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Mitochondria are the powerhouses of the cell as they produce the majority of
ATP with their oxidative phosphorylation (OXPHOS) machinery. The
OXPHOS system is composed of the F;F, ATP synthase and four mitochon-
drial respiratory chain complexes, the terminal enzyme of which is the cyto-
chrome ¢ oxidase (complex IV) that transfers electrons to oxygen, generating
water. Complex IV comprises of 14 structural subunits of dual genetic origin:
while the three core subunits are mitochondrial encoded, the remaining con-
stituents are encoded by the nuclear genome. Hence, the assembly of complex
IV requires the coordination of two spatially separated gene expression
machinery. Recent efforts elucidated an increasing number of proteins
involved in mitochondrial gene expression, which are linked to complex IV
assembly. Additionally, several COX1 biogenesis factors have been intensively
biochemically investigated and an increasing number of structural snapshots
shed light on the organization of macromolecular complexes such as the
mitoribosome or the cytochrome ¢ oxidase. Here, we focus on COXI1 transla-
tion regulation and highlight the advanced understanding of early steps during
COX1 assembly and its link to mitochondrial translation regulation.
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Mitochondria produce the majority of chemical energy in
human cells by oxidative phosphorylation (OXPHOS).
The OXPHOS system localizes to the cristae of the inner
mitochondrial membrane (IMM). The F;F, ATP
synthase and the electron transport chain (ETC) form the
OXPHOS machinery. The latter one consists of the
NADH: ubiquinone oxidoreductase (complex I), the suc-
cinate dehydrogenase (complex II), the ubiquinone cyto-
chrome ¢ oxidoreductase (cytochrome bcl complex or

Abbreviations

complex I1I), and the cytochrome ¢ oxidase (complex IV).
Cytochrome ¢, which is reduced by the cytochrome bcl
complex is oxidized by the cytochrome ¢ oxidase, complex
IV, which finally converts molecular oxygen (O,) to water
(H,0). With the transfer of electrons along the ETC, pro-
tons are pumped into the intermembrane space (IMS) by
complexes I, III, and IV generating an electrochemical
gradient, which is utilized by the F;F, ATP synthase to
generate ATP.

(mt)LSU, (mitochondrial) large ribosomal subunit; (mt)SSU, (mitochondrial) small ribosomal subunit; COX, cytochrome c¢ oxidase; IMM, inner
mitochondrial membrane; IMS, intermembrane space; MITRAC, mitochondrial translation regulation assembly intermediate of cytochrome ¢
oxidase; PTH domain, peptidyl-tRNA hydrolase domain; OXPHOS, oxidative phosphorylation.
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Synthesis and assembly of COX1

At least 30 proteins are required to form the func-
tional human complex IV. Among those are 14 struc-
tural subunits and a growing number of assembly
factors, many are associated with human diseases [1].
Initially, 13 structural subunits of complex IV had been
identified as components of the mature enzyme. How-
ever, NDUFAA4, previously assigned as a constituent of
complex I, is now allocated a complex IV subunit [2].
While 11 cytochrome ¢ oxidase subunits are encoded in
the nucleus, synthesized by cytosolic ribosomes, and
imported into mitochondria, the three core proteins
(COX1, COX2, and COX3) are encoded by the mito-
chondrial DNA and synthesized in mitochondria.

To assemble the 14 structural subunits into a func-
tional complex IV enzyme with a size of ~ 440 kDa, sev-
eral different assembly factors are required [1,3-5]. The
fully assembled complex IV contains two heme mole-
cules (heme a and a3;) and one mononuclear copper
(CuB) center in the COX1 subunit and a binuclear cop-
per (CuA) in COX2 that require the assistance of dedi-
cated biogenesis factors, which facilitate coordinated
cofactor embedding during the assembly process.

The proper insertion of these electron-transferring
metal centers is crucial to prevent uncontrolled elec-
tron flux and to protect the cell from the generation of
radicals, such as reactive oxygen species. However, as
mentioned above, these metal ions are located within
the central complex IV subunits COX1 and COX2,
and hence, need to be inserted already during transla-
tion, but certainly prior to the final steps of enzyme
maturation.

Recently, several publications shed light on the syn-
thesis of mitochondrial-encoded proteins covering bio-
logical and biochemical aspects of the process, as well
as structural details of ribosome function [6-10]. Here,
we will focus on the synthesis of the central complex
IV subunit COXI, as it represents the stepping stone
of complex IV assembly, and emphasizes its transla-
tion initiation, termination, and regulation. We will
discuss the factors required for COX1 expression and,
furthermore, we will highlight our current knowledge
of the early assembly steps of COXI.

The translation process of COX1

Initiation of COX1 translation

The human mitochondrial translation machinery dif-
fers substantially from its cytosolic and bacterial
counterparts. While the cytosolic ribosome represents
an 80S complex, composed of a 60S large subunit
(LSU) and a 40S small subunit (SSU), the human
mitochondrial ribosome is a 55S particle, comprising
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a 39S mtLSU and a 28S mtSSU. As the mitochon-
drial translation apparatus is related to the bacterial
one, a different subset of translation factors is present
within mitochondria compared to the cytosol [11,12].
While at least 25 factors have been identified in the
cytosol, 12 factors, which show not only similarities
but also differences to bacterial translation factors,
seem to suffice for mitochondrial translation. These
are the initiation factors mtIF2 and mtIF3, the elon-
gation factors mtEFTu, mtEFTs, and mtEFGI, and
the mitochondrial release factors mtRF1 and mtRFla
[6,8-10,12—14]. Finally, the mitochondrial ribosome is
getting dissociated into its subunits by mtRRF and
mtEFG2 to be available for the next translation cycle
[6,15,16]. Additionally, some key factors have been
identified to be crucial to rescue stalled ribosome
complexes, namely the two release factors ICTI1
(mL62) [6,17] and CI120RF65 (mtRF-R) [18], and
potentially, the alternative ribosome recycling factor
GTPBP6 [12,19,20].

Although mitochondria have a bacterial ancestor,
the mRNA architecture, the genetic code, and the
mechanism of translation initiation differ substantially.
Bacterial mRNAs carry the Shine Dalgarno sequence
upstream of the start codon, which allows the correct
positioning of the mRNA within the SSU due to base
pairing with the anti-Shine-Dalgarno sequence of the
16S rRNA. In contrast, human mitochondrial mRNAs
lack significant 5 UTRs, and also the anti-Shine-Dal-
garno sequence is missing in the 12S mt-rRNA. The
transcripts encoding ND2, ND3, ND4L, ND5, ND6,
CYTB, COX2, and COX3 do not contain any nucleo-
tides upstream of the 5-start codon, ATP8 contains
one, NDI two, and COXI1 three nucleotides [21]. Nev-
ertheless, there are two exceptions to this common
trend: the two bicistronic mt-mRNA units, mtRNA7
(ND4L-ND4) and mtRNA14 (ATP8-ATP6). The 5
region of ND4 represents the open reading frame of
ND4L, while ATP8 contains the start codon of ATP6.
In principle, the ND4 (296 nt) and the ATP6 (161 nt)
transcript contain long 5 UTR regions.

