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Abstract: The fact that >99% of mitochondrial proteins are encoded by the nuclear genome and
synthesised in the cytosol renders the process of mitochondrial protein import fundamental for
normal organelle physiology. In addition to this, the nuclear genome comprises most of the proteins
required for respiratory complex assembly and function. This means that without fully functional
protein import, mitochondrial respiration will be defective, and the major cellular ATP source
depleted. When mitochondrial protein import is impaired, a number of stress response pathways are
activated in order to overcome the dysfunction and restore mitochondrial and cellular proteostasis.
However, prolonged impaired mitochondrial protein import and subsequent defective respiratory
chain function contributes to a number of diseases including primary mitochondrial diseases and
neurodegeneration. This review focuses on how the processes of mitochondrial protein translocation
and respiratory complex assembly and function are interlinked, how they are regulated, and their
importance in health and disease.

Keywords: protein import; mitochondrial dysfunction; respiratory complex assembly; supercom-
plexes; neurodegeneration; mitochondrial proteostasis

1. Introduction

Mitochondria provide the main source of cellular energy in the form of ATP. This is
particularly important in high energy consuming cells such as cardiac and muscle cells as
well as in neurons. On top of this vital role in ATP synthesis, mitochondria have a plethora
of other roles, including regulation of cellular metabolism, calcium storage and signalling,
reactive oxygen species (ROS) signalling, damage-associated molecular patterns (DAMPs)
production in inflammation and immunity, and programmed cell death [1]. The presence of
key enzymes and proteins in different submitochondrial compartments is indispensable for
these roles. Consequently, protein translocation becomes a fundamental process for efficient
mitochondrial physiology. Due to their diverse proteome, mitochondria have distinct
import pathways, which must be fully operational to maintain a healthy organelle [2]. The
first section of this review will cover how cytoplasmic translated proteins are imported
into mitochondria, as well as how mitochondrial-encoded proteins are translocated from
the matrix to the inner mitochondrial membrane (IMM). We then explore the special
case of respiratory complexes, which are multimeric proteins assembled from subunits
encoded by both the nuclear and mitochondrial genomes to highlight the importance of
the import machineries.
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Due to the fundamental importance of mitochondrial homeostasis for the regulation of
multiple central processes and pathways, it is not surprising that mitochondrial defects, and
more specifically mitochondrial import defects, have been implicated in several diseases [3].
These include most neurodegenerative diseases [4], as well as mitochondrial diseases
associated with deficiencies of the respiratory complexes due to mutations affecting the
import machineries [5]. These will be discussed later, followed by a discussion of the recent
advances therein and with respect to the most common mitochondrial stress response and
proteostatic pathways thought to counteract import dysfunction.

2. Protein Translocation

All but 13 of the estimated >1000 human mitochondrial proteins [6] required to
perform key mitochondrial functions are encoded by the nucleus and synthesised on
cytoplasmic ribosomes and thus must be imported into mitochondria through highly
conserved protein translocation pathways (Figure 1). Owing to the double membrane
bound structure of mitochondria, these multistep protein translocation pathways involve
numerous protein complexes (Figure 1 and Table 1). Moreover, their proteome consists
of soluble, membrane-bound, and transmembrane proteins with different mitochondrial
sub-localisations. Therefore, specialised import machinery has evolved to successfully
import all classes of proteins.
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Figure 1. Overview of human mitochondrial protein import pathways. The TOM complex acts as the central entry gate
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for precursor proteins to enter the IMS, where they are diverted into one of five pathways, depending on their structure,
function, and target destination. The MIM pathway (only currently understood in yeast) is an exception in that proteins
usually do not cross the Tom40 channel. Instead, OMM «-helical proteins are recognised by Tom70 and transferred through
MIM to be inserted into the OMM. The five major pathways proteins take after crossing the TOM channel are the following.
The presequence pathway: Presequences containing precursor proteins are transported via the presequence pathway.
Of these proteins, proteins with a hydrophobic sorting sequence are inserted into the IMM by the TIM23%°RT complex,

whereas hydrophilic matrix proteins are pulled through the TIM23MOTOR complex, with the help of the PAM complex and
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ATP hydrolysis cycles. The presequences of both these groups of proteins are cleaved by MPP on the matrix side. The
OXA1 pathway: N-terminally inserted multispanning membrane proteins, once passed through TIM23MOTOR and cleaved
by MPP, are passed to OXA1L, which inserts them into the IMM in the N-terminal formation. OXA1L is also responsible
for the insertion of mtDNA encoded proteins into the IMM. The SAM pathway: (3-barrel proteins are transported to the
TOM complex by cytoplasmic chaperones. They are then passed through the TOM complex and received by small TIM
chaperones on the other side for insertion into the OMM by the SAM complex. The MIA pathway: Cysteine-rich proteins in
an unfolded, reduced state are passed via the TOM complex to the MIA complex, which inserts disulphide bonds in them,
allowing them to reside in a folded, oxidised state in the IMS. Carrier pathway: Proteins with internal targeting signals are
protected in the cytosol by cytosolic chaperones (Stage I), which pass them to the TOM complex (Stage II). They are received
on the IMS side by small TIM chaperones (Stage III), which transfer them through the IMS to the TIM22 complex (Stage IV)

3o0f44

for insertion into the IMM (Stage IV).

Table 1.
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Table 1. Cont.
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2.1. Crossing the Outer Membrane

All proteins destined to the mitochondria must first cross the outer mitochondrial
membrane (OMM), which they gain access to via the translocase of the outer membrane
(TOM) complex (Figure 1). The TOM core complex (TOM-CC) consists of five components:
TOM40, TOM22, TOM7, TOM6, and TOMS5. The TOM holo-complex is formed following
weak association of the TOM-CC with an additional two subunits: TOM20 and TOM70 [2,7].
These subunits are highly conserved between humans and yeast (Table 1); however, we
refer to the yeast translocases in the following section, since this was the first organism
it was discovered in. Precursor proteins are recognised by the receptor proteins Tom20,
which recognises proteins with a mitochondrial targeting sequence (MTS), i.e., presequence
proteins [8,9], and Tom70, which specifically recognises precursors with internal targeting
signals, such as those belonging to the solute carrier family (SLC25) [10,11]. Proteins are
then passed to the Tom40 pore via another receptor component, Tom22, which has also been
shown to assist in the assembly of the TOM complex [12-14]. Tom22 physically interacts
with Tom40 via its transmembrane segment, whilst its cytosolic domain has been suggested
to act as a docking site for the other receptor proteins, Tom70 and Tom20. Recently, the
OMM porin metabolite channel (also known as the voltage-dependent anion channel)
has been reported to regulate Tom22 integration into the TOM complex in yeast, thus
regulating the assembly and stability of the TOM complex [15,16]. Por1, the major yeast
isoform of Porin, binds newly imported Tom22 and integrates it into the TOM complex,
promoting formation of the mature trimeric form of the TOM complex required for import
of precursor proteins [15]. Por1 also sequesters dissociated Tom?22, stabilising the dimeric
TOM complex under situations where this is preferable, i.e., for the import of proteins
destined for the mitochondrial intermembrane space (IMS) assembly (MIA) pathway [15].
Porin is also thought to cooperate with Tomé in regulating trimeric TOM assembly and
stability and thereby modulating protein import during the cell cycle [15,17].

The different oligomeric states of the TOM complex and the nature of these different
states remains unclear. Whilst it had generally been accepted that the mature form of TOM
complex exists as a trimer [18-21], a cryogenic electron microscopy (cryo-EM) study in
Neurosposa crassa showed the TOM complex in a dimeric form [22]. More recently, high
resolution cryo-EM studies in Saccharomyces cerevisiae showed that the TOM-CC exists
as dimers and tetramers. The latter is essentially a dimer of the dimeric form of TOM-
CC, achieved by lateral stacking of the dimeric TOM complex [7]. Due to the dynamic
properties of the TOM complex, it may be proposed that the trimeric complex is formed by
dissociation of a monomer from the tetrameric form.

Of note, the only protein of the TOM complex with a significant IMS domain is
Tom22, which is important for its role in directing emerging precursor proteins to the
Tim50 receptor of the translocase of the inner membrane 23 (TIM23) complex for further
translocation [23]. Structural analysis of the interactions between these differing structural
subunits showed that association is mainly mediated by hydrophobic interactions, along
with high surface complementarity between the transmembrane domains [7].

2.2. Biogenesis of OMM Proteins

Evidence has also shown that, in yeast, Tom40 may simultaneously act as an insertase,
assisting in the lateral release and insertion of proteins destined for the OMM. However,
this is highly dependent on specific determining factors within the precursor sequence
and is not yet fully understood [24]. Although this initial observation was monitored
using an artificial import substrate, it has since been suggested that a similar process might
be responsible for the accumulation of high-molecular weight PINK1 in the OMM in a
TOM?7-dependent manner in human cells [25,26].

Recently, it has been proposed that in addition to their role in quality control, PINK1/Parkin
also regulate protein import under physiological conditions where mitochondrial function
remains normal [27]. It is proposed that ‘local dysfunction’, as in mitochondrial membrane
potential (A\}) depolarisation or import efficiency, is sensed by the PINK1/Parkin pair,
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which phosphorylates several subunits of the TOM complex, namely Tom20, Tom70 and
Tom?22, facilitating the import of presequence precursors. Importantly, the ubiquitylation
pattern under this condition is significantly different from the PINK1/Parkin activation
experienced from global mitochondrial dysfunction. Conversely, the mitochondrial ubiqui-
tylase USP30 antagonises these effects [27-29]. Additionally, USP30 was shown to work in
a reciprocal manner to MARCHS5, a E3 ubiquitin-protein ligase of the OMM, under basal
conditions, for deubiquitinating presequence substrates during translocation, facilitating
their import. For other regulatory mechanisms of protein import, please see [30].

2.2.1. Insertion of (3-Barrel Proteins in the OMM

Precursors of 3-barrel proteins destined to be inserted into the OMM are passed via
small TIM chaperone proteins to the sorting and assembly machinery (SAM) complex, for
insertion into the OMM [31,32]. The SAM pathway has been described in detail in another
review [33]. The human SAM complex consists of accessory subunits MTX2 (yeast Sam35),
MTX1, and MTX3 (yeast Sam37) and OMM associated 3-barrel core subunit SAMS50 (yeast
Sam50; Table 1) [34]. In yeast, 3-barrel precursor proteins are translocated through the
TOM complex, where they are bound by small TIM chaperones and transferred through
the IMS to the SAM complex (Figure 1). Substrate proteins are recognised by Sam35, which
interacts with the 3-signal located in the last strand of the substrate protein. This initiates
insertion into Sam50, which is responsible for folding and inserting substrates into the
OMM [32]. Sam37 is required for substrate release and has also recently been proposed
to assist in the formation of a SAM-TOM supercomplex, mediated by physical interaction
of Sam37 and Tom?22 on the cytosolic side of the OMM [35]. This SAM-TOM interaction
has been shown to be essential for coupling of the two OMM complexes and promoting
efficient precursor transfer [35]. Though not a part of the core SAM complex, Mdm10 is
thought to associate with the SAM complex and have an important role in Tom40 assembly
into the TOM complex [36]. This pathway is very similar to that observed for 3-barrel
proteins of the outer membrane in bacteria, which are folded and inserted into the outer
membrane by the bacterial assembly machinery (BAM) complex, the E.Coli homolog of
SAM [34].

2.2.2. Incorporation of «-Helical Anchors in the OMM

Over 90% of integral OMM proteins contain «-helical membrane anchors, yet the
import pathway undertaken by these proteins is still relatively poorly understood, particu-
larly in humans [37]. In yeast, the majority of these proteins are recognised by the Tom70
receptor of the TOM complex and passed on to the insertase of the outer mitochondrial
membrane (MIM) complex, which aids in their insertion into the OMM (Figure 1 and
Table 1) [38,39]. Multiple copies of Mim1 arrange themselves in such a way that, when
reconstituted into the lipid bilayer, a channel is formed, and along with a couple of copies
of Mim?2, this establishes the MIM complex [40,41].

