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Abbreviations 

  

∆ψ Mitochondrial membrane potential 

ADP Adenosine-5′-diphosphate 

ATP Adenosine-5′-triphosphate 

BN-PAGE Blue native polyacrylamide gel electrophoresis 

DHF Dihydrofolate  

DHFR Dihydrofolate reductase 

Hsp Heat shock protein 

IM Inner membrane 

IMP Inner membrane mitochondrial peptidase 

IMS Intermembrane space 

kD Kilodalton 

MIA mitochondrial import and assembly machinery 

MPP Mitochondrial processing peptidase 

MTX Methotrexate 

NADH Nicotinamide adenine dinucleotide 

NADPH Nicotinamide adenine dinucleotide phosphate reduced form 

OD Optical density 

OM Outer membrane 

PAM Presequence translocase-associated motor 

PBD Presequence binding domain 

PK Proteinase K 

SAM Sorting and assembly machinery 

SDS-PAGE Sodium dodecylsulfate polyacrylamide gel electrophoresis 

TM Transmembrane 

TOM Translocase of the outer membrane 

URA Uracil 

YPD Yeast extract peptone dextrose 

YPG Yeast extract peptone glycerol 



I. Zusammenfassung  

 

Mitochondriale Vorläuferproteine unterscheiden sich in ihrer Struktur, ihrem Ziel und ihrem 

Signal, was den Importprozess über Membranen durch Translokasekomplexe erleichtert. Der 

Translokasekomplex der äußeren und inneren Membran, TOM-TIM23 Complex, importiert 

Präsequenz- und Sortiersignale, die Vorläuferprotein tragen, in die Matrix und wird in die innere 

Membran integriert. Der Matriximport von Präsequenz tragendem Vorläuferprotein wird durch 

die Wechselwirkung von TIM23 Complex und Präsequenztranslokase-assoziiertem Importmotor 

(PAM) durchgeführt. Die Membraninsertion von hydrophoben Segmenten des Vorläuferproteins 

über den Stop-Transfer-Mechanismus wird durch die direkte physikalische Wechselwirkung von 

Mgr2 mit dem ankommenden Vorläuferprotein unterstützt. Verschiedene Studien konzentrieren 

sich auf die Biogenese, Substraterkennung und das Importverhalten des TIM23-Komplexes, 

während vergleichsweise weniger über die regulatorische Einheit Tim17 untersucht wird. 

Ortsspezifische Photovernetzungsdaten legen nahe, dass Tim17 und Mgr2 unterschiedlich mit 

hydrophilen und hydrophoben Vorläuferproteinsegmenten innerhalb des TIM23-Komplexes 

interagieren.  

 

In dieser Studie werden temperaturempfindliche (ts) Tim17-Mutanten verwendet, um zu 

verstehen, wie Tim17 und Mgr2 bei der Decodierung von Sortiersignalen der inneren Membran 

und der Freisetzung von Vorläuferprotein in die Phospholipid-Doppelschicht zusammenarbeiten. 

In-vitro-Importversuche mit radioaktiv markierten Vorläuferproteinen werden verwendet, um das 

unterschiedliche Sortierverhalten von Tim17 zu beobachten. Die Studie zeigt, dass Tim17 

zusammen mit Mgr2 an der lateralen Sortierung des Vorläuferproteins beteiligt ist. Das Mgr2 

bietet Stabilität und rettet den Importdefekt von Tim17 und öffnet sich zusammen analog als 

Kanal zur inneren Membran nur für das hydrophobe Sortiersignal, das das Vorläuferprotein 

trägt.  

 

Im zweiten Teil werden cst6-Mutanten verwendet, um die Importkinetik als Reaktion auf 

die Hochregulation von Tim23 zu beobachten. Das cst6 ist einer der Transkriptionsfaktoren von 

Tim23, der eine Mutation aushält, um die allotrope Expression des mitochondrialen Gens ATP9 

zu unterstützen. Es wird beobachtet, dass die Überexpression von Tim23 einen erhöhten Import 

von mitochondrialem Vorläuferprotein als Gewinn von Funktionsmutationen zeigt. 
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I. Summary 

 

Mitochondrial precursor proteins differ in their structure, destination and signal, which 

facilitates the import process across membranes through translocase complexes. The 

outer and inner membrane translocase complex, TOM-TIM23 complex imports 

presequence and sorting signal carrying precursor proteins into the matrix and 

integrated into the inner membrane, respectively. Matrix import of presequence 

carrying precursor proteins are performed by the interaction of TIM23 complex and 

presequence translocase-associated import motor (PAM). Membrane insertion of 

hydrophobic segments of the precursor proteins via stop-transfer mechanism is 

supported by the direct physical interaction of Mgr2 to the incoming precursor protein. 

Various studies are focused on the biogenesis, substrate recognition, import behavior, 

of the TIM23 complex, whereas comparatively less is explored about the regulatory 

unit, Tim17. Site-specific photo-crosslinking data suggest that Tim17 and Mgr2 

differentially interact with hydrophilic and hydrophobic precursor protein segments 

within the TIM23 complex.   

 

In this study, Tim17 temperature-sensitive (ts) mutants are used to understand 

how Tim17 and Mgr2 cooperate in the decoding of inner membrane sorting signals 

and the release of precursor proteins into the phospholipid bilayer. In vitro import 

experiments performed with radiolabelled precursor proteins are used to observe 

differential sorting behavior of Tim17. The study shows that Tim17 is involved in the 

lateral sorting of precursor proteins along with Mgr2. Mgr2 provides stability and 

rescues the import defect of Tim17 and together opens analogously as a channel 

towards the inner membrane only for hydrophobic sorting signal carrying precursor 

proteins. 

 

In the second part, cst6 mutants are used to observe import kinetics in 

response to upregulation of Tim23. The cst6 is one of the transcriptional factors of 

Tim23, which endures mutation to support the allotropic expression of the 

mitochondrial gene, ATP9. It is observed that the overexpression of Tim23 displays 

increased import of mitochondrial precursor proteins as the gain of function mutations. 
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II. Introduction  

 

II.A.   Mitochondrial architecture and function  

Various organelles present inside the cell represent its diverse nature and capability to 

manage multiple functions. A prominent and distinguishing feature between eukaryotic 

and prokaryotic cells is the presence and absence of cellular organelles, especially 

those with membrane-bound structures. In eukaryotic cells, mitochondria are one of 

the dual membrane-bound organelle (Ernster & Schatz, 1981). The morphological 

feature of mitochondria depends on cell type, tissue, and organism (Anderson et al., 

2019). One of the first detailed analyses about the structure of mitochondria was 

performed using high-resolution electron micrographs in 1952, and mitochondrial 

architecture is intensively studied till date (Palade, 1953; Tucker & Park, 2019). The 

elementary architecture shows that it is a dual membrane-bound organelle where the 

inner membrane appears to be folded up in ridges. Dual membrane structure forms 

the basis to differentiate different compartments of mitochondria. First two 

compartments are the outer membrane (OM), inner membrane (IM) composed of 

proteins and phospholipid bilayer. The narrow separation space between these two 

membranes is termed the intermembrane space (IMS). Also, the inner membrane 

holds an enclosed space called matrix and has folded invaginations named cristae as 

illustrated in figure 1 (Frey et al., 2002; Lane, 2011).  

 

The mitochondrial outer membrane is similar to the cellular membrane and 

represents a homogenous structure harboring lower composition of protein to 

phospholipid ratio (1.0-1.5 μg/μg) (Schenkel & Bakovic, 2014). It contains abundant 

integral membrane proteins known as porins which support increased permeability 

due to which diffusion of small molecules and ions occurs across the outer membrane 

(Weeber et al., 2002). Additionally, specialized translocase complexes made of β-

barrel proteins, which span the outer membrane, are embedded into the outer 
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membrane for the import of mitochondrial proteins. The outer membrane is commonly 

associated with endoplasmic reticulum for calcium signaling and lipid transfer.  

 

 

 

Figure 1: Illustration of Mitochondria: Different compartments of mitochondria and few 

components are labelled such as outer membrane (OM), inter-membrane space (IMS), inner 

membrane (IM), matrix, cristae. Mitochondrial few components such as porins, mitochondrial 

DNA (mtDNA), ribosomes, respiratory chain complexes and ATP Synthase. 

 

Mitochondria, which lose their outer membrane are termed mitoplasts (Mejia & 

Hatch, 2016; Vander Heiden et al., 2000). Compared to any other compartment of 

mitochondria, the IMS is the thinnest section as it separates the outer membrane and 

inner membrane. The IMS region is porous similar to OM but maintains an oxidative 

environment (Bragoszewski et al., 2015). Most of the IMS proteins are found to have 

disulfide bridges and cysteine motifs. Special reductases reduce the disulfide bonds 

and reduced cysteine residues serve as a coordination site for metal ions. The IMS 

region has Mia40 and Erv1 as oxidoreductase and sulfhydryl oxidase respectively to 

insert disulfide bonds into IMS proteins. Comparatively, the inner membrane is 

equipped with higher amount of cardiolipin and phospholipid, which supports the 

integration of respiratory chain complexes and oxidative phosphorylation machinery 

responsible for an immense amount of ATP production. Permeability developed 
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across the inner membrane also favours maintenance of the electrochemical proton 

gradient generated by oxidative phosphorylation (Osman et al., 2011). The inner 

membrane covers a larger surface since it is folded into large membrane invaginations 

called cristae. The mitochondrial morphology is largely affected by the absence and 

presence of cristae. The respiratory chain supercomplexes are abundantly present in 

the folded cristae region, whereas the MICOS complex is present at the cristae 

junctions. In the inner membrane encloses the matrix, an aqueous compartment that 

contains many soluble enzymes, DNA, nucleotide factors, ribosomes, small organic 

molecules, and inorganic ions. Many processes such as citric acid or Krebs cycle take 

place in the matrix (Cogliati et al., 2016; Frey et al., 2002).  

 

Mitochondria are often termed ‘‘powerhouse of cell’’. The respiratory chain 

supercomplexes together make use of reduced substrate to remove electrons, which 

are transferred to oxygen. During this process, proton pumping from the mitochondrial 

matrix to intermembrane space takes place which produces a proton gradient across 

the inner membrane. The proton gradient is utilized to produce ATP by the ATP 

synthase (Kühlbrandt, 2015). Process of ATP production is highly valuable for cellular 

liability as its necessity for cellular metabolism could not be replaced. Mitochondrial 

owns circular DNA (mtDNA), mutations of mtDNA could be collectively summarized to 

be factors associated with impaired function of the respiratory chain, which leads to an 

increment of reactive oxygen species (ROS) production. The generation of ROS is a 

vicious cyclic event increasing the possibility of cell dysfunction. Mitochondria possess 

an antioxidant system to handle the respiratory chain generated ROS, which 

compensates to endure any damage to the cellular or mitochondrial process (Brand et 

al., 2013). It is still a topic of debate about how functional decline of mitochondria 

leads to enhancement of ROS while ageing. 

 

Mitochondria are involved in various functions such as biosynthesis of amino 

acids and lipids, iron-sulfur cluster, metabolism, signalling, and few other functions 

(Malina et al., 2018; Stehling & Lill, 2013). Mitochondria are not only restricted to ATP 

production, but also intracellular Ca2+ (Calcium) ions concentrations are regulated in a 

controlled manner. The endoplasmic reticulum is primarily known for storage of 

calcium, and mitochondria are one of the reservoirs for storage of intracellular calcium 

(Rizzuto et al., 2012). The presence of Ca2+ ions is found to be affecting a few 
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enzymes which are part of the citric acid cycle. The enzymes such as pyruvate 

dehydrogenase phosphatase, NAD+ linked isocitrate dehydrogenase and 2-

oxoglutarate dehydrogenase are involved in citric acid cycle and activated in the 

presence of Ca2+ ions (Rutter & Denton, 1988). The calcium acquired by mitochondria 

helps in various ways, such as maintenance of calcium homeostasis, promoting 

apoptogenic factors either for cell death or mitosis. It is still under study about 

physiological role and relevance of Ca2+ in mitochondrial metabolism (Britti et al., 

2018; Duchen, 2000; Patergnani et al., 2011).  

 

In recent times, mitochondrial protein synthesis, protein translocation, and 

protease mechanisms performed by membrane-embedded multi-subunit translocase 

channels are recognized as known hallmarks for cellular health and metabolism 

(Duchen, 2000; Jackson et al., 2018; Mackenzie & Payne, 2007). Mitochondrial 

mutation and functional impairment of such mitochondrial machinery are related to 

various metabolic disorders and neurodegenerative diseases. Quantitative proteomics 

study has identified few mitochondrial proteins (such as upregulation of TIMM17A 

protein) which serve as a diagnostic marker for cancer (De Paepe, 2012). In human 

mitochondria the TIM17 protein is encoded by two genes, TIMM17A and TIMM17B 

involved in the formation of translocase complex, TIM23. Similarly, biochemical 

studies focus on the understanding of mitochondrial involvement in apoptosis and it 

was shown that during apoptosis most of the mitochondrial intermembrane space 

proteins are released into the cytosol or nucleus (Rainbolt et al., 2013). Some of these 

proteins like Apoptosis-inducing factor (AIF); flavoprotein and Cytochrome c, are 

directly involved to activate cellular apoptosis (Sevrioukova, 2011). The balance 

between cellular metabolism and biogenesis of metabolic intermediates in 

mitochondria and various organelles within the cell serves as a marker for cell 

wellbeing.  

 

Mitochondria are dynamic, encounter rapid changes even involving fusion and 

fission, which demands the support of proteases constantly to maintain a balance 

between nuclear and mitochondrial proteins. Mitochondria possess a variety of 

proteases which are part of the protein processing and largely involved in 

mitochondrial protein quality assurance. Depending upon the physiological relevance, 

mitochondrial proteases are categorized among which the most abundant is the 
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energy-dependent AAA proteases (Glynn, 2017). The proteases work efficiently and 

stringent while processing of protein. Mitochondrial protein homeostasis is an indicator 

of the cellular environment since the accumulation of misfolded protein in any 

compartment of mitochondria results in lower efficiency of protein import. The 

mistargeted or lower amount of imported mitochondrial protein could commence 

stress conditions, which could lead to mitochondrial destruction through mitophagy 

(Pickles et al., 2018; Saita et al., 2013). Together with proteases mitochondria are also 

well equipped with stress response factors to handle stress and cross-talk among 

other organelles. Many mitochondrial proteins are studied as a potential target for 

gene therapy. Mitochondrial deficiency and mutations are related to many severe 

pathophysiological disorders like autism, cardiac dysfunction, neurodegenerative 

diseases, and many more. Most of the mitochondrial disease models that are known 

to study neurodegenerative diseases and age-related diseases focus mostly on facts 

that if the causative factor is either related to respiratory complex or mitochondrial 

protein import dysfunction (Gao & Zhang, 2018; Guo et al., 2013; Johri & Beal, 2012). 

Few popular and most studied research topics across investigators are deficiency of 

mitochondrial respiratory chain complexes, destabilization of mitochondrial 

bioenergetics, membrane polarity, imbalance between the mitochondrial protein import 

and protease activity.  

