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Introduction

Mitochondria are eukaryotic cellular organelles that participate in regulatory and signaling pathways as well as in energy conversion. Reducing equivalents arising from the catabolism of nutrients are fed to the electron transport chain complexes in the mitochondrial inner membrane, which in turn build the mitochondrial membrane potential (∆ψ). This energy potential is subsequently stored in ubiquitous adenosine triphosphate (ATP) molecules via rotational catalysis at the ATP synthase.

Evolutionarily, mitochondria derive from α-proteobacterial cells and retain the sub-compartmental organization typical of Gram-negative bacteria [START_REF] Roger | The origin and diversification of mitochondria[END_REF]. An inner membrane delimits the innermost mitochondrial matrix compartment, while an outer membrane separates the peripheral intermembrane space (IMS) from the external cytosol (Fig. 1). This double layer of membranes forms a dynamic mitochondrial tubular network that spreads throughout the cytosol. Mitochondrial tubules continuously undergo fission and fusion events, which are necessary to modulate mitochondrial functions as well as to promote organelle quality control [START_REF] Lackner | The molecular mechanism and cellular functions of mitochondrial division[END_REF][START_REF] Palmer | The regulation of mitochondrial morphology: intricate mechanisms and dynamic machinery[END_REF][START_REF] Westermann | Mitochondrial fusion and fission in cell life and death[END_REF]. Although the organization as a tubular network makes mitochondria appear profoundly different from proteobacterial cells, several features of their bacterial progenitors have been preserved during evolution. For instance, mitochondria possess their own genome, even though the majority of the progenitor genes were progressively lost or transferred to the host cell chromosomes. The DNA of nowadays mitochondria encodes specific protein subunits of the electron transport chain and ATP synthase complexes, as well as ribonucleic acid molecules necessary for the correct functioning of the mitochondrial translational apparatus [START_REF] Burger | Mitochondrial genomes: anything goes[END_REF].

The biogenesis of the remaining mitochondrial components, including the overwhelming majority of mitochondrial proteins, requires nuclear genes. Some messenger RNAs encoding mitochondrial precursor proteins are translated by the pool of ribosomes that are free in the cytosol, and the synthesized proteins are imported into the organelle post-translationally [START_REF] Harmey | Transport of cytoplasmically synthesized proteins into the mitochondria in a cell free system from neurospora crassa[END_REF][START_REF] Reid | Import of proteins into mitochondria. Extramitochondrial pools and post-translational import of mitochondrial protein precursors in vivo[END_REF][START_REF] Maccecchini | Import of proteins into mitochondria: Precursor forms of the extramitochondrially made F1-ATPase subunits in yeast[END_REF].

In vivo-based studies have shown, however, that a number of messenger RNAs and ribosomes are proximal to the external surface of mitochondria, providing evidence that translation and import can be coupled [START_REF] Williams | Targeting and plasticity of mitochondrial proteins revealed by proximity-specific ribosome profiling[END_REF][START_REF] Ni | In vivo mitochondrial import. A comparison of leader sequence charge and structural relationships with the in vitro model resulting in evidence for co-translational import[END_REF][START_REF] Marc | Genome-wide analysis of mRNAs targeted to yeast mitochondria[END_REF][START_REF] Lesnik | Om14 is a mitochondrial receptor for cytosolic ribosomes that supports co-translational import into mitochondria[END_REF][START_REF] Kellems | Cytoplasmic type 80s ribosomes associated with yeast mitochondria. IV. Attachment of ribosomes to the outer membrane of isolated mitochondria[END_REF][START_REF] Gold | Visualization of cytosolic ribosomes on the surface of mitochondria by electron cryotomography[END_REF]. In most cases, the exact reason why preproteins undergo coupled translation and import remains poorly understood. However, it was shown that coupling is important to determine the degree of distribution of a dually localized protein.

The relative kinetics of translation and import into mitochondria of the yeast fumarase enzyme determine the extent to which it accumulates in the mitochondrial matrix and in the cytosol [START_REF] Yogev | Translation-coupled translocation of yeast fumarase into mitochondria in vivo[END_REF]. Aberrant translation processes on mitochondria-associated ribosomes can be detected but not efficiently resolved by the ribosomal quality control in the cytosol. A recent study describes a mechanism that curtails the ribosome quality control in proximity of mitochondria, thus promoting the import of aberrant polypeptide products into the mitochondrial matrix, where they will be degraded [START_REF] Izawa | Cytosolic protein Vms1 links ribosome quality control to mitochondrial and cellular homeostasis[END_REF].

Regardless of their site of translation in the cytosol, several hundreds of nuclear-encoded proteins (approximately 1000 in yeast and 1500 in animals) [START_REF] Sickmann | The proteome of Saccharomyces cerevisiae mitochondria[END_REF][START_REF] Rhee | Proteomic mapping of mitochondria in living cells via spatially restricted enzymatic tagging[END_REF][START_REF] Morgenstern | Definition of a high-confidence mitochondrial proteome at quantitative scale[END_REF][START_REF] Mootha | Integrated analysis of protein composition, tissue diversity, and gene regulation in mouse mitochondria[END_REF] are ultimately imported into the organelle by means of specific targeting signals. Most of the mitochondrial precursor proteins possess amino terminal targeting presequences and are imported via the socalled presequence import pathway. The efficiency of the presequence import pathway, which is driven by both the mitochondrial ∆ψ and ATP, depends on the functional energetic state of the organelle. Mechanisms that monitor import of protein precursors can detect mitochondrial dysfunctions and mount transcriptional and proteostatic responses to restore cellular homeostasis. In this review, we describe the components that participate in presequence import and its energetic requirements. We focus mainly on components of the translocases that contribute to fine-tune the import process ensuring accurate and efficient targeting of presequence proteins. Finally, we emphasize how presequence import is exploited by cellular stress surveillance pathways to monitor mitochondrial quality and trigger proteostasis programs that cope with mitochondrial stress.

Import pathways for mitochondrial precursor proteins

Mitochondrial protein import machineries recognize primary sequences as well as small secondary and tertiary structural motifs of precursor proteins [START_REF] Habib | Analysis and prediction of mitochondrial targeting signals[END_REF][START_REF] Chacinska | Importing mitochondrial proteins: machineries and mechanisms[END_REF]. Fungal model systems, such as the budding yeast Saccharomyces cerevisiae and the filamentous fungus Neurospora crassa, have been largely exploited to study mitochondrial protein import. Studies on model animal systems, including humans, (which belong to the same taxonomic supergroup as fungi) have shown that their mitochondrial import machineries are evolutionarily conserved. These observations highlight the relevance of fungi as model systems to understand the role of mitochondrial protein import in human health and disease. On the other hand, studies of organisms of a different taxonomic supergroup, such as the protozoon Trypanosoma brucei, have revealed a number of differences in the components of mitochondrial protein import pathways, providing insights into the evolutional history of eukaryotes [START_REF] Harsman | Mitochondrial protein import in trypanosomes: Expect the unexpected[END_REF][START_REF] Dolezal | Evolution of the molecular machines for protein import into mitochondria[END_REF]. This review predominantly describes protein import pathways in the yeast model system.

In fungi and animals, the general translocase of the outer mitochondrial membrane (TOM complex) plays a critical role in the import of virtually all nuclear-encoded mitochondrial proteins (Fig. 1). In the case of multi-spanning α-helical outer membrane proteins, the protein receptor function of the TOM complex helps to guide these precursors to the cytosol-facing side of the mitochondrial import machinery (MIM), which assembles them into the lipid bilayer. In the other cases, the TOM complex transports precursor proteins into the organelle. Integral outer membrane β-barrel proteins are handed over to the sorting and assembly machinery (SAM complex) for folding and integration into the surrounding lipid bilayer. Import of cysteine-rich IMS proteins is driven by oxidative folding at the mitochondrial intermembrane space import and assembly machinery (MIA complex). The carrier translocase (TIM22 complex) assembles multi-spanning inner membrane carrier proteins.

Presequence proteins (or preproteins), which correspond to 60-70% of the mitochondrial proteome [START_REF] Vogtle | Global analysis of the mitochondrial n-proteome identifies a processing peptidase critical for protein stability[END_REF], contain amino-terminal, matrix-targeting and cleavable presequences, or presequence-like signals. The presequence translocase (TIM23 complex) either transports preproteins into the matrix (matrix translocation) or releases them laterally via a mechanism of translocation arrest and transfer into the surrounding lipid bilayer (stoptransfer pathway). Some preproteins further require the action of the oxidase assembly (OXA) complex for insertion into the inner membrane (conservative sorting pathway). In addition, OXA inserts proteins encoded by the mitochondrial genome and synthesized in the mitochondrial matrix into the inner membrane (Fig. 1).

An increasing body of evidence suggests that the classification of the mitochondrial import processes into 5 major transport pathways is nonexhaustive, as a number of alternative mechanisms of preprotein targeting and import have been identified [START_REF] Chacinska | Importing mitochondrial proteins: machineries and mechanisms[END_REF][START_REF] Neupert | Translocation of proteins into mitochondria[END_REF][START_REF] Straub | Dynamic organization of the mitochondrial protein import machinery[END_REF]. Furthermore, considering that most mitochondrial import pathways have been characterized using a limited number of model proteins, it is likely that other mechanisms will be discovered in future studies. An emerging feature concerns the ability of distinct import pathways to cooperate via direct interactions and the handing-over of precursors [START_REF] Straub | Dynamic organization of the mitochondrial protein import machinery[END_REF][START_REF] Wenz | Cooperation of protein machineries in mitochondrial protein sorting[END_REF].

