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The human mitochondrial outer membrane is biophysically
unique as it is the only membrane possessing transmembrane β-
barrel proteins (mitochondrial outer membrane proteins,
mOMPs) in the cell. The most vital of the three mOMPs is the
core protein of the translocase of the outer mitochondrial
membrane (TOM) complex. Identified first as MOM38 in
Neurospora in 1990, the structure of Tom40, the core
19-stranded β-barrel translocation channel, was solved in 2017,
after nearly three decades. Remarkably, the past four years have
witnessed an exponential increase in structural and functional
studies of yeast and human TOM complexes. In addition to
being conserved across all eukaryotes, the TOM complex is the
sole ATP-independent import machinery for nearly all of the
�1000 to 1500 known mitochondrial proteins. Recent cryo-EM
structures have provided detailed insight into both possible
assembly mechanisms of the TOM core complex and organi-
zational dynamics of the import machinery and now reveal
novel regulatory interplay with other mOMPs. Functional
characterization of the TOM complex using biochemical and
structural approaches has also revealed mechanisms for sub-
strate recognition and at least five defined import pathways for
precursor proteins. In this review, we discuss the discovery,
recently solved structures, molecular function, and regulation of
the TOM complex and its constituents, along with the
implications these advances have for alleviating human diseases.

Endocellular symbiotic evolution of mitochondria from
proteobacteria led to well-established metabolic alterations
in the cell, while also modifying the genome of the aerobic
prokaryote (1, 2). Mitochondria contain >20% of the total
cellular protein content, and yet mitochondrial DNA
encodes only eight or 13 proteins in yeast and human,
respectively. The vast majority of the �1000 to 1500 pro-
teins (from yeast to humans) of modern mitochondria are
nuclear-encoded and translated by cytosolic ribosomes
(2–5). Translocation of these proteins to their destination
mitochondrial subcompartments is vital for mitochondrial
biogenesis, biostasis, and bioenergetics (3–7). Not surpris-
ingly, therefore, mitochondrial evolution was concurrent
with the emergence of protein import machinery in the
outer mitochondrial membrane (OMM).
* For correspondence: Radhakrishnan Mahalakshmi, maha@iiserb.ac.in.

© 2022 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for
BY license (http://creativecommons.org/licenses/by/4.0/).
The process of mitochondrial protein import is synchro-
nized, and the import machinery is highly selective in
recognizing and sorting widely different preprotein types
(2, 4, 8–10). Two different import machineries have so far been
identified, which are the translocase of the outer mitochondrial
membrane (TOM) complex and the mitochondrial import
machinery (MIM) (in yeast) (11, 12). After its synthesis in the
cytosol, each polypeptide targeted for mitochondrial import is
maintained in its transport-competent state by the cytosolic
chaperones (holdases) that also prevent their aggregation
(13, 14). These chaperones (e.g., Hsp40, Hsp70 (15, 16))
additionally facilitate the targeting of the nascent polypeptide
to the OMM, wherein the import machinery target these
proteins to the OMM or mitochondrial intermembrane space
(IMS). The heteromolecular TOM complex is the primary
entry gate for >90% of mitochondrial proteins, with different
subunits of this complex playing distinct roles in preprotein
recognition and import (2, 9, 17–22).

Our current knowledge of the TOM complex structure,
organization, and function, is derived largely from studies in
Saccharomyces cerevisiae (ScTOM) and Neurospora crassa
(NcTOM), with work from human TOM (HsTOM) being
more recent. This review describes the evolution, structure,
and dynamics of the TOM complex, outlines regulatory roles
and communication networks identified for specific TOM
complex subunits, as identified in fungal mitochondria. We
also discuss the consequences of misregulation, which can
result in disease states in humans.

Structural characteristics of the TOM complex

Despite its importance for cell viability, constituents of the
TOM complex was first identified only in 1989 (23, 24), while
its structure and organization remained elusive for nearly
3 decades. Cryo-EM has been a powerful tool in revealing the
structures of NcTOM complex in 2017 (25), ScTOM in 2019
(26, 27), and HsTOM in 2020 (28) and 2021 (29). These
structures revealed that the completely assembled TOM
complex consists of seven nuclear-encoded subunits: the
central channel Tom40, three small subunits Tom5, Tom6,
and Tom7, and the three receptors Tom20, Tom22, and
Tom70 (Fig. 1A). The Tom40 channel, small Tom subunits,
and Tom22 form the TOM core complex (TOM–CC) (Fig. 1A,
left), which binds the regulatory components Tom20 and
Tom70 to form the TOM complex (Fig. 1A, right) (2, 30, 31).
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Figure 1. Structural organization of the TOM–CC. A, components of the TOM–CC and TOM complex (additionally containing one or two copies each of
the Tom20 and Tom70 receptors) are shown as cartoon representations. B and C, ribbon diagrams of the Saccharomyces (B) (PDB ID: 6UCU, 6UCV) and
human (C) (PDB ID: 7CK6) TOM–CC structures deduced with cryo-EM (26–29). Pore diameters at the longest and shortest edges are shown in Tom40a and
Tom40b, respectively. Both dimeric and tetrameric forms of the TOM–CC have been reported. Tetrameric TOM–CC in (C) was generated using coordinates
for the dimer. Tom40 dimerization is facilitated by anchoring interactions of the Tom22 helix and sandwiched detergent/lipid molecules. Tom5, Tom6, and
Tom7 associate along the three other faces of Tom40. Tetramerization of the TOM–CC in both ScTOM (B) and HsTOM (C) occurs through Tom6 and stabilized
by Tom5–Tom22 interaction in ScTOM. Note how similarities in structure and organization are conserved in both ScTOM and HsTOM. HsTOM, Homo sapiens
TOM; ScTOM, Saccharomyces cerevisiae TOM; TOM, translocase of the outer mitochondrial membrane; TOM–CC, TOM core complex.
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In human mitochondria, TOMM40, TOMM5, TOMM6,
TOMM7, TOMM22, TOMM20, and TOMM70A are the
components of the TOM complex (28). Structural organiza-
tion of the TOM–CC is conserved evolutionarily across all
three organisms. Tom40 forms the principal protein-
conducting pore for import of nuclear-encoded precursor
proteins across the OMM in an ATP-independent manner
(17, 20, 32–34). Tom5, Tom6, and Tom7, along with Tom22,
are essential for both the assembly and stability of the TOM
complex (25–28, 30, 35–42). Tom20 and Tom70 associate
dynamically with the TOM complex and confer specificity in
both substrate selection and import (2, 43–46).
2 J. Biol. Chem. (2022) 298(5) 101870
Core Tom40 structure
Tom40 is evolutionarily distinct with no bacterial homolog.

Cys-scanning and protease accessibility studies showed that
Tom40 forms a 19-stranded β-barrel with barrel closure
through parallel hydrogen bonds as seen in porins (2, 8, 9,
25–29, 46–49). In S. cerevisiae, three dynamic extra-
membranous α-helical segments are present (26, 27). The two
N-terminal helices transit the β-barrel interior from the
cytosolic side to the IMS, with α1 residing on the IMS side and
α2 spanning the pore interior. The C-terminal α3 is directed
from the IMS into the barrel. Surface electrostatic calculations
show that the β-barrel lumen is highly negatively charged,
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which attracts positively charged polypeptides for trans-
location (26, 27).

Tom40 forms a modestly elliptical pore of �40 Å diameter
at its longest point (Fig. 1, B and C, left), which can accom-
modate two incoming α-helices at a time (18, 25–29). The
transmembrane span of the barrel (loop-to-loop distance) is
�90 Å, with a hydrophobic span of �30 Å. The stable
conformation of Tom40 is either a dimer or tetramer (Fig. 1,
B and C) (25–28), although a trimeric state has additionally
been proposed for HsTom40 (29). In its dimeric conformation,
the inner cross-sectional diameter of the two elliptical pores is
about 40 Å by 30 Å, excluding the N-terminal α-helices
(dimeric NcTOM–CC has an average pore diameter of 22 Å
(25)). The outer surface of Tom40 possesses a positive
potential on the IMS side along the dimer interface, with the
pore lining near the cytosolic side possessing a negatively
charged region (25–28). The two Tom40 subunits do not share
a large interaction surface, and instead, two Tom22 receptors
bind and stabilize the dimeric Tom40 pores (25–28, 30).
Interestingly, a tetrameric structure formed by lateral stacking
was also detected, and is the likely result of dimerization of the
dimer (26, 27), and connected by two Tom6 subunits (26–28).
A trimeric form has been reported in both yeast (27, 50) and
humans (29). Higher oligomeric structures of Tom40 have not
yet been identified, and it is thought that the stable form of this
protein is a dimer (18, 21, 47, 49).

Structural organization of Tom40 with other TOM–CC
subunits

Cryo-EM structures show that dimeric Tom40 is stabilized
by two copies each of Tom22, Tom5, Tom6, and Tom7 and
form the TOM–CC (25–27). The single-pass transmembrane
helices Tom5, Tom6, and Tom7 (TOMM5/6/7 in HsTOM–
CC (28, 29)) bind peripherally at distinct sites around each
Tom40 pore and function in TOM-CC stability and assembly
(35, 36, 38, 40, 51–56). Structural studies (25–29, 49) show
that Tom5 interacts with Tom40 at strands β10 and β11 at the
cytosolic site, Tom6 at β13–β15, and Tom7 at β3–β6. Tom5 is
a long α-helix, with its C-terminal half embedded in the
membrane and its cytosolic negatively charged N-terminal
domain interacting with the N-terminus of Tom40 and the
incoming polypeptide (51). The kinked helical structure of
Tom6 bears the transmembrane segment at its C-terminus,
while the partly helical N-terminal segment is located in the
IMS (25). Tom6 additionally interacts directly with Tom22
and stabilizes the Tom40–Tom22 interaction at the dimer
interface.

Tom7 is a Z-shaped kinked helix (25) and sits in contact
with Tom40 through its central transmembrane domain. The
C-terminal hook spans the IMS leaflet of the OMM (26, 27),
forming several conserved polar interactions near the mem-
brane boundaries, which together play a crucial role in subunit
specificity and affinity (26, 27). Studies indicate that Tom6 and
Tom7 are functional antagonists of each other in lower
eukaryotes (40). Tom6 deletion lowers its stabilizing effect on
the Tom6–Tom40–Tom22 complex (38, 57). In contrast, yeast
Tom7 has a destabilizing role (37, 40, 58). The presence of
Tom7 in yeast causes dissociation of Tom20–Tom22 from
Tom40 and partial dissociation of Tom20 and Tom22 (57, 58).
Unlike NcTOM (36, 53) and ScTOM (40, 58), both TOMM6
and TOMM7 appear to have stabilizing roles in the human
TOM complex (28). Knockdown of human TOMM7 increases
tetrameric Tom40 levels (28, 29, 59).

Tom22 is the Tom40–CC associated central preprotein
receptor, with a single transmembrane α-helical anchor and
two extramembranous hydrophilic domains (41, 60). In the
ScTOM dimer, the two Tom40 subunits form direct
interactions via hydrophobic side chains of β1-β19-β18 toward
its cytosolic side, while two Tom22 subunits are wedged
between the Tom40 barrels on its IMS side (26, 27). The
cytosolic N-terminal subunit is the hydrophilic multifunctional
receptor for preproteins (30, 42, 61–63). It recognizes the
signal sequence to be imported through Tom40 and also
serves as docking sites for Tom20 and Tom70 (25–27, 29). The
IMS-exposed C-terminal domain of Tom22 is crucial both for
TOM complex stability, as well as to receive the imported
preprotein and conduct it to its respective machinery (30, 61),
particularly the translocase of the inner mitochondrial (TIM)
23 complex via interactions formed with Tim21 and Tim50
(64–68). This domain additionally induces release of the
precursor protein from Tom40. Additional roles of these
TOM–CC subunits remain to be deduced.

Structural organization of the TOM complex

Tom20 and Tom70 are the major Tom40-associated
receptors, which bind to the TOM–CC to form the TOM
complex (43–46, 69–73). They are anchored to the OMM by a
single transmembrane α-helix, and both proteins possess a
hydrophilic segment oriented cytosolically (45). Tom20 is
anchored in the OMM by its N-terminal α-helix. The cytosolic
C-terminal segment, which functions as the receptor, is an
α-helix–rich structure with a hydrophobic groove that
accommodates the presequence region of the incoming poly-
peptide (44, 71). Tom70 contains an N-terminal hydrophobic
α-helix anchor. The yeast Tom70 crystal structure revealed
that the cytosolic domain of Tom70 is a bundle of 26 α-helices
(A1–A26), and most of them are arranged in a tetratricopep-
tide repeat motif. The monomer of Tom70 forms a supra-
helical structure organized through its N-terminal (A1–A7)
and C-terminal (A8–A26) helices (72). In yeast, the Tom22
cytosolic domain provides docking sites for Tom20 and
Tom70 (26, 27, 30, 42, 74).

As seen with the TOM–CC, the TOM complexes also appear
to share similarities and differences between yeast and human
mitochondria. Cytosolic heat shock proteins Hsp70 (yeast) and
the multi-chaperone complex of Hsp70 and Hsp90 (human)
deliver preproteins to Tom70 and TOMM70A, respectively
(15, 16, 73, 75, 76). Tom20 (TOMM20 in humans) acts as the
receptor for precursor proteins carrying an N-terminal signal
sequence, and Tom70 (TOMM70A in humans) for proteins
which carry an internal targeting sequence (3, 4, 77). Interest-
ingly, TOMM20 assists TOMM70A in translocating pre-
proteins to TOMM40 inHsTOM (45), while in ScTOM, Tom22
acts as the receptor for channeling preproteins to Tom70 (2, 74).
J. Biol. Chem. (2022) 298(5) 101870 3
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Further structural and functional studies of TOM complex
regulators are required to identify mechanistic insights on the
evolution of these systems and their molecular differences
across eukaryotic mitochondria.

