GFP processing to assess 

autophagy flux. Pgk1 was used as a loading control. Quantification of the autophagic flux is 

represented in the lower panel. (B) WT cells transformed with empty vector along with Atg8-

GFP construct and mxr2Δ cells expressing Atg8-GFP and transformed with either empty 

vector or Mxr2-FLAG overexpressing construct were used to determine the cellular autophagy 

flux using Atg8-GFP processing assay. Quantification of the autophagic flux is represented in 

the lower panel. (C) Autophagy flux assay was carried out with WT, mxr2Δ, and mxr1Δ cells 

expressing Atg8-GFP using Atg8-GFP processing assay. Quantification of the autophagic flux 

is represented in the lower panel. (D) After growing up to the mid-log phase, WT were kept 

untreated or treated with 2 mM H2O2, whereas mxr2Δ cells were left untreated. Harvested cells 

were analyzed via immunoblotting with anti-GFP antibody to check the Atg8-GFP protein 

levels. Quantification of the Atg8-GFP protein abundance in different strains is represented in 

the lower panel. (E) A growth survivability assay was performed with WT, mxr2Δ, and vma2Δ 

cells in minimal media with pH  5 or 7 or 100 mM CaCl2. Cells were first grown in minimal 

media, and spotting assay was done in agar plates containing indicated media. After serial 

diluted cell spotting, agar plates were incubated at 30°C for 2 days. The data shown are the 

mean ± SD of three biologically independent experiments. Statistical analysis was carried out 

using an unpaired Student’s t-test for (A, B, C, D), ****p < 0.0001, ***p < 0.001, **p < 0.01 and 

*p < 0.05. ns, nonsignificant. 

3.3.2. ATG8 gene is transcriptionally downregulated in the mxr2Δ strain 

 We noticed that in our autophagy flux assay, decreased autophagy flux in the mxr2Δ strain was 

also associated with a lower abundance of total Atg8 protein (Fig. 8). This finding, combined 

with our previous study where we demonstrated that Mxr2’s interactions with components of 

the Cvt autophagy pathway, Ape1 and Atg19, prompted us to investigate whether Mxr2 

similarly interacts with Atg8. Initially, we assessed their interaction using a yeast two-hybrid 

assay. Additionally, we examined Atg8 protein stability in the mxr2Δ strain compared to wild 

type (WT) using a cycloheximide chase assay. The yeast two-hybrid results indicated that Mxr2 

does not interact with Atg8 (Fig. 9A), while the cycloheximide chase assay showed that Atg8 

protein levels are low, however, the stability is comparable between WT and mxr2Δ strains 

(Fig. 9B). 

These findings suggested a potential transcriptional downregulation of the ATG8 gene in the 

mxr2Δ strain. During autophagy induction, the upregulation of the ATG8 and ATG14 genes is 

notably higher than other ATG genes [124,152]. Therefore, we investigated the transcriptional 

expression of ATG8 and ATG14 in WT and mxr2Δ cells under normal and starved conditions 
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(using SD-N for 2 hours). Quantitative reverse transcription PCR (qRT-PCR) results confirmed 

significant downregulation of both ATG8 and ATG14 genes in mxr2Δ cells under both 

conditions (Fig. 9C). 

Atg8, a crucial ubiquitin-like protein, plays a vital role in membrane fusion and phagophore 

expansion during autophagosome formation in yeast, directly influencing autophagosome size 

[253-255]. Thus, the reduced expression of ATG8 in mxr2Δ cells would likely lead to 

diminished flux in specific autophagy pathways. To validate this hypothesis, we conducted a 

mitophagy flux assay in WT and mxr2Δ cells, as described previously. Consistently, the 

mitophagy flux profile showed a significant decrease in flux in the mxr2Δ strain compared to 

WT, a deficit that was fully rescued by Mxr2 overexpression (Fig. 9D & E). In summary, these 

results confirm that the decreased abundance of Atg8 protein in the mxr2Δ strain is not due to 

reduced stability but rather stems from transcriptional downregulation. This deficiency 

ultimately results in diminished autophagic and mitophagic flux. 
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Figure 9. Transcriptional downregulation of ATG8 in the mxr2Δ strain. (A) yeast two-hybrid 

assay between Mxr2 and Atg8. The PJ69-4A strain, transformed with pGBD-C1- MXR2 and 

pGAD-C1- ATG8 construct, were spotted along with control strains on agar plates of indicated 

minimal media. The growth profile was checked after incubation at 30°C for 2 days. (B) 

cycloheximide chase assay. WT and mxr2Δ strains expressing Atg8-GFP protein were grown 

up to mid-log phase and treated with 50 μg/ml of cycloheximide for different time points up to 

2 h.  The Atg8 protein turnover profile was measured via Western blotting with an anti-GFP 

antibody. Quantification of the Atg8-GFP protein abundance in the cyclohexide chase assay 

is represented in the lower panel. (C) The transcript levels of ATG8(i) and ATG14(ii) were 

checked in WT and mxr2Δ cells under either vegetative or 2 hrs of nitrogen starvation condition 

via qRT- PCR analysis. (D) Mitophagy assay was carried out with WT and mxr2Δ strains. WT 

and mxr2Δ cells carrying Su9- DHFR- GFP constructs were initially grown up to mid-log phase 

in minimal media with glucose, resuspended in minimal media with 2% lactate, and incubated 

for 24 hrs. Harvested cells were left untreated or starved in SD-N media for 10 hrs. Harvested 

cells were then analyzed via immunoblotting with an anti-GFP antibody to measure mitophagy 

flux. Quantification of the mitophagic flux is represented in the lower panel. (E) WT and mxr2Δ 

cells expressing Su9- DHFR- GFP were transformed with either empty vector or Mxr2-FLAG 

overexpressing construct. Transformants were then used to perform a mitophagy flux assay. 

Quantification of the mitophagic flux is represented in the lower panel. The data shown are 

the mean ± SD of three biologically independent experiments. Statistical analysis was done 

using an unpaired Student’s t-test for (C and D), whereas one-way ANOVA tests were done 

test for (B and E). ****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05. ns, nonsignificant. 

3.3.3. Stress-induced repositioning of Mxr2 into mitochondria is essential for the 

progression of autophagy 

As we have seen Mxr2 is involved in regulation of autophagy and it is necessary for autophagy 

progression both in vegetative condition (basal autophagy) and in stress condition like nitrogen 

starvation condition (stress induced autophagy), we intended to investigate whether stress 

conditions such as nitrogen starvation influence Mxr2 protein levels and localization and 

whether its localization influences the autophagy flux.  It is known that nitrogen starvation 

increases the reactive oxygen species levels, leading to greater methionine oxidation than 

protein carbonylation [256].  

Initially, we genomically tagged the MXR2 gene with a Myc Tag using the Pfa6-HISMX6-

MYC vector and confirmed by western blotting (Fig. 10A). Cells expressing the myc- Mxr2 

protein were subjected to different stress conditions including stationary phase (low nutrient 

availability), nitrogen starvation, non-fermentable carbon source (glycerol), and oxidative 

stress (2mM H2O2 treatment for 2 hours), and subsequently harvested. Cell lysates from these 

harvested cells were separated on SDS-PAGE, western transferred, and probed with myc and 

Pgk1 antibodies (Fig.3B). The western blotting results showed that a significant increase in 

Mxr2 protein abundance under all stress conditions (Fig. 10B).  
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Nicklow et al. [71] previously demonstrated that Mxr1 and Mxr2 regulate the activity of Fes1, 

the nucleotide exchange factor of cytosolic Hsp70. They also identified two translation-starting 

methionines, M1 and M34, in Mxr2. Ribosome footprinting assays indicated that translation of 

Mxr2 primarily initiates from M34, resulting in the absence of a mitochondrial localization 

signal in the Mxr2 peptide and its subsequent localization in the cytoplasm, contrasting earlier 

reports of mitochondrial localization of Mxr2 [70]. 

First, we intended to sort out the localization of Mxr2 using subcellular fractionation in the 

Mxr2-myc strain, as described in the methods. Whole cell extracts, mitochondria, and cytosolic 

fractions were separated on SDS-PAGE, western transferred, and probed with Porin 

(mitochondria), Pgk1 (cytosol), and Myc antibodies. The fractionation assay confirmed that 

most Mxr2 protein localizes in the cytosol (Fig. 10C).  

We next explored whether stress conditions influence the localization of the Mxr2 protein. 

Alongside vegetative growth conditions, we examined two stress conditions: growth in non-

fermentable glycerol media and nitrogen starvation media for 4 hours. Mitochondrial 

fractionation was performed on harvested cells and analyzed via western blotting. The data 

demonstrated that under vegetative conditions, the majority of Mxr2 protein localized to the 

cytosol, with a smaller portion in mitochondria. Interestingly, a significant portion of the Mxr2 

protein pool under both stress conditions localized to mitochondria, while only a minor fraction 

remained in the cytosol (Fig. 10D). These findings indicate that Mxr2 protein levels increase 

under stress conditions and preferentially relocate to mitochondria, whereas it predominantly 

resides in the cytoplasm under vegetative conditions. 

Observing that treatment of cells with SD-N media causes Mxr2 to relocate to mitochondria 

led us to investigate whether the mitochondrial localization of Mxr2 affects autophagy 

progression. Mxr2 contains a 29-amino acid N-terminal mitochondrial targeting signal (MTS). 

To retain Mxr2 in the cytoplasm, we constructed another overexpression variant where the 

MTS, excluding M1 (Δ29 Mxr2), was deleted and expressed under the TEF1 promoter with a 

FLAG tag. Autophagy flux assays using wild-type (WT) Mxr2 and the Δ29 Mxr2 showed that 

while the WT construct fully restored defective autophagy flux in the mxr2Δ strain, the Δ29 

Mxr2 construct did not (Fig. 10E). Given that the mxr2Δ strain exhibits reduced autophagic 

flux due to ATG8 downregulation, we examined the transcriptional expression of ATG8 under 

overexpression conditions with these two Mxr2 constructs. RT-PCR data indicated that while 
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WT Mxr2 overexpression could restore the ATG8 expression, overexpression of Δ29 Mxr2 

resulted in ATG8 expression similar to that observed in the mxr2Δ strain (Fig. 10F). 

