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Mitochondria contain their own genome that encodes for
a small number of proteins, while the vast majority of mi-
tochondrial proteins is produced on cytosolic ribosomes.
The formation of respiratory chain complexes depends
on the coordinated biogenesis of mitochondrially encoded
and nuclear-encoded subunits. In this review, we describe
pathways that adjust mitochondrial protein synthesis and
import of nuclear-encoded subunits to the assembly of re-
spiratory chain complexes. Furthermore, we outline how
defects in protein import into mitochondria affect nuclear
gene expression to maintain protein homeostasis under
physiological and stress conditions.

Mitochondria originated from the incorporation of a pro-
karyote similar to existing a-proteobacteria by a eukaryot-
ic ancestor cell >1.5 billion years ago (Zimorski et al. 2014;
Archibald 2015). During the course of evolution, the vast
majority of genetic information of the endosymbiont was
transferred to the host nuclear genome. Mitochondria
contain ~1000 proteins in baker’s yeast Saccharomyces
cerevisiae and 1500 proteins in humans (Sickmann et al.
2003; Pagliarini et al. 2008; Morgenstern et al. 2017).
About 99% of the mitochondrial proteins are synthesized
as precursors on cytosolic ribosomes and imported into
the target organelle by dedicated protein translocases. Mi-
tochondria retain their own genome that encodes eight
proteins in yeast (Table 1) and 13 proteins in humans
(Hillberg and Larsson 2014; Ott et al. 2016). Remarkably,
about one quarter of the mitochondrial proteins in yeast
(~250 proteins) are involved in expression and mainte-
nance of the mitochondrial genome, reflecting the central
role of the gene products for mitochondrial function (Sick-
mann et al. 2003; Morgenstern et al. 2017).
Mitochondria fulfill many functions for cellular metab-
olism. Biosynthesis of lipids and amino acids, degradation
of fatty acids, formation of iron-sulfur clusters, and reac-
tion steps of heme biosynthesis and the urea cycle occur
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within mitochondria. The most prominent function of mi-
tochondria is the production of the bulk of cellular ATP by
oxidative phosphorylation. In this process, respiratory
chain complexes of the inner membrane transport elec-
trons from the reducing equivalents NADH and FADH,
to oxygen to produce water. The respiratory chain com-
plexes use the released energy from the electron transport
process to establish a proton gradient across the inner
membrane. The proton gradient drives the activity of the
F,F,-ATP synthase (ATP synthase) to generate ATP from
ADP and phosphate by a complex molecular mechanism.
In humans, the respiratory chain is composed of four
multisubunit protein complexes: the NADH dehydroge-
nase (complex I), succinate dehydrogenase (complexII), cy-
tochrome bc; complex (complex III), and cytochrome
¢ oxidase (complex IV). Mitochondria of baker’s yeast
S. cerevisiae lack a canonical complex I but contain three
alternative NADH dehydrogenases in the inner mem-
brane that do not pump protons across the inner mem-
brane: The internal NADH dehydrogenase (Ndil)
oxidizes NADH produced inside mitochondria, whereas
two external NADH dehydrogenases (Ndel and Nde2) ox-
idize cytosolic NADH (Marres et al. 1991; Luttik et al.
1998; Small and McAlister-Henn 1998). A typical feature
of the mitochondrial respiratory chain is the organization
of the cytochrome bcl complex, cytochrome ¢ oxidase,
and mammalian NADH dehydrogenase in respiratory
chain supercomplexes (Cruciat et al. 2000; Schigger and
Pfeiffer 2000; Bottinger et al. 2012; Gu et al. 2016; Letts
et al. 2016).

Respiratory chain complexes I, III, and IV as well as the
ATP synthase contain proteins of dual genetic origin.
Mitochondrially encoded proteins constitute reactive
centers and associate with many nuclear-encoded pro-
teins in functional protein machineries. The assembly of
these protein complexes is a complicated process involv-
ing a large number of assembly factors as well as the coor-
dinated expression of nuclear and mitochondrial genes
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Table 1. Translational regulators in yeast mitochondria

Mitochondrial gene

Translational regulator

Reported function

Cytochrome bc; complex
COB Cbsl

Cbs2
Cbpl

Cbp3
Cbp6

Cytochrome c oxidase
COX1 Mss51

Pet309
Mam33
cOox2 Petlll

COX3 Pet54
Pet122

Acts on the 5 untranslated region (UTR) of COB mRNA
Associates with mitoribosomes

Acts on the 5’ UTR of COB mRNA

Associates with mitoribosomes

Acts on the 5 UTR of COB mRNA

Stabilizes COB mRNA

Forms a complex with Cpb6

Associates with mitoribosomes

Couples translation of COB mRNA with assembly of the cytochrome bc; complex

Acts on the 5’ UTR of COX1 mRNA

Couples translation of COX1 mRNA with assembly of cytochrome ¢ oxidase

Binds to COXI mRNA

Stabilizes COX1 mRNA

Translational activator during fermentative growth
Unknown molecular function

Acts on the 5 UTR of COX2 mRNA
Pet54/Pet122/Pet494 form a complex

Acts on the 5 UTR of COX3 mRNA

Petd494
ATP synthase

ATP6 Atp22 Unknown function
ATP6/ATPS Smtl Translational repressor
Binds ATP6/ATP8 mRNA
ATP9 Aepl Unknown function
Aep2 Acts on 5 UTR of ATP9 mRNA
Atp25 Stabilization of ATP9 mRNA
Promotes assembly of Atp9 ring
Mitoribosome
VAR1 Sovl Unknown function

Protein-encoding mitochondrial genes and their translational regulators in S. cerevisiae are listed. Smtl acts as translational repressor,
while all other translation regulators activate the expression of their target genes.

