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Most mitochondrial proteins are synthesized on cytosolic ribosomes and must be imported across
one or both mitochondrial membranes. There is an amazingly versatile set of machineries and
mechanisms, and at least four different pathways, for the importing and sorting of mitochondrial
precursor proteins. The translocases that catalyze these processes are highly dynamic machines
driven by the membrane potential, ATP, or redox reactions, and they cooperate with molecular
chaperones and assembly complexes to direct mitochondrial proteins to their correct destina-
tions. Here, we discuss recent insights into the importing and sorting of mitochondrial proteins
and their contributions to mitochondrial biogenesis.

Introduction
Eukaryotic cells are divided into numerous organelles, com-
partments that are surrounded by membranes. The vast major-
ity of proteins, however, are synthesized in a single compart-
ment, the cytosol. About half of these proteins have to be
transported into or across at least one cellular membrane to
reach their functional destination (Schnell and Hebert, 2003;
Wickner and Schekman, 2005; Neupert and Herrmann, 2007).
For example, the budding yeast Saccharomyces cerevisiae
synthesizes about 6000 different proteins with about 3000 of
these proteins directed to the various cell organelles, raising
several fundamental questions about how the precursor pro-
teins are directed to the correct target organelle, how they are
translocated across the hydrophobic membranes, and how
they are sorted and assembled into their functional forms.
Mitochondria are crucial for numerous cellular processes,
including energy metabolism, programmed cell death (apopto-
sis), signaling, and metabolic pathways involving lipids, amino
acids, and iron (Figure 1A). These organelles have an outer mem-
brane and an inner membrane with folded cristae that give rise to
two aqueous compartments, the intermembrane space and the
matrix. Mitochondria contain about 1000 (yeast) to 1500 (human)
different proteins (Sickmann et al., 2003; Perocchi et al., 2006;
Pagliarini et al., 2008). Of these, about 1% are synthesized on
ribosomes in the matrix (Figure 1A), and the remainder are synthe-
sized on ribosomes in the cytosol. Mitochondrial proteins synthe-
sized in the matrix were inherited from the prokaryotic ancestor
of mitochondria and represent crucial membrane components of
the oxidative phosphorylation machinery. But mitochondria also
contain hundreds of proteins derived from prokaryotes that are
synthesized in the cytosol, because the genes encoding them
were transferred to the nucleus. Mitochondrial proteins that
were “invented” during the evolution of eukaryotic cells also are
encoded by nuclear genes and are synthesized in the cytosol.
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Despite the central role of mitochondria in bioenergetics, the
respiratory chain proteins and the mitochondrial ATP synthase
are not strictly essential for life, at least in organisms that are
capable of fermentation. However, the mitochondrial protein
import and folding machineries and the matrix machinery for
the biosynthesis of iron-sulfur clusters are strictly essential for
cell viability (Neupert and Herrmann, 2007; Lill and Mihlenhoff,
2008).

Originally, it was believed that all mitochondrial precursor
proteins are imported via one main pathway and mechanism,
the so-called presequence pathway. This pathway involves
an outer and inner membrane translocase, with amino-ter-
minal presequences in precursor proteins acting as classi-
cal targeting signals directing proteins into mitochondria.
The demonstration that the precursors of metabolite carrier
proteins of the mitochondrial inner membrane use different
signals and a different sorting route suggested that there
were two routes for mitochondrial import: the presequence
pathway and the carrier pathway. Then, 5 years ago, our
view of mitochondrial protein biogenesis changed very rap-
idly because of the identification of numerous new import
components and (at least) two new import pathways (Table
1). New mechanistic principles, such as redox-regulated
import, formation of supercomplexes with the respiratory
chain, and two-membrane coupling of translocases, were
discovered. It also became clear that the precursor protein
(preprotein) translocases are composed of modular units that
cooperate with each other in a highly dynamic manner. This
Review discusses recent advances that provide important
insights into the biogenesis of mitochondria and the prin-
ciples of intracellular protein sorting. This Review highlights
the machineries and mechanisms of the four principal path-
ways that direct proteins to their intramitochondrial destina-
tion: the presequence pathway to the matrix and inner mem-
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brane, the carrier protein pathway to the inner membrane,
the redox-regulated import pathway into the intermembrane
space, and the B-barrel pathway (and possibly other routes)
into the outer membrane.

TOM-—The Mitochondria’s Portal

Nearly all mitochondrial preproteins are imported via the gen-
eral entry gate, the translocase of the outer membrane or TOM
complex (Figure 1B). The central component of TOM is Tom40,
an integral membrane protein with a pB-barrel structure that
forms the channel for preprotein translocation across the outer
membrane. Tom40 is organized as an oligomer that forms two
to three channels per TOM complex (Ahting et al., 2001; Model
et al., 2008). Three receptor proteins function as part of the
TOM complex (Figure 1B). Tom20 is the initial recognition site
for preproteins with presequences (Saitoh et al., 2007) and
transfers the preproteins to the central receptor Tom22. Tom70
forms the initial recognition site for precursors of inner mem-
brane metabolite carrier proteins, which carry multiple internal
targeting signals; Tom70 transfers these precursor proteins to
Tom22 (Kiebler et al., 1993; van Wilpe et al., 1999). From here,
the precursors are inserted into the Tom40 channel.

Though TOM is the common import site for precursor pro-
teins, at least two different mechanisms for translocation
through the channel have been observed (Figure 1B). In the
first, presequence-carrying preproteins are translocated as
loosely folded linear polypeptide chains with the amino-ter-
minal presequence going first. The presequence sequentially
binds to a series of binding sites: to Tom20 and Tom22, then
with the help of Tom5 to Tom40, and eventually to Tom7 and

the translocase of the inner membrane
(binding chain hypothesis) (Komiya et al.,
1998; Kanamori et al., 1999; Esaki et al., 2003, 2004; Chacinska
et al., 2005). In the second mechanism, the precursors of car-
rier proteins are not translocated as linear chains but traverse
the outer membrane in a loop formation such that both termini
are still on the cytosolic surface while a middle portion has
already reached the intermembrane space (Wiedemann et al.,
2001). Potentially, there may exist a third mechanism of prepro-
tein import via TOM that does not use the interior of the chan-
nel. In this model, some precursors of outer membrane pro-
teins would be inserted at the protein-lipid interface (Gabriel
et al., 2001; Ahting et al., 2005). This mechanism would solve a
major conceptual problem with regard to the B-barrel channel
and protein insertion into the lipid phase of the outer mem-
brane. The Tom40 channel likely forms a very stable p-barrel
that probably cannot be pulled apart for energetic reasons as
too many hydrogen bonds would have to be broken, and thus
a lateral exit of precursor proteins from the channel interior to
the outside is unlikely (Ahting et al., 2001; Gabriel et al. 2001;
Gentle et al., 2004; Kutik et al., 2008b). It is possible that some
a-helical proteins of the outer membrane may use a pathway at
the protein-lipid interface, although direct experimental dem-
onstration of this third pathway is lacking so far.

