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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 transportedngearnthke. Import of majority

of mitochondrial proteome is mediated by presequence pathway and requires functional interplay between a subset of
molecular chaperones, along with accessory facdttsough 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 specificitifhe core aganization and intemolecular interactions between these machineries seems to be
evolutionary conserved. These translocases have principally diversified due to divergence of Hsp70 co-chaperones and
channel componedim17.Another important feature associated with human mitochondrial translocases, which in most
cases are absent in lower eukaryotes, is its multifunctior@titer 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; Pr otein Transport; Protein Folding; Hsp70; J-Proteins; Cancer; Neundegeneration
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Introduction as the control of the cell cycle and cell growth (Gray
et al., 1999). Mitochondria have been implicated in

) _ several human diseases, including mitochondrial
enclosed in dou?"e membrane and fo_rm an Int(?graldisorders and cardiac dysfunction, and may play a
part of eukaryotic cells. The word mitochondrion role in the aging process (Fulda et &010: Gulbins
comes from the Greek 13610, mitos, i.e. “thread”, andet al., 2003; Hayashi et 8.2009; Kroem,er2006;

+iianikii chondrion, i.e. “granule”. The term | egnefsky et al, 2001; McBride et al. 2006)
“mitochondria” was coined by Carl Benda in 1898

(cited in Magulis, 1970). Benjamin.FKingsbury Mitochondrial genomes are very small and show
(1912) first related theserganelles with cell a great deal of variation as a result of divergent
respiration (cited in Sagan, 1967), followed by Otto €volution (Ernster and Schatz, 1981; Henze and

Heinrich Warbug (Ernster and Schatz, 1981; Gray Martin, 2003; Pengt al., 2005). The human
etal., 1999). In addition to supplying cellular eggr ~ Mitochondrial genome is a circular DNA molecule of

signaling, cellular differentiation, cell death, as well code for subunits of respiratory complexes I, lll, IV

Mitochondria are endosymbiotic cellularganelle
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andV, 22 for mitochondrial tRNAfor the 20 standard membrane integration of multi-channel inner
amino acids, plus an extra gene for leucine and serine)ijnembrane associated preproteins (Neupied .,
and 2 for rRNA. One mitochondrion can contain two 1990; Neupert and Herrmann, 2007). Further

to ten copies of its DNA (Andersehal., 1981; Chan,
2006; Ekstrandt al., 2004; Emelyang2003; Ernster
and Schatz, 1981; Grayal., 1999; lacovincet al.,

investigations lead to the identification of newer
principles of import such as redox-regulated import
and two-membrane coupling of translocases (A, 2012;

2009; Langet al., 1999; Leung and Halestrap, 2008; Banciet al., 2009; $ojanovskiet al., 2008).Also it
Wiesneret al., 1992). It is quite evident from the became evident that the precursor protein translocases
mitochondrial genome organization that mitochondrial are composed of modular units that cooperate with

DNA is gene-deficient. Howevghe diverse functions

each other in a highly dynamic mann&herefore,

of theorganellerequire a vast repertoire of proteins. mitochondria consist of four major routes of directing
For example, in humans, normal mitochondria require proteins into their intramitochondrial destinations.

around 1500 proteins for its functions. Majority of
these proteins are encoded by the nuclear genomg'
and translated in the cytosolic compartment. Only 1%
is encoded by the mitochondrial genome and
synthesized on ribosomes in the mitochondrial matrix
(Neupertet al., 1990; Neupert and Herrmann, 2007;
Rehlinget al., 2004; Rehlinget al., 2001). Hence,
transport of proteins across the cellular membraneg,
is a process that is instrumental for the biogenesis of
the cell and itsorganelles. In Saccharomyces
cerevisiae almost half of the proteins synthesized are
transported into or across at least one cellular
membrane to reach their functional destination
(Neupertet al., 1990; Neupert and Herrmann, 2007;
Schnell and Hebert, 2008yickner and Schekman,
2005). This raises several fundamental questions such-
as how the precursor proteins are directed to the
correct taget organelle, how they are translocated
across the hydrophobic membranes, and how they
are sorted and assembled into their functional forms.

