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Abstract: Biogenesis and function of mitochondria
depend on the import of about 1000 precursor proteins
that are produced on cytosolic ribosomes. The translo-
case of the outer membrane (TOM) forms the entry gate
for most proteins. After passage through the TOM chan-
nel, dedicated preprotein translocases sort the precur-
sor proteins into the mitochondrial subcompartments.
Many proteins have to be assembled into oligomeric
membrane-integrated complexes in order to perform
their functions. In this review, we discuss a dual role of
mitochondrial preprotein translocases in protein trans-
location and oligomeric assembly, focusing on the bio-
genesis of the TOM complex and the respiratory chain.
The sorting and assembly machinery (SAM) of the outer
mitochondrial membrane forms a dynamic platform for
coupling transport and assembly of TOM subunits. The
biogenesis of the cytochrome c oxidase of the inner mem-
brane involves a molecular circuit to adjust translation
of mitochondrial-encoded core subunits to the avail-
ability of nuclear-encoded partner proteins. Thus, mito-
chondrial protein translocases not only import precursor
proteins but can also support their assembly into func-
tional complexes.
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Introduction

Mitochondria were originated by an endosymbiotic event,
in which a eukaryotic ancestor cell incorporated a prokar-
yote similar to o-proteobacteria more than 1.5 billion
years ago (Zimorski et al., 2014; Archibald, 2015). During
the course of evolution, the vast majority of the genomic
information of the symbiont was transferred to the host
nuclear genome. Nowadays mitochondria are known as
the powerhouses of the cell as they synthesize the bulk
of cellular ATP via oxidative phosphorylation. In addition,
biosynthesis of heme, lipids and amino acids as well as
the formation of iron-sulfur clusters occur within this cell
organelle. The surface of mitochondria forms a signaling
platform for apoptosis and inflammation. All these func-
tions reflect that the former endosymbiont became an
essential organelle for cell metabolism and development.

Mitochondria contain about 1000 different proteins in
baker’s yeast and up to 1400 different proteins in human
cells (Pagliarini et al., 2008; Morgenstern et al., 2017). The
mitochondrial genome encodes eight proteins in yeast
and 13 proteins in humans that are mainly part of the
oxidative phosphorylation machinery. About 99% of the
mitochondrial proteins are nuclear encoded, produced on
cytosolic ribosomes as precursors and guided to the mito-
chondrial surface by cytosolic chaperones (Becker et al.,
2019; Hansen and Herrmann, 2019). The outer and inner
mitochondrial membranes are equipped with dedicated
protein machineries, termed protein translocases, which
transport the precursor proteins into the mitochondrial
subcompartments: the outer and inner membranes, the
intermembrane space and the mitochondrial matrix (Endo
et al., 2011; Neupert, 2015; Schulz et al., 2015; Hansen and
Herrmann, 2019; Pfanner et al., 2019). Studies of recent
years revealed that protein translocases are integrated
into large protein networks to coordinate protein import
with mitochondrial metabolism, architecture and quality
control (Hansen and Herrmann, 2019; Pfanner et al.,
2019). Defects in mitochondrial protein sorting lead to
cellular stress and can cause severe diseases (Sokol et al.,
2014; Kang et al., 2018; Pfanner et al., 2019). It is thus
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essential to ensure a full protein import capacity of mito-
chondria. The ubiquitin-proteasome system is involved in
the removal of precursor proteins stalled in mitochondrial
import sites (Martensson et al., 2019). Impaired protein
import triggers programs that lead to increased activity
of the proteasome, induction of molecular chaperones,
attenuation of cytosolic protein biosynthesis and the
removal of non-imported proteins from the mitochon-
drial surface (Nargund et al., 2012; Wang and Chen, 2015;
Wrobel et al., 2015; Weidberg and Amon, 2018; Boos et al.,
2019).

