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ABSTRACT

Abstract

Sulfur is essential for the functionality of some important biomolecules in humans.
Biomolecules like the Iron-sulfur clusters, tRNAs, Molybdenum cofactor, and some vitamins.
The trafficking of sulfur involves proteins collectively called sulfurtransferase. Among these
are TUM1, MOCS3, and NFS1.

This research investigated the role of TUM1 for molybdenum cofactor biosynthesis and
cytosolic tRNA thiolation in humans. The rhodanese-like protein MOCS3 and the L-cysteine
desulfurase (NFS1) have been previously demonstrated to interact with TUMI. These
interactions suggested a dual function of TUM1 in sulfur transfer for Moco biosynthesis and
cytosolic tRNA thiolation. TUM1 deficiency has been implicated to be responsible for a rare
inheritable disorder known as mercaptolactate cysteine disulfiduria (MCDU), which is
associated with a mental disorder. This mental disorder is similar to the symptoms of sulfite
oxidase deficiency which is characterised by neurological disorders. Therefore, the role of
TUMI as a sulfurtransferase in humans was investigated, in CRISPR/Cas9 generated TUM1
knockout HEK 293T cell lines.

For the first time, TUM1 was implicated in Moco biosynthesis in humans by quantifying the
intermediate product cPMP and Moco using HPLC. Comparing the TUM1 knockout cell lines
to the wild-type, accumulation and reduction of cPMP and Moco were observed respectively.
The effect of TUM1 knockout on the activity of a Moco-dependent enzyme, Sulfite oxidase,
was also investigated. Sulfite oxidase is essential for the detoxification of sulfite to sulfate.
Sulfite oxidase activity and protein abundance were reduced due to less availability of Moco.
This shows that TUMI1 is essential for efficient sulfur transfer for Moco biosynthesis.
Reduction in cystathionin y-lyase in TUM1 knockout cells was quantified, a possible coping
mechanism of the cell against sulfite production through cysteine catabolism.

Secondly, the involvement of TUMI in tRNA thio-modification at the wobble Uridine-34 was
reported by quantifying the amount of mem®s?U and mem®U via HPLC. The reduction and
accumulation of mem’s?U and mem®U in TUMI knockout cells were observed in the
nucleoside analysis. Herein, exogenous treatment with NaHS, a hydrogen sulfide donor,
rescued the Moco biosynthesis, cytosolic tRNA thiolation, and cell proliferation deficits in
TUM!1 knockout cells.

Further, TUM1 was shown to impact mitochondria bioenergetics through the measurement of

the oxygen consumption rate and extracellular acidification rate (ECAR) via the seahorse cell
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Mito stress analyzer. Reduction in total ATP production was also measured. This reveals how
important TUMI is for H>S biosynthesis in the mitochondria of HEK 293T.

Finally, the inhibition of NFS1 in HEK 293T and purified NFS1 protein by 2-methylene 3-
quinuclidinone was demonstrated via spectrophotometric and radioactivity quantification.
Inhibition of NFS1 by MQ further affected the iron-sulfur cluster-dependent enzyme aconitase

activity.



ZUSAMMENFASSUNG

Zusammenfassung

Schwefel ist fiir die Funktionalitét einiger wichtiger Biomolekiile beim Menschen wie die
Eisen-Schwefel-Cluster, tRNA, Molybdén-Cofaktoren und einige Vitamine unerlédsslich. Am
Schwefelverkehr ist eine weit verbreitete Gruppe von Proteinen beteiligt, die als Rhodanese
(Sulfurtransferase) bezeichnet wird. Zu dieser Klasse von Enzymen gehoéren die humanen
(Proteine) TUM1, MOCS3 und NFS1.

Es hat sich gezeigt, dass TUMI1 mit der L-Cystein-Desulfurase (NFS1) und dem
rhodanesedhnlichen Protein MOCS3 interagiert. Diese Wechselwirkungen deuten auf eine
Doppelfunktion von TUMI beim Schwefeltransfer fiir die Moco-Biosynthese und die
zytosolische tRNA-Thiolierung hin. Ein TUM1-Mangel wird fiir eine seltene vererbbare
Storung verantwortlich gemacht, die als Mercaptolactat-Cystein-Disulfidurie (MCDU)
bekannt ist und mit geistigen Stérungen einhergeht. Diese psychische Storung konnte auf die
Symptome des Sulfit-Oxidase-Mangels zuriickzufiihren sein, der auch durch neurologische
Storungen gekennzeichnet ist. In dieser Studie wurde zum ersten Mal die Rolle von TUM1 bei
der Biosynthese von Molybdén-Cofaktoren und der zytosolischen tRNA-Thiolierung beim
Menschen untersucht. Dies wurde durch die Verwendung von einer zuvor generierten TUM1-
Deletion in HEK 293T-Zelllinien unter Verwendung von CRISPR/Cas9 erreicht.

Hier wurde zum ersten Mal die Funktion von TUMI1 in der Moco-Biosynthese im Menschen
untersucht, wobei das Zwischenprodukt cPMP und Moco mittels HPLC quantifiziert wurde.
Beim Vergleich der TUM1-deletierten-Zelllinien mit dem Wildtyp wurde eine Akkumulation
bzw. Reduktion von cPMP und Moco beobachtet. Die Auswirkungen der TUM1-Deletion auf
die Aktivitit eines Moco-abhingigen Enzyms, der Sulfit-Oxidase, wurden ebenfalls
untersucht. Sulfit ist wichtig fiir die Entgiftung von Sulfit zu Sulfat. Die Aktivitdt der Sulfit-
Oxidase und die Proteinquantitit waren aufgrund der geringeren Verfiigbarkeit von Moco
reduziert. Dies zeigt, dass TUMI1 fiir einen effizienten Schwefeltransfer fiir die Moco-
Biosynthese wichtig ist. Wir berichteten auch iiber die Verringerung der Cystathionin -Lyase
in TUM1-deletierten-Zellen, ein moglicher Bewiltigungsmechanismus der Zelle gegen die
Sulfitproduktion.

Zweitens wurde die Beteiligung von TUMI1 an der tRNA-ThioModifikation am Wobble
Uridin-34 durch Quantifizierung der Menge an mcm’s?’U und mem’U mittels HPLC
untersucht. Es wurde eine Reduktion bzw. Akkumulation von mem®s?U und mem>U in TUM1-

Knockout-Zellen beobachtet. Die exogene Behandlung mit NaHS, einem Schwefelwasserstoft-
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Donor, rettete die Moco-Biosynthese, die zytosolische tRNA-Thiolation und das Defizit der
Zellproliferation in TUM1-deletion-Zellen.

Dariiber hinaus wurde gezeigt, dass TUM1 die Bioenergetik der Mitochondrien beeinflusst,
indem die Sauerstoftfverbrauchsrate und die extrazelluldre Versauerungsrate (ECAR) tliber den
Seahorse XF Analyzer gemessen wurden. Eine Verringerung der gesamten ATP-Produktion
war ebenfalls erkennbar. Dies zeigt, wie wichtig TUMI fiir die H>S-Biosynthese in den
Mitochondrien von HEK 293T ist.

SchlieBlich wurde die Hemmung von NFS1 in HEK 293T und gereinigtem NFS1-Protein durch
2-Methylen-3-chinuclidinon mittels spektrophotometrischer und radioaktiver Quantifizierung
nachgewiesen. Die Hemmung von NFS1 durch 2-Methylen-3-chinuclidinon verringerte die

Aktivitdt des von Eisen-Schwefel-Clustern abhingigen Enzyms Aconitase in HEK 293T.
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INTRODUCTION

1 Introduction

1.1 Sulfur in human biomolecules

Sulfur is an element that is essential for life. It is unique in its chemical diversity, primarily due
to the easy cleavage of its chemical bonds. Sulfur can serve as a nucleophile or an electrophile,
enhancing the functionality of various biomolecules (Beinert, 2000). Sulfur is present in
essential amino acids (cysteine and methionine) (Brosnan et al., 2006), which can be used for
the synthesis of other crucial molecules like hydrogen sulfide (H>S) (Kabil et al., 2014). Sulfur
is present in vitamins such as biotin and thiamine. Sulfur is also present in essential cofactors
such as the iron-sulfur clusters (Fe-S) and the Molybdenum cofactor (Moco) (Leimkiihler,
2017). The sulfuration of tRNAs also plays a critical role in ensuring the stabilisation of tRNA
during translation (Liu et al., 2016).
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Figure 1: Sulfur-dependent biomolecules relying on persulfide transfer from
sulfurtransferases. Both L-cysteine desulfurases and rhodanese can bind sulfur as protein-
persulfide (R-S-SH). L-cysteine desulfurases mobilised sulfur is transferred to sulfur
transferases such as rhodanese or directly into biomolecules such as amino acids like cysteine
and methionine, cofactors like iron-sulfur clusters, Molybdenum cofactor. This sulfur can also
be incorporated into vitamins like biotin, thiamine and lipoic acid and tRNAs.
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1.1.1 Sulfur metabolism in eukaryotes

Sulfur is present in methionine and cysteine. Methionine is an essential amino acid that cannot
be synthesised by the body (Townsend et al., 2004). Cysteine can be synthesised through the
transsulfuration pathway of methionine. In the first step of the transsulfuration pathway, S-
adenosylmethionine (SAM) is synthesised from methionine in an ATP-dependent manner by
methionine S-adenosyltransferase (MAT) (Stipanuk, 2020). The majority of the SAM
synthesised goes through transmethylation reactions leading to the transfer of its methyl group
to other small molecules, DNA, and RNA with S-adenosylhomocysteine (SAH) as a by-product
(Mudd et al., 1975; Jeltsch et al., 2018; Du et al., 2015; Roundtree et al., 2017). SAH is further
hydrolysed to form homocysteine and adenosine through the enzymatic reaction of
adenosylhomocysteinase (AHCY) (Stipanuk, 2020). This step is essential for removing SAH,
an inhibitor of methyltransferases that competes with SAM. However, the accumulation of
homocysteine leads to the production of SAH due to the reversibility of the step (Grubbs et al.,
2010; Buist et al., 2006; Strauss et al., 2015; Bari¢ et al., 2005; Stender et al., 2015).
Homocysteine produced wundergoes either transsulfuration or remethylation. The
transsulfuration pathway is responsible for cysteine's catabolism, while homocysteine's
remethylation synthesises methionine (Stipanuk, 2020). The remethylation reaction is
catalysed by either methionine synthase (MTR) or betaine-homocysteine S-methyltransferase
(BHMT), using methyl donated from folate coenzyme or betaine respectively (Stipanuk,
2004)(Figure 2). In the transsulfuration pathway, Cystathionine 8 synthase (CBS) catalyses the
formation of cystathionine from homocysteine and serine. Cystathionine y lyase (CTH) cleaves
cystathionine to form cysteine and o ketobutyrate (Figure 2). CBS and CTH are pyridoxal-5'-
phosphate (PLP) enzymes, making the transsulfuration pathway vitamin B6 dependent
(Stipanuk, 2020).
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Figure 2: Biosynthesis of cysteine from the transmethylation and transsulfuration
pathway. Homocysteine derived from the catalytic activity of methionine adenosyl transferase
(MAT) and S-adenosylhomocysteine hydrolase (SAH) ( ) condenses
with serine to form cystathionine in a reaction catalysed by cystathionine B synthase (CBS).
Cystathionine is finally converted to L-cysteine by cystathionine y lyase (

). (2) Remethylation of homocysteine to methionine by the catalytic action of
betaine-homocysteine S-methyltransferase (BHMT) or methionine synthase (Stipanuk, 2020).

In the presence of a high concentration of sulfur-containing amino acids, the oxidative pathway
is the main pathway for cysteine degradation. The process is catalysed by cysteine dioxygenase
(CDO1) to produce cysteine sulfinic acid (CSA). CSA is either metabolised to form 3-
sufinylpyruvate or hypotaurine. For the formation of hypotaurine, cysteine sulfinic acid
decarboxylase (CSAD) decarboxylates CSA. Hypotaurine undergoes further oxidation to
taurine (Stipanuk, 2020). Pyruvate is produced through transamination of CSA with a-

ketoglutarate in a reaction catalysed by glutamate oxaloacetate (GOT) to produce 3-
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sufinylpyruvate, which decomposes to pyruvate and sulfite. Sulfite is further detoxified to

sulfate by sulfite oxidase (SO).
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0,
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Cytc(Il) <~ .~ 2H*
SO42_

Figure 3: Metabolism of cysteine by CDQ. Oxidation of cysteine by CDO produces cysteine
sulfinate, which is either decarboxylated to form taurine as an end-product or transamination
by glutamate oxaloacetate transaminase to form pyruvate and sulfate. L-cysteine desulfurase
uses cysteine as a substrate to provide sulfur for biomolecules like Fe-S clusters, Moco
biosynthesis and tRNA sulfuration.

The cysteine produced from the transsulfuration pathway can be further utilised to form
persulfides, which are additionally incorporated into biomolecules for their functionality. A
particular class of enzymes called the Rhodaneses (sulfurtransferases) catalyses this process of

persulfide formation and transfer.

1.1.2 Rhodanese-like proteins

Rhodaneses were discovered first in the mitochondria of bovine (Bos taurus) as a thiosulfate
sulfurtransferase (TST)(Westley et al., 1983). Characterisation studies showed that they

contain an inactive N-terminal domain and an active C-terminal domain. The C-terminal has a
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conserved six-amino acid active site loop unique for all rhodanese-like proteins. They can be
classified into four categories based on the number and type of rhodanese-like domains they
possess. The first group comprises a single domain consisting an active or an inactive
rhodanese-like domains. An example of this group with a functional part is the E.coli GlpE
with only one rhodanese domain which is enough for the formation of thiocyanate in the
presence of cyanide (Ray et al., 2000). The eukaryotic MAPK-phosphatases and ubiquitin
hydrolases are examples of inactive single rhodanese domains which have their active cysteine
missing (Fauman et al., 1998; Hofmann et al., 1998). The second group of rhodanese-like
proteins comprises the tandem-domain proteins with one catalytic active and one inactive
rhodanese-like domain. This double domain includes TST (Thiosulfate sulfurtransferase) and
the 3-mercaptopyruvate sulfurtransferase (MPST). MPST and TST subfamily are similar
structurally and functionally, but on the other hand, MPST uses a specific substrate 3-
mercaptopyruvate (3-MP) (Nagahara et al., 1995). The amino acid sequence in the active site
of both enzymes differs CRXGX[R/T] for TSTs and CG[S/T]GVT for MPST, respectively
(Spallarossa et al., 2001).

