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Abstract

Abstract

Mitochondrial biogenesis relies on the proper assembly of proteins from dual genetic
origin. Nuclear-encoded proteins are imported into the organelle and incorporated
into multiprotein complexes together with proteins synthesized on mitochondrial
ribosomes. The OXPHOS machinery is composed of such multiprotein complexes (I-V)
which are embedded into the inner mitochondrial membrane. To guarantee the
functionality of the OXPHOS system, the assembly of these protein complexes is a
highly coordinated process and dependent on the attendance of so-called respiratory
chain assembly factors. Over the years, an enormous amount of research has been
devoted to investigating the detailed mechanisms of individual assembly steps of each
OXPHOS complex and by this, many assembly factors were identified. Because most of
the research has been gleaned from studies using the model organisms S. cerevisiae, it

became fascinating to look into higher eukaryotes as well.

In this study, the interactome analysis of the human mitochondrial large ribosomal
subunit mL62 identified TMEM223 as a novel potential assembly factor for complex IV
and SMIM4, a protein of small molecular weight, involved in complex III biogenesis. By
defining the interactors of SMIM4FLAG we further explored C120RF73, which was
previously described as essential complex Il assembly factor in vertebrates (Zhang et
al., 2020). Our main interest laid in the characterization of the biochemical and
mechanistic role of these proteins regarding the respective complex assembly. For this
purpose, transient siRNA approaches and a TMEM223 knockout cell line
(TMEM223-/-) were used to analyze apparent changes in mitochondrial biogenesis.
Furthermore, the potential timeframes when these assembly factors are acting were

defined by analyzing the interactome of SMIM4FLAG and C120RF7 3FLAG,

One of the crucial steps in complex biogenesis is the insertion of mitochondrial-
encoded proteins into the inner mitochondrial membrane. From studies in S. cerevisiae
it is assumed that the human homolog OXA1L plays a leading role in this process.

Mass spectrometry analyses provided insights into the interactome of the
OXA1L- complex and identified TMEM126A as a potential interaction partner. This
study explores the versatile function of TMEM126A concerning the OXA1L interaction

linked to the biogenesis of the OXPHOS machinery and mitochondrial translation.






Introduction

1. Introduction

1.1. Mitochondria: a unique organelle

Due to their endosymbiotic origin, mitochondria are surrounded by two membranes
like their bacterial ancestor (Saccone et al., 2000). The resulting compartments of this
spatial separation are unique and assign the morphology of mitochondria (Figure 1.1)
The outer mitochondrial membrane (OMM) contains phospholipids, similar to the cell
membrane, and harbors protein-based pores which allow the interchange of
metabolites and other small molecules up to 2-6kDa (Vogel et al, 2006). In addition,
the OMM with its integrated protein-complexes represents the entry gate for
mitochondrial proteins which are synthesized on cytosolic ribosomes. The inner
mitochondrial membrane (IMM) separates the matrix from the intermembrane space
(IMS) and forms so-called cristae structures with their tubular invagination. The IMM
is especially protein-rich and organized into two distinct subdomains: the inner
boundary membrane (IBM) and the cristae membrane (Herrmann and Neupert, 2000;
Vogel et al, 2006). The IBM is in close contact to the OMM for the purpose of protein
import across the mitochondrial membranes and primarily harbors complexes of the
import machinery. The majority of the IMM is organized in cristae structures within
the complexes of the OXPHOS system are located. Both subdomains are connected by
cristae junctions which are characterized by the presence of the mitochondrial contact

site and cristae organizing system (MICOS) (Anand et al., 2021; Pfanner et al., 2019).

Intermembrane space

Mitochondrial DNA

Mitochondrial matrix

Cristae  Ribosome
Outer mitochondrial
membrane

Inner mitochondrial
membrane

Cristae junctions

Figure 1.1 The structure of mitochondria. Mitochondria are double membrane bounded
organelles and consist of an outer mitochondrial membrane and inner mitochondrial
membrane. The mitochondrial inner membrane is shaped by so-called cristae structures which
form cristae junctions close-by the outer membrane. Besides, the intermembrane space and
the mitochondrial matrix form additional reaction compartments. Mitochondrial ribosomes
and the mitochondrial DNA is located inside of the mitochondrial matrix.
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The IMS represents a tiny compartment since the two membranes are only a few
nanometers apart (~8nm) (Hansen and Herrmann, 2019; Herrmann and Neupert,
2000). Nevertheless, it contains different chaperones crucial for the protein import and
is significantly involved in apoptotic signaling by segregating apoptotic components
(Chacinska et al, 2009; Wang and Youle, 2009). The mitochondrial matrix is the
habitation of the mitochondrial DNA (mtDNA) and the mitochondrial gene expression

machinery which also includes mitochondrial ribosomes (Yan et al., 2019).

1.1.1.Structure of mitochondrial DNA

The mtDNA differs from the nuclear DNA (nDNA) but is quite similar to the bacterial
chromosome. It is packaged as a circled, double-stranded DNA whereas the sense and
the antisense strand are termed as heavy and light strand. In human, the mtDNA
encodes for 37 genes, including the 13 polypeptides for the respiratory chain
machinery, two rRNAs and 22 tRNAs which are required for the mitochondrial
translation. The light strand contains 8 tRNAs and the polypeptide ND6, whereas 14
tRNAs, the two rRNAs and the other 12 polypeptides are located on the heavy strand.
All 13 polypeptides represent core subunits of the OXPHOS complexes I, III, IV and V,
and are crucial for the oxidative phosphorylation system (OXPHOS) (Richter-
Dennerlein et al., 2016; Stewart and Chinnery, 2021; Taanman, 1999). In contrast to
nDNA, the mtDNA encloses only three promotor regions: LSP for the light strand and
HSP1/HSP2 for the heavy strand which are localized within the D-loop (displacement
loop) region. By this, mtDNA produces polycistronic transcripts. Additionally, the
transcription and replication is conducted by the mitochondrial RNA polymerase
(POLRMT), the mitochondrial transcription factor (TFAM), the transcription specificity
factor: TFB1M and TFB2ZM, and the transcription termination factor (mTERF)
(Stoccoro and Coppede, 2021).

Due to the lack of histones in the structure, the mtDNA is vulnerable to stress-induced

mutations and damage, which cause many human diseases (Gusic and Prokisch, 2021).
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1.1.2.Mutation of mtDNA

Mutations of mtDNA are often associated with the dysfunction of the OXPHOS system
and can end up in human diseases. The characteristic traits of these mitochondrial
disorders are the presence of various neurological features associated with not only
diabetes, Alzheimer’s disease and Parkinson’s disease, but also with cardiovascular
defects. It is assumed that mutations of the mtDNA can accumulate over time resulting
in neurodegeneration and aging-related diseases (reviewed in Jang et al., 2021; Yan et
al., 2019). Since the first mutation in mtDNA was observed in 1988 (Holt et al., 1988),
several mtDNA mutations were identified, for example a point mutation in complex V
subunit ATP6 that leads to Leigh syndrome. Mutated mtDNA suggested to be involved
also in cancer. 11% of prostate cancer patients harbor a mutation in the
mitochondrial- encoded COX1 which is the core subunit of complex IV (Barrientos et

al, 2009; Jang et al., 2021; Mick et al., 2007; Zhunina et al., 2021).

1.2. The respiratory chain and oxidative phosphorylation

Mitochondria are ubiquitous organelles, their main purpose being the supply of
cellular energy in the form of adenosine triphosphate (ATP), which is produced by the
OXPHOS system. The OXPHOS machinery is composed of different multiprotein
complexes and embedded into the IMM. In human, these multiprotein complexes are
nominated as complex [-IV and the ATP synthase complex (complex V; Figure 1.2)
(Winge, 2012). Apart from their individual functionality, the OXPHOS complexes can
interact with each other by forming so-called supercomplexes (Brzezinski et al., 2021;
Schagger, 2002). To date, the function of supercomplexes is not known, but one
possible explanation could be the efficacy of electron transport during oxidative
phosphorylation (Hallberg and Larsson, 2014; Signes and Fernandez-Vizarra, 2018;
Tang et al., 2020).

During OXPHOS, electrons are supplied by the different metabolisms of nutrients, like
sugar and fats, and by this an electrochemical proton gradient across the IMM is
achieved. Except for complex Il or succinate-ubiquinone oxidoreductase, all complexes
of the respiratory chain have a proton-pumping activity (Figure 1.2). Complex I
(NADH:ubigionone oxidoreductase) shuttles two electrons from NADH to coenzyme Q,
thereby four protons are translocated into the IMS. Complex II converts succinate to

fumarate and transfers two electrons. Complex III or ubiquinol cytochrome c

5
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oxidoreductase passes two protons per electron across the membrane using the Q-
cycle mechanism. Finally, complex IV or cytochrome c oxidase catalyzes the oxidation
of cytochrome c and reduction of oxygen to water by four electrons. Thus, four protons
are translocated from the matrix into the IMS. Subsequently, the ATP synthase uses the
provided proton gradient to generate ATP from ADP and inorganic phosphate
(Fernandez-Vizarra and Zeviani, 2021; Letts and Sazanov, 2017; Signes and

Fernandez-Vizarra, 2018).

Cytosol
4H-
IMS l
Matrix
fumarate. 26
NADH. oy s ADP + Pi .
‘ i } Hzo Y
NAD* + H+* succinate 1/20, + 2H* ATP

Figure 1.2 Schema of the respiratory chain from higher eukaryotes. The respiratory chain
is composed of different multiprotein complexes and embedded into the inner mitochondrial
membrane. Complex V generates ATP from ADP and inorganic phosphate by using the proton
motive force generated via the proton-pumping activity of complex I, IIl and IV.

In human, many disorders are caused by the dysfunction of the OXPHOS machinery.
Therefore, it is important to understand the intricate assembly mechanisms of the
various complexes. Complex [, III, IV and V are composed of subunits from dual genetic
origin, therefore, the assembly of mitochondrial- and nuclear-encoded subunits is a
highly regulated process (Richter-Dennerlein et al., 2016) This process includes the
membrane insertion of mitochondrial-encoded proteins into the IMM which is
underpinned by a multitude of assembly factors and ribosomal regulators within
mitochondria. Because this study examines the relationship between the

mitochondrial insertase OXA1L and novel assembly and interacting factors for
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complex I and complex III, the next sections will focus on the early assembly steps of

these special complexes.

1.2.1.Assembly of NADH:ubiquinone oxidoreductase

The largest complex of the OXPHOS machinery is complex I which provides 30-40% of
the proton motive force required for the ATP synthesis (Giachin et al, 2016). In
mammalian cells, it is composed of 45 subunits arranged in different modules (N-, Q-,
ND1-, ND2-, ND4-, and ND5-module; Table 1.1). These modules are organized in a
L- shaped structure with a peripheral hydrophilic arm located in the matrix and a
hydrophobic part forming the proton channel in the IMM (Figure 1.3). The seven
subunits encoded by the mtDNA are embedded into the IMM and belong to the
hydrophobic part (Giachin et al, 2016; Mimaki et al, 2012; Signes and Fernandez-
Vizarra, 2018).

Table 1.1 Modules of the mammalian complex I and the corresponding subunits in order of
their assembly.

N- Q- ND1- ND2- ND4- ND5-
module module module module module module
Early NDUFV1 NDUFA5 | MT-ND1 | MT-ND2 | NDUFB1 | MT-ND5
subunits | NDUFV2 NDUFS2 | NDUFA3 | NDUFC1 | NDUFB4 | NDUFB2
NDUFS1 NDUFS3 | NDUFA8 | NDUFC2 | NDUFB5 | NDUFB3
NDUFAZ2 NDUFS7 | NDUFA13 | NDUFAF1 | NDUFB6 | NDUFB7
NDUFS8 MT-ND3 | NDUFB10 | NDUFBS8
NDUFAF3 MT-ND6 | NDUFB11 | NDUFB9
NDUFAF4 MT-ND4L | MT-ND4 | NDUFAB1
NDUFAF6
Late NDUFA6 NDUFA1
subunits | NDUFA12 NDUFA10
NDUFS4 NDUFS5
NDUFS6
NDUFV3
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Because of its different modules, the assembly of complex I is a complicated and highly
monitored process. Previous studies provide the idea that nuclear-encoded complex I
subunits can be assembled in sub-complexes even if mitochondrial-encoded subunits
are absent (Dang et al., 2020; Potluri et al, 2004). This shows that the peripheral arm
and the hydrophobic proton channel are independent from each other in the assembly
state and are reliant on the commitment of various assembly factors which must be
unique for each module.

So far, the most known complex I assembly factors are involved in the early assembly
of complex I. Thereby, assembly factors are necessary to insert hydrophobic subunits
to the IMM and to stabilize complex I intermediates (Giachin et al., 2016; Heide et al.,
2012). In human, the most relevant assembly factors are NDUFAF1, ACAD9, ECSIT,
TMEM126B and TIMMDC1 (Brandt, 2006; Giachin et al., 2016; Mimaki et al., 2012).

binding site for NADH |:

e transfer to coenzyme Q [ Matrix

IMM

L J
proton pumping IMS

Figure 1.3 Model of complex I assembly. The Q-module binds to the ND1-module. Then, the
ND2- and ND4-modules assemble in the inner mitochondrial membrane (IMM). The pre-
assembled ND4- and ND5-modules join the complex. As last step, the tip of the whole complex
formed by the N-module is incorporated. The proton translocase activity is conducted by the
hydrophobic part in the IMM. Protons are translocated into the intermembrane space (IMS).

1.2.2.Assembly of ubiquinol-cytochrome c oxidoreductase

The entire knowledge about the assembly of complex III are based on studies from
S. cerevisiae (Protasoni et al.,, 2020). Due to structural similarities and the conservation
of the first steps of complex IIl assembly, it is assumed that the intermediate steps are
more comparable between yeast and mammalians with the comprehension of
orthologous proteins (Figure 1.4). The biogenesis of complex Il relies on the
expression and coordinated assembly of ten nuclear-encoded subunits and the

mitochondrial-encoded cytochrome b (MT-CYB). Together with cytochrome c: (CYC1)
8
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and UQCRFS1, MT-CYB forms the catalytic core, which is organized in a tightly bound
symmetrical dimer (clll2). Complex III assembly starts with the translation of MT-CYB
on mitochondrial ribosomes. During the synthesis two translation factors are bound to
the nascent polypeptide at the ribosomal exit tunnel - UQCC1 (yeast Cbp3) and UQCC2
(Cbp6). This starting point of assembly is called intermediate 0. Both translation
factors mediate the insertion of newly synthesized MT-CYB into the IMM and dissociate
once synthesis is completed. After incorporation of the first haem b (b.) a third factor
- UQCC3 (Cbp4) - joins the pre-complex and the second haem bx can be integrated into
the complex (intermediate I). The detachment of UQCC1/UQCC2 from the fully
haemylated MT-CYB is triggered by the insertion of the structural subunit UQCRB
(Qcr7) and UQCRQ (Qcr8) whereby the translation factors move back to the
mitochondrial ribosome to activate a novel round of MT-CYB translation (intermediate
I[1). The addition of UQCRFS1 (Rip1) together with the smallest subunit UQCR11
(Qcr10) to an already dimeric pre-complex III (pre-clll2) is the crucial clll2 maturation
step and leads to its catalytic activity (Ghezzi and Zeviani, 2018; Ndi et al., 2018; Signes
and Fernandez-Vizarra, 2018; Smith et al,, 2012).
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1.3. Import of nuclear-encoded proteins into mitochondria

The mitochondrial proteome consists of 800 (yeast) to 1500( human) proteins but only
13 of these proteins are mitochondrial-encoded and subunits of the human oxidative
phosphorylation system (OXPHOS) (Kramer et al., 2021; Yasukawa and Kang, 2018).
Since the majority of mitochondrial proteins are encoded by the nuclear genome,
precursor proteins have to be imported from the cytosol through the mitochondrial
membranes. This multistep process has to be coordinated in a stoichiometric and
temporal manner and needs a mediated coordination of the mitochondrial
translocation machinery and the precursor synthesis at cytosolic ribosomes
(Nunnari and Suomalainen, 2012; Paschen and Neupert, 2001). The multicomponent
translocation machineries are embedded in both the outer mitochondrial membrane
(OMM) and the inner mitochondrial membrane (IMM) and consists of membrane-
protein complexes and soluble proteins (Endo et al, 2011; Maity and Chakrabarti,
2021). Even though itis well validated that the import of precursor proteins takes place
post-transcriptionally, it cannot be obviated that it occurs as well in a co-translational
manner (Dudek et al,, 2013). To guide precursor proteins to their destination inside
mitochondria, most precursor proteins contain this information in the form of a
mitochondrial targeting signal. In most cases, the targeting signal is a N-terminal
leading sequence, also known as presequence or matrix-targeting sequence (MTS).
This amphipathic a-helix is a 10 to 80 amino acid residue, positively charged and in
most cases proteolytically removable after the import (Dudek et al., 2013; Sokol et al.,
2014). Instead of the MTS, precursors can contain an internal targeting sequence as
well. Whereas the properties of the MTS are widely conserved among different species,
knowledge about internal targeting sequences remains largely elusive (Chacinska et
al., 2009; Neupert and Herrmann, 2007).

The carriage of proteins from the cytosol to the OMM is supported by the presence of
cytosolic chaperones to maintain the solubility of precursor proteins and prevent
folding and aggregation (Bhangoo et al., 2007; Widmann and Christen, 1995). Once the
precursor protein is escorted to the OMM, the import into mitochondria is initiated by
the recognition of the targeting sequence via the translocase of the outer membrane -

the TOM complex (Mori and Terada, 1998; W. Wang et al., 2020).
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Because the majority of our knowledge is based upon studies on S. cerevisiae, the
following sections describe the general principles on the basis of this model organism
given that most general mechanisms are conserved from yeast to human (reviewed in

Dudek et al., 2013; Figure 1.5).

Presequence-containing
RrecurEor profein Precursor of multispanning
IMM protein
Precursor protein Cysteine-rich
with sorting signal SH i precursor
SH
Ky .