Protein complexes carry out essential functions in
bioenergetics, biogenesis and the architecture of mito-
chondria. Examples for such protein machineries are
the respiratory chain complexes and the F F_-ATP syn-
thase of the oxidative phosphorylation system of the
inner membrane, the membrane-bound preprotein
translocases, chaperone systems and mitochondrial
ribosomes, the mitochondrial contact site and cristae
organizing system (MICOS), and the endoplasmic retic-
ulum (ER)-mitochondria-encounter structure (ERMES)
that links the ER and the mitochondrial outer mem-
brane (Eisenberg-Bord et al., 2016; Murley and Nunnari,
2016; Ott et al., 2016; Timon-Gémez et al., 2018; Pfanner
et al., 2019). Several mitochondrial protein complexes
possess specific features that are not shared by other
protein machineries in the cell. The preprotein trans-
locase of the outer membrane (TOM) contains the
central B-barrel forming protein Tom40 that assembles
with several o-helical membrane proteins, forming an
o/B-membrane-integrated protein complex (Shiota
et al., 2015; Bausewein et al., 2017). The formation of
respiratory chain complexes and the F.F -ATP synthase
requires the assembly of mitochondrial-encoded subu-
nits synthesized in the matrix with nuclear-encoded pro-
teins that are synthesized in the cytosol and imported
(Smith et al., 2012; Dennerlein et al., 2017; Priesnitz and
Becker, 2018; Tim6n-Goémez et al., 2018).

A particular challenge in the formation of protein
complexes is to prevent the accumulation of orphaned
subunits that are potentially deleterious for the cell (Jusz-
kiewicz and Hegde, 2018). Mitochondria employ a number
of mechanisms to minimize the amount of free unassem-
bled proteins. The import and assembly of subunits into
mitochondria are tightly coordinated. The synthesis of
mitochondrial-encoded proteins can be stalled until an
imported subunit can assemble (Dennerlein et al., 2017;
Priesnitz and Becker, 2018; Timén-Goémez et al., 2018).
Unassembled subunits can be integrated into assembly
intermediates that function as building blocks for the
subsequent formation of protein machineries. Eventually,
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mitochondria are equipped with a set of proteases that
can degrade unassembled subunits (Baker and Haynes,
2011; Rugarli and Langer, 2012; Voos, 2013). In this review,
we focus on the role of protein translocases in the coor-
dination of protein transport with the assembly of mito-
chondrial protein complexes.

Overview of mitochondrial protein
import pathways

The entry gate for mitochondrial preproteins

The TOM complex functions as entry gate for >90% of
mitochondrial proteins (Figure 1). The TOM complex
is composed of seven different subunits. Tom20 is the
initial receptor for precursors with a cleavable prese-
quence, while Tom70 recognizes precursors of hydro-
phobic inner and outer membrane proteins (Brix et al.,
1997; Abe et al., 2000; Young et al., 2003; Yamano et al.,
2008; Yamamoto et al., 2009; Becker et al., 2011a; Papié
et al., 2011; Backes et al., 2018). Both receptors show a
partially overlapping substrate specificity. In yeast, a
paralogue of Tom70, Tom71, exists, however, its function
in protein transport remains poorly understood (Bémer
et al., 1996; Schlossmann et al., 1996). The central recep-
tor Tom22 recruits Tom20 and Tom70 to the TOM core
complex and mediates transfer of the preproteins from
the initial receptor proteins to the translocation pore
(van Wilpe et al., 1999; Yamano et al., 2008; Shiota et al.,
2011). The TOM complex contains two to three translo-
cation pores that are formed by the B-barrel of Tom40
(Hill et al., 1998; Kiinkele et al., 1998; Ahting et al., 1999;
Model et al., 2002; Suzuki et al., 2004; Becker et al., 2005;
Shiota et al., 2015; Bausewein et al., 2017; Makki et al.,
2019). The transmembrane segment of Tom22 links the
Tom40 pores and is thus critical for the assembly of the
TOM complex (van Wilpe et al., 1999; Shiota et al., 2015;
Bausewein et al., 2017). The three small TOM subunits
Tom5, Tom6 and Tom7 support preprotein transport and
assembly of the TOM machinery (Alconada et al., 1995;
Honlinger et al., 1996; Dietmeier et al., 1997; Esaki et al.,
2004; Schmitt et al., 2005; Sherman et al., 2005; Becker
et al., 2010). After passage through the TOM complex, the
preproteins are sorted into the different mitochondrial
subcompartments. The intermembrane space domains of
Tom?22, Tom7 and Tom40 initiate sorting to downstream
protein translocases (Gabriel et al., 2003; Esaki et al.,
2004; Shiota et al., 2015).
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Figure 1: Overview about protein import pathways into mitochondria.