TOM complex biogenesis

One of the earliest studies to characterize the assembly of
the core TOM complex (then referred to as the general import
pore) was in yeast between 1998 and 2001 (57, 78). While
several folding and assembly mechanisms have been proposed,
studies from pull-down experiments (57) to cryo-EM (56) have
together provided a generalized assembly process for the TOM
complex that is largely method-independent. The OMM
sorting and assembly machinery (SAM; Sam50 is the core
β-barrel of SAM complex) is vital for the insertion and folding
of Tom40 (9, 56, 79, 80) and other α-helical constituents,
namely Tom5, Tom6, Tom7, and Tom22 (81). Various mo-
lecular mechanisms for the Sam50-assisted folding have been
proposed (discussed in (79, 80, 82, 83)). The most recent
studies in yeast show that the process occurs through a
β-barrel switching model (identified earlier for SAM-mediated
assembly of nascent Sam50 (80)) in yeast (Fig. 2) (56).

The stepwise event starts with the recognition of the Tom40
precursor by the SAM complex (56). Here, the SAM complex
comprises of two Sam50 subunits, Sam50a and Sam50b, and
one subunit each of Sam35 and Sam37 bound at the cytosolic
face to Sam50a and Sam50b, respectively (80). The incoming
nascent Tom40 precursor triggers the displacement of
Sam50b, and the resultant insertion of Tom40 in the
Figure 2. β-Barrel switching mechanism for SAM-catalyzed assembly o
intermediates support a β-barrel switch mechanism for SAM-mediated Tom
Sam37-bound Sam50b) serves as the chaperone complex for an incoming nas
nascent Tom40 precursor with the IMS face of Sam50a triggers the dissociatio
(step II), leading to formation of the SAM–Tom40 hybrid barrel (Intermediate I) (
at its cytosolic face. The association of Tom5 and Tom6 to the hybrid barrel re
and Tom22 (step V) triggers the dissociation of Tom40/5/6 and its release into
gives rise to the TOM–CC (step VI). Mdm10 assists Tom40 release, by associatin
35/37 complex allows reformation of the SAM complex, restoring the chaperon
how Tom7 facilitates the dissociation of Tom40/5/6 from the SAM complex (see
assembly machinery; TOM, translocase of the outer mitochondrial membrane
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membrane leads to the formation of the SAM–Tom40 hybrid
(Intermediate I) comprised of one subunit each of Sam50a,
Sam35, Sam37, and Tom40 (Fig. 2). The negatively charged
α-helices 6 and 7 and the positively charged α-helix 8 of Sam37
interact with the polar lumen of Tom40 and stabilize the
SAM–Tom40 hybrid complex.

The SAM complex facilitates integration of the Tom40–
Tom5 intermediate, through the formation of a large
SAM–Tom40/5 assembly (39, 83). This SAM–Tom40/5 as-
sembly is the binding-competent for Tom6, which indepen-
dently undergoes membrane insertion in a Mim1-dependent
manner (Mim1 is a component of MIM). Indeed, Mim1 is
involved in the integration of other α-helices of the TOM
complex (12, 39, 84, 85). Mim1- or Tom5-deficient mito-
chondria accumulate Tom40 in the first stage of TOM as-
sembly, and it has been proposed that Tom5 promotes the
progression of the assembly to the second stage (39). The
hybrid SAM–Tom40/5/6 is Intermediate II (Fig. 2).

The formation of the mature TOM complex is preceded and
stimulated by the SAM–Tom40/5/6 association. Tom7 shares
the same binding face on the Tom40 barrel as Sam50 (Fig. 3).
Hence, the association of Tom7 with Intermediate II triggers
the release of Tom40. Sam50 also heterodimerizes with
Mdm10 (mitochondrial distribution and morphology protein;
19-stranded β-barrel; (86)). This SAM–Mdm10 complex is
essential for the membrane integration of Tom22 and simul-
taneous release of Tom40/5/6/7 from Intermediate II (58, 87).
Tom22-mediated dimerization of Tom40 results in formation
of the TOM–CC. Other oligomeric states of the TOM
f the yeast TOM–CC. Recent cryo-EM structures (56) of the assembly
40 folding. The SAM complex (comprised of Sam35-bound Sam50a and
cent β-barrel polypeptide. Interaction of the small Tim holdases carrying the
n of Sam50b (step I), which initiates the folding of Tom40 in the membrane
step III). Sam37 stabilizes the membrane-inserted Tom40 β-barrel by binding
sults in the formation of Intermediate II (step IV). Next, the binding of Tom7
the membrane (step Va). The subsequent dimerization of Tom40/5/6/7/22

g with Sam50a (step Vb). Binding of Sam50b to the hybrid Mdm10–Sam50a/
e function of the SAM complex (8, 80). The cryo-EM structures (56) also reveal
Fig. 3). Mdm, mitochondrial distribution and morphology; SAM, sorting and

; TOM–CC, TOM core complex; IMS, intermembrane space.



Figure 3. Formation of TOM–CC from the SAM–Tom40 hybrid barrel. Tom40 of the SAM–Tom40 hybrid barrel (left; Intermediate I; PDB ID: 7E4H)
associates directly with and binds Tom5 and Tom6 through electrostatic interactions, giving rise to Intermediate II (middle; SAM–Tom40/5/6; PDB ID: 7E4I).
Tom5/6 binding additionally stabilizes Tom40, while Sam35 stabilizes the elliptical Sam50 barrel during this process (56). Cryo-EM structures of the Tom40–
SAM complex reveal a common binding site for both Sam50 and Tom7 on the Tom40 β-barrel (right; purple oval; Tom7 coordinates from PDB ID: 6UCU
superimposed on PDB ID: 7E4I), indicating that formation of Tom40–Sam50 and Tom40–Tom7 structures is mutually exclusive. Therefore, the association of
Tom7 is anticipated to trigger the release of Tom40/5/6 from the SAM–Tom40 hybrid assembly. Tom7 therefore plays a vital role in the dissociation of
Intermediate II (56). SAM, sorting and assembly machinery; TOM, translocase of the outer mitochondrial membrane; TOM–CC, TOM core complex.
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complex (trimeric (27, 29, 49, 50) and tetrameric (26, 28)
forms) are likely assembled after the TOM–CC is formed.

In yeast, Tom7 has an antagonistic role in the maturation of
the complex (40). Tom7 inhibits TOM complex biogenesis by
promoting the premature release of Tom22 (57), while
affecting the interaction of Tom5 and Tom6 with the SAM–
Tom40 complex (40). Tom7 also directly affects Tom22
biogenesis (40), wherein Tom7 binds Mdm10 through its
transmembrane segment (58) and promotes dissociation of the
SAM–Mdm10 complex essential for Tom22 biogenesis. Tom7
therefore acts as a regulatory clock by delaying the biogenesis
of the two topologically distinct Tom40 and Tom22 subunits
of the TOM complex (40). The interaction surface of Tom7
with both Mdm10 and Tom40 is believed to be similar (58),
and a timed release of Tom40 from the SAM complex by
recruitment of Mdm10 is executed by this subunit. Whether
the general mechanism of TOM assembly characterized in
yeast is also conserved in humans remains to be established.

Mitochondrial preprotein import

Cytosolically-synthesized mitochondrial proteins are
imported successfully into oneof the four distinctmitochondrial
compartments: OMM, IMS, inner membrane (IMM), and ma-
trix.While a few single-pass transmembrane helices are inserted
directly in the OMM by the MIM (12), the vast majority of the
mitochondrial proteins rely on theTOMcomplex (Fig. 4) (2, 3, 5,
6, 8–10, 27, 46, 77, 83, 88–97). The TOM complex recognizes
preproteins that carry a specific mitochondrial targeting signal,
through receptor subunits on its cytosolic face (cis side), located
on the extramembranous domains of Tom20 and Tom22
(2, 8, 9, 27, 45, 46, 73, 75, 96, 98). Tom40 acts as the core protein–
conducting channel (17, 27) andmay additionally play the role of
an insertase while promoting the release of proteins into the
OMM (99). While discrete TOM complexes may exist for the
import of specific mitochondrial protein groups (63, 100),
whether this can be generalized or may correspond only to the
TOM–CC requires validation (2).

Information for localization of the preprotein to specific
mitochondrial compartments is determined both by its pri-
mary sequence and by secondary structure properties (101).
The signal sequence, which directs the nascent polypeptide–
chaperone complex to TOM receptors, are of two categories:
(i) cleavable, and (ii) noncleavable (internal) (Fig. 4). For
example, tail-anchored proteins of the OMM are imported by
both TOM and MIM (10, 90), while OMM β-barrels require
the TOM complex. IMS-specific proteins with structural di-
sulfide bonds use their cysteine-rich internal amphipathic helix
for IMS targeting (97). Successful localization of proteins to
the IMM and matrix requires functionally and kinetically
coupled reactions of the TOM and TIM complexes (2, 3, 63,
68, 96, 102). Once the polypeptide traverses the OMM, a
perfect temporal and spatial coupling of TOM–TIM23 com-
plexes occurs sequentially for the import of preproteins with
an N-terminal targeting signal and destined for IMM or ma-
trix, and the TOM–TIM22 complex for carrier proteins of the
IMM with an internal targeting sequence (2, 3, 5, 6, 8, 9, 62, 68,
96, 103). Here, we describe the various preprotein import
mechanisms of the TOM complex.

Substrate-dependent changes in the TOM complex

Although little is known about dynamic structural alter-
ations in the TOM complex, how a preprotein induces changes
in the TOM complex can be explained in two steps. Modifi-
cation in the architecture at step one occurs when a preprotein
reversibly binds to the TOM complex receptor (cis side) on the
mitochondrial surface (44). This preprotein–receptor interac-
tion is detected and relayed to Tom40. Tom40 pore opening is
induced and preprotein import ensues, while the auxiliary
TOM receptors enhance the efficacy of this translocation
process (98, 104).
J. Biol. Chem. (2022) 298(5) 101870 5



Figure 4. Targeting signal sequences for preprotein import by the TOM complex. Proteins imported across the OMM, with various mitochondrial
subcompartments as their destination, possess cleavable or noncleavable sequences and can be charged or hydrophobic. The import is orchestrated by a
specific TOM complex receptor, and the molecular pathway used by the preprotein within the Tom40 channel is dictated by the polarity of the targeting
sequence. Preprotein pathways (A; orange) and (B; magenta), destined for the IMM and matrix respectively, carry an N-terminal cleavable signal sequence,
recognized by Tom20. Tom22 interacts with TIM23 of the IMM for coordinated preprotein handover between both OMM and IMM import machineries.
TIM23 triggers lateral release of the processed polypeptide in the IMM (A) or completes the import into the matrix (B), after processing by mitochondrial
processing peptidases (MPP). IMS proteins with a Cys-rich internal hydrophobic signal sequence (pathway C; brown) are imported in a Tom22-depleted
dimeric Tom40 (50). The preprotein is handed over to the IMM-anchored MIA machinery, which catalyzes disulfide bond formation and release of
these polypeptides in the IMS. (D; green) OMM β-barrels with a noncleavable C-terminal internal β-signal sequence are recognized first by Tom70 followed
by Tom22, for import through Tom40. Tim9–Tim10 holdases handover the unfolded polypeptide to the SAM complex for assembly in the OMM. Carrier
proteins (E; blue) are imported first through Tom70–Tom40, carried by small Tims to TIM22, for their import and release in the IMM. (F; purple) Trans-
membrane helices of the OMM with a noncleavable signal anchor sequence are imported by MIM directly into the OMM, with assistance only from Tom70.
Figure inspired from (2, 9, 187). IMM, inner mitochondrial membrane; IMS, intermembrane space; MIA, mitochondrial intermembrane space assembly; MIM,
mitochondrial import machinery; OMM, outer mitochondrial membrane; SAM, sorting and assembly machinery; TIM, translocase of the inner mitochondrial
membrane; TOM, translocase of the outer mitochondrial membrane.
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The second step of conformational changes arises during
and after the precursor protein is imported across the OMM
(98, 104, 105). Once the preprotein is in the IMS (trans side),
changes occur in the Tom40 chemical environment due to
binding of both the preprotein and mature regions of the
polypeptide being imported with the Tom40 channel interior
(98, 104, 105). It is thought that this change is mainly triggered
by the preprotein’s N-terminal extension. In the IMS, both the
presequence and mature regions are in close contact with
Tom40 (98, 104, 106), maintaining the preprotein in its
translocation-competent state and preventing the polypeptide
from aggregation until the handover to IMS chaperones is
completed (97, 107).

Tom40, Tom5, Tom6, and Tom7 constitute the core
translocation pore of the TOM complex. Tom5 mediates the
transfer of preproteins from the Tom20–Tom22 receptor
complex to the translocation pore of Tom40 (35, 51, 108).
Overall conformational changes in and rearrangement of
Tom40 (e.g., dimer–trimer interconversion (50); discussed
later) can be triggered by the targeting sequences of the
6 J. Biol. Chem. (2022) 298(5) 101870
preproteins and their translocation. Tom22 regulates the
interconversion frequency between open and closed states of
the TOM complex, triggering channel opening only in the
presence of preproteins (30). Studies have also shown that
mechanoregulation by lateral diffusion can switch the
TOM–CC between open and closed states of one or both
Tom40 channels (55). These alterations of Tom40 are
expected to affect both the β-barrel structure and its interac-
tion with other TOM proteins and can represent the two
functional stages of the TOM complex (preprotein binding
and cis–to–trans preprotein translocation). Tom6 and Tom7
play a vital role in influencing the stability of the TOM com-
plex structures, during both stages of polypeptide trans-
location (96).