Cytosol

OMM

Small Tim chaperones

IMS

+

IMM Ay

Matrix -

TIM23SORT TIM23-PAM

Figure 1.5 The major import pathways into mitochondria. Precursor proteins are
imported from the cytosol into mitochondria using different translocases. The TOM complex is
the general entry gate to cross the outer mitochondrial membrane (OMM). Proteins targeted
to the inner mitochondrial membrane (IMM), or the matrix carry a presequence which is
recognized by the TIM23 complex. Translocation for matrix proteins is warranted by the
TIM23-PAM complex. Insertion into the IMM is conducted by the TIM22 complex and the small
Tim chaperones. Cysteine-rich proteins belonging to the intermembrane space (IMS) are
guided through the MIA pathway. 3-barrel proteins are translocated to the OMM using the SAM
complex. Schema adapted from Sokol et al, (2014).

1.3.1. Translocation across the outer mitochondrial membrane

Independent from the mitochondrial targeting signal the translocase of the
mitochondrial outer membrane (TOM complex) forms the entry gate for nearly all
precursor proteins (Bausewein et al, 2020; Chacinska et al., 2009). On one hand, the

TOM complex recognizes exclusively mitochondrial precursor proteins from the
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cytosol and on the other hand it forms a channel which allows precursors to cross the
hydrophobic outer membrane (Abe et al, 2000; Harbauer et al., 2014; Kiinkele et al.,
1998; Lithgow et al, 1994). To recognize precursor proteins from the cytosol three
subunits of the TOM complex act as receptors: Tom20, Tom22 and Tom70/Tom?71.
Whereas Tom20 and TomZ22 mainly recognize precursors with presequences, Tom70
preferentially binds to precursors with internal targeting signals (Dudek et al, 2013;
Kiebler et al., 1993; Wu and Sha, 2006). The core-subunit of the TOM complex is formed
by the integral membrane protein Tom40 which is integrated into the OMM in a (-
barrel structure and functions as a pore through which precursor proteins can pass
(Dietmeier et al., 1997; Endo and Yamano, 2010; Wasilewski et al, 2017). Another
component of the TOM complex are the so-called small Tom proteins - Tom5, Tom6,
Tom7. Tom6 and Tom7 are acting in an antagonistic manner to stabilize the whole
complex whereas Tomb5 participates in the transfer of precursor proteins from Tom22

to Tom40 (Dietmeier et al., 1997; Dudek et al., 2013; Schmitt et al., 2005).

1.3.1.1. The B-barrel assembly gate (SAM complex)

Because of the endosymbiotic origin, the mitochondrial outer membrane incorporates
B-barrel proteins to allow the communication with the cytosol, e.g. transport of
metabolites and organelle contact sites (Diederichs et al, 2021; Schuler et al.,, 2015;
Walther and Rapaport, 2009). All known proteins from the outer membrane are
nuclear-encoded and therefore imported as precursor proteins through the TOM
complex into the intermembrane space (IMS). Then, the assembly and sorting of these
precursor proteins into the outer membrane is mediated by the multi-subunit sorting
and assembly machinery - SAM (Grevel et al, 2020; Walther and Rapaport, 2009;
Wiedemann and Pfanner, 2017).

The core component of the SAM complex is the 3-barrel protein Sam50. It recognizes
and binds to the (-signal of precursor proteins, guided through the SAM complex,
together with its partner Sam35. Another subunit is the Sam37 protein which on the
one hand promotes the release of precursor and on the other stabilizes the interaction
of Sam50 with Sam35 (Diederichs et al, 2021; Lionello et al, 2020; Stojanovski et al.,
2007; Takeda et al., 2021). Besides the channel protein VDAC, other (3-barrel proteins
are Tom40 as well as Sam50 (Hohr et al., 2018).

13
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1.3.2. Import into the intermembrane space

Mitochondrial proteins with characteristic cysteine residues, like the small Tim
proteins or Cox17, are imported into the intermembrane space via the MIA pathway
(mitochondrial intermembrane space assembly) (Chacinska et al., 2008; Chatzi et al,
2013; Mordas and Tokatlidis, 2015; Vogtle et al., 2012). The import is redox-regulated
and relies on the soluble protein and oxidoreductase Mia40, which uses its C-terminal
tail to bind potential substrates. These substrates possess a specific cysteine region,
arranged in two different motifs: CX3C or CX9C. Because Mia40 consists of a cysteine-
proline-cysteine (CPC) motif, incoming precursor proteins form, together with Mia40,
a transient intermolecular disulfide intermediate. After induction of disulfide bonds
within the precursor itself, Mia40 rereleases the precursor into the intermembrane
space (Chacinska et al., 2009; Dudek et al., 2013; Gabriel et al., 2007; Sztolsztener et al.,
2013).

The second important component of this pathway, Ervl, is a sulfhydryl oxidase which
acts as a recycler by accepting the electrons from the active CPC site from Mia40.
Thereby, Mia40 is reoxidized and arising electrons are transmitted to cytochrome c

(Ceh-Pavia et al., 2013; Wrobel et al., 2013).

1.3.3. The carrier translocase of the inner mitochondrial membrane
Hydrophobic, multi-spanning proteins of the inner mitochondrial membrane,
containing internal targeting signals, are directed to the inner membrane via the
unique TIM22 complex (Chacinska et al, 2009; Rehling et al, 2003). Most of these
proteins belong to the family of mitochondrial metabolite carriers, like ADP/ATP
carriers or to the phosphate carrier family (Séllner et al, 1990; Zimmerman et al.,
1979). But additionally, three more proteins were investigated to be substrates of this
translocase: Tim17, Tim22 and Tim23 (Kaldi et al, 1998). A long existing believe was
that the substrates of the TIM22 complex must contain an even number of
transmembrane domains. But recently, novel substrates were investigated which
exhibit a putative topology of three and five transmembrane segments, e.g. pyruvate
carrier proteins and members of the sideroflexin family (Gomkale et al., 2020; Jackson

etal, 2021; Rampelt et al, 2020).
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After crossing the outer mitochondrial membrane (TOM complex), TIM22 substrates
are escorted by a membrane-associated module composed of small Tim proteins
(Tim9-Tim10-Tim12) throughout the intermembrane space until they reach the
TIM22 complex. The TIM22 complex is embedded into the inner mitochondrial
membrane and consists of the twin-pore Tim22, which forms the core subunit of the
complex. The membrane potential (Ay) - dependent insertion is then assisted by
Tim54, Tim18 and Sdh3. Whereas Tim54 provides the binding site for proteins bound
to the Tim9-Tim10-Tim12 intermediate, Tim18 is required for the assembly of Tim54
into the TIM22 complex (Callegari et al., 2019; Dudek et al., 2013; Jackson et al., 2021;
Truscott et al., 2003a; Vasiljev et al.,, 2004).

1.3.4. Translocation by the TIM23 complex

About two thirds of imported precursor proteins contain a N-terminal, cleavable
presequence needed for the translocation via the major translocase of the inner
mitochondrial membrane - the TIM23 complex (Callegari et al, 2020). Both the
translocation into the matrix including subsequent processing and the translocation

into the IMM is mediated by this complex (Jensen and Dunn, 2002; Moulin et al., 2019).

As mentioned before, the precursor proteins carry the targeting signal in form of a
positively charged amphipathic a -helix. This helix varies in its length with 15-55 amino
acid residues, even though precursors with less than ten or up to 100 residues have
been described (Chacinska et al, 2009; Mokranjac and Neupert, 2005; Straub et al,
2016).

In addition, the presequence encloses three types of information to direct the
precursor to its destination. First, the a -helix with its hydrophobic surface is
recognized by Tom20, secondly the positively charged surface is necessary for the
binding of Tom22 and thirdly, the overall positive net charge is crucial for the
translocation using the membrane potential (Haucke et al, 1995; Moulin et al., 2019;
Pfanner et al,, 2019; van der Laan et al, 2006). Besides, the presequence contains a
cleavable site which is recognized by the dimeric mitochondrial processing peptidase
(MPP) when precursor proteins enter the matrix (Gakh et al, 2002). A number of
precursor proteins contain a hydrophobic sorting signal as well which is located
directly after the matrix-targeting signal. This sorting signal is necessary in case

precursor proteins should arrest in the inner mitochondrial membrane and are
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released laterally into the lipid phase via the TIM2350RT complex (Chacinska et al,
2009; Moulin et al., 2019).

The translocation via the TIM23 complex is a highly dynamic and versatile process but
seems to be conserved from yeast to higher eukaryotes. The essential subunits forming
the core (TIM23CORE) are Tim50, Tim23 and Tim17. The non-essential part of the
complex includes the proteins Tim21 and Mgr2 which then form the TIM23SORT
complex (Figure 1.5) (Chacinska et al, 2009; Habib et al., 2007; Lee et al, 2020;
Mokranjac and Neupert, 2005; Moulin et al,, 2019; van der Laan et al., 2006). The pore
across the inner mitochondrial membrane is formed by Tim23. Its N-terminal region
located in the IMS is used as a receptor for incoming precursor proteins together with
the intermembrane space domain of Tim50. Additionally, Tim50 is bound to the
complex in its closed state to prevent ion leakage and dissipation of the membrane
potential when precursor proteins are absent (Callegari et al., 2020; Dudek et al., 2013;
Jensen and Dunn, 2002). The intermembrane space domain of Tim50 is not only bound
to Tim23. It allows the interaction with Tom22 as well, together with precursor
proteins in transit (Meinecke et al., 2006). Tim17 is responsible for the stabilization of
the whole complex, whereas Tim21 facilitates the transfer of precursor proteins to the
pore (Chaudhuri et al, 2020; Mick et al, 2012). Once the precursor has been
successfully transported, Tim21 dissociate from the complex and the precursor is
laterally released to the inner mitochondrial membrane or further translocated into
the matrix (Callegari et al., 2020; Denkert et al., 2017; Glick et al., 1992; Meinecke et al.,
2006). For the translocation into the matrix another driving force is needed. This is
warranted by the ATP-powered presequence translocase-associated motor - PAM

(Marom et al., 2011).

1.3.4.1. Matrix translocation using the import motor PAM

The translocation of precursor proteins into the mitochondrial matrix is aided by the
import motor PAM (Marom et al, 2011; Schulz et al., 2015). This motor is based upon
the heat-shock protein 70 (Hsp70) which constitutes the motor core and provides the
ATPase activity (Dudek et al., 2013; van der Laan et al., 2010). In addition, the following
co-chaperons are part of the motor complex: the J-protein Pam18, the J-like protein

Pam16, Mgel, Tim44 and Pam17. Tim44, the scaffold protein, recognizes the precursor
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proteins coming through the Tim23 channel and forms the membrane anchor for
Hsp70. Pam16 and Pam18 acting in a module to stimulate the ATPase activity of Hsp70,
whereas Pam17 is responsible for the integrity of the Pam16/Pam18 module by
binding to Tim23 (Chacinska et al, 2009; Frazier et al, 2004; Schulz et al., 2015;
Truscott et al, 2003). Finally, Mge1, the soluble nucleotide exchange factor, provokes
the release of ADP from Hsp70. Consequently, the bound precursor is released into the
matrix and a new reaction cycle of Hsp70 is initiated (Straub et al., 2016; Westermann

etal, 1995).
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1.4. The insertase for mitochondrial-encoded proteins

Although the majority of proteins of the inner mitochondrial membrane are imported
from the cytosol, a proper membrane biogenesis of the OXPHOS complexes depends on
the insertion of nuclear-and mitochondrial encoded membrane proteins. Hence, in
eukaryotes, the mitochondrial translation machinery is responsible for the synthesis
of a small number of polypeptides (Bohnert et al.,, 2007; Szyrach et al., 2003). All these
polypeptides are core subunits of the OXPHOS complexes and therefore essential for
the functionality of mitochondria. Mitochondrial-encoded proteins are exported to the
inner membrane via its N-terminal domain, facilitated by the inner membrane protein
Oxal (oxidase assembly factor 1), which is a member of the conserved Oxal/YidC/Alb3
protein family (Hell et al., 1998; Kriiger et al., 2012; Preuss et al., 2005; Reif et al., 2005).
The relevance of Oxal in the biogenesis of the respiratory chain complexes is well
established, but a detailed molecular picture on how Oxal operates while membrane
insertion of polypeptides into the lipid bilayer is missing (Hell et al.,, 2001; Kriiger et
al., 2012). Even though the most studies are done in S. cerevisiae, the role of the human
OXAL1L protein is not well investigated yet. Therefore, the following sections address
the knowledge of Oxal and its conserved homologs among prokaryotes and

eukaryotes.

1.4.1. The conserved Oxal/YidC/Alb3 protein family

Because membrane proteins make up 25-30% of the cellular proteome, its insertion
and assembly into the right complexes are elementary for the cell’s viability. Proteins
that act as insertases for these membrane proteins are well-conserved among bacteria
and certain eukaryotic organelles (Hell et al, 2001). In bacteria, the insertion is
mediated by YidC, a conserved protein of the IMM, which number of paralogs can vary.
In gram-positive bacteria, like Bacillus, Lactobacillus, Actinobacteria and Clostridia, two
paralogs are present: YidC1 and YidC2. Both proteins comprise a core-domain which
spans the membrane five times. In contrast to YidC1, a long C-terminal region of YidC2
is responsible for binding the ribosome which increases the folding rate of membrane
proteins. Gram-negative bacteria contain only one version of YidC, which possess an
extra transmembrane segment at the N -terminal domain (Funes et al, 2011; Luirink

etal., 2001; Scotti et al, 2000).
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In the thylakoid membrane of chloroplasts, two proteins are involved in insertion into
and across the membrane: Alb3 and Alb4 (Funes et al, 2011; Itoh et al, 2021). As YidC2
from bacteria, Alb3 contains a long C-terminal domain too which is lacking in the

Alb4 protein.

The mitochondrial insertase Oxal shares a conserved domain with YidC consisting of
five transmembrane spans. Like YidC2, Oxal contains a positively charged C-terminal
tail which is responsible for binding the mitochondrial ribosome. Another distant
homolog of YidC is Cox18/0xa2 in S. cerevisiae and Neurospora crassa. Cox18 is
responsible specifically for the biogenesis of Cox2 (cytochrome ¢ oxidase subunit 2)
and helps with the insertion post-transcriptionally by binding the C-terminal domain

(Funes et al, 2011; Zhang et al,, 2009).

Over the years, scientist corroborated the belief that Oxal and Alb3 hypothetically
derived from the YidC protein of the endosymbiont (Zhang et al, 2009). But recent
studies have explored that the eukaryotic Oxal and Alb3 have two prokaryotic origins
and did not arise directly from the YidC of proteobacteria, and therefore have diverse
evolutionary histories (Scotti et al, 2000; Zhang et al., 2009). Nevertheless, a number
of recent studies have reported that a mitochondria-targeted version of YidC can
functionally replace Oxal in S. cerevisiae, whereas the YidC from Escherichia coli can be
substituted by Alb3 and Alb4 of Arabidopsis thaliana (Bohnert et al., 2010; Herrmann
etal, 1997; Reif et al., 2005).

For this reason, it is of particular importance to understand the molecular functionality

of the human insertase as well and draw comparisons between Oxal of S. cerevisiae

and OXA1L in mammals.

1.4.1.1. The Oxal protein

The Oxal protein of S. cerevisiae is a nuclear-encoded mitochondrial protein of 36kDa,
located in the IMM. Because it contains a N-terminal presequence, it is imported into
mitochondria as a precursor and inserted into the IMM by Oxal itself. The import of
Oxal is membrane potential dependent and requires the processing of the N - terminal
tail (~90 amino acid residues) by MPP in the matrix (Altamura et al., 1996; Bohnert et
al, 2010).
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Oxal and its human homolog OXA1L consist of five transmembrane domains which
span the IMM, whereas the N-terminal domain reside in the IMS, and the C-terminal
tail is exposed to the matrix (Figure 1.6). Interestingly, the C-terminal region of Oxal
in plants, fungi and animals show no obvious conservation at a primary sequence level
(Kriiger et al, 2012; Szyrach et al, 2003). The role of the C-terminal tail has been
extensively studied in vitro as well as in organello and it was documented that both in
S. cerevisiae and human, the C-terminal tail forms a a-helical domain which is necessary
to bind to the mitochondrial ribosome (Haque et al., 2010; Stiller et al., 2016). Previous
studies have examined, that the mitochondrial ribosome is anchored to the IMM by the
large mitochondrial subunit L45 protein (mL45) which is associated with OXA1L
(Itoh et al, 2021). In addition, Oxal acts as a protein-conducting channel by forming a
pore for its translocase activity. Electrophysiological single channel analysis
investigated the size of this pore (0.6-2nm @) and defined that one active unit is built
by four discrete channels, that are regulated in a substrate and membrane potential
dependent manner. Thereby, each pore of one native Oxal unit is large enough to guide
through polypeptides in an unfolded or secondary structure (Kohler et al, 2009;
Kriiger et al., 2012; Nargang et al., 2002).

Primarily, Oxal was identified in two independent studies to investigate unknown
yeast proteins involved in the biogenesis of the OXPHOS machinery (Bauer et al., 1994;
Bonnefoy et al, 1994). Mutations in the OXAI nuclear gene in S. cerevisiae led to a
complete respiratory deficiency and a lack of cytochrome oxidase activity as well as a
defect in the assembly of the ATP synthase (Altamura et al., 1996; Stuart, 2002). This
pleiotropic phenotype conditioned by oxal mutants indicated a more comprehensive

function of Oxal in the overall biogenesis of the respiratory chain.
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Figure 1.6 The human insertase OXA1L. OXA1L spans the inner mitochondrial membrane
(IMM) five times and binds with its C-terminal tail to the mitochondrial ribosome. By this,
nascent chains are inserted to the IMM co-translationally. Adapted from Haque et al., 2010.