To further validate the importance of Mxr2's mitochondrial localization in autophagy 

progression, we employed three GFP-tagged Mxr2 constructs [71] to assess their ability to 

rescue the downregulated transcriptional expression of ATG8. These constructs included WT 

Mxr2, a mutant with point mutations at either the M1 or M34 positions to leucine. Previous 

studies [71] indicated that the mutant carrying the M1 mutation initiates Mxr2 peptide synthesis 

from M34 without the MTS, leading to cytoplasmic localization. In contrast, the M34L mutant 

produces only the full-length peptide, localizing exclusively in mitochondria. These constructs 

were introduced into mxr2Δ cells, and ATG8 expression was quantified using RT-PCR. The 

data showed that the WT construct completely rescued the defect, whereas the M1L mutant did 

not. Interestingly, the M34L mutant exhibited unusually high ATG8 transcript levels (Fig. 

10G). These findings underscore that the presence and mitochondrial relocalization of Mxr2 

under stress conditions are critical for ATG8 expression and the progression of autophagy. 
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Figure 10. Stress induced mitochondrial localized Mxr2 is necessary for autophagy 

progression. (A) Western blotting with anti-myc antibody to show genomic myc tagging of 

Mxr2 protein in WT cells. Pgk1 was used as a loading control. (B) WT cells expressing Mxr2-

myc protein were grown under vegetative conditions or indicated stress conditions and 

harvested. Harvested cells were then analyzed via western blotting with an anti-myc antibody 

to check the Mxr2 protein abundance at different stress conditions. Pgk1 was used as a 

loading control. Quantification of the Mxr2-myc protein abundance under different stress 

conditions is represented in the right side panel. (C) WT cells expressing Mxr2-Myc were 

grown to log phase under vegetative conditions and harvested, and the organellar fraction was 

carried out as described in the methods. Western blots were probed with Myc, Porin and Pgk1 

antibodies.  Porin and Pgk1 were used as a loading controls for mitochondria and cytosol, 

respectively. (D) WT cells expressing Mxr2-myc protein were grown either in vegetative 

condition, in glycerol minimal media, or at first in glucose media and then starved in SD-N 

media for 4 hrs. Cells harvested in different conditions were subjected to organellar 

fractionation and probed with Myc, porin, and Pgk1 to show the Mxr2 protein abundance in 

cytosol and mitochondria. (E) WT cells were transformed with Atg8-GFP construct or empty 

vector, and mxr2Δ cells carrying Atg8-GFP construct were transformed with either empty 

vector or WT Mxr2-FLAG or Δ29 Mxr2-FLAG expressing construct. Transformants were grown 

in minimal media followed by treatment with nitrogen starved media for 0 or 6 hrs, and whole 

cell extracts were probed with GFP, Flag and Pgk1 antibodies.  GFP antibody was used to 

analyze the autophagy flux assay while Pgk1 was used as a loading control, and Flag was 

used to show the over expression of Mxr2. Quantification of the autophagic flux is represented 

in the lower panel. (F) WT cells and mxr2Δ cells expressing either full length or Δ29 Mxr2-

FLAG protein were grown to mid log phase and subjected to 0 or 2 hours of nitrogen starvation, 

and ATG8 transcript level was measured via qRT-PCR analysis. (G) WT cells carrying empty 

vector and mxr2Δ cells carrying either empty vector or WT or M1L or M34L Mxr2-GFP 

construct were treated with SD-N media for 2 hrs or kept untreated. Harvested cells were used 

to check the ATG8 transcript level via qRT-PCR analysis. The data shown are the mean ± SD 

of three biologically independent experiments. Statistical analysis was done using a one-way 

ANOVA test for (B, E, Fand G). ****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05. ns, 

nonsignificant. 

3.3.4. The mxr2Δ strain stabilizes the Ume6 and deacetylase complex proteins 

The transcriptional downregulation of ATG8 in the mxr2Δ strain prompted us to investigate 

whether defects in the initiation of autophagy activation are defective in the mxr2Δ strain. 

During the activation of autophagy, Tor and PKA kinases are deactivated, leading to the 

dephosphorylation of hyperphosphorylated Atg13 proteins, which then associate with Atg1 to 

activate the Atg1 kinase complex to initiate Atg protein activation [257-260]. We intended to 

compare the Atg13 phosphorylation profiles between WT and mxr2Δ strains. To examine the 

Atg13 phosphorylation profile, we utilized WT and mxr2Δ strains with genomically myc-

tagged ATG13. Cells were grown to mid-log phase and treated with SD-N for 2 hours. Cell 

lysates were separated on SDS-PAGE, western transferred, and probed with myc and Pgk1 
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antibodies. The fast-migrating Atg13 band is indicative of dephosphorylated protein. Figure 

11A shows a similar shift in the mobility of Atg13-myc protein in both autophagy induced cell 

extracts of WT and mxr2Δ strain compared to uninduced cells. These results suggest no 

difference in the dephosphorylation status of Atg13 protein between the two strains, ruling out 

the possibility of defects in autophagy activation. 

The transcriptional regulation of ATG genes is pivotal during autophagy progression and is 

tightly regulated to prevent autophagic dysregulation [240,261]. Under nutrients are abundant 

nutrients, Tor kinases phosphorylate Sch9 kinase [262], which phosphorylates Rim15 kinase, 

leading to its cytoplasmic localization [159,160,263]. In such circumstances, Ume6 binds to 

the ATG8 promoter and represses its expression with histone deacetylase Rpd3 and co-

repressor Sin3 [154,194,264,265]. However, under nitrogen starvation conditions, Tor and 

Sch9 kinases become inactive and unable to phosphorylate Rim15. Additionally, Tps2 

dephosphorylates Rim15's phosphorylated residue [162]. Dephosphorylated Rim15 then 

translocates to the nucleus and undergoes autophosphorylation [159]. Hyperphosphorylated 

Rim15 subsequently phosphorylates Ume6, disrupting its association with Sin3 and Rpd3 

[266], thereby allowing for the reinstatement of ATG8 gene expression. Therefore, our initial 

interest was to determine if there were any differences in the phosphorylation status of Ume6 

protein between the WT and mxr2Δ strains. We used genomically myc-tagged Ume6 gene was 

used to determine its phosphorylation status in WT and mxr2Δ strains. The Ume6-myc tagged 

WT and mxr2Δ cells were grown to log phase and starved with SD-N media for 2 hours. 

Western blotting data revealed that no change in phosphorylation status between the two strains 

(Fig 11B). Despite the lack of changes in the phosphorylation profile, we observed a consistent 

and moderate increase in Ume6 protein abundance in the mxr2Δ strain compared to WT in 

vegetative and starved conditions (Fig 11B). To ascertain if the higher transcriptional 

expression of Ume6 protein is responsible for its increased abundance in the mxr2Δ strain, we 

quantified UME6 transcript levels in both strains using RT-PCR. The results show no 

significant difference in UME6 transcript amounts between the two strains (Fig 11C). 

In addition to phosphorylation, Ume6 undergoes acetylation at two distinct lysine clusters at 

its C-terminal end [196,197]. Acetylation at the first lysine cluster in Ume6 determines its faster 

turnover rate, tightly controlled by the Gcn5 acetylase and Rpd3-Sin3 deacetylase complex 

[196]. Consequently, we were interested in determining whether acetylation plays a role in 

slower turnover and higher stability of Ume6 in the mxr2Δ strain compared to WT cells. Ume6 

undergoes increased acetylation under stress conditions.  Genomically myc tagged Ume6 WT 
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and mxr2Δ cells were grown to log phase and starved with SD-N medium for 2 hours. Cells 

were harvested and immunoprecipitated with acetylated antibodies and probed with myc 

antibody.  Immunoprecipitation assays using pan-acetylation antibodies reveal that a 

significant amount of Ume6 protein was immunoprecipitated in WT cells compared to mxr2Δ 

cells, despite the total amount of Ume6 protein being higher in the mxr2Δ strain (Fig.11D). The 

acetylation status of Ume6 governs the expression of meiosis regulatory genes and other genes 

involved in metabolic reprogramming. Therefore, we examined the transcriptional expression 

of CAR1, which encodes arginase required during nitrogen starvation, in WT and mxr2Δ 

strains, as its expression is influenced by Ume6 acetylation status. RT-PCR data demonstrated 

significantly lower expression of the CAR1 gene in the mxr2Δ strain compared to the WT strain 

(Fig.11E). These findings confirm that Ume6 protein undergoes less acetylation in the mxr2Δ 

strain compared to the WT strain. 

In yeast and mammalian cells, the acetylation status of various Atg proteins regulates 

autophagy progression [267]. However, the impact of Ume6 acetylation status on autophagy 

remains unclear. To determine the role of Ume6 acetylation in autophagy, we cloned both the 

WT and a mutant form of Flag-Ume6 into a pRS315 vector, where all lysine residues in the 

first and third lysine clusters (K736, K737, K745, K812, K813, and K814) were mutated to 

arginine. We introduced these constructs into the ume6Δ strain alongside an empty vector 

transformed into WT, mxr2Δ, and ume6Δ strains. Transformed cells were subjected to 

autophagy flux assays for 6 hours as described in the methods. The results showed that the 

ume6Δ strain exhibited high autophagy flux with excess Atg8 expression, as it failed to control 

the ATG8 gene expression (Fig. 11F, compare lanes 2, 4 to 6). Expression of WT Ume6 in the 

ume6Δ strain nearly fully restored normal autophagy flux by repressing ATG8 expression 

(Fig.11F, lane 8). Interestingly, expression of the mutant Ume6 protein, which could not be 

acetylated, repressed ATG8 expression similarly to the mxr2Δ strain and exhibited reduced 

autophagy flux comparable to the mxr2Δ strain (Fig 11F, lane 10). 