The Associated Machineries with Mitochondrial
Protein Translocation

It was an initial belief that all mitochondrial precursor
proteins are imported via one main pathway and thed.
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. Howeyéne
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

The -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; $ojanovskiet al., 2007)

The redox-regulated import pathway — for
delivering precursor proteins into the
intermembrane space via the Mitochondrial
Intermembrane Space Import akssembly or
MIA machinery (Bancgt al., 2009; Chacinska
etal., 2004; Grumbgt al., 2007; Stojanovsket

al., 2008).

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 th&im22 machinery (Chan and
Lithgow, 2008; Curraret al., 2002a; Curraset

al., 2002b; Jensen and Dunn, 2002; Rehding
al., 2004).

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
(Bakeret al., 2007; Elsneet al., 2009; Morcet

al., 2002; Neupert and Brunn@002; Rehling

et al., 2001).

However the initial translocation of all the

matrix directed preproteins and single transmembrand®’€CUrsor proteins, destined to different import

helix containing proteins; and the carrier pathway for

pathways across the mitochondrial outer membrane,
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occurs through the multisubunit machinery in the outer system.
membrane — the TOM complex (Ahtiegal., 2001; h lex is th ) ,
Beckeret al., 2008; Chacinsket al., 2005;Wu and The TIM23 complex is the major preprotein

Sha, 2006Yamancet al., 2008;Younget al., 2003). translocase in th.e inner _membra_ne pf mitochor?dria_
In cells that are highly active in oxidative metabolism,

The newly synthesized proteins that have their such as fungal cells or metazoan muscle cells, its client
final destination into the mitochondria contain an N- proteins may make up some 20% of total cellular
terminal recognition sequence that act as anprotein. The TIM23 complex translocates all
identification “flag” and distinguishes them as precursors of matrix proteins, most inner membrane
mitochondrial proteins (Rehling al., 2001 Voisine proteins, and many proteins of the intermembrane
etal., 1999). Such proteins are present in the cytosolspace region (Popov-Celekett al., 2008). The
as complexes with factors that are thought to stabilizeTIM23 complex forms the most complicated
them, as these proteins are not in their final translocase and sorting machinery of mitochondria.
conformation and therefore, are prone to degradationThe reaction cycle of the TIM23 complex involves
and aggregation (Gartet al., 1990;Younget al., cooperation with the TOM complex of the outer
2003). There are two kinds of targeting sequences -membrane, the respiratory chain of the inner
matrix targeting sequence, and internal targetingmembrane, and the motor of the matrix (Aldeal .,
sequence. The N-terminal targeting sequences ar008; Chacinskat al., 2005; Gevorkyan-Airapetov
also called as matrix targeting sequences (MTSs)et al., 2009; Mokranjae&t al., 2005b;Tamuraet al.,
because they bring the N-terminus of the precursor2009). This translocase involves the utilization of two
protein across the inner membrane into the matrix. Indifferent energy sources, the electrochemical
the absence of any further sorting information like membrane potential a#d P. The components of the
presence of hydrophobic intermembrane regions, theTIM23 complex can be subdivided into two groups,
MTS signal directs proteins into theatrix. They form  which operate in a sequential and cooperative manner:
amphipathic &elices with one hydrophobic and one (a) the protein-conducting channel forming the
positively charged face. There is no consensus in theanembrane sector; also called as the TIM23 core
primary structure, which often differs considerably channel and ) components that drive the
even between closely related orthologs. Post-translocation into the matrix space; also called as the
translocation, the MTS is cleaved by matrix proteasesimport motor (Chacinskat al., 2009; Neupert and
to generate the mature proteflarge number of  Herrmann, 2007; Okamot al., 2002)
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 Brunn2002; Neupert
et al., 1990; Neupert and Herrmann, 2007; Pfanner
and Geissler2001; Rehlinget al., 2001).