mito. ribosome

Most mitochondrial precursor proteins are transported through the channel of the TOM complex. After translocation across the outer
membrane (OM), four different pathways sort these precursor proteins into the mitochondrial subcompartments. First, the presequence
TIM23 complex transports precursors with a cleavable presequence into the inner membrane (IM) or mitochondrial matrix. Transport into the
matrix additionally depends on the ATP-consuming activity of the PAM. The MPP removes the presequences from the imported precursors.
Second, precursors of the hydrophobic carrier proteins are guided by the small TIM chaperones through the intermembrane space (IMS) to
the carrier translocase of the inner membrane (TIM22 complex), which integrates them into the inner membrane. The membrane potential
(Ay) across the inner membrane drives the transport via both presequence translocase and carrier translocase. Third, the MIA pathway
promotes import and oxidative folding of cysteine-rich proteins in the intermembrane space. Fourth, the small TIM chaperones stabilize the
transfer of B-barrel precursors from the TOM complex toward the SAM complex for insertion into the outer membrane. Precursors of outer
membrane proteins with several a-helical transmembrane segments are recognized by TOM receptors, but typically bypass the TOM channel
and are inserted into the outer membrane by the mitochondrial import (MIM) complex. The OXA insertase of the inner membrane promotes

co-translational insertion of mitochondrial-encoded proteins.

Protein sorting into inner mitochondrial
subcompartments

Different protein import pathways to the intermembrane
space, inner membrane and matrix have been described
(Figure 1) (Endo et al., 2011; Neupert, 2015; Schulz et al.,
2015; Hansen and Herrmann, 2019; Pfanner et al., 2019).
The mitochondrial intermembrane space import and
assembly (MIA) machinery mediates import and oxida-
tive folding of cysteine-rich proteins in the intermembrane
space. The majority of precursors of inner membrane and
matrix proteins are synthesized with a cleavable prese-
quence (Vogtle et al., 2009). The presequence translocase
of the inner membrane (TIM23 complex) mediates their
lateral release into the inner membrane or together with
the presequence translocase-associated motor (PAM)
their translocation into the mitochondrial matrix. The
activity of the respiratory chain complexes generates a

membrane potential (Ay) across the inner membrane that
drives the translocation of the positively charged prese-
quences through the pore of the TIM23 complex. Transport
into the mitochondrial matrix additionally requires the
ATP-dependent activity of the mitochondrial heat shock
protein 70 (mtHsp70), which is the central subunit of
the motor PAM. The mitochondrial processing peptidase
(MPP) removes the presequences from imported proteins.
The import of carrier precursors that lack a cleavable pre-
sequence occurs via a different mechanism. The small TIM
chaperones of the intermembrane space guide these hydro-
phobic precursors from the TOM complex to the carrier
translocase of the inner membrane (TIM22 complex). Ay
promotes the membrane integration of precursor proteins
via the carrier translocase. Moreover, the oxidase assembly
(OXA) insertase promotes the co-translational insertion of
mitochondrial-encoded proteins into the inner membrane
(Fox, 2012; Ott et al., 2016; Pfanner et al., 2019).



120 —— A. Grevel et al.: Mitochondrial protein biogenesis

Protein sorting into the outer mitochondrial
membrane

The outer membrane of mitochondria harbors two differ-
ent types of integral membrane proteins. Proteins with a
transmembrane [B-barrel are important for protein trans-
port, organelle contact sites and metabolite transport.
Proteins embedded in the outer membrane by a single or
multiple o-helical transmembrane segments are involved
in mitochondrial protein transport, quality control, mem-
brane dynamics and apoptosis. Different import pathways
exist for the integration of these proteins into the outer
membrane (Dukanovic and Rapaport, 2011; Endo et al.,
2011; Ellenrieder et al., 2015; Neupert, 2015; Pfanner et al.,
2019). Precursors of B-barrel proteins are first imported via
the TOM channel and are subsequently transferred to the
sorting and assembly machinery (SAM complex) (Figure 1).
The central subunit of the SAM complex, Sam50/Toh55,
forms a B-barrel that promotes the lateral insertion of the
precursor proteins into the outer membrane (Kozjak et al.,
2003; Paschen et al., 2003; Gentle et al., 2004; Klein et al.,
2012; Hohr et al., 2018). TOM and SAM complexes form a
supercomplex to channel preproteins between the trans-
locases (Qiu et al., 2013; Wenz et al., 2015). The small TIM
chaperones of the intermembrane space stabilize the pre-
cursor proteins at this transfer step, probably by shielding
hydrophobic segments (Wiedemann et al., 2004; Hoppins
and Nargang, 2004; Qiu et al., 2013; Weinhaupl et al., 2018).