1.4.2. The OXA-related assembly of respiratory chain complexes

The insertion of proteins from the mitochondrial matrix to the IMM is warranted by
the OXA (oxidase assembly) pathway and used by mitochondrial-encoded proteins as
well as a subset of nuclear-encoded proteins (Oxal, Cox18 and Mdl1) (Bohnert et al.,
2010; Stiller et al., 2016). As mentioned before, all mitochondrial-encoded proteins,
7 (S. cerevisiae) or 13 (human), represent subunits of the OXPHOS complexes and

require the OXA pathway for its insertion (Table 1.2).

Table 1.2 Mitochondrial-encoded subunits of the respiratory chain at its corresponding
complexes in yeast and human.

OXPHOS complex S. cerevisiae Mammalian
NADH dehydrogenase ND1, ND2, ND3, ND4/4L,
ND5, ND6

Succinate dehydrogenase - -
Cytochrome bci1 complex Cytochrome b Cytochrome b
Cytochrome oxidase complex Cox1, Cox2, Cox3 C0X1, COX2, COX3
ATP synthase Atp6, Atp8, Atp9 ATP6, ATP8
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Oxal interacts with mitochondrial proteins prior to their synthesis being completed by
binding to the nascent polypeptide chains associated with the mitochondrial ribosome.
From cross-linking studies in yeast, it is well known that Oxal interacts in an early
stage with Cox1, Cox2, Cox3 and cytochrome b, while it needs the mitochondrial
ribosome to stabilize these interactions (He and Fox, 1997; Hell et al,, 2001). Besides,
Oxal is required for the co-translational insertion of Atp6, Atp8 and Atp9 (Jia et al,
2003a). In yeast as well as in human it is established that Oxal/0XA1L interacts with
its C -terminal tail with the mitochondrial ribosome (Haque et al., 2010; Jia et al., 2003).
Previous studies in S. cerevisiae have shown that deletion of the entire C-terminus
blocks the insertion of mitochondrial translation products and therefore affects the
biogenesis of the whole OXPHOS machinery. Interestingly, a truncation of the
C- terminal domain does not influence the insertion of the nuclear-encoded membrane
proteins Cox18 and Oxal itself, which are inserted to the IMM by the OXA pathway, too
(Szyrach et al, 2003). This study suggested the importance of Oxal and its role, not
only as an insertase for membrane proteins into the IMM, but also as a checkpoint for

the biogenesis of the OXPHOS machinery.

Most of our knowledge is based on studies done in S. cerevisiae. Even if Oxal is
conserved, the similarities between Oxal and the human homolog OXA1L are only 33%
(Thompson et al, 2018). It is assumed that OXA1L functions in the same way as the
yeast Oxal protein. However, obtained data regarding the deletions of OXA1L in vitro
outlined the effect on complex I and complex V but, surprisingly, not on complex IV
(Stiburek et al, 2007). Additionally, a first male patient was identified harboring a
biallelic OXA1L variant associated with a complex IV deficiency in skeletal muscle,
which stands in opposition to the in vitro studies (Thompson et al., 2018).

To this day, it is controversially debated how Oxal/0XA1L mediates the insertion of
proteins and it is tempting to speculate that other interacting partners are part of this
insertion machinery (Kriiger et al., 2012). Especially since all other translocases within
mitochondria are composed as multiprotein complexes, it is hard to believe that the

OXA pathway includes solely the Oxal/0OXA1L protein.
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1.5. Aims of this work

The mitochondrial inner membrane harbors multiprotein complexes, such as
translocases and the complexes of the OXPHOS machinery. In the biogenesis of these
complexes a multitude of so-called assembly factors are involved besides the structural
subunits. Therefore, the assembly process must be coordinated in a highly temporal
and stoichiometric manner above all, the subunits are from dual genetic origin. Even
though the minority of mitochondrial proteins are encoded by a mitochondrial
transcription and translation machinery, the co-translational insertion of these
proteins seems to be a vital step for mitochondrial reliability.

From previous studies it is known that proteins involved in the assembly are bound to
assembly intermediates at different stages (Richter-Dennerlein et al., 2016; Soto et al,
2012). To investigate regulators already bound to the human mitochondrial ribosome,
the interactome of the subunit mL62 was analyzed by mass spectrometry. By this,
SMIM4 and TMEM223 were identified, mitochondrial proteins of unknown function. In
this study, the functionality of these proteins was analyzed biochemically in regard to
the respective OXPHOS complexes. The protein-network of SMIM4 was further
analyzed in HEK293T cells and explored the protein C120RF73 as potential interacting

partner.

In the second part of this study, the interactome of the OXA1L protein from HEK293T
cells was determined using mass spectrometry analyses. Because the insertion of
mitochondrial- encoded proteins into the inner membrane is guided by the insertase
OXA1L, it was of particular interest to identify novel constituents of the human OXA1L-
complex, which eventually support this task. We identified TMEM126A, a membrane
protein described in parallel to this study as complex I assembly factor (D’Angelo et al.,
2021; Formosaetal.,, 2021) and examined its role in the mitochondrial biogenesis. This
study aimed to investigate the function of TMEM126A trough use of siRNA and
CRISPR/Cas9-generated knockout cell lines. Since OXA1L is connected to the
mitochondrial ribosome in a translational-independent manner (Richter-Dennerlein et
al., 2016), the interaction between TMEM126A and the mitochondrial ribosome was

investigated under different conditions.
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Abstract

Human mitochondria express a genome that encodes thirteen core subunits of the
oxidative phosphorylation system (OXPHOS). These proteins insert into the inner
membrane co-translationally. Therefore, mitochondrial ribosomes engage with the
OXA1L-insertase and membrane-associated proteins, which support membrane
insertion of translation products and early assembly steps into OXPHOS complexes.
To identify ribosome-associated biogenesis factors for the OXPHOS system, we
purified ribosomes and associated proteins from mitochondria. We identified
TMEMZ223 as a ribosome-associated protein involved in complex IV biogenesis.
TMEM223 stimulates translation of COX1 mRNA and is a constituent of early COX1
assembly intermediates. Moreover, we show that SMIM4 together with C120RF73
interacts with newly synthesized cytochrome b to support initial steps of complex I
biogenesis in complex with UQCC1 and UQCC2. Our analyses define the interactome
of the human mitochondrial ribosome and reveal novel assembly factors for complex

lIl and IV biogenesis that link early assembly stages to the translation machinery.

Keywords: Mitochondria, Ribosome, Oxidative Phosphorylation, Assembly,

Translation
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Introduction

Mitochondria play key roles in a plethora of cellular processes such as signaling
processes, metabolism, and energy production (Pfanner et al. 2019). Among this
multitude of functions, cellular energy conversation by oxidative phosphorylation
(OXPHOS) is a hallmark. ATP is produced by the mitochondrial OXPHOS system,
which is comprised of the respiratory chain complexes | — IV and the F1Fo-ATP-
synthase (complex V). Except for complex I, these multi-subunit complexes in the
inner mitochondrial membrane (IMM) are composed of nuclear- and mitochondrial-
encoded proteins.

The human mitochondrial genome (mtDNA) encodes 2 rRNAs, 22 tRNAs and
13 proteins. These proteins are synthesized by membrane-associated mitochondrial
ribosomes (mt-ribosome) to insert their translation products into the membrane co-
translationally (Pfeffer et al. 2015; Englmeier et al. 2017). Subsequently, these
subunits have to engage with nuclear-encoded, imported subunits to form functional
enzyme machineries. This process requires a large number of chaperone-like
assembly factors, which promote the maturation of the complexes through a number
of assembly intermediates.

Since the accumulation of non-assembled OXPHOS proteins or subcomplexes
can lead to the production of cellular damaging radicals (e.g. ROS), their assembly
processes are highly regulated in a stoichiometrically and temporally manner, which
is facilitated by a plethora of assembly factors. These biogenesis factors act at different
maturation stages and stabilize assembly intermediates, insert cofactors or ensure the
correct protein membrane integrity.

The assembly pathway of the cytochrome c¢ oxidase is one of the best
characterized processes (Dennerlein etal. 2017; Timon-Gémez et al. 2017). The three
core proteins COX1, COX2 and COX3 are encoded by the mtDNA. COX1 represents
the step-stone of the assembly pathway, while COX2 and COX3 get added in a
sequential manner. In the yeast Saccharomyces cerevisiae (S. cerevisiae), COX1
translation is regulated by translational activators that bind to the 5’ untranslated region
(UTR) of COX1 mRNA. However, due to the lack of a significant 5’UTR of human
COX1 mRNA, such a mechanism probably does not exist in human mitochondria. It
has been recently shown that COX1 translation is regulated by early and late assembly
stages. MITRAC (mitochondrial translation regulation assembly intermediate of the
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cytochrome ¢ oxidase) represents the COX1 specific assembly intermediate, which
comprises at least two sub-complexes (MITRAC®" and MITRAC"®) (Mick et al. 2012;
Richter-Dennerlein et al. 2016). MITRAC®2", which interacts directly with the mt-
ribosome during COX1 synthesis, is considered as the COX1 translation regulation
complex, containing C120RF62 and MITRAC12 (Richter-Dennerlein et al. 2016). In
MITRAC"® the first nuclear-encoded subunit, COX4I1, joins the assembly
intermediate impairing the accomplishment of COX1 synthesis. Thus, the transition
from MITRAC®2" to MITRAC'" represents a key regulatory step for COX1 synthesis
and downstream events during cytochrome ¢ oxidase biogenesis. However, how the
MITRAC complexes regulate COX1 translation on a molecular level remains unclear.

Other mitochondrial OXPHOS assembly pathways, such as for the cytochrome
¢ reductase (complex lll) have been predominantly investigated in S. cerevisiae. The
biogenesis of the cytochrome c¢ reductase relies on the expression and coordinated
assembly of ten nDNA-encoded subunits and one mtDNA-encoded subunit,
cytochrome b (CytB). The assembly process starts with the translation of CytB. During
synthesis two translation factors are bound to the nascent polypeptide emerging at the
exit tunnel — Cbp3 (UQCC1) and Cbp6 (UQCC2), forming intermediate 0 (Fernandez-
Vizarra and Zeviani 2018; Ndi et al. 2018). Both translation factors mediate the
insertion of newly-synthesized CytB into the IMM and dissociate once synthesis is
complete. After incorporation of the first haem-b (bL), a third factor — Cbp4 (UQCC3)
joins the pre-complex and the second heam bH gets integrated (intermediate 1)
(Fernandez-Vizarra and Zeviani 2018; Ndi et al. 2018). The release of Cbp3/Cbp6
(UQCC1/UQCC2) from the fully hemylated CytB is triggered by the insertion of the
structural subunits Qcr7 (UQCRB) and Qcr8 (UQCRQ). In yeast, the translation
activators Cbp3/Cbp6 are now available to initiate a new translation cycle of CytB
(intermediate Il) (Fernandez-Vizarra and Zeviani 2018; Ndi et al. 2018). The addition
of Rip1 (UQCRFS1) together with the smallest subunit Qcr10 (UQCR11) to a dimeric
subcomplex (pre-clll2) is a crucial maturation step and ensures its catalytic activity.
The composition of the cytochrome c reductase from yeast to human is highly similar,
where cytochrome ¢1 (CYC1), Rip1 (UQCRFS1) and CytB (CYTB) form the core,
which is organized in a tightly bound symmetrical dimer.

To define the interplay of translation and assembly of mitochondrial OXPHOS
complexes we defined the interactome of the human mt-ribosome under mild

solubilization conditions. Among the identified proteins, we detected the
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uncharacterized protein TMEM223 and show that it is involved in cytochrome ¢
oxidase assembly. Furthermore, we identified SMIM4, which interacts with the recently
described cytochrome c¢ reductase assembly factor C120RF73 (Zhang et al. 2020).
We demonstrate that both proteins are involved in cytochrome c reductase biogenesis
and that their interplay links mitochondrial translation to cytochrome c reductase

assembly.
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Results

Identification of TMEM223 and SMIM4 as mt-ribosome-associated proteins

At the IMM, the mt-ribosome synthesizes thirteen essential OXPHOS subunits in
human. During translation it associates with the OXA1L insertase and early assembly
factors of the OXPHOS system (ltoh et al. 2021). To identify factors that are associated
with the mt-ribosome and thereby cater to OXPHOS biogenesis, we generated a
human HEK293T cell line that enables inducible expression of a FLAG-tagged version
of the ribosomal subunit mL62FAG (Richter-Dennerlein et al. 2016). mL62 is a
component of the 39S large ribosomal subunit (39S mtLSU) (Richter et al. 2010;
Brown et al. 2014; Greber et al. 2014; Busch et al. 2019). To capture interactions of
proteins with the mitochondrial translation machinery, we performed co-
immunoisolation experiments under mild solubilization conditions. Proteins that co-
purified with mL62F-AC were subjected to sucrose gradient centrifugation and gradient
fractions analyzed by western blotting. As expected, the gradient distribution of
mL62FAC revealed a free pool of mL62FAC in fractions 1 to 3 (Figure 1A), a fraction of
mL62FAC that co-sedimented with the 39S mtLSU (fractions 7 and 8) and with the 55S
mt-ribosome (fraction 10) as previously reported (Richter et al. 2010).

To identify mt-ribosome-associated proteins in human mitochondria, we
defined the interactome of mL627AC by quantitative mass spectrometry using stable
isotope labelling with amino acids in cell culture (SILAC) (Figure 1B, Supplement Table
1). As expected, we recovered all components of the mt-ribosome with high
enrichment factors (Figures 1B and C). In addition, we found proteins of mtDNA and
mtRNA maintenance, mt-ribosome biogenesis factors, and known OXPHOS assembly
factors in the mL62FAC interactome (Figure 1C). Additionally, we identified the
uncharacterized protein TMEM223 and the putative mt-ribosome interacting protein
SMIM4 (Busch et al. 2019). To confirm the interaction of TMEM223 and SMIM4 with
the mt-ribosome, we performed immunoisolations of mL62™A¢ from solubilized
mitochondria and subjected the eluates to western blot analysis (Figure 1D).
TMEM223 (Figure 1D, left panel) and SMIM4 (Figure 1D, right panel) were readily
detectable in the eluate together with the ribosomal proteins uL1m and uS14m.
Accordingly, TMEM223 and SMIM4 represent so far uncharacterized interactors of the

mt-ribosome.
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TMEM223 is an inner mitochondrial membrane protein

The identification of the uncharacterized TMEM223 as a new mt-ribosome interacting
protein led us to investigate the function of this protein. TMEM223 displays two
putative transmembrane spans but lacks a defined N-terminal targeting sequence
(Figure 2A). To address the submitochondrial localization of TMEM223, we subjected
mitochondria to hypo-osmotic swelling and carbonate extraction experiments (Figures
2B and C). To detect TMEM223, we used an antibody directed against the C-terminus
of the protein. Upon Proteinase K treatment of mitoplasts, a faster migrating C-terminal
fragment of TMEM223 was detected (Figure 2B). This finding indicates that the C-
terminus was exposed to the mitochondrial matrix and that the fragment represents
the second transmembrane domain and the C-terminus. As TMEM223 was resistant
to carbonate extraction (Figure 2C), we concluded that TMEMZ223 is an integral protein
of the IMM with its N- and C-termini facing the mitochondrial matrix.

To investigate the function of TMEM223, we generated a TMEM223 knockout
cell line (TMEM223) utilizing a CRISPR/Cas9 approach. For this, we targeted the
TMEM223 gene and confirmed the genomic modification by sequencing. The
TMEM223 cell line displayed nucleotide exchanges that resulted in a premature stop
codons. Loss of TMEM223 was further confirmed by western blot analysis of purified
mitochondria (Figure 2D). In TMEM223”- mitochondria, we observed a reduction of
complex IV constituents (COX411, COX6A) and early COX1 assembly factors
(C120RF62, MITRAC12). In contrast, proteins of other OXPHOS complexes, such as
NDUFA9 (complex |), SDHA (complex Il), RIESKE (complex Ill), and ATP5B (complex
V) remained unaffected. Accordingly, loss of TMEM223 impaired specifically the
abundance of complex IV subunits.

TMEM223 is involved in cytochrome ¢ oxidase biogenesis

The reduction of complex IV subunits prompted us to investigate mitochondrial
OXPHOS complexes. We observed a selective reduction of the cytochrome ¢ oxidase
by Blue Native-PAGE (BN-PAGE) analyses, while other OXPHOS complexes
remained unaffected (Figure 3A). For a quantitative assessment, we measured
cytochrome c¢ oxidase activity using a colorimetric assay. In agreement with the BN-
PAGE analyses, the activity of the cytochrome ¢ oxidase in TMEM223" cells was
reduced to 62.5% of wild type (Figure 3B).
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Since we identified TMEM223 as a mt-ribosome-associated protein and
observed a reduction of the cytochrome ¢ oxidase, we asked whether TMEM223 was
required for translation of mitochondrial-encoded complex IV subunits. Therefore, we
performed [*®S]methionine labelling of mitochondrial translation products. These
analyses revealed a significant decrease in the levels of newly synthesized COX1
while other mitochondrial-encoded proteins, including COX2 and COX3, displayed no
significant differences in TMEM223"- compared to wild type (Figure 3C). These data
suggest an involvement of TMEM223 in the early stages of cytochrome ¢ oxidase
biogenesis. To address this, we performed FLAG-immunoisolations using tagged
constituents of the early COX1 assembly intermediates (MITRAC complexes), namely
C120RF62/COX14 (Weraarpachai et al. 2012; Richter-Dennerlein et al. 2016) (Figure
3D) and MITRAC12/COA3 (Mick et al. 2012) (Figure 3E). As a control, we used
MITRACY7, a later stage assembly factor of COX1 (Dennerlein et al. 2015) (Figure 3F).
TMEM223 was recovered in the eluate of C120RF62F-A¢ and MITRAC12F-AC, but was
not present in MITRAC7FAC purifications (Figures 3D-F). These findings support a
role of TMEM223 in the first steps of cytochrome ¢ oxidase biogenesis and show that
it interacts with early MITRAC complexes.