The membrane sector is composed of the three
essential subunit§im50,Tim23, andlim17; and two
proteins which are dispensable for TIM23 function,
Tim21 and a recently indentified protdiam41 (Alder
etal., 2008; Elsneet al., 2009; Geisslest al., 2002;
Gevorkyan-Airapetoet al., 2009; Jensen and Dunn,
2002; Martinez-Caballeret al., 2007; Meinecket
al., 2006; Mokranjaet al., 2005b; Mokranjaet al.,
2009; Popov-Celeketiet al., 2008; Tamuraet al.,
2006; van der Laad al., 2006).Tim23 andTim17
form the membrane embedded core of the TIM23
complex. Both proteins share a phylogenetically
The presequence pathway is responsible forrelated membrane domain consisting of four
translocation of about 60% of the mitochondrial transmembrane segments (Mattal., 2017; Pareek
proteins and arguably the major translocation etal., 2013).Tim23 forms the transmembrane channel
machinery of the mitochondria. This pathway and responsible for the entry and translocation of the
machineries involved in the processes constitute theprecursors across the inner membranml7 was
core focus of this revievDur initial understanding of  proposed to play a critical role in gating of the TIM23
this pathway is derived from studies in the yeast pore (Martinez-Caballeret al., 2007) Additionally,

The Presequence Pathway
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Tim17 is also involved in motor recruitment and lateral the characteristic dimeric phospholipid of mitochondrial
sorting of preproteins (Demishtein-Zohasy al., inner membrane (Acehast al., 2011; Bihlmaieret
2017).The other componenfim50 is anchored into  al., 2008; Corcellet al., 2010;Tamuraet al., 2013).

the inner membrane by an N-terminal transmembranePreproteins following this insertion pathway into the
domain and exposes a large domain into the IMS.inner membrane contain a hydrophobic sorting signal
Tim50 interacts with incoming polypeptide chains as behind the matrix-targeting signal. The sorting signal
they reach thérans site of the TOM complex and arrests translocation in the inner membrane and causes
presumably passes them offtm23.Tim50 not only a lateral release into the lipid phase of the membrane.
functions as a passive import receptor but also seem3his mechanism is also called as the Stop transfer
to play a critical role in the regulation of import mechanismAlthough the details of the mechanism
channels permeability and thus, might coordinate the are not understood, the release requires a lateral
translocation process of preproteins by the TIM23 opening of thdim23 channel and involves the activity
complex. HenceTim50 has a receptor function in of Tim17 (Bakeret al., 2007; Bauert al., 2002;

the intermembrane space where it binds to theBolenderet al., 2008; Chacinsket al., 2009; Frazier
incoming polypeptide chain released from the TOM et al., 2003; Herrmann and Neupert, 2003; Neupert
complex (Geisslest al., 2002; Gevorkyan-Airapetov  and Herrmann, 2007).

etal., 2009; Meinecket al., 2006; Mokranjaet al., o _ _
2009:Tamuraet al., 2009) Tim21 on the other hand, This import mptor co_nS|sts of three essent_lal
was observed to interact with the IMS domain of outer cqmponents A perlp_heral inner membrane protelln
membrane proteiMlom22.This suggested a role of T|m4'4, mitochondrial Hsp70 (mtHsp70), matrlx
Tim21 in the interaction of thEIM23 complex with Iocal!zed Mgel and the membrane assoc_lated J-
the TOM complex (Chacinsiet al., 2005; van der proteins Pam18 and Pam16 (Bletal., 1993; I?o!llger
Laanet al., 2006).Tim21 was also proposed to play etal., 1994; 1Br_acher anderghese, 2_015; D'Silvet
arole in regulating the association of the import motor al., 2004; D'Silvaet al., 2005; Frazieet al., 200_4;

with the membrane sector of the TIM23 complex Kangetal., _1990; Lgloray@t a., 1995; Mokranjac
(Chacinskeet al., 2005). Based on this idea it was e al., 2003; Schneidest al., 1994,T_ruscott<_et a.,
suggested that the TIM23 complex exists in two forms, 2003; Ungermanet al., 1996).Tim44 is a peripheral

one with both the membrane sector and import motorm_embrane_ protein at the inner fgce of the_ inner
and the other one without the import moTe first mitochondrial membrane, where it interacts with the