There are, however, known exceptions to this rule, whereby these o-helical proteins
are passed through the Tom40 channel into the IMS prior to insertion into the OMM, aided
by the MIM complex [42,43]. Interestingly, one of these proteins, yeast Om45, has been
shown to require the TOM, TIM23, and MIM complexes for insertion into the OMM, where
it is anchored by its N-terminal signal sequence with the bulk of the protein exposed to
the IMS [42]. The final topology of Om45 is thus opposite to the Nj,-Cout topology typical
of MIM pathway proteins. The other known exception, yeast Mcp3, is also directed via
TOM and TIM23, but is then processed by the inner mitochondrial membrane protease
(IMP) before being transferred via MIM and inserted into the OMM with a final topology
of Nout-Cout [43]. Notably, whilst both proteins interact with components of the TIM23
complex and are dependent on A, they do not cross or interact with the IMM [42,43].



Life 2021, 11, 432

7 of 44

2.3. Co- and Post-Translational Translocation

Importantly, preproteins must be unfolded in the cytosol and subsequently stabilised,
in an ATP dependent process, by molecular chaperones of the heat shock protein (hsp)
families Hsp70 and Hsp90, to then be efficiently imported [44,45]. Conversely, the sub-
sequent translocation of these unfolded preproteins through the TOM channel occurs
independently of ATP and Ay, and instead relies on an indirect driving force. That is
the increased affinity of the presequences for the trans over cis side of the TOM channel,
allowing transport of the preproteins across the channel where the presequence is bound
by TIM50 [46]. This transport is also thought to rely on the sequential binding of the
presequence to acidic domains of receptor proteins in what is known as the “acid chain’
hypothesis [47].

Interestingly, whilst the majority of preproteins are synthesised in the cytosol and must
be unfolded prior to insertion into the TOM complex, others are unable to be imported into
mitochondria post-translationally, and instead must undergo co-translational translocation
whereby cytosolic ribosomes associate with mitochondria [48]. For this subgroup of
proteins, it is thought that signals within the 3/-untranslated region (UTR) and coding
regions of their mRNAs mediate their targeting to the cytosolic side of the OMM [49-51],
where cytosolic ribosomes have also been observed [52,53].

2.4. Staying in the Intermembrane Space—The Disulfide Relay System

Proteins destined for the IMS take the route of the MIA pathway (Figure 1 and Table 1),
which has been reviewed in great detail previously [54]. This class of proteins lack an MTS,
are generally small, and share a conserved coiled coil-helix1-coiled coil-helix 2 domain
(CHCHD). These cysteine-rich proteins contain two pairs of cysteines separated by three
or nine amino acid residues (Cx3C or CxyC) in the helices [54]. The small TIM chaperones
of the IMS, important for translocase of the inner mitochondrial membrane 22 (TIM22)-
dependent translocation described below, and assembly factors of IMM proteins, such as
the respiratory complexes (see below and Table S1), are some examples of MIA substrates.
The substrates are also relatively unstable and prone to degradation prior to their reduction
by the relay system [55]. These cysteine-rich proteins undergo oxidation driven import
whereby, upon passing through the TOM complex in an unfolded, reduced state, they form
transient disulphide bonds with Mia40 [56,57]. CHCHD4 is the human ortholog of yeast
Mia40 and shows high conservation despite the smaller size (16 vs. 40 kDa, respectively),
lack of MTS, and no transmembrane anchor domain [58]. Instead, the human CHCHD4
interacts with the apoptosis inducing factor (AIF) and its cofactor NADH for association
with the IMM [58].

The second player in the MIA pathway is ALR (Erv1 in yeast), a FAD-linked sulfhydryl
oxidase that enables new rounds of precursor import and oxidation by re-oxidising reduced
CHCHD#4 after it has carried out its role as an oxidoreductase, thus allowing the cycle
to continue [59]. Similarly, reduced ALR can relay its electrons to cytochrome ¢ and,
afterwards, to CIV of the respiratory chain [60]. Therefore, despite not requiring ATP or
A to operate, the MIA pathway still depends on a functional electron transport chain
(ETC) to successfully oxidise its substrates.

2.5. Crossing or Insertion in the Inner Membrane

Proteins that are destined elsewhere within the mitochondria, namely the matrix
or its membrane, must subsequently pass through or into the IMM (Figure 1). This
membrane crossing (or insertion) import event is facilitated by one of two translocase
complexes, the translocase of the inner mitochondrial membrane 23 (TIM23) complex, or
the TIM22 complex.

2.5.1. TIM23 Complex (Presequence Pathway)

Precursor proteins destined for the mitochondrial matrix, along with some IMM
sorted proteins, containing an N-terminal presequence (i.e., MTS), are passed directly
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from the TOM complex to the TIM23 complex [2,30]. The MTS is a cleavable region of
15 to 50 amino acids that precedes the mature protein and which is rich in hydrophobic,
hydroxylated, and basic residues, with an overrepresentation of arginine residues and a
near absence of acidic residues, forming a positively charged, amphipathic a-helix [61].
Interestingly, it has recently been suggested that preproteins may also contain additional
internal MTS-like signal sequences (iMTS), located in the mature region of the preprotein,
which act similarly to presequences and mediate the binding of the preprotein to Tom70,
increasing the efficiency of protein import via the presequence pathway [62].

The TIM23 complex is anchored to the IMM and exists as a hetero-oligomeric complex,
composed of various subunits (Table 1). It consists of an integral membrane embedded core
complex as well as an import motor [63]. The core complex contains three essential subunits:
TIM17A/B, TIM23, and TIM50 (Tim17, Tim23, and Tim50 in yeast) [46,64-66]. Additionally,
the membrane-embedded part has two non-essential subunits: TIM21 and ROMO1 (Tim21
and Mgr2 in yeast) [12,67]. The import motor, also known as the presequence translocase-
associated motor (PAM) complex, drives translocation across the IMM, aided by ATP
hydrolysis, and consists of TIM44, mtHSP70, DNAJC15/19, TIM16, and GRPEL1/2. In
yeast, the homologs are Tim44, SSC1 (also known as mtHsp70), Tim16 (also known as
Pam16), Tim14 (also known as Pam18), and Mgel, as well as Pam17, which is not known
to have a human homolog [68-73].

In yeast, precursor proteins released from the TOM complex and destined for the
presequence pathway are recognised by Tim50 and the IMS region of Tim23, which act
as receptor proteins for the incoming precursors [63]. This is achieved by binding of the
hydrophilic, IMS-exposed part of the Tim23 subunit and the IMS-extending part of the
Tim50 subunit in the IMS [46,65,66,74]. The Tim23 pore acts as a voltage gated channel and
is ~13 A wide, thus wide enough for only one «-helix to pass through at a time [75,76]. The
pore is formed by the hydrophobic, C-terminal membrane domain of Tim23, and Tim17,
which has been shown in the yeast model to be important for formation of the twin-pore
structure, since it is unable to form in Tim17-depleted mitochondria [77]. In the handover
of proteins from the TOM complex to the TIM23 complex, Tim50 also interacts with various
partner proteins, including Tom22 and Tom21, which are necessary for the correct recog-
nition and direction of precursor proteins across the IMS to the TIM23 channel [74,78-80].
Notably, it has recently been shown that phosphorylation/dephosphorylation of mam-
malian TIMS50 is required for regulation of import activity, that is, phosphorylation of
TIM50 reduces mitochondrial import, whilst its dephosphorylation by human phosphatase
PPTC?7 enhances it [81]. TIM50/Tim50 is phosphorylated on its matrix-facing segment in
both mouse and yeast (T33 and 5103, respectively) [81], but the identity of the kinase(s)
responsible for this effect is still unknown. Furthermore, various matrix proteins were
found to have phosphorylation sites around their MTS, the dephosphorylation of which
is also thought to be important for enhancing their import and processing within the
matrix [81]. This study highlights the importance of further work to dissect the currently
unclear mechanisms regulating translocation.

The crossing of precursor proteins across the import channel of the IMM is driven by a
number of forces: the proton motive force, i.e., A and ApH, the affinity of the presequence
for the cis side over the trans side of the membrane, and ATP hydrolysis [63,82]. As
mentioned above, the higher affinity of presequences towards Tim50 initiates the handover
from TOM to TIM23 complex. Additionally, the positively charged MTS means that the Ay
across the IMM exerts an electrophoretic effect on the proteins, facilitating the threading
through TIM23.

As soon as the precursor emerges from the channel, it immediately interacts with
Tim44. Importantly, it was shown that the affinity of presequences is higher for Tim44
compared to Tim50 [78], strengthening the directionality of presequence movement across
the IMM. Additionally, Tim44 is known to act as a scaffold and to recruit the PAM com-
plex (Table 1) [83]. In this model, one arm of Tim44 is anchored to Tim23 while another
arm is dynamic and interacts with mtHsp70, Tim16 and, indirectly, Tim14, controlling
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the active:inactive state of the motor [76]. A typical cycle would involve the recruitment
of ATP-bound mtHsp70 followed by a loose binding to the emerging precursor. Then,
Tim14 would stimulate the ATPase activity of mtHsp70, trapping the bound polypeptide
and consequently releasing the chaperone from Tim44, allowing the sliding of the precur-
sor:chaperone complex into the matrix. The binding of Mgel to this complex in the matrix
allows the release of ADP and subsequent binding of a new ATP molecule coupled with
the release of bound precursor [84]. The presequences are cleaved off by mitochondrial
processing peptidase (MPP), leading to protein folding and maturation [12].

Nonetheless, not all precursors that are passed to the TIM23 complex are destined
for the matrix. In fact, TIM23 is also responsible for the sorting and lateral insertion
of membrane proteins into the IMM. These proteins contain a stop transfer signal, a
region adjacent to the presequence of ~20 amino acids, which is rich in hydrophobic
residues flanked by charged resides, also known as a sorting signal sequence, which targets
them for this pathway of insertion [85]. The assembled TIM23 complex responsible for
protein insertion into the IMM differs from the motor associated TIM23 in that it contains
TIM21 (Tim21) and ROMO1 (Mgr2) and lacks the PAM complex [12], since it does not
require the motor activity, but is instead driven supposedly solely by A [85,86]. For these
reasons, the motor-associated TIM23 complex is known as TIM23MOTOR complex, whilst
the lateral release TIM23 complex is known as the TIM235CRT complex. Tim21 is important
in regulating the lateral release of IMM proteins [87,88]. Furthermore, Mgr2 is important in
aiding the binding of Tim21 to the TIM23%CRT complex, as well as in the lateral release of
proteins into the IMM [89]. The ability of Mgr2 to be crosslinked to precursors in transit
suggests that it may make up part of the channel [67].

2.5.2. TIM22 Complex (Carrier Pathway)

In the previous section, we described how proteins resident in the IMM, containing
a single transmembrane domain and a mitochondrial targeting sequence, use the TIM23
complex for insertion. However, some hydrophobic proteins destined for the IMM are
synthesised without a presequence and comprise multiple transmembrane domains and
consequently, require a different import pathway named TIM22 or carrier pathway [90-92].
The majority of these proteins belong to the solute carrier family, typically containing
six o-helical domains with multiple internal targeting sequences within the mature pro-
tein [90,93]. However, the exact mechanism by which these internal targeting sequences
target carrier proteins to the IMM remains to be fully elucidated. The carrier pathway is
particularly important for mitochondrial protein translocation as a whole since some of its
substrates include translocase subunits Tim17, Tim22, and Tim23 [94].

Recent cryo-EM studies have determined the structure of the human TIM22 complex
at 3.7 A from overexpression in HEK293T cells [95] and yeast TIM22 at 3.8 A resolution
from endogenous protein levels [96]. The obtained models revealed notable structural
differences between the two. Human TIM22 is a complex of ~440 kDa, and the cryo-EM
structure (approx. 100 A height and 160 A width) revealed six subunits: TIM22, TIM29,
acylglycerol kinase (AGK), TIM9, TIM10A, and TIM10B (Table 1) [95]. This structure shows
the complex mainly extending into the IMS, along with a transmembrane region consisting
of four transmembranes of TIM22 and one transmembrane of TIM29 and AGK. TIM29 acts
as a scaffold, holding both TIM9-TIM10A-TIM10B and AGK in proximity to the TIM22
channel. The human TIM22 structure showed the chaperone ring to be tilted at a 45°
angle [95]. It is also thought that TIM29 links the TIM22 and TOM complexes, mediating
transfer of the carrier protein, a link that has not yet been shown in yeast [97,98]. Recent
studies have revealed that AGK, which is involved in lipid biosynthesis, is important for
TIM22 assembly and function [99,100].