(Fox 2012; Smith et al. 2012; Dennerlein et al. 2017; Song
et al. 2018; Tim6n-Gomez et al. 2018). Malfunctions
in this process cause an accumulation of unassembled
subunits or vestigial complexes, which in turn leads to in-
creased levels of reactive oxygen species that are harmful
to the cell (Khalimonchuk et al. 2007; Zara et al. 2007; He
et al. 2018). Defects in the formation of respiratory chain
complexes have been linked to several diseases such as
neurodegenerative disorders and cardiomyopathies (Shou-
bridge 2001; Smeitink et al. 2006). A recent study revealed
that cytosolic protein synthesis and mitochondrial pro-
tein synthesis are synchronized in yeast cells (Couvillion
et al. 2016). How the expression of the two different ge-
nomes is coordinated is poorly understood. In this review,
we highlight recent findings that shed light into this
fundamental biological question. We describe molecular
circuits that adjust mitochondrial protein production to
the assembly stage of respiratory chain complexes and
summarize the novel concept that the rate of mitochon-
drial translation can be adjusted to the import of nucle-
ar-encoded proteins. Finally, we outline the critical role
of protein import pathways in the regulation of mito-
chondrial protein homeostasis during cellular signaling
processes.
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Expression of the mitochondrial genome

Depending on the organism and cell type, eukaryotic cells
may contain up to many thousands of copies of mitochon-
drial DNA (mtDNA). Due to the presence of noncoding
sequences, the size of the mitochondrial genome is ex-
tremely variable between species. Human and yeast mito-
chondrial genomes contain 16.5 and 75 kb, respectively
(Héllberg and Larsson 2014; Ott et al. 2016). The two
strands of mtDNA can be separated by density centrifuga-
tion and are therefore termed heavy and light strands (Bat-
tey and Clayton 1978). The circular mtDNA is densely
packed into nucleoids with proteins such as human tran-
scription factor A (TFAM). Replication, repair, and tran-
scription of mtDNA take place within the nucleoid
structure (Hillberg and Larsson 2014; Pearce et al. 2017).
Transcription of the light and heavy strands of mtDNA
by the mitochondrial RNA polymerase results in the
formation of two polycistronic transcripts. In human
mitochondria, maturation of the primary transcripts oc-
curs in RNA granules. Here, the RNA transcripts are pro-
cessed by RNase P at the 5’ end and by ELAC protein 2 at
the 3’ end to form monocistronic and bicistronic tran-
scripts that are further modified by polyadenylation and



nucleotide modification (Hillberg and Larsson 2014,
Pearce et al. 2017).

Distinct mechanisms control transcription of the mi-
tochondrial genes. Several specific transcriptional factors
localize to mitochondria to regulate expression of the mi-
tochondrial genome (Quir6s et al. 2016; Pearce et al. 2017).
Recently, subunits of the nonspecific lethal (NSL) com-
plex, including the acetyl transferase MOF (males absent
on the first), were found in mitochondria of human cell
lines (Chatterjee et al. 2016). The NSL complex binds to
the promoter region of thousands of genes to regulate their
expression in the nucleus (Raja et al. 2010). Human knock-
down cell lines of central NSL components such as MOF
contained reduced levels of mitochondrial transcripts
and displayed a decreased translation rate of mitochondri-
al genes in vitro. Expression of a mitochondrion targeted
MOF variant restores mitochondrial transcript levels and
respiratory activity in the MOF knockdown cell lines
(Chatterjee et al. 2016). The dual localization of the NSL
complex points to a novel mechanism to fine-tune nuclear
and mitochondrial gene expression. Finally, the stability of
mRNA molecules can be modulated. Transcripts that are
not used for translation are rapidly degraded. Several fac-
tors increase the stability of mRNA to promote protein
synthesis. For instance, the Leu-rich pentatricopeptide
motif-containing protein LRPPRC together with its part-
ner protein, stem-loop-interacting RNA-binding protein
(SLIRP), binds to mRNA molecules to prevent their degra-
dation and stimulate their polyadenylation. In the absence
of LRPPRC, orphan mRNAs are destabilized, leading to a
reduction in gene expression and the neurodegenerative
disease French Canadian type of Leigh syndrome (Sasar-
man et al. 2010; Chujo et al. 2012; Siira et al. 2017).