 

II.B   Biogenesis of mitochondrial precursor proteins 

 

The endosymbiotic theory is widely accepted, highlighting the scientific background 

about the origin of mitochondria. The endosymbiotic theory elucidates that 

mitochondria are the decedents of ancient α-proteobacteria. As per the theory, a 

primitive eukaryotic cell engulfed ancient α-proteobacteria for the symbiotic 

association. The energy was utilized by the host eukaryotic cell for its cellular process 

in exchange for sanctuary and security to the engulfed α-proteobacteria from the 

surrounding (Kurland & Andersson, 2000; Malina et al., 2018). During the evolution 

process, mitochondria became more centric to encode only essential genes on their 

mtDNA. Lack or destruction of any mitochondrial gene results in destabilized 

respiratory complexes and loss of mitochondrial DNA. The nuclear genome adopted 
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most of the mitochondrial genes that were transferred from mitochondrial DNA to 

nuclear DNA during evolution. The nuclear genome acclimated mitochondrial genes, 

which resemble interdependency relationship. For that reason, many mitochondrial 

proteins are similar or orthologs of the bacterial proteins in terms of their composition 

(Jaussi, 1995). The nuclear genome encodes more than 99% of mitochondrial 

proteins. These nuclear genes of mitochondrial origin are translated by the 

cytoplasmic ribosomes, and referred as mitochondrial precursor proteins. The distinct 

feature of precursor proteins is to carry a mitochondrial targeting signal (MTS) (Gray, 

1989).  Precursor proteins are distinguished as either cleavable or non-cleavable type. 

The cleavable type of precursor proteins maintains either single or multiple sites for 

cleavage. 

 

 

Figure 2: Mitochondrial precursor proteins: Nuclear encoded mitochondrial precursor proteins 

possess either cleavable (dashed vertical line) or non-cleavable signal serving as mitochondrial 

targeting signal. The precursor proteins with presequence (positively charged amino acids at N 

terminus (+) could also possess both cleavable or non-cleavable hydrophobic segments and 

bipartite presequences. Few precursor proteins have either single internal signal or multiple 

non-cleavable signals, which are part of mature protein. 
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Depending upon the site-specificity, clipping of the precursor protein is performed by 

specific processing peptidases and mitochondrial proteases (Baker et al., 2012). The 

most ordinarily known cleavable type of precursor protein is the one, which carries the 

presequence generally towards the N-terminal end. There could be variability in the 

size of presequence. Usually, it is made of 10-80 amino acids. Presequence carrying 

precursor proteins could possess positively charged, hydrophobic, and hydroxylated 

amino acids. The fundamental feature of presequence is to form amphipathic α-

helices, which represent one positively charged surface and other as hydrophobic 

surface (Pfanner, 2000; Pfanner & Wiedemann, 2002). In most cases, the 

presequence is followed by a cleavable hydrophobic segment for some inner 

membrane proteins. A few outer membrane precursor proteins have presequence 

anchored with non-cleavable hydrophobic segment (Dudek et al., 2013). The second 

most common precursor proteins are the one that lacks cleavable sequence. Instead, 

the non-cleavable sequence is part of the mature protein and serves as internal signal 

for the import of the precursor protein. There are also other types of sequences such 

as bipartite presequence, and multiple internal non-cleavable signals which are 

distributed across the precursor protein and cooperate for efficient targeting 

(Bragoszewski et al., 2015; Lister et al., 2005; Pfanner & Geissler, 2001).  

 
Mitochondrial precursor proteins follow multiple sets of modes and prerequisite 

for its import into and across mitochondrial membranes. Newly synthesized 

mitochondrial precursor proteins are imported into mitochondria by two different 

mechanisms, co-translational and post-translational import mechanism. In the co-

translational mechanism, cytosolic ribosomes are bound to the mitochondrial surface 

to be closely associated with the translocase complexes (Bykov et al., 2020). The 

precursor proteins are synthesized in a close environment and transported across the 

mitochondrial outer membrane, while cytosolic ribosomes are still connected (Pfanner 

et al., 1997; Verner, 1993). Due to experimental limitations, it is suspected that the co-

translational mechanism would transport only a few mitochondrial precursor proteins. 

The most common mechanism observed for the import of mitochondrial precursor 

protein is the post-translational mechanism. In this mechanism, cytosolic chaperones 

bind to the newly synthesized mitochondrial precursor protein by the cyclic exchange 

of ATP to ADP. The purpose of cytosolic chaperones is to protect the precursor 

protein from unwanted aggregation and improper folding in the cytosol (Neupert, 1997; 
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Straub et al., 2016). Cytosolic chaperons (Hsp70 and Hsp90) assist newly synthesized 

precursor proteins in docking at the receptor sites of the translocase of outer 

membrane (TOM) complex (Opaliński et al., 2018). Receptor sites are involved in 

early-stage recognition of precursor protein to promote import across mitochondrial 

membranes. 

 

II.B.1   Mitochondrial precursor protein import pathways  

 

One of the crucial features followed by the mitochondrial precursor proteins while 

import across the membranes is to maintain their linear form or partially unfolded form 

to pass through the translocase complexes (Randall, 1990). Depending upon the type 

of signal carried by the precursor protein, distinct import pathways are followed as 

mentioned in table (1). There are only five import pathways known to date, which are 

highly dynamic and involve different translocase complexes in a coordinated fashion. 

The TOM complex is preeminent and serves as the general import pore for all the five 

observed import pathways till now. The small TIM proteins present in the IMS act as 

aid while import of precursor protein from the TOM complex to another translocase 

complex (Wiedemann et al., 2006). The small TIM complex is made up of Tim9, 

Tim10, which are the main soluble form, and along with Tim12, the small TIM 

chaperons form a hexameric chaperon complex. The small TIM complex is ATP 

independent but perform a similar role as cytosolic chaperons (Koehler et al., 1999; 

Petrakis et al., 2009). They bind to the multi-spanning hydrophobic precursor proteins, 

also called carrier proteins, to prevent unwanted aggregation and misfolding in the 

aqueous IMS phase. These small TIM chaperons are directly recruited for direct 

transfer of precursor protein either to the SAM complex or TIM22 complex (Weinhäupl 

et al., 2020).  

 

The carrier pathway and β-barrel pathway utilize small TIM chaperons. The 

outer membrane precursor proteins are assembled into an oligomeric complex via β-

barrel pathway. The TOM and SAM complex are involved in this pathway favoured by 

Tom22 protein of the TOM complex and Sam37 protein of the SAM complex. 

Precursor proteins with transmembrane β-barrel topology are processed (Zeth, 2010). 



16 

 

The role of the small TIM chaperone in this pathway is only to deliver the precursor 

protein from the IMS end of Tom40 to the SAM complex.  

 

 

Type of precursor protein 
Translocase complex 

involved 
Type of pathway 

-barrel precursor protein SAM -barrel pathway 

Precursor protein with 

Cysteine motifs 
MIA 

Mitochondrial intermembrane 

space assembly 

Precursor of metabolite 

carrier protein 
TIM22 Carrier pathway 

Cleavable Presequence TIM23-PAM Presequence pathway 

Hydrophobic stop-transfer 

signal 
TIM23 Lateral sorting pathway 

Table 1: Different types of import pathways which are carried out by various translocase 

complexes of the mitochondria. The assembly of complexes is dependent upon the type of 

precursor protein. The general import pore embedded in the outer membrane, TOM complex 

remains common partner of other translocase complexes for all the mentioned pathway. 

 

The SAM complex folds β-barrel proteins and then releases them into the lipid 

phase of the outer membrane (Stojanovski et al., 2007; Taylor & Pfanner, 2004). The 

precursor proteins, which possess multiple targeting signals, are quite hydrophobic; 

hence they are also assisted by the small TIM proteins. These types of precursor 

proteins are generally metabolite carrier proteins imported via the Carrier pathway in 

membrane potential depended manner. In this pathway, when the precursor protein 

arrives at the IMS side, Tom40 recruits the small TIM proteins, which help in 

recognition and import of metabolite carrier proteins to the TIM22 complex (Mokranjac 

et al., 2005; Rampelt et al., 2020; Wagner et al., 2008). Precursor proteins enter 

Tim22, the pore forming subunit of the TIM22 complex and are subsequently laterally 

released into the inner membrane (Murphy et al., 2001). 
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Figure 3: Mitochondrial precursor proteins contain cleavable or non-cleavable signal 

sequences, which are recognized by different membrane-embedded translocase complex. 

Different pathways are followed by the precursor protein depending upon destination and type 

of precursor protein. The mitochondrial translocase of the outer membrane (TOM) is involved 

in 5 different types of import pathway laboring as general import pore. The precursor of 

metabolite carrier proteins and β-barrel precursor proteins are assisted by mitochondrial 

chaperons (small TIMs). The TIM22 complex recognizes internal signals such as non-

cleavable hydrophobic segments of metabolite carrier precursor proteins and inserts them into 

the inner membrane via the so called carrier pathway. The β-barrel precursor proteins follow 

the β-barrel pathway and are sorted and assembled into the outer membrane via the sorting and 

assembly machinery (SAM) along with the TOM complex. The precursor proteins containing 

specific cysteine residues when imported to the IMS side of the TOM complex are first 

identified and then with the help of Mia40 and Erv1 disulfide bonds are formed at the sites of 

cysteine residues due to which these precursor proteins are released into the intermembrane 

space via the mitochondrial intermembrane space assembly (MIA) pathway. The cleavable 

presequence carrying precursor proteins are imported into the matrix via the presequence 

pathway. In this pathway, presequence translocase-associated motor (PAM) binds to the 

TIM23 complex and pulls the precursor protein towards the matrix by cyclic hydrolysis of 
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ATP. The presequence is cleaved by mitochondrial processing peptidase (MPP) upon arrival 

towards matrix. The PAM complex dissociates from the TIM23 complex if precursor proteins 

with presequence are followed by hydrophobic stop-transfer signal and further TIM23 complex 

is assisted with Tim21 and Mgr2 to laterally release the precursor protein across inner 

membrane via the lateral sorting pathway. The membrane potential across the inner membrane 

induces electrophoretic effect to drive import conducted by the TIM23 and TIM22 complexes. 

 

Few precursor proteins such as IMS precursor proteins or presequence 

carrying precursor protein do not use small TIM proteins. They instead directly 

establish contact with the TOM complex as prerequisite for import of precursor protein. 

When the precursor protein with characteristic cysteine motifs arrive at the IMS side, 

Tom40 is directly assisted by the mitochondrial import and assembly (MIA) machinery 

present in the intermembrane space (Banci et al., 2009; Koch & Schmid, 2014). The 

interaction between the precursor protein and MIA machinery is based upon 

hydrophobic interactions and transient intermolecular disulfide bonds. The imported 

precursor proteins towards the IMS side are oxidized by Mia40, which is re-oxidized 

by Erv1. Erv1 is essential for respiration and vegetative growth assisted by zinc-

binding protein (Hot13). In this pathway, electrons generated while oxidation of 

cysteine carrying precursor protein and Mia40 are transferred to cytochrome c of the 

respiratory chain complex (Koch & Schmid, 2014; Ramesh et al., 2016).The TOM and 

TIM23 complexes are involved in 2 different import pathways for import of 2 types of 

precursor protein. There are at least 2 standard features while import of presequence 

carrying precursor protein and hydrophobic precursor protein. First, the precursor 

protein is in contact with Tom40 and Tom22 when it arrives towards the IMS side and 

recognized by Tim50. Second, Tim50 as part of the TIM23 complex displaces the 

precursor protein towards the TIM23 translocase pore. In the TIM23 complex, Tim17 

and Tim23 are closely associated forming translocase pore (Bohnert et al., 2007; 

Straub et al., 2016). Further, the insertion of precursor protein into the TIM23 complex 

is due to membrane potential across the inner membrane, which generates the 

electrophoretic effect on positively charged amino acids of the precursor protein (Sato 

et al., 2019). Then subsequently, precursor protein is pulled towards matrix by ATP 

hydrolysis performed by the presequence translocase associated protein import 

motor, PAM complex (S. Ting et al., 2014). The PAM complex is a multi-subunit 
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machinery involved only in import of presequence carrying matrix targeted protein. 

Further, the presequence is clipped by mitochondrial processing peptidase (MPP) 

followed by other proteases to remove destabilizing N terminal amino residues. The 

folding of imported and clipped precursor proteins is performed by mitochondrial 

chaperons (Hsp60 and Hsp10) (van der Laan et al., 2010). The PAM complex is 

released from the TIM23 complex when an internal hydrophobic signal is embedded 

within precursor protein. The TIM23 complex along with Tim21 and Mgr2 are involved 

in lateral sorting of precursor protein across the inner membrane. The inner 

membrane peptidase (IMP) clips the sorting signal before the precursor protein is 

released into the IMS region (Bolender et al., 2008; Pfanner, 2000; Stojanovski et al., 

2014). The participation of various translocase complexes are still studied, considering 

there is a lot more to learn. 

 

 

II.B.2   The general import gate of the outer membrane, 

TOM complex 

 

The mitochondrial translocase complexes are generally multi-subunit molecular 

machineries located in every mitochondrial compartment. In the outer membrane, 

channels such as voltage-dependent anion channels (VDACs) are also present. It is 

the primary transporter of nucleotides, ions, and metabolites. The VDAC channel 

spans the outer membrane of the mitochondria similar to that of antiparallel β-strands 

(outer membrane β-barrels) present in gram-negative bacteria (Colombini et al., 1996; 

Zeth, 2010). One such multi-subunit machinery known to be required for its own 

biogenesis is the TOM complex. The illustration of the TOM complex is shown in 

figure 4, it is made up of Tom20, Tom22, Tom70, Tom40, and small TOM subunits 

such as Tom5, Tom6, and Tom7 (Model et al., 2002). All TOM components except 

Tom40 have single transmembrane segments and do not hold sequence similarity 

(Ahting et al., 2001). Few components that are Tom20 and Tom70 have receptor sites 

revealed towards cytosol. These receptor sites actively participate in recognition and 

docking of mitochondrial precursor proteins (Straub et al., 2016).  
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Figure 4: The newly synthesized mitochondrial precursor protein could be imported either by 

co-translational or post translational. The cytosolic chaperons (Hsp70 and Hsp40) binds and 

through hydrolysis of ATP, they import the mitochondrial precursor proteins towards the 

translocase of the outer membrane (TOM complex). The TOM complex contains three 

cytosolic faced receptor units, Tom22, Tom20 and Tom70 involved in recognition and transfer 

of precursor protein to the central pore. The Tom40 forms central dual protein conducting pore 

performing import of various types of precursor protein across the outer membrane. Few small 

sub units, Tom5, Tom6 and Tom7 of the TOM complex support stability of the TOM complex. 

OM, outer membrane; IMS intermembrane space. 

 

Tom20 and Tom70 are peripheral TOM components known as primary 

receptor units of the TOM complex. Tom20 is involved in recognizing N-terminal 

positive charged sequences, whereas precursor proteins with internal targeting 

sequences are anchored at the Tom70 receptor site. Both types of acquired precursor 

proteins by Tom20 and Tom70 are transferred to Tom22, which acts as a central 

receptor (Stan, 2000). The substrate specificity of Tom20, Tom22, and Tom70 is 
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overlapping; hence they could easily substitute each other. Individual deletion of either 

Tom20 or Tom70 does not affect the viability of yeast. In yeast, double deletion of 

Tom20 and Tom70 cannot be achieved and to rescue such kind of growth defect of 

yeast, overproduction of Tom22 is required (Brix et al., 1999; Yamano et al., 2008). 

 
On the IMS side, Tom22 interacts with another translocase complex (TIM23 

complex) as a prerequisite for the transfer of precursor proteins (Pfanner & Meijer, 

1997). In the absence of Tom22, dimers of Tom40 proteins are formed. Upon the 

association of Tom22, Tom40 is oriented in the form of dual pore channel (Tucker & 

Park, 2019). The Tom40 protein belongs to the superfamily of β-barrel protein and 

with 19 transmembrane sheet segments. It forms two different regions inside the pore, 

hydrophilic and hydrophobic, which provide specificity to the precursor protein. The 

hydrophobic carrier proteins interact with the hydrophobic pore of Tom40, and import 

of matrix proteins is carried out by the hydrophilic pore (Bausewein et al., 2017; Frey 

et al., 2002). The presence of small TOM subunits is speculated to promote the 

assembly and stability of the TOM complex. However, any specific role is unknown, as 

they are non-essential (Ahting et al., 1999; Rapaport, 2005).  