Tom22 not only provides specific binding sites for prepro-
teins on the cytosolic side and on the intermembrane space
side, but its membrane domain also plays a crucial role in
the oligomeric organization of the 450 kDa TOM complex. In
the absence of Tom22, the complex dissociates into smaller
Tom40-containing units, and the biogenesis of mitochondria
is strongly impaired (van Wilpe et al., 1999; Wiedemann et al.,
2003; Meisinger et al., 2004). The three small Tom proteins are
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Table 1. Components of the Mitochondrial Protein Import and Sorting Machineries

Name Proposed Function Essential Year  Aliases

Translocase of the Outer Mitochondrial Membrane (TOM)

Tom20 Initial receptor for preproteins with a presequence - 1989 Mas20, Mom19, Pom13,
Rir16

Tom?70 Initial receptor for hydrophobic precursor proteins (carriers) - 1990 Mas70, Mom72, Omp1

Tom71 Homolog of Tom70 (low abundance) - 1996 Tom72

Tom40 Channel-forming protein of TOM complex, B-barrel topology Yes 1989 Isp42, Mom38

Tom22 Receptor at cis and trans side of the outer membrane, organizer of TOM - 1993 Mas17, Mas22, Mom22

Tomb Transfer of preproteins from receptors to channel, assembly of TOM = 1997 Mom8, Mom8a

Tom6 Assembly of TOM complex - 1993 Isp6, Mom8b

Tom7 Disassembly and dynamics of TOM complex - 1996 Mom7, Yok22

Sorting and Assembly Machinery of the Outer Mitochondrial Membrane (SAM)

Sam50 Central component of SAM complex, B-barrel topology, channel Yes 2003 Omp85, Tob55

Sam37 Subunit of SAM complex, promotes release of precursors - 2003 Mas37, Pet3027, Tom37,
metaxin 1

Sam35 Binding of B signal, partner of Sam50 Yes 2004 Fmp20, Tob38, Tom38,
metaxin 2

Mdm10 Involved in B-barrel assembly, associates with SAM and Mdm12/Mmm1 - 2004 Fun37

Mim1 Involved in biogenesis of a-helical proteins, interaction with SAM - 2004 Tom13

Mitochondrial Intermembrane Space Import and Assembly (MIA)

Mia40 Receptor in IMS, transfers disulfide bonds to IMS precursors Yes 2004 Fmp15, Tim40

Ervi Oxidation of and cooperation with Mia40 in transfer of disulfide bonds Yes 2005 ALR

Hot13 Promotes oxidation of Mia40 by Erv1, binding of zinc ions - 2004

Intermembrane Space Chaperones

Tim9-Tim10 Chaperone complex, transfer of hydrophobic proteins through IMS Yes 1998 Mrs11 (Tim10)

Tim8-Tim13 Chaperone complex, transfer of hydrophobic proteins through IMS = 1999 DDP1 (Tim8)

Carrier Translocase of the Inner Mitochondrial Membrane (TIM22)

Tim22 Core of TIM22 complex, channel-forming (twin-pore) Yes 1996

Tim54 Membrane protein with domain in IMS, binds Tim9-Tim10-Tim12 complex - 1997

Tim18 Involved in assembly of TIM22 complex = 2000

Tim9-Tim10-Tim12 Membrane-bound chaperone, tethering of carrier precursors to TIM22 Yes 1998  Mrs5 (Tim12)

Presequence Translocase of the Inner Mitochondrial Membrane (TIM23)

Tim23 Channel-forming subunit of TIM23 complex Yes 19983 Mas6, Mim23, Mpi3

Tim17 Tight association with Tim23, involved in lateral sorting of preproteins Yes 1994 Mim17, Mpi2, Sms1

Tim50 Intermembrane space receptor, gating of Tim23 channel Yes 2002

Tim21 Modulator of TIM23, interaction with TOM complex and respiratory chain  — 2005

Presequence Translocase-Associated Motor (PAM)

mtHsp70 Molecular chaperone, binds preproteins, hydrolyzes ATP, protein folding Yes 1990 Sscl, Enst

Mge1 Mitochondrial nucleotide-exchange factor for mtHsp70 Yes 1994  Yget

Tim44 Membrane anchor for mtHsp70, preprotein binding Yes 1992  Isp45, Mim44, Mpit

Pam18 J protein, stimulates ATPase activity of mtHsp70 Yes 2003 Tim14

Mdj2 Homolog of Pam18 (low abundance) - 2005

Pam16 J-like protein, forms a module with and controls Pam18 activity Yes 2004 Mial, Tim16

Pam17 Involved in integrity of Pam18-Pam16 module, binds to Tim23 - 2005 Fmp18

Mitochondrial Processing Peptidases

MPP o/B Mitochondrial processing peptidase, heterodimer of Mas1 (B) and Mas2 (a) Yes 1988  Mif1, PEP (Mas1), Mif2
(Mas2)

Oct1 Matrix intermediate peptidase, completes maturation of some preproteins — 1992 MIP

IMP Inner membrane peptidase complex consisting of Imp1, Imp2 and Som1 - 1991

m-AAA Inner membrane protease complex consisting of Yta12 and Yta10 - 2002 Rcail (Yta12), Yta10 (Afg3)

(continued on following page)
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Table 1. Continued

i-AAA Inner membrane protease complex consisting of Yme1, Mgr1 and Mgr3 - 2006 Osdi, Ytal1 (Ymel), Fmp24
(Mgr3)

Pcp1 Rhomboid intramembrane protease, processing of Mgm1 and Ccp1 - 2002 Mdm37, Rbd1

Mitochondrial Export Machinery

Oxal Insertion of proteins into the IM, interacts with mitochondrial ribosome - 1997

Mba1 Cooperates with Oxa1 in the membrane insertion of COX subunits = 2001

Mdm38 Membrane integration, interacts with mitochondrial ribosome - 2006 Mkh1

Cox18 Homolog of Oxa1 with export function for Cox2 subunit of COX = 2002 Oxa2

Pnt1 Role in export of mitochondrially encoded Cox2, interacts with Cox18 = 1999

Mss2 Role in export of mitochondrially encoded Cox2, interacts with Cox18 - 2001

Folding in Matrix

Mdj1 J protein, cooperates with mtHsp70 - 1994

Hsp60/Hsp10 Chaperonin, protein folding, hydrolyzes ATP Yes 1989 Cpn60, Mif4, Mna2/Cpn10

Hsp78 Role in prevention of protein aggregation, disaggregation, ATP-dependent — 1993

Zim17 Zinc finger heat shock protein, chaperone for mtHsp70 = 2005 Hept, Tim15

Many mitochondrial proteins are required for protein import, sorting, processing, and folding. A number of components have more than one name.
The Table lists the standard name of the Saccharomyces genome database (SGD) unless another name has become the principal name in the lit-
erature, e.g., mtHsp70. mtHsp70 and its cochaperone Mge1 are listed under their import function (presequence translocase-associated motor), but
they also function in protein folding in the matrix. (Essential, the protein is strictly essential for cell viability, that is, deletion of the gene blocks cell
growth under all conditions tested; —, not strictly essential. The year in which the role of the component in mitochondrial protein import and sorting
was defined is shown. COX, cytochrome c oxidase; Hsp, heat shock protein; IMS, intermembrane space.)

involved in the assembly and stability of the TOM complex.
Tom6 and Tom7 play antagonistic roles. Tom6 stabilizes the
large TOM complex, whereas Tom?7 favors its dissociation, thus
supporting a dynamic organization of the TOM complex. Tom5
promotes assembly of the TOM complex and participates in
preprotein transfer from Tom22 to the Tom40 channel (Diet-
meier et al., 1997; Model et al., 2001; Wiedemann et al., 2003).

Mitochondrial Targeting Signals

Cleavable presequences are the classical type of mitochondrial
targeting signals. However, numerous types of noncleavable
targeting and sorting signals, which are located in the mature
regions of mitochondrial proteins, have also been described
(Figure 2), reflecting the different sorting routes for proteins
within mitochondria.

Presequences and Variations

Presequences are located at the amino terminus of precur-
sor proteins and form positively charged amphipathic o
helices (Figure 2A). They have a length of typically 15-50
amino acid residues, although presequences shorter than
ten residues and up to ~100 residues have been described.
Upon import into the matrix, most presequences are pro-
teolytically removed by the dimeric mitochondrial process-
ing peptidase (MPP). Presequences apparently contain at
least three different types of information as revealed by
their differential mode of interaction with binding sites. The
amphipathic a helix possesses a hydrophobic surface that is
recognized by Tom20 and a positively charged surface rec-
ognized by Tom22 (Moberg et al., 2004; Saitoh et al., 2007;
Yamano et al., 2008b). The high-resolution structures of pre-
sequence-Tom20 and presequence-MPP complexes sur-
prisingly revealed that presequences radically change their
conformation during import into mitochondria. Whereas pre-

sequences adopt an a-helical conformation when in a com-
plex with Tom20 (Saitoh et al., 2007), they sit in an extended
conformation in the binding site of the enzyme MPP (Tay-
lor et al., 2001), indicating that the specific recognition of
the cleavage site in an extended conformation represents a
third type of information. Moreover, the positive net charge
of presequences is the critical determinant for the electro-
phoretic effect of the membrane potential during transloca-
tion across the inner membrane (Shariff et al., 2004; van der
Laan et al., 2006, 2007; Krayl et al., 2007).