Architecture of the TOM complex

The TOM complex consists of seven outer membrane spanning components and represents the organelle entry gate for mitochondrial precursor proteins. The central channel-forming subunit Tom40 also functions as an escape gate during retrograde transport into the cytosol of misfolded IMS proteins [START_REF] Bragoszewski | Retro-translocation of mitochondrial intermembrane space proteins[END_REF]. At the cytosolic side of the TOM complex, three α-helical transmembrane subunits, Tom20, Tom22, and Tom70 mediate precursor receptor functions with some degree of redundancy [START_REF] Yamano | Tom20 and Tom22 share the common signal recognition pathway in mitochondrial protein import[END_REF][START_REF] Yamamoto | Roles of Tom70 in import of presequence-containing mitochondrial proteins[END_REF][START_REF] Melin | A presequence-binding groove in Tom70 supports import of Mdl1 into mitochondria[END_REF][START_REF] Brix | Distribution of binding sequences for the mitochondrial import receptors Tom20, Tom22, and Tom70 in a presequence-carrying preprotein and a noncleavable preprotein[END_REF][START_REF] Brix | Differential recognition of preproteins by the purified cytosolic domains of the mitochondrial import receptors Tom20, Tom22, and Tom70[END_REF]. The β-barrel of Tom40 delimits an aqueous pore [START_REF] Kunkele | The isolated complex of the translocase of the outer membrane of mitochondria. Characterization of the cation-selective and voltage-gated preprotein-conducting pore[END_REF][START_REF] Harsman | Protein conducting nanopores[END_REF][START_REF] Ahting | The TOM core complex: the general protein import pore of the outer membrane of mitochondria[END_REF][START_REF] Suzuki | Membrane-embedded C-terminal segment of rat mitochondrial TOM40 constitutes protein-conducting pore with enriched betastructure[END_REF][START_REF] Becker | Preprotein translocase of the outer mitochondrial membrane: Reconstituted Tom40 forms a characteristic TOM pore[END_REF][START_REF] Hill | Tom40 forms the hydrophilic channel of the mitochondrial import pore for preproteins[END_REF] present in two-to-three copies in each TOM complex (Fig. 2A, TOM) [START_REF] Shiota | Molecular architecture of the active mitochondrial protein gate[END_REF][START_REF] Model | Protein translocase of the outer mitochondrial membrane: Role of import receptors in the structural organization of the TOM complex[END_REF][START_REF] Model | Cryo-electron microscopy structure of a yeast mitochondrial preprotein translocase[END_REF][START_REF] Kunkele | The preprotein translocation channel of the outer membrane of mitochondria[END_REF][START_REF] Bausewein | Cryo-EM structure of the TOM core complex from Neurospora crassa[END_REF]. While the receptors Tom20 and Tom70 are loosely associated with the complex, Tom22 is present in a 1:1 stoichiometry with Tom40 and constitutes an important structural element.

Tom22, in fact, bridges adjacent Tom40 subunits, providing stability to the translocase [START_REF] Shiota | Molecular architecture of the active mitochondrial protein gate[END_REF][START_REF] Bausewein | Cryo-EM structure of the TOM core complex from Neurospora crassa[END_REF][START_REF] Van Wilpe | Tom22 is a multifunctional organizer of the mitochondrial preprotein translocase[END_REF]. Three additional small proteins Tom5, Tom6, and Tom7 modulate the organization and function of the TOM complex [START_REF] Sherman | Functions of the small proteins in the TOM complex of Neurospora crassa[END_REF][START_REF] Schmitt | Role of Tom5 in maintaining the structural stability of the TOM complex of mitochondria[END_REF][START_REF] Honlinger | Tom7 modulates the dynamics of the mitochondrial outer membrane translocase and plays a pathway-related role in protein import[END_REF][START_REF] Becker | Biogenesis of mitochondria: Dual role of Tom7 in modulating assembly of the preprotein translocase of the outer membrane[END_REF][START_REF] Dietmeier | Tom5 functionally links mitochondrial preprotein receptors to the general import pore[END_REF].

The TOM complex is more abundant than other mitochondrial translocases [START_REF] Morgenstern | Definition of a high-confidence mitochondrial proteome at quantitative scale[END_REF][START_REF] Ghaemmaghami | Global analysis of protein expression in yeast[END_REF][START_REF] Sirrenberg | Functional cooperation and stoichiometry of protein translocases of the outer and inner membranes of mitochondria[END_REF], accounting for the major workload of this translocase in dispatching precursors to other protein transport and assembly machineries. In yeast, metabolic and signaling cues regulate the assembly and activity of the TOM complex via events of phosphorylation mediated by cytosolic kinases. These include the protein kinase A (PKA), which responds to cyclic AMP levels, the glucose induced casein kinase 1 (CK1), the constitutively active casein kinase 2 (CK2) and the cyclin-dependent kinase 1 (Cdk1) [START_REF] Gerbeth | Glucose-induced regulation of protein import receptor Tom22 by cytosolic and mitochondria-bound kinases[END_REF][START_REF] Harbauer | Mitochondria. Cell cycle-dependent regulation of mitochondrial preprotein translocase[END_REF][START_REF] Rao | Biogenesis of the preprotein translocase of the outer mitochondrial membrane: Protein kinase A phosphorylates the precursor of Tom40 and impairs its import[END_REF][START_REF] Schmidt | Regulation of mitochondrial protein import by cytosolic kinases[END_REF]. Some of the identified phospho-sites specifically influence the recognition of mitochondrial protein signals [START_REF] Schmidt | Regulation of mitochondrial protein import by cytosolic kinases[END_REF][START_REF] Melin | Presequence recognition by the Tom40 channel contributes to precursor translocation into the mitochondrial matrix[END_REF]. In mammals, the phosphorylation of a TOM subunit has been reported. This phosphorylation event does not appear to influence TOM assembly and protein import, rather it plays a role in mitochondrial homeostasis [START_REF] Kravic | In mammalian skeletal muscle, phosphorylation of TOMM22 by protein kinase CSNK2/CK2 controls mitophagy[END_REF].

The inward transport of a preprotein towards the matrix leads to the formation of a transient preprotein-tethered TOM-TIM23 supercomplex [START_REF] Sirrenberg | Functional cooperation and stoichiometry of protein translocases of the outer and inner membranes of mitochondria[END_REF][START_REF] Dekker | The Tim core complex defines the number of mitochondrial translocation contact sites and can hold arrested preproteins in the absence of matrix Hsp70-Tim44[END_REF]. The TOM-TIM23 import sites, under non-fermentative conditions, are organized into clusters that accumulate in proximity of crista junctions [START_REF] Gold | Visualizing active membrane protein complexes by electron cryotomography[END_REF], which are active sites of biogenesis where cristae are connected to the inner boundary membranes (Fig. 2B) [START_REF] Zick | Cristae formation-linking ultrastructure and function of mitochondria[END_REF][START_REF] Rampelt | Role of the mitochondrial contact site and cristae organizing system in membrane architecture and dynamics[END_REF]. It was speculated that the higher density of import sites may help streamline incoming mitochondrial precursor proteins to inner membrane regions where biogenesis and morphogenesis are particularly active [START_REF] Gold | Visualizing active membrane protein complexes by electron cryotomography[END_REF].

Presequence recognition and transport via the TOM complex

Presequences consist of α-helical segments at the amino (N) termini of preproteins. They contain on average between 15 and 55 amino acid residues, with a few exceptions [START_REF] Vogtle | Global analysis of the mitochondrial n-proteome identifies a processing peptidase critical for protein stability[END_REF]. Two features of presequences are critical for import: 1) an asymmetric distribution of hydrophobic and polar amino acid residues that determines an amphipathic pattern on opposite faces of the α-helix; 2) a net positive charge [START_REF] Roise | Amphiphilicity is essential for mitochondrial presequence function[END_REF][START_REF] Heijne | Mitochondrial targeting sequences may form amphiphilic helices[END_REF]. The presequence docks onto the TOM complex thanks to hydrophobic interactions with the cytosolic domain of Tom20 (Fig. 2C, step 1) [START_REF] Brix | Differential recognition of preproteins by the purified cytosolic domains of the mitochondrial import receptors Tom20, Tom22, and Tom70[END_REF][START_REF] Abe | Structural basis of presequence recognition by the mitochondrial protein import receptor Tom20[END_REF][START_REF] Saitoh | Tom20 recognizes mitochondrial presequences through dynamic equilibrium among multiple bound states[END_REF]. The negatively charged carboxy (C)-terminal region of Tom22 interacts electrostatically with the presequence. The cytosolic domain of Tom22 appears to have a certain degree of flexibility, a property that may contribute to displacing the presequence from Tom20 and facilitating its handing-over to the Tom40 channel (Fig. 2C, step 2) [START_REF] Brix | Differential recognition of preproteins by the purified cytosolic domains of the mitochondrial import receptors Tom20, Tom22, and Tom70[END_REF][START_REF] Bausewein | Cryo-EM structure of the TOM core complex from Neurospora crassa[END_REF][START_REF] Rapaport | Mitochondrial protein import. Tom40 plays a major role in targeting and translocation of preproteins by forming a specific binding site for the presequence[END_REF][START_REF] Nargang | Role of the negative charges in the cytosolic domain of Tom22 in the import of precursor proteins into mitochondria[END_REF][START_REF] Shiota | In vivo protein-interaction mapping of a mitochondrial translocator protein Tom22 at work[END_REF][START_REF] Mayer | Mom22 is a receptor for mitochondrial targeting sequences and cooperates with Mom19[END_REF]. The preprotein is then transported via the aqueous β-barrel pore of Tom40 [START_REF] Shiota | Molecular architecture of the active mitochondrial protein gate[END_REF]. An additional mechanism of transport, where the polypeptide slides at the external interface of multiple Tom40 subunits has been proposed [START_REF] Harner | Lateral release of proteins from the tom complex into the outer membrane of mitochondria[END_REF].

Once the presequence signal emerges at the IMS side of the outer membrane, it binds to the trans side of the TOM complex, which is formed by the soluble C-terminal domain of Tom22 (Fig. 2C, step 3) in cooperation with Tom40 and Tom7 [START_REF] Rapaport | Mitochondrial protein import. Tom40 plays a major role in targeting and translocation of preproteins by forming a specific binding site for the presequence[END_REF][START_REF] Esaki | Mitochondrial protein import. Requirement of presequence elements and TOM components for precursor binding to the TOM complex[END_REF][START_REF] Moczko | The intermembrane space domain of mitochondrial Tom22 functions as a trans binding site for preproteins with N-terminal targeting sequences[END_REF][START_REF] Mayer | Mitochondrial protein import: reversible binding of the presequence at the trans side of the outer membrane drives partial translocation and unfolding[END_REF][START_REF] Kanamori | Uncoupling of transfer of the presequence and unfolding of the mature domain in precursor translocation across the mitochondrial outer membrane[END_REF]. At this site, the presequence is handed over to the TIM23 complex [START_REF] Chacinska | Mitochondrial presequence translocase: switching between TOM tethering and motor recruitment involves Tim21 and Tim17[END_REF][START_REF] Mokranjac | Role of Tim21 in mitochondrial translocation contact sites[END_REF]. While the presequence breaches the TOM complex, more C-terminal segments that cue outside of the mitochondrial general entry gate are kept translocation competent thanks to interactions with Tom70 and Tom22 [START_REF] Shiota | In vivo protein-interaction mapping of a mitochondrial translocator protein Tom22 at work[END_REF][START_REF] Backes | Tom70 enhances mitochondrial preprotein import efficiency by binding to internal targeting sequences[END_REF]. In the case of hydrophobic segments of precursor proteins, docking to the TOM complex is further assisted by cytosolic J-protein co-chaperones [START_REF] Opalinski | Recruitment of cytosolic J-proteins by TOM receptors promotes mitochondrial protein biogenesis[END_REF][START_REF] Hansen | An ER surface retrieval pathway safeguards the import of mitochondrial membrane proteins in yeast[END_REF]. Once in the lumen of the TOM channel, hydrophobic and hydrophilic patches on the internal surface of the Tom40 β-barrel chaperone internal segments of precursors towards the IMS [START_REF] Shiota | Molecular architecture of the active mitochondrial protein gate[END_REF][START_REF] Gessmann | Structural elements of the mitochondrial preproteinconducting channel Tom40 dissolved by bioinformatics and mass spectrometry[END_REF][START_REF] Esaki | Tom40 protein import channel binds to non-native proteins and prevents their aggregation[END_REF].