A
Thiosulfate S,05%
Rhodanese -S Thiocyanide
SCN-
Sulfite Rhodanese -S -S .
0.2 Cyanide
3 CN-
B
TST: CRXGX(T/R) MPST: CG(S/T)GV(T/S)
EcYnjE GTGWR EcSsea GSGVT
AvRhdA ~QTHHR hTUMI1 ~GSGVT
hTST “RKGVT ScTuml1 ~GTGVS
DmMOCS3-RLD “RRGND LmajMST ~GSGVT
hMOCS3-RLD “KLGND BtMPST _GSGVT

Figure 4: Schematic representation of the sulfur transfer catalysed by rhodanese and
motive of the catalytic loop of TSTs and MSTs. (A) schematic representation of the catalytic
reaction of rhodanese. In the first step, sulfane sulfur is transferred from thiosulfate to the thiol
group at the active cysteine residue of the catalytic loop, generating a persulfide and
subsequently followed by the transfer of the persulfide sulfur to cyanide, leading to the
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formation of a less toxic thiocyanate (B) Amino acid sequence motif of the catalytic centre of
TSTs (EcYnjE from E. coli, AVRhdA from Acetobacter vinelandii, hTST from H.sapiens,
DmMOCS3-RLD from Drosophilia melanogaster, A(MOCS3-RLD from H. sapiens) and MSTs
(EcSseA from E. coli, \TUMI from H. sapiens, ScTuml from S. cerevisiae, LmajMST from
Leichmania major, BtMPST from Bos taurus). X represents any alternative amino acid
separated by a slash, and the catalytic cysteines are described in yellow. (Bordo et al., 2002)

The third group of rhodanese-like proteins consists of a catalytic rhodanese-like domain and
another domain with another known function. Examples of multi-domain proteins are MOCS3,
Thil- and ThiF/MoeB-related proteins (Matthies et al., 2004; Palenchar et al., 2000). The fourth
group of rhodanese-like proteins comprises the elongated active site loop proteins. These
proteins are only present in eukaryotes and can recognise phosphate as a substrate. An example
of this group of rthodanese is the Cdc25A phosphatase which has an active—site loop that is a
long stretch of the rhodanese active-site loop (Bordo et al., 2002; Hofmann ef al., 1998).

1.1.3 The L-cysteine desulfurase NFS1

L-cysteine desulfurase catalyses the formation of L-alanine and protein-bound persulfide from
the breakdown of the L-cysteine protein-bound PLP (Zheng ef al., 1994). L-cysteine is bound
to the PLP cofactor by forming a Schiff base (Kessler, 2006). In the process that leads to the
formation of this persulfide, the PLP cofactor of the L-cysteine desulfurase binds the o.-amino
group of the substrate L-cysteine to form an external aldimine, which is subsequently converted
to a Ketimine intermediate. The hydrolysis of the Ketimine intermediate leads to the formation
of L-alanine and the release of the PLP cofactor. A catalytic cycle is established following the
nucleophilic attack on the persulfide sulfur atom through the cysteine residue (Zheng et al.,

1994).
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Figure 5: Mechanism of persulfide formation from L-cysteine by catalytic reaction of L-
cysteine desulfurase. The a-amino group of L-cysteine attaches to PLP and creates an exterior
aldimine. The nucleophilic attack from the L-cysteine sulfur to the active-site cysteine residue
of the L-cysteine desulfurase causes cleavage of the C-S bond of the L-cysteine bound PLP (-
CysXXX-S-), leading to the formation of an enzyme-bound persulfide (-CysXXX-SS-) and
alanine enamine bound to PLP. Alanine is subsequently released to bind to another L-cysteine
molecule.

The persulfide is utilised in a wide range of sulfur-dependent pathways like Fe-S clusters
biosynthesis, Moco biosynthesis, cytosolic and mitochondrial tRNA thiolation (Hidese et al.,
2011; Noma et al., 2009; Lill et al., 2008; Leimkiihler, 2017). In humans, two proteins have
been identified to possess the L-cysteine desulfurase activity, namely the NFSI and
molybdenum cofactor sulfurase (MOCOS). MOCOS contain an N-terminal L-cysteine
desulfurase domain for the sulfuration of Moco, which is essential for the two sulfurated Moco-
containing enzyme aldehyde oxidase and xanthine oxidoreductase (Ichida et al., 2001; Bittner
et al., 2001; Amrani et al., 2000). The L-cysteine desulfurase NFS1 in humans is majorly
located in the mitochondria compartment. However, a small amount is also present in the
cytosol and nucleus and has also been reported recently to be at the centrosome (Land ef al.,
1998; Nakai et al., 1998; Neukranz et al., 2019). The difference between the mitochondria-
localized NFS1 and the cytosolic localised NFS1 is the mitochondria targeting sequence

(MTS), which is absent in the cytosolic NFS1 (Tong et al., 2006; Land et al., 1998). The
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primary role of NFS1 in humans is the donation of sulfur for the Fe-S cluster assembly from

the L-cysteine (Zheng et al., 1994).

1.1.4 Fe-S biosynthesis and pathophysiological relevance

Iron—sulfur clusters are present in all forms of life, serving as a cofactor in numerous enzymes
involved in important metabolic pathways in prokaryotes and eukaryotes (Fontecave, 2006).
These proteins are involved in diverse functions ranging but not limited to electron transfer,
respiration, photosynthesis, metabolism of nitrogen, sulfur, carbon, and hydrogen, biosynthesis
of antibiotics, gene regulation, protein translation replication, DNA repair, protection from
oxidising agents, and neurotransmission (Lill, 2006; Beinert et al., 1997; Fuss et al., 2015;
Wiedemann et al., 2006; Mettert et al., 2015; Roche et al., 2013). More than 200 identified Fe-
S cluster proteins exist in humans (Shi et al., 2021). The biosynthesis of Fe-S is governed by
the Fe-S assembly machinery (ISC) and divided into two steps. Firstly, the cluster is formed on
the scaffold, followed by the incorporation of the Fe-S cluster into the apo Fe-S cluster
containing protein with the help of chaperones. For denovo synthesis of the Fe-S cluster, the
scaffold protein ISCU forms a quaternary complex with NFS1.ISD11.FDX. For direct transfer
of sulfur ISD11 which belongs to the LYRM (Lysine, tyrosine arginine motif) family, stabilises
NFSI1 to form the active L-cysteine desulfurase complex (Adam et al., 2006; Wiedemann et
al., 2006). The electrons necessary for converting sulfur to sulfide are provided by ferredoxin
2 (Lange et al., 2000; Shi et al., 2012; Miihlenhoff et al., 2003). Following the formation of
the [2Fe-2S] cluster on ISCU, it must be transported to the respective apoproteins. However,
little is known about the proteins necessary for the transport of Fe-S. Recently, a co-chaperone
HSC20 mainly localised in the mitochondria was implicated as a chaperone for delivering Fe-
S to apoproteins based on evidence from bacteria and yeast (Uhrigshardt et al., 2010; Vickery
etal.,2007; Craig et al., 2002). A dimerised Glutaredoxin 5 (GLRXS) transports and recognises
target proteins by connecting them to the [2Fe-2S] cluster. In S. cerevisiae, a binding site of the
Grx5 homologue of human GLRXS on the Ssql homologue of human HSP70 was found near
Isul, the human homologue of ISCU. This allows for the quick transfer of [2Fe-2S] clusters to
GLRXS.

Mutations in the gene of Fe-S cluster biosynthesis proteins have been linked to several diseases,
such as Friedreich's ataxia (Frataxin), Sideroblastic anaemia (GLRXS5), Myopathy (ISCU), X-
linked sideroblastic Anaemia (ABCB7) (Campuzano et al., 1996; Camaschella et al., 2007,
Mochel et al., 2008; Olsson et al., 2008; Bergmann et al., 2010). NFS1 provides sulfur for the



INTRODUCTION

ISC, which is responsible for Fe-S cluster biogenesis (Stehling et al., 2014; Netz et al., 2014).
Due to the vital functions of Fe-S clusters, Researchers have recently focused on developing
drugs that affect the biogenesis of Fe-S clusters through the inhibition of NFS1 (Fujihara et al.,
2022). The level of oxygen has been shown to affect the activity of oxygen-consuming enzymes
(Alvarez et al., 2017). Recently Alvarez, Sviderskiy and colleagues discovered through RNAi-
based loss of function screens that NFS1 is required in the lungs at 21 % oxygen (Alvarez et
al.,2017). Due to the oxygen sensitivity of essential cofactors like Fe-S clusters (Imlay, 2006),
tumours in oxygen-perfused environments require the high activity of NFS1 to meet up with
Fe-S cluster biogenesis (Alvarez et al., 2017). Research has shown that NFS1 inhibition does
not affect the growth of tumours in a low-oxygen environment but suppresses tumour growth
in the Lungs (Alvarez et al, 2017). Eprenetapopt, a prodrug with active compound 2-
methylene 3-quinuclidinone (MQ), was recently shown to limit NFS1 activity (Fujihara et al.,
2022). MQ is a Michael acceptor that binds to thiols like GSH and cysteine (Lambert et al.,
2009). The mode of action of Eprenetapopt has been previously linked to the reactivation of
mutant p53 in tumour cells. p53 is a transcription factor activated in the stress response (Lane,
2004; Vousden et al., 2002). p53 induces cell cycle arrest, senescence, cell death and apoptosis
(Mijit et al., 2020). Cancer cells are known to express mutation in p53 in other to invade the
cell death (Hollstein et al., 1991; Olivier et al., 2002). p53 contains ten cysteine residues in its
DNA binding core domain which are essential for its activation (Méplan et al., 2000). MQ was
shown to bind Cys122 and Cys277 (Wassman et al., 2013; Zhang et al., 2018). However, the
exact mechanism of the reactivation of the mutated p53 is not well understood. Kenji and
colleagues have shown the upregulation of Ferredoxin (FDX1) through the proteomics
database. It was hypothesised to be caused by the binding of MQ to free cysteine, thereby
limiting the NFS1 activity (Fujihara et al., 2022). MQ was shown to inhibit the activity of
NFS1 in millimolar concentration and the activity of aconitase, an iron-sulfur cluster-
dependent enzyme (Fujihara ef al., 2022; Tong et al., 2006). Cancer requires a high iron level
to survive (Guo et al., 2021). Studies have shown that NFS1 and ISC stability regulates cellular
sensitivity to the ferroptosis (Alvarez et al., 2017; Du et al., 2020). The loss of iron-sulfur
cluster biosynthesis increases the intracellular iron load, thereby promoting cell death by

ferroptosis (Terzi et al., 2021).
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1.1.5 The molybdenum cofactor biosynthesis protein MOCS3

MOCS3 is an important sulfurtransferase for Molybdenum cofactor biosynthesis and thiolation
modification of mecm’s?U at the wobble uridine 34 of Lys, Gln, Glu (Chowdhury et al., 2012;
Schmitz et al., 2008a). MOCS3 consists of two domains, an N-terminal domain with a
conserved cysteine at position 239 which is vital for its adenylyltransferase role (Chowdhury
et al., 2012; Matthies et al., 2004). The C-terminus of MOCS3 sheltering the rhodanese-like
domain contains a highly conserved cysteine residue at position 412 which is indispensable for

the sulfur transfer (Matthies et al., 2004).
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Figure 6: The sulfur transfer mechanism of MOCS3 and its catalytic centre. (A) Depiction
of the adenylation and rhodanese-like domains of the MOCS3 protein. The MOCS3 active site
loop, which has six amino acids, is typical of rhodanese-like proteins, containing highly
conserved cysteine at position 412. (B) MOCS3 adenylates MOCS2A and URMI. The acyl-
disulfide link between the two proteins and MOCS3 is broken due to a nucleophilic attack on
the persulfide group on C412 of MOCS3 and a subsequent attack on C239 of MOCS3. As a
result, a disulfide bond is created between C239 and C412. tRNA thiolation and Moco
biosynthesis receive the sulfur from the thiocarboxylated MOCS2A and URMI, respectively
(Chowdhury et al., 2012). A thioredoxin mechanism in MOCS3 reduces the disulfide bond
between the two cysteines, and either directly or indirectly, a new persulfide can be transmitted
from NFS1 to MOCS3 (Friasdorf et al., 2014; Marelja et al., 2008).

This catalytic cysteine is highly homologous to the active-site loop of the TST (Chowdhury et
al., 2012; Matthies et al., 2004). MOCS3 activates its protein interaction partners URMI1 and
MOCS2A by adenylating their C terminus. Due to the nucleophilic attack on the Cys412 of
MOCS3, an acyl-disulfide bond is formed between MOCS3 and URM1/MOCS2A. The bond
formed is cleaved by another nucleophilic attack by the Cys239 of MOCS3, leading to the
formation of a thiocarboxylate group on URM1/MOCS2A. This results in the formation of a
new disulfide bond between Cys239 and Cys412. To further accept sulfur from NFSI or
TUMI, the disulfide bond is reduced by a thioredoxin system (Marelja et al., 2008; Marelja et
al., 2013; Krepinsky et al., 2007). Recently, the human TUM1 was reported to interact with
NFS1 and MOCS3, suggesting a role in tRNA thiolation and Molybdenum cofactor (Moco)
biosynthesis (Frasdorf et al., 2014). Moco biosynthesis and tRNA thiolation are suggested to
share the same sulfur delivery pathway composed of NFS1, TUM1 and MOCS3 (Frésdorf et
al., 2014).

1.1.6 The human Mercaptopyruvate sulfurtransferase TUM1

Human TUMI, also designated as 3-mercaptopyruvate sulfur transferase (MPST), has been
suggested to be involved in many physiological processes in the cell. TUMI1 catalyses the
transfer of sulfur from 3- mercaptopyruvate to other protein acceptors (Huang et al., 2016).
The human TUMI1 has two isoforms, TUM1 Isol, which localises solely in the cytosol and
TUMI Iso2, which localises both in the mitochondria and cytosol (Frasdorf et al., 2014). It
belongs to a protein superfamily of enzymes that contains the RLD (rhodanese-like domain)
(Bordo et al., 2002). Representatives of this enzyme family are made up of one to four RLDs,
with the catalytically active site loop typically only present in the C-terminal domain. The N-

terminal part plays a regulatory role and participates in signalling pathways (Bordo et al.,
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2002). Several domains of other enzyme families, like adenylation domains, RNA-binding
motifs, phosphatase families, and ubiquitinating enzymes, have been discovered to be
connected with catalytically active or inactive single RLDs (Keyse et al., 1993; Bordo et al.,
2002). In the interaction of the catalytic active site loop with pyruvate, the two conserved
arginine residues R188 and R197 orientate the substrate by forming a hydrogen bond with the
carboxylate in Argl88 and Argl97 and the carbonyl group of 3- mercaptopyruvate (3-MP).
The former is essential for desulfuration and persulfidation, while the latter is less critical for
the MPST activity (Lec ef al., 2018; Mikami et al., 2011; Kimura et al., 2015; Kimura et al.,
2017; Nagahara ef al., 1996). Ser250 and Thr253 orchestrate the substrate binding by forming
a water-mediated link with the 3-MP carboxylate.
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Gly251

Figure 7: Schematic representation of the rhodanese domains of TUMI. (A) Upper
displaying the 20 amino acids capping the mitochondria targeting sequence (TUMI1-Isol)
Below: (TUM-Is02). ATG: start codon, MTS: mitochondrial targeting sequence, RLD:
rhodanese-like domain, C: active site cysteine residue, AA: amino acid. (B) hydrogen bonding
network based on the crystal structure of human MPST showing the active site Cys248 and
pyruvate in the active site pocket (PDB ID: 4jgt) Adapted from (Pedre et al., 2021)

TUMI catalyses the desulfuration of 3-MP, generating an enzyme-bound persulfide TUM1(-
S-S-) and pyruvate (Pedre et al., 2021). Pyruvate is liberated from the active site allowing the
acceptor protein to bind to the active site. Further, TUM1 bound persulfide of the active site
loop undergoes nucleophilic attack by the acceptor protein on the outermost sulfur atom. The
electrophilicity of the innermost sulfur atom is strengthened, protecting it from the nucleophilic
attack (Huang et al., 2016). The outermost sulfur atom is then transferred to the acceptor

protein leading to the regeneration of the active site thiol (Figure 8).
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Figure 8: Persulfide transfer to the recipient by TUM1 and its regeneration cycle. MPST
orchestrate the transfer of the outermost sulfur atom to the recipient protein. After the binding
of 3MP to the active site, it is desulfurized to form an active site cysteine and pyruvate.
Pyruvate is subsequently removed from the active site allowing the binding of an acceptor
protein. The persulfide recipient protein is then released from the active site (Pedre et al., 2021).