In yeast, the TIM22 complex is ~300 kDa and consists of seven subunits: Tim22,
Tim18, Tim54, Sdh3, Tim9, Tim10, and Tim12 (Table 1) [96]. The yeast structure showed
that the small TIM subunits (Tim9-Tim10-Tim12) sit on the membrane in a hexameric
ring formation and are anchored to the rest of the TIM22 complex via a docking platform



Life 2021, 11, 432

10 of 44

consisting of Tim18-Sdh3 and Tim22. Tim54 is also required to hold Tim9-Tim10-Tim12 in a
tilted conformation, like in humans, at around 45°, allowing them to receive substrates and
pass them to the Tim22 channel [96]. Interestingly, Sdh3 is also a component of respiratory
Complex II [101]. However, there is no evidence to suggest that the human Sdh3 homolog
SDHC associates with the TIM22 complex.

Overall, the TIM22 carrier import pathway can be divided into five distinct and
consecutive stages (Figure 1) with different energy requirements, producing perceivable
transport intermediates to be monitored in vitro [102]. The stages are described in yeast
below but are thought to be very similar in humans. In Stage I, the recently translated
precursor is found in a soluble chaperone-bound form (chaperones of the Hsp70/Hsp90
families) not associated with mitochondria.

Then, during Stage II, the precursor—chaperone complex is passed on to the Tom70
receptor in an energy-independent manner, driven solely by the affinity of the receptor
towards the precursor and the tetratricopeptide repeats in the chaperone. The Tom70
molecules contain two binding sites, one for the precursor and one for the chaperones [103],
and aid in the transfer of the protein to Tom22 for insertion into the Tom40 channel [104,105].
More recently, the biological significance of Tom?70 has been challenged, and it is suggested
that the receptor acts as a general interface between cytosolic chaperones and the mito-
chondrial import machinery, and not as a specific receptor for carrier precursors [106].
In this regard, Tom70 would play a key role in reducing precursor-induced proteostasis
stress. Next, ATP binding to the cytosolic chaperone triggers the release of the precursor
and progression through the Tom40 channel. Importantly, the precursor can be arrested
in Stage II by ATP depletion [102]. Interestingly, it is thought that carrier proteins are
inserted into the Tom40 channel with both termini remaining in the cytosol, in a loop-like
formation [107].

During Stage 111, the precursor emerges from the IMS-facing side of the Tom40 channel,
binding the small TIM chaperones (Tim9-Tim10), which tend to exist as hetero-hexameric
complexes, for handover to the TIM22 complex. However, experimental data where Ay
was dissipated showed the accumulation of two distinct populations, suggesting that
the following stages, namely insertion, are A\{-dependent, and that Stage III is further
divided in two sub-stages. Stage Illa represents the precursor deeply inserted in the
TOM complex and protected from exogenous proteases [102]. Stage IIIb represents a fully
translocated precursor across the OMM, tethered to the TIM22-bound TIM chaperone
complex (Tim9-Tim10-Tim12) via hydrophobic interactions [102]. Tim12 is bound to the
TIM22 complex, and thus aids in passing chaperoned carrier proteins to the Tim22 channel
via the Tim54 docking site. Recently, it has been shown in yeast that Porins can assist
the translocation by recruiting and interacting with the TIM22 complex, forming contact
sites between OMM/IMM, to spatially coordinate inner and outer membrane transport
steps [108]. However, others have identified that these juxtapositions are maintained by
the interaction of TIM22 with the mitochondrial contact site and cristae organising system
(MICOS) complex in humans [109]. Conversely, MICOS is found in association with the
TIM23 complex in yeast [109].

Interestingly, the last two stages of the translocation of carrier precursors show differ-
ential dependence on Ay, confirmed experimentally through the use of ionophores [92].
Stage 1V, also known as docking, can occur in a partially depolarised membrane (—120 to
—60 mV) whereby the precursor is in full association with the TIM22 complex and one
of its loops is inserted in the Tim22 channel [92]. Despite the low A, the electrophoretic
effect experienced by the positive charges on the matrix loops of the carrier precursor is
apparently sufficient to drive its partial translocation into the complex. Finally, Stage V re-
quires a fully energised membrane (>—120 mV) to successfully insert the carrier precursor
into the IMM after lateral opening of TIM22 [92,102].

Recently, the canonical even-numbered paired transmembrane helices with Noy¢- and
Cout-terminal rule for TIM22 substrates has been challenged [110]. In this report, authors
observed that the yeast mitochondrial pyruvate carrier, which has an odd number of
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transmembrane segments and a matrix-facing N-terminus, was imported specifically via
the TIM22 complex. Similarly, it has been recently reported that human sideroflexins, a
class of IMM proteins that contain five transmembrane domains and that do not belong to
the SLC25 family, are imported via TIM22 [111]. Therefore, we can assume that the TIM22
substrate spectrum is less intransigent and contains proteins with paired and non-paired
transmembrane domains.

2.5.3. Oxal

Despite the endosymbiotic character of mitochondria, the organelle lacks a SecY-like
translocon and possesses instead an import machinery that more closely relates to the
bacterial membrane insertase YidC [112]. The so called IMM protein oxidase assembly
protein 1 (OXA1L, OXA1 in yeast; Figure 1 and Table 1) is highly conserved from bacteria
to mammals and plants [113].

OXAL1 is nuclear-encoded, translated in the cytosol, and imported into the mito-
chondria by the TOM/TIM23 pathway via its N-terminal MTS in an mtHsp70- and ATP-
dependent manner [114]. Interestingly, recently imported OXAL1 is first observed in the
matrix and then uses endogenous OXA1 to successfully insert itself into the IMM [114].
Mature OXA1 (36 kDa) is known to form oligomers, although its behaviour is still contro-
versial. For example, in Neurospora crassa, it exists as a homo-tetramer [115], while human
OXALIL has an apparent mass of 600-700 kDa, suggesting a hetero-oligomeric complex of
unknown identity [116].

Since the majority of mtDNA-encoded proteins are highly hydrophobic, it is pre-
dictable that OXAIL interacts with mito-ribosomes for a co-translation process, whereby
nascent chains associate with the insertase to suppress possible aggregation of the polypep-
tide in the matrix. This interaction occurs via the long C-terminus of OXA1L/OXAl, in
both humans and yeast [117]. Recently, a cryo-EM structure showed an association between
human OXA1L and mitochondrial ribosomes in a native state, coupling protein synthesis
and membrane delivery [118].

In addition to its role in the insertion of mtDNA-encoded proteins, OXAl is also
responsible for N-terminal insertion of some nuclear-encoded proteins [119]. In these
cases, proteins with N-terminal MTS are not arrested during import via TIM235ORT p¢
are fully imported into the matrix via TIM23MOTOR and thereafter sorted for export from
the matrix via OXA1 after cleavage of the MTS [119]. Similarly, multispanning proteins
such as the ABC transporter Mdl1 can cooperatively make use of the stop-transfer (TIM23)
and conservative (OXA1) sorting for integration into the IMM [120]. In regard to yeast
Mdl1, the insertion topology occurs as follows: transmembranes 1 and 2 are imported via
stop-transfer; the subsequent transmembranes 3 and 4 are imported into the matrix in an
mtHSP60/ATP-dependent manner, and exported into the IMM via OXA1; transmembranes
5 and 6 are OXAl-independent and probably use the stop-transfer mechanism. Interestingly,
the middle two TM helices 2 and 3 (of Mdl1), dependent on Oxal for their insertion, are
not particularly hydrophobic. This ties in well with the noted evolutionary conservation
and striking structural similarity of the Oxal/YidC family with EMC3 of the ER membrane
complex [121-123]. Given their common mechanism for membrane protein insertion, it is
perhaps significant that the EMC is also recruited for the incorporation of TM helices with
reduced hydrophobicity [124]. Therefore, the possibility that OXA1 assists more widely in
the insertion of less-hydrophobic TM helices, such as those possessed by transporters (like
MdI1), proton translocators and carriers, is worthy of further investigation.

In regard to energy dependence, OXA1 does not require ATP for protein insertion,
similarly to TIM22; however, its dependence on A is not as obvious. For example, export
of the N-terminus of nuclear-encoded proteins requires an energised membrane [125],
as is the case for the mtDNA-encoded Cox2 yeast protein [126], but not for yeast Coxl,
Cox3, or cytochrome b [126]. Interestingly, this same correlation is observed in regard to
negative charges, i.e., substrates with negatively charged N-terminus and/or IMS loops are
A\-dependent, while those with less negative or neutral character are not [127], suggesting
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that the content of charged residues in an IMM protein determines its dependence on the
OXA1 translocase.

3. The Respiratory Chain and Supercomplexes

The IMM is extremely rich in protein content and accommodates among other classes
a vital group of proteins known as the ETC. Under physiological conditions, the respiratory
complexes forming the ETC can exist as individual entities and /or in association with one
another to form high-order structures, known as supercomplexes (5C) [128]. Interestingly,
it has been suggested that an important role of SC is to participate in the assembly and/or
stability of single respiratory complexes [129-131]. In fact, defects in one complex can
lead to multi-complex deficiencies [132-134]. Additionally, CI and CIII intermediates were
found to bind CIII and CIV subunits before maturation of the respiratory complex [135].

There are numerous reported interactions between components of the ETC and the
import machinery. For example, Tim21 and the two regulatory PAM subunits Pam16 and
Pam18, all part of TIM23, were found to interact with SCIII;IV in yeast [86,136]. Moreover,
human TIM21 was co-purified with CI assembly intermediates and identified as a CI inter-
actor by complexome profiling [137]. Other import-related proteins have also been found
to associate with respiratory complex subunits in yeast, such as mHsp70, which was found
to interact with Mss51, an MTCO1 mRNA-specific translation activator [138], and also with
CIV subunit Cox4 [139]. These interactions suggest a functional interdependence between
the import machinery and the respiration complexes, which still needs to be clarified.
Hypothetically, a direct interaction with the translocase system might favour a faster and
more efficient regulation of the ETC complexes assembly, possibly in response to cellular
signalling. Alternatively, the import machinery in the direct vicinity of proton-pumping
respiratory complexes could benefit from the higher A [140] required for protein import.

3.1. Respiratory Complexes Assembly

As mentioned earlier, the OXPHOS machinery is composed of both nuclear and
mitochondrial-encoded subunits, requiring the synchronisation of a series of pathways
and cellular machineries (Figure 2). Firstly, nuclear and mitochondrial gene expression
must be coordinated. This process has been observed in yeast [141], but the underlying
mechanisms are still poorly understood. It is believed that the translation of mtDNA-
encoded mRNAs is regulated by a series of translational activators acting on the 5'-UTR,
while other translational activators could interact with ribosomes or play a role in transcript
stabilisation [142-145]. Moreover, feedback regulation mechanisms linking respiratory
complex subunits’ expression with the state of complexes assembly have been described
for CIII [146,147], CIV [148-151], and CV [152,153].

Interestingly, the route of import can vary for different OXPHOS subunits as well as
for assembly factors (Table S1). It has long been known that the mRNA encoding nuclear
proteins targeted to mitochondria can form polysomes with several ribosomes and localise
to the surface of the OMM where it is translated and imported, a phenomenon known
as co-translation [154—-156]. This mechanism, observed for example for the CV subunit
ATP2 in yeast [50], is thought to promote import and assembly efficiency and requires
specific nucleotide signals in the mRNA 3’-UTRs in addition to the MTS [50,157]. However,
other ETC subunits, such as CIV COX4 [158], are encoded in a different type of polysomes,
known as ‘free polysomes’, which are not attached to the organelle membrane [51,159-162].
Moreover, detailed observations revealed that evolutionary ancient proteins are mainly
synthesised at the mitochondrial surface, the core subunits (bacterial orthologs), or pro-
teins involved in the synthesis of metal and heme co-factors, while eukaryotic-specific
supernumerary subunits are more likely to be produced in free polysomes [163].
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Figure 2. Spatial orchestration of mitochondrial respiratory complexes import and assembly and their organisation in the
IMM. ETC complexes I, III, IV, and V are composed of both mitochondrial and nuclear-encoded subunits. Transcripts from
the mitochondrial genome (1) are co-translated by mitochondrial ribosomes (here depicted as a simple arrow for clarity)
and proteins inserted in the IMM via OXA1L. These newly synthesised proteins are then assembled together with the
nuclear-encoded subunits, which are imported primarily through the TOM/TIM23 (2,3) complex. Additionally, proteins
carrying a hydrophobic segment downstream of the MTS are arrested in the Tim23 channel and laterally inserted into the
IMM through a stop-transfer sorting mechanism acquiring a Nj, /Coyt topology. Proteins with a Noyut/Cin, topology are
instead fully imported and inserted into the IMM from the matrix side through a process known as conservative sorting,
involving OXA1L (4). The import and insertion of these subunits in the IMM take place predominantly in IBM, a section
of the IMM that runs parallel to the OMM. Then, the ETC subunits undergo a series of post-translational modifications
and are incorporated in a nascent enzyme, often due to the interaction with assembly factors or chaperons. This process
can occur in the monomeric enzymes and/or in the high-order SCs. Fully assembled enzymes and SCs are enriched in the
cristae region of the IMM (5). Note: the size of monomeric respiratory complexes, supercomplexes, import machineries, and
ribosomes are not to scale.

