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Abstract

The great majority of mitochondrial proteins are synthesized by cytosolic ribosomes and then
imported into the organelle post-translationally. The translocase of the outer membrane (TOM) is a
proteinaceous machinery that contains surface receptors for preprotein recognition and also serves
as the main entry gateway into mitochondria. Mitochondrial targeting requires various cytosolic
factors, in particular the molecular chaperones Hsc70/Hsp70 and Hsp90. The chaperone activity of
Hsc70/Hsp70 and Hsp90 occurs in coordinated cycles of ATP hydrolysis and substrate binding,
and is regulated by a number of co-chaperone proteins. The import receptor Tom70 is a member of
the tetratricopeptide repeat (TPR) co-chaperone family and contains a conserved TPR clamp
domain for interaction with Hsc70 and Hsp90. Such interaction is essential for the initiation of the
import process. This review will discuss the roles of Hsc70 and Hsp90 in mitochondrial import
and summarize recent progress in understanding these pathways.
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INTRODUCTION

Mitochondria are double membrane-bound organelles and contain 4 distinctive sub-
compartments — the outer membrane (OM), the inner membrane (IM) with folded cristae,
the intermembrane space (IMS) and the matrix. The respiratory chain is located in the IM,
and is responsible for the generation of ATP using an electrochemical gradient.
Mitochondria are also key sites of lipid metabolism, iron homeostasis and regulation of
apoptosis [1-3]. Recent proteomic studies suggested that there are as many as 1000 proteins
in mitochondria from budding yeast Saccharomyces cerevisiae [4, 5], and 1500
mitochondrial proteins in mammals [6, 7]. Except for a handful of proteins encoded by the
mitochondrial genomic DNA and translated by matrix ribosomes, mitochondrial proteins are
encoded by the nuclear genome and translated by cytosolic ribosomes. These polypeptides
are post-translationally targeted to the mitochondria, imported and subsequently sorted to
their destined sub-compartments within the organelle Fig. (1). Therefore, the mitochondrial
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import and sorting machineries are of outmost importance in maintaining proper
mitochondrial functions. The protein-based mechanisms for polypeptide sorting within
mitochondria are the subject of much research over the last 20 years (for reviews, see [8—
10]). It has long been known that mitochondrial preproteins have various requirements for
cytosolic factors prior to import. In particular, the role of molecular chaperones, which
generally assist protein folding, has become one aspect of recent interest. Here, a brief
overview on the classical mitochondrial import pathways and the cytosolic chaperones,
Hsc70 and Hsp90, will be provided. The roles of the chaperones in mitochondrial import
will be discussed, and recent findings on the known chaperone-dependent import mechanism
will be highlighted.

MITOCHONDRIAL IMPORT PATHWAYS

HSC70

The translocase of outer membrane (TOM) machinery serves as the general entry gateway
into the mitochondria Fig. (1). The major component of the TOM machinery is the channel-
forming protein Tom40 (humbering of mitochondrial import components refers to
approximate molecular weight). Tom40, along with an organizing receptor Tom22, and
small Tom proteins Tom5, Tom6 and Tom7, constitutes the general import pore (GIP) on the
OM. The majority of the mitochondrial precursor proteins are synthesized with classical N-
terminal amphipathic presequences. They are recognized by the Tom20 receptor on the OM,
translocated through the GIP and subsequently sorted to the matrix or IM by the translocase
of inner membrane (TIM) complex TIM23. Another receptor, Tom70, recognizes
preproteins with targeting signals embedded in their internal sequences. These preproteins
usually contain multiple membrane-spanning domains and many of them are metabolite
carriers of the IM. Due to their hydrophobic nature, molecular chaperones are required to
prevent aggregation in the cytosol and the import of these preproteins are also chaperone-
dependent. After translocation across the OM, they are guided by a heterohexameric
complex of Tim9-Tim10 in the IMS to the TIM22 complex, which facilitates the insertion
into the IM. Translocation through both the TIM22 and TIM23 complexes requires an active
electrochemical potential across the IM [8-10]. The post-translational nature of import
implies that precursors are exposed to the cytosolic environment before recognition by the
Tom20 or Tom70 receptors. The involvement of cytosolic chaperones in targeting to these
outer membrane receptors has been studied. The Tom70-mediated import pathway for
metabolite carriers is the most clearly dependent on chaperones, as it requires a specific
interaction between Tom70 and the chaperones Hsc70/Hsp70 and Hsp90.

