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A protein’s function is intimately linked to its correct subcellular location, yet the machinery
required for protein synthesis is predominately cytosolic. How proteins are trafficked through
the confines of the cell and integrated into the appropriate cellular compartments has
puzzled and intrigued researchers for decades. Indeed, studies exploring this premise re-
vealed elaborate cellular protein translocation and sorting systems, which ensure that all
proteins are shuttled to the appropriate cellular destination, where they fulfill their specific
functions. This holds true for mitochondria, where sophisticated molecular machines serve
to recognize incoming precursor proteins and integrate them into the functional framework
of the organelle. We summarize the recent progress in our understanding of mitochondrial
protein sorting and the machineries and mechanisms that mediate and regulate this highly
dynamic cellular process essential for survival of virtually all eukaryotic cells.

itochondria are multifunctional double-

membrane-bound organelles that arose
from a bacterial endosymbiont during the evo-
lution of eukaryotic cells. Known as the power-
houses of the cell, mitochondria harbor the ox-
idative phosphorylation machinery for ATP
synthesis, butalso alarge number of biosynthetic
pathways. Moreover, theyare intimately involved
in complex cellular processes, like calcium ho-
meostasis and programmed cell death. As a relic
of their evolutionary origin, mitochondria con-
tain their own genetic material and machineries
to manufacture their own RNAs and proteins.
However, the small circular mitochondrial ge-
nome encodes only a few proteins (8 and 13
polypeptides in yeast and humans, respectively).

All remaining mitochondrial proteins (approx-
imately 99%) are encoded by the nuclear ge-
nome and synthesized on cytosolic ribosomes
intheir precursor forms. To acquire their mature,
functional state these precursor proteins need to
be efficiently targeted and imported into mito-
chondria and sorted to the correct submito-
chondrial compartment: outer membrane, in-
termembrane space (IMS), inner membrane,
and matrix. The inner mitochondrial membrane
is further subdivided into the inner boundary
membrane, which is closely opposed to the outer
membrane, and large tubular invaginations,
termed cristae membranes. Within the four mi-
tochondrial compartments, sophisticated trans-
location, sorting, and assembly machineries
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serve to establish incoming precursors in a func-
tional state within the context of their new envi-
ronment. Advancesin thelastdecade, particularly
because of the application of proteomic ap-
proaches, have significantly extended the number
of components and machineries known to be in-
volved in mitochondrial protein import (Sick-
mann et al. 2003; Prokisch et al. 2004; Reinders
et al. 2006; Pagliarini et al. 2008). These and pre-
vious discoveries have provided us with the cur-
rent framework, which suggests the presence of at
least six distinct translocation and assembly ma-
chineries within mitochondria (Fig. 1). In this

article, we will summarize our current under-
standing of the machineries for mitochondrial
protein import and describe the different molec-
ular mechanisms that execute this essential task.

MITOCHONDRIAL PRECURSOR PROTEINS:
SYNTHESIS AND TARGETING

It is widely accepted that the vast majority of mi-
tochondrial precursor proteins are imported in
a posttranslational manner. To this end, precur-
sor proteins must be kept in an unfolded or loose-
ly folded conformation to allow their passage
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Figure 1. Overview of mitochondrial protein sorting pathways. Cytosolic chaperones deliver precursor proteins
to the organelle in a translocation-competent state. Some a-helical proteins are inserted into the outer mem-
brane with the help of Mim1. Virtually all other precursors initially traverse the outer membrane via the TOM
complex and are subsequently routed to downstream sorting pathways. Biogenesis of outer membrane (3-barrel
proteins requires the small TIM chaperones of the IMS and the SAM complex. Cysteine-containing IMS proteins
are imported via the MIA pathway. Metabolite carriers of the inner mitochondrial membrane are transferred by
the small TIM chaperones to the TIM22 complex, which mediates their membrane integration. Presequence-
containing precursors are directly taken over from the TOM complex by the TIM23 machinery that either inserts
these proteins into the membrane or translocates them into the matrix in cooperation with the import motor
PAM. OM, outer membrane; IMS, intermembrane space; IM, inner membrane, A5, membrane potential across
the inner mitochondrial membrane.