form that is free offim21 may be specialized in transmembrane components of the translocase

translocation of precursor proteins into the matrix, (D'Silvaetal., 2004). It |s_thought théﬁ]mz_m sits at _
whereas the second one may be specialized fOIIhe outlet of the translocation channel and is responsible

translocation of precursors which are subjected tofor rgcruiting _mt_Hsp?O _to the_import sif@ma4 is
stop transfer (Chacinslet al., 2009; Mokranjaet also involved in interactions with Pam16 and forms a

al., 2005a)Tim50, Tim23 andTim21 expose domains scaffold on which all the import reactions take place.
into the intermembrane space that are involved in theMge1 serves as the nucleotide exchange factor that

transient interaction of TIM23 complex with the TOM replenishes th&DP bounfj _state of th_sp170_ with
complex and thus facilitate preprotein translocation that ofATPbound state (D'Silvat al., 2004; D'Silva
from the outer to inner membrane. Recent reportset al'., 2008; Hutue_zt al., 2008; Moroet al., 2002;
have shown thaTim21 also participates in the Schiller 2009; Schillet al., 2008).

transient coupling of IM23 complex with the MtHsp70 forms the central subunit of the matrix-
respiratory chain complexes Il q_nd,l‘a{nd thus exposed import motor or thé\® complex (Kanggt
supports the membrane potential (Ag)-drivenimport g1 1990). The mtHsp70 chaperone binds to the
step (Mick et al., 2012; Murchaet al., 2014).  translocating polypeptide chain and drives its
Liposomes based reconstitution of the purified moyement into the matrix in a reaction cycle that
translocase revealed that the minimal unit for ytjlizes enegy coming from hydrolysis &TP (Liu et
preprotein integration into the inner membrane is the g1 2003: Matouschedt al., 2000: Mayer and Bukau,
four-subunit TIM23 complex, a cardiolipin-rich 2005). The nucleotide exchange factor Mgel, a
membrane, and a membrane potential. Cardiolipin iShomoIog of bacterial GrpE, promotes the release of
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ADP from mtHsp70 and thus stimulates a new round presequence (Miogt al., 2012; Murchat al., 2014).

of ATP binding and precursor protein translocation. The final step of import is an energy dependent
Other than Mgel, the import motor consists of four process governed by mtHsp70 which through
membrane bound co-chaperones that direct andepeated cycles &TP binding and hydrolysis pull
regulate the activity of mtHsp70 at the exit site of the the polypeptide into the matrix (Liet al., 2003;
Tim23 channelTim44 provides a dynamidTP- Matouschelet al., 2000; Mayer and Bukau, 2005;
sensitive binding site for mtHsp70 close to the channelSchiller, 2009; Schilleet al., 2008).The MPRorotease
(Bolliger et al., 1994; Lalorayat al., 1995; Schiller  in the matrix cleaves the presequence to generate
etal., 2008; Schneidest al., 1994;Vooset al., 1994). the mature protein (Neupert and Herrmann, 2007).
Moreover Tim44 itself also binds to the preprotein in _ _ _

transit and is the first motor subunit that contacts theHuman Mitochondrial Protein Transport — An
preprotein emging from the matrix side of tiém23 Enigma

channel (Schilleet al., 2008; Ungermanet al.,

! ; It is now evident that most of our understanding of
1996).The J-domain of Pam18 stimulatesMfi®ase o mjtochondrial protein import process has been

activity of mtHsp70 (D'Silveet al., 2003). Pam16,  yeijyed from studies in the yeast system and there

whichis a J-like protein, forms a stable complexwith ¢ heen considerable advance in the understanding
Pam18 and is responsible for recruiting Pam18to the ¢ 1ow nuclear-encoded precursor proteins are

import channel and controlling its activity (D’Silea translocated across and into the membranes of

al., 2008; D'Silvaet al., 2005). The fourth co-  nisachondria (Schuletal., 2015; Sokokt al., 2014).
chaperone, Pam17 is involved in the organization of .y, an mitochondria translocation machineries were

