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4. Introduction

4. Introduction

4.1 Iron: overview and functions

Iron (Fe) is of major importance for biological systems (Sheftel & Lill, 2009). In proteins,
iron-containing cofactors can be part of a catalytic center or be involved in redox
reactions. On the other hand, iron can potentially be toxic as its ferrous (Fe*") form
catalyzes the production of reactive hydroxyl radicals from hydrogen peroxide, a
process known as Fenton reaction (Fenton, 1876; Sheftel & Lill, 2009). To prevent this
toxic reaction and protect membranes, lipids, desoxyribonucleic acid (DNA) and
proteins from damage, mammalian cells have developed dedicated mechanisms for
the uptake, trafficking, storage and metabolism of Fe (Anderson & Frazer, 2017; Dutt et
al., 2022).

Fe in the blood plasma is bound to transferrin (Tf) for transportation to target tissues
(holo-Tf). At the cell surface, holo-Tf binds to transferrin receptor 1 (TfR1), is
incorporated into the cell via clathrin-mediated endocytosis (Mayle et al., 2012;
Muckenthaler et al., 2017; Richardson & Ponka, 1997) and subsequently delivered to
the endosomal compartment. Upon acidification of endosomes by vacuolar-type (V-
type) adenosine triphosphatases (ATPases) to less than pH 5.5, Fe is released from
the Tf-TfR complex, reduced to Fe?* by a specific ferrireductase (Steap3; Ilwai, 2019;
Knutson, 2007) and exported to the cytosol by the divalent metal transporter 1 (DMT1;
Gunshin et al., 1997). Depending on the Fe requirement of the cell, the metal may
afterwards either be trafficked to mitochondria for incorporation into heme or iron/sulfur
(Fe/S) clusters or may be stored in the cytosolic compartment by loading into ferritin
(Ft). Ft consists of varying proportions of heavy-chain (Ft-H) and light-chain (Ft-L)
polypeptides, which are assembled as a rotund sphere with a large cavity in the center
and can incorporate up to 4500 atoms of Fe (Harrison & Arosio, 1996; Munro & Linder,
1978; Zang et al., 2017).
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Figure 1: Fe binding and incorporation into the cell (adapted from Iwai, 2019).

The exact process of Fe delivery to mitochondria is still uncertain. While Fe?** may pass
freely through porins into the intermembrane space, the mitochondrial carrier family
members mitoferrin 1 and 2 (MFRN1/2) appear to transport iron across the inner
mitochondrial membrane (IMM; Muhlenhoff et al., 2015; Shaw, Cope, et al., 2006). Fe
is subsequently utilized for the synthesis of heme and Fe/S cluster cofactors which are
incorporated into mitochondrial proteins such as respiratory complexes and
cytochromes. Heme and Fe/S cofactor maturation of extramitochondrial proteins
including hemoglobin or catalase (CAT) is also dependent on mitochondria and

requires further dedicated export and assembly systems.

4.1.1 Cellular iron regulation

In order to ensure cellular supply with appropriate amounts of Fe whilst protecting the
cell against free radicals, sufficient regulation of cellular Fe levels is obligatory. Under
Fe-replete conditions, the cellular Fe uptake mechanism is downregulated to prevent
the cell from excessive and deleterious Fe uptake. Vice versa, when cellular Fe levels
are low, Fe uptake needs to be increased. The major mechanism by which cellular Fe
homeostasis is achieved in mammalian cells, is the posttranscriptional regulation via
Fe-regulatory proteins (IRPs; Anderson & Frazer, 2017; Bjellgvist et al., 1993; Sanchez
et al., 2011; Wilkinson & Pantopoulos, 2014).

Mammalian IRPs are present in two variants, IRP1 and IRP2. IRP1 possesses a

double function. On the one hand, it acts as a cytosolic aconitase (cACO)
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4. Introduction

interconverting citrate and isocitrate when an Fe/S cluster is bound. On the other hand,
when the Fe/S cluster cofactor is absent, IRP1 can bind to Fe-responsive elements
(IREs) which are stem-loop structures in untranslated regions (UTRs) of messenger
RNAs (mRNAs) of Fe-related proteins such as Ft or TfR (Martelli et al., 2015; Walden
et al., 2006). When cellular Fe levels are low, IRP1 binds to the 5’ IRE of Ft mMRNA and
blocks its translation, leading to a decrease in Ft protein levels and consequently to
decreased cellular Fe storage capacities. Under these conditions, IRPs also bind to the
3’ IREs of TfR mRNA, thereby stabilizing the messenger transcript, enhancing TfR1
production and concomitantly increasing Fe uptake. In contrast, IRE-binding of IRP2 is
determined by the protein’s steady-state levels which are regulated by Fe-dependent
proteasomal degradation involving the ubiquitin-E3-ligase F-box and leucine rich
repeat protein 5 (FBXL5) with an Fe-binding hemerythrin domain (Salahudeen &
Bruick, 2009; Vashisht et al., 2009). Structural analyses have suggested that FBXL5
may also bind a [2Fe-2S] cluster to promote the interaction with IRP2 (Wang et al.,
2020).

42 Heme

4.2.1 Heme: overview and functions

Hemes are tetrapyrrole-type protein cofactors and coordinate Fe as a central metal in
their porphyrin ring. Sidechains of the ring can vary, resulting in different chemical
properties and functions like for heme a, heme b and heme ¢ (Figure 2). In humans,
hemes are essential cofactors for electron transfer, catalysis of redox reactions,
structural stability and oxygen transport (Ajioka et al., 2006; Balwani et al., 2020;
Burden et al., 1999; Taketani et al., 2000).

The most prevalent and prototypical heme type in mammalian cells is heme b, which is
present in several proteins including the erythrocytic oxygen transport protein
hemoglobin (Gell, 2018; Yang et al., 2023), cytochrome P450 (CYP450) enzymes for
example in liver (Correia et al., 2011), CAT in peroxisomes (Putnam et al., 2000), and

respiratory chain complexes Il and Ill.
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The function of heme b in oxygen transport is well-known by hemoglobin. The protein
is essential for oxygen binding and transport in erythrocytes and consists of four globin
polypeptide chains each harboring a heme b. The heme b binds oxygen in respiratory
capillaries of the lung and releases it in capillaries of peripheral tissues to be further
processed for aerobic respiration (Ajioka et al., 2006; Caughey et al., 1975; Dlouhy &
Outten, 2013; Hederstedt, 2012; Tsiftsoglou et al., 2006).

Cys

HO™ ~Npo OOH HO 0o o~ OH

heme a heme b heme ¢

Figure 2: Hemes a, b, c; for details see text. Structures drawn up with ChemDoodle v11.0 by iChemLabs.

CYP450 proteins are oxygenases transferring electrons to oxygen or catalyzing the
oxidation of organic compounds to protect the human cell against toxic agents
(Manikandan & Nagini, 2018). CYP450s are essential for metabolism of bile acids,

drugs, steroids and further chemicals (Guengerich et al., 2016).

CAT is a heme b-dependent homotetrameric peroxisomal enzyme harboring one heme
cofactor per subunit. The enzyme catalyzes the conversion of two molecules of the
highly reactive compound hydrogen peroxide to two molecules of water and one
molecule of less reactive molecular oxygen (2 H.O, — O, + 2 H20), thus protecting the
cellular constituents against oxidative damage (Goyal & Basak, 2010). Heme b directly
participates in hydrogen peroxide turnover as its Fe** form becomes converted into a
Fe**-containing porphyrin cation radical when the first hydrogen peroxide molecule is

converted to water. In a second step, the porphyrin cation oxidizes a second hydrogen
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peroxide and releases molecular oxygen and water (Putnam et al., 2000). Oxidative
damage may become clinically relevant in patients with inherited Acatalasemia, who
may suffer from methemoglobinemia or an early onset of diabetes mellitus due to CAT
deficiency, leading to oxidative damage of the insulin-producing pancreatic beta-cells
(Goth & Nagy, 2013).

Succinate coenzyme Q reductase or also referred to as succinate dehydrogenase
(SDH) is a heterotetrameric enzyme at the IMM, operating at the interface between the
respiratory chain (thus also designated as respiratory chain complex IlI) and the
tricarboxylic acid (TCA) cycle (Van Vranken et al., 2015). SDH conveys a major
reaction step of the TCA cycle, the oxidation of succinate to fumarate. Subunits A and
B of SDH face towards the mitochondrial matrix where SDHA contains a covalently
attached flavin adenine dinucleotide (FAD) moiety and converts the succinate
substrate, and SDHB uses three Fe/S cofactors to transfer electrons to ubiquinone, a
key component of the mitochondrial respiratory chain (Anderson et al., 2014). SDH
subunits C and D are inserted into the IMM, with heme b bound at their interface. The
functional significance of the heme b moiety is not clear, because its absence hardly
interferes with SDH function (Rutter et al., 2010).

Heme types a and c are found in proteins of the respiratory chain where electrons are
transferred to molecular oxygen to perform proton translocation across the IMM. This
electron transfer is mainly enabled by heme-containing cytochromes which are
subunits of the cytochrome c¢ reductase complex (C lll, containing heme c), the
electron transfer factor cytochrome ¢, and cytochrome c¢ oxidase complex (C IV or
COX, harboring heme a).

C Ill is a multienzyme complex and harbors both heme b and heme c centers. The
catalytic core of each C Il monomer consists of cytochrome b, cytochrome ¢ and the
Rieske Fe/S protein (Smith et al., 2012). Heme c; of cytochrome c1 is involved in the
transfer of two electrons from ubiquinol via the Rieske protein to cytochrome c.
Cytochrome c¢; and the Rieske protein expose their prosthetic groups to the
intermembrane space and are fixed in the IMM by their single transmembrane
domains. In addition, C Il contains hemes bL and bH which are involved in the Q cycle
moving protons across the mitochondrial membrane and thereby contributing to the
mitochondrial membrane potential. The eponymous cofactor of cytochrome cis heme ¢
which in contrast to the other hemes is covalently bound to the protein via thioether

bridges via catalysis by cytochrome c/c; heme lyases.
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COX transfers electrons from reduced cytochrome c to dioxygen, resulting in the
formation of water (Popovi¢, 2013). To execute this reaction, COX contains four redox-
active metal centers including a heme a, a copper center CuA and a binuclear complex
consisting of heme az; and CuB as prosthetic groups. Reduced cytochrome ¢ supplies
CuA with electrons which are transferred to the active site via heme a. At the heme
as/CuB active site, reduction of dioxygen takes place (Ferguson-Miller & Babcock,
1996; Kim & Hummer, 2012; Konstantinov et al., 1997; Ostermeier & Michel, 1997).
During each reduction of dioxygen to water, eight protons are turned over, four by the
formation of water, and four which are translocated across the IMM in an electron

transfer-dependent fashion (Belevich et al., 2006).

4.2.2 Hemes are synthesized in a complex process

Heme synthesis in eukaryotes including human cells occurs through a highly
conserved pathway and takes place in both the cytosolic and mitochondrial
compartment (Ajioka et al., 2006; Dutt et al., 2022; Phillips, 2019; Stojanovski et al.,
2019). The principal product is heme b, which is subsequently converted into other
heme forms. The classical biosynthesis pathway of heme b (Figure 3) begins in
mitochondria with the formation of 5-aminolevulinic acid (ALA) from glycine and
succinyl-coenzyme A (succinyl-CoA; McKay et al., 1969). This condensation reaction is
catalyzed by 5-aminolevulic acid synthase (ALAS) and is the rate-limiting reaction in
the heme biosynthesis pathway. Two isoforms of ALAS occur in human tissue, the
ubiquitously expressed ALAS1 and ALAS2, which is expressed specifically in erythroid
cells (Peoc'h et al., 2019).

Subsequent to this initial step, ALA is exported from mitochondria into the cytosol
where subsequent steps of heme synthesis take place. Little is known about how
intermediates of the heme biosynthesis pathway are shuttled across the mitochondrial
membranes, but it is suggested that adenosine triphosphate (ATP)-binding cassette
(ABC) transporters may be involved (Martinez et al., 2020; Shirihai et al., 2000). In the
cytosolic compartment, the enzyme ALA dehydratase (ALAD) catalyzes the second
step of heme biosynthesis by converting ALA to porphobilinogen and water.
Subsequently, porphobilinogen deaminase (PBGD) fuses four porphobilinogen
molecules to the linear tetrapyrrole hydroxymethylbilane, which is then converted to
ring-shaped Uroporphyrinogen Il by Uroporphyrinogen Il synthase (URO3S). In the

last cytosolic step, acetate sidechains of the tetrapyrrole ring are converted to methyl
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groups by decarboxylation, generating coproporphyrinogen Il (Copro Ill). This Copro IlI
is then reimported into mitochondria, possibly by assistance of a protein at the IMM
known as transmembrane protein 14C (TMEM14C, Yien et al., 2014). Also at the IMM
resides coproporphyrinogen oxidase (CPO) which oxidatively decarboxylates the
propionate groups of Copro Il to vinyl groups to form protoporphyrinogen IX (PPGIX;
Rhee et al., 2013). PPGIX is subsequently oxidized to protoporphyrin IX (PPIX) by
mitochondrial protoporphyrinogen oxidase (PPO; Donegan et al., 2019). In the final
step of heme b biosynthesis, ferrochelatase (FECH) inserts Fe?* into PPIX. FECH is a
homodimeric protein at the inner surface of the IMM and with the active site facing the
matrix. In many eukaryotes including humans each FECH protomer contains one [2Fe-
28] cluster as a cofactor (Dailey et al., 2000; Medlock et al., 2007; Taketani et al.,
2000). FECH together with PPO, ATP-binding cassette subfamily B member 10
(ABCB10) and MFRN1 has been suggested to be part of a multienzyme complex
which also requires TMEM14 for its function (Chen et al., 2010; Shaw, Cope, et al.,
2006; Yien et al.,, 2014). Formation of such a complex is proposed to facilitate the
coordinated import and turnover of PPIX and Fe in order to prevent the mitochondrial

environment from potentially toxic effects of these substrate compounds.

] URO3S
Hydroxymethylbilane —— Uroporphyrinogen llI

vy %‘

&2 Porphobilinogen Heme Copro Il

e

ALA

@Ilron (Fe?)

Mitochondrion

ALA AAi- succinyl-CoA + glycine

Figure 3: Overview of the heme biosynthesis and and its connection to Fe/S cluster metabolism. For
details and abbreviations see text (adapted from an overview kindly provided by Roland Lill).

Formation of hemes o, a, and ¢ occur from heme b (Swenson et al., 2020). The heme
a biosynthetic pathway proceeds via heme o as an intermediate compound and
involves two enzymes at the IMM, Heme o synthase (COX10) and Heme a synthase

(COX15), respectively. In a first reaction step, COX10 catalyzes the modification of a
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vinyl group of heme b. Subsequently, a methyl group is monooxygenated by COX15 to
form heme a (Hederstedt, 2012). Heme c is formed by the covalent attachment of
heme b to cytochrome c or ¢y via two cysteine residues of the apo-protein backbone. In
mammals, both reactions are catalyzed by the same enzyme, holocytochrome ¢
synthase (HCCS; Kranz et al., 2009; Moraes et al., 2004).

In each protein of the heme biosynthesis pathway, genetic dysfunctions may lead to a
specific type of porphyric disorder in affected patients, e.g. X-linked erythropoietic
protoporphyria (ALAS), ALA dehydratase deficiency porphyria (ALAD) or erythropoietic
protoporphyria (FECH; Bissell et al., 2017; Kauppinen, 2005). The porphyric disorders
are classified depending on the inheritance pattern and show erythroid, hepatic, or

neurologic manifestations.

4.2.3 Mitochondrial heme b export

Subsequent to its biosynthesis, heme b can take different routes. Within mitochondria it
may be modified to heme a, for use in C IV. It may also be trafficked to the
intermembrane space where it is covalently attached to cytochrome ¢ or ¢; by HCCS
(cf. chapter 4.2.2). Heme b is also exported from mitochondria for insertion into
extramitochondrial hemoproteins. The molecular mechanisms of heme trafficking and
export from mitochondria are mostly unknown to date. A direct membrane-based
delivery to the endoplasmic reticulum (ER) might be established via mitochondria-
associated membranes (MAMs; Chambers et al., 2021; Vance, 2014). Mitochondria-
derived vesicles (MDVs) have been suggested to transport molecules from
mitochondria to peroxisomes and lysosomes (Neuspiel et al., 2008; Schumann &
Subramani, 2008). The propionate side chains of heme b render the molecule
hydrophobic, implying a requirement for an export system to allow transition through
the two mitochondrial membranes. Yet, the protein Feline leukemia virus subgroup C
receptor 1b (FLVCR1b) is suspected to export heme from mitochondria, as knockdown
of FLVCR1b in human cervical cancer cells (HeLa cells) resulted in mitochondrial
heme accumulation (Chiabrando et al., 2012). Vice versa, overexpression showed
cytosolic heme accumulation. Consistently, knockdown of FLVCR1b in mice led to
impaired erythroid differentiation due to heme accumulation in mitochondria
(Chiabrando et al., 2012; Fleming & Hamza, 2012; Reddi & Hamza, 2016).

An alternative potential mitochondrial heme exporter complex consisting of FECH and

the ABC proteins ABCB7 and ABCB10 has been proposed by a tissue culture model of
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defective hemoglobinization in erythroid cells. In this model, the close spatial vicinity of
the Fe importer MFRN1 and FECH to ABCB7 may support a potential heme export
function of the ABC transporter (Maio et al., 2019).

4.3 Iron-sulfur clusters

4.3.1 Overview and structure

Fe/S clusters are essential inorganic cofactors present in all kingdoms of life (Lill &
Freibert, 2020). In eukaryotes, Fe/S clusters are found in the cytosol, nucleus and
mitochondria. The most common types are the rhombic [2Fe-2S] and the cubane
[4Fe-4S] forms (Lill, 2020). In these structures, Fe and S atoms are alternatingly
arranged to build the corners of the clusters, and each Fe atom is typically coordinated
by one [4Fe-4S] or two [2Fe-2S] cysteine residues of the polypeptide backbone. Other
ligands than cysteine are possible, for example in case of the so-called Rieske
[2Fe-2S] cluster of respiratory chain C Il in which one Fe atom is coordinated by two

cysteine residues, and the other Fe by two histidine residues (Bak & Elliott, 2014).

4.3.2 Functions of Fe/S clusters

4.3.21 FelS proteins in the mitochondrion

Fe/S clusters in mitochondria participate in enzymatic catalysis reactions like in
mitochondrial aconitase (mACO), or in electron transfer like in the respiratory chain
complexes C I, C Il and C lll. The mACO catalyzes the second reaction of the TCA
cycle by interconverting citrate to isocitrate via the intermediate aconitate. The [4Fe-4S]
cluster is involved in the catalytic activity and coordinates hydroxyl groups of the
reactants, thereby facilitating dehydration and aconitate formation. The TCA cycle
reduces oxidized nicotinamide adenine dinucleotide (NAD*) to reduced nicotinamide
adenine dinucleotide (NADH)/H* which in turn feeds electrons into NADH
dehydrogenase (C I) of the respiratory chain. C | adopts an “L-shaped” structure with a
membrane-bound arm and an arm directing into the mitochondrial matrix and passes
the NADH/H*-derived electrons from the tip of its matrix arm through ubiquinone at the
basis of this arm. A total of 8 [2Fe-2S] and [4Fe-4S] clusters are bound to C | subunits
including NADH ubiquinone oxidoreductase subunit V2 (NDUFV2) and S8 (NDUFS8)
and participate in the formation of the electron transfer conduit (Gnandt et al., 2016;
Wu et al., 2016). Other subunits including NDUFB4 and gene associated with retinoic
and interferon-induced mortality 19 protein (GRIM19, NDUFA13) of the membrane and

the matrix arm, respectively, hold functions in the structural organization of C I.
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As already pointed out above (cf. chapter 4.2.1) also respiratory chain C Il (SDH) and
C Il transfer electrons in an Fe/S cluster-dependent fashion. SDH converts succinate
to fumarate and reduces ubiquinone using a [2Fe-2S], a [3Fe-4S], and a [4Fe-4S]
cluster each coordinated within subunit SDHB. In C Ill, electron transfer from ubiquinol
to cytochrome c involves a Rieske-type [2Fe-2S] cluster. Electron transfer conducted
by C | and C Ill supports the generation of a proton gradient across the IMM which is

eventually used by the F1F,-ATP synthase complex to produce ATP.