Matrix

2 Cite this article as Cold Spring Harb Perspect Biol 2012;4:a011320



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

through tightly gated membrane pores. This is
achieved by the binding of cytosolic factors to
nascent precursors that stabilize them in a trans-
location-competent form and guide them to
dedicated receptors on the mitochondrial sur-
face (Fig. 1). The best characterized machineries
that escort mitochondrial precursor proteins
through the cytosol are the Hsp90/p23 and
Hsc70/Hsp40 chaperone systems (Young et al.
2003; Bhangoo et al. 2007; Zara et al. 2009). Ad-
ditional cytosolic proteins, like the arylhydro-
carbon receptor-interacting protein (AIP), have
been implicated in this process (Yano et al. 2003).
However, there is evidence that at least some pre-
cursor proteins, like fumarase and Sod2, are im-
ported cotranslationally into mitochondria in
vivo (Luk et al. 2005; Yogev et al. 2007). Interest-
ingly, approximately one-half of the mRNAs cod-
ing for mitochondrial proteins were reported to
be localized to the mitochondrial surface (Marc
et al. 2002; Garcia et al. 2007). Puf3, a member of
the Pumilio/FBF family of RNA-binding pro-
teins, has been shown to be involved in the target-
ing of mRNAs to mitochondria (Garcia-Rodri-
guez et al. 2007; Saint-Georges et al. 2008). A
seemingly cotranslational import reaction may
in some cases result from the fact that the initia-
tion of precursor translocation is simply faster
than the termination of translation for mitochon-
drial-associated mRNAs. From a physiological
perspective, mRNA targeting to mitochondria
may allow specific posttranscriptional processes
to closely cooperate with the mitochondrial im-
port machinery permitting rapid responses to
metabolic changes and/or cellular stimuli (De-
vaux et al. 2010).

The final destination of a protein in the cell is
determined by specific sequence elements within
the precursor form that are referred to as signal
sequences or targeting signals. These signals are
recognized by companion receptors on the sur-
face of the organelles. Mitochondrial targeting
signals are categorized in two major classes: (i)
“classical” amino-terminal cleavable prese-
quences, and (ii) noncleavable internal import
signals (Vogtle et al. 2009). Amino-terminal pre-
sequences are the most frequently found import
signals and form positively charged amphipathic
o-helices, which facilitate a chain of interactions

Protein Sorting in Mitochondria

between the precursors and defined import com-
ponents by gradually increasing affinities (Mocz-
ko et al. 1997; Komiya et al. 1998; Marom et al.
2011). Presequences direct precursor proteins to
the inner membrane or the matrix and are cleaved
on import by the mitochondrial processing pep-
tidase (MPP) (Taylor et al. 2001). Some precur-
sors are further processed at their amino-termini
by other proteases, like Octl or Icp55 (Naamati
et al. 2009; Vogtle et al. 2009, 2011). Other pre-
cursor proteins, like cytochrome ¢; or cyto-
chrome b,, are initially inserted into the inner
membrane by means of a hydrophobic stop-
transfer signal downstream of the presequence
and subsequently released into the IMS by inner
membrane peptidase (IMP) cleavage (Glick et al.
1992; Nunnari et al. 1993). The presence of mul-
tiple internal targeting signals was first described
for inner membrane proteins of the mitochondri-
al metabolite carrier family. These import signals
largely overlap with the hydrophobic transmem-
brane segments of the mature carrier proteins
(Wiedemann et al. 2001; Brandner et al. 2005).
Only recently, membrane proteins that adopta 3-
barrel conformation, like Tom40 or porin, were
found to contain a specific import signal in the
last B-strand of the precursors (3-signal) direct-
ing them into the outer mitochondrial mem-
brane (Fig. 2A) (Kutik et al. 2008a). These rather
short, evolutionary conserved (3-signals are char-
acterized by a bulky polar residue ( predominant-
ly lysine or glutamine), followed by an invariant
glycine and two large hydrophobic residues.
Shortly after the identification of the 3-signal, a
consensus sequence was identified that targets
precursor proteins to the mitochondrial IMS
(Milenkovic et al. 2009; Sideris et al. 2009).
This mitochondrial IMS sorting signal (MISS)
consists of a conserved leucine and valine residue
together with a cysteine that forms a transient
disulfide bond with the IMS receptor Mia40
(Fig. 3; see below).

THE TOM COMPLEX: A COMMON
JUNCTION IN DISTINCT BIOGENESIS
PATHWAYS

Independent of the type of import signal, the ge-
neral translocase of the outer membrane (TOM
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Figure 2. Biogenesis of outer membrane proteins. (A) Several mitochondrial outer membrane proteins are
characterized by a B-barrel topology. On passage of the TOM complex, 3-barrel precursors are guided through
the aqueous IMS by hexameric small TIM complexes to the SAM complex. A specific import signal (3-signal),
which is located within the last B-strand of the precursor, is recognized by the Sam35 receptor. Sam50 forms a
central cavity in the SAM complex, where membrane insertion and folding of precursors takes place. (B)
Multiple pathways mediate the insertion of a-helical proteins into the outer membrane. Signal-anchored
precursors require Mim1 for membrane integration (left). The biogenesis of Tom22, which contains a single
central transmembrane segment, depends on both the TOM and SAM—-Mdm10 complexes (middle). Polytopic
a-helical outer membrane proteins are recognized by the Tom70 receptor and transferred to Mim1 for mem-
brane insertion (right). OM, outer membrane; IMS, intermembrane space; red arrow, 3-strand; yellow arrow, 3-

signal; blue bar, transmembrane a-helix C, carboxy; N, amino.