 

II.B.3 Presequence translocase complex, TIM23 complex 

 

The mitochondrial inner membrane is equipped with more diverse translocase 

complexes compared to the outer membrane. One such translocase complex is the 

TIM23 complex, which is involved in 2 different import mechanisms that import 

presequence carrying precursor proteins and hydrophobic stop-transfer signal carrying 

precursor proteins. Precursor proteins with a presequence are matrix targeted, and 

hydrophobic signal carrying precursor proteins are laterally sorted into the inner 

membrane (Koehler, 2000; Wiedemann & Pfanner, 2017). Depending on the signal 

carried by the precursor protein, the TIM23 complex shifts dynamically between 2 

different forms, TIM23CORE and TIM23SORT (Chacinska et al., 2010; Straub et al., 2016). 

Import of matrix targeted precursor proteins are performed by forming TIM23CORE form 

in association with the PAM complex. The TIM23SORT form is aided by Mgr2 and 

Tim21, due to which the PAM complex dissociates from the TIM23 complex 
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(Chacinska et al., 2005; Pfanner et al., 2019). The core components of the TIM23 

complex are Tim17, Tim23, and Tim50 proteins, as shown in figure 7. 

 

The Tim50 protein is an essential part of the TIM23 complex made up of a 

single transmembrane segment anchored in the inner membrane. It supports maintain 

a permeability barrier across the inner membrane (Mokranjac et al., 2003). Tim50 has 

a large exposed domain towards the IMS, divided into two parts as the presequence 

binding domain (PBD) and core domain. The specific role of both domains is still 

studied. It is observed that PBD and core domain interacts with incoming precursor 

proteins to support the function of Tim50 protein (Weinhäupl et al., 2018). Mostly the 

PBD domain acts as one of the initial contact site for the mitochondrial precursor 

protein. The PBD domain also interacts with the IMS exposed domain of Tom22. 

Hence collectively, Tim50 is one of the first TIM23 complex component to establish 

contact with the mitochondrial precursor protein, which arrives towards IMS 

(Chacinska et al., 2003; Dayan et al., 2019). The function of Tim50 is to induce a 

gating effect that activates the TIM23 complex only when a specific contact with an 

incoming precursor protein is established (Straub et al., 2016). It is evident from many 

experiments that were performed to observe the import function of the TIM23 complex 

that the Tim50 protein recognizes both the precursor proteins (either a presequence 

carrying precursor protein or internal signal carrying precursor protein) with similar 

affinity (Pareek et al., 2013). It is speculated that primary recognition of these two 

types of precursor proteins performed by Tim50 would be principally involved in 

indicating or adjusting the TIM23 complex either as TIM23CORE or TIM23SORT form. In 

the absence of Tim50, the mitochondrial precursor proteins remain attached to the 

IMS exposed domain of Tom22, and the TIM23 complex remains at a dormant state. 

Mutations in Tim50 results in reduced binding efficiency with precursor protein and 

destabilization of the TIM23 complex (Bohnert et al., 2007; Wurm & Jakobs, 2006). 

Tim23 and Tim17 proteins are essential, integral membrane proteins, with Tim23 

being the principal translocase pore-forming subunit, and Tim17 is necessary for 

stabilization of the translocation channel (S. Y. Ting et al., 2014). Experimental 

strategies that focus on learning about the assembly and formation of the TIM23 

complex suggest that the Tim23 precursor protein is imported via the TIM22 complex 

and assembles in the inner membrane whereas the import and assembly mechanism 

by which Tim17 forms a stabilizing unit of TIM23 complex remains unclear. 
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It is known that together, Tim23 and Tim17 are involved in two different 

pathways for import of precursor proteins since mutations in either of them affect 

import of precursor proteins across the inner membrane and towards matrix. The 

Tim23 and Tim17 proteins are made 4 transmembrane segments (TM1, TM2, TM3 

and T;4) due to shared homology connected by loops exposed either towards matrix 

or IMS as shown in figure 6 transmembrane segments span across the inner 

membrane, forming TIM23 complex. Various mutants generated by single or double 

amino acid substitution are used to study the individual roles of Tim23 and Tim17. The 

majority of mutations bearing double amino acid substitution results in no viable yeast 

cells. It is found that TM1 and TM2 of the Tim23 protein are involved in early substrate 

capture in the complex. TM2 recruits Tim17 to serve as a stability factor for forming 

the complex (Bauer et al., 1998; Demishtein-zohary et al., 2015). The structure of 

TIM23 complex is not yet known. However, several independent studies have helped 

in predicting the most relevant structure of the TIM23 complex best to fit its orientation 

and interactions with other constituents. 

 

Figure 5: Model illustrating transmembrane (TM) helices of Tim17 and Tim23, essential 

components of the TIM23 complex. The four homologous TM segments of Tim17 and Tim23 

are embedded into the inner membrane (IM) with connecting loops, L1 and L3, exposed 

towards the matrix and L2 towards intermembrane space (IMS). The TM segments of Tim23 

forms the central protein import conducting pore of the TIM23 complex, whereas destabilized 

complex is observed if mutations are made in TM segments of Tim17.  The N and C terminal 

domain of Tim23 and Tim17 are of variable length. 
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It is observed that the TIM23 complex has a heterotetrameric form by dissecting and 

studying the role of each TM segment and connecting loops of the Tim23 and Tim17 

protein (Potting et al., 2018; Wrobel et al., 2016). It is known that the N-terminus of 

Tim23, which is exposed towards the IMS, interacts with the PBD domain of Tim50 to 

function cooperatively for the recognition and transfer of mitochondrial precursor 

proteins into the main translocase conducting pore of the TIM23 complex (Pfanner & 

Geissler, 2001). Mutants of TM1 and TM2 of Tim23 showed various defects affecting 

precursor proteins import, assembly of the TIM23 complex, and membrane polarity. 

These defects were rescued by the over-expression of the Tim17 gene (Wrobel et al., 

2016; Yano et al., 2014). The mutations in TM1 and TM2 of Tim17 result in a 

destabilized interaction with Tim23, and a mutation in TM3 shows less binding 

efficiency with the PAM complex (Chacinska et al., 2005).  

 

 

II.3.4 Alliance of the TIM23 complex  

 

The TIM23 and PAM complex associate together to perform the presequence 

pathway. The membrane potential drives the import of the precursor protein across 

the inner membrane and entering of TIM23 complex by the positively charged amino 

acids at the preproteins N-terminus (Neupert & Herrmann, 2007). Further, the PAM 

complex provides a significant motive force that drives the precursor protein import 

towards the matrix. The PAM complex is a multi-subunit machinery assembled to 

perform a Brownian ratchet mechanism powered by hydrolysis of ATP as an energy 

source. So it is often termed as PAM motor (Kulawiak et al., 2013; Schmidt et al., 

2010). The PAM complex is made of mtHsp70, Tim44, Pam18, Pam16, Pam17, and 

Mge1, as shown in figure 7. The mitochondrial heat shock protein (mtHsp70) is a 

chaperone forming the PAM complex's core component. It is known to be involved in 

the process of import and folding of the precursor proteins. It physically interacts with 

the TIM23 complex and tightly binds to the unfolded precursor protein with its peptide 

domain (Craig, 2018; Moro et al., 2002). It interacts with the precursor proteins by 

trapping and pulling towards a matrix driven by ATP binding and hydrolysis. Mostly 

photoactivatable cross-linking experiments are performed to know about interactions 
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between TIM23 complex and PAM complex (Jensen & Johnson, 1999; Y. Li et al., 

2004). It is found that that the matrix exposed loop (Loop1) between TM1 and TM2 of 

the Tim23 protein interacts with the Tim44 protein. Such interactions strengthen the 

motor system for other PAM components binding (Schendzielorz et al., 2017; Schiller 

et al., 2008). Tim44 is an essential peripheral inner membrane protein of the PAM 

complex found to be evolutionary conserved. Various experiments that used mutants 

of Tim44 and truncated forms of Tim44 showed that the N-terminus of Tim44 is 

involved in the interaction with mtHsp70, Pam16, and the TIM23 complex 

(Wiedemann & Pfanner, 2017).  

 

 

Figure 6: Overview of distinct forms of the TIM23 complex. Precursor proteins with a 

cleavable presequence followed by an internal hydrophobic segment are recognized by the 

cytosolic exposed Tom20 and Tom22 receptors of the TOM complex and transferred to 

Tom40, central import conducting pore across the outer membrane. The TIM23
CORE

 and TOM 

complex interaction is a prerequisite for transferring precursor proteins, whereas TIM23
CORE

 

maintains a dynamic interaction with the presequence translocase-Associated motor (PAM). 

The TIM23
CORE

 machinery has Tim50 as receptor unit, Tim23 as central import conducting 

pore, and Tim17 as a regulatory unit. The binding of the PAM complex forms the TIM23
MOTOR

 

form, and dissociation of the PAM complex is complemented with the assistance of Tim21 and 
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Mgr2 to form TIM23
SORT

 form. TOM, translocase of the outer membrane; OM, outer 

membrane; IMS, intermembrane space; IM, inner membrane; ∆ψ, membrane potential. 

 

Tim44 ensures that all subunits of the PAM complex function in a coordinated 

manner for pulling the precursor protein except for Pam17. The Pam17 protein is 

known to interact with Tim17. It is not an essential component of the PAM complex, 

but its absence results in an import defect for matrix targeted precursor proteins. It 

also serves as a stability factor for the Pam18 and Pam16 proteins (Miyata et al., 

2017; M. van der Laan et al., 2005). Pam18 and Pam16 are two membrane-bound 

chaperons with J-protein domain and act as stimulatory and regulatory components of 

the PAM complex. Pam18 is the stimulatory protein that stimulates the ATPase activity 

of mtHsp70, whereas Pam16 is a regulatory protein that controls the activity of Pam18 

(Frazier et al., 2004; Rampelt et al., 2020). The PAM complex is equipped with Mge1, 

a nucleotide exchange factor to perform hydrolysis of ATP to ADP while mtHSP70 

pulls the presequence carrying precursor protein towards the matrix  (Allu et al., 

2015). Once Mge1 releases ADP from the mtHsp70, a new round of reaction cycle 

takes place. This cyclic event continues until the mitochondrial precursor protein is 

fully pulled into the matrix. 

 

The internal (hydrophobic) signal embedded in the presequence carrying 

precursor protein induces a dynamic shift of the TIM23CORE form to the  TIM23SORT 

form with the equally combined effect of binding and release of the PAM complex with 

the TIM23 complex (Chacinska et al., 2010; Straub et al., 2016). The TIM23SORT form 

of the TIM23 complex is generated by 2 accessory proteins, which are Mgr2 and 

Tim21, as shown in figure 1. Mgr2 is a non-essential, small hydrophobic protein, 

commonly known as lateral gatekeeper. Our group discovered it in 2014 and found 

that it is required to couple Tim21 with the TIM23 complex (Gebert et al., 2012). The 

Mgr2 protein shows a higher interaction rate towards the positively charged cluster of 

amino acids. The cluster of amino acids that proceed the  hydrophobic amino acids, 

due to which the precursor protein is halted (stopped) for a while inside the TIM23 

complex and then slowly released (transferred) into the inner membrane as the stop-

transfer mechanism. In the case of a defective or compromised hydrophobic signal, 

the precursor protein is by default imported into the matrix, which shows that the 
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presence of Mgr2 employs a quality control function. In the absence of Mgr2, the 

precursor protein is released at a higher rate into the inner membrane (Ieva et al., 

2014; Mirzalieva et al., 2019; Schendzielorz et al., 2018; Steffen & Koehler, 2014). 

The second accessory protein of the TIM23SORT form is Tim21. There are two 

characteristics of Tim21. First, it binds to the IMS domain of the Tom22 protein 

generating the TOM-TIM23 supercomplex. The formation of the TOM-TIM23 

supercomplex is not to initiate any import pathway (Kulawiak et al., 2013; Wiedemann 

et al., 2007). It is a kind of interaction between TOM and TIM23 complex for the 

displacement of the precursor protein into the translocation pore of Tim23, which 

shows a gradual decrease of accumulation precursor protein over the TIM23 complex; 

hence it acts as an antagonist of Tim50. The antagonist feature of Tim21 promotes 

dissociation of the PAM complex (Kang et al., 2016; Murcha et al., 2012). Second, the 

Tim21 protein supports the membrane potential across the inner membrane by 

associating the TIM23 complex closer to the proton-pumping respiratory chain 

complexes to promote lateral sorting of precursor protein across the inner membrane 

(Banerjee et al., 2015; Gustafsson et al., 2016; Jornayvaz, 2014). The respiratory 

chain complexes generate membrane potential essential for ATP production and 

import of precursor protein across inner membrane by the mitochondrial ATP 

synthase.



28 

 

 

III. AIM 

Import defects of matrix targeted precursor proteins and laterally sorted precursor 

protein were first observed by Prof. Agnieszka Chacinska and her group while 

studying the generation of 2 different forms of the TIM23 complex. Their observation 

supported that Tim17 is crucial for recruiting the PAM complex and sorting of 

precursor protein with hydrophobic signals across the inner membrane. It is already 

known that overexpression of Tim17 rescues inner membrane depolarization and 

import defects of the TIM23 complex; nevertheless, the principal role of Tim17 is 

unclear. Recently our lab has shown that the Mgr2 protein is involved in lateral sorting 

of precursor protein into the membrane. The interaction of Tim17 and Mgr2 is also 

highlighted, which suggests Tim17 might be an active participant in the recognition of 

precursor proteins and the import process. 

I wanted to understand the engagement of Tim17 during the import of different 

precursor proteins. In this study, I have used temperature-sensitive (ts) mutants of 

Tim17, ts97B, and ts98B to understand the import of different precursor proteins. The 

precursor proteins, which possess hydrophobic stop-transfer signals, and matrix 

targeted precursor proteins are employed to understand the import behavior. The 

different form (intermediate and mature) of the precursor protein generated while in 

vitro import of radiolabeled cytochrome b2 constructs were used to study the import 

response. In contrast, the binding efficiency of the PAM complex to the precursor 

protein is also studied. Previously our group has observed that Mgr2 functions as a 

lateral gatekeeper, and its overexpression delays lateral sorting of hydrophobic 

precursor protein across the inner membrane. I wanted to observe if the deletion of 

Mgr2 in tim17ts mutants affects Tim17 performance. I have used this approach to 

know how Tim17 and Mgr2 cooperate to release the precursor protein into the inner 

membrane. In the second part of this study, I wanted to observe if point mutation 

(G267C) of cst6, one of the transcriptional factors of the Tim23 protein, could induce 

alterations in the expression of different translocase complex proteins. The 

overexpression of the Tim23 gene aims to understand the gain of function as an 

increased import of matrix targeted precursor protein and few translocase complex 

proteins of TOM and PAM complex while allotropic expression of Atp9.  
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IV. Material and Methods 

 

IV. A   Yeast strains and media 

The Wild Type strain (WT), Saccharomyces cerevisiae YPH499 (genotype: MATa 

ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1) was used. In 

the WT, a vector plasmid pFL39 (CEN_TRP1) expressing a non-mutated Tim17 gene 

was introduced to complement the chromosomal deletion of Tim17::ADE2. Similarly, 

the tim17ts mutants carry plasmid with mutation introduced by random mutagenesis 

for targeted Tim17 gene to complement the chromosomal deletion of Tim17::ADE2. 

The Tim17WT, ts97B and ts98B were generated by Dr. Bernard Guiard (Centre de 

Génétique Moléculaire, Center National de la Recherche Scientifique, Gif-Sur-Yvette, 

France). The media used to grow the Tim17WT, ts97B and ts98B is 1% bacto yeast 

extract, 2% bacto peptone, 3% glycerol (YPG). The pRS426 vector plasmid with 

pPGK promoter was used for overexpression of MGR2 (MGR2↑), and growth was 

supported by 0.66% bacto yeast nitrogen base, 2% peptone, 0.2% glucose, 3% 

glycerol and 0.192% Ura drop out mix (–URA media). Deletion of Mgr2 

(∆mgr2, MGR2::URA) in ts98B mutant was performed by homologous recombination 

using URA cassette. The Tim17WT∆mgr2, ts98B∆mgr2 were grown in YPG media. 