Further Fe/S cluster proteins include lipoyl synthase (LIAS) which catalyzes the final
step in the biosynthesis of the lipoyl cofactor (McCarthy & Booker, 2017) or ferredoxins
which are essential for mitochondrial Fe/S protein maturation, heme and steroid

hormone synthesis (Sheftel et al., 2010).

4.3.2.2 Extramitochondrial Fe/S clusters

Fel/S proteins are also present in the cytosolic and nuclear compartments where they
hold essential regulatory and metabolic functions including DNA maintenance,
nucleotide metabolism, and electron transfer (Lill & Freibert, 2020). A prominent
example is IRP1 (c.f. 4.1.1) which is involved in cellular iron regulation by binding in its
apoform to IREs of certain iron-trafficking-related proteins. With a bound [4Fe-4S]
cluster it functions as a cytosolic aconitase (CACO; Walden et al., 2006). Another
example for a nucleic acid-binding [4Fe-4S] protein is NTHL1, an endonuclease lllI-like
enzyme. NTHL1 binds to DNA and supports the base excision repair of oxidatively
damaged pyrimidines. The function of the cluster in this process is still ill-defined
(Aspinwall et al., 1997), but is relevant for stabilizing NTHL1’s interaction with DNA
(Moe et al., 2022). Also, the metabolism of nucleotides, the building blocks of nucleic
acids, is dependent on Fe/S proteins. De novo purine nucleotide biosynthesis is
dependent on glutamine amidophosphoribosyltransferase (GPAT) which also depends
on a [4Fe-4S] cluster (lwahana et al., 1993). GPAT contains an N-terminal, 11 residues
long propeptide which is autocatalytically cleaved upon the insertion of a [4Fe—4S]
cluster to produce the mature and active enzyme (Brayton et al., 1994; Stehling et al.,
2013). In the absence of the metallo-cofactor, propeptide processing is impaired,
leading to GPAT destabilization and degradation (Martelli et al., 2007).
Dihydropyrimidine dehydrogenase (DPYD) is the key enzyme for the modification of
pyrimidine bases and their derivatives. The enzyme consists of two identical subunits,

each containing four [4Fe-4S] clusters and two flavins to mediate electron transfer from
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reduced nicotinamide adenine dinucleotide phosphate (NADPH) to pyrimidine (Porter &
Spector, 1993; Schnackerz et al., 2004). DPYD is clinically significant for treatment of
cancer patients with chemotherapeutics like the fluorouracil-derived therapeutic drug
Capecitabine (Dean & Kane, 2012). Further extramitochondrial Fe/S proteins include
ATP-binding cassette sub-family E member 1 (ABCE1), an essential factor of
eukaryotic translation and ribosome biogenesis (Toompuu et al., 2016) and catalytic
subunits of DNA polymerases like POLA1, POLD1 or POLE (Lill & Freibert, 2020; Paul
& Lill, 2015). A full list of the human Fe/S proteome is found in Freibert and Lill 2020.

4.3.3 Biosynthesis of Fe/S clusters

In eukaryotes, complex and evolutionary conserved machineries mediate the assembly
of Fe/S clusters and their subsequent insertion into apoproteins (Lill & Freibert, 2020;
Stehling et al., 2014). Within mitochondria, the iron-sulfur cluster assembly (ISC)
machinery conducts the de novo assembly of Fe/S clusters and the maturation of
target proteins. The cytosolic iron-sulfur protein assembly (CIA) machinery is
connected to the ISC system by a mitochondrial ISC export system (cf. chapter 4.3.3.2)
and matures both cytosolic and nuclear Fe/S proteins. Due to the essential functions of
cytosolic and nuclear Fe/S proteins (cf. chapter 4.3.2.2) also their biogenesis by the
ISC and CIA systems is a vital process which includes three major assembly steps

(Braymer et al., 2021; see also Figure 4):

1. de novo synthesis of an Fe/S cluster on scaffold proteins
2. FelS cluster trafficking via Fe/S cluster transfer proteins

3. insertion into apoproteins by targeting factors.

4.3.3.1 Mitochondrial Fe/S cluster assembly

The first assembly step is mediated by ISC factors that facilitate the de novo synthesis
of a [2Fe-2S] cluster. The Fe required for Fe/S cluster assembly is imported into
mitochondria by the mitochondrial carriers MFRN 1 and 2 and binds to U-type-scaffold
protein 2 (ISCU2) via conserved active-site residues (Srour et al., 2022). A central
component is the cysteine desulfurase complex NFS1-ISD11-ACP1 which converts
cysteine to alanine in a pyridoxal phosphate (PLP)-dependent fashion and uses the
abstracted sulfur for formation of a persulfide on the active cysteine residue of NFS1
(Zheng et al., 1994). Subsequently, the NFS1-linked persulfide sulfur is transferred to a

cysteine residue of ISCU2, which serves as a scaffold for the assembly of a transiently
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bound [2Fe-2S] cluster. The sulfur transfer reaction is stimulated by frataxin (FXN), a
protein related to Friedreich’'s ataxia. In patients with Friedreich’s ataxia,
spinocerebellar and sensory atrophy lead to progressive ataxia with occasional
blindness and deafness. Additionally, cardiological or metabolic symptoms can be
found in affected patients (Gomes & Santos, 2013; Parkinson et al., 2013; Stehling et
al., 2014). Defects in other ISC proteins may cause neurodegenerative, metabolic or
hematological phenotypes and an overview is found in Stehling et al., 2014. In order to
convert the persulfide sulfur to the sulfide S present in the [2Fe-2S] cluster an
electron supply by the NAD(P)H-ferredoxin reductase (FDXR)-ferredoxin (FDX2) redox

chain is needed.

CIA machinery, iron regulation

FDXR

Complex |

FDX2"
IBA57

ISCA1
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Iron ® (Fe?*)
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Figure 4: Model for the maturation of mitochondrial [2Fe-2S] and [4Fe-4S] proteins, adapted from Lill
(2020).

In the second step, the assembled [2Fe-2S] cluster is released from ISCU2 by
assistance of a dedicated chaperone system and transferred to the monothiol
glutaredoxin 5 (GLRX5) which coordinates the cluster in a dimeric fashion in
combination with two glutathione (GSH) peptides. GLRX5 holds a key position for the
subsequent trafficking of the [2Fe-2S] cluster to different routes. The cluster is either
directly inserted into [2Fe-2S] target proteins, converted into a [4Fe-4S] cluster, or is
exported for use in the CIA system (cf. Figure 4). GLRX5 deficiency can lead to

sideroblastic anemia 3 (Camaschella et al., 2007; Furuyama et al. 2013; Liu et al.
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2016), which is characterized by anemia with iron overload and ring sideroblasts in

affected patients.

In the third step of mitochondrial Fe/S protein assembly, [4Fe-4S] clusters are
generated and inserted into apoproteins. In a so far ill-defined process, the ISC
proteins ISCA1, ISCA2 and IBA57 are suspected to form a complex receiving [2Fe-2S]
clusters from GLRX5 and fusing them to a [4Fe-4S] entity, again supported by electron
delivery from NADPH to FDXR and FDX2 (Brancaccio et al., 2014; Sheftel et al., 2012;
Weiler et al., 2020). Eventually, targeting proteins NFU1, IND1 or BOLA3 are assumed
to be involved in the transfer of the assembled [4Fe-4S] cluster to target apoproteins
(Lill & Freibert, 2020).

4.3.3.2 Arole for ABCB7 in extramitochondrial Fe/S protein assembly

The assembly of cytosolic and nuclear Fe/S proteins is dependent on the mitochondrial
core ISC system as well as on the ABC transporters of the IMM, Atm1 in yeast and
ABCB7 in mammals (Kispal et al., 1999; Paul & Lill, 2015; Pondarre et al., 2006). The
mitochondrial ISC system including the desulfurase NFS1 is proposed to synthesize a
sulfur-containing compound called X-S of which the exact structure is not yet
determined. X-S is assumed to be exported from mitochondria via ABCB7 in an
energy-dependent fashion and to support cytosolic-nuclear Fe/S protein assembly (Li &
Cowan, 2015; Pandey et al., 2018; Pandey et al., 2019).

ABCB7 and Atm1 are typical homodimeric ATP-binding cassette (ABC) transporters
with their two nucleotide binding domains facing the mitochondrial matrix and their two
transmembrane domains entangled with each other (Figure 5; Dawson & Locher, 2006;
Ellinghaus et al., 2021; Srinivasan et al., 2014). The transmembrane domains form a
substrate binding cavity at the level of the IMM-matrix interface for specific binding of
X-S. ATP-binding and hydrolysis in the nucleotide binding domains powers the
substrate transport towards the intermembrane space (Thomas & Tampé, 2020).
Structural analyses have revealed three conformations of the ABCB7 homologs that
characterize important aspects of the transport cycle of the protein. X-ray structures
showed Atm1 in an inward open conformation with a large substrate binding cavity that
is accessible from the matrix space (Srinivasan et al., 2014). The finding that some
Atm1 crystals accommodated GSH in the substrate-binding cavity was in line with
previous studies suggesting a requirement for GSH as well as mitochondrial iron for

cytosolic iron-sulfur cluster assembly (Pandey et al., 2019; Sipos et al., 2002). This led
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to the suggestion that X-S might be a glutathione coordinated Fe/S cluster (Pearson et
al., 2020; Qi et al., 2014; Srinivasan et al., 2014). The closed conformation was
observed in the adenosine-5'-(3-y-imido) triphosphate (AMP-PNP)-bound cryo-electron
microscopy (cryo-EM) structure of Atm1 (Ellinghaus et al., 2021). The two nucleotide

binding domains are tightly bound thus forming a closed cavity between the

ADP+Pi 43 ATP

Figure 5: Three conformations of ABCB7, from left to right: the inward open, closed and outward open
conformation (kindly provided by Roland Lill and Thomas Marcellino).

transmembrane segments for putative substrate binding. As observed for the plant
homolog of Atm1, the outward open structure may release the trapped substrate by
opening the transmembrane segments towards the intermembrane space (Fan &
Rees, 2022). ATP hydrolysis, dissociation of adenosine diphosphate (ADP) and
phosphate (P;) and the subsequent re-opening of the nucleotide binding domains may

eventually close the transport cycle.

ABCB7 appears to be particularly relevant for mitochondria-rich cells including
hematopoietic tissue (Pondarre et al., 2007) or liver, the central organ for systemic iron
homeostasis (Sikorska et al., 2016). Mutations in the ABCB7 gene are the cause for
the rare disease X-linked sideroblastic anemia and cerebellar ataxia (XLSA/A,
D'Hooghe et al., 2012; Maguire et al., 2001). Affected cells may contain iron-loaded
mitochondria arranged in an arc-like shape around the nucleus and are thus called ring
sideroblasts. XLSA/A was described in different families and is especially occurring in
males as the gene of the exporter is located on the x-chromosome and is inherited

recessively. The patients show varying neurological, mental as well as hematological
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pathologic phenotypes like a severe form of spinocerebellar syndrome which is
characterized by motor impairment and cerebellar atrophy. Additionally, they show a

mild hypochromic, microcytic anemia.
4.3.3.3 Cytosolic and nuclear Fe/S cluster assembly

After transport of X-S to the cytosol, assembly of cytosolic and nuclear Fe/S proteins is
mediated by a specific set of CIA factors. The process is dependent on mitochondria
and like the ISC mechanism can be divided into three major steps (cf. Figure 6). First,
a [4Fe-4S] cluster is synthesized de novo on a heterodimeric cytosolic scaffold
complex consisting of CIA factors CFD1 and NBP35 (Netz et al., 2007; Stehling,

Jeoung, et al., 2018; Stehling et al., 2008), a step dependent on an electron transfer
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Figure 6: Model for the maturation of cytosolic and nuclear Fe/S proteins, adapted from Lill
(2020).

chain involving NADPH, the flavin-dependent oxidoreductase NDOR1 and the Fe/S
cluster protein CIAPIN1 (Netz et al., 2010; Zhang et al., 2008). Recent studies
suggested that CIAPIN1 maturation may require [2Fe-2S] clusters provided by a
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complex consisting of glutaredoxin 3 (GLRX3) and BOLA2 (Camponeschi et al., 2020;
Frey et al., 2016; Patel et al., 2019).

In subsequent steps, the newly assembled [4Fe-4S] cluster is transferred to
apoproteins with the help of CIAO3 and the three components of the CIA targeting
complex (CTC), namely CIAO1, CIAO2B, and MMS19 (Gari et al., 2012; Srinivasan et
al., 2007; Stehling et al., 2013; Stehling et al., 2012). These constituents are required
for the maturation of almost all cytosolic-nuclear Fe/S proteins and have been
suggested to act in different combinations. For example, maturation of GPAT is
dependent on CIAO1 and CIAO2B but not on MMS19, whereas all CTC components
are required for cluster insertion into DPYD or NTHL1 (Stehling et al., 2012). Fe/S
cluster insertion into IRP1 requires the CIAO2B-related targeting factor CIAO2A, but
none of the CTC components. This specificity points to a decoupling of common Fe-S
protein assembly from IRP1-dependent cellular iron homeostasis (Stehling et al.,
2013).

4.4 Rationale for the project

The aim of this study was to examine the role of human ABCB7 in both cytosolic Fe/S
protein biogenesis and the maturation of (extramitochondrial) heme-containing proteins
in more detail. The ABC transporter has been suggested to be involved in the export of
the so far unknown sulfur-containing compound X-S serving as the substrate for
eukaryotic cytosolic and nuclear Fe/S cluster assembly (cf. chapter 4.3.3.2). An
additional role in heme export seems unlikely based on early studies in yeast showing
a high enzyme activity of overexpressed CAT in cells lacking Atm1, the equivalent of
human ABCB7. However, patients with XLSA/A show an anemia with protoporphyrin
accumulation (Bekri et al.,, 2000). Moreover, a recent study found that heme
biosynthesis is defective in ABCB7-depleted mammalian cells and suggested that
heme could also be a potential ABCB7 substrate (Maio et al., 2019). An impact of
cytosolic Fe/S cluster assembly on heme biosynthesis has been implicated by a study
of Liu et al. (2020), suggesting that the second cytosolic step of heme biosynthesis by
ALAD (cf. Figure 3) requires an Fe/S cluster, suggesting a potential role not only of the
mitochondrial ISC (via the [2Fe-2S] protein ferrochelatase) but also of the ISC export
and CIA systems in the activity of all cellular heme proteins. It remained unclear from
all these studies in human cells, whether or not ABCB7 can transport heme towards

the cytosol.
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To address the relevance of ABCB7 for heme export and cytosolic Fe/S protein
assembly, an ribonucleic acid interference (RNAi)-mediated ABCB7 knockdown was
performed in HelLa cells, and mitochondrial and extramitochondrial heme- as well as
Fel/S cluster-dependent marker proteins were analyzed. Besides the determination of
Fe/S cofactor-dependent protein levels, assays also included the determination of
enzyme activities, in particular of mitochondrial and cytosolic aconitase, SDH and
COX. In order to assess the mitochondrial heme export, CAT was overexpressed in
wild-type and ABCB7-depleted cells, similar to earlier studies in yeast (Kispal et al.,
1997). Then, the heme maturation of CAT was analyzed by measuring its enzyme
activity. The experimental setup, allowing the transient and rapid depletion of ABCB7 in
human cell culture, should be suitable to clarify the primary function of ABCB7 in

cytosolic-nuclear Fe/S protein biogenesis and/or heme export.
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5. Material and Methods
5.1
511

Material

General Equipment

Table 1: General Equipment

Equipment Name

Source

12-channel pipettes 10, 200 pL
5424 table centrifuge

5810R table centrifuge, refrigerated
Airflow control fume hood
Autoclave VX-150

Automatic sarpette, pipette

Avanti J-20XP centrifuge, rotor JE-10
Axiovert 100 microscope

Biofuge primo centrifuge

Biological safety cabinet BHA48
Cellometer Auto T4, cell counter
Chemostar imager

Electrophoresis power supply EPS
301

Function Line B6 heating oven
GenePulser Xcell electroporator
Innova 4300 incubator shaker
Laboport pump

M200 infinite plate reader
Mini-Protean tetra gel system

MR Hei-Standard magnetic stirrer

NanoDrop 2000c spectrophotometer
NuAire Autoflow IR direct heat CO;
incubator

NuAire Cellgard class Il biological
safety cabinet

PerfectBlue semi-dry blotting chamber
PerfectBlue vertical double gel system
Pipetman pipettes 2, 10, 20, 100, 200,
1000 pL

Rocker-Shaker PMR-100

Roto-Mini Plus rotator

Scale SBC 22

Scale SI-403

SmartSpec Plus spectrophotometer
Thermomixer comfort

Vortex Genius 2

Brand (Wertheim, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)
Vinitex (Coswig, Germany)

Systec (Linden, Germany)
Sarstedt (NUmbrecht, Germany)
Beckman Coulter (USA)

Carl Zeiss (Oberkochen, Germany)
Heraeus (Dusseldorf, Germany)
Faster S.r.I. (Cornaredo, Italy)
Nexcelom Biosciences (Lawrence, USA)
Intas science imaging (Géttingen,
Germany)

GE Healthcare (Chicago, USA)

Heraeus (Hanau, Germany)

Bio-Rad (Hercules, USA)

New Brunswick Scientific (Enfield, USA)
KNF (Trenton, USA)

Tecan Group Ltd. (Crailsheim, Germany)
Bio-Rad (Hercules, USA)

Heidolph Instruments (Schwabach,
Germany)

Thermo Scientific (Waltham, USA)
Integra (Fernwald, Germany)

Integra (Fernwald, Germany)

Peglab Biotechnology (Erlangen, Germany)
Peglab Biotechnology (Erlangen, Germany)
Gilson (Middleton, USA)

Grant-bio (Shepreth, UK)

Benchmark Scientific (Sayreville, USA)
Scaltec (Dania, USA)

Denver Instrument (Arvada, USA)

Bio-Rad (Hercules, USA)

Eppendorf (Hamburg, Germany)

Bender & Hobein AG (Ismaning, Germany)
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5.1.2 General Consumables

Table 2: General Consumables

Consumable

Source

48-well cell culture plates

96-well cell culture plates

Blotting paper

Bottle-top filters, 250 mL
Electroporation cuvettes, 4 mm gap
Filter tips: 20, 100, 1000 mL
Pasteur pipettes, different sizes
Petri dishes

Pipette tips, different sizes
Porablot nitrocellulose membrane
Reaction cups 1.5 mL

Reaction cups 1.5 mL, SafeLock
Reaction cups 2 mL

Reaction cups 2 mL, SafeLock
Reaction cups 5 mL

Reaction tubes 15, 50 mL
Serological pipettes: 5, 10, 25 mL
Sterican needle, different sizes

Tissue culture flask for adherent cells,

75 cm?, sterile
UV 96-well plates

Greiner bio-one (Frickenhausen, Germany)
Greiner bio-one (Frickenhausen, Germany)
Macherey-Nagel (Duren, Germany)
Sarstedt (NUmbrecht, Germany)

VWR (Darmstadt, Germany)

Sarstedt (NUmbrecht, Germany)

Carl Roth (Karlsruhe, Germany)

Greiner bio-one (Frickenhausen, Germany)
Sarstedt (NUmbrecht, Germany)
Macherey-Nagel (Duren, Germany)
Sarstedt (NUmbrecht, Germany)

eppendorf (Hamburg, Germany)

Sarstedt (NUmbrecht, Germany)
Eppendorf (Hamburg, Germany)

Sarstedt (NUmbrecht, Germany)

Sarstedt (NUmbrecht, Germany)

Sarstedt (NUmbrecht, Germany)

B. Braun (Melsungen, Germany)

Sarstedt (NUmbrecht, Germany)

Greiner bio-one (Frickenhausen, Germany)

5.2
5.21

Methods
Cell biological methods

5.2.1.1 Cell cultivation

Table 3: Cell culture reagents

Reagent Source
Dulbecco’s Modified Eagle Medium Gibco, ThermoFisher (Waltham, USA)
(DMEM)

Fetal bovine serum #FBS-11A

GlutaMAX, 100x

Nuclease-free water

On-Target plus control siRNA
Penicillin/Streptomycin 10,000 U/mL
Trypsin/Ethylenediaminetetraacetic
acid (EDTA)

Capricorn Scientific (Ebsdorfergrund,
Germany)

Gibco, ThermoFisher (Waltham, USA)
Ambion, Applied Biosystems (Austin, USA)
Dharmacon (Lafayette, USA)

Gibco, ThermoFisher (Waltham, USA)
Sigma Life Science (Darmstadt, Germany)
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Table 4: Phosphate buffered saline (PBS) buffer, sterile-filtered

Sodium chloride (NaCl) 137 mM
Potassium chloride (KCI) 2.7 mM
Disodium phosphate (Na;HPO.) 7.3 mM
Monopotassium phosphate (KH2PO.) 1.5 mM

Cell culture handling was performed under a safety cabinet (Table 1) to maintain a
protected environment; all buffers and materials used were sterile. Human epithelial
cervix carcinoma (HelLa) cells were cultured in 75 cm? tissue culture flasks with filter
cap (Table 2) in Dulbecco’s Modified Eagle Medium (DMEM) with high glucose (25
mM), supplemented with 1 mM Glutamine, 1% Penicillin/Streptomycin and 7.5% fetal
calf serum (FCS, Table 3) at 37°C and 5% CO, atmosphere. Usually, cells were

maintained using a media volume of 20 mL.