Initially, it has been assumed that mitochondrial
translation initiation starts with mt-mRNA binding to
the mtSSU. However, also for the prokaryotic system,
the direct interaction of leaderless mRNAs with the
70S monosome has been reported, even when no trans-
lation initiation factor is present [22]. Recently, Remes
et al. [23] reported that interaction of mt-mRNAs with
the 55S particle seems to be more likely than their
binding to the mtSSU prior to subunit joining.

To initiate translation, specific factors (initiation fac-
tors, IF) are required. A mitochondrial counterpart of
bacterial IF1 is missing, however, homologs of IF2
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(mtIF2) and IF3 (mtIF3) have been reported [24,25]
and a domain insertion within mtIF2 functionally
replaces IF1 [7,26]. While mtIF3 has recently been
linked to translation initiation of the bicistronic ATP8-
ATPG6 transcript [23], mtIF2 facilitates the binding of
the initiator tRNA carrying a formylated methionine
(fMet-tRNAM®) to the mtSSU or the assembled ribo-
some. Loss of mtIF2 abolishes mitochondrial transla-
tion but does not influence the assembly of the
mitochondrial ribosome [23]. Interestingly, defects in
mtLSU assembly stabilize the initiation complex con-
taining mtIF2, fMet-tRNAM®" and a mRNA moiety
with an AUG start codon in the P-site (Fig. 1, left
side). As structural analyses reveal additional density
for three nucleotides preceding the AUG codon, it has
been suggested that the accumulated initiation complex
contains exclusively the COX1 transcript [27]. The res-
olution of the cryo-EM data was not sufficient to
determine the nature of these nucleotides, but it has
been speculated that they interact with uS7m of the
mtSSU. Nevertheless, the data do not rule out that the
observed three nucleotides are rather part of a differ-
ent transcript than COX1. Interestingly, in addition to
the COX1 mRNA, Northern blot and qPCR analysis
of gradient fractions clearly identified other
mitochondrial-encoded transcripts in fractions where
the mtSSU migrates, such as ND1, ND2, and COX2,
indicating that also other mt-mRNAs could be loaded
onto the mtSSU directly prior to monosome formation
[28,29]. Further developments to reconstitute mito-
chondrial translation in vitro in combination with
high-resolution cryo-EM structures are required to
especially define the exceptional positioning of COX1
within the mtSSU.

Termination of COX1 translation

During the process of translation termination, dedi-
cated factors (release factors, RF) sequence specifically
recognize the STOP codon. These tRNA-like shaped
proteins bind to the ribosomal A-site and provoke
conformational changes within the ribosome to facili-
tate the hydrolysis of the ester bond between the
nascent peptide chain and the peptidyl-tRNA. Bacteria
contain two release factors (RF1 and RF2), which
read the STOP codons UAA and UAG or UAA and
UGA, respectively. However, mitochondria use a
slightly different genetic code, for example, UGA
encodes for tryptophan instead of being a STOP
codon and AGA and AGG do not encode arginine,
but have been reassigned as unconventional STOP sig-
nals to terminate COX1 and ND6 translation, respec-
tively. How translation termination is achieved in

Synthesis and assembly of COX1

these two cases is controversially discussed. A —1 ribo-
somal frameshift by the human mitochondrial ribo-
some would generate the standard STOP codon UAG
[30]. However, in some species, a U does not precede
these unconventional STOP codons AGA or AGG,
and in other species, canonical STOP codons are used
for all mitochondrial-encoded transcripts. Thus, the
factor responsible for terminating COXI1 translation
has been debated for a long time. Four proteins,
related to the release factor family, have been identi-
fied in human mitochondria: mtRF1a, mtRF1, ICT1
(mL62), and CI120RF65 (mtRF-R) [14,17,31,32].
These factors share the highly conserved GGQ motive,
which protrudes into the peptidyl transferase center
once a release factor interacts with the ribosomal A-
site [6]. In contrast to canonical release factors, ICTI
and CI20RF65 lack codon recognition motifs to
sequence specifically read the STOP codon in the A-
site. Both factors have been suggested to be required
to rescue stalled ribosome complexes. ICT1 recognizes
stalled mitochondrial ribosomes with truncated mRNA
(non-stop scenario) and inserts its C-terminal extension
into the mRNA channel [6,17]. C120RF65 is involved
in the mitochondrial ribosome-associated quality con-
trol system (mtRQC), which rescues ribosomes, for
example, under aminoacyl-tRNA starvation or if
translation factors are missing (no-go scenario) [18].
mtRF1a has been assigned as the major mitochondrial
release factor as it shows the highest sequence similar-
ity to bacterial RF1 and is capable of terminate trans-
lation at UAA and UAG codons in vitro [6,14]. In
contrast, the function of mtRF1 was only determined
recently. Three studies reported that mtRF1 is specifi-
cally responsible for translation termination of COXI1,
and thus for the biogenesis of complex IV (Fig. 1, left
side) [8—10]. Loss of mtRF1 leads to a selective reduc-
tion in newly synthesized COX1 and to isolated com-
plex IV deficiency. In agreement with a translation
defect in COX1 are reduced levels of CI20RF62/
COX14, which is a constituent of the early complex IV
assembly intermediate ‘MITRAC’ (Mitochondrial
Translation Regulation Assembly intermediate of
Cytochrome ¢ oxidase) [9]. C120RF62 interacts with
ribosome-nascent chain complexes during COX1 syn-
thesis (see the following section) (Fig. 1, left side). In
contrast, mtRF1a ablation results in translation defects
of other mitochondrial-encoded proteins including not
only COX2 and COX3 but also ND6. Contrary to the
effects observed in mtRF1-deficient cells, loss of
mtRFla results in an accumulation of COXI-
containing MITRAC complexes as the assembly pro-
cess is stalled downstream of this intermediate due to
the reduction in COX2 and COX3 syntheses. Recently,
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Saurer et al. [8] solved the structure of the mtRF1
within the mitochondrial ribosome by cryo-electron
microscopy and thereby provided insight into the
mode of action of mtRF1 compared to mtRFla. Both
proteins differ substantially in their N-terminal por-
tions, in which mtRF1 contains an extension of posi-
tively charged residues. This amino acid stretch seems
to extend into a pocket below the L7/L12 stalk of the
mtLSU. Both proteins contain a PTH domain with
the conserved GGQ motif but differ in the codon rec-
ognition domain, in which mtRF1 displays insertions
in the o5 helix and the codon recognition loop. This
rather atypical codon recognition domain enables
mtRF1 to recognize non-canonical stop codons with A
and G at the first two positions of the codon by dis-
torting the mRNA backbone, reorienting the first two
bases, and by utilizing a network of interactions
including the 12S mt-rRNA and mt-mRNA [§].
Although these data mechanistically explain how
mtRF1 terminates COXI1 translation, it remains to be
addressed why mtRF1-deficient cells display an iso-
lated COX deficiency but not complex I defect, if
mtRF1 is also responsible for recognizing the non-
canonical STOP codon AGG in ND6 transcripts.