Quantitative immunogold electron microscopy studies in both isolated mammalian
mitochondria and yeast cells showed that fully assembled Complexes I-IV and SC are
found preferentially in cristae membranes [164,165]. However, it has been observed that
complexes intermediates might localise in specific regions of the IMM during different
maturation stages [166]. Therefore, respiratory complex assembly requires the temporal
and spatial coordination of two independent protein synthesis machineries. In this regard,
it was initially proposed that mitochondrial-encoded subunits translated in the matrix
are inserted into the cristae membrane and that imported nuclear-encoded subunits are
primarily inserted in the inner boundary membrane (IBM) for later incorporation in the
nascent enzymes [165].
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Using super-resolution microscopy and quantitative cryo-immunogold-EM a group
of authors addressed this issue in yeast and concluded that although mature CIII, CIV, and
CV localise mainly in the cristae, the early stages of assembly are enriched in the IBM [166].
Nonetheless, the complete assembly pathway of CV appears to develop specifically at IMM
invaginations [166]. Mature CV is known to reside at the tip of these invaginations and to
play a role in membrane curvature and cristae organisation [167,168].

Lastly, ETC subunits can undergo a series of post-translational modifications, in
particular cleavages and insertion of prosthetic groups, such as heme groups, copper
centres, and iron/sulphur (Fe/S) clusters, that are incorporated in the nascent enzymes, as
extensively reviewed [169-171]. The insertion of these subunits occurs in a precise order
and might require the involvement of assembly factors, as described more in detail in the
following sections.

3.1.1. CI Assembly

Complex I (CI) is composed of 44 different subunits in mammals [172], organised in
three structural domains: the P-module, inserted in the IMM, and the N- and Q-modules,
protruding into the mitochondrial matrix (Figure 3a and Table S1). While the N- and
Q-modules are formed exclusively by nuclear-encoded subunits, the P-module contains
seven mitochondrial-encoded proteins (NDs; Figure 3a) [173]. CI assembly requires the
formation of six independent modules, N, Q, ND1/Pp-a, ND2/Pp-b, ND4/Pp_,, and
ND5/Pp.y,, and the incorporation of each of them in a specific order [174]. The ND2
module is generated first [137] and is stabilised by its interaction with numerous assembly
factors: ACAD9, ECSIT, TMEM126B, NDUFAF1, COA1, and the putative assembly factor
TMEM186, which form the mitochondrial CI intermediate assembly (MCIA) [175,176].
Then, ND3, ND6, and NDA4L are added to this intermediate. At least two of these assembly
factors, namely TMEM126B and NDUFAF1, have been recently reported to be imported in
a TIM22-dependent manner [111].

In parallel, a Q-module intermediate starts emerging through the binding of the
assembly factor TIMMDC1 and the subunits ND1, NDUFA3, NDUFAS8, and NDUFA13
(Figure 3a) [137]. In the intermediate phase of CI assembly, the ND4 module is formed,
involving the assembly factors FOXRED1, ATP5SL, and TMEMY0, followed by the ND5
module, the distal extremity of the membrane arm, which binds the assembly factor
DMAC1/TMEM261 [177]. Finally, the N-module, composed of NDUFV1, NDUFV2,
NDUFS1, and NDUFA2, is incorporated, generating the functional enzyme (Figure 3a).

It is worth noting that all mtDNA-enconded subunits, i.e., the NDs, are inserted
in the IMM via OXA1. Still, most CI subunits are synthesised in the cytosol and then
targeted to mitochondria by their N-terminal MTS, and thus preferentially use the TIM23
route [178]. Contrarily, NDUFS5, NDUFB7, NDUFB10, and NDUFAS have been shown
to be imported to the IMS using the MIA pathway [179,180]. The remaining 12 subunits
(NDUFAS5, NDUFS5, NDUFC2, NDUFB10, NDUFB6, NDUFB9, NDUFB3, NDUFA3, ND-
UFAS8, NDUFA13, NDUFB1, NDUFB4) [177] and three CI assembly factors (TMEM126B,
FOXRED1, and TIMMDC1) [181] do not contain a cleavable MTS and are imported into
the organelle as a result of uncharacterised internal signals. Notwithstanding, it has
been recently demonstrated that NDUFB10, TIMMDC1, and TMEM126B are imported
via TIM22 [111], possibly suggesting a similar import route for this class of proteins that
requires further investigation. This pathway is also used by NDUFA11, a supernumerary
subunit of CI that is conspicuously located at the interface between CI and CIII in SCs.
Interestingly, TIMMDC1 and NDUFA11 belong to the Tim17 family [182], providing an-
other link between protein import and respiratory/SC assembly and function. A direct
involvement can be observed in plants where in this case the NDUFA11 homolog B14.7 is
directly associated with TIM23 complex [183].



Life 2021, 11, 432 150f 44
Cl assembly pathway JEm—— a Clll assembly pathway b
0t 'Po00, o
e WA L0080000000000000000000044, Trrrees ....ﬂ.oo"'”'“ ”"“"'”"m“““'"o...“.
o® 000 000, 'S, o0 o,
o?® Losset® 6600q, Poe ot $600000000000000600000004,, 90,
.o"".. .."‘u. W .o.ﬂ"".' ““"‘Oo.. 011.4’".-
o o o, o ooo® $deq,
...',- ..,....0“ NDUFB10 - y \ .....0'“ "--.4.4.'
'...\““\ o NDUFB11 QRN
,."' NDUFB5 NDUFB8 r N
>~ ND4 " HCes
NDUFS5 NDUFA8 Q module ,-'.. UQCR10
odule e s0000 o NDUFB7 Q
‘“..”..«" 124 00, .
A CYp‘l 00 @999

)

TMEM186 NDUFA11 wo
TMEM1268\ TIMMDC1 “\o‘\“\e =
NDUFA1 Ca poey 1 preTee T
NDUFCT /@ : by —':‘{:f”’?"' §
NDUFC2 W e 0o 1\: -
AcADS (o agt N Ch ND4 NDUFABT —>
S\ NDUFA9 NDUFB2
PN "4.0' NDUFAF1  NDUFS2

o Sl ND1
QA Q'L
o o
.-\“:...-' NDUFATO
l'.

NDUFS3
NDUFS7

NDUFS8
NDUFAF6
NDUFAF7
NUBPL

o ND2, ND3,
ND4L, ND6

NDUFS1

Full
assemblecr
NDUFV1 cl
NDUFV2

N B
NDUFA2 ‘nodule ‘f

Matrix

C

- “...nn.unon"onnon.......'“
9000
o,

oo
..n.n"' Lobbbssssssssssssassaseaasiadlll ]/ "'o...".
- ........o .-o....” OM oy
...00 ....,.o u.... .Arf
o L ...
ot N\ '
o 2 COX6C
S 32
" COX17 COA6
o coxig  COXBA - Coxao/ramsen
MTCO2 COX6A1/2
SURF1 module COX7A
cox11 4000990000y MR-1S . ..o!.o..'.."‘
e M
MTCO1/ Q2 o6,
MITRAC \ s voq
modules 3 o

'/—— COX6B1

MTCO3
module

(==
\ assFel:rI:LIed
: Clv
a2

2N

Matrix

UQCRC2

UQCR11

A Full
assembled
g% clill
. o
UQCRFS1 -
Matrix
CV assembly pathway \eonsreseenestesentensnsaesey,
- “....o' 00......"
o
qeeet c.o"”""““"“"""““nuu.. O""'-
....' ooe o L
ot o
Z o ......
..
- 0000000, c-ring 09990000,
L 00® P, ot (]
e '-( TMEM70 S0 My
0 % "I %0e,
o®
......o u.,', ﬁ
L)
o 2
N F1
g f.:atalyti::hea:}ll

an
Central stalk

Fo
peripheral
stal

F6 OSCP

\/

CV dimer

Matrix

Figure 3. Assembly pathways for the different respiratory complexes. For the purpose of simplification, only a small
portion of subunits and assembly factors are depicted in the figure, namely those for which the import route is known or
expected (see Supplementary Table S1). For detailed view, please see [174]. Panel (a)-Complex I (CI) assembly pathway
is modular and takes place in the IMM. After the synthesis, import, and maturation of both the mitochondrial- and the
nuclear-encoded subunits, six subassemblies are independently formed: ND2, ND1, ND4, ND5, Q, and N-module. The
preassembled modules associate with each other in a precise order. Initially, the central structure of the enzyme is formed,
starting from the ND2-module and continuing with the subsequential addition of the ND1, Q, and then ND4 modules.
Secondly, the extremities of the enzyme are incorporated, starting from the ND5-module, the last part of the membrane
domain of CI, and finishing with the N-module, the FMN-containing intermediate that binds NADH and completes the
assembly of the functional enzyme. mtDNA-encoded subunits (NDs) are indicated in red, while modules containing only
nuclear-encoded subunits are indicated in blue. Panel (b)-Complex III (CIII) assembly starts with the maturation and
insertion in the IMM of the single mitochondrial-encoded subunit, cytochrome b (MTCYB). The remaining nine subunits (in
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blue or gray, for those with known and unknown import routes) are incorporated on top of this ‘seed’, following a precise

order. For CYC1, the two debated import routes are shown as dashed line. Few assembly factors (in green) are known for
CIII and are involved in the maturation of MTCYB and the Rieske protein (UQCRFS1). Different assembly factors are also
shown in green. Mature CIII dimerisation is required for full activity and competence. Panel (c)-Complex IV (CIV) assembly
is modular and is initiated by the parallel formation of the MTCO1 and of the COX4/COX5A modules. The MTCO1 module
associates with a variety of assembly factors including Tim21, forming the MITRAC complex. One of the last subunits to be

added is NDUFA4, which was initially misattributed to Complex I. Structural subunits are shown in red /blue and assembly

factors in green colour. Panel (d)-Complex V (CV) is comprised of three modules: F1, Fo, and the peripheral stalk. The
mtDNA subunits ATP6 and ATPS8 (in red) together with other nuclear-encoded subunits (in blue), including the c-ring,
form the Fo domain inserted in the IMM. The F1 domain is the matrix-facing part of the enzyme. The peripheral stalk is

important for the stability of the complex and also contains key subunits required for the dimerisation of mature CV.

Once imported, several core subunits need further maturation and insertion of pros-
thetic groups, such as Fe/S clusters. To date, only one assembly factor is known to be
involved in the incorporation of 4Fe/4S clusters in the peripheral arm: NUBPL, a member
of the Mrp/NBP35 ATP-binding proteins family [184,185]. However, it is expected that
several other unidentified proteins play a role in this process.

3.1.2. CII Assembly

CII subunits (SDHA-D) are all nuclear-encoded and imported into mitochondria post-
translationally. The hydrophilic membrane domain (SDHC and SDHD) contains a heme b
group and two ubiquinone binding sites [186] and forms an intermediate subcomplex [187].
In contrast, the mature forms of SDHA and SDHB are produced and inserted independently.

A flavine adenine dinucleotide (FAD) cofactor is inserted in SDHA via the interaction
with the assembly factor SDHAF2/Sdh5 [188], while SDHAF], assisted by SDHAF3,
promotes the insertion of SDHB Fe/S clusters ([2Fe-2S], [4Fe-45], and [3Fe-4S]) [189-192].

