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Human mitochondria require ~1500 proteins for its constitutive functions. However, the mitochondrial genome is gene
deficient and most of the mitochondrial proteome is nuclear encoded and transported into the organelle. Import of majority
of mitochondrial proteome is mediated by presequence pathway and requires functional interplay between a subset of
molecular chaperones, along with accessory factors. Although detailed analysis has been carried out in yeast system, our
understanding of human mitochondrial proteome maintenance has been severely limited by the absence of significant
structural and functional information on the organization TIM23 complex in humans. Recent studies have revealed the
presence of multiple presequence translocases in human mitochondria that show considerable diversity in their substrate
and physiological specificity. The core organization and inter-molecular interactions between these machineries seems to be
evolutionary conserved. These translocases have principally diversified due to divergence of Hsp70 co-chaperones and
channel component Tim17. Another important feature associated with human mitochondrial translocases, which in most
cases are absent in lower eukaryotes, is its multifunctionality. Other than housekeeping protein import, human mitochondrial
translocases have gained secondary functions such asinvolvment in ROS sensing and regulation of redox balance, modulation
of cellular sensitivity to xenobiotic drugs, maintenance of mitochondrial DNA, assembly of respiratory complexes’ and
import of non-canonical mitochondrial substrates. The origin of multifunctionality is indicative towards the possibility of
functional connections between mitochondrial protein import and regulation of cellular pathways; hence, opening up new
avenues of future research.
Keywords: Mitochondria; Protein Transport; Protein Folding; Hsp70; J-Proteins; Cancer; Neurodegeneration
Metabolic Disorders

Introduction
Mitochondria are endosymbiotic cellular organelle
enclosed in double membrane and form an integral
part of eukaryotic cells. The word mitochondrion
comes from the Greek ìßôïò, mitos, i.e. “thread”, and
÷ ï í ä ñ ß ï í, chondrion, i.e. “granule”. The term
“mitochondria” was coined by Carl Benda in 1898
(cited in Margulis, 1970). Benjamin F. Kingsbury
(1912) first related these organelles with cell
respiration (cited in Sagan, 1967), followed by Otto
Heinrich Warburg (Ernster and Schatz, 1981; Gray
et al., 1999). In addition to supplying cellular energy,
mitochondria are involved in other tasks such as
signaling, cellular differentiation, cell death, as well
*Author for Correspondence: E-mail: devanjan@bhu.ac.in

as the control of the cell cycle and cell growth (Gray
et al., 1999). Mitochondria have been implicated in
several human diseases, including mitochondrial
disorders and cardiac dysfunction, and may play a
role in the aging process (Fulda et al., 2010; Gulbins
et al., 2003; Hayashi et al., 2009; Kroemer, 2006;
Lesnefsky et al., 2001; McBride et al., 2006).
Mitochondrial genomes are very small and show
a great deal of variation as a result of divergent
evolution (Ernster and Schatz, 1981; Henze and
Martin, 2003; Peng et al., 2005). The human
mitochondrial genome is a circular DNA molecule of
about 16 kilobases. It encodes 37 genes of which 13
code for subunits of respiratory complexes I, III, IV
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and V, 22 for mitochondrial tRNA (for the 20 standard
amino acids, plus an extra gene for leucine and serine),
and 2 for rRNA. One mitochondrion can contain two
to ten copies of its DNA (Anderson et al., 1981; Chan,
2006; Ekstrand et al., 2004; Emelyanov, 2003; Ernster
and Schatz, 1981; Gray et al., 1999; Iacovino et al.,
2009; Lang et al., 1999; Leung and Halestrap, 2008;
Wiesner et al., 1992). It is quite evident from the
mitochondrial genome organization that mitochondrial
DNA is gene-deficient. However, the diverse functions
of the organelle require a vast repertoire of proteins.
For example, in humans, normal mitochondria require
around 1500 proteins for its functions. Majority of
these proteins are encoded by the nuclear genome
and translated in the cytosolic compartment. Only 1%
is encoded by the mitochondrial genome and
synthesized on ribosomes in the mitochondrial matrix
(Neupert et al., 1990; Neupert and Herrmann, 2007;
Rehling et al., 2004; Rehling et al., 2001). Hence,
transport of proteins across the cellular membranes
is a process that is instrumental for the biogenesis of
the cell and its organelles. In Saccharomyces
cerevisiae almost half of the proteins synthesized are
transported into or across at least one cellular
membrane to reach their functional destination
(Neupert et al., 1990; Neupert and Herrmann, 2007;
Schnell and Hebert, 2003; Wickner and Schekman,
2005). This raises several fundamental questions such
as how the precursor proteins are directed to the
correct target organelle, how they are translocated
across the hydrophobic membranes, and how they
are sorted and assembled into their functional forms.
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membrane integration of multi-channel inner
membrane associated preproteins (Neupert et al.,
1990; Neupert and Herrmann, 2007). Further
investigations lead to the identification of newer
principles of import such as redox-regulated import
and two-membrane coupling of translocases (A, 2012;
Banci et al., 2009; Stojanovski et al., 2008). Also it
became evident that the precursor protein translocases
are composed of modular units that cooperate with
each other in a highly dynamic manner. Therefore,
mitochondria consist of four major routes of directing
proteins into their intramitochondrial destinations.
a.