Presequences direct the attached proteins into the matrix;
however, a number of preproteins additionally contain a hydro-
phobic sorting signal that is located after the matrix-targeting
signal (Figure 2A). This sorting signal arrests translocation in
the mitochondrial inner membrane with the preproteins being
released laterally into the lipid phase (Glick et al., 1992). In the
case of inner membrane proteins, the sorting signal typically
remains part of the mature protein and anchors the protein in
the membrane. For several intermembrane space proteins, the
sorting signal is cleaved off by the inner membrane peptidase
(IMP) on the outer surface of the inner membrane, and thus the
mature protein is released into the intermembrane space (Fig-
ure 2A; Table 1) (Glick et al., 1992; Jan et al., 2000; Gakh et al.,
2002). In a few cases, other inner membrane proteases were
also shown to cleave mitochondrial presequences (Table 1).
These include the AAA proteases that contain their active cen-
ter either on the matrix side (m-AAA) or intermembrane space
side (i-AAA), and the rhomboid protease Pcp1 that is critical
for cleaving the precursor of a mitochondrial morphology pro-
tein within the membrane (Nolden et al., 2005; Rainey et al.,
2006; Duvezin-Caubet et al., 2007). Thus, different proteases
contribute to the specificity of mitochondrial protein sorting.
Additional cleavage events for some proteins imported into

Cell 138, August 21, 2009 ©2009 Elsevier Inc. 631



Targeting and sorting signals of mitochondrial precursor proteins
A Presequences and variations I Imported via I Destination of proteins
Presequence MPP
Amphipathic o helix absl i Nt
Typically cleaved after import N & PAM
MPP TOM
Presequence + uncleaved hydrophobic o+ o+ +l
anchor (sorting signal) o & {Fl'l\lilfn? Inner membrane
MPP IMP
Presequence + cleaved hydrophobic it +J ﬁnonya
sorting signal (bipartite presequence) N c (PAM) Intermembrane space
B Noncleavable signals of hydrophobic proteins
. B signal TOM Outer membrane
B signal N SAM (B-barrel)
Signal-anchor sequence N - [ c Mim1
C tail anchor N - C ? %_’}“:’Ii'g‘;;“b’a“e
(TOM)
Internal signal N ] C (SAM)
TOM
Multiple internal signals N EE EE EE @ Tim9-Tim10 '(',:I“:t';,']},"“';;bg’r‘ﬁen
TIM22
Presequence-like internal signal 000 TOM
(after hydrophobic region) N T 9] TIM23 Inner membrane
C Internal signal for intermembrane space
> o . Cys Cys CysCys TOM
Cysteine-containing signal N © MIA Intermembrane space

Figure 2. Targeting and Sorting Signals of Mitochondrial Precursor Proteins

Mitochondrial precursor proteins contain cleavable or noncleavable targeting signals. The three main classes of signals are shown. The signals direct the pre-
cursor proteins to different sorting machineries. Presequences are usually cleaved off by the mitochondrial processing peptidase (MPP) in the matrix. Additional
hydrophobic sorting signals can be removed by the inner membrane peptidase complex (IMP). The putative signal directing B-barrel precursors through the
TOM complex is shown in light blue. The mitochondrial intermembrane space signal (MISS) for the MIA pathway is shown in red; MISS includes a cysteine resi-
due of the precursor (shown here for the first cysteine). MIA, mitochondrial intermembrane space assembly; Mim1, putative insertase of the mitochondrial outer
membrane; PAM, presequence translocase-associated motor; SAM, sorting and assembly machinery; Tim9-Tim10, chaperone complex in the intermembrane
space; TIM22, carrier translocase of the inner membrane; TIM23, presequence translocase of the inner membrane; TOM, translocase of the outer membrane.

the matrix can occur after cleavage by MPP. For example, the
mitochondrial intermediate peptidase Oct1 removes an addi-
tional octapeptide sequence, though the functional reason for
this second cleavage is not yet known (Gakh et al., 2002).
A Multitude of Internal Targeting Signals
A large number of mitochondrial proteins are not synthesized
with cleavable presequences but contain targeting informa-
tion within regions of the mature protein (Figures 2B and 2C).
This includes all mitochondrial outer membrane proteins, the
majority of intermembrane space proteins, numerous multis-
panning inner membrane proteins, and a few matrix proteins.
In the case of these matrix proteins and a few outer and inner
membrane proteins, presequence-like sequences at the amino
terminus are used for targeting but are not cleaved. However,
the majority of noncleavable precursor proteins contain quite
distinct targeting signals at various positions within their pri-
mary structure. The exact nature and targeting mechanisms of
these internal signals are the subject of current research.
Mitochondrial outer membrane proteins of the B-barrel
type contain a B signal in their carboxy-terminal region that
bears no similarity to the a-helical presequences. The sig-
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nal, identified recently, is formed by the last  strand of the
proteins and is specifically recognized by the sorting and
assembly machinery (SAM) of the outer membrane (Kutik
et al., 2008b) (Figure 2B). An additional TOM signal for the
initial recognition by mitochondria is located at an internal
position, yet its exact nature has not been defined. Many
outer membrane proteins, however, are of the a-helical type.
Targeting sequences have been found at the amino termi-
nus (signal anchor sequence), at the carboxy terminus (tail
anchor). and in the middle of the proteins (Beilharz et al.,
2003; Setoguchi et al., 2006; Otera et al., 2007; Stojanovski
et al.,, 2007; Kemper et al.,, 2008). These signals typically
consist of an a-helical transmembrane segment and are
often flanked by positively charged residues. The signals do
not follow a unique insertion pathway into the outer mem-
brane; we will discuss below four different possibilities for
the insertion of a-helical outer membrane proteins.

Inner membrane proteins carrying noncleaved targeting
signals include the large class of metabolite carriers, with the
ADP/ATP carrier and phosphate carrier as typical representa-
tives. The carrier proteins usually contain six transmembrane
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segments, do not have homologs in prokaryotes, and seem
to have been “invented” by eukaryotic cells. They are found
in all classes of eukaryotes, from trypanosomes and yeast to
humans. The targeting information in carrier proteins is pres-
ent in several sequence elements, each of about 10 amino acid
residues, that can be distributed across the length of the pro-
tein (Figure 2B). The noncontiguous carrier signals probably
cooperate in the recruitment of several import receptors and in
the translocation of carrier precursors across the outer mem-
brane in a loop formation (Wiedemann et al., 2001; Curran et
al., 2002a; Vasiljev et al., 2004). Signals in the carboxy-terminal
portion of the carriers are important for their insertion into the
inner membrane (Brandner et al., 2005). Some inner membrane
proteins contain an internal positively charged “presequence-
like” signal that is often preceded by a hydrophobic sequence.
These precursor proteins are also thought to be translocated in
a loop formation (Neupert and Herrmann, 2007).

An additional, recently identified targeting signal directs
noncleavable precursors into the intermembrane space (Fig-
ure 2C). The mitochondrial intermembrane space signal (MISS)

onstrates the versatility of the protein
import apparatus of this organelle.
Despite this complexity, three principles can be distinguished
in the targeting signals for mitochondrial proteins: (1) single
linear targeting signals at the amino terminus or internal posi-
tions, (2) multiple noncontiguous signals that direct transloca-
tion in a loop formation, and (3) redox-regulated signals that
undergo transient covalent interaction with the corresponding
import receptor.