Protein interaction network of SMIM4

Our mass spectrometric analysis identified the uncharacterized protein SMIM4 as a
new mt-ribosome-associated protein (Figures 1B and D). SMIM4 displays one
predicted transmembrane domain (amino acid 20 to 41) (Figure 4A). To investigate
localization and function of SMIM4, we generated a stable HEK293T cell line, allowing
for inducible expression of a C-terminally FLAG-tagged variant of SMIM4
(SMIM4FLAG) - We investigated the sub-cellular localization of SMIM4FACG by STED
super-resolution light microscopy using a FLAG-specific antibody. Comparison with a
TOM22 specific antibody labeling showed that SMIM4FLAC |ocalizes to mitochondria
(Figure 4B). To investigate the submitochondrial localization of SMIM4, we performed
hypo-osmotic swelling and carbonate extraction experiments. The C-terminal FLAG
epitope of SMIM4 became accessible to Proteinase K digestion upon disruption of the
outer mitochondrial membrane (Figure 4C). Furthermore, SMIM4 was resistant to
carbonate extraction (Figure 4D) indicating that SMIM4 is an integral IMM protein
facing its C-terminus to the intermembrane space (IMS).
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To assess the function of SMIM4, we first defined its interactome. For this, we
analyzed SMIM4FAC-containing protein complexes purified from mitochondria
following a SILAC-based quantitative mass spectrometry approach (Figure 4E,
Supplement Table 2). SMIM4FAC efficiently isolated components of the 28S mtSSU
and 39S mtLSU supporting its interaction with the mt-ribosome (Figures 1C and D).
Additionally, we identified in SMIM4FA¢ complexes the cytochrome c¢ reductase
(complex Ill) assembly factors UQCC1, UQCC2 and C120RF73 (Tucker et al. 2013;
Fernandez-Vizarra and Zeviani 2018; Ndi et al. 2018; Zhang et al. 2020) as well as
components of the mitochondrial quality control system, such as the mAAA-protease
(AFG3L2 and SPG7), the iAAA-protease (YME1L), the membrane scaffolds SLP2 and
prohibitins (PHB1, PHB2). In agreement with the mass-spectrometric analysis, we
detected YME1L, SLP2, AFG3L2 and PHB1, C120RF73, and UQCC1 in the
SMIM4FLAG eluate by immunoblotting (Figure 4F). Interestingly, proteins acting in later
assembly steps of the cytochrome c¢ reductase such as UQCC3 and RIESKE
(Wanschers et al. 2014; Fernandez-Vizarra and Zeviani 2018; Ndi et al. 2018) were
not detected. In summary, SMIM4 is an integral protein of the IMM that interacts with
the mitochondrial quality control machinery and early cytochrome c reductase
biogenesis factors.

C120RF73 and SMIM4 are involved in cytochrome ¢ reductase maturation

C120RF73 was recently found to contribute to cytochrome c reductase biogenesis.
However, its function in the assembly process remains elusive. To define its role in
cytochrome c¢ reductase assembly, we generated an inducible C120RF73FAC-
expressing HEK293T cell line. We confirmed mitochondrial localization of
C120RF73FAC by STED super-resolution light microscopy, applying a specific FLAG
antibody and as mitochondrial marker an antibody directed against TOM22 (Figure 5
- figure supplement 1A) (Stoldt et al. 2019). The C120RF73fAC signal was
superimposable with the mitochondrial marker TOM22 supporting mitochondrial
localization of the protein in human cells. Biochemical analyses to determine the
submitochondrial localization of C120RF73FAC showed that the protein was resistant
to carbonate extraction and that its C-terminus was accessible to protease treatment
when the outer membrane was disrupted by hypo-osmotic swelling (Figure 5 — figure
supplement 1B and C). These results confirmed that C120RF73 represents a protein
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of the IMM that exposes its C-terminus into the intermembrane space, which agrees
with previous studies (Zhang et al. 2020).

Since we found C120RF73 together with early cytochrome c reductase
assembly factors in the interactome of SMIM4FLAC (Figures 4E and F), we dissected
the interaction of C120RF73 with the cytochrome ¢ reductase assembly machinery.
To this end, we subjected mitochondrial extracts of C120RF73FA%-containing
mitochondria to immunoisolations and analyzed the eluates by western blotting
(Figure 5A). Similar to SMIM4 co-immunoisolations (Figure 4F), we recovered UQCC1
and UQCC2, but not UQCC3 or RIESKE, co-isolating with C120RF73A€ (Figure 5A).
As SMIM4 (Figures 4 E and F) and C120RF73 (Figure 5A) isolated early cytochrome
¢ reductase assembly factors, we determined the function of these proteins utilizing
siRNA-mediated depletion. Hence, we investigated protein levels in whole cell extracts
after siRNA-mediated depletion. SMIM4 was reduced in C120RF73-depleted cells
and vice versa SMIM4 ablation led to decreased C120RF73 levels indicating an
interdependency of these factors (Figure 5B). While we observed a subtle increase of
UQCC3 in SMIM4-depleted cells, UQCC1 and UQCC2 were slightly reduced upon
C120RF73 knockdown (Figure 5B). To investigate cell viability upon SMIM4 or
C120RF73 depletion, we quantified cell numbers after 72h siRNA-mediated knock-
down in glucose- or galactose-containing media (Figure 5C). In both cases we
observed a drastic reduction in cell growth to approximately 50% compared to the wild
type.

Considering the interaction of SMIM4 (Figures 4E and F) and C120RF73
(Figure 5E) with cytochrome c reductase assembly factors and the growth phenotype
upon 72h protein depletion (Figure 5C), we assessed mitochondrial OXPHOS
complexes upon SMIM4 or C120RF73 depletion by BN-PAGE analyses (Figures 5D
and E). siRNA-mediated knockdown of SMIM4 led to a strong reduction of cytochrome
¢ reductase and to a minor extend of the cytochrome ¢ oxidase, while other OXPHOS
complexes remained unaffected (Figure 5D). Knockdown of C120RF73 impaired the
level of the NADH:ubiquinone oxidoreductase, cytochrome c¢ reductase, and also
slightly the cytochrome c oxidase (Figure 5E).
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SMIM4 and C120RF73 participate in early steps of cytochrome c reductase
assembly

To define SMIM4- and C120RF73-contaning complexes in cytochrome c¢ reductase
biogenesis, we solubilized mitochondria under mild conditions and separated protein
complexes by first dimension BN-PAGE followed by a second dimension SDS-PAGE
(Figure 6A). UQCC1 and UQCC2 were detected in two complexes between 132 — 250
kDa and in a smaller complex of approximately 70 kDa. UQCC3 appeared in a
complex that migrated slightly slower than the biggest complex of UQCC1 and UQCC2
as well as in a complex below 66 kDa. SMIM4- and C120RF73-containing complexes
mainly co-migrated with the largest UQCC1- and UQCC2-containing complex, but
moderately faster than the biggest UQCC3 complex. These data supported the idea
that SMIM4 and C120RF73 are part of an early cytochrome ¢ reductase assembly
intermediate with UQCC1 and UQCC2. When we isolated C120RF73FAC-containing
complexes from mitochondria and subjected these purified complexes to BN-PAGE
followed by SDS-PAGE, C120RF73FAG isolated UQCC1, UQCC2, and SMIM4, all of
which migrated in a single complex (Figure 6B). These results demonstrate that
C120RF73FAC forms a complex with UQCC1, UQCC2, and SMIM4 but not with
UQCC3. In agreement with this, SMIM4 and C120RF73 were efficiently isolated with
UQCC1FAC and UQCC2FHAC but only in minor amounts with UQCC3FLAG, RIESKE was
only present in the UQCC3FAC eluate (Figure 6C).

The interaction between SMIM4, C120RF73, UQCC1, and UQCC2 as early
cytochrome c reductase assembly factors implies that SMIM4 and C120RF73 interact
with  newly synthesized cytochrome b (CYTB). Therefore, we performed
[*°S]methionine labelling of newly translated mitochondrial-encoded proteins and
subjected cellular extracts to immunoisolation using antibodies against SMIM4 or
C120RF73 (Figure 6D). As expected, both immunoisolations clearly enriched newly
synthesized CYTB.

As SMIM4 and C120RF73 were present in early assembly intermediates and
their loss led to a reduction of the cytochrome c reductase, we addressed at which
stage a loss of C120RF73 affects cytochrome c reductase assembly. For this we
determined assembly intermediates upon loss of C120RF73. To this end, we depleted
C120RF73 in UQCC1™AC-expressing cells and subjected mitochondrial extracts to
immunoisolations. Purified complexes were analyzed by BN-PAGE followed by SDS-
PAGE (Figure 6E). In comparison to the control, we observed an accumulation of a

11
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cytochrome ¢ reductase subcomplex containing CYTB, UQCC1FA¢ and UQCC?2 in
C120RF73-ablated cells (Figure 6E, red arrow). In summary, our work defined SMIM4
and C120RF73 as two new factors that act early in the biogenesis of the cytochrome

¢ reductase.
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Discussion

Recent analyses shed light on the mitochondrial translation machinery and provide an
understanding of the biogenesis and the structural organization of the mt-ribosome
(Brown et al. 2014; Hallberg and Larsson 2014; Amunts et al. 2015; Ferrari et al. 2020;
Kummer and Ban 2021; Maiti et al. 2021). Additionally, factors that regulate the
translation of mitochondrial-encoded proteins have been identified (Kummer and Ban
2021). However, the mechanisms underlying coordination of mitochondrial translation
with OXPHOS assembly and the involved factors remain poorly understood (Hallberg
and Larsson 2014; Richter-Dennerlein et al. 2015; Dennerlein et al. 2017; Kummer
and Ban 2021).

In this study we aimed to define the interactome of the mt-ribosome in human
cells with a special focus on its membrane-bound interaction partners. Using mild
solubilization and purification conditions, we identified previously described auxiliary
factors (Busch et al. 2019; Kummer and Ban 2021) and the IMM proteins TMEM223
and SMIM4 as mt-ribosome interactors. In agreement, a recent complementary
proteomic study in mouse, which identified new mt-ribosome biogenesis factors, also
listed SMIM4 in the group of uncharacterized mt-ribosome interacting proteins (Busch
et al. 2019). We show that TMEM223 is involved in assembly of the cytochrome ¢
oxidase, while SMIM4 and the interacting C120RF73 contribute to the biogenesis of
the cytochrome c reductase.

We show that TMEM223 is an IMM protein. Thus, our data represent
experimental evidence for a prediction by Sanchez-Caballero et al. (2020) (Sanchez-
Caballero et al. 2020). TMEM223 acts early in the assembly process of the
mitochondrial-encoded COX1 and is required for cytochrome ¢ oxidase assembly.
Interestingly, depletion of TMEM223 affects COX1 synthesis. This is in line with the
observation that TMEM223 is found in the early assembly MITRAC intermediate
together with C120RF62. C120RF62 was previously shown to bind mt-ribosomes and
is required for efficient COX1 translation (Weraarpachai et al. 2012; Richter-
Dennerlein et al. 2015; 2016; Dennerlein et al. 2017). However, TMEM223 is released
from COX1 during assembly of other subunits, as it is not associated in association
with later MITRAC complexes, which are characterized by the presence of MITRACY.
These findings support the idea of TMEM223 representing a new early COX1

assembly factor that links biogenesis processes with translation.
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In addition to TMEM223, we identified SMIM4 as a mt-ribosome-associated
factor. Our work link SMIM4 to known early assembly factors for complex Il (UQCC1
and UQCC2) and identified C120RF73 as SMIM4-associated protein. Both, SMIM4
and C120RF73; are functional interdependent, since loss of C120RF73 leads to a
reduction of SMIM4 and vice versa loss of SMIM4 leads to a reduction of C120RF73.
We show that SMIM4 and C120RF73 regulate cytochrome c¢ reductase assembly.
The interactions with newly synthesized CYTB and UQCC1 and UQCC2 position both
proteins in the very early steps of the assembly process. Assembly of the cytochrome
c reductase has been poorly investigated in mammals but is considered to recapitulate
the process in the yeast system based on the high similarity in structure and
composition of the yeast and human complexes (Zara et al. 2009; Smith et al. 2012;
Fernandez-Vizarra and Zeviani 2018; Ndi et al. 2018). The assembly process initiates
with the synthesis of CytB and the association of the translational regulators Cbp3
(human UQCC1) and Cbp6 (UQCC2). Subsequently, Cbp3 (UQCC3) joins CytB.
SMIM4 and C120RF73 interact predominantly with UQCC1 and UQCC2 but not with
UQCC3. Accordingly, both proteins are involved in the early steps of cytochrome ¢
reductase assembly. Interestingly, SMIM4 and C120RF73 are not conserved in yeast,
indicating differences in complex ¢ reductase assembly between yeast and human. In
a recent analysis, the zebrafish homolog of C120RF73, BRAWNIN (BR), was
suggested to contribute to cytochrome c reductase assembly (Zhang et al. 2020).
However, depletion experiments did not reveal any assembly intermediates.
Accordingly, BR was suggested to act prior to complex dimerization. On the other
hand, BN- and SDS-PAGE analyses indicated that BR partially comigrated with the
dimerized form of the cytochrome c reductase (Zhang et al. 2020). In our study, sSiRNA-
mediated depletion of C120RF73 or SMIM4 caused a reduction of the cytochrome ¢
reductase. In contrast to the reports on BR (Zhang et al. 2020), C120RF73 does not
interact with late complex constituents but rather shows exclusively an association
with the early assembly factors UQCC1 and UQCC2. This observation positions
SMIM4 and C120RF73 to early assembly steps rather than to the late complex
formation stages. This is further underlined by the fact that both proteins are only
present in the UQCC1 and UQCC2 assembly intermediates.

In conclusion, we defined the interactome of the human mt-ribosome and
identified three previously uncharacterized membrane proteins as mt-ribosome-

associated factors. Importantly, we unravel their functions as cytochrome c reductase
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401 and cytochrome c oxidase assembly factors that support the immediate assembly of
402 newly synthetized proteins into further assembly intermediates. Functional
403  characterisation defined TMEM223 as essential for cytochrome ¢ oxidase maturation,
404  while SMIM4 / C120RF73 acting as cytochrome c reductase biogenesis factors.

405
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Materials and Methods

Cell culture of HEK293T cells

Human embryonic kidney cell lines (HEK293-FIp-In T-Rex; HEK293T; Thermo Fisher)
were cultured either in high glucose (4,5mg/ml) or galactose (0,9mg/ml) containing
DMEM media; supplemented with 10% (v/v) FBS (Capricorn Scientific), 1mM sodium
pyruvate, 2mM L-glutamine, and 50ug/ml uridine at 37°C under a 5% CO- humidified
atmosphere. Cell counts were performed by using the Neubauer counting chamber.
For inhibition of cytosolic translation, DMEM was supplemented with 100ug/ml
emetine dihydrochloride hydrate (Sigma-Aldrich). Cells for SILAC analysis were
cultured as previously described (Mick et al. 2012).

Cell lines were regularly tested for mycoplasma contaminations (Eurofins Genomics)
and passage.

HEK293T cell lines expressing, SMIM4FAG (NM_001124767) and C120RF73FACG
(NM_001135570.3) under the control of a tetracycline-inducible CMV promotor or
UQCC1FAG (NM_001184977.2), UQCC2AC (NM_032340.4) and UQCC3FtAc
(NM_001085372.3) (non-inducible) were generated as descripted previously (Mick et

al. 2012).
The Knockout cell line of TMEM223 was generated as described previously (Aich et
al. 2018). Briefly, the TMEMZ223 specific oligonucleotides

GCAAGGCACGACGCTGCAAC and its revers complement were cloned into the
pX330 vector and co-transfected with the pEGFP-N1 plasmid into HEK293T WT cells.
Three days after transfection, single cells were sorted by flowcytometry. Single
colonies were screened by immunoblotting and sequencing of the corresponding gene

region.

Cultivation and STED super-resolution light microscopy of HEK293T cells

HEK293T cells were cultivated in DMEM, containing 4,5g/L Glucose and GlutaMAX™
additive (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 1mM
sodium pyruvate (Sigma Aldrich, St. Louis, MO, USA /Merck Millipore, Burlington, MA,
USA) and 10% (v/v) fetal bovine serum (Merck Millipore, Burlington, MA, USA).

Prior microscopy, cells were cultivated on glass cover slides for 1-3 days at 37°C and
5% CO.. Expression of SMIM4FAG and C120RF73FA¢ was induced by incubation
with 1pug/ml Doxycycline-hyclate (Sigma Aldrich, St. Louis, MO, USA/ Merck Millipore,
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Burlington, MA, USA) for 24 hours. Fixation and labeling was done as described
previously (Wurm et al. 2010). Essentially, cells were fixed using an 8% (w/v)
formaldehyde solution, permeabilized by incubation with a 0.25% (v/v) Triton X-100
solution and blocked with a 5% (w/v) bovine serum albumin (BSA) solution.