The β-barrel pathway – incorporation of outer
membrane proteins through the outer
mitochondrial membrane associated ‘Sorting and
Assembly Machinery of the Outer Mitochondrial
Membrane’ or SAM complex (Chan and
Lithgow, 2008; Stojanovski et al., 2007).

b.

The redox-regulated import pathway – for
delivering precursor proteins into the
intermembrane space via the Mitochondrial
Intermembrane Space Import and Assembly or
MIA machinery (Banci et al., 2009; Chacinska
et al., 2004; Grumbt et al., 2007; Stojanovski et
al., 2008).

c.

The carrier protein pathway – integration of
complex proteins containing multiple
transmembrane helices into inner mitochondrial
membrane. This pathway involves the carrier
translocase of the Inner Mitochondrial
Membrane or the Tim22 machinery (Chan and
Lithgow, 2008; Curran et al., 2002a; Curran et
al., 2002b; Jensen and Dunn, 2002; Rehling et
al., 2004).

d.

The presequence pathway – constitutes the
major pathway of mitochondrial import. It
involves import of matrix proteins and those
associated with the inner membrane by a single
transmembrane helix. The pathway involves the
TIM23 complex or the presequence translocase
(Baker et al., 2007; Elsner et al., 2009; Moro et
al., 2002; Neupert and Brunner, 2002; Rehling
et al., 2001).

The Associated Machineries with Mitochondrial
Protein Translocation
It was an initial belief that all mitochondrial precursor
proteins are imported via one main pathway and the
mechanism was called as the presequence pathway.
This pathway involved an outer and inner membrane
translocase, with amino-terminal presequences in
precursor proteins acting as classical targeting signals
directing proteins into mitochondria. However, the
demonstration that the precursors of metabolite carrier
proteins of the mitochondrial inner membrane use
different signals and a different sorting route suggested
that there were two routes for mitochondrial import:
the presequence pathway for translocation of the
matrix directed preproteins and single transmembrane
helix containing proteins; and the carrier pathway for