complex) is the first line of contact at mitochon-
dria for nearly all precursor proteins (Fig. 1).
The central subunit of the TOM complex is
the pore-forming [-barrel protein Tom40
(Hill et al. 1998; Kiinkele et al. 1998; Ahting
et al. 1999; Becker et al. 2005). The primary
receptors Tom20 and Tom70 are involved in
precursor recognition; precursors with amino-
terminal targeting signals generally bind
to Tom20, whereas those with internal targeting
signals preferentially interact with Tom70 (Brix
et al. 1997; Abe et al. 2000; Wu and Sha 2006;

Saitoh et al. 2007). Tom22 is crucial for the
stability of the TOM complex and acts as a cen-
tral receptor mediating the transfer of precur-
sors from the primary receptor sites to the
Tom40 channel (van Wilpe et al. 1999; Shiota
et al. 2011). Moreover, the IMS domain of
Tom22 contains a trans binding site for ami-
no-terminal presequences (Moczko et al. 1997;
Komiya et al. 1998). The small TOM proteins
Tomb5, Tom6, and Tom?7 are involved in the bio-
genesis, stabilization, and dynamics of the TOM
machinery (Dekker et al. 1998; Model et al.
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Figure 3. Import of cysteine-containing precursor proteins into the IMS. The Mia40 receptor forms transient
intermolecular disulfide bonds with precursors emerging from the TOM complex. Mia40 functions not onlyas a
receptor, but also as an oxidoreductase by catalyzing the formation of intramolecular disulfide bonds within the
precursor together with the sulfhydryl oxidase Ervl. A ternary complex of Mia40, Ervl, and a bound precursor
protein allows for the incorporation of multiple disulfide bonds. Erv1 re-oxidizes Mia40 for another round of
import and transfers electrons via cytochrome ¢ (Cyt.c) and cytochrome ¢ oxidase (COX) to molecular oxygen.
OM, outer membrane; IMS, intermembrane space; IM, inner membrane.

2001; Dukanovic et al. 2009; Becker et al. 2010,
2011a).

In a new twist, it has recently been reported
that the function of the TOM complex is exten-
sively regulated by cytosolic protein kinases
(Schmidt et al. 2011). It was found that casein
kinase 2 phosphorylates the central receptor
Tom22 to facilitate its import and interaction
with Tom20. Consequently, mutational inacti-
vation of casein kinase 2 leads to defects in the
TOM machinery. Additionally, phosphoryla-
tion of the Tom70 receptor by protein kinase
A was shown to negatively regulate the import
of metabolite carrier proteins in response to
metabolic changes in the cell (Schmidt et al.
2011). These findings support the notion that
the mitochondrial import machinery is not just
a static entity, but rather is integrated into and
regulated by cellular signaling networks that
govern organelle biogenesis.

Once at the TOM complex, the majority of
precursors are translocated across the outer
membrane into the IMS, where they are trans-
ferred over to specialized protein sorting ma-
chineries of other submitochondrial compart-
ments (Fig. 1). The mechanisms that allow

for the initial translocation of several different
classes of precursors through the TOM com-
plex, and subsequent selective sorting into dis-
tinct downstream protein biogenesis pathways
remain poorly understood.

DIVERSE PATHWAYS FOR TRAFFICKING
TO THE MITOCHONDRIAL OUTER
MEMBRANE

From a topological perspective, the outer mem-
brane of mitochondria is an intriguing environ-
ment because it contains both 3-barrel proteins
and proteins that span the lipid bilayer with sin-
gle or multiple a-helical transmembrane do-
mains. Thus, the integrity of this subcompart-
ment is upheld by the coexistence of multiple
biogenesis pathways, which are likely acting in
concert with each other. The presence of 3-bar-
rel proteins in the outer membranes of mito-
chondria and chloroplasts reflects the bacterial
origin of these organelles (Dolezal et al. 2006).
The basic mechanisms of -barrel biogenesis
appear to be conserved in evolution. BamA
(Omp85, YaeT), the central component of the
bacterial 3-barrel assembly machinery (Knowles
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etal. 2009), is homologous to Sam50, the essen-
tial pore-forming component of the outer mem-
brane sorting and assembly machinery (SAM
complex; also termed TOB complex), which me-
diates the membrane insertion and folding of -
barrel proteins in mitochondria (Kozjak et al.
2003; Paschen et al. 2003; Gentle et al. 2004).
Remarkably, the SAM complex is able to insert
recombinantly expressed bacterial 3-barrel pro-
teins into the outer mitochondrial membrane
(Walther et al. 2009). The SAM complex con-
tains two additional peripheral membrane pro-
teins, Sam35, which is essential for cell growth
and the nonessential Sam37 (Wiedemann et al.
2003; Ishikawa et al. 2004; Milenkovic et al. 2004;
Waizenegger et al. 2004). Mitochondrial B-bar-
rel precursors are initially translocated across the
outer membrane via the TOM complex (Fig.
2A). As B-barrel precursors emerge at the trans
side of the TOM complex they are met by mem-
bers of the small TIM chaperone family (Tim9/
Tim10; Tim8/Tim13), which likely trap the
B-barrel precursors in the IMS and shield the
unfolded proteins from this aqueous environ-
ment on their way to the SAM machinery (Hop-
pins and Nargang 2004; Wiedemann etal. 2004).
The molecular mechanism of precursor transfer
from the TOM complex to the TIM chaperones
and further to the SAM complex awaits to be
elucidated. Either a concerted hand-over mech-
anism or the existence of soluble IMS inter-
mediates appears conceivable. There is good
evidence that on passage through the IMS, the
aforementioned 3-signal directs insertion of the
precursor into the SAM complex by binding to
thereceptor Sam35 (Fig. 2A) (Kutiketal. 2008a).
Complex formation of Sam35 and Sam50 with
the B-signal is believed to initiate the entry of
the precursor into a hydrophilic and proteina-
ceous membrane environment, which then ac-
commodates 3-barrel folding and insertion into
the lipid phase (Kutik et al. 2008a). The physical
nature of this membrane-embedded protein
folding chamber is still under debate. Current
models suggest that it may be formed mainly
by a Sam50 oligomer (Paschen et al. 2003; Kutik
et al. 2008a). Finally, both Sam37 and the ami-
no-terminal IMS domain of Sam50 are involved
in the release of the B-barrel precursor into