The Hsp70 family is a class of abundant chaperones that perform versatile functions ranging
from folding and preventing aggregation of nascent polypeptide chains to post-translation
targeting [11, 12]. Two members of the Hsp70 family are found in the human cytosol — the
stress-inducible Hsp70 (70-kDa heat shock protein, human HSPA1) and its constitutively
expressed homologue Hsc70 (70-kDa heat shock cognate protein, HSPA8). Hsc70 handles a
broad range of client proteins due to its substrate specificity for short, hydrophobic peptides
[13]. 1t was shown to bind a large number of nascent polypeptide chains co-translationally to
prevent aggregation and assist in de novo folding [14, 15]. All homologues of the Hsp70
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family have the same domain architecture, with a 44-kDa N-terminal ATPase domain and a
27-kDa C-terminal substrate binding domain joined by a well-conserved linker [16, 17]. The
AT-Pase domain showed structural similarities to those of actin and hexokinases [16].
Consistent with the chaperone’s preference for short, hydrophobic peptides, the substrate
binding domain of DnaK (bacterial Hsp70) binds a substrate peptide in an extended form via
hydrophobic interactions [17]. Substrate binding and release are strictly dependent on the
reaction cycles of ATP hydrolysis.

The co-chaperone family related to bacterial DnaJ is conserved in their J-domains, a 70-
residue domain with a His-Pro-Asp (HPD) motif [18, 19], essential for stimulating the
ATPase activity of Hsp70 [20]. In eukaryotes, there are three types of J-domain co-
chaperones. Type 1 co-chaperones, such as DJAL (Hdj2/DNAJAL), DJA2 (DNAJA2) and
DJA4 (DNAJA4) in human and Ydj1 in yeast, are most homologous to bacterial Dnal.
Following the J-domain in the N-terminus, DnaJ contains a Gly/Phe rich region, a central
region with two zinc-finger motifs and a C-terminal dimerization domain. The eukaryotic
DnaJ homologues also contain a conserved cysteine in the C-termini for farnesylation. Type
2 co-chaperones, such as human DJB1 (Hsp40/Hdj1/DnaJB1) and yeast Sis1, contain the J-
domain and the G/F rich region but are divergent in the central and C-terminal domains,
whereas type 3 co-chaperones are common in their J-domains only [21-23]. Type 1
members have chaperone-like activity since they can directly interact with substrate and
prevent their aggregation [24, 25]. The central regions of Type 1 members were identified to
be the substrate binding site and dimerization is essential for the chaperone activity [26]. In
mammals, DJA1, DJA2 and DJA4 are constitutively expressed and co-localized with Hsc70
[27, 28].

Nucleotide exchange factors (NEF) also regulate the reaction cycle of Hsp70 chaperones by
accelerating the release of ADP in exchange for ATP, stimulating the ATPase activity
together with a DnaJ co-chaperone. In the eukaryotic cytosol, the first nucleotide exchange
factor identified was Bag-1, which is structurally unrelated to the bacterial NEF GrpE but
induces a similar conformational change in the ATPase domain [29, 30]. The Bag co-
chaperone family is characterized by the Bag domain which can recognize the ATPase
domain of Hsc70 [31]. Other nucleotide exchange factors in human cells include HspBP1
and Hsp110, which are again structurally unrelated to Bag-1 or GrpE but also interact with
the Hsc70 ATPase domain [32-34].