Precursors of outer membrane proteins with a single
or multiple a-helical membrane anchors follow different
import pathways. Tom70 recognizes incoming prepro-
teins of multi-spanning outer membrane proteins. Sub-
sequently, the mitochondrial import machinery (MIM
complex) inserts these proteins into the outer membrane
(Otera et al., 2007; Becker et al., 2011a; Papi¢ et al., 2011;
Dimmer et al., 2012; Sinzel et al., 2016) (Figure 1). The MIM
complex consists of several copies of Mim1 and one or
two copies Mim2 (Dimmer et al., 2012). The MIM subunits
are anchored in the outer membrane by single o-helical
membrane anchors. The mechanism of protein import via
the MIM complex is poorly understood. Mim1 oligomers
form a channel in reconstituted membranes that could be
involved in the integration of the precursor proteins into
the outer membrane (Kriiger et al., 2017). Supporting this
view, the oligomerization of Mim1 is required to maintain
full import capacity (Popov-Celeketi¢ et al., 2008). The
MIM complex also inserts several precursor proteins with
a single transmembrane o-helix at the N-terminus (Becker
et al., 2008; Hulett et al., 2008; Popov-Celeketi¢ et al.,
2008; Wenz et al., 2014). It remains to be investigated if the
MIM complex plays a general role for the import of single-
spanning outer membrane proteins.
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Assembly of the TOM complex

A specific feature of key protein complexes of the
mitochondrial outer membrane is the presence of a
central B-barrel protein that associates either with inte-
gral o-helical membrane proteins (in case of the TOM
complex) or with peripheral membrane proteins (in the
case of the SAM and ERMES complexes). The assembly
of the TOM complex in yeast mitochondria represents the
best-studied example for the formation of outer mem-
brane protein complexes. It involves the association of six
different TOM subunits containing single o-helical mem-
brane anchors with the B-barrel of Tom40. To promote
efficient formation of the protein translocase, the assem-
bly process is tightly coupled to the import of the indi-
vidual subunits (Figure 2).

Formation of the Tom40-small Toms module

The SAM complex plays a central role in the assembly of
the TOM complex. The core subunit Tom40 is imported via
the TOM-SAM supercomplex like other 3-barrel proteins
(Wiedemann et al., 2003; Paschen et al., 2003; Qiu et al.,
2013; Wenz et al., 2015). However, the Tom40 precursor is
much more slowly released from the SAM complex than
other B-barrel proteins (Wiedemann et al., 2003; Paschen
et al., 2003; Becker et al., 2010; Thornton et al., 2010). The
prolonged retention of Tom40 at the SAM complex likely
facilitates the assembly with small Tom subunits. Tom5 is
the first Tom subunit that associates with the precursor of
Tom40 at the SAM complex and thereby promotes the for-
mation of the mature Tom40 B-barrel (Wiedemann et al.,
2003; Becker et al., 2010; Qiu et al., 2013). In addition,
Tomb5 facilitates the assembly of Tom6 with Tom40 (Becker
et al., 2010; Thornton et al., 2010) and thus initiates the
assembly of further Tom components (Figure 2). How
Tom?7 is fed into the assembly line is currently unclear,
but it associates with the Tom40-small Tom module (Sto-
janovski et al., 2007).

These observations indicate that the SAM complex
functions as an assembly platform for Tom40 and
small Tom proteins. Supporting this view, the biogen-
esis of small Tom proteins depends on a functional SAM
complex (Stojanovski et al., 2007; Thornton et al., 2010).
Thus, the SAM complex not only inserts Tom40 into the
outer membrane, but also cooperates with the small
Tom proteins in the assembly of a TOM core complex
(Dukanovic et al., 2009; Becker et al., 2010). How the
small Tom proteins are delivered to the SAM-bound
Tom40 is not entirely clear. The MIM complex promotes
the biogenesis of the small Tom proteins and could
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Figure 2: A dynamic SAM platform promotes assembly of the TOM complex in yeast mitochondria.