TOM–TIM23 interaction for precursors with a presequence

The TIM23 complex is the most abundant import
machinery of the IMM and is required for import of prese-
quence proteins (Figs. 4 and 5A) (96, 109–112). Tim23 is the
major channel-forming protein (112–114). Tim23, Tim21, and
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Tim50 together establish a communication link between TOM
and TIM23 complexes, via their IMS-exposed domains, while
Tim14 facilitates this process (112, 115–117). The majority of
proteins targeted to the IMM and matrix carry an N-terminal
cleavable signal sequence (Fig. 5A), containing �8 to 100
positively charged residues that form an amphipathic α-helix
(71, 96, 109, 112). The TIM23 receptors additionally transport
hydrophobic preproteins with internal signal sequences (e.g.,
metabolite carriers) (70, 111, 112, 114, 118).

Tom20 is the primary receptor for IMM and matrix pro-
teins. As the precursor protein emerges from the Tom40 pore
(111), Tim50 interacts with and stimulates binding of the
preprotein to the trans (IMS) domain of Tom22 (Fig. 5A)
(64, 66–68, 110, 112, 119). This establishes the interaction of
Tim21 with Tom22 (64), catalyzing the simultaneous release of
the presequence from the TOM complex and its interaction
with Tim23 (64, 66, 112). The activated Tim23 pore now binds
to the incoming polypeptide through its N-terminal hydro-
philic domain. The membrane potential across the IMM
promotes opening of the Tim23 channel and creates an elec-
trophoretic effect that drives the transport of the presequence
(112, 114, 120). This perfect presequence handing over by
formation of the TOM–TIM23 supercomplex is activated by
the precursor protein and is stabilized by Tom22 and Tim50
(Fig. 5A) (66, 67, 109, 111–113, 117). These polypeptides carry
an additional internal targeting sequence, which retain them in
an import-competent state. Once inside Tim23, the preprotein
is released laterally and imported into the matrix (Fig. 5A) for
further processing by mitochondrial processing peptidases
(121). Proteins destined for the IMM carry this internal
targeting signal sequence near their transmembrane do-
main(s), which is followed by positively charged residues that
form a hairpin-like loop and mimic the matrix targeting
sequence (63). N-anchored IMM proteins are also known to
possess C-terminal cleavable targeting signals that are pro-
cessed by IMM-anchored proteases (118, 121).

TOM–TIM22 pathway for carrier proteins

The TIM22 complex facilitates the import of mitochondrial
carrier protein precursors with a noncleavable signal sequence
into the IMM (Figs. 4 and 5B). Unlike the TOM–TIM23
interaction, TOM–TIM22 interactions are mediated through
IMS chaperones (2, 96). Tom70 is the receptor for the carrier
family of proteins. In yeast, these proteins are delivered to
Tom70 by Hsp70 and Hsp90 (31). After binding and recog-
nition by Tom70, the preproteins are transferred to Tom20–
Tom22, before entering the Tom40 pore (30, 44, 122, 123).
The TOM complex recognizes the hydrophobic internal tar-
geting sequence. After traversing the Tom40 pore, the pre-
protein is handed over to the hexameric IMS chaperones
Tim9–Tim10 (Fig. 5B). Next, Tim12 (of the TIM22 complex)
additionally forms a complex with Tim9–Tim10 by displacing
one of the copies of Tim10 from Tim9–Tim10 (3, 54, 103).
The chaperone complex additionally interacts with Tim54 of
the TIM22 complex to complete transfer of the preprotein to
the Tim22 channel of the TIM22 complex (Fig. 5B) (54, 102,
124–130). Tim23, which is the core translocase channel of the
TIM23 complex, is imported by TIM22 with the assistance of
the small Tim8–Tim13 chaperones (131–134).

TOM–SAM pathway for OMM β-barrel proteins

The OMM is enriched with multiple copies of trans-
membrane β-barrels (mitochondrial outer membrane proteins,
mOMPs). These are primarily porins (voltage-dependent
anion channels in humans), Tom40 (the core channel of the
TOM complex), Sam50 (the core protein of the SAM com-
plex), and Mdm10 (found in yeast) (8, 9, 22, 79, 86, 88, 135).
mOMP import is therefore a crucial function of the TOM
complex (Fig. 4).

The vital components for the import and assembly of
mOMPs are the TOM complex, IMS small Tim chaperones
(holdases), and the SAM complex (2, 5, 8, 9, 79, 82, 83, 88, 133,
134, 136–143). All β-barrel precursors carry a noncleavable
amphipathic internal targeting signal sequence located in the
last β-hairpin of the mOMP (79, 143–146). This noncleavable
signal usually contains the consensus sequence PxGhxHxH
(P: polar; G: Gly; h: hydrophobic aliphatic; H: hydrophobic
aromatic) (88, 146, 147) and relates evolutionarily to the
bacterial β-barrel proteins (8, 9, 145). The import process
begins with the interaction of the β-barrel polypeptide with the
Tom70 and Tom22 receptors (Fig. 4), followed by trans-
location through the hydrophobic patch of the Tom40 channel
(83, 143, 148). As the polypeptide enters the IMS, the small
Tim chaperones Tim9–Tim10 bind and transport the protein
to the SAM complex (56, 80, 133, 134, 149). These small Tims
act as holdases, preventing the premature folding of the
nascent β-barrel (Fig. 4) (134). Insertion of the nascent protein
begins in the hydrophilic core of the SAM complex by the
formation of a hybrid β-barrel (see Fig. 2), followed by the
coordinated folding and release of the β-barrel in the OMM
(2, 6, 8, 9, 56, 77, 82, 88, 135, 137–139, 144, 146, 150).

Tom70–MIM association for OMM helices

The OMM also contains lipid-anchored α-helices that
fall into three subtypes, namely, the helix-anchored pro-
teins (N-terminal, C-terminal tail-anchored) and polytopic
α-helices. The hydrophobic anchoring sequences in these
proteins are both essential and sufficient for recognition
and sorting (151). Tail-anchored α-helices use one of the
TOM components (not Tom40) and MIM (10, 12), for
insertion in the OMM (Fig. 4) (139, 152). Direct insertion
by the MIM complex has also been observed (12, 81).
Tom70 acts as the receptor for polytopic α-helices
(72, 153, 154). Both MIM and Tom70 have C-terminal
domains that reside in the cytosol, which transiently
interact for direct cargo transfer from Tom70 to MIM
(11, 12). MIM additionally possesses an N-terminal hy-
drophilic domain in the IMS (85, 92).

The MIM complex is formed of multiple copies of Mim1
(10, 11, 22, 84, 85, 154) and a single copy of Mim2 (12, 155).
When polytopic helical proteins are recognized by the Tom70
receptor, it associates with and transfers the polypeptide to the
MIM complex, which plays the role of an insertase (10, 40, 81,
154, 156). The SAM complex may additionally facilitate the
J. Biol. Chem. (2022) 298(5) 101870 7



Figure 5. TOM–TIM interaction for protein import. A, presequence-containing proteins targeted to the mitochondrial matrix require coordinated transfer
from the TOM to the TIM23 complex. First, Tom20 recognizes the positively charged presequence and transfers it to Tom22 (step 1). The latter directs the
polypeptide to the negatively charged lumen of Tom40 for transport across the OMM through favorable electrostatic interactions (step 2). At the IMS face,
the presequence is recognized and bound by the extramembranous domain of Tim50, for transfer to the TIM23 complex (steps 3–4). MPP cleaves the
presequence, releasing the mature folded protein in the mitochondrial matrix. The presequence handover from TOM to TIM23 is coordinated by Tom22 and
Tim50 in the OMM and IMM, respectively. The matrix face of TIM23 also contains Tim44 and the ATP-dependent presequence translocase-associated motor
(PAM). Figure inspired from (68). B, import of multipass transmembrane helical carrier proteins of the IMM is executed by the TIM22 complex. Tom70
recognizes the signal sequence and Tom40 imports it across the OMM (steps 1–2). At the IMS face, small Tim9–Tim10 chaperones capture and retain the
polypeptide in its unfolded state (14). The hybrid Tim9–Tim10–Tim12 complex that is formed next, hands over the polypeptide to the TIM22 complex,
which successfully inserts and folds the carrier protein into the IMM (steps 3–4). Figure inspired from (63). Both the TOM–TIM import processes are driven by
the potential across the IMM and are ATP-independent. IMM, inner mitochondrial membrane; IMS, intermembrane space; MPP, mitochondrial processing
peptidase; OMM, outer mitochondrial membrane; TIM, translocase of the inner mitochondrial membrane; TOM, translocase of the outer mitochondrial
membrane.
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insertion of α-helical proteins in the OMM by associating
directly with the MIM complex (138, 157). Mim1 also plays a
role in TOM–CC biogenesis, as it is required for SAM–Tom40
complex formation and Tom5–SAM association (12).
8 J. Biol. Chem. (2022) 298(5) 101870
Additional mechanistic details behind Tom70–MIM commu-
nication, and the precise signal sequence of OMM helices that
is recognized by this complex, are yet to be deduced (3, 5, 9,
103, 142, 158).
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Pathway for Cys-rich proteins

Several of the �50 yeast and �130 mammalian proteins
destined for the IMS (including the small Tim chaperones;
(54, 127)) are of low molecular weight (7–25 kDa) and carry an
internal targeting signal sequence, distinct Cys-rich motifs,
and are stabilized by structural disulfide bonds (107, 159–164).
An internal amphipathic helix formed by cysteines and its
proximal residues is sufficient for IMS targeting (63, 130, 161,
163, 165). These preproteins are imported through Tom40 in
their reduced unfolded state (Fig. 4) and captured first by the
small Tim chaperone Tim9–Tim10 in the IMS (14, 126, 128,
129, 133, 159–161). This import requires a dimeric TOM
complex (Fig. 6) (50). The process is completed by Mia40, an
IMM-anchored oxidoreductase, which is a subunit of the
mitochondrial intermembrane space assembly (MIA) ma-
chinery (166–171). Mia40 serves as the receptor for Cys-rich
preproteins with an internal hydrophobic signal sequence
and facilitates release of the mature protein in the IMS (Fig. 4)
(163–166, 170).

Recent studies show that the TOM complex undergoes
dynamic interconversion between dimeric and trimeric states
for the selective import of Cys-rich and preprotein sequences,
respectively (Fig. 6) (50). The mitochondrial porin (Por1 in
yeast) sequesters Tom22, triggering the conversion of trimeric
TOM to its dimeric state, which becomes import-competent
for Cys-rich proteins by association with Mia40. Mia40 in-
teracts with the preprotein through its hydrophobic pocket
and formation of transient disulfide bonds (107, 161, 164).
Mia40 plays the role as disulfide carrier (170, 171), while the
other protein in the MIA complex, Erv1 (Essential for respi-
ration and viability 1), generates disulfide bonds in the sub-
strate (172–175). The receptor function of Mia40 ensures that
the mature protein is released specifically into the IMS.
Figure 6. Dynamic interconversion of the TOM complex for selective sub
version of the dimeric and trimeric states of the TOM–CC for import of Cys-ric
Mitochondrial porin binds and sequesters Tom22, triggering dissociation of
Figure inspired from (50). IMS, intermembrane space; TIM, translocase of the in
membrane; TOM–CC, TOM core complex.
Pathway for other IMS proteins

A few IMS-targeted larger (multidomain) proteins lack the
Cys-rich motifs and are imported through a bipartite mecha-
nism (5, 77). These proteins possess cleavable N-terminal
matrix-targeting sequence that is believed to be recognized by
Tom70 and is followed by import through Tom40 and transfer
to TIM23 in the IMM. Before the import is completed, the
stop transfer sequence is recognized, and inner membrane
peptidases cleave and release the C-terminal multidomain re-
gion into the IMS (176). Several apoptosis-associated proteins,
cytochrome b2 and cytochrome c peroxidase, are imported
through this pathway (177–181).

Interplay of Tom40 and endoplasmic reticulum membrane
proteins

Largely, mitochondria function independently during the
import, targeting, and sorting of the nuclear-encoded mito-
chondrial proteins. One interesting exception that has been
identified is the cytosolic protein NDUFS4 (NADH:ubiquinone
oxidoreductase subunit S4), which forms a component of
complex I of the electron transport chain (182). Its trans-
location to IMM requires interaction with Bap31 (B-cell
receptor-associated protein 31), which is an endoplasmic re-
ticulum protein (183). The interaction of Bap31 and Tom40
establishes mitochondria–endoplasmic reticulum cross-talk.
This process also regulates mitochondrial homeostasis by
controlling the mitochondrial localization of NDUFS4 and
NDUFB11 (NADH:ubiquinone oxidoreductase subunit B11)
for interaction with and import by Tom40 (184).

TOM dysregulation and neurodegeneration

Mitochondrial dysfunction, which often relates to import-
associated defects (185), leads to several neurodegenerative
strate import. Photo-activated crosslinking revealed a dynamic intercon-
h proteins into the IMS and precursors through Tim50–TIM23, respectively.
the trimeric state. Phosphorylation of Tom6 favors the trimeric assembly.
ner mitochondrial membrane; TOM, translocase of the outer mitochondrial
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and age-related disorders. Mitochondria play a pivotal role in
the pathogenesis of Huntington’s disease, Parkinson’s disease,
and Alzheimer’s disease (158, 186–189). Nearly all diseases
arising from mutagenesis or gene polymorphism have been
identified for the inner membrane complexes. However, het-
erozygous mutations in the TOM complex constituents have
also been identified, which impair protein import, whereas
loss-of-function alleles directly cause embryonic lethality
(188). Misimport of cytosolic proteins that lead to mitochon-
drial dysfunction, which are more closely associated with the
TOM complex and mOMPs, particularly affect neuronal
development, neurotransmission, calcium flux, synaptic con-
tacts, and culminate in neurodegenerative diseases. The known
pathological consequences of misimport defects associated
with the TOM complex are listed in Table 1 (187). Molecular
events in each disease are still being deduced, and studies that
discuss the probable association of the TOM complex with
various cancers are reviewed elsewhere (158, 187–189).
Table 1
Pathological consequences of TOM import defectsa

Pathology Import defect(s)

Alzheimer’s disease (AD) APP accumulation in Tom40 and
Tim23 channels, with higher levels
in AD susceptible brain regions.