The physiological substrate of MPST is the 3-mercaptopyruvate for persulfide formation. 3-
MP can be generated in the cytosol, mitochondria and peroxisome. The formation of 3-MP in
the cytosol and mitochondria is through the transamination of L-cysteine by the cytosolic
glutamate oxaloacetate transaminase (GOT1) and mitochondria GOT2. 3-MP can also be
synthesized in the peroxisome by the oxidative deamination of D-cysteine by D-amino acid

oxidase (DAO) (Figure 9).
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Figure 9: Compartmentalization of 3-MP production. In the cytosol, 3-MP is formed by the
transamination of L-cysteine by the enzymatic action of glutamate oxaloacetate transaminase
1 (GOT1). Similarly, in the mitochondria, 3-MP is created by the transamination of L-cysteine
by glutamate-oxaloacetate transaminase 2. Additionally, 3-MP can be synthesised in the
peroxisomes from the oxidative deamination of D-cysteine by D-amino acid oxidase.

Generally, TUMI1 transfers its outermost sulfur to L-Cysteine, glutathione (GSH), MOCS3 and
cyanide. The sulfur transfer to L-Cys and GSH generates persulfides like L-CysSSH and
GSSH, respectively. Persulfidated MOCS3 transfers its sulfur to the C-terminal of URM or
MOCS2A, forming a thiocarboxylate at their C-terminal. TUMI can also produce H>S and a
disulfide in a process being facilitated by dihydrolipoic acid (DHLA) or thioredoxin (Yadav et
al., 2013)(Mikami et al., 2011) (Figure 10).

15



INTRODUCTION

MPST
;
I
5
}
L-Cys-SH | i ; L-Cys-SSH
GSH i GSSH H,S
SH SSH S
e i puLa - ) w7 \
DHLA [ ~_ ——
\SH or Trx SH or Trx \S
or
Trx
MPST
s
I
SH | s SSH |

 mMocs3
- Moco biosynthesis

0 >< MOCS2A-COS!
MOCS2A f

or
P
or ‘

l

Figure 10: Sulfur transfer from MPST to thiol molecules and proteins. MPST transfers
protein to thiol-containing molecules like L-cysteine, glutathione and dihydrolipoic acid
(DHLA). Thiol-containing protein MOCS3 transfers its sulfur to URM1 or MOCS2A from a
thiocaboxylate (COSH) which are essential for cytosolic tRNA thiolation and Moco
biosynthesis in human. Additionally, thioredoxin and DHLA produce H»S by the rapid attack
of the persulfide bond by nearby thiol.

S

I cytosolic tRNA thiolation

1.1.7 Interaction partners of TUM1

TUMI has two distinct isoforms which have different localisation. TUM1-Iso1 localises solely
in the cytosol, while TUM1-Iso2 localises in the cytosol and mitochondria. The difference in
their sequence is the 20 amino acids capping the mitochondria targeting sequence in TUM1-
Isol. Interaction studies have shown that TUMI interacts with NFS1, MOCS3, and MTU1
(Frasdorf et al., 2014). However, the interaction partners of the two isoforms were different. In
the cytosol, the TUMI-Isol interacted with NFS1 and MOCS3, while the TUMI Iso2
interacted with only MOCS3, not NFS1(Fréasdorf et al., 2014). In the mitochondria, TUMI
Is02 interacted with NFS1 and MTU1. NFS1 and MOCS3 share a dual role in the sulfur transfer
for the cytosolic tRNA thiolation and Moco biosynthesis (Leimkiihler et al., 2017). This
interaction implicates TUMI in the sulfur transfer for these critical pathways in humans. The
interaction of TUM1 Iso2 with NFS1 and MTUI also suggests a role as sulfurtransferase for

taurine modification in the mitochondria.
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Figure 11: Interaction partners of TUM1 isoforms. TUM1 has two isoforms: TUM1 Isol
localising in the cytosol, interacting with NFS1 and MOCS3. TUMI1 Iso2 localizes both in the
cytosol and mitochondria. It interacts with NFS1 and MTUI in the mitochondria, both only
with MOCS3 in the cytosol.

1.1.8 The physiological relevance of TUM1

Human TUMI1 is mainly expressed in the kidney, liver, heart and neurological cells (Taniguchi
et al., 1974). Tissue-specific changes in MPST expression correlate with ageing and the
development of metabolic disease. Recently, high expression of MPST has been reported in
cancer tissues due to its H2S biosynthesis capability and subsequent influence on the cellular
bioenergetics (Bronowicka-Adamska et al., 2017; Ramasamy et al., 2006; Zuhra et al., 2019).
Deletion and overexpression experiments suggested that MPST contributes to oxidative stress
resistance, mitochondrial respiratory function and the regulation of fatty acid metabolism.
Patients have been reported to accumulate 3-Mercaptolactate (3ML) in the urine. 3-
mercaptopyruvate is converted to 3-ML due to the deficiency of TUM1, which converts the
former to pyruvate (Crawhall et al.,, 1968)(Hannestad et al, 1981). Patients with
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Mercaptolactate- cysteine disulfiduria (MCDU) have been shown to have mental retardation,
while in some cases, mental retardation was not recorded. It has since been classified as a
hereditary abnormality due to the detection of a high level of MCDU in the urine and deficiency
in TUMI in father and daughter (Niederwieser et al., 1973)(Akahoshi et al., 2017). While
patients with TUM1 mutations display Mercaptolactate-cysteine disulfiduria (MCDU), an
autosomal recessive disorder with elevated mercaptolactate urine levels (Hannestad et al.,
1981). MPST knockout mice showed increased anxiety-like behaviour. In addition, an
investigation of MPST knockout mouse brains revealed a lack of cysteine-SSH and GSSH

production with 50% decreased levels of total persulfate species (Kimura et al., 2012).

1.2 Sulfur transfer for tRNA modifications in eukaryotes

Across the kingdom of life, accurate and efficient gene translation into proteins is vital. tRNA
molecules function as translation machinery and the transport of amino acids to the ribosomes.
This ensures the translation of the genetic information of mRNA into amino acids that form a
protein (Hoagland et al., 1958). Protein synthesis takes place both in the cytoplasm and
mitochondria. In the cytoplasm, proteins are synthesized from cytosolic tRNA molecules
encoded by different tRNA genes (Chan et al., 2016). Protein synthesis is essential in the
mitochondria for the oxidative phosphorylation complex proteins transcribed from about 22
tRNAs (Chujo et al., 2021). For proper functionality of tRNA molecules, they require cleavage
and chemical modifications (Shigi, 2021). These modifications on tRNAs are essential for
appropriate codon recognition and stability regulation (Shigi, 2014). The wobble uridine at
position 34 (Us4) is shared across living organisms. In eukaryotes, sulfur modifications at
different positions around their anticodons are essential for an accurate codon recognition
(Yokoyama et al., 1985). Generally, uridines are flexible and weakly bind with nucleosides in
close proximity (Schaffrath et al., 2017). This is due to the relative flexibility of the C2'-
endoform adopted by the 5'modification (xm5) (Sierzputowska-Gracz et al., 1987; Agris et al.,
1992). The thio-modification of tRNA favours the C3'-endoform, which is more rigid than the
C2’-endoform (Figure 12). The C3'-endoform is hydrophobic, restricted and well-suited for
anticodon base piling, stabilising the anticodon stem loop (ASL) for interaction with A in the
codon (Sierzputowska-Gracz et al., 1987; Agris et al., 1992). s’°U modification makes the ASL
structure rigid, while the xm> modifications relax the conformation for interacting with G-

ending codons. The N6-threonylcarbamoyladenosine (t°A37) coordinates with U34
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modification to position the ASL for proper binding to the mRNA codons (Schaffrath et al.,
2017).
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Figure 12: Thiomodification-dependent ribose conformational change. The combined
effect of the 2-thiocarbonyl group and the 5-substituent, there is a conformational change from
the less stable C2’-endo to the more stable C3'- endo form of the ribose ring. The mem°U,
however, favours the C2’-endo. (Yokoyama et al., 1985)

There are different types of sulfur modifications across the kingdom of life. For example, the
sulfur modification of tRNA at the wobble Uridine-34 (34) of lysine, glutamine or glutamic
acid is specifically reported to enhance codon and anticodon pairing and prevent frameshifting
during the translation process (El Yacoubi et al, 2012)(Umeda et al., 2005). The s’U
modification is present in a wide range of organisms, from eukaryotes and bacteria. Most of
the knowledge of the biosynthesis pathway of s?U is from S.cerevisiae and E.coli (Zheng et al.,
2021). In E.coli, there are four different forms of tRNA thiolation: 4-thiouridine at position 8
(s*U8), 2-thiocytidine at position 32 (s*C32), 5-methylaminomethyl-2-thiouridine at position
34 (mnm3s?’U34) and 2-methylthio-N6-Isopentyladenosine at position 37 (Shigi, 2014). In
human, there are two important sulfur modifications; the Smethoxycarbonylmethyl-2-
thiouridine (mcm?>s*U34) in the cytosol and 5-taurinomethyl-2-thiouridine (tm’s*U34) in the

mitochondria.
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Figure 13: Structure and distribution of the different thio-nucleosides in eukaryotes. (A)
E.coli: 4-thiouridine at position 8 (s*U8), 2-thiocytidine at position 32 (s*C32), 2-thiouridine
at position 34 (mnm’s’U34), and 2-methylthio-N6-isopentenyladenosine at position 37
(ms?i®A37).

The modification at the wobble uridine requires two independent pathways—the URMI-
dependent pathway to form the thiouridine. The second is the elongator complex-dependent
pathway for synthesizing the xm>U34 side chain (Schaffrath et al., 2017). The insertion of
sulfur into tRNA consists of highly conserved proteins. In humans, the proteins NFS1,MOCS2,
TUMI1, URMI1, CTUI1 and CTU2 are involved. The cytosolic tRNA in yeast is facilitated by
Nfslp, Tumlp, Urmlp, Ncs2p and Nes6p.

1.2.1 URMI1-dependent thiouridine formation in eukaryotes

The Ubiquitin-like protein (Ubl) URMI serves as a protein modifier in a process called
urmylation and as a sulfur transfer mediator (Nakai et al., 2008). In humans, the N-terminus
containing the E1 domain is activated by MOCS3. Its C-terminal contains a rhodanese
homology domain (RHD) (Bordo et al., 2002)(Hofmann et al., 1998). The initial sulfur relay
for URMI originates from NFS1 using L-cysteine as a substrate. The sulfur is incorporated
for 2-thiolation formation by interacting with the two CTU proteins in an ATP-dependent
manner (Dewez et al., 2008; Philipp et al., 2014; Liu et al., 2016)
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1.2.2 Thiouridine modification in yeast

S. cerevisiae Tump1 and the human TUM1 have the same conserved catalytic loop and about
40 % amino acid sequence similarity. In S.cerevisiae, Tum1 is involved in the transfer of sulfur
between Nfslp and Ubad4p homologues of human NFS1 and MOCS3 (Huang et al.,
2008)(Noma et al., 2009). It has been shown that Tum1p is involved in efficient cytosolic tRNA
thiolation in yeast (Noma et al., 2009). For the mecm’s?U34 formation in S. cerevisiae, the
Nfslp catalyses the sulfur transfer to Tumlp and subsequently to the rhodanese domain on
Ubadp (Noma et al., 2009). As previously elucidated, rhodanese functions as a sulfur carrier
and subsequent catalysis of transfer to acceptor protein. In the case of S. cerevisiae, the acceptor
protein is the ubiquitin-related modifier (Urmlp) (Zheng et al., 2021). Firstly, Urmlp is
activated to an acyl adenylate intermediate (-COAMP) and subsequently thiocarboxylated by
Uba4p at the C-terminal. Thiocarboxylated Urml interacts with Ncs2p and Ncs6p complex;
this complex prepares the tRNA for final sulfur transfer from Urmlp to the tRNALys,
tRNAGIn, tRNAGIu.

Cys %Ia
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Figure 14: s2U biosynthesis in S.cerevisiae. L-cysteine provides sulfur for Nfslp, which is
transferred to Tumlp (indirect) or Uba4dp (direct and less efficient). Tumlp then transfers the
sulfur to Ubadp, after which the persulfide is transferred to the C-terminal of Urm1p, forming
a thiocarboxylate group. Ncs2p and Ncs6bp catalyse the formation of s?U in which the
thiocarboxylate group of Urmlp serves as a substrate.
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1.2.3 Thiouridine modification in human

Cytosolic tRNA thiolation

In human cytosol, the tRNA wobble bases for Glu, Gln and Lys are sulfurated to 5-
methoxycarbonylmethyl-2-thiouridine (mcm’s?U34). The proteins responsible for sulfur
modification of tRNA in the cytosol were reported to be NFS1, TUM1, MOCS3, URM1, CTU1
and CTU2 (Nakai et al., 2007)(Schmitz et al., 2008)(Leidel, Patrick G. A. Pedrioli, et al.,
2009)(Noma et al., 2009)(Chowdhury et al, 2012). The formation of the mcm’s*U
modification in cytosol involves the biosynthesis of the side chain 5-methoxycarbonylmethyl-
group by the elongator protein complex (ELP) and subsequent sulfur insertion (Leimkiihler,
2017). In this pathway, the sulfur from NFS1 is efficiently transferred to MOCS3 in the
presence of TUMI (Frasdorf et al., 2014). MOCS3-bound persulfide is transferred to URMI,
forming a thiocrboxylate group at the C-terminal glycine (Schmitz ef al., 2008). The sulfur C-
terminus of URMI is first adenylated, followed by the formation of the thiocarboxylate group.
After that, URM1 interacts with the CTUCTU2 complex facilitating the final incorporation of
sulfur into the U 34 in Lys, Gln and Glu tRNA after an adenylation step (Figure 15). For the
biosynthesis of the mem5-group, which is essential for an efficient translation (Johansson et
al., 2008), the ELP complex is required. The ELP complex comprises two copies of ELP1-
ELP6 (Krogan et al., 2001; Sebastiaan Winkler et al., 2001; Dauden et al., 2017). The ELP1-
ELP3 forms a symmetrical homodimer complex and binds the heterotetrameric ring of ELP4-
ELP6 (Glatt ef al., 2012; Lin et al., 2012; Dauden et al., 2017; Setiaputra et al., 2017). All the
units of the complex are essential for the biosynthesis of the mem>U-group, with ELP3 serving
as the catalytic subunit (Butler et al., 1994; Yajima et al., 1997, Frohloff et al., 2001; Huang et
al., 2005; Esberg et al., 2006) (Figure 15).