Mitochondrial protein biosynthesis

Mitochondria derived ribosomes from their bacterial pro-
genitor. Recent structural analysis revealed several specif-
ic features of these mitoribosomes that are distinct from
their bacterial counterparts (Amunts et al. 2015; Greber
et al. 2015; Desai et al. 2017). Human mitoribosomes are

cytosolic
‘ ribosome
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composed of a 39S large subunit and a 28S small subunit
and contain an unusually low ratio of ribonucleotides to
proteins (30:70). They are composed of ~80 proteins and
two ribosomal RNA (rRNA) molecules. Remarkably,
about half of the mitoribosomal proteins are not present
in bacterial ribosomes (Ott et al. 2016; Dennerlein et al.
2017). Proteomic and superresolution microscopy studies
revealed that yeast mitoribosomes and proteins involved
in post-transcriptional maturation of RNA molecules as-
sociate in large molecular structures, termed MIOREX
(mitochondrial organization of gene expression) (Kehrein
et al. 2015). Mitoribosomes are specialized for the synthe-
sis of the membrane-bound respiratory chain subunits and
therefore predominantly associate with the inner mem-
brane. Specific receptor proteins mediate their attach-
ment to the membrane. In yeast, Mbal, Oxal (oxidase
assembly), and Mdma38 contribute to docking of mitoribo-
somes to the inner membrane (Jia et al. 2003; Szyrach et al.
2003; Frazier et al. 2006; Ott et al. 2006; Bauerschmitt
et al. 2010; Pfeffer et al. 2015), while MRPL45 forms the
inner membrane tether of human mitoribosomes (Greber
et al. 2014). The membrane anchor brings the polypeptide
exit tunnel of the mitoribosome in close proximity to the
protein insertase Oxal that cotranslationally integrates
mitochondrially encoded proteins into the inner mem-
brane (Fig. 1; Hell et al. 2001).

Yeast translational activators regulate mitochondrial
translation

In yeast, specific translational activators have been identi-
fied for all mitochondrial mRNA molecules (Table 1). The
molecular mechanisms underlying how the translational
activators stimulate protein synthesis are not well un-
derstood. Different functions have been assigned to the in-
dividual translational activators. Yeast mitochondrial
transcripts contain a 5’ untranslated region (UTR) that is
a target for translational regulation by translational
activators. It has been shown that several translational
activators act on the 5 UTR of the transcript to pro-
mote translation of mitochondrial mRNAs, while other

Figure 1. Biogenesis of mitochondrial respiratory chain
subunits. The majority of nuclear-encoded subunits of
the respiratory chain is synthesized by cytosolic ribo-
somes as precursors and imported into mitochondria
via the translocase of the mitochondrial outer mem-

e brane (TOM complex) and the presequence translocase

om (TIM23 complex). Transport into the mitochondrial ma-
trix additionally requires the ATP-dependent activity of
- the presequence translocase-associated motor (PAM).

The membrane potential (Ay) across the inner mem-
brane drives protein translocation via the presequence
pathway. The OXA1 complex inserts mitochondrially
Matrix encoded subunits into the inner membrane in a cotrans-
lational manner. Finally, mitochondrially encoded and
nuclear-encoded subunits assemble into functional re-
spiratory chain complexes. (IM) Inner membrane; (IMS)
intermembrane space; (OM) outer membrane.

M
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translational activators stabilize transcripts or interact
with ribosomes (Herrmann et al. 2013; Ott et al. 2016;
Dennerlein et al. 2017; Tim6n-Gémez et al. 2018). Strik-
ingly, superresolution microscopy and cryo-immunogold
electron microscopy revealed that the translational acti-
vators of the cytochrome bc; complex, the cytochrome ¢
oxidase, and the ATP synthase colocalize with early as-
sembly intermediates at the mitochondrial inner mem-
brane (Stoldt et al. 2018). This observation indicates that
the production of mitochondrial proteins is spatially
linked to their assembly into mature protein machineries.
Indeed, some translational activators are involved in the
coordination of mitochondrial translation with the as-
sembly of respiratory chain complexes as outlined below.

The cytochrome be, complex

The cytochrome bc; complex consists of 10 subunits in
yeast and 11 subunits in human mitochondria. Crystal
structures of the mammalian and yeast complex III have
been reported (Xia et al. 1997; Iwata et al. 1998; Lange
and Hunte 2002). The only mitochondrially encoded sub-
unit, cytochrome b, is embedded via eight transmem-
brane spans into the inner membrane and contains two
heme b molecules that form reactive centers of the cyto-
chrome bc; complex. The biogenesis of cytochrome b is
critical for the formation of mature complex III. The trans-
lational activators Cbsl, Cbs2, Cbpl, and the Cpb3/Cbp6
complex control the translation of COB mRNA encoding
cytochrome b in yeast mitochondria (Table 1; Ott et al.
2016; Dennerlein et al. 2017). Interestingly, the Cbp3/
Cbp6 complex is present in two pools. One population
of Cbp3/Cbp6 interacts with mitoribosomes in close
proximity to the polypeptide exit tunnel to stimulate syn-
thesis of cytochrome b by an unknown mechanism
(Gruschke et al. 2011; Garcia-Guerrero et al. 2018). A sec-
ond pool of Cbp3/Cbp6 remains associated with cyto-
chrome b after its synthesis is completed to keep the
protein in a conformation that allows insertion of the first
heme b molecule and binding of the assembly factor Cbp4
(Fig. 2; Gruschke et al. 2012; Hildenbeutel et al. 2014). The
integration of the second heme b molecule into cyto-
chrome b and the association of the first two nuclear-en-
coded complex III subunits (Qcr7 and Qcr8) contribute
to the dissociation of Cbp3/Cbp6 from the assembly inter-
mediate (Gruschke et al. 2012; Hildenbeutel et al. 2014).
Subsequently, further subunits assemble in a stepwise