The investigated proteins were labeled by antisera specific for TOM22 (Anti-Tom22,
Rabbit, Merck Millipore/Sigma-Aldrich, HPA003037, Lot: B119406), TOM22 (Anti-
TOM22-FITC, Mouse, Miltenyi Biotec, clone 1C9-2, 130-124-227, Lot: 5201105895),
and FLAG-antibody (Anti-FLAG, Mouse, Merck Millipore/Sigma-Aldrich, clone M2,
F3165, Lot: SLBQ7119V), respectively. Detection was accomplished via secondary
antibodies custom labeled with the dyes ALEXA Fluor594 (Thermo Fisher Scientific,
Waltham, MA, USA) or Abberior STAR RED (Abberior, Gottingen, Germany),
respectively. DNA was labeled via Quant-iT PicoGreen dsDNA reagent (Thermo
Fisher Scientific, Waltham, MA, USA). The samples were mounted using Mowiol
containing 1,4-Diazabicyclo[2.2.2]octan (DABCO). STED images were acquired using
a quad scanning STED microscope (Abberior Instruments, Gottingen, Germany)
equipped with a UPlanSApo 100x/1,40 Oil objective (Olympus, Tokyo, Japan). For
excitation of the respective dyes, laser beams featuring wave lengths of 485nm,
561nm and 640nm were used. STED was performed applying a laser beam with a
wavelength of 775nm. For all images a pixel size of 15nm was utilized. With the

exception of contrast stretching, no further image processing was applied.

siRNA constructs and application

To generate knockdown cells, HEK293T wild type cells were transiently transfected
with siRNA oligonucleotides against SMIM4 (5’-GCA-GUC-AAU-AAA-GUC-AAU-A-
3’), C120rf73 (5’-ACA-CAA-ACC-UCA-AGU-UUC-U-3’), UQCC1 (5’-GAU-GCC-UGA-
UAC-AUU-CAA-U-3’), UQCC2 (5’-CUC-CAU-UCA-AAC-UAC-UAC-A-3’) and UQCC3
(5’-GGA-AGC-AGG-AAA-UGC-UAA-A-3’) to a final concentration of 33nM and non-
targeting siRNA used as control (Eurogentec). Lipofectamine RNAi-MAX (Invitrogen)
was used as transfection reagent, following the manufacturer’s protocol. Afterwards,
cells were incubated at 37°C under 5% CO- atmosphere for 72h.

[3S]methionine labeling of newly synthesized mitochondrial-encoded proteins
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HEK293T cells were starved with FCS/methionine-free media. After inhibition of
cytosolic translation by adding 100pg/ml emetine dihydrochloride hydrate (Sigma-
Aldrich) cells were incubated for 1 hour with [*S]methionine in a concentration of
0.2mCi/ml in fully supplemented DMEM without methionine. In case of puromycin
treatment, samples were pulsed-labeled with [3*S]methionine for 10min before
addition of 2pug/ml puromycin for another 20min incubation step.

Subsequently, cells were harvested and washed with PBS, and used for further
analysis on SDS-PAGE and autoradiography. Radioactive signals could be detected
on Storage Phosphor Screens via a Typhoon FLA 7000 scanner (GE Healthcare) after
several days of incubation.

Cytochrome c oxidase activity assay

The activity of the cytochrome ¢ oxidase was measured as described previously
(Dennerlein et al. 2015). A cytochrome c oxidase specific activity microplate assay kit
(Mitosciences,Abcam) was used, following the manufacturer’s protocol. The specific
activity of the cytochrome ¢ oxidase was measured according to the manufacturer’s
instructions. In general, 15mg of cell lysate was used per well. The oxidization of
cytochrome ¢ was measured at 550nm, representing cytochrome ¢ oxidase activity.

Isolation of mitochondria

Mitochondria were isolated according to a modified protocol (Panov and Orynbayeva
2013). Cells were harvested using PBS and resuspended in cold TH-buffer (300mM
Trehalose, 10mM KCI, 10mM HEPES; pH7.4) with 2mM PMSF and 0.1mg BSA/ml.
Subsequently, cells were gently homogenized twice using a Potter S dounce
homogenizer (Sartorius) and pelleted at 400xg for 10min at 4°C after each
homogenization step. The supernatant was collected and remaining cell debris were
removed by additional centrifugation (800xg, 8min, 4°C). Afterwards, mitochondria
were pelleted at 11.000xg for 10min at 4°C and pooled mitochondria pellets were
washed with BSA-free TH-buffer and collected by centrifugation as described before.
Finally, mitochondria were resuspended in BSA-free TH buffer and stored at -80°C or

used right away.
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Protein localization and Protease Protection Assays

Carbonate extraction and mitochondrial swelling experiments were performed as
previously described (Mick et al. 2012). For carbonate extraction, mitochondria were
isolated as described and resuspended in buffer containing 10mM 3-(N-morpholino)
propanesulfonic acid (MOPS) (pH7.2), 50mM NaCl and either 1% Triton X-100 or 0.1M
carbonate at pH10.5 or 11.8. Insoluble membranes were pelleted by 55,000rpm at
4°C, 45min in a TLA-55 rotor (Beckman Coulter). For submitochondrial localization,
mitochondria were either suspended in SEM buffer (250mM sucrose, 1ImMMEDTA, and
10mM MOPS [pH7.2]), to osmotically stabilize mitochondria, or in EM buffer (1mM
EDTA, and 10mM MOPS [pH7.2]), to rupture the outer mitochondrial membrane. In
the following Proteinase K (PK) was added as indicated. Furthermore, mitochondria
were lysed with 1%Triton X-100 in the presence of PK for positive control. All reactions
were stopped after 10min by addition of PMSF (2mM final concentration), followed by
trichloroacetic acid (TCA) precipitation.

Affinity purification of protein complexes

Isolated mitochondria or cells were lysed in solubilization buffer (150mM NaCl, 10%
glycerol (v/v), 20mM MgCI2, 2mM PMSF, 50mM Tris-HCI, pH7.4, 1% digitonin (v/w)
protease inhibitor) in a ratio of 1-2ug/ul for 30min at 4°C and 850 rpm. Lysates were
cleared by centrifugation, (15min, 16.000x g, 4°C) and transferred onto anti-FLAG M2
agarose beads (Sigma-Aldrich) for FLAG immunoprecipitation. After 1-hour binding at
4°C, beads were washed several times (10x) with washing buffer (50mM Tris-HCI,
pH7.4, 150mM NaCl, 10% glycerol (v/v), 20mM MgCl., TmM PMSF, 0.3% digitonin
(v/w)) to remove unbound proteins. Bound proteins were eluted with FLAG peptide
(Sigma) by a 30 min incubation step at 850rpm at 4°C. Samples were analyzed via
SDS-PAGE and immunoblotting or quantitative mass spectrometry.

For antibody immunoprecipitation same protocol was used as descripted above.
Lysed mitochondria or cells were transferred onto protein A-Sepharose (PAS)
containing crosslinked SMIM4 or C120rf73 antibody in a Mobicol spin column
(MoBiTec). Bound proteins at PAS-anti SMIM4/C120rf73 columns were eluted by
adding 0.1M glycine, pH2.8 for 6min at 650rpm at room temperature.
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Immunoblotting via Western Blot

Proteins were separated using an SDS-PAGE and afterwards transferred onto PVDF
membrane (Millipore) by semidry blotting (Blotting buffer). Primary antibodies were
incubated overnight at 4°C or 1 hour at room temperature. Secondary antibodies
(rabbit or mouse) were incubated at RT for additional 1-2 hours. Signals were
visualized on X-ray films using the enhanced chemiluminescence detection kit (GE
Healthcare), and quantifications were performed using ImageQuant TL 7.0 soft-ware

(GE Healthcare) with a rolling ball background subtraction.

Blue native and second dimension analysis

BN-PAGE was performed as descripted previously (Mick et al. 2012). Isolated
mitochondria or cells were solubilized in a concentration of 1ug/pl in BN-PAGE lysis
buffer containing 1% digitonin or 1% DDM (20mM Tris-HCI, pH7.4, 0.1mM EDTA,
50mM NaCl, 10% glycerol (v/v), TmM PMSF). After a 20min incubation step on ice
debris were removed by centrifugation for 15min, 16.000xg at 4°C. The remaining
supernatant was resuspended in BN-PAGE Loading dye (5% Coomassie Brilliant Blue
G250 (v/w), 500mM 6-aminocaproic acid, 100mM Bis-Tris—HCI, pH7.0) and applied to
electrophoresis on a 4-13% or 2.5-10% gradient gel (Quelle). Afterwards, proteins
were either transferred to a PVDF membrane by Western Blot method or subjected to
2D-PAGE analysis. In case of 2D-PAGE analysis, signal BN-PAGE stripes were cut
out from gel and further used in SDS-PAGE separation.

Quantitative mass spectrometry and data analysis

Affinity-purified SILAC-labelled mL62F-A¢ and SMIM4F-ACG complexes were processed
for quantitative LC-MS analysis following a gel-based approach. Reduction and
alkylation of cysteine residues and subsequent tryptic in-gel digestion of proteins were
performed as described before (Peikert et al. 2017). Peptides were desalted using
StageTips, dried in vacuo, and reconstituted in 0.1% trifluoroacetic acid. LC-MS
analyses were carried out using an UltiMate 3000 RSLCnano HPLC system (Thermo
Fisher Scientific) coupled to an Orbitrap Elite mass spectrometer (Thermo Fisher
Scientific). Peptides were separated on a C18 reversed-phase nano LC column (for
mL62FAG samples: Acclaim PepMap™, 500mm x 75um, 2um particle size, 100A
packing density [Thermo Fisher Scientific], flow rate of 0.25ul/min; for SMIM4FAG
samples: nanoEase™ M/Z HSS C18 T3, 250mm x 75um, 1.8um particle size, 100A
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packing density [Waters], flow rate of 0.3ul/min) using a binary solvent system
consisting of 4% dimethyl sulfoxide/0.1% formic acid (solvent A) and 48%
methanol/30% acetonitrile/4% dimethyl sulfoxide/0.1% formic acid (solvent B). The
gradients employed for peptide elution were as follows: 1% solvent B for 5min, 1%-
65% B in 50min, 65%-95% B in 5min, 5min at 95% B for mL62A¢ samples and 7%
solvent B for 5 min, 7%-65% B in 65min, 65%-80% B in 5min, 5min at 80% B for
SMIM4FLAG samples.

The Orbitrap Elite was operated in a data-dependent mode. MS survey scans
were acquired at a mass range of m/z 370-1,700 and a resolution of 120,000 (at m/z
400). The target value was 108 ions and the maximum injection time 200ms. Up to 15
(ML627AC complexes) or 25 (SMIM4FAAS complexes) of the most intense multiply
charged peptide ions were selected for fragmentation by collision-induced dissociation
in the linear ion trap at a normalized collision energy of 35%, an activation q of 0.25
and an activation time of 10ms. The target value was set to 5,000 ions, the maximum
injection time to 150ms, the isolation width to 2.0m/z, and the dynamic exclusion time
to 45sec.

MS raw data were analyzed with MaxQuant/Andromeda (version 1.4.1.2 for
mL62F-AC and 1.5.5.1 for SMIM4FLAC data; (Cox and Mann 2008; Cox et al. 2011)) and
searched against the UniProt human proteome set including isoforms (release
versions 08/2014 for mL62FAC and 08/2018 for SMIM4FLAC data) using default settings
except that the minimum requirements for protein identification and relative
quantification were set to one unique peptide and one SILAC peptide pair,
respectively. Arg10 and Lys8 were set as heavy labels. Carbamidomethylation of
cysteine residues was considered as fixed, and N-terminal acetylation and oxidation
of methionine as variable modifications. The options 'match between runs' and
'requantify’ were enabled.

Experiments were performed in four biological replicates including label-switch. Lists
of proteins identified in the analyses of mL62FA¢ and SMIM4 4G complexes are

provided in Supplementary Table S1 and S2, respectively.
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Figure legends:

Figure 1. TMEM223 and SMIM4 interact with the mitochondrial ribosome. (A)
Mitochondria isolated from cells expressing mL62F-A¢ were subjected to co-
immunoprecipitation. Natively isolated complexes were separated by sucrose density
gradient ultracentrifugation. Fractions (1-15) were analyzed by western blotting, using
indicated antibodies against components of the 39S mtLSU (mL62, uL1m, uL3m,
uL23m) and 28S mtSSU (uS14m, bS16m) subunits. (B) Mitochondria were isolated
from wild type (WT) and mL62F-AC-expressing cells, cultured in SILAC-medium, and
subjected to co-immunoisolation. Eluates were analysed by quantitative mass
spectrometry (LC-MS/MS) (n=4). Ribosomal proteins of the mtLSU and mtSSU are
indicated in red and blue, respectively. Dashed lines indicate a p-value of 0.05 and
mean mL62FAC/WT ratios. (C) Scheme of proteins identified in (B). (D) Complexes
containing mL62A¢ were purified as in (A) and (B) and analyzed by western blotting.
Total, 0.75 %; Eluate, 100 %.

Figure 2. TMEM223 is a mitochondrial membrane protein. (A) Membrane topology
of TMEMZ223. The predicted transmembrane spans (TM1 and TM2) with
corresponding amino acids (aa) are indicated. IMS: intermembrane space; IMM: inner
mitochondrial membrane. (B) and (C) Submitochondrial localization of TMEM223.
Wild type mitochondria were treated with Proteinase K (PK) under iso-osmotic (Mito),
hyper-osmotic conditions (swelling, MP), or solubilized with Triton X-100 (TX-100) (B).
Mitochondrial proteins were extracted in sodium carbonate containing buffer at
different pH. (total, T; pellet, P; soluble fraction, S) (C).

(D) Protein steady state levels in TMEM2237 cells. Mitochondrial lysates from wild
type (WT) and TMEM223" cells were analysed by western blotting using indicated
antibodies.

Figure 3. TMEM223 is involved in cytochrome c oxidase biogenesis

(A) Isolated mitochondria from WT and TMEM223" cells were solubilized in DDM-
containing buffer, separated on 2.5%-10% (Complex |) or 4-13% (Complex [I-V) BN-
PAGE and analyzed by western blotting. OXPHOS complexes were detected with
indicated antibodies. (B) Cytochrome ¢ oxidase activity was measured in cellular
extracts from WT and TMEM2237 photometrically (meantSEM, n=4). (C)
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Mitochondrial protein synthesis in TMEM223. Indicated cell lines were grown in the
presence of [*°S] methionine for 1h to monitor synthesis of mitochondrial-encoded
proteins. Cell lysates were subjected to SDS-PAGE and analyzed by digital
autoradiography (upper panel) and western blotting (lower panel). Newly synthesized
proteins were quantified using image quant software and calculated as a percentage
of WT (meantSEM; n=3). (E) TMEM223 interacts with early cytochrome ¢ oxidase
assembly factors. Mitochondria isolated from WT, C120RF62F-A¢, MITRAC12FLAC or
MITRACT7FLAC cells were subjected to co-immunoisolation and samples analyzed by
western blotting. (Total, 0.75 %; Eluate, 100 %).

Figure 4: SMIM4 is a mitochondrial protein, interacting with cytochrome c
reductase and mitochondrial quality control proteins. (A) Schematic presentation
of SMIM4 membrane topology. The predicted transmembrane domain (aa 20-41) is
indicated. Intermembrane space, IMS; inner mitochondrial membrane, IMM. (B)
Immunofluorescence microscopy of HEK293T cells expressing SMIM4TACG - Cells
were induced with doxycycline for 24 h (+Dox). SMIM4FAC was labelled using a FLAG-
specific antiserum. Mitochondrial marker, TOM20. Detection via secondary antibodies
custom labeled with the dyes ALEXA Fluor594 or Abberior STAR RED respectively.
DNA was labeled via Quant-iT PicoGreen dsDNA reagent. Scale bars: 10 ym
(overview), 500 nm (magnification). (C) Submitochondrial localization of SMIM4FLAG,
Mitochondria isolated from SMIM4F-AC-expressing cells were treated with proteinase
K (PK) either under iso-osmotic (Mito), hyperosmotic (swelling, mitoplasts (MP). (D)
SMIM4 is an integral membrane protein. Mitochondrial proteins were extracted using
sodium carbonate (at indicated pH), or Triton X-100 (TX-100). Samples (total, T; pellet,
P; soluble fraction, S) were analyzed by western blotting using antibodies. (E)
Mitochondrial extracts from wild type (WT) and SMIM4FAC-expressing cells cultured
in SILAC medium were subjected to native-immunoprecipitation, and analyzed by
quantitative mass spectrometry (LC-MS/MS) (n=4). Cytochrome c¢ reductase
assembly factors and components of the mitochondrial quality control system are
indicated in black. The dashed horizontal line indicates a p-value of 0.05, the solid
vertical line a mean SMIM4FAS/WT ratio of 10. (F) Samples obtained by co-
immunuprecipitation of wild type (WT) or SMIM4FACG-containing mitochondrial lysates
were analyzed by western blotting (Total, 1.5 %; Eluate, 100 %).
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Figure 5: Loss of SMIM4 or C120RF73 affects cytochrome c reductase
biogenesis (A) FLAG-immunoisolation of C120RF73-AC. Samples were analyzed by
SDS-PAGE and western blotting. (Total, 1.5 %; Eluate, 100 %). (B) Western blot
analyses of SMIM4 or C120RF73 depleted cells. HEK293T cells were treated with
indicated siRNAs and cultured either in glucose- or galactose-containing media for
72h. Cell extracts were subjected to SDS-PAGE separation and western blotting. (C)
Loss of SMIM4 or C120RF73 affects cell growth. HEK293T cells were transfected
with siRNAs as in Figure 6B. Cells were cultured either in glucose- or galactose-
containing media for 72h; cell counts are presented as percentage relative to non-
targeting siRNA treated cells (siNT; indicated as dashed line). (mean+SEM, n=3). (D)
and (E) BN-PAGE analyses of mitochondrial protein complexes upon SMIM4 (B) or
C120RF73 ablation (C). Mitochondria were solubilized with DDM (N-Dodecyl-beta-
Maltoside) and subjected to BN-PAGE followed by western blot analyses.

Figure 6: SMIM4 and C120RF73 promote cytochrome c reductase assembly.

(A) SMIM4 and C120RF73 co-migrate with cytochrome c reductase assembly
intermediates. Wild type mitochondrial lysates were subjected to BN-PAGE (2.5%-
10% for Complex I; 4%-13% Complex II-V) analyses followed by second dimension
SDS-PAGE and western blotting. (B) C120RF73FLAC isolates cytochrome c reductase
assembly intermediates. Mitochondria isolated from C120RF73FA-expressing cells
were solubilized and subjected to co-immunoisolation. Natively eluted complexes
were separated by BN-PAGE and subjected to second dimension SDS-PAGE
followed by western blot analyses wusing indicated antibodies. (C)
Immunoprecipitations of UQCC1FAG, UQCC2FAC and UQCC3FAC. Eluates were
analyzed by SDS-PAGE followed by Western blotting with indicated antibodies. (D)
Mitochondrial translation products were labelled with [3*S] methionine for 1h prior to
co-immunoprecipitation using anti-SMIM4, -C120RF73 or control antibodies
(algG®"). Eluates were separated by SDS-PAGE followed by western blotting, and
analyzed by digital autoradiography (upper panel) and immunodetection (lower panel)
(Total, 2%; Eluate, 100%). (E) Mitochondria isolated from control or C120RF73-
depleted cells were lysed in digitonin-containing buffer and complexes separated by
BN-PAGE followed by second dimension SDS-PAGE. Cytochrome c reductase sub-

25



716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731

assembly complexes were monitored with indicated antibodies. (red arrow mark

cytochrome c¢ reductase subcomplexes in C120RF73-deficient samples).