22



INTRODUCTION

URMI1 dependent pathway

- . : OH OH
H . S !

L-cysteine ~ ) []/' \[s] s oc mem’s?U
i | NFS1 L B, ?

I, - R s |

i Alanine

(0]

T
e N So

(o}

HO.
o

OH OH

Uridine mem*U

Elongator complex depend pathway

Figure 15: Biosynthesis of mem3s*U in human cytosol. For the s?U formation, the NFS1
mobilises sulfur from L-cysteine in the form of persulfide and is transferred to TUM1 (indirect)
or the RLD of MOCS3 (direct and less efficient). URMI is activated and forms an acyl-
adenylated intermediate, followed by the transfer of persulfide sulfur from MOCS3, and
thiocarboxylated URMI1 is formed with the release of AMP. The sulfur of the URM1-COSH
group is then moved to position 34 with the help of CTU1 and CTU2, consuming ATP of the
tRNAs Lys, Glu and Gln (blue dots). The cm®U is formed by the elongator complex, after
which methyltransferase Trm9 and Trm 112 transfer the methyl group to form mem>U(yellow
dots). The pathway for the formation of s?U and mem®U occurs independently.

For the final sulfur insertion into the tRNA, CTU1 and CTU2 are involved. However, the
mechanism of insertion still needs to be better understood in humans. CTUI1 has three cysteine
residues at positions 130, 133 and 222. This cysteine residue harbours the 3Fe-4S cluster (Liu
et al., 2016), which is implicated in the final sulfur transfer incorporation with the
thiocarboxylate group formed by the ubiquitin-related modifier (URM1). Similar to the
Thermus thermophilus TtuA, it is proposed that the Fe-S clusters on CTU1 binds the C-terminal
of URMI and subsequently adenylated. After that, it liberates the sulfur from URMI1 via
nucleophilic attack with a hydroxide ion with the charge donated by the Lys137 on the side
chain. In the final step, the adenylated group of the tRNA is attacked and substituted by the
sulfide bound to the Fe site leading to the release of the adenyl group and the incorporation of

sulfur into the tRNA (Figure 16).
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Figure 16: Proposed mechanism of sulfur transfer to tRNA from cytoplasmic tRNA 2-
thiolation protein 1. CTUI uses a Fe-S cluster to grasp the C-terminal of URMI, after
adenylation the sulfur is released from URMI1 through a nucleophilic attack with a hydroxide
ion while making use of a charge on the side chain at Lys137. The unique Fe site-bound sulfide
targets the adenylated tRNA and replaces the adenyl group.

Mitochondria tRNA thiolation

In humans, the mitochondrial tRNA-specific 2-thiouridylase 1 (MTU1) is involved in the thio-
modification of 5-taurinomethyluridine (tm°U) to 5-taurinomethyl-2-thiouridine (tm’s?U) of
tRNAs of Gln, Glu and Lys. This is essential for the recognition of codons and accurate
translation. The NFS1 is believed to transfer sulfur to the MTU1 for sulfur modification.
However, interaction studies have recently shown an interaction between mitochondria-
localized TUM-Iso2 and MTUI. This suggests a possible sulfur transfer from NFS1 to TUM1
Iso2 and MTUI1. The mechanism of sulfur transfer from MTUI1 to the tRNA, which leads to
the formation of tm’s?U, is not well understood yet in humans. However, the L-cysteine
desulfurase is believed to be the initial sulfur donor for the formation of tm>s*U. For the
insertion of the taurine side group, the proteins mitochondrial tRNA translation optimisation 1
(MTOL1) and the GTP binding protein 3 (GTPBP3) are involved (Umeda et al., 2005). The
proteins responsible for the formation of the taurine group are yet unknown (Frasdorf et al.,

2014; Suzuki, 2005). MTU1 is homologous to the MnmA protein in E.coli (Shigi, 2014).
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Figure 17: Proposed biosynthesis of tm3s?U in human mitochondria. For the formation of
the s?U, the sulfur is mobilised from L-cysteine by NFS1 and then transferred to TUM1-Is02
(indirectly) or MTU1 (directly). The taurine side chain tTm°U, is synthesized by GTPBP3 and
MTO1

The E.coli MnmA contains catalytic residues such as aspartic acid (Asp) 99, cysteine (Cys)
102, and Cys199. This differs from the conserved residue from other bacteria by replacing the
aspartic acid with a cysteine residue. For the final transfer of sulfur to the tRNA in E.coli,
MnmA binds to tRNA, thereby inducing a conformational change. This conformational change
leads to the binding of the anticodon loop of the tRNA deeply in the MnmA active site.
Different tRNAs are distinguished due to the Van der Waals interactions and hydrogen bond
between the Uridine 34 and 35 with the catalytic centre of MnmA. The conserved PP-loop
motif participates in the rotation of the carbon-2 in the Uridine 34, exposing it to the
persulfurated Cysteine-199 of MnmA. A covalent bond is formed between MnmA and tRNA
by a nucleophilic attack of persulfide sulfur on the carbon-2 U34. This is followed by another
nucleophilic attack by the cysteine 102, leading to the liberation of AMP and the thiolated
tRNA. MnmA is regenerated by the breakage of the disulfide bridge between cysteine 102 and
199, leading to reduction.
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Figure 18: Schematic representation of catalytic motifs of eukaryotic thiouridylases. The
amino acid sequence motif of the catalytic centre and PP-loop of E.coli MnmA (tRNA specific
2-thiouridylase), Thermus thermophilus MnmA, Thermus thermophilus TtuA (tRNA-5-
methyluridine (54) 2-sulfurtransferase), Homo sapiens CTU1 (cytoplasmic tRNA 2-thiolation
protein 1) and Homo sapiens MTU1 (mitochondrial tRNA- specific 2-thiouridylase 1)
modification X represents any or alternative amino acid.

1.2.4 The physiological relevance of tRNA modifications

Over 150 types of RNA modifications are present in all kingdoms of life which about 80 %
were found to be tRNA (Boccaletto et al., 2022). These chemical modifications may range
from methylation, sulfuration, hydroxylation and acetylation, amongst others (Suzuki, 2021).
Hypo-modified tRNAs are eliminated in the process of tRNA maturation and are degraded by
endonucleases through rapid tRNA decay (RTD) (Copela et al., 2008; Dewe et al., 2012;
Alexandrov et al., 2006; Kadaba et al., 2004). Deficiency in taurine in animals has been
reported to cause developmental defects, central retinal degradation, hepatitis lipidosis and
dilated cardiomyopathy (Suzuki, 2021). These symptoms resemble human mitochondrial
encephalomyopathies (Schaffer et al., 2013). In the mitochondria, mutants lacking the Tm’s?U

were unable to optimally decode the AAA or AAG codons causing perturbation of
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mitochondrial translation and respiration. Mutation in the MTU1 gene has been linked to the
cause of infantile liver failure (Zeharia et al., 2009). Myoclonic epilepsy with ragged red fibres
(MERRF) like disorder has also been associated with a mutation in 8344A>G of mitochondrial
tRNADS gene (Goto et al., 1990). Hypertrophic cardiomyopathy and lactic acidosis were
observed in humans with mutations in the MTO1 gene, catalyses the formation of tthe m°U
modification (Baruffini et al., 2013; Ghezzi et al., 2012). However, in mouse embryos,
knockout of Mtol caused death at the early stage of development. This demonstrates the
essentiality of MTO in animal development. The abnormal splicing of ELP1 protein which is
essential for mem>U34 formation is a cause of familial dysautonomia. In the cells of patients
with familial dysautonomia, the levels of mem>U were observed to be reduced. A knockout of
Elpl in mice was similarly lethal owing to the perturbation of cardiovascular development and
function (Chen et al., 2009). Mutation of ELP2 and ELP3 causes intellectual disability and
amyotrophic lateral sclerosis, respectively (Cohen et al., 2015; Simpson et al., 2009). The
mutation of CTU2, which is essential for the formation of the URM1-dependent thiouridine
formation, is also associated with intellectual disability (Shaheen et al, 2016). Higher
expression of ELP1 corresponding to a higher level of mem®s?U modification was observed in
drug-resistant melanomas. This upregulation was associated with promoting tumour growth
due to the efficient translation of mRNA. Asides from tRNA thiolation, the TUM1 is linked to
Moco biosynthesis in humans based on the interaction studies shown in previous studies
(Frasdorf et al., 2014). 1t is widely essential for the functionality of many enzymes across the

kingdom of life.

1.3 Sulfur transfer for Moco biosynthesis in humans

1.3.1 Moco biosynthesis in humans

The biosynthesis of Moco is highly conserved, comprising four significant steps that are
enzymatically catalysed (Leimkiihler, 2017). The proteins involved in Moco biosynthesis are
named the MOCS (molybdenum cofactor biosynthesis). The first step of the Moco biosynthesis
occurs in the mitochondria starting from the conversion of Guanosine 5’-triphosphate (GTP)
to cyclic pyranopterin monophosphate (cPMP) by MOCSIA and MOCSI1B (Leimkiihler,
2017). MOCS1A is a radical S-adenosyl methionine (SAM) enzyme containing two [4Fe-4S]
clusters which act as the catalytic subunit of the complex while MOCS1B regulates it’s function
(Hénzelmann et al., 2002). An intermediate substrate for MOCS1B 3', 8-cyclo-7,8-dihydro-
GTP (3',8-cH>GTP) is formed by MOCSI1A leading to the formation of cPMP (Hover et al.,
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2015). In the second step occurring in the cytosol, the intermediate product cPMP is exported
from the mitochondria. The transport mechanism in humans is yet unknown; however, in
plants, the inner mitochondrial membrane transporter 3 Atm3 is implicated in this transport
process (Teschner et al., 2012). Subsequently, after the export two sulfur atoms are inserted
into cPMP, leading to molybdopterin (MPT) formation. The reaction leading to the formation
of MPT is catalysed by MOCS2A and MOCS2B complex forming a hetero-tetrameric structure
known as MPT synthase. The reaction leading to the formation of MPT is catalysed by
MOCS2A and MOCS2B complex comprising a hetero-tetrameric structure known as MPT
synthase. This complex consists of two smaller subunits, MOC2A carrying the sulfur in the
form of thio-carboxylate which is subsequently transferred to cPMP, and two larger subunits
of MOCS2B mediating the oligomerisation (Gutzke et al., 2001)(Matthies et al., 2004). The
thiocaboxylate is formed on MOCS2A by MOCS3, the sulfur atoms originate from the L-
cysteine desulfurase before being relayed directly to MOCS3 or, more efficiently through
TUMI1 before subsequent transfer to MOCS3 (Figure 19).
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Figure 19: Sulfuration of cPMP for the formation of Molybdopterin ring. In the second
phase of Moco biosynthesis, two sulfur atoms are incorporated into cPMP to form MPT. L-
cysteine desulfurase serves as the sulfur donor for this sulfur transfer relay. The sulfur is
transferred efficiently in the presence of TUM1 to MOCS3 in the cytosol. MOCS3 delivers the
sulfur to MOCS2A, where a thio-carboxylate group is formed, activating MOCS2A through
adenylation. A complex formed by MOCS2A and MOCS2B incorporated the sulfur into cPMP.

The penultimate and the last steps of Moco biosynthesis involve the insertion of molybdate by

gephyrin. Gephyrin contains an N-terminal G-domain and a C-terminal E-domain. These
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domains catalyses different reactions in the final step of the Moco biosynthesis (Schwarz et al.,
2006). First, in an ATP and Mg2+-dependent reaction, the G-domain attaches to MPT
generating an MPT-AMP complex—the MPT-AMP complex is transferred to the E domain.
Here, the complex is hydrolysed, and the AMP is detached following the insertion of Mo. This

leads to the formation of di-oxo Moco, which is readily inserted into SO and mARC. However,
Moco sulfurase (MOCOS) requires further sulfuration step for XOR and AO. (Amrani ef al.,
2000)(Bittner et al., 2001)
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Figure 20: Biosynthetic pathway of the Moco in humans. In the first step, 5'GTP is
converted to cPMP by the MOCSI1 proteins. This is followed by the export of cPMP into the
cytosol. cPMP is converted to MPT by the incorporation of 2 sulfur atoms. The sulfur is
provided by the L-cysteine desulfurase NFS1 and transferred onto TUMI (indirect) or the
rhodanese-like domain of MOCS3 (direct and less efficient). After that, the sulfur is further
transferred to MOCS2A, which forms a complex with MOCS2B enabling the incorporation.
Finally, Gephyrin converts MPT to the Moco by the insertion of molybdate. The Moco is then
incorporated into sulfite oxidase and mARC or further sulfuration by Moco sulfurase for
xanthine dehydrogenase and aldehyde oxidase.
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1.3.2 Molybdoenzymes in humans

Molybdoenzymes are enzyme classes that have molybdenum coordinated at their active site.
They are several molybdoenzymes in prokaryotes and eukaryotes. There are three classes of
molybdoenzmes; sulfite oxidase (SO), Xanthine oxidase (XO) and the dimethyl sulfoxide
(DMSO) reductase family. The two classes present in humans are the SO and XO families. In
humans, there are four different types of molybdoenzymes; sulfite oxidase (SO), mitochondria
amidoxime compound 1 & 2 (mARC), aldehyde oxidase (AO) and xanthine oxidoreductase.
SO is the most essential and abundant molybdoenzyme in humans (Zhang et al., 2008). SO
catalyses the detoxification of sulfite to sulfate in humans (Johnson-Winters et al., 2010). SO
harbours its Moco with a conserved cysteine in the main domain. SO also contains a non-
covalently bound cytochrome b5-type heme on its N-terminal domain (Mayr et al., 2021).
Sulfite oxidation occurs in the intermembrane space (IMS) of the mitochondria with the
reduction of the physiological electron acceptor cytochrome c¢. SO is highly expressed in the
liver, the leading site for methionine and cysteine catabolism. However, it is described in the
kidney, heart and to some lower extent in the brain. Common expression protects the brain
from sulfite toxification (Moriwaki et al., 1997). SO is localised in the IMS as a soluble enzyme
(Ito, 1971); it 1s synthesised in the cytosol and imported into the mitochondria. However, in the
absence of Moco, which is required to induce mitochondria trapping and retention, SO is
localised in the cytosol (Klein et al, 2012). The second mitochondria localised
Molybdoenzyme mARC is involved in reducing and activating N-hydroxylation of pro-drugs.
mARC1 and mARC2 were recently identified as having sequence similarities to the MOCSI1
and MOCS2 genes, respectively (Gruenewald et al., 2008).
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Figure 21: Classification of Molybdoenzymes in humans. The molybdenum centre of the
sulfite oxidase family is bound to two oxide ligands and cysteine ligands. Sulfite oxidase and
mARC are members of this class of molybdoenzyme. mARC contains only Moco as a cofactor
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in contrast to sulfite oxidase, having heme as an additional cofactor. The XO and AO enzymes
make up the Xanthine oxidase family. They require a second sulfuration process, resulting in
the attachment of a third terminal sulfur ligand to the molybdenum centre. They also have 2
[2Fe-2S] and FAD as additional cofactors.