Nevertheless, mtRF1-deficient cells are still able to
synthesize a fraction of COX1, which is able to assem-
ble into respiratory chain supercomplexes and enables
cells to respire. Interestingly, CI20RF65 as part of the
mtRQC, showed increased levels in mtRF1-deficient
cells, while the levels of mtRFla and mL62 remained
unaffected [9]. Additionally, siRNA-mediated deple-
tion of C120RF65 led to a further decrease in COX1
synthesis compared to sole ablation of mtRF1 without
affecting the synthesis of other mitochondrial-encoded
proteins. Hence, the interruption of translation termi-
nation of COX1 induces the mtRQC system involving
CI120RF65. This also underlines the central impor-
tance of the mtRQC system, since a growing number
of patients with mutated Cl20rf65 have been
described, developing Leigh syndrome [32-34]. How-
ever, as these patients with usually undetectable levels
of CI20RF65 display a general translation defect,
mtRQC mediated by CI120RF65 seems to be generally
involved in ribosome rescue and not selectively respon-
sible for the release of stalled COXI-translating ribo-
somes. Interestingly, the reduction in COXI
translation termination due to mtRF1 ablation specifi-
cally reduces the level of COX1 mRNA while all other
mitochondrial transcripts remained unaffected [9,10].
The specific reduction in COX1 mRNA might reflect a
feedback mechanism that prevents an overload of the
mtRQC if mtRF1 is missing. However, this observa-
tion requires further investigation.

S. Dennerlein et al.

COX1 translation regulation in human
mitochondria

In addition to the described regulation of translational
processes within mitochondria, the synthesis of COX1
underlies further, specific control mechanisms that
involve several essential factors. TACOI is a transla-
tional regulator of COXI1 [35]. Patient-derived cell
lines with TACOI1 dysfunction displayed reduced
COXI1 protein synthesis and concomitant complex IV
deficiency. TACOI1 is a mRNA-binding protein that
possesses a DUF28 domain (Fig. 1, left side). So far, it
is the only translation activator in human mitochon-
dria that appears to regulate the synthesis of one spe-
cific mitochondrial-encoded protein  [35,36]. In
addition to TACOI, CI20RF62 and MITRACI2
affect COX1 protein biogenesis. Both proteins have
been linked to mitochondrial disorders. Mutations in
C120RF62 and MITRACI2 resulted in isolated com-
plex IV deficiency. A homozygous missense mutation
in C120RF62 (c.88G>A) leads to fatal neonatal lactic
acidosis [37], while a heterozygous mutation in
MITRACI2 (c.199dupC, c.215A>G) caused neuropa-
thy, exercise intolerance, obesity, and short stature
[38]. C120RF62 and MITRACI2 form an early com-
plex IV intermediate, termed MITRAC (Mitochondrial
Translation Regulation Assembly intermediate of
Cytochrome ¢ oxidase) (Fig. 1, left side) [38—41]. The
MITRAC complex facilitates the coordinated assembly
of the nuclear-encoded complex IV subunits, which
have been synthesized in the cytosol and imported into
the organelle, with the mitochondrial-encoded COX1
protein. The newly imported complex IV subunits are
transferred by the TIM21 protein from the prese-
quence translocase to the MITRAC complex [39].
Hence, TIM21 acts as a shuttling protein between the
mitochondrial import machinery and the assembly
intermediate. CI120RF62 and MITRACI2 interact
with the nascent COX1 polypeptide chain and thus
associate with actively translating mitochondrial ribo-
somes. Hence, it is tempting to speculate that mito-
chondrial ribosomes are dedicated to the translation of
a certain mRNA, such as COXI, and that specific
assembly factors interact with them. Pharmacological
inhibition of mitochondrial translation affects the
interaction of C120RF62 and MITRACI2 with the
mitochondrial ribosome but not with the OXAI1L pro-
tein insertase that facilitates membrane insertion of the
polypeptide chains in a cotranslational manner
[40,42,43]. This observation implies that CI20RF62,
MITRACI2, and OXAIL form a stable complex in
the membrane independent of a translating ribosome
and that a population of OXAIL is dedicated to the
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insertion of COX1 into the IMM (Fig. 1, left side).
However, OXAI1L is considered to be the general
insertase for mitochondrial-encoded proteins. OXAIL
patient-derived cell lines showed a general reduction in
the mitochondrial OXPHOS system [44]. In OXAIL-
depleted cells, only the NADH:ubiquinone oxidoreduc-
tase and the F;F,-ATP synthase were found to be
affected [4,45]. Hence, cells subjected to siRNA-
mediated depletion of OXAI1L behave differently from
the patient-derived cells upon loss of OXAIL. This
obvious difference requires further analysis (Fig. 1).
Another key aspect of the interaction between
MITRAC/OXAIL and COXI1 is the acquirement of
translational plasticity of COXI1 synthesis. In this
process, the synthesis of COX1 adapts to the influx
of cytosolic synthesized precursors of the complex IV
into mitochondria [40,46], potentially by regulation of
the function of CI120RF62 and MITRACI2.

Synthesis and assembly of COX1

Interestingly, the relative abundance of these early
MITRAC constituents is coupled to the synthesis and
subsequent assembly of COX1 as demonstrated by a
reduction in C120RF62 in mtRF1-deficient cells and
the elevated levels of the MITRAC complex due to
the stalling in COXI1 assembly in mtRFla-ablated
cells. This highlights the dynamic nature of the
MITRAC complex and its ability to react to changes
in COX1 biogenesis [9].

Early assembly steps of cytochrome ¢
oxidase — linear or modular?

COXI1 contains 12 transmembrane spans in the inner
membrane, which are connected by small loops in the
IMS or the mitochondrial matrix. Initially, it was believed
that the complex IV assembly pathway is a sequential
order of events, during which nuclear-encoded subunits,

(A) Translation o (B)
elongation &%V Early COX1 & o
X bly st &
NS assembly steps SIRIN
mtLSU coxt S Y Lo
- S5
z cox1
5 =
(o)
N
Translati ctgATG@UAGAM Cofactor
ranslation . A R
initation / insertion COX10 oo‘\:\ coxiz
fMet-tRNAVet cu, |
COX15 v/
cOoX19
Y &Y
N 228 (9@ QSS)
4 mtRF1 /8?\/@?" o> §
(oA CtgATG u S o ;
E
Translation 4
termination
ctgATG /T TACO1 )» UAGA~A~ Late assembly
steps
COX3 /
N
Complex IV

Fig. 1. Translation regulation and the early assembly steps of COX1. (A) Translation is initiated by mtIF2 binding together with a fMet-
tRNAM®! After translation by the large ribosomal subunits (mtLSU) starts, and while the nascent COX1 protein is inserted into the inner
membrane (IM) by OXA1L, the first COX1-specific proteins bind to the nascent chain. COX1 translation is terminated by binding of mtRF1.
(B) After ribosome release, further COX1-specific assembly factors, such as CMC1, bind to the complex. Furthermore, the heme and copper
moieties have to be incorporated in the COX1 protein. Within the final steps of COX1 assembly, MITRAC15 and MITRAC7 interact with
COX1, prior to the addition of COX2 and COX3 to finalize the complex IV enzyme. (Only interaction assembly factors are illustrated).

FEBS Letters 597 (2023) 1569-1578 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of 1573

Federation of European Biochemical Societies.