Presequence Pathway and Translocase Coupling

The presequence translocase of the inner membrane (TIM23
complex) and its associated motor (PAM), which transport pre-
sequence-carrying precursor proteins across the inner mem-
brane and into the matrix, are the most complicated trans-
locase and sorting machinery of mitochondria. The reaction
cycle of the TIM23 complex involves cooperation with the TOM
complex of the outer membrane, the respiratory chain of the
inner membrane, and the motor of the matrix, as well as the
utilization of two different energy sources, the electrochemi-
cal membrane potential and ATP. The molecular mechanism of
action of the TIM23-PAM machinery is still under debate.
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Presequence Translocase of the Inner Membrane

The core of the TIM23 complex is formed by three essential
inner membrane proteins: Tim50 with a receptor function in
the intermembrane space (Mokranjac et al., 2009; Tamura et
al., 2009), the channel-forming protein Tim23 (Meinecke et
al., 2006; Alder et al., 2008), and Tim17, which is involved in
motor recruitment and lateral sorting of preproteins (Chacin-
ska et al., 2005; Martinez-Caballero et al., 2007) (Figure 3A,
left panel). Tim50 and Tim23, as well as the fourth subunit,
Tim21, expose domains to the intermembrane space that are
involved in the transient interaction of the TIM23 complex with
the TOM complex and thus facilitate preprotein translocation
from the outer to the inner membrane (Chacinska et al., 2005;
Mokranjac et al., 2009; Tamura et al., 2009). Tim21 also partici-
pates in the transient coupling of the TIM23 complex with the
respiratory chain complexes Il and IV, and thus supports the
membrane potential (Ay)-driven import step (van der Laan et
al., 2006; Wiedemann et al., 2007; Dienhart and Stuart, 2008).
The membrane potential plays a dual role in preprotein import:
Ay activates the Tim23 channel and exerts an electrophoretic
effect on the positively charged presequences (Ay is negative
on the matrix side) (Shariff et al., 2004; Meinecke et al., 2006;
Krayl et al., 2007; van der Laan et al., 2007). Reconstitution
experiments with the purified translocase inserted into lipo-
somes revealed that the minimal unit for preprotein integration
into the inner membrane is the four-subunit TIM23 complex,
a cardiolipin-rich membrane, and a membrane potential (van
der Laan et al., 2007) (cardiolipin is the characteristic dimeric
phospholipid of mitochondria). Preproteins following this inser-
tion pathway into the inner membrane contain a hydrophobic
sorting signal behind the matrix-targeting signal. The sorting
signal arrests translocation in the inner membrane and causes
a lateral release into the lipid phase of the membrane (stop-
transfer mechanism) (Glick et al., 1992). Although the details
of the mechanism are not understood, the release requires a
lateral opening of the Tim23 channel and involves the activity
of Tim17 (Chacinska et al., 2005).

Multisubunit Import Motor

The central subunit of the matrix-exposed import motor PAM
is the molecular chaperone heat shock protein 70 (mtHsp70)
(Figure 3A, right panel). The mtHsp70 chaperone binds to a
translocating polypeptide chain and drives its movement into
the matrix in a reaction cycle that requires hydrolysis of ATP.
The nucleotide exchange factor Mge1, a homolog of bacterial
GrpE, promotes the release of ADP from mtHsp70 and thus
stimulates a new round of ATP binding and preprotein translo-
cation. The most remarkable feature of PAM is the existence of
four membrane-bound cochaperones that direct and regulate
the activity of mtHsp70 at the exit site of the Tim23 channel
(Figure 3A; Table 1). Tim44 provides a dynamic (ATP-sensitive)
binding site for mtHsp70 close to the channel. Moreover, Tim44
itself also binds to the preprotein in transit and is the first motor
subunit that contacts the preprotein emerging on the matrix
side of the Tim23 channel (Krayl et al., 2007; Slutsky-Leiderman
et al., 2007). Pam18 contains a J domain that stimulates the
ATPase activity of mtHsp70. Pam16, a J-related protein, forms
a stable complex with Pam18 and controls its activity (Kozany
et al., 2004; Li et al., 2004; Mokranjac et al., 2006). Pam17
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is involved in the organization of the TIM23-PAM interaction
(Hutu et al., 2008). Pam17 exerts its function before the prepro-
tein is translocated through the channel and is then released
from the motor (Popov-Celeketic et al., 2008a). The motor sub-
units interact with several sites on the TIM23 complex: Pam18
binds to Tim17, and Pam17 binds to Tim23 (Chacinska et al.,
2005; D’Silva et al., 2008; Hutu et al., 2008; Popov-Celeketic et
al., 2008a). The mitochondrial import motor is one of the most
complex Hsp70 systems known.
Functions of TIM23-PAM
The sequential chain of binding sites for presequences,
described above for preprotein transfer across the TOM com-
plex, continues with the TIM23-PAM complex. Presequences are
recognized by Tim50 and Tim23 on the intermembrane space
side and, after translocation through the channel, are bound
by Tim44 and mtHsp70. The motor components likely just rec-
ognize the unfolded state of the polypeptide chain and are not
specific for presequences. The binding chain hypothesis thus
includes about eight sequential sites for presequence transfer
from the cytosol into the matrix (Figure 3B) (Komiya et al., 1998;
Chacinska et al., 2005; Saitoh et al., 2007; Yamano et al., 2008b;
Mokranjac et al., 2009; Tamura et al., 2009). Together with the
membrane potential, the binding chain is crucial for directing the
presequences into mitochondria. Although the import of pre-
proteins is largely unidirectional when the overall transfer rates
are considered, retrograde transport has been demonstrated
for some preproteins. A remarkable case is the biogenesis of
fumarase: the mitochondrial and cytosolic forms of the enzyme
are encoded by one gene and are synthesized as one prese-
quence-carrying preprotein (Karniely et al., 2006). All of the pre-
cursor molecules are partially imported into mitochondria such
that the preproteins span both TOM and TIM23 complexes.
When the presequence reaches the matrix, it is cleaved off. A
fraction of the precursor molecules are imported completely to
become the mitochondrial form of the enzyme. The remainder
are released from mitochondria into the cytosol by retrograde
movement to generate a presequence-free, cytosolic form.
There are three major controversies about the presequence
translocase and motor that have stimulated debate in the mito-
chondrial import field. (1) “Stop transfer versus conservative
sorting.” For many years, it has been debated whether prese-
quence-carrying preproteins with a hydrophobic sorting signal
behind the matrix-targeting signal are arrested during transloca-
tion in the TIM23 complex and laterally released (stop transfer),
or whether the preproteins are completely imported into the
matrix and exported into the inner membrane in a route con-
served from the bacterial ancestor of mitochondria (conserva-
tive sorting). Current evidence indicates that both mechanisms
exist. Preproteins with a cleavable presequence and a typical
hydrophobic sorting signal use the stop transfer mechanism for
lateral sorting into the inner membrane (Glick et al., 1992; Cha-
cinska et al., 2005; Neupert and Herrmann, 2007). A conserved
mechanism of export into the inner membrane has been dem-
onstrated with the identification of Oxal as a core component
of the mitochondrial protein export machinery (Hell et al., 1998).
Oxal is homologous to the bacterial export component YidC
(Preuss et al., 2005) and together with several more components
(Mbal, Mdm38, Cox18, Pnt1, and Mss2) is responsible for inner



membrane insertion of proteins synthesized in the mitochondrial
matrix (Table 1). In addition, a few nuclear-encoded mitochon-
drial proteins seem to follow the conservative sorting route after
import into the matrix (Neupert and Herrmann, 2007).