In humans, there are two cytosolic localised molybdoenzymes: AO and XO. Both enzymes are
structurally and functionally similar. They anchor Moco at their C-terminal domains, which
orchestrates their homodimerisation (Garattini et al., 2003). In contrast to SO and mARC, AO
and XO contains a third terminal sulfide group instead of the protein-derived cysteine. The
sulfur atom is attached to Moco by the Moco sulfurase (MOCOS) (Hille et al., 2011). There is
biochemical evidence of the human Moco sulfurase, although the loss of MOCOS resulted in
Xanthinuria type II (Ichida ef al., 2001). However, most evidence is from the plant homologue
ABA3. Invitro experiment using ABA3 reported sulfur transfer to Aldehyde oxidase (Schwarz,
2005). The N-terminus of ABA3 is similar to the L-cysteine desulfurases in bacteria. ABA3
desulfurates L-cysteine in a PLP-dependent manner and is subsequently transferred to the
molybdenum centre. The C-terminal domain of ABA3 facilitates binding AO or XO to the

trans-sulfurase domain of ABA3.

Figure 22: Sulfuration of Moco by Moco sulfurase. A sulfur atom replaces the oxygen atom
being facilitated by Moco sulfurase. Moco sulfurase contains an L-cysteine desulfurase domain
for the mobilisation of the sulfur atom incorporated into the dioxo Moco.

AO and XO contain [2Fe-2S] clusters in their N-terminal and a central FAD domain. AO
catalyses a wide range of substrates, majorly the oxidation of aldehydes and, in part,
hydroxylation of some heterocycles. XO can be found in two forms, xanthine oxidase (XO)
and xanthine dehydrogenase. Xanthine dehydrogenase uses NAD+ as the primary electron

acceptor, while Xanthine oxidase utilises O> (Ichida et al., 2012) both enzymes can catalyse
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the conversion of xanthine to uric acid (Hille et al., 2011). XO catalyses the oxidation of

hypoxanthine to xanthine and the transformation of xanthine to uric acid

1.3.3 Pathophysiological relevance of molybdoenzymes

Molybdoenzymes without their cofactor are inactive, disrupting their known function.
Perturbation in the pathway that leads to Moco biosynthesis causes diseases termed
molybdenum cofactor deficiency (MOCD) (Johnson et al., 1980). Moco deficiency can be
grouped into three types: A, B and C. Type A, B and C are caused by mutations in MOCSI,
MOCS2/MOCS3 and gephyrin, respectively (Reiss ef al., 2011). The most common of the three
types is type A. Treatment therapy for patients with MOCS1 mutation is available with the
injection of cPMP, the first intermediate product of the Moco biosynthesis pathway (Veldman
et al., 2010). Deficiency in Moco enzymes has been linked to a wide range of disorders. They
are usually marked by neurodegenerative diseases like mental retardation, microcephaly,
dislocated ocular lenses, seizures and dysmorphic features (Tan et al., 2005). Patients with this
deficiency usually have early infancy mortality. Most symptoms are linked to SO disorders
(Tan et al., 2005), arising from sulfite accumulation in the liver, which eventually spreads to
the brain. However, the mechanism by which the toxic level of sulfite causes neurological
disorders is not well-understood. Sulfite is a potent nucleophile capable of disintegrating
disulfide bonds and disrupting protein structures (Zhang et al., 2004). The deficiency of uric
acid usually clarifies Moco deficiency and SO deficiency since XOR leads to the accumulation
of hypoxanthine and Xanthine. Sulfite also inhibits glutamate dehydrogenase leading to
glutamate accumulation. Glutamate accumulation in the brain causes energy deficit and
subsequently generates brain lesions (Zhang et al., 2004).

Accumulation of sulfite also leads to the generation of a structural analogue of glutamate s-
sulfocysteine, which is detrimental to the neuron (Olney et al., 1975). Recently, the effect of
Moco deficiency was alleviated by the suppression of CTH and CDO in C.elegans (Warnhoft
etal.,2019a). CTH catalyses cysteine formation from cystathionine and the forward production
of hydrogen sulfide (Chiku et al., 2009)(Figure 2). Increased production in H»S could also add
up to the sulfite pool in the cell. In close cooperation with SQR, a persulfidated sulfite is formed
from the oxidation of H>S, which is later converted to sulfite by thiosulfate sulfurtransferase

(TST)/rhodanese (Paul et al., 2021) (Figure 23 & 26).
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Figure 23: Interconnection between cysteine catabolism and sulfite production. Cysteine
is derived from the transmethylation and transsulfuration pathway with methionine as
substrate. Oxidative catabolism of cysteine produces taurine and sulfate as end-product. HaS is
the intermediate product of the non-oxidative path. H>S is subsequently converted into sulfite
and thiosulfate. The intermediate product of both pathways, sulfite, is converted to the non-
toxic sulfate by sulfite oxidase in the IMS.

CSE, cystathionine y-lyase; CBS, cystathionine B-synthase; CDO, cysteine dioxygenase;
CSAD, cysteine sulfinate decarboxylase; GOT, glutamate oxaloacetate transaminase; SO,
sulfite oxidase; MPST, 3-mercaptopyruvate sulfurtransferase; SQR, quinone oxidoreductase;
SDO, sulfur dioxygenase; ST, sulfur transferase. GS, Glutathione synthetase. Adapted from
(Kohl et al., 2018) and Gunter schwarz metabolism revision

TUMI is the main H2S biosynthesis enzyme in the mitochondria. TUM1 can also produce H2S
and a disulfide in a process facilitated by dihydrolipoic acid (DHLA) or thioredoxin (Yadav et
al.,2013; Mikami et al., 2011)

1.4 H,S biosynthesis in humans

Hydrogen sulfide (H2S), nitric oxide and carbon monoxide are the three -crucial

gasotransmitters recognised in humans (Kolluru et al., 2017). Gasotransmitters are a subclass
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of neurotransmitters which controls numerous cellular functions in an organism. Over the year,
attention has been given to research on these three small molecules due to their up-
downregulation in pathophysiological conditions (Fukuto et al., 2012). H>S can be toxic at high
concentrations by inhibiting enzymes like cytochrome oxidase, carbonic anhydrase, and
Na+/K+ ATPase. (Nicholson et al., 1998; Reiffenstein et al., 1992). H,S has been implicated
in pathophysiological and physiological in various organs (Abe et al., 1996a; Geng et al., 2004;
Trédan et al., 2007; Fu et al., 2008; Wallace et al., 2015; Distrutti et al., 2006). The two
enzymes CTH and CBS, which are essential in the transsulfuration pathway production of
cysteine, can also catalyse the production of H,S from the product cysteine. TUMI, in like
manner, produces HoS with the additional step of converting cysteine to 3-mercaptopyruvate
in combination with Glutamate oxaloacetate transaminase 1 and 2 in the cytosol and
mitochondria, respectively. However, under hypoxia, CBS and CTH translocate to the
mitochondria when TUMI is suppressed by the oxidative stress (Tay et al., 2010). CBS is
localized in the cytosol and widely expressed in different tissues (Enokido et al., 2005). CBS
is a pyridoxal phosphate-dependent (PLP) enzyme which contains a heme domain essential
for interaction with the oxidative environment, thereby inducing an increased PLP reactivity.
CBS produces H>S from L-cysteine B-the replacement and the production of serine. In L-
homocysteine presence, H>S production increases by folds compared to L-cysteine alone
(Singh et al., 2009). CBS is the main H>S enzyme in the central nervous system. It is expressed
in the kidney, liver, uterus and other organs (Patel et al., 2009). CTH utilises L-cysteine and L-
homocysteine as substrates to produce hydrogen sulfide, pyruvate and ammonia through o-and

B elimination (Chiku ef al., 2009).
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Figure 24: Biosynthetic pathway of hydrogen sulfide in humans. CSE and CBS utilise
cysteine derived from the transsulfuration pathway to produce H>S (Figure 2). TUM1 requires
an additional step involving forming 3-MP by glutamate oxaloacetate transaminase (GOT)
before the final release of H>S, which can occur both in the cytosol and mitochondria.
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Figure 25: Stimulation of mitochondria bioenergetics by hydrogen sulfide. The ETC is
made up of five complexes. Complexes I and II donate an electron to Coenzyme Q via the
oxidation of NADH and succinate, respectively. These electrons are relayed to Complex III
and subsequently to complex IV. The electron is finally transferred to oxygen; oxygen is
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reduced to water, pumping electrons across the membrane. The force is utilised by the complex
V to catalyse the formation of ATP from ADP.

H>S produced in the vicinity of the mitochondria, usually by TUMI, stimulates the ETC by
donating electrons to Coenzyme Q. The electron produced contributes to the electron transport
chain's electron pump and promotes the mitochondria ATP generation Field (Szabo et al.,
2014). The oxidation of H»S facilitates this by Sulfide quinone oxidoreductase (SQR) Field
(Abou-Hamdan et al., 2015). SQR oxidises two H2S molecules, forming two disulfides and
two electrons (Szabo et al., 2014).

1.4.1 H3S metabolism in mitochondria

H>S can also be oxidised to thiosulfate in the mitochondria through the enzyme sulfide quinone
oxidoreductase (SQR). In this reaction, the persulfide is either on GSH or sulfite. However,
studies have shown that sulfite is the more favoured substrate as the persulfide acceptor than
GSH (Libiad et al., 2014). The persulfidated glutathione formed is converted to thiosulfate by
sulfur dioxygenase (SDO). Further, the persulfidated sulfite is converted to sulfite by rhodanese
enzyme and, in the final step, to its non-toxic form, sulfate by sulfite oxidase in the

intermembrane space of the mitochondria.
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Figure 26: Oxidation of H:S by sulfide quinone oxidoreductase in the mitochondria. SQR
oxidises H2S to GSSH and SSO3* using GSH and sulfite as acceptors. SSOs* is further
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converted to GSSH by thiosulfate reductase. GSSH is converted to SOs3* by sulfur
dioxygenase, which is finally converted to thiosulfate and sulfate by TST and SO, respectively.

37



INTRODUCTION

1.5 Aims of this work

This research aimed to investigate the influence of TUMI1 on the sulfur transfer for Moco
biosynthesis, cytosolic tRNA and mitochondria bioenergetics in human embryonic kidney
cells. The interaction of TUM1 with NFS1 and MOCS3 was previously confirmed (Frasdorf et
al.,2014). In view of this, the following questions were addressed

L Does TUM1 deletion influence Moco biosynthesis?

The main goal is to investigate the level of Moco biosynthesis in 7TUMI knockout cells
compared to the wild type. To achieve this, the level of Moco and accumulation of cPMP in
the cells were quantified. Further, it was interesting to determine the activity and abundance of
a vital molybdoenzyme.

II. Is cytosolic tRNA thiolation impaired in TUM1 absence?
It is of interest to know if the deletion of TUM]1 affects the sulfur transfer for the cytosolic
tRNA thiolation. The proposed reduction of mcm®s?’U and accumulation of mem’U
modifications were investigated to achieve this.

II.  Is TUMI an important H>S enzyme in kidney cells, and does it link to the disruption

of mitochondria bioenergetics?

The goal was to investigate the effect of TUM1 on the general H>S metabolism and whether

this affects mitochondria bioenergetics in human embryonic kidney cells.

Impaired Sulfite oxidase activity ?
Impaired cytosolic tRNA thiolation?
Accumulation of cPMP?

Reduction in Moco content? * I
Impaired mitochondria bioenergetics?
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Figure 27: Overview of the research. Deletion of TUM1 in human embryonic kidney cells via
CRISPR/Cas9. Investigation of the effect on Moco biosynthesis quantifying the cPMP and
Moco content. Analysis of possible decrement in thiolation of tRNA. Further, the impact on
H>S biosynthesis linking to lower bioenergetics.
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2 Overview of manuscripts
2.1 Overview manuscript I

The Human Mercaptopyruvate Sulfurtransferase TUM1 Is Involved in Moco Biosynthesis,

Cytosolic tRNA Thiolation and Cellular Bioenergetics in Human Embryonic Kidney Cells.
2

Moses Olalekan Ogunkola !,Gaelle Guiraudie-Capraz 2, and Francois Feron 2 Silke
Leimkiihler!-*

Biomolecules 2023, 13(1), 144; https://doi.org/10.3390/biom13010144

The first part of this thesis focused on the role of TUMI, a sulfurtransferase in humans, on
tRNA thiolation, Moco biosynthesis and H>S metabolism. TUM1 has previously been shown
to interact with NFS1 and MOCS3 proteins involved in sulfur transfer for two pathways; the
cytosolic tRNA thiolation and Moco biosynthesis (Frasdorf et al., 2014). Data from
S.cerevisiae have already shown that Tumlp, the yeast homologue for TUMI, is involved in
efficient sulfur transfer for cytosolic tRNA thiolation in yeast (Noma et al., 2009a). However,
the proteins necessary for Moco biosynthesis are absent in yeast. Therefore, the role of the
human TUM1 on cytosolic tRNA thiolation was investigated.

On the other hand, the involvement of TUM1 on sulfur transfer for Moco biosynthesis was also
investigated due to the prior interaction studies.

Further, its role in maintaining mitochondrial bioenergetics was investigated due to the
capability of producing H>S. H»S serves as an electron donor for the mitochondrial respiratory
chain via sulfide quinone oxidoreductase, stimulating the ETC at low concentrations. To
address these questions, previously generated Human Embryonic kidney TUM1 KO cells using
CRISPR/Cas9 were investigated.

Research questions

Is TUMI involved in the sulfur transfer cascade for cytosolic tRNA thiolation?

Is TUMI1 involved in sulfur transfer for the Moco biosynthesis?

Does exogenous NaHS treatment complement the effect of TUM1’s deletion on the pathways
mentioned above?

Does TUMI1 deficiency affect mitochondria bioenergetics?
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2.2 Overview of manuscript II

Sulfur transferases in the pathways of molybdenum cofactor biosynthesis and tRNA thiolation
in humans

Silke Leimkiihler* and Moses Olalekan Ogunkola.