Interestingly, the yeast ortholog of SDHC, Sdh3, was found to form a subcomplex
with Tim18 and participate in the biogenesis and assembly of the TIM22 complex [193].
However, Tim18 arose from duplication of the Sdh3 gene and does not have an ortholog in
mammals. Similarly, the mammalian SDHC subunit has never been detected interacting
with the TIM22 complex, suggestive of divergent mechanisms for the formation of the
translocase between the two organisms [98], as discussed in the previous section.

3.1.3. CIII Assembly

Complex III (CIII) is composed of 10 subunits in both yeast and mammals. All CIII
subunits are encoded by nuclear DNA except cytochrome b [194,195].

CIII assembly (Figure 3b) begins with the synthesis and insertion of the mtDNA-
encoded subunit cytochrome b in the IMM, in both yeast and in mammals. The insertion
of the yeast subunit has been shown to occur via Oxal [126], while in mammals, the
depletion of OXA1L only marginally affects the biogenesis and function of the enzyme,
suggesting a possible alternative route or compensatory mechanisms [196]. In yeast, this
process is highly coordinated with the synthesis of nuclear-encoded proteins as a result of
translational activators that regulate the expression of mitochondrial genes and their own
expression in relation to mitochondrial respiration [197]; however, the same mechanism has
not been observed in mammals yet. Four translational activators are known to be involved
in the stability and translation of cytochrome b mRNA: Cbp1, Cbs1, Cbs2, and the complex
Cbp3/Cbp6 [198]. However, only three factors are known in mammals, the ubiquinol-
cytochrome c reductase complex assembly factors 1 and 2 (UQCC1 and UQCC2) [199],
orthologs of Cbp3/Cbp6, and UQCC3, ortholog of Cbp4 (Table S1) [200].

In both yeast and mammals, the second step of CIII maturation involves the inser-
tion of the subunits Qcr7 and Qcr8 (UQCRB and UQCRQ in mammals) [201], whilst the
following proceedings differ between the two model organisms. In yeast, for example, an
independent subassembly module containing the two large structural core subunits, Cor1
and Cor2, and the catalytic subunit cytochrome c1 is formed [202]. This intermediate is then
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incorporated into the nascent enzyme together with the Qcr6 subunit [202-204]. In humans,
however, CYC1 forms sub-assemblies with UQCR10 and potentially UQCRH (Qcr6 in
yeast), without interacting directly with the core proteins UQCRC1 and UQCRC2 [131].
Moreover, this intermediate can be found in association with CIV subunits [131], suggesting
that CIII might use CIV or modules of CIV as a structural scaffold during biogenesis. An
alternative hypothesis is that CIII intermediates sequester CIV subunits when SC formation
is impaired [131]. Importantly, it has been shown that dimerisation of two nascent CIII
occurs during this stage [205].

During the intermediate assembly process, another player is added to the CIII complex.
Mature Cytl contains a single heme centre and is anchored to the IMM via a single
transmembrane segment near its C-terminus with its mature N-terminus soluble in the
cytosol [206]. The full mechanism for the insertion and maturation of this atypical topology
of an MTS-containing protein is still under debate. Nonetheless, both models share the
initial steps with the Cytl precursor being translated in the cytosol and imported via
TOM/TIM23 complexes into the mitochondria, where its N-terminal bipartite presequence
is cleaved into two independent processes [207]. According to one proposed mechanism,
the whole protein is fully imported into the mitochondrial matrix, and only after the first
cleavage is performed, the hydrophobic sequence is re-located into the membrane, allowing
the second proteolytic cleavage in the IMS [208]. However, earlier studies showed that
depletion of matrix ATP has no impact on the import and maturation of Cytl1, suggesting
that the precursor does not cross the IMM completely during translocation [209]. Therefore,
the second model suggests that although the positively charged portion of the MTS reaches
the mitochondrial matrix, the internal hydrophobic signal halts import, allowing for the
lateral release (stop-transfer) of Cytl from the TIM23 channel and its insertion in the
membrane [198]. The positive-charged MTS is then cleaved by MPP in the matrix, while
the C-terminal o-helix is inserted into the IMM and the heme group is subsequently added
to the protein by the holocytochrome c; synthetase (Cyt2 or HCCS1 in mammals) [210].
This modification leads to a conformational change that exposes the second hydrophobic
targeting sequence for cleavage by Imp2, leaving the N-terminal of the mature Cyt1 soluble
in the IMS [211].

The last stages of CIII assembly involve the incorporation of Qcr9 (UQCR10 in mam-
mals), Qcr10 (UQCRI11), and Rip1 (UQCREFES1) [212,213]. Once more, minor differences
in the import of the nuclear-encoded Ripl/UQCRFS1 subunit exist between yeast and
mammals. In yeast, the subunit is imported into the matrix via the TOM/TIM23 route [214]
and subsequently cleaved by matrix proteases, MPP and mitochondrial intermediate pep-
tidase (MIP), for complete removal of the MTS [215]. Next, Rip1 is translocated back
across the IMM to the IMS, where it is incorporated in the complex. In this regard, Besl is
thought to be involved in the export of the Rieske Fe/S domain from the matrix into the
IMS [216], since it is able to recognise the correctly folded Rieske protein and act as a protein
translocase. In fact, cryo-EM structures of Besl in yeast [217] and mouse [218] suggest
the formation of an airlock-like mechanism for Rip1/UQCRFS] translocation. Conversely,
Mzm1 (LYRM7 or MZM1L in humans) stabilises Rip1 in the matrix before translocation to
the IMS [219,220].

In contrast to yeast, the mammalian UQCRFS1 N-terminal import signal is not cleaved
during import but rather after successful incorporation of the subunit, and in a single
cleavage step. Importantly, the cleaved segment remains attached to the enzyme as an extra
subunit [221]. Then, mammal-specific assembly factor TTC19 binds to fully assembled CIII
for clearance of UQCRFS1 fragments, converting it to a fully functional and competent
respiratory complex [222,223].

3.1.4. CIV Assembly

Mammalian CIV is composed of 14 subunits, 11 of which are nuclear-encoded and the
remaining three are encoded by mtDNA (MTCO1, MTCO2, and MTCO3) [224]. Similar to
CI, CIV assembly also occurs in a modular fashion (Figure 3c), and the first subassembly
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structure formed during CIV biogenesis contains two nuclear-encoded subunits, COX4I1
and COX5A [225], as well as an assembly factor, HIGD1A [226].

Next, the MTCO1 module, also known as ‘MITRAC” (MItochondrial Translation Reg-
ulation Assembly intermediate of Cytochrome c oxidase) [227,228], is generated. This
subassembly is composed of the mitochondrial-encoded subunit MTCO1 and a series of
assembly factors necessary for its insertion into the IMM (including COX14/C120RF62,
COA3/CCDC56/MITRAC12, and OXA1 [126,227,229-231]) and for its maturation (in-
cluding COX10, COX15, and SURF1 involved in the heme group biosynthesis and inser-
tion [145,232,233] and COX11, COX17, and COX19 involved in the incorporation of the
CuB group [234-236]). Interestingly, Tim21, a subunit of TIM23, was found to be associated
with the MITRAC complex and seems to shuttle imported CIV subunits from the TIM23
translocase to the nascent enzyme [227]. Tim21 was also suggested to play a possible role
in CI biogenesis [227].

Following the formation of MITRAC, the next assembly step requires the incorporation
of the MTCO2 module (Figure 3¢c). The mtDNA-encoded subunit MTCO2 is inserted into
the IMM via OXA1L together with the assembly factors COX18, COX20/FAM36A, and
TMEM177, which are required for the export of MTCO2 C-terminal domain [237-239].
Afterwards, the copper-binding proteins COX17, SCO1, and SCO2 [240-242] together with
COAG6 [243,244] and COX16 help with the insertion of the Cup centre [245,246]. In the
meantime, the nuclear-encoded subunits that form this module (COX5B, COX6C, COX7C,
COX8A, and, most probably, COX7B) are incorporated. Finally, the MTCO3 module
(MTCO3, COX6A1, COX6B1, COX7A2) is formed and added to the nascent enzyme [225],
followed by NDUFAA4, initially described as a CI subunit and later assigned to CIV [145].

3.1.5. CV Assembly

Complex V (CV), also known as ATP synthase, is organised in two domains: the
entirely nuclear-encoded F; domain facing the mitochondrial matrix, and the F, domain
embedded in the IMM, containing both nuclear- and mtDNA-encoded subunits, namely
ATP6 and ATPS [247,248].

The formation of CV occurs through three independent sub-assembly steps (Figure 3d) [249].
First, the F1 subcomplex is formed through the interaction of chaperones ATPAF1/ATP11
and ATPAF2/ATP12 with the subunits ATP5B and ATP5A1, respectively [250]. The c-ring
module is then assembled independently via mechanisms that remain unclear. Finally,
the peripheral stalk is incorporated in two steps: first there is the inclusion of b/ATP5F1,
d/ATPH, F6/ATP5], and OSCP/ATP50 and then the addition of e/ATP5I, g/ATP5L, and
£/ ATPJ2 [251,252].

Interestingly, the mammalian c-subunit is encoded by three nuclear genes (ATP5G1,
ATP5G2, and ATP5G3), which differ in their cleavable N-terminal targeting sequences
but give rise to identical mature proteins [253,254]. The mechanisms behind the import
and insertion of mammalian c-subunit(s) in the IMM are still unclear. However, studies
in Neurospora crassa suggest that the MTS and the first transmembrane region could be
initially translocated to the matrix via the TIM23 complex. Then, following the removal of
the presequence, the transmembrane domain would be inserted into the membrane and the
N-terminus exported to the IMS [125]. In bacteria, the insertase YidC, homolog of OXA1,
facilitates the membrane insertion of the c-subunit [255]. The second transmembrane
domain, instead, might be imported in a follow up step through a stop-transfer mechanism
via the TIM23 complex as previously described for Cox2 in plants [256]. Interestingly,
two assembly factors previously known for being involved in CI assembly, TMEM?70 and
TMEM?242, were found acting as a scaffold for c-ring assembly [257,258].

4. Pathologies with Underlying Mitochondrial Import Defects

As mentioned earlier, TIM23 is responsible for the import of the vast majority of
matrix and IMM proteins. Therefore, it is no surprise that TIM23 knockout in mice is
embryonic lethal, even prior to implantation [259]. Similarly, TIM23 haploinsufficiency
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displays neurological defects and premature aging phenotype, further demonstrating the
importance of protein import to maintain mitochondrial function and body health [259].
However, there are other occasions where the dysfunction might result from precur-
sors clogging the channel or impaired ETC unable to provide driving force energy, rather
than issues with the translocase per se. The cell has developed methods to detect and try to
repair these problems, discussed in more detail in the next section. However, whenever
this repair system fails or become overwhelmed, it creates cell and tissue stress, leading to
general mitochondrial dysfunction, cytosolic toxicity, and disease. In regard to neurodegen-
eration, whilst mitochondrial dysfunction, amongst other effects, has long been recognised
as a contributing factor in the pathogenic mechanisms of neurodegenerative diseases, the
involvement of mitochondrial protein import, be it in a causative or consequential manner,
is just beginning to emerge more recently. These defects have been summarised in Table 2.

Table 2.
respiratory complexes.