The core TIM23 subunits and presequence translocation

Since its discovery in the nineties, a large body of work has contributed to elucidate the mechanisms by which the presequence translocase transports preproteins. These studies have made it clear that the presequence translocase is a highly dynamic and versatile complex that contributes to the biogenesis of all mitochondrial sub-compartments. In fact, although the main function of the TIM23 complex is to transport preproteins into the matrix or into the inner membrane, some preproteins are released into the IMS upon subsequent processing [START_REF] Chacinska | Importing mitochondrial proteins: machineries and mechanisms[END_REF][START_REF] Neupert | Translocation of proteins into mitochondria[END_REF]. In addition, the TIM23 complex contributes to the import of precursor proteins that are ultimately targeted to the outer membrane [START_REF] Wenz | The presequence pathway is involved in protein sorting to the mitochondrial outer membrane[END_REF][START_REF] Sinzel | Mcp3 is a novel mitochondrial outer membrane protein that follows a unique IMP-dependent biogenesis pathway[END_REF].

Despite the vast literature available on this complex, the structural architecture of the translocase is unknown. It has been demonstrated that two features of the translocase are crucial for presequence import: first a presequence receptor function, necessary to specifically recognize the incoming preproteins; second, a channel function to transport the presequence across the inner membrane. The core of the TIM23 complex consists of three essential subunits, Tim50, Tim23 and Tim17. Two further non-essential subunits, Tim21 and Mgr2 (Fig. 2A,TIM23), which complete the translocase during presequence transport, have regulatory functions and are discussed subsequently in this review.

Tim50 is a single-spanning inner membrane protein that presents a small amino terminal soluble domain in the matrix and a large C-terminal domain in the IMS [START_REF] Geissler | The mitochondrial presequence translocase: An essential role of Tim50 in directing preproteins to the import channel[END_REF][START_REF] Mokranjac | Tim50, a novel component of the Tim23 preprotein translocase of mitochondria[END_REF][START_REF] Yamamoto | Tim50 is a subunit of the Tim23 complex that links protein translocation across the outer and inner mitochondrial membranes[END_REF]. The essential IMS domain of Tim50, Tim50 IMS , carries out the presequence receptor function of the translocase (Fig. 2A,TIM23). Two preprotein binding sites have been identified. One, at its C terminus, is specifically found in fungal species. This region, which was named presequence binding domain, has high affinity for presequence signals and is probably the first interaction site of the TIM23 complex with the preprotein at the TOM trans side [START_REF] Schulz | Tim50's presequence receptor domain is essential for signal driven transport across the TIM23 complex[END_REF][START_REF] Rahman | NMR analyses on the interactions of the yeast Tim50 C-terminal region with the presequence and Tim50 core domain[END_REF] (Fig. 2C, steps 3 and 4). A second polypeptide binding site was identified in the more N-terminal, conserved IMS region. This binding site consists of a structural groove (peptide binding groove) exposing acidic residues on its surface that were proposed to interact electrostatically with presequence signals (Fig. 2A andC, step 4) [START_REF] Rahman | NMR analyses on the interactions of the yeast Tim50 C-terminal region with the presequence and Tim50 core domain[END_REF][START_REF] Qian | Structural basis for the function of Tim50 in the mitochondrial presequence translocase[END_REF]. The presequence binding domain of Tim50 has a certain degree of conformational flexibility that may help the presequence handing-over across the IMS from the trans side of the TOM complex. In addition, the C-terminal presequence binding domain can also interact with the peptide binding groove of Tim50 IMS , suggesting that it may help the presequence to step forward in the import reaction [START_REF] Rahman | NMR analyses on the interactions of the yeast Tim50 C-terminal region with the presequence and Tim50 core domain[END_REF]. The peptide binding groove is proximal to the Tim23 subunit [START_REF] Qian | Structural basis for the function of Tim50 in the mitochondrial presequence translocase[END_REF][START_REF] Alder | Quaternary structure of the mitochondrial TIM23 complex reveals dynamic association between Tim23p and other subunits[END_REF][START_REF] Malhotra | Cardiolipin mediates membrane and channel interactions of the mitochondrial TIM23 protein import complex receptor Tim50[END_REF].

The IMS domain of Tim23 (Tim23 IMS ) interacts with Tim50 IMS and promotes the translocase receptor function (Fig. 2A,TIM23) [START_REF] De La Cruz | The intermembrane space domain of Tim23 is intrinsically disordered with a distinct binding region for presequences[END_REF][START_REF] Truscott | A presequence-and voltagesensitive channel of the mitochondrial preprotein translocase formed by Tim23[END_REF][START_REF] Bauer | Role of tim23 as voltage sensor and presequence receptor in protein import into mitochondria[END_REF][START_REF] Gevorkyan-Airapetov | Interaction of Tim23 with Tim50 is essential for protein translocation by the mitochondrial TIM23 complex[END_REF][START_REF] Mokranjac | Role of Tim50 in the transfer of precursor proteins from the outer to the inner membrane of mitochondria[END_REF][START_REF] Tamura | Tim23-Tim50 pair coordinates functions of translocators and motor proteins in mitochondrial protein import[END_REF][START_REF] Lytovchenko | Signal recognition initiates reorganization of the presequence translocase during protein import[END_REF]. Cterminally to its IMS domain, Tim23 spans the lipid bilayer with four transmembrane segments. In vitro, Tim23 can form membrane embedded channels that are voltage-and presequence-gated [START_REF] Truscott | A presequence-and voltagesensitive channel of the mitochondrial preprotein translocase formed by Tim23[END_REF][START_REF] Alder | Fluorescence mapping of mitochondrial TIM23 complex reveals a water-facing, substrate-interacting helix surface[END_REF]. As the threedimensional structure of the native channel is unknown, our understanding of its architecture and the mechanistic details of its function are limited. In contrast, the three-dimensional structure of another α-helical translocase, the SEC complex found in the endoplasmic reticulum or in the bacterial inner membrane, has been determined. Similarly to the presequence translocase, the SEC complex transports unfolded proteins across a lipid bilayer. The SEC central subunit forms a bundle of ten transmembrane segments that surround the polypeptide transport channel [START_REF] Rapoport | Structural and mechanistic insights into protein translocation[END_REF]. Tim23, which contains only four transmembrane segments, has been shown to acquire a dimeric quaternary structure in the presence of the mitochondrial ∆ψ [START_REF] Alder | Quaternary structure of the mitochondrial TIM23 complex reveals dynamic association between Tim23p and other subunits[END_REF][START_REF] Bauer | Role of tim23 as voltage sensor and presequence receptor in protein import into mitochondria[END_REF], suggestive of a channel formed by at least two Tim23 subunits. In addition, the essential core component Tim17, a four transmembrane spanning subunit homologous to Tim23, may participate in forming the translocase channel. Of note, crosslinking studies have shown that Tim17 is in close proximity to an incoming polypeptide [START_REF] Gebert | Mgr2 promotes coupling of the mitochondrial presequence translocase to partner complexes[END_REF]. While it remains unclear if (and eventually how) Tim17 participates to form a membrane channel, it has been demonstrated that Tim17 is critical for the stability and the function of the translocase [START_REF] Milisav | Modular structure of the TIM23 preprotein translocase of mitochondria[END_REF][START_REF] Martinez-Caballero | Tim17p regulates the twin pore structure and voltage gating of the mitochondrial protein import complex TIM23[END_REF].

Regardless of what the precise molecular nature of the protein transport channel may be, it is widely accepted that it contains a voltage sensor able to trigger ∆ψ-dependent activation of protein transport. Different subdomains of the translocase core subunits have been shown to undergo conformational changes in response to ∆ψ variations. Tim50 IMS contributes to maintaining the translocase sealed in the absence of a presequence signal [START_REF] Meinecke | Tim50 maintains the permeability barrier of the mitochondrial inner membrane[END_REF]. From a structural point of view, the best characterized conformational changes are those that occur along the second transmembrane segment of the Tim23 subunit. The α-helical folding of this segment is stabilized in energized membranes and this conformation, together with the IMS domain of Tim50, contributes to seal the channel [START_REF] Malhotra | Structural changes in the mitochondrial Tim23 channel are coupled to the proton-motive force[END_REF]. The IMS-exposed regions of Tim17 influence the gating properties of the channel in energized membranes. N-terminal negative charges and a disulfide bond between the N-terminal IMS-exposed segment and an IMS loop of Tim17 are critical for the dynamic gating of the translocase and protein transport [START_REF] Martinez-Caballero | Tim17p regulates the twin pore structure and voltage gating of the mitochondrial protein import complex TIM23[END_REF][START_REF] Ramesh | A disulfide bond in the TIM23 complex is crucial for voltage gating and mitochondrial protein import[END_REF][START_REF] Wrobel | The presence of disulfide bonds reveals an evolutionarily conserved mechanism involved in mitochondrial protein translocase assembly[END_REF].

In summary, the process of presequence transport across the inner membrane can be summarized with the following model. Presequence binding to Tim50 IMS and Tim23 IMS induces conformational changes in these two subunits that lead to the opening of the polypeptide transport channel.