51801 SUOLUWOD SAIESID) 3|eo1fdd au Aq peusBA0b 8.2 a1 VO 88N J0 S9N 10§ AR21q1T8UIIUO AB]IA UO (SUOIIPLIOD-PUE-SWLBY/LICO"AS| 1MW ATRIq]1BU1UO//SUIY) SUORIPUD PUE S | 841 89S *[£202/20/2T] U ARIGIT8UIIUO AS]IM ‘USHeydsUsSS IMINIeN aseuid iz PINIAL IS INHISUI-oUeId-Xe N AQ TZ9YT 89VE-EL8T/Z00T OT/I0P/LICY A8 1 ARG [BUIIUO'SGR//SUIY WO1} PAPeojumod ‘2T ‘€207 ‘BOVEELET



Synthesis and assembly of COX1

with the help of assembly factors, are added one after
another until the holoenzyme is established. However,
this model of a linear assembly pipeline of the complex IV
is controversially discussed in the field as it has also been
proposed that the complex IV biogenesis occurs in a mod-
ular manner [47-49]. The modular model divides the
assembly pathway into four distinct stages (S1-S4), in
which the mitochondrial-encoded subunits COXI1,
COX2, and COX3 form the core components of each
stage [47,48].

The linear assembly pathway favors COXI1 as the
stepping stone of complex IV assembly, which after
dissociation of the mitochondrial ribosome is present
in an assembly intermediate of a size between 140 and
230 kDa. This assembly model is based on the obser-
vations that the core proteins of complex 1V, COXI,
COX2, and COX3 are assembled one after another,
while a deficiency of one of them influences the synthe-
sis of the others. For example, the loss of COXI also
leads to a reduction in COX2 and COX3 [39]. Addi-
tionally, subunit-specific assembly factors have been
identified in association with all mitochondrial-
encoded complex IV subunits, for example, the COX1-
specific assembly factors MITRACI12 and C120RF62
are also in contact with newly synthesized COX2 and
COX3 [39,40], or COX2-specific biogenesis factor
COAG6 co-purifies in addition to the newly synthesized
COX2 also COX1 [50].

In contrast, the modular way proposes that the
COX1 module gets added onto a so-called ‘seed” which
contains HIGD1A, COX4-1, and COX5A. Although
HIGDIA has been described to bind COX1 and influ-
ence its activity during hypoxia, BN-PAGE analyses
identified HIGDI1A exclusively in complexes higher
than 242 kDa, which would correspond to the
expected size of COXI in its first assembly intermedi-
ate MITRAC [3,39,51]. Yet, another study that postu-
lated the modular model of COX biogenesis defined
the ‘seed” as a much faster-migrating complex of
~ 50 kDa [48]. This study also used BN-PAGE analy-
sis in combination with mass spectrometry of cybrid
cell lines that carried a mutated COX3 version [48]. In
summary, further experiments will be required to
define the ‘seed’ as a physiological unit within cells.
Recently, Timén-Gdémez et al. [3] investigated the role
of HIGDIA and additional HIGD2A using HEK293
knockout models. Strikingly, they reported that
HIGDIA is involved in complex IV as well as in the
assembly pathway of the cytochrome ¢ reductase (com-
plex IIT), while HIGD2A appeared to be preferentially
involved in complex IV assembly [3]. Accordingly, the
precise functions of HIGDIA and HIGD2A remain to
be defined.

S. Dennerlein et al.

Factors assisting early COX assembly
steps

As described above, ribosome-associated C120RF62
and MITRACI2 are the first proteins that interact
with the newly synthesized COXI1 protein and associ-
ate with the nascent chain [40]. Regardless of whether
the linear or modular assembly model is favored, the
first assembly factor that interacts with the new fully
translated COX1 and the associated C120RF62 and
MITRACI2 appears to be CMC1 (Fig. 1, right side).
CMCI1 is a twin CXyC motive-containing protein
[52,53]. Although COXI1 synthesis is not abolished in
CMCl-deficient cells, later assembly steps are affected
and newly synthesized COX1 is rapidly degraded.

Critical steps during COX1 assembly are the incorpo-
rations of the heme a/heme a; and the Cug moiety
(Fig. 1, right side). COX10 and COXI15 participate in
heme asynthesis in mitochondria [4,54] and both pro-
teins have been linked to human mitochondrial diseases.
Mutations in COXI10 resulted in Leigh syndrome
[55,56], while COX15 mutations provoked Leigh-like
syndrome and cardioencephalomyopathy [57,58]. In
addition, SURF1 participates in heme insertion, specifi-
cally heme aj (Fig. 1, right side) [59]. Hence, it is not sur-
prising that mutations in SURF1 have been identified in
several patients also presenting Leigh syndrome [1]. In
bacteria, Surfl directly interacts with heme [60], while in
higher eukaryotes, it could either be that SURF1 directly
interacts with the heme or by facilitating its incorpora-
tion, acting rather as a chaperone-like factor. Although
SURFI seems to be critical for COX biogenesis, low
levels of the matured oxidase are still formed in the
absence of SURF1 [4].

For the insertion of copper to form the Cug site in
human complex IV, COXI11 is required. The insertion
of the Cug is facilitated by COX11 assisted by COX19
(Fig. 1, right side). In yeast, the soluble copper-binding
protein COX17 carrying a twin CXyC motive and
located within the IMS delivers copper to the IMS-
exposed domains of COX11 [61]. To address the mech-
anism of Cug incorporation in human cells, Nyvltova
et al. [62] have generated knockout cell lines of
COXI11 and COX19. The authors proposed that first
heme a gets incorporated into COXI1, while heme a;
and the Cupg moiety are incorporated into COX1 after
its association with COX2 [62].

The incorporations of the metal centers into COX1
appear to occur in a coupled manner since the metallo-
chaperones COX15, COX10, and COXI11 have been
identified in the interactome of SURFI1. SURFI, on
the other hand, is associated with C120RF62- and
MITRACI2-containing complexes [39,40] as well as
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with the first nuclear-encoded complex IV constituents
COX4-1 and COX5A [4,48]. Mutations in the respec-
tive genes have been linked to mitochondrial diseases.
While COX4-1 patients [63,64] present, for example,
short stature and Leigh-like syndrome, COX5A muta-
tions have been associated with psychomotoric delay,
cortical atrophy, or lactic acidemia [65,66]. Although
PET117 has been reported as a COX15 interactor [67],
it has been also defined as an interactor of the late
assembly factor PET100 [48,68]. Hence, its potential
function during heme insertion and COX1 assembly
requires clarification. Nevertheless, mutations in
PET117, as well as PET100, are also associated with
human diseases. PET117 patients present neurodeve-
lopmental regression, reduced exercise availability, and
lactic acidosis [68], and mutations in PET100 lead to
Leigh syndrome and lactic acidosis [69,70].

During subsequent steps of COXI1 assembly,
MITRACI15 (COA1) [39,71] followed by MITRAC7?
(SMIM20) (Fig. 1, right side) [72] are recruited to the
maturing COX1 protein. MITRACI15 not only was
identified as a component of the MITRAC complex [39]
but also interacts with ACAD?9 in the ND2 module dur-
ing NADH:ubiquinone oxidoreductase (complex I) mat-
uration [71,73]. Akin to the function of CI20RF62 and
MITRACI12 during COX1 biogenesis, ACAD9 and
MITRACIS bind to the nascent chain of ND2 during
translation. The function and potential regulatory role
of this dual interaction of MITRACI1S5 with MITRAC
and the ND2 module require further investigations.
However, it is tempting to speculate that MITRACIS
acts as a mediator between complexes I and IV coordi-
nating the assembly of COX1 and ND2 potentially in
response to cellular demands. This hypothesis would
predict a dynamic shuttling of MITRACIS from
MITRAC to the ND2 module and vice versa. Alterna-
tively, dedicated MITRACI5 pools are exclusively
involved in COXI1 or in ND2 biogenesis, which would
probably require MITRACI1S regulation.