The ATPase cycle of Hsp70 chaperones is thought to be universally conserved with DnaK
Fig. (2) [11]. DnaK binds ATP with a high affinity, but the chaperone has low affinity for
substrate peptide in the ATP-bound form, and is in a rapid exchange between substrate-
bound and substrate-free states. DnaJ can form a ternary complex with DnaK and the
substrate, and stimulate ATP hydrolysis, thus stabilizing the interaction between the
substrate and the DnaK. Following ATP hydrolysis, the NEF mediates the release of ADP
from DnaK. Subsequent ATP binding to DnaK can trigger the release of the substrate [18,
35-38]. The substrate could either be released in its folded native state, or re-enter the
Hsp70 ATPase cycle. In the human Hsc70 cycle, released substrate could also be delivered
to Hsp90 for folding.
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The 90-kDa heat shock proteins (Hsp90) are a family of chaperones including Hsp90a and
Hsp90p in the human cell cytosol. In eukaryotes, Hsp90 is highly abundant and is essential
for viability [39, 40]. Unlike Hsc70, Hsp90 preferentially recognizes more structured folding
intermediates [41, 42]. Hsp90 functions /in vivo include the maturation of a specific set of
substrates, with the best characterized examples being steroid hormone receptors and protein
kinases [40, 43]. The Hsp90 chaperones are homodimers and dependent on ATP. Each
subunit contains an N-terminal ATPase domain, followed by a linker region, a middle
domain and a C-terminal homodimerization domain [44, 45]. The crystal structure of the 25-
kDa N-terminal domain of yeast Hsp90 bound ATP/ADP and displayed structural
similarities with the ATPase domains from DNA gyrase B (GyrB) [44]. Mutagenesis and
biochemical assays confirmed that Hsp90 function is dependent on its ATPase activity [46,
47]. The 33-kDa middle domain contains a catalytic loop which contacts the N-terminal
domain to activate the hydrolysis of ATP, and a hydrophobic patch implicated in substrate
binding [48]. The middle domain is also the binding site for co-chaperone, Ahal, which
stimulates the ATPase activity of Hsp90 [49-51]. The 12-kDa C-terminal domain is essential
for dimerization, and the intersubunit interface is formed by a pair of a-helices from each
subunit [52]. The full-length structure of yeast Hsp90 [53] depicts a homodimer of Hsp90 in
the nucleotide-bound state, complexed with co-chaperone, p23, which was known to
regulate the ATPase cycle of Hsp90 [54, 55]. The subunits are in a parallel arrangement with
extensive intersubunit contacts between the N-terminal domains [53].

Hsp90 cooperates with Hsc70 in a multi-chaperone system [43] and Hop (Hsc70/Hsp90-
organizing protein) is the functional link between the two molecular chaperones Fig. (2).
Hop can simultaneously bind both Hsc70 and Hsp90 and acts as an adaptor protein between
them [56]. The reaction cycle of Hsp90 is best characterized with steroid hormone receptors
as substrates. Hop recognizes Hsc70 in the substrate-binding ADP-bound state and transfers
the bound substrate to Hsp90, which is in the nucleotide-free state. Upon ATP binding by
Hsp90, Hop and Hsc70 are released from the complex. In addition, the N-terminal ATPase
domains of Hsp90 transiently dimerize when in ATP-bound state. This conformational
change is required for the binding of p23, which stabilizes the substrate-Hsp90 complex and
promotes substrate release after ATP hydrolysis [55, 57-59].

The chaperone-binding domains of Hop each have three tetratricopeptide repeat (TPR)
motifs — the TPR1 domain binds Hsc70 and TPR2A binds Hsp90 [60]. TPR motifs are
loosely conserved 34-residue sequences. The C-termini of both Hsc70 and Hsp90 contain a
conserved EEVD motif that is required for interaction with Hop. Crystal structures of the
TPR1 and TPR2A domains in the presence of chaperone-derived peptides showed that three
TPR motifs are arranged in a superhelical structure, providing a cradle-shaped groove that
anchors the EEVD motifs. Interactions with the terminal Asp residue of the chaperones are
particularly important, thus they are named “TPR dicarboxylate clamp domains”. Additional
hydrophobic interactions determine the specificity of chaperone binding [60, 61]. The TPR
clamp interactions are conserved in a number of other co-chaperones, including Tom70.

Protein Pept Lett. Author manuscript; available in PMC 2016 September 16.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnue Joyiny gHID

Fan and Young Page 5

CYTOSOLIC FACTORS IN IMPORT

Mitochondrial preproteins have various import requirements for cytosolic molecular
chaperones. /n vivo depletion of the Hsc70 homologue Ssal in yeast led to accumulation of
Tom20-dependent preprotein F1-ATP synthase subunit § (F1p) [62]. Studies /n vitrowith a
Tom?20-dependent precursor of ornithine transcarbamylase (OTC) showed the importance of
Hsc70 in preventing aggregation of preproteins and maintaining them in an import-
competent state [63, 64]. The presence of Hsc70 during preprotein translation is a
requirement for import competence, since immunodepletion of the chaperone from rabbit
reticulocyte lysate led to disruption of preprotein import, which could not be restored by re-
addition of purified Hsc70 after translation [64]. Similarly, studies with another preprotein,
precursor of the mitochondrial aspartate aminotransferase (pmAAT), showed that Hsc70
interacts with the preprotein during a very early stage of translation, and that such
interaction is important for distinguishing the preprotein from its cytosolic isozyme for
targeting into mitochondria [65, 66].