The presequence, which binds to Tim23 with low affinity, can then migrate towards the trans side of the inner membrane (Fig. 2C, steps 4 and 5) [START_REF] Lytovchenko | Signal recognition initiates reorganization of the presequence translocase during protein import[END_REF][START_REF] Meinecke | Tim50 maintains the permeability barrier of the mitochondrial inner membrane[END_REF][START_REF] Marom | Direct interaction of mitochondrial targeting presequences with purified components of the TIM23 protein complex[END_REF]. Positive charges are transported electrophoretically across the inner membrane [START_REF] Martin | Role of an energized inner membrane in mitochondrial protein import. Delta psi drives the movement of presequences[END_REF][START_REF] Turakhiya | Protein import by the mitochondrial presequence translocase in the absence of a membrane potential[END_REF]. Translocation directionality is further ensured by the interaction of the presequence with the matrix-localized Tim44 and mtHsp70/Ssc1 [START_REF] Marom | Direct interaction of mitochondrial targeting presequences with purified components of the TIM23 protein complex[END_REF]. These two proteins are part of the presequence translocase associated motor (PAM) complex necessary for preprotein translocation into the matrix. The presequence is subsequently cleaved by the mitochondrial processing protease (MPP) and further degraded (Fig. 2C, step 6) [START_REF] Mossmann | Processing of mitochondrial presequences[END_REF].

Translocon dynamics during transport of preprotein segments into the matrix

The mitochondrial ∆ψ is essential for translocase activation and presequence transport. In addition, the ∆ψ may promote the import of more Cterminal segments [START_REF] Schendzielorz | Two distinct membrane potential-dependent steps drive mitochondrial matrix protein translocation[END_REF][START_REF] Geissler | Membrane potential-driven protein import into mitochondria. The sorting sequence of cytochrome b 2 modulates the delta psi-dependence of translocation of the matrix-targeting sequence[END_REF]. The efficient translocation across the inner membrane of mature preprotein segments, however, generally requires a motor bound form of the translocase, consisting of the TIM23 and PAM complexes.

The central PAM subunit mtHsp70, a homolog of the bacterial DnaK chaperone, is formed by an N-terminal ATPase domain and a C-terminal polypeptide binding domain. Different co-chaperones are necessary for mtHsp70 activity during either preprotein import or folding [START_REF] Craig | Hsp70 at the membrane: driving protein translocation[END_REF]. The cochaperones Tim44 and Pam18/Tim14 specifically promote the import function of mtHsp70. Tim44 is a docking protein that facilitates the recruitment of mtHsp70 to the TIM23 complex in proximity of the channel exit. Tim44 consists of two domains that function in a coordinated manner. The flexible Nterminal domain interacts with Tim23 and mtHsp70, while the C-terminal domain interacts with the translocase subunits Tim23 and Tim17 [START_REF] Ting | Architecture of the TIM23 inner mitochondrial translocon and interactions with the matrix import motor[END_REF][START_REF] Ting | Dual interaction of scaffold protein Tim44 of mitochondrial import motor with channel-forming translocase subunit Tim23[END_REF][START_REF] Banerjee | Protein translocation channel of mitochondrial inner membrane and matrix-exposed import motor communicate via two-domain coupling protein[END_REF][START_REF] Schiller | Residues of Tim44 involved in both association with the translocon of the inner mitochondrial membrane and regulation of mitochondrial Hsp70 tethering[END_REF].

The C-terminal domain of Tim44 helps to contact the membrane via interactions that are stabilized in the presence of the negatively charged lipid cardiolipin [START_REF] Josyula | Crystal structure of yeast mitochondrial peripheral membrane protein Tim44p C-terminal domain[END_REF][START_REF] Marom | Interaction of the Tim44 C-terminal domain with negatively charged phospholipids[END_REF][START_REF] Weiss | Domain structure and lipid interaction of recombinant yeast Tim44[END_REF]. The J-protein co-chaperone Pam18 stimulates the mtHsp70 ATPase activity during preprotein import [START_REF] D'silva | J protein cochaperone of the mitochondrial inner membrane required for protein import into the mitochondrial matrix[END_REF][START_REF] Mokranjac | Tim14, a novel key component of the import motor of the TIM23 protein translocase of mitochondria[END_REF][START_REF] Truscott | A J-protein is an essential subunit of the presequence translocase-associated protein import motor of mitochondria[END_REF]. Pam18 is a single span inner membrane protein. Its C-terminal J-domain localizes to the matrix, while the N-terminal domain in the IMS makes contact with Tim17 [START_REF] Chacinska | Mitochondrial presequence translocase: switching between TOM tethering and motor recruitment involves Tim21 and Tim17[END_REF].

As discussed later in this review, Pam16 is a matrix-localized co-chaperone with an inactive J-domain that regulates Pam18 localization and function [START_REF] Frazier | Pam16 has an essential role in the mitochondrial protein import motor[END_REF][START_REF] Kozany | The J domain-related cochaperone Tim16 is a constituent of the mitochondrial Tim23 preprotein translocase[END_REF]. In the presence of ATP, mtHsp70 establishes transient associations with polypeptide segments [START_REF] Mapa | The conformational dynamics of the mitochondrial Hsp70 chaperone[END_REF]. The Pam18-stimulated ATP hydrolysis leads to a more stable mtHsp70 (ADP) -preprotein interaction. The nucleotide exchange factor Mge1 promotes the release of ADP from mtHsp70, facilitating the resetting of its ATP bound state (Fig. 3A, side view) [START_REF] Bolliger | A mitochondrial homolog of bacterial GrpE interacts with mitochondrial Hsp70 and is essential for viability[END_REF][START_REF] Ikeda | Yge1 is a yeast homologue of Escherichia coli GrpE and is required for maintenance of mitochondrial functions[END_REF][START_REF] Laloraya | A role for a eukaryotic GrpErelated protein, Mge1p, in protein translocation[END_REF].

The organization of motor subunits is highly dynamic, ensuring that consecutive cycles of mtHsp70 recruitment to the translocon confer directionality to the matrix translocation pathway. The PAM reaction cycle can be summarized with the following model. At the idle translocase, mtHsp70 interacts with Tim44. This interaction is ATP-sensitive [START_REF] Rassow | Mitochondrial protein import: biochemical and genetic evidence for interaction of matrix Hsp70 and the inner membrane protein Mim44[END_REF][START_REF] Schneider | Mitochondrial Hsp70/Mim44 complex facilitates protein import[END_REF][START_REF] Von Ahsen | The mitochondrial protein import machinery. Role of ATP in dissociation of the Hsp70 . Mim44 complex[END_REF][START_REF] Horst | The mitochondrial protein import motor: Dissociation of mitochondrial Hsp70 from its membrane anchor requires ATP binding rather than ATP hydrolysis[END_REF][START_REF] Liu | Regulated cycling of mitochondrial Hsp70 at the protein import channel[END_REF]. In fact, while mtHsp70 (ATP) and mtHsp70 (ADP) bind to Tim44 with similar affinities, Mge1 preferentially displaces mtHsp70 (ADP) from its docking site [START_REF] Liu | Regulated cycling of mitochondrial Hsp70 at the protein import channel[END_REF]. Thus, when the preprotein emerges at the trans side of the TIM23 complex, it has a high probability to interact with mtHsp70 (ATP) . The interaction between mtHsp70 and Tim44 is destabilized upon arrival of a presequence polypeptide [START_REF] Ting | Dual interaction of scaffold protein Tim44 of mitochondrial import motor with channel-forming translocase subunit Tim23[END_REF][START_REF] Liu | Regulated cycling of mitochondrial Hsp70 at the protein import channel[END_REF][START_REF] Silva | Regulated interactions of mtHsp70 with Tim44 at the translocon in the mitochondrial inner membrane[END_REF][START_REF] Slutsky-Leiderman | The interplay between components of the mitochondrial protein translocation motor studied using purified components[END_REF]. Pam18, which is dynamically replenished at the translocase [START_REF] Schulz | Remodelling of the active presequence translocase drives motor-dependent mitochondrial protein translocation[END_REF], stimulates ATP hydrolysis. The tightly bound chaperone-preprotein complex can then depart from Tim44. In a second step, Mge1 resets mtHsp70 in the ATP bound state, freeing the polypeptide. A subsequent mtHsp70 cycle can restart with the chaperone being newly recruited to Tim44 (Fig. 3A, side view).

It remains unclear how mtHsp70 confers directionality to the import reaction. It has been debated whether the driving action of the import motor is the result of a Brownian-ratchet mechanism that progressively traps segments of the polypeptide into the matrix, or whether the conformational changes that mtHsp70 undergoes upon ATP hydrolysis result in a power stroke that actively drags preprotein segments through the membrane [START_REF] Gaume | Unfolding of preproteins upon import into mitochondria[END_REF][START_REF] Okamoto | The protein import motor of mitochondria: A targeted molecular ratchet driving unfolding and translocation[END_REF][START_REF] Voisine | The protein import motor of mitochondria: Unfolding and trapping of preproteins are distinct and separable functions of matrix[END_REF]. A further model proposes that import-driving activity is based on entropic pulling.

According to this model, the Brownian-ratchet mechanism produces a pulling effect as preprotein conformations that move away from the membrane are thermodynamically favored compared to conformations that remain close to the crowded and membrane-delimited trans side of the translocase [START_REF] De Los Rios | Hsp70 chaperones accelerate protein translocation and the unfolding of stable protein aggregates by entropic pulling[END_REF].

Translocon dynamics during sorting of preproteins into the inner membrane.

In addition to the transport of polypeptide segments across the membrane, the presequence translocase partitions proteins with a hydrophobic transmembrane segment into the lipid bilayer. This process is also referred to as membrane sorting. Generally, the hydrophobic signal of a mitochondrial preprotein is positioned C-terminally to the presequence that has already engaged the TIM23 channel. Thus, a lateral gate connecting the aqueous translocase channel and the lipid bilayer would be needed in order to free the polypeptide from the translocase and promote its sorting into the membrane. The preprotein hydrophobic signals are also called "stop-transfer" signals because they arrest preprotein translocation towards the matrix and promote transfer into the membrane [START_REF] Glick | Cytochromes c 1 and b 2 are sorted to the intermembrane space of yeast mitochondria by a stop-transfer mechanism[END_REF]. Although in vitro inner membrane sorting can be mediated by a motor-free form of the translocase [START_REF] Van Der Laan | Motor-free mitochondrial presequence translocase drives membrane integration of preproteins[END_REF], the motor plays a critical role in the case of preproteins that have to partially migrate towards the matrix prior to their lateral release into the lipid bilayer [START_REF] Frazier | Pam16 has an essential role in the mitochondrial protein import motor[END_REF][START_REF] Merlin | A mutant form of mitochondrial GrpE suppresses the sorting defect caused by an alteration in the presequence of cytochrome b 2[END_REF][START_REF] Popov-Celeketic | Role of the import motor in insertion of transmembrane segments by the mitochondrial TIM23 complex[END_REF][START_REF] Schendzielorz | Motor recruitment to the TIM23 channel's lateral gate restricts polypeptide release into the inner membrane[END_REF][START_REF] Herlan | Alternative topogenesis of Mgm1 and mitochondrial morphology depend on ATP and a functional import motor[END_REF]. Stop-transfer signals include a stretch of approximately 19 hydrophobic residues that are generally flanked at the matrix side by positively charged amino acids [START_REF] Beasley | The signal that sorts yeast cytochrome b 2 to the mitochondrial intermembrane space contains three distinct functional regions[END_REF][START_REF] Botelho | TIM23-mediated insertion of transmembrane alpha-helices into the mitochondrial inner membrane[END_REF][START_REF] Schwarz | Targeting of cytochrome b 2 into the mitochondrial intermembrane space: specific recognition of the sorting signal[END_REF]. The precise role of these positive flanking charges remains unknown: basic residues are likely subjected to the electrochemical field across the inner membrane and may also interact directly with the translocase subunits [START_REF] Botelho | TIM23-mediated insertion of transmembrane alpha-helices into the mitochondrial inner membrane[END_REF][START_REF] Ieva | Mgr2 functions as lateral gatekeeper for preprotein sorting in the mitochondrial inner membrane[END_REF].