Probably the last key regulator during the early steps of
COXI1 assembly is MITRACT7 [72]. MITRACT7 acts as a
COXl-specific chaperone, the relative abundance of
which needs to be tightly controlled as loss of MITRAC7
provokes a fast turnover of newly synthesized COXI,
while elevated levels of MITRAC7 lead to stalling of
COX1 within MITRAC [72]. Taken together, the early
assembly steps of the cytochrome ¢ oxidase are highly
regulated and involve several crucial assembly factors.

Concluding remarks

Studies during the last decade have substantially
advanced our understanding of complex IV biogenesis

Synthesis and assembly of COX1

and especially of COX1 synthesis as well as assembly.
Structural analysis of the mitochondrial ribosome and
associated factors provide important insights into the
molecular mechanisms of translation initiation, elonga-
tion, and termination. Additionally, the availability of
knockout cell lines in combination with biochemical
approaches stimulated the progress of our understand-
ing of complex IV biogenesis. However, considering
the complexity of factors involved in the translation
process on one hand, and the assembly of the multi-
membrane spanning protein COX1 on the other, a
comprehensive mechanistic understanding of the bio-
genesis process and especially of regulatory fine-tuning
is still not achieved. Therefore, it will be essential to
obtain structural insights into the interaction of the
maturing COX1 with its assembly and translation reg-
ulators, such as C120RF62 and MITRACI2. Using
defined knockout cell lines will certainly help to accu-
mulate translationally arrested COX1 assembly inter-
mediates, increasing the options for structural analysis.

Acknowledgements

This work was funded by the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation)
under Germany’s Excellence Strategy — EXC 2067/1-
390729940 (PR and RR-D) and SFBI1190 (project P13
(PR)), FOR2848 (project P04 (PR)), DFG Emmy
Noether grant (RI 2715/1-1 to RR-D), and the Max
Planck Society (PR). Open Access funding enabled
and organized by Projekt DEAL.

References

1 Brischigliaro M and Zeviani M (2021) Cytochrome ¢
oxidase deficiency. Biochim Biophys Acta Bioenerg 1862,
148335.

2 Balsa E, Marco R, Perales-Clemente E, Szklarczyk R,
Calvo E, Landdzuri MO and Enriquez JA (2012)
NDUFAA4 is a subunit of complex IV of the
mammalian electron transport chain. Cell Metab 16,
378-386.

3 Timén-Goémez A, Bartley-Dier EL, Fontanesi F and
Barrientos A (2020) HIGD-driven regulation of
cytochrome ¢ oxidase biogenesis and function. Cel/ 9, 2620.

4 Timdén-Gomez A, Nyvltova E, Abriata LA, Vila AJ,
Hosler J and Barrientos A (2017) Mitochondrial
cytochrome c oxidase biogenesis: recent developments.
Semin Cell Dev Biol 76, 163—-178.

5 Dennerlein S and Rehling P (2015) Human
mitochondrial COX1 assembly into cytochrome c
oxidase at a glance. J Cell Sci 128, 833-837.

6 Kummer E, Schubert KN, Schoenhut T, Scaiola A and
Ban N (2021) Structural basis of translation

FEBS Letters 597 (2023) 1569-1578 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of 1575

Federation of European Biochemical Societies.

35U017 SUOWIWOD aAE8 1D 3|geatjdde auy Aq peusenob ae sapite YO ‘8sn Jo sajni Joj AriqiauljuQ AS|1 UO (SUONIPUOI-pUe-SWLB)W0D AB | 1M Afe.q 1 BU I jUO//:SNY) SUONIPUOD PUe SWB | aUY) 38S *[£202/20/2T] uo AriqiauluQ A1 ‘uereyosusss imunie aeulidizsIpiin Al Inj Innsu|-youeid-xe | Aq T.9%T 89r€-€/8T/200T OT/I0p/wiod A8 1M Aeiq 1 puljuo'sge)//sdny wolj papeojumoq ‘2T ‘€202 ‘89VEE.8T



Synthesis and assembly of COX1

10

11

12

13

14

15

16

17

18

1576

termination, rescue, and recycling in mammalian
mitochondria. Mol Cell 81, 2566-2582.¢6.

Kummer E, Leibundgut M, Rackham O, Lee RG,
Boehringer D, Filipovska A and Ban N (2018) Unique
features of mammalian mitochondrial translation
initiation revealed by cryo-EM. Nature 560, 263-267.
Saurer M, Leibundgut M, Nadimpalli HP, Scaiola A,
Schonhut T, Lee RG, Siira SJ, Rackham O, Dreos R,
Lenarcic T et al. (2023) Molecular basis of translation
termination at noncanonical stop codons in human
mitochondria. Science 380, 531-536.

Nadler F, Lavdovskaia E, Krempler A, Cruz-Zaragoza
LD, Dennerlein S and Richter-Dennerlein R (2022)
Human mtRF1 terminates COX1 translation and its
ablation induces mitochondrial ribosome-associated
quality control. Nat Commun 13, 6406-6410.

Kriiger A, Remes C, Shiriaev DI, Liu Y, Spahr H,
Wibom R, Atanassov I, Nguyen MD, Cooperman BS
and Rorbach J (2023) Human mitochondria require
mtRF1 for translation termination at non-canonical
stop codons. Nat Commun 14, 30-16.

Weisser M and Ban N (2019) Extensions, extra factors,
and extreme complexity: ribosomal structures provide
insights into eukaryotic translation. Cold Spring Harb
Perspect Biol 11, a032367.

Kummer E and Ban N (2021) Mechanisms and
regulation of protein synthesis in mitochondria. Nat
Rev Mol Cell Biol 22, 307-325.

Nadler F, Lavdovskaia E and Richter-Dennerlein R
(2022) Maintaining mitochondrial ribosome function:
the role of ribosome rescue and recycling factors. RNA
Biol 19, 117-131.

Soleimanpour-Lichaei HR, Kiihl I, Gaisne M, Passos
JF, Wydro M, Rorbach J, Temperley R, Bonnefoy N,
Tate W, Lightowlers R et al. (2007) mtRF1a is a
human mitochondrial translation release factor
decoding the major termination codons UAA and
UAG. Mol Cell 27, 745-757.

Rorbach J, Richter R, Wessels HJ, Wydro M, Pekalski
M, Farhoud M, Kiihl I, Gaisne M, Bonnefoy N,
Smeitink JA et al. (2008) The human mitochondrial
ribosome recycling factor is essential for cell viability.
Nucleic Acids Res 36, 5787-5799.

Tsuboi M, Morita H, Nozaki Y, Akama K, Ueda T,
Ito K, Nierhaus KH and Takeuchi N (2009) EF-G2mt
is an exclusive recycling factor in mammalian
mitochondrial protein synthesis. Mol Cell 35, 502-510.
Richter R, Rorbach J, Pajak A, Smith PM, Wessels HJ,
Huynen MA, Smeitink JA, Lightowlers RN and
Chrzanowska-Lightowlers ZM (2010) A functional
peptidyl-tRNA hydrolase, ICT1, has been recruited into
the human mitochondrial ribosome. EMBO J 29, 1116—
1125.