However, the initial translocation of all the
precursor proteins, destined to different import
pathways across the mitochondrial outer membrane,
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occurs through the multisubunit machinery in the outer
membrane – the TOM complex (Ahting et al., 2001;
Becker et al., 2008; Chacinska et al., 2005; Wu and
Sha, 2006; Yamano et al., 2008; Young et al., 2003).
The newly synthesized proteins that have their
final destination into the mitochondria contain an Nterminal recognition sequence that act as an
identification “flag” and distinguishes them as
mitochondrial proteins (Rehling et al., 2001; Voisine
et al., 1999). Such proteins are present in the cytosol
as complexes with factors that are thought to stabilize
them, as these proteins are not in their final
conformation and therefore, are prone to degradation
and aggregation (Stuart et al., 1990; Young et al.,
2003). There are two kinds of targeting sequences –
matrix targeting sequence, and internal targeting
sequence. The N-terminal targeting sequences are
also called as matrix targeting sequences (MTSs)
because they bring the N-terminus of the precursor
protein across the inner membrane into the matrix. In
the absence of any further sorting information like
presence of hydrophobic intermembrane regions, the
MTS signal directs proteins into the matrix. They form
amphipathic á-helices with one hydrophobic and one
positively charged face. There is no consensus in the
primary structure, which often differs considerably
even between closely related orthologs. Posttranslocation, the MTS is cleaved by matrix proteases
to generate the mature protein. A large number of
mitochondrial proteins are not synthesized with
cleavable presequences but contain targeting
information within regions of the mature protein. The
members of this family of proteins include all
mitochondrial outer membrane proteins, the majority
of intermembrane space proteins, numerous
multispanning inner membrane proteins, and a few
matrix proteins (Neupert and Brunner, 2002; Neupert
et al., 1990; Neupert and Herrmann, 2007; Pfanner
and Geissler, 2001; Rehling et al., 2001).
The Presequence Pathway
The presequence pathway is responsible for
translocation of about 60% of the mitochondrial
proteins and arguably the major translocation
machinery of the mitochondria. This pathway and
machineries involved in the processes constitute the
core focus of this review. Our initial understanding of
this pathway is derived from studies in the yeast
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system.
The TIM23 complex is the major preprotein
translocase in the inner membrane of mitochondria.
In cells that are highly active in oxidative metabolism,
such as fungal cells or metazoan muscle cells, its client
proteins may make up some 20% of total cellular
protein. The TIM23 complex translocates all
precursors of matrix proteins, most inner membrane
proteins, and many proteins of the intermembrane
space region (Popov-Celeketic et al., 2008). The
TIM23 complex forms the most complicated
translocase and sorting machinery of mitochondria.
The reaction cycle of the TIM23 complex involves
cooperation with the TOM complex of the outer
membrane, the respiratory chain of the inner
membrane, and the motor of the matrix (Alder et al.,
2008; Chacinska et al., 2005; Gevorkyan-Airapetov
et al., 2009; Mokranjac et al., 2005b; Tamura et al.,
2009). This translocase involves the utilization of two
different energy sources, the electrochemical
membrane potential and ATP. The components of the
TIM23 complex can be subdivided into two groups,
which operate in a sequential and cooperative manner:
(a) the protein-conducting channel forming the
membrane sector; also called as the TIM23 core
channel and (b) components that drive the
translocation into the matrix space; also called as the
import motor (Chacinska et al., 2009; Neupert and
Herrmann, 2007; Okamoto et al., 2002).
The membrane sector is composed of the three
essential subunits, Tim50, Tim23, and Tim17; and two
proteins which are dispensable for TIM23 function,
Tim21 and a recently indentified protein Tam41 (Alder
et al., 2008; Elsner et al., 2009; Geissler et al., 2002;
Gevorkyan-Airapetov et al., 2009; Jensen and Dunn,
2002; Martinez-Caballero et al., 2007; Meinecke et
al., 2006; Mokranjac et al., 2005b; Mokranjac et al.,
2009; Popov-Celeketic et al., 2008; Tamura et al.,
2006; van der Laan et al., 2006). Tim23 and Tim17
form the membrane embedded core of the TIM23
complex. Both proteins share a phylogenetically
related membrane domain consisting of four
transmembrane segments (Matta et al., 2017; Pareek
et al., 2013). Tim23 forms the transmembrane channel
responsible for the entry and translocation of the
precursors across the inner membrane. Tim17 was
proposed to play a critical role in gating of the TIM23
pore (Martinez-Caballero et al., 2007). Additionally,
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Tim17 is also involved in motor recruitment and lateral
sorting of preproteins (Demishtein-Zohary et al.,
2017). The other component, Tim50 is anchored into
the inner membrane by an N-terminal transmembrane
domain and exposes a large domain into the IMS.
Tim50 interacts with incoming polypeptide chains as
they reach the trans site of the TOM complex and
presumably passes them on to Tim23. Tim50 not only
functions as a passive import receptor but also seems
to play a critical role in the regulation of import
channel’s permeability and thus, might coordinate the
translocation process of preproteins by the TIM23
complex. Hence, Tim50 has a receptor function in
the intermembrane space where it binds to the
incoming polypeptide chain released from the TOM
complex (Geissler et al., 2002; Gevorkyan-Airapetov
et al., 2009; Meinecke et al., 2006; Mokranjac et al.,