Given the presence of less acetylated Ume6 protein in the mxr2Δ strain, we were interested in 

determining whether this was due to reduced acetylation or increased deacetylation. We 

examined the transcriptional expression of GCN5, RPD3, and SIN3 in these two strains using 

RT-PCR. The data showed that while the expression of GCN5 was comparable between the 

two strains, transcript levels of both RPD3 and SIN3 were significantly higher in the mxr2Δ 

strain compared to WT (Fig.11G). These results suggest that the increased abundance of Rpd3 

and Sin3 in the mxr2Δ strain leads to reduced deacetylation of Ume6, thereby prolonging its 
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stability and increasing Ume6 protein levels, ultimately resulting in enhanced repression of the 

ATG8 gene. 
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Figure 11. Ume6 protein abundance and expression of deacetylase complexes elevate 

in mxr2Δ cells. (A, B). WT and mxr2Δ cells expressing genomically tagged Atg13-myc (A) or 

Ume6-myc (B) were grown up to the mid-log phase and left untreated or treated with SD-N 

media for 2 hours. Harvested cells were analyzed to check the phosphorylation status of 

Atg13(A) or Ume6 (B) via mobility shift on immune blotting with an anti-myc antibody. Pgk1 

was used as a loading control. Quantification of the Ume6-myc protein abundance in 

vegetative and nitrogen starved condition is represented in the right side panel. (C) WT and 

mxr2Δ cells were grown up to the mid-log phase and harvested. Harvested cells were then 

subjected to whole RNA isolation, which is further used to check the UME6 transcript level via 

qRT-PCR method. (D) Immunoprecipitation of Ume6 via anti-pan acetylation antibody. WT and 

mxr2Δ cells expressing genomically tagged Ume6-myc protein were grown up to the mid-log 

phase and then treated with SD-N media for 2 hours. Harvested cells were subjected to the 

preparation of soluble cell lysates. Cell lysates were then used to immunoprecipitate Ume6-

protein via anti-pan acetylation antibody to check the acetylation status of Ume6 in WT and 

mxr2Δ cells. Ponceau-stained blot was used as a loading control. (E) CAR1 transcript level 

was checked in WT and mxr2Δ cells via qRT-PCR method. (F) WT and mxr2Δ cells were 

transformed with Atg8-GFP construct and empty vector, whereas ume6Δ cells carrying Atg8-

GFP construct were transformed with either empty vector or WT Ume6-FLAG expressing 

construct or mut Ume6-FLAG expressing construct. Autophagy flux assay was performed in 

these strains by analyzing Atg8-GFP processing. Quantification of the autophagic flux is 

represented in the right side panel. (G)  GCN5, RPD3 and SIN3 transcript levels were checked 

in WT and mxr2Δ cells via qRT-PCR method. The data shown are the mean ± SD of three 

biologically independent experiments. Statistical analysis was done using an unpaired 

Student’s t test for (C, E and G), a one-way ANOVA test for (F), whereas for (B). ****p < 0.0001, 

***p < 0.001, **p < 0.01 and *p < 0.05. ns, nonsignificant. 

 

3.3.5. Dep1 relays the signal from mitochondria to the Rpd3-Sin3 complex 

As we delved into understanding how Mxr2 influences the regulation of the Rpd3-Sin3 

complex, we encountered a recent study [268] revealing Dep1, a component of the Rpd3-Sin3 

complex, as a novel regulator of mitophagy. This study highlighted that a portion of Dep1 

resides within mitochondria, and deletion of DEP1 results in reduced autophagy flux. We found 

that loss of DEP1 results in reduced autophagy flux and also Atg8-GFP protein abundance and 

reduced expression of ATG8 similar to mxr2Δ strain (Fig.12A and 12B). Given the similarity 

in autophagic defects between the mxr2Δ and dep1Δ strains, we investigated whether the mxr2Δ 

strain exhibits a reduced abundance of Dep1 protein. RT-PCR analysis using cDNA from WT 

and mxr2Δ strains demonstrated significantly lower levels of DEP1 transcripts in the mxr2Δ 

strain compared to WT, both under normal growth conditions and during starvation, aligning 

with our hypothesis (Fig. 12C). To validate this finding, we conducted an autophagy flux assay 
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with WT and mxr2Δ strains overexpressing FLAG-tagged Dep1, which fully restored the 

autophagic defect observed in the mxr2Δ strain (Fig. 12D). Furthermore, RT-PCR data 

confirmed that Dep1 overexpression restored downregulated ATG8 expression and mitigated 

the elevated expression of RPD3 and SIN3 (Fig. 12E). 

Given the upregulated expression of RPD3 and SIN3 in the mxr2Δ strain, resulting in ATG8 

repression, we sought to determine if the dep1Δ strain exhibits similar upregulation of 

deacetylase complex proteins and reduced ATG8 expression. The RT-PCR analysis revealed 

that, as anticipated, RPD3 and SIN3 transcripts were significantly elevated in the dep1Δ strain 

compared to WT, indicating that the autophagic defects in mxr2Δ and dep1Δ strains stem from 

disruptions in the same cellular machinery (Fig. 12F). 

As an earlier report [268] have showed the presence of Dep1 in mitochondria, we were 

interested in investigating the impact of Dep1 localization on autophagic progression, we 

constructed Dep1 overexpression vectors containing either the mitochondrial targeting signal 

from the COX4 gene (MTS construct) or the nuclear localization signal from NUP60 (NLS 

construct). Autophagy flux assays in dep1Δ strains with these constructs demonstrated that the 

WT and MTS constructs successfully rescued the autophagic defect, whereas the NLS 

construct did not (Fig. 12G). Interestingly, analysis of the expression levels of different Dep1 

constructs revealed that the protein abundance of the NLS construct was significantly higher 

than that of the others, despite comparable DEP1 transcriptional expression across all 

constructs (Fig. 12H). These findings underscore the critical role of the precise stoichiometry 

ratio of Dep1 in the deacetylated complex and its mitochondrial localization in autophagy 

progression. 
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Figure 12. The signal from the mitochondria is relayed to the deacetylase complex via 

Dep1. (A) Autophagy flux assay was carried out with WT, mxr2Δ and dep1Δ cells expressing 

Atg8-GFP using Atg8-GFP processing assay. Quantification of the autophagic flux is 

represented in the right side panel. (B) WT, mxr2Δ and dep1Δ cells were grown to mid log 

phase in minimal media and subjected to 0 or 2 hours of nitrogen starvation, and ATG8 

transcript level was measured via qRT-PCR analysis. (C) The transcript levels of DEP1 were 

checked in WT and mxr2Δ cells under either vegetative or 2 hrs of nitrogen starvation condition 

via qRT- PCR analysis. (D) WT and mxr2Δ cells carrying Atg8-GFP construct were 

transformed with either empty vector or WT Dep1-FLAG overexpressing construct. Autophagy 

flux assay was performed in these strains by checking Atg8-GFP processing. Flag and Pgk1 

immunoblots to show the expression of Dep1 and equal loading levels, respectively. 

Quantification of the autophagic flux is represented in the right side panel. (E) WT cells with 

empty vector and mxr2Δ cells carrying either empty vector or WT Dep1-FLAG overexpressing 

construct were at first grown in grown minimal condition followed by no treatment or further 

treated with nitrogen starvation condition for 2 hr. Harvested cells were further subjected for 

RNA isolation for qRT-PCR analysis. cDNA samples from both samples were used for 

checking ATG8 (i) transcript level whereas cDNA samples from cells that were not starved 

were used for checking RPD3 and SIN3 (ii) transcript levels. (F) WT, mxr2Δ and dep1Δ cells 

were grown to mid-log phase in minimal media and subjected RNA isolation to measure the 

transcript level of RPD3 and SIN3 via qRT-PCR analysis. (G) WT cells were transformed with 

Atg8-GFP construct and empty vector whereas dep1Δ cells carrying Atg8-GFP construct were 

transformed with either empty vector or overexpression construct of either WT Dep1-FLAG or 

MTS tagged Dep1-FLAG or NLS tagged Dep1-FLAG. Autophagy flux assay was performed 

using these transformants by checking Atg8-GFP processing. Quantification of the autophagic 

flux is represented in the right side panel. (H) dep1Δ cells with overexpression construct of 

either WT Dep1-FLAG or MTS tagged Dep1-FLAG or NLS tagged Dep1-FLAG were grown in 

minimal media and DEP1 transcript level was measured via qRT-PCR analysis. The data 

shown are the mean ± SD of three biologically independent experiments. Statistical analysis 

was done using an unpaired Student’s t test for (C and Ei), whereas one-way ANOVA tests 

were done test for (A, B, D, Eii, F, G and H). ****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 

0.05. ns, nonsignificant. 

3.3.6. Improved iron sulfur cluster biogenesis rescues the autophagic defect in the mxr2Δ 

strain 

A previous study demonstrated that methionine sulfoxide reductases (MSR) play a protective 

role for iron-sulfur clusters, and deletion of MSR genes accelerates the turnover of these 

clusters, resulting in reduced activity of iron-sulfur cluster-containing enzymes [239]. This 

prompted us to investigate whether the decreased abundance of iron-sulfur clusters and reduced 

autophagic flux in the mxr2Δ strain are interconnected. To explore this, we initially examined 

the ssq1Δ strain, known for severe defects in iron-sulfur cluster biogenesis, to assess its 

autophagy flux. The autophagy flux assay revealed that the ssq1Δ strain also exhibits 

significantly reduced autophagy flux (Fig. 13A). Furthermore, RT-PCR analysis of ATG8, 
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DEP1, RPD3, and SIN3 genes showed that the ssq1Δ strain has lower transcripts of ATG8 and 

DEP1, and elevated expression of RPD3 and SIN3 genes, similar to the mxr2Δ strain (Fig. 

13Bi, ii). 