the outer membrane (Chan and Lithgow 2008;
Stroud et al. 2011a).

Several other outer membrane proteins par-
ticipate in the assembly of B-barrel proteins.
Mdm10 and Mim1 were found to interact with
the SAM complex and are differentially required
for the assembly of TOM complex components
(Meisinger et al. 2004; Waizenegger et al. 2005;
Becker et al. 2008). Mdm10 is also found in
the endoplasmic reticulum-mitochondria en-
counter structure (ERMES), also known as
mitochondrial distribution and morphology
(MDM) complex, which contains four addi-
tional proteins: Mdm12, Mmm1, Mdm34, and
the Miro GTPase Geml1 (Boldogh et al. 2003;
Kornmann et al. 2011; Stroud et al. 2011b).
ERMES was shown to tether the mitochondrial
outer membrane to the endoplasmic reticulum
(Kornmann et al. 2009). Anchoring of ERMES
to the ER is mediated by the amino-terminal
transmembrane segment of Mmm1 (Kornmann
et al. 2009; Stroud et al. 2011b). ERMES was
proposed to facilitate the exchange of phospho-
lipids and calcium between the ER and mito-
chondria (Kornmann et al. 2009; Kornmann
and Walter 2010; Gebert et al. 2011a). Interest-
ingly, inactivation of ERMES proteins also af-
fects B-barrel protein assembly (Meisinger
etal. 2007; Wideman et al. 2010). The suggested
role in lipid transport provides a possible expla-
nation for the severe mitochondrial morpholo-
gy defects observed with the loss of ERMES pro-
teins (Boldogh et al. 2003; Meisinger et al. 2004,
2007). However, the true function of ERMES in
the biogenesis of B-barrel proteins has not yet
been clarified. The available data raise the in-
triguing possibility that lipid transfer from the
ER to mitochondria and the biogenesis of mito-
chondrial B-barrel proteins may be coupled pro-
cesses. It seems likely that the dually localized
Mdm10 protein links the different roles of
ERMES. Interestingly, the small TOM protein
Tom7 was shown to regulate the dynamic inter-
action of Mdm10 with the SAM and ERMES
complexes (Meisinger et al. 2006; Yamano et al.
2010; Becker et al. 2011a).

For proteins anchored to the outer mem-
brane via a-helical regions, transmembrane do-
mains are located at either the amino- (signal
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anchor) or carboxyl-terminus (tail anchor).
Other a-helical outer membrane proteins span
the lipid bilayer multiple times. There is a strik-
ing variety in the mechanisms adopted for their
insertion (Fig. 2B). Membrane integration of
signal-anchored proteins, such as Tom20 and
Tom?70, is facilitated by the outer membrane pro-
tein Mim1 (Becker et al. 2008; Hulett et al. 2008;
Popov—éeleketié et al. 2008a). However, a Mim1
counterpart for tail-anchored proteins has not
yet been discovered, but rather the lipid compo-
sition of the outer membrane appears be crucial
for specific insertion of these proteins (Setogu-
chi et al. 2006; Kemper et al. 2008). The precur-
sor of Tom22, which contains one central trans-
membrane a-helix, requires both the TOM
complex and the SAM-Mdm10 complex for
its biogenesis (Fig. 2B) (Stojanovski et al. 2007;
Thornton et al. 2010). This finding revealed that
the substrate spectrum of the SAM complex
is not limited to B-barrel precursors, but also
includes specific a-helical outer membrane
proteins. Finally, multi-spanning proteins, like
the membrane fusion protein Ugol, are as-
sisted by the Tom70 receptor (but no other
TOM components) and the Mim1 protein for
their insertion into the outer membrane (Fig.
2B) (Otera et al. 2007; Becker et al. 2011b; Papic
etal. 2011).