The second part is an overall review of the Sulfurtransferases in the pathways of molybdenum
cofactor biosynthesis and tRNA thiolation in humans. This review discusses the
sulfurtrasferases involved in cytosolic tRNA thiolation in humans. The role of the proteins
NFS1, MOCS3, TUM1, URMI1 CTU1 and MTUI in sulfur transfer for the tRNA thiolation in
the cytosol and mitochondria are presented. Further, the role and mechanism of sulfur transfer

for Moco biosynthesis in humans are summarized.

2.3 Overview of manuscript I1I

Eprenetapopt triggers ferroptosis, inhibits NFS1 cysteine desulfurase and synergises with
serine and glycine dietary restriction.

Kenji M. Fujihara, Bonnie Z. Zhang, Thomas D. Jackson, Moses O. Ogunkola, Brunda Nijagal,
Julia V. Milne David A. Sallman, Ching-Seng Ang, Iva Nikolic, and Nicholas J. Clemons
Science advances 2022, 8 (37), DOI: 10.1126/sci-adv.abm9427

In the third aspect of the thesis, a collaborative work to investigate the effect of Eprenetapopt,
an anticancer agent with active compound 2-methylene 3-quinuclidinone (MQ), on the activity
of the sulfurtransferase in human L-cysteine desulfurase (NFS1) was done. NFS1 is the sulfur
donor for ISC biogenesis, and MQ is known to bind to thiols like free cysteine, which is
hypothesized to inhibit the activity of NFS1 Field (Fujihara et al., 2022). Prior proteomics data
have shown that (Ferrodoxin) FDX1, which is essential for ISC biogenesis, was up-regulated
(Fujihara et al., 2022).

Research questions (Contribution to the article)

Does MQ affect cell proliferation in human embryonic kidney cells?

Does MQ affect NFS1 activity?

Which type of inhibition does MQ pose?

Is persulfide formation on L-cysteine desulfurase affected?

Is the Fe-S cluster-dependent enzyme affected?
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2.4 Contribution to the publications

My contributions to the accomplishment of the manuscripts discussed in this thesis are listed

below in Table.

Manuscript I Manuscript 11 Manuscript 111
Conceptualization and XX N/A X
experimentation
investigation XX N/A X
writing—original draft XX X -
writing—review and editing XX X X
software XX X X

N/A — Not applicable
XX- Full contribution

X- Partial contribution
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3  Discussion

Sulfur improves the efficiency of biomolecules in living organisms (Kessler, 2006). Numerous
human macromolecules, including the Fe-S cluster, lipoic acid, biotin, Moco, and tRNA, have
been found to include sulfur (Leimkiihler et al., 2017). In humans, several proteins are required
for the trafficking of sulfur before final insertion into biomolecules. For sulfur to be integrated
into biomolecules, it must first undergo reduction or activation (Kessler, 2006). L-cysteine is
typically used as a key building component for adding sulfur to a variety of biomolecules
(Hidese et al., 2011). Sulfur carrier proteins provide sulfur from L-cysteine as a persulfide
(Black et al., 2015). The thiocarboxylate group is an alternative method of transferring sulfur
(Hochstrasser, 2000). Ubiquitin-like proteins produce thiocarboxylate sulfur, which is
transferred by thioester intermediates to sulfur acceptor proteins or the final biomolecule
(Hochstrasser, 2000; Leidel, Patrick G. A. Pedrioli, et al., 2009). L-cysteine desulfurases
mobilises sulfur predominantly from L-cysteine and generates a protein-bound persulfide that
can be transferred to acceptor proteins (Black et al., 2015; Cupp-Vickery et al., 2003; Zheng
etal., 1993). They use L-cysteine as a substrate and create a persulfide on a conserved cysteine
residue that can be transported to acceptor proteins through transpersulfidation. Molybdenum
cofactor biosynthesis, the formation of s?U-modified nucleosides in tRNAs, and the synthesis
of thiamine all occur through pathways that combine both the transpersulfidation of sulfur
mobilised by L-cysteine desulfurases and the thiocarboxylate formation by ubiquitin-like
proteins with thioester intermediates (Leimkiihler ef al., 2017). Additionally, the sulfur can be
transferred to rhodanese-like proteins in the form of an enzyme-bound persulfide. The transfer
of sulfane sulfur from a donor molecule to a thiophilic acceptor is catalysed by
sulfurtransferases (Bordo et al.,, 2002). In-vitro, rhodaneses (thiosulfate: cyanide sulfur
transferases) can convert thiosulfate to cyanide (Bordo et al., 2002). Similar reactions are
catalysed by 3-mercaptopyruvate: cyanide sulfur transferases (MSTs, EC 2.8.1.2), which use
3-mercaptopyruvate as the sulfur donor (Kessler, 2006; Pedre et al., 2021). Thiocarboxylation
of sulfur carrier proteins can be the last step in the sulfur transfer to the thio-containing
cofactors (Pedre et al., 2021). Interaction studies have shown previously that TUM1 interacts
with the sulfurtransferases NFS1 and MOCS3 (Frésdorf et al., 2014). This interaction suggests

a sulfur relay between the three sulfurtransferases.
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3.1 TUM1 is required for efficient cytosolic thiolation in HEK293T

Here, the effect of TUM1 knockout on the 5-methoxycarbonylmethyl-2-thiouridine (mem?’s*U)
modification was investigated. Thio-modification on tRNA at wobble U34 of lysine (UUU),
glutamine(UUG), and glutamate (UUC) is essential for efficient translation, proper codon-
anticodon pairing, and prevention of frameshifting (El Yacoubi et al., 2012; Suzuki, 2005).
Impairment of cytosolic tRNA thiolation in yeast was reported to cause hypersensitivity to
higher temperatures and oxidative stress (Goehring et al., 2003; Laxman et al., 2013; Leidel,
Patrick G.A. Pedrioli, et al., 2009). For tRNA modification in eukaryotes, proteins which are
highly conserved are involved (Suzuki, 2005). NFS1, TUM1, MOCS3, URMI1, CTU1, and
CTU2 are involved in cytosolic thiouridine modification in humans. TUM1 was not implicated
in cytosolic tRNA thiolation until genetic investigations in S. cerevisiae (Noma et al., 2009).
The genetic investigation reported Nfslp, Ubad4p, Tumlp, Urml, Ncs2, and Ncs6 in 2
thiouridine formation in S.cerevisiae (Noma et al., 2009). Tum1p has about 60 % amino acid
similarity with the human TUM1 protein (Frasdorf et al., 2014). Interaction studies have shown
that TUMI interacts with NFS1 and MOCS3 in the cytosol (Friasdorf et al., 2014). This
implicates TUMI1 in sulfur transfer for cytosolic tRNA thiolation (Friasdorf et al., 2014). As
determined by FRET and split eGFP experiments, NFS1 was proposed as the sulfur donor for
this thio-modification since it could interact with MOCS3 in the cytosol (Marelja et al., 2008).
Prior research has shown that the yeast homologue of MOCS3 (Uba4) and MOCS3 itself,
together with URM1 and the yeast homologue of CTU1 (Ncs6), are both capable of forming
2-thiouridine in an in vitro system using isolated lysine tRNAs (Chowdhury et al., 2012; Noma
et al., 2009). Recent studies demonstrated the interaction of TUM1 with NFS1 and MOCS3
(Frasdorf et al., 2014). NFSI is known to use L-cysteine as a substrate to produce protein-
bound persulfide and alanine (Zheng et al., 1994). The sulfur originating from NFS1 is directly
incorporated into biomolecules like Fe-S (Nakai et al, 2007), or transferred to other
sulfurtransferases like TUM1 and MOCS3 before the final insertion of the sulfur into
biomolecules like tRNA and Moco. In humans, MOCS3 is known to be involved in sulfur
transfer for cytosolic tRNA thiolation (Neukranz ef al., 2019). In MOCS3 deletion, mecm’s>U
modification was undetectable, implying an abolishment of the s*U formation at position 34 of
tRNA Glu, GIn, and Lys (Neukranz et al., 2019). Here, TUMI knockout cells exhibited
decreased mem’s?U thio-modification using HPLC analysis of nucleosides. In the wild-type
cells, sulfur transfers from NFS1 to MOCS3 efficiently and further to URMI1 to form mem?s?U.
In the absence of TUM1, there was no optimum transfer of sulfur from NFS1 to MOCS3 for
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the thio-modification on tRNA hence the reduction in the level of mem’s?U. In S.cerevisiae, a
similar effect was reported in Tum1p deletion strains (Noma et al., 2009). It was postulated
from the results that Tum1p presence makes the sulfur transfer more efficient compared to a
direct transfer from Nfslp to Ubadp (Noma et al., 2009). The report from the Tumlp is in line
with the findings of this work. Further, invitro L-cysteine desulfurase activity has shown that
four folds of TUM1 and MOCS3 doubled the sulfur release by NFS1 (Frasdorf et al., 2014).
Bringing all these findings together, it can be suggested that TUM1 is involved for optimum

sulfur transfer for cytosolic tRNA thiolation in humans.
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Figure 28: TUMI is involved in efficient sulfur transfer for mem3s*U thio-modification in
the cytosol. In the TUM1 knockout, L-cysteine desulfurase NFS1 distributes sulfur directly to
the MOCS3 protein. However, there is perturbed persulfide transfer due to the absence of
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TUMI. The persulfide is then transferred to URMI1 by MOCS3, which activates URM1
through adenylation. After obtaining the sulfur, the CTU1/CTU2 incorporates it into the 2-
thiouridine modification of the tRNA anticodon. The inefficient persulfide transfer reduces
mcem’s?U and an accumulation of mem®U in TUM1 knockout cells.

The elongator complex is the leading player in forming the mem® side chain at the U34
(Schaffrath et al., 2017). Additionally, the tRNA methyltransferase 9 and 112 are also crucial
for the formation of the mem>U (Schaffrath et al., 2017). Most studies that investigated the
thio-modification levels using chemical stress did not separate the involvement of the s? and
mcm?® formation (Chan et al., 2010; Chan et al., 2015; Chan et al., 2012).

The formation of the s?U and xm5 in E.coli were found to be independent of each other. The
formation of the mnm>s>U modification in E.coli is divided into two steps. The first is the
formation of the s?U by MnmA (Kambampati et al., 2003; Ikeuchi et al., 2006) in an ATP-
dependent manner and the modification at the C5 which is formed by the MnmG, MnmE and
MnmC (Armengod et al., 2012; Moukadiri et al., 2014). Previous research has reported mem’U
modification accumulation in MOCS3 knockout cells lacking the mem’s*U modification
(Neukranz ef al., 2019). Herein, TUMI knockout cells exhibited accumulation of mem®U.
However, it was undetectable in the wild-type cells. This suggests that the majority of the
mcem’U synthesized were incorporated into s*U for the formation of mem’s?U, making the
mcm>U undetectable in the wild type. However, attempts to quantify the s*U proves difficult
as most of the s?U were already incorporated for the formation of mem?®s?U. However, further
analysis on the deletion of the elongator factors or the methyltransferase Trm9 and 112, which
are responsible for the formation of the mem>U, would shed more light. In the S.cerevisiae
Elp3 mutant, the s?U modification was present, while the mcm°U modification was
undetectable (Huang et al., 2005). These findings further buttress the hypothesis on the

involvement of TUM1 in the s?U formation in humans due to the accumulation of the mecm?>U.

3.2 TUML1 is involved in sulfur transfer for Moco biosynthesis.

TUM]1 knockout cells were analysed to investigate the influence on Moco biosynthesis. The
sulfur relay for forming the dithiolene group of Moco, the NFS1, MOCS3, and MOCS2A are
previously believed to be involved. However, interaction studies by Frasdorf and colleagues
implicated the TUMI protein in the sulfur relay due to its interaction with NFS1 and MOCS3
(Frasdorfet al., 2014). An invitro MPT production assay using purified proteins has shown that
the interaction of NFS1 with either TUMI1 Isol or Iso 2 increased the amount of MPT formed
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compared to NFS1 alone (Friasdorf et al., 2014). Previously, cPMP accumulation and
unquantifiable MPT were reported in MOCS3 knockout (Neukranz et al., 2019). Also, in-vitro
studies demonstrated the alteration of the C-terminus of MOCS2A; the sulfur acceptor from
MOCS3 affected the MPT production (Chowdhury et al., 2012; Schmitz et al., 2008b). cPMP
is the first intermediate product of Moco biosynthesis. The formation of cPMP in the
mitochondria involves the rearrangement of GTP by the catalytic activity of MOCS1A and
MOCS2A (Schwarz, 2016). Subsequently, two sulfur atoms are inserted into cPMP, forming
molybdopterin (MPT) (Leimkiihler et al., 2017). Using HPLC, the fluorescent derivatives of
cPMP and MPT were quantified to analyse the effect of TUM knockout on Moco biosynthesis
for the first time. As expected, there was a reduction in MPT production in the absence of
TUMI. Accumulation of cPMP was also observed, holding to the impairment in the MPT
formation. These results confirm the involvement of TUMI in sulfur transfer for the formation
of Moco in humans. Past studies in the lab have reported that the absence of MOCS3 resulted
in the accumulation of cPMP and the total abolishment of the MPT production (Neukranz et
al., 2019). Mutation in the gene that leads to Moco biosynthesis (MoCD) has been
characterised by the loss of all molybdoenzymes. Patients have symptoms like mental
retardation, epileptic seizures, brain atrophy, and dislocated ocular lenses (Schwarz 2016).
Moco deficiency in most patients has been described by MOCS1, MOCS2 or GEPH (Reiss ef
al.,2011)

Moco is an essential cofactor in humans' four known molybdoenzymes: sulfite oxidase,
mitochondrial amidoxime reducing compounds 1&2, Aldehyde oxidase, and Xanthine
oxidoreductase. Recently, the deletion of the MOCS3 gene was reported to affect the activity
of sulfite oxidase (Neukranz et al., 2019), a molybdoenzyme responsible for detoxifying sulfite
to its non-toxic metabolite sulfate (Cohen et al., 1971). Accumulated sulfite can spread through
the plasma membrane to other body parts. This results in reduced disulfide bridges vital for
protein folding, stability and activity (Schwarz, 2016). Isolated SO deficiency caused by the
mutations in SUOX gene displayed symptoms of MOCD. This indicates that sulfite oxidase is
the most important out of the four molybdoenzyme in humans (Schwarz, 2016). It has been
previously reported that sulfite accumulation increased reactive oxygen species in Neuro-2a,
PC12, HepG2, and human fetal liver (Zhang et al., 2004). Zhang and colleagues also reported
that sulfite inhibits glutamate dehydrogenase. In this work, TUMI deletion exhibited a
reduction in sulfite oxidase activity with a concomitant increase in ROS level and a decrease

in glutamate dehydrogenase.
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Figure 29: TUMLI is involved in sulfur transfer for Moco biosynthesis. In the wild type, the
L-cysteine desulfurase NFS1 and TUMI provide the sulfur to MOCS3. MOCS3 activates the
thiocarboxylated MOCS2A and subsequently forms a complex with MOCS2B leading to the
formation of MPT, and eventually, Moco can be produced. Moco is then integrated into the
molybdoenzymes. sulfite oxidases, XDH, AOX, and mARC. In TUM] knockout cells, the
sulfur availability is reduced. The sulfur acquired by MOCS2A from MOCS3 is limited. As a
result, cPMP builds up, and a limited amount of MPT is formed. This influences the activity
of molybdoenzymes due to the limited amount of Moco formed.