The strains of cst6 mutants were provided from Prof. Jean paul di Rago lab, the 

nuclear genome of cst6-1 carries point mutation (G276C) identified by Whole-genome 

transcription profiling and same mutation in cst6-2 was introduced by CRISPR/Cas9 

technique. The cst6 mutants were grown in YPG medium. The yeast strains were 

freshly streaked from glycerol stocks for spot assay and isolation of mitochondria. 

Addition of 2% Agar was used along with YPG and –URA media to incubate the yeast 

strains on solid media. 
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IV.B   Spot assay 

The yeast strains were freshly streaked from glycerol stocks for spot assay on YPG 

and –URA media with 2% Agar. A single colony was used to inoculate culture and 

incubated overnight in a shaker incubator (Thermo Scientific MAXQ600). The 

Tim17WT, ts97B and ts98B were incubated at 24°C, whereas WT and cst6 mutants 

were incubated at 30°C. The optical density at 600 nm (OD600) was measured and the 

culture diluted to an OD600 of =0.5. After 5 hours of incubation, OD600 was measured 

again and normalized to 0.1 OD600. Serial dilution up to 105 fold was performed for 

each strain and 0.5 l of each dilution was spotted onto agar plates. The plates were 

incubated for 4 days at different temperatures. 

 

IV.C   Mitochondria isolation  

The isolation of mitochondria used for the experiments in this study was performed by 

differential centrifugation method. Yeast strains were freshly streaked on plates and a 

single colony used for inoculation of 50 ml primary culture for isolating mitochondria. 

Overnight primary cultures of yeast strains were incubated (tim17ts mutants at 24°C, 

and cst6 mutants at 30°C) in a shaker incubator (Thermo Scientific MAXQ600) at 200 

rpm and further used to inoculate 2 L volume of media for mitochondrial isolation. A 

large amount of media was incubated in the Innova®44 Incubator shaker series at 130 

rpm. For isolation of mitochondria, a final OD600 of 1.5 to 1.7 was considered. The final 

culture was centrifuged at 4000 rpm at 18°C in a Sorvall BIOSS16 centrifuge for 10 

minutes, and then harvested cells were washed with 250 ml of distilled water, re-

centrifuged at 4000 rpm for weighing the pellet. Buffers used for isolation of 

mitochondria are added according to per gram of yeast cells. The pellet was 

resuspended in (2 ml/g yeast) DTT buffer (100 mM Tris/H2SO4, pH 9.4; 10 mM 

dithiothreitol, DTT) and incubated for 20 minutes in a Thermo Scientific MAXQ600 

shaker incubator. Cells were centrifuged at 4000 rpm at 18°C in a Sorvall BIOSS16 

centrifuge for 10 minutes, and the supernatant was discarded. The pellet was washed 

with 200 ml of 1.2 M sorbitol and re-centrifuged at 4000 rpm at 18°C. The supernatant 
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was discarded. The washed pellet was used to generate spheroplasts. First, pellet is 

resuspended in zymolase buffer (7 ml/g yeast) without zymolase enzyme (20 mM KPi, 

pH 7.4; 1.2 M sorbitol), and then zymolase enzyme (4 mg/g yeast) was added. After 

which incubation for 40 minutes is performed (tim17ts mutants are incubated at 24°C 

and cst6 mutants are incubated at 30°C) in Thermo Scientific MAXQ600 shaker 

incubator at 90 rpm. Generation of spheroplasts was observed by lysing 20 l of the 

cell suspension in 1 ml distilled water, decrease in OD600 was observed displaying 

spheroplasts brust. After incubation, spheroplasts were centrifuged at 4000 rpm for 10 

minutes at 18°C, and the supernatant was discarded. The spheroplasts were placed 

on ice, and subsequent steps are performed at 4°C. The pellets were roughly 

suspended in homogenization buffer ([7 ml/g yeast], 0.6 M sorbitol; 10 mM Tris/HCl 

pH 7.4; 1 mM EDTA; 0.1% bovine serum albumin, BSA; 1 mM freshly added 

phenlymethylsulfonyl fluoride, PMSF). Spheroplasts were manually broken in 

adouncehomogenisator (potter, 60 ml volume) with Teflon pestle. Minimum 30 ml of 

generated spheroplasts was added into the potter and 15x strokes were applied. 

Damaged cells were collected in F21-8 x 50y centrifuge tubes and centrifuged for 5 

minutes at 3000 rpm in a F21-8x50 centrifuge Rotor in a Sorvall superspeed 

Centrifuge. The supernatant was transferred into new centrifuge tubes and re-

centrifuged at 4000 rpm for 10 minutes. Again, supernatant was placed into new 

centrifuge tubes and centrifuged for 15 minutes at 12000 rpm to pellet mitochondria. 

Isolated mitochondria are resuspended in 5 ml SEM buffer (250 mM sucrose; 10 mM 

MOPS pH 7.2; 1 mM EDTA pH 8) with 25 µl freshly prepared 0.2 M PMSF and 

centrifuged again at 12000 rpm for 15 minutes. Pelleted mitochondria were suspended 

in 200 µl of SEM buffer by carefully pipetting up and down and further estimation of 

protein concentration was performed. The protein standard, IgG (1.4 mg/ml) and 1x 

Rotiquant (Roti®Quant 5x conc.) were used to perform the Bradford assay. Different 

range (10 to 50 µg) of IgG protein to final 50 µl volume and triplicates of different 

quantities of isolated mitochondria was used to measure the absorbance either in the 

Teccan plate reader or photometer. The concentration of isolated mitochondria (per µl) 

was determined by interpolation (value of absorbance versus concentration). The 

protein concentration was adjusted to (10 mg/ml) and 60 µl aliquots were flash frozen 

in liquid nitrogen and then stored at -80°C. 
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IV.D. Steady-state level 

The stored mitochondria (10 mg/ ml) are used to prepare 3 different concentrations 

such as 10 g, 20 g, and 30 g to which 1x laemmli buffer (2% sodium dodecyl 

sulfate, SDS; 10% glycerol; 60 mM Tris/HCl pH 6.8; 0.1 mg/ml bromophenol blue; 2 

mM PMSF; 0.2 M DTT and for tim17ts mutants β-mercaptoethanol) was added and 

denatured for 5 minutes at higher temperature (35°C used for tim17ts mutants and 

95°C used for cst6 mutants). Prepared samples were loaded in 10% Tris Tricine gel 

which is prepared from 49.5% acrylamide (48% [w/v] Acrylamide; 1.5% [w/v] Bis-

acrylamide), 1.5x gel buffer (3 M Tris/HCl pH 8.45; 0.3% SDS) and run for 3.5 hours at 

55 mA using cathode buffer (1 M Tris; 1 M Tricine; 1% SDS, pH 8.25) and anode 

buffer (2 M Tris/HCl, pH 8.9). After electrophoresis, gels were transferred onto a 

polyvinylidene fluoride (PVDF) membranes. Activation of PVDF membrane in 100% 

Methanol are required before transfer. A semi dry blot system was used to transfer 

proteins from gel to PVDF membrane using running buffer (20 mM Tris; 150 mM 

glycine; 0.02% SDS; 20% ethanol). The sample was transferred at 250 mA for 2.5 

hours. Further, staining and detaining of PVDF membrane in Coomassie (0.2% 

Coomassie Brilliant Blue R-250, 50% methanol and 10% Acetic acid, 40% dH2O and 

in detaining solution 0.2% Coomassie Brilliant Blue R-250 is not added) was 

performed to ensure the transfer of samples. Incubation of PVDF membrane for 30 

minutes in skim milk (5% skim milk in TBS, [20 mM Tris; 125 mM NaCl]) and then 

overnight incubation in primary antibody at 4°C and finally in secondary antibody (anti 

Rabbit-HRP) for 1.5 hours at room temperature was performed. Each step of 

incubation of PVDF was followed by 3x washing for 5 minutes in TBST (0.1% Tween 

additionally added into TBS), and afterward, membranes were incubated with 

enhanced chemiluminescence (ECL) Western blotting detection solutions 

Amersham™ ECL™ Prime Western Blotting Detection (Reagent Solution A [luminol 

solution] and solution B [peroxide solution]). The Amersham Imager 600 blot and gel 

imager was used to capture images.   

 

 

 

https://www.bioke.com/webshop/ge/29270769.html
https://www.bioke.com/webshop/ge/29270769.html
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IV.E   Solubilization of membrane protein complexes 

To observe the membrane complexes in their native form, 50 g of isolated 

mitochondria was solubilized by resuspending (15x) using pipette in solubilization 

buffer (20 mM Tris/HCl, pH 7.4; 0.1 mM EDTA, pH 8; 50 mM NaCl; 10% glycerol; 

freshly prepared 1 mM PMSF) with 1% digitonin. Solubilized samples were incubated 

for 15 minutes on ice and centrifuged at 14000 rpm at 4°C for 5 minutes. The 

supernatant is collected in new 1.5 ml centrifuge tubes and loading buffer (5% [w/v] 

Coomassie brilliant blue G-250; 100 mM Bis-Tris/HCl pH 7.0; 500 mM 6-

aminocapronic acid) was added to the final concentration of 1x. Before loading the 

solubilized samples, a  short spin of about 1 or 5 minutes was performed. Samples 

were loaded onto Blue Native PAGE (BN-PAGE) prepared from 49.5% acrylamide 

(48% [w/v] Acrylamide, 3% [w/v] Bis-acrylamide) and 3x gel buffer (200 mM Amino n-

capronic acid; 150 mM Bis-Tris/HCl pH 7.0). In this study, the gradient gel of 6-13% 

BN-PAGE was used to observe the TOM complexes components and 6-16.5% BN 

PAGE was used to observe the TIM23 complexes components. The electrophoresis 

was performed in the Hoefer SE600 cooled vertical electrophoresis system at 4°C 

using running buffer (cathode buffer, 50 mM Tricine pH7.0; 15 mM Bis-Tris [with and 

without 0.02% Coomassie G] and anode buffer, 50 mM Bis-Tris/HCl pH 7.0) at running 

conditions 120 V, 15 mA for overnight. Further, transfer of samples onto the PVDF 

membrane, decoration with antibodies was performed as mentioned for the steady 

state level.  

IV.F   Preparation of Lysate  

The cytochrome b2 DHFR plasmids (to final concentration 2-4 ng/µl) of different 

constructs for 1 reaction was added in 100 l of rabbit recticulolysate (TNT® SP6 

Quick Master Mix, Promega) with 10 l of [35S] methionine (Methionine, L-[35S]-, 1mCi 

(37MBq), PerkinElmer) and incubated for 90 minutes at 30°C. The in vitro translation 

process was stopped by adding 8 µl ice cold 0.2 M methionine and 18 µl of 1.5 M 

sucrose. The prepared lysates were first shock freezed in liquid nitrogen and then 

stored at -80°C. Further, these lysates carrying precursor proteins were used for 

import experiments.  
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IV.G   In vitro import experiments  

Isolated mitochondria (63 g) were suspended into 50 l of import buffer (10 mM 

MOPS/KOH, pH 7.2; 250 mM sucrose; 80 mM KCl; 5 mM MgCl2; 2 mM KH2PO4, 5 

mM methionine, and 3% BSA). The addition of 2 mM Adenosine triphosphate (ATP) 

and 2 mM Nicotinamide adenine dinucleotide (NADH) in import buffer was performed 

to energize isolated mitochondria. For every 50 l of final import reaction 4 l of lysate 

carrying precursor protein was used to initiate import process at 25°C. In order to 

dissipate the membrane potential (), AVO mix ( 8 mM antimycin, 1 mM 

valionomycin, and 20 mM oligomycin) was used before the addition of the precursor 

protein and without AVO mix is treated as control. Samples were removed at indicated 

time points. To irreversibly fold the DHFR moiety, 5 mM methotrexate (MTX) and for 

reversible folding 2 mM dihydrofolate (DHF)  and 2 mM nicotinamide adenine 

dinucleotide phosphate, reduced form (NADPH) along with 5 mM creatine phosphate 

(CP) and 0.1 mg/ ml creatine kinase (CK) was added into the import buffer. Import 

reactions were terminated by adding of 1 µl AVO mix and incubated for 2 minutes on 

ice. Where indicated (+PK) samples were treated for 15 minutes by adding 50 mg/ml 

proteinase K (PK) and freshly prepared 0.2 mM PMSF was added to terminate the PK 

digestion. The samples were centrifuged at 15000 rpm for 10 minutes at 4°C. Further, 

samples were twice washed with SEM buffer (250 mM sucrose; 10 mM MOPS pH 7.2; 

1 mM EDTA pH 8) followed by centrifugation at 15000 rpm for 10 minutes at 4°C. 

Samples were resuspened in 1x laemmli buffer and denatured at 95°C before loading 

on 10% Tris Tricine gel and run for 3.5 hours at 50 mA. Gels were stained in staining 

solution (50% (v/v) ethanol in water with 10% (v/v) acetic acid and 0.2% Coomassie 

dye) and destained in (50% (v/v) methanol in water with 10% (v/v) acetic acid). Gels 

were dried using a vaccum drier for 1.5 hours at 75°C. The protein marker on the dried 

gel was labelled with radioactive ink and incubated in a phosho imager cassette. 

Radiolabeled imported proteins were detected by autoradiography using Phosphor 

screen. The phosphor screen was placed down on the Typhoon Scanner machine's 

glass platen, and the grid area is selected with pixel size 100 is selected for scanning. 