REDOX-DRIVEN PROTEIN IMPORT
INTO THE MITOCHONDRIAL
INTERMEMBRANE SPACE

Many IMS proteins are small in size (<20 kDa)
and contain conserved cysteine residues in
Cx3C or CxyC motives that are involved in bind-
ing of cofactors and metals or the formation of
disulfide bonds. The best characterized proteins
of this kind are the small TIM chaperones that
form hetero-oligomeric complexes with each
subunit containing two disulfide bonds (Webb
et al. 2006). Import of these proteins into mi-
tochondria is mediated by the mitochondrial
IMS import and assembly (MIA) machinery
(Fig. 3). The MIA pathway involves two essen-
tial conserved core components, the import re-
ceptor Mia40 and the sulfhydryl oxidase Ervl
(ALR in humans) (Chacinska et al. 2004; Naoé

Protein Sorting in Mitochondria

et al. 2004; Mesecke et al. 2005). Mia40 is firmly
attached to the inner mitochondrial membrane
by an amino-terminal membrane anchor in
yeast, whereas human Mia40 is a soluble IMS
protein (Chacinska et al. 2008; Banci et al.
2009). Structural analysis has revealed that cli-
ent proteins associate with Mia40 via a hydro-
phobic cleft on the surface and a redox-active
CPC motif of Mia40 (Banci et al. 2009; Kawano
et al. 2009). Polypeptide segments of both,
Mia40 itself and Ervl/ALR, have been suggest-
ed to occupy the hydrophobic substrate binding
site of Mia40 in the absence of a precursor
(Banci et al. 2009; Kawano et al. 2009). Docking
of substrate to Mia40 facilitates folding of the
precursor and generation of a transient precur-
sor-receptor disulfide intermediate with a cys-
teine residue in the precursor’s import signal
(Fig. 3) (Grumbt et al. 2007; Milenkovic et al.
2007, 2009; Sideris and Tokatlidis 2007; Sideris
et al. 2009; Banci et al. 2010). Thus, Mia40 be-
haves as an oxidoreductase donating disulfide
bonds to incoming precursors thereby trapping
them in the IMS. This reaction involves the re-
moval of electrons from the precursor and re-
duction of cysteine residues in Mia40. Anala-
gous to other disulfide-generating systems, the
sulthydryl oxidase Ervl reoxidizes Mia40 for
further rounds of the reaction cycle (Fig. 3) (Me-
secke et al. 2005; Stojanovski et al. 2008; Banci
et al. 2011). Ervl acts as a homo-dimer, and an
intersubunit electron exchange mechanism is
involved in the redox reaction (Bien et al.
2010). A role for the small redox-active peptide
glutathione in proofreading of Mia40/Ervl-
generated disulfide bonds has been suggested
(Bien et al. 2010). For its own reoxidation,
Ervl transfers electrons via cytochrome c to the
respiratory chain and, hence, molecular oxygen
(Fig. 3) (Bihlmaier et al. 2007; Dabir et al. 2007).
Interestingly, Ervl was found in a ternary com-
plex with Mia40 and a precursor protein. This
direct association may facilitate the acquisition
of multiple disulfides through a channeling
mechanism, which does not require continual
association and dissociation of the components
(Stojanovski et al. 2008; Banci et al. 2011).

A recent study by von der Malsburg et al.
(2011) revealed that mitofilin/Fcjl, an inner
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membrane protein required for the mainte-
nance of inner membrane architecture, is in-
volved in the MIA pathway. Mitofilin is part
of the mitochondrial inner membrane organiz-
ing system (MINOS; also termed MICOS or
MitOS), a large inner membrane protein com-
plex that is crucial for the morphology of cristae
membranes and involved in multiple contact
sites between inner and outer mitochondrial
membranes (Harner et al. 2011; Hoppins et al.
2011; von der Malsburg et al. 2011). Mitofilin
associates with both the TOM machinery in
the outer membrane and Mia40, thereby re-
cruiting Mia40 into the proximity of incoming
client proteins, as soon as they emerge from the
Tom40 channel.

Cytosol

haperone

Insertion of Metabolite Carriers into the
Inner Membrane via the TIM22 Complex

The large family of mitochondrial inner mem-
brane metabolite carriers, such as the ADP/ATP
carriers (AAC), functions in the transfer of me-
tabolites between the mitochondrial matrix and
IMS. Metabolite carriers as well as a few other
integral membrane proteins with internal im-
port signals, like the Tim23 protein, are inserted
into the inner membrane by the translocase of
the inner membrane 22 (TIM22 complex; car-
rier translocase) (Fig. 4). The TIM22 machinery
consists of four membrane-integral compo-
nents, Tim22, Tim54, Tim18, and Sdh3, and
the peripherally associated IMS chaperones