Summary of import defects associated with neurodegenerative diseases and their consequences on

Model
Pathology Import Defect(s) Known Consequence(s) Organism/System Reference
APP accumulation in Tom40 Inhibition of import of CIV 4
and Tim23 channels, with and 5b, and subsequent .
higher levels in AD susceptible reduction in CIV activity, Human AD brains. [260]
brain regions. leading to increased ROS.
Chronic, sub-lethal Ap Reduction in A, altered
) o exposure induces a significant mitochondrial morphology,
Alzheimer’s Disease reduction in mitochondrial and increased ROS PC12 cells. [261]
protein import. production.
Tau accumulation in OMM and
IMS, and interactions between HEK?293T cells, HeLa
N-terminal Tau fragment with N/a cells. [262,263]
OPA1 and Mfnl.
a-syn localises to and
accumulates within . .
mitochondria, mediated by a Human dopaminergic
. Co . N/A neuronal cultures, [264]
cryptic non-canonical MTS, in PD brains
an ATP and A ’
dependent manner
May account for faster Human dopaminergic
. . development of cellular neuronal cultures, PD
AB53T version of x-syn is I, . .
. .. abnormalities seen in cells brains, A53T mutant
imported more efficiently than ine the A53T . Ioh lei [265,266]
wildtype variant expressing the A53T version alpha-synuclein-
' of a-syn compared to inducible PC12
. . the wildtype. cell lines.
Parkinson’s Disease
Human dopaminergic
Mitochondrial «-syn Reduction in CI activity, ];; zlil;:ni:;]l\;feez; grlljs
accumulates at IMM and increase in ROS production, ’ ’ [266]
. . . . L human neuroblastoma
interacts with CIL. inducing oxidative stress. .
cell line
(SK-N-MC cells).
Impaired protein import, loss
of AP, r.educed .resp1ratory SH-SY5Y cells and
S129 phosphorylated o-syn capacity, and increased ) .
. . A dopaminergic neurons
binds tightly to Tom20, oxidative stress.
. . . .. from SN of [267]
inducing loss in Tom20-Tom?22 Rescued by in vivo
. . post-mortem PD
interaction. knockdown of endogenous . .
patient brains.

a-syn, and by in vitro
Tom?20 overexpression.
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Table 2. Cont.

Model
Pathology Import Defect(s) Known Consequence(s) Organism/System Reference
Tom40 downregulation, Midbrain of PD
corresponding with a-syn N/A patients and «-syn [268]
accumulation in PD brains. transgenic mice.
Parkinson’s Disease N/A
miﬁﬁéﬁgllﬂv lcflf’ieilr? geflls Import defects reversed by ~ Cells from PINKI- and
from PINKII:—) and phosphomimetic ubiquitin in PARK2-linked [27]
. . cells with residual PD patients.
PARK?2-linked PD patients. Parkin activity.
Isolated mitochondria
S from human HD brains,
Disease variant Htt localises to Inhibited mmport and primary neurons
. . - subsequent respiratory . .
mitochondria and directly . . . expressing Htt variant,
. . dysfunction, triggering cell . [269]
interacts with the death. r d by TIM23 forebrain synaptosomal
TIM23 complex. eath, rescec oy mitochondria in HD
. . overexpression. mice at early stages
Huntington’s Disease of HD.
Reduced import of MIA
Dysfunctions in MIA pathway pathway precursors, CIV
associated with mutant Htt: assembly defects, deficient Neuronal cell lines [270]
reduced levels and ratio of respiration, alterations in '
Ervl and Mia40. mtDNA, altered
mitochondrial morphology.
Excessive ROS production,
Variants of SOD1 accumulate mitochondrial dysfunction, Transgenic mouse
in IMS, matrix, and OMM, and  and toxic effects on the cells models, spinal cord [271-273]
interact with OMM proteins. rescued by selective IMS mitochondria.
targeting of wildtype SOD1.
Increased levels of TOM Rat spinal cord of
Amyotrophic Lateral subunits Tom20, Tom22, and ~ Changes in CI related protein ALS-lfnke d variant [274]
Sclerosis Tom40. Overall reduction in expression levels. SOD1C93A
import efficiency by 30%. '
Novel CHCHD10 mutant, . . HeLa cells and primary
Q108P, discovered in a patient resR‘ii‘itclonch?lz:Ci{lor;irgflec . rat embryonic neurons
with rapidly progressing ALS, tEa tis r}e,scui d by’ Miad0 transduced with [275]
almost completely abolishes Y genomic DNA from a
overexpression.

its import.

young ALS patient.

4.1. Mitochondrial Diseases

Mitochondrial diseases are generally provoked by genetic mutations in complexes’
subunits or assembly factors, as extensively discussed in numerous other reviews [276-280].
However, defects in the machinery involved in the import of these subunits have also been
identified as the cause of mitochondrial pathologies, leading to different clinical features.

Mutations in TIMMb50, which encodes a subunit of TIM23 complex, have been associ-
ated with severe lactic acidosis and seizures, linked to defects in import of ETC proteins,
alterations in SC formation and a general respiratory deficiency [281-283]. Biochemical
analysis of a patient with impaired TIM23 complex due to compound heterozygous mu-
tations in TIMMA50 revealed reduced steady state levels of CI, II, and IV, but interestingly
not CIII and V [282]. These results suggest the possibility of alternative import routes
for certain ETC subunits or different interactions with the import machinery for subunits
transported into the matrix or inserted into the IMM. Another study with patients with
two homozygous missense mutations in the TIMM50 gene, however, produced opposite
results, showing normal activities of Complex I-IV and defective activity of CV [281]. A
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possible explanation for this phenotype is that, as shown in yeast, the import of subunits
9 and 3 of CV is highly dependent on TIM50, whilst import of CIII subunit CYC1 and
CIV subunit COX5A import is only mildly affected by TIM50 defects [66]. Finally, another
subject carrying compound heterozygous mutations within the IMS domain of TIMM50
exhibited 3-ethylglutaconic aciduria, symptoms of Leigh syndrome, and dilated hyper-
cardiomyopathy, associated with altered mitochondrial morphology [283]. Additionally,
patients also experienced a general decrease in the levels of fully assembled complexes and
their activity alongside a reduction in SC formation and a drop in the maximum respiratory
capacity [283].

Interestingly, defects in other TIM23 complex subunits do not result in impaired
mitochondrial respiration. For example, alterations in the formation of the DDP1/TIMMS8a-
TIMM13 complex found in a patient with deafness/dystonia and with a de novo mutation in
DDP1(C66W) did not lead to defects in the activity of any of the respiratory complexes [284].
More recently, another reported case of neuromuscular presentation of mitochondrial dis-
ease was found to be associated with compound heterozygous mutations in TIMM?22 [285].
However, while cellular respiration was reduced in the patient cells, no evident defect
in respiratory complexes or SC assembly was found. In a different report, where TIM22
assembly and activity was impaired by the removal of AGK, a mild CI assembly defect and
respiration impairment was observed [111]. In contrast to the compound heterozygous
variant, this observation suggests a direct involvement of the TIM22 complex in the import
of CI subunits and/or factors required for CI assembly that requires further investigation.

Regarding defects at the TOM complex level, a patient with severe anaemia, lactic
acidosis, and developmental delay were identified with compound heterozygous variants
in the TOMM?70 gene [286]. Interestingly, this patient presented with respiratory complex
deficiencies with a primarily marked defect in CIV, including decreased steady state levels
of fully assembled enzyme, activity, and a reduction in CIV-containing SC, while SCI:CIII,
species appeared unaffected.

Finally, defects in OXA1L, essential for the re-localisation of newly imported nuclear-
encoded proteins in the matrix into the IMM, could have an impact on complexes” assembly
and activity. One patient was identified with mutations in OXAIL and tissue-specific
combined respiratory complex deficiencies, which led to severe encephalopathy, hypotonia,
and developmental delay [196]. Interestingly, skeletal muscle biopsy from this patient
showed defects primarily at the CIV and CV level with only milder defects in CI despite
the fact that neuropathology experiments indicated an isolated CI deficiency in the central
nervous system. Although the tissue-specificity observed in this patient remains unclear, it
suggests a possible differential expression of OXA1L isoforms in different tissues or the
presence of alternative insertases in human mitochondria.

4.2. Alzheimer’s Disease

Alzheimer’s disease (AD) is the most commonly occurring form of neurodegenera-
tion, and growing evidence is linking it to mitochondrial dysfunction at all levels of AD
neuropathology. AD is characterised by the death or loss of neurons in specific, susceptible
areas of the brain, as well as by the presence of two pathological hallmarks: extracellular
senile plaques and neurofibrillary tangles (NFTs) [287].

Senile plaques are deposits of accumulated amyloid-beta peptide (Af3), a 40-42 amino
acid peptide that is produced by specific, sequential proteolytic cleavages of amyloid
precursor protein (APP). The biology of APP processing and its relevance in AD is reviewed
in great detail in a previous review [287]. In a study carried out in mitochondria from
human AD brains, APP has been found to accumulate in the TOM40 channel, forming
a stable complex of ~480 kDa (Table 2) [260]. It also accumulates with both TOM40 and
TIM23 to form a supercomplex of ~620 kDa [260]. Interestingly, mitochondrial APP levels
varied both among patients, corresponding to the severity of AD, as well as across brain
regions, with higher levels displayed in the regions of the brain that are more vulnerable
to AD: the cortex, hippocampus, and amygdala [260]. Furthermore, the levels of APP
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accumulation in the mitochondria of AD brains directly correlates with mitochondrial
dysfunction [260], suggesting that APP-mitochondrial translocase complex formation and
aggregation may in fact be a causative factor in AD progression.

Furthermore, a study in PC12 cells showed that chronic, sub-lethal Ap exposure
induces a significant reduction in mitochondrial protein import, and that this, when
sustained over long periods, leads to mitochondrial dysfunction highlighted by a reduction
in A, altered mitochondrial morphology, and increased ROS production (Table 2) [261].
This consequential negative impact on mitochondrial function is likely due to the loss of
important proteins that are usually imported via TOM40, such as proteins necessary for
respiratory complex activity and assembly, as well as ROS scavenging proteins.

The second characteristic hallmark of AD, neurofibrillary tangles, insoluble aggrega-
tions made up primarily of hyperphosphorylated Tau protein, is a symptom of not only
AD, but of all tauopathies. Cell line studies have shown that various forms of aggregation-
prone Tau (wildtype, hyperphosphorylated, or caspase cleaved N-terminal fragment) are
imported into mitochondria and localised to the IMS and OMM (Table 2) [262,263]. Whilst,
to the best of our knowledge, no studies have specifically looked at the impact of Tau on mi-
tochondrial protein import efficiency, the body of evidence highlighting Tau accumulation
in mitochondria suggests this would be worth investigating.

4.3. Parkinson’s Disease

Parkinson’s disease (PD) is very closely associated with mitochondrial dysfunction,
owing to consistent evidence suggesting reductions in CI activity in PD patient brains
and other tissues [288,289], in addition to genetic links between familial PD and mito-
chondrial dysfunction [290]. These well characterised mitochondrial abnormalities in
PD and potential therapeutic strategies to target them have been reviewed extensively
previously [291].

Lewy bodies, which form in the SN, are the main pathological hallmark of PD and
are made up mainly of aggregated alpha-synuclein (x-syn), an abundant presynaptic
molecule [292,293]. Alpha-synuclein is a 140 amino acid molecule, which is thought to
play a role in neuronal plasticity and synaptic function [292,294,295]. The aggregation
of a-syn is highly neurotoxic, and studies of transgenic mice overexpressing o-syn have
shown that its accumulation can lead to a PD-like phenotype, consisting of the formation of
prominent intraneuronal inclusion bodies, loss of dopamine neuron terminals, and motor
deficits [296]. Intriguingly, much evidence has suggested that neuronal injury caused by
a-syn may be mediated by mitochondrial dysfunction and degeneration [264,266,297-301].

Multiple studies have shown that o-syn localises to, and accumulates within, mi-
tochondria (Table 2) [264,266,300,301]. This is thought to be mediated by a cryptic, non-
canonical MTS within the N-terminal 32 amino acids of x-syn [266]. The transport of x-syn
into mitochondria does not occur in the presence of oligomycin, which inhibits ATP syn-
thase and thus depletes mitochondrial ATP, or, carbonyl cyanide-m-lorophenylhydrazone
(CCCP), which disrupts the mitochondrial A1, highlighting that its import is dependent
on both ATP and A, consistent with the import requirements for known mitochondrial
proteins [266]. The A53T point mutation that occurs in rare familial PD cases is also
imported into mitochondria, but with significantly higher efficiency than the wildtype
protein [266], which may account for the faster development of cellular abnormalities seen
in cells expressing the A53T version of a-syn compared to the wildtype [265].

It has been previously shown by electron microscopy that the majority of mitochon-
drial a-syn accumulates at the IMM and that it interacts with CI [266]. This causes a
significant reduction in CI activity, as well as an increase in ROS production, inducing
oxidative stress [266], which may account for some of the toxic effects on dopaminergic
neurons. Importantly, -syn lacking the N-terminal MTS failed to localise to mitochondria
and did not exhibit any of the mitochondrial dysfunctions seen in the wildtype [266].