After scanning, Phosphor Screen Image Eraser was used to clean the phosphor 

screen. The image was further quantified using Fiji or imageJ.   
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List of primary antibodies  

List of Antibodies used for BN-PAGE 

Antibody Ref. Number Dilution 

Tom40 168-12 1:500 

Cox4 578-5 1:2000 

Tom70 657-4 1:500 

Tim21 3894-7 1:500 

Tim23 133-14 1:500 

   

List of Antibodies used for Tris-Tricine Gel 

Antibody Ref. Number Dilution 

Tim23 3878-4 1:500 

Tim50 Affinity purified 

Tim17 1845-3 1:800 

Mgr2 3121-7 1:1000 

Tim21 3883-1 1:500 

Tim44 1836-7 1:500 

Pam18 751-4 1:250 

Pam17 274-5 1:400 

Tim10 217-8 1:500 

Atp20 1516-4 1:500 

Cox4 578-5 1:2000 

Tom22 104-IV 1:500 

Tom40 168-12 1:500 

Tom70 657-4 1:500 

Cor1 1538-4 1:500 

 

Composition of Gel Electrophoresis (Single gel composition) 

Composition of BN-PAGE (gradient) 6% 13% 16.5% 

Acrylamide 49.5% 1.07 ml 2.35 ml 3.05 ml 

3x Gel buffer 3 ml 3 ml 3 ml 

Glycerol   - 1.8 ml 1.8 ml 

dH2O 4.88 ml 1.81 ml 1.11 ml 
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10% APS 38 l 30 l 30 l 

TEMED 3.8 l 3 l 3 l 

    

Composition of 10% Tris-Tricine gel  

Acrylamide 49.5% 3ml 

3x Gel buffer 5ml 

dH2O 7ml 

10% APS 100 

TEMED 10l 

 

List of chemicals Company name 

[35S] methionine PerkinElmer 

6-aminocapronic acid Sigma-Aldrich 

Acrylamide/Bis-acrylamide Carl Roth GmbH 

Adenosine triphosphate (ATP) Roche 

Agar Becton Dickinson 

Antimycin Sigma-Aldrich 

Bacto peptone Becton Dickinson 

Bacto yeast extract Becton Dickinson 

Bacto yeast nitrogen base Becton Dickinson 

Bis-Tris Carl Roth GmbH 

Bovine serum albumin, BSA Sigma-Aldrich 

Coomassie brilliant blue R-250 Carl Roth GmbH 

Creatine kinase (CK) Roche 

Creatine phosphate (CP) Roche 

Digitonin Matrix Bioscience 

Oligomycin Sigma-Aldrich 

Peptone Becton Dickinson 

Proteinase K Roche 

Roti®Quant Carl Roth GmbH 

Sodium dodecyl sulfate [SDS] Carl Roth GmbH 

Sucrose MP Biomedicals 

TNT® SP6 Quick Master Mix  Promega GmbH 
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Tricine Carl Roth GmbH 

Tris Carl Roth GmbH 

Ura drop out mix MP Biomedicals 

Valionomycin Sigma-Aldrich 

Zymolase Nacalai tesque 

Secondary Antibody (Anti Rabbit) Merck Millipore 
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V.  Result 

V.A   Characterization of temperature sensitive mutants 

of Tim17 

Tim17 and Tim23 have similarities related to transmembrane topology to form the 

translocase conducting pore, and Tim50 induces gating effect when precursor protein 

needs to be imported across the inner membrane. In humans, Tim17 is encoded by 

two genes as Tim17a and Tim17b, whereas in yeast, only one gene is responsible for 

encoding Tim17 (Iacovino et al., 2009; Matta et al., 2017). Saccharomyces cerevisiae 

provides various possibilities for genetic manipulations of the mitochondrial genome 

and nuclear genome, making it a desirable candidate to study functional aspect of 

essential genes. In Saccharomyces cerevisiae, it is possible to create temperature-

sensitive (ts) mutants of the targeted gene regulated by temperature as controlling 

factor (Ben-Aroya et al., 2010; Z. Li et al., 2011). In this study, Tim17 temperature-

sensitive mutants (ts97B and ts98B) are used. These temperature-sensitive (ts) 

mutants possess the ability to regulate the targeted essential gene in its normal 

behavior, similar like wild type (Tim17WT) at the permissive (22°C to 24°C) 

temperature. At an elevated temperature like 37°C, ts mutants turn off the regulation 

or shut down the expression of the Tim17 gene and act like mutants. Due to the 

restrictive regulation of essential targeted genes at different temperatures, it is 

possible to manipulate the regulation of the Tim17. The conditional Tim17 

temperature-sensitive (tim17ts) mutants were generated using a random mutagenesis 

approach by Dr. Bernard Guirad (Centre de Génétique Moléculaire, Center National de 

la Recherche Scientifique, Gif-Sur-Yvette, France). In this study, Tim17WT (wild type) 

has no mutation, and the tim17ts mutants have single substitution of amino acids in 

different regions. The ts97B has only one mutation in the TM2 region, and ts98B has 

three different mutations at TM1, TM3, and C terminal, as mentioned in table (2). 
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tim17ts mutant name Amino acid substitution 

ts97B G63S (TM2) 

ts98B W32R (TM1), N90K (TM3), and S152P (C terminal) 

Table 2: Information about mutation of the tim17ts mutants.  

 

The characterization study of tim17ts mutants was performed by spot assay to 

observe growth response on different media such as YPD (fermentable media due to 

presence of (glucose) and YPG (non-fermentable media due to addition of glycerol) at 

different temperatures. In YPG media, ethanol is added to understand if tim17ts 

mutants could be viable under stress conditions. The spot assay is performed as one 

of the preliminary observation to understand if mutations cause any growth defect. 

The overnight primary cultures of Tim17WT, ts97B, and ts98B were incubated at the 

permissive temperature (24°C) in YPG media. The overnight cultures are diluted to 

OD600 of 0.5 and allowed to grow for 5 hours at 24°C. After 5 hours, the observed 

OD600 was again normalized to 0.1 OD600. The normalized samples were serially 

diluted up to fivefold and used for spot assay. It is observed that at permissive 

temperature function of Tim17 in both the tim17ts mutants is intact as they were able 

to grow on both fermentable and non-fermentable media, as shown in figure 7(a). 

Nevertheless, it was observed that at non-permissive temperature (37°C), both 

tim17ts mutants failed to grow on non-fermentable media and stress condition. The 

failure in growth of ts97B and ts98B mutants at 37°C is due to limited regulation of 

Tim17, an essential gene of the TIM23 complex. From the spot assay, I have 

observed that the tim17ts mutants are functionally active at permissive temperature, 

and growth is severely affected at higher temperatures leading to cell death. 

 

Further, I wanted to know if the mutations of ts97B and ts98B affect protein 

stability of subunits of the TIM23 complex and its partner proteins. For this purpose, 

the steady-state level of different mitochondrial proteins was performed using isolated 

mitochondria from Tim17WT, ts97B, and ts98B yeast cells. Different concentrations (5 

µg, 10 µg, and 15 µg ) of Tim17WT, ts97B, and ts98B mitochondria were loaded on 

Tris Tricine electrophoresis gel and transferred onto the PVDF membranes. These 
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membranes were decorated with antibodies against few mitochondrial proteins of the 

TOM complex (Tom70, Tom22) and core proteins of the TIM23 complex (Tim23, 

Tim17, Tim50) TIM23SORT form (Tim21, Mgr2) and TIM23CORE form (Tim44, Pam17). 

Few proteins from the respiratory chain complex (Cox4, Atp20) were used as control. 

It was observed that the translocase proteins of the TOM complex, TIM23SORT form, 

and TIM23CORE form of isolated mitochondria Tim17WT, ts97B, and ts98B have 

comparable uniform state of protein levels, as shown in figure 7 (b). The isolated 

mitochondria of ts98B have an insignificantly lower amount of Tim23 and Tim50 

protein. The antibody could not detect the Tim17 protein in ts98B due to mutations 

close to the epitope. 

 

Isolated mitochondria of Tim17WT and tim17ts mutants were solubilized into 

mild detergent (1% of digitonin), run on BN-PAGE, and further transferred onto the 

PVDF membranes. It is known that the size of the TIM23CORE form is approximately 

230 kDa and the TIM23SORT form is approximately 130 kDa in size. Depending upon 

the size variation of the TIM23 complex, two different forms that are TIM23CORE and 

TIM23SORT are observed. In order to observe both the forms of the TIM23 complex, 

transferred samples onto the PVDF membrane are decorated with the antibody 

against Tim23, whereas only TIM23SORT is observed using the antibody against Tim21. 

The PVDF membranes are treated with antibody against Tim23, as shown in figure 

7(c), detects only in Tim17WT, and the TIM23CORE form remains undetectable in ts97B 

and ts98B mutants. The reason behind absence of TIM23CORE form in tim17ts mutants 

could be that mutations in the TM segments of Tim17, which could possibly result into 

collapsing the structural stability when isolated mitochondria are solubilized in 

detergent. The obscure orientation of the TIM23 complex in isolated mitochondria 

would dissociate a few components. As the components fall apart, the TIM23CORE form 

could not be detected in BN-PAGE. As shown in figure 7(c), the PVDF membrane 

decorated with the antibody against Tim21 detects TIM23SORT form in the 

Tim17WT, ts97B, and ts98B. Additionally to know if the mutations of tim17ts mutants 

have any effect on respiratory chain complexes, the antibody against 

Cytochrome C oxidase subunit 4 (Cox4) of the respiratory chain complex was used. 

Mutations of Tim17 do not affect the respiratory chain complexes as solubilized 

mitochondria of Tim17WT, ts97B, and ts98B shows the presence of dimers of its 

subunits III and IV, which are major regulation sites for oxidative phosphorylation. 
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Figure 7: Characterization of temperature sensitive mutants of Tim17. (a) The aliquots 

corresponding to 9×10
4
 cells and two tenfold dilutions of Tim17WT, ts97B and ts98B were 

spotted onto YPD, YPG and YPGE plates which were incubated for four days at 24°C and 

37°C. (b) Different concentration (10, 20 and 30 µg) of isolated mitochondria of Tim17WT, 
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ts97B and ts98B used for the steady-state level of different mitochondrial proteins shown by 

western blot of Tris Tricine electrophoresis gel using the indicated antibodies. (c) Isolated 

mitochondria of Tim17WT, ts97B and ts98B were re-suspended and solubilized into 1% 

digitonin containing solubilization buffer to observe the TIM23 complexes and respiratory 

chain supercomplexes shown by western blot of BN-PAGE using the indicated antibodies. (d) 

Mitochondria isolated from Tim17WT, ts97B and ts98B expressing Tim23 and Tim21 

ProteinA tag, were solubilized with digitonin and incubated with IgG-Sepharose beads to 

perform IgG affinity pulldown of TIM23 complexes. Samples were analyzed by Tris Tricine 

electrophoresis gel and followed by western blot and decorated with indicated antibodies. Load 

contains 20% of the material present in Elution. The asterisk sign (*) means longer exposure 

duration of PVDF membrane using indicated antibody. 

 

Further proteinA-tag Tim23 and proteinA-tag Tim21 isolated mitochondria of 

Tim17WT, ts97B, and ts98B was used to perform affinity pull-down. The proteinA-tag 

Tim23 was used to copurify the TIM23 and PAM subunits, whereas TIM23SORT and 

respiratory chain complexes subunits are copurified using proteinA-tag Tim21. The 

proteinA-tag Tim23 and proteinA-tag Tim21 isolated mitochondria of tim17ts mutants 

were lysed with digitonin. Mitochondrial extracts were subjected to IgG sepharose 

affinity chromatography and eluted after treatment with TEV protease enzyme. The 

load (total amount of protein; digitonin lysed fraction) and elution (affinity bound 

protein eluted via TEV protease cleavage) are analyzed by electrophoresis gel 

followed by immunoblotting. As shown in figure 7(d), the PVDF membranes were 

decorated with antibodies against few mitochondrial proteins of the TOM complex 

(Tom70, Tom22) and core proteins of the TIM23 complex (Tim23, Tim17, Tim50) 

TIM23SORT form (Tim21, Mgr2) and TIM23CORE form (Tim44, Pam17). It was observed 

that less amount of Tim17 was copurified in proteinA-tagTim23ts98B and proteinA-

tagTim21ts98B. The proteinA-tagTim23ts98B copurified less amount of Pam17. It is 

known that Pam17 interacts only with Tim17; hence upon lysis of isolated 

mitochondria, ineffective binding due to proteinA-tag would result in a low amount of 

copurification. Similarly, proteinA-tag Tim21 ts97B and proteinA-tag Tim21ts98B have 

less Tim50, which could be due to readily disintegration from the TIM23 complex. 
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V.B   Differential import response of tim17ts mutant  

 

To study the precursor protein import behavior carried out by of the tim17ts mutants, I 

used different constructs of cytochrome b2, a native protein of the IMS region. The 

nuclear genome encodes cytochrome b2 (L(+)-lactate cytochrome c oxidoreductase) 

(Ndi et al., 2018). It is one of the subunits of the respiratory chain complex III. The 

precursor form of cytochrome b2 is synthesized in the cytosol and via post-

translational mechanism presented to cytosolic receptor sites of the TOM complex 

(Cruciat et al., 2000). The bipartite presequence of cytochrome b2 precursor protein 

and unique cleavage sites are the most important feature. Besides, cytochrome b2 

possess a heme-binding domain and flavin domain. The heme-binding domain (HBD) 

essentially needs ATP while its import across the matrix (Click et al., 1993). It is 

known that the HBD domain could independently form a mature state when laterally 

sorted across the inner membrane despite the flavin domain. Researchers have 

employed bipartite presequence of cytochrome b2 precursor protein and cleavage 

sites along with a short stretch of the HBD to understand the import and processing of 

mitochondrial precursor protein (Esaki et al., 1999). It is well known that the TOM and 

TIM23 complexes perform the import of cytochrome b2 precursor protein. The 

membrane potential is an important factor required during insertion and import across 

the inner membrane (Krayl et al., 2007). The import process of cytochrome b2 is a two-

step process. First, it is imported towards the matrix with the help of the PAM complex. 

The second stop, is laterally sorted across the inner membrane to form a mature state 

(Gasser et al., 1982). Whereas the precursor protein of cytochrome b2 is cleaved twice 

before processed into the mature form.  

 

In order to understand this, the precursor protein of cytochrome b2 can be 

divided into two sections, such as presequence (residues 1-31) and hydrophobic 

segment (residues 32-80) (Geissler et al., 2000). The presequence is a matrix 

targeting signal composed of positively charged amino acids at the N terminal end of 

cytochrome b2 precursor protein. The presequence actively engages TOM and TIM23 

complex and is further pulled towards matrix by inward force via ATP hydrolysis 

employed by the PAM complex. The presequence when exposed towards matrix, 

mitochondrial protease peptidase (MPP) recognizes shot sequence motif to cleave 

presequence from rest of the precursor protein. Few amino acids that resemble 
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unstable after MPP cleavage are trimmed by octapeptidyl amino-peptidase (oct1) 

(Gomes et al., 2017).  

After this cleavage, the precursor protein of cytochrome b2 is exported to the 

IMS due to the internal hydrophobic segment responsible for lateral sorting of 

precursor protein into the inner membrane. The hydrophobic segment is cleaved by 

the inner membrane peptidase (IMP) before releasing into IMS (Gakh et al., 2002). 

The cleavage of cytochrome b2 precursor protein in a sequential manner is helpful to 

understand the biogenesis by pulse-chase import experiments as discussed later. 

 

To study the precursor protein import behavior of the tim17ts mutants, I have 

used different constructs of the cytochrome b2 (radioactive labelled [35S] Methionine 

precursor protein, b2 used for in vitro import experiments). The constructs have 

different lengths as they differ in the size of the HBD region, as illustrated in figure 8. 

In order to perform in vitro import experiments, the C terminal is fused with DHFR 

moiety. The dihydrofolate reductase (DHFR), a protein of cytosolic origin that could 

not be imported into the isolated mitochondria. The DHFR moiety can be useful while 

performing experiments due to various other reasons. First, the antibody against 

cytochrome b2 could hardly recognize the immune bolts results, whereas antibody 

against DHFR exhibit higher recognition useful for immune blotting when import 

experiments performed using purified or radiolabelled precursor protein. Second, the 

natural ligands such as dihydrofolate reductase and NADPH are used to reversibly 

fold the DHFR moiety and then removed by washing with import buffer lacking ligands. 

Few covalent ligands such as methotrexate (MTX) are also used to fold DHFR moiety 

irreversibly. The b2 constructs such as b2(220)-DHFR and b2(167)-DHFR possess 

internal hydrophobic signal due to which they are laterally sorted across the inner 

membrane. Deletion of 19 amino acids, which compromises internal hydrophobic 

segment when removed, the precursor protein is redirected towards the matrix while 

import. The b2(167)∆-DHFR, lacking hydrophobic signal, is used for matrix targeted 

import. Different plasmids carrying the construct of cytochrome b2 with SP6 promoter 

is used to prepare radiolabelled lysate in a cell-free transcription and translation 

system containing rabbit reticulocyte with [35S] Methionine. The lysate contains 

precursor protein, which is used to perform various in vitro import experiments. 
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Figure 8: Schematics of cytochrome b2 construct used for preparing lysate. The cytochrome b2 

constructs possess two cleavage site, MPP (mitochondrial protease peptidase) and IMP (inner 

membrane protease). The positively charged presequence at N terminal end serves as 

mitochondrial targeting signal and C terminal is fused with cytosolic protein dihydrofolate 

reductase (DHFR). The internal non-cleavable hydrophobic segment of cytochrome b2 is 

deleted (19) in b2(167)∆-DHFR construct, whereas unaltered in b2(220)-DHFR and b2(167)-

DHFR. The size of cytochrome b2 is different depending upon the variable length of the heme-

binding domain (HBD). 