Tim9/10

Tim9/10/12

Metabolite
carrier

Figure 4. Insertion of metabolite carriers into the inner mitochondrial membrane. The Tom70 receptor takes
over metabolite carrier precursors from cytosolic chaperones. The precursors pass the outer membrane in a loop
conformation. In the IMS, the hydrophobic transmembrane segments of carriers are shielded by the Tim9/
Tim10 chaperone complex, which delivers the precursor to the TIM22 machinery in the inner membrane.
Tim54 and the adaptor protein Tim12 transfer the precursor to the protein-conducting channel formed by
Tim22. Tim18, and Sdh3 are required for assembly and stability of the translocase. The membrane potential
across the inner mitochondrial membrane (Ays) drives the insertion of metabolite carriers, which finally adopt
their functional, dimeric state. OM, outer membrane; IMS, intermembrane space; IM, inner membrane.
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Tim9, Tim10, and Tim12 (Sirrenberg et al. 1996,
1998; Kerscher et al. 1997, 2000; Koehler et al.
1998a,b, 2000; Gebert et al. 2011b). Tim22
forms a channel in the inner membrane for pre-
cursor insertion (Rehling et al. 2003), whereas
Tim54 exposes a large domain to the IMS and is
believed to provide a binding site for the Tim9—
Tim10-Tim12 complex (Fig. 4) (Gebert et al.
2008; Wagner et al. 2008). Tim18 facilitates the
assembly of Tim54 with Tim22 (Wagner et al.
2008). A recent study reported on the surprising
finding that the integral inner membrane pro-
tein Sdh3, which has been known as a subunit of
respiratory chain complex II (succinate dehy-
drogenase, SDH complex), is also a genuine
subunit of the TIM22 complex. Sdh3 forms a
subcomplex with Tim18, which is homologous
to Sdh4, the binding partner of Sdh3 in the SDH
complex (Gebert et al. 2011b). This finding is
interesting from the evolutionary perspective, as
it exemplifies how certain protein modules have
been used to build different membrane protein
machineries in mitochondria.

Cytosolic chaperones deliver carrier precur-
sors to the Tom70 receptor in an ATP-depen-
dent process (Wiedemann et al. 2001; Young
et al. 2003; Bhangoo et al. 2007; Zara et al.
2009). They pass the TOM complex in a loop-
like conformation and are bound in the IMS by
the small TIM chaperones (Fig. 4). The hexame-
ric Tim9/Tim10 and Tim8/Tim13 complexes
transport these hydrophobic substrates across
the aqueous IMS and deliver them to the inner
membrane (Curran et al. 2002; Webb et al. 2006;
Baker et al. 2009). Biochemical data suggest that
the Tim9/Tim10 and Tim8/Tim13 complexes
bind to the hydrophobic segments of the model
substrates AAC and Tim23, respectively, con-
comitant with their chaperone-like role (Curran
et al. 2002; Vergnolle et al. 2005; Davis et al.
2007). The crystal structure of the Tim9/
Tim10 complex revealed an a-propeller topol-
ogy with helical blades pointing away from a
central opening that is lined by polar resi-
dues—a similar domain arrangement as for
the chaperones Skp and prefoldin (Webb et al.
2006). With the help of the small TIM protein
Tim12, the precursor-loaded chaperone com-
plex docks to the membrane-embedded core

Protein Sorting in Mitochondria

of the TIM22 machinery, where the precursor
is integrated into the inner membrane again by
a looping mechanism (Fig. 4) (Rehling et al.
2003; Gebert et al. 2008). Membrane-inserted
metabolite carriers subsequently assemble into
their mature dimeric form. The only required
energy source for the insertion process is the
membrane potential (Ays) across the inner mi-
tochondrial membrane.