The TOM complex initially transports the Tom40 precursor across the outer membrane. The SAM complex inserts the Tom40 precursor
from the IMS side into the OM and promotes its assembly with the small Tom proteins (upper left). The SAM-Mdm10 complex facilitates the
membrane integration of the precursor of Tom22 (lower left). How Tom22 is transferred onto the Tom40-small Toms module is unknown.
Tom22 links two Tom40-small Toms modules to form the TOM core complex (right). Finally, the precursors of Tom20 and Tom70 are
integrated into the outer membrane in a MIM-dependent manner and associate with the TOM core to form the mature TOM complex, also
termed TOM holo complex. IMS, intermembrane space; OM, outer membrane.

contribute to their assembly with Tom40 (Becker et al.,
2008; Thornton et al., 2010).

The SAM-Mdm10 complex promotes
assembly of Tom22 with TOM subunits

Structural and biochemical studies of the TOM core
complex revealed that Tom22 links two Tom40-small
Toms modules (van Wilpe et al., 1999; Shiota et al., 2015;
Bausewein et al., 2017). Consequently, the assembly of
Tom22 with Tom40-small Toms is a critical step in the
formation of the TOM complex. The Tom22 precursor is
delivered to TOM receptors by cytosolic chaperones (Keil
and Pfanner, 1993; Opalifski et al., 2018). Subsequently,
the precursor is transferred by an unknown mechanism
to a specific subpopulation of the SAM complex that
associates with the B-barrel protein Mdm10 (Thornton
et al., 2010; Becker et al., 2011b; Ellenrieder et al., 2016).
Disruption of the SAM-Mdm10 complex impairs mem-
brane integration of the Tom22 precursor (Ellenrieder
et al., 2016).

Thus, two distinct SAM populations are required to
build up the TOM complex (Figure 2). In one assembly
line, the SAM complex assembles Tom40 with the small
Toms. In a second line, the SAM-Mdm10 complex inserts
the Tom22 precursor into the outer membrane. How Tom22
is transferred onto the Tom40-small Toms module has

not been fully clarified. Mdm10 could play a critical role
in this step (Meisinger et al., 2004; Yamano et al., 2010a;
Ellenrieder et al., 2016). Mdm10 promotes the release of
the Tom40 precursor from the SAM complex (Yamano
et al., 2010a) and thereby may coordinate the activity of
both SAM populations. Finally, Tom20 and Tom70 asso-
ciate in a Tom22-dependent manner with the TOM core
complex to form the mature TOM complex, also termed
the TOM holo complex (van Wilpe et al., 1999; Yamano
etal., 2008; Shiota et al., 2011). The MIM complex also pro-
motes the membrane insertion of the precursors of Tom20
and Tom70 into the outer membrane (Becker et al., 2008;
Hulett et al., 2008; Popov-Celeketi¢ et al., 2008). Whether
or not the MIM complex coordinates the import of Tom20
and Tom70 with their assembly into the TOM complex is
unknown.

Regulation of TOM complex assembly

The TOM complex plays a pivotal role in mitochondrial
protein biogenesis and its formation has to be fine-tuned
to meet cellular needs. Signaling pathways leading to
phosphorylation of TOM subunits modulate the forma-
tion of the mitochondrial entry gate under different
metabolic and growth conditions (Schmidt et al., 2011).
Tom22 and Tomé are critical subunits for the forma-
tion and stability of the TOM complex and are therefore
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important targets for regulatory processes (Alconada
et al., 1995; van Wilpe et al., 1999). Phosphorylation of
the cytosolic domain of Tom22 stabilizes the association
of Tom20 with the TOM complex (Schmidt et al., 2011;
Gerbeth et al., 2013) and cell cycle-dependent phospho-
rylation of Tomé6 promotes the formation of the TOM
complex (Harbauer et al., 2014; Sakaue et al., 2019).
Interestingly, Tom7 can act as a negative regulator of the
formation of the TOM complex. An excess amount of free
Tom7 impairs the binding of Tom5 to Tom40 as well as the
formation of the SAM-Mdm10 complex (Meisinger et al.,
2006; Yamano et al., 2010b; Becker et al., 2011b), indi-
cating that control switches exist to regulate the biogen-
esis of the TOM complex. Furthermore, quality control
systems are important to prevent the formation of mal-
functional protein translocases. Recently, it was shown
that binding of the major metabolite channel of the outer
membrane, termed porin or voltage-dependent anion
channel (VDAC), to unassembled Tom22 regulates the
formation of the TOM complex (Ellenrieder et al., 2019;
Sakaue et al., 2019). In the absence of Tomé6, the binding
of Tom22 to the TOM complex is destabilized. However, a
parallel loss of porin/VDAC and Tomé6 restores assembly
of Tom22 into the TOM complex. Strikingly, this alterna-
tive TOM complex is not fully active (Sakaue et al., 2019),
indicating that the interplay between porin/VDAC and
Tomé6 is an important mechanism to prevent improper
integration of Tom22 into the TOM complex.