Sulfite oxidase requires Moco and heme cofactors for homodimerisation for an active form
(Kisker et al., 1997; Klein et al., 2012). Further, it has been previously reported that sulfite
oxidase is found in the cytosol rather than the inner mitochondrial space in the absence of
Moco. SO requires not only its N-terminal targeting signal but also Moco integration for the
translocation and retention in the inner mitochondria membrane (Klein et al., 2012). Klein and
colleagues also reported that Moco is the rate-limiting step for the maturation of SO (Klein et
al., 2012). In this research, the reduction in the abundance of sulfite oxidase protein in the
TUMI1 knockout cells was reported, suggesting apo-SO degradation. This is concomitant with
the decrease in MPT production. Here, it is proposed that in the absence of TUMI1, there is a
reduction in the transfer of persulfide to MOCS3. The amount of persulfidated MOCS3 is
reduced, limiting the sulfuration of cPMP for MPT formation. This results in a limited amount

of Moco available for incorporation into SO.
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Figure 30: The absence of TUMI leads to partial degradation of Sulfite oxidase. The
mechanism of transport of Moco into the inter-membrane space is still yet unknown. Sulfite
oxidase is transported to the IMS through the TOM system. The incorporation of Moco makes
the heme binding site accessible, resulting in SO folding and its dimerization. In TUM1
knockout cells, there is a reduction in Moco, leading to reduced binding of Moco to SO and
partial degradation of sulfite oxidase. (Adapted from Klein et al., 2012)

3.3 Exogenous sulfur donor affected cytosolic tRNA thiolation and Moco biosynthesis.

NaHS could serve as direct sulfur donor through NaHS dissociation in neutral solution (HzS,
HS-, S2), leading to pool of sulfide and polysulfides (Greiner et al., 2013). In addition,
investigation of MPST knockout mouse brains revealed lack of cysteine-SSH and GSSH
production with 50% decrease in the levels of total persulfated species (Kimura et al., 2017).
H>S has been reported to produce cysteine persulfides and polysulfides in SH-SYSY cells
(Koike et al., 2017). MPST has produced similar persulfides like cysteine persulfide (CysSSH)
and GSH persulfide (GSSH). Studies in yeast have linked tRNA sulfur modification to nutrient
availability. The mem®s?U was shown to utilise metabolites derived from sulfur metabolism
which is important during cell growth (Laxman et al., 2013). Yeast grown without free amino
acid had less mem®s?U modification compared to when supplemented with cysteine and
methionine. Cysteine and methionine can be interconverted (Figure 2). Laxman and colleagues
also reported a low level of cysteine and methionine abundance. In humans, Cysteine can be
metabolised to hydrogen sulfide by TUMI, CBS and CSE. Dissociation of H2S can produce
sulfide. Cysteine is the substrate for NFS1 to form persulfide. This persulfide is further
transferred to TUM1, MOCS3, URMI1, and CTU1 before final insertion into tRNA. An
increase in mem’s?U was observed after HPLC analysis of nucleosides in NaHS-treated cells,

including the TUM1I knockout cells. However, NaHS treatment did not affect MOCS3
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knockout, indicating the importance of MOCS3 in the sulfur transfer for tRNA thio-
modification. The reduction of mem’s?U in TUM1 deletion could be linked to the stimulation
of NFS1 activity for increased persulfide production. Therefore, the sulfide availability through
NaHS increased the pool of sulfide, increasing mem’s?U formation. Consequently, the effect

of TUM1 knockout on cytosolic tRNA thiolation can be ascribed to the sulfur availability.
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Figure 31: Sulfur availability affects thio-modification. The availability of sulfur-containing
amino acids methionine and cysteine increases thio-modification. Cysteine is a substrate for L-
cysteine desulfurase for persulfide formation, which MOCS3 utilises, URMI1 and CTU1 for
the thiolation of tRNA at wobble Uridine position 34. In the alternative, cysteine can be
replaced by exogenous supplementation with H2S donor NaHS Cysteine can be oxidised to
H>S, which can dissociate to form sulfide, MOCS3, URMI1 and CTU1 for mcm5s2U
modification, can use.

H>S has been mentioned to act via the S-sulfhydration of target proteins. Transfer of sulfur is
essential for the formation of Moco in humans. NFS1 facilitates the donation of the initial
sulfur for this process. The sulfur is further transferred to MOCS3 and MOC2A before the final
incorporation to form MPT. For the availability of sulfur, TUMI1 has been reported to increase
the sulfide pool by upregulating the activity of NFS1 in the presence of MOCS3 in an invitro
experiment (Friasdorf et al., 2014). Here, MOCS3 knockout cells were not affected by NaHS
treatment due to their importance in further sulfur transfer to MOCS2A. However, SO activity
increased in TUM1 knockout cells. The sulfur generated from the dissociation of NaHS is
suggested to increase the persulfide pool for further incorporation into MOCS3, which is
subsequently transferred to MOCS2A for the sulfuration of cPMP to MPT. Invitro MPT
production assay has shown that sulfide can serve as a direct sulfur donor instead of NFS1

(Frasdorf et al., 2014). It is impossible to disprove a direct transfer of sulfur within a cell.
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However, sulfur requires reduction to sulfide before incorporation into biomolecules like Moco
and tRNAs. The activated sulfur can also be utilised to form sulfane sulfur, which is
incorporated into the biomolecules (Kessler, 2006). Further, the activated sulfur can be used
for the biosynthesis of cysteine, which NFS1 uses to form persulfide. Therefore, the hypothesis
of direct sulphur transfer can be annulled (Kessler, 2006)

3.4 Moco deficiency affects the H:S biosynthesis enzyme.

In humans, H>S biosynthesis emerges from the desulfhydration of cysteine by CBS, CTH and
TUMI1 (Chiku et al., 2009). However, TUM1 requires an intermediate step of conversion of
cysteine to 3-mercaptopyruvate by GOT. Cysteine is usually synthesised from the
transmethylation and transsulfuration of methionine (Stipanuk, 2020). CTH can produce L-
cysteine from cystathionine through a, and y elimination. Also, H>S can be biosynthesised from
L-cysteine through o, and 3 elimination by CTH (Chiku ef al., 2009). H2S has been reported
to be toxic at high concentrations therefore the need for its regulation (Nicholson et al., 1998;
Reiffenstein et al., 1992). One of the end products of H2S catabolism is sulfite. Through the
sulfide oxidizing unit, the oxidation of H»S in the mitochondria produces sulfite (Paul ef al.,
2021) (Figure 26). HoS is oxidized by SQR to GSSH, this is further oxidized by sulfur
dioxygenase to sulfite (Paul et al., 2021). SO further catalyses the metabolic detoxification of
sulfite to inorganic sulfate within the intermembrane space of the mitochondria (Cohen et al.,
1971). Sulfite toxicity has been proposed to arise from the conversion of excess sulfite to sulfite
radicals in the absence and presence of oxidative stress due to deficiency in SO (Velayutham
etal.,2016). Inrat hepatocytes, sulfite resulted in the formation of ROS and lipid peroxidation
(Niknahad et al., 2008). Niknahad and colleagues reported that sulfite depleted GSSH and
GSH. Sulfite can react with disulphide bonds to produce thiols and S-sulfonate compounds,
which has been reported in rat's small intestine (Robinson ef al., 1964). Marshall and colleagues
have previously reported GSH depletion enhanced sulfite-linked neurotoxicity (Marshall ez al.,
1999). In this research, increased ROS was observed on TUM1 deletion. Moco is essential for
the activity of SO and its incorporation is essential for the maturation of SO (Klein et al., 2012).
MOCS3 deletion resulted in Moco deficit, which makes SO inactive. (Neukranz et al., 2019).
However, only a mild impairment of sulfite oxidase was observed in TUM1 deletion. Since
there is an impairment in SO in TUM] deletion, there is a possibility that the cells tend to
regulate cysteine production by CTH suppression, reducing the level of H»S in the cell. In

HEK293T TUM1 knockout cells, CTH protein level was reduced. It was previously reported
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in C.elegans (Warnhoff et al., 2019) that the suppression of CTH and CDO attenuated the effect
of Moco deficiency (Warnhoff ez al., 2019). The reduction in CTH was an adaptive mechanism
by the cell to suppress the effect of Moco deficiency. TUM1 deletion in mice was previously
reported to cause a reduction in the expression of CTH (Trautwein ef al., 2021). However, the
effect of CDO was not investigated in this present research. CDO is responsible for the
oxidative pathway of cysteine catabolism with sulfite as one of its end-products (Paul et al.,
2021). It has been previously reported in CDO -/- mice that the capability of the mouse to
produce H>S exceeds that of detoxification of sulfite to sulfate (Roman et al, 2013). An
increased level of H,S followed this due to the predominance of the non-oxidative pathway of

the cysteine catabolism (Roman et al., 2013).
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Figure 32: Moco deficiency is attenuated by limiting cysteine availability. The oxidation
pathway of cysteine through cysteine dioxygenase leads to the formation of sulfite and
pyruvate. However, due to the low availability of SO in TUM1 knockout cells, there is sulfite
accumulation. Likewise, hydrogen sulfide formed through cysteine by CBS and CSE is
oxidised in the mitochondria by SQR to persulfide and donates electrons into the ETC. The
end product of this pathway is sulfite which is later converted to sulfate in the intermembrane
space.

3.5 TUM1 impacts H:S biosynthesis and links to mitochondria bioenergetics disruption.

H>S is a gasotransmitter implicated in numerous functions in humans (Mddis et al., 2013). H2S

can be produced by three enzymes CBS, CTH and TUM1 (Paul et al., 2021). The three enzymes
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are expressed in the kidney. TUM1 produces HoS and a disulfide in a process facilitated by
dihydrolipoic acid (DHLA) or thioredoxin (Yadav et al, 2013; Mikami et al, 2011).
Enzymatically, TUMI can produce H2S from L-cysteine and a-ketoglutarate after conversion
to 3-MP by glutamate oxaloacetate transaminase (GOT) (Shibuya et al., 2009; Taniguchi et al.,
1974). H,S can also be produced through a non-enzymatic pathway through glucose,
glutathione, elemental sulfur and polysulfides (Kolluru et al., 2013). The biological importance
of HaS is constantly increasing (Kolluru ef al., 2013). Hydrogen sulfide has been implicated in
physiological roles like anti-inflammation, oxidative stress, neuromodulation and others
(Yonezawa et al., 2007; Zanardo et al., 2006; Laggner et al., 2007; Abe et al., 1996b). TUMI
can produce H»S both in the cytosol and mitochondria. TUM1 have two isoforms TUM1-Isol
and TUMI Iso2. TUMI Iso2 is localised in both cytosol and mitochondria, while the TUM1
Isol only localizes in the cytosol (Frésdorf et al., 2014). Deletion of TUMI in various systems
exhibited decreased, increased or unchanged H»S levels (Peleli et al., 2020; Li et al., 2018; Li
et al., 2019). In HEK 293T cells, a reduction in H>S level was observed on the deletion of
TUMI. HsS level was significantly decreased using cysteine as substrate respectively. Using
cysteine as substrate only reduced the H>S production since CBS and CTH can also
biosynthesise H»S in the cytosol. However, there was no H>S production using the
physiological substrate of TUM1 3-mercaptopyruvate.

Ser

Cysteine = — —

Figure 33: TUMI1 attenuates H>S biosynthesis in HEK 293T cells. Cysteine derived from
the transsulfuration pathway (Figure 2) is utilised by CSE, CBS and TUM1 to produce H»S in
the cytosol. Deletion of TUM1 in the cytosol reduces HaS biosynthesis. TUMI requires an
additional step involving forming 3-MP by Glutamate oxaloacetate transaminase (GOT). Using
the 3-MP H2S biosynthesis is abolished in the absence of TUMI.

52



DISCUSSION

3.6 TUM1 affects mitochondria bioenergetics.

It has been reported that the silencing of 3-MST in liver cell cultures led to reduced
bioenergetics and concomitant stimulation by 3-MP, at low concentrations (Mddis et al., 2013).
H>S biosynthesis in the mitochondria has been implicated in the stimulation of the
mitochondria bioenergetics (Szabo et al., 2014) through the sulfite oxidizing unit (SOU). The
SOU consists of SQR, which oxidizes two H>S molecules leading to the formation of two
disulfides on SQR and two electrons (Szabo et al., 2014). The electron produced contributes
to the electron transport chain's electron pump and promotes the mitochondria ATP generation
(Szabo et al., 2014). A higher concentration of H>S has been reported to inhibit Complex IV,
thereby inhibiting potential mitochondrial (Szabo et al., 2014). However, in AMST mouse
models, the activity of the complex IV was found to be similar to the wild-type (Trautwein et
al., 2021). 3-MST suppression in the endothelial cell has been reported to affect the
mitochondrial ATP production (Abdollahi Govar et al, 2020). Herein, a lower oxygen
consumption rate (OCR) in the TUMI knockout cells was observed, indicating deficit in
mitochondria bioenergetics. The decrease in OCR corresponds to a decrement in the total ATP
production in TUM1 knockout cells.

Further, an increment in the extracellular acidification rate (ECAR) was observed, suggesting
a shift to glycolytic ATP production by the TUMI knockout cells. H2S can be produced from
glucose through the glycolytic pathway. Glucose can interact with methionine, homocysteine
or cysteine to form gaseous sulfur compounds like hydrogen sulfide (Kolluru et al., 2013). Past
experiments have shown that the silencing of 3-mercaptopyruvate sulfurtransferase (3-MST)
in liver cell cultures exhibited reduced bioenergetics with a corresponding stimulation of 3-MP
(Mddis et al., 2013). HoS produced by CTH and CBS can also diffuse into the mitochondria;
therefore, their compensatory effects cannot be annulled (Murphy et al., 2019). Different
outcomes on cellular bioenergetics have been reported of CTH deletion in various tissues. In
smooth muscle cells, CTH deletion exhibited no effect on the mitochondria bioenergetics but
was promoted in blood cells (Fu ef al., 2012; Modis et al., 2019). High proton leak was also
characteristic of TUM1 deletion, this can be attributed to the damage of the mitochondria
membrane through sulfite. Previous experiments have demonstrated sulfite-dependent damage
to the mitochondria with a corresponding decrease in the ATP production (Mellis ef al., 2020).
To further buttress the sulfite-linked damage, the non-mitochondria oxygen consumption was

observed to be increased in the TUM knockout cells. Non-mitochondria oxygen consumption
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is influenced by ROS and various oxidative stress conditions (Herst et al., 2004). These
findings demonstrates the importance of TUMI in maintaining the optimum mitochondria
bioenergetics by providing electrons into the ETC through the H»S.
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Figure 34: TUMI1 absence affects mitochondria bioenergetics. TUMI is the main H2S
biosynthesis enzyme in the mitochondria. H>S produced from TUMI is oxidised by SQR,
thereby producing electrons which enter the ETC and stimulate the production of ATP. Without
TUMI1, ATP production is reduced due to impaired H>S biosynthesis, leading to decreased
growth.