Considering reports that the mxr2Δ strain experiences enhanced turnover of iron-sulfur clusters 

leading to their reduced abundance, we investigated whether overproduction of iron-sulfur 

clusters by overexpressing key biosynthetic genes could rescue the autophagic defect in the 

mxr2Δ strain. To test this, we overexpressed several genes involved in iron-sulfur cluster 

biosynthesis (SSQ1, ISA1, ISA2, YFH1, ISU1, and GRX5) in the mxr2Δ strain and monitored 

autophagy flux (Fig. 13Ci). The assay results indicated that overexpression of four genes 

(SSQ1, ISA1, ISA2, and YFH1) completely restored autophagic flux in the mxr2Δ strain, 

whereas overexpression of ISU1 and GRX5 did not (Fig. 13Cii). Moreover, RT-PCR data 

confirmed that overexpression of these genes successfully rescued the repression of the ATG8 

gene and elevated transcriptional expression of RPD3 and SIN3, highlighting their role in 

mitigating the autophagic defect observed in the mxr2Δ strain (Fig.13 Di, ii). 
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Figure 13. Autophagic defect in the mxr2Δ strain is rescued by modulating iron-sulfur 

cluster biogenesis. The indicated strains were grown to the mid-log phase in minimal media 

and subjected to 0 or 2 hrs (for qRT-PCR analysis) 6 hrs (for western blotting analysis) of 

nitrogen starvation, and cells were harvested. Cell lysates were either used to isolate total 

RNA for qRTPCR or separated on SDS-PAGE, western transferred and probed with GFP 

antibody to analyze the autophagy flux. Pgk1 was used as a loading control. FLAG antibody 

probe to show the expression of tagged proteins. (A) Autophagy flux assay was performed in 

WT, mxr2Δ, and ssq1Δ strains expressing Atg8-GFP using Atg8-GFP processing assay. 

Quantification of the autophagic flux is represented in the right panel. (B) ATG8(i) transcript 

level was checked in WT, mxr2Δ, and ssq1Δ cells, whereas RPD3, SIN3 and DEP1(ii) 

transcript levels were checked in WT and ssq1Δ cells via qRT-PCR. (C) WT and mxr2Δ cells 

carrying Atg8-GFP construct were transformed with either empty vector or construct 

overexpressing either one of the following proteins- Ssq1, Isa1, Isa2, (i) Yfh1, Isu1 or Grx5 (ii). 

Autophagy flux assay was performed using these transformants by checking Atg8-GFP 

processing. Quantification of the autophagic flux (both i and ii) is represented in the right side 

panel. (D) mxr2Δ cells carrying either empty vector or overexpressing one of the following 

proteins Ssq1, Isa1, Isa2, Yfh1, and WT cells transformed with empty vector were either 

treated with SD-N media for 2 hrs or kept untreated. Harvested cells were used to check ATG8 

(i) transcript level via qRT-PCR analysis. The levels of RPD3 and SIN3 (ii) transcripts were 

checked in untreated cells. The data shown are the mean ± SD of three biologically 

independent experiments. Statistical analysis was done using an unpaired Student’s t test for 

(Bii), whereas one-way ANOVA tests were done test for (A, Bi, C and D). ****p < 0.0001, ***p 

< 0.001, **p < 0.01 and *p < 0.05. ns, nonsignificant. 

3.3.7. Mge1 connects iron-sulfur cluster machinery with Rpd3-Sin3 deacetylase complex 

required for autophagy progression via Dep1 

Our previous studies have demonstrated that Mxr2 interacts with Mge1, protecting it from 

oxidative damage and thereby maintaining its functional dimeric form [70]. Furthermore, Mge1 

plays a role in iron-sulfur cluster biogenesis by acting as a nucleotide exchange factor for Ssq1 

[247]. Consequently, we aimed to investigate whether ectopic overexpression of Mge1 could 

rescue the autophagic defect observed in the mxr2Δ strain. Autophagy flux assays conducted 

with mxr2Δ cells overexpressing Mge1 showed autophagy flux levels comparable to WT cells 

(Fig. 14A). Moreover, the transcriptional expression of the ATG8 gene was restored in these 

cells, and the elevated expression of RPD3 and SIN3 genes in mxr2Δ cells returned to WT 

levels following Mge1 overexpression (Fig. 14Bi, ii). 

To further validate the role of Mge1 in autophagy, we examined whether defective Mge1 itself 

could induce an autophagic defect. Previous studies indicated that mutations (M115L and 

H167L) in Mge1 confer resistance to oxidative and heat stresses respectively [247,269]. 

However, combining both mutations into a double mutant (DM) renders cells more sensitive 
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to abiotic stress and causes structural changes in the Mge1 protein (data not shown). Autophagy 

flux assays performed with cells expressing WT Mge1, single mutants, and DM Mge1 proteins 

revealed that cells expressing DM Mge1 exhibited reduced autophagy flux, whereas cells 

expressing single mutants showed autophagy flux similar to those expressing WT Mge1 (Fig. 

14C). Mitophagy flux measurements with the same strains yielded comparable results to the 

autophagy flux measurements (Fig. 14D). To explore whether the reduction in autophagy flux 

in DM Mge1-expressing strains is due to defects in the deacetylase complex, we measured the 

transcriptional expression of RPD3 and SIN3 genes. RT-PCR results indicated that RPD3 and 

SIN3 genes were upregulated in the DM Mge1 strain, along with downregulated ATG8 gene 

compared to the WT Mge1 strain (Fig. 14E i, ii). Along with ATG8 gene and deacetylase 

complex, we tried to check transcriptional expression of two other genes, CAR1 and DEP1, 

whose expression were significantly altered in mxr2Δ strain. RT-PCR result revealed 

significant downregulation of both genes in DM Mge1 expressing strain that the WT Mge1 

strain, similar to mxr2Δ strain (Fig. 14Eii). These findings suggest that functional Mge1 is 

essential for the transcriptional upregulation of Atg8 during autophagy induction, and the 

autophagic defect observed in the mxr2Δ strain is dependent on Mge1. 

Earlier experiments suggested that ectopic expression of both Dep1 and Mge1 can rescue the 

autophagic defect in the mxr2Δ strain, and an earlier report [268] identified localization of Dep1 

in mitochondria, where Mge1 is also present. Therefore, we investigated whether Mge1 

physically interacts with Dep1 using the yeast two-hybrid method. The results of the yeast two-

hybrid assay revealed that Dep1 interacts with Mge1 (Fig. 14F). Given that DM Mge1-

expressing cells exhibited an autophagic defect, we were curious to determine if DM Mge1 

could still interact with Dep1. Surprisingly, yeast two-hybrid assays with the DM Mge1 

construct showed that while WT Mge1 interacted effectively with Dep1, DM Mge1 failed to 

interact with Dep1 (Fig. 14G). These observations were further confirmed by 

immunoprecipitation assays. Co-overexpression of FLAG-tagged Dep1 with either WT or DM 

Mge1 followed by immunoprecipitation with FLAG antibody and subsequent Western blotting 

with Mge1 antibody showed that WT Mge1 co-precipitated with Dep1, whereas DM Mge1 did 

not (Fig. 14H). These results indicate that the interaction between Dep1 and Mge1 is crucial 

for the transcriptional regulation of ATG8 and progression of autophagy. 
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Figure 14. Mge1 links iron-sulfur cluster machinery and Rpd3-Sin3 deacetylase 

complex via Dep1. (A) WT cells were transformed with Atg8-GFP construct and empty vector 

whereas mxr2Δ cells carrying Atg8-GFP construct were transformed with either empty vector 

or constructs overexpressing Mxr2-FLAG or WT Mge1 protein. Autophagy flux assay was 

performed using these transformants by checking Atg8-GFP processing. Quantification of the 

autophagic flux is represented in the lower panel. (B) The same strains used in 7A were grown 

in minimal media and then either harvested or further treated with nitrogen starvation media 

for 2 hr. The RNA samples were isolated from the harvested cells and subjected to qRT-PCR 

analysis to measure the level of ATG8 (i) transcripts. cDNA samples from untreated cells were 

used to measure the level of RPD3 and SIN3 transcripts. (C) and (D) Autophagy and 

mitophagy flux assay was carried out in strains overexpressing WT and different Mge1 

mutants (M155L, H167L and DM) using these transformants by checking Atg8-GFP 

processing. Quantification of the autophagic and mitophagic flux is represented in the right 

side panel. (E) Cells expressing either WT or DM Mge1 were grown in minimal media and 

then either harvested or further treated with nitrogen starvation media for 2 hr. The RNA 

samples were isolated from the harvested cells and subjected to qRT-PCR analysis to 

measure the level of ATG8 (i) transcripts. cDNA samples from untreated cells were used to 

measure the level of CAR1, RPD3, SIN3 and DEP1 transcripts. (F) Yeast two-hybrid assay 

was performed to check the interaction between WT Mge1 and Dep1. The PJ69-4A strain, 

transformed with pGBD-C1- WT MGE1 and pGAD-C1- DEP1 construct, were spotted along 

with control strains on agar plates of indicated minimal media. The growth profile was checked 

after incubation at 30°C for 2 days. (G) Yeast two hybrid assay was performed to check the 

interaction between DM Mge1 and Dep1. The PJ69-4A strain, transformed with pGBD-C1- DM 

MGE1 and pGAD-C1- DEP1 construct, were spotted along with control strains on agar plates 

of indicated minimal media. The growth profile was checked after incubation at 30°C for 2 

days. (H) Immunoprecipitation assay to check the interaction between Dep1 with WT or DM 

Mge1. Strains expressing either WT or DM mge1 protein were transformed with Dep1-FLAG 

overexpressing construct. Transformants were grown up to the mid-log phase and the 

harvested cells were subjected to the preparation of soluble cell lysates. Cell lysates were 

then used to immunoprecipitate Dep1-FLAG protein via anti-FLAG antibody to check the 

copurification of Mge1 proteins. The data shown are the mean ± SD of three biologically 

independent experiments. Statistical analysis was done using either an unpaired Student’s t 

test for (C, D, Ei and Eii) a one-way ANOVA test for (A,Bi and Bii). ****p < 0.0001, ***p < 0.001, 