The in vitro import of radiolabeled lysate carrying precursor protein enables 

understanding of the precursor proteins import pathway, processing, and cleavage 

pattern within isolated mitochondria. The pattern of import is observed by the 

generation of different fragments such as mature (m) and intermediate (i) forms of 

precursor (p) protein. The different imported and processed precursor protein 

fragments can be visualized by using gel electrophoresis and autoradiography 

techniques. In order to perform in vitro import experiments, the isolated mitochondria 

of Tim17WT, ts97B, and ts98B are energized by re-suspended in import buffer, 

including ATP and NADH. The import process is started at incubation temperature 

(25°C) where radiolabeled lysate containing precursor protein is added to the 

energized mitochondria. Samples are removed at different time points to observe the 

import rate. One of the import reactions is treated with AVO mix (8mM antimycin, 1mM 

valinomycin, and 20mM oligomycin) to dissipate the membrane potential (∆ψ). Import 

of precursor protein is restricted by the addition of AVO mix and treated as control.  
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Figure 9: In vitro import of lysate carrying precursor protein (a) [
35

S]b2-(167)-DHFR, (b) 

[
35

S]b2-(220)-DHFR and (c) [
35

S]b2-(167)∆-DHFR into the Tim17WT, ts97B and ts98B isolated 

mitochondria. Import is performed by adding isolated mitochondria to the lysate at 25°C at 

different time intervals (min) and terminated by adding AVO mix. Import of precursor protein 

is restricted by the addition of AVO mix and treated as control. Import reaction further treated 

with proteinase K (+PK) and SEM (-PK). The proteinase K resistant mature (m), intermediate 

(i) and precursor (p) forms were analyzed using digital autoradiography. The proteinase K 

protected values of m and i forms are quantified using Fiji and used for plotting graph in prism 

graph pad. The sum of m and i forms are considered as the total amount of precursor protein 

imported to secure state. The value of m form is divided by the sum (i+m) to calculate the 
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percentage of processed b2-(167)-DHFR and b2-(220)-DHFR whereas for analysis of b2-(167)∆-

DHFR import amount of i-form in the proteinase resistant (+PK) samples are quantified and 

longest time point of Tim17 WT is set to 100% as control. The individual value of i forms 

divided by the control is calculated. Data are represented as mean ± SEM (n = 3, A), (n=3, B), 

and (n=3, C). (-∆ψ), membrane potential.  

 

Further, the addition of proteinase K (PK) is performed to digest the accumulated 

precursor (p) protein formed during import. The precursor proteins ([35S]b2-(220)-

DHFR and [35S]b2-(167)-DHFR), which are laterally sorted across inner membrane 

precursor proteins are cleaved twice. First, presequence is cleaved by the 

Mitochondrial processing peptidase (MPP) and the second cleavage is at the amino 

terminus of precursor protein performed by the Inner membrane protease (IMP) to 

remove destabilizing amino acid residues. The mature form is formed when imported 

precursor protein after processed by the mitochondrial intermediate peptidase (IMP) 

and laterally sorted across the inner membrane. The [35S]b2-(220)-DHFR and [35S]b2-

(167)-DHFR shows two forms of imported precursor protein that is intermediate (i) and 

mature (m) form; used for quantification to understand the import kinetics. It is 

observed from the figure 9 (a), and 9 (b), [35S]b2-(220)-DHFR and [35S]b2-(167)-DHFR 

has the gradual increase of mature form in ts97B compared to Tim17WT. Similarly, a 

higher amount of intermediate form is observed in ts98B compared to Tim17WT. To 

understand the import kinetics performed by tim17ts mutants, both the forms 

(intermediate and mature; [i+m]) are considered as the sum. Hence, sum referrers to 

the total amount of protease protected precursor protein processed by the Tim17WT, 

ts97B, and ts98B. The graph is plotted using individual values of mature form, divided 

by the total amount of precursor protein imported at individual time points.  On the 

other hand, [35S]b2-(167)∆-DHFR has only an intermediate form as the b2 construct 

lacks sufficient sequence to form mature state. The longest time point of Tim17WT is 

considered as 100% import rate to understand the import rate of matrix targeted 

precursor protein. Each values of the intermediate form observed in ts97B and ts98B 

at different time point are used to calculate the amount of imported precursor protein 

compared to control. The Tim17WT, ts97B, and ts98B show similar import rates for 

matrix- targeted precursor protein, as shown in figure 9 (c). It is observed that both the 

tim17ts mutants differentially import only lateral sorting of precursor proteins that 
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possess hydrophobic signal, so it would be interesting to know the biogenesis of the 

lateral sorting of precursor proteins. 

V.C   Conditional release of the laterally sorted precursor 

protein in tim17ts mutants 

The pulse-chase experiment was performed to understand the biogenesis of 

hydrophobic signal carrying precursor protein in 2 steps. Biogenesis refers to the 

import and processing of precursor protein by exchanging intermediate form into a 

mature form. First, precursor protein is reversibly folded so that all the active import 

sites of isolated mitochondria are saturated by actively engaging the TOM-TIM23 

complex. Second, in the absence of reduced substrates; the precursor protein is 

assumed to be released simultaneously from an actively engaged translocase 

complex to attain a mature state. In this experiment, [35S]b2-(220)-DHFR is used. The 

dihydrofolate (DHF) and nicotinamide adenine dinucleotide phosphate reduced form 

(NADPH) DHFR substrates are used to fold the DHFR moiety reversibly. The isolated 

mitochondria of Tim17WT, ts97B, and ts98B and precursor protein with folded DHFR 

are incubated together to engage the active import sites. This incubation could be 

referred to as pulse step since reversibly folded [35S]b2-(220)-DHFR gets accumulated 

over the TOM complex import sites of and actively engages the TIM23 complex. Upon 

washing off the substrates, import reactions are re-suspended into new import buffer 

lacking DHFR substrates. The absence of DHFR substrates allows the precursor 

protein to be imported at the same level as the chase. Samples are removed from the 

import reaction at different time points further treated with external proteinase K. 

Observation procured from this experiment is based on the accumulation of 

intermediate form and mature form. The accumulated intermediate form represents 

that the precursor protein might be stuck or still engaged with the TIM23 complex. The 

mature form of [35S]b2(220)-DHFR supports protease protected lateral release of 

precursor protein across the inner membrane, whereas conversion of intermediate to 

mature form which is dependent upon the cleavage outlines its biogenesis. The MPP 

cleaves presequence, and IMP cleaves the amino terminal only when precursor 

protein is accessible; hence the conversion of intermediate to mature form in directly 

dependent upon the protease accessibility. It is observed that conversion of 

intermediate to mature form is performed higher by ts97B compared to Tim17WT, 
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whereas in ts98B, conversion of intermediate to mature form is less. In ts98B, the 

increment of intermediate form concerning time is observed in figure 10 (a). The 

individual value of proteinase K protected mature form is divided by the total (i+m) 

amount of precursor protein imported at different time points. The values are used for 

plotting graph, representing the percentage of processes protein by 

the tim17ts mutants. It is observed that ts97B has a rapid formation of mature form, 

proposing that the lateral sorting of precursor protein across the inner membrane 

in ts97B is higher compared to Tim17WT and ts98B. A similar observation was made 

by our group while working on Mgr2 protein.  

 

 

 

Figure 10: In vitro import of radiolabeled b2-(220)-DHFR, inner membrane sorted precursor 

protein is performed into the Tim17WT, ts97B and ts98B isolated mitochondria at 25°C. The 

DHFR moiety of the precursor protein is irreversibly folded by addition of DHF and NADPH. 

First incubation of 10 mints is performed for the accumulation of precursor protein into the 

translocon complexes to achieve active transport engagement (pulse). Further washing of 

mitochondria is performed and re-suspended into import buffer without DHFR substrate at 

25°C. Samples are removed at indicated time points for sorting of precursor protein across the 

inner membrane (chase). Import reaction further treated with proteinase K. The proteinase K-

resistant mature (m), intermediate (i) and precursor (p) forms were analyzed using digital 
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autoradiography. The proteinase K protected values of m and i forms are quantified using Fiji 

and used for plotting graph in prism graph pad. The sum (i+m) of two different forms are 

considered as the total amount of precursor protein imported to secure state. The value of m 

form is divided by the sum to calculate the percentage of processed b2-(220)-DHFR. Data are 

represented as mean ± SEM (n = 3). 

I have performed the same experiment using isolated mitochondria from yeast 

cells Tim17WT, absence of the Mgr2 (∆mgr2), and overexpression of Mgr2 (MGR2↑). 

It is known that Mgr2, a small hydrophobic protein, is actively involved with the lateral 

sorting of the mitochondrial precursor protein. The deletion of Mgr2 and 

overexpression has an opposite effect on the import of hydrophobic signal carrying 

precursor protein. In case if Mgr2 is overexpressed, the precursor proteins pause and, 

at a slower rate, laterally released across the inner membrane. In contrast, the 

absence of Mgr2 accelerates the same process. It shows that ts97B and ∆mgr2 have 

similar import responses for laterally sorted precursor protein, as the formation of 

intermediate to mature form is higher in ∆mgr2. In the presence of overexpressed 

MGR2, the accumulation of intermediate form is similar to ts98B. The intermediate 

form accumulation could be due to the binding of the PAM complex with the precursor 

protein still exposed to the matrix. Further, I wanted to know the influence of the 

import-driving activity of the PAM complex. 
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V.D   Mgr2 rescues the translocation defect of ts97B 

mutant 

 

The import of positively charged presequence carrying precursor protein is driven by 

membrane potential (∆ψ) and cyclic ATP hydrolysis carried by the PAM complex. 

Membrane potential drives the import of precursor protein across the inner membrane 

through the TIM23 complex by electrophoretic force. The PAM complex binds to the 

matrix exposed precursor protein. Further, ATP hydrolysis is carried by the PAM 

complex to pull the precursor protein from the TOM-TIM23 complex. Experimentally 

this import process could be divided into two consecutive steps, first engage the TOM 

and TIM23 complexes actively by folded precursor protein and then disrupt the 

membrane potential to evaluate import solely based on ATP hydrolysis. The [35S]b2-

(220)-DHFR precursor protein has presequence followed by the hydrophobic sorting 

signal for lateral sorting across the inner membrane is used. The addition of 

methotrexate (MTX) is to irreversibly fold the C terminal DHFR moiety of [35S]b2(220)-

DHFR precursor protein. The advantage of adding MTX is that the precursor proteins 

DHFR moiety could not be linearized or unfolded even if the MTX is washed away, 

which imposes constant demand of the PAM complex to pull the precursor protein 

strongly against the TOM complex. The isolated mitochondria of Tim17WT, ts97B and 

ts98B are incubated with irreversibly folded DHFR moiety of [35S]b2-(220)-DHFR 

precursor protein. During this incubation, precursor protein (unfolded N terminal part) 

actively engages the TOM and TIM23 complex in the presence of membrane potential 

across the inner membrane. In contrast, the DHFR moiety (tightly/irreversibly folded) 

is pulled against the TOM and TIM23 complex by the PAM complex. In the second 

step, valinomycin is added to dissipate the membrane potential. Samples are removed 

at different time points to assess binding efficiency of the PAM complex in absence of 

membrane potential. One of the import reaction is treated as control with unimpaired 

membrane potential. Further, samples with dissipated membrane potential are treated 

with proteinase K to digest the accumulated residual precursor protein. In the figure 11 

(a) and (b), intermediates forms are observed in only Tim17WT and ts98B, which 

shows that the PAM complex efficiently binds to [35S]b2-(220)-DHFR preventing it from 
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backsliding through the TOM and TIM23 complexes. In ts97B, the precursor protein is 

accessible to externally added protease K due to the PAM complexes weak binding. 

 

 

Figure 11: In vitro import of radiolabeled b2-(220)-DHFR precursor protein is used to perform 

import at 25°C into Tim17WT, ts97B and ts98B and overexpression of Mgr2 (Mgr2↑) isolated 

mitochondria, incubated for 15 mints. Valinomycin is added to dissipate the membrane 

potential and placed again at 25°C. Samples are removed at different time interval (∆t). Import 

reaction further treated with proteinase K (+PK) and SEM (-PK). The proteinase K-resistant 

mature (m), intermediate (i) and precursor (p) forms were analyzed using digital 

autoradiography. 
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Further, I wanted to know if Mgr2 protein could rescue the impaired import activity of 

ts97B in the absence of membrane potential. It is known that Mgr2 interacts with 

positively charged amino acids present before the hydrophobic region and restricts 

import of hydrophobic precursor protein with a compromised sorting signal. I have 

used pFL39 plasmid carrying pPGK promoter for overexpression of Mgr2 gene. 

Isolated mitochondria of Tim17WT, ts97B, and ts98B in the presence of excess MGR2 

protein are used for same experiment. It is observed from the figure 11 (c); (d), that 

proteinase K protected intermediate form in ts97B is observed due to MGR2 

overexpression. The excess of MGR2 slightly increases intermediate form in ts98B 

and Tim17WT as well. Hence, the PAM complex weak binding performance to bind 

with presequence of precursor protein is rescued by MGR2 overexpression  

 

I wanted to know if overexpression of MGR2 affects the protein stability of the 

TIM23 complexes. Different concentrations (10 µg, 20 µg and 30 µg) of Tim17WT, 

ts97B and ts98B isolated mitochondria with and without MGR2 overexpression were 

loaded on SDS electrophoresis gel and transferred onto PVDF membranes. These 

membranes were decorated with antibodies against few mitochondrial proteins of the 

TIM23 complex proteins (Tim23, Tim17) TIM23SORT form (Tim21, Mgr2) and 

TIM23CORE form (Tim44, Pam18) and Tim10 protein (subunit of small TIM complex). It 

was observed that the TIM23 complex, TIM23SORT form, and TIM23CORE form proteins 

have similar protein levels in Tim17WT and tim17ts mutants, which indicates that the 

rescue of PAM complex defect is primary based on the excess amount of MGR2. It 

would be interesting to know about import performance of tim17ts mutants in absence 

of Mgr2. 
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Figure 12: Different concentrations (10, 20 and 30 µg) of isolated mitochondria of Tim17WT, 

ts97B and ts98B and with overexpression of Mgr2 (Mgr2↑) are used for steady-state level of 

different mitochondrial proteins shown by western blot of SDS-PAGE using indicated 

antibodies. 

 

V.E   Absence of Mgr2 retards the lateral release of 

precursor protein 

 

The previous observation about Mgr2 as stabilizing factor for ts97B rescued 

compromised import of precursor protein when the membrane potential is disrupted, 

whereas ts98B is comparatively more stable. I wanted to understand the role of Mgr2 

in tim17ts mutants. I have tried the homologous recombination method for deletion of 

Mgr2 in tim17ts mutants where uracil cassette replaces Mgr2 gene. The deletion of 

Mgr2 in ts97B resulted in no viable colony. Isolated mitochondria of Tim17WT, 
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Tim17WT∆mgr2, ts98B∆mgr2 and ts98B at different concentrations (10 µg, 20 µg and 

30 µg) was used to observe proteins steady-state level of the TIM23 complex. 

Samples were run on gel electrophoresis and transferred onto the PVDF membrane. 

Transferred samples were decorated with the antibodies against TIM23 complex 

(Tim23, Tim17), TIM23SORT form (Tim21 and Mgr2), and TIM23CORE form (Tim44 and 

Pam18) along with respiratory complex protein (Cox4) and small TIM complex 

(Tim10). As observed in figure 13, the absence of Mgr2 does not affect the TIM23 

complex and TIM23CORE form protein stability. Only Tim21 and Cox4 protein show 

reduced protein levels in ts98B∆mgr2. 
 

 

Figure 13: Different concentration (10, 20 and 30 µg) of isolated mitochondria of Tim17WT, 

ts97B and ts98B and with absence of Mgr2 (∆mgr2) are used for steady-state level of different 

mitochondrial proteins shown by western blot of gel electrophoresis using indicated antibodies. 