Every three to five days, cell passaging was performed. After removing the cell culture
medium, cells were incubated with 4 mL of Trypsin/Ethylenediamineteraacetic acid
EDTA solution (Table 3) for 10-12 min at 37°C. By this treatment, extracellular
adhesion proteins were cleaved by the protease trypsin. In addition, EDTA supported
the detachment of the cells by chelating calcium ions (Ca®*) which are required for cell
adhesions. 8 mL of complete DMEM were added to stop the membrane protein
degradation and to resuspend the cells. The cells were then subcultured in complete
DMEM at a splitting ratio of 1:20 or 1:15. The medium of adherent cultures was
changed the day before the harvest to minimize pH changes and to provide a constant
nutrient supply. After harvest, the cell suspension was transferred into reaction tubes,
centrifuged at 160 x g for 10 min, and the supernatant was discarded. The cell pellet
was resuspended and washed in phosphate buffered saline (PBS) buffer (Table 4) to

remove residual medium and trypsin/EDTA contaminations.

Cell numbers were quantified using the automatic cell counting device Cellometer Auto
T4 (Table 1) according to the manufacturer’s instructions. 21 yL of a cell suspension
was added to a Neubauer-based cell counting chamber and cell number was
determined. The cumulative cell number was determined by extrapolation of a given
cell aliquot obtained from a total cell pool and expanded by repeated and quantitated

subculturing cycles.
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5.2.1.2 Cell transfection

Table 5: Small interfering ribonucleic acids (siRNAs)

siRNA

Origin

ABCB7

#2) SO-2834523G #2 CAACAGCAGUUCUGAUUGG
#4) SO-2793724G #4 UAGACUCACUGCUGAAUUA
FECH

#1) s566 GCAUUUACCAGUGACCAUALt

#2) s567 CGAGUACUCUCAAGUUUUALt

#3) s568 GACACUUCCUAUUCAGAAULt

On-Target plus control

Dharmacon (Lafayette,
USA)

Ambion, Applied
Biosystems (Austin, USA)

Dharmacon (Lafayette,
USA)

Table 6: Plasmids

Plasmid

Origin

pd2EYFP
pMCS-ABCB7#sm2,4

pVA1

Sport6-CAT, Clone IRATp970B02136D

Clontech, Saint-Germain-
en-Laye, France

Dr. O. Stehling, Marburg,
Germany

Group H.-P. Elsasser
(Marburg, Germany),
Biederbick et al., 1999
BioScience, Nottingham,
United Kingdom

541
ABCB7 (wt)
SiRNA#2

ABCB7 (sm)

961
ABCB7 (wt)
SiRNA#4

ABCB7 (sm)

600

GCACCAAATACAGTTGCAACCATGGCAACAGCAGTTCTGATTGGCTATGGTGTATCAAGA

GCACCAAATACAGTTGCAACCATGGCTACTGCTGTACTCATCGGCTATGGTGTATCAAGA

1020

GAAATGAACAAAGCAGATAATGATGCAGGTAATGCTGCTATAGACTCACTGCTGAATTAT
—————— uagacucacugcugaauua-

GAAATGAACAAAGCAGATAATGATGCAGGTAATGCTGCTATTGATAGTCTCTTAAACTAT

Figure 7: ABCB7 wildtype sequence nucleotides 541-600 and 961-1020 of the open reading frame,
sequence of the ABCB7 siRNAs no. #2 and #4 (lowercase letters) and the sequence of the ABCB7

silent mutated plasmid (red: silent mutations).
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Table 7: Electroporation buffer, sterile-filtered

HEPES 21 mM
NaCl 137 mM
KCI 5 mM
Na;HPO4 0.7 mM
D-Glucose 6 mM

Cell transfection describes the transfer of foreign DNA or RNA into a cell. Since HelLa
cells are easy to handle and transfect (Stehling et al., 2009) they present a suitable
model system for genetic manipulations followed by biochemical analyses. To
introduce siRNA or DNA (Table 5, Table 6) molecules into HelLa cells, they were
transfected by electroporation (Chu et al., 1987). For depletion of ABCB7, the cells
were transfected with a pool of two different specific siRNAs (Table 5, Figure 7). Co-
transfection of a pMCS-ABCB7#sm2,4 plasmid harboring two RNAi-resistant silent

mutations (Figure 7) enabled complementation of the ABCB7 knockdown.

For electroporation, cells were harvested by trypsination, washed once with
electroporation buffer (Table 7), counted, and suspended in electroporation buffer at a
concentration of 6.5x106-8x10° cells per 250 uL. This cell suspension was mixed with
3-6 ug of DNA plasmids, 3-6 uL of siRNA or a corresponding volume of nuclease-free
water (serving as Mock control). After transfer to an electroporation cuvette (4 mm gap,
Table 2), an electric pulse was applied using the Bio-Rad GenePulser Xcell device
(capacity: 525 uF, voltage: 265 V; Table 1). The pulse time for optimal transfection
efficacy and growth rate ranged from 26-28 ms and was frequently achieved by pre-
adjusting the actual electroporation volume from around 250 pL. Subsequently, cells
were transferred into a sterile 75 cm? flask and cultured in 20 mL medium consisting of
75% complete DMEM and 25% conditioned DMEM. Conditioned DMEM was freshly
obtained from a confluent standard HelLa cell culture and had been found to support
cell regeneration after electroporation (O. Stehling, personal communication). After
three days of tissue culture, transfection was repeated to improve the efficiency of
plasmid-based complementary DNA (cDNA) expression and/or RNAi-mediated gene
silencing. After another three days of tissue culture, re-transfected cells were washed
with PBS buffer (Table 4) and either immediately snap-frozen in liquid nitrogen as dry
cell pellet or fractionated (see chapter 5.2.1.3) into crude cytosol and pellet fractions

prior to quick-freezing. Frozen cell samples were stored at -80°C until use.
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5.2.1.3 Cell fractionation

Table 8: DigiBuffer

Tris/HCI 25mM, pH 7.4
Saccharose 250 mM
MgCl. 1.5 mM

PMSF 1 mM
digitonin 0.008%

Table 9: MitoBuffer

Tris/HCI 25 mM, pH 7.4
Saccharose 250 mM
MgCl. 1.5 mM

In order to analyze mitochondrial and extra-mitochondrial proteins separately, a crude
digitonin-based cell fractionation into soluble cytosolic constituents and organelle-
containing membrane fractions was performed (Drapier & Hibbs, 1996). In this
preparation digitonin served as a chelator of cholesterol and subsequently impaired the
barrier function of the plasma membrane which resulted its permeabilization.
Organellar membranes such as the inner mitochondrial membrane remained intact due

to their low content of cholesterol.

All fractionation steps were carried out on ice to maintain protein integrity. HelLa cells
(cf. chapter 5.2.1.1) were resuspended in ice-cold DigiBuffer (Table 8) and incubated
for 15 min. One third of the total lysate was removed as a reference sample. The
remaining suspension was centrifuged at 13,000 revolutions per min (rpm) and 4°C for
10 min. The supernatant was removed and stored as cytosolic fraction. The membrane
pellet was washed once in 1 mL MitoBuffer (Table 9) and subsequently resuspended in
MitoBuffer at the same volume as the cytosolic fraction. Total lysate, cytosolic and

pellet fractions were snap-frozen in liquid nitrogen and stored at -80°C until further use.

5.2.2 Molecular biology

Sequences and sources of siRNAs for the depletion of ABCB7 and FECH are given in
Table 5 and Figure 7. Expression plasmids and their origins are listed in Table 6. In
some experiments, ABCB7 deficiency mediated by combined transfection of two
siRNAs (#2 and #4) was complemented by application of silently mutated, RNA.i-
resistant full-length human ABCB7 (pMCS-ABCB7#sm2,4; Table 6, Figure 7) which

had been cloned into the backbone of an enhanced green fluorescent protein
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(PEGFP)-derived plasmid (Clontech) by replacement of the EGFP sequence. Plasmids

were expanded by standard molecular biology techniques as described below.

5.2.2.1 Transformation of competent bacteria

For plasmid propagation, Escherichia coli (E. coli) DH5a cells (Invitrogen) with the
Genotype: F ®80dlacZAM15 A(lacZYA-argF)U169 recA1 endA1 hsdR17(r, m,*) phoA
SupE44 thi-1 gyrA96 relA1 A" were used.

Briefly, 10 yL of a highly diluted pMCS-ABCB7#sm2,4 plasmid (Table 6) were
incubated with 200 uL of competent E. coli (ODsgo about 7.5) for 30-45 min on ice. The
bacterial suspension was shifted to 42°C for 60 sec under vigorous shaking and
immediately cooled down for 2 min on ice. Then, 450 uL lysogeny broth (LB) Medium
(1% tryptone, 0,5% yeast extract, 1% NaCl; Bertani, 1951) was added to each tube,
and the sample was incubated at 37°C for 60 min. The suspension was centrifugated
at 3000 x g for 5 min, 450 pL of the supernatant were removed, and the residual
volume was used to resuspend the bacteria. The transformation sample was planted
into LB culture plates (LB liquid medium, 2% agar agar) containing the antibiotic
kanamycin (25 ug/mL kanamycin) and cultured at 37°C overnight. One bacterial colony
was picked and expanded in 300 mL LB medium supplemented with 50 pg/mL

kanamycin.

5.2.2.2 Plasmid DNA purification (Maxiprep)

An overnight LB liquid culture containing the transformed bacteria was centrifugated at
5000 rpm for 15 min. DNA plasmids were purified by the NucleoBond Xtra Maxi Kit
(Macherey-Nagel) according to the manufacturer’s instructions. Basically, the bacteria
pellet was first resuspended in resuspension buffer. Subsequently, a sodiumdodecyl
sulfate (SDS) / sodium hydroxide-containing lysis buffer was added to the suspension,
and the mixture was incubated for 15 min at room temperature. The sample was
neutralized by a potassium acetate buffer and carefully mixed by repeated inversions
of the reaction tube. The lysate was then filtered through a pre-equilibrated ion-
exchange column. After the column had been washed, plasmid DNA was eluted with
15 mL elution buffer and precipitated with 10.5 mL isopropanol. Following
centrifugation at 15,000 x g for 30 min and 4°C, DNA pellets were washed with 70%
ethanol, dried, and dissolved in 300 pyL Tris/EDTA (TE) buffer (10 mM Tris/HCI, 1mM

EDTA). Plasmid yield was determined using a NanoDrop spectrophotometer (Table 1).
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5.2.3 Biochemical methods

5.2.3.1 Protein determination

Protein concentrations in cell suspensions and extracts were determined with the
bicinchoninic acid (BCA) protein assay (BCA Assay Kit, Pierce, Waltham, USA),
basically according to the manufacturer’s instructions. The assay principle is based on
the formation of an cupric ion (Cu®*) complex and the subsequent reduction of Cu® to
cuprous ion (Cu'™) under alkaline conditions (cf. Scientific, 2020). The amino acids
cysteine, tryptophan and tyrosine convey the reduction of Cu?*. Then, reduced Cu'
and BCA form a purple complex. The colorimetric change of the test solution is directly
proportional to the protein level in the sample and was followed at 562 nanometer
(nm). The comparison to a calibration curve with bovine serum albumin (BSA) allowed

quantification of the protein content.

In order to determine the protein content of a given cell suspension, aliquots of up to 15
uL and BSA standard samples (1 to 30 ug) were applied to a flat-bottom 96-well plate
and diluted with ultrapure H.O (ddH20) to a total of 55 uL. After hypotonic cell lysis
overnight at 4°C, 235 uL of a BCA working solution was added to each cell suspension
or BSA sample. The absorption was repeatedly measured after 30, 60 and 90 min of
incubation at 37°C using an M200 infinite plate reader (Table 1). Into each
measurement blank samples were included, and corresponding blank values were
subtracted from the OD of each sample at each time point. Protein concentrations of
the cell samples were calculated from the colorimetric changes in the BSA standard

samples.

5.2.3.2 Sodiumdodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Table 10: Sample buffer

0.6 M Tris, pH 6.8 60 mM
Glycerol 10 %
SDS 2%
Bromophenol blue 0.05 %o
B-mercaptoethanol 5%
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Table 11: Gradient gel components

Stacking gel  Upper Lower gel Sealing gel
separating separating
gel gel
Polyacrylamide* 4 % 6 or 10 % 14 or 20 % 15 %
Tris/HCI 84 mM, 372 mM, 372 mM, 558 mM,
pH 6.8 pH 8.8 pH 8.8 pH 8.8
SDS 0.1% 0.1% 0.1% -
Sucrose - - 392 mM -
TEMED 0.1% 0.05 % 0.05 % 0.4 %
APS 0.08 % 0.03 % 0.03 % 0.08 %
Bromophenol for coloring for coloring for coloring for coloring

blue

*acrylamide : bisacrylamide 37.5:1

Table 12: SDS-PAGE running buffer

Tris 25 mM
SDS 0.1%
Glycine 192 mM

Table 13: Tricine gel components

Stacking gel Separating gel
Polyacrylamide* 4 % 16 %
Glycerol - 7.5 % (wiv)
3x gel buffer 6.7 % 8.3 %
TEMED 0.07 % 0.03 %
APS 0.04 % 0.03 %

* acrylamide : bisacrylamide 32:1

Separation of proteins according to their molecular weight was performed by
sodiumdodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) or ftricine gel
electrophoresis. Depending on the size of the proteins to be separated, different gels
were chosen, or the acrylamide concentration was adjusted, with high-percentage or
tricine gels better suited for separating small proteins and low-percentage gels suited
for separating large proteins. For this study, the method according to Laemmli, 1970
was used and samples were prepared using the sample buffer provided in Table 10.
Polymerization of the matrix was started by a decay of ammonium persulfate (APS)
and the produced radical from this reaction reacted with tetramethylethylenediamine
(TEMED) and initiated crosslinking.

Gradient gels (6-20% or 10-14% polyacrylamide) were casted in PerfectBlue dual gel

systems (16 cm x 14 cm; Peqlab) according to Table 11. The composition of the
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running buffer is provided in Table 12 (Stehling et al., 2018). Samples containing 20-40
Mg protein as well as molecular weight markers (prestained protein ladder 11-170 kDa,
low molecular weight ladder 6.5-97 kDa) were loaded per lane, and electrophoresis
was performed at a maximum voltage of 240V and a constant current of 30 mA, which
was increased to 50 mA after samples had entered the separating gel. Mini tricine gels
were prepared using a Mini-Protean tetra gel system (6,8 cm x 8,6 cm; Bio-Rad)
according to Table 13 (Schagger, 2006). Samples were prepared with tricine gel buffer
(Tris/HCI 3 M, pH 8.45, SDS 0.3 %). 10-20 pg protein as well as molecular weight
markers were loaded per lane, and electrophoresis was performed using cathode
buffer (Tris 1M, Tricine 1M, SDS 1%) and anode buffer (Tris/HCI 1 M, pH 8.9) at a
constant voltage of 60V which was increased to 100V after the samples had entered

the separating gel.

5.2.3.3 Western blotting

Table 14: Transfer buffer

Tris 25 mM
Ethanol 20%
SDS 0.02%
Glycine 200 mM

Table 15: Membrane blocking buffer

Tris/HCI 50 mM, pH 7.5
NaCl 0.9%

Tween 20 0.1%
RotiBlock (Blocking reagent) 10%

Sodium azide 0.1%

Bovine serum albumin 1%

Proteins separated during SDS-PAGE were transferred from the polyacrylamide gel to
a nitrocellulose membrane via semi-dry western blotting (Kyhse-Andersen, 1984). The
composition of the transfer buffer used is provided in Table 14. After the transfer, the
membrane was washed with H.O and stained with a Ponceau staining solution
(Ponceau S 0.2%, Trichloroacetic acid 0.3%) for 10 min. After washing with ddH>O and
TBST buffer (Tris/THCI 50 mM, pH 7.5, NaCl 0.9%, Tween 20 0.1%), the membrane
was blocked 120 min to prevent non-specific antibody-binding during subsequent

immunodetection. The composition of the blocking buffer is provided in Table 15.
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5.2.3.4 Immunodetection of blotted antigens

Table 16: Primary antibodies

Antigen Working Observed Host Source
dilution molecular
weight (kDa)
ABCB7 2000 67 Rabbit  St. John’s Laboratory
(London, UK)
ACO2 2500 84 Rabbit  Invitrogen (Carlsbad, USA)
ACTB 1000 44 Mouse  Santa Cruz Biotechnology
(B-Actin) (Santa Cruz, USA)
ATP5F1A/B 5000 50 Rabbit  Hermann Schagger
(F1 a/b) (Frankfurt, Germany)
CAT 500 60 Mouse  Santa Cruz Biotechnology
(Santa Cruz, USA)
COX6A/B 5000 10 Rabbit  Hermann Schagger,
Frankfurt, Germany)
DPYD 175 111 Rabbit ~ Santa Cruz Biotechnology
(Santa Cruz, USA)
FECH 1500 44 Rabbit  Harry Daily (Georgia, USA)
GAPDH 10000 36 Mouse  MerckMillipore
GPAT 5000 56 Rabbit  Helene Puccio (lllkirch,
France)
HFT (Ferritin) 1000 22 Mouse  Santa Cruz Biotechnology
(Santa Cruz, USA)
IRP1 (ACO1) 3000 98 Mouse Richard Eisenstein
(Wisconsin, USA)
IRP2 375 105 Mouse  Santa Cruz Biotechnology
(ABC™) (Santa Cruz, USA)
MT-CO2 2500 21 Rabbit  Hermann Schagger
(COX2) (Frankfurt, Germany)
NDUFA13 2000 15 Mouse  Santa Cruz Biotechnology
(Grim19) (Santa Cruz, USA)
NDUFB4 666 14 Mouse  Abcam (Cambridge, UK)
(ABC¥)
NDUFS8 1000 23 Mouse  Santa Cruz Biotechnology
(Santa Cruz, USA)
NDUFV2 1000 24 Mouse  Santa Cruz Biotechnology
(Santa Cruz, USA)
Porin 1500 34 Rabbit  Protein Tech Group
(VDAC1)
SDHB 1000 29 Mouse  Santa Cruz Biotechnology
(Santa Cruz, USA)
TFR1 1000 90 Mouse Invitrogen (Carlsbad, USA)
UQCRC2 5000 45 Rabbit  Hermann Schagger
(C lll Core 1) (Frankfurt, Germany)
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UQCRFS1 2500 23 Rabbit  Hermann Schagger
(Rieske) (Frankfurt, Germany)

*Avidin-Biotin-Complex enhancement system

Table 17: Secondary antibodies

Antigen Working Host Source

dilution
a-mouse IgG HRP 2500 Goat Bio-Rad (Feldkirchen,
conjugate Germany)
a-rabbit IgG HRP 7500 Goat Bio-Rad (Feldkirchen,
conjugate Germany)
a-mouse biotinylated IgG 2500 Goat Vectastain (Newark, USA)
conjugate

* Horseradish peroxidase

Table 18: Enhanced chemiluminescence (ECL) solution 1

Tris/HCI 100 mM, pH 8.5
Luminol (from a DMSO stock) 2.5 mM in DMSO
p-coumaric acid (from a DMSO stock) 0.4 mM in DMSO

Table 19: Enhanced chemiluminescence (ECL) solution 2

Tris/HCI 100 mM, pH 8.5
H202 0.018% (v/v)

Table 20: TBST-based buffer for the dilution of primary antibodies

TBST buffer (Tris/HCI, NaCl, Tween 20)  Tris/HCI 50 mM, pH 7.5;
NaCl 0.9%; Tween 20 0.1%

RotiBlock (Blocking reagent) 3%
Sodium azide* 0.1%
Bovine serum albumin 0.1%
*microbizide

Table 21: Buffer for the dilution of secondary antibodies

Tris/HCI 50 mM, pH 7.5
NaCl 0.9%

Tween 20 0.1%
Thiomersal* 0.02%

Bovine serum albumine 0.1%
*microbizide

Cellular proteins of interest blotted onto nitrocellulose membranes were detected by

specific primary antibodies (Table 16) which were in turn labeled by a secondary

40



5. Material and Methods

antibody conjugated to horseradish peroxidase (HRP, Table 17). Upon application of a
1:1 mixture of ECL solutions 1 and 2 (Table 18, Table 19) the HRP catalyzed the
oxidation of luminol, and the light emitted by this reaction was detected by a digital

camera.