further
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subunits
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manner to form the mature cytochrome bc; complex
(Fox 2012; Smith et al. 2012). The released Cbp3/Cbp6
complex in turn can stimulate a new round of translation
of COB mRNA (Fig. 2; Gruschke et al. 2012). Upon failure
of hemylation of cytochrome b or impaired assembly with
nuclear-encoded partner proteins, Cbp3/Cbp6 remains as-
sociated with the intermediate and is not available to
stimulate a further round of COB mRNA translation (Hil-
denbeutel et al. 2014). The Cbp3/Cbp6-mediated regulato-
ry feedback loop is an elegant process to adapt cytochrome
b biosynthesis to the availability of heme and nuclear-en-
coded subunits of the cytochrome bc; complex.

Cytochrome c oxidase

Three mitochondrially encoded subunits (Cox1, Cox2, and
Cox3) form the reactive core of complex IV and associate
with nuclear-encoded proteins to form a functional cyto-
chrome c oxidase (Tsukihara et al. 1996). In yeast, specific
translational activators control the synthesis of Coxl
(Mss51, Pet309, and Mama33), Cox2 (Petll1), and Cox3
(Pet54, Pet122, and Pet494) (Table 1; Herrmann et al.
2013; Ott et al. 2016; Dennerlein et al. 2017). The associa-
tion of Cox1, Cox2, and Cox3 with nuclear-encoded sub-
units during formation of the cytochrome ¢ oxidase is a
complicated process and involves >30 assembly factors
(Fox 2012; Dennerlein et al. 2017; Timo6n-Gémez et al.
2018). The biogenesis of Coxl1 is a key starting point for
the de novo formation of complex IV. The protein is em-
bedded into the inner membrane via 12 transmembrane
segments and contains two heme a molecules and one cop-
per as prosthetic groups. Mss51 is a central regulator of
Cox1 biogenesis. One pool of Mss51 binds to the 5 UTR
of the COX1 mRNA to stimulate its translation, while a
second Mss51 fraction associates with newly synthesized
Cox1 that is already integrated into the inner membrane
(Fig. 3; Decoster et al. 1990; Pérez-Martinez et al. 2003;
Barrientos et al. 2004; Mick et al. 2010). Binding of
Mss51 and the assembly factors Coa3 and Cox14 protects
the nascent Coxl from degradation. Upon inhibition of
downstream assembly steps of complex IV, this intermedi-
ate form accumulates and sequesters Mss51 to down-regu-
late further translation of COX1 mRNA (Barrientos et al.
2004; Pérez-Martinez et al. 2009; Mick et al. 2010; Fonta-
nesi et al. 2011). How Mss51 is released from the Coxl1-
containing intermediate is not entirely understood. Ac-
cording to current models, the Shyl-mediated insertion

Figure 2. Feedbackloopregulationofcytochrome bsyn-
thesis. The translational activators Cbp1, Cbs1, Cbs2, and
Cbp3/Cbp6 promote the translation of COB mRNA to
produce cytochrome b (Cyt b) in yeast mitochondria.
The Cbp3/Cbp6 complex remains bound to membrane-
inserted cytochrome b and facilitates insertion of heme
b and association of the assembly factor Cbp4. Binding
of the nuclear-encoded subunits Qcr8 and Qcr7 as well
as the insertion of the second heme b molecule into cyto-
chrome b promote dissociation of the Cbp3/Cbp6 com-
plex. The released Cbp3/Cbp6 complex can stimulate
further rounds of translation of COB mRNA. (b) Heme b.
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of heme a and the assembly of nuclear-encoded complex IV
subunits Cox5a and Cox6 contribute to dissociation of
Mss51 (Pérez-Martinez et al. 2009; Khalimonchuk et al.
2010; Mick et al. 2010; Fontanesi et al. 2011). The dynamic
distribution of Mss51 couples mitochondrial translation
of COX1 mRNA to the assembly status of the cytochrome
¢ oxidase (Fig. 3). Strikingly, the function of Mss51 as a
translational activator of Cox1 depends on its bound
heme b cofactor (Soto et al. 2012). Thus, Mss51 could sense
the mitochondrial heme content to fine-tune translation
of COX1 mRNA (Soto et al. 2012). Altogether, synthesis
of Coxl1 is tightly controlled by the availability of heme
and its assembly with partner proteins.