The roles of DnaJ co-chaperones in mitochondrial import have also been investigated.
Immunodepletion and re-addition studies provided evidence that DJA1 and DJA2 are
required for OTC import into mitochondria [28, 67, 68]. Hsc70 and Ydj1 were shown to
form complexes with purified preprotein pmAAT, and the complexes were in a competent
form for import in the presence of rabbit reticulocyte [69]. Type 1 and some Type 2 DnaJ co-
chaperones are farnesylated in the C-terminus, but it is questionable whether or not
farnesylation is important for mitochondrial targeting and import. A yeast strain with a Ydj1
mutant which cannot be farnesylated showed accumulation of F1p /n vivo under restrictive
temperature [70]. The import defect of OTC caused by immunodepletion of DJAL, however,
could be restored by re-addition of bacterial DnaJ homologue, which lacks the C-terminal
farnesylation [68]. The dependence on Hsc70 and Dnal co-chaperones may vary upon the
preprotein concerned. Various preproteins could be imported efficiently when translated in
the Hsc70-immunodepleted rabbit reticulocyte lysate or in a wheat germ-based translation
extract, which does not contain sufficient amounts of Hsc70 [71, 72].

THE TOM70 IMPORT PATHWAY

The import receptor Tom70 Fig. (3) exhibits substrate specificity for large, hydrophobic
proteins with multiple internal targeting sequences. Mitochondrial carrier proteins, such as
the inorganic phosphate carrier (PiC) and adenine nucleotide transporter (ANT), the
mammalian homologue of yeast ADP/ATP carrier (AAC), are a family of proteins that
shuttle metabolites across the IM [73], and typically require Tom70 for import. Tom70 is
anchored by an N-terminal transmembrane domain and exposes a ~60-kDa domain in the
cytosol. It was first identified as a receptor for AAC [74, 75]. The first mammalian
homologue was characterized in rat with 20% and 28% sequence identity to the N. crassa
and S. cerevisiae Tom70, and a similar function [76]. Limited proteolysis of yeast Tom70
identified a 25-kDa middle region which showed comparable carrier preprotein binding as
the full cytosolic domain, suggesting that it constitutes part of the preprotein binding site
[77]. Tom70 was thought to exist as a homodimer due to its slow mobility on Blue Native
PAGE (BNP) and its ability to generate cross-linked dimer on isolated yeast mitochondria
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[78, 79]. Cross-linking the arrested preprotein AAC produced adducts with molecular
weight consistent with a preprotein binding to Tom70 dimers [80, 81]. Analyses of the
translocation intermediates on BNP revealed a high molecular weight complex, suggesting
that each of the three targeting signals in AAC can recruit Tom70 [81]. It was proposed that
the binding of multiple dimers of Tom70 to a single AAC molecule may have chaperone-like
effect in preventing preprotein aggregation, although direct experimental evidence for the
chaperone activity was lacking.

Instead, it was found that Tom70 directly interacts with Hsc70, but also with Hsp90, which
had previously been unknown to function in import [82]. The mammalian carrier preproteins
including PiC are bound by cytosolic chaperones, Hsc70/Hsp70 and Hsp90, prior to import.
Sequence alignments suggested that Tom70 has a TPR clamp domain in its N-terminal
region, and interaction with Hsc70 and Hsp90 was confirmed with purified Tom70 cytosolic
fragment. Thus, the TPR clamp domain of Tom70 serves as a docking point for either of
these chaperones before preproteins are delivered to the receptor for direct interaction.
Competition for the Tom70 TPR clamp domain with a purified fragment of Hsp90 blocked
import /in vitro, and mutation of the chaperone docking site impaired Tom70 function in
vitroand in live yeast. Crosslinking of preproteins showed that they were bound by Tom70
after the docking step. Yeast Tom70 only recognizes Ssal (yeast Hsc70) but not Hsp82
(yeast Hsp90), although the chaperone-docking step remains a requirement for preprotein
interaction [82].