In brief, dried nitrocellulose membranes were re-moistened by TBST buffer for several
min and incubated in working solutions of primary antibodies (Table 20) for 90-120 min
at room temperature in rotating hybridization tubes. Subsequent washing with TBST for
three times removed residual traces of primary antibodies. Then, working solutions of
the peroxidase-coupled secondary antibodies (Table 17, Table 21) were applied and
membranes were incubated for 60 min at room temperature under moderate shaking.
In cases of IRP2 and NDUFB4 the labeling was intensified by a biotin-based signal
amplification approach (Vectastain Elite ABC-HRP Kit; Vector Laboratories, Newark,
USA). Primary antibodies were bound by biotinylated secondary antibodies which in
turn recruited multiple complexes consisting of avidin and biotinylated HRP. After each
labeling step membranes were washed with TBST to remove secondary or tertiary

reagents and were then subjected to chemiluminescence detection.

5.2.3.5 Enzyme activity analyses

Activities of enzymes in total cell lysates or crude fractions were measured
spectrophotometrically in multi-well plates as triplicates at a temperature of 32.5° C,
using a Tecan M200 infinite plate reader device (Table 1). Changes in the optical
densities of reaction mixtures were in most cases recorded continuously, and linear
regressions were calculated from the extinction values over time. Enzyme activities
were calculated considering E = ¢ * ¢ * d (E - extinction, € - molar extinction constant, c
- solution concentration, d - length of sample; Mayerhdéfer et al., 2020). The lightpath
length was calculated from the total liquid volume applied to a particular well and its
diameter. The specific activity of an enzyme present in a sample was determined from
the protein amount applied to an individual well and the corresponding total activity
measured. In order to prevent enzyme decay, samples and multi-well plates were kept

on ice until addition of room-temperature reaction buffers.

41



5. Material and Methods

5.2.3.5.1 Catalase (CAT) activity assay

Table 22: Ferrous oxidation (FOX) reagent

(NHa4)2Fe(SOs4)2 250 uM
Xylenol orange 100 pM
Sorbitol 0.1 M

H2SO, 25mM

Catalase activity was determined according to Jiang et al., 1990 and Ou & Wolff, 1996.
In this assay, ferrous ion (Fe?*) is oxidized by hydrogen peroxide in dilute H.SO4, and
ferric ions (Fe®*") were detected upon complex formation with the dye xylenol orange at

a wavelength of 585 nm.

In brief, cell lysates from digitonin-based cell fractionation were subjected to three
freeze-thaw cycles to release catalase as efficient as possible and were further diluted
with PBS buffer to a total volume of 200 pL. The diluted samples of 200 pL
corresponding to 4-16 ug of total protein were loaded into wells of a 96-well-plate, and
20 pL of a 2.2 mM hydrogen peroxide stock was added to the 200 pL samples to start
its CAT-mediated decay to H2O and O.. In 2-min intervals sample aliquots of 10 L
size were removed and mixed with 190 uL FOX reagent (Table 22) to stop the reaction
and to assess the amount of residual H-O, by the oxidation of Fe?*. Formation of the
colored Fe*-xylenol orange complex was allowed for 30 min at room temperature
before the absorption was spectroscopically determined at 585 nm. To assess non-
specific, CAT-independent formation of the Fe®**-xylenol orange complex, CAT was
inhibited in reference samples by addition of 3.3 mM hydroxylamine. For calculation of
the CAT activities, the difference between total and nonspecific Fe**-xylenol orange
complex formation was determined. The molar extinction coefficient for the Fe**-xylenol

orange complex is €sgsnm= 2.35 x 10° M™™* cm™.

5.2.3.5.2 Aconitase (ACO) activity assay

Table 23: ACO activity assay buffer

Triethanolamine 100 mM, pH 8.0
MgCl. 1.5 mM
Triton X-100 0.1%
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Table 24: ACO activity assay substrates

NADP* 1.25 mM
Cis-aconitate 300 uM
Isocitrate dehydrogenase 40 mU/pL

The activities of cytosolic aconitase (cCACO) and mitochondrial aconitase (MACO) were
separately determined in the cytosolic and mitochondria-containing cell fractions,
respectively, using a coupled aconitase-isocitrate-dehydrogenase assay (Drapier &
Hibbs, 1996; Hausladen & Fridovich, 1996). This assay was based on the ACO-
dependent production of isocitrate from cis-aconitate, the oxidative decarboxylation of
isocitrate to a-ketoglutarate and the coupled reduction of oxidized nicotinamide
adenine dinucleotide phosphate (NADP*) to NADPH. The formation of NADPH was

spectrophotometrically followed at its absorption maximum of 340 nm.

In brief, two identical cell samples were examined in parallel in a 96 well UV-plate, with
protein amounts ranging from 3-20 pg. 250 yL ACO activity assay buffer (Table 23)
was supplemented with respective substrates (Table 24) and added to one of the two
cell samples. The second sample served as reference to determine the unspecific
reduction of NADP®, and the corresponding assay buffer was thus lacking both cis-
aconitate and isocitrate dehydrogenase. After adding buffer and substrates, extinctions
at 340 nm were measured every 20-30 sec for 60 min. The molar extinction coefficient
of NADPH is €340nm= 6.22 mM™* cm™. For calculation of the actual ACO activities the

difference between total and non-specific NADPH formation was determined.

5.2.3.5.3 Succinate dehydrogenase (SDH) activity assay

Table 25: SDH activity assay buffer

Tris/SO4 50 mM, pH 7.4
EDTA 0.1 mM
Dichlorophenol-indophenol (DCPIP) 70 uM

Triton X-100 0.1%

Table 26: SDH activity assay substrates

Decylubiquinone 50 uM
Sodium succinate 0.2%
Sodium malonate 0.2%

SDH activity was determined in mitochondria-containing membrane fractions (cf.
chapter 5.2.1.3), basically according to Hatefi & Stiggall, 1978; Robinson et al., 1991
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with minor variations. During the oxidation of succinate to fumarate electrons were
transferred to the blue reporter dye 2,6-dichloro-N-(4-hydroxyphenyl)-1,4-
benzoquinoneiminedichlorophenol-indophenol (DCPIP) via decylubiquinone as an
electron carrier. Reduction of DCPIP resulted in a color change from blue to pale and

was followed spectrophotometrically at a wavelength of 600 nm.

For the activity measurements equal sample amounts corresponding to 4-10 ug protein
were loaded into two wells of a 96-well-plate. 250 yL of SDH activity buffer (Table 25)
was supplemented with the substrates (Table 26) and added to one of the two
samples. The other sample served as reference to determine the non-specific
reduction of DCPIP in the assay mixture. In this case the corresponding assay buffer
was additionally supplemented with malonate, a specific inhibitor of SDH, and DCPIP
reduction in this sample was entirely SDH-independent. After adding buffer and
substrates, extinctions at 600 nm were measured every 15-20 sec for 30 min at 600

1

nm. The molar extinction coefficient for DCPIP is €soonm= 21 mM™'* cm™. For

determination of the specific SDH activities, the difference between total and

nonspecific DCPIP bleaching was calculated.

5.2.3.5.4 Cytochrome c Oxidase (COX) activity assay

Table 27: COX activity assay buffer

2-(N-morpholino)ethanesulfonic acid 50 mM, pH 6.6
(MES)

NaCl 50 mM

Bovine serum albumin 1%
Dodecylmaltoside (DDM) 0.5 mM (~ 0.025 %)
Cytochrome c (Il) 100 uM

COX activity can be examined in mitochondria-containing membrane fractions via
oxidation of cytochrome ¢ (Birch-Machin & Turnbull, 2001; Trounce et al., 1996) which
is associated by a color change from reddish to brownish and detectable at a

wavelength of 550 nm.

Briefly, triplicate samples equivalent to less than 4 ug protein were applied to wells of a
96-well-plate. To start the reaction, 250 uyL of COX activity assay buffer (Table 27)
containing 100 uyM cytochrome c (llI) was added to each well. Three blank wells filled
with COX activity assay buffer only served as reference to determine the COX-
independent cytochrome c¢ oxidation by ambient oxygen. Samples were measured

every 10-15 sec for 20 min at 550 nm. The molar extinction coefficient for reduced
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1

cytochrome ¢ was gssonm= 19.1 mM™ cm™. The difference between total and

nonspecific color change was calculated to determine the specific COX activity.

5.2.3.5.5 Citrate synthase (CS) activity assay

Table 28: CS activity assay buffer

Tris/HCI 50 mM, pH 8.0
NaCl 100 mM
5.5’-Dithio-bis-(2-nitrobenzoic acid) 0.5 mM
(DTNB, solved in DMSO)

Triton X-100 0.1%

Table 29: CS activity assay substrates

Acetyl-CoA 125 ug/mL
Oxaloacetate 200 pg/mL

A mitochondrial matrix enzyme participating in the TCA cycle like ACO and SDH but
not carrying any cofactor is citrate synthase (CS) which catalyzes the condensation of
acetyl-coenzyme A (CoA) with oxaloacetate to form citrate. Since CS was not observed
to react to changes in mitochondrial Fe/S cofactor synthesis it served as reporter for
mitochondrial integrity (Stehling et al., 2009). The activity of CS was determined
basically according to Srere, 1963. In this assay the condensation of acetyl-CoA with
oxaloacetate into CoA and citrate results in the conversion of the almost colorless
compound 5.5’-Dithio-bis-(2-nitrobenzoic acid) (DTNM) into the yellow dye 2-nitro-5-
thiobenzoic acid (TNB) and the mixed thiol TNB-CoA. The activity of CS could thus be
analyzed by the color change of the reaction mixture and was followed

spectrophotometrically at the absorption maximum of TNB at 412 nm.

For the activity measurements equal amounts of HelLa cell fractions corresponding to
0.3-6 pg of total protein were loaded into two wells of 96-well-plates. 250 pyL of CS
activity buffer and substrates (Table 28, Table 29) were added to one of the two
duplicates to determine total DTNB hydrolysis. The other sample served as reference
to determine the non-specific, CS-independent cleavage of DTNB in the assay mixture
and received a reaction buffer lacking the CS co-substrate oxaloacetate. Extinction of
samples was measured every 20-30 sec for 30 min at 412 nm. The molar extinction

coefficient for the DTNB hydrolysis product TNB is €4120m= 13.3 mM™ cm™.

For
calculation of the CS activities, the difference between total and nonspecific DTNB

hydrolysis was determined.
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5.2.3.5.6 Lactate Dehydrogenase (LDH) activity assay

Table 30: LDH activity assay buffer

Tris/HCI 50 mM, pH 7.4
EDTA 1 mM
Triton X-100 0.1%

Table 31: LDH activity assay substrates

Sodium pyruvate 750 M
NADH 150 pg/mL

As a cytosolic reference enzyme lactate dehydrogenase (LDH) was used, which
interconverts pyruvate and lactate with concomitant interconversion of NADH and
NAD". LDH does not contain a cofactor and was not observed to react to changes in
Fe/S and heme cofactor synthesis (Navarro-Sastre et al., 2011; Stehling et al., 2014).
LDH enzymatic activity was measured in multi-well plates as published (Stehling et al.,
2008).

Briefly, triplicate samples obtained from digitonin-based cell fractionation ranging from
0.25-7.5 ug of protein were transferred into 48-well-plates and supplemented with 750
uL of LDH activity assay buffer (Table 30) containing the LDH substrates (Table 31).
To monitor non-specific LDH-independent oxidation of NADH, blank samples lacking
cell material were also included. Samples was measured every 20-25 sec for 45 min at
340 nm. The extinction coefficient of NAD' is €s0nm= 6.22 mM™ cm™. For
determination of LDH activity, the difference between total and nonspecific NADH

oxidation was calculated.
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6. Results

6.1 Overexpression of catalase is a tool for the analysis of mitochondrial

heme export in HeLa cells

The final step of heme biosynthesis is the insertion of Fe*" into protoporphyrin IX,
catalyzed by the IMM enzyme ferrochelatase (FECH) which is facing the mitochondrial
matrix (Ajioka et al., 2006). FECH activity as well as heme export out of mitochondria
are essential for the function of heme-dependent proteins including catalase (CAT),
which binds heme in the cytosol and is then translocated to peroxisomes (Zeida et al.,
2019). In these organelles, CAT is a key enzyme for the detoxification of hydrogen
peroxide (H2O2) by catalyzing its conversion of H,O, to water and oxygen (Walton et
al., 2017).

Taking advantage of CAT’s extramitochondrial localization, the enzyme was used as a
reporter protein to analyze the involvement of ABCB7 in the mitochondrial export of
heme to the cytosol. In an initial experiment to set up the assay, RNAi-mediated
knockdown of FECH was performed in HelLa cells to assess the effects of a general
heme deficiency on CAT maturation and activity. Different amounts of a FECH siRNA
pool were transfected into HelLa cells by electroporation in order to determine the most
efficient siRNA amount for FECH depletion without substantial loss of cell viability.
Transfections were carried out twice at a three-day interval using either 0.84 uM, 1.32
MM or 1.8 uM FECH siRNA. For comparison, a control cell sample remained without
siRNA (Mock). Because the endogenous activity of the heme enzyme CAT was low in
HelLa cells, a CAT-encoding reporter plasmid was included during the second round of
transfection in a second control cell sample (Mock/CAT). After a total of six days of
FECH depletion, cells were harvested and processed for analyses by SDS-PAGE and

immunoblotting (Figure 8a), or by CAT activity measurements (Figure 8b).

Immunoblotting revealed that FECH was efficiently depleted by RNAI, regardless of the
transfected siRNA amount (Figure 8a, lanes 3-5). Endogenous CAT was hardly
detectable in the Mock control sample (Figure 8a, lane 1), but plasmid-encoded CAT
was well expressed (Figure 8a, lanes 2-5) and did not impair FECH immunoblotting
signals (Figure 8a, lane 1, 2). Vice versa, transfection of FECH-directed siRNA did not
impair steady-state levels of plasmid-expressed CAT (Figure 8a, lanes 3-5), an
important prerequisite for the subsequent comparison of CAT activity in the various
samples. CAT overproduction and FECH depletion provided the framework to establish

an enzymatic assay for the determination of CAT activity, based on the determination
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of H202 turnover (cf. chapter 5.2.3.5.1). In line with the immunoblot analyses,
endogenous CAT activity was hardly detectable, but upon plasmid-based
overexpression, H202-decomposing activity was well measurable (Figure 8b, column
2). Importantly, CAT activity severely decreased upon FECH depletion (Figure 8b,
columns 3-5) to almost background levels of the CAT-lacking Mock sample (Figure 8b,
column 1). In agreement with the immunoblot results above, each of the tested FECH
siRNA concentrations was similarly effective in decreasing CAT activity, demonstrating
that mitochondrial heme formation and export are essential for heme maturation of
CAT.

In order to determine effects of FECH knockdown on hemoproteins other than CAT,
maturation of respiratory chain complex Il (C Ill) electron transfer protein cytochrome
c1 (CYC1) was assessed, since also CYC1 contains a heme cofactor. CYC1 is
synthesized and processed in several steps (Steiner et al., 1995). Firstly, a precursor
with a two-part signal sequence is synthesized. The precursor is then transferred to the
matrix via the OMM and IMM. In the matrix, the first part of the signal sequence is
removed. The remaining peptide is reexported into the intermembrane space where
heme is attached. Then, the remaining presequence is removed. Being a subunit of the
cytochrome bcs complex, CYC1 is essential for the electron transfer from the Rieske
Fel/S protein to cytochrome ¢ (Pérez-Mejias et al., 2020). CYC1’s heme maturation is
required for this function. Immunoblotting revealed that at high siRNA concentrations
depletion of FECH was associated with decreased CYC1 levels, suggesting impaired
CYC1 processing and stability due to disturbed heme formation (Figure 8a, lane 5 vs.
lane 2). In contrast, lower FECH siRNA concentrations did not impair CYC1
immunoblot signals, indicating the requirement of profound FECH deficiency to elicit
alterations in CYC1 steady-state protein levels (Figure 8a, lanes 2-4). Of note, the
CYC1 immunoblotting signal slightly decreased upon overexpression of CAT (Figure
8a, lane 2 vs. lane 1) indicating a re-distribution of the available heme pool to

respective target proteins.

Heme cofactors also contribute to electron transfer in cytochrome ¢ oxidase (COX), the
fourth complex (C IV) of the mitochondrial respiratory chain. Assembly of COX is
critically reliant on the heme-dependent folding and stability of subunit COX1 (Kim et
al., 2012), and COX integrity can be monitored by immunoblotting against the subunits
COX2 and COX6A/B (Sheftel et al., 2012; Torraco et al., 2018). Steady-state levels of
these two proteins were decreased when FECH was depleted by RNAI, indicating a

destabilization of COX when heme formation is impaired (Figure 8a, lane 5).
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Overproduction of CAT also affected COX2 levels, suggesting lowered availability of

heme for COX maturation (Figure 8a, lane 1 and lanes 2-4).
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Figure 8: Steady-state protein levels and catalase activity upon depletion of FECH.

Hela cells were transfected with three different amounts of FECH siRNA as shown or received no siRNA
(Mock). Additionally, cells were transfected with a CAT-encoding plasmid or received no plasmid (-
CAT/+CAT). After a total depletion time of 6 days cells were harvested and subjected to subsequent
analyses. a. Cellular steady-state levels of indicated heme-dependent and reference proteins were
determined by immunoblotting. Note that the highest FECH siRNA concentration impaired the levels of the
heme-dependent mitochondrial proteins CYC1, which is part of complex Il of the respiratory chain as well
as COX2 and COX6A/B, which served as indicators for the structural integrity of the heme-containing
respiratory chain complex IV (COX 1V). TOMM20 served as a control. b. Specific CAT enzyme activity was
determined in triplicates (Mean +/- SD). Catalase activity was substantially increased upon plasmid-based
CAT overexpression, which was decreased again in the presence of FECH siRNA.

In contrast to the complex Il and IV subunits above, the mitochondrial outer membrane
protein TOMM20 did not exhibit changes in steady-state protein levels upon FECH
siRNA application or CAT overproduction, indicating the absence of general
mitochondrial effects upon siRNA or plasmid transfection. These results revealed

TOMM20 as a suitable reference protein for immunoblotting.