the TIM23-PAM interaction. Pam17 exerts its  peing thought to be similar to that of yeast (Baer
function before the preprotein is translocated through 1999). Howeverit had been very ditult to

the channel and_isthen released from the motor (HUt'“bontempIate the existence of similar machinery in
et al.f 2008, Schlller2009; van der La@al., 2005)', human mitochondria which is a much more complex
The import motor subunits interact with several sites organelle with diversified functions. Human

on the TIM23 core complgx (Chacmsk@l., 2009). mitochondria apart from regulating the metabolic
For example, the N-terminal IMS region of Pam18 pathways are involved in progression of cancer

interacts with the C-terminal dim17, though this o \rodegenerative disorders, responses to xenobiotic

interaction is dispensable for normal cell growth; ¢ oss andinduction of apoptosis (Bernetrdi., 1999;
Pam17 binds tdim23 and is involved in maintenance Chalah and Khosravi-Fa2008: Chan, 2006:

of Pam16-Pam18 subcomplex. Deletion of Pam17 . antiniet al., 2010). Numerous reports have

causes dissociation of both Pam16 and Pam18 froMyh o\ that mutations and overexpression of human
the translocase (Huetal., 2008; Mattatal., 2017, 4h10gs of translocase components are associated
Schiller 2009). Hence, the mitochondrial import motor .+t various cancer subtypes (Bonataal., 2006:
is one of the most complex Hsp70 systems known. Daveyet al., 2006; Jubinskgt al., 2005:Tagliati et

The proteins that are destined to the @&, 2010). Such disease conditions also involve

mitochondrial matrix possess an N-terminal signal targeting of specific proteins that reprograms
sequence (presequence) that is recognized by ToM)rganeIIar_ functions and alters the cellular phenotype
receptors present on the outer membrane (ChacinskéBernardiet al., 1999; Gougtet al., 2009; Kharet
etal., 2005; van der Laaat al., 2006). These proteins & 2013; Nithipongvanitckt al., 2007).

are then internalized through the outer membrane and
presorted to the TIM23 complex. The incoming
polypeptide is captured by thian23-Tim50 complex
(Geissleret al., 2002; Gevorkyan-Airapetost al.,

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 (Baetal., 1999).
2009; Meinecket al., 2006; Mokranjaetal., 2009).  ance initial studies in mammalian systems have
The initial translocation across tfi#n23 channel is focused on presequence pathway and led to the
membrane potential dependent. The membran€gentiication of proteins that are homologous to

potential difference across the inner membrane exert%omponents of yeast TIM23 complex (Ishihara and
an electrophoretic force on the positively charged
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Mihara, 1998,Wada and Kanwarl998).The first transformation (Rasokt al., 2010; Zhuet al., 2003).
component of human transport machinery identified Sirtulins, also regarded as the anti-aging molecules of
was theTim17 homologue. In contrast to yeast, two the cell, have been shown to promote carcinogenesis
TIM17 genes were found to be expressed in humanghrough their localization into therganelle and
and were named as inT17a and hil17b paralogs  modulation of electron transport chain complexes
(Baueret al., 1999). Bioinformatics analysis supported (Hafneretal., 2010;Verdinetal., 2010). SAT family
by cellular data have suggested presence of twoof proteins has been very recently shown to localize
isoforms ofTim17b namelyTim17b1 andlim17b2 into the mitochondria where they aid in normal
(Sinhaet al., 2014). Subsequentlfhe cDNAs mitochondrial function and promote tumor growth in
corresponding to hin17, hTim23 and him44 were cancer cells (Gougét al., 2009; Kharet al., 2013;
isolated, as constituents of the human mitochondrialMantel et al., 2012;Wegrzynet al., 2009). Other
inner membrane translocase (Bagtml., 1999; than those mentioned above, there are numerous cell
Ishihara and Mihara, 1998). signaling molecules and transcription factors that
localize into the mitochondria with unknown

Further studies have shown an intrinsic physiological function (Chan, 2006).