2009; Tamura et al., 2009). Tim21 on the other hand,
was observed to interact with the IMS domain of outer
membrane protein, Tom22. This suggested a role of
Tim21 in the interaction of the TIM23 complex with
the TOM complex (Chacinska et al., 2005; van der
Laan et al., 2006). Tim21 was also proposed to play
a role in regulating the association of the import motor
with the membrane sector of the TIM23 complex
(Chacinska et al., 2005). Based on this idea it was
suggested that the TIM23 complex exists in two forms,
one with both the membrane sector and import motor,
and the other one without the import motor. The first
form that is free of Tim21 may be specialized in
translocation of precursor proteins into the matrix,
whereas the second one may be specialized for
translocation of precursors which are subjected to
stop transfer (Chacinska et al., 2009; Mokranjac et
al., 2005a). Tim50, Tim23 and Tim21 expose domains
into the intermembrane space that are involved in the
transient interaction of TIM23 complex with the TOM
complex and thus facilitate preprotein translocation
from the outer to inner membrane. Recent reports
have shown that Tim21 also participates in the
transient coupling of TIM23 complex with the
respiratory chain complexes III and IV, and thus
supports the membrane potential (Äø)-driven import
step (Mick et al., 2012; Murcha et al., 2014).
Liposomes based reconstitution of the purified
translocase revealed that the minimal unit for
preprotein integration into the inner membrane is the
four-subunit TIM23 complex, a cardiolipin-rich
membrane, and a membrane potential. Cardiolipin is
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the characteristic dimeric phospholipid of mitochondrial
inner membrane (Acehan et al., 2011; Bihlmaier et
al., 2008; Corcelli et al., 2010; Tamura et al., 2013).
Preproteins following this insertion pathway into the
inner membrane contain a hydrophobic sorting signal
behind the matrix-targeting signal. The sorting signal
arrests translocation in the inner membrane and causes
a lateral release into the lipid phase of the membrane.
This mechanism is also called as the Stop transfer
mechanism. Although the details of the mechanism
are not understood, the release requires a lateral
opening of the Tim23 channel and involves the activity
of Tim17 (Baker et al., 2007; Bauer et al., 2002;
Bolender et al., 2008; Chacinska et al., 2009; Frazier
et al., 2003; Herrmann and Neupert, 2003; Neupert
and Herrmann, 2007).
This import motor consists of three essential
components – A peripheral inner membrane protein
Tim44, mitochondrial Hsp70 (mtHsp70), matrix
localized Mge1 and the membrane associated Jproteins Pam18 and Pam16 (Blom et al., 1993; Bolliger
et al., 1994; Bracher and Verghese, 2015; D’Silva et
al., 2004; D’Silva et al., 2005; Frazier et al., 2004;
Kang et al., 1990; Laloraya et al., 1995; Mokranjac
et al., 2003; Schneider et al., 1994; Truscott et al.,
2003; Ungermann et al., 1996). Tim44 is a peripheral
membrane protein at the inner face of the inner
mitochondrial membrane, where it interacts with the
transmembrane components of the translocase
(D’Silva et al., 2004). It is thought that Tim44 sits at
the outlet of the translocation channel and is responsible
for recruiting mtHsp70 to the import site. Tim44 is
also involved in interactions with Pam16 and forms a
scaffold on which all the import reactions take place.
Mge1 serves as the nucleotide exchange factor that
replenishes the ADP bound state of mtHsp70 with
that of ATP bound state (D’Silva et al., 2004; D’Silva
et al., 2008; Hutu et al., 2008; Moro et al., 2002;
Schiller, 2009; Schiller et al., 2008).
MtHsp70 forms the central subunit of the matrixexposed import motor or the PAM complex (Kang et
al., 1990). The mtHsp70 chaperone binds to the
translocating polypeptide chain and drives its
movement into the matrix in a reaction cycle that
utilizes energy coming from hydrolysis of ATP (Liu et
al., 2003; Matouschek et al., 2000; Mayer and Bukau,
2005). The nucleotide exchange factor Mge1, a
homolog of bacterial GrpE, promotes the release of
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ADP from mtHsp70 and thus stimulates a new round
of ATP binding and precursor protein translocation.
Other than Mge1, the import motor consists of four
membrane bound co-chaperones that direct and
regulate the activity of mtHsp70 at the exit site of the
Tim23 channel. Tim44 provides a dynamic ATPsensitive binding site for mtHsp70 close to the channel
(Bolliger et al., 1994; Laloraya et al., 1995; Schiller
et al., 2008; Schneider et al., 1994; Voos et al., 1994).
Moreover, Tim44 itself also binds to the preprotein in
transit and is the first motor subunit that contacts the
preprotein emerging from the matrix side of the Tim23
channel (Schiller et al., 2008; Ungermann et al.,
1996). The J-domain of Pam18 stimulates the ATPase
activity of mtHsp70 (D’Silva et al., 2003). Pam16,
which is a J-like protein, forms a stable complex with
Pam18 and is responsible for recruiting Pam18 to the
import channel and controlling its activity (D’Silva et
al., 2008; D’Silva et al., 2005). The fourth cochaperone, Pam17 is involved in the organization of
the TIM23-PAM interaction. Pam17 exerts its
function before the preprotein is translocated through
the channel and is then released from the motor (Hutu
et al., 2008; Schiller, 2009; van der Laan et al., 2005).
The import motor subunits interact with several sites
on the TIM23 core complex (Chacinska et al., 2009).
For example, the N-terminal IMS region of Pam18
interacts with the C-terminal of Tim17, though this
interaction is dispensable for normal cell growth;
Pam17 binds to Tim23 and is involved in maintenance
of Pam16-Pam18 subcomplex. Deletion of Pam17
causes dissociation of both Pam16 and Pam18 from
the translocase (Hutu et al., 2008; Matta et al., 2017;