The Tom70-dependent import of carrier proteins is conceptually divided into 5 stages Fig.
(3), most of which could be characterized by BNP [78, 83]. Stage | describes the preprotein
in the cytosolic multi-chaperone complex. The cytosolic complex elutes in a 500 kDa peak
on size-exclusion chromatography, characteristic of Hsp90 and Hsp90-bound substrate due
to the extended structure of the chaperone [84, 85]. In stage I, the preprotein is in the
receptor-bound state on the OM. Upon depletion of ATP, stage Il could be characterized as a
complex in a broad molecular weight range of 400-500 kDa on BNP. A stage 111
translocation intermediate could be arrested at the TOM complex by dissipation of the IM
electrochemical potential to prevent TIM22 docking, and observed in the low molecular
weight range below 60 kDa. This intermediate is protected from protease digestion, and is
suggested to be preprotein partially translocated through the GIP and bound by the Tim9-
Tim10 complex in the IMS [78]. If the membrane potential is only partially dissipated, a
stage IV complex could be observed at around 350 kDa, which corresponds to the combined
molecular weights of the TIM22 complex and a preprotein [86]. Finally, stage V describes
the mature carrier that is properly integrated in the inner membrane as homodimers
migrating at around 100 kDa [78, 81].

CHAPERONE-TOM70 MECHANISMS

A recent study investigated if the chaperones have an active role in translocation, other than
simply docking on the import receptor. Among the chaperones, Hsp90 is unique in having
small molecule inhibitors that target it. Two inhibitors with different mechanisms,
geldanamycin (GA) and novobiocin (NB), were used. GA is a competitive inhibitor that
targets the N-terminal ATP binding domain, whereas the targeting site of NB was localized
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to a C-terminal region [45, 87]. Indeed, the inhibitors affected the import pathway at
different steps. NB acted in earlier steps by dual mechanisms — it decreased preprotein-
chaperone complex (stage 1) formation and also reduced the efficiency of chaperone docking
(stage 1). The combined effect led to inhibition of Tom70-dependent import down to basal
level. On the other hand, GA acted at a later step and decreased the formation of
translocation intermediate (stage 111) [84]. Thus, we conclude that Hsp90 remains stably
bound to the receptor-substrate complex on the outer membrane, and that progression to the
GIP requires ATP cycling by Hsp90.

The co-chaperones interacting with a Tom70-dependent preprotein in the cytosol before
import have been investigated. Import-competent complexes of chaperones with purified
ANT, a Tom70-dependent metabolite carrier, were analyzed by mass spectrometry. ANT
formed a complex with Hsc70, Type 1 DnaJ co-chaperones DJAL, DJA2 and DJA4, the Type
3 J-domain and TPR clamp domain co-chaperone Tpr2 (DnaJC7), as well as Hsp90, Hop
and p23. The three Type 1 DJA proteins were functional in import based on dominant
mutant inhibition /n vitro. Nonetheless, the three co-chaperones differed in their abilities in
preprotein binding /n vitro and in increasing import efficiency in cultured cells [88]. In
addition to ANT, the DnaJ co-chaperones could also bind to other Tom70-dependent
preproteins, including PiC, citrate carrier (CiC) and oxoglutarate carrier (OGC), with
differential affinities [89]. Another study compared the function of the cleaved presequences
of PiC and CiC, which are unrelated to matrix targeting sequences: the PiC presequence
lacks the amphipathic pattern and the CiC presequence is polar but short. Both presequences
were not essential for import but increased efficiency by different means — the PiC sequence
provided a binding site for Hsc70, while the CiC sequence increased the physical solubility
[90].

Tom70 was implicated in the import of other hydrophobic mitochondrial proteins outside of
the carrier family. Import of Tim54, an IM protein, requires Tom70 [91], as does the import
of some matrix proteins such as mitochondrial alcohol dehydrogenase isozyme 111 and
citrate synthase [92, 93]. Tom70 also plays a role in the insertion of OM proteins, including
Tom40, which follows the same Hsp90- and Hsc70-mediated targeting pathway as the inner
membrane carrier proteins [94, 95]. The Bcl-2 homology protein Mcl-1 has been reported to
target to the OM for insertion of its tail anchor via Tom70, but through a direct interaction
with the TPR clamp domain [96]. Recently, Tom70 has been implicated in the import of OM
proteins with multiple a-helical transmembrane segments, particularly the cholesterol
translocator protein (TSPO) and the mitofusin protein Mfn2. The involvement of Hsp90 in
TSPO import was demonstrated by Tom70 competition and drug inhibition of Hsp90, and its
import also involved the OM protein Metaxinl as well as the TOM complex [97, 98].