As revealed for the SEC translocase [START_REF] Rapoport | Structural and mechanistic insights into protein translocation[END_REF], it is conceivable that the TIM23 bundle of helices that surrounds the polypeptide transport channel is organized into two clusters, which rotate in opposite directions, opening a breach into the wall of the channel. The opening would allow accommodating hydrophobic stop-transfer signals more proximally to the lateral exit point, and ultimately their partitioning into the lipid phase (Fig. 3B). Other mechanisms of preprotein release into the inner membrane cannot be excluded.

Multiple subunits of the TIM23 complex contribute to the translocase lateral gate function. Studies have identified mutations in Tim17 that impair lateral sorting more than they do matrix translocation [START_REF] Chacinska | Mitochondrial presequence translocase: switching between TOM tethering and motor recruitment involves Tim21 and Tim17[END_REF][START_REF] Chacinska | Distinct forms of mitochondrial TOM-TIM supercomplexes define signal-dependent states of preprotein sorting[END_REF][START_REF] Meier | Conserved N-terminal negative charges in the Tim17 subunit of the TIM23 translocase play a critical role in the import of preproteins into mitochondria[END_REF]. In addition, a chimeric Tim17 fusion protein with an additional C-terminal transmembrane segment causes defects in membrane sorting, suggesting that Tim17 is proximal to the translocase lateral gate [START_REF] Schendzielorz | Motor recruitment to the TIM23 channel's lateral gate restricts polypeptide release into the inner membrane[END_REF]. The rate of membrane partitioning of stop-transfer signals is influenced by Mgr2, a twomembrane spanning protein belonging to the Tim23/Tim17 superfamily [START_REF] Gebert | Mgr2 promotes coupling of the mitochondrial presequence translocase to partner complexes[END_REF][START_REF] Ieva | Mgr2 functions as lateral gatekeeper for preprotein sorting in the mitochondrial inner membrane[END_REF][START_REF] Zarsky | Evolution of the Tim17 protein family[END_REF]. This small subunit is stably associated to the translocase during the transport of both matrix and inner membrane preproteins, making direct contacts preferentially with a stop-transfer signal. Mgr2 functions as a translocase lateral gatekeeper, lowering the rate of preprotein sorting into the membrane and facilitating a quality check of the stop-transfer signal. In the absence of Mgr2, defective stop-transfer signals elude quality control and can be laterally sorted [START_REF] Ieva | Mgr2 functions as lateral gatekeeper for preprotein sorting in the mitochondrial inner membrane[END_REF]. The observation that membrane-partitioning is ratelimiting during preprotein import [START_REF] Weidberg | MitoCPR-a surveillance pathway that protects mitochondria in response to protein import stress[END_REF] further highlights that the kinetics of inner membrane sorting is critical for accurate preprotein biogenesis. Two conserved lysine residues in the N-terminal, IMS-exposed domain of Mgr2 are required for its function [START_REF] Ieva | Mgr2 functions as lateral gatekeeper for preprotein sorting in the mitochondrial inner membrane[END_REF]. In addition, the two α-helices of Mgr2 possess evolutionarily conserved GxxxG repeats [START_REF] Zarsky | Evolution of the Tim17 protein family[END_REF], which are motifs promoting the zipping of α-helical transmembrane segments [START_REF] Cymer | Transmembrane helix-helix interactions are modulated by the sequence context and by lipid bilayer properties[END_REF]. Similar motifs in Tim23 and Tim17 have been shown to be critical for translocase stability and function [START_REF] Matta | Role of Tim17 transmembrane regions in regulating the architecture of presequence translocase and mitochondrial DNA stability[END_REF][START_REF] Demishtein-Zohary | GxxxG motifs hold the TIM23 complex together[END_REF]. It is conceivable that the Mgr2 GxxxG motifs interact with similar sequences in the transmembrane segments of other subunits of the translocase, assisting in the modulation of the dynamic interactions of the TIM23 complex and the rate of lateral gate opening [START_REF] Gebert | Mgr2 promotes coupling of the mitochondrial presequence translocase to partner complexes[END_REF][START_REF] Schulz | Remodelling of the active presequence translocase drives motor-dependent mitochondrial protein translocation[END_REF][START_REF] Ieva | Mgr2 functions as lateral gatekeeper for preprotein sorting in the mitochondrial inner membrane[END_REF]. Similarly to yeast, in humans the homolog of Mgr2, ROMO1, is a constituent of the presequence translocase. However whether ROMO1 functions as a lateral gatekeeper remains unclear [START_REF] Zarsky | Evolution of the Tim17 protein family[END_REF][START_REF] Norton | ROMO1 is an essential redox-dependent regulator of mitochondrial dynamics[END_REF][START_REF] Richter | ROMO1 is a constituent of the human presequence translocase required for YME1L protease import[END_REF]. 

It

Other mechanisms of preprotein inner membrane sorting

Some inner membrane sorted preproteins contain transmembrane segments that do not function as stop-transfer signals but are first imported into the mitochondrial matrix with the help of the PAM complex. Subsequently, matrix-targeted transmembrane segments are integrated into the membrane by the OXA complex. Because the direction of insertion (from the innermost matrix compartment towards the inner membrane) resembles the trajectory of secreted proteins in bacterial cells, this pathway is also referred to as conservative sorting [START_REF] Neupert | Translocation of proteins into mitochondria[END_REF]. Among the precursors that use the conservative sorting pathway, several preproteins possess multiple transmembrane segments [START_REF] Stiller | Mitochondrial OXA translocase plays a major role in biogenesis of inner-membrane proteins[END_REF]. It was shown that while some of their transmembrane segments function as stop-transfer signals and are released into the membrane via the lateral gate of the TIM23 complex, other transmembrane segments undergo OXA-mediated insertion after transport into the matrix [START_REF] Stiller | Mitochondrial OXA translocase plays a major role in biogenesis of inner-membrane proteins[END_REF][START_REF] Bohnert | Cooperation of stop-transfer and conservative sorting mechanisms in mitochondrial protein transport[END_REF][START_REF] Herrmann | Insertion into the mitochondrial inner membrane of a polytopic protein, the nuclear-encoded Oxa1p[END_REF][START_REF] Funes | The Oxa2 protein of neurospora crassa plays a critical role in the biogenesis of cytochrome oxidase and defines a ubiquitous subbranch of the Oxa1/YidC/Alb3 protein family[END_REF]. Compared to stop-transfer signals, transmembrane segments that follow the conservative sorting pathway have a lower degree of hydrophobicity and often possess a central proline residue [START_REF] Stiller | Mitochondrial OXA translocase plays a major role in biogenesis of inner-membrane proteins[END_REF][START_REF] Park | Dissecting stop transfer versus conservative sorting pathways for mitochondrial inner membrane proteins in vivo[END_REF][START_REF] Park | Mode of membrane insertion of individual transmembrane segments in Mdl1 and Mdl2, multi-spanning mitochondrial ABC transporters[END_REF][START_REF] Meier | Proline residues of transmembrane domains determine the sorting of inner membrane proteins in mitochondria[END_REF].

The catalytic subunit Oxa1 of the OXA complex shows homology with the bacterial insertase YidC. While the high-resolution three-dimensional structure of Oxa1 is unknown, the structural characterization of bacterial YidC has revealed the presence of a hydrophobic groove, which is exposed partially to the inner leaflet of the membrane and partially to the bacterial cytoplasm. Probably by deforming the architecture of the lipid bilayer, the YidC insertase facilitates the sliding of a transmembrane segment onto its hydrophobic groove promoting insertion into the membrane [START_REF] Chen | YidC insertase of escherichia coli: Water accessibility and membrane shaping[END_REF][START_REF] Kumazaki | Crystal structure of Escherichia coli YidC, a membrane protein chaperone and insertase[END_REF][START_REF] Shimokawa-Chiba | Hydrophilic microenvironment required for the channel-independent insertase function of YidC protein[END_REF]. Oxa1 may catalyze a similar insertion mechanism [START_REF] Hennon | YidC/Alb3/Oxa1 family of insertases[END_REF]. Yeast Oxa1 was also shown to form a channel when reconstituted into lipid bilayers, suggesting further mechanisms of action [START_REF] Kruger | The mitochondrial oxidase assembly protein1 (Oxa1) insertase forms a membrane pore in lipid bilayers[END_REF].

The process of biogenesis of Rip1, the Rieske protein of the electron transport chain bc 1 complex, uses an atypical variant of the conservative sorting pathway for assembly into the mitochondrial inner membrane. It was shown that upon import into the matrix via the presequence pathway, Rip1 acquires its catalytic Fe/S cluster and the folded cofactor-containing protein is subsequently exported by Bcs1, an AAA ATPase. Bcs1 was proposed to act as a mitochondrial export machinery for folded proteins [START_REF] Wagener | A pathway of protein translocation in mitochondria mediated by the AAA-ATPase Bcs1[END_REF].

Other TIM23-dependent processes contribute to inner membrane sorting of mitochondrial proteins. For instance, the small subunit e of the F 1 F o ATP-synthase, Atp21/Tim11, is a nuclear-encoded presequenceless mitochondrial protein anchored to the inner membrane via an N-terminal hydrophobic signal. It was shown that the assembly of Atp21 into the mitochondrial inner membrane is ∆ψ-independent and requires an as-yet poorly understood TIM23 function [START_REF] Turakhiya | Protein import by the mitochondrial presequence translocase in the absence of a membrane potential[END_REF].