INNER MEMBRANE INSERTION AND
MATRIX TRANSLOCATION BY THE
TIM23 MACHINERY

Precursor proteins with amino-terminal prese-
quences ( preproteins) are handed over from the
TOM complex in the outer membrane to the
translocase of the inner membrane 23 (TIM23
complex; presequence translocase). This process
does not involve soluble IMS stages, but leads
to the formation of two-membrane-spanning
transport intermediates (TOM-TIM23 super-
complexes), in which the amino-terminal por-
tion of the preprotein has been inserted into the
TIM23 complex, whereas the carboxy-terminal
domain is still inside the TOM complex (Dekker
et al. 1997; Chacinska et al. 2003). The essential
membrane-embedded core of the TIM23 com-
plex (TIM23“°*) is composed of three sub-
units (Fig. 5): the channel-forming Tim23 pro-
tein (Meinecke et al. 2006; van der Laan et al.
2007; Alder et al. 2008); Tim17, which is in-
volved in gating of the Tim23 channel and mem-
brane insertion of preproteins (Chacinska et al.
2005; Meier et al. 2005) and Tim50, which in-
ducesthe closing of the Tim23 protein-conduct-
ing channel in the absence of preproteins (Mei-
necke etal. 2006). Tim50 exposes a large domain
to the IMS, which is in close proximity to the
outer membrane TOM complex, and together
with the amino-terminal IMS domain of Tim23
constitutes the receptor domain of the TIM23
machinery (Gevorkyan-Airapetov et al. 2009;
Mokranjac et al. 2009; Tamura et al. 2009a; Ma-
rom et al. 2011; Qian et al. 2011; Shiota et al.
2011). Two recent studies have indicated that
Tim50 might have two distinct binding sites for
preproteins in the conserved core domain and
in the carboxy-terminal domain, respectively
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Figure 5. Import of presequence-containing precursor proteins (preproteins) into the inner membrane and
matrix. Amino-terminal positively charged presequences are preferentially recognized by the Tom20 receptor on
the mitochondrial surface. On the trans side of the protein-conducting Tom40 channel, presequences are bound
by the IMS domain of Tom22. Membrane potential (As)-dependent transfer of preproteins to the TIM23
machinery in the inner membrane involves Tim50 and Tim21. Preproteins with a hydrophobic stop-transfer
signal (blue bar) are directly released from the protein-conducting channel formed by Tim23 into the inner
membrane. This Ay-dependent process is supported by the Tim21-dependent coupling of respiratory chain
supercomplexes to TIM23. Stepwise translocation of soluble preproteins into the matrix requires the dynamic
coupling of the ATP-driven mtHsp70-containing import motor, which leads to a loss of Tim21 from the TIM23
complex. Finally, the matrix processing peptidase (MPP) proteolytically removes presequences from both inner
membrane and matrix preproteins. OM, outer membrane; IMS, intermembrane space; IM, inner membrane;

bey, cytochrome be; complex (complex I1I); COX, cytochrome ¢ oxidase (complex IV).

(Qian etal. 2011; Schulz et al. 2011). The Tim21
protein connects with TIM23““®*F and pro-
motes preprotein transfer from the TOM to the
TIM23 complex, probably by directly interacting
with the IMS domain of Tom22 (Fig. 5) (Cha-
cinska et al. 2005; Albrecht et al. 2006).

The TIM23“°*E-Tim21 complex has been
termed TIM23°°%7, as this complex is sufficient
to integrate preproteins with a hydrophobic
stop-transfer signal adjacent to the amino-ter-
minal presequence into the inner membrane in
a Ay-dependent manner (van der Laan et al.
2007). Remarkably, TIM23%°R" is dynamically
coupled to respiratory chain supercomplexes
consisting of complex III (cytochrome bc; com-
plex) and complex IV (cytochrome ¢ oxidase),
most likely via a direct interaction between
Tim21 and the complex III subunit Qcr6 (Fig.

5) (van der Laan et al. 2006, 2007; Wiedemann
et al. 2007; Saddar and Stuart 2008). Associa-
tion of respiratory chain complexes to TIM23
was shown to stimulate the Ay-dependent
step of preprotein membrane insertion, which
appears to be particularly important under
conditions, where the overall Ays across the in-
ner membrane becomes limiting (van der Laan
et al. 2006).

For complete import of precursors into the
mitochondrial matrix the energy derived from
Ay in not sufficient. Therefore, the TIM23
complex has to be coupled to the ATP-driven
presequence translocase-associated import mo-
tor (PAM) for matrix translocation (Fig. 5). The
central subunit of PAM isthe mitochondrial heat
shock protein 70 (mtHsp70) that converts the
energy from repeated cycles of ATP hydrolysis
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into a matrix-directed vectorial movement of the
preprotein (Neupert and Herrmann 2007; Mapa
etal. 2010). This activity of mtHsp70 is regulated
by the multiple membrane-bound co-chaper-
ones of PAM: The J-protein Pam18 stimulates
the ATPase activity of mtHsp70 (D’Silva et al.
2003; Mokranjac et al. 2003; Truscott et al.
2003). The J-like protein Pam16 associates with
Pam18 in the J-complex, recruits Paml18 to
TIM23CRE and regulates its ATPase-stimulat-
ing function (Frazier et al. 2004; Kozany et al.
2004; Lietal. 2004; Mokranjacetal. 2006; D’Silva
et al. 2008, Pais et al. 2011). Tim44 is crucial for
the binding of both, mtHsp70 and J-complex to
TIM23“CRE (D Silva et al. 2004; Hutu et al. 2008;
Schiller et al. 2008). The matrix-localized nucle-
otide exchange factor Mgel is required for the
completion of the mtHsp70 reaction cycle (Slut-
sky-Leiderman et al. 2007). Pam17 is thought to
trigger the dynamic assembly of PAM (van der
Laan et al. 2005; Hutu et al. 2008). The stepwise
recruitment of PAM components goes along
with a release of Tim21 from TIM23“°RE (Cha-
cinska et al. 2005; van der Laan et al. 2005; Po-
pov-Celeketi¢ et al. 2008b). Thus, the majority
of TIM23“°RF complexes in mitochondria are
either associated with Tim21 or PAM (Fig. 5)
(Chacinska et al. 2005, 2010; van der Laan et al.
2005, 2006).