**p < 0.01 and *p < 0.05. ns, nonsignificant. 

 

 

2.4. CONCLUSION 

In this chapter, we showed that different physiological stress condition upregulates Mxr2’s 

expression and concentrate it within mitochondria. We also demonstrated that loss of MXR2 

leads to dysregulation of the deacetylase complex and altered acetylation status of Ume6, 

which is crucial for ATG8 expression and autophagy progression. Further, altered Fe-S cluster 

metabolism due to loss of Mxr2 also correlated with impaired autophagy, which can be rescued 

by overexpressing genes involved in iron-sulfur cluster biosynthesis or Mge1, a nucleotide 
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exchange factor of Hsp70 and Mxr2's physiological substrate. Investigating the signaling 

pathway from mitochondrial machinery to the deacetylase complex, we discovered that Dep1, 

a component of the deacetylase complex, is localized in the mitochondria and physically 

interacts with Mge1. This interaction was critical for ATG8 expression and the progression of 

autophagy. Overall, our study shows how mitochondrial physiology regulates autophagy by 

linking the mitochondrial redox regulation system, iron-sulfur cluster machinery, and the 

deacetylation apparatus to the transcriptional control of autophagy. 
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4.1. DISCUSSION FOR CHAPTER 2 

ROS has been implicated in numerous signaling pathways that modulate developmental stages 

in different organisms. ROS has been noted to be involved in regulating various physiological 

processes and signaling circuits [270]. However, excess ROS generates oxidative stress that 

has deleterious consequences on proteins, DNA, lipids, and other biomolecules and ultimately 

leads to pathophysiological conditions [271]. Of all the amino acids, sulfur-containing amino 

acids methionine and cysteine are the most vulnerable to oxidation. Oxidative stress induces a 

disulfide link between two cysteines to form a cystine. In contrast, methionine is converted to 

methionine sulfoxide, which can be further oxidized to irreversible sulfone residues via the 

sequential addition of oxygen atoms. Being a hydrophobic amino acid, methionine residues 

establish hydrophobic bonds with the aromatic amino acids in the protein core, thus providing 

structural stability to proteins [272]. Oxidation of methionine causes the loss of hydrophobic 

bonds, exposing buried hydrophobic amino acids to the cellular milieu, thereby compromising 

the integrity of the three-dimensional protein structure. As a result, oxidized proteins present 

an increased propensity to degradation [273]. Consistent with this knowledge, we observe 

increased turnover of Atg19 and Ape1 proteins of the Cvt pathway during oxidative stress (Fig. 

2E). 

By reducing methionine sulfoxides to native methionines, Msrs neutralize oxidative damage. 

Prior reports in yeast show that deletion of MXR1 leads to mitochondrial dysfunction [67]. 

However, our earlier studies demonstrated that yeast cells devoid of MXR2 are more 

susceptible to oxidative stress than that of MXR1 and identified Mxr2 primarily as a 

mitochondrial matrix resident protein [70]. We first identified mitochondrially localized yeast 

Mge1 as the first in vivo substrate of Mxr2 [105]. Besides acting as a nucleotide exchange 

factor for Hsp70, Mge1 is an oxidative stress sensor [247]. Later, another study showed that 

the nucleotide exchange factor of cytosolic Hsp70, Fes1, is regulated by Mxr1 and Mxr2 via 

reversible methionine oxidation and Mxr2 is additionally present in the cytosol besides 

mitochondria [71]. These earlier studies opened up the possibility of identification of other 

cytosolic substrates of Mxr2. 

This study employs yeast two-hybrid and immunoprecipitation methods to identify novel 

cytosolic substrates for Mxr2. For the first time, we show that Mxr2 regulates two Cvt pathway 

proteins, Atg19 and Ape1 (Fig. 1). Deletion of MXR2 decreases the abundance of Ape1 and 

Atg19 without affecting their transcript levels (Fig. 2, A and B). The absence of Mxr2 has a 
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more profound effect on the Ape1 protein level than Atg19 despite showing higher binding to 

Atg19 by two-hybrid analysis (Figs. 2Ai versus 2Aii versus 1A). Atg19 may be facilitating the 

interaction between Mxr2 and Ape1. Results from the cycloheximide chase assay depict the 

unstable nature of Ape1 in the absence of Mxr2 and its propensity to degradation. This result 

can be reconciled with our earlier finding that mxr2Δ cells are more susceptible to oxidative 

stress as they carry more ROS than wt cells grown in the presence or absence of nonfermentable 

carbon sources. This reasoning is confirmed when we observe the degradation of Ape1 and 

Atg19 in wt cells exposed to oxidative stress (Fig. 2). This study shows that the absence of 

Mxr2 or oxidative stress destabilizes the Cvt pathway proteins, Ape1 and Atg19 (Fig. 7). 

However, further studies are required to unravel the oxidative stress-induced structural 

alterations these proteins undergo. 

Mxr2 interacts only with prApe1 and not processed Ape1 (Fig. 3). This result is substantiated 

by the finding that the interaction between Mxr2 and Ape1 is contingent on M17 alone, 

although Ape1 harbors more methionine (Fig. 3). It is possible that prApe1 adopts a 

conformation where M17 is the only methionine susceptible to oxidation, making it mandatory 

to interact with Mxr2 for its reduction. Additionally, it shows that Mxr2 intervenes at a very 

early stage of the Cvt pathway when the proteins are more exposed to oxidative stress. 

Msrs interact with oxidized methionine sulfoxides to reduce them to methionines. Our earlier 

study identified Met155 within Mge1, which interacts with Mxr2. Substitution of this 

methionine with leucine disrupted the interaction between Mxr2 and Mge1 and made the 

protein more stable, conferring oxidative stress resistance to cells [247,274]. Mutation of 

methionine 17 to leucine in Ape1 renders it resistant to degradation (Figs. 4C and 7) and does 

not interact with Mxr2 (Fig. 3C); however, it does not affect its maturation. Met17 lies in the 

propeptide region of the Ape1 protein and plays a vital role in Ape1 assembly and interaction 

with Atg19. Structural analysis of the first 1 to 22 amino acids of Ape1 shows that this region 

comprises an α-helical structure, which interacts with two other alpha helices to form an Ape1 

trimer. It has been shown that, Leu11Ser mutation impairs Ape1 oligomerization and 

downstream processing [89]. By characterizing another residue in the propeptide, Met17, in 

Ape1 stability and response to oxidative stress, we underscore the importance of Ape1 

propeptide in the Cvt pathway. The identity of the methionine residues in Atg19 that interact 

with Mxr2 remains to be identified. 
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Vacuoles in yeast and lysosomes in higher eukaryotes are involved in storing nutrients, 

maintaining metal ion homeostasis and also act as hubs for protein degradation [275]. This 

ranges from 40% (in vegetative conditions) to 85% during (in nutrient starvation) [276]. 

Compromised vacuolar or lysosomal-mediated protein degradation can cause physiological 

abnormalities, leading to many diseases. The Cvt pathway transports three vacuolar hydrolases: 

Ape1, Ams1, and Ape4, where Ape1 is a leucine aminopeptidase. We observe a significant 

reduction in LAP activity in the mxr2Δ strain compared to the wt strain (Fig. 5B). Curiously, 

the LAP activity of the mxr2Δ strain is comparable to that of the ape1Δ strain, suggesting that 

the residual Ape1 protein in mxr2Δ strain is not enzymatically efficient (Fig. 5). 

The Ape1 complex communicates with the autophagy machinery via Atg19. As the Ape1 

maturation is abolished in the absence of Atg19 (Fig. 2Ai), we tried to rescue the instability 

phenotype of Ape1 in the mxr2Δ strain via overexpression of Atg19. Surprisingly, 

overexpression of Atg19 further destabilizes Ape1 in the mxr2Δ strain. Interestingly, 

overexpression of Atg19 in the wt strain has a dominant negative effect, possibly by 

overwhelming the antioxidant machinery and competing with Ape1 for binding to Mxr2 (Fig. 

6). An imbalance in the stoichiometry of Mxr2 to Ape1 may occur in the wt strain when Atg19 

is overexpressed, resulting in an accelerated turnover of Ape1 (Fig. 6). This assumption is 

vindicated when overexpression of Mxr2 nullifies the dominant negative effect of Atg19 

overexpression in both wt and mxr2Δ strain robustly during nitrogen starvation and partially 

during normal physiological conditions. Based on these results, we conclude that the 

dependence of Ape1 and Atg19 proteins of the Cvt pathway on Mxr2 is critical for the operation 

of the Cvt pathway during oxidative stress. 

 

4.2. DISCUSSION FOR CHAPTER 3 

Loss or reduction in methionine sulfoxide reductase (MSR) activity is linked to various cellular 

abnormalities in yeast and various clinical conditions in humans [67,212-216]. This study 

demonstrated that the Mxr2-Mge1-Dep1 triad functions as a positive regulator of the non-

selective autophagy pathway. Atg8 protein incorporation into the phagophore membrane is 

crucial for membrane expansion and autophagosome formation, thereby governing cellular 

autophagic activity [253,254,277]. Controlling the cellular level of the Atg8 protein is a key 

strategy to inhibit autophagy activation under favorable growth conditions [145,240]. We find 

that the mxr2Δ strain exhibited significantly reduced autophagy flux and a lower amount of 
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Atg8 protein (Fig. 8). As a methionine sulfoxide reductase, Mxr2 restores oxidized methionine 

residues in proteins to their native form, thereby protecting them from degradation and 

restoring their function [68,278]. However, we found that Mxr2 neither interacts nor affects 

Atg8 protein stability (Fig. 9). Further investigation revealed that the ATG8 gene is 

transcriptionally downregulated in the mxr2Δ strain, contributing to the autophagic defect (Fig 

9). 