Regulatory factors promoting energetic coupling and conformational switches of the TIM23 complex

The versatile targeting of distinct preproteins to the matrix or to the inner membrane requires that the translocase exists in different conformations and functional states (Fig. 4). It has been debated whether the translocase is persistently associated with the motor complex or if the two complexes undergo dynamic association and dissociation as needed for efficient import of the incoming preprotein. There's a general agreement, however, that several non-core translocase subunits modulate the transition of the TIM23 complex from one functional state to another, tailoring the translocon to each transported preprotein. These functional states include: the idle form of the TIM23 CORE complex, the preprotein-tethered TOM-TIM23 supercomplex form, the motor-active form that imports preprotein segments into the matrix and the motor-inactive form that sorts transmembrane segments via the stop-transfer pathway.

Antagonistic roles of Tim21 and Pam17

Tim21 is a non-essential inner membrane-anchored subunit that associates with the translocase to regulate the initial steps of preprotein import. Tim21 interacts with the IMS domain of Tom22, facilitating the progression of the presequence signal towards the TIM23 channel (Fig. 4, top) [START_REF] Chacinska | Mitochondrial presequence translocase: switching between TOM tethering and motor recruitment involves Tim21 and Tim17[END_REF][START_REF] Mokranjac | Role of Tim21 in mitochondrial translocation contact sites[END_REF][START_REF] Albrecht | The Tim21 binding domain connects the preprotein translocases of both mitochondrial membranes[END_REF]. A form of the translocase that contains Tim21 but lacks the motor was called TIM23 SORT , as when reconstituted into proteoliposomes it is capable of sorting preproteins laterally [START_REF] Van Der Laan | Motor-free mitochondrial presequence translocase drives membrane integration of preproteins[END_REF]. An interaction between Tim21 and the Qcr6 subunit of the bc 1 complex promotes the association of the translocon with proton-pumping supercomplexes of the electron transport chain, containing the bc 1 complex itself (complex III) and the cytochrome c oxidase (complex IV). The vicinity of proton pumping complexes to the translocase ensures the local maintenance of ∆ψ, which is vital in driving the initial transport of the presequence signal, facilitating then inner membrane sorting of stop-transfer signals (Fig. 4, top and left) [START_REF] Van Der Laan | A role for Tim21 in membrane-potential-dependent preprotein sorting in mitochondria[END_REF]. Thus, although Tim21 is not essential for the functioning of the translocase, it improves its energetic efficiency. In human mitochondria, the Tim21 homolog (TIM21) also helps to escort newly imported inner membrane components of the oxidative phosphorylation systems to their site of assembly into functional complexes [START_REF] Mick | MITRAC links mitochondrial protein translocation to respiratory-chain assembly and translational regulation[END_REF]. The interaction of Tim21/TIM21 with the translocase requires Mgr2/ROMO1 [START_REF] Gebert | Mgr2 promotes coupling of the mitochondrial presequence translocase to partner complexes[END_REF][START_REF] Richter | ROMO1 is a constituent of the human presequence translocase required for YME1L protease import[END_REF].

Besides the Tim21-mediated interaction with respiratory chain complexes, TIM23 interacts stoichiometrically with the ADP/ATP carrier protein (AAC) in a Tim17-dependent manner. It has been proposed that the proximity of AAC to the translocase may help making ATP available to the import motor. Importantly, under conditions of respiration deficiency, the AAC would function in reverse, importing ATP (4 negative charges) from the cytosol and exporting ADP (3 negative charges), which in turn would generate a charge imbalance, contributing to maintain the mitochondrial ∆ψ and supporting TIM23-mediated import [START_REF] Dienhart | The yeast Aac2 protein exists in physical association with the cytochrome bc 1 -COX supercomplex and the TIM23 machinery[END_REF][START_REF] Mehnert | The mitochondrial ADP/ATP carrier associates with the inner membrane presequence translocase in a stoichiometric manner[END_REF].

Pam17 is a further non-essential regulatory subunit predicted to have two transmembrane spanning segments with both N and C termini exposed to the matrix. It is recruited to the translocon during an early step of the import reaction, in a Tim50-and signal-dependent manner [START_REF] Lytovchenko | Signal recognition initiates reorganization of the presequence translocase during protein import[END_REF][START_REF] Schendzielorz | Two distinct membrane potential-dependent steps drive mitochondrial matrix protein translocation[END_REF]. Pam17 promotes two consecutive steps of preprotein translocation into the matrix.

First, it supports import of ∆ψ-hypersensitive preproteins, i.e. preproteins whose import is particularly sensitive to partial uncoupling of the ∆ψ.

Importantly, this Pam17-dependent, ∆ψ-hypersensitive step of the reaction is specifically linked to the transport of mature segments of preproteins and it occurs subsequently to the transport of presequence signals into the matrix [START_REF] Schendzielorz | Two distinct membrane potential-dependent steps drive mitochondrial matrix protein translocation[END_REF]. It is unknown which properties of the mature segments determine the degree of ∆ψ-dependence of their import. Also, how Pam17 influences the translocase polypeptide transport channel remains unclear. Of note, Pam17 makes contacts with Tim17 and Tim23 [START_REF] Ting | Architecture of the TIM23 inner mitochondrial translocon and interactions with the matrix import motor[END_REF][START_REF] Hutu | Mitochondrial protein import motor: Differential role of Tim44 in the recruitment of Pam17 and J-complex to the presequence translocase[END_REF][START_REF] Popov-Celeketic | Active remodelling of the TIM23 complex during translocation of preproteins into mitochondria[END_REF], therefore it was hypothesized that it might directly influence the voltage gating of the translocase channel [START_REF] Schendzielorz | Two distinct membrane potential-dependent steps drive mitochondrial matrix protein translocation[END_REF]. In addition, Pam17 primes the TIM23 complex for motor recruitment (Fig. 4, right) via a mechanism that remains largely elusive [START_REF] Hutu | Mitochondrial protein import motor: Differential role of Tim44 in the recruitment of Pam17 and J-complex to the presequence translocase[END_REF][START_REF] Popov-Celeketic | Active remodelling of the TIM23 complex during translocation of preproteins into mitochondria[END_REF][START_REF] Van Der Laan | Pam17 is required for architecture and translocation activity of the mitochondrial protein import motor[END_REF][START_REF] Schiller | Pam17 and Tim44 act sequentially in protein import into the mitochondrial matrix[END_REF]. Pam17 dissociates from the translocase during the subsequent phase of preprotein translocation into the matrix (Fig. 4, bottom) [START_REF] Chacinska | Distinct forms of mitochondrial TOM-TIM supercomplexes define signal-dependent states of preprotein sorting[END_REF][START_REF] Popov-Celeketic | Active remodelling of the TIM23 complex during translocation of preproteins into mitochondria[END_REF]. It remains unknown if Pam17 has a mammalian functional equivalent.

Pam17 and Tim21 play opposing roles during preprotein import: the interaction of Tim21 with TIM23 is antagonistically regulated by Pam17 [START_REF] Popov-Celeketic | Active remodelling of the TIM23 complex during translocation of preproteins into mitochondria[END_REF]; secondly, lack of Pam17 causes a reduction in the mitochondrial levels of Mgr2, which is vital for the stability of the TIM23-Tim21 interaction [START_REF] Schendzielorz | Two distinct membrane potential-dependent steps drive mitochondrial matrix protein translocation[END_REF]. The balance of the Tim21 and Pam17 regulatory roles highlights how the functional modulation of the presequence translocase is critical for the efficiency and accuracy of the preprotein import reaction.

Structural and regulatory roles of Pam16 and Tim44

The regulation of PAM activation is similarly intricate. The J-protein Pam18 interacts with the translocase subunit Tim17 and, together with the Mge1 factor, is sufficient to stimulate mtHsp70 ATPase activity in vitro [START_REF] D'silva | J protein cochaperone of the mitochondrial inner membrane required for protein import into the mitochondrial matrix[END_REF][START_REF] Truscott | A J-protein is an essential subunit of the presequence translocase-associated protein import motor of mitochondria[END_REF]. Yet two additional essential proteins, Pam16 and Tim44, are necessary for the recruitment and the regulation of motor activity at the translocon.

Pam16 contains an inactive J-domain, which interacts with the Jdomain of Pam18 forming a Pam18/16 heterodimer [START_REF] D'silva | Role of Pam16's degenerate J domain in protein import across the mitochondrial inner membrane[END_REF][START_REF] Mokranjac | Structure and function of Tim14 and Tim16, the J and J-like components of the mitochondrial protein import motor[END_REF]. A truncated form of Pam16 containing only its C-terminal J-domain interacts with Pam18 inhibiting the stimulatory activity on the mtHsp70 ATPase domain [START_REF] Mokranjac | Structure and function of Tim14 and Tim16, the J and J-like components of the mitochondrial protein import motor[END_REF][START_REF] Li | The presequence translocase-associated protein import motor of mitochondria. Pam16 functions in an antagonistic manner to Pam18[END_REF].

The interaction was initially proposed to regulate the stimulatory role of sensor [START_REF] Schusdziarra | Methylationcontrolled J-protein MCJ acts in the import of proteins into human mitochondria[END_REF][START_REF] Sinha | Role of Magmas in protein transport and human mitochondria biogenesis[END_REF][START_REF] Sinha | Unraveling the intricate organization of mammalian mitochondrial presequence translocases: Existence of multiple translocases for maintenance of mitochondrial function[END_REF][START_REF] Srivastava | Magmas functions as a ROS regulator and provides cytoprotection against oxidative stress-mediated damages[END_REF]. Finally, both Pam16 and Pam18 are also found associated with respiratory chain complexes in yeast mitochondria, independently of Tim21. It was proposed that by interacting with respiratory chain complexes, the Pam18/Pam16 heterodimer might remain proximal to TIM23 SORT and promptly replace Tim21 when motor activation is needed [START_REF] Wiedemann | Sorting switch of mitochondrial presequence translocase involves coupling of motor module to respiratory chain[END_REF].

As discussed above, Tim44 functions as a critical structural hub for motor organization at the active translocon. In addition, evidence consistent with Tim44 playing regulatory roles was reported. Tim44 in fact links the Pam17-mediated priming of the translocase to the recruitment of the Pam18-Pam16 heterodimer. Mutations in Tim44 that impair motor organization lead to an accumulation of Pam17 at the translocon [START_REF] Hutu | Mitochondrial protein import motor: Differential role of Tim44 in the recruitment of Pam17 and J-complex to the presequence translocase[END_REF][START_REF] Schilke | Genetic analysis of complex interactions among components of the mitochondrial import motor and translocon in Saccharomyces cerevisiae[END_REF]. Thus, Tim44 is ideally positioned to exert a multifaceted control on motor activity. Tim44 binds to presequences with high affinity via electrostatic interactions [START_REF] Marom | Direct interaction of mitochondrial targeting presequences with purified components of the TIM23 protein complex[END_REF]. In addition, Tim44 interacts with segments corresponding to the mature region of a preprotein through the translocon [START_REF] Banerjee | Protein translocation channel of mitochondrial inner membrane and matrix-exposed import motor communicate via two-domain coupling protein[END_REF]. It remains to be understood whether the binding of Tim44 to distinct preprotein internal segments may differentially influence motor organization.