Taken together, plasmid-based expression allowed effective and functional
overproduction of CAT protein in HelLa cells. Concomitant knockdown of FECH
impaired heme maturation not only of mitochondrial proteins but also of CAT,
demonstrating that ectopic CAT expression is a suitable approach to study the

mitochondrial export of heme via heme maturation of a cytosolic protein.
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6.2 Hela cells depleted for FECH or ABCB7 are growth-retarded

Though the final steps of heme synthesis within mitochondria are well characterized,
the mechanistic link to the maturation of extramitochondrial heme proteins is still ill-
defined because it is unclear how heme is transported to the cytosol. A potential
mitochondrial heme exporter function has been proposed for ABCB7 (Maio et al.,
2019), an ATP-binding cassette transporter at the IMM which is implicated in the
mitochondrial export of an ill-defined substrate for the cytosolic iron-sulfur assembly
(CIA) machinery to mature both cytosolic and nuclear Fe/S proteins (Lill & Freibert,
2020). To address the export function(s) of ABCB7 in the present study, an RNAI
depletion system for ABCB7 was established, similar to the FECH knockdown set-up
described above. The two depletion approaches were applied in combination with CAT
overproduction and allowed the comparison of the requirement of ABCB7 and/or FECH

for the maturation of mitochondrial and extramitochondrial heme proteins.

Alike in the initial FECH depletion approach above, HelLa cells were transfected twice
at a three-day interval, this time with either no-targeting control siRNA (NoT) in order to
monitor non-specific RNAI effects, with pools of ABCB7 or FECH siRNA, or without
siRNA (Mock). Three days after the first transfection, cells additionally received the
CAT-encoding plasmid (+CAT) except for an additional reference sample which
received neither siRNA nor plasmid (Mock -CAT). After a total of six days of RNAI
treatment, cells were harvested, counted, and processed for subsequent analyses. For
CAT activity measurements cells were treated with digitonin to facilitate membrane
permeabilization and enzyme accessibility (cf. chapter 5.2.1.3). Subsequently,
permeabilized cells were subjected to a crude separation of soluble cytosolic
constituents from insoluble organellar and membranous components by centrifugation
(Drapier & Hibbs, 1996). The quality of this cell fractionation approach was assessed
by the determination of specific activities of the cytosolic and mitochondrial marker
enzymes lactate dehydrogenase (LDH) and citrate synthase (CS), respectively, in each

cellular fraction (Figure 9) as described in chapter 5.2.3.5.

The specific LDH activities among the respective lysate, cytosolic and organellar
fractions were comparable, indicating that neither CAT overexpression nor ABCB7 or
FECH depletion affected the LDH marker enzyme (Figure 9a). The specific cytosolic
LDH activity was approximately two-fold higher when compared to LDH of the total
lysate since the protein concentration of the cytosolic fraction amounted to only about

one half of the lysate concentration, yet the cytosol contained nearly the entire LDH

50



6. Results

activity. The remaining LDH activity in the organellar fraction was approx. 10% at most
when compared to the total lysate, corroborating LDH as a prototypical and reliable
cytosolic marker enzyme. The low LDH activity in the organellar fraction also revealed

an only minor contamination by cytosolic constituents.

CS activity was almost exclusively detectable in the organellar cell fractions. The
residual CS activity in the cytosolic fraction amounted to approx. 1% of the respective
activity in the total lysate (Figure 9b). This result assured that cytosolic enzyme
activities could be measured without a major mitochondrial protein contamination. The
CS activities in the Mock, Mock/CAT, NoT/CAT, and ABCB7-depleted samples were
comparable, indicating that neither CAT overproduction nor ABCB7 knockdown
exerted effects on CS. In contrast, CS activity was slightly decreased in FECH-deficient
Hela cells (Figure 9b, column 5), suggesting the occurrence of a general mitochondrial

defect as an indirect consequence of impaired heme formation.

Taken together, digitonin-based cell fractionation allowed an efficient separation of
mitochondrial and cytosolic constituents for subsequent enzymatic analyses.
Measurement of marker enzymes indicated that LDH activity was mainly detectable in
the cytosolic fraction whereas CS activity was almost exclusively present in the

mitochondria-containing organellar fraction.
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Figure 9: Fractionation efficacy upon depletion of ABCB7 or FECH in CAT-overexpressing cells.

HelLa cells were transfected and processed as described in the text. Cytosolic and organellar fractions
were subjected to enzymatic activity assays. Efficient digitonin-based cell fractionation was confirmed
by enzymatic activity analyses of LDH (a) and CS (b) as reference enzymes for the cytosolic and
organellar fraction, respectively (Mean +/- SD). Note that CS activity was mildly impaired upon FECH
depletion.
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Immunoblotting of cytosolic and organellar fractions revealed that ABCB7 and FECH
protein levels were substantially diminished upon siRNA treatment (Figure 10a, lanes
4, 5), and were not altered upon transfection of the CAT plasmid (Figure 10a, lane 2).
Vice versa, immunoblot signals of plasmid-expressed CAT were uniform, indicating
that neither ABCB7 nor FECH deficiency affected CAT overproduction (Figure 10a,
lanes 2-5). As shown above, immunoblot signals for endogenous CAT were not
detectable (Mock -CAT) (Figure 10a, lane 1). Endogenous levels of VDAC1, a protein
of the mitochondrial outer membrane, and of cytosolic actin were neither altered upon

ABCB7 or FECH knockdown nor responding to the transfection of the CAT plasmid.

In order to assess in how far ectopic CAT expression might cause general adverse
effects, cell growth was evaluated. Within the six days of tissue culture, growth
analyses of the reference samples Mock (-CAT), Mock/CAT and NoT/CAT showed
typical and comparable proliferation patterns which were independent of CAT plasmid
transfection, suggesting that CAT protein overproduction did not exert detrimental
effects on cell viability as measured by cell number (Figure 10b). In contrast, depletion
of ABCB7 or FECH led to a decrease of cell growth by approx. 50% compared to
control samples (Mock, Mock/CAT, NoT/CAT), indicative of an essential requirement of
both ABCB7 and FECH for cell proliferation.
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Figure 10: Steady-state protein levels and cell growth of HelLa cells upon depletion of ABCB7, FECH and
overexpression of CAT.

HelLa cells were transfected twice at a three-day interval with control siRNA (NoT), ABCB7 siRNA, FECH
siRNA or received no siRNA (Mock). After depletion for 3 days, cells were additionally transfected with or
without a catalase-encoding plasmid (-CAT/+CAT). After a total of 6 days of growth, cells were harvested,
lysed by digitonin, and total lysate, cytosolic and organellar fractions were collected. Cytosolic and
organellar fractions were subjected to SDS-PAGE and immunoblotting. a. Mitochondrial and cytosolic
proteins were immunostained in the respective cellular fractions as shown. VDAC1 and actin served as
mitochondrial and cytosolic controls, respectively. Representative blots are shown. b. Cell growth was
measured by cell counting and is displayed in a cumulative mode (n=4). Growth was impaired upon
ABCB7 and FECH depletion in the second growth period.
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Taken together, CAT plasmid transfection into HelLa cells did not exert severe
detrimental effects as indicated by normal cell proliferation. In contrast, loss of both
ABCB7 or FECH decreased cell growth substantially, in line with their critical function

in the synthesis of essential iron-containing cofactors.

6.3 Catalase activity is not dependent on ABCB7

In order to test how far the growth phenotype of ABCB7-depleted cells (chapter 6.2)
correlated with a potential extramitochondrial heme maturation defect, the specific
activity of plasmid-expressed CAT was determined in digitonin-permeabilized total
lysates derived from four independent experimental ABCB7-knockdown series (Figure
11a, b). Variations among the individual sample preparations were taken into account
by relating specific CAT activities to the corresponding activities of LDH (Figure 11c).
LDH served as an independent cytosolic reference enzyme since its activity is not

dependent on heme or Fe/S cluster formation.

Despite the rather uniform plasmid-based CAT overproduction, the specific enzyme
activities varied profoundly among the four sample series (Figure 11a). Nevertheless,
ectopic CAT expression resulted in a substantial increase in specific CAT activity,
except in samples depleted for FECH by RNAi. This observation was further
substantiated after elimination of the inter-assay variability by normalization of the
specific CAT activities to that of Mock/CAT samples (Figure 11b), and further after
relation to LDH (Figure 11c). Consistent with the initial FECH knockdown experiments
above (cf. chapter 6.1) this analysis underscores that FECH is essential for CAT activity

and emphasizes the critical role of FECH for extramitochondrial heme maturation.
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Figure 11: Catalase activities in HeLa cells are not decreased upon depletion of ABCB7.

Lysates from Fig. 9 were subjected to enzymatic activity assays. a. Specific enzyme activity [mU/mg
protein] of heme-dependent catalase was determined in the lysate of 4 experiments. b. Specific catalase
activity in relation to control (Sample 2: Mock/CAT) is shown for 4 experimental series. c. Catalase activity
is depicted in relation to LDH as cytosolic reference enzyme for 4 experimental series (n=4).

Importantly, CAT activity in ABCB7-deficient cells was still comparable to the
Mock/CAT and NoT/CAT reference samples which were overproducing CAT but were
not depleted for ABCB7 or FECH (Figure 11a-c, ABCB7si/CAT). This result
unequivocally demonstrated that ABCB7 is not required for heme maturation of CAT,
despite CAT overexpression requiring higher heme amounts. This result implicates that
ABCBY7 is not involved in the export of heme out of mitochondria. Consequently, the
growth retardation observed in cells lacking the ABCB7 exporter (cf. chapter 6.2) was

not caused by extramitochondrial heme deficiency.
Taken together, these results underline the importance of FECH for the maturation of

all cellular heme proteins but do not support the hypothesis that ABCB7 executes a

significant function in mitochondrial heme export.
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6.4 ABCB7 but not FECH deficiency impairs maturation of cytosolic and

nuclear Fe/S proteins

Since the CAT activity measurements (cf. chapter 6.3) did not detect alterations in
extramitochondrial heme availability upon ABCB7 deficiency, the observed growth
retardation (cf. Figure 10b) was likely to be caused by the disruption of other vital
processes. A critical function has been ascribed to ABCB7 in the maturation of
extramitochondrial Fe/S proteins including IRP1 (cf. chapter 4.1.1 and 4.3.2.2). IRP1 is
a bifunctional protein that in its apo-form can bind to certain mRNA stem-loop
structures to regulate cellular iron metabolism. In its Fe/S cluster containing holo-form,
IRP1 acts as a cytosolic aconitase (cACO), catalyzing the conversion of citrate to
isocitrate (cf. chapter 4.1.1; Stehling et al., 2008). The enzymatic activity of cACO was
thus assessed as a marker for cytosolic Fe/S cluster maturation to determine its
dependency on ABCBY.

Analyses were performed in samples of the same cells used for CAT activity
measurements (cf. chapter 6.3). Cytosolic fractions of digitonin-permeabilized, CAT
overproducing, and ABCB7 or FECH deficient HeLa cells served to determine IRP1’s
cACO activity independent of mACO, which had been separated into organellar
fractions by centrifugation (c.f. chapter 6.2, Figure 9). The successful separation of
cytosolic and organellar constituents allowed the selective determination of IRP1’s
cACO activity in the cytosolic fractions of RNAi-treated and control cells (Figure 12)
without substantial contamination by mACO. Among the four independent sample
series already used for CAT activity measurements (cf. chapter 6.3), only slight
variations of specific cACO activity were determined, ranging from 8 to 12 mU per mg
protein in Mock (-CAT) control cells (Figure 12a). Normalization of the specific cACO
activities to Mock/CAT samples (Figure 12b) and in relation to LDH (Figure 12c)
revealed comparable cACO activities in all samples with maximum deviations of 10%,
except for samples depleted for ABCB7. Neither CAT overproduction (Figure 12,
+CAT) nor FECH knockdown (Figure 12, sample 5) affected the activity of cACO. In
contrast, RNAi-mediated ABCB7 knockdown (Figure 12, sample 4) decreased cACO
activity to approx. only 20% of control levels, indicating a requirement of ABCB7 in

cytosolic Fe/S cluster assembly.
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Figure 12: Cytosolic aconitase activity upon depletion of ABCB7 or FECH in CAT-overexpressing cells.

Hela cells were transfected and processed as described in Fig. 2. Cytosolic and organellar fractions were
subjected to enzymatic activity assays. a. Specific activity [mU/mg protein] of cytosolic aconitase (cCACO)
was determined in the cytosolic fraction. b. cACO activity in relation to the Mock/CAT control (sample 2).

c. cACO activity is depicted in relation to LDH as cytosolic reference enzyme for 4 experimental series
(n=4).

Since hampered Fe/S cofactor insertion is frequently associated with protein
destabilization (cf. chapter 4.3.2.2), steady-state protein levels of IRP1 were
determined (Figure 13a). Immunoblotting revealed a profound decline in IRP1 levels in
ABCB7-deficient cells in comparison to control cells, whereas levels of actin and
VDAC1 were not affected (Figure 13a, lane 4), in line with a severe maturation defect
of IRP1 (cf. Biederbick et al., 2006). In contrast, CAT overproduction (Figure 13a, lane
2) or FECH knockdown (Figure 13a, lane 5) did not result in any alterations in steady-

state levels of IRP1 or of the marker proteins actin or VDACA1.

Taken together, enzyme activity assays and immunoblotting demonstrated that
cytosolic ACO activity and stability of IRP1 are unaffected by impaired mitochondrial
heme formation but are strictly dependent on ABCB7. These results reinforce the well-
known observation that mitochondria export a compound essentially required for
cytosolic Fe/S cluster assembly including cofactor maturation of IRP1, but do not

support a function of ABCB7 in mitochondrial heme export.
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At the cell physiological level, maturation of IRP1 is a critical determinant of cellular
iron homeostasis in mammalian cells and is known to affect both ferritin-mediated iron
storage and transferrin receptor (TfR1)-mediated iron uptake. A second layer of iron
regulation is mediated by IRP2, an IRP1 homologue whose cellular abundance is
governed by the E3 ubiquitin ligase F-box/leucine rich repeat protein 5 (FBXL5; cf.
chapter 4.1.1). FBXL5’s cellular levels are dependent on Fe-dependent stabilization of
its N-terminal hemerythin domain (Salahudeen & Bruick, 2009; Vashisht et al., 2009).
The interaction of FBXL5 with IRP2 may be favored by a C-terminal [2Fe-2S] cluster
(Wang et al., 2020). In line with previous observations (Cavadini et al., 2007; Pondarre
et al., 2006) IRP2 and TFR1 levels were substantially increased in ABCB7 knockdown
cell samples whereas the amount of ferritin was decreased (Figure 13a, lane 4). These
changes are consistent with compromised Fe/S cluster biosynthesis pathways eliciting
an iron starvation phenotype despite presence of sufficient iron supply and support the

finding that ABCB?7 is connected to cytosolic-nuclear Fe/S protein maturation.

In contrast, FECH deficiency did not exert detectable effects on iron-regulatory proteins
(IRPs), ferritin, and TFR1, indicating that heme formation does not play a decisive role
in cellular iron regulation in the HelLa cell model (Figure 13a, lane 5). Notably,
according to Mock- and NoT-transfected cells, CAT overproduction did not alter
steady-state protein levels of the tested iron homeostasis-regulating factors,
suggesting that the surplus amount of CAT protein did not produce an appreciable iron

sink which might have led to relevant changes in intracellular iron handling.
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Figure 13: Steady-state protein levels of HeLa cells upon depletion of ABCB7, FECH and overexpression
of CAT.

HelLa cells were transfected and processed as described in chapter 6.2. Cytosolic and organellar fractions
were subjected to SDS-PAGE and immunoblotting. a. Proteins involved in iron homeostasis were
assessed as displayed. ABCB7 deficient cells impair levels of IRP, Ferritin and Transferrin receptor.
VDAC1 and actin served as mitochondrial and cytosolic controls, respectively. Representative blots are
shown. b. Mitochondrial, nuclear and cytosolic proteins were immunostained in the respective cellular
fractions as shown. Fe/S dependent proteins IRP1, NTHL1, DPYD and GPAT show a decrease in
expression upon ABCB7 depletion.

The decrease in IRP1’s steady-state protein level accompanying the loss of the
protein’s ACO activity upon ABCB7 deficiency is paradigmatic for the destabilization of
many Fe/S proteins in the absence of their metallo-cofactor, i.e. in their apoform.
Accordingly, immunoblotting is a useful and easy approach to assess the efficiency of
cytosolic-nuclear Fe-S protein assembly (Stehling, Paul, et al., 2018). For example,
previous studies have revealed that, similar to IRP1, also the steady-state levels of the
non-mitochondrial Fe/S proteins dihydropyrimidine dehydrogenase (DPYD), glutamine
amidophosphoribosyltransferase (GPAT), and Nth-like DNA Glycosylase 1 (NTHL1)
were affected by loss of the Fe/S cofactor (Paul & Lill, 2015; Stehling et al., 2013).
Hence, immunoblotting was employed to analyze the abundance of the three proteins
in the same samples of ABCB7- and FECH-deficient HeLa cells like IRP1 (Figure 13b)
using actin and Histon A2X (HA2X) as a control.

DPYD is a homodimeric cytosolic enzyme which is involved in the modification and
degradation of pyrimidines and pyrimidine derivatives and which carries a total of eight
[4Fe-4S] clusters (Porter & Spector, 1993). Immunoblotting revealed decreased DPYD
levels upon ABCB7 knockdown (Figure 13b, lane 4), indicating defective maturation of
the enzyme. In contrast, HeLa cells with overproduced CAT (Figure 13b, lane 2) or
FECH knockdown (Figure 13b, lane 5) did not show any deficiencies in DPYD steady-
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state levels compared to control samples. Thus, the immunoblotting analyses
demonstrated that stability of DPYD is dependent on ABCB7, but was unaffected by
impaired mitochondrial heme formation, supporting the view that ABCB7 is essential

for cytosolic Fe/S protein assembly including maturation of DPYD.

GPAT is a cytosolic enzyme of the de novo purine nucleotide biosynthesis and requires
incorporation of a [4Fe-4S] cluster to mature to an active enzyme (lwahana et al.,
1993). Similar to IRP1 and DPYD, knockdown of ABCB7 diminished GPAT’s steady
state levels, indicating impaired cluster assembly on the protein (Figure 13b, lane 4). In
contrast, protein levels of GPAT were apparently not affected by CAT overproduction
(Figure 13b, lane 2) or RNAi-mediated FECH depletion (Figure 13b, lane 5),
demonstrating that GPAT maturation and stability are independent of mitochondrial

heme formation.

NTHL1 is a [4Fe-4S] DNA glycosylase enzyme involved in the repair of oxidatively
damaged pyrimidines in nuclear DNA (cf. chapter 4.3.2.2). Accordingly, the protein was
preferentially localized in the nuclei-containing organellar fraction of digitonin-
permeabilized HelLa cells and staining for the histone marker H2AX served as nuclear
control (Figure 13b). Steady-state levels of NTHL1 were substantially decreased in
samples depleted for ABCB7 (Figure 13b, lane 4), indicating that ABCB?7 is required for
stability of this DNA glycosylase. At the same time, neither FECH siRNA treatment
(Figure 13b, lane 5) nor CAT plasmid transfection (Figure 13b, lane 2) affected the
NTHL1 signal.

Taken together, immunostaining detected decreased steady-state levels of the three
well-established non-mitochondrial Fe/S marker proteins DPYD, GPAT and NTHLA1
(Paul & Lill, 2015; Stehling et al., 2013) upon ABCB7 depletion, in line with a
requirement of this mitochondrial exporter for cytosolic-nuclear Fe/S protein assembly.
On the other hand, loss of FECH and consequently of heme did not affect the three

extramitochondrial Fe/S marker proteins.
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6.5 RNAi-mediated depletion of FECH and ABCB?7 elicits mitochondrial

defects

The enzymatic activity and immunoblotting analyses in this study have confirmed a
critical function of mitochondria in cofactor maturation of extramitochondrial heme and
Fe/S proteins. In order to compare these cytosolic-nuclear maturation defects with
consequences of FECH and ABCB7 depletion on mitochondria, steady-state levels and
functions of mitochondrial proteins were examined in the organellar fractions of the
same CAT-overproducing, digitonin-permeabilized cells that have been described
above (cf. chapter 6.3 and 6.4). Immunoblotting indicated that the F1 a/b subunits of
mitochondrial ATP synthase (Complex V) neither were altered upon ABCB7 or FECH
knockdown nor were responding to transfection of the CAT plasmid (Figure 14a).
Together with the fact that complex V does not contain any cofactor the unchanged
steady-state levels render F1 a/b subunits as suitable reference antigens in

subsequent mitochondrial analyses.