Schiller, 2009). Hence, the mitochondrial import motor
is one of the most complex Hsp70 systems known.
The proteins that are destined to the
mitochondrial matrix possess an N-terminal signal
sequence (presequence) that is recognized by TOM
receptors present on the outer membrane (Chacinska
et al., 2005; van der Laan et al., 2006). These proteins
are then internalized through the outer membrane and
presorted to the TIM23 complex. The incoming
polypeptide is captured by the Tim23-Tim50 complex
(Geissler et al., 2002; Gevorkyan-Airapetov et al.,
2009; Meinecke et al., 2006; Mokranjac et al., 2009).
The initial translocation across the Tim23 channel is
membrane potential dependent. The membrane
potential difference across the inner membrane exerts
an electrophoretic force on the positively charged
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presequence (Mick et al., 2012; Murcha et al., 2014).
The final step of import is an energy dependent
process governed by mtHsp70 which through
repeated cycles of ATP binding and hydrolysis pull
the polypeptide into the matrix (Liu et al., 2003;
Matouschek et al., 2000; Mayer and Bukau, 2005;
Schiller, 2009; Schiller et al., 2008). The MPP protease
in the matrix cleaves the presequence to generate
the mature protein (Neupert and Herrmann, 2007).
Human Mitochondrial Protein Transport – An
Enigma
It is now evident that most of our understanding of
the mitochondrial protein import process has been
derived from studies in the yeast system and there
has been considerable advance in the understanding
of how nuclear-encoded precursor proteins are
translocated across and into the membranes of
mitochondria (Schulz et al., 2015; Sokol et al., 2014).
Human mitochondria translocation machineries were
being thought to be similar to that of yeast (Bauer et
al., 1999). However, it had been very difficult to
contemplate the existence of similar machinery in
human mitochondria which is a much more complex
organelle with diversified functions. Human
mitochondria apart from regulating the metabolic
pathways are involved in progression of cancer,
neurodegenerative disorders, responses to xenobiotic
stress and induction of apoptosis (Bernardi et al., 1999;
Chalah and Khosravi-Far, 2008; Chan, 2006;
Formentini et al., 2010). Numerous reports have
shown that mutations and overexpression of human
orthologs of translocase components are associated
with various cancer subtypes (Bonora et al., 2006;
Davey et al., 2006; Jubinsky et al., 2005; Tagliati et
al., 2010). Such disease conditions also involve
targeting of specific proteins that reprograms
organellar functions and alters the cellular phenotype
(Bernardi et al., 1999; Gough et al., 2009; Khan et
al., 2013; Nithipongvanitch et al., 2007).
From the inferences derived from yeast system,
it has been perceived that the presequence pathway
constitutes major pathway of mitochondrial protein
transport in mammalian system (Bauer et al., 1999).
Hence, initial studies in mammalian systems have
focused on presequence pathway and led to the
identification of proteins that are homologous to
components of yeast TIM23 complex (Ishihara and
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Mihara, 1998; Wada and Kanwar, 1998). The first
component of human transport machinery identified
was the Tim17 homologue. In contrast to yeast, two
TIM17 genes were found to be expressed in humans
and were named as hTim17a and hTim17b paralogs
(Bauer et al., 1999). Bioinformatics analysis supported
by cellular data have suggested presence of two
isoforms of Tim17b namely, Tim17b1 and Tim17b2
(Sinha et al., 2014). Subsequently, the cDNAs
corresponding to hTim17, hTim23 and hTim44 were
isolated, as constituents of the human mitochondrial
inner membrane translocase (Bauer et al., 1999;
Ishihara and Mihara, 1998).
Further studies have shown an intrinsic
connection between translocation machinery and
pathophysiological conditions of the cells, where
components of the transport machinery were
associated with mutations and overexpression. Tim50
overexpression was associated with enhanced tumour
growth in breast cancer (Sankala et al., 2011). Tim44
mutations led to increased predisposition to thyroid
carcinomas (Bonora et al., 2006). An Hsp40 class of
protein, Magmas, was overexpressed in neoplastic
prostrate and pituitary adenomas (Jubinsky et al.,
2005; Tagliati et al., 2010). Increased Tim17a
expression was associated with breast cancer patients
(Salhab et al., 2012). Loss of J-protein, JC15
expression has been found to be associated with
development of chemoresistance upon
chemotherapeutic treatment of certain cancer
subtypes (Lindsey et al., 2006; Shridhar et al., 2001;
Strathdee et al., 2005). Point mutations in the J-domain
of J-protein JC19 were associated with disease
progression in dilated cardiomyopathy patients (Davey
et al., 2006; Ojala et al., 2012). In addition, human
mitochondria also show a unique phenomenon of
harboring several oncoproteins and cell signaling
molecules that lack mitochondrial targeting signal
sequence and predominantly localize in cytosol or
nucleus. For example, p53’s mitochondrial localization
in normal cells led to induction of apoptosis. In
contrast, in cancer cells, the sequestration of p53 in
the mitochondria promoted increased cell proliferation
(Nithipongvanitch et al., 2007; Park et al., 2009;
Saleem and Hood, 2013; Sankala et al., 2011;
Wadhwa et al., 2002). Ras localization in mitochondria
triggered apoptosis (Gough et al., 2009; Kocher et
al., 2005). ERK mitochondrial distribution led to
oncogenic proliferation and Ras mediated
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transformation (Rasola et al., 2010; Zhu et al., 2003).
Sirtulins, also regarded as the anti-aging molecules of
the cell, have been shown to promote carcinogenesis