Desai N, Yang H, Chandrasekaran V, Kazi R,
Minczuk M and Ramakrishnan V (2020) Elongational

19

20

21

22

23

24

25

26

27

28

29

30

S. Dennerlein et al.

stalling activates mitoribosome-associated quality
control. Science 370, 1105-1110.

Lavdovskaia E, Denks K, Nadler F, Steube E, Linden
A, Urlaub H, Rodnina MV and Richter-Dennerlein R
(2020) Dual function of GTPBP6 in biogenesis and
recycling of human mitochondrial ribosomes. Nucleic
Acids Res 48, 12929-12942.

Hillen HS, Lavdovskaia E, Nadler F, Hanitsch E,
Linden A, Bohnsack KE, Urlaub H and Richter-
Dennerlein R (2021) Structural basis of GTPase-
mediated mitochondrial ribosome biogenesis and
recycling. Nat Commun 12, 3672-3610.

Temperley RJ, Wydro M, Lightowlers RN and
Chrzanowska-Lightowlers ZM (2010) Human
mitochondrial mRNAs—Ilike members of all families,
similar but different. Biochim Biophys Acta 1797, 1081—
1085.

O’Donnell SM and Janssen GR (2002) Leaderless
mRNAs bind 70S ribosomes more strongly than 30S
ribosomal subunits in Escherichia coli. J Bacteriol 184,
6730-6733.

Remes C, Khawaja A, Pearce SF, Dinan AM,
Gopalakrishna S, Cipullo M, Kyriakidis V, Zhang J,
Dopico XC, Yukhnovets O et al. (2023) Translation
initiation of leaderless and polycistronic transcripts in
mammalian mitochondria. Nucleic Acids Res 51, 891-907.
Yassin AS, Haque ME, Datta PP, Elmore K, Banavali
NK, Spremulli LL and Agrawal RK (2011) Insertion
domain within mammalian mitochondrial translation
initiation factor 2 serves the role of eubacterial initiation
factor 1. Proc Natl Acad Sci USA 108, 3918-3923.
Bhargava K and Spremulli LL (2005) Role of the N-
and C-terminal extensions on the activity of
mammalian mitochondrial translational initiation factor
3. Nucleic Acids Res 33, 7011-7018.

Gaur R, Grasso D, Datta PP, Krishna PDV, Das G,
Spencer A, Agrawal RK, Spremulli L and Varshney U
(2008) A single mammalian mitochondrial translation
initiation factor functionally replaces two bacterial
factors. Mol Cell 29, 180-190.

Itoh Y, Andréll J, Choi A, Richter U, Maiti P, Best
RB, Barrientos A, Battersby BJ and Amunts A (2021)
Mechanism of membrane-tethered mitochondrial
protein synthesis. Science 371, 846-849.

Pearce SF, Rorbach J, Van Haute L, D’Souza AR, Rebelo-
Guiomar P, Powell CA, Brierley I, Firth AE and Minczuk
M (2017) Maturation of selected human mitochondrial
tRNAs requires deadenylation. Elife 6, €27596.

Lagouge M, Mourier A, Lee HJ, Spahr H, Wai T,
Kukat C, Silva Ramos E, Motori E, Busch JD, Siira S
et al. (2015) SLIRP regulates the rate of mitochondrial
protein synthesis and protects LRPPRC from
degradation. PLoS Genet 11, ¢1005423.

Temperley R, Richter R, Dennerlein S, Lightowlers RN
and Chrzanowska-Lightowlers ZM (2010) Hungry

FEBS Letters 597 (2023) 1569-1578 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

35U017 SUOWIWOD aAE8 1D 3|geatjdde auy Aq peusenob ae sapite YO ‘8sn Jo sajni Joj AriqiauljuQ AS|1 UO (SUONIPUOI-pUe-SWLB)W0D AB | 1M Afe.q 1 BU I jUO//:SNY) SUONIPUOD PUe SWB | aUY) 38S *[£202/20/2T] uo AriqiauluQ A1 ‘uereyosusss imunie aeulidizsIpiin Al Inj Innsu|-youeid-xe | Aq T.9%T 89r€-€/8T/200T OT/I0p/wiod A8 1M Aeiq 1 puljuo'sge)//sdny wolj papeojumoq ‘2T ‘€202 ‘89VEE.8T



S. Dennerlein et al.

Synthesis and assembly of COX1

codons promote frameshifting in human mitochondrial 41 Szklarczyk R, Wanschers BF, Cuypers TD, Esseling JJ,
ribosomes. Science 327, 301. Riemersma M, van den Brand MA, Gloerich J,

31 Zhang Y and Spremulli LL (1998) Identification and Lasonder E, van den Heuvel LP, Nijtmans LG et al.
cloning of human mitochondrial translational release (2012) Iterative orthology prediction uncovers new
factor 1 and the ribosome recycling factor. Biochim mitochondrial proteins and identifies C120rf62 as the
Biophys Acta 1443, 245-250. human ortholog of COX14, a protein involved in the

32 Antonicka H, Ostergaard E, Sasarman F, assembly of cytochrome ¢ oxidase. Genome Biol 13,
Weraarpachai W, Wibrand F, Pedersen AMB, R12-R14.

Rodenburg RJ, van der Knaap MS, Smeitink JAM, 42 Homberg B, Rehling P and Cruz-Zaragoza LD (2023)
Chrzanowska-Lightowlers ZM et al. (2010) Mutations The multifaceted mitochondrial OXA insertase. Trends
in C120rf65 in patients with encephalomyopathy and a Cell Biol, doi: 10.1016/j.tcb.2023.02.001

mitochondrial translation defect. Am J Hum Genet 87, 43 Cruz-Zaragoza LD, Dennerlein S, Linden A, Yousefi
115-122. R, Lavdovskaia E, Aich A, Falk RR, Gomkale R,

33 Perrone E, Cavole TR, Oliveira MG, Virmond LDA, Schondorf T, Bohnsack MT et al. (2021) An in vitro
Silva MFB, Soares MFF, Iglesias SBO, Falconi A, system to silence mitochondrial gene expression. Cell
Silva JS, Nakano V et al. (2020) Leigh syndrome in a 184, 5824-5837.e15.
patient with a novel C120rf65 pathogenic variant: case 44 Thompson K, Mai N, Olahova M, Scialé F, Formosa
report and literature review. Genet Mol Biol 43, LE, Stroud DA, Garrett M, Lax NZ, Robertson FM,
¢20180271. Jou C et al. (2018) OXA1L mutations cause

34 Finsterer J (2020) The Leigh phenotype resulting from mitochondrial encephalopathy and a combined oxidative
C12o0rf65 variants. Genet Mol Biol 43, €20200177. phosphorylation defect. EMBO Mol Med 10, €9060.