Inh
c
s
it

Chronic, sublethal Aβ exposure in-
duces a significant reduction in
mitochondrial protein import.

Red
d
R

Tau accumulation in OMM and IMS
and interactions between N-termi-
nal Tau fragment with OPA1 and
Mfn1.

Parkinson’s disease (PD) α-Syn localizes to and accumulates
within mitochondria, mediated by a
cryptic noncanonical MTS, in an
ATP- and Δψ-dependent manner

A53T version of α-syn is imported
more efficiently than WT variant.

Ma
c
e
α

Mitochondrial α-syn accumulates at
IMM and interacts with respiratory
complex I (CI).

Red
R
s

S129 phosphorylated α-syn binds
tightly to Tom20, inducing loss in
Tom20–Tom22 interaction.

Imp
r
in
R
e
T

Tom40 downregulation, correspond-
ing with α-syn accumulation in PD
brains.

Excessively low levels of mitochondrial
import in cells from PINK1- and
PARK2-linked PD patients.

Im
p
r

Huntington’s disease (HD) Disease variant HTT localizes to
mitochondria and directly interacts
with the TIM23 complex.

Inh
p
d
o

Dysfunctions in MIA pathway associ-
ated with mutant HTT: reduced
levels and ratio of Erv1 and Mia40.

Red
p
d
m
m

Abbreviations: α-syn, α-synuclein; APP, amyloid precursor protein; HTT, Huntingtin gene;
OPA1, optic atrophy type 1; PARK2, parkin RBR E3 ubiquitin protein ligase; PINK1, PTE
a Contents obtained from and reproduced with permission from Needs et al. (2021) (187
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Unanswered questions and future perspectives
The availability of detailed structural information on TOM

complex organization, coupled with functional studies in
model organisms and the mapping of genetic mutations
causing a defective TOM interactome, have together
augmented our understanding of how this essential complex
maintains mitostasis in all cells. These findings from the last
3 decades now provides the foundation to address questions
on the evolution of the TOM complex, particularly the unique
19-stranded β-barrel structure of Tom40. Unanswered ques-
tions remain on the stepwise assembly of Tom40 and the
molecular mechanisms that regulate the folding of this vital
core protein. Combinatorial studies involving biophysical
methods and biochemical approaches paired with in vivo
biology will resolve how structural changes in Tom40 regulate
the TOM complex, and whether substrate-induced changes in
the TOM complex dynamics affect its import efficacy. The role
of the mitochondrial outer membrane (including cardiolipin,
Known consequence(s) Model organism/system

ibition of import of respiratory
omplex IV (CIV) 4 and 5b and
ubsequent reduction in CIV activ-
y, leading to increased ROS.

Human AD brains.

uction in Δψ, altered mitochon-
rial morphology, and increased
OS production.

PC12 cells.

N/A HEK293T cells, HeLa cells.

N/A Human dopaminergic neuronal cul-
tures, PD brains.

y account for faster development of
ellular abnormalities seen in cells
xpressing the A53T version of
-syn compared to the WT.

Human dopaminergic neuronal cul-
tures, PD brains, A53T mutant
α-syn–inducible PC12 cell lines.

uction in CI activity, increase in
OS production, inducing oxidative
tress.

Human dopaminergic neuronal cul-
tures, PD brains, rat SN neurons,
human neuroblastoma cell line (SK-
N-MC cells).

aired protein import, loss of Δψ,
educed respiratory capacity, and
creased oxidative stress.
escued by in vivo knockdown of
ndogenous α-syn and by in vitro
om20 overexpression.

SH-SY5Y cells and dopaminergic
neurons from SN of postmortem PD
patient brains.

N/A Midbrain of PD patients and α-syn
transgenic mice.

N/A
port defects reversed by phos-

homimetic ubiquitin in cells with
esidual Parkin activity.

Cells from PINK1- and PARK2-linked
PD patients.

ibited import and subsequent res-
iratory dysfunction, triggering cell
eath, rescued by TIM23
verexpression.

Isolated mitochondria from human
HD brains, primary neurons
expressing HTT variant, forebrain
synaptosomal mitochondria in HD
mice at early stages of HD.

uced import of MIA pathway
recursors, CIV assembly defects,
eficient respiration, alterations in
tDNA, altered mitochondrial
orphology.

Neuronal cell lines.

Mfn1, mitofusin-1; mtDNA, mitochondrial DNA; MTS, mitochondrial targeting signal;
N-induced putative kinase; ROS, reactive oxygen species.
).
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cholesterol, and phosphatidylinositol) in regulating this
complex is yet to be deduced. Furthermore, fundamental
studies mapping residues vital for the folding and function of
Tom40 (with translational studies to human TOMM40) will
provide atomic insight on TOM-associated diseases in
humans. Interestingly, the in vivo importance of the gating
characteristic of Tom40 (observed in vitro) is yet to be un-
derstood. The mapping of other regulators in the cytosol and
IMS will provide a wider impact on our understanding of the
interdependence of mitochondrial biogenesis and bio-
energetics with other cellular compartments in particular, and
the cell cycle as a whole.

Acknowledgments—The authors thank Golden R. Paswan for
excellent technical insights during the assembly of this review.

Author contributions—U. M. H. S. and R. M. writing–original draft;
U. M. H. S. and R. M. writing–review and editing; R. M. concep-
tualization; R. M. supervision; R. M. funding acquisition.

Funding and additional information—U. M. H. S. is supported by a
research fellowship from the Council of Scientific and Industrial
Research (CSIR), India. R. M. is a DBT – Wellcome Trust India
Alliance Senior fellow. This work is supported by the India Alliance
grants IA/I/14/1/501305 and IA/S/20/2/505182, and the Depart-
ment of Biotechnology grant BT/PR28858/BRB/10/1718/2018, to
R. M.

Conflict of interest—The authors declare that they no conflict of
interest with the contents of this article.

Abbreviations—The abbreviations used are: Bap31, B-cell receptor-
associated protein 31; Hsp40/70/90, heat shock protein 40/70/90;
HsTOM, Homo sapiens TOM; IMM, inner mitochondrial mem-
brane; IMS, intermembrane space; Mdm10, mitochondrial distri-
bution and morphology protein; MIA, mitochondrial
intermembrane space assembly machinery; MIM, mitochondrial
import machinery; mOMP, mitochondrial outer membrane pro-
teins; NcTOM, Neurospora crassa TOM; OMM, outer mitochon-
drial membrane; SAM, sorting and assembly machinery; ScTOM,
Saccharomyces cerevisiae TOM; TIM, translocase of the inner
mitochondrial membrane; TOM, translocase of the outer mito-
chondrial membrane; TOM–CC, TOM core complex.

References

1. Roger, A. J., Munoz-Gomez, S. A., and Kamikawa, R. (2017) The origin
and diversification of mitochondria. Curr. Biol. 27, R1177–R1192

2. Pfanner, N., Warscheid, B., and Wiedemann, N. (2019) Mitochondrial
proteins: From biogenesis to functional networks. Nat. Rev. Mol. Cell
Biol. 20, 267–284

3. Neupert, W., and Herrmann, J. M. (2007) Translocation of proteins into
mitochondria. Annu. Rev. Biochem. 76, 723–749

4. Chacinska, A., Koehler, C. M., Milenkovic, D., Lithgow, T., and Pfanner,
N. (2009) Importing mitochondrial proteins: Machineries and mecha-
nisms. Cell 138, 628–644

5. Wiedemann, N., and Pfanner, N. (2017) Mitochondrial machineries for
protein import and assembly. Annu. Rev. Biochem. 86, 685–714

6. Schmidt, O., Pfanner, N., and Meisinger, C. (2010) Mitochondrial pro-
tein import: From proteomics to functional mechanisms. Nat. Rev. Mol.
Cell Biol. 11, 655–667
7. Morgenstern, M., Stiller, S. B., Lubbert, P., Peikert, C. D., Dannenmaier,
S., Drepper, F., Weill, U., Hoss, P., Feuerstein, R., Gebert, M., Bohnert,
M., van der Laan, M., Schuldiner, M., Schutze, C., Oeljeklaus, S., et al.
(2017) Definition of a high-confidence mitochondrial proteome at
quantitative scale. Cell Rep. 19, 2836–2852

8. Diederichs, K. A., Buchanan, S. K., and Botos, I. (2021) Building better
barrels - beta-barrel biogenesis and insertion in bacteria and mito-
chondria. J. Mol. Biol. 433, 166894

9. Gupta, A., and Becker, T. (2021) Mechanisms and pathways of mito-
chondrial outer membrane protein biogenesis. Biochim. Biophys. Acta
Bioenerg. 1862, 148323

10. Vitali, D. G., Drwesh, L., Cichocki, B. A., Kolb, A., and Rapaport, D.
(2020) The biogenesis of mitochondrial outer membrane proteins show
variable dependence on import factors. iScience 23, 100779

11. Berthold, J., Bauer, M. F., Schneider, H. C., Klaus, C., Dietmeier, K.,
Neupert, W., and Brunner, M. (1995) The MIM complex mediates
preprotein translocation across the mitochondrial inner membrane and
couples it to the mt-Hsp70/ATP driving system. Cell 81, 1085–1093

12. Doan, K. N., Grevel, A., Martensson, C. U., Ellenrieder, L., Thornton, N.,
Wenz, L. S., Opalinski, L., Guiard, B., Pfanner, N., and Becker, T. (2020)
The mitochondrial import complex MIM functions as main translocase
for alpha-helical outer membrane proteins. Cell Rep. 31, 107567

13. Bykov, Y. S., Rapaport, D., Herrmann, J. M., and Schuldiner, M. (2020)
Cytosolic events in the biogenesis of mitochondrial proteins. Trends
Biochem. Sci. 45, 650–667

14. Sucec, I., Bersch, B., and Schanda, P. (2021) How do chaperones bind
(partly) unfolded client proteins? Front. Mol. Biosci. 8, 762005

15. Young, J. C., Barral, J. M., and Ulrich Hartl, F. (2003) More than folding:
Localized functions of cytosolic chaperones. Trends Biochem. Sci. 28,
541–547

16. Jores, T., Lawatscheck, J., Beke, V., Franz-Wachtel, M., Yunoki, K.,
Fitzgerald, J. C., Macek, B., Endo, T., Kalbacher, H., Buchner, J., and
Rapaport, D. (2018) Cytosolic Hsp70 and Hsp40 chaperones enable the
biogenesis of mitochondrial beta-barrel proteins. J. Cell Biol. 217,
3091–3108

17. Hill, K., Model, K., Ryan, M. T., Dietmeier, K., Martin, F., Wagner, R.,
and Pfanner, N. (1998) Tom40 forms the hydrophilic channel of the
mitochondrial import pore for preproteins. Nature 395, 516–521

18. Kunkele, K. P., Heins, S., Dembowski, M., Nargang, F. E., Benz, R.,
Thieffry, M., Walz, J., Lill, R., Nussberger, S., and Neupert, W. (1998)
The preprotein translocation channel of the outer membrane of mito-
chondria. Cell 93, 1009–1019

19. Stan, T., Ahting, U., Dembowski, M., Kunkele, K. P., Nussberger, S.,
Neupert, W., and Rapaport, D. (2000) Recognition of preproteins by the
isolated TOM complex of mitochondria. EMBO J. 19, 4895–4902

20. Ahting, U., Thieffry, M., Engelhardt, H., Hegerl, R., Neupert, W., and
Nussberger, S. (2001) Tom40, the pore-forming component of the
protein-conducting TOM channel in the outer membrane of mito-
chondria. J. Cell Biol. 153, 1151–1160

21. Model, K., Prinz, T., Ruiz, T., Radermacher, M., Krimmer, T., Kuhl-
brandt, W., Pfanner, N., and Meisinger, C. (2002) Protein translocase of
the outer mitochondrial membrane: Role of import receptors in the
structural organization of the TOM complex. J. Mol. Biol. 316, 657–666

22. Kruger, V., Becker, T., Becker, L., Montilla-Martinez, M., Ellenrieder, L.,
Vogtle, F. N., Meyer, H. E., Ryan, M. T., Wiedemann, N., Warscheid, B.,
Pfanner, N., Wagner, R., and Meisinger, C. (2017) Identification of new
channels by systematic analysis of the mitochondrial outer membrane. J.
Cell Biol. 216, 3485–3495

23. Sollner, T., Griffiths, G., Pfaller, R., Pfanner, N., and Neupert, W. (1989)
MOM19, an import receptor for mitochondrial precursor proteins. Cell
59, 1061–1070

24. Vestweber, D., Brunner, J., Baker, A., and Schatz, G. (1989) A 42K outer-
membrane protein is a component of the yeast mitochondrial protein
import site. Nature 341, 205–209

25. Bausewein, T., Mills, D. J., Langer, J. D., Nitschke, B., Nussberger, S., and
Kuhlbrandt, W. (2017) Cryo-EM structure of the TOM core complex
from Neurospora crassa. Cell 170, 693–700.e7
J. Biol. Chem. (2022) 298(5) 101870 11

http://refhub.elsevier.com/S0021-9258(22)00310-6/sref1
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref1
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref2
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref2
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref2
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref3
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref3
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref4
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref4
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref4
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref5
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref5
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref6
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref6
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref6
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref7
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref7
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref7
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref7
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref7
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref8
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref8
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref8
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref9
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref9
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref9
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref10
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref10
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref10
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref11
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref11
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref11
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref11
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref12
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref12
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref12
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref12
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref13
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref13
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref13
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref14
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref14
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref15
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref15
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref15
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref16
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref16
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref16
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref16
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref16
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref17
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref17
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref17
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref18
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref18
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref18
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref18
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref19
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref19
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref19
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref20
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref20
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref20
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref20
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref21
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref21
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref21
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref21
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref22
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref22
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref22
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref22
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref22
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref23
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref23
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref23
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref24
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref24
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref24
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref25
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref25
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref25


JBC REVIEWS: Translocases of the outer mitochondrial membrane
26. Tucker, K., and Park, E. (2019) Cryo-EM structure of the mitochondrial
protein-import channel TOM complex at near-atomic resolution. Nat.
Struct. Mol. Biol. 26, 1158–1166

27. Araiso, Y., Tsutsumi, A., Qiu, J., Imai, K., Shiota, T., Song, J., Lindau, C.,
Wenz, L. S., Sakaue, H., Yunoki, K., Kawano, S., Suzuki, J., Wischnewski,
M., Schutze, C., Ariyama, H., et al. (2019) Structure of the mitochondrial
import gate reveals distinct preprotein paths. Nature 575, 395–401

28. Wang, W., Chen, X., Zhang, L., Yi, J., Ma, Q., Yin, J., Zhuo, W., Gu, J.,
and Yang, M. (2020) Atomic structure of human TOM core complex.
Cell Discov. 6, 67

29. Guan, Z., Yan, L., Wang, Q., Qi, L., Hong, S., Gong, Z., Yan, C., and Yin,
P. (2021) Structural insights into assembly of human mitochondrial
translocase TOM complex. Cell Discov. 7, 22

30. van Wilpe, S., Ryan, M. T., Hill, K., Maarse, A. C., Meisinger, C., Brix, J.,
Dekker, P. J., Moczko, M., Wagner, R., Meijer, M., Guiard, B., Hon-
linger, A., and Pfanner, N. (1999) Tom22 is a multifunctional organizer
of the mitochondrial preprotein translocase. Nature 401, 485–489

31. Young, J. C., Hoogenraad, N. J., and Hartl, F. U. (2003) Molecular
chaperones Hsp90 and Hsp70 deliver preproteins to the mitochondrial
import receptor Tom70. Cell 112, 41–50

32. Suzuki, H., Kadowaki, T., Maeda, M., Sasaki, H., Nabekura, J., Saka-
guchi, M., and Mihara, K. (2004) Membrane-embedded C-terminal
segment of rat mitochondrial TOM40 constitutes protein-conducting
pore with enriched beta-structure. J. Biol. Chem. 279, 50619–50629

33. Becker, L., Bannwarth, M., Meisinger, C., Hill, K., Model, K., Krimmer,
T., Casadio, R., Truscott, K. N., Schulz, G. E., Pfanner, N., and Wagner,
R. (2005) Preprotein translocase of the outer mitochondrial membrane:
Reconstituted Tom40 forms a characteristic TOM pore. J. Mol. Biol.
353, 1011–1020

34. Harsman, A., Bartsch, P., Hemmis, B., Kruger, V., and Wagner, R. (2011)
Exploring protein import pores of cellular organelles at the single
molecule level using the planar lipid bilayer technique. Eur. J. Cell Biol.
90, 721–730

35. Schmitt, S., Ahting, U., Eichacker, L., Granvogl, B., Go, N. E., Nargang,
F. E., Neupert, W., and Nussberger, S. (2005) Role of Tom5 in main-
taining the structural stability of the TOM complex of mitochondria. J.
Biol. Chem. 280, 14499–14506

36. Sherman, E. L., Go, N. E., and Nargang, F. E. (2005) Functions of the
small proteins in the TOM complex of Neurospora crasssa. Mol. Biol.
Cell 16, 4172–4182

37. Meisinger, C., Wiedemann, N., Rissler, M., Strub, A., Milenkovic, D.,
Schonfisch, B., Muller, H., Kozjak, V., and Pfanner, N. (2006) Mito-
chondrial protein sorting: Differentiation of beta-barrel assembly by
Tom7-mediated segregation of Mdm10. J. Biol. Chem. 281,
22819–22826

38. Kato, H., and Mihara, K. (2008) Identification of Tom5 and Tom6 in the
preprotein translocase complex of human mitochondrial outer mem-
brane. Biochem. Biophys. Res. Commun. 369, 958–963

39. Becker, T., Guiard, B., Thornton, N., Zufall, N., Stroud, D. A., Wiede-
mann, N., and Pfanner, N. (2010) Assembly of the mitochondrial protein
import channel: Role of Tom5 in two-stage interaction of Tom40 with
the SAM complex. Mol. Biol. Cell 21, 3106–3113

40. Becker, T., Wenz, L. S., Thornton, N., Stroud, D., Meisinger, C., Wie-
demann, N., and Pfanner, N. (2011) Biogenesis of mitochondria: Dual
role of Tom7 in modulating assembly of the preprotein translocase of
the outer membrane. J. Mol. Biol. 405, 113–124

41. Yano, M., Hoogenraad, N., Terada, K., and Mori, M. (2000) Identifica-
tion and functional analysis of human Tom22 for protein import into
mitochondria. Mol. Cell. Biol. 20, 7205–7213

42. Shiota, T., Mabuchi, H., Tanaka-Yamano, S., Yamano, K., and Endo, T.
(2011) In vivo protein-interaction mapping of a mitochondrial trans-
locator protein Tom22 at work. Proc. Natl. Acad. Sci. U. S. A. 108,
15179–15183

43. Perry, A. J., Hulett, J. M., Likic, V. A., Lithgow, T., and Gooley, P. R.
(2006) Convergent evolution of receptors for protein import into
mitochondria. Curr. Biol. 16, 221–229

44. Saitoh, T., Igura, M., Obita, T., Ose, T., Kojima, R., Maenaka, K., Endo,
T., and Kohda, D. (2007) Tom20 recognizes mitochondrial presequences
12 J. Biol. Chem. (2022) 298(5) 101870
through dynamic equilibrium among multiple bound states. EMBO J. 26,
4777–4787

45. Fan, A. C., Kozlov, G., Hoegl, A., Marcellus, R. C., Wong, M. J., Gehring,
K., and Young, J. C. (2011) Interaction between the human mitochon-
drial import receptors Tom20 and Tom70 in vitro suggests a chaperone
displacement mechanism. J. Biol. Chem. 286, 32208–32219

46. Kreimendahl, S., Schwichtenberg, J., Gunnewig, K., Brandherm, L., and
Rassow, J. (2020) The selectivity filter of the mitochondrial protein
import machinery. BMC Biol. 18, 156

47. Model, K., Meisinger, C., and Kuhlbrandt, W. (2008) Cryo-electron
microscopy structure of a yeast mitochondrial preprotein translocase. J.
Mol. Biol. 383, 1049–1057

48. Zeth, K. (2010) Structure and evolution of mitochondrial outer mem-
brane proteins of beta-barrel topology. Biochim. Biophys. Acta 1797,
1292–1299

49. Shiota, T., Imai, K., Qiu, J., Hewitt, V. L., Tan, K., Shen, H. H., Sakiyama,
N., Fukasawa, Y., Hayat, S., Kamiya, M., Elofsson, A., Tomii, K., Horton,
P., Wiedemann, N., Pfanner, N., et al. (2015) Molecular architecture of
the active mitochondrial protein gate. Science 349, 1544–1548

50. Sakaue, H., Shiota, T., Ishizaka, N., Kawano, S., Tamura, Y., Tan, K. S.,
Imai, K., Motono, C., Hirokawa, T., Taki, K., Miyata, N., Kuge, O.,
Lithgow, T., and Endo, T. (2019) Porin associates with Tom22 to
regulate the mitochondrial protein gate assembly. Mol. Cell 73,
1044–1055.e8

51. Dietmeier, K., Honlinger, A., Bomer, U., Dekker, P. J., Eckerskorn, C.,
Lottspeich, F., Kubrich, M., and Pfanner, N. (1997) Tom5 functionally
links mitochondrial preprotein receptors to the general import pore.
Nature 388, 195–200

52. Ahting, U., Thun, C., Hegerl, R., Typke, D., Nargang, F. E., Neupert, W.,
and Nussberger, S. (1999) The TOM core complex: The general protein
import pore of the outer membrane of mitochondria. J. Cell Biol. 147,
959–968

53. Dembowski, M., Kunkele, K. P., Nargang, F. E., Neupert, W., and
Rapaport, D. (2001) Assembly of Tom6 and Tom7 into the TOM core
complex of Neurospora crassa. J. Biol. Chem. 276, 17679–17685

54. Gebert, N., Chacinska, A., Wagner, K., Guiard, B., Koehler, C. M.,
Rehling, P., Pfanner, N., and Wiedemann, N. (2008) Assembly of the
three small Tim proteins precedes docking to the mitochondrial carrier
translocase. EMBO Rep. 9, 548–554

55. [preprint] Wang, S., Findeisen, L., Leptihn, S., Wallace, M. I., Hörning,
M., and Nussberger, S. (2021) Correlation of mitochondrial TOM core
complex stop-and-go and open-closed channel dynamics. bioRxiv.
https://doi.org/10.1101/2021.1109.1128.462098

56. Wang, Q., Guan, Z., Qi, L., Zhuang, J., Wang, C., Hong, S., Yan, L., Wu,
Y., Cao, X., Cao, J., Yan, J., Zou, T., Liu, Z., Zhang, D., Yan, C., et al.
(2021) Structural insight into the SAM-mediated assembly of the
mitochondrial TOM core complex. Science 373, 1377–1381

57. Model, K., Meisinger, C., Prinz, T., Wiedemann, N., Truscott, K. N.,
Pfanner, N., and Ryan, M. T. (2001) Multistep assembly of the protein
import channel of the mitochondrial outer membrane. Nat. Struct. Biol.
8, 361–370

58. Yamano, K., Tanaka-Yamano, S., and Endo, T. (2010) Tom7 regulates
Mdm10-mediated assembly of the mitochondrial import channel pro-
tein Tom40. J. Biol. Chem. 285, 41222–41231

59. Johnston, A. J., Hoogenraad, J., Dougan, D. A., Truscott, K. N., Yano, M.,
Mori, M., Hoogenraad, N. J., and Ryan, M. T. (2002) Insertion and as-
sembly of human tom7 into the preprotein translocase complex of the
outer mitochondrial membrane. J. Biol. Chem. 277, 42197–42204

60. Nargang, F. E., Rapaport, D., Ritzel, R. G., Neupert, W., and Lill, R.
(1998) Role of the negative charges in the cytosolic domain of TOM22 in
the import of precursor proteins into mitochondria. Mol. Cell. Biol. 18,
3173–3181

61. Moczko, M., Bomer, U., Kubrich, M., Zufall, N., Honlinger, A., and
Pfanner, N. (1997) The intermembrane space domain of mitochondrial
Tom22 functions as a trans binding site for preproteins with N-terminal
targeting sequences. Mol. Cell. Biol. 17, 6574–6584

62. Chacinska, A., Rehling, P., Guiard, B., Frazier, A. E., Schulze-Specking,
A., Pfanner, N., Voos, W., and Meisinger, C. (2003) Mitochondrial

http://refhub.elsevier.com/S0021-9258(22)00310-6/sref26
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref26
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref26
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref27
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref27
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref27
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref27
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref28
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref28
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref28
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref29
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref29
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref29
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref30
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref30
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref30
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref30
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref31
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref31
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref31
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref32
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref32
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref32
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref32
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref33
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref33
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref33
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref33
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref33
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref34
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref34
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref34
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref34
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref35
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref35
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref35
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref35
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref36
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref36
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref36
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref37
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref37
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref37
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref37
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref37
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref38
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref38
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref38
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref39
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref39
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref39
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref39
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref40
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref40
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref40
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref40
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref41
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref41
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref41
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref42
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref42
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref42
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref42
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref43
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref43
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref43
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref44
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref44
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref44
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref44
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref45
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref45
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref45
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref45
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref46
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref46
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref46
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref47
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref47
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref47
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref48
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref48
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref48
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref49
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref49
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref49
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref49
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref50
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref50
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref50
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref50
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref50
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref51
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref51
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref51
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref51
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref52
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref52
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref52
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref52
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref53
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref53
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref53
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref54
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref54
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref54
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref54
https://doi.org/10.1101/2021.1109.1128.462098
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref56
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref56
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref56
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref56
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref57
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref57
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref57
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref57
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref58
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref58
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref58
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref59
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref59
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref59
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref59
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref60
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref60
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref60
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref60
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref61
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref61
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref61
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref61
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref62
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref62


JBC REVIEWS: Translocases of the outer mitochondrial membrane
translocation contact sites: Separation of dynamic and stabilizing ele-
ments in formation of a TOM-TIM-preprotein supercomplex. EMBO J.
22, 5370–5381

63. Endo, T., Yamamoto, H., and Esaki, M. (2003) Functional cooperation
and separation of translocators in protein import into mitochondria, the
double-membrane bounded organelles. J. Cell Sci. 116, 3259–3267

64. Chacinska, A., Lind, M., Frazier, A. E., Dudek, J., Meisinger, C., Geissler,
A., Sickmann, A., Meyer, H. E., Truscott, K. N., Guiard, B., Pfanner, N.,
and Rehling, P. (2005) Mitochondrial presequence translocase: Switch-
ing between TOM tethering and motor recruitment involves Tim21 and
Tim17. Cell 120, 817–829

65. Albrecht, R., Rehling, P., Chacinska, A., Brix, J., Cadamuro, S. A.,
Volkmer, R., Guiard, B., Pfanner, N., and Zeth, K. (2006) The Tim21
binding domain connects the preprotein translocases of both mito-
chondrial membranes. EMBO Rep. 7, 1233–1238

66. Mokranjac, D., Sichting, M., Popov-Celeketic, D., Mapa, K., Gevorkyan-
Airapetov, L., Zohary, K., Hell, K., Azem, A., and Neupert, W. (2009)
Role of Tim50 in the transfer of precursor proteins from the outer to the
inner membrane of mitochondria. Mol. Biol. Cell 20, 1400–1407

67. Tamura, Y., Harada, Y., Shiota, T., Yamano, K., Watanabe, K., Yokota,
M., Yamamoto, H., Sesaki, H., and Endo, T. (2009) Tim23-Tim50 pair
coordinates functions of translocators and motor proteins in mito-
chondrial protein import. J. Cell Biol. 184, 129–141

68. Moulin, C., Caumont-Sarcos, A., and Ieva, R. (2019) Mitochondrial prese-
quence import:Multiple regulatory knobs fine-tunemitochondrial biogenesis
and homeostasis. Biochim. Biophys. Acta Mol. Cell Res. 1866, 930–944

69. Dekker, P. J., Muller, H., Rassow, J., and Pfanner, N. (1996) Character-
ization of the preprotein translocase of the outer mitochondrial mem-
brane by blue native electrophoresis. Biol. Chem. 377, 535–538

70. Brix, J., Rudiger, S., Bukau, B., Schneider-Mergener, J., and Pfanner, N.
(1999) Distribution of binding sequences for the mitochondrial import
receptors Tom20, Tom22, and Tom70 in a presequence-carrying pre-
protein and a non-cleavable preprotein. J. Biol. Chem. 274, 16522–16530

71. Abe, Y., Shodai, T., Muto, T., Mihara, K., Torii, H., Nishikawa, S., Endo,
T., and Kohda, D. (2000) Structural basis of presequence recognition by
the mitochondrial protein import receptor Tom20. Cell 100, 551–560

72. Kreimendahl, S., and Rassow, J. (2020) The mitochondrial outer mem-
brane protein Tom70-mediator in protein traffic, membrane contact
sites and innate immunity. Int. J. Mol. Sci. 21, 7262

73. Backes, S., Bykov, Y. S., Flohr, T., Raschle, M., Zhou, J., Lenhard, S.,
Kramer, L., Muhlhaus, T., Bibi, C., Jann, C., Smith, J. D., Steinmetz, L.
M., Rapaport, D., Storchova, Z., Schuldiner, M., et al. (2021) The
chaperone-binding activity of the mitochondrial surface receptor
Tom70 protects the cytosol against mitoprotein-induced stress. Cell
Rep. 35, 108936

74. Yamano, K., Yatsukawa, Y., Esaki, M., Hobbs, A. E., Jensen, R. E., and
Endo, T. (2008) Tom20 and Tom22 share the common signal recog-
nition pathway in mitochondrial protein import. J. Biol. Chem. 283,
3799–3807

75. Komiya, T., Rospert, S., Schatz, G., and Mihara, K. (1997) Binding of
mitochondrial precursor proteins to the cytoplasmic domains of the
import receptors Tom70 and Tom20 is determined by cytoplasmic
chaperones. EMBO J. 16, 4267–4275

76. Li, J., Qian, X., Hu, J., and Sha, B. (2009) Molecular chaperone Hsp70/
Hsp90 prepares the mitochondrial outer membrane translocon receptor
Tom71 for preprotein loading. J. Biol. Chem. 284, 23852–23859

77. Hansen, K. G., and Herrmann, J. M. (2019) Transport of proteins into
mitochondria. Protein J. 38, 330–342

78. Dekker, P. J., Ryan, M. T., Brix, J., Muller, H., Honlinger, A., and
Pfanner, N. (1998) Preprotein translocase of the outer mitochondrial
membrane: Molecular dissection and assembly of the general import
pore complex. Mol. Cell. Biol. 18, 6515–6524

79. Diederichs, K. A., Ni, X., Rollauer, S. E., Botos, I., Tan, X., King, M. S.,
Kunji, E. R. S., Jiang, J., and Buchanan, S. K. (2020) Structural insight into
mitochondrial beta-barrel outer membrane protein biogenesis. Nat.
Commun. 11, 3290

80. Takeda, H., Tsutsumi, A., Nishizawa, T., Lindau, C., Busto, J. V., Wenz,
L. S., Ellenrieder, L., Imai, K., Straub, S. P., Mossmann, W., Qiu, J.,
Yamamori, Y., Tomii, K., Suzuki, J., Murata, T., et al. (2021) Mito-
chondrial sorting and assembly machinery operates by beta-barrel
switching. Nature 590, 163–169

81. Thornton, N., Stroud, D. A., Milenkovic, D., Guiard, B., Pfanner, N., and
Becker, T. (2010) Two modular forms of the mitochondrial sorting and
assembly machinery are involved in biogenesis of alpha-helical outer
membrane proteins. J. Mol. Biol. 396, 540–549

82. Paschen, S. A., Waizenegger, T., Stan, T., Preuss, M., Cyrklaff, M., Hell,
K., Rapaport, D., and Neupert, W. (2003) Evolutionary conservation of
biogenesis of beta-barrel membrane proteins. Nature 426, 862–866

83. Hohr, A. I. C., Lindau, C., Wirth, C., Qiu, J., Stroud, D. A., Kutik, S.,
Guiard, B., Hunte, C., Becker, T., Pfanner, N., and Wiedemann, N.
(2018) Membrane protein insertion through a mitochondrial beta-barrel
gate. Science 359, eaah6834

84. Becker, T., Pfannschmidt, S., Guiard, B., Stojanovski, D., Milenkovic, D.,
Kutik, S., Pfanner, N., Meisinger, C., and Wiedemann, N. (2008)
Biogenesis of the mitochondrial TOM complex: Mim1 promotes
insertion and assembly of signal-anchored receptors. J. Biol. Chem. 283,
120–127

85. Lueder, F., and Lithgow, T. (2009) The three domains of the mito-
chondrial outer membrane protein Mim1 have discrete functions in
assembly of the TOM complex. FEBS Lett. 583, 1475–1480

86. Ellenrieder, L., Opalinski, L., Becker, L., Kruger, V., Mirus, O., Straub, S.
P., Ebell, K., Flinner, N., Stiller, S. B., Guiard, B., Meisinger, C., Wie-
demann, N., Schleiff, E., Wagner, R., Pfanner, N., et al. (2016) Separating
mitochondrial protein assembly and endoplasmic reticulum tethering by
selective coupling of Mdm10. Nat. Commun. 7, 13021

87. Yamano, K., Tanaka-Yamano, S., and Endo, T. (2010) Mdm10 as a dy-
namic constituent of the TOB/SAM complex directs coordinated as-
sembly of Tom40. EMBO Rep. 11, 187–193

88. Paschen, S. A., Neupert, W., and Rapaport, D. (2005) Biogenesis of beta-
barrel membrane proteins of mitochondria. Trends Biochem. Sci. 30,
575–582

89. Gabriel, K., and Pfanner, N. (2007) The mitochondrial machinery for
import of precursor proteins. Methods Mol. Biol. 390, 99–117

90. Habib, S. J., Neupert, W., and Rapaport, D. (2007) Analysis and pre-
diction of mitochondrial targeting signals. Methods Cell Biol. 80,
761–781

91. Kutik, S., Stroud, D. A., Wiedemann, N., and Pfanner, N. (2009) Evo-
lution of mitochondrial protein biogenesis. Biochim. Biophys. Acta 1790,
409–415

92. Walther, D. M., and Rapaport, D. (2009) Biogenesis of mitochondrial
outer membrane proteins. Biochim. Biophys. Acta 1793, 42–51

93. Dukanovic, J., and Rapaport, D. (2011) Multiple pathways in the inte-
gration of proteins into the mitochondrial outer membrane. Biochim.
Biophys. Acta 1808, 971–980

94. Endo, T., Yamano, K., and Kawano, S. (2011) Structural insight into the
mitochondrial protein import system. Biochim. Biophys. Acta 1808,
955–970

95. Zarsky, V., Tachezy, J., and Dolezal, P. (2012) Tom40 is likely common
to all mitochondria. Curr. Biol. 22, R479–R481

96. Schulz, C., Schendzielorz, A., and Rehling, P. (2015) Unlocking the
presequence import pathway. Trends Cell Biol. 25, 265–275

97. Edwards, R., Gerlich, S., and Tokatlidis, K. (2020) The biogenesis of
mitochondrial intermembrane space proteins. Biol. Chem. 401, 737–747

98. Rapaport, D., Mayer, A., Neupert, W., and Lill, R. (1998) Cis and trans
sites of the TOM complex of mitochondria in unfolding and initial
translocation of preproteins. J. Biol. Chem. 273, 8806–8813

99. Harner, M., Korner, C., Walther, D., Mokranjac, D., Kaesmacher, J.,
Welsch, U., Griffith, J., Mann, M., Reggiori, F., and Neupert, W. (2011)
The mitochondrial contact site complex, a determinant of mitochondrial
architecture. EMBO J. 30, 4356–4370

100. Gornicka, A., Bragoszewski, P., Chroscicki, P., Wenz, L. S., Schulz, C.,
Rehling, P., and Chacinska, A. (2014) A discrete pathway for the transfer
of intermembrane space proteins across the outer membrane of mito-
chondria. Mol. Biol. Cell 25, 3999–4009

101. Roise, D., and Schatz, G. (1988) Mitochondrial presequences. J. Biol.
Chem. 263, 4509–4511
J. Biol. Chem. (2022) 298(5) 101870 13

http://refhub.elsevier.com/S0021-9258(22)00310-6/sref62
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref62
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref62
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref63
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref63
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref63
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref64
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref64
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref64
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref64
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref64
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref65
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref65
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref65
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref65
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref66
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref66
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref66
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref66
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref67
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref67
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref67
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref67
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref68
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref68
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref68
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref69
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref69
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref69
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref70
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref70
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref70
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref70
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref71
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref71
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref71
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref72
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref72
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref72
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref73
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref73
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref73
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref73
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref73
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref73
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref74
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref74
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref74
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref74
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref75
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref75
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref75
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref75
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref76
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref76
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref76
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref77
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref77
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref78
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref78
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref78
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref78
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref79
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref79
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref79
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref79
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref80
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref80
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref80
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref80
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref80
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref81
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref81
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref81
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref81
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref82
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref82
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref82
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref83
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref83
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref83
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref83
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref84
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref84
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref84
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref84
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref84
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref85
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref85
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref85
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref86
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref86
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref86
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref86
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref86
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref87
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref87
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref87
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref88
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref88
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref88
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref89
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref89
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref90
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref90
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref90
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref91
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref91
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref91
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref92
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref92
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref93
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref93
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref93
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref94
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref94
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref94
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref95
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref95
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref96
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref96
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref97
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref97
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref98
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref98
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref98
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref99
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref99
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref99
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref99
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref100
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref100
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref100
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref100
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref101
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref101


JBC REVIEWS: Translocases of the outer mitochondrial membrane
102. Peixoto, P. M., Grana, F., Roy, T. J., Dunn, C. D., Flores, M., Jensen, R. E.,
and Campo, M. L. (2007) Awaking TIM22, a dynamic ligand-gated
channel for protein insertion in the mitochondrial inner membrane. J.
Biol. Chem. 282, 18694–18701

103. Rehling, P., Brandner, K., and Pfanner, N. (2004) Mitochondrial import
and the twin-pore translocase. Nat. Rev. Mol. Cell Biol. 5, 519–530

104. Rapaport, D., Kunkele, K. P., Dembowski, M., Ahting, U., Nargang, F. E.,
Neupert, W., and Lill, R. (1998) Dynamics of the TOM complex of
mitochondria during binding and translocation of preproteins.Mol. Cell.
Biol. 18, 5256–5262

105. Mayer, A., Neupert, W., and Lill, R. (1995) Mitochondrial protein
import: Reversible binding of the presequence at the trans side of the
outer membrane drives partial translocation and unfolding. Cell 80,
127–137

106. Rapaport, D., Neupert, W., and Lill, R. (1997) Mitochondrial protein
import. Tom40 plays a major role in targeting and translocation of
preproteins by forming a specific binding site for the presequence. J.
Biol. Chem. 272, 18725–18731

107. Backes, S., and Herrmann, J. M. (2017) Protein translocation into the
intermembrane space and matrix of mitochondria: Mechanisms and
driving forces. Front. Mol. Biosci. 4, 83

108. Meisinger, C., Ryan, M. T., Hill, K., Model, K., Lim, J. H., Sickmann, A.,
Muller, H., Meyer, H. E., Wagner, R., and Pfanner, N. (2001) Protein
import channel of the outer mitochondrial membrane: A highly stable
Tom40-Tom22 core structure differentially interacts with preproteins,
small tom proteins, and import receptors.Mol. Cell. Biol. 21, 2337–2348

109. Chacinska, A., van der Laan, M., Mehnert, C. S., Guiard, B., Mick, D. U.,
Hutu, D. P., Truscott, K. N., Wiedemann, N., Meisinger, C., Pfanner, N.,
and Rehling, P. (2010) Distinct forms of mitochondrial TOM-TIM
supercomplexes define signal-dependent states of preprotein sorting.
Mol. Cell. Biol. 30, 307–318

110. Marom, M., Dayan, D., Demishtein-Zohary, K., Mokranjac, D., Neu-
pert, W., and Azem, A. (2011) Direct interaction of mitochondrial tar-
geting presequences with purified components of the TIM23 protein
complex. J. Biol. Chem. 286, 43809–43815

111. Callegari, S., Cruz-Zaragoza, L. D., and Rehling, P. (2020) From TOM to
the TIM23 complex - handing over of a precursor. Biol. Chem. 401,
709–721

112. Gomkale, R., Linden, A., Neumann, P., Schendzielorz, A. B., Stoldt, S.,
Dybkov, O., Kilisch, M., Schulz, C., Cruz-Zaragoza, L. D., Schwappach,
B., Ficner, R., Jakobs, S., Urlaub, H., and Rehling, P. (2021) Mapping
protein interactions in the active TOM-TIM23 supercomplex. Nat.
Commun. 12, 5715

113. Malhotra, K., Modak, A., Nangia, S., Daman, T. H., Gunsel, U., Rob-
inson, V. L., Mokranjac, D., May, E. R., and Alder, N. N. (2017) Car-
diolipin mediates membrane and channel interactions of the
mitochondrial TIM23 protein import complex receptor Tim50. Sci. Adv.
3, e1700532

114. Zhou, S., Ruan, M., Li, Y., Yang, J., Bai, S., Richter, C., Schwalbe, H., Xie,
C., Shen, B., and Wang, J. (2021) Solution structure of the voltage-gated
Tim23 channel in complex with a mitochondrial presequence peptide.
Cell Res. 31, 821–824

115. Mokranjac, D., Paschen, S. A., Kozany, C., Prokisch, H., Hoppins, S. C.,
Nargang, F. E., Neupert, W., and Hell, K. (2003) Tim50, a novel
component of the TIM23 preprotein translocase of mitochondria.
EMBO J. 22, 816–825

116. Mokranjac, D., Sichting, M., Neupert, W., and Hell, K. (2003) Tim14, a
novel key component of the import motor of the TIM23 protein
translocase of mitochondria. EMBO J. 22, 4945–4956

117. Palmer, C. S., Lou, J., Kouskousis, B., Pandzic, E., Anderson, A. J., Kang,
Y., Hinde, E., and Stojanovski, D. (2021) Super-resolution microscopy
reveals the arrangement of inner membrane protein complexes in
mammalian mitochondria. J. Cell Sci. 134, jcs252197

118. Song, J., Tamura, Y., Yoshihisa, T., and Endo, T. (2014) A novel import
route for an N-anchor mitochondrial outer membrane protein aided by
the TIM23 complex. EMBO Rep. 15, 670–677

119. Geissler, A., Chacinska, A., Truscott, K. N., Wiedemann, N., Brandner,
K., Sickmann, A., Meyer, H. E., Meisinger, C., Pfanner, N., and Rehling,
14 J. Biol. Chem. (2022) 298(5) 101870
P. (2002) The mitochondrial presequence translocase: An essential role
of Tim50 in directing preproteins to the import channel. Cell 111,
507–518

120. van der Laan, M., Rissler, M., and Rehling, P. (2006) Mitochondrial
preprotein translocases as dynamic molecular machines. FEMS Yeast
Res. 6, 849–861

121. Ieva, R., Heisswolf, A. K., Gebert, M., Vogtle, F. N., Wollweber, F.,
Mehnert, C. S., Oeljeklaus, S., Warscheid, B., Meisinger, C., van der
Laan, M., and Pfanner, N. (2013) Mitochondrial inner membrane pro-
tease promotes assembly of presequence translocase by removing a
carboxy-terminal targeting sequence. Nat. Commun. 4, 2853

122. Kiebler, M., Becker, K., Pfanner, N., and Neupert, W. (1993) Mito-
chondrial protein import: Specific recognition and membrane trans-
location of preproteins. J. Membr. Biol. 135, 191–207

123. Kiebler, M., Keil, P., Schneider, H., van der Klei, I. J., Pfanner, N., and
Neupert, W. (1993) The mitochondrial receptor complex: A central role
of MOM22 in mediating preprotein transfer from receptors to the
general insertion pore. Cell 74, 483–492

124. Kerscher, O., Holder, J., Srinivasan, M., Leung, R. S., and Jensen, R. E.
(1997) The Tim54p-Tim22p complex mediates insertion of proteins into
the mitochondrial inner membrane. J. Cell Biol. 139, 1663–1675

125. Sirrenberg, C., Endres, M., Becker, K., Bauer, M. F., Walther, E., Neu-
pert, W., and Brunner, M. (1997) Functional cooperation and stoichi-
ometry of protein translocases of the outer and inner membranes of
mitochondria. J. Biol. Chem. 272, 29963–29966

126. Curran, S. P., Leuenberger, D., Oppliger, W., and Koehler, C. M. (2002)
The Tim9p-Tim10p complex binds to the transmembrane domains of
the ADP/ATP carrier. EMBO J. 21, 942–953

127. Lu, H., Golovanov, A. P., Alcock, F., Grossmann, J. G., Allen, S., Lian, L.
Y., and Tokatlidis, K. (2004) The structural basis of the TIM10 chap-
erone assembly. J. Biol. Chem. 279, 18959–18966

128. Vasiljev, A., Ahting, U., Nargang, F. E., Go, N. E., Habib, S. J., Kozany, C.,
Panneels, V., Sinning, I., Prokisch, H., Neupert, W., Nussberger, S., and
Rapaport, D. (2004) Reconstituted TOM core complex and Tim9/Tim10
complex of mitochondria are sufficient for translocation of the ADP/
ATP carrier across membranes. Mol. Biol. Cell 15, 1445–1458

129. Webb, C. T., Gorman, M. A., Lazarou, M., Ryan, M. T., and Gulbis, J. M.
(2006) Crystal structure of the mitochondrial chaperone TIM9.10 re-
veals a six-bladed alpha-propeller. Mol. Cell 21, 123–133

130. Milenkovic, D., Ramming, T., Muller, J. M., Wenz, L. S., Gebert, N.,
Schulze-Specking, A., Stojanovski, D., Rospert, S., and Chacinska, A.
(2009) Identification of the signal directing Tim9 and Tim10 into the
intermembrane space of mitochondria. Mol. Biol. Cell 20, 2530–2539

131. Curran, S. P., Leuenberger, D., Schmidt, E., and Koehler, C. M. (2002)
The role of the Tim8p-Tim13p complex in a conserved import pathway
for mitochondrial polytopic inner membrane proteins. J. Cell Biol. 158,
1017–1027

132. Hoppins, S. C., and Nargang, F. E. (2004) The Tim8-Tim13 complex of
Neurospora crassa functions in the assembly of proteins into both
mitochondrial membranes. J. Biol. Chem. 279, 12396–12405

133. Weinhaupl, K., Lindau, C., Hessel, A., Wang, Y., Schutze, C., Jores, T.,
Melchionda, L., Schonfisch, B., Kalbacher, H., Bersch, B., Rapaport, D.,
Brennich, M., Lindorff-Larsen, K., Wiedemann, N., and Schanda, P.
(2018) Structural basis of membrane protein chaperoning through the
mitochondrial intermembrane space. Cell 175, 1365–1379.e25

134. Sucec, I., Wang, Y., Dakhlaoui, O., Weinhaupl, K., Jores, T., Costa, D.,
Hessel, A., Brennich, M., Rapaport, D., Lindorff-Larsen, K., Bersch, B.,
and Schanda, P. (2020) Structural basis of client specificity in mito-
chondrial membrane-protein chaperones. Sci. Adv. 6, eabd0263

135. Chaturvedi, D., and Mahalakshmi, R. (2017) Transmembrane beta-
barrels: Evolution, folding and energetics. Biochim. Biophys. Acta Bio-
membr. 1859, 2467–2482

136. Kozjak, V., Wiedemann, N., Milenkovic, D., Lohaus, C., Meyer, H. E.,
Guiard, B., Meisinger, C., and Pfanner, N. (2003) An essential role of
Sam50 in the protein sorting and assembly machinery of the mito-
chondrial outer membrane. J. Biol. Chem. 278, 48520–48523

137. Wiedemann, N., Kozjak, V., Chacinska, A., Schonfisch, B., Rospert, S.,
Ryan, M. T., Pfanner, N., and Meisinger, C. (2003) Machinery for

http://refhub.elsevier.com/S0021-9258(22)00310-6/sref102
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref102
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref102
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref102
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref103
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref103
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref104
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref104
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref104
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref104
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref105
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref105
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref105
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref105
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref106
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref106
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref106
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref106
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref107
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref107
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref107
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref108
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref108
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref108
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref108
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref108
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref109
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref109
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref109
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref109
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref109
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref110
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref110
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref110
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref110
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref111
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref111
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref111
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref112
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref112
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref112
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref112
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref112
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref113
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref113
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref113
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref113
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref113
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref114
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref114
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref114
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref114
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref115
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref115
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref115
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref115
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref116
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref116
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref116
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref117
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref117
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref117
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref117
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref118
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref118
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref118
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref119
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref119
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref119
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref119
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref119
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref120
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref120
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref120
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref121
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref121
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref121
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref121
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref121
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref122
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref122
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref122
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref123
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref123
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref123
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref123
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref124
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref124
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref124
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref125
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref125
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref125
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref125
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref126
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref126
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref126
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref127
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref127
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref127
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref128
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref128
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref128
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref128
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref128
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref129
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref129
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref129
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref130
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref130
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref130
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref130
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref131
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref131
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref131
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref131
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref132
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref132
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref132
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref133
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref133
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref133
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref133
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref133
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref134
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref134
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref134
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref134
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref135
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref135
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref135
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref136
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref136
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref136
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref136
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref137
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref137


JBC REVIEWS: Translocases of the outer mitochondrial membrane
protein sorting and assembly in the mitochondrial outer membrane.
Nature 424, 565–571

138. Gentle, I., Gabriel, K., Beech, P., Waller, R., and Lithgow, T. (2004) The
Omp85 family of proteins is essential for outer membrane biogenesis in
mitochondria and bacteria. J. Cell Biol. 164, 19–24

139. Rapaport, D. (2005) How does the TOM complex mediate insertion of
precursor proteins into the mitochondrial outer membrane? J. Cell Biol.
171, 419–423

140. Pfitzner, A. K., Steblau, N., Ulrich, T., Oberhettinger, P., Autenrieth, I.
B., Schutz, M., and Rapaport, D. (2016) Mitochondrial-bacterial hybrids
of BamA/Tob55 suggest variable requirements for the membrane inte-
gration of beta-barrel proteins. Sci. Rep. 6, 39053

141. Jores, T., and Rapaport, D. (2017) Early stages in the biogenesis of
eukaryotic beta-barrel proteins. FEBS Lett. 591, 2671–2681

142. Rapaport, D. (2019) The mitochondrial gate reveals its secrets. Nat.
Struct. Mol. Biol. 26, 1083–1085

143. Moitra, A., and Rapaport, D. (2021) The biogenesis process of VDAC -
from early cytosolic events to its final membrane integration. Front.
Physiol. 12, 732742

144. Kutik, S., Stojanovski, D., Becker, L., Becker, T., Meinecke, M., Kruger,
V., Prinz, C., Meisinger, C., Guiard, B., Wagner, R., Pfanner, N., and
Wiedemann, N. (2008) Dissecting membrane insertion of mitochondrial
beta-barrel proteins. Cell 132, 1011–1024

145. Walther, D. M., Papic, D., Bos, M. P., Tommassen, J., and Rapaport, D.
(2009) Signals in bacterial beta-barrel proteins are functional in
eukaryotic cells for targeting to and assembly in mitochondria. Proc.
Natl. Acad. Sci. U. S. A. 106, 2531–2536

146. Jores, T., Klinger, A., Gross, L. E., Kawano, S., Flinner, N., Duchardt-
Ferner, E., Wohnert, J., Kalbacher, H., Endo, T., Schleiff, E., and Rapa-
port, D. (2016) Characterization of the targeting signal in mitochondrial
beta-barrel proteins. Nat. Commun. 7, 12036

147. Imai, K., Fujita, N., Gromiha, M. M., and Horton, P. (2011) Eukaryote-
wide sequence analysis of mitochondrial beta-barrel outer membrane
proteins. BMC Genomics 12, 79

148. Krimmer, T., Rapaport, D., Ryan, M. T., Meisinger, C., Kassenbrock, C.
K., Blachly-Dyson, E., Forte, M., Douglas, M. G., Neupert, W., Nargang,
F. E., and Pfanner, N. (2001) Biogenesis of porin of the outer mito-
chondrial membrane involves an import pathway via receptors and the
general import pore of the TOM complex. J. Cell Biol. 152, 289–300

149. Wiedemann, N., Truscott, K. N., Pfannschmidt, S., Guiard, B., Mei-
singer, C., and Pfanner, N. (2004) Biogenesis of the protein import
channel Tom40 of the mitochondrial outer membrane: Intermembrane
space components are involved in an early stage of the assembly
pathway. J. Biol. Chem. 279, 18188–18194

150. Truscott, K. N., Pfanner, N., and Voos, W. (2001) Transport of proteins
into mitochondria. Rev. Physiol. Biochem. Pharmacol. 143, 81–136

151. Drwesh, L., and Rapaport, D. (2020) Biogenesis pathways of alpha-
helical mitochondrial outer membrane proteins. Biol. Chem. 401,
677–686

152. Kemper, C., Habib, S. J., Engl, G., Heckmeyer, P., Dimmer, K. S., and
Rapaport, D. (2008) Integration of tail-anchored proteins into the
mitochondrial outer membrane does not require any known import
components. J. Cell Sci. 121, 1990–1998

153. Otera, H., Taira, Y., Horie, C., Suzuki, Y., Suzuki, H., Setoguchi, K.,
Kato, H., Oka, T., and Mihara, K. (2007) A novel insertion pathway of
mitochondrial outer membrane proteins with multiple transmembrane
segments. J. Cell Biol. 179, 1355–1363

154. Becker, T., Wenz, L. S., Kruger, V., Lehmann, W., Muller, J. M., Gor-
oncy, L., Zufall, N., Lithgow, T., Guiard, B., Chacinska, A., Wagner, R.,
Meisinger, C., and Pfanner, N. (2011) The mitochondrial import protein
Mim1 promotes biogenesis of multispanning outer membrane proteins.
J. Cell Biol. 194, 387–395

155. Dimmer, K. S., Papic, D., Schumann, B., Sperl, D., Krumpe, K., Walther,
D. M., and Rapaport, D. (2012) A crucial role for Mim2 in the biogenesis
of mitochondrial outer membrane proteins. J. Cell Sci. 125, 3464–3473

156. Papic, D., Krumpe, K., Dukanovic, J., Dimmer, K. S., and Rapaport, D.
(2011) Multispan mitochondrial outer membrane protein Ugo1 follows
a unique Mim1-dependent import pathway. J. Cell Biol. 194, 397–405
157. Pfanner, N., Wiedemann, N., Meisinger, C., and Lithgow, T. (2004)
Assembling the mitochondrial outer membrane. Nat. Struct. Mol. Biol.
11, 1044–1048

158. Ng, M. Y. W., Wai, T., and Simonsen, A. (2021) Quality control of the
mitochondrion. Dev. Cell 56, 881–905

159. Lutz, T., Neupert, W., and Herrmann, J. M. (2003) Import of small Tim
proteins into the mitochondrial intermembrane space. EMBO J. 22,
4400–4408

160. Lu, H., Allen, S., Wardleworth, L., Savory, P., and Tokatlidis, K. (2004)
Functional TIM10 chaperone assembly is redox-regulated in vivo. J. Biol.
Chem. 279, 18952–18958

161. Mesecke, N., Terziyska, N., Kozany, C., Baumann, F., Neupert, W., Hell,
K., and Herrmann, J. M. (2005) A disulfide relay system in the inter-
membrane space of mitochondria that mediates protein import. Cell
121, 1059–1069

162. Bihlmaier, K., Mesecke, N., Terziyska, N., Bien, M., Hell, K., and
Herrmann, J. M. (2007) The disulfide relay system of mitochondria is
connected to the respiratory chain. J. Cell Biol. 179, 389–395

163. Longen, S., Bien, M., Bihlmaier, K., Kloeppel, C., Kauff, F., Hammer-
meister, M., Westermann, B., Herrmann, J. M., and Riemer, J. (2009)
Systematic analysis of the twin cx(9)c protein family. J. Mol. Biol. 393,
356–368

164. Backes, S., Garg, S. G., Becker, L., Peleh, V., Glockshuber, R., Gould, S.
B., and Herrmann, J. M. (2019) Development of the mitochondrial
intermembrane space disulfide relay represents a critical step in
eukaryotic evolution. Mol. Biol. Evol. 36, 742–756

165. Sideris, D. P., Petrakis, N., Katrakili, N., Mikropoulou, D., Gallo, A.,
Ciofi-Baffoni, S., Banci, L., Bertini, I., and Tokatlidis, K. (2009)
A novel intermembrane space-targeting signal docks cysteines onto
Mia40 during mitochondrial oxidative folding. J. Cell Biol. 187,
1007–1022

166. Chacinska, A., Pfannschmidt, S., Wiedemann, N., Kozjak, V., Sanjuan
Szklarz, L. K., Schulze-Specking, A., Truscott, K. N., Guiard, B., Mei-
singer, C., and Pfanner, N. (2004) Essential role of Mia40 in import and
assembly of mitochondrial intermembrane space proteins. EMBO J. 23,
3735–3746

167. Naoe, M., Ohwa, Y., Ishikawa, D., Ohshima, C., Nishikawa, S., Yama-
moto, H., and Endo, T. (2004) Identification of Tim40 that mediates
protein sorting to the mitochondrial intermembrane space. J. Biol.
Chem. 279, 47815–47821

168. Terziyska, N., Lutz, T., Kozany, C., Mokranjac, D., Mesecke, N., Neu-
pert, W., Herrmann, J. M., and Hell, K. (2005) Mia40, a novel factor for
protein import into the intermembrane space of mitochondria is able to
bind metal ions. FEBS Lett. 579, 179–184

169. Gabriel, K., Milenkovic, D., Chacinska, A., Muller, J., Guiard, B., Pfan-
ner, N., and Meisinger, C. (2007) Novel mitochondrial intermembrane
space proteins as substrates of the MIA import pathway. J. Mol. Biol.
365, 612–620

170. Banci, L., Bertini, I., Cefaro, C., Ciofi-Baffoni, S., Gallo, A., Martinelli, M.,
Sideris, D. P., Katrakili, N., and Tokatlidis, K. (2009) MIA40 is an
oxidoreductase that catalyzes oxidative protein folding in mitochondria.
Nat. Struct. Mol. Biol. 16, 198–206

171. Kawano, S., Yamano, K., Naoe, M., Momose, T., Terao, K., Nishikawa,
S., Watanabe, N., and Endo, T. (2009) Structural basis of yeast Tim40/
Mia40 as an oxidative translocator in the mitochondrial intermembrane
space. Proc. Natl. Acad. Sci. U. S. A. 106, 14403–14407

172. Allen, S., Balabanidou, V., Sideris, D. P., Lisowsky, T., and Tokatlidis, K.
(2005) Erv1 mediates the Mia40-dependent protein import pathway and
provides a functional link to the respiratory chain by shuttling electrons
to cytochrome c. J. Mol. Biol. 353, 937–944

173. Rissler, M., Wiedemann, N., Pfannschmidt, S., Gabriel, K., Guiard, B.,
Pfanner, N., and Chacinska, A. (2005) The essential mitochondrial
protein Erv1 cooperates with Mia40 in biogenesis of intermembrane
space proteins. J. Mol. Biol. 353, 485–492

174. Dabir, D. V., Leverich, E. P., Kim, S. K., Tsai, F. D., Hirasawa, M., Knaff,
D. B., and Koehler, C. M. (2007) A role for cytochrome c and cyto-
chrome c peroxidase in electron shuttling from Erv1. EMBO J. 26,
4801–4811
J. Biol. Chem. (2022) 298(5) 101870 15

http://refhub.elsevier.com/S0021-9258(22)00310-6/sref137
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref137
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref138
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref138
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref138
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref139
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref139
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref139
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref140
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref140
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref140
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref140
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref141
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref141
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref142
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref142
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref143
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref143
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref143
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref144
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref144
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref144
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref144
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref145
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref145
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref145
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref145
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref146
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref146
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref146
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref146
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref147
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref147
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref147
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref148
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref148
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref148
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref148
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref148
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref149
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref149
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref149
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref149
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref149
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref150
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref150
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref151
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref151
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref151
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref152
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref152
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref152
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref152
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref153
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref153
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref153
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref153
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref154
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref154
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref154
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref154
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref154
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref155
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref155
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref155
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref156
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref156
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref156
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref157
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref157
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref157
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref158
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref158
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref159
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref159
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref159
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref160
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref160
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref160
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref161
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref161
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref161
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref161
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref162
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref162
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref162
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref163
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref163
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref163
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref163
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref164
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref164
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref164
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref164
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref165
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref165
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref165
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref165
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref165
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref166
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref166
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref166
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref166
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref166
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref167
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref167
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref167
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref167
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref168
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref168
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref168
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref168
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref169
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref169
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref169
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref169
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref170
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref170
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref170
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref170
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref171
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref171
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref171
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref171
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref172
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref172
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref172
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref172
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref173
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref173
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref173
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref173
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref174
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref174
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref174
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref174


JBC REVIEWS: Translocases of the outer mitochondrial membrane
175. Bien, M., Longen, S., Wagener, N., Chwalla, I., Herrmann, J. M., and
Riemer, J. (2010) Mitochondrial disulfide bond formation is driven by
intersubunit electron transfer in Erv1 and proofread by glutathione.Mol.
Cell 37, 516–528

176. Gomes, F., Palma, F. R., Barros, M. H., Tsuchida, E. T., Turano, H. G.,
Alegria, T. G. P., Demasi, M., and Netto, L. E. S. (2017) Proteolytic
cleavage by the inner membrane peptidase (IMP) complex or Oct1
peptidase controls the localization of the yeast peroxiredoxin Prx1 to
distinct mitochondrial compartments. J. Biol. Chem. 292, 17011–17024

177. Glick, B. S., Brandt, A., Cunningham, K., Muller, S., Hallberg, R. L., and
Schatz, G. (1992) Cytochromes c1 and b2 are sorted to the intermembrane
spaceof yeastmitochondria bya stop-transfermechanism.Cell69, 809–822

178. Ohsato, T., Ishihara, N., Muta, T., Umeda, S., Ikeda, S., Mihara, K.,
Hamasaki, N., and Kang, D. (2002) Mammalian mitochondrial endo-
nuclease G. Digestion of R-loops and localization in intermembrane
space. Eur. J. Biochem. 269, 5765–5770

179. Burri, L., Strahm, Y., Hawkins, C. J., Gentle, I. E., Puryer, M. A., Ver-
hagen, A., Callus, B., Vaux, D., and Lithgow, T. (2005) Mature DIABLO/
Smac is produced by the IMP protease complex on the mitochondrial
inner membrane. Mol. Biol. Cell 16, 2926–2933

180. Michaelis, G., Esser, K., Tursun, B., Stohn, J. P., Hanson, S., and Pratje, E.
(2005) Mitochondrial signal peptidases of yeast: The rhomboid pepti-
dase Pcp1 and its substrate cytochrome C peroxidase. Gene 354, 58–63

181. Hangen, E., Feraud, O., Lachkar, S., Mou, H., Doti, N., Fimia, G. M., Lam,
N. V., Zhu, C., Godin, I., Muller, K., Chatzi, A., Nuebel, E., Ciccosanti, F.,
Flamant, S., Benit, P., et al. (2015) Interaction between AIF and CHCHD4
regulates respiratory chain biogenesis.Mol. Cell 58, 1001–1014
16 J. Biol. Chem. (2022) 298(5) 101870
182. Petruzzella, V., Vergari, R., Puzziferri, I., Boffoli, D., Lamantea, E.,
Zeviani, M., and Papa, S. (2001) A nonsense mutation in the NDUFS4
gene encoding the 18 kDa (AQDQ) subunit of complex I abolishes as-
sembly and activity of the complex in a patient with Leigh-like syn-
drome. Hum. Mol. Genet. 10, 529–535

183. Namba, T. (2019) BAP31 regulates mitochondrial function via interac-
tion with Tom40 within ER-mitochondria contact sites. Sci. Adv. 5,
eaaw1386

184. De Rasmo, D., Panelli, D., Sardanelli, A. M., and Papa, S. (2008) cAMP-
dependent protein kinase regulates the mitochondrial import of the
nuclear encoded NDUFS4 subunit of complex I. Cell Signal. 20,
989–997

185. den Brave, F., Engelke, J., and Becker, T. (2021) Quality control of
protein import into mitochondria. Biochem. J. 478, 3125–3143

186. Elkouzi, A., Vedam-Mai, V., Eisinger, R. S., and Okun, M. S. (2019)
Emerging therapies in Parkinson disease - repurposed drugs and new
approaches. Nat. Rev. Neurol. 15, 204–223

187. Needs, H. I., Protasoni, M., Henley, J. M., Prudent, J., Collinson, I., and
Pereira, G. C. (2021) Interplay between mitochondrial protein import
and respiratory complexes assembly in neuronal health and degenera-
tion. Life (Basel) 11, 432

188. Palmer, C. S., Anderson, A. J., and Stojanovski, D. (2021) Mitochondrial
protein import dysfunction: Mitochondrial disease, neurodegenerative
disease and cancer. FEBS Lett. 595, 1107–1131

189. Pitt, A. S., and Buchanan, S. K. (2021) A biochemical and structural
understanding of TOM complex interactions and implications for hu-
man health and disease. Cells 10, 1164

http://refhub.elsevier.com/S0021-9258(22)00310-6/sref175
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref175
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref175
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref175
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref176
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref176
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref176
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref176
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref176
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref177
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref177
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref177
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref178
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref178
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref178
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref178
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref179
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref179
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref179
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref179
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref180
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref180
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref180
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref181
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref181
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref181
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref181
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref182
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref182
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref182
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref182
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref182
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref183
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref183
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref183
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref184
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref184
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref184
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref184
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref185
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref185
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref186
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref186
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref186
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref187
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref187
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref187
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref187
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref188
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref188
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref188
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref189
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref189
http://refhub.elsevier.com/S0021-9258(22)00310-6/sref189

	Mitochondrial protein translocation machinery: From TOM structural biogenesis to functional regulation
	Structural characteristics of the TOM complex
	Core Tom40 structure
	Structural organization of Tom40 with other TOM–CC subunits
	Structural organization of the TOM complex

	TOM complex biogenesis
	Mitochondrial preprotein import
	Substrate-dependent changes in the TOM complex
	TOM–TIM23 interaction for precursors with a presequence
	TOM–TIM22 pathway for carrier proteins
	TOM–SAM pathway for OMM β-barrel proteins
	Tom70–MIM association for OMM helices
	Pathway for Cys-rich proteins
	Pathway for other IMS proteins
	Interplay of Tom40 and endoplasmic reticulum membrane proteins

	TOM dysregulation and neurodegeneration
	Unanswered questions and future perspectives
	Author contributions
	Funding and additional information
	References