Biogenesis of respiratory chain
complexes

The mitochondrial respiratory chain consists of four
multi-subunit complexes: the NADH dehydrogenase
(complex I), the succinate dehydrogenase (complex
II), the cytochrome bc, complex (complex III) and the
cytochrome c oxidase (COX, complex IV). Formation of the
complexes I, IIl and IV as well as of the F F -ATP synthase
are particularly complicated processes as proteins of two
distinct genetic origins have to be assembled into func-
tional protein complexes (Fox, 2012; Dennerlein et al.,
2017; Formosa et al., 2018; Priesnitz and Becker, 2018;
Tim6n-Gomez et al., 2018). These oxidative phosphoryla-
tion complexes are preferentially located in the folded
cristae of the inner membrane, whereas preprotein trans-
locases are enriched in the inner boundary membrane
that is positioned adjacent to the outer membrane (Vogel
et al., 2006; Stoldt et al., 2018). The formation of oxidative
phosphorylation complexes requires the coordination of
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biosynthesis of mitochondrial-encoded proteins with the
import of nuclear-encoded proteins to allow an efficient
assembly process in the inner membrane.

Coupling of import and assembly of
respiratory chain subunits

The TIM23 complex imports the majority of nuclear-
encoded respiratory chain subunits. Super-resolution
microscopy revealed that the early, but not the late
assembly steps of complex III and complex IV occur
predominantly at the inner boundary membrane (Stoldt
et al., 2018), pointing to a spatial organization of protein
import and assembly steps. Interestingly, a fraction of
respiratory chain supercomplexes containing complexes
III and IV directly associate with the TIM23 complex in
yeast mitochondria (van der Laan et al., 2006; Wiede-
mann et al., 2007). This translocase-respiratory chain
coupling supports the import of precursor proteins that
are particularly sensitive toward perturbations of the
inner membrane potential (van der Laan et al., 2006;
Schendzielorz et al., 2017). The exact molecular mecha-
nism has not been solved, yet TIM23 complexes bound
to respiratory chain complexes possibly experience an
increased proton motive force or may benefit from a
direct transfer of protons. These studies suggest that the
respiratory chain is closely linked to preprotein import
via the presequence translocase to ensure an efficient
supply of nuclear-encoded subunits of the respiratory
chain.

A further link between protein import and formation
of the respiratory chain was found for the central PAM
subunit, mtHsp70. The chaperone associates with the
yeast translational activator Mss51 and thus plays a role in
the biogenesis of mitochondrial-encoded Cox1 (Fontanesi
et al., 2010, 2011). Furthermore, mtHsp70 binds stably to
an unassembled nuclear-encoded subunit of complex IV
and delivers it to the assembly line when needed (Bot-
tinger et al., 2013). The mtHsp70-bound precursor pool
is important to warrant efficient formation of complex
IV (Bottinger et al., 2013). Assembly intermediates of
complex III and complex IV were detected under several
physiological conditions (Mick et al., 2010; Hildenbeutel
et al., 2014). The presence of such assembly intermediates
could serve two functions. First, the binding of assembly
factors stabilizes the unassembled respiratory chain sub-
units (preventing their premature degradation). Second,
the assembly intermediates act as a platform for the
assembly of further subunits to allow a rapid formation of
the mature complexes.
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Translational activators and plasticity in
mitochondria

The mitochondrial genome encodes central subunits
of the respiratory chain, including the multi-spanning
core subunits of complexes III and IV. Studies in yeast
demonstrated that the OXA insertase and partner pro-
teins associate with mitochondrial ribosomes to promote
co-translational insertion of the nascent proteins from
the matrix side into the inner mitochondrial membrane
(Figure 1) (Hell et al., 2001; Jia et al., 2003; Szyrach et al.,
2003; Ott et al., 2006; Pfeffer et al., 2015).