In line with the initial results in chapter 6.1, specific COX activity as well as steady-state
levels of COX2 and COX6A/B were decreased in FECH-depleted, CAT-overproducing
cells (Figure 14a, lane 5; Figure 14h-j), confirming impaired COX assembly upon heme
deficiency. However, the low COX activity (Figure 14h) did not become evident in
relation to CS activity due to generally lowered CS activity in FECH-deficient cells
(Figure 14j; cf. Figure 9b). Knockdown of FECH also revealed the dependency of
respiratory chain complex Il integrity on heme availability. Not only the heme-
containing subunit CYC1 but also the core 2 and the Fe/S Rieske proteins were
diminished (Figure 14a, lane 5), suggesting a destabilization of the three subunits due
to improper cofactor maturation and subsequent hampered complex formation (Allen,
2011; San Francisco et al., 2013).

Respiratory chain complex Il (SDH) contains a heme cofactor in its membrane domain,
suspected to play a role in electron transfer to ubiquinone. Consistently, ubiquinone-
dependent specific SDH activity was severely decreased upon FECH depletion (Figure
14e,f, sample 5), even in relation to CS (Figure 14g, sample 5), thereby underlining the
requirement of heme for proper SDH function. At the same time, immunoblotting
demonstrated that SDH’s Fe/S cluster-binding subunit SDHB was not affected by
FECH knockdown (Figure 14a, lane 5). Since SDHB is sensitive to the lack of its
cofactors, impaired Fe/S maturation was an unlikely cause for SDH inactivation. Similar
to SDH, immunoblotting for the [2Fe-2S] and [4Fe-4S] cluster subunits NDUFV2 and
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NDUFSS8 of C I, did not reveal FECH-dependent changes in their integrity (Figure 14a,
lane 5), supporting the observation that mitochondrial Fe/S protein assembly is not
influenced by heme availability. Also other markers of C | stability including the
membrane and matrix arm subunits NDUFB4 and GRIM19, respectively (Gnandt et al.,
2016; Wu et al., 2016), did not respond to FECH deficiency, in line with the fact that

none of the C | subunits contains heme.

Alike the Fe/S subunits of the respiratory chain also the mitochondrial Fe/S enzyme
ACO (mACO) did not reveal changes in its steady-state protein level in samples of
FECH siRNA-treated cells (Figure 14a, lane 5). However, the specific mACO activity
decreased by 50% in FECH-depleted cells (Figure 14b, sample 5), an effect that was
almost abolished by relation to the also diminished CS activity (Figure 14d, sample 5)
and was thus likely not attributable to impaired Fe/S cluster assembly but rather to a

heme-dependent pleiotropic mitochondrial defect.

Taken together, enzyme activity assays and immunoblotting showed that FECH
depletion substantially affected activity and stability of mitochondrial hemoproteins,
indicating an efficient abrogation of mitochondrial heme formation as a sound basis for
extramitochondrial heme deficiency including impaired CAT activity (cf. Figure 8).
Insufficient heme supply had significant consequences for mitochondrial function in
general (cf. Kim et al., 2012; Smith et al., 2012), as indicated by impaired activities of
for example citrate synthase (cf. Figure 9) and mACO, but the defect was not severe

enough to compromise steady-state protein levels of mitochondrial Fe/S proteins.

Next, the effects of ABCB7 depletion on mitochondrial enzymes were analyzed.
Enzyme activity analyses of the mitochondria-containing organellar fraction derived
from digitonin-permeabilized cells revealed that mACO activity was impaired by 50%
upon ABCB7 knockdown when compared to the Mock- or NoT-transfected samples
(Figure 14b-d, sample 4). However, mACO immunoblot analysis showed no difference
in the signal intensity to controls (Figure 14a, lane 4), indicating a rather moderate
mACO enzyme defect without detectable protein destabilization. Moreover, compared
to the fivefold decrease in cACO activity (cf. Figure 12, sample 4), the twofold

diminution for mACO appeared to be rather mild.
In order to assess the integrity of additional mitochondrial Fe/S cluster-containing

proteins in ABCB7-depleted cells, steady-state levels of selected C | subunits were
assessed by immunoblotting, including NDUFV2, NDUFS8, NDUFB4, and GRIM19.
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Similar to mACO, a destabilization of neither subunit was detectable, suggesting that at
least the assembly of C | was not affected by ABCB7 loss. In contrast, SDH was
substantially affected in ABCB7-depleted cells. Besides its activity (Figure 14e-g,
sample 4) also the steady-state protein level of the Fe/S subunit SDHB was strongly
diminished (Figure 14a, lane 4). Overall, the effect on SDH activity during ABCB7

depletion was similar to the depletion of FECH.

Due to the severe SDH defect, an enzyme dependent on two different types of Fe-
dependent cofactors (Fe/S cluster and heme b), the analyses were extended to the
integrity and function of mitochondrial heme-containing complexes. Immunoblotting for
CYC1, Core |l or Rieske proteins did not reveal profound C Il defects and thus did not
allow any conclusions about the efficiency of heme formation in ABCB7-depleted
mitochondria (Figure 14a, lane 4). However, steady-state COX2 level as well as activity
of the heme-dependent enzyme COX were lower in ABCB7-deficient than in Mock- and
NoT-transfected control samples (Figure 14a, h-j, sample 4). Other mitochondrial
enzymes that lack a cofactor including CS (cf. chapter 6.2) were apparently not

affected by ABCB7 depletion suggesting an iron-dependent cause of these defects.

Taken together, the analyses of mitochondrial proteins demonstrated an impact of
RNAi-mediated ABCB7 depletion on the iron-dependent enzymes mACO, SDH and
COX. Since ABCB?7 is considered to act as an exporter, this effect was surprising. The
effect may be indirect and similar to the situation of Atm1-deficient yeast mitochondria
which accumulate iron as a result of deregulated iron homeostasis (Kispal et al., 1997;
Kispal et al., 1999). This eventually caused oxidative stress conditions with a severe
impact on several mitochondrial enzymes such as c-type cytochromes whose heme
cofactor was absent. Since the RNAi-mediated ABCB7 knockdown also affected
cytosolic regulators and components of cellular iron homeostasis, a similar effect as in
yeast seemed possible, suggesting that the observed decreases in mitochondrial iron-
dependent proteins were indirectly caused by a potential feedback from the disturbed
cellular iron metabolism. This interpretation would explain why SDH, an enzyme
dependent on both Fe/S clusters and heme, might be particularly sensitive. Moreover,
the much weaker effect on mACO activity compared to cACO also suggested that the
defects on individual mitochondrial Fe/S or heme proteins were an indirect
consequence of the alterations in mitochondrial iron metabolism caused by

disturbances upon ABCB7 depletion.
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Figure 14a-d: Steady-state protein levels and enzymatic activities of mitochondrial proteins upon depletion
of ABCB7, FECH and overexpression of CAT.

HelLa cells were transfected and processed as described in chapter 6.2. Cytosolic and organellar fractions
were subjected to SDS-PAGE, immunoblotting and enzymatic activity assays. a. Steady-state levels of
mitochondrial proteins such as marker proteins for respiratory chain complexes 1, Il, lll, IV and V were
analyzed as indicated. VDAC1 was stained as a mitochondrial control. Representative blots are shown. b.
Specific activity [mU/mg protein] of mitochondrial aconitase (mMACQO) was determined in the organellar
fraction. ¢. mACO activity in relation to control (Sample 2: Mock/CAT). d. Mean mACO activity is depicted
in relation to CS as mitochondrial reference enzyme (+/- SD, n=4).
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Figure 14e-j; Enzymatic activities of mitochondrial proteins upon depletion of ABCB7, FECH and
overexpression of CAT.

e. Specific activity [mU/mg protein] of mitochondrial SDH was determined in the organellar fraction. f. SDH
activity in relation to control (Sample 2: Mock/CAT). g. Mean SDH activity is depicted in relation to CS as
mitochondrial reference enzyme (+/- SD, n=4). h. Specific activity [mU/mg protein] of mitochondrial COX
was determined in the organellar fraction. i. COX activity in relation to control (Sample 2: Mock/CAT). j.
Mean COX activity is depicted in relation to CS as mitochondrial reference enzyme (+/- SD, n=4).
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6.6 The mitochondrial defects associated with ABCB?7 deficiency are

specific consequences of the transporter knockdown

In order to verify that the observed consequences of RNAi-mediated ABCB7 depletion
were indeed caused by loss of the transporter protein and not by non-specific siRNA
(off-target) effects particularly on mitochondria (cf. chapter 6.5), the specificity of the
transporter knockdown was assessed by a complementation approach. In this
approach, plasmid-based expression of an RNAi-resistant, silently mutated ABCB7
version (ABCB7sm) was performed concurrently to the transfection of ABCB7-directed
siRNAs. If the ABCB7 depletion phenotype could be reverted by ABCB7sm
overexpression, the observed consequences of the transporter knockdown would be
specific. If complementation of the ABCB7 RNAI phenotype would not be successful,
the used siRNAs would have exerted off-target effects which were not related to the

loss of the ABCB7 protein but may have impacted particularly on mitochondrial

physiology.

In the complementation experiments, HelLa cells were transfected twice at a three-day
interval with either ABCB7 or control NoT siRNA or were Mock-transfected as before. A
fourth sample was treated not only with ABCB7 siRNA, but additionally received a
plasmid encoding the silently mutated, RNAi-resistant version of ABCB7 (ABCB7sm).
Six days after the first transfection cells were harvested and fractionated using the
digitonin-permeabilization approach described above (chapter 6.2). In line with the
results in chapter 6.2, application of ABCB7-directed siRNA caused a substantial
decrease in ABCB7 steady-state protein level in comparison to Mock- and NoT-
transfected control cells (Figure 15a, lane 3). Co-transfection of the ABCB7sm-
encoding plasmid in addition to ABCB7-directed siRNAs restored the ABCB7 protein to
almost control levels (Figure 15a, lane 4), demonstrating a successful

complementation of ABCB7 expression.

The plasmid-based recovery of ABCB7 was now used to re-confirm the requirement of
the transporter for cytosolic-nuclear Fe/S protein assembly. First, maturation of IRP1 to
cACO was assessed. As before, ABCB7 siRNAs led to a decrease in the cACO activity
compared to Mock- or NoT-transfected cells (Figure 15b-d, sample 3). Concomitant
expression of plasmid-encoded ABCB7sm substantially recovered cACO activity
(Figure 15b-d, sample 4), indicating an indispensable role of ABCB7 for Fe/S cofactor
maturation on IRP1, and at the same time ruling out an siRNA off-target effect on IRP1

maturation. In line with the activity assays, immunoblotting of samples from ABCB7-
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depleted cells revealed an improvement of the IRP1 signal upon complementation with
plasmid-encoded ABCB7 (Figure 15a, lane 4), suggesting a cluster-dependent
stabilization of the IRP1 holo-enzyme. Similar effects were observed for the
extramitochondrial Fe/S proteins NTHL1, DPYD and GPAT. Consistent with results
above (cf. chapter 6.4) immunoblotting detected a destabilization of the three proteins
in ABCB7-deficient HeLa cells (Figure 15a, lane 3), whereas ABCB7 complementation
efficiently recovered their steady-state protein levels to almost wild-type amounts,

suggesting restoration of cytosolic-nuclear Fe/S cofactor maturation.

Taken together, complementation of siRNA-mediated ABCB7 depletion by ectopic
expression of a silently mutated, RNAi-resistant version of ABCB7 unequivocally
showed both the essential function of the ABC transporter for cytosolic-nuclear Fe/S

protein assembly and the specificity of the experimental RNAi approach.

In order to examine whether also the mitochondrial ABCB7 knockdown phenotype
could be reversed by complementation, enzyme and immunoblotting analyses were
extended to the organellar fraction of digitonin-permeabilized cells. Determination of
mACO activity in ABCB7-knockdown cells confirmed the previous observation of an
approx. 50% decrease in comparison to reference samples (Figure 15e-g, sample 3).
Co-transfection of the RNAi-resistant ABCB7sm version recovered mACO activity to
roughly 80% of control levels, but higher individual values were also possible (Figure
15f, sample 4), suggesting a distinct effect of ABCB7 deficiency on mACO function
rather than a non-specific siRNA off-target effect on mitochondria. Neither loss of
ABCB7 nor complementation by ABCB7sm altered the mACO steady-state protein
level, in line with a rather moderate mACO cofactor defect already observed above

(Figure 15a; cf. chapter 6.5).

A more severe ABCB7 knockdown phenotype was confirmed for SDH (Figure 15a, h-j;
c.f. chapter 6.5), but even this strong SDH effect was complementable by ABCB7sm
expression, restoring not only SDH activity (Figure 15h-j, sample 4), but also
recovering SDHB protein level (Figure 15a, lane 4). In line with the mACO analyses
these results revealed a direct dependency of SDH function and integrity on the

presence of ABCB7 and rendered the existence of off-target-related artefacts unlikely.
Similar to observations above, siRNA-mediated depletion of ABCB7 exerted only minor

effects on COX (Figure 15a, k-m; c.f. chapter 6.5). The enzyme activity decreased by
30% at most (Figure 15k-m, sample 3) with COX2 steady state levels being affected,
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whereas the amount of COX6A/B remained even more or less constant (Figure 15a,
lane 3). In this mild phenotypic background, the overproduction of ABCB7sm did not
lead to detectable complementation and this could thus not help to interpret the ABCB7

deficiency phenotype.

Taken together, complementation of siRNA-mediated ABCB7 depletion by an RNAi-
resistant ABCB7sm plasmid version suggested that the mitochondrial ABCB7
knockdown phenotype was a specific consequence of ABCB7 deficiency and not
caused by siRNA off-target effects. The fact that particularly Fe-dependent
mitochondrial enzymes were affected in the absence of ABCB7 might implicate
disturbances of mitochondrial iron handling as one cause of impaired mMACO and SDH

activity.

In summary, the present study has established a plasmid-based reporter assay for the
analysis of extramitochondrial heme protein maturation in HelLa cells where
endogenous CAT levels are low. In order to assess the function of ABCB7 for the
maturation of hemoproteins, we depleted the CAT-overproduction cells for ABCB7 and
used FECH depletion as a reference knockdown approach. Both ABCB7 and FECH
loss led to decreased cell growth of the respective CAT overexpressed cell samples,
suggesting their essential function for cell viability. FECH was essentially important for
the maturation of heme proteins like CAT, but importantly the ABCB7 knockdown
approach and subsequent CAT activity analysis did not support the view that ABCB7
holds a significant function in mitochondrial heme export as suggested (Maio et al.,
2019). At the same time, analyses of ABCB7-knockdown cells detected decreased
steady-state levels of cytosolic Fe/S marker proteins. In contrast, loss of FECH and
consequently of heme did not impair cellular steady-state levels of Fe/S proteins,
demonstrating a heme-independent involvement of ABCB7 in the Fe/S cluster
maturation of cytosolic apoproteins. Mitochondrial analyses revealed that ABCB7 loss
affected stability and function of mitochondrial proteins, especially the Fe/S cluster
dependent proteins. In order to assess the specificity of this transporter knockdown
approach, complementation of ABCB7 was established via plasmid-based expression
of an RNAi-resistant ABCB7 version concurrent to ABCB7 RNAi treatment.
Subsequent analyses indicated that cytosolic and mitochondrial defects upon ABCB7
knockdown were specific effects of the transporter knockdown. Loss of ABCB7 led to

potential indirect mechanisms in mitochondria which require further discussion.
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Figure 15a-g: Steady-state protein levels and enzymatic activities in HeLa cells upon complementation of
ABCBY7.

HelLa cells were transfected twice at a three-day interval with either control siRNA (NoT), ABCB7 siRNA, or
obtained no siRNA (Mock). One sample treated with ABCB7 siRNA additionally received an ABCB?7 silent
mutation-encoding plasmid. Only one sample remained without siRNA. Samples were processed as
described in the text. Experiments were performed in triplicates. a. Steady-state levels of mitochondrial,
nuclear and cytosolic proteins such as marker proteins for respiratory chain complex I, II, 1, IV and V were
analyzed as indicated. ABCB7, SDHB, NTHL1, IRP1, DPYD and GPAT show a recovery upon
complementation of ABCB7 NTHL1: n=1). VDAC1, Histon A2X and Actin served as mitochondrial, nuclear
and cytosolic controls, respectively. Representative Blots are shown. b. Specific activity [mU/mg protein] of
cytosolic ACO (cACO) was determined in the cytosolic fraction of 3 experimental series. c. cACO activity in
relation to control (Sample 1: Mock) is shown for 3 experimental series. d. Mean cACO activity is depicted
in relation to LDH as cytosolic reference enzyme (+/- SD, n=3). e. Specific activity [mU/mg protein] of
mitochondrial ACO (mACQ) was determined in the organellar fraction of 3 experimental series. f. mMACO
activity in relation to control (Sample 1: Mock) is shown for 3 experimental series. g. Mean mACO activity is
depicted in relation to CS as mitochondrial reference enzyme (n=3).
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Figure 15h-m: Enzymatic activities in HeLa cells upon complementation of ABCB?7.

h. Specific activity [mU/mg protein] of mitochondrial SDH was measured in the organellar fraction of 3
experimental series. i. SDH activity in relation to control (Sample 1: Mock) is shown for 3 experimental
series. j. Mean SDH activity is depicted in relation to CS as mitochondrial reference enzyme (n=3). k.
Specific activity [mU/mg protein] of mitochondrial COX was determined in the organellar fraction of 3
experimental series. |. COX activity in relation to control (Sample 1: Mock) is shown for 3 experimental
series. m. Mean COX activity is depicted in relation to CS as mitochondrial reference enzyme (n=3).
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71 The effects of ABCB7 depletion in human cells

The ABC transport protein ABCB7 exports an unknown sulfur-containing compound
from mitochondria for cytosolic Fe/S cluster biosynthesis and, in a defective state, is
associated with a disease condition called XLSA/A (Allikmets et al., 1999; Bekri et al.,
2000; Boultwood et al., 2008; Maguire et al., 2001; Sheftel et al., 2009; Xiong et al.,
2021). This disease is characterized, inter alia, by sideroblastic anemia and is
accompanied by cerebellar symptomatology called ataxia (Allikmets et al., 1999; Bekri
et al., 2000; Pagon et al., 1985; Shimada et al., 1998). The ataxia demonstrates the
relevance of ABCB7 to neural tissue function (Chiabrando et al., 2020), as previously
observed in Friedreich's ataxia in the case of frataxin deficiency (Parkinson et al.,
2013). The cause of the rare condition of XLSA/A is attributable to several mutations in
the gene of the ABCB7 transporter and may have effects on heme synthesis
(Boultwood et al., 2008; Maguire et al., 2001; Pondarre et al., 2007; Xiong et al., 2021).
At the cellular level, mitochondrial Fe accumulation is a typical feature of XLSA/A. This
Fe accumulation is, for example in cells of the hematopoietic tissue, regularly found as
an accumulation of Fe-loaded mitochondria around the cell nucleus, the so-called ring
sideroblasts (Cazzola & Invernizzi, 2011). Fe accumulation in the form of ring
sideroblasts in ABCB7 deficiency may not only occur systemically as in XLSA/A but
may also be observed in the hematopoietic system as is the case in the pathogenesis
of refractory anemia with ring sideroblasts (RARS; Boultwood et al., 2008; Nikpour et
al., 2013; Stehling et al., 2014; Visconte et al., 2012).