ATP synthase

The ATP synthase consists of a matrix-located soluble F;
domain and membrane-integrated F, domain. The F,
domain contains the catalytic centers and is linked via a
central and peripheral stalk to the F, rotor domain (Rubin-
stein et al. 2003; Lau et al. 2008; Hahn et al. 2016; Guo
et al. 2017). The overall composition of the ATP synthase
in human and yeast mitochondria is largely similar (He
et al. 2018; Song et al. 2018). In yeast, the mitochondrial
genome encodes ATP synthase subunits Atp6, Atp8, and
Atp9. Ten Atp9 subunits form the F, rotor domain. The
association of the F, rotor domain with Atp6 leads to
the formation of the proton-conducting channel (Stock
et al. 1999) and represents a critical step in the assembly
of the ATP synthase (Rak et al. 2011; Naumenko et al.
2017). According to current models, formation of the
proton-conducting channel of ATP synthase occurs in in-
termediate forms that contain the F; domain and periph-
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subunits

ATP6/ATP8
mRNA

Mitochondrial biogenesis

Figure 3. Feedback loop regulation of Cox1 synthesis.
The translational activators Pet309, Mam33, and
Mss51 promote translation of COX1 mRNA inyeast mi-
tochondria. Mss51 as well as the assembly factors
Cox14 and Coa3 bind to membrane-inserted Cox1 in
an early assembly intermediate of complex IV. Both pop-
ulations of Mss51 bind to mtHsp70. The biogenesis fac-
tors Coal and Shyl are added to the intermediate
complex followed by association of the first nuclear-en-
coded subunits. At this stage, Mss51/mtHsp70 is re-
leased and can stimulate a new round of Coxl
translation. (b) Heme b.

eral stalk to prevent unimpeded proton leakage across
the inner membrane. Consequently, the assembly process
of the ATP synthase has to be strictly coordinated with
the synthesis of mitochondrially encoded subunits (Rak
et al. 2009; Fox 2012; Riihle and Leister 2015; Dennerlein
et al. 2017). So far, little is known about the underlying
molecular pathway. Interestingly, unassembled F; do-
mains stimulate the production of Atp6 and Atp8 by an
unknown mechanism (Rak and Tzagoloff 2009). The pro-
tein Smtl binds to the bicistronic ATP6/ATP8 mRNA to
repress its translation (Rak et al. 2016). It was speculated
that the unassembled F; domain could remove Smtl
from the mRNA, enabling the association of Atp22 that
in turn stimulates synthesis of Atp6 and Atp8 (Fig. 4; Hel-
fenbein et al. 2003; Rak et al. 2016). Future experimental
work has to provide insights into the molecular mecha-
nism by which Smtl regulates translation of the ATP6/
ATP8 mRNA. The INA complex promotes the final for-
mation of the proton-conducting channel by assembling
the F, rotor domain with an Atp6/Atp8-containing mod-
ule of the ATP synthase (Naumenko et al. 2017). Interest-
ingly, in the absence of the INA complex, the in organello
synthesis of Atp9 is reduced (Naumenko et al. 2017).
Whether a molecular switch exists that controls the trans-
lation of ATP9 mRNA in response to the assembly stage of
the ATP synthase remains to be investigated.

Regulation of protein production in human mitochondria

Mitochondrial translational plasticity

The control of mitochondrial protein synthesis in human
cells is poorly understood. The transcripts in human

Figure 4. Model of feedback loop regulation of Atp6/
Atp8 synthesis. Yeast Smtl represses the translation of
the bicistronic ATP6/ATP8 mRNA. The unassembled
F, part of complex V may stimulate the release of
Smtl from ATP6/ATP8 mRNA by an unknown mecha-
nism. Subsequently, Atp22 can bind to the mRNA to
promote the translation of Atp6/Atp8 subunits.
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mitochondria either lack or contain only a short 5 UTR
(Hillberg and Larsson 2014). The only known mitochon-
drial translational activator, TACOI, stimulates the syn-
thesis of COX1 by an unknown mechanism. In contrast
to yeast Mss51, TACO1 does not interact with COXI1,
which is present in assembly intermediates (Weraarpa-
chai et al. 2009). Consequently, different modes exist to
adjust protein production to the assembly of complex IV
in human mitochondria. Recently, a novel mode of trans-
lational regulation of human COX1 mRNA was reported
(Richter-Dennerlein et al. 2016). The assembly factor
C120RF62 (human COX14) binds to COX1, while it is
produced on mitoribosomes. The binding of COX14 stalls
the translation of COX1 mRNA (Richter-Dennerlein et al.
2016). Subsequently, mitochondrial translation regula-
tion assembly intermediate of the cytochrome c oxidase
12 (MITRACI12; human COA3) associates with COX14
to stabilize the nascent chain of COXI1 within the
MITRAC complex (Fig. 5; Richter-Dennerlein et al.
2016; Bourens and Barrientos 2017). The translation of
COX1 mRNA is paused within this complex until the
first nuclear-encoded subunit, COX4-1 (homolog of yeast
Cox6), is added to the assembly line (Richter-Dennerlein
et al. 2016). The ability of mitoribosomes to adjust protein
production to the assembly process of complex IV is
termed translational plasticity (Richter-Dennerlein et al.
2016).