The translocase versatility and its association with regulatory subunits and complexes reflect the fact that import of a preprotein is a multi-step process requiring the alternation of different functions (Fig. 4). The import of multispanning inner membrane proteins, which requires both the stop-transfer and the conservative sorting pathways, is particularly complex [START_REF] Stiller | Mitochondrial OXA translocase plays a major role in biogenesis of inner-membrane proteins[END_REF][START_REF] Bohnert | Cooperation of stop-transfer and conservative sorting mechanisms in mitochondrial protein transport[END_REF]. The ABC transporter Mdl1, for instance, possesses six transmembrane segments.

The two most N-terminal segments use the stop-transfer pathway. The two central segments are imported into the matrix with the help of PAM and then inserted into the membrane via the conservative sorting pathway. Finally, the two C-terminal transmembrane segments are partitioned via the stop-transfer pathway. Thus, multiple TIM23 functional conformations must consecutively alternate to import different mature parts of a single preprotein. In this respect, it is intriguing that the presequence receptor function of Tim50 links Tim21

and Pam17 dynamics at the translocon [START_REF] Lytovchenko | Signal recognition initiates reorganization of the presequence translocase during protein import[END_REF][START_REF] Schendzielorz | Two distinct membrane potential-dependent steps drive mitochondrial matrix protein translocation[END_REF]. It would be tempting to speculate that Tim50 may also recognize internal preprotein segments and modulate the Tim21/Pam17 antagonistic roles throughout the entire preprotein import reaction. Further studies are warranted to investigate this hypothesis [START_REF] Tamura | Tim23-Tim50 pair coordinates functions of translocators and motor proteins in mitochondrial protein import[END_REF][START_REF] Schendzielorz | Two distinct membrane potential-dependent steps drive mitochondrial matrix protein translocation[END_REF].

Role of cardiolipin in TIM23 architecture

The lipid composition of mitochondrial membranes is involved in the regulation of numerous mitochondrial functions including protein import [START_REF] Martensson | Effects of lipids on mitochondrial functions[END_REF][START_REF] Tamura | Phospholipid transport via mitochondria[END_REF][START_REF] Zhang | Biosynthesis and roles of phospholipids in mitochondrial fusion, division and mitophagy[END_REF]. Several of the protein-protein interactions occurring at the TIM23 complex are sensitive to the surrounding content of lipids. Cardiolipin is a mitochondrial signature lipid, particularly enriched in the mitochondrial inner membrane, that promotes organelle biogenesis, dynamics and signaling [START_REF] Claypool | Cardiolipin, a critical determinant of mitochondrial carrier protein assembly and function[END_REF][START_REF] Dudek | Role of cardiolipin in mitochondrial signaling pathways, Front[END_REF][START_REF] Horvath | Lipids of mitochondria[END_REF][START_REF] Kameoka | Phosphatidic acid and cardiolipin coordinate mitochondrial dynamics[END_REF]. The presequence import pathway is sensitive to cardiolipin levels. The stability of the core TIM23 complex and its interaction with PAM are stabilized in membranes containing cardiolipin [START_REF] Kutik | The translocator maintenance protein Tam41 is required for mitochondrial cardiolipin biosynthesis[END_REF][START_REF] Tamura | Identification of Tam41 maintaining integrity of the TIM23 protein translocator complex in mitochondria[END_REF]. Pathways involved in cardiolipin metabolism influence the recruitment of the PAM complex to the translocase independently of Pam17 [START_REF] Tamura | Ups1p and Ups2p antagonistically regulate cardiolipin metabolism in mitochondria[END_REF]. Furthermore, the channel activity and the inner membrane sorting of preproteins are optimal in the presence of cardiolipin [START_REF] Van Der Laan | Motor-free mitochondrial presequence translocase drives membrane integration of preproteins[END_REF][START_REF] Denkert | Cation selectivity of the presequence translocase channel Tim23 is crucial for efficient protein import[END_REF]. More recently, it was shown that Tim50 IMS interacts with membranes that contain cardiolipin. Thus, cardiolipin can regulate the dynamic association of the Tim50 receptor with the membrane embedded domain of the Tim23 subunit [START_REF] Malhotra | Cardiolipin mediates membrane and channel interactions of the mitochondrial TIM23 protein import complex receptor Tim50[END_REF]. This role is particularly important at the active translocon, where the channel dynamics induced by the transport of the preprotein weaken the Tim50 IMS -Tim23 interactions. It was proposed that the differential distribution of cardiolipin, which is more abundant at membrane contact sites, may locally influence TIM23 activity [START_REF] Malhotra | Cardiolipin mediates membrane and channel interactions of the mitochondrial TIM23 protein import complex receptor Tim50[END_REF][START_REF] Ardail | Mitochondrial contact sites. Lipid composition and dynamics[END_REF].

Presequence import links mitochondrial functionality and cell surveillance pathways

By using two energy sources that depend on oxidative phosphorylation, the presequence import pathway makes a major contribution to mitochondrial biogenesis. Such a central role is exploited by the cell as a rheostat for mitochondrial quality and homeostasis. Upon mitochondrial dysfunction, detection and signaling mechanisms intervene to cope with the consequent stress and restore functionality. The import of different preproteins plays pivotal roles in these cellular responses. For instance, in yeast, the dynamin related preprotein Mgm1 is dually targeted to the inner membrane and to the IMS, which leads to the generation of a short and a long isoform. The two isoforms assemble into a functional complex necessary for the correct fusion of the mitochondrial inner membrane. The balanced biogenesis of Mgm1 isoforms requires both the TIM23-PAM and the TIM23 SORT complexes.

Mutations in the TIM23 or the PAM complexes, as well as reduced ATP levels, cause an imbalance in Mgm1 isoforms, which leads to mitochondrial fragmentation [START_REF] Herlan | Alternative topogenesis of Mgm1 and mitochondrial morphology depend on ATP and a functional import motor[END_REF][START_REF] Devay | Coassembly of Mgm1 isoforms requires cardiolipin and mediates mitochondrial inner membrane fusion[END_REF][START_REF] Herlan | Processing of Mgm1 by the rhomboid-type protease Pcp1 is required for maintenance of mitochondrial morphology and of mitochondrial DNA[END_REF]. In humans, the Mgm1 homolog Opa1 is similarly present as membrane-anchored and IMS soluble isoforms. The biogenesis of Opa1 isoforms is more convoluted as it further depends on alternative mRNA splicing and on mitochondrial inner membrane proteoastasis pathways [START_REF] Macvicar | Opa1 processing in cell death and disease -the long and short of it[END_REF]. Fusion and fission processes promote mitochondrial quality by either segregating dysfunctional portions of the mitochondrial tubular network for regulated mitophagy or by promoting the mixing of mitochondrial content to alleviate local functional deficits [START_REF] Chan | Fusion and fission: interlinked processes critical for mitochondrial health[END_REF].

When mitochondrial functions are compromised and import of preproteins is impaired, transcriptional and proteostasis responses are mounted to limit the over-accumulation of mitochondrial precursor proteins in the cytosol. The synthesis of mitochondrial precursors is lowered, while the precursors that have accumulated in the cytosol undergo ubiquitylation and degradation by the proteasome. Thus, the proteostatic cellular response buffers the toxic effect of preprotein over-accumulation [START_REF] Wang | A cytosolic network suppressing mitochondriamediated proteostatic stress and cell death[END_REF][START_REF] Wrobel | Mistargeted mitochondrial proteins activate a proteostatic response in the cytosol[END_REF]. Import sites need to be cleared from stalled preproteins, which would further hinder the import of other precursors. It was recently shown that precursors accumulated at dysfunctional import sites are removed by Msp1, an outer mitochondrial membrane protein that exposes a AAA ATPase domain to the cytosol [START_REF] Weidberg | MitoCPR-a surveillance pathway that protects mitochondria in response to protein import stress[END_REF] and acts as a dislocase of other membrane proteins [START_REF] Weir | The AAA protein Msp1 mediates clearance of excess tail-anchored proteins from the peroxisomal membrane[END_REF][START_REF] Wohlever | Msp1 is a membrane protein dislocase for tail-anchored proteins[END_REF]. A cytosolic factor that is induced upon activation of this surveillance pathway, Cis1, functions as an adaptor protein that promotes the recruitment of the dislocase Msp1 near Tom70 (Fig. 5A) [START_REF] Weidberg | MitoCPR-a surveillance pathway that protects mitochondria in response to protein import stress[END_REF].

Other surveillance pathways have been characterized in metazoa.

Mammalian cells express two forms of the TIM23 subunit Tim17, which are differentially subjected to proteostasis. During stress, one of the isoforms, TIM17A, is degraded causing a reduction in the levels of one of the two presequence translocase complexes. The attenuated rate of preprotein import leads to a transcriptional stress-response, called mitochondrial unfolded protein response (UPRmt) [START_REF] Rainbolt | Stressregulated translational attenuation adapts mitochondrial protein import through Tim17A degradation[END_REF]. UPRmt contributes to re-establish mitochondrial proteostasis and functions [START_REF] Haynes | The mitochondrial UPR -protecting organelle protein homeostasis[END_REF][START_REF] Ryan | Mitochondrial-nuclear communications[END_REF].

UPRmt has been most extensively studied in the nematode

Caenorhabditis elegans. Upon mitochondrial impairment, matrix proteostasis by the protease CLPP-1 and stress signaling by the peptide exporter HAF-1 lead to activation of the UPRmt response by the transcriptional factor ATFS-1 [START_REF] Haynes | ClpP mediates activation of a mitochondrial unfolded protein response in C. elegans[END_REF][START_REF] Haynes | The matrix peptide exporter HAF-1 signals a mitochondrial UPR by activating the transcription factor ZC376.7 in C. elegans[END_REF]. ATFS-1 is a dually targeted protein that contains a mitochondrial presequence, for import by the TOM and TIM23 complexes, as well as a nuclear targeting signal. In healthy cells, ATFS-1 is imported into mitochondria and degraded, preventing its function as a nuclear transcriptional activator.

Impairment of mitochondria, e.g. by oxidative stress, causes mitochondrial import attenuation and leads to the accumulation of ATFS-1 in the nucleus.