A study carried out in cell models of PD showed that in vitro treatment with rotenone
leads to an increase in S129 phosphorylation of x-syn [267]. The resulting post-translationally
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modified «-syn species were observed to bind with high affinity to TOM20 molecules,
leading to a loss of the critical interaction between TOM20 and TOM?22 (Table 2) [267].
Consequently, mitochondria have impaired protein import and widespread mitochondrial
dysfunction, displayed by a loss of A, reduced respiratory capacity, and increased ox-
idative stress in SH-SY5Y cells [267]. This a-syn/ TOM20 interaction and subsequent loss
of import were also detected in the dopaminergic neurons from the SN of post-mortem
brains of PD patients [267]. The authors highlighted mechanisms for rescuing this disorder,
namely by in vivo knockdown of endogenous a-syn and by in vitro TOM20 overexpres-
sion, both of which preserve mitochondrial import and thus present potential therapeutic
strategies for further investigation [267,302].

It has been shown that the core component of the TOM complex, TOM40, is downreg-
ulated in the midbrain of PD patients as well as in a-syn transgenic mice (Table 2) [268].
Importantly, levels of TOM20 remained the same, suggesting that this is a specific ef-
fect of TOMA40, rather than a general reduction in mitochondrial proteins. Furthermore,
this reduction in TOM40 levels corresponded with x-syn accumulation in PD brains, in-
ferring a further functional link between o-syn aggregation and mitochondrial import
dysfunction [268].

A recent study showed that, in addition to the key roles in mitochondrial quality
control and biogenesis already established [303-308], Parkin, an E3 ubiquitin ligase, also
plays a part in stimulating mitochondprial protein import, whilst stimulation of import is
not achieved by disease-causing Parkin variants (Table 2) [27]. Furthermore, the results of
this study showed that this effect relies on PINK1-mediated Parkin activation and results
in ubiquitylation of TOM40 subunits, as well as an increase in K11 ubiquitin chains on
mitochondria [27]. The importance of PINK1-Parkin regulation of mitochondrial import is
highlighted by data showing excessively low levels of mitochondrial import in cells from
PINK1- and PARK2-linked PD patients. This effect may be reversed by phosphomimetic
ubiquitin in cells with residual Parkin activity, probably by bypassing the need for PINK1-
dependent Parkin activation or by enhancing Parkin activity [27].

4.4. Huntington’s Disease

Huntington’s disease (HD) is an autosomal dominant neurological disorder charac-
terised by neuronal loss in the striatal and cortical regions of the brain. The genetic cause
of HD is an abnormal expansion of polyglutamine repeats (encoded by the CAG codon) in
the huntingtin gene (HTT) [309].

N-terminal fragments of variant Huntingtin proteins, which form cytotoxic aggre-
gates [310,311], have been shown to interact directly with mitochondria in cell and mouse
models of HD (Table 2) [312,313]. Furthermore, a study showed that the variant Huntingtin
localises to mitochondria from human HD brains isolated mitochondria, and that it directly
interacts with the TIM23 complex, inhibiting import as a result (Table 2) [269]. These
import defects were consistent in primary neurons expressing Huntingtin variant as well
as in forebrain synaptosomal mitochondria in HD mice at early stages of the disease [269].
Notably, these import defects were not found in liver mitochondria from the same mice,
suggesting that the import defects are specific to neurons [269]. Additionally, the inhibition
of import preceded mitochondrial respiratory dysfunction and acted as a trigger for cell
death, which was rescued upon augmentation of mitochondrial import by overexpression
of TIM23 complex subunits, highlighting this pathway as a potential therapeutic strategy
against HD [269].

Considering the early detection of impaired import in HD mice [269], it suggests that
import defects precede the other mitochondrial insults described in HD models, namely
decreased Ay [314], reduced respiratory capacity and ATP levels [315,316], defective
calcium buffering function [317], and altered mitochondrial morphology and number [318].
A plausible explanation is that inhibition of import would prevent key respiratory complex
proteins from being imported and carrying out their functions, resulting in widespread
mitochondrial damage.
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Mutant Huntingtin has been linked to dysfunctions in the MIA pathway (Table 2) [270].
In neuronal cell lines, the expression of proteins of the MIA pathway were found to be
significantly different to levels in control cells [270]. More specifically, ALR and CHCHD4
levels were reduced, and the ratio altered compared to control cells, whilst cytochrome
c levels were increased, compared to the control group. Proteins that require the MIA
pathway for import also displayed reduced expression levels, whilst CIV proteins not
imported via this route, such as MTCO3, were unchanged, highlighting that this effect is
specific to MIA substrates rather than a CIV effect [270]. In cells with a homozygous variant,
however, levels of MTCO3 were also reduced [270], suggesting that there may be some CIV
assembly defects. The observed effects on the MIA pathway were accompanied by deficient
respiration, alterations in mtDNA, and changes in mitochondrial morphology [270]. These
effects are consistent with what has been shown previously in both HD models and MIA
deficient models [319-324].

4.5. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a rare motor neuron disease, strongly associated
with mutations in SOD1, a ROS scavenging enzyme [325,326]. Characteristic features of
mitochondrial dysfunction have been observed across ALS patients, and respiratory chain
impairment has been highlighted as a common feature in the muscles of ALS patients,
even prior to neuronal deficits being found [327-329]. This finding is consistent across
both patient samples and experimental model systems and has highlighted mitochondrial
dysfunction as a major pathological feature in ALS [330].

A small proportion of wildtype SOD1 is known to localise to the IMS under physiologi-
cal conditions in both yeast and mammals [331,332]. Its antioxidant role in detoxifying ROS
species produced by the ETC (mainly CI and CIII) is well established [332,333]. Disease
associated variants of SOD1, however, have been shown to accumulate not only in the IMS
but also within the matrix and the OMM, where it aggregates and interacts with OMM
proteins (Table 2) [272,273]. This mislocalisation of SOD1 variants lead to excessive ROS
production and subsequent mitochondrial dysfunction and toxic effects on the cells, which
can be rescued by selective targeting of wildtype SOD1 to the IMS [271]. Evidence also
shows alterations in activity of the respiratory complexes and in mitochondrial calcium
buffering capacity associated with disease-causing SOD1 variants [317,334].

A proteomic screen of protein level changes in mitochondria from rat spinal cord
of ALS-linked variant SOD1%%34 showed vast changes in mitochondrial import and CI
related proteins compared to SOD1WT mitochondria (Table 2) [274]. Levels of TOM sub-
units TOM20, TOM22, and TOM40 were increased in the affected mitochondria although,
surprisingly, in vitro import assays highlighted a 30% reduction in protein import levels in
these mitochondria compared to wildtype [274].

Furthermore, variants of mitochondrial IMS protein CHCHD10, which is crucial for
cristae remodelling, have been linked to progression of ALS as well as frontotemporal
dementia [275]. The native version of this protein is imported via the MIA pathway, where
disulphide bonds are formed within the CHCHD of the protein [275]. A novel CHCHD10
variant, Q108P, discovered in a patient with rapidly progressing ALS, has been shown to
almost completely abolish its import, resulting in reduced mitochondrial respiratory capac-
ity, an effect that is rescued by overexpression of CHCHD4 (Table 2) [335]. Interestingly;,
the C9orf72 protein, which is often mutated in cases of ALS and frontotemporal dementia,
has recently been shown to be an IMM protein vital for the assembly and stabilisation of
CI, and its translocation occurs via the MIA pathway [336]. These studies demonstrate the
importance of mitochondrial protein import and proper respiratory function in the preven-
tion of motor neuron diseases such as ALS, highlighting import pathways as interesting
potential targets for treatment.
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5. Repair Pathways

In order to maintain the integrity and function of the mitochondria, a complex hi-
erarchy of quality control mechanisms exists. This consists of repair mechanisms at
the molecular, organelle, and cellular levels via a plethora of complex systems includ-
ing mitochondrial chaperones and proteases, mitochondrial dynamics and distribution,
mitochondrial-derived vesicles (MDVs), mitophagy, and apoptosis [337]. In addition to the
emergence of links between mitochondrial import defects and neurodegenerative diseases,
there is also evidence implicating stress response pathways in neurodegeneration. This
evidence suggests that the pathways may have either a protective or exacerbating role
in disease progression in different models. This section will discuss some of the stress
response pathways that cells have developed in response to mitochondrial dysfunction for
restoration of mitochondrial import function, respiratory capacity, and mitochondrial and
cytosolic proteostasis.

5.1. UPR™

The mitochondrial unfolded protein response (UPR™) is known to be directly ac-
tivated in response to impaired proteostasis in the mitochondrial matrix and has been
extensively studied in Caenorhabditis elegans, where it was first identified [338]. The UPR™*
is a transcriptional response pathway that eliminates proteotoxic stress and fine-tunes
mitochondprial respiration [339,340].

The sensor for this pathway is stress activated transcription factor (ATFS-1, ATF5 in
mammals), which contains both a weak N-terminal MTS and a strong C-terminal nuclear
localisation sequence (NLS) [341]. Proteotoxic mitochondrial stress, caused by a variety
of mitochondrial stressors including: impairment of the import machinery (timm23 or
tomm40(RNAI) or paraquat application via CI inhibition), loss of ETC quality control (spg-
7(RNAI)), or mtDNA depletion (ethidium bromide application) [341], results in retargeting
of ATFS-1 primarily to the nucleus. There, ATFS-1 acts with transcriptional regulators
DVE-1 and UBL-5 to induce the production of mitochondrial chaperone proteins HSP-6
and HSP-60, as well as proteases CLPP-1, LONP-1, SPG-7, and YMEL-1, metabolic genes
GPD-2 and SKN-1, and core component of the TIM23 complex, TIM17 [339,342,343]. ATFS-
1is also responsible for repressing the expression of ETC genes, thus shifting expression
capacity to increase mitochondrial protein folding and reducing the proteotoxic stress from
mistargeted proteins in the cytosol [344].

Importantly, the localisation of ATFS-1 is mediated by HAF-1, the previously iden-
tified UPR™ regulator and general attenuator of mitochondrial protein import during
stress [345]. In the absence of HAF-1, ATFS-1 is unable to transition to the nucleus under
stress conditions, thus failing to activate the UPR™ [341,345]. It is important to note that
ATFS-1 has a relatively weak MTS, meaning that minor effects on mitochondrial protein im-
port efficiency, such as partially depolarised mitochondria, can trigger the stress response
pathway, even though some mitochondrial proteins with stronger targeting sequences may
still be imported successfully under these conditions [346].

In mammalian cells, the UPR™ is thought to act in a similar way to that described
above for C. elegans, where transcription factor ATF5 is regulated and triggers a stress
response very similar to that described for the C. elegans homolog ATFS-1 [347]. However,
studies have shown that integrated stress response (ISR) factor ATF4 is also involved in
the transcriptional reprogramming of the mammalian UPR™ [348,349]. It is also thought
that the heat shock response (HSR) is activated alongside the UPR™! in what is known
as the mitochondrial to cytosolic stress response (MCSR) [338]. The HSR is activated by
dysfunctional ETC activity or complex assembly and restores cytosolic proteostasis via
transcription factor HSF-1 [350].

Given the vast mitochondrial dysfunction described in neurodegeneration, it is not
surprising that there is an emerging body of evidence linking the UPR™ to neurodegenera-
tion. In PD, variants of C. elegans PINK1 and Parkin orthologs PINK-1 and PDR-1 lead to
increased activation of the UPR™, which mitigates mitochondrial dysfunction caused by
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the corresponding mutations, subsequently increasing dopaminergic neuron survival [351].
However, a study in C. elegans showed that prolonged UPR™ activation can in fact ex-
acerbate mitochondrial dysfunction and dopaminergic cell death by favouring retention
of dysfunctional mitochondria [352], which is important to note given the long-term and
progressive nature of neurodegenerative diseases. Furthermore, the HSR has been shown
to be activated in mouse and cell models of PD [353,354], and studies have also highlighted
heat shock protein overexpression as an attenuator of x-syn aggregation and subsequent
dopaminergic cell death [355].