MicroRNA molecules coordinate mitochondrial
translation

MicroRNAs such as miR-1 can regulate protein synthesis
in human mitochondria (Zhang et al. 2014). In the cyto-
plasm, the microRNA miR-1 and the catalytic Argonaute
protein AGO2 are part of the RNA-induced silencing
complex (RISC) that binds target mRNAs to regulate their
stability and translation. The partner protein GW182 re-
cruits factors to the RISC that modify the bound mRNA
to facilitate its degradation (Carthew and Sontheimer
2009; Czech and Hannon 2011). AGO2 and miR-1, but
not GW182, have also been found in mitochondria.
Here, the AGO2/miR-1 complex performs a different
function. It binds to mitochondrial transcripts of several

COX4-1
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respiratory chain subunits to promote their translation.
This microRNA-stimulated protein synthesis plays an
important role in adjusting respiratory activity to the in-
creased energy demand during muscle differentiation
(Zhang et al. 2014). Interestingly, several additional
microRNAs have been detected in mitochondria (Das
et al. 2012; Sripada et al. 2012). Further studies are needed
to investigate whether microRNAs play a more common
role in regulating mitochondrial gene expression.

Import of nuclear-encoded proteins into mitochondria

Nuclear-encoded proteins destined for import into mito-
chondria are produced as precursors on cytosolic ribo-
somes. Molecular chaperones keep these preproteins in
an unfolded import-competent state and guide them to re-
ceptors of the translocase of the outer mitochondrial
membrane (TOM complex) (Young et al. 2003; Hoseini
et al. 2016; Jores et al. 2018). The protein-conducting
channel of the TOM complex mediates transport of the
majority of precursor proteins across the outer membrane.
Upon passage of the TOM channel, specific protein
translocases sort the precursor proteins into the different
mitochondrial subcompartments: the outer and inner
membrane, the intermembrane space, and the matrix
(Endo et al. 2011; Hewitt et al. 2011; Schleiff and Becker
2011; Neupert 2015; Wiedemann and Pfanner 2017).
One exception is the integration of proteins with a-helical
membrane anchors in the outer membrane that appear to
occur independently of the TOM channel (Dukonovic and
Rapaport 2011; Ellenrieder et al. 2015). In yeast, ~70% of
mitochondrial proteins, including many respiratory chain
subunits, are produced with a cleavable presequence and
imported via the presequence translocase (TIM23 com-
plex) into the inner membrane or matrix (Vogtle et al.
2009). The membrane potential across the inner mito-
chondrial membrane drives protein transport via the pre-
sequence pathway. Transport of preproteins into the
mitochondrial matrix additionally requires ATP-depen-
dent action of the presequence translocase-associated mo-
tor (PAM). The core subunit of the PAM machinery is the
mitochondrial Hsp70 (mtHsp70) that powers protein

Figure 5. Coupling of protein import to the assembly of
human complex IV. C120RF62 (human COX14) and
MITRACI12 (human COA3) bind to the nascent chain
of COX1, forming the early MITRAC assembly inter-
mediate in human mitochondria. The translation of

IMS COX1 mRNA on mitoribosomes is paused within this
complex. The assembly of the first nuclear-encoded
IM subunit, COX4-1, leads to completion of COX1 transla-

tion. The presequence translocase subunit TIM21 deliv-

Matrix ers the COX4-1 precursor from the TIM23 complex to
the MITRAC assembly intermediate. Additional assem-
bly factors such as MITRAC15 (human COAl), CMC]1,
and SURFI (homolog to yeast Shyl) are added to form
the late MITRAC assembly intermediate.



transport into the matrix by ATP hydrolysis (Endo et al.
2011; Hewitt et al. 2011; Schleiff and Becker 2011; Neu-
pert 2015; Wiedemann and Pfanner 2017).

Coupling of protein import to respiratory chain biogenesis

The import of nuclear-encoded proteins is closely linked
to the activity and assembly of respiratory chain complex-
es. In yeast, the supercomplex of the cytochrome bc; com-
plex and cytochrome ¢ oxidase interacts with the TIM23
complex and the Pam16/Pam18 module (van der Laan
et al. 2006; Wiedemann et al. 2007). According to the cur-
rent model, the presequence translocase-associated respi-
ratory chain complexes locally establish a high membrane
potential to promote import of precursor proteins via the
TIM23 complex (van der Laan et al. 2006). Interestingly,
the import of some precursor proteins such as Atp2 of
the ATP synthase appears to be hypersensitive toward per-
turbations of the membrane potential (Schendzielorz et al.
2017). Whether the coupling between the TIM23 complex
and the respiratory chain in particular stimulates the im-
port of these substrates remains to be shown.

Components of the PAM machinery promote assembly
of respiratory chain subunits in yeast mitochondria as
well. The mitochondrial chaperone mtHsp70 is involved
in the formation of respiratory chain complexes via two
independent mechanisms. First, mtHsp70 robustly inter-
acts with Mss51 and thereby contributes to the regulation
of COX1 mRNA translation (Fig. 2; Fontanesi et al. 2010).
Second, the complex IV subunit Cox4 was identified as a
major interaction partner of mtHsp70 in affinity purifica-
tions (Bottinger et al. 2013). The addition of Cox4 to as-
sembly intermediates is a critical step in the formation
of the mature cytochrome ¢ oxidase (Frazier et al. 2006;
Bottinger et al. 2013). Interestingly, Cox4 accumulates
at mtHsp70 when the formation of the cytochrome ¢ oxi-
dase is blocked. Thus, mtHsp70-bound Cox4 represents a
reservoir of free Cox4 that can be delivered into the assem-
bly line when needed (Bottinger et al. 2013). Similarly, as-
sembly intermediates of Cox1 and cytochrome b can be
detected under physiological conditions (Mick et al.
2010; Hildenbeutel et al. 2014). The association of differ-
ent assembly factors and chaperones keeps the core sub-
units in an assembly-competent state. Therefore, the
presence of such key intermediates could ensure rapid for-
mation of mitochondrial respiratory chain complexes.
Such a mechanism could enable yeast cells to rapidly
adapt to respiratory growth conditions.