 

It is already mentioned that Mgr2 recruits Tim21, which is required to position proton 

pumping respiratory chain complexes closer to the Tim23 complex. The Cox4 subunit 

is site for the regulation of oxidative phosphorylation of the respiratory chain complex. 
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In addition, Tim21 and Cox4 protein levels are detected in low amounts only in 

ts98B∆mgr2 but Tim17WT∆mgr2 isolated mitochondria do not show similar 

observation; hence Mgr2 deletion could not be the only reason. On the other hand, 

less protein stability of Tim21 and Cox4 protein in ts98B∆mgr2 could be due to deleted 

Mgr2 and Tim17 TM segment mutations combined effect.  

 

I have performed import experiments with precursor proteins [35S]b2-(167)∆-

DHFR and [35S]b2-(167)-DHFR to know if the absence of Mgr2 would have impact on 

the import of precursor protein performed by ts98B. The experiment setup and 

quantification of the result are performed similarly to the previously explained 

differential import response of tim17ts mutants (figure: 9).  

 

 

Figure 14: In vitro import of lysate carrying precursor protein (a) [
35

S]b2-(167)-DHFR and (b) 

[
35

S]b2-(167)∆-DHFR into the isolated mitochondria. Import is performed by adding isolated 

mitochondria to the lysate at 25°C at different time intervals (minutes) and terminated by 

adding AVO mix. The addition of AVO mix dissipates membrane potential (-∆ψ). Import 

reaction further treated with proteinase K (+PK). The proteinase K resistant mature (m), 

intermediate (i) and precursor (p) forms were analyzed using digital autoradiography. The 

proteinase K protected values of m and i forms are quantified using Fiji and used for plotting 

graph in prism graph pad. The sum of (i+m) forms are considered as the total amount of 

precursor protein imported to secure state. The value of m form is divided by the sum to 
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calculate the percentage of processed b2-(167)-DHFR whereas for analysis of b2-(167)∆-DHFR 

import amount of i-form in the proteinase resistant (+PK) samples are quantified and longest 

time point of Tim17 WT is set to 100% as control. The individual value of i forms divided by 

the control is calculated. Data are represented as mean ± SEM (n = 3, A); and (n = 3, B). 

 

The isolated mitochondria of Tim17WT, Tim17WT∆mgr2, ts98B∆mgr2 and 

ts98B are energized with ATP and NADH. Import reaction starts with the addition of 

precursor protein at 25°C. Samples are collected at different time points to observe 

import rates followed by external proteinase K addition to digest accumulated 

precursor protein. One of the import reaction treated with AVO mix acts as a control. 

As shown in figure 14 (a) and (b), the ts98B∆mgr2 and ts98B show difference in 

import of hydrophobic signal carrying precursor protein ([35S]b2-(167)-DHFR), which 

are laterally sorted across the inner membrane; whereas no significant import defect 

for the import of [35S]b2-(167)∆-DHFR, matrix targeted mitochondrial precursor protein. 

It is already observed in figure 14 (b), ts98B has less import of [35S]b2-(167)-DHFR 

precursor protein compared to Tim17WT. Deletion of Mgr2 in ts98B shows impact as 

slower release of the precursor protein. The accumulation of intermediate form and 

conversion to mature form is less in ts98B∆mgr2 than ts98B. Further, I wanted to 

know if the ∆mgr2 has any effect on the pulling efficiency of the PAM complex. The 

PAM complex assessment of binding efficiency of the presequence carrying precursor 

protein with the internal hydrophobic signal in ts98∆mgr2, a similar experiment, as 

previously mentioned before (Figure 9), is performed. The DHFR moiety of the [35S]b2-

(220)-DHFR is irreversibly folded by addition of MTX and incubated with isolated 

mitochondria of Tim17WT, Tim17WT∆mgr2, ts98B∆mgr2 to engage the TOM and 

TIM23 complex. Further, membrane potential was dissipated by adding valinomycin, 

and at different time points import reaction was removed. The experimental setup was 

performed to understand if the precursor protein could be still pulled by the PAM 

complex solely based on ATP hydrolysis when Mgr2 is deleted in tim17tsmutant; 

ts98B∆mgr2. As shown in figure 15, intermediate bands of precursor protein are not 

observed in Tim17WT∆mgr2, ts98B∆mgr2, similar to ts97B (Figure 9 [a]). It indicates 

that the absence of Mgr2 imposes weak binding efficiency of the PAM complex since it 

is already known that Mgr2 interacts with the enroute precursor protein while it is 

inside the TIM23 complex. The ts98B can be considered as a phenotype of Mgr2 

overexpression and ts97B as a phenotype of ∆mgr2. 
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Figure 15: In vitro import of radiolabeled b2-(220)-DHFR precursor protein is used to perform 

import at 25°C into isolated mitochondria Tim17WT, ts98B and absence of Mgr2 followed by 

incubation for 15 mints. Valinomycin is added to dissipate the membrane potential and placed 

again at 25°C. Samples are removed at different time interval (∆t). Import reaction further 

treated with proteinase K (+PK) and SEM (-PK). The proteinase K-resistant mature (m), 

intermediate (i) and precursor (p) forms were analyzed using digital autoradiography. 

 

Further, I performed a spot assay to know about the growth response of Tim17WT, 

Tim17WT∆mgr2, and tim17ts mutants with overexpression of Mgr2 and absence of 

Mgr2 as shown in Figure 16 (a) and (b). The media used for spot assay is minimal 

dropout media without uracil (-URA) since plasmid has a uracil marker with pPGK 

promoter to overexpress Mgr2 gene. The glucose and glycerol are added into the 

media as fermentable and non-fermentable carbon sources. In the presence of an 

excess of MGR2, the Tim17WT and tim17ts mutants could form viable colonies at 

permissive and elevated temperatures; suggesting that the higher expression of 

MGR2 rescues the growth defect of tim17ts mutants at elevated temperatures. The 

deletion of Mgr2 significantly affects the growth behavior of ts98B at both permissive 

and elevated temperatures. In comparison, the growth response of Tim17WT∆mgr2, 
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and ts98B are able to form viable colony at permissive (24°C), and ts98B∆mgr2 can 

form viable colony but not as alike as ts98B. It is observed that the overexpression of 

Mgr2 and absence of Mgr2 shows the different effects on the growth phenotype 

of tim17ts mutants. 

 

 

 

Figure 16: Overnight culture of tim17ts mutants and WT with over expression of Mgr2 

(Mgr2) and absence of Mgr2 (mgr2) were subsequently diluted to OD600 = 0.5 in -Ura drop 

out media, and YPG medium respectively and incubated for 5 hours at 24˚C. Cultures were 

further diluted to OD600 = 0.1 and then fivefold serially diluted samples were used for spot 

assay. Tim17WT, ts97B and ts98B with Mgr2 and mgr2 were used for spot assay at the 

indicated temperatures on medium containing SC–URA (drop down media without uracil), 

YPD (Glucose), YPG (Glycerol), and optical density 600 nm (OD600). 
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V.F   Expression of Tim23 alters import precursor protein 

 

The mitochondrial DNA (mtDNA) encodes significantly higher hydrophobic 

genes than the nuclear genome that forms respiratory chain complexes and oxidative 

phosphorylation machinery (OXPHOS). The mitochondrial OXPHOS machinery 

produces most ATP for cellular processes in the eukaryotic cell compared to any other 

organelle. Compromised OXPHOS function results in various mitochondrial-related 

diseases. Hence relocating the gene of OXPHOS from mtDNA to the nuclear genome 

for its allotopic gene expression could be a potential gene therapy approach. The 

group of Prof. Jean paul di Rago was interested in studying the allotopic expression of 

ATP9, which encodes subunit 9/c of ATP synthase. The ATP9 gene has two 

transmembrane segments, which are highly hydrophobic. Few changes were made for 

the allotopic expression of the hydrophobic ATP9 gene since the native proteins 

hydrophobicity could result in aggregation and become inactive during transport from 

cytosol to mitochondria. In the fungus, Neurospora crassa encodes for ATP9 in the 

nuclear and mitochondrial genome. Upon phylogenetic analysis, the first TM segment 

of the ATP9 gene from N. crassa was fused with the connecting loop to the second 

TM segment of the ATP9 gene of S. cerevisiae to reduce the overall hydrophobicity for 

cytosolic transfer of protein into mitochondria. This construction of the ATP9 gene was 

termed a hybrid construct. Transformation of the hybrid construct into yeast parental 

strain produced only one colony after a long incubation period. Whole-genome 

transcription profiling using a high-resolution tiling microarray was performed to 

identify target genes responsible for yeast cell survival. It was found that single amino 

acid substitution (G276C) where amino acid Glycine (G) at position 276 of cst6 gene is 

substituted by Cysteine (C) of the nuclear gene of cst6 was responsible for the 

survival of the yeast cell. The cst6 belongs to the family of basic leucine zipper (bZIP). 

It is known as paralogue of one of the transcription factors of the Tim23 gene, which 

indicates that yeast cells survival could be due to the difference in expression or 

activity of the TIM23 complex. In collaboration with Prof. Jean paul di Rago, I was 

interested to know if cst6(G276C) affects the stability and function of Tim23 protein, 

which forms the TIM23 complex. I was provided with three yeast strains as mentioned 

in table 3, The first strain as KGY8/2 (referred to as Wild Type) is used as isogenic 

control and two other strains such as KGY6/2 (referred as cst6-1) has a point mutation 
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[cst6-G276C] of the nuclear genome, and KGY5 (referred to as cst6-2) has the same 

mutation introduced in the nuclear genome by CRISPR/Cas9 technique. 

 

Strain name Referred as (in this study) 

KGY8/2 (Fond MR6) Wild type (WT) 

KGY 6/2 (Fond SUPO + CRISPR cst6-G276C) cst6-1 

KGY 5 (Fond SUPi + cst6-G276C) cst6-2 

Table 3: The name used in this study for the cst6 mutant strains which were provided by Prof. 

Jean paul di Rago.   

I performed a spot assay to observe the growth behavior of the cst6 mutants at 

different temperatures. The yeast culture of WT, cst6-1, and cst6-2 were incubated at 

30°C overnight. The overnight culture was diluted to the OD600 = 0.1 and incubated 

further to grow for 5 hours. After incubation, OD600 was normalized to 0.05 and serially 

diluted up to fivefold for spot assay. The media used for spot assay has fermentable 

(glucose) and non-fermentable carbon source (glycerol). The growth of cst6 mutants 

on both media shows no difference in growth phenotype at different temperatures 

(30°C and 37°C), as shown in Figure 17 (a). The slow growth of cst6 mutants and WT 

at 37°C on non-fermentable media is a normal growth phenotype of yeast culture at 

higher temperatures. It is observed that cst6(G276C) amino acid substitution in yeast 

strains' nuclear genome does not affect the growth phenotype. Further, relative protein 

expression of isolated mitochondria was performed to know if the cst6 mutation affects 

the protein stability of the translocase complexes such as the TOM and TIM23 

complex. The steady-state level of proteins using three different concentrations of WT, 

cst6-1, and cst6-2 isolated mitochondria was loaded on Tris Tricine electrophoresis 

gel and transferred onto the PVDF membrane. Membranes were decorated with 

antibodies against few mitochondrial proteins of the TOM complex (Tom70 and 

Tom22), the TIM23 complex (Tim23, Tim50, Tim17, Tim21, and Tim44) and few 

proteins of the respiratory chain complexes (Cox4 and Atp20).  
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Figure 17: Overnight culture of WT, cst6-1 and cst6-2 were subsequently diluted to optical 

density 600 nm (OD600) = 0.5 in YPG medium and grown for 5 hours, Cultures were diluted to 

OD600 = 0.1 and then fivefold serially diluted samples were used for spot assay. WT, cst6-1 and 

cst6-2 were incubated for 4 days at indicated temperatures on medium containing fermentable 

(YPD) and non-fermentable (YPG) carbon source. (B) Steady state level of subunits of the 

TOM complex (Tom70 and Tom22), the TIM23 complex (Tim50, Tim23, Tim17, Tim44, and 

Tim21) proteins and respiratory complex proteins (Atp20 and Cox4) steady state level is 

performed by loading different concentration (10, 20 and 30 µg) of isolated mitochondria on 

electrophoresis gel followed by immuno blotting and decorated with indicated antibodies. (c) 

Isolated mitochondria were solubilized in digitonin to observe (c) the TOM complex and (d) 

the TIM23 complex, by BN PAGE electrophoresis and western blotting. The TOM and TIM 

complexes are decorated with mentioned antibodies. 
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Figure 15 (b), cst6-1 and cst6-2 show reduced protein levels of Tim17, Tim21, 

and Tom70 proteins, whereas the increased level of Tim50, Tim23, and Tim44 protein 

levels compared to wild type. The protein level of Atp20 and Cox4 remains similar in 

both the cst6 mutants as wild type. The BN-PAGE was performed to observe 

membrane complex proteins in their native form. The isolated mitochondria of WT, 

cst6-1, and cst6-2 were solubilized in 1% of digitonin and run on BN-PAGE. The 

PVDF membranes were decorated with antibodies against Tom40 and Tom70 protein 

to observe the TOM complex. The Tom40 and Tom70 antibodies detected the TOM 

complex of approximately 430 kDa and 230 kDa. The cst6-1 mutant shows more 

formation of the TOM complex as compared to cst6-2 and WT. The TIM23 complex 

has two different forms, such as TIM23SORT (formed with the Tim21 and Mgr2 

subunits) and TIM23CORE (formed with the PAM complex). The Tim23 antibody is used 

to label both the forms, whereas the Tim21 antibody could detect only TIM23SORT 

complex. The TIM23CORE form is of approximately 230kDa, and the TIM23SORT form is 

of approximately 130 kDa. It was observed that formation of the TIM23CORE form is 

comparatively higher in the cst6-2 mutant, as shown in figure 17 (d). The steady-state 

level and solubilized membrane complexes show that the proteins of the TIM23 

complex are increased in cst6-1 and cst6-2 mutants. Further, in vitro import 

experiments were performed to understand how increased expression of Tim23 

protein influence the import of precursor protein. 

 

The TIM23 complex imports precursor proteins of two different types such as 

presequence carrying matrix targeted precursor proteins and internal signal carrying 

precursor proteins, which are laterally sorted across the inner membrane. In order to 

understand how mutation (G276C) of cst6 affects the import activity of the TIM23 

complex, both types of precursor proteins should be used to perform import 

experiments. To study the matrix import performed by cst6 mutants, the b2 precursor 

proteins, [35S]b2-(167)∆-DHFR and [35S]b2-(F1β)-DHFR is used whereas [35S]b2-(167)-

DHFR and [35S]b2-(220)-DHFR are used to study lateral release into the inner 

membrane. The import buffer with ATP and NADH was used to energize isolated 

mitochondria of the WT and cst6-1 and cst6-2 mutants. The import reaction was 

started by the addition of lysate carrying precursor proteins and incubated at 25°C. 