3.7 Absence of TUM1 affected cell proliferation

Cell cycle progression is controlled and regulated by numerous checkpoints (Mandal et al.,
2005). Cell division is an energy-intensive process, and inhibition of the cell cycle by an ATP-
dependent checkpoint is critical (Mandal et al., 2005). Cellular proliferation and the
concomitant DNA replication and translational processes represent significant energetic
commitments. This presumably require an increase in energy supply to meet this great ATP-
dependent synthetic demand. Therefore insufficient ATP can cause a pause in the cell cycle
progression (Johnson et al., 1999). Cell cycle progression is regulated by mitochondrial
energetics in Jurkat cells. It was reported that Jurkat cells with AYmL (with low mitochondria
potential) fraction were almost exclusively in the G1 phase. The cells obtained from the A¥YmH
(with high mitochondria potential) fraction were in all cell cycle stages, indicating cell cycle
arrest in Jurkat cells with low mitochondria potential (Schieke et al., 2008). This work reported

reduced ATP and mitochondrial bioenergetic in TUM1 knockout cells. Following the low ATP
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in Jurkat cells cycle arrest was reported. In this thesis, the rate of cell proliferation in TUM1
knockout cells was significantly reduced. Further, the TCA cycle is essential for the production
of energy in the form of ATP for maintaining high energy-demanding physiological functions
like cell growth (Martinez-Reyes et al., 2016). Recently, it has been reported that the
suppression of TCA cycle enzymes using genetic silencing siRNA showed that aconitase 2
affected the growth of CHO cells (Dhami et al., 2018). The other TCA cycle enzymes did not
significantly affect the CHO cells' growth rate and viability. A cytosolic and mitochondrial

aconitase reduction was observed in TUM1 knockout cells.
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Figure 35: TUMI1 affects cell proliferation in HEK 293T cells. TUM1 serves as the central
mitochondrial H>S biosynthesis. Oxidation of H2S by SQR donates electrons into the ETC,
thereby increasing the electron pump. This subsequently increases ATP production in the
mitochondria. Also, TUMI1 deletion decreases thio-modification, affecting the translation rate,
thereby affecting cell proliferation.

The stimulation of mitochondrial bioenergetics has been linked to H2S production (Szabo et
al., 2014). The oxidation of H>S in the mitochondria by SQR produces two electrons that flow
into the ETC and increase ATP production (Figure 25) (Szabo et al., 2014). In this thesis, TUM1
knockout cells were reported to have perturbed H>S production. Xie and colleagues have shown
previously that NaHS complementation increased cell proliferation in keratinocytes exogenous
(Xie et al., 2016). A similar outcome was observed in TUM1 knockout cells with exogenous

NaHS rescuing the growth rate.
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Further, the availability of sulfur-containing amino acids in yeast was linked to growth
deficiency due to impairment in the tRNA thio-modification (Laxman et al., 2013). We also
reported impairment in the tRNA thio-modification in TUM1 knockout cells. NaHS is an
exogenous hydrogen sulfide donor dissociating to sulfide, increasing thio-modification and cell
proliferation in TUM1 knockout cells. Bringing all these together, the effect of TUM1 knockout
on cell proliferation can be linked to its hydrogen sulfide production capability and

involvement in thio-modification

3.8 The L-cysteine desulfurase NFS1 activity is inhibited by 2-methylene 3-
quinuclidinone (MQ)

2-methylene 3-quinuclidinone (MQ) is an active compound in eprenetapopt. Eprenetapopt is
an anticancer drug with yet unknown mode of action (Fujihara et al., 2022). Cancer cells are
characterised by a rapid growth rate (Feitelson et al., 2015). Proteomics studies have reported
an upregulation of ferredoxin-2 (mitochondrial) in eprenetopopt-treated cells (Fujihara et al.,
2022). Ferredoxin 2 provides the electrons necessary for converting sulfur to sulfide (Lange et
al., 2000; Shi et al., 2012; Sheftel et al., n.d.; Miihlenhoff et al., 2003) for the formation of
iron-sulfur clusters. Iron-sulfur clusters are essential cofactors for several cellular processes
(Zhang et al., 2022). NFS1 provides sulfur for ISC biogenesis in humans. A recent study
demonstrated that suppression of NFS1 causes iron deprivation followed by iron influx to cells
leading to ferroptosis (Alvarez et al., 2017; Alvarez et al., 2018). A high load of iron produces
reactive hydroxyl radicals from H>O> (Wardman et al., 1996). Ferroptosis has been
characterised by inhibiting Glutamate/cystine antiporter, which depletes the intracellular
cysteine (Yang et al., 2014). However, inhibition of GSH did not induce ferroptosis (Yang et
al., 2014). This suggests the importance of blocking cysteine availability in ferroptosis
induction. In this research, enzyme inhibition assay revealed that MQ inhibits purified NFS1
protein in a non-competitive manner. As a Michael acceptor, MQ can bind to thiols like GSH
and cysteine (Lambert et al., 2009). Using human embryonic kidney cells, NFS1 activity was
demonstrated to reduce with increasing concentrations of MQ. Using radiolabelled cysteine
(35-S) as substrate, the inhibition rate of persulfide formation on NFS1 was affected by MQ
treatment. This indicates reduced availability of sulfur for biogenesis of iron-sulfur cluster.

Reduced aconitase activity was also observed with increasing concentrations of MQ. Aconitase
is an iron-sulfur cluster containing enzymes and functions under iron starvation as an iron

regulatory protein (IRP) (Casey et al., 1988). Aconitase 2 was recently found to impact CHO
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cells’ growth when TCA cycle enzymes were silenced Field (Dhami et al., 2018). Similarly,
the iron-responsive promoted in cancer cells was activated in NFS1 suppression (Alvarez et
al., 2018). A decrement in proliferation rate in MQ-treated HEK293T cells was observed in this
work. Since evasive growth is characteristic of cancer cells, then this effect of MQ will be
beneficial to control the cancer cell growth (Feitelson et al., 2015).

NFS1 uses cysteine to provide sulfur for cytosolic tRNA thiolation and Moco biosynthesis.
Reduced thio-modification and Moco deficiency have been shown to cause growth retardation
in yeast and C.elegans, respectively (Laxman et al., 2013; Warnhoff et al., 2019). However,
this was not investigated in this research. The mode of action can then be ascribed to the binding
of MQ to cysteine, thereby inhibiting the rate of persulfide formation on NFS1. This indicates
that MQ inhibits NFS1 activity by binding to cysteine leading to perturbation of ISC biogenesis
and reducing cell proliferation. This therapeutic approach will be helpful in cancer biology due
to the energy demand of cancer cells. NFS1 is an essential cofactor for vital proteins as NFSI
is found to be upregulated in some cancer cells. High expression of NFS1 has been reported to

be critical for lung tumour growth (Alvarez et al., 2017).
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Figure 36: Inhibition of NFS1 activity by MQ. Cysteine serves as a substrate of NFS1 for
ISC biogenesis and other biomolecules. MQ binds cysteine, reducing the intracellular cysteine
available. This reduces the Fe-S clusters open, causing a reduction in aconitase activity and
cell proliferation.
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4  Conclusion

In this study, we were able to show for the first time using CRISPR/Cas9 TUM1 HEK 293T
knockout cells the effects of TUM1 on Moco biosynthesis, cytosolic tRNA thiolation and
cellular bioenergetics based on previous interaction studies.

Using HPLC quantification of the fluorescent derivative of cPMP and MPT, TUM1 was shown
to be involved in the efficient sulfur transfer for the second step of Moco biosynthesis. Further,
sulfite oxidase activity and protein levels were reduced in TUM1 knockout cells, resulting from
the degradation of SO due to reduced Moco content in the cell. We also demonstrated the
accumulation of cPMP, the first product of Moco biosynthesis. TUM1 is involved in sulfur
transfer for Moco biosynthesis in humans based on the above evidence.

The deletion of TUM] resulted in the reduction of thio-modification (mem®s?U) in the cell.
This caused an accumulation of mem’U in the cells due to low sulfur being incorporated for
mcm?’s?U formation. TUMI can therefore be suggested to be a part player in the sulfur transfer
for cytosolic tRNA thiolation in humans. The deficit in Moco biosynthesis, cytosolic tRNA
thiolation and cell proliferation is suggested to be caused by sulfur availability as treatment
with NaHS rescued the deficits.

TUMLI is an essential enzyme for H>S biosynthesis in HEK 293T. In the absence of TUMI in
the cells, H2S biosynthesis was affected, affecting ATP production and mitochondria
bioenergetics.

Further, MQ inhibits the activity of L-cysteine desulfurase in HEK293T by limiting substrate
availability. This leads to the reduction of the activity of an iron-sulfur cluster-dependent
enzyme aconitase indicating impairment in Fe-S cluster biogenesis. However, this still needs
to be intensively investigated. Conclusively, TUMI1 is an important sulfurtransferase for
efficient sulfur transfer for cytosolic tRNA thiolation and Moco biosynthesis. TUMI1 is also

crucial for maintaining the optimal level of H2S biosynthesis in kidney cells.
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5  Future perspectives

This present research investigated the combined effect of both TUM1 isoforms. In the future,
the role of the individual isoforms on cytosolic tRNA thiolation, Moco, and H>S biosynthesis
should be investigated. This is important due to the different localisation of the two isoforms
and various interaction partners. The effect of TUMI1 on other Moco-dependent enzymes like
xanthine oxidase and aldehyde oxidase would also be of interest. Moreover, the low expression
of these enzymes in human embryonic kidney cells is a constraint. However, other conventional
methods that could detect low levels of products could be employed. Also, the effect of NaHS
on the Moco and cPMP levels should be investigated. This might give more insights into the
increase in sulfite oxidase activity.

Further, the activity of NFS1 should be analysed in the TUM1 KO cells. Since the methylene
blue assay measures the overall sulfide produced, it is difficult to separate other sulfide-
producing enzymes. Using radioactivity for the analysis would have more prospects into
measuring NFSI1’s activity. This might give further knowledge on the sulfur transfer
mechanism for Moco biosynthesis and cytosolic tRNA thiolation. It would also be of interest
to know the levels of cysteine and glutathione in TUM1 deletion. A metabolomics analysis
would be important to observe the affected metabolisms in the 7TUM1 KO. This is important
due to the numerous effects already observed in this research. Finally, the impact of TUMI1 on
the mitochondria tRNA thiolation should be investigated since there is already interaction

evidence between MTU1 and TUM1 in the mitochondria.
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Abstract: Sulfur is an important element that is incorporated into many biomolecules in humans. The
incorporation and transfer of sulfur into biomolecules is, however, facilitated by a series of different
sulfurtransferases. Among these sulfurtransferases is the human mercaptopyruvate sulfurtransferase (MPST)
also designated as tRNA thiouridine modification protein (TUM1). The role of the human TUM1 protein
has been suggested in a wide range of physiological processes in the cell among which are but not limited
to involvement in Molybdenum cofactor (Moco) biosynthesis, cytosolic tRNA thiolation and generation
of H,S as signaling molecule both in mitochondria and the cytosol.Previous interaction studies showed
that TUM1 interacts with the L-cysteine desulfurase NFS1 andthe Molybdenum cofactor biosynthesis
protein 3 (MOCS3). Here, we show the roles of TUM1 in human cells using CRISPR/Cas9 genetically
modified Human Embryonic Kidney cells. Here, we show that TUM1 is involved in the sulfur transfer for
Molybdenum cofactor synthesis and tRNA thiomodification by spectrophotometric measurement of the
activity of sulfite oxidase and liquid chromatography quantification of the level of sulfur-modified tRNA.
Further, we show that TUM1 has a role in hydrogen sulfide production and cellular bioenergetics.

Keywords: Moco biosynthesis; sulfite oxidase; cytosolic tRNA thiolation; 5-methoxycarbonylmethyl-2-thiouridine; H,S
biosynthesis; cellular bioenergetics

1. Introduction

The human 3-mercaptopyruvate sulfurtransferase (MPST) (EC 2.8.1.2), also designated
as TUM1 (tRNA thiouridine modification protein 1), belongs to an enzyme superfamily
of proteins that contain a rhodanese-like domain (RLD) [1]. To date, the physiological
function of rhodanese-like proteins is not fully understood, but rhodaneses have been
linked to a wide variety of biological processes, including the detoxification of cyanide, the
homeostasis of cellular sulfur in general, the participation in the degradation of L-cysteine,
mitochondrial production of hydrogen sulfide (HzS) as signaling molecule, in addition to
the biosynthesis of enzymatic cofactors, vitamins and sulfur-containing nucleic acids in
tRNAs [2-6]. A role of the human TUM1 protein was recently suggested to be involved in
the two biosynthetic pathways of tRNA thiolation of cytosolic tRNAs and Moco biosynthe-
sis by interacting with the protein MOCS3 in humans [7]. Initially, an involvement of the
yeast TUM1 protein (tRNA thiouridine modification protein) in tRNA thiomodification had
been identified before [1,8]. Human TUM1 has been shown to catalyze the desulfuration
of 3-mercaptopyruvate to generate an enzyme-bound hydropersulfide [9], which then
transfers the persulfide’s outer sulfur atom to proteins or small molecule acceptors. MPST
activity is also known to be involved in hydrogen sulfide generation, tRNA thiolation,
protein urmylation and cyanide detoxification [9]. Tissue-specific changes in human MPST
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expression correlate with aging and the development of metabolic disease [9]. Recently,
high expression of MPST has been reported in cancer tissues due to its HzS biosynthesis
capability and a subsequent influence on cellular bioenergetics [10-13]. Deletion and over-
expression experiments suggested that MPST contributes to oxidative stress resistance,
mitochondrial respiratory function and the regulation of fatty acid metabolism [9].

Mammalian TUM1/MPST has been mostly studied for its physiological role in H»S
generation in cellular sulfur metabolism [6,14-16]. Human MPST is mainly expressed in
kidney, liver, heart and neurological cells [17]. Patients have been reported to accumulate 3-
Mercaptolactate (3 ML) in the urine. 3-mercaptopyruvate is converted to 3-ML due to the
deficiency of TUM1, which converts the former to pyruvate [18,19]. Patients with
mercaptolactate-cysteine disulfuiduria (MCDU) have been shown to have mental retarda-
tion [19], while in some cases, mental retardation was not recorded [20]. MPST knockout mice
presented an increased anxiety-like behavior [21]. In addition, investigation of MPST
knockout mouse brains revealed lack of cysteine-SSH and GSSH production with 50%
decreased levels of total persulfated species [22].

The interaction of TUM1 with MOCS3 suggested that TUM1 is involved in tRNA
thiolation and molybdenum cofactor (Moco) biosynthesis [7]. In Moco biosynthesis, two
sulfur atoms are inserted into the cyclic pyranopterin monophosphate (cPMP) backbone,