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Opinion
Glossary

ERMES: The ER-mitochondria encounter structure (ERMES) tethers the

endoplasmic reticulum (ER) to the outer membrane of mitochondria. This

complex consists of the ER-localized protein Mmm1 and the mitochondria-

bound proteins Mdm10, Mdm12, Mdm34 and Gem1.

MIA: The mitochondrial intermembrane space import and assembly (MIA)

machinery mediates oxidative protein transport and folding. Mia40 cooperates

with the sulfhydryl oxidase Erv1 in a disulfide relay to drive the import of

cysteine-rich proteins into the intermembrane space and catalyzes their

oxidative folding.

Mim1: The mitochondrial import protein 1 (Mim1) promotes membrane

insertion of many outer membrane proteins that contain a-helical transmem-

brane segments. Mim1 forms oligomeric structures and can cooperate with the

receptor Tom70 or the SAM complex.

MINOS: The mitochondrial inner membrane organizing system (MINOS)

maintains the typical cristae structure of the inner membrane and interacts

with several protein translocases.

Morphology proteins: Mitochondrial morphology proteins were identified by

genetic approaches, revealing dramatic changes of mitochondrial shape in

mutants of their genes.

PAM: The presequence translocase-associated motor (PAM) drives the ATP-

dependent import of presequence-carrying preproteins into the mitochondrial

matrix. The mitochondrial heat shock protein 70 (mtHsp70) forms the core of

PAM, and its ATP/ADP cycle is regulated by the co-chaperones Pam18-Pam16

and Mge1. Tim44 docks the PAM module onto the TIM23 translocon.

SAM complex: The sorting and assembly machinery (SAM) is responsible for

the insertion of b-barrel proteins into the mitochondrial outer membrane. The

SAM core complex consists of the channel-forming protein Sam50 and two

proteins that are exposed on the outer membrane surface, Sam35 and Sam37.

TIM22 complex: The carrier translocase of the inner mitochondrial membrane

(TIM22) mediates the insertion of non-cleavable precursor proteins into the

inner membrane. The TIM22 complex consists of the channel-forming protein

Tim22, two further membrane-integrated proteins (Tim18 and Tim54) and the

Tim9-Tim10-Tim12 chaperone complex that is located on the intermembrane

space side.

TIM23 complex: The presequence translocase of the inner mitochondrial

membrane (TIM23) mediates the import of presequence-containing prepro-

teins across the inner membrane. The TIM23 complex consists of the channel-

forming protein Tim23 and three further integral membrane proteins, Tim17,

Tim21 and Tim50. The TIM23 complex cooperates with the motor PAM for

protein translocation into the matrix.

TOM complex: The translocase of the outer mitochondrial membrane (TOM) is

the main protein entry gate of mitochondria. The TOM complex consists of
Mitochondria, the powerhouses of the cell, import most
of their proteins from the cytosol. It was originally as-
sumed that mitochondria imported precursor proteins
via a general pathway but recent studies have revealed a
remarkable variety of import pathways and mecha-
nisms. Currently, five different protein import pathways
can be distinguished. However, the import machineries
cooperate with each other and are connected to other
systems that function in the respiratory chain, mitochon-
drial membrane organization, protein quality control
and endoplasmic reticulum-mitochondria junctions. In
this Opinion, we propose that mitochondrial protein
import should not be seen as an independent task of
the organelle and that a network of cooperating machine-
ries is responsible for major mitochondrial functions.

Two classical import routes for mitochondrial proteins
Mitochondria are the powerhouses of eukaryotic cells and
play important roles in cellular metabolism and regulation.
They consist of two membranes, an intermembrane space
and an inner compartment, the matrix. Although mitochon-
dria contain a complete genetic and protein synthesis sys-
tem in the matrix, derived from their prokaryotic ancestor,
�99% of mitochondrial proteins are encoded in the nucleus
of the cell and are synthesized as precursors in the cytosol
[1–4]. The precursor proteins contain targeting signals that
direct them to the mitochondrial outer membrane and from
here to their submitochondrial destination. Until 2003, two
mitochondrial protein import pathways were known: the
presequence pathway, in which the targeted proteins carry
cleavable presequences, and the carrier pathway, for trans-
port of inner membrane carrier proteins (Figure 1) [2,3].