Figure 5 - Supplement 1. C120RF73 is an inner mitochondrial protein in human
(A) STED super-resolution light microcopy images of TOM22 and C120RF73FAC in
HEK293T cells. TOM22 and C120RF73AC were labeled by specific antisera.
Detection via secondary antibodies custom labeled with the dyes ALEXA Fluor594 or
Abberior STAR RED respectively. Scale bars: 10 pm (overview), 500 nm
(magnification).

(B) and (C) Submitochondrial localization of C120RF73. (B) Sodium carbonate buffers
with different pH as indicated were used to extract mitochondrial membrane proteins.
(total, T; pellet, P; soluble fraction, S). (C) Different amounts of Proteinase K (PK) were
added under iso-osmotic (Mito), and hyper-osmotic (MP) conditions or during Triton
X-100 (TX-100) treatment.
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2.2.1.Introduction

Mitochondria are unique organelles with a very distinct morphology and a stunning
variety of functions. The mitochondrial matrix harbors the mitochondrial DNA
(mtDNA) which encodes for 13 polypeptides, all of them being essential components
of the oxidative phosphorylation system (OXPHOS). In aerobic cells, mitochondria
produce most of the cellular energy in form of ATP using the respiratory chain complex,
formed by multi-subunit enzyme complexes (I-IV) and the ATP synthase (V)
(Pfanner et al, 2019). These complexes are composed of nuclear- as well as
mitochondrial-encoded subunits. Only 1% of the mitochondrial proteome gets
synthesized by mitochondrial ribosomes. Hence, the majority of proteins is nuclear-
encoded and needs to be imported into the organelle. The import into mitochondria
through the outer mitochondrial (OMM) and inner mitochondrial membrane (IMM) is
guaranteed by various translocases, such as the TOM complex in the OMM or the TIM23
complex in the IMM which are embedded into the membranes. However, the proper
assembly of these subunits from dual genetic origin is a highly regulated process which

must be controlled in a temporal and stoichiometric manner (Meisinger et al., 2008).
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In yeast, mitochondrial-encoded polypeptides are exported into the IMM by the
insertase Oxal- a membrane protein of the Oxal/YidC/Alb3 protein family (Funes et
al, 2011). Oxal and its human homolog OXA1L span the IMM five times whereas the
C -terminal tail is exposed to the mitochondrial matrix (Jia et al, 2003). By this,
Oxal/OXA1L interacts with nascent polypeptide chains prior their synthesis is
completed on mitochondrial ribosomes (Haque et al., 2010; Kohler et al., 2009; Szyrach
et al, 2003). In yeast, Oxal was identified to be crucial for the assembly of complex IV
(Bonnefoy et al., 1994) and complex V (Altamura et al., 1996) of the OXPHOS system.
Furthermore, it has been proposed that Oxal is necessary for the co-translational
insertion of all mitochondrial-encoded polypeptides: Cox1, Cox2, Cox3, Atp6, Atp8,
Atp9 and cytochrome b (He and Fox, 1997; Hell et al., 2001; Stuart, 2002). Moreover, a
subset of nuclear-encoded substrates are dependent on the membrane insertion using
the OXA-pathway, such as Cox18 and Mdl1, as well as Oxal itself (Bohnert et al,, 2010;
Fiumera et al.,, 2009).

Because the majority of previous studies is based on the yeast Saccharomyces
cerevisiae (S. cerevisiae) as a model organism, our knowledge about the human OXA1L
insertase machinery is still limited. Preceding analyses provide insights how OXA1L is
bound to the mitochondrial ribosome and which ribosomal subunits are involved in
this interaction (Itoh et al,, 2021). In addition, shRNA-mediated knockdowns of OXA1L
in human cell lines lead to a disturbed complex I and complex IV assembly (Stiburek et
al,2007). Considering these functions, it was not surprising, that an OXA1L patient was
identified, who displayed a tissue-specific OXPHOS deficiency jointly responsible for
hypotonia and a severe encephalopathy which end up in a lethal cardiorespiratory
arrest of the 5-years old patient (Thompson et al., 2018).

According to this, it is indisputable that OXA1L is one of the checkpoints for the
biogenesis of OXPHOS machinery because of its insertase activity for primary
mitochondrial-encoded subunits. Nonetheless, a molecular picture is missing how
especially the human OXA1L protein fulfills its functions, and which other interacting
partners are vital for the OXA1L-complex. Therefore, we defined the human OXA1L
interactome and identified TMEM126A as a novel component of the human OXA1L-
complex and determined biochemically its impact on the OXPHOS assembly and

mitochondrial translation in association with OXA1L.
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2.2.2.Results

2.2.2.1. Mapping the constituents of the human OXA1L complex
OXA1L is considered as the human mitochondrial insertase of the 13 mitochondrial
encoded proteins, however, its interacting partners are not defined. To elucidate the
constituents of the human OXA1L-complex in more detail, we created stable HEK293T
cell lines, expressing OXA1lL with a FLAG-tag at different positions (Figure 1A).
Considering the interaction of the C-terminus with the mitochondrial ribosome
(Haque et al, 2010) the inducible FLAG-tags were either introduced near the
C- terminus, after amino acid 326 or 397, or behind the predicted presequence in the
N- terminal region (amino acid 74) (Figure 1A). To investigate the functionality of
these proteins, isolated mitochondria were subjected to a FLAG-immunoisolation and
eluates were analyzed by Western blotting (Figure 1B). In this manner, we could
observe a co-purification of the N- terminal tagged version of OXA1L (FLAGOXA1L) with
subunits of the mitochondrial ribosome in addition to the assembly factors MITRAC12
and C120RF73 (Figure 1B, lane 6). In contrast, our C-terminal tagged constructs seem
to be unfunctional in this regard, since the expression was very weak and no
interaction with the mitochondrial ribosome could be observed (Figure 1B, lane 7
and 8). The interaction of FLAGOXA1L with a number of proteins could be visualized
when eluates of the FLAG-immunoprecipitation were analyzed by SDS-PAGE and
colloidal Coomassie staining (Figure 1C). To identify individual protein bands within
the SDS-PAGE, a mass spectrometry analysis was performed (Figure 1C).

To comprehensively identify the components of the OXA1L-containing complex, we
undertook a quantitative affinity purification mass spectrometry analysis combined
with a stable isotope labeling with amino acids (SILAC) (Figure 1D). Therefore,
FLAGOXA1L and wildtype cells were cultured in media containing either heavy or light
amino acids. Subsequently, solubilized mitochondria underwent FLAG-
immunoisolation and enriched constituents were determined by mass spectrometry
analysis by means of different amino acid incorporation. As expected, we found an
enrichment of ribosomal subunits as well as proteins involved in the respiratory chain
assembly (Figure 1D), which was confirmed by Western blot analysis (Figure 1E).
Moreover, the analysis uncovered the enrichment of TMEM126A, a protein recently
reported to be involved in complex I assembly (D’Angelo et al, 2021; Formosa et al.,

2021). Like OXA1L, TMEM126A represents a multi-spanning inner membrane protein
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by MitoCarta3.0 (Rath et al, 2021) and its C- and N-terminus is exposed to the
mitochondrial intermembrane space (Supplementary Figure 1).

Because of the close interaction between OXA1L and the mitochondrial ribosome, we
hypothesized that TMEM126A could be isolated with the mitochondrial ribosome, as
well. Thus, mL62FLAG containing mitochondria were subjected to immunoisolation and
eluates were analyzed again by Western blotting (Figure 1F). Clearly, besides the
interaction of OXA1L with the mitochondrial ribosome, the TMEM126A association
could be validated. This was further confirmed by performing the experiment vice
versa, using an antibody, raised against the endogenous TMEM126A protein, for
affinity purifications (Figure 1G). TMEM126A isolated OXA1lL and uLlm, which
represents the 39S-subunit of the mitochondrial ribosome. Furthermore, we
confirmed its interaction with NDUFA5, NDUFB10 and NDUFB11 - proteins involved
in the early assembly steps of the ND4 and ND1-module of complex I.

While current studies suggested that TMEM126A is exclusively involved in complex I
biogenesis, we were surprised that COX2 was isolated as well, but only marginal
amounts of COX1 (Figure 1G). Because COX2 is one of the core components of the
cytochrome c oxidase, we decided to further investigate on the role of TMEM126A in

the context of the OXA1L insertase machinery.

2.2.2.2. Absence of TMEM126A leads to decrease in OXA1lL and

complex I
To study the function of TMEM126A in detail we utilized two different methods to
deplete TMEM126A in HEK293T cells. First, we used siRNA-mediated knockdowns of
TMEM126A for 72 hours, secondly a knockout cell line was generated using the
standard CRISPR/Cas9 technology (Wiedenheft et al., 2011). For the knockout cell
lines, we selected two clones with best survival, which are denotated as AA1 and AB1
in all illustrated experiments. To determine the effects on cell division under
knockdown or knockout conditions, we determined the cell number at defined time
points in glucose as well as in galactose media, to enhance mitochondrial metabolism
(Aguer et al, 2011). The knockdown (siTMEM126A) and the knockout of TMEM126A
(TMEM126A-/-) affected cell growth in glucose and galactose media compared to
wildtype. After siRNA application, the number of cells was reduced by 30% compared
to the wildtype control (Figure 24, left panel). The same was observed for clone AA1
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in glucose and galactose media, while clone AB1 showed a stronger growth defect in
glucose media (65% of WT), which was even more pronounced in galactose media
(27% of WT). These observations prompted us to investigate the steady state levels of
mitochondrial proteins during siRNA application and in the TMEM126A-/- clones
(Figure 2B, 2C). Under knockdown conditions, we observed a decrease in OXA1L and
subunits from complex I (NDUFB8) and complex II (SDHA). However, subunits from
complex III (UQCC2), complex IV (COX1, COX6A) and complex V (ATP5B) remained
unaffected. In contrast, we could not detect any differences on the steady state levels
of OXPHOS structural subunits in TMEM126A-/- mitochondria, except for complex I
(NDUFAS5; Figure 2C). Even OXA1L was not affected in the knockout which could be
explained by a long-term adaptation of the cells.

To correlate the observed growth and the alterations in the steady state levels of
mitochondrial proteins, we analyzed mitochondrial complexes on BN-PAGE.
Therefore, mitochondria from siRNA treated TMEM126A cells were solubilized in DDM
and subjected to native gel electrophoresis, followed by Western blot analysis (Figure
2D). As predicted from the previous protein steady state analysis (Figure 2B) complex I
indicated the strongest phenotype (Figure 2D, lane 1-4). However, besides the
decrease in complex I, we could further detect a slight decrease in complex IV and
complex V. The only complexes which were not influenced by the knockdown of
TMEM126A were complex II and complex III. In addition, complex I and IV activity
measurements certified the decrease in complex] in siTMEM126A cells

(Supplementary Figure 2).

When we inspected OXPHOS complexes from TMEM126A-/- mitochondria, solubilized
in DDM, we observed a decrease of complexI on BN-PAGE (Figure 2E, lane 1-3).
Interestingly, marginal differences between the two investigated knockout clones
could be observed. For TMEM126A-/- AA1 sub-complexes for complex V were visible
(Figure 2E, lane 14), which were not observed in clone AB1. Furthermore, both
TMEM126A-/- clones seem to be affected regarding super-complex formation (Figure
2E, lane 8 and 9). Using an antibody against the complex III core-subunit cytochrome b
a shift of complex III to the monomeric form was observed (Figure 2E, lane 8 and 9).

Indeed, complex Il (SDHA) and complex IV (COX1) were comparable to the wildtype.

Concluding, our results demonstrate that the depletion of TMEM126A leads to a

decrease in complex I, both on protein and complex levels. The decrease of 0XA1L after
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siRNA-mediated knockdown of TMEM126A corroborated the hypothesis of
TMEM126A being an interactor of OXA1L.

2.2.2.3. TMEM126A interacts with newly synthesized translation

products
Because we identified an interaction between TMEM126A and COX2 (Figure 1G), we
wondered if TMEM126A also interacts with newly synthesized mitochondrial encoded
proteins, similar to OXA1L. For this purpose, we generated a stable HEK293T cell line,
expressing an inducible TMEM126A-FLAG at the C-terminal tail. To address whether
TMEM126A associates with newly mitochondrial translation products, TMEM126AFLAG
expressing cells were incubated with radioactive [35S] methionine after inhibition of
cytosolic protein synthesis. Afterwards, solubilized TMEM126AFLAG cells were applied
to FLAG-immunoprecipitation and eluates were analyzed by SDS-PAGE, followed by
autoradiography. Unfortunately, the FLAG construct seemed to be dysfunctional
because no mitochondrial translation products could be isolated compared to the
positive control C120RF62FLAG (Richter-Dennerlein et al, 2016; Supplementary
Figure 3). For this reason, we used two endogenous antibodies from different rabbits
against the TMEM126A protein (a and b), and subjected radiolabeled wildtype cells to
affinity purification (Figure 3A). As expected, TMEM126A co-purifies predominantly
with newly synthesized COX2, but also other mitochondrial translation products could
be visualized from the eluates (Figure 34, lane 3 and 4). Interestingly, the pattern of
isolated translation products in the eluate looked similar in comparison to the

endogenous antibody purification with OXA1L (Figure 34, lane 9).

Our next goal was to gain insight into mitochondrial translation in the absence of
TMEM126A. First, we used a siRNA-mediated knockdown of TMEM126A and
incubated cells for different time points with radiolabeled [3°S] methionine.
Afterwards, cell lysates were analyzed by SDS-PAGE and visualized by
autoradiography and immunodetection (Figure 3B). Compared to the non-targeting
control, the mitochondrial translation was overall reduced in the knockdown cells. The
most affected translation product is ND1, which reaches merely 40% of the wildtype
ND1-level. The translation defect was further intensified when performing the same
experiment in TMEM126A-/- cells (Figure 3C, lane 2 and 3). In both knockout clones,

the overall translation was reduced to 20% compared to wildtype cells.
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To further affirm that the translation defect is not triggered by a reduction of the
mitochondrial ribosome, steady state levels of ribosomal subunit proteins were
analyzed within isolated mitochondria using Western blot analysis (Figure 3D). Both,
the large ribosomal subunit (uL23m, uL12m) and the small ribosomal subunit (mS39,
mS40) were comparable to the levels in wildtype mitochondria. Accordingly, the

translation deficiency is caused directly by the loss of TMEM126A.

2.2.2.4. TMEM126A - OXA1L interaction is independent from active

translation

From studies in the model organism S. cerevisiae, it is well known that Oxal exports
N- terminal domains from mitochondrial encoded membrane proteins across the IMM
and helps with the membrane insertion of hydrophobic segments co-translationally.
To do so, Oxal needs to be bound to the mitochondrial ribosome during the exposition
of nascent chains from the ribosome exit tunnel even before these polypeptides are
fully synthesized. To investigate this interaction with nascent chains for the human
OXA1L as well, HEK293T wildtype cells were treated with puromycin, to induce
prematurely termination, additional to radioactive labeling with [3>S] methionine. The
released nascent chains from the ribosome could further be identified when whole cell
lysates were used for affinity purification using an endogenous antibody against
OXA1L (Figure 4A). Using this approach, we could clearly show that the human OXA1L
copurifies nascent chains in a co-translational manner (Figure 44, lane 8).

To demonstrate under which conditions TMEM126A is bound to OXA1L, we inhibited
the mitochondrial translation for 24 hours by adding thiamphenicol to FLAGOXA1L
expressing cells. Afterwards, isolated mitochondria were used to perform a FLAG-
immunoisolation and eluates were analyzed by SDS-PAGE and Western blotting
(Figure 4B). Even when mitochondrial translation is inhibited, FLAGOXA1L copurifies
equal amounts of the mitochondrial ribosome (mL45, uL23m, mL62, uS14m and
mS39) compared to the non-treated sample. Moreover, TMEM126A could be identified
in the eluate when translation was inactivated (Figure 4B, lane 6).

Next, we asked ourselves if the TMEM126A-OXA1L interactions depend on the
presence of the mitochondrial ribosome at all. Thus, FLAGOXA1L mitochondria were
incubated with RNase/EDTA before FLAG-immunoisolation to remove mitochondrial

ribosomes bound to FLAGOXA1L (Figure 4C). The Western blot analysis could clarify that
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the amounts of co -purified TMEM126A decrease in the eluate when the mitochondrial
ribosome dissociates from FLAGOXA1L (Figure 4C, lane 8). To explore whether
TMEM126A is a key component of the human mitochondrial insertase machinery and
therefore only present as a fixed component of the OXA1L-complex, we applied a
double-immunoprecipitation approach. First, FLAGOXA1L mitochondria were subjected
to FLAG-immunoisolation and subsequently, 90% of the eluate was used for affinity
purification using the endogenous TMEM126A antibody (Figure 4D). By this, we were
able to analyze the stoichiometrically association of OXA1L with TMEM126A. As shown
in the Western blot analysis (Figure 4D), very little amounts of OXA1L could be
identified in the unbound fraction which indicate that the majority of OXA1L could be
co-purified with TMEM126A.