(2) “Trapping versus pulling.” Two different models were pro-
posed for how mtHsp70 drives protein translocation into the
matrix. In the trapping or Brownian ratchet model, mtHsp70 mol-
ecules bind to the unfolded precursor polypeptide in transit and
thus prevent its back-sliding. When, by diffusion, a further seg-
ment of the preprotein reaches the matrix, an additional mtHsp70
molecule binds and thus favors an inward-directed movement of
the preprotein (Okamoto et al., 2002; Liu et al., 2003; Yamano
et al., 2008a). In the pulling or power stroke model, mtHsp70
that is bound to the membrane via Tim44 changes its confor-
mation and thus actively drives the preprotein into the matrix.
In this model, several mtHsp70 molecules and power strokes
will be needed to drive the import of the preprotein (Chauwin
et al., 1998). Functional studies with mutants of mtHsp70 indi-
cated that the motor function cannot easily be explained by a
single mechanism, but suggested that a combination of both
trapping and pulling operates during preprotein import (Krayl
et al., 2007). The folding state of the translocating polypeptide
dictates requirements: for preproteins with folded domains, an
active pulling function of mtHsp70 contributes to the unfolding of
the domains as a prerequisite for their insertion into the import
channels, whereas the import of largely unfolded preproteins
can be explained by a trapping mechanism (Wilcox et al., 2005;
Krayl et al., 2007). The recent identification of three PAM proteins
(Pam16, Pam17, and Pam18) that regulate the architecture of the
motor complex and the function of mtHsp70 at the TIM23 chan-
nel (Li et al., 2004; Mokranjac et al., 2006; D’Silva et al., 2008;
Hutu et al., 2008) revealed that the mitochondrial import motor
has a much higher complexity than anticipated, consistent with
this composite model of regulated trapping and pulling.

(3) “Modular TIM23-PAM machinery versus single-entity
translocase.” The most recent discussion on the function of
the presequence translocase addresses the composition of
the translocase at different stages of preprotein import. It has
been proposed that at least two different forms exist (Chacin-
ska et al., 2005; van der Laan et al., 2006, 2007; Wiedemann
et al., 2007): a motor-free TIM23 complex that contains Tim21
and can mediate preprotein insertion into the inner membrane,
and a TIM23-PAM complex (lacking Tim21) that is respon-
sible for preprotein translocation into the matrix (Figure 3A).
Alternatively, it has been proposed that the subunits of TIM23
and PAM are permanently associated, forming a single-entity
translocase (Figure 3A, right panel) (Popov-Celeketic et al.
2008a). A detailed comparison of both models suggests that
they are not mutually exclusive, and, as in the two previous
controversies, a combination of the models may represent the
best description of the underlying mechanism. In both models,
Tim21 and Pam17 do not interact with the TIM23 core com-
plex at the same time, but play an antagonistic role (Chacinska
et al., 2005; Hutu et al., 2008; Popov-Celeketic et al., 2008a).
Moreover, in the experiments favoring a single-entity translo-
case, only a fraction of TIM23 and PAM subunits were found
in one complex (Popov-Celeketic et al., 2008a). We propose
that the different models and results represent different “snap-

shots” of the multistep TIM23-PAM reaction cycle. In Figure
3C, we present a dynamic model that combines both views in a
sequential interaction of preproteins and import components.

Dynamic Coupling of the Presequence Translocase

The model starts with the inactive TIM23 complex in the
absence of preprotein (Figure 3C, step 1). Here, the Tim23
channel has to be in the closed state to prevent a massive leak-
age of ions across the mitochondrial inner membrane, a situ-
ation that would be deleterious to the energetic state of a cell.
The intermembrane space domain of Tim50 plays a crucial role
in keeping the Tim23 channel closed (Meinecke et al., 2006).
When a preprotein is translocated through the TOM channel,
Tim50 is the first inner membrane protein that binds directly
to the preprotein and promotes its binding to the intermem-
brane space domain of Tom22 (step 2) (Chacinska et al., 2005;
Mokranjac et al., 2009; Tamura et al., 2009). Then Tim21 binds
transiently to Tom22 inducing release of the presequence,
which then attaches to the Tim23 channel (step 3) (Chacinska
et al., 2005; Mokranjac et al., 2005). The membrane poten-
tial (Ay) activates the Tim23 channel and generates an elec-
trophoretic force on the presequence. Tim21 also associates
with the respiratory chain. The close association of the TIM23
complex with complexes lll (bc,-complex) and IV (cytochrome
¢ oxidase) supports the Ay-dependent insertion of preproteins
(step 4) (van der Laan et al., 2006). Now the import pathways
separate. The translocation of inner membrane proteins, which
carry a hydrophobic sorting signal, is arrested and the pre-
proteins are laterally released into the inner membrane and
integrated into the lipid phase (step 5a: sorting, stop transfer
mechanism) (Glick et al., 1992; Chacinska et al., 2005; van der
Laan et al., 2007). Most proteins, however, are imported com-
pletely into the matrix, an activity that depends on the import
motor. The motor subunits assemble in a sequential manner.
The J proteins, Pam16 and Pam18, associate with the TIM23
complex while it is still bound to the respiratory chain (Figure
3C, step 5b) (Wiedemann et al., 2007). Pam17 also assembles
at an early stage (step 6) and is released when the preprotein
emerges on the matrix side (step 7) (Popov-Celeketic et al.,
2008a). The assembly of Tim44-mtHsp70 generates the active
motor that binds to the polypeptide chain in transit and drives it
into the matrix (step 7). MPP removes the presequence during
or after translocation and the mature matrix protein achieves
its active, folded form (step 8).

Thus, TIM23 interacts with different complexes during the
import reaction cycle: the TOM complex, complexes Ill and IV
of the respiratory chain, and the motor PAM. The model shown
in Figure 3C depicts the main import steps for preproteins that
are either laterally sorted or require motor activity. However,
the two routes are not strictly separated, and an exchange may
take place. This is particularly evident for preproteins, which
are laterally sorted into the inner membrane (by the Tim21-con-
taining complex) but also contain tightly folded domains that
additionally require motor activity for unfolding. These prepro-
teins depend on both activities, lateral sorting and the motor,
and thus require cooperation of all TIM23-PAM subunits for
efficient import. The formation of a single-entity TIM23-PAM
machine during the import reaction cycle thus may be of par-
ticular importance for those preproteins.
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The Carrier Pathway to the Inner Membrane

Arrival at the Outer Membrane

It is generally assumed that precursor proteins synthesized
on cytosolic ribosomes are guided by cytosolic targeting
factors or chaperones to the mitochondrial surface. The
role of cytosolic factors in mitochondrial protein import is
best illustrated by the metabolite carrier proteins, which
are imported into mitochondria and then inserted into the
mitochondrial inner membrane. Molecular chaperones of the
Hsp70 and Hsp90 families bind to the hydrophobic precur-
sor carrier proteins in the cytosol and prevent their aggrega-
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is thought to prevent aggregation of
the hydrophobic precursor. In an ATP-
dependent step, the chaperones are released and the pre-
cursor is then transferred, in a loop formation, into the TOM
channel (stage llla) (Wiedemann et al., 2001).

Journey through the Intermembrane Space

To complete translocation through the TOM channel, the car-
rier precursors have to bind to the Tim9-Tim10 complex of the
intermembrane space (Figure 4A, stage llla). The hexameric
Tim9-Tim10 complex forms a chaperone in the intermembrane
space that guides the hydrophobic precursor proteins to the
inner membrane (Curran et al., 2002a; Lu et al., 2004; Vasiljev
et al., 2004; Webb et al., 2006). The Tim9-Tim10 complex not



only acts as a chaperone for carrier precursor proteins, but
also binds to precursors of other noncleavable inner mem-
brane proteins, as well as to $-barrel proteins that are directed
to the outer membrane.