35 Weraarpachai W, Antonicka H, Sasarman F, Seeger J, 45 Stiburek L, Fornuskova D, Wenchich L, Pejznochova
Schrank B, Kolesar JE, Lochmiiller H, Chevrette M, M, Hansikova H and Zeman J (2007) Knockdown of
Kaufman BA, Horvath R et al. (2009) Mutation in human Oxall impairs the biogenesis of F1Fo-ATP
TACOI, encoding a translational activator of COX I, synthase and NADH:ubiquinone oxidoreductase. J Mol
results in cytochrome c oxidase deficiency and late- Biol 374, 506-516.
onset Leigh syndrome. Nat Genet 41, 833-837. 46 Couvillion MT, Soto IC, Shipkovenska G and

36 Richman TR, Spahr H, Ermer JA, Davies SMK, Viola Churchman LS (2016) Synchronized mitochondrial and
HM, Bates KA, Papadimitriou J, Hool LC, Rodger J, cytosolic translation programs. Nature 533, 499-503.
Larsson N-G et al. (2016) Loss of the RNA-binding 47 Signes A and Ferndndez-Vizarra E (2018) Assembly of
protein TACO1 causes late-onset mitochondrial mammalian oxidative phosphorylation complexes I-V
dysfunction in mice. Nat Commun 7, 11884. and supercomplexes. Essays Biochem 62, 255-270.

37 Weraarpachai W, Sasarman F, Nishimura T, Antonicka 48 Vidoni S, Harbour ME, Guerrero-Castillo S, Signes A,
H, Auré K, Rotig A, Lombes A and Shoubridge EA Ding S, Fearnley IM, Taylor RW, Tiranti V, Arnold S,
(2012) Mutations in C120rf62, a factor that couples Ferndndez-Vizarra E ef al. (2017) MR-1S interacts with
COX I synthesis with cytochrome ¢ oxidase assembly, PET100 and PET117 in module-based assembly of
cause fatal neonatal lactic acidosis. Am J Hum Genet human cytochrome c¢ oxidase. Cell Rep 18, 1727-1738.
90, 142-151. 49 Aich A, Wang C, Chowdhury A, Ronsor C, Pacheu-

38 Ostergaard E, Weraarpachai W, Ravn K, Born AP, Grau D, Richter-Dennerlein R, Dennerlein S and
Jonson L, Duno M, Wibrand F, Shoubridge EA and Rehling P (2018) COX16 promotes COX2 metallation
Vissing J (2015) Mutations in COA3 cause isolated and assembly during respiratory complex IV biogenesis.
complex IV deficiency associated with neuropathy, Elife 7, €32572.
exercise intolerance, obesity, and short stature. J Med 50 Pacheu-Grau D, Bareth B, Dudek J, Juris L, Vogtle F-
Genet 52, 203-207. N, Wissel M, Leary SC, Dennerlein S, Rehling P and

39 Mick DU, Dennerlein S, Wiese H, Reinhold R, Pacheu- Deckers M (2015) Cooperation between COA6 and
Grau D, Lorenzi I, Sasarman F, Weraarpachai W, SCO2 in COX2 maturation during cytochrome ¢
Shoubridge EA, Warscheid B et al. (2012) MITRAC oxidase assembly links two mitochondrial
links mitochondrial protein translocation to respiratory- cardiomyopathies. Cell Metab 21, 823-833.
chain assembly and translational regulation. Cell 151, 51 Hayashi T, Asano Y, Shintani Y, Aoyama H, Kioka H,
1528-1541. Tsukamoto O, Hikita M, Shinzawa-Itoh K, Takafuji K,

40 Richter-Dennerlein R, Oeljeklaus S, Lorenzi I, Ronsor Higo S et al. (2015) Higdla is a positive regulator of
C, Bareth B, Schendzielorz AB, Wang C, Warscheid B, cytochrome c oxidase. Proc Natl Acad Sci USA 112,
Rehling P and Dennerlein S (2016) Mitochondrial 1553-1558.
protein synthesis adapts to influx of nuclear-encoded 52 Bourens M and Barrientos A (2017) A CMCl-
protein. Cell 167, 471-483.¢10. knockout reveals translation-independent control of

FEBS Letters 597 (2023) 1569-1578 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of 1577

Federation of European Biochemical Societies.

35U017 SUOWIWOD aAE8 1D 3|geatjdde auy Aq peusenob ae sapite YO ‘8sn Jo sajni Joj AriqiauljuQ AS|1 UO (SUONIPUOI-pUe-SWLB)W0D AB | 1M Afe.q 1 BU I jUO//:SNY) SUONIPUOD PUe SWB | aUY) 38S *[£202/20/2T] uo AriqiauluQ A1 ‘uereyosusss imunie aeulidizsIpiin Al Inj Innsu|-youeid-xe | Aq T.9%T 89r€-€/8T/200T OT/I0p/wiod A8 1M Aeiq 1 puljuo'sge)//sdny wolj papeojumoq ‘2T ‘€202 ‘89VEE.8T


https://doi.org/10.1016/j.tcb.2023.02.001

Synthesis and assembly of COX1

53

54

55

56

57

58

59

60

61

62

63

1578

human mitochondrial complex IV biogenesis. EMBO
Rep 18, 477-494.

Bourens M, Dabir DV, Tienson HL, Sorokina I,
Koehler CM and Barrientos A (2012) Role of twin Cys-
Xaa9-Cys motif cysteines in mitochondrial import of
the cytochrome C oxidase biogenesis factor Cmcl. J
Biol Chem 287, 31258-31269.

Timon-Goémez A and Barrientos A (2020) Mitochondrial
respiratory chain composition and organization in
response to changing oxygen levels. J Life Sci ( Westlake
Village) 2, doi: 10.36069/JoLS/20200601

Antonicka H, Leary SC, Guercin G-H, Agar JN,
Horvath R, Kennaway NG, Harding CO, Jaksch M
and Shoubridge EA (2003) Mutations in COX10 result
in a defect in mitochondrial heme A biosynthesis and
account for multiple, early-onset clinical phenotypes
associated with isolated COX deficiency. Hum Mol
Genet 12, 2693-2702.

Coenen MJH, van den Heuvel LP, Ugalde C, Brinke
Ten M, Nijtmans LGJ, Trijbels FIM, Beblo S, Maier
EM, Muntau AC and Smeitink JAM (2004)
Cytochrome ¢ oxidase biogenesis in a patient with a
mutation in COX10 gene. Ann Neurol 56, 560-564.
Antonicka H, Mattman A, Carlson CG, Glerum DM,
Hoffbuhr KC, Leary SC, Kennaway NG and
Shoubridge EA (2003) Mutations in COX15 produce a
defect in the mitochondrial heme biosynthetic pathway,
causing early-onset fatal hypertrophic cardiomyopathy.
Am J Hum Genet 72, 101-114.

Bugiani M, Tiranti V, Farina L, Uziel G and Zeviani
M (2005) Novel mutations in COX15 in a long
surviving Leigh syndrome patient with cytochrome ¢
oxidase deficiency. J Med Genet 42, e28.

Smith D, Gray J, Mitchell L, Antholine WE and
Hosler JP (2005) Assembly of cytochrome-c oxidase in
the absence of assembly protein Surflp leads to loss of
the active site heme. J Biol Chem 280, 17652—-17656.
Bundschuh FA, Hannappel A, Anderka O and Ludwig
B (2009) Surfl, associated with Leigh syndrome in
humans, is a heme-binding protein in bacterial oxidase
biogenesis. J Biol Chem 284, 25735-25741.

Horng Y-C, Cobine PA, Maxfield AB, Carr HS and
Winge DR (2004) Specific copper transfer from the
Cox17 metallochaperone to both Scol and Cox11 in
the assembly of yeast cytochrome C oxidase. J Biol
Chem 279, 35334-35340.