connection between translocation machinery and

pathophysiological conditions of the cells, where Thus, taking a note on the complexity of human
components of the transport machinery were mitochondrial function, its functional diversitiie vast
associated with mutations and overexpres3ioms0 repertoire of protein transported into theganelle
overexpression was associated with enhanced tumouto maintain its proteome and the established notion of
growth in breast cancer (Sankelal., 2011). Tim44 parallel structure-function evolution resulted in a more
mutations led to increased predisposition to thyroid favourable perception on the existence of a more
carcinomas (Bonoret al., 2006) An Hsp40 class of  complex machinery in humans.

protein, Magmas, was overexpressed in neoplastic o

prostrate and pituitary adenomas (Jubinskyl ., The Organization of Human Inner Membrane
2005; Tagliati et al., 2010). Increasedim17a  Protein Translocation Machinery

expression was associated with breast cancer patientg, o mammalian system involves a complex array of

(Salhabet al., 2012). Loss of J-protein, JC15 ya¢icking proteins that range from a series of
expression has been found to bg associated W'“Teceptors, import pores, and diverse molecular
development ~of chemoresistance  UPON machines. Hence, transportation of these proteins into

chemotherapeutic treatment of certain ¢aNCeTihe organelle requires highly evolved and complex
subtypes (Lindsest al., 2006; Shridhaetal., 2001, 01t machinery In contrast to yeast which is
Strathdeet al., 2005). Point mutations in the J-domain characterized by the presence of a single inner

of J-proFeln JQ19 were. associated V\{lth disease,ambrane presequence translocase, human
progressionin dilated cardiomyopathy patients (Davey resequence translocases exist in multiple numbers

et al., 2006; Ojaleet al., 2012). In addition, human 1, 4ccommodate the diverse repertoire of proteins

mitochondria also show a unique phenomenon Oftargeted into the mitochondria (Sinétal., 2014).
harboring several oncoproteins and cell signaling

molecules that lack mitochondrial targeting signal AlthoughTim17 was the first channel component
sequence and predominantly localize in cytosol orto be identified, a J-like protein Magmas was the first
nucleus. For example, pS3hitochondrial localization  characterized component of import motor (Jubinsky
in normal cells led to induction of apoptosis. In et al., 2001; Sinhaet al., 2010). Magmas was
contrast, in cancer cells, the sequestration of p53 inpreviously considered as a granulocyte-macrophage
the mitochondria promoted increased cell proliferation colony stimulating factor that was overexpressed in
(Nithipongvanitchet al., 2007; Parket al., 2009; prostate cancer (Jubinsley al., 2005; Jubinskyet
Saleem and Hood, 2013; Sankadaal., 2011; al., 2003). HowevemMagmas primarily functioned in
Wadhwaet al., 2002). Ras localization in mitochondria regulating the function of import motor by inhibiting
triggered apoptosis (Gougt al., 2009; Kochelet the mtHsp7@TPase stimulatory activity of J-proteins.
al., 2005). ERK mitochondrial distribution led to Magmas is the functional ortholog of yeast Pam16,
oncogenic proliferation and Ras mediated
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with similar primary structure and domain organization, possesssthe ability to complement Pam18 function
and is an essential part of mammalian import motor in yeast, as suggested by its ability to rescue the
Magmas could complement Pandfiinction in yeast  viability of “paml8 yeast cells. JC15 could also
and was able to maintain viability of yeast cells deletedefficiently import the precursor proteins in yeast
for PAM16. The overlapping function of Magmas and mitochondria in absence of Pam18. The overlapping
Pam16 showed that the functional aspects of importfunction of JC15 and Pam18 is probably due to their
motor regulation are conserved across species (Sinhhigher sequence complementarily and similar domain

et al., 2010).

organization (Sinhat al., 2016). This indicates that
JC15 is evolutionary more closely related to Pam18.

However there exists a considerable degree In contrast, JC19 lacks the ability to rescue the viability

of complexity at the level of J-protein organization at .
the import channel. The protein translocation activity

paml18 yeast cells which can probably be due to the
absence of the region corresponding to Pamiig’

in mitochondria is dependent on efficient chaperoning ;. region, in JC19 (Sinketal., 2016). Since, J-

activity of mtHsp70 in order to vectorially pull the
incoming polypeptide chain into the matrix J-domain-

compartment (Goswarsi al., 2010; Liuet al., 2003).
Since, the protein translocation function isfarP-
dependent process; it requires an optimAlfRase

activity of mtHsp70TheATPase activity of mtHsp70

protein function is primarily implicated to a functional
it is intriguing why JC19 is unable to
functionally complement Pam18.