In human mitochondria, TIM21 plays a direct role in
the formation of respiratory chain complexes via its inter-
action with two protein machineries. On one hand,
TIM21 is a subunit of the TIM23 translocase; on the other
hand, it associates with MITRAC that forms a platform
for the assembly of the cytochrome ¢ oxidase (Mick
et al. 2012). TIM21 shuttles nuclear-encoded subunits
from the TIM23 complex to MITRAC to promote forma-
tion of complex IV (Fig. 5). Supporting this model, the as-
sembly of COX4-1 was strongly affected in mitochondria
from TIM21 knockdown cells (Mick et al. 2012). The addi-

Mitochondrial biogenesis

tion of COX4-1 to the MITRAC intermediate is critical to
complete the translation of COX1 mRNA as described
above (Richter-Dennerlein et al. 2016). Therefore, the
TIM21-mediated delivery of COX4-1 represents a crucial
step in the formation of cytochrome ¢ oxidase and estab-
lishes an intriguing connection between the protein im-
port machinery and mitochondrial protein biosynthesis.
Altogether, in both human and yeast mitochondria, com-
ponents of the TIM23 complex are closely linked to the as-
sembly pathway of the respiratory chain.

Regulation of mitochondrial protein import

Many signaling pathways mediate the communication be-
tween mitochondria and the nucleus under different phys-
iological and stress conditions (Ryan and Hoogenraad
2007; Quirds et al. 2016). Protein translocases represent a
major target for the control of mitochondrial function.
More than 30 phosphorylation sites have been identified
in the TOM complex of yeast mitochondria (Schmidt
etal. 2011). Phosphorylation by proteinase A (PKA) modu-
lates protein import in response to metabolic changes.
Shifting yeast cells from respiratory to fermentable
growth leads to activation of PKA. It has been reported
that PKA phosphorylates precursors of TOM components
and thereby impairs the formation of the TOM complex
(Rao et al. 2012; Gerbeth et al. 2013). Furthermore, PKA
phosphorylates the import receptor Tom70, which affects
import of hydrophobic precursor proteins such as metabo-
lite carriers (Schmidt et al. 2011; Gerbeth et al. 2013). Cy-
clin-dependent kinase Cdc28 phosphorylates the small
TOM subunit Tom6 during the G2-M transition in the
cell cycle, which in turn modulates the assembly of the
TOM complex (Harbauer et al. 2014). Altogether, phos-
phorylation of TOM proteins regulates function and as-
sembly of the TOM complex to adapt protein import to
specific requirements during metabolic changes or the
cell cycle (Schmidt et al. 2011; Gerbeth et al. 2013; Harba-
uer et al. 2014). Moreover, the efficiency of TIM23-mediat-
ed protein import can be modulated upon cellular stress
signaling. In human cells, arsenite-induced stress causes
a reduction of TIM17A levels. Since TIM17A is an essen-
tial component of the TIM23 complex, decreased content
of this subunit impairs protein transport into mitochon-
dria (Rainbolt et al. 2013). These observations established
protein translocases as central targets for regulation of pro-
tein import into mitochondria in response to cellular
signaling.

Role of protein import in mitochondrial stress responses

Different pathways have been described to address how
impaired protein import modulates cytosolic protein ho-
meostasis by retrograde signaling. Yeast mutants that
are defective in protein import display an increased pro-
teasomal activity to degrade nonimported precursor pro-
teins, which is termed unfolded protein response (UPR)
activated by mistargeting of proteins (UPRam) (Wrobel
et al. 2015). In addition, cytosolic protein biosynthesis is
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modulated upon mitochondrial precursor overaccumula-
tion stress (mPOS). The CAP-dependent translation on cy-
tosolic ribosomes is decreased (Wang and Chen 2015;
Wrobel et al. 2015), while the Gis2-promoted CAP-inde-
pendent translation of specific mRNAs is stimulated to
maintain cell survival (Wang and Chen 2015). Reactive
oxygen could play an important role in this response path-
way. Defects in protein import lead to increased levels of
reactive oxygen species, which in turn affect protein syn-
thesis by modification of cytosolic ribosomes (Topf et al.
2018). Finally, a control mechanism at the mitochondrial
surface has been reported. Overexpression of mitochon-
drial precursor proteins leads to a partial block of protein
import and activation of the mitochondrial compromised
protein import response (mitoCPR). In the mitoCPR path-
way, the transcription factor Pdr3 induces expression of
CIS1 (Weidberg and Amon 2018). The cytosolic protein
Cisl binds to the Tom70 receptor and Mspl. The AAA
ATPase Mspl removes accumulated precursor proteins
from the mitochondrial outer membrane for proteasomal
degradation (Weidberg and Amon 2018). Mspl also ex-
tracts mistargeted ER and peroxisomal tail-anchored pro-
teins from the mitochondrial outer membrane (Chen et al.
2014; Okreglak and Walter 2014; Weir et al. 2017). Thus,
Mspl plays a central role to prevent an overload of mito-
chondria with mislocalized proteins. Altogether, distinct
protective mechanisms take place in the cytosol and on
the mitochondrial surface to alleviate damage due to mi-
tochondrial protein import. The challenge of future re-
search will be the identification of molecular players
and mechanisms of the different protective stress re-
sponse pathways.