A second hexameric chaperone complex Tim8-Tim13 is
homologous to Tim9-Tim10 and functions in a related manner
to guide hydrophobic precursors through the intermembrane
space (Curran et al.,, 2002b; Davis et al., 2007). Analysis of
Tim8 in humans revealed the first disease directly connected
to mitochondrial protein import, Mohr-Tranebjaerg syndrome,
also termed deafness dystonia syndrome (Roesch et al., 2002).
Tim9-Tim10 is the major intermembrane space chaperone and
both subunits are essential for cell viability; the Tim8-Tim13
subunits are dispensable for growth of yeast (Table 1).
Insertion into the Inner Membrane
Tim9 and Tim10 are directly involved in the transfer of precursor
proteins to the carrier translocase of the inner membrane (TIM22
complex). Tim9 and Tim10 assemble with an additional small Tim
protein to form a membrane-bound Tim9-Tim10-Tim12 complex
at the outer surface of the TIM22 complex (Figure 4A, stage llib)
(Rehling et al., 2003; Neupert and Herrmann, 2007). A membrane-
integrated subunit of the TIM22 complex, Tim54, exposes a large
domain to the intermembrane space and may provide a binding
site for the Tim9-Tim10-Tim12 complex (Kerscher et al., 1997;
Wagner et al., 2008). Thus, the membrane protein substrate is
chaperoned until the stage where it is inserted into the translo-
case channel formed by Tim22 (Rehling et al. 2003; Peixoto et
al., 2007). The TIM22 complex contains two channels (twin-pore
translocase) and derives external energy only from the membrane
potential Ay (stage IV) (Rehling et al., 2003). Inserted membrane
protein precursors are then laterally released into the lipid phase
by an as yet unknown mechanism, and are then assembled into
their functional forms (stage V). The exact function of Tim18, a
further membrane-embedded subunit of the TIM22 complex, is
unknown; recent results suggest a role for Tim18 in the assembly
of the translocase complex (Wagner et al., 2008).

Redox-Regulated Import

Mia40, an Intermembrane Space Receptor

It has been assumed that the mitochondrial intermembrane
space freely exchanges small molecules with the cytosol and
thus should have a similar milieu, including a reducing envi-
ronment. It was thus a great surprise when a machinery was
identified that formed disulfide bonds with incoming precursor
proteins. The central component of this mitochondrial inter-
membrane space assembly machinery (MIA) is Mia40 (Figure
4B) (Chacinska et al., 2004; Naoé¢ et al., 2004; Mesecke et al.,
2005; Banci et al., 2009). It turns out that many intermembrane
space proteins contain characteristic cysteine motifs and form
intramolecular disulfide bonds (Curran et al., 2002a, 2002b; Lu
et al., 2004; Webb et al., 2006; Miller et al., 2008). A great deal
of biochemistry supported the presence of disulfide bonds in
the Tim9-Tim10 complex; a high-resolution structure of the
complex revealed two disulfide bonds within each subunit that
are critical for the structural integrity of the complex (Webb et
al., 2006). The majority of the cysteine-containing proteins in
the intermembrane space are relatively small, typically smaller
than 20 kDa, and it is likely that most are substrates of Mia40.

We only have limited knowledge about how the cysteine-
containing intermembrane space precursors are translocated
across the outer membrane. They likely use the TOM machinery
as their import involves Tom5 (Kurz et al., 1999). Translocation
occurs in the reduced form without disulfide bonds (Lu et al.,
2004; Mdiller et al., 2008). Zinc ions seem to keep the precursors
in the cytosol in a reduced, import-competent state (Morgan et
al., 2009). Once the precursor emerges on the intermembrane
space side, Mia40 binds to it via a hydrophobic cleft on its sur-
face and the redox-active CPC moitif (cysteine-proline-cysteine),
forming a mixed disulfide bond with a cysteine residue of the
precursor (Figure 4B) (Milenkovic et al., 2007, 2009; Sideris
and Tokatlidis, 2007; Grumbt et al., 2007; Banci et al., 2009).
Through this receptor function, Mia40 ensures that precursors
are directed specifically into the intermembrane space.

A Redox-Driven Reaction Cycle

The precursor-Mia4d0 complex represents an intermediate
stage that promotes the formation of disulfide bonds during the
maturation of the precursors before they are released as folded
proteins (Miiller et al., 2008; Terziyska et al., 2009). However,
Mia40 does not work alone but is part of a disulfide relay in
the intermembrane space (Mesecke et al., 2005; Grumbt et al.,
2007; Muller et al., 2008). The oxidation of precursor proteins by
formation of disulfide bonds involves the removal of electrons
from the precursors, leading to reduction of cysteine residues in
Mia40 (Figures 4B and 4C). For the reoxidation of its cysteines,
Mia40 cooperates with the sulfhydryl oxidase Erv1 that accepts
electrons from Mia40 and transfers them via cytochrome ¢ to
the respiratory chain and hence to O, (Farrell and Thorpe, 2005;
Bihimaier et al., 2007; Dabir et al., 2007). Alternatively, Erv1 can
also utilize O, directly, resulting in the production of hydrogen
peroxide (Dabir et al., 2007). It is still an open question how the
MIA system works under anaerobic conditions. An additional
component of the MIA pathway is the cysteine-rich protein
Hot13, which binds zinc ions. Hot13 may keep Mia40 in a zinc-
free state and thus help to facilitate the oxidation of Mia40 by
Ervi1 (Curran et al., 2004; Mesecke et al., 2008).

Recently, there has been a further twist to the Mia40-Erv1 reac-
tion cycle with the report of a ternary complex that contains all
three partners, Erv1, Mia40, and the substrate (Stojanovski et al.,
2008). This complex is thought to facilitate the transfer of multiple
disulfide bonds from the sulfhydryl generating enzyme Erv1 to the
precursor protein via Mia40. A physical connection of the partners
may facilitate “disulfide channeling” that avoids multiple alternat-
ing contacts of Mia40 with Erv1l and substrate. Further studies
are needed to elucidate which cysteine residues of Mia40 and
Erv1 are involved in the channeling, and whether several copies of
Mia40 and Erv1 work in such a ternary complex.

The MIA system not only drives the redox-regulated import
of various intermembrane space proteins but also can import
its own precursor proteins. The precursor of Erv1 uses the MIA
pathway. For Mia40, two different scenarios have been observed.
In lower eukaryotes, Mia40 is a large protein synthesized with
a cleavable presequence that directs import and lateral sort-
ing via the TIM23 complex (Chacinska et al., 2004; Naoé et al.,
2004). In higher eukaryotes, Mia40 is small, consisting only of
the conserved carboxy-terminal domain that contains the active
cysteines, and is synthesized without a presequence (Hofmann
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A Sorting and assembly machinery for mitochondrial B-barrel proteins
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et al., 2005; Grumbt et al., 2007; Chacinska et al., 2008; Banci et
al., 2009). Like the typical MIA substrates, the small Mia40 pro-
tein is indeed imported via the MIA pathway (Chacinska et al.,
2008). There are no obvious homologs of Mia40 in prokaryotes.
We speculate that the first Mia40 molecules were imported by
the classical presequence pathway (as is still the case in fungi).
Then, after establishing an efficient MIA system, Mia40 itself
could be imported via this pathway and the presequence could
be dispensed with, as is seen in higher eukaryotes.