through their localization into the organelle and
modulation of electron transport chain complexes
(Hafner et al., 2010; Verdin et al., 2010). STAT family
of proteins has been very recently shown to localize
into the mitochondria where they aid in normal
mitochondrial function and promote tumor growth in
cancer cells (Gough et al., 2009; Khan et al., 2013;
Mantel et al., 2012; Wegrzyn et al., 2009). Other
than those mentioned above, there are numerous cell
signaling molecules and transcription factors that
localize into the mitochondria with unknown
physiological function (Chan, 2006).
Thus, taking a note on the complexity of human
mitochondrial function, its functional diversity, the vast
repertoire of protein transported into the organelle
to maintain its proteome and the established notion of
parallel structure-function evolution resulted in a more
favourable perception on the existence of a more
complex machinery in humans.
The Organization of Human Inner Membrane
Protein Translocation Machinery
The mammalian system involves a complex array of
trafficking proteins that range from a series of
receptors, import pores, and diverse molecular
machines. Hence, transportation of these proteins into
the organelle requires highly evolved and complex
import machinery. In contrast to yeast which is
characterized by the presence of a single inner
membrane presequence translocase, human
presequence translocases exist in multiple numbers
to accommodate the diverse repertoire of proteins
targeted into the mitochondria (Sinha et al., 2014).
Although Tim17 was the first channel component
to be identified, a J-like protein Magmas was the first
characterized component of import motor (Jubinsky
et al., 2001; Sinha et al., 2010). Magmas was
previously considered as a granulocyte-macrophage
colony stimulating factor that was overexpressed in
prostate cancer (Jubinsky et al., 2005; Jubinsky et
al., 2003). However, Magmas primarily functioned in
regulating the function of import motor by inhibiting
the mtHsp70 ATPase stimulatory activity of J-proteins.
Magmas is the functional ortholog of yeast Pam16,
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with similar primary structure and domain organization,
and is an essential part of mammalian import motor.
Magmas could complement Pam16’s function in yeast
and was able to maintain viability of yeast cells deleted
for PAM16. The overlapping function of Magmas and
Pam16 showed that the functional aspects of import
motor regulation are conserved across species (Sinha
et al., 2010).
However, there exists a considerable degree
of complexity at the level of J-protein organization at
the import channel. The protein translocation activity
in mitochondria is dependent on efficient chaperoning
activity of mtHsp70 in order to vectorially pull the
incoming polypeptide chain into the matrix
compartment (Goswami et al., 2010; Liu et al., 2003).
Since, the protein translocation function is an ATPdependent process; it requires an optimum ATPase
activity of mtHsp70. The ATPase activity of mtHsp70
is stimulated by the J-protein counterpart Pam18 in
the case of yeast (D’Silva et al., 2003). In contrast to
yeast, which consists of a single J-protein Pam18 as
a part of the TIM23 complex (Truscott et al., 2003),
human mitochondria is quite unique in expressing two
J-proteins, namely JC19 and JC15, as a part of the
inner membrane translocation machineries. Both the
J-protein paralogs are involved in formation of two
mutually distinct and functionally independent subcomplexes with their common J-like protein
counterpart Magmas, in comparison to a single
Pam16-Pam18 sub complex in yeast (Sinha et al.,
2016; Sinha et al., 2014) (Fig. 1). Interestingly, JC15
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possesses the ability to complement Pam18 function
in yeast, as suggested by its ability to rescue the
viability of “pam18 yeast cells. JC15 could also
efficiently import the precursor proteins in yeast
mitochondria in absence of Pam18. The overlapping
function of JC15 and Pam18 is probably due to their
higher sequence complementarily and similar domain
organization (Sinha et al., 2016). This indicates that
JC15 is evolutionary more closely related to Pam18.
In contrast, JC19 lacks the ability to rescue the viability
“pam18 yeast cells which can probably be due to the
absence of the region corresponding to Pam18’s Nterminal region, in JC19 (Sinha et al., 2016). Since, Jprotein function is primarily implicated to a functional
J-domain; it is intriguing why JC19 is unable to
functionally complement Pam18.
The channel component of the mammalian
translocases have principally diversified based on the
presence of Tim17 and J-protein paralogs as
constituting subunits; and contain Tim50, Tim23,
Tim44, and Magmas as the common channel
components. Humans show existence of three
different presequence translocases. Translocase A is
composed of Tim17a together with J-protein JC15,
whereas translocase B1 and B2 are constituted by
JC19 and Tim17b1 and Timb2 isoforms respectively
(Sinha et al., 2014). Further analysis of the complexes
formed by these complexes showed translocase A to
be an ancient translocase which corresponded to the
transport machineries present in lower eukaryotes.
Translocase B1 and B2 in turn, form mammalian
specific translocases (Sinha et al., 2014). Moreover,
translocase B1 and B2 form the major machinery for
transport of proteins into human mitochondria and
translocase A mainly possess a supportive role but is
responsible for piggy-backed import of non-canonical
substrates into mitochondria (Sinha et al., 2014) (Fig.
2). However, it will be intriguing to know whether
translocase A have gained additional unknown function
which has enabled it to be retained during evolution.
Diversified functions of human presequence
translocases