Activation of the UPRmt transcriptional response [START_REF] Nargund | Mitochondrial import efficiency of ATFS-1 regulates mitochondrial UPR activation[END_REF] and fine-tuning of the expression of genes involved in mitochondrial metabolic activities help the organelle to cope with stress (Fig. 5B) [START_REF] Nargund | Mitochondrial and nuclear accumulation of the transcription factor ATFS-1 promotes OXPHOS recovery during the UPR(mt)[END_REF]. It remains to be clarified how the peptide exporter HAF-1 signals stress via ATFS-1. One model surmises that exported peptides might inhibit import of mitochondrial protein precursors, including ATFS-1 [START_REF] Nargund | Mitochondrial import efficiency of ATFS-1 regulates mitochondrial UPR activation[END_REF]. Similarly to C. elegans, in mammalian cells UPRmt activation is negatively controlled by the import of its transcriptional activator ATF5 into mitochondria [START_REF] Fiorese | The transcription factor ATF5 mediates a mammalian mitochondrial UPR[END_REF]. Furthermore, the synthesis of proteins in mitochondria can adapt to the reduced flux of nuclear-encoded preproteins into the organelle. In mammalian cells, a translation arrest during the synthesis of the mitochondrial-encoded COX1 subunit of the cytochrome c oxidase was observed upon block of complex assembly. Such mitochondrial translational plasticity provides a checkpoint that prevents the accumulation of unproductive assembly intermediates of a complex encoded by nuclear and mitochondrial genes [START_REF] Richter-Dennerlein | Mitochondrial protein synthesis adapts to influx of nuclear-encoded protein[END_REF].

When mitochondrial functions are irremediably compromised, cells undergo mitophagy. To mark the damaged area of dysfunctional mitochondria, the cell exploits the presequence import pathway. The PTENinduced putative kinase 1 (PINK1) contains a matrix targeted presequence signal [START_REF] Valente | Hereditary early-onset parkinson's disease caused by mutations in PINK1[END_REF], which drives its import via the TOM and TIM23 complexes. Upon processing of the presequence, the PINK1/PGAM5-associated rhomboid-like (PARL) protease cleaves PINK1 at a more C-terminal site prior to completion of its import. Thus, the further C-terminal catalytic kinase domain of PINK1 retro-translocates into the cytosol, where it is degraded by the proteasome [START_REF] Yamano | PINK1 is degraded through the N-end rule pathway[END_REF]. When an import deficit occurs, e.g. owing to a reduction of the mitochondrial ∆ψ, PINK1 accumulates at the outer membrane where it phosphorylates different substrates including ubiquitin and the ubiquitin ligase Parkin [START_REF] Kondapalli | PINK1 is activated by mitochondrial membrane potential depolarization and stimulates Parkin E3 ligase activity by phosphorylating Serine 65[END_REF][START_REF] Koyano | Ubiquitin is phosphorylated by PINK1 to activate Parkin[END_REF][START_REF] Shiba-Fukushima | PINK1-mediated phosphorylation of the Parkin ubiquitin-like domain primes mitochondrial translocation of Parkin and regulates mitophagy[END_REF]. Activated Parkin cooperates with PINK1 in marking the area of damaged mitochondria via protein poly-ubiquitylation, which will lead to mitophagy (Fig. 5C).

Conclusions

In the last 40 years, numerous studies have revealed the key principles and the players that govern the mitochondrial presequence import pathway.

Several open questions remain. The dynamic behavior of the presequence translocase complex has limited high-resolution structural studies. Thus, a number of aspects concerning the precise molecular function of the presequence translocase subunits and their associating factors await further characterization. An emerging line of research concerns the repercussion of cellular signaling cues on the regulation of mitochondrial protein import pathways as well as the impact of mitochondrial import deficits on cellular homeostasis maintenance programs. This integrated view of mitochondrial protein import will help us to better understand the roles of distinct constituents of the import apparatus in organism fitness and disease [START_REF] Harbauer | The protein import machinery of mitochondria-a regulatory hub in metabolism, stress, and disease[END_REF][START_REF] Sokol | Mitochondrial protein translocases for survival and wellbeing[END_REF][START_REF] Jackson | Mitochondrial diseases caused by dysfunctional mitochondrial protein import[END_REF]. In addition, selective pharmacological inhibition of the presequence import pathway may help to alleviate mitochondrial-related disorders [START_REF] Aiyar | Mitochondrial protein sorting as a therapeutic target for ATP synthase disorders[END_REF][START_REF] Filipuzzi | Stendomycin selectively inhibits TIM23-dependent mitochondrial protein import[END_REF]. Understanding the fine-tuning of mitochondrial import processes is likely to unveil further mechanisms that connect mitochondrial biogenesis to cell homeostasis and organism health. Pam17 promotes a poorly understood step of transport of mature segments that depends on the mitochondrial ∆ψ. In addition Pam17 primes the translocase for the subsequent activation of the import motor (TIM23-PAM complex, bottom scheme). In red are highlighted the factors that play key roles in a given translocase conformational state. It remains controversial whether the motor dissociates from the translocase during inner membrane sorting of stop-transfer signals. 

  has been shown that the covalent fusion of Pam18 to the C-terminus of Tim17 impairs lateral sorting. Pam18 has been proposed to act upstream of Mgr2 in controlling the translocase lateral gate [149]. Thus, the functional relay of Pam18 and Mgr2 would promote protein import accuracy. According to this model, during transport of consecutive protein segments into the matrix, Pam18 blocks the translocase lateral gate stimulating mtHsp70 activity and preventing accidental lateral escape of the incoming protein. At this stage, Pam18 may either be proximal to or directly occupy the lateral gate of the translocase [149] (Fig. 3A, section view). When a stop-transfer signal enters the translocase channel, the dissociation of Pam18 and the other motor subunits may allow Mgr2 to exert its gatekeeping function (Fig. 3B, section view).

  Pam18 and prevent unproductive ATPase activity by mtHsp70 in the absence of a preprotein. Nevertheless, the role of Pam16 goes beyond Pam18 inhibition. The Pam16 N terminus interacts with Tim44 and helps to correctly position Pam18 at the translocon [189-191]. Thus, Pam16 may modulate Pam18 activity in different ways. The Pam16 human ortholog Magmas plays similar regulatory functions and has acquired a further role as oxidative stress

Fig. 1 .

 1 Fig. 1. Mitochondrial protein import pathways. Mitochondria form a tubular network delimited by an outer membrane (OM) and an inner membrane (IM). The majority of mitochondrial proteins are synthesized in the cytosol and imported into the organelle. Almost all mitochondrial proteinprecursors enter the organelle via the general translocase of the outer mitochondrial membrane (or TOM complex). The TIM23 complex translocates presequence proteins into the matrix or partitions them into the inner membrane via a stop-transfer mechanism. In the case of some preproteins, the oxidase assembly (OXA) complex inserts one or multiple transmembrane segments into the lipid bilayer (conservative sorting pathway, dashed arrow).In addition, OXA assembles mitochondrial-encoded inner membrane proteins.The TIM23-mediated presequence import pathway concerns approximately 60-70% of the mitochondrial proteome. Other pathways promote the biogenesis of the remaining mitochondrial proteins. The carrier translocase (TIM22 complex) assembles carrier proteins into the inner membrane. The mitochondrial intermembrane space (IMS) import and assembly (MIA) complex promotes oxidative folding of soluble, cysteine-rich proteins in the IMS. The sorting and assembly machinery (SAM) complex folds and integrates outer membrane spanning β-barrel proteins. The mitochondrial import machinery (MIM) promotes assembly into the outer membrane of proteins with multiple α-helical transmembrane segments. ∆ψ indicates the mitochondrial membrane potential.
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 2 Fig. 2. Organization of TOM-TIM23 import sites and presequence translocation. (A) The TOM complex is formed by seven transmembrane proteins, which include Tom20, Tom22, Tom70, and Tom40 (depicted in the diagram), as well as the three small proteins Tom5, Tom6 and Tom7 (not

Fig. 3 .

 3 Fig.3. Mechanistic model of the roles of the presequence translocase associated motor (PAM) and Mrg2 during matrix translocation and stoptransfer. (A) The side view describes the process of translocation into the matrix of soluble segments, which is driven by the dynamic cycling of motor subunits at the translocon. ATP-bound mtHsp70 docks onto Tim44. Upon hydrolysis of ATP to ADP, mtHsp70 binds tightly to the incoming preprotein

Fig. 4 .

 4 Fig.4. Different functional states of the TIM23 complex alternate during import of a preprotein. The idle TIM23 CORE (center) is activated upon binding of a preprotein. The active translocase can interact with Tim21 (TIM23 SORT ) or with the active PAM complex. Tim21 regulates the transfer of the presequence signal from TOM to TIM23 (top scheme). In addition, Tim21 recruits the proton pumping complex III (bc 1 complex) and complex IV (cytochrome c oxidase), which support the ∆ψ locally for presequence transport across the inner membrane (top scheme) and lateral release of stop-transfer signals (left scheme). During the subsequent transport of soluble segments into the matrix, Pam17 is recruited to the translocon (right scheme).

Fig. 5 .

 5 Fig. 5. Cellular responses to deficits of the presequence import pathway. Mitochondrial dysfunction may cause inefficient preprotein import. (A) In yeast, precursors that have accumulated in the cytosol are detected by the proteoastasis pathways mPOS (mitochondrial precursor over-accumulation stress) and UPRam (unfolded protein response activated by mistargeting of proteins) and are degraded by the proteasome. Activation of the mitoCPR (mitochondria compromised protein import response) promotes the dislocation of precursors accumulated at the TOM import sites by the AAA ATPase Msp1 with the help of the adaptor protein Cis1. (B) In Caenorhabditis elegans, the nuclear transcriptional factor ATFS-1 is dually targeted. In healthy cells, it is imported by the TOM and TIM23 complexes into the mitochondrial matrix and degraded. In cells with a mitochondrial import deficit, ATFS-1 cannot be imported and degraded. The nuclear targeting sequence of ATFS-1 promotes its transport to the nucleus, where it activates the mitochondrial unfolded protein response (UPRmt). (C) In healthy human cells, the PTEN-induced putative kinase 1 (PINK) is partially imported into mitochondria by the TOM and TIM23 complexes. After proteolytic processing, the kinase domain retrotranslocates and is degraded in the cytosol. When import is impaired, processing and retrotranslocation of PINK1 cannot occur. The consequent accumulation of PINK1 on the outer membrane leads to the activation of the ubiquitin ligase Parkin, starting a cascade of events which trigger mitophagy.
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