Disulfide Bond Formation in Different Compartments
The formation of disulfide bonds in newly synthesized proteins not
only occurs in the mitochondrial intermembrane space, but also
in the endoplasmic reticulum (ER) and the bacterial periplasm,
which contain well characterized disulfide relay systems (Figure
4C) (Kadokura et al., 2004; Sevier et al., 2007). The basic prin-
ciple involving a disulfide generating enzyme, a disulfide carrier,
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systems. In each case, it is critical to have
an electron-accepting system such as the
respiratory chain and O,. Although Erv1 does not show homology
to the main disulfide-generating enzymes of the ER (Ero1) and of
bacteria (DsbB), a homolog exists in the ER, termed Erv2, which
is able to oxidize protein disulfide isomerase (PDI) (Gerber et al.,
2001; Gross et al., 2002). However, Mia40 does not show homol-
ogy to the disulfide carriers of the ER (PDI) or bacteria (DsbA), and
the current results suggest that important mechanistic differences
exist. Mia40 forms stable intermediates with substrate proteins,
and the ternary complex containing Erv1 permits the transfer of
multiple disulfide bonds without intermittent release (Stojanovski
et al., 2008). In the ER and in bacterial systems, the substrate
intermediates formed with PDI and DsbA are typically short-lived
(Kadokura et al. 2004). Although the environment in the mitochon-
drial intermembrane space is more oxidizing than that in the cyto-
sol, it is significantly more reducing than the environment in the
ER (Hu et al., 2008). The ternary complex of substrate-Mia40-Erv1



may prevent premature release of partially folded precursor inter-
mediates that are prone to misfolding, thus ensuring that only the
stably folded, fully oxidized forms are released.

Multiple Pathways to the Outer Membrane

The mitochondrial outer membrane contains two major classes
of membrane proteins: B-barrel proteins that are inserted into
the lipid phase by multiple transmembrane  strands, and
a-helical proteins that are anchored in the membrane by one
or more hydrophobic a-helical segments. All outer membrane
proteins are synthesized in the cytosol and thus have to be
imported into mitochondria.

The SAM Machinery for 3-Barrel Sorting

The major representatives of mitochondrial B-barrel proteins are
the abundant porin (VDAC) and the essential core of the TOM
complex, Tom40. These two classes of proteins, although func-
tionally distinct, have sequence similarities that suggest they
were derived from a common ancestral mitochondrial porin (Pus-
nik et al., 2009). The precursors of 3-barrel proteins are initially
targeted to the TOM complex and are translocated through the
Tom40 channel into the intermembrane space (Figure 5A). Thus,
the precursor of Tom40 requires a pre-existing mature Tom40
for its entry into mitochondria. In the intermembrane space the
Tim9-Tim10 and Tim8-Tim13 chaperone complexes bind to the
precursors (Hoppins and Nargang, 2004; Wiedemann et al.,
2004) and guide them to the sorting and assembly machinery for
mitochondrial outer membrane proteins called the SAM com-
plex (Paschen et al., 2003; Wiedemann et al., 2003). The B-barrel
precursors are inserted into a hydrophilic environment within
the SAM complex and are subsequently released into the lipid
phase (Paschen et al., 2003; Wiedemann et al., 2003; Gentle et
al., 2004; Kutik et al., 2008b). Porin molecules then associate
to form homo-oligomers. Tom40 sequentially assembles with
the other Tom proteins to form the mature TOM complex; the
assembly starts with the smallest Tom protein, Tom5, followed
by further small Tom proteins and the Tom receptors.

For a long time, Tom40 was the only known outer membrane
protein involved in mitochondrial biogenesis that was essential
for cell viability. The identification of the SAM complex revealed
two more essential proteins, Sam50 and Sam35, emphasizing
the crucial role of SAM for mitochondrial biogenesis (Kozjak et
al., 2003; Paschen et al., 2003; Gentle et al., 2004; Ishikawa et
al., 2004). The B-barrel protein Sam50 represents the core of the
SAM complex (Figure 5A). Biophysical assays show that Sam50
forms a channel and that the channel activity is sensitive to the
internal targeting signal (B signal, Figure 2B) of the B-barrel precur-
sor proteins (Kutik et al., 2008b). However, the specific response
to the B signal cannot be mediated by Sam50 alone but depends
on the second essential SAM protein, Sam35, which binds to the
signal in a receptor-like manner. The topology of Sam35 has not
been fully determined. One possibility is that Sam35 is embed-
ded in a hydrophilic environment between Sam50 molecules and
thus binds to the B signal arriving in the SAM complex (Kutik et
al., 2008b). The third subunit, Sam37, is involved in the release
of precursor proteins from the SAM complex (Chan and Lithgow,
2008). Different models have been discussed regarding how the
precursor proteins can be laterally released from a B-barrel chan-
nel. (1) As discussed for Tom40, the numerous hydrogen bonds

that stabilize a B-barrel membrane protein make a lateral exit for
precursor proteins from a monomeric channel unlikely, although it
has not yet been excluded that such a mechanism could exist. (2)
The SAM channel may be formed by several Sam50 molecules,
and release of precursor proteins involves movement of the
Sam50 molecules. The proposed topology of Sam35 as a signal-
recognizing subunit located between several Sam50 molecules
perhaps best fits this second model. (3) A third possibility is that
the Sam50 barrel acts as a scaffold during insertion of B-barrel
proteins into the outer membrane at the protein-lipid interface.
In vitro studies of bacterial 3-barrel protein insertion have found
“molten disc” intermediates, which have a partial secondary
structure with the B strands sitting flat on the membrane surface
(Tamm et al., 2004). Sam50 might increase the kinetics of strand
insertion by providing some local distortions in the lipid phase of
the membrane, assisting formation of the barrel intermediates. A
further clarification of this issue will require a structural analysis of
the SAM complex.

Several other outer membrane proteins may promote the
assembly pathway of the TOM complex (Figure 5A). Mdm10,
originally identified for its role in maintaining mitochondrial
morphology, associates with a fraction of SAM complexes to
form a large complex that promotes the sequential assembly
of Tom40 with receptor proteins such as Tom22 (Meisinger et
al. 2004). Mdm10 is present in two different protein complexes,
the SAM complex and a MDM/mitochore complex that con-
tains two additional proteins, Mdm12 and Mmm1 (Boldogh et
al., 2003). Mutants of each of these proteins affect p-barrel
assembly (Meisinger et al., 2007). Future studies should address
whether these morphology proteins interact directly with pre-
cursor proteins or are involved in providing the proper mem-
brane environment for B-barrel assembly. The outer membrane
protein Mim1, which promotes the insertion of some a-helical
proteins into the outer membrane (Figure 5B), was also found
to promote the assembly of B-barrel proteins (Ishikawa et al.,
2004; Popov-Celeketic et al., 2008b). Mim1 associates tran-
siently with the SAM complex and may modulate SAM function
(Becker et al., 2008).

Pathways for o-Helical Proteins

The studies reported so far suggest a remarkable variety of
mechanisms for the insertion of a-helical proteins into the outer
membrane of mitochondria (Figure 5B). (1) Mim1 promotes the
insertion of several so-called signal-anchored proteins (Becker et
al., 2008; Hulett et al., 2008; Popov-Celeketic et al., 2008b). These
proteins contain a single transmembrane segment at the amino
terminus that functions as both sorting signal and membrane
anchor. In the majority of cases, the insertion of signal-anchored
proteins does not seem to require the TOM complex, though for
some precursors an involvement of the core of the TOM complex
(but not of Tom receptors) has been reported (Ahting et al., 2005).
(2) For tail-anchored proteins, which contain a single transmem-
brane segment and sorting signal at the carboxy terminus, an
insertase has not yet been defined. The available results suggest
that neither the TOM complex nor Mim1 are required, but it does
seem clear that the lipid composition of the membrane is impor-
tant (Setoguchi et al., 2006; Kemper et al., 2008). (3) The precursor
of the central receptor, Tom22, surprisingly requires both the TOM
complex and SAM complex for its biogenesis. Tom22 contains
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several internal sequences required for its import, a hydrophobic
segment in the middle of the precursor, and hydrophilic elements.
Tom receptors are required for the recognition of the Tom22 pre-
cursor, and the SAM complex promotes the integration of the
precursor into the outer membrane (Stojanovski et al., 2007).
Thus, the function of the SAM complex is not restricted to the
membrane insertion of B-barrel proteins but also includes some
a-helical protein substrates. (4) Another variation of outer mem-
brane insertion was identified for proteins with several transmem-
brane a-helical segments. These precursors require the receptor
Tom70 but none of the other Tom proteins (Otera et al., 2007).
Tom?70 probably functions in a chaperone-like manner to transfer
the precursors into the outer membrane. It remains to be shown
whether insertion uses the protein-lipid interface or is mediated
by an unidentified insertase. In addition, factors of the intermem-
brane space are required for the insertion of proteins that con-
tain several transmembrane segments (Otera et al., 2007). The
intermembrane space chaperones that guide the precursors of
carrier proteins and B-barrel proteins are of course interesting
candidates for this task.