Depending on the organism studied, different mech-
anisms have been observed of how translation of mito-
chondrial-encoded transcripts is regulated. In the model
organism yeast, mitochondrial transcripts contain 5
untranslated regions (5" UTR) that are frequent targets of
translational activators, which are nuclear-encoded and
thus have to be imported into mitochondria (Fox, 2012;
Smith et al., 2012; Herrmann et al., 2013; Dennerlein et al.,
2017; Priesnitz and Becker, 2018; Timoén-Gémez et al.,
2018). The translational activators Cbp3-Cbp6 and Mss51
coordinate translation and assembly of the mitochondrial-
encoded cytochrome b of complex III and Cox1 of complex
1V, respectively (Decoster et al., 1990; Pérez-Martinez et al.,
2003; Gruschke et al., 2011). These translational activators
function as crucial elements of molecular circuits that
couple the maturation of the mitochondrial-encoded sub-
units to the assembly with nuclear-encoded subunits and
the availability of cofactors like heme (Barrientos et al.,
2004; Pérez-Martinez et al., 2009; Fontanesi et al., 2010;
Khalimonchuk et al., 2010; Mick et al., 2010; Gruschke
et al., 2012; Soto et al., 2012; Hildenbeutel et al., 2014).
Mitochondria of baker’s yeast do not possess a complex I
of dual genetic origin, but contain nuclear-encoded alter-
native NADH dehydrogenases that transfer electrons from
NADH to the respiratory chain (Marres et al., 1991; Luttik
et al., 1998; Small and McAlister-Henn, 1998).

In contrast, human mitochondrial mRNAs eitherlack a
5 UTR or contain only a short 5 UTR. Therefore, it remains
enigmatic how translational activators like TACO1 stimu-
late protein biosynthesis in human mitochondria (Her-
rmann et al., 2013; Dennerlein et al., 2017; Priesnitz and
Becker, 2018). A detailed analysis of the biogenesis of
human COX1 revealed a different principle how transla-
tion of mitochondrial transcripts is linked to the import of
nuclear-encoded subunits (Figure 3) (Richter-Dennerlein
et al., 2016). The assembly factors COX14 (C120RF62) and
MITRACI12 (COA3) bind to the nascent chain of COX1 while
the protein is synthesized on mitochondrial ribosomes.
This early form of the mitochondrial translation regulation
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assembly intermediate of cytochrome c oxidase, termed
MITRAC, arrests translation of COXI mRNA. The COXI1
translation is paused until the first nuclear-encoded
subunit, COX4-1, binds to the MITRAC complex (Richter-
Dennerlein et al., 2016). Upon binding of COX4-1, COX1
translation resumes and further complex IV subunits as
well as auxiliary factors can associate (Mick et al., 2012;
Richter-Dennerlein et al., 2016). Thus, the translation of
COX1 is adjusted to the availability of nuclear-encoded
partner proteins, a mechanism termed translational
plasticity (Richter-Dennerlein et al., 2016). Mutations of
MITRAC subunits lead to complex IV deficiency and have
been linked to several diseases, reflecting the central role
of this assembly platform (Table 1) (Shoubridge, 2001;
Dennerlein and Rehling, 2015; Ghezzi and Zeviani, 2018).

TIM21 of the presequence translocase likely plays
a direct role in this assembly process (Mick et al., 2012).
The absence of TIM21 impairs the assembly of complex IV
subunits like COX4-1 (Mick et al., 2012). Thus, TIM21 may
deliver COX4-1 to MITRAC in order to complete the syn-
thesis of COX1 and to promote the assembly of complex
IV (Mick et al., 2012; Richter-Dennerlein et al., 2016). In
support of this view, TIM21 is a subunit of the late form
of the MITRAC complex and couples import of nuclear-
encoded subunits to their assembly into complex IV
(Figure 3) (Mick et al., 2012).

The studies in yeast and humans thus reveal that,
depending on the presence or absence of 5 UTRs in
mitochondrial transcripts, remarkably different mecha-
nisms have evolved in order to coordinate the synthesis of
mitochondrial-encoded subunits and their assembly with
nuclear-encoded subunits.