The samples were removed at different time points and treated with proteinase K to  
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Figure18: In vitro matrix import is analyzed using (a) [
35

S]b2-(167)∆-DHFR (b) [
35

S]b2-(f1)-

DHFR and (c) [
35

S]b2-(220)-DHFR and (d) [
35

S]b2-(167)-DHFR lysate carrying precursor 

proteins are used to analyze lateral import into the inner membrane. The isolated mitochondria 

of WT, cst6-1 and cst6-2 is used to perform import experiment by adding lysate at 25°C. At 

different time intervals (minutes) samples were removed and reaction was terminated by 

adding AVO mix. Membrane potential (∆ψ) of the import reaction is dissipated by addition of 

AVO mix. Import reaction is treated by adding external proteinase K (+PK). The proteinase K-

resistant intermediate (i) forms ([
35

S]b2-(167)∆-DHFR and [
35

S]b2-(f1)-DHFR) were analyzed 

using digital autoradiography. The amount of i-form in the proteinase resistant (+PK) samples 

is quantified. Longest time point of WT was set to 100% for percent of control. Data are 

represented as mean ± SEM (n = 3). The proteinase K-resistant mature (m) and intermediate (i) 

forms ([
35

S]b2-(220)-DHFR and [
35

S]b2-(167)-DHFR) were analyzed using digital 
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autoradiography. The amount of proteinase K protected m-form was divided by the sum (i+m) 

for the percent of processed. Data are represented as mean ± SEM (n = 3) 

digest the accumulated precursor protein. One of the import reactions was impaired by 

the addition of AVO mix to dissipate the membrane potential serves as control. From 

the import experiments, as shown in figure 18 (a), it was observed that the cst6-2 

mutants imports b2(167)∆-DHFR, matrix targeted precursor protein at a much faster 

rate than the WT and cst6-2. In import reaction with b2(F1β)-DHFR, the import of cst6-

1 and cst6-2 show significantly higher import kinetics than the WT. The slower import 

of b2(167)∆-DHFR compared to b2(F1β)-DHFR precursor protein in cst6-2 could be 

due to either reason. Firstly, precursor protein of the β-subunit of the F1F0-ATP 

synthase is a native protein of inner membrane and requires different level of 

membrane potential compared to the cytochrome b2 precursor protein. The absence of 

heme domain in the b2-F1β-DHFR favors efficient binding of the PAM complex to pull 

the precursor protein inward towards the matrix at lesser expense of ATP. 

Comparatively, while import of b2-F1β-DHFR, the PAM could initiate a new round of 

ATP hydrolysis cycle to import the precursor protein early than the b2(167)∆-DHFR. 

Second, the deletion of 19 amino acid carrying hydrophobic sequence is performed to 

redirect the b2(167)∆-DHFR precursor protein towards matrix and in contrast, no 

modification or deletion of amino acid is required to direct the b2-F1β-DHFR precursor 

protein. The difference in import rate of matrix targeted precursor protein by cst6-1 

and cst6-2 was much prominent for b2-F1β-DHFR compared to b2(167)∆-DHFR. 

Whereas the laterally sorting precursor protein, as shown in figure 18 (c) and (d). It is 

observed that the cst6-1 and cst6-2 shows a similar level of intermediate form and 

mature form of the precursor protein b2(220)-DHFR compared to WT. The import rate 

of cst6-1 and cst6-2 is slightly different for the precursor protein b2(167)-DHFR. 

Although keeping in account that both the precursor protein has a difference in length 

only due to a few amino acid sequences, it includes the heme-binding domain. To pull 

the heme-binding domain against the TOM and TIM23 complex, the PAM complex 

requires more energy and duration. It is suggested that an increase in import rate or 

difference between import rates of cst6-1 and cst6-2 could be possible observed only 

if long interval of time points were employed. Also, similar import experiments can be 

performed by using purified cytochrome b2 because radiolabelled precursor protein 

tends to have dynamic import rate. 
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VI. Discussion 

 

The general import pore composed of twin pore, TOM complex is known to be formed 

majorly by Tom40, β-barrel structure with other constituents such as Tom20, Tom21 

and Tom70 as part of multisubunit machinery. Similarly, it was suggested by few 

groups about TIM23 complex (composed of alpha helices) possess twin pore together 

formed by Tim23 and Tim17 in the inner membrane for import of precursor protein 

across the inner membrane and into the matrix (Lister et al., 2005; Pareek et al., 

2013). Such theories are still under debate since structure of the TIM23 complex is 

unclear. In comparison, patch-clamp studies have shown that Tim17p does not 

perform any channel activity or form translocase pore in the absence of Tim23p 

(Martinez-Caballero et al., 2007). Transmembrane segments of the Tim23 and Tim17 

facing either towards matrix or IMS were incorporated with mutation and studied 

individually to understand the architecture of the TIM23 complex. The shared 

homology of TM segments of Tim23 and Tim17 supports the formation of the TIM23 

complex, where voltage-gated import channel is formed by Tim23 and stabilized by 

Tim17 (Lister et al., 2005).  

 

Biogenesis of the TIM23 complex and import regulation by Tim23 is intensively 

studied, which shows that mutations in Tim23 results in reduced import activity and 

destabilized complex (Potting et al., 2018). Due to the relative homology of TM 

segments, overexpression of Tim17 rescues the import and substrate recognition 

defect of Tim23 to an extent. The TM1 and TM2 of Tim17 are physically involved in 

maintaining the stoichiometry of the TIM23 complex (Günsel & Mokranjac, 2019). The 

formation of two dynamically inter-changeable states of the TIM23 complex, 

TIM23CORE and TIM23SORT are formed while importing precursor protein with 

presequence and hydrophobic internal signal. While studying the formation of these 

two states, Prof. Agnieszka Chacinska group has reported tim17 mutants, tim17-4 and 

tim17-5, to behave similarly like PAM complex mutant and delayed response 

regarding lateral sorting process of the hydrophobic precursor protein (Chacinska et 

al., 2010; Chacinska et al., 2005).  
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In this study, tim17ts mutants; ts97B and ts98B show steady protein level of 

TIM23 complex components regardless of mutation found in TM2 of ts97B; TM1 and 

TM3 of ts98B. The integrity of the translocase complex depends on the amount of 

each constituent involved in forming the assembly. Few components of the PAM 

complex, such as Pam17, are less eluted while performing pulldown using ProteinA-

tag Tim23 isolated mitochondria of ts98B, which could be due to the mutations in TM1 

and TM3 region of Tim17. It is known that matrix facing TM segments of Tim17 

interact with the PAM complex components, such as Tim44 and Pam17 (Pareek et al., 

2013; van der Laan et al., 2005). The reduced amount of PAM components observed 

in ts98B could be due to weaker binding influenced by mutations; however, functional 

and interactive patterns of Tim17 and PAM complex are still under study.  

 

Experiments used to understand import kinetics of tim17ts mutants shows that 

the matrix targeted presequence carrying precursor protein is imported efficiently with 

no significant difference. Import rate of ts97B and ts98B shows an opposing response 

only during the import of laterally sorted precursor protein across the inner membrane. 

As compared to Tim17WT, ts97B shows high, and ts98B shows low import kinetics. 

The differential import rate shows that restrictive regulation of Tim17 in ts97B and 

ts98B does not affect the import of matrix targeted precursor protein. In order to 

understand the differential sorting behavior of tim17ts mutants, the pulse-chase 

experiment was performed since the biogenesis of precursor protein allows us to 

understand the difference between processing level of precursor protein. In the pulse-

chase experiment, accumulated intermediate form resembles engaged TOM-TIM23 

complex (pulse) and release of precursor protein forms mature state upon cleavage 

(chase). The C terminal DHFR moiety of the hydrophobic signal carrying precursor 

protein; b2-220-DHFR, is reversibly folded to engage the TOM-TIM23 complex, 

represents the active engagement of the import sites. It forms integration of TOM-

TIM23 complexes before the lateral release of precursor protein across the inner 

membrane as a non-rate limiting step. The precursor protein is released from the 

engaged TOM-TIM23 complex only in the absence of DHFR substrates, which allows 

interpreting the result based upon precursor proteins cleavage. The cleavage of 

precursor is possible only when precursor protein is accessible after succeeding 

release from the TIM23 complex. Upon the cleavage of the precursor protein, 

converting intermediate to mature state of precursor protein represents efficiency and 
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activity of Tim17 for importing laterally sorted precursor protein. It is observed that 

significantly higher sorting of precursor protein is performed by ts97B and retarded 

in ts98B. Our group has reported that hydrophobic precursor protein is rapidly 

released in the absence of Mgr2 and retarded if Mgr2 is overexpressed (Ieva et al., 

2014). It could be summarized that ts97B is a phenocopy of ∆mgr2 mutant 

and ts98B is a phenocopy of MGR2 overexpression. Also the biogenesis of 

hydrophobic precursor protein displayed by ts97B and ts98B in the pulse chase 

experiment is similar to the mutants of Mgr2. The Mgr2, a small hydrophobic protein, 

is actively involved with the lateral sorting of precursor protein across the inner 

membrane (Gebert et al., 2012). The deletion of Mgr2 and overexpression has an 

opposing effect on the import of hydrophobic protein. The mechanism of Mgr2 reveals 

that precursor proteins halt inside the TIM23 complex and are laterally released at a 

slower rate (stop-transfer mechanism) across the inner membrane (Steffen & Koehler, 

2014). In contrast, Mgr2 deletion accelerates the lateral release of precursor protein. A 

novel subunit ROMO1 of the TIM23 complex in a human was identified to be an 

orthologue of Mgr2. Like Mgr2, ROMO1 is also required to establish the connection of 

Tim23 with respiratory chain complexes via Tim21 (Matta et al., 2020; Richter et al., 

2019). Hence, the activity of Mgr2 remains to be conserved as an active participant for 

recognition and import of precursor protein. 

 

In order to understand how Tim17 decodes lateral sorting of hydrophobic 

precursor protein, membrane potential was dissipated to observe the binding 

efficiency of the PAM complex. In the absence of membrane potential, the import 

process could be evaluated solely based on ATP hydrolysis. The PAM complex 

performs ATP hydrolysis to pull the precursor protein towards matrix, and upon 

cleavage of presequence, the hydrophobic signal implies lateral insertion. The PAM 

complexes weak binding suggests that the precursor protein is not sufficiently pulled 

against the TOM-TIM23 complex to attain a certain state against protease. It is 

observed that in ts97B, the PAM complex holds weak binding of precursor protein. 

The precursor protein in ts97B backslides through the TOM complex and accessible to 

externally added proteinase K. The overexpression of Mgr2 from an external plasmid 

shows the defect of ts97B could be rescued. Suggesting that Tim17 performs the 

lateral release of the precursor protein as an opening towards the inner membrane 

and Mgr2 provides stability for the same. The group of Prof. Peter Rehling have used 
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Tim17-PAM18 fusion construct, which results in the displacement of Mgr2 from the 

TIM23 complex. The displacement of Mgr2 is due to the overlapping of binding sites at 

the lateral gate, regulated by the PAM18 (Schendzielorz et al., 2018). We speculate 

that the fusion construct supports constant contact with the PAM complex and would 

not support the release of precursor protein across the inner membrane; hence, use 

of tim17ts mutants to understand the biogenesis of precursor protein with the sorting 

signal is more consistent. This study suggests that Tim17 is a regulatory unit and 

preferably interacts and recognizes the inner membrane precursor proteins. The 

Tim17 would be actively involved in the lateral sorting of precursor protein across the 

inner membrane. Further, it is observed that deletion of Mgr2 in ts98B mutant does not 

affect the import of matrix targeted precursor proteins and protein stability of 

components of the TIM23 complex is unaltered. In contrast, only import of 

hydrophobic precursor protein becomes more retarded. Interestingly, the PAM 

complexes pulling efficiency in the absence of Mgr2 to pull the precursor protein 

against TOM-TIM23 complex observed in ts98B is same as ts97B. The growth defect 

of tim17ts mutants is rescued by the excess of Mgr2, which strengths the observation 

that Tim17 and Mgr2 together are involved in laterally sorting the precursor protein 

where Tim17 actively recognizes the precursor protein and Mgr2 delays the release as 

a gatekeeper.  

 

The transfer of mitochondrial gene ATP9 to the nuclear genome to understand 

the genes allotopic expression could be beneficial for several reasons (Martos et al., 

2012). One of them is to reduce the burden of mtDNA mutation over mitochondrial 

metabolism, and therapeutic approach towards mtDNA linked to disease, especially 

related to dysfunction of respiratory chain complexes. The yeast cell employed for the 

allotopic expression encountered amino acid substitution for survival resulting in cst6 

mutant. The cst6 is known to be one of the transcriptional factors of Tim23 protein and 

belongs to the bZIP family similar like ATFS-1. In case of any stress condition 

encountered by cell, ATFS-1 acts as transcription factor to activate mitochondrial 

unfolded protein response (UPRmt), including mitochondrial matrix protease (Wu et 

al., 2018). To understand effects of transcriptional attenuation of Tim23 due to cst6 

mutation, we had collaboration with Prof. Jean Paul di Rago to understand the effect 

of cst6 mutation on the regulation of the TIM23 complex. 
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One of the studies performed to understand transcriptional attenuation of 

Tim17A in C. elegans, explains how mitochondrial matrix misfolded proteins lead to 

activation of UPRmt, which in turn leads to adaptive measures such as transcriptional  

program promoting mitochondrial recovery (negative feedback loop) (Jovaisaite & 

Auwerx, 2015; Rainbolt et al., 2013). The Tim23 protein actively participates in the 

import of precursor protein by maintaining its organized collaborative interaction with 

the TOM complex, PAM complex, and other accessory proteins. A difference in the 

relative steady-state level of TIM23 complex proteins is observed. The cst6 mutants 

show reduced levels of Tim17, Tim21, and Tom70 proteins, whereas the increased 

level of Tim50, Tim23, and Tim44 compared to wild type. The cst6 is one of the 

translational factors of the Tim23 gene; the difference in protein steady state of TIM23 

complex proteins could respond to altered import rate. The increased import of matrix 

targeted precursor protein is observed in the cst6 mutants, which could be due to the 

increased expression of Tim50, Tim23, Tim44, and Tom22 proteins (Oliveira & Hood, 

2018). It is observed that the higher and lower stability level of few set of proteins 

observed in cst6-1 and cst6-2, could be the reason for the increased import of matrix 

targeted precursor protein since mitochondrial matrix is more equipped with protease 

machinery to process the precursor protein.  

 

The transcriptional attenuation of Tim23 in cst6 mutants could not be fully 

explained by increased import of matrix targeted precursor protein since there could 

be various upstream or downstream process undertaken by cst6 mutants. It was 

shown by Dr. Schmidt group that PKA dependent phosphorylation of Tom70 regulates 

the activity of the TOM complex. The cAMP-dependent protein kinase A (PKA), 

phosphorylation activity is regulated differentially in the presence and absence of 

fermentable carbon source (glucose) (Schmidt et al., 2011). The cooperation and 

function of cytosolic chaperons and TOM complex have already been shown by many 

research groups, which conclude that via ATP hydrolysis, Hsp70 together with Hsp40 

docks the metabolite carrier precursor protein at the recognition site of Tom 70. 

Further, these precursor proteins are transferred to Tom40, major twin pore-forming 

import transduction opening for import across the outer membrane. In the presence of 

glucose, PKA phosphorylates Tom40 residue Ser174 (one among the wide variety of 

targets) (Rao et al., 2012). The modification hampers interaction of Hsp70 and Tom40 

and results in the decreased import of carrier protein to the inner membrane. 
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Collectively, it shows that the decreased import of carrier protein is not related to the 

Tom70 decreased activity (Opalińska & Meisinger, 2014). In contrast, phosphorylation 

modulates the protein import in response to either cellular, mitochondrial or 

environmental hindrance. This description supports that the increased expression of 

the Tim23 and higher import activity could be not only be limited to the transcriptional 

level but it could be also related to metabolic and developmental stage.   

 

Our study supports that the Tim23 is preferably involved in importing matrix 

targeted precursor protein as shown by import response of different precursor proteins 

in cst6-1 and cst6-2 mutants due to transcriptional attenuation of Tim23. 

The tim17ts mutants show that the Tim17 is actively involved for lateral sorting of 

hydrophobic precursor protein across the membrane and Mgr2 is a regulatory unit that 

participates in lateral sorting along with Tim17 which forms an opening towards the 

inner membrane. As a further perspective, factors responsible for the interaction of 

precursor protein with Mgr2 and PAM complex could be related to the inter-

dependence strategy practiced by Tim17 and Tim23 for import either across the inner 

membrane or towards the matrix.  
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