We have only limited information on the components and
mechanisms that direct a-helical proteins into the mitochon-
drial outer membrane. Given that many proteins with important
functions in mitochondrial fusion and fission and programmed
cell death are a-helical proteins, the analysis of their biogen-
esis will attract a lot of attention in the future.

Evolutionary Conservation of 3-Barrel Protein Sorting
The principle of B-barrel protein assembly has been inherited
from the bacterial ancestors of mitochondria. Sam50 is homol-
ogous to BamA, also termed Omp85 or YaeT, which forms the
core of the B-barrel assembly machinery of the bacterial outer
membrane (Kozjak et al., 2003; Paschen et al., 2003; Voulhoux
et al., 2003; Gentle et al., 2004; Kim et al., 2007). In both bacte-
ria and mitochondria, the B-barrel precursors are delivered to
the BAM or SAM complex by chaperones in the topologically
equivalent periplasm or intermembrane space, respectively
(Figure 5C). What is clearly different in mitochondrial and bac-
terial systems is the site of synthesis of the precursors. Bac-
terial B-barrel proteins are synthesized within the cytoplasm
and have to be exported by the Sec machinery to reach the
periplasm. To reach the evolutionarily conserved insertion
pathway from the intermembrane space side, mitochondrial
B-barrel precursors first have to be imported via the TOM com-
plex (Figure 5C). Walther et al. (2009) reported recently that
bacterial proteins expressed in yeast were imported into mito-
chondria using the SAM pathway, thus demonstrating that the
pathway of membrane insertion has been conserved.

The chloroplast protein import channel Toc75 is also homol-
ogous to BamA/Omp85 (Schleiff and Soll, 2005). Toc75 serves
as a channel to import precursor proteins from the cytosol,
thus providing evidence that this family of transporters can
translocate precursors into a double-membraned structure.
In early eukaryotic evolution, Sam50/BamA was already pres-
ent as a B-barrel channel, whereas none of the Tom proteins
show homology to bacterial proteins. Hence, we speculate that
Sam50 may have been used as an early entry site for mitochon-
dria until the Tom40 translocation channel was established as
the main import site.
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Conclusions and Perspectives

The first mitochondrial import components, belonging to
the presequence pathway, were identified about 20 years
ago. Today, four pathways have been characterized in detail,
and it is evident that the hunt for new mitochondrial import
components and pathways is not yet complete. Although
the four defined import pathways all use the TOM complex
(Figure 1B), the biogenesis of outer membrane proteins indi-
cates that further pathways exist. These pathways either
bypass the TOM complex completely, or do not use the
Tom40 channel but rather use the protein-lipid interface at
the TOM complex boundary. For preprotein import into the
inner membrane, only the main classes of precursor pro-
teins have been studied in detail: the presequence-carrying
proteins and the noncleavable multispanning proteins like
the metabolite carriers. It will be interesting to see whether
smaller inner membrane proteins that contain only a single
transmembrane segment will simply use the known TIM23 or
TIM22 machineries, or whether new insertases in the inner
membrane await discovery. Moreover, the export machin-
ery for those few crucial proteins encoded by the mitochon-
drial genome shows a higher complexity than anticipated.
In addition to the main component Oxal, which is homolo-
gous to YidC of bacteria and Alb3 of chloroplasts, several
more factors have now been identified (Table 1) (Preuss et
al., 2005; Fiumera et al., 2007). The exact molecular func-
tions of these export components are the subject of ongo-
ing research.

High-resolution structures of a number of components of
the import machinery have been solved, including recep-
tors, chaperones, and the processing peptidase, providing
important insights into the mechanisms of preprotein recog-
nition, transfer, and processing. A major challenge, however,
remains solving the structures of the membrane-embedded
translocase complexes. Low-resolution electron microscopy
analysis of purified translocases has provided first glimpses
of the organization of the translocases and the presence of
channels, but has not yet allowed functional conclusions to
be drawn regarding the mechanism of preprotein transloca-
tion (Ahting et al., 2001; Paschen et al., 2003; Rehling et al.,
2003; Model et al., 2008).

A field that has been largely neglected is the crucial role
of lipids in protein insertion. The proper lipid environment
seems to be important for the function of translocase com-
plexes (van der Laan et al., 2007) and the insertion of precur-
sor proteins (Kemper et al., 2008). The dimeric phospholipid
cardiolipin, which is mainly present in the inner mitochon-
drial membrane, is of critical importance for the organization
and function of many protein complexes in the membrane,
including the presequence translocase (van der Laan et al.,
2007; Claypool et al., 2008; Kutik et al., 2008a). Another
intriguing question is the connection between the protein
sorting machinery of the outer membrane and the machin-
ery that maintains mitochondrial morphology as both SAM
and MDM components influence protein biogenesis and
mitochondrial morphology (Meisinger et al., 2004, 2007).
Relevant to both the role of lipids and the regulation of mito-
chondrial membrane morphology is the connection between



mitochondria and the ER, as components of the mitochon-
drial fusion machinery are involved in forming proteinaceous
ER-mitochondria contact sites (de Brito and Scorrano, 2008).
Such contact sites are involved in Ca* signaling but would
also provide a means for lipid transfer between the two
membrane systems. It is possible that so-called “morphol-
ogy components” have several functions. They may provide
structural elements for the organization of the membranes
and also play roles in protein assembly and lipid biogen-
esis. A recent study showed that several morphology (MDM)
proteins are involved in regulating mitochondrial phospho-
lipids, although it is not yet known whether these proteins
play a direct or indirect role in lipid metabolism (Osman et
al., 2009). A close functional connection between protein
biogenesis and lipid biosynthesis was demonstrated for the
inner membrane protein Tam41; identified because of its
influence on the organization of the TIM23-PAM machinery,
Tam41 was subsequently shown to be required for the bio-
synthesis of cardiolipin (Kutik et al., 2008a). Elucidation of
the functional network and interplay of components involved
in protein and lipid biogenesis, mitochondrial morphology,
and mitochondrial-ER connections will represent a major
focus of future research.

Most studies on mitochondrial protein import have been
performed in fungal model organisms. The great genetic and
biochemical tractability of baker’s yeast has made it an ideal
subject to define the components and molecular mecha-
nisms of protein biogenesis. Studies in higher eukaryotes,
particularly mammalian systems (Ryan and Hoogenraad,
2007), will be of enormous importance to address the unex-
plored field of how mitochondrial biogenesis is regulated.
Proteomics studies have revealed numerous protein kinases
and protein phosphatases, phosphorylated proteins, and
GTP-binding proteins of mitochondria, with the functional
importance unknown in most cases (Sickmann et al., 20083;
Pagliarini et al., 2008). Similarly, the characterization of
import machinery components that are involved in human
mitochondrial diseases will attract increasing attention.
Studies in yeast will be helpful in elucidating the molecu-
lar functions of human disease-related components. Typi-
cally, proteins that are defective in a human disease are not
essential for cell viability in yeast; good examples include
Tim8, which is involved in the deafness dystonia syndrome
(Roesch et al., 2002), and a subunit of the m-AAA protease
that is affected in hereditary spastic paraplegia where the
proteolytic processing of a mitochondrial ribosomal protein
is impaired (Nolden et al., 2005). Finally, the different views
of the role of mitochondrial preprotein translocases in the
targeting and assembly of proapoptotic and antiapoptotic
factors in the outer membrane (Setoguchi et al., 2006) will
stimulate further mechanistic analysis of the role of mito-
chondria in programmed cell death.
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