Mitochondrial Fe accumulation in cells with cytosolic Fe/S assembly defects has
already been studied in numerous cell culture models using depletion of ABCB7 or its
orthologs from other species (Cavadini et al., 2007; Csere et al., 1998; Kispal et al.,
1997). In yeast, it was shown that Atm1 function is linked to the export of a sulfur- and
possibly iron-containing species termed X-S (Kispal et al., 1999; Pandey et al., 2019).
Cavadini et al. (2007) summarized from their analyses that Fe accumulates in ABCB7-
deficient cells and is therefore not available for heme synthesis. In contrast, Maio et al.
(2019) speculated that loss of ABCB7 function primarily leads to mitochondrial defects,
the cause of which, along the lines of Taketani et al. (2003), is a physical interaction of
ABCB7 and the FECH. In ABCB7 defects in XLSA/A, this interaction could lead to
decreased mitochondrial heme synthesis and in turn impaired mitochondrial heme
export. Since functional connections between heme synthesis and mitoferrins, the

mitochondrial Fe import proteins, have been described (Chen et al., 2010; Martelli et
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al., 2015; Shaw, Cope, et al., 2006; Shaw, Langer, et al., 2006), indirect effects of
functional ABCB7 deficiency on mitochondrial Fe homeostasis, including Fe
accumulation, seem possible (Maio et al., 2019). In yeast cells depleted of Atm1 there
is also a profound heme defect (Kispal et al., 1999). However, this was shown to be a
secondary effect due to heme degradation, because these cells could support the

assembly of the heme-containing cytosolic enzyme CAT.

To better understand the cellular function of human ABCB7, a HelLa cell culture model
was developed in the present work in which the ABCB7 transport protein was depleted,
and cofactor maturation of selected heme and Fe/S cluster proteins was examined.
The analyses showed that ABCB7 loss affected the stability and function of Fe-
dependent proteins in both the cytosol and mitochondria. The Fe/S maturation of
cytosolic aconitase (cCACO), whose apo-form IRP1 plays an important role in cellular Fe
regulation (cf. chapter 4.1.1) was impaired by ABCB7 deficiency (cf. chapter 6.4).
ABCB7-depleted cells developed phenotypic signs of Fe deficiency involving activation
of cellular Fe uptake components and a diminution in Fe storage capacity. Similar
phenotypes were also observed in mitochondrial Fe accumulation in XLSA/A. In
contrast, upon depletion of FECH, both cytosolic-nuclear Fe/S protein maturation and
components of cellular Fe homeostasis were not affected. In addition, there were no
signs of Fe deficiency as observed for ABCB7-depleted cells detectable. Moreover,
studies of mitochondrial Fe/S enzymes mACO and SDH in ABCB7-depleted cells also
revealed decreased activities and stabilities (cf. chapter 6.5). Complementation of
ABCBY7 deficiency by plasmid-based expression of an RNAi-resistant ABCB7 version
reversed the dysfunction of both cytosolic and mitochondrial Fe/S enzymes (cf. chapter
6.6), verifying the specificity of the siRNA approach also with respect to the ABCB7-

dependent mitochondrial phenotype.

Extramitochondrial heme protein maturation was analyzed by the prominent heme
marker protein CAT in the present analyses (Putnam et al., 2000). For this purpose, a
plasmid-based CAT reporter assay was established in the previously introduced HelLa
cell model with ABCB7 depletion (cf. chapter 6.2). The effect of ABCB7 deficiency was
compared with the consequences resulting from RNAi-mediated FECH depletion.
Knockdown of both ABCB7 and FECH resulted in decreased cell yield in each case,
indicating an essential function for cell growth of these two enzymes (cf. chapter 6.2).
FECH knockdown, as a model for defective heme synthesis, led to expected
mitochondrial defects, particularly in the heme-dependent respiratory chain complexes
(cf. chapter 6.1; Kim et al., 2012; Smith et al., 2012). FECH depletion further impaired
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the maturation of the extramitochondrial heme enzyme CAT, thereby confirming the
general dependence of extramitochondrial heme proteins on mitochondrial heme
synthesis (Hamza & Dailey, 2012; Sinclair & Hamza, 2015). In contrast, knockdown of
ABCB?7 did not affect CAT activity, ruling out a relevant function of the transporter in
both mitochondrial heme synthesis and export (cf. chapter 6.3). Rather, since the
maturation of cytosolic nuclear Fe/S proteins was impaired, these findings confirmed
the function of ABCB7 as an essential link between mitochondria and
extramitochondrial Fe/S protein assembly as expected from yeast studies (Lill et al.,
2014). Therefore, the present study rendered a role for ABCB7 in cellular heme
metabolism as a central cause of XLSA/A and associated mitochondrial Fe
accumulation unlikely. Rather, it supported the concept of impaired maturation of
cytosolic nuclear Fe/S proteins with downstream disruption of cellular Fe homeostasis
as the etiology of XLSA/A.

7.2 Maturation of extramitochondrial hemoproteins occurs
independently of ABCB7

The disease XLSA/A is caused by mutations of the ABCB7 gene and the associated
loss of function of the mitochondrial transporter ABCB7. One of the most prominent
features of this disease is the anemic phenotype which may result from impaired
maturation of hemoproteins. Taketani et al. (2003) and Maio et al. (2019) thus
investigated the functional link between ABCB7 and the synthesis of heme. Both
studies identified a physical interaction of ABCB7 with the enzyme FECH and used this
to develop the hypothesis that ABCB7 affects heme synthesis through specific binding
to FECH. Maio et al. (2019) further suggested that ABCB7 in complex with FECH and
the protein ABCB10 may have additional responsibility for the export of heme out of the
mitochondrion. However, this idea competed with numerous indications that the
substrate of ABCB7 is a sulfur-containing compound synthesized depending on the
mitochondrial ISC machinery, which is exported from mitochondria to the cytosol where
it is required for cytosolic-nuclear Fe/S cofactor synthesis (Biederbick et al., 2006;
Kispal et al.,, 1999; Stehling & Lill, 2013). To contribute to the biochemical
characterization of ABCB7 function and thus the pathogenesis of XLSA/A, the present
work systematically examined features related to the maturation of both mitochondrial
heme proteins and the extramitochondrial heme enzyme CAT in human ABCB7-
deficient cells and compared these effects with the consequences of FECH loss. Since
a possible involvement of ABCB7 in mitochondrial heme export was a central question

of the present work, for the analyses presented here an existing reporter assay was
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further modified for the specific inhibitor-based detection of CAT activity. In contrast,
Maio et al. (2019) used a simple commercial CAT assay based on the reactive
fluorescent dye Amplex-Red (Miwa et al., 2016; Zhou et al., 1997; Zhou et al., 2003)
without further verification of substrate specificity. Compared to the HelLa analyses of
Maio et al., 2019, the assay used in this work revealed only low specific activity of
endogenous CAT, which was, however, consistent with the barely detectable CAT
protein levels in HelLa total cell lysates (cf. chapter 6.1). In the present study and
similar to work performed in yeast (Kispal et al., 1997), human CAT was further
transiently overproduced from an ectopic CAT plasmid to avoid possible experimentally
influenced fluctuations in endogenous CAT levels. Additionally, the preparation of
peroxisomes was bypassed by the transient overproduction. The overproduction of
CAT was found to be robust, increased the detectable enzyme activity several-fold and
was not affected by further cell manipulation. Thus, this CAT overproduction system
offered the possibility to additionally deplete ABCB7 or FECH by RNAI, and to analyze

the CAT activities in the various cells.

Loss of FECH affected the integrity and activity of cellular heme proteins, both inside
and outside of mitochondria, as shown for example by CAT analysis (cf. chapter 6.1).
The experimental approach of FECH depletion thus underscored the importance of
mitochondria for cofactor maturation of all cellular heme proteins and provided a
suitable model for the characterization of general heme deficiency. In contrast,
depletion of ABCB7 in a cell culture model for the diseases XLSA/A and RARS
revealed no signs of a CAT defect (cf. chapter 6.3). This result on the one hand
excluded an insufficient mitochondrial heme export in the cells, and on the other hand
also refuted a role of ABCB7 in mitochondrial heme synthesis. While some effects of
ABCB7 loss on heme-containing enzymes like COX were observed at the
mitochondrial level, the stability of heme-related mitochondrial proteins was less
affected than in the case of FECH deficiency. This was especially the case for the
heme subunit CYC1 of respiratory chain complex Ill, but also for the COX2 and
COXB6A/B subunits of COX. Conversely, the non-heme protein ACO was also affected
by ABCB7 deficiency, indicating a general rather than a heme-specific mitochondrial
defect (cf. chapter 6.5). In conclusion, the lack of an extramitochondrial heme defect
and the moderate, rather pleiotropic mitochondrial heme phenotype suggested that
ABCB7 does neither have a central function in the regulation of FECH activity nor in

mitochondrial heme export.
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Previous studies of experimental ABCB?7 deficiency in both the HeLa cell culture model
(Cavadini et al., 2007) and an XLSA/A mouse model (Pondarre et al., 2006) also
considered a direct involvement of ABCB7 in heme synthesis unlikely. Similar
conclusions were obtained from studies on the function of ABCB7 orthologs in other
model organisms. Bernard et al. (2009) depleted the mitochondrial exporter Atm3 in
plants and, consistent with the present work, found no loss of function of endogenous
CAT, nor any significant impairment of mitochondrial heme synthesis. In yeast, Kispal
et al. (1997), however, found impaired maturation of both mitochondrial and
extramitochondrial heme proteins upon characterization of Atm1-deficient cells, but the
synthesis of heme was not substantially impaired, similar to the ABCB7-depleted cells
in the present study. Rather, heme was degraded in these cells by an unknown
mechanism. Thus, in synopsis of the analyses from previous work and the findings
from this study, it is unlikely that the pathobiochemical basis for XLSA/A and RARS is
related to a direct involvement of ABCB7 in mitochondrial heme synthesis or ABCB7-

mediated mitochondrial heme export.

7.3 The importance of ABCB7 for the maturation of

extramitochondrial Fe/S proteins

Although a function of ABCB7 in the maturation of extramitochondrial hemoproteins
could be excluded by the present results, ABCB7-depleted cells showed significant
deficiencies in the stability and function of extramitochondrial Fe/S proteins (cf. chapter
6.4). Previous functional analyses of ABCB7 and its orthologs from various species
such as plants (Bernard et al., 2009; Kushnir et al., 2001), trypanosomes (Horakova et
al., 2015), yeast (Kispal et al., 1999), and mammals (Cavadini et al., 2007; Pondarre et
al., 2006) already revealed the importance of mitochondrial exporters for cytosolic Fe/S
cluster biogenesis and maturation of cytosolic-nuclear proteins. In all of these studies,
loss of the corresponding transporters mainly resulted in impaired function of
extramitochondrial Fe/S proteins, and thus suggested a role in their maturation. In
addition, structural and functional studies of recombinant Atm1 found indications of a
possible substrate consistent with the export of a glutathione-coordinated [2Fe-2S]-
cluster as a precursor for cytosolic-nuclear Fe/S protein biosynthesis (Li et al., 2022;
Pearson et al., 2020; Srinivasan et al., 2014). Hence, the analyses of the HelLa cell
model developed in the present work supported the results of these articles and
substantiated the central role of ABCB?7 in the maturation of cytosolic-nuclear proteins.
Here, inactivation of the mitochondrial ABCB7 transporter affected Fe/S proteins of
nucleotide metabolism (DPYD, GPAT) as well as DNA repair (NTHL1) and
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underscored the importance of de novo Fe/S-cluster synthesis in mitochondria (Lill &
Freibert, 2020; Lill et al., 2014) and for genome stability in the nucleus (Paul & Lill,
2015; Stehling et al., 2012).

An additional direct link between Fe/S protein maturation and, in turn, heme synthesis
was suggested by Liu et al., 2020 with ALAD. ALAD catalyzes the second step in heme
synthesis by converting 5-aminolevulinates to porphobilinogen and water (cf. chapter
4.2.2). Additional to potential cysteine ligands, the authors identified an alanine-
phenylalanine-arginine (AFR) motif in the ALAD amino acid sequence, which mediates
the interaction with maturation factors of Fe/S cluster synthesis according to Maio et
al., 2014. Indeed, analyses of recombinant mammalian cell-derived ALAD revealed
indications for the presence of a corresponding cofactor. Especially, ALAD catalytic
activity decreased when the AFR motif was modified. However, the interaction of
cytosolically localized ALAD with the mitochondrial co-chaperone HSC20 was
described as a basis for cofactor maturation by Liu et al., 2020. Moreover, the influence
of ALAD on heme synthesis was only incompletely investigated by the authors using
the two extramitochondrial hemoproteins CAT and CYP1A2. They omitted to
investigate effects on critical mitochondrial hemoproteins, whose maturation is much
more directly dependent on ALAD (cf. chapter 4.2.1). With the analyses performed in
this work, it was possible to directly compare the importance of ABCB7 for cytosolic
Fe/S protein maturation with the relevance of FECH for heme synthesis. Although
ALAD and FECH are equally indispensable for heme synthesis, ABCB7 depletion did
not show effects on heme maturation of extramitochondrially localized CAT, nor of the
mitochondrial heme enzyme CYC1 (cf. chapter 6.3, 6.5). In contrast, FECH loss led to
inactivation or destabilization of both proteins. Fe/S cofactor maturation of ALAD was
therefore not necessary for the in vivo function of the enzyme (Maio et al., 2014).
Accordingly, the moderate defects in COX caused by depletion of ABCB7 are unlikely
to be directly attributable to impaired heme synthesis, in contrast to the severe
phenotype of FECH knockdown on COX (cf. chapter 6.5). Taken together, the
hypothesis of Liu et al. (2020) suggesting that the function of ALAD in the heme
synthesis pathway relies on its Fe/S cluster maturation cannot be supported with the

results of the present work.

7.4 ABCBY7 affects cellular iron regulation

Analyses of the cells studied in this work ruled out a central role of ABCB7 in the

maturation of hemoproteins but supported the participation of the mitochondrial
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exporter in the maturation of cytosolic nuclear Fe/S proteins (cf. chapter 6.3). Depletion
of ABCB7 led to impaired maturation of cACO and consequently, the apo-form IRP1
induced alterations in two components of cellular Fe homeostasis, TfR1 and ferritin (cf.
chapter 4.1). ABCB7 depletion was also accompanied by markedly elevated levels of
IRP2, a homolog of IRP1, which itself does not carry an Fe/S cofactor. Instead, IRP2 is
regulated by the E3 ubiquitin ligase F-box/leucine-rich repeat protein 5 (FBXL5), whose
cellular levels are in turn dependent on Fe-dependent stabilization of its N-terminal
hemerythrin domain (Salahudeen & Bruick, 2009; Vashisht et al., 2009). Further, the
interaction of FBXL5 with IRP2 may be favored by a [2Fe-2S] cluster bound to the C
terminus of FBXL5 (Wang et al., 2020). Thus, a functional loss of ABCB7 would affect
Fe/S cluster-dependent FBXL5-mediated degradation of IRP2, which is consistent with
the findings presented in this study. Further, a decreased Fe availability in the cytosol
also leads to the increase in cellular IRP2 levels via proteasomal degradation of FBXL5
mediated by the E3 ligase HERC2 (Moroishi et al., 2014). Accordingly, the high IRP2
levels of the ABCB7-deficient cells examined in this work were consistent with both
decreased cytosolic [2Fe-2S] cluster and Fe availability (cf. chapter 6.5). As a
consequence of the decreased cofactor maturation of IRP1 and increased IRP2 levels,
there was more efficient binding of both proteins to mMRNA-IREs. This binding lead to
an impairment of ferritin translation and an increased expression of TfR1 (Anderson &
Frazer, 2017) as observed in the present cell culture model (cf. chapter 6.4). ABCB7-
dependent dysfunctions of cellular Fe homeostasis have been previously studied in cell
culture models by Cavadini et al. (2007) and Maio et al. (2019) as well as in mouse

models by Pondarre et al. (2006) and resulted in comparable phenotypic changes.

Combined with the findings of the present work that ABCB7 has no direct function for
cofactor maturation of extramitochondrial hemoproteins, the analyses of iron-regulatory
proteins provide a possible causal chain for the (long-term) heme deficiency not only in
XLSA/A but also in RARS. In both diseases, ABCB7 deficiency is found in
hematopoietic cells, leading to increasing IRE binding activity of both IRPs (Maio et al.,
2019). In hematopoietic tissues, these two proteins participate in heme synthesis by
regulating the enzyme ALAS2, an isoform of the ubiquitous ALAS1 (Peoc'h et al., 2019;
Taylor & Brown, 2022). ALAS2 also catalyzes the first step of heme biosynthesis, the
formation of 5-aminolevulinate, but unlike ALAS1, translation of the enzyme is
controlled by an IRE in the 5-UTR region. Thus, ALAS2 represents an important
regulatory interface between the Fe/S and heme biosynthesis pathways in
hematopoietic cells. ABCB7 deficiency in hematopoietic cells leads to increased
occupancy of the IRE of ALAS2 mRNA, downregulation of the ALAS2 enzyme (Maio et
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al., 2019; Nikpour et al., 2013) and consequently impaired heme synthesis (Cavadini et
al., 2007; Sheftel et al., 2009; Stehling et al., 2014). The similarity of the hematologic
phenotypes of patients with ALAS2 and ABCB7 mutations (Stehling et al., 2014) is
consistent with these considerations. The similarity of the phenotypes suggests that the
reason for the hematopoietic defect in patients with XLSA/A is found in the Fe/S
cluster-dependent regulation of the heme synthesis enzyme ALAS2 (cf. Ye et al,
2010).

The significance of the IRP system in hematopoiesis is also corroborated by further
studies on the maturation and function of extramitochondrial Fe/S proteins. For
example, Haunhorst et al. (2013) showed that in HelLa cells, deficiency of GLRX5
impaired the maturation of cytosolic Fe/S proteins. In particular, Fe/S cofactor insertion
into IRP1 was impaired, which increased its IRE binding activity. Accordingly, ferritin
levels were decreased and TfR levels were increased. Consistent with this,
downregulation of GLRX3 in a zebrafish model led to a substantial decline in ALAS2
and consequently to impaired heme synthesis (Haunhorst et al., 2013). Similarly, Wang
et al. (2022) found indications that extensive oxidative stress resulting from impaired
mitochondrial respiratory chain activity may affect Fe regulation and heme formation in
human erythroleukemia cells. They examined K562 cells and described that
conversion of cACO from the aconitase form to the IRP1 form not only altered cellular
Fe regulation but also led to inhibition of ALAS2 production and heme synthesis. The
results of Haunhorst et al., 2013 and Wang et al., 2022, in combination with the present
findings, support the hypothesis that defects in IRE/IRP1-dependent Fe regulation
cause a heme phenotype in patients with ABCB7 deficiency via interference with
ALAS2.

7.5 The effects of ABCB7 loss in mitochondria

A characteristic feature of XLSA/A and RARS diseases caused by loss of ABCB7
function is mitochondrial Fe accumulation in the form of ring sideroblasts (Boultwood et
al., 2008; Cavadini et al., 2007; Malcovati et al., 2009). This Fe accumulation is
accompanied by the disruption of cellular Fe homeostasis (cf. chapter 7.4), which is
possibly also related to the mitochondrial phenotype observed in the present work
upon experimental ABCB7 depletion (cf. chapter 6.5). Precipitation of Fe in
mitochondria has been consistently detected in various cross-species models of
ABCBY7 deficiency, including human cell culture (Cavadini et al., 2007; Csere et al.,
1998), medakefish (Miyake et al., 2008), nematodes (Gonzalez-Cabo et al., 2011), and
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yeast (Kispal et al., 1997). Biophysical studies on yeast Atm1-depleted mitochondria
revealed that the Fe precipitates are composed of nanoparticles of Fe** phosphate
(Miao et al., 2009), which is not bioavailable in this insoluble form (Cavadini et al.,
2007; Sheftel & Lill, 2009). Indeed, increased Fe uptake into mitochondria not only
occurs upon functional ABCB7 deficiency but was also regularly observed during
impaired mitochondrial de novo synthesis and transfer of [2Fe-2S] clusters, including
ISCU2, FXN, or GLRX5 deficiencies in humans (Camaschella et al., 2007; Crooks et
al., 2012; Huang et al., 2009; Sanaker et al., 2010), or ferredoxin (Yah1) and frataxin
(Yfh1) deficiencies in yeast (Miao et al., 2009). In case of human GLRX5 deficiency,
which is the cause for the sideroblastic anemia 3, even the formation of ring
sideroblasts occurred (Camaschella et al., 2007, Furuyama et al., 2018), indicating a
common cytopathological basis for mitochondrial Fe accumulation in core ISC and
ABCBY7 defects. In contrast, the role of ABCB7 in heme synthesis, postulated by Maio
et al. (2019), cannot be directly linked to mitochondrial Fe accumulation. Individuals
with FECH defects may suffer from impaired heme formation but not mitochondrial Fe
accumulation (Ward & Cloonan, 2019). Consistent with this, in the present work,
experimental FECH depletion did not result in detectable changes in cellular Fe
regulation. Thus, the phenotype of mitochondrial Fe accumulation in XLSA/A and
RARS cannot be explained by FECH and subsequent heme deficiency and is not
consistent with the suggestion by Maio et al. (2019) that ABCB7 contributes
significantly to maturation of heme proteins. Merely ALAS2 defects lead to the
formation of ring sideroblasts in the context of XLSA/A, but this involves relative
mitochondrial Fe accumulation exclusively in hematopoietic tissues as a result of lack

of Fe incorporation into protoporphyrin IX (Ward & Cloonan, 2019).