The channel component of the mammalian
translocases have principally diversified based on the

is stimulated by the J-protein counterpart Pam18 inpresence offim17 and J-protein paralogs as

the case of yeast (D’Siha al., 2003). In contrast to

constituting subunits; and contalim50, Tim23,

yeast, which consists of a single J-protein Pam18 asTim44, and Magmas as the common channel

a part of th&'IM23 complex (Tuscottet al., 2003),

components. Humans show existence of three

human mitochondria is quite unique in expressing two different presequence translocageanslocasé is
J-proteins, namely JC19 and JC15, as a part of theeomposed offim17a together with J-protein JC15,
inner membrane translocation machineries. Both thewhereas translocase B1 and B2 are constituted by
J-protein paralogs are involved in formation of two JC19 andim17b1 andimb2 isoforms respectively
mutually distinct and functionally independent sub- (Sinhaetal., 2014). Further analysis of the complexes
complexes with their common J-like protein formed by these complexes showed translodase
counterpart Magmas, in comparison to a single be an ancient translocase which corresponded to the

Pam16-Pam18 sub complex in yeast (Siahal.,
2016; Sinhat al., 2014) (Fig. 1). InterestinglyC15

\op /
'mtHsp70
ATP
Nucleotide /\

exchange factor

.

mtHsp70+ADP+Substrate

/Tpmlein subcomplex
/‘ Preprotein
(Substrate)

A

mtHsp70+ATP+J-proteins+Substrate

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

transport machineries present in lower eukaryotes.
Translocase B1 and B2 in turn, form mammalian
specific translocases (Sinkial., 2014). Moreover
translocase B1 and B2 form the major machinery for
transport of proteins into human mitochondria and
translocas@ mainly possess a supportive role but is
responsible for piggy-backed import of non-canonical
substrates into mitochondria (Sirdial ., 2014) (Fig.

2). Howevery it will be intriguing to know whether
translocas@ have gained additional unknown function
which has enabled it to be retained during evolution.

Diversified functions of human presequence
translocases

In addition to the primary function of transporting
precursor proteins into tleeganelle, the components

of human mitochondrial translocase have gained
secondary functions in maintenance of cellular
homeostasis. Magmas, other than regulating the
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IMS

JC19)

Matrix Matrix

N

Specific to mammalian system
Essential for mitochondria
biogenesis and cell viability

Yeast translocase Human Translocase Bl

Ancestral in nature
Supportive role in  —>

mitochondrial function Jcis)

Matrix

Matrix Human Translocase B2

Human Translocase A

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 —Sscl (8) Mgel homodimefThe core components of human translocase: (1) hih50; (2) hTim23;

(4) Magmas (6) hTm44 (7) mitochondrial Hsp70 —Mottalin (8) GrpEL1/2 heterodimer. The translocaseA is characterized
by (3) Timl7a and (5) DnaJC15, translocase Bl is characterized by (3) Tim17bl and (5) DnaJC19 and translocase B2 is
characterized by (3) Tim17b2 and (5) DnaJC19