Fig. 1: The Hsp70 chaperone cycle at the import channel. At
human import channel, the Hsp70 substrate bindingrelease cycle is regulated independently by
functional interplay of two J-protein sub complexesMagmas-JC19/Magmas-JC15 and a heterodimer of
nucleotide exchange factors GrpEL1 and GrpEL2

In addition to the primary function of transporting
precursor proteins into the organelle, the components
of human mitochondrial translocase have gained
secondary functions in maintenance of cellular
homeostasis. Magmas, other than regulating the
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Fig. 2: Diversification of transport machineries. Lower eukaryotes such as yeast are characterized by presence of a single
presequence translocase. The different subunits of the machinery and their corresponding orthologs in human are
similarly numbered. In case of yeast translocase: (1) Tim50; (2) Tim23; (3) Tim17 (4) Pam16 (5) Pam18 (6) Tim44 (7)
mitochondrial Hsp70 –Ssc1 (8) Mge1 homodimer. The core components of human translocase: (1) hTim50; (2) hTim23;
(4) Magmas (6) hTim44 (7) mitochondrial Hsp70 –Mortalin (8) GrpEL1/2 heterodimer. The translocase A is characterized
by (3) Tim17a and (5) DnaJC15, translocase B1 is characterized by (3) Tim17b1 and (5) DnaJC19 and translocase B2 is
characterized by (3) Tim17b2 and (5) DnaJC19