The picture of the TIM23 complex emerg-
ing from these findings is that of a highly dy-
namic molecular machine that switches be-
tween different functional and structural states
depending on the signal information within an
incoming preprotein. This view is best exemp-
lified by the recently unraveled biogenesis path-
way of the mitochondrial ATP-binding cas-
sette (ABC) transporter Mdll, a polytopic inner
membrane protein with an amino-terminal pre-
sequence (Bohnert et al. 2010). Earlier studies
suggested that polytopic inner membrane pro-
teins are first fully translocated across the mem-
brane in a PAM-dependent manner and after-
wards integrated into the bilayer from the
matrix side by the oxidase assembly (OXA) com-
plex, a membrane protein insertase of bacterial
origin that also mediates the biogenesis
of mitochondrially encoded respiratory chain
subunits (Neupert and Herrmann 2007). How-

Protein Sorting in Mitochondria

ever, membrane insertion of Mdl1 was found to
be a modular process, in which certain trans-
membrane segment are laterally released from
the TIM23 complex independently of PAM,
whereas other transmembrane segments are
routed to the inner membrane via the matrix
and the OXA machinery (Bohnert et al. 2010).
Such a complex import mechanism requires
multiple functional switches and modular re-
arrangements within the TIM23 complex that
must be tightly controlled by specific import sig-
nals and partner proteins of TIM23.

CONCLUSIONS AND PERSPECTIVES

Protein trafficking to and within mitochondria
is possibly the most intricate in the context of a
eukaryotic cell (the same would apply to chlo-
roplasts). Indeed, it is fascinating how nature
has answered the difficult question of protein
sorting within mitochondria by providing elab-
orate transport systems to ensure that precursor
proteins acquire their mature and functional
state. Future perspectives for the field include
addressing the role of phospholipids in protein
transport processes. Recent studies have in-
dicated that cardiolipin is important for the
stability and functionality of not only respirato-
ry chain complexes, but also protein transloca-
tion devices, like the TIM23/PAM machinery
and the TOM and SAM complexes (Kutik
et al. 2008b; Gebert et al. 2009; Tamura et al.
2009b). Certainly, high-resolution structures
of the membrane-embedded core domains of
translocation complexes will be invaluable for
learning more about the organization and op-
eration of these machineries. More information
is also required on how the import systems are
regulated and how the effectiveness of import is
promoted through specific coupling of translo-
cation machineries. Recent insights into the
role of cytosolic kinases for the assembly and
activity of the TOM complex and the coopera-
tion of the TOM machinery with downstream
protein sorting pathways have highlighted the
central importance of this aspect (Chacinska
et al. 2010; Schmidt et al. 2011; von der Mals-
burg et al. 2011). Despite many efforts, we still
do not fully understand how specific import
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signals in precursor proteins are recognized
by receptor domains and protein-conducting
channels and how these signals are transmitted
to induce large-scale rearrangements and func-
tional switches in the mitochondrial protein
import systems. Finally, an exciting link be-
tween protein import and machineries impli-
cated in the regulation of mitochondrial mor-
phology has emerged, which needs to be further
explored (Meisinger et al. 2007; Kornmann et al.
2010; von der Malsburg et al. 2011).

In this article, we have highlighted our cur-
rent understanding of mitochondrial import
based on research that mainly utilized fungal
models. It is undeniable that this field will con-
tinue to rely on such models; however, the crucial
importance of understanding these processes in
mammalian cells should be emphasized. Despite
a sound knowledge of the protein import ma-
chinery in mammalian cells, there has so far been
little focus on how problems in mitochondrial
proteinimport can contribute to human disease,
although evidence supporting such connections
is mounting. For instance, Mohr-Tranebjaerg
syndrome (MTS) is caused by mutations in
the small TIM chaperone deafness dystonia
polypeptide 1 (DDP1/TIMMS8/Tim8) (Koehler
et al. 1999). The underlying severity of the dis-
ease may be attributable to impaired biogenesis
of the TIM23 complex as a result of dysfunc-
tional Tim8. Defects in Pam18 (DNAJC19)
have been linked to dilated cardiomyopathy
with ataxia (DCMA) (Davey et al. 2006; Sinha
et al. 2010). TIMM17A mRNA expression was
recently shown to be significantly higher in
breast cancer compared with normal or benign
breast tissue (Salhab et al. 2010). Moreover,
TIM17 was identified as a multicopy suppressor
of mtDNA instability in specific mutant back-
grounds in yeast, which may be relevant for cer-
tain forms of mtDNA depletion syndrome (Ia-
covino et al. 2009). Hsp60, a central player in
protein folding and assembly of mitochondria,
has been implicated in spastic paraplegia-13
(SPG13), an autosomally dominant form of
pure hereditary spastic paraplegia (Fontaine
et al. 2000; Hansen et al. 2002). These observa-
tions reiterate the significance of a functional
mitochondrial protein biogenesis network for

health and disease and the importance of gaining
a greater understanding of the import machin-
ery in higher eukaryotes.
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