Nyvltova E, Dietz JV, Seravalli J, Khalimonchuk O
and Barrientos A (2022) Coordination of metal center
biogenesis in human cytochrome c oxidase. Nat
Commun 13, 3615-3617.

Abu-Libdeh B, Douiev L, Amro S, Shahrour M, Ta-
Shma A, Miller C, Elpeleg O and Saada A (2017)
Mutation in the COX4I1 gene is associated with short
stature, poor weight gain and increased chromosomal

64

65

66

67

68

69

70

71

72

73

S. Dennerlein et al.

breaks, simulating Fanconi anemia. Eur J Hum Genet
25, 1142-1146.

Pillai NR, AlDhaheri NS, Ghosh R, Lim J, Streff H,
Nayak A, Graham BH, Hanchard NA, Elsea SH and
Scaglia F (2019) Biallelic variants in COX4I1 associated
with a novel phenotype resembling Leigh syndrome with
developmental regression, intellectual disability, and
seizures. Am J Med Genet A 179, 2138-2143.
Vondrackova A, Vesela K, Hansikova H, Docekalova
DZ, Rozsypalova E, Zeman J and Tesarova M (2012)
High-resolution melting analysis of 15 genes in 60
patients with cytochrome-c oxidase deficiency. J Hum
Genet 57, 442-448.

Baertling F, Al-Murshedi F, Sanchez-Caballero L, Al-
Senaidi K, Joshi NP, Venselaar H, van den Brand MA,
Nijtmans LG and Rodenburg RJ (2017) Mutation in
mitochondrial complex IV subunit COX5A causes
pulmonary arterial hypertension, lactic acidemia, and
failure to thrive. Hum Mutat 38, 692-703.

Taylor NG, Swenson S, Harris NJ, Germany EM, Fox
JL and Khalimonchuk O (2017) The assembly factor
Pet117 couples heme a synthase activity to cytochrome
oxidase assembly. J Biol Chem 292, 1815-1825.
Renkema GH, Visser G, Baertling F, Wintjes LT, Wolters
VM, van Montfrans J, de Kort GAP, Nikkels PGJ, van
Hasselt PM, van der Crabben SN et al. (2017) Mutated
PET117 causes complex IV deficiency and is associated
with neurodevelopmental regression and medulla
oblongata lesions. Hum Genet 136, 759-769.

Lim SC, Smith KR, Stroud DA, Compton AG, Tucker
EJ, Dasvarma A, Gandolfo LC, Marum JE, McKenzie
M, Peters HL et al. (2014) A founder mutation in
PET100 causes isolated complex IV deficiency in
Lebanese individuals with Leigh syndrome. Am J Hum
Genet 94, 209-222.

Olahova M, Haack TB, Alston CL, Houghton JA, He
L, Morris AA, Brown GK, McFarland R,
Chrzanowska-Lightowlers ZM, Lightowlers RN ez al.
(2015) A truncating PET100 variant causing fatal
infantile lactic acidosis and isolated cytochrome c
oxidase deficiency. Eur J Hum Genet 23, 935-939.
Wang C, Richter-Dennerlein R, Pacheu-Grau D, Liu F,
Zhu Y, Dennerlein S and Rehling P (2020) MITRAC15/
COA1 promotes mitochondrial translation in a ND2
ribosome-nascent chain complex. EMBO Rep 21, ¢48833.
Dennerlein S, Ocljeklaus S, Jans D, Hellwig C, Bareth
B, Jakobs S, Deckers M, Warscheid B and Rehling P
(2015) MITRACT acts as a COX1-specific chaperone
and reveals a checkpoint during cytochrome ¢ oxidase
assembly. Cell Rep 12, 1644-1655.

Guerrero-Castillo S, Baertling F, Kownatzki D, Wessels
HJ, Arnold S, Brandt U and Nijtmans L (2017) The
assembly pathway of mitochondrial respiratory chain
complex 1. Cell Metab 25, 128-139.

FEBS Letters 597 (2023) 1569-1578 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

35U017 SUOWIWOD aAE8 1D 3|geatjdde auy Aq peusenob ae sapite YO ‘8sn Jo sajni Joj AriqiauljuQ AS|1 UO (SUONIPUOI-pUe-SWLB)W0D AB | 1M Afe.q 1 BU I jUO//:SNY) SUONIPUOD PUe SWB | aUY) 38S *[£202/20/2T] uo AriqiauluQ A1 ‘uereyosusss imunie aeulidizsIpiin Al Inj Innsu|-youeid-xe | Aq T.9%T 89r€-€/8T/200T OT/I0p/wiod A8 1M Aeiq 1 puljuo'sge)//sdny wolj papeojumoq ‘2T ‘€202 ‘89VEE.8T


https://doi.org/10.36069/JoLS/20200601

	Outline placeholder
	feb214671-aff-0001
	feb214671-aff-0002
	feb214671-aff-0003
	feb214671-aff-0004

	 The translation process of COX1
	 Initiation of COX1 translation

	 Termination of COX1 translation
	 COX1 translation regulation in human mitochondria
	 Early assembly steps of cytochrome c oxidase - linear or modular?
	feb214671-fig-0001

	 Factors assisting early COX assembly steps
	 Concluding remarks
	 Acknowledgements
	feb214671-bib-0001
	feb214671-bib-0002
	feb214671-bib-0003
	feb214671-bib-0004
	feb214671-bib-0005
	feb214671-bib-0006
	feb214671-bib-0007
	feb214671-bib-0008
	feb214671-bib-0009
	feb214671-bib-0010
	feb214671-bib-0011
	feb214671-bib-0012
	feb214671-bib-0013
	feb214671-bib-0014
	feb214671-bib-0015
	feb214671-bib-0016
	feb214671-bib-0017
	feb214671-bib-0018
	feb214671-bib-0019
	feb214671-bib-0020
	feb214671-bib-0021
	feb214671-bib-0022
	feb214671-bib-0023
	feb214671-bib-0024
	feb214671-bib-0025
	feb214671-bib-0026
	feb214671-bib-0027
	feb214671-bib-0028
	feb214671-bib-0029
	feb214671-bib-0030
	feb214671-bib-0031
	feb214671-bib-0032
	feb214671-bib-0033
	feb214671-bib-0034
	feb214671-bib-0035
	feb214671-bib-0036
	feb214671-bib-0037
	feb214671-bib-0038
	feb214671-bib-0039
	feb214671-bib-0040
	feb214671-bib-0041
	feb214671-bib-0042
	feb214671-bib-0043
	feb214671-bib-0044
	feb214671-bib-0045
	feb214671-bib-0046
	feb214671-bib-0047
	feb214671-bib-0048
	feb214671-bib-0049
	feb214671-bib-0050
	feb214671-bib-0051
	feb214671-bib-0052
	feb214671-bib-0053
	feb214671-bib-0054
	feb214671-bib-0055
	feb214671-bib-0056
	feb214671-bib-0057
	feb214671-bib-0058
	feb214671-bib-0059
	feb214671-bib-0060
	feb214671-bib-0061
	feb214671-bib-0062
	feb214671-bib-0063
	feb214671-bib-0064
	feb214671-bib-0065
	feb214671-bib-0066
	feb214671-bib-0067
	feb214671-bib-0068
	feb214671-bib-0069
	feb214671-bib-0070
	feb214671-bib-0071
	feb214671-bib-0072
	feb214671-bib-0073