Indications for a mechanism possibly leading to mitochondrial Fe accumulation in the
presence of deficient mitochondrial Fe/S cluster synthesis were found by Huang et al.
(2009). They investigated this process in more detail in Friedreich’s ataxia, an Fe/S
disease caused by FXN deficiency (cf. chapter 4.3.3.1). Huang et al. (2009) observed
in FXN knockout mice, besides general changes in Fe metabolism, an upregulation of
the mitochondrial Fe importer MFRN2, with the potential consequence of increased
mitochondrial Fe uptake. Moreover, cellular IRP2 levels were elevated in Friedreich's
ataxia patients, as shown by studies in lymphocytes (Li et al., 2008). Thus, one can
assume that mitochondrial Fe accumulation occurs at the expense of cytosolic Fe, and
this cytosolic Fe depletion is consequently indicated by high IRP2 levels (c.f. chapter
7.4). Comparable changes in mitoferrins or IRP2 were also found in ABCB7 deficiency

by Maio et al. (2019), by Pondarre et al. (2006), and in the present work, suggesting a
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similar mechanism of mitochondrial Fe accumulation as in FXN deficiency. Indeed,
Maio et al. (2019) demonstrated that the increased IRP2 level following ABCB7
depletion in turn increased cellular Fe uptake, thereby driving mitochondrial Fe

accumulation.

Cytopathological accumulation of Fe in mitochondria is regularly associated with the
development of oxidative stress (Crooks et al., 2012; Miao et al., 2009), which can
negatively affect oxidation-sensitive structures including Fe/S clusters in these
organelles. Early on, Kispal et al. (1997) therefore suggested that it is the oxidative
stress observed in various organisms (Gonzalez-Cabo et al., 2011; Miao et al., 2009)
that causes impairments in mitochondrial Fe/S and heme proteins when ABCB7
orthologs are deficient. Maio et al. (2019) also detected oxidative stress in their cell
culture models of ABCB7 deficiency, including increased ROS levels and a markedly
elevated protein level of manganese superoxide dismutase 2 (SOD2), the
mitochondrially localized SOD. At the same time, consistent with oxidative damage to
Fe/S clusters, the authors demonstrated destabilization of the respiratory chain
subunits NDUFS1, NDUFS8, SDHB, the mACO, the FECH, and the mitochondrial Fe/S
cluster biogenesis factor GLRX5. On the one hand, the GLRX5 deficiency suggests a
vicious circle of mitochondrial Fe accumulation and oxidative stress (c.f. above). On the
other hand, it suggests further consequences for cellular Fe/S protein maturation that,
in addition to FECH deficiency, may also affect heme biosynthesis, including the
decreased CYC1 and CYT heme cofactor maturation observed by the authors. Taken
together, the experimental depletion of ABCB7 performed by Maio et al. (2019) thus
resulted in a severe pleiotropic mitochondrial phenotype that was associated with Fe
accumulation, and not only affected heme but also Fe/S proteins. This phenotype is
therefore only partially suitable for assessing the authors' initially mentioned postulate
that ABCB7 is directly involved in mitochondrial heme synthesis and/or mitochondrial

heme export.

In other models of ABCB7 deficiency, however, only weak or no mitochondrial changes
were found (Bernard et al., 2009; Cavadini et al., 2007; Pondarre et al., 2006). Also in
the cells studied in this work, only minor effects of ABCB7 deficiency on mitochondrial
Fe-dependent proteins were detected (cf. chapter 6.5). The RNAi-induced weak
mitochondrial phenotype could be reversed by plasmid-based complementation and
was therefore not an off-target artifact of the RNAi treatment, but a specific
consequence of ABCB7 depletion (cf. chapter 6.6). A comparison of ACO enzyme

activities as well as stability of Fe/S proteins from the present work showed that the
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effects on mitochondria were much weaker than on the cytosolic-nuclear compartment
(cf. chapter 6.4), suggesting a more indirect character of mitochondrial impairment
upon ABCB7 depletion. Cavadini et al. (2007) had already demonstrated that ABCB7
deficiency also leads to mitochondrial Fe accumulation in HelLa cells. Thus, oxidative
damage, especially to mitochondrial Fe/S proteins, was also likely to be responsible for

the disruption of cellular Fe regulation (cf. chapter 7.4) observed in the present work.

In contrast to mitochondrial Fe/S proteins, mitochondrial heme synthesis and trafficking
was basically unaffected (cf. chapter 7.3). In a likely indirect manner, COX activity
under ABCB7 depletion conditions dropped to about 70% of control. Unlike in the case
of COX destabilization due to FECH deficiency and the resulting heme a/as deficiency,
the protein level of the mitochondrially encoded COX2 subunit was reduced, but not
the protein level of the nuclear encoded COX6A/B subunits. Recent results may
provide an explanation for the COX2 deficiency. COX2 is dependent on mitochondrial
protein biosynthesis, which in turn requires the mitochondrial Fe/S protein METTL17
(Zhong et al., 2023). METTL17 promotes mitochondrial translation in a [4Fe-4S]-
cluster-dependent manner, and its activity may be impaired due to diminished ISC
activity as a result of the Fe accumulation and deficiency of bioavailable Fe upon
ABCBY7 loss. Hence, COX may respond more sensitive to damage of mitochondrial
Fe/S cofactor synthesis than other heme proteins that were not affected by ABCB7
deficiency, such as mitochondrial CYC1 and peroxisomal CAT. Based on the results of
the present work, together with studies on other species (including Cavadini et al.,
2007; Kispal et al., 1997; Pondarre et al., 2006), the common conclusion is that the
mitochondrial phenotype of ABCB7-deficient organisms may be an indirect

consequence of the loss of its transport function.

7.6 Conclusion and Outlook

In conclusion, the present study could exclude a direct role of the mitochondrial
exporter ABCB7 in FECH function or mitochondrial heme export. Rather, the findings
support a crucial role for ABCB7 in the context of cytosolic-nuclear Fe/S cluster
biogenesis and the associated regulation of cellular Fe homeostasis. The mitochondrial
and erythropoietic defects observed in patients with XLSA/A and RARS as a result of
ABCB?7 deficiency are most likely indirect consequences of an altered Fe metabolism
with mitochondrial Fe accumulation and consequent oxidative stress, in combination

with anemia due to misregulation of ALAS2 and impairment of the Fe/S enzyme FECH.
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Although the present work was able to exclude heme as a transport substrate of the
ABCB?7 transporter, the identity of its actual substrate remains unresolved. It is likely
that it is a precursor for extramitochondrial Fe/S cluster synthesis, but other substrates
are not completely ruled out. This includes cyclic pyranopterin monophosphate
(cPMP), which is synthesized in mitochondria to later serve as a substrate for the
synthesis of molybdenum cofactors (MoCo) in the cytosol (Kruse et al., 2018; Mendel,
2013). Analyses in plants have suggested that cPMP may be transported from
mitochondria to the cytosol by the plant ortholog of ABCB7, Atm3 (Teschner et al.,
2010). Characterization of the cargo molecules transported by ABCB7 will help to
further elucidate the role of the transporter in cellular processes such as Fe/S cluster
biosynthesis and MoCo biosynthesis. ABCB7 thus remains an exciting subject of future

cell biologic research.
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Mutations in the gene encoding the human mitochondrial transporter ABCB7 have
been associated with X-linked sideroblastic anemia and cerebellar ataxia and
refractory anemia with ring sideroblasts. ABCB?7 is located in the mitochondrial inner
membrane and considered to serve as an exporter of sulfur-containing compounds
crucial for cytosolic and nuclear iron-sulfur protein biogenesis. While a few previous
studies have also demonstrated a deficiency in heme-containing proteins in ABCB7-
depleted cells, the precise molecular mechanisms behind these observations remain
ill-defined. Various cytosolic-nuclear iron-sulfur proteins play pivotal roles in cellular
iron and heme metabolism, and consequently could explain the X-linked sideroblastic
anemia and cerebellar ataxia or refractory anemia with ring sideroblasts-related patient
phenotypes. Other studies have suggested physical as well as functional interactions
between ABCB?7 and ferrochelatase, an enzyme associated with the matrix side of the
mitochondrial inner membrane and mediating the final step in heme biosynthesis by
inserting iron into protoporphyrin IX. These observations raised the question of a direct
involvement of ABCB7 in both heme synthesis and mitochondrial heme export with
possible consequences for erythropoiesis. This study aimed to assess the role of
ABCB7 in hemoprotein maturation in human cells. To examine a potential
mitochondrial heme export function of ABCB7, a Hela tissue culture system
overexpressing the peroxisomal heme-containing enzyme catalase was established.
Using this system, RNA interference was applied to deplete ABCB7, and the
consequences for both heme formation and mitochondrial export were compared to
those of a ferrochelatase deficiency by using a combination of cell fractionation,
enzymatic activity and immunoblotting assays. In addition, the maturation of selected
mitochondrial and cytosolic-nuclear iron-sulfur proteins were assessed to study the
requirement of ABCB7 in iron-sulfur protein biosynthesis. Upon depletion of either
ABCB7 or ferrochelatase, the HelLa cell yield declined markedly, highlighting the
indispensable nature of both ABCB7 and ferrochelatase for cell viability. Knockdown of
ferrochelatase specifically affected the stability and function of hemoproteins both
within and outside mitochondria, including respiratory chain complex I, cytochrome ¢4
of respiratory chain complex Ill, respiratory chain complex IV and catalase. In contrast,
deficiency of ABCB7 did not significantly impair catalase activity, clearly indicating that
ABCB7 does not play a role in heme export from mitochondria and the subsequent
maturation of extramitochondrial hemoproteins. Moreover, the present study did not
identify a general requirement of ABCB7 for mitochondrial heme proteins, arguing

against a functional influence of the transporter on heme formation by ferrochelatase.
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Rather, loss of ABCB7 led to a compromised maturation of cytosolic and nuclear Fe/S
proteins including GPAT, DPYD and NTHL1, three enzymes involved in nucleotide
metabolism and DNA repair, and iron-regulatory protein 1. Plasmid-based expression
of RNA interference-resistant ABCB7 reverted these effects. Together, the results
corroborated earlier findings which had indicated the requirement of ABCB7 for
cytosolic and nuclear iron-sulfur cluster biosynthesis. In agreement with an ABCB7
function in maturation of iron-regulatory protein 1, ABCB7 deficiency also influenced
the levels of two iron regulatory protein-regulated key proteins of cellular Fe
homeostasis, the iron storage protein ferritin and the iron uptake component transferrin
receptor, resulting in a cellular iron deficiency phenotype. Consistently, ABCB7
deficiency triggered an increase in iron-regulatory protein 2 levels, an effect indicating
decreased iron levels in the cytosolic compartment. Moreover, RNA interference-
mediated depletion of ABCB7 elicited defects in mitochondrial iron-sulfur proteins,
likely caused by the altered iron metabolism. Taken together, the current investigation
clearly refutes critical roles of human ABCB?7 in both mitochondrial heme synthesis and
heme export to the cytosol and thus contradicts a direct involvement of ABCB7 in
erythropoiesis. In accordance with previous studies on ABCB7 orthologs from multiple
model organisms, this transporter was found to be required for the biogenesis of
cytosolic-nuclear iron-sulfur proteins. The exact substrate of the transporter remains
unclear and thus will be an exciting subject of future cell biological research. The
concomitant, yet weaker effects on mitochondrial iron-sulfur proteins were likely
caused by the oxidative stress resulting from the iron accumulation observed in
ABCBY7-deficient cells. The results of the present study may explain the mitochondrial
phenotypes of X-linked sideroblastic anemia and cerebellar ataxia and refractory
anemia with ring sideroblasts. Similar pathological mechanisms may be effective in
other iron-overload diseases such as Friedreich's ataxia (caused by frataxin deficiency)
and sideroblastic anemia 3 (caused by GLRX5 deficiency). Other cellular processes
involving cytosolic-nuclear iron-sulfur proteins, such as iron metabolism, genome
integrity and protein biosynthesis, are also affected in the case of ABCB7 deficiency,
and contribute to the complex phenotype of patients who suffer from X-linked

sideroblastic anemia and cerebellar ataxia or refractory anemia with ring sideroblasts.
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9. Zusammenfassung

Mutationen im Gen, das fir den menschlichen mitochondrialen Transporter ABCB7
kodiert, stehen in Zusammenhang mit den Krankheiten X-chromosomale
sideroblastische Andmie mit zerebelldrer Ataxie sowie refraktdre Anamie mit
Ringsideroblasten. ABCB? ist in der inneren Mitochondrienmembran lokalisiert und gilt
als Exporteur von schwefelhaltigen Verbindungen, die fir die zytosolische und
nukleare Eisen-Schwefel-Proteinbiogenese entscheidend sind. Ebenfalls haben einige
frihere Studien in ABCB7-depletierten Zellen auch einen Mangel an hamhaltigen
Proteinen nachgewiesen. Die genauen molekularen Mechanismen, die dieser
Beobachtung zugrunde liegen, sind nach wie vor unklar. Diese Beobachtungen warfen
die Frage nach einer direkten Beteiligung von ABCB7 sowohl an der Hambiosynthese
als auch am mitochondrialen Hamexport auf, mit méglichen Konsequenzen fiur die
Erythropoese. Zusatzlich dazu koénnten verschiedene zytosolisch-nukledre Eisen-
Schwefel-Proteine, die eine zentrale Rolle im zellularen Eisen- und Hamstoffwechsel
spielen, die assoziierten Phanotypen der Patienten erklaren. Andere Studien deuten
auf physikalische und funktionelle Wechselwirkungen zwischen ABCB7 und der
Ferrochelatase hin, einem Enzym, das mit der Matrixseite der inneren
Mitochondrienmembran assoziiert ist und den letzten Schritt der Hambiosynthese
vermittelt. Ziel der vorliegenden Studie war es, die Rolle von ABCB7 bei der Reifung
von Hamoproteinen in menschlichen Zellen zu charakterisieren. Um eine mogliche
mitochondriale Hamexportfunktion von ABCB7 zu untersuchen, wurde ein Hela-
Zellkultursystem etabliert, in dem das peroxisomale, hamhaltige Enzym Katalase
Uberexprimiert wurde. In diesem System wurde ABCB7 mittels RNA-Interferenz
depletiert. Uber die Messung von Enzymaktivititen und Immunoblotting an
mitochondrialen und zytosolischen Zellfraktionen wurden Effekte auf die Bildung und
den mitochondrialen Export von Ham ermittelt. Diese wurden mit einem analogen
Zellsystem verglichen, in dem die fur die Hdmbiosynthese essenzielle Ferrochelatase
mittels RNA-Interferenz depletiert wurde. Darlber hinaus wurde die Synthese
ausgewahlter mitochondrialer sowie zytosolischer und nuklearer Eisen-Schwefel-
Proteine untersucht, um die Rolle von ABCB7 in der Eisen-Schwefel-
Proteinbiosynthese zu ermitteln. Nach Depletion von ABCB7 oder Ferrochelatase ging
die erreichte Zellzahl deutlich zurtick, was die Bedeutung sowohl von ABCB7 als auch
der Ferrochelatase fir Wachstum und Zellteilung zeigte. Die Depletion der
Ferrochelatase wirkte sich speziell auf die Stabilitdt und Funktion von Hamoproteinen
innerhalb und auferhalb der Mitochondrien aus, darunter der Atmungskettenkomplex

Il, das Cytochrom c; des Atmungskettenkomplexes Ill, der Atmungskettenkomplex IV
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und Katalase. Im Gegensatz dazu beeintrachtigte ein Mangel an ABCB7 die Stabilitat
und Funktion von Hamoproteinen wie die Katalase-Aktivitat nicht signifikant, was
eindeutig darauf hindeutete, dass ABCB7 keine Rolle beim Hamexport aus den
Mitochondrien und der anschlieBenden Reifung von extramitochondrialen
Hamoproteinen spielt. Dartiber hinaus konnte in der vorliegenden Studie keine Rolle
von ABCB7 fir mitochondriale Hamproteine identifiziert werden, was gegen einen
funktionellen Einfluss des Transporters auf die Hambildung durch Ferrochelatase
spricht. Vielmehr fuhrte der Verlust von ABCB7 zu einer beeintrachtigten Reifung von
zytosolischen und nukledren Eisen-Schwefel-Proteinen, darunter GPAT, DPYD und
NTHL1, drei Enzyme, die am Nukleotidstoffwechsel und an der DNA-Reparatur
beteiligt sind, sowie des iron-regulatory proteins 1. Insgesamt bestatigten die
Ergebnisse frihere Befunde, die auf die Notwendigkeit von ABCB7 fir die zytosolische
und nukledre Eisen-Schwefel-Clusterbiosynthese hingewiesen hatten. Der ABCB7-
Mangel beeinflusste auch die Spiegel zweier Proteine der zellularen Eisen-
Homoostase, des Eisenspeicherproteins Ferritin und des Transferrinrezeptors, was
zum Phanotyp eines zelluldren Eisenmangels fiihrte. Der ABCB7-Mangel flhrte
zusatzlich zu einem Anstieg eines Markers fur eine erhdéhte mitochondriale
Eisenaufnahme auf Kosten des zytosolischen Kompartiments. Dartber hinaus fuhrte
die RNA-Interferenz-vermittelte Depletion von ABCB7 zu Defekten bei mitochondrialen
Eisen-Schwefel-Proteinen, die mutmallich durch den veranderten Eisenstoffwechsel
verursacht wurden. Insgesamt widerlegte die aktuelle Untersuchung eindeutig eine
Rolle des humanen ABCB7 sowohl bei der mitochondrialen Hamsynthese als auch
beim Hamexport in das Zytosol. Die direkte Beteiligung von ABCB7 an der
Erythropoese scheint somit fragwiirdig. In Ubereinstimmung mit friiheren Studien tber
ABCB7-Orthologa aus mehreren Modellorganismen wurde festgestellt, dass ABCB7
fur die Biogenese von zytosolisch-nukledren Eisen-Schwefel-Proteinen unabdingbar
ist. Zellulare Prozesse, an denen diese Eisen-Schwefel-Proteine beteiligt sind, wie der
Eisenstoffwechsel, die Genomintegritat und die Proteinbiosynthese, sind bei ABCB7-
Mangel ebenfalls betroffen. Sie tragen zum komplexen Phanotyp von Patienten mit X-
chromosomaler sideroblastischer Anamie mit zerebelldrer Ataxie sowie refraktarer
Anamie mit Ringsideroblasten bei. Die gleichzeitigen, jedoch schwacher ausgepragten
Auswirkungen eines ABCB7-Mangels auf mitochondriale Eisen-Schwefel-Proteine
wurden maoglicherweise durch oxidativen Stress verursacht, der aus einer in ABCB7-
defizienten Zellen beobachteten Eisenakkumulation resultierte. Ahnliche pathologische
Mechanismen kdnnten auch bei anderen Krankheiten mit Eiseniberladung wie der
Friedreich-Ataxie (verursacht durch Frataxin-Mangel) und der sideroblastischen

Anamie 3 (verursacht durch GLRX5-Mangel) wirksam sein.
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