In summary, our study shows that the interaction between OXA1L and TMEM126A is
independent from an active mitochondrial translation but needs the association of a
fully assembled mitochondrial ribosome. Additionally, we determined that the
majority of FLAGOXA1L is bound to TMEM126A which leads us to the assumption that

TMEM126A is a permanent component of the OXA1L-complex.
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2.2.2.6. Figure Legend

Figure1 OXAI1lL interacts with the mitochondrial ribosome and TMEM126A.
(A) Generation of different stable OXA1L-FLAG expressing HEK293T cell lines. (B) FLAG-
immunoprecipitation was performed using isolated mitochondria from HEK293T cells
expressing FLAG tagged OXA1L. Total 1%; eluates 100%. (C) Equal amounts of isolated
mitochondria from wildtype HEK293T cells and FLAGOXA1L cells were subjected to FLAG-
immunoprecipitation after SILAC-labeling for at least two weeks. Liquid eluates were used for
mass spectrometry analyses (n=4) and additional visualized by SDS-PAGE following colloidal
Coomassie staining. (D) FLAGOXA1L eluate was subjected to SDS-PAGE and individual slices
were analyzed by mass spectrometry analysis (n=2). (E) FLAG-immunoisolation of isolated
mitochondria from HEK293T cells expressing FLAGOXA1L. Total 1%; eluate 100%. (F) Isolated
mitochondria from HEK293T cells expressing C120RF62FLAG were subjected to FLAG-
immunoprecipitation. Total 1%, eluate 100%. (G) Isolated mitochondria from wildtype
HEK293T cells were used to perform an immunoisolation using endogenous antibody for
TMEM126A. Total 3%, eluate 100%.

Supplementary Figure 1 TMEM126A is an inner membrane protein. Isolated wildtype
mitochondria were subjected to swelling experiment to investigate localization of TMEM126A.
Sonic. = sonication; Mito = mitochondria; MP = mitoplast; PK = proteinase K. The C-terminus
of TMEM126A is exposed to the intermembrane space (IMS).

Figure 2 The absence of TMEM126A leads to decrease in complex I. (A) Cell growth from
non-targeted HEK293T cells (siNT) were compared with cell growth of HEK293T cells treated
with TMEM126A specific siRNA (siTMEM126A). Wildtype (WT) HEK293T cells and
TMEM126A-/- (cl.AA1 and cl. AB1) were cultured for seven days in DMEM media either
containing glucose or galactose. Cell counts of a six-well plate were measured using a
hemocytometer. Data are shown as the percentage of the control (mean * SEM, n=3).
(B) Protein steady state analysis of isolated mitochondria after depletion of TMEM126A
(siTMEM126A). siRNA treatment was performed for 72 hours and analyzed with SDS-PAGE
and Western Blot analyses. (C) Isolated mitochondria from TMEM126A-/- (c.AA1 and AB1)
were analyzed by SDS-PAGE and Western blotting to check protein steady state levels. (D)
Mitochondrial complexes were analyzed by 4-13% BN-PAGE with isolated mitochondria from
sSiTMEM126A compared with non-targeting control. Mitochondria were solubilized in 0.4%
DDM. (E) Isolated mitochondria from TMEM126A-/- (c.AA1 and cl.AB1) cells were solubilized
in 0.4% DDM and subjected to BN-PAGE analyses and compared to WT samples. Complexes
were detected using appropriate antibodies.

Supplementary Figure 2 TMEM126A depletion affects respiratory chain activity of
complex I. Enzymatic activity of complex I (A) and complex IV (B) were measured using a
plate reader assay from Abcam. Solubilized siTMEM126A cells and TMEM126A-/- cells were
compared to wildtype and non-targeting samples. Data are shown as percentage of the control
(mean * SEM, n=3).
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Figure 3 TMEM126A interacts with newly synthesized mitochondrial translation
products. (A) Solubilized HEK293T cells were subjected to immunoisolation using indicated
antibodies following radioactive labeling using [35S] methionine for one hour. Samples were
analyzed by SDS-PAGE and autoradiography (B) Mitochondrial translation of non-targeted
(siNT) and siRNA-treated (siTMEM126A) cells were analyzed after [35S] labeling using SDS-
PAGE and autoradiography. Radioactive methionine was applied to cells for 10, 20, 40 and 60
minutes (min). Signal intensities of mitochondrial translation products were quantified
according to percentage of non-targeting control (mean * SEM, n=3). (C) Quantification of the
amount of newly synthesized mitochondrial translation products within TMEM126A-/- cells
(cLAA1 and cl.AB1) after radioactive labeling for one hour (mean * SEM, n=3). (D) Protein
steady state analysis of ribosomal subunits from isolated mitochondria of control (siNT) and
siTMEM126A cells. (E) Steady state analysis of ribosomal proteins within the knockouts of
TMEM126A.

Supplementary Figure 3 Immunoisolation of TMEM126AFLAG mitochondria. (A) HEK293T
cells expressing TMEM126AFLAG were subjected to FLAG-immunoprecipitation after labeling of
mitochondrial translation products with [35S] methionine and puromycin. C120RF62FLAG cells
were used as positive control. (B) Western Blot analyses of samples from Suppl. Fig. 3A.

Figure 4 TMEM126A interaction with OXA1L is independent from active translation. (A)
Radiolabeled wildtype HEK293T cells were subjected to immuoisolation with indicated
antibodies. Nascent chain polypeptides were labeled with puromycin. Samples were analyzed
with SDS-PAGE and autoradiography. (B) Mitochondria from HEK29T cells expressing
FLAGOXA1L were used to perform FLAG-immunoprecipitation. Mitochondrial translation was
inhibited in half of the samples by addition of thiamphenicol for 24 hours. (C) Isolated
mitochondria were subjected to FLAG-immunoisolation after RNaseA and EDTA treatment and
analyzed by Western blotting. (D) Double-immunoisolation using isolated mitochondria from
FLAGOXA1L expressing HEK293T cells. 90% of FLAGOXA1L eluate was used for immunoisolation
using an antibody against TMEM126A.
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2.2.3.Discussion

In this study, we examined the unique relationship between the human insertase
OXA1L and the inner membrane protein TMEM126A which has been primarily
described as complex I assembly factor (D’Angelo et al.,, 2021; Formosa et al., 2021).

OXA1L is defined as the mitochondrial insertase machinery, responsible for membrane
insertion of the 13 mitochondrial-encoded polypeptides (Haque et al., 2010). By using
an inducible FLAGOXA1L expressing HEK293T cell line we determined the interactome
of OXA1L. As expected, subunits from the mitochondrial ribosome (100% of the 28S
subunit and 92% of the 39S subunit) as well as proteins from the OXPHOS machinery
could be identified. Moreover, we found TMEM126A as a novel OXA1L-associated

factor, which is also bound to the mitochondrial ribosome.

A few studies have examined TMEM126A as membrane protein of the IMM (Hanein et
al., 2013; Meyer et al, 2010). TMEM126A is conserved within metazoa, while its
paralog TMEM126B only seems to exists in human (Andrews et al, 2013; Formosa et
al., 2021; Heide et al., 2012). TMEM126A and TMEM126AB were already described as
complex I assembly factors, specifically involved in the biogenesis of the mitochondrial
complex I intermediate assembly (MCIA) complex (Alston et al., 2016; Andrews et al.,
2013; D’Angelo et al., 2021; Formosa et al, 2021). Additionally, recent studies have
explored the role of TMEM126A in the assembly of complex] in more detail.
TMEM126A was described to be crucial for the biogenesis of the ND4-module, which
is the central constituent of the hydrophobic complex I arm in the IMM (Formosa et al.,
2021). Furthermore, the repression of the complex I core subunit NDUFS3 in an
osteosarcoma 143B-/- cell line (Kurelac et al, 2019) leads to an accumulation of
TMEM126A. The aggregated TMEM126A was identified in the ND4-module together
with NDUFB6, indicating that TMEM126A acts as an early complex I assembly factor
(D’Angelo et al.,, 2021).

When we used siRNA-mediated knockdowns of TMEM126A, the most obvious defect
could be observed in complex I as well. Other complexes from the OXPHOS machinery
remained stable, except for complex V where we observed a slight decrease. However,
in steady state protein levels from isolated siTMEM126A mitochondria we could
further detect a slight decrease in OXA1L. In addition, we could confirm the deficiency

in complex I by using CRISPR/Cas9-generated knockout cell lines for our analyses.
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Due to the sequence similarities between TMEM126A and TMEM126B, speculations
arose if both proteins could compensate each other in case of mutations or
dysfunctionality. But recently it was shown that the complex I deficiency, caused by the
deletion of TMEM1264, is irreparable by the overexpression of TMEM126BFLAG
(Formosa et al.,, 2021). Therefore, the role of TMEM126A is potentially independent
from TMEM126B and needs a more detailed investigation, especially because of its
unique feature to bind to OXA1L.

Interestingly, by  labeling  mitochondrial translation  products, the
immunoprecipitations with the endogenous TMEM126A antibody showed an
interaction with all newly synthesized mitochondrial-encoded translation products,
similar to OXA1L. This provides us an indication of its overlapping function as a general
interacting partner of the human OXA1L- complex apart from its complex I association.
As a consequence, the deletion of TMEM126A, using either siRNA or knockout cell lines,
caused a general mitochondrial translation defect. This translation defect was not
provoked by the reduction of the mitochondrial ribosome which could be confirmed
by steady state protein analysis. Rather, it could be explained by the decreased protein
levels of OXA1L while TMEM126A was reduced. The role of OXA1L in the assembly of
the NADH:ubiquinone oxidoreductase was already explored in recent studies (Stiburek
et al, 2007). During the absence of OXA1L in HEK293T cells, a considerably decrease
in the steady state levels as well as in the activity of complex I was reported (Stiburek
et al, 2007). However, a reduction of OXA1L was not detectable in both knockout
clones of the TMEM126A protein, which argues against a direct effect caused by the
decrease of OXA1L.

From studies in S. cerevisiae it is known that Oxal interacts with nascent polypeptide
chains during their mitochondrial translation (Szyrach et al,, 2003). To investigate this
in cultured human cells we used the endogenous antibody against the human OXA1L
protein for immunoprecipitations. Thus, we could determine that 0XA1L interacts with
nascent chains, even when they are released from the mitochondrial ribosome after
puromycin treatment. Furthermore, it was shown that the presence of mitochondrial
translation products on ribosomes are not crucial for the interaction of Oxal/0XA1L
with the mitochondrial ribosome (Richter-Dennerlein et al., 2016; Szyrach et al., 2003).
In this present study, we addressed this interaction for TMEM126A as well. After

inhibition of the mitochondrial translation by thiamphenicol, the interaction between
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OXA1L and TMEM126A seems to be unaffected, indicating that this interaction is
independent from an active mitochondrial translation. To clarify if the OXA1L-
TMEM126A interaction relies on the association of the mitochondrial ribosome in
general, isolated mitochondria were incubated with RNase to degrade single-stranded
RNA and EDTA to destabilize the mitochondrial ribosome. Consequently, the
interaction between TMEM126A and OXA1L was disturbed which as well speaks for a
ribosome-associated cooperation. Nevertheless, the interaction between TMEM126A
and OXA1L is independent from an active translation process.

Finally, it was of importance to clarify the stoichiometric interaction of TMEM126A to
OXA1L. Assuming that TMEM126A only exists in a defined complex I specific pool, it
would be expected that a large amount of OXA1L is not associated with TMEM126A.
Thus, we isolated the FLAGOXA1L-complex, following by a second immunoprecipitation
using an endogenous antibody against TMEM126A. Our experiment shows that the
majority of isolated FLAGOXA1L was bound to TMEM126A and only little amounts of
OXA1L could be detected in the ‘unbound’ fraction, representing OXA1L- complexes
without TMEM126A.

Overall, these findings demonstrate that TMEM126A has a more extended function as
assumed previously. It can be characterized by its role in the assembly of complex I as
well as by its strong association with OXA1L, indicating that TMEM126A is a so far

unknown constituent of the human OXA1L-complex.
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3. Discussion

The outer as well as the inner mitochondrial membrane are characterized by their
protein-rich environment. Proteins, either translated on cytosolic or mitochondrial
ribosomes, are integrated into the mitochondrial membranes in a highly controlled
process resulting in the formation of macromolecular complexes function for example
as translocases or as OXPHOS complexes. This process is assisted by dedicated
chaperones and so- called assembly factors, often proteins of small molecular weight,
which are necessary for the guidance of individual subunits and to stabilize assembly
intermediates (Pfanner et al.,, 2019).

The OXPHOS complexes are harbored in the inner mitochondrial membrane and are
required to transfer electrons for the concluding step of ATP production by the
ATP synthase (complex V). During assembly of these complexes, the balance between
nuclear- and mitochondrial-encoded subunits is of particular importance and it is still
unclear how the mitochondrial translation is adjusted in concern to the influx of
nuclear-encoded precursor proteins (Priesnitz and Becker, 2018; Richter-Dennerlein
et al, 2016). It is suggested that a disturbed assembly procedure in one of these
complexes can lead to far- reaching consequences, resulting in a dysfunctional OXPHOS
machinery. Hence it is not surprising, that many human diseases are associated with
such dysfunctionalities, e.g. inherited neurometabolic disorders, cardiovascular
diseases or cancer (Friedrich et al, 2021; Hock et al., 2020; Ng et al., 2021).

Over the years, an enormous amount of research investigated the detailed mechanisms
of the individual assembly steps of each OXPHOS complex, especially by using the
model organism S. cerevisiae. During the last decade, it became evident that the
mechanisms and involved proteins in yeast are not entirely conserved in metazoan and
require further investigation. Particularly our knowledge about assembly regulators
and different assembly steps in human cells is still limited.

Since high-end mass spectrometry is an opportunity to gain insights into complex
constituents, protein-protein interactions or protein modifications, we used this
approach to define and further investigate uncharacterized proteins involved in the
assembly of the respiratory chain complex Il and IV as well as regulators bound to the
mitochondrial ribosome, focusing on their interactions with the insertase machinery

OXA1L, responsible for insertion of mitochondrial-encoded proteins into the IMM.
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3.1. C120RF73 and SMIM4 are proteins involved in the

early assembly of the cytochrome bc1 complex

The human cytochrome bc1 complex is composed of eleven subunits, whereas only one
subunit, namely cytochrome b, is encoded by the mitochondrial genome. The only
difference between the mammalian complex III and the one in yeast, is the presence of
one additional subunit (Fernandez-Vizarra and Zeviani, 2015). These investigations
were already made almost two decades ago using crystal-structure analysis (Hunte et
al,2000; Iwata et al., 1998). Nevertheless, the assembly of complex Il has been studied
mainly in S. cerevisiae and experimental data, on how the biogenesis of complex III
intermediates takes place in the mammalian system are missing (Fernandez-Vizarra
and Zeviani, 2018). To date, only a few orthologs of human assembly factors, such as
UQCC1 and UQCC2 (Ubiquinol-Cytochrome ¢ Reductase Complex Assembly Factor)
have been investigated (Crofts, 2004; Gil-Borlado et al, 2009; Tucker et al, 2013;
Wanschers et al., 2014). During the initial assembly step, UQCC1 and UQCC2 are needed
to insert cytochrome b into the inner mitochondrial membrane co-translationally
(Tucker et al., 2013; for detailed schema, see page 10). Additionally, one of the last
steps known from recent studies in human cell lines is the incorporation of the RIESKE
protein (UQCRFS1) into a dimeric, but inactive pre-complex III (Fernandez-Vizarra et

al., 2009; Gil-Borlado et al., 2009).

In this present study, we investigated and defined the role of two novel, so far
uncharacterized assembly factors, involved in the biogenesis of the early complex III
assembly intermediates in human. SMIM4 (small integral membrane protein 4) and
C120RF73, the two identified proteins, are conserved in vertebrates but not in yeast.
SMIM4 was already explored in vivo as potential ribosome-associated factor in
proteomic analysis of the mitochondrial ribosome in different murine tissues (Busch et
al, 2019). Interestingly, in parallel to our studies the function of C120RF73 was
examined in the model organism zebrafish (Danio rerio) and different human cell lines
as well (Zhang et al., 2020).

In agreement with our results, Zhang and colleagues explored the interaction of
C120RF73 exclusively with subunits of complex III, which was confirmed using a
C120RF73-FLAG expressing HEK293T cell line and isolated mitochondria from mouse
heart expressing a C120RF73-FLAG construct. Additionally, in vivo experiments
showed that the C120RF73 protein is highly expressed in skeletal and cardiac muscle
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cells of zebrafish larvae. In C120RF73 knockout animals, a dramatic growth phenotype
could be detected by 65 dpf (days post fertilization). The low body weight of the
knockout zebrafish could be explained by the food intake, which was significantly less
compared to wildtype animals. Besides, the activity of the C120RF73 knockout larvae
were reduced compared to the healthy wildtype. The phenotype was further
aggravated in the F2 generation, resulting in death already after 42 dpf. Furthermore,
biochemically analyses were performed to investigate the role of C120RF73 in context
with the OXPHOS machinery. Zhang and colleagues (2020) could detect a drastic
decrease of complex III subunits (UQCRC1 and UQCRC2) when C120RF73 was absent.
In addition, isolated adult skeletal muscle mitochondria showed a decreased relative
respiratory chain activity in mainly all complexes, which was most prominent in
complex III causing a reduction of 50%. This could be detected in BN- PAGE analyses
as well, where a 90% reduction of the mature complex III dimer was visible (Zhang et

al,, 2020).

Moreover, this presented study provides detailed information about the timeframe
when C120RF73 and SMIM4 act as so-called assembly factors (Figure 3.1). In addition
to the previous described data, we defined in more detail the interaction of C12Z0RF73
and SMIM4 with proteins involved in the very early assembly of the cytochrome bcl
complex (Figure 4F and 5A, Manuscript 1). Zhang and colleagues (2020) explored the
interaction between C120RF73, UQCRC1 and UQCRC2 (Fernandez-Vizarra and
Zeviani, 2018). Both proteins did not join the complex Il intermediate until the
haemylation occurred. In our immunoprecipitations we could show, that
C120RF73FLAG a5 well as SMIM4FLAG already interact with newly synthesized
cytochrome b (Figure 6D, Manuscript 1). Additionally, we explored the interaction of
C120RF73 and SMIM4 with UQCC1 and UQCC2 (Figure 6C, Manuscript 1), prior to the
incorporation of haeme b. and haeme bnu. At the same time, the investigation of SMIM4
in the proteome analysis of the mitochondrial ribosome is a strong indication of its
interaction with cytochrome b in a co-translational manner. Its dependency on
C120RF73, shown in our siRNA experiments (Figure 5B, Manuscript 1), leads to the
assumption that C120RF73 also binds to the cytochrome b polypeptide and interacts

together with SMIM4 in a cooperative manner.