Presequences, the classical mitochondrial targeting sig-
nals, are peptide extensions of �10–60 amino acid residues
located at the amino-terminal end of the proteins. They
target the mature proteins to the receptors Tom20 and
Tom22 of the translocase of the outer membrane (TOM)
complex (see Glossary) [5,6]. After passage through the
hydrophilic channel formed by Tom40, the precursor pro-
teins engage with the TIM23 complex, which is the pre-
sequence translocase of the inner membrane [7–9]. The
membrane potential (Dc) activates the Tim23 channel and
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drives translocation of the positively charged presequences.
For translocation into the matrix, a second energy source is
required: ATP powers the presequence translocase-associ-
ated motor (PAM) that contains a molecular chaperone, the
mitochondrial heat shock protein 70 (mtHsp70), as central
component [2,3,10]. Processing enzymes remove the prese-
quences and release the mature proteins [11]. Many pre-
sequence-containing inner membrane proteins are laterally
three receptor proteins (Tom70, Tom22 and Tom20), the channel-forming

protein Tom40 and three small proteins (Tom5, Tom6 and Tom7), which are

crucial for the assembly and stability of the complex.
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Figure 1. The two classical pathways for mitochondrial protein import. (a) The presequence pathway imports preproteins that carry positively charged presequences at the

amino-terminus. The preproteins are recognized by the receptors Tom20 and Tom22 and are translocated across the outer mitochondrial membrane (OM) by the Tom40

channel. The TOM complex is regulated by cytosolic kinases. The preproteins are transferred to the TIM23 complex with the help of the intermembrane space (IMS)-exposed

proteins Tim50 and Tim21. The membrane potential (Dc) activates the Tim23 channel and drives translocation of the presequences across the inner membrane (IM). Coupling of

the TIM23 complex to respiratory chain complexes supports the Dc-dependent step. Protein transport into the matrix is completed by the motor PAM with the ATP-dependent

chaperone mtHsp70. The presequences are cleaved off by the mitochondrial processing peptidase (MPP). Imported proteins can be stabilized by removal of destabilizing amino-

terminal residues by the peptidases Icp55 or Oct1. Presequence-carrying precursors with hydrophobic sorting signals can be inserted into the inner membrane by two different

routes. Some preproteins are laterally released from the TIM23 complex. The IM peptidase (IMP) complex removes the hydrophobic sorting signal of some proteins, releasing

them into the IMS. Additionally, some proteins are first transported towards the matrix and then inserted into the IM by the Oxa1 export complex [2]. (b) The carrier pathway

transports non-cleavable precursor proteins with internal targeting signals. The precursors are recognized by the receptor Tom70 and translocated across the OM by Tom40.

Small TIM chaperone complexes guide the hydrophobic precursor proteins to the TIM22 complex that mediates Dc-driven membrane insertion. Additionally, Tim54 promotes

assembly of the i-AAA protease, linking the translocase to protein quality control. Recently discovered import components are marked in bold.
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released from the TIM23 complex, whereas other precursor
proteins are first transported into the matrix and subse-
quently integrated into the inner membrane via the Oxa1
export machinery [1–3].

Many inner membrane proteins, such as metabolite
carriers, are synthesized without cleavable presequences
and contain several, less defined internal targeting signals.
Carrier precursors are bound to cytosolic chaperones and
recognized by the receptor Tom70 [5,12]. The core of the
TOM complex, including the channel Tom40, is used by
both carrier precursors and presequence-carrying precur-
sors, and then the two pathways diverge. The hydrophobic
carrier precursors are transferred through the intermem-
brane space by the Tim9-Tim10 chaperone complex (small
TIM chaperone) and are inserted into the inner membrane
by the carrier translocase (TIM22 complex) using Dc as the
energy source [2,3,13].

Recent studies have revealed an unexpected complexity
of the mitochondrial protein import system, and numerous
86
novel import components and three new import pathways
have been identified. Moreover, several results indicate
that preprotein translocases do not act as independent
units but are linked to machineries involved in different
tasks, from energy conversion to maintenance of mitochon-
drial morphology, interorganellar contact and regulation.
Here, we propose that these machineries, which perform
seemingly unrelated functions, are connected in a dynamic
network and, thus, major mitochondrial activities are
functionally and physically linked.