While a direct involvement of Tom70 has not been shown, recent studies demonstrated that
Hsp90 and its co-chaperone Cdc37 regulate the subcellular distribution of the PTEN-
induced putative kinase, Pink1, mutations of which are linked to autosomal recessive
Parkinson’s disease [99-101]. Pink1 contains a classical N-terminal presequence for
translocation to mitochondria, where it is proteolytically processed from its full-length
precursor form (66 kDa) to two smaller forms (55 kDa and 46 kDa) [99, 102]. Intriguingly,
both full-length and mature forms of Pink1 exhibit dual localization in the cytosol and
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mitochondria [101, 103]. In addition to its function in stabilizing Pink1, Hsp90 was also
shown to cooperate with its co-chaperone, Cdc37, and bind different forms of Pink1 to
regulate their subcellular distributions between cytosol and mitochondria [99, 101]. Another
Hsp90 co-chaperone AIP (arylhydrocarbon receptor-interacting protein), was reported to
mediate the Tom20-dependent import of OTC, and ternary complexes of AIP-OTC-Tom20
were also observed [104]. Interestingly, AIP contains a TPR clamp domain for chaperone
interaction with Hsc70 and Hsp90, and binds the C-terminal DDVE sequence of Tom20 at
the same site [104, 105].

TOM70 STRUCTURE AND FUNCTION

The crystal structure of the cytosolic domain of yeast Tom70 depicts the receptor as a
homodimer of two compact subunits with a relatively flat dimerization interface. Each
subunit contains a chaperone-binding TPR clamp domain in the N-terminal region, followed
by a disordered linker, and a large C-terminal a-helical domain that forms a conserved,
somewhat hydrophobic cavity and was proposed to be the preprotein binding pocket [106].
However, the putative preprotein binding cavities cannot cooperate in binding the multiple
targeting signals of a preprotein because the subunits depicted in the homodimer are in
opposite orientation. Chaperone docking is also unfavorable due to steric hindrance from the
C-terminal region helices, which fold down to form the dimerization interface with helices
from the N-terminal region and occlude parts of the TPR clamp domain. A similar cytosolic
fragment of yeast Tom70 was reported to adopt an extended, monomeric conformation in
analytical ultracentrifugation experiments, and measurements of unfolding pathways
provided evidence for a monomer with domains relatively independent of each other [107,
108]. Small-angle X-ray scattering experiments generated molecular envelopes of yeast
Tom70 alone or with a bound chaperone-derived peptide. The envelopes portray an
elongated “club” shape that fit well with a monomeric Tom70 with an end-to-end
arrangement of the domains [109]. These conflicting data suggest different molecular
mechanisms of the receptor. If Tom70 exists as a homodimer as depicted in the crystal
structure [106], the receptor would need to undergo substantial domain rearrangement or
even partial unfolding for chaperone docking to occur. The conformational change involved
would be substantial and therefore might require chaperone activity. However, the formation
of the receptor-bound intermediate (stage 11) does not require ATP, suggesting that the role
of the chaperones may not be related to a conformational switch of Tom70. Rather, the
chaperone activity occurs after docking, as evidenced by the effect of GA in blocking
progression of the preprotein to the GIP [84]. On the other hand, in the monomeric model,
both the TPR clamp and the putative preprotein binding domain are exposed and compatible
for chaperone docking and preprotein interaction, which seems more consistent with the
ATP-independent docking step. Studies with yeast Tom71, a paralogue of yeast Tom70,
provides a model in which Tom70 exists in equilibrium of the two states [110].

These ideas were investigated with human Tom70, also in light of earlier cross-linking and
BNP experiments which provided evidence for homodimeric yeast Tom70. Analytical
ultracentrifugation experiments showed that a similar cytosolic fragment of human Tom70
exists in equilibrium between monomer and dimer. The equilibrium could be shifted to
predominantly monomer by point mutations located on the predicted dimerization interface.