activity of import motoralso plays an essential role in  of active dimer to inactive monomer (Aktial., 2015;
maintenance of cellular redox balance (Srivaséiva Maradaet al., 2013). Interestinglythe reactive oxygen
al., 2014). Overexpression of Magmas has beenspecies (ROS) sensing function of NEF remained
shown to reduce the oxidative stress load in the cellconserved during evolution. GrpEL1, the human
and protect the cellular biomolecules from oxidative ortholog of Mgel, acts as a ROS sensor and is
damage. Downregulation of the protein increases theassociated with reduced expression and better cell
accumulation of reactive oxygen species and lowersurvivability under high ROS conditions (Srivastava
their survivability in the presence of external stress et al., 2017). HoweverMgel has divered into a
(Srivastavaet al., 2014). Interestinglysuch dual  second paralog GrpEL2, specifically in chordates,
functions have also been reported for the nucleotidewhich is resistant to oxidative stress and probably
exchange factor (NEF), Mgel at yeast import motor responsible for maintaining baseline mitochondrial
Initially, Mgel was shown to act as a thermosensor activity under stress conditions (Naykiral., 1998;
During heat stress, Mgel undergoes conformationalSrivastavat al., 2017). In contrast to NEF homodimer
changes that result in lower efficiency of mtHsp70 of lower eukaryotes, human NEFs GrpEL1 and
ATPase cycle (Maradet al., 2016). Later studies GrpEL2 function as heterodimer under normal
revealed MgeX role as a sensor of oxidative stress. conditions (Srivastavet al., 2017) (Fi. 1).

Presence of prooxidants led to dissociation of Mgel
from mtHsp70, resulting in reduced import rate. This
phenotype probablys due to oxidation of a near N-
terminal methionine that might be leading to
conformational instability; hence causing dissociation

However such dual functionality is not true for
all yeast import motor proteins. The yeast J-protein,
Pam18s role resides only in import of proteifihe
human ortholog of Pam18, JC15 shows bifunctionality
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Loss of JC15 expression is associated with the more efective cancer therapies (Let al., 2011;
development of chemoresistance in clinical samplesSankalat al., 2011). Additionally, other mitochondrial

of breast and ovarian cancé€C15 also acted as an import pathways has being depicted in progression of
inhibitor of respiratory complexes (Ha#eal., 2013; genetically inherited mitochondrial syndromes and
Lindseyet al., 2006; Shridhaet al., 2001; Strathdee various neurodegenerative disorders such as
et al., 2004). This property of JC15 could also be Parkinson$ diseaseAlzheimers disease and
replicatedin vitro culture systems. Mechanistically Amyotrophic lateral sclerosis (Schon and Przedborski,
JC15 as a part of translocasevas shown to release 2011). The role of mitochondrial import pathways in
cyclophilin D from the inhibitory complexes present physiological well-being has been elaborately discussed
in mitochondrial matrix. JC15 therebgouples in a recent review (Rogovig al., 2014).

cyclophilin D to mitochondrial permeability transition _

pore complex, triggering permeability transition and Concluding Remarks

induction_ofcelldeath (Sinha and D’Silva_, 2014). Such The past decade has introduced the field of
property is not shown by yeast J-proteins. In certain

cases, as ifim17, there is further fine tuning of im0t components, primarily derived from studies
secondary function from lower eukaryotes to humans. i, yeast system. In seems from initial analysis that

Expression oTim17 in yeast protects against10ss of .onqnort system in case of higher vertebrates is far
m|t0(_:hondr|al genome in gbsence ofgene:s_responsmh:r!nore complex. Presequence transport machjnery
of mitochondrial DNA maintenance (lacovieal.,  ho,gh major constitutes only a fraction of the

2009). In humans, overexpressionTainlza, the pathways responsible for transporting proteins into

human ortholog closely related to yeast, has beeny,, yiygchondria. This throws up an open field where
found to be responsible for high mitochondrial DNA yhere is a need for identifying and characterizing the

copy number in cancer cells which in turn, promote yitterent transport machines of mammalian
higher cellular proliferative rates (Sin&zal ., 2014). mitochondria for better understandingooianeller
The translocasé has also been shown to be ¢,nions. The complexity within the system is further

responsible for mitochondrial import 01_‘ non-canqnical enhanced through gain of additional roles by transport
substrates such p53,4T3 and Erk family of proteins machinery components. It is quite possible that

which lack mitochondrial targeting sequence (Sinha i nctionality of import proteins might result in

et al., 2014). This generates a possibility that iher hardwiring of the transport process with other

translocasé\ might be broadly responsible for the o5y pathways: and hence, present new challenges
import of piggy-backed proteins into tieganelle. for future research.
Moreover the mammaliafim21 secondarily functions

in the shuttling of inner membrane proteins from the Acknowledgement
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