In the nematode Caenorhabditis elegans, an elegant
mechanism has been identified demonstrating how mito-
chondrial damage induces the mitochondrial UPR
(UPR™) (Nargund et al. 2012; Higuchi-Sanabria et al.
2018; Samluk et al. 2018; Shpilka and Haynes 2018).
The cellular localization of the transcription factor
ATFS-1 is pivotal for the induction of the UPR™". ATFS-
1 contains a mitochondrial and a nuclear targeting signal.
In intact mitochondria, the protein is imported into the
matrix and degraded by the protease LON. Upon mito-
chondrial damage, the import of ATFS-1 is impaired,
and the transcription factor relocalizes to the nucleus
(Nargund et al. 2012). In the nucleus, ATFS-1 and the tran-
scriptional regulators DVE-1 and UBL-5 induce the ex-
pression of genes encoding mitochondrial chaperones
and proteases to protect mitochondria against oxidative
damage (Fig. 6; Benedetti et al. 2006; Haynes et al. 2007;
Tian et al. 2016). In addition, ATFS-1 down-regulates the
expression of oxidative phosphorylation (OXPHOS) genes
in the nucleus and in mitochondria to facilitate recovery
of the cell organelle (Fig. 6; Nargund et al. 2015). In mam-
mals, the three transcription factors ATFS-4, ATFS-5, and
CHOP are involved in the induction of the UPR™" by an
unknown mechanism (Higuchi-Sanabria et al. 2018; Sam-
luk et al. 2018; Shpilka and Haynes 2018). Expression of
human ATFS-5 can compensate for the loss of ATFS-1
in worms, indicating that basic mechanisms to induce
the UPR™* are conserved between worms and humans
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Figure 6. Defects in mitochondrial protein import induce the
UPR™". In C. elegans, the transcription factor ATFS-1 contains
a mitochondrial (MTS) and a nuclear (NLS) targeting signal.
The TOM and TIM23 complexes transport ATFS-1 into the ma-
trix of intact mitochondria, where it is degraded by the LON pro-
tease. In damaged mitochondria, the membrane potential (Ay) is
diminished, and the import of ATFS-1 into mitochondria is im-
paired. Instead, a fraction of ATFS-1 relocalizes to the nucleus.
Together with the transcription factors DVE-1 and UBL-5, it in-
duces the transcription of genes involved in the UPR™", In addi-
tion, uncharacterized fractions of ATFS-1 silence the expression
of nuclear and mitochondrial OXPHOS genes.

(Fiorese et al. 2016). All of these different examples illus-
trate that protein import exerts a dual role as a target of
regulation and as a sensor for mitochondrial damage to in-
duce cellular stress responses by retrograde signaling.

Conclusion

Balancing mitochondrial and cytoplasmic protein produc-
tion is crucial for building up respiratory chain complexes
and is therefore of central importance for cellular metab-
olism. Mitochondrial protein biogenesis and import of nu-
clear-encoded proteins are central targets of regulation. A
few mechanisms such as translational plasticity and regu-
latory feedback loops via translational activators have
been discovered that fine-tune mitochondrial protein bio-
genesis to the assembly process of respiratory chain com-
plexes. The presence of additional translation factors in
yeast mitochondria leads to the question of whether sim-
ilar negative feedback loops such as those for Cox1 and cy-
tochrome b exist for all mitochondrially encoded proteins.
Regulation is likely even more complex, since cross-talk
between the different assembly lines appears to occur
(Mick et al. 2012; Mayorga et al. 2016). This observation
indicates that a dynamic network of biogenesis factors
may balance the formation of different respiratory chain



complexes. In addition, import of nuclear-encoded pro-
teins is closely linked to the assembly lines of respiratory
chain complexes. Supporting this view, the initial assem-
bly steps of complex Il and complex IV occur primarily in
the inner boundary membrane, where TIM23 complexes
are also enriched (Vogel et al. 2006; Stoldt et al. 2018).
We propose that coupling of protein import and mitochon-
drial protein biogenesis is a key mechanism to coordinate
the assembly of respiratory chain complexes. We further
suggest that import of nuclear-encoded proteins plays a
dual role in controlling mitochondrial protein homeosta-
sis. On one hand, protein translocases are a central target
for regulation via phosphorylation; on the other hand, im-
port pathways are critical to induce stress response path-
ways upon mitochondrial damage. In conclusion, recent
studies indicate that a number of different pathways coor-
dinate the protein biosynthesis in mitochondria and the
cytosol.
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