Conclusions and perspectives

Protein complexes are essential for mitochondrial bio-
genesis and function. Several mitochondrial membrane
protein complexes display features that are distinct from
other protein assemblies of the cell. In the outer mem-
brane, the TOM complex contains the central B-barrel
protein Tom40 that associates with subunits possessing
single o-helical membrane anchors. In the inner mem-
brane, proteins of dual genetic origin form the NADH
dehydrogenase, cytochrome bc, complex, cytochrome c
oxidase and the FF -ATP synthase. These characteris-
tics impose specific challenges on the formation of these
protein complexes. One central mechanism is the cou-
pling of translocation to the assembly of the core subu-
nits of the complex. In the outer membrane, the SAM
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Figure 3: Translational plasticity controls early assembly steps of the human cytochrome ¢ oxidase.

The COX4-1 precursor is imported into mitochondria via the presequence pathway (upper left). TIM21 from the TIM23 complex transfers the
membrane-inserted COX4-1 precursor from the presequence translocase to the assembly line of the cytochrome c oxidase. The insertase
OXA1L may promote the insertion of the mitochondrial-encoded COX1 into the IM (lower left). In the early MITRAC form (mitochondrial
translation regulation assembly intermediate of cytochrome c oxidase), COX14 and MITRAC12 associate with the mitochondrial ribosome-
nascent COX1 polypeptide complex. The translation of COX1 is arrested (translational plasticity) until the first nuclear-encoded subunit,
COX4-1, has been delivered by TIM21 to the late MITRAC intermediate (right). The late MITRAC intermediate contains further assembly factors
(MITRAC15, SURF1 and CMC1) and provides a platform for the assembly of COX4-1 and further COX subunits. This translational plasticity fine-
tunes mitochondrial protein biosynthesis to the import of nuclear-encoded subunits. IM, inner membrane; IMS, intermembrane space.

Table 1: MITRAC components and their implications for human disorders.

Human protein Yeast Proposed function Human pathology Reference
protein
COX14/C120RF62  Cox14 Stabilization of newly Neonatal lactic acidosis ~ Barrientos et al., 2004; Mick et al., 2010;

translated COX1

MITRAC12/COA3 Coa3 Stabilization of newly Neuropathy, exercise
translated COX1 intolerance, obesity
SURF1 Shy1 Insertion or stabilization of ~ Leigh syndrome

heme A in COX1

MITRAC15/COA1 Coal Assembly of COX1
cMC1 Cmc1 Stabilizes COX1/COX14/
COA3 intermediate

Fontanesi et al., 2011; Weraarpachai et al., 2012;
Richter-Dennerlein et al., 2016

Mick et al., 2010; Fontanesi et al., 2011;
Ostergaard et al., 2015; Richter-Dennerlein

etal., 2016

Tiranti et al., 1998; Zhu et al., 1998; Barrientos
etal., 2002; Mick et al., 2007; Reinhold et al.,
2011

Pierrel et al. 2007; Mick et al., 2012

Horn et al., 2008; Bourens and Barrientos, 2017

complex provides a dynamic platform to allow binding of factors to the binding of nuclear-encoded subunits. The
the imported Tom40 to other Tom subunits. In the inner subunit TIM21 of the human TIM23 complex transfers
membrane, the co-translational insertion of mitochon- respiratory chain components into the assembly line.
drial-encoded proteins like COX1 is coupled via assembly Thus, the protein translocases SAM and TIM23 not only
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translocate precursor proteins but also facilitate their
assembly with partner proteins. Such coupling mecha-
nisms minimize the presence of orphaned proteins, which
could be potentially harmful for mitochondrial functions.

There is growing evidence that the mitochondrial
membranes contain a reservoir of assembly intermedi-
ates to allow the rapid and efficient formation of mature
complexes (Thornton et al., 2010; Mick et al., 2010; Bot-
tinger et al., 2013; Hildenbeutel et al., 2014). Shifting
cells from fermentative to respiratory growth conditions
requires a massive increase of the copy numbers of pro-
teins involved in energy metabolism (Morgenstern et al.,
2017). Under these conditions, the presence of assembly
intermediates will facilitate the formation of respiratory
chain complexes to rapidly adjust mitochondrial meta-
bolism to cellular needs. Future work has to reveal if cou-
pling of import and assembly plays a general role in the
formation of mitochondrial protein complexes and how
these processes are modulated in response to cellular
signaling.
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