In vivo studies also reveal that the accumulation of ALS SOD1 variant SOD
in the IMS leads to activation of the UPR™ [356], consistent with other studies showing
that activation of the UPR™ precedes disease onset and increases throughout disease
progression in ALS mutant mice [357]. Similarly, in AD, accumulation of Af3 has been
shown to activate the UPR™ [358], and there are high levels of UPR™! marker genes in post-
mortem brain samples from AD patients [359]. Interestingly, the inhibition of UPR™t by
knockdown of genes coding for key UPR™ proteins HSP-6, HSP-60, and DVE-1 exacerbates
AD phenotypes in C. elegans [360], suggesting that the UPR™ may play a protective role in
AD progression.

Recently, evidence has shown that an earlier form of the UPR™ precedes the classical
UPR™, and is activated by the accumulation of unprocessed precursor proteins inside
mitochondria, due to impaired processing by MPP [361]. In this case, yeast nuclear tran-
scription factor Roxl1 is relocalised to mitochondria, binding to mtDNA and regulating
mtDNA transcription and translation, and maintenance of mitochondrial respiratory and
import functions [361].

1G93A

5.2. UPR™

The ‘UPR activated by the mistargeting of proteins’ (UPR*™) is another major stress
response pathway that responds to mitochondrial import defects via the TIM23 or MIA
pathways [362]. It has been well characterised in yeast, and there is some evidence that
suggests that it also takes place in mammalian cells [362,363]. In yeast, the trigger for
this is not the lack of import of a sensor protein, like ATFS-1 in the UPR™, but instead
the accumulation of cytosolic precursor proteins [362]. This accumulation of cytosolic
precursors leads to increased proteasome assembly, triggered by increased activity of
proteasome assembly factors Irc25 and Poc4, and subsequent proteasomal degradation of
the accumulated cytosolic precursor proteins [362]. This is accompanied by an inhibition
of protein synthesis, which acts to prevent further accumulation of mistargeted proteins in
the cytosol [362].

The UPR®™ pathway is in part identical to the UPR™ and is probably activated
simultaneously alongside the UPR™; however, they differ in that the UPR™ acts by
regulating the abundance of mitochondrial chaperones and proteases, whilst the UPR*™
regulates the expression of all mitochondrial proteins, as well as activating the proteasome
to clear aggregated proteins [214,364].

To the best of our knowledge, there have been no studies thus far directly implicating
the UPR*™ pathway in neurodegeneration. However, proteasomal degradation via the
ubiquitin—proteasome system is known to be downregulated in the affected neurons of
many neurodegenerative diseases including AD, PD, HD, and ALS, and it is thought that
this is mainly caused by the accumulation of cytotoxic protein aggregates [365-367]. For ex-
ample, in AD, aggregated, ubiquitinated Tau can block entry of unfolded proteins to the 19S
catalytic subunit of the proteasome by binding to the recognition site, resulting in impaired
proteasomal degradation and enhancing the accumulation of precursor proteins [368].

5.3. mPOS

The mitochondrial precursor over-accumulation stress (mPOS) pathway is a mech-
anism of mitochondria mediated cell death, and has been characterised in yeast [369].
mPOS is usually triggered by any dysfunction that leads to over-accumulation of precursor
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proteins in the cytoplasm. Usually, this accumulation would occur as a consequence of
import dysfunctions, but it can also be related to other mitochondrial damage, particularly
damage that alters IMM integrity such as misfolding of IMM proteins [369]. mPOS is
thought to lead to cell degeneration due to the toxic cytosolic accumulation of misfolded
proteins exceeding the cells’ capacity to remove these proteins [369]. However, there is a
large network of genes responsible for suppressing mPOS and thus promoting cell survival
by means of modulating ribosomal biogenesis, translation of specific transcripts, increasing
protein chaperones and turnover, and decapping mRNA [369]. Of these proteins in yeast,
Gis2 and Nog? are particularly important in encouraging cell survival. Gis2 is involved in
promoting cap-independent translation whilst Nog2 inhibits the nuclear export of the 60S
RNA subunit of the ribosome, promoting cell survival and attenuating mPOS [369-371].
Furthermore, the mPOS pathway can trigger additional stress response pathways within
the cell, including the ISR, which restores cellular homeostasis by reducing global protein
synthesis, triggered by phosphorylation of eukaryotic translation initiation factor 2 alpha
(eIF20) [372].

Though there have been no specific examples of mPOS in neurodegeneration as of yet,
it may have extremely important implications, especially given the mutations in genes of
the anti-degenerative network seen in some neurodegenerative diseases such as ALS [373]
and PD [374], which have been implicated in suppressing mPOS. The potential association
of mPOS in neurodegeneration has been discussed in detail in a recent review [375].

5.4. mitoCPR

The mitochondrial compromised protein import response (mitoCPR) pathway was
discovered in yeast and is activated when a mitochondrial protein is stalled in the Tom40
channel, inducing mitochondrial import stress and accumulation of proteins on the mito-
chondrial surface [376]. In yeast, the mitoCPR is activated and transcription factor Pdr3
induces the expression of CISI. Cytosolic protein Cisl binds to Tom70 and recruits the
AAA+ ATPase Mspl, which removes stalled precursor proteins from mitochondrial chan-
nels and targets them for proteasomal degradation [376]. This allows mitochondria to
maintain their functions under import stress conditions. This is interesting in the context of
AD, especially given that APP, the precursor protein responsible for the production of toxic
amyloid plaques in Alzheimer’s brains, was shown to accumulate within TOM channels,
driving mitochondrial dysfunction in AD [260]. This indicates that the mitoCPR pathway
may be defective under these conditions, or may not be sufficient to rescue mitochondrial
dysfunction associated with APP-TOM aggregation [377].

5.5. mitoTAD

The mitochondrial protein translocation-associated degeneration (mitoTAD) pathway
differs from those described already in that it is a quality control pathway that occurs
constitutively under non-stress conditions [378]. In yeast, it is triggered by precursor
proteins trapped in the Tom40 channel, sensed by Ubx2, which consistently interacts
with the TOM complex under normal conditions, monitoring protein import through
Tom40 [378]. If Ubx2 senses that a precursor protein is arrested within the TOM complex, a
pool of Ubx2 binds to TOM and recruits the AAA+ ATPase Cdc48 for removal of arrested
precursor proteins from the Tom40 channel [378]. The mitoTAD pathway was discovered
in yeast, and interestingly, shows similarities to a quality control pathway in the ER, which
involves Ubx2 exporting unfolded proteins from the ER [379,380]. No examples of the
mitoTAD pathway have been described in models of neurodegeneration as of yet; however,
as discussed above for the mitoCPR pathway, it is intriguing in the context of studies
showing accumulation of proteins in the mitochondria during neurodegeneration, and
further research into this link would be most interesting.
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6. Concluding Remarks

Over recent years, remarkable progress has been made towards understanding the
processes of mitochondrial protein import and respiratory complexes assembly. Recent
advances in structural biology have begun to further elucidate the different structural
properties of the mitochondrial translocases in high resolution, and this sheds further light
on the various processes of mitochondrial protein import for specific protein classes. Whilst
progress has been made, there remain areas of uncertainty regarding the organisation
and dynamic action of the translocase complexes. Advances in import assay methods,
such as the one recently developed [381], are also of paramount importance to dissect
the mechanism of the import process and its kinetics. Hopefully, a revamped in cell
assay will allow one to perform drug and phenotypic screenings, allowing for the easy
identification of new players and modulators as well as small molecules that target this
biological pathway.

Here, we highlight the body of evidence surrounding how closely interlinked mito-
chondrial protein translocation pathways are with the assembly of respiratory complexes
and their function. Recent advances have begun clarifying exactly which translocation
pathways are taken by nuclear-encoded respiratory complex proteins, though much more
is yet to be done. Elucidating this link between import and respiratory function will be
of vital importance, especially since in cases of mitochondrial disease, the importance
of import pathways for respiratory complexes assembly and function is now clear. This
suggests that targeting import pathways in cases of mitochondrial disease may become a
credible therapeutic strategy.

Whilst mitochondrial dysfunction has long been recognised as a key factor in neurode-
generative diseases, mitochondrial protein import is now being implicated as a key factor
in this dysfunction, across all levels of neurodegenerative disease models from the simple
cell line setup right up to animal models and patient samples. Interestingly, the findings
from these studies suggest that dysfunctional mitochondrial import is a driving force
for the prominent mitochondrial irregularities observed in these diseases. This therefore
represents an important target for further research to address the major outstanding ques-
tions. Namely, are the links between mitochondrial import defects and disease causative or
consequential? What exact role might such defects play in disease progression?

This review has also outlined the various stress response pathways that have been
shown to be activated in response to mitochondrial protein import defects. We highlight
their importance in maintaining cell proteostasis and fine-tuning respiratory processes that
rescue mitochondrial function. It is thought that these pathways are interlinked with one
another; for example, the UPR®™ and UPR™, the two most well characterised pathways to
date, are thought to be activated simultaneously, despite having different triggers [364].
Interestingly, the UPR*™ and mPOS pathways both share a common trigger, that is, they
become activated by accumulation of precursor proteins in the cytosol, yet thus far no
evidence has shown their simultaneous activation. Interestingly, the mitoCPR and mitoTAD
pathways also share the same trigger. It is thought that the mitoTAD pathway is active
under non-stress conditions, whilst the mitoCPR pathway is activated only under stress
conditions. Does this mean that mitoCPR is activated only when the mitoTAD pathway
has failed? Since these stress response pathways are relatively new concepts, much more
research is required. As more evidence emerges, enlightening the precise mechanisms of
these pathways, they may generate therapeutically interesting targets for interventions
against neurodegenerative diseases.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1ife11050432 /51, Table S1: Supporting Table for Main Figure 3 on the Assembly of human
Respiratory Complexes.
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Abbreviations

A: mitochondrial transmembrane potential; «-syn: alpha-synuclein; A: amyloid-beta peptide; AD:
Alzheimer’s Disease; AGK: acylglycerol kinase; AIF: apoptosis inducing factor; ALS: Amyotrophic
lateral sclerosis; APP: amyloid precursor protein; CCCP: carbonyl cyanide-m-lorophenylhydrazone;
CHCHD: coiled-coil-helix-coiled-coil-helix domain; CI-V: mitochondprial respiratory complexes one
to five; cryo-EM: cryogenic electron microscopy; DAMPs: damage-associated molecular patterns;
Drp1: mitochondrial fission GTPase dynamin-related protein 1; elF20c: eukaryotic translation initia-
tion factor 2 alpha; ER: endoplasmic reticulum; ETC: electron transport chain; Fe/S: iron/sulphur;
HD: Huntington’s disease; HSR: heat shock response; Hsp: heat-shock protein; HTT: Huntingtin;
IBM: inner boundary membrane; IMM: inner mitochondrial membrane; IMS: intermembrane space;
iMTS: internal mitochondrial targeting sequence like signal sequence; ISR: integrated stress response;
LHON: Leber hereditary optic neuropathy; MCIA: mitochondrial complex I intermediate assembly;
MCSR: mitochondrial to cytosolic stress response; MDVs: mitochondrial-derived vesicles; MIA:
mitochondrial IMS assembly; MICOS: mitochondrial contact site and cristae organising system;
MIM: insertase of the outer mitochondrial membrane; MIP: mitochondrial intermediate peptidase;
mitoCPR: mitochondrial compromised protein import response; mitoTAD: mitochondrial protein
translocation-associated degeneration; MITRAC: Mitochondrial Translation Regulation Assembly
intermediate of Cytochrome c oxidase; mPOS: mitochondrial precursor over-accumulation stress;
MPP: mitochondrial processing peptidase; mtDNA: mitochondrial DNA; MTS: mitochondrial tar-
geting sequence; NFTs: neurofibrillary tangles; NLS: nuclear localisation sequence; OMM: outer
mitochondrial membrane; OXA1: mitochondrial oxidase assembly protein 1; PAM: presequence
translocase-associated motor; PD: Parkinson’s disease; ROS: reactive oxygen species; SAM: sort-
ing and assembly machinery; SC: supercomplexes; SN: Substantia Nigra; TIM22: translocase of
the inner membrane 23; TIM23: translocase of the inner membrane 23; TOM: translocase of the
outer membrane; TOM-CC: translocase of the outer membrane core complex; UQCC1 and UQCC2:
ubiquinol-cytochrome c reductase complex assembly factors 1 and 2; UPR®™: UPR activated by the
mistargeting of proteins; UPR™!: mitochondrial unfolded protein response; UTR: untranslated region.
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