Whether SMIM4 and C120RF73 have a secondary function within the translational

process cannot be concluded from this study. Another possible role could lie in the
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participation during the import of nuclear-encoded subunits from complex III, but this
hypothesis needs further investigation.

Overall, the observations of this present study and the work from Zhang et al. (2020)
are in line and provide an experimental basis for a better understanding of the

complex Il assembly pathway in higher eukaryotes (Figure 3.1).

Figure 3.1 Model of early complex III assembly considering the presence of SMIM4 and
C120RF73. The co-translationally insertion of cytochrome b (CYTB) into the inner
mitochondrial membrane (IMM) is accompanied by UQCC1 and UQCC2, which initiate the
translation on mitochondrial ribosomes. SMIM4 and C120RF73 are associated to the newly
synthesized CYTB and assist during the first steps of complex III assembly.

3.2. Is ComplexIIl a checkpoint for respiratory chain

maturation?

We identified C120RF73 as a protein involved in the early assembly of complex IlI, due
to its exclusive interaction with subunits from this individual complex and
newly- synthesized cytochrome b (Figure 5A and 6D, Manuscript 1). Nevertheless, in
the absence of C120RF73 we detected a slight decrease of complex I and IV by
analyzing protein complexes on BN-PAGE in siC120RF73 treated mitochondria
(Figure 5E, Manuscript 1). Even there is no obvious interaction of C120RF73 with
other subunits apart from complex III (Figure 5A, Manuscript 1), its absence has a
secondary effect on different respiratory chain complexes. This observation leads to
the question how deficiencies in one individual complex can influence the overall
OXPHOS machinery?

Because of its central position in the respiratory chain and its role in supercomplex-

formation by binding to complex I and IV (cI+clllz+cIVn), a more pleiotropic function

86



Discussion

for complex III has been hypothesized (Protasoni et al., 2020). Past studies have hinted
at a link between assembly of complex III and the complex IlI-mediated maturation of
complex I and IV (Protasoni et al, 2020; Schagger and Pfeiffer, 2001). Protasoni et al.
(2020) reported that the absence of complex III’s enzymatic activity in osteosarcoma-
derived cybrid cells with mutated cytochrome b leads to a decreased activity of
complex] as well. Furthermore, they provided data that a mutation in the
mitochondrial-encoded cytochrome b (Rana et al., 2000) causes the accumulation of
complex III intermediates which supposedly promotes the stalling of complex I during
its assembly. Similar observations were made in complex III-deficient mouse cell lines
(Acin-Pérez et al, 2004). Astonishingly, the loss of complex I does not significantly
influence the assembly or activity of complex III in the same degree (Acin-Pérez et al.,
2004; DiMauro and Schon, 2003; Kruse et al., 2008). NDUFS4 knockout mice, with a
complex I deficiency, showed a slight reduction in complex III activity, but indeed the
oxygen consumption and ATP-levels were similar to control animals (Kruse et al,
2008).

These finding, therefore, provide evidence for the unique impact of complex III on
respiratory chain biogenesis. Further research should be undertaken to ascertain how
complex IIl acts as a platform for the assembly of complex] and IV, especially

considering the function of supercomplexes within mitochondria.

3.3. SMIM4 and C120RF73 are potential interactors of the

mitochondrial quality control system

In the complex isolation of SMIM4FLAG and C12ROF73FLAG we identified different
proteases and prohibitins as potential interacting candidates beside proteins involved
in the assembly of complex Il (Figure 4F, Manuscript 1; for C120RF73 data not
shown). In the mass spectrometry analysis of SMIM4FLAG jsolations, we determined the
association of SMIM4FLAG with mAAA-proteases, like AFG3L2 (Ehses et al, 2009) and
SPG7 (Almontashiri et al, 2014), and the membrane-anchored iAAA-protease YME1L
(Shi et al.,, 2016). In addition, prohibitins PHB1 and PHB2 (Signorile et al., 2019), were
identified in SMIM4FLAG immunoprecipitations as well. These interactions were
confirmed by Western blot analysis using the endogenous antibodies (Figure 4E and

4F, Manuscript 1).

87



Discussion

Interestingly, unpublished data from this study showed an increase of proteins of the
mitochondrial quality control system in the absence of SMIM4 and C120RF73 (data not
shown). In isolated mitochondria from the knockdown of SMIM4 and C120RF73, we
observed increased steady state levels of SLP2 and PARL. An in-depth analysis of the
interaction between SMIM4 and C12ROF73 with the mitochondrial proteases is not
within the scope of this study, therefore it can be just speculated that both proteins are
likewise involved in the mitochondrial quality control. Considering the increase of
proteases associated with early complex Il assembly factors, it could be hypothesized
that SMIM4 and/or C120RF73 act as a protective shield against different proteases
during co-translationally insertion of cytochrome b into the IMM (Figure 3.2.). The
increase of SLP2 and PARL in siRNA treated mitochondria and the interaction with
YME1L provide a first evidence that SMIM4 and C120RF73 are in close contact with
the so-called SPY complex (for SLP2-PARL-YME1L) of the IMM, which is necessary for
the processing of kinases (e.g. PINK1) and the regulation of stress-response within
mitochondria (Song et al, 2021; Steglich et al., 1999; Wai et al,, 2016).

The pivotal functions of proteases within mitochondria are known from several studies
(Steglich et al, 1999; Wai et al, 2016). Under stress conditions, mitochondrial
proteases function according to the respiration, fission and fusion, and overall cell
survival (Wai et al, 2016). As a corollary, the interaction between assembly factors and
the quality machinery is therefore of vital importance, on one hand, to protect
assembly intermediates from degradation and, on the other hand, to remove
dysfunctional, damaged protein-complexes from the IMM even before the complexes

are fully assembled.

For example, the interplay between the assembly factor OCIAD1 (ovarian carcinoma
immunoreactive antigen domain-containing protein 1) and prohibitins was explored
in a recent study (Le Vasseur et al, 2021). OCIAD1, an inner membrane protein, was
identified as a novel assembly factor of complex Ill, involved in the proteolytic
processing of the catalytic core subunit cytochrome c: (CYC1). Furthermore, subunits
of the prohibitin complex, PHB1 and PHB2, were investigated in the same complex as
OCIAD1. Le Vasseur and colleagues (2021) therefore supposed its function to be a
stabilizer for complex IIl assembly intermediates and a chaperone for CYC1, in

conjunction with the prohibitins (Le Vasseur et al, 2021).
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In conclusion, these data give an example that respiratory chain assembly factors can
also act in the mitochondrial quality control system. If the activity of the SPY-complex
is regulated by a negative feedback loop in the absence of SMIM4 or C120RF73 needs

further investigations.

IMS

IMM

Matrix

Figure 3.2Model for the ComplexIIl intermediate being protected from the SPY-
complex. The protease activity of the SPY-complex (SLP2-PARL-YME1L) is inactivated and the
complex III assembly intermediate is protected from the SPY-complex in the presence of
SMIM4 and C120RF73.

3.4. TMEM223 - a novel assembly factor of complex IV

Mitochondria contain a large number of low molecular weight proteins, which mainly
function as so-called assembly factors for respiratory chain biogenesis. Several studies
in the field of mitochondrial biogenesis have sought to examine the participation of
these proteins. Mitochondrial assembly factors are often part of a conserved protein
family, e.g. the transmembrane protein family - TMEM (Marx et al., 2020). Previous
studies investigated, for example, the role of TMEM70 and TMEM242 in the assembly
of complex [ and V (Carroll et al., 2021; Sanchez-Caballero et al., 2020), TMEM126B as
assembly factor for complex I (Alston et al., 2016; Formosa et al., 2020; Fuhrmann et
al., 2019) or the association of TMEM177 during the COX2 biogenesis of complex IV
assembly (Lorenzi et al.,, 2018).

By defining the interactome of the large mitochondrial ribosome subunit mL62, we
could identify TMEMZ223 as ribosome-associated protein (Figure 1B and 1D,
Manuscript 1). Furthermore, we investigated its localization within the inner
mitochondrial membrane, although an N-terminal presequence is not predicted for the

TMEMZ223 protein (Figure 2A-C, Manuscript 1). By genome editing using CRISPR/Cas9,
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we explored the influence on the respiratory chain during its absence. The most
prominent effect was observable in complex IV constituents, where we could detect a
decrease in early complex IV assembly factors, like C120RF62 and MITRAC12, and in
the structural subunits COX6A and COX4-1 (Figure 2D, Manuscript 1). Because of its
exclusively impact on complex IV biogenesis, we suggested that TMEM223 is a protein
involved in the assembly of complex IV by binding to the MITRAC complex (Mick et al.,
2012; Richter-Dennerlein et al., 2016).

3.5. Interactome analyses of FLAGQOXA1L identified

TMEM126A as potential interactor

During the translational process in mitochondria, the co-translational insertion of
newly synthesized proteins reflects an essential step. OXA1L is considered to be the
insertase of mitochondrial-encoded proteins into the IMM. To define the interactome
of the human OXA1L-complex, we generated a stable N-terminal OXA1L-FLAG tagged
HEK293T cell line (FLAGOXA1L). Because of its known interaction with the
mitochondrial ribosome via its C-terminal tail (Haque et al, 2010; Itoh et al,, 2021; Jia
et al.,, 2003), the FLAG-tag was introduced in a way so that it does not interfere with
the ribosome interplay (Figure 1B, Manuscript 2). By mass spectrometry analysis from
SILAC-labeled FLAGOXA1L HEK293T cells and extracted protein bands from colloidal-
Coomassie stained SDS-PAGE, potential interacting partners of the OXA1L-complex
could be identified (Figure 1C and 1D, Manuscript 2). As expected, mitochondrial-
encoded proteins, such as COX1 and COX2, were identified together with 95% of the
mitochondrial ribosomal subunits. In these analyses we discovered the inner
membrane protein TMEM126A (Hanein et al, 2013). Contemporaneously to this
present study, TMEM126A was examined as a complex | assembly factor, which acts in
the biogenesis of the ND4- module of complex I (D’Angelo et al., 2021; Formosa et al.,
2021). In line with these studies, we confirmed its interaction with complex I subunits
and its potential influence on the assembly of complex I. By using siRNA treated cells
and CRISPR/Cas9-generated knockout cell lines for the TMEM126A protein, we
observed a significant decrease in complex I activity and a defect in the assembly of
complex I on BN-PAGE (Figure 2D and 2E, Manuscript 2). Supplementary, our siRNA
analyses showed a slight decrease of complex Il subunits on steady state protein levels

(Figure 2B, Manuscript 2) and a reduced respiratory chain complex IV and complex V
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on BN-PAGE. The complex V reduction could be observed in isolated mitochondria
from the knockout of TMEM126A, as well (Figure 2D and 2E, Manuscript 2).

These observations stand in conflict with the previously described data from
Formosa et al. (2021), since there was no further phenotype beside the complex I
deficiency. One possible reason could be the usage of different experimental tools, for
example, the different cell lines or the different ways to deplete TMEM126A in the cells.
Formosa and colleagues solely used a knockout cell line for their analyses (Formosa et
al, 2021). In addition to the TMEM126A knockout cell lines, the study presented here
used siRNA against TMEM126A for 72 hours. Because siRNA is carried out by transient
transfections, potentially not all mRNAs, encoding TMEM126A, are degraded.
Therefore, a small amount of TMEM126A protein is still available in the cells and able
to fulfill its task. Further, by generating a knockout cell line, the adaption of the cells
cannot be excluded over time, which can lead to slight differences compared to siRNA

treated cells.

3.6. The functions of TMEM126A in mitochondrial

homeostasis

Our analyses demonstrated that the interaction between OXA1L and TMEM126A is a
unique feature regarding the paralog of TMEM126A. The paralog, TMEM126B, was also
described as an assembly factor of complex I (Elurbe and Huynen, 2016; Formosa et
al, 2020; Heide et al, 2012), but was not identified in our mass spectrometry analyses
of FLAGOXA1L. The missing interaction between TMEM126B and OXA1L was confirmed
by immunoisolation and Western Blot analyses (data not shown). Formosa et al
(2021) further investigated the independent role of TMEM126A by overexpressing
TMEM126BFLAG jn TMEM126A knockout cell lines, which does not compensate the
phenotypes of this cell line.

Overall, this study suggests a model of TMEM126A as a novel constituent of the human
OXA1L-complex in consideration to its global function in the assembly of complex IV
and V as well. A strong hint towards its participation in the OXA1L-complex is the
negative effect on the mitochondrial translation in the absence of TMEM126A. All
newly synthetized mitochondrial translation product levels were decreased during
siRNA mediated depletion of TMEM126A and in the TMEM126A-/- cells (Figure 3B and

3C, Manuscript 2). In comparison with other known respiratory chain assembly
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factors, such as MITRAC15 or C120RF62, which affect the mitochondrial translation
only for one mitochondrial-encoded protein (Mohanraj et al., 2019; Richter-Dennerlein
et al, 2016; C. Wang et al,, 2020), TMEM126A seems to have influence on all newly-
synthesized mitochondrial proteins and on the overall mitochondrial translation.
Therefore, TMEM126A can be considered as a mitochondrial factor of diverse function,
on one hand as an assembly factor for complex I, and on the other hand as a more

general interactor for the human insertase machinery (Figure 3.3).

........................
.....
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Translation

Figure 3.3 The role of TMEM126A in mitochondrial homoeostasis. In this study different
potential functions of the membrane proteinTMEM126A were explored. TMEM126A interacts
with the human insertase OXA1L in close cooperation and influences mitochondrial translation
and the assembly of complex I, IV and V.
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3.7. Does OXA1L exist in multiple complexes?

An interesting side finding was that both OXA1L and TMEM126A copurified with
higher amounts of newly synthesized COX2/COX3 in relation to the other
mitochondrial-encoded protein signals (Figure 3A, Manuscript 2). This observation
leads to the pressing question if OXA1L maybe exists in separate complexes together
with COX2 and COX3 or if the amounts of COX2/COX3 proteins in human cells are

higher compared to the rest of mitochondrial-encoded proteins?

From studies in Arabidopsis thaliana, it is reported that mitochondria contain four OXA
homologs, of which one is exclusively responsible for the biogenesis of Cox2 (Kolli et
al, 2020, 2019). In S. cerevisiae, two proteins are needed for the translocation of Cox2
into the IMM: Oxal and its paralog Cox18 (Fiumera et al, 2009; Gaisne and Bonnefoy,
2006; Herrmann et al.,, 1995). In Neurospora crassa, the insertion of Cox2 demands on
Oxa2, a second Oxa homolog which complements the loss of Cox18 in yeast cells, as
well (Funes et al., 2004). All these examples demonstrate that the biogenesis of Cox2
requires the presence of members from the Oxal/YidC/Alb3-protein subfamily. The
yeast Cox18 is not conserved from yeast to human, but due to evolutionary events, it
cannot be ruled out that the human OXA1L protein exists in distinct complexes, of

which one solely interacts with COX2 or COX3.

Why we observed higher amounts of newly synthesized COX2/COX3 signals than other
mitochondrial-encoded proteins (Figure 3A, Manuscript 2) could be explained by
taking into consideration the assembly steps within the cytochrome c¢ oxidase
biogenesis. The assembly takes place in different modules and starts with the catalytic
core subunit COX1. The COX2- and COX3-modules are assembled separately and added
to the COX1-module in following steps. This implies a longer interaction of OXA1L with
COX2 and COX3 polypeptides at the mitochondrial ribosome and a release not till the
COX holoenzyme is properly assembled.

Our data provide preliminary evidence for this theory descripted above, but further
research will have to clarify whether human cells contain different 0XA1L-complexes

and if the OXA1L protein is split into pools of diverse function.
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Conclusion and Perspectives

4. Conclusion and Perspectives

The presented study provides insights into the mechanistical and biochemical steps of
the assembly of the respiratory chain complex III and IV by the investigation of novel
assembly factors SMIM4, C120RF73 and TMEM223.

By binding to the mitochondrial ribosome and newly synthesized cytochrome b,
SMIM4 and C120RF73 are part of the early assembly intermediates of the ubiquinol-
cytochrome ¢ oxidoreductase. We could show, that in the absence of SMIM4 or
C120RF73 the assembly of complex III is disturbed and early complex III assembly
intermediates accumulate in human cells. In mammals, the different assembly steps of
complex IIl biogenesis are barely evaluated and are referred to as orthologous proteins
known from studies in S. cerevisiae. This study examined the interaction of SMIM4 and
C120RF73 with the human assembly factors UQCC1 and UQCC2, which mediate the
expression of cytochrome b and hence the initiation of complex III assembly
(Crofts, 2004; Tucker et al, 2013). Interestingly, SMIM4 and C120RF73 are not
conserved in S. cerevisiae which shine a light on the importance of this research and
the to be clarified variations between yeast and human.

The best investigated human OXPHOS complex is the cytochrome c¢ oxidase.
Nevertheless, we identified TMEM223 and its association with the
mitochondrial-encoded core subunit COX1. Further, our analyses showed an
interaction between TMEM223 and early assembly MITRAC intermediates together
with C120RF62, which was previously described as a complex IV assembly factor

(Dennerlein et al., 2015; Richter-Dennerlein et al., 2016).

Over and above, we defined the interactome of the human 0XA1L-complex by mass
spectrometry analyses to investigate proteins which are in close contact with the
OXA1L protein. In addition, this study clarified the association of the human OXA1L
protein wit