activity of import motor, also plays an essential role in
maintenance of cellular redox balance (Srivastava et
al., 2014). Overexpression of Magmas has been
shown to reduce the oxidative stress load in the cell
and protect the cellular biomolecules from oxidative
damage. Downregulation of the protein increases the
accumulation of reactive oxygen species and lower
their survivability in the presence of external stress
(Srivastava et al., 2014). Interestingly, such dual
functions have also been reported for the nucleotide
exchange factor (NEF), Mge1 at yeast import motor.
Initially, Mge1 was shown to act as a thermosensor.
During heat stress, Mge1 undergoes conformational
changes that result in lower efficiency of mtHsp70
ATPase cycle (Marada et al., 2016). Later studies
revealed Mge1’s role as a sensor of oxidative stress.
Presence of prooxidants led to dissociation of Mge1
from mtHsp70, resulting in reduced import rate. This
phenotype probably, is due to oxidation of a near Nterminal methionine that might be leading to
conformational instability; hence causing dissociation

of active dimer to inactive monomer (Allu et al., 2015;
Marada et al., 2013). Interestingly, the reactive oxygen
species (ROS) sensing function of NEF remained
conserved during evolution. GrpEL1, the human
ortholog of Mge1, acts as a ROS sensor and is
associated with reduced expression and better cell
survivability under high ROS conditions (Srivastava
et al., 2017). However, Mge1 has diverged into a
second paralog GrpEL2, specifically in chordates,
which is resistant to oxidative stress and probably
responsible for maintaining baseline mitochondrial
activity under stress conditions (Naylor et al., 1998;
Srivastava et al., 2017). In contrast to NEF homodimer
of lower eukaryotes, human NEFs GrpEL1 and
GrpEL2 function as heterodimer under normal
conditions (Srivastava et al., 2017) (Fi. 1).
However, such dual functionality is not true for
all yeast import motor proteins. The yeast J-protein,
Pam18’s role resides only in import of proteins. The
human ortholog of Pam18, JC15 shows bifunctionality.
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Loss of JC15’s expression is associated with the
development of chemoresistance in clinical samples
of breast and ovarian cancer. JC15 also acted as an
inhibitor of respiratory complexes (Hatle et al., 2013;
Lindsey et al., 2006; Shridhar et al., 2001; Strathdee
et al., 2004). This property of JC15 could also be
replicated in vitro culture systems. Mechanistically,
JC15 as a part of translocase A was shown to release
cyclophilin D from the inhibitory complexes present
in mitochondrial matrix. JC15 thereby, couples
cyclophilin D to mitochondrial permeability transition
pore complex, triggering permeability transition and
induction of cell death (Sinha and D’Silva, 2014). Such
property is not shown by yeast J-proteins. In certain
cases, as in Tim17, there is further fine tuning of
secondary function from lower eukaryotes to humans.
Expression of Tim17 in yeast protects against loss of
mitochondrial genome in absence of genes responsible
of mitochondrial DNA maintenance (Iacovino et al.,
2009). In humans, overexpression of Tim17a, the
human ortholog closely related to yeast, has been
found to be responsible for high mitochondrial DNA
copy number in cancer cells which in turn, promote
higher cellular proliferative rates (Sinha et al., 2014).
The translocase A has also been shown to be
responsible for mitochondrial import of non-canonical
substrates such p53, STAT3 and Erk family of proteins
which lack mitochondrial targeting sequence (Sinha
et al., 2014). This generates a possibility that
translocase A might be broadly responsible for the
import of piggy-backed proteins into the organelle.
Moreover, the mammalian Tim21 secondarily functions
in the shuttling of inner membrane proteins from the
translocase to the assembly intermediates of
respiratory chain complexes, in addition to transport
function (Mick et al., 2012). Cross talk between the
presequence pathway and other mitochondrial import
pathways in sequestration of p53, in various cancer
subtypes, is being considered as a possible step toward

more effective cancer therapies (Lu et al., 2011;
Sankala et al., 2011). Additionally, other mitochondrial
import pathways has being depicted in progression of
genetically inherited mitochondrial syndromes and
various neurodegenerative disorders such as
Parkinson’s disease, Alzheimer’s disease and
Amyotrophic lateral sclerosis (Schon and Przedborski,
2011). The role of mitochondrial import pathways in
physiological well-being has been elaborately discussed
in a recent review (Rogovin et al., 2014).
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