Identification of new import components and pathways
In 2002, the new subunit Tim50 of the presequence trans-
locase (TIM23 complex) was identified. Tim50 is essential
for the presequence pathway and for viability of cells,
which indicates that it is a major player in mitochondrial
biogenesis [7,8]. Later, numerous new mitochondrial
import components were identified. For example, impor-
tant regulatory subunits that function in the TIM23
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Figure 2. Three new pathways for mitochondrial protein import. (a) The b-barrel pathway transports the precursors of b-barrel proteins. The precursors are translocated

across the outer membrane (OM) by the TOM complex. Small TIM chaperone complexes of the intermembrane space (IMS) assist in transfer of the precursors to the SAM

complex that mediates insertion of the proteins into the outer membrane. The SAM complex can associate with Mdm10 to form a larger complex that facilitates import of

the a-helical precursor of Tom22. Mdm10 is localized in two different complexes, SAM and ERMES, and thus links mitochondrial protein biogenesis to ER-mitochondria

junctions. (b) The mitochondrial intermembrane space assembly pathway (MIA) is used by many cysteine-rich IMS proteins. After passage through the TOM complex, the

precursor proteins are bound to Mia40 via disulfide bonds. Mia40 catalyzes the oxidative folding of the proteins. The sulfhydryl oxidase Erv1 mediates re-oxidation of

Mia40, which is supported by Hot13. Electrons flow from Mia40 via Erv1 to cytochrome c and the cytochrome c oxidase (COX). The mitochondrial inner membrane

organizing system (MINOS) is transiently coupled to Mia40, TOM and SAM, linking protein import and mitochondrial membrane morphology. (c) a-Helical insertion (Mim1)

pathway. Outer membrane proteins with multiple a-helical transmembrane segments are recognized by Tom70 and transferred to the Mim1 complex for membrane
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complex, the motor PAM or in preprotein processing were
identified for the presequence pathway (Figure 1) [9,11,
14–17]. In addition, entirely new protein import routes
were discovered, such as the sorting and assembly machin-
ery (SAM) for b-barrel proteins of the outer membrane [18–

20], the mitochondrial intermembrane space assembly
pathway (MIA) [21–23] and an insertion pathway for
a-helical proteins of the outer membrane that uses the
mitochondrial import protein 1 (Mim1) (Figure 2) [24–26].

Several experimental approaches have been fundamen-
tal for the identification of new components and transport
routes for mitochondrial protein biogenesis. For example,
blue native gel electrophoresis, originally developed for the
analysis of mitochondrial respiratory chain complexes [27],
has proved to be a remarkably powerful technique to follow
intermediate steps of preprotein import. Since blue native
gels allow the separation of intact protein complexes, even
with bound preproteins in transit, distinct import stages of
precursor proteins and their interaction with translocases
can be directly monitored [28,29]. Combined with a sys-
tematic analysis of yeast strains with defects in mitochon-
drial protein import, native gel systems led to the
identification of the SAM pathway [18] and have contrib-
uted to the functional characterization of the MIA [21,30]
and Mim1 pathways [24]. In addition, the purification of
translocase complexes under mild conditions (such as in
the presence of the non-ionic detergent digitonin), com-
bined with high-resolution mass spectrometry, have led to
the identification of several new translocase subunits, such
as Tim50, Tim21 and PAM subunits [7,9,14,16,17]. Large-
scale proteomics studies of purified mitochondria have
provided a huge number of uncharacterized mitochondrial
proteins [31–34], which can be studied using the available
collections of mutant yeast strains. Given that mitochon-
drial protein import is essential for cell viability [3], it is not
surprising that functional screens for import components
have identified several mitochondrial proteins that are
essential for life; indeed, several of these proteins, such
as new subunits of SAM and PAM, function in the protein
import machinery [3]. The MIA pathway was discovered by
analyzing an essential protein of unknown function, now
known as Mia40 [21,22].

Therefore, a combination of functional biochemical and
genetic assays, including large-scale genomics and proteo-
mics studies, has yielded a major progress in mitochondrial
research. Other experimental approaches have contribut-
ed to the characterization of the machineries and mecha-
nisms of mitochondrial protein biogenesis and are
summarized in Box 1. New import components and path-
ways probably remain to be discovered.

Two pathways for protein insertion into the
mitochondrial outer membrane
The mitochondrial outer membrane contains two classes of
proteins: b-barrel proteins, which are integrated into the
membrane by multiple b-strands and are derived from the
87



Box 1. Approaches for identification and characterization of

the mitochondrial protein import machinery

Classical approaches to study protein import into mitochondria

include in vitro import assays using radiolabeled precursor proteins

and isolated mitochondria; in vivo studies in mutant cells, particularly

in yeast; localization of proteins by subfractionation of cells and

mitochondria; and interaction studies using co-immunoprecipitation.

The establishment and application of the following experimental

approaches were important for the identification of new import

components and the analysis of protein import mechanisms:

� Blue native gel electrophoresis for the characterization of protein

complexes and precursor import intermediates [18,27].

� Mild conditions, such as the use of non-ionic detergents (e.g.

digitonin), for isolation of protein complexes [7,9].

� Systematic analysis of the mitochondrial proteome [31–34].

Analysis of gene products with unknown function by using yeast

deletion mutants or temperature-sensitive mutants in the case of

essential genes.

� Fusion proteins of mitochondrial precursors and passenger

proteins (with folded domains) for accumulation of transport

intermediates and formation of supercomplexes between trans-

locases, e.g. TOM-TIM23 supercomplex [9,28].

� Site-specific photo-crosslinking using modified amino acid resi-

dues for mapping interaction sites of preproteins with translocase

components during import [8].

� Efficient in vitro synthesis of import-competent precursor proteins

as a tool for the purification and analysis of import intermediates

and the rescue of import capacity of mutant mitochondria [24,42].

� Mass spectrometry techniques for large-scale determination of

the N-termini of imported proteins for studying presequences and

protein processing [11] and for determination of protein modifica-

tions for the analysis of signaling processes [77]. Combination of

mass spectrometry with stable isotope labeling with amino acids

in cell culture (SILAC) for the identification of novel partner

proteins of mitochondrial import components [62].

� Characterization of translocation channels by electrophysiological

measurements using planar lipid bilayer techniques [13].

� Single-particle electron microscopy analysis of translocase com-

plexes and high-resolution structures of individual components

provide structural and mechanistic insight [2,4].
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bacterial ancestor of mitochondria, and proteins with
a-helical transmembrane segments, which probably derive
from the eukaryotic host cell. Although the TOM complex
is the main entry gate for the large majority of mitochon-
drial precursor proteins, further machineries are needed to
insert proteins into the outer membrane.

In the so-called b-barrel pathway, b-barrel proteins are
inserted into the outer membrane via the SAM complex
(Figure 2). First, the precursors of b-barrel proteins use
TOM receptors and the Tom40 channel for translocation to
the intermembrane space side of the outer membrane
[18,29]. Here, small TIM chaperone complexes bind to
the precursors and guide them to the SAM complex. The
sorting signal in b-barrel proteins consists mainly of a
carboxy-terminal b-strand that directs the precursor pro-
teins to Sam50 (also known as Tob55) and Sam35 (Tob38),
which are core components of the SAM complex [35].
Sam50 is conserved from bacteria (in which it is known
as Omp85 or BamA) to humans [19,20,36] and the basic
mechanisms of b-barrel sorting are shared by bacteria and
mitochondria [35,37]. In fact, some bacterial b-barrel pro-
teins can be assembled into the mitochondrial outer mem-
brane when expressed in yeast [38].

The a-helical insertion machinery of the outer mem-
brane is the most recently defined import pathway into
mitochondria (Figure 2). Mim1, the core of the machinery
88
[24,25], contains one a-helical transmembrane segment
and forms a large oligomeric complex that is the functional
unit interacting with precursor proteins. Most Tom pro-
teins (which contain a single a-helical transmembrane
segment) and multi-spanning outer membrane proteins
use Mim1 on their insertion pathway [24–26]. The pre-
cursors for the two types of proteins are probably not
transported via the Tom40 channel and thus do not use
the main translocation route across the outer membrane
that is common to the other import pathways [24,25,39,40].
However, Mim1 transiently interacts with the receptor
Tom70 in the import of multi-spanning outer membrane
precursors (Figure 2) [24]. The exact function of Mim1 is
not known, but it might form channel-like structures or
serve as scaffold for the insertion of precursor proteins at
the protein–lipid interphase.

Although the SAM and Mim1 complexes function inde-
pendently during the membrane insertion of precursor
proteins, they can cooperate in the assembly of some outer
membrane complexes. The best-studied case is the biogen-
esis of the TOM complex, which consists of the central b-
barrel protein Tom40 and several a-helical subunits (three
receptors and three small Tom proteins). A fraction of
Mim1 complexes interact with a subpopulation of the
SAM complex and thereby deliver newly inserted small
Tom proteins to SAM. The small Tom proteins then as-
semble with the precursor of Tom40 directly on the SAM
complex [41,42]. We propose that, in addition to its basic
and conserved function in b-barrel insertion, the SAM
complex acquired further functions during evolution to
become an assembly platform for the TOM complex and
possibly other outer membrane complexes. The SAM com-
plex does not function as a single stable unit but shows a
dynamic behavior with several modular forms. An example
for the versatility of the SAM complex is provided by the
biogenesis of Tom22. This a-helical protein is not inserted
into the outer membrane by the Mim1 complex but by a
special form of the SAM complex that contains the mor-
phology protein Mdm10 (Figure 2) [43–47].

Thus, the mitochondrial outer membrane contains dis-
tinct machineries for insertion of b-barrel and a-helical
precursors. For the import of some precursor proteins and,
in particular, for the assembly of protein complexes, the
machineries can cooperate, which supports the view of a
dynamic organization of the mitochondrial protein import
machinery.

Redox-regulated protein import into the
intermembrane space
A few intermembrane space proteins are imported via the
presequence pathway. The preproteins are laterally re-
leased from the TIM23 complex, and the mature proteins
are cleaved off by an intermembrane space-exposed pepti-
dase (Figure 1). However, the majority of intermembrane
space proteins use the MIA pathway, during which the
Mia40 protein interacts with the precursor proteins via
disulfide bonds [21,23]. Many intermembrane space
proteins contain characteristic cysteine motifs, and the
mature proteins are typically oxidized, i.e. contain intra-
molecular disulfide bonds. The precursors are transported
from the cytosol and through the TOM complex in a
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reduced state. As soon as the precursors emerge on the
intermembrane space side, Mia40 binds to a cysteine-con-
taining signal of the precursor and thus forms a transient
disulfide bond with the precursor during translocation
(Figure 2) [48,49]. Mia40 forms the core of an oxidative
import and folding machinery that functions as disulfide
relay. The sulfhydryl oxidase Erv1 catalyzes the formation
of disulfide bonds in Mia40, which then oxidizes cysteines
in the precursor proteins, resulting in new disulfide bonds.
The electrons that are removed by oxidation from the
substrate proteins flow via Mia40 to Erv1, and from here
to the respiratory chain via cytochrome c [23,30,50–53].
Mia40, Erv1 and the substrate protein can form a ternary
complex, which may promote the efficient transfer of di-
sulfide bonds (disulfide channeling) [30].

The basic principle of oxidative protein folding resem-
bles the disulfide relay systems that are found in the
periplasm of bacteria and in the endoplasmic reticulum
(ER). However, mitochondria use the disulfide relay not
only for protein folding but also for import of the precursor
proteins. Mia40 thus functions as a receptor that recog-
nizes the precursors and drives completion of translocation
into the intermembrane space.

Integration of protein import machineries into a
network of organellar and cellular functions
In addition to discovering new protein import routes into
mitochondria, recent studies suggested unexpected con-
nections of the preprotein translocases to various other
mitochondrial systems. In this section, we summarize
these observations and then propose a hypothesis on the
organization of the protein import system.

Regarding the presequence pathway, the TIM23
complex is physically connected to the mitochondrial re-
spiratory chain (Figure 1) [54–56]. Tim21 binds to a super-
complex formed by respiratory complex III (bc1-complex)
and complex IV (cytochrome c oxidase). In addition, Pam16
(also known as Tim16) and Pam18 (Tim14), essential co-
chaperones of mtHsp70, bind to this supercomplex, yet
independently of Tim21. The interaction of the prese-
quence translocase with respiratory complexes promotes
the membrane potential-driven step of preprotein inser-
tion, which suggests an energetic coupling [54], although
the exact molecular mechanism is unknown.

Upon arrival in the matrix, presequences are proteolyt-
ically removed from the imported proteins by the mito-
chondrial processing peptidase (MPP). This process affects
the half-life of the proteins [11] because the amino-termi-
nal amino acid residue of proteins is closely related to the
regulation of proteolytic degradation (the N-end rule) [57].
Since MPP removes the amino-terminal presequences,
new amino-termini of the imported proteins are generated
that may contain a stabilizing or destabilizing amino acid
(bulky hydrophobic residues are typically destabilizing).
Destabilizing residues can be removed by two peptidases
that function after MPP, the intermediate cleaving
peptidase Icp55 (which removes a single amino acid) or
the mitochondrial intermediate peptidase Oct1 (which
removes an octapeptide) (Figure 1) [11,58]. Thus, the
processing of imported proteins is connected to protein
turnover and quality control.
A link to protein turnover was also reported for the
carrier pathway. Tim54, which functions as docking site for
the Tim9-Tim10-Tim12 chaperone complex at the carrier
translocase [59] (Figure 1), is also crucial for the assembly
of the i-AAA protease, a large ATP-dependent protease of
the inner membrane that is exposed to the intermembrane
space [60]. The monomeric precursor of the i-AAA protease
(Yme1) is imported via the presequence translocase, but its
subsequent assembly to form a large oligomeric form
requires Tim54. Because the i-AAA protease is important
for quality control of inner membrane proteins [61], Tim54
connects pathways of protein import, assembly and turn-
over [60].

As we mentioned before, the MIA system is connected to
the respiratory chain by the flow of electrons to cytochrome
c oxidase (Figure 2). In addition, Mia40 is linked to the
inner membrane protein mitofilin [62]. Mitofilin is part of a
large protein complex, the mitochondrial inner membrane
organizing system (MINOS, also known as MitOS or
MICOS), that is required to maintain the typical tubular
invaginations (cristae) of the inner membrane [62–65].
MINOS components transiently interact with Mia40 and
the protein translocases TOM and SAM of the outer mem-
brane, thus linking protein import and membrane mor-
phology [62,64–67].

An unexpected link to mitochondrial morphology and
membrane organization has also been reported for the
SAM complex. Mdm10, a subunit of the SAM complex that
is active in the biogenesis of Tom22, is present in another
protein complex together with other morphology proteins
[43,45,68,69]. Whereas initial genetic approaches showed
that these morphology proteins are functionally linked to
inner membrane components and to the stability of mito-
chondrial DNA [68,70,71], it has recently been shown that
they form ER-mitochondria junctions. One of the proteins,
Mmm1, is anchored in the ER membrane and forms a
stable complex with several mitochondria-bound proteins,
such as Mdm10 and the calcium-binding GTPase Gem1.
The complex has thus been termed ER-mitochondria en-
counter structure (ERMES) (Figure 2) [72–74]. The ER–

mitochondria junctions are possibly involved in transfer of
lipids and calcium ions between the two organelles and
may also be connected to the mitochondrial inner mem-
brane and matrix [75,76]. Thus, ERMES and SAM may be
part of a large organizing center that integrates diverse
functions such as biogenesis of proteins and lipids, ion
transport, membrane dynamics and mitochondrial DNA
(mtDNA) organization. The mitofilin/MINOS system of the
inner membrane may also be involved in this organizing
center [62,64–67].

In addition, mitochondrial preprotein translocases are
regulated by post-translational modification. The TOM
complex and Mim1, which together are responsible for
the import of the vast majority of mitochondrial proteins,
are regulated through phosphorylation by cytosolic kinases
[77]. Casein kinase 2 plays an important stimulatory role,
whereas protein kinase A causes an inhibition of Tom
receptor activity. Further cytosolic kinases are probably
involved [77]. Thus, the main mitochondrial entry gate
does not function autonomously, but is controlled by a
network of cytosolic kinases.
89
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At first glance, the multiple connections of the mito-
chondrial protein import machinery to so many different
systems are rather confusing. So, we propose the hypothe-
sis of an integrative mitochondrial network. During evolu-
tion of mitochondria from their bacterial ancestor, many
mitochondrial genes were transferred to the nucleus and
thus the proteins had to be imported from the cytosol
together with new proteins that were provided by the
eukaryotic cell. Therefore, mitochondria and the eukary-
otic cell had to develop efficient protein import systems [1–

3]. In parallel, mitochondria had to integrate into the
eukaryotic cell, which involved numerous changes in the
regulation of bioenergetic activities, membrane dynamics,
mtDNA organization, protein quality control and estab-
lishment of mitochondrial contacts with other membranes
and organelles of the cell. We propose that these various
processes did not develop independently but co-evolved,
and thus protein import became connected with seemingly
unrelated systems. The machineries that perform major
mitochondrial activities became integrated into a function-
al network of dynamic interactions. Many of these systems
can function independently in biochemical in vitro assays
but they are intimately linked in vivo and only their
combination yields a fully active mitochondrion.

Concluding remarks
The analysis of mitochondrial protein import has provided
exciting new insights into a highly complex system of
organellar biogenesis and function. However, many more
unexpected findings can be anticipated, as many open
questions remain (Box 2). We speculate that further import
pathways may exist; for example, some small proteins of
the inner membrane are imported without a clear require-
ment for a membrane potential Dc [78], whereas a Dc is
strictly needed for the two known translocases of the
inner membrane (presequence translocase and carrier
translocase). Our hypothesis of an integrative mitochon-
drial network predicts that the protein transport system
does not act autonomously but is embedded in a large,
dynamic network of mitochondrial and cellular systems.
Such an integrative network may serve as a paradigm for
the development and organization of protein transport
systems in other cell organelles.
Box 2. Questions for future research

� Which cytosolic factors are crucial for guiding precursor proteins

or mRNAs to mitochondria?

� How many other mitochondrial protein transport pathways await

discovery?

� Are all protein translocases subject to post-translational regula-

tion, and which kinases, phosphatases and other modifying

enzymes are involved?

� How are protein translocases and ER-mitochondria junctions

connected at a molecular and mechanistic level?

� How are structures involved in organization of the mitochondrial

inner membrane coupled to protein transport?

� By which molecular mechanism does coupling of the prese-

quence translocase to respiratory chain complexes promote

protein translocation?

� Which role do lipids play in mitochondrial protein import, and are

protein biogenesis and lipid biosynthesis coordinated?
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27 Schägger, H. and von Jagow, G. (1991) Blue native electrophoresis for
isolation of membrane protein complexes in enzymatically active form.
Anal. Biochem. 199, 223–231

28 Dekker, P.J.T. et al. (1997) The Tim core complex defines the number of
mitochondrial translocation contact sites and can hold arrested
preproteins in the absence of matrix Hsp70-Tim44. EMBO J. 16,
5408–5419

29 Model, K. et al. (2001) Multistep assembly of the protein import channel
of the mitochondrial outer membrane. Nat. Struct. Biol. 8, 361–370

30 Stojanovski, D. et al. (2008) Mitochondrial protein import: precursor
oxidation in a ternary complex with disulfide carrier and sulfhydryl
oxidase. J. Cell Biol. 183, 195–202

31 Sickmann, A. et al. (2003) The proteome of Saccharomyces cerevisiae
mitochondria. Proc. Natl. Acad. Sci. U.S.A. 100, 13207–13212

32 Prokisch, H. et al. (2004) Integrative analysis of the mitochondrial
proteome in yeast. PLoS Biol. 2, e160

33 Reinders, J. et al. (2006) Toward the complete yeast mitochondrial
proteome: multidimensional separation techniques for mitochondrial
proteomics. J. Proteome Res. 5, 1543–1554

34 Pagliarini, D.J. et al. (2008) A mitochondrial protein compendium
elucidates complex I disease biology. Cell 134, 112–123

35 Kutik, S. et al. (2008) Dissecting membrane insertion of mitochondrial
b-barrel proteins. Cell 132, 1011–1024

36 Kozjak, V. et al. (2003) An essential role of Sam50 in the protein sorting
and assembly machinery of the mitochondrial outer membrane. J. Biol.
Chem. 278, 48520–48523

37 Robert, V. et al. (2006) Assembly factor Omp85 recognizes its outer
membrane protein substrates by a species-specific C-terminal motif.
PLoS Biol. 4, e377

38 Walther, D.M. et al. (2009) Signals in bacterial b-barrel proteins are
functional in eukaryotic cells for targeting to and assembly in
mitochondria. Proc. Natl. Acad. Sci. U.S.A. 106, 2531–2536

39 Setoguchi, K. et al. (2006) Cytosolic factor- and TOM-independent
import of C-tail-anchored mitochondrial outer membrane proteins.
EMBO J. 25, 5635–5647

40 Otera, H. et al. (2007) A novel insertion pathway of mitochondrial outer
membrane proteins with multiple transmembrane segments. J. Cell
Biol. 179, 1355–1363

41 Dukanovic, J. et al. (2009) Genetic and functional interactions between
the mitochondrial outer membrane proteins Tom6 and Sam37. Mol.
Cell. Biol. 29, 5975–5988

42 Becker, T. et al. (2010) Assembly of the mitochondrial protein import
channel: role of Tom5 in two-stage interaction with the SAM complex.
Mol. Biol. Cell 15, 3106–3113

43 Meisinger, C. et al. (2004) The mitochondrial morphology protein
Mdm10 functions in assembly of the preprotein translocase of the
outer membrane. Dev. Cell 7, 61–71

44 Stojanovski, D. et al. (2007) Alternative function for the mitochondrial
SAM complex in biogenesis of a-helical TOM proteins. J. Cell Biol. 179,
881–893

45 Yamano, K. et al. (2010) Mdm10 as a dynamic constituent of the TOB/
SAM complex directs coordinated assembly of Tom40. EMBO Rep. 11,
187–193

46 Wideman, J.G. et al. (2010) Roles of the Mdm10, Tom7, Mdm12,
and Mmm1 proteins in the assembly of mitochondrial outer
membrane proteins in Neurospora crassa. Mol. Biol. Cell 21, 1725–1736

47 Becker, T. et al. (2011) Biogenesis of mitochondria: dual role Tom7 in
modulating assembly of the preprotein translocase of the outer
membrane. J. Mol. Biol. 405, 113–124

48 Milenkovic, D. et al. (2009) Identification of the signal directing Tim9
and Tim10 into the intermembrane space of mitochondria. Mol. Biol.
Cell 20, 2530–2539

49 Sideris, D.P. et al. (2009) A novel intermembrane space-targeting
signal docks cysteines onto Mia40 during mitochondrial oxidative
folding. J. Cell Biol. 187, 1007–1022

50 Tienson, H.L. et al. (2009) Reconstitution of the Mia40-Erv1 oxidative
folding pathway for the small Tim proteins. Mol. Biol. Cell 20, 3481–3490

51 Kawano, S. et al. (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
52 Bien, M. et al. (2010) Mitochondrial disulfide bond formation is driven
by intersubunit electron transfer in Erv1 and proofread by glutathione.
Mol. Cell 37, 516–528

53 Banci, L. et al. (2011) Molecular recognition and substrate mimicry
drive the electron-transfer process between MIA40 and ALR. Proc.
Natl. Acad. Sci. U.S.A. 108, 4811–4816

54 van der Laan, M. et al. (2006) A role for Tim21 in membrane-potential-
dependent preprotein sorting in mitochondria. Curr. Biol. 16, 2271–2276

55 Wiedemann, N. et al. (2007) Sorting switch of mitochondrial
presequence translocase involves coupling of motor module to
respiratory chain. J. Cell Biol. 179, 1115–1122

56 Dienhart, M.K. and Stuart, R.A. (2008) The yeast Aac2 protein exists in
physical association with the cytochrome bc1-COX supercomplex and
the TIM23 machinery. Mol. Biol. Cell 19, 3934–3943

57 Varshavsky, A. (2011) The N-end rule pathway and regulation by
proteolysis. Protein Sci. 20, 1298–1345
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