Cells depend on antioxidant proteins and enzymes whose transcriptional expression undergoes 

significant changes upon exposure to oxidative stress. Key transcription factors such as 

Msn2/Msn4, Yap1, Skn7, and Hsf1 are known to play pivotal roles in orchestrating this stress 

response [229,279-282]. Previous studies have indicated that nitrogen starvation increases the 

oxidation of methionine residues within cells [256]. Similarly, we observed that Mxr2 protein 

levels rise under various stress conditions and predominantly localizes to mitochondria (Fig 

10), potentially protecting these organelles from oxidative damage. However, the mechanisms 

regulating this relocalization under stress conditions need to be investigated. Furthermore, our 

study demonstrated that enriching Mxr2 protein in mitochondria is crucial for autophagy 

progression and the upregulation of ATG8 (Fig 10). Our findings highlight the intricate 

regulation of Mxr2 in response to different environmental stress, its localization dynamics 

within cells, and autophagy regulation by modulating the transcriptional expression of a critical 

mediator, Atg8. 

Autophagy induction in yeast is initiated by the Atg1 kinase and its adapter protein Atg13, and 

Atg17-Atg31-Atg20 complex [283]. Atg13 phosphorylation under nutrient rich conditions 

either by TORC1 or PKA inhibits the interaction between Atg13 and Atg1 and thereby reduces 

the Atg1 activity and downstream autophagy initiation. We found that autophagy induction was 

not compromised in mxr2Δ strain as there was no change in the phosphorylation status of the 

Atg13 protein (Fig 11A). Numerous studies have elucidated the role of phosphorylation in 

regulating the Ume6 repressor, which is controlled by various kinases such as Tor, Sch9, and 

Rim15, affecting ATG8 transcriptional expression [154,159,284]. Interestingly, the mxr2Δ 

strain exhibited no impairment in Ume6 phosphorylation but showed a significantly elevated 

protein abundance compared to the wild-type strain (Fig 11B), despite no transcriptional 

upregulation (Fig 11C). 

Lysine acetylation is a critical post-translational modification, which modifies different 

proteins like transcription factors, components of the transcription machinery, chaperones, 
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tubulin, and numerous mitochondrial proteins and thus regulates diverse cellular signaling 

pathways [165,285]. Lysine acetylation is pivotal in regulating autophagy, influencing proteins 

involved in initiation, cargo assembly, autophagosome formation, and fusion with lysosomes 

[286-291]. In yeast, acetylation of Atg3 at K19/K48 enhances its activity in Atg8 lipidation 

[292]. However, there have been no reports on the transcriptional regulation of ATG8 through 

Ume6 acetylation. Previous studies [196,197] have extensively investigated how Ume6 

acetylation status regulates meiotic gene expression. Ume6 possesses five lysine clusters in its 

C-terminal end, with acetylation at clusters 1 and 3 crucial for its role in gene regulation. 

Acetylation at cluster 1 targets Ume6 for faster turnover, limiting its abundance and repressive 

capacity [196]. Conversely, acetylation at cluster 3 prevents Ume6 from binding to gene 

promoters, thereby relieving repression [197]. Moreover, Ume6 can undergo simultaneous 

acetylation and phosphorylation [197]. We confirmed that reduced acetylation of Ume6 at both 

lysine clusters 1 and 3 significantly reduced the autophagic flux, comparable to the mxr2Δ 

strain (Fig. 11). Collectively, these findings suggest that reduced acetylation of Ume6 in the 

mxr2Δ strain increases its protein abundance, allowing it to recruit itself and the deacetylase 

complex to the ATG8 promoter for enhanced repression. The reduced acetylation of Ume6 in 

the mxr2Δ strain was found to be associated with the upregulation of the deacetylase complex 

proteins Rpd3 and Sin3, despite comparable transcriptional expression of the Ume6 acetylase 

Gcn5 to that in the wild-type strain (Fig. 11). 

The Rpd3 deacetylase complexes represent crucial groups of lysine deacetylases conserved 

from unicellular yeast to humans [186]. Typically, Rpd3 associates with three distinct protein 

complexes: Rpd3L, Rpd3S, and Rpd3µ. Rpd3L is involved in ribosome biogenesis and 

responds to various abiotic stresses such as heat [187,188]. Conversely, Rpd3S maintains 

chromatin integrity [189], while the Rpd3µ complex aids in cellular responses to oxidative 

stress [190]. The RPD3L complex comprises approximately 10 protein subunits, with Dep1 

being one of its constituents. A recent study identified Dep1 as a regulator of mitophagy, noting 

that the dep1Δ strain exhibits downregulation of ATG32, resulting in reduced mitophagy flux 

[268]. Despite reports stating no change in autophagy flux in the dep1Δ strain, a clear decrease 

in Atg8 expression was observed in that study [268]. Similarly, our findings demonstrated a 

significant decrease in autophagy flux and Atg8 expression in the dep1Δ strain compared to the 

wild-type strain (Fig. 12). Interestingly, the dep1Δ strain also exhibited upregulation of 

deacetylase complex proteins, akin to the mxr2Δ strain. This led us to hypothesize that the 

mxr2Δ strain might have reduced Dep1 abundance, contributing to unregulated expression of 
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deacetylase complex proteins and consequent autophagy repression. This hypothesis was 

substantiated when we confirmed downregulation of DEP1 in the mxr2Δ strain (Fig 12). 

However, the cellular signaling network underlying DEP1 downregulation remains to be 

elucidated. Intriguingly, we find that mitochondrial localization of Dep1 is crucial for 

autophagy progression while Dep1 with a nuclear-localizing signal exhibited autophagy 

repression similar to the mxr2Δ strain (Fig. 12). 

Iron-sulfur clusters serve as vital protein cofactors located in mitochondria, cytoplasm, 

endoplasmic reticulum, and the nucleus [293]. Autophagy plays a key role in the iron recycling 

mechanism during nutrient starvation, crucial for mitochondrial respiration and the diauxic 

shift [245]. This relationship is underscored by the fact that the proper functioning of 

mitochondria requires adequate iron availability, essential for iron-sulfur cluster biogenesis. In 

yeast, methionine sulfoxide reductases (MSRs) are involved in maintaining iron-sulfur clusters, 

as deletion strains of MSRs exhibit increased turnover of these clusters [239]. Remarkably, 

overexpression of certain genes rescued the autophagic defect in the mxr2Δ strain (Fig. 13). 

Subsequently, the ssq1Δ strain, which has a defect in iron-sulfur cluster biosynthesis, exhibited 

a similar autophagic defect characterized by upregulation of deacetylase complex components, 

downregulation of ATG8, and reduced autophagy flux (Fig 13). These findings underscore that 

cellular iron-sulfur cluster status regulates autophagy progression and that dysfunction in the 

iron-sulfur cluster machinery significantly impacts the autophagy process. Thus, our data 

confirm that the autophagic defect observed in the mxr2Δ strain results from accelerated 

turnover of iron-sulfur clusters. 

Mge1 functions as the nucleotide exchange factor for the mitochondrial Hsp70 chaperone Ssc1, 

and Ssq1facilitating mitochondrial protein import and iron-sulfur cluster biogenesis. Our 

previous research identified Mge1 as a cellular oxidative stress sensor, highlighting its 

sensitivity to oxidative stress at residue M155 [247]. Furthermore, prolonged oxidative stress 

leads to Mge1 protein unfolding and dissociation from the Hsp70 molecule, a process rescued 

by Mxr2 [70,274]. Another study identified residue H167 in Mge1 as sensitive to heat stress, 

and mutating this residue renders cells resistant to heat stress [269]. Given Mge1's involvement 

in iron-sulfur cluster biogenesis and its status as a physiological substrate for Mxr2, we 

investigated whether Mge1 plays a role in regulating autophagy. Interestingly, overexpressing 

Mge1 rescued the autophagic defect in the mxr2Δ strain (Fig 14). Moreover, yeast strains with 

defective Mge1 expression (DM Mge1 expressing strain), exhibited autophagic defects akin to 

those seen in mxr2Δ, ssq1Δ, or dep1Δ strains (Fig 14). These experiments support our 
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hypothesis that the mxr2Δ strain's accelerated iron-sulfur cluster machinery is sensed by the 

associated Mge1 protein. This signal is relayed to the deacetylase complex, resulting in 

dysregulated expression of its protein components and ultimately repressing autophagy. Our 

study also revealed that mitochondria-localized Dep1 is crucial for autophagy progression as 

nuclear localized Dep1 could not revoke Ume6-mediated ATG8 gene downregulation (Fig 12). 

We demonstrated that Mge1 and Dep1 physically interact and DM Mge1, with minor structural 

changes in its conformation (data not shown), fails to interact with Dep1 and exhibits similar 

autophagic defects (Fig.14).  Our study manifests that Dep1-Mge1-Mxr2 axis regulates the 

Rpd3-Sin3 complex mediated Ume6 stability and subsequent ATG8 transcription. In summary, 

our study links mitochondrial iron-sulfur cluster machinery and the lysine deacetylase complex 

to the transcriptional regulation of autophagy, an area previously unexplored. 

 

4.3. IMPORTANCE OF THE STUDY 

Selective autophagy is involved in diverse vital physiological pathways, for example, secretory 

pathways, vesicular trafficking, and other intracellular transport processes [294]. Impairment 

of selective autophagy has been well characterized in different clinical conditions like 

Alzheimer’s and Parkinson’s disease [295], chronic obstructive pulmonary disease [296], 

tuberculosis [297], HIV [298], and acute lung injury in hyperoxia [299]. Cvt pathway has been 

depicted only in S. cerevisiae and Pichia pastoris and is not conserved through evolution [300]. 

Nevertheless, it is one of the most characterized specific autophagy pathways. It serves as a 

model system to understand how particular cargos are selected, interact with the autophagy 

machinery, and get packed within the vesicle and delivered to the vacuole due to fewer 

molecular players and less cargo. Hence, investigating and elucidating the Cvt pathway and 

understanding its regulation will provide insights into other more complex autophagy pathways 

in higher eukaryotes. By identifying Atg19 and Ape1 as cytosolic substrates of Mxr2, we 

spotlight a hitherto unmapped link between two unrelated physiological machineries: the MSR 

system and the Cvt autophagy pathway. 

Bulk autophagy or nonselective autophagy is one of the most fundamental physiological 

phenomena that help cells withstand different stress conditions. Defects in autophagy 

machinery led to several disorders and even cancer. In yeast, more than 40 ATG genes are 

involved in the autophagy process, and optimum autophagic activity depends upon the Atg 

proteins' accurate stoichiometry. Hence, transcriptional expression of Atg genes should be 
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tightly regulated. This understanding of regulation has been of great interest in the scientific 

field for more than a decade. However, the regulation of autophagic process is still not well 

understood. Autophagy is also involved in the maintenance of mitochondrial physiology, and 

defects in autophagy lead to mitochondrial abnormality, which has been broadly studied. But 

if mitochondrial function is impaired, what will be the effect on autophagy machinery and is 

there any mitochondrial signal necessary for autophagy progression? There are no studies to 

depict the role of mitochondria to address the above questions. So, our study identified that the 

Mxr2- Mge1 duo in mitochondria regulate transcriptional expression of Atg8 via controlling 

the deacetylase activity of the Rpd3-Sin3 complex. Though protein acetylation has been shown 

to modulate the activity of Atg proteins, for the first time, we are showing protein acetylation 

to be involved in the transcriptional regulation of autophagy genes. This study also showed 

impaired mitochondrial iron-sulfur cluster biogenesis leads to defects in autophagy 

progression. Our study will help to understand the transcriptional regulation of autophagy more 

precisely and enable others to identify other molecular players involved in this network. A 

better understanding of autophagy regulation will enable us to discover new ways to battle 

against many critical pathological conditions that develop due to dysfunctional autophagic 

activity. 
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The reversible oxidation of methionine plays a crucial role in
redox regulation of proteins. Methionine oxidation in proteins
causes major structural modifications that can destabilize and
abrogate their function. The highly conserved methionine
sulfoxide reductases protect proteins from oxidative damage by
reducing their oxidized methionines, thus restoring their sta-
bility and function. Deletion or mutation in conserved methi-
onine sulfoxide reductases leads to aging and several human
neurological disorders and also reduces yeast growth on non-
fermentable carbon sources. Despite their importance in hu-
man health, limited information about their physiological
substrates in humans and yeast is available. For the first time,
we show that Mxr2 interacts in vivo with two core proteins of
the cytoplasm to vacuole targeting (Cvt) autophagy pathway,
Atg19, and Ape1 in Saccharomyces cerevisiae. Deletion of
MXR2 induces instability and early turnover of immature Ape1
and Atg19 proteins and reduces the leucine aminopeptidase
activity of Ape1 without affecting the maturation process of
Ape1. Additonally, Mxr2 interacts with the immature Ape1,
dependent on Met17 present within the propeptide of Ape1 as
a single substitution mutation of Met17 to Leu abolishes this
interaction. Importantly, Ape1 M17L mutant protein resists
oxidative stress-induced degradation in WT and mxr2Δ cells.
By identifying Atg19 and Ape1 as cytosolic substrates of Mxr2,
our study maps the hitherto unexplored connection between
Mxr2 and the Cvt autophagy pathway and sheds light on Mxr2-
dependent oxidative regulation of the Cvt pathway.

Reactive oxygen species (ROS) act as a double-edged sword
in the cell. At low concentrations, it manifests as a signaling
molecule for growth and differentiation; however, uncon-
trolled accumulation causes oxidative stress. ROS-triggered
oxidative stress impairs biomolecule function, leading to
pathological conditions (1–5). Cells have evolved diverse
strategies to combat oxidative insults, including enzymatic and
nonenzymatic antioxidants (6). Sulfur-containing amino acids
such as cysteine and methionine are the prime targets of ROS
(7, 8). Methionine oxidation gives rise to reversible methionine

sulfoxide (Met-SO) or irreversible methionine sulfenic acid
(Met- SO2). Methionine sulfoxides obtain R or S enantiomeric
forms that can be reduced by the canonical methionine sulf-
oxide reductases (MSRs), which are evolutionarily conserved
from bacteria to humans (9–11). To prevent the accumulation
of oxidized methionine, Msrs employ its native active cysteines
to reduce methionine sulfoxides in the substrates (12–14). In
reducing methionine sulfoxides, Msrs concomitantly get
oxidized and are rendered inactive. However, the cell uses the
thioredoxin and thioredoxin reductases to reduce and activate
the Msrs, underscoring their importance in redox homeostasis
(15, 16). Based on the type of enantiomeric form of the
methionine sulfoxide that Msrs act on, Msrs are classified into
A and B families. While members of the A family act on the
Met-(S)-SO, the B family members act on the Met-(R)-SO (9).
Yeast has three Msrs, Mxr1, Mxr2, and free methionine-(R)-
sulfoxide reductase (fRMsr). Mxr1 belongs to the A family,
while the latter belongs to the B family (17). Curiously, while
Mxr1 and Mxr2 act on oxidized methionine in proteins, fRMsr
works on free methionine (14, 18).

Loss or reduction inMsrs’ activity has been implicated inmany
diseases, including pulmonary, vascular, ocular, aging, and
neurological disorders (19–23). The known physiological con-
sequences of dysfunctional Msrs are mitochondrial dysfunction,
decreased cytochrome C biosynthesis, and metal resistance in
yeast (17, 24). Given the dynamic nature of ROS levels, the
importance of redox homeostasis, the alacrity at which the cells
reactivate Msrs, the number of diseases associated with
dysfunctional Msrs, and the plethora of proteins that harbor
methionine, more studies are required to identify the substrates
ofMsrs rapidly and to unravel the ramifications ofMsrs role that
impinge on the structural and functional stability of proteins.

Cytoplasm to vacuole targeting (Cvt) pathway is a well-
characterized selective autophagy pathway in yeast that de-
livers vacuolar hydrolases from the cytoplasm to the vacuolar
lumen (25–27). Cvt vesicles are specialized autophagosomes
which specifically enclose Cvt cargos and are much smaller
(�150 nm) than starvation-induced autophagosomes (300 nm-
900 nm) (25, 28). The vacuolar hydrolases that are transported
via the Cvt pathway are leucine aminopeptidase (Ape1), α-
mannosidase (Ams1), and aspartyl aminopeptidase (Ape4).
Among the three hydrolases, Ape1 is the primary cargo and* For correspondence: Naresh Babu V. Sepuri, nareshuohyd@gmail.com,
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Mitochondrial morphology and dynamics maintain mito-
chondrial integrity by regulating its size, shape, distribution,
and connectivity, thereby modulating various cellular pro-
cesses. Several studies have established a functional link be-
tween mitochondrial dynamics, mitophagy, and cell death, but
further investigation is needed to identify specific proteins
involved in mitochondrial dynamics. Any alteration in the
integrity of mitochondria has severe ramifications that include
disorders like cancer and neurodegeneration. In this study, we
used budding yeast as a model organism and found that Pil1,
the major component of the eisosome complex, also localizes to
the periphery of mitochondria. Interestingly, the absence of
Pil1 causes the branched tubular morphology of mitochondria
to be abnormally fused or aggregated, whereas its over-
expression leads to mitochondrial fragmentation. Most
importantly, pil1Δ cells are defective in mitophagy and bulk
autophagy, resulting in elevated levels of reactive oxygen spe-
cies and protein aggregates. In addition, we show that pil1Δ
cells are more prone to cell death. Yeast two-hybrid analysis
and co-immunoprecipitations show the interaction of Pil1 with
two major proteins in mitochondrial fission, Fis1 and Dnm1.
Additionally, our data suggest that the role of Pil1 in main-
taining mitochondrial shape is dependent on Fis1 and Dnm1,
but it functions independently in mitophagy and cell death
pathways. Together, our data suggest that Pil1, an eisosome
protein, is a novel regulator of mitochondrial morphology,
mitophagy, and cell death.

Organelles have evolved a variety of stress response pro-
cesses to maintain their proteostasis and cellular homeostasis.
Mitochondrion, one of the essential organelles that carry out
several important cellular processes, ensures its quality control
through various pathways at the molecular, organellar, and
cellular levels (1). Mitochondrial fission and fusion, generally
referred to as mitochondrial dynamics, maintain mitochon-
drial integrity by regulating its size, shape, distribution, and
connectivity. Mitochondrial dynamics regulate mitochondrial
quality control, metabolism, apoptosis, mitophagy, and other
essential processes. Fusion of mitochondria is required to
mitigate the damage and nonfunctionality by mixing

components and protecting them from autophagic degrada-
tion during starvation (2, 3). Fission helps produce new
mitochondria and ensures quality control by removing
damaged or unwanted mitochondria through mitophagy (4). A
coordinated balance of fission and fusion is critical for main-
taining mitochondrial biology and therefore a plethora of
important cellular processes (5, 6). In Saccharomyces cer-
evisiae, Fzo1, Mgm1, and Ugo1 facilitate mitochondrial fusion.
Outer membrane–anchored proteins, Fzo1p and Ugo1p, carry
out the outer membrane fusion of adjacent mitochondria and
inner membrane–anchored Mgm1 forms transcomplexes to
tether the apposing inner membranes together (7–9). Dnm1, a
dynamin-related GTPase, is the major protein in mitochon-
drial fission (10, 11). It is predominantly present in the cytosol
and recruited to mitochondria via Fis1 (12). Dnm1 assembles
into oligomers which form rings and spirals at the outer
membrane of mitochondria. Recruitment of Dnm1 to the
mitochondrial surface is mediated through two adaptor pro-
teins, Mdv1 and Caf4 (13, 14). These four proteins together
constitute the core proteins of the mitochondrial fission ma-
chinery. However, there is a possibility that other unidentified
factors still exist that take part in mitochondrial dynamics (15).
Several studies have shown that any dysregulation in mito-
chondrial dynamics leads to neuronal disorders like Alz-
heimer’s, Parkinson’s, and Huntington’s (16–18). When the
damage is beyond repair, mitochondria undergo mitophagy.
Mitophagy is a selective autophagy where autophagosomes
engulf the entire mitochondria and deliver them to the vacuole
for their degradation (19–21). Mitophagy is required to elim-
inate the bad mitochondria from cells. Any kind of aberration
in mitochondrial dynamics or mitophagy is harmful to cells.
Mitochondrial dysfunction has also been linked with protein
aggregation and reactive oxygen species (ROS) generation in
cells which in turn leads to cell death.

Cellular organelles communicate with each other in order to
cope with stress. Since the plasma membrane is positioned at
the frontline to combat the external stress stimuli, it requires
high degree of organization as it carries out a diverse array of
functions and forms the protective barrier around the cell.
The fungal plasma membrane is organized in lateral domains
with specialized functions like cell wall synthesis, environ-
mental sensing, nutrient uptake, secretion, and endocytosis
(22–24). High-resolution electron microscopy of freeze-etched* For correspondence: Naresh Babu V. Sepuri, nareshuohyd@gmail.com,
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ABSTRACT Dengue virus infections, which have been reported in nearly 140
countries, pose a significant threat to human health. The genome of dengue vi-
rus encodes three structural and seven nonstructural (NS) proteins along with
two untranslated regions, one each on both ends. Among them, dengue pro-
tease (NS3) plays a pivotal role in polyprotein processing and virus multiplica-
tion. NS3 is also known to regulate several host proteins to induce and maintain
pathogenesis. Certain viral proteins are known to interact with mitochondrial
membrane proteins and interfere with their functions, but the association of a
virus-coded protein with the mitochondrial matrix is not known. In this report,
by using in silico analysis, we show that NS3pro alone is capable of mitochon-
drial import; however, this is dependent on its innate mitochondrial transport
signal (MTS). Transient-transfection and protein import studies confirm the im-
port of NS3pro to the mitochondrial matrix. Similarly, NS3pro-helicase (amino ac-
ids 1 to 464 of NS3) also targets the mitochondria. Intriguingly, reduced levels of
matrix-localized GrpE protein homolog 1 (GrpEL1), a cochaperone of mitochondrial
Hsp70 (mtHsp70), were noticed in NS3pro-expressing, NS3pro-helicase-expressing, and
virus-infected cells. Upon the use of purified components, GrpEL1 undergoes cleavage,
and the cleavage sites have been mapped to KR81A and QR92S. Importantly, GrpEL1 lev-
els are seriously compromised in severe dengue virus-infected clinical samples. Our stud-
ies provide novel insights into the import of NS3 into host mitochondria and identify a
hitherto unknown factor, GrpEL1, as a cleavage target, thereby providing new avenues
for dengue virus research and the design of potential therapeutics.

IMPORTANCE Approximately 40% of the world’s population is at risk of dengue vi-
rus infection. There is currently no specific drug or potential vaccine for these infec-
tions. Lack of complete understanding of the pathogenesis of the virus is one of the
hurdles that must be overcome in developing antivirals for this virus infection. In
the present study, we observed that the dengue virus-coded protease imports to
the mitochondrial matrix, and our report is the first ever of a virus-coded protein, ei-
ther animal or human, importing to the mitochondrial matrix. Our analysis indicates
that the observed mitochondrial import is due to an inherited mitochondrial trans-
port signal. We also show that matrix-localized GrpE protein homolog 1 (GrpEL1), a
cochaperone of mitochondrial Hsp70 (mtHsp70), is also the substrate of dengue vi-
rus protease, as observed in vitro and ex vivo in virus-infected cells and dengue
virus-infected clinical samples. Hence, our studies reveal an essential aspect of the
pathogenesis of dengue virus infections, which may aid in developing antidengue
therapeutics.

KEYWORDS dengue virus, NS3, GrpEL1, GrpEL2, mtHsp70, mitochondria

Citation Gandikota C, Mohammed F, Gandhi L,
Maisnam D, Mattam U, Rathore D, Chatterjee A,
Mallick K, Billoria A, Prasad VSV, Sepuri NBV,
Venkataramana M. 2020. Mitochondrial import
of dengue virus NS3 protease and cleavage of
GrpEL1, a cochaperone of mitochondrial
Hsp70. J Virol 94:e01178-20. https://doi.org/10
.1128/JVI.01178-20.

Editor Susana López, Instituto de
Biotecnologia/UNAM

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Naresh Babu
Venkata Sepuri, nareshuohyd@gmail.com, or
Musturi Venkataramana, mvrsl@uohyd.ernet.in.

Received 12 June 2020
Accepted 13 June 2020

Accepted manuscript posted online 24
June 2020
Published

VIRUS-CELL INTERACTIONS

crossm

September 2020 Volume 94 Issue 17 e01178-20 jvi.asm.org 1Journal of Virology

17 August 2020

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
12

 S
ep

te
m

be
r 

20
24

 b
y 

14
.1

39
.6

9.
38

.

https://doi.org/10.1128/JVI.01178-20
https://doi.org/10.1128/JVI.01178-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:nareshuohyd@gmail.com
mailto:mvrsl@uohyd.ernet.in
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01178-20&domain=pdf&date_stamp=2020-6-24
https://jvi.asm.org


Unraveling the role of Mxr2 in
regulating CVT pathway and

nonselective macro-autophagy
pathway in Saccharomyces

cerevisiae
by Arpan Chatterjee

Submission date: 10-Sep-2024 12:16PM (UTC+0530)
Submission ID: 2449893062
File name: Arpan_Chatterjee.docx
(7.7M)
Word count: 23985
Character count: 137899





5 <1%

6 <1%

7 <1%

8 <1%

9 <1%

10 <1%

11 <1%

12 <1%

13 <1%

salford-repository.worktribe.com
Internet Source

Zulin Wu, Haiqian Xu, Pei Wang, Ling Liu et al.
"The entry of unclosed autophagosomes into
vacuoles and its physiological relevance",
PLOS Genetics, 2022
Publication

hdl.handle.net
Internet Source

"Abstracts from 8th International ISSX
Meeting", Drug Metabolism Reviews, 2010
Publication

Joseph J. Braymer, Roland Lill. "Iron–sulfur
cluster biogenesis and trafficking in
mitochondria", Journal of Biological
Chemistry, 2017
Publication

journals.aai.org
Internet Source

Submitted to King Mongkut's University of
Technology Thonburi
Student Paper

pubmed.ncbi.nlm.nih.gov
Internet Source

Submitted to University of Hyderabad,
Hyderabad



14 <1%

15 <1%

16 <1%

17 <1%

18 <1%

19 <1%

20 <1%

21 <1%

22 <1%

23

Student Paper

repositorium.sdum.uminho.pt
Internet Source

www.unboundmedicine.com
Internet Source

academic.oup.com
Internet Source

etd.fcla.edu
Internet Source

9pdf.net
Internet Source

Herrero, E.. "Redox control and oxidative
stress in yeast cells", BBA - General Subjects,
200811
Publication

journals.plos.org
Internet Source

www.nature.com
Internet Source

Pinto-de-Oliveira, A.. "Expression of HPV16 E6
oncoprotein increases resistance to several
stress conditions in Saccharomyces
cerevisiae", FEMS Yeast Research, 200505
Publication

ebin.pub
Internet Source



<1%

24 <1%

25 <1%

26 <1%

27 <1%

28 <1%

29 <1%

30 <1%

"Iron-Sulfur Clusters in Chemistry and
Biology", Walter de Gruyter GmbH, 2014
Publication

Chao-Wen Wang, Per E. Stromhaug, Emily J.
Kauffman, Lois S. Weisman, Daniel J. Klionsky.
"Yeast homotypic vacuole fusion requires the
Ccz1–Mon1 complex during the
tethering/docking stage", The Journal of Cell
Biology, 2003
Publication

Submitted to University of Central Florida
Student Paper

core.ac.uk
Internet Source

d.docksci.com
Internet Source

www.frontiersin.org
Internet Source

Jae-Hwan Lim, Katherine L West, Yaffa
Rubinstein, Michael Bergel, Yuri V Postnikov,
Michael Bustin. "Chromosomal protein
HMGN1 enhances the acetylation of lysine 14
in histone H3", The EMBO Journal, 2005
Publication



31 <1%

32 <1%

33 <1%

Exclude quotes On

Exclude bibliography On

Exclude matches < 14 words

Kipros Gabriel. "The Mitochondrial Machinery
for Import of Precursor Proteins", Methods in
Molecular Biology™, 2007
Publication

Priya Chaudhary, Pracheta Janmeda, Anca
Oana Docea, Balakyz Yeskaliyeva et al.
"Oxidative stress, free radicals and
antioxidants: potential crosstalk in the
pathophysiology of human diseases",
Frontiers in Chemistry, 2023
Publication

d-scholarship.pitt.edu
Internet Source





DEBIT_CARD
FINANCE OFFICER UNIVERSITY OF HYDERABAD

Transaction ID : 240803192582621       Date :03/08/2024

Thank you Your payment towards FINANCE
OFFICER UNIVERSITY OF
HYDERABAD amounted to Rs.1200 under the

invoice Customer was successful.

Payment Details Payer Details

Pgamount 1200

ictStCess 0

Late Fee 0

Early Fee 0

Convenience Fee 0.00

GST 0

Reference No 240803154934003

Submerchant Id 240803154934003

Application Number 17LBPH09

Name ARPAN
CHATTERJEE

Ps PD

Ss BC

Paymenthead P1102007

Mobilenumber 8697607952

Contact Us

ibcmsdesk@icicibank.com

Please check the status of the payment by login to

https://www.eazypay.icicibank.com/Transaction Status/


	Methionine sulfoxide reductase 2 regulates Cvt autophagic pathway by altering the stability of Atg19 and Ape1 in Saccharomy ...
	Eisosome protein Pil1 regulates mitochondrial morphology, mitophagy, and cell death in Saccharomyces cerevisiae