Protein Pept Lett. Author manuscript; available in PMC 2016 September 16.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Fan and Young

OUTLOOK

Page 9

Notably, preprotein binding was more efficient with the mutant Tom70, and Tom70 on
human mitochondrial OM was found not to dimerize. Taken together with the structural
work, the functional state of Tom70 was confirmed to be the monomer [111].

A number of important questions remain on the mechanisms of Tom70-mediated import and
on the role of molecular chaperones in mitochondrial targeting. For example, a molecular
understanding is lacking of how Tom70 receives the preprotein from the chaperones and
subsequently delivers it to the GIP for translocation. The insertion mechanism for many OM
proteins (except for B barrel proteins such as Tom40 and porin/\VDAC, which utilize the
sorting and assembly machinery SAM) is still poorly characterized. How does Tom70
facilitate the import of the tail-anchored Mcl-1 and the multi-spanning TSPO? In particular,
elucidation of the mechanism by which Bcl-2 family members are targeted to the OM
present a challenge. Insertion of Bak and Bax was independent of TOM components and
cytosolic factors, but may involve the OM porin VDAC [112, 113]. Targeting of Bcl-2 was
reported to involve FKBP38, a transmembrane immunophilin that also contains a TPR
clamp domain [114, 115], but the role of chaperones is still unclear. On the other hand,
Hsp90 and Cdc37 are required for mitochondrial targeting of Pink1, yet the involvement of
Tom70 remains to be confirmed. Finally, the possible function of chaperones in the
regulation and degradation of OM proteins is still to be explored.
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LIST OF ABBREVIATIONS

AAC ADP/ATP carrier

(pm)AAT  (Precursor of the mitochondrial) aspartate aminotransferase

AlP Arylhydrocarbon receptor-interacting protein
ANT Adenine nucleotide transporter

BNP Blue native polyacrylamide gel electrophoresis
CiC Citrate carrier

F1p F1-ATP synthase subunit

GA Geldanamycin

GIP General import pore

Hop Hsc70/Hsp90-organizing protein

Hsc70 70-kDa heat shock cognate protein
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Figurel.
Mitochondrial import pathways. Proteins pass through a common TOM complex in the outer

membrane (OM), consisting of Tom40, Tom22, Tom5, Tom6 and Tom7, and the import
receptors Tom20 and Tom70. Proteins with matrix targeting presequences are recognized by
Tom20 and directed to the matrix or released into the inner membrane (IM) or
intermembrane space (IMS) by the TIM23 complex. Metabolite carrier proteins are
recognized by Tom70 and inserted in the IM by the TIM22 complex. Translocation across
the IM via the TIM23 or TIM22 complexes requires the (positive/negative) membrane
potential (AY).
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Figure 2.
The Hsc70-Hsp90 multichaperone system. DnaJ co-chaperones can bind substrate and

activate Hsc70 to hydrolyze ATP and bind the substrate (early stage). Nucleotide exchange
factors (NEF) allow Hsc70 to return to the ATP state. Released substrates may be folded or
transferred to Hsp90 in complexes containing the TPR clamp domain co-chaperone Hop
(intermediate stage). Hsp90 in the ATP state stably binds substrate. Other TPR co-
chaperones can replace Hop on Hsp90, and the co-chaperones p23 and Ahal regulate the
Hsp90 ATPase cycle for substrate folding (late stage). ATP hydrolysis by Hsp90 releases
substrate.
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Figure 3.
Stages of Tom70-mediated import. In Stage I, carrier preprotein is bound by the cytosolic

chaperone complex. Inhibition of Hsp90 by novobiocin (NB), or of Hsc70 by the Bag-1
NEF (C-Bag) disrupts targeting. In Stage 1, chaperones dock onto Tom70 which recognizes
targeting signals in the preprotein. Tom70 competition with an Hsp90 fragment (C-90)
blocks docking. ATP cycling by the chaperones releases preprotein to the TOM translocation
pore, Stage Il1. Depletion of ATP, or geldanamycin (GA) inhibition of Hsp90, impairs
progression to Stage I1l. The TIM22 complex inserts the carrier in the IM in Stage 1V,
dependent on the membrane potential. In Stage V, the carrier is folded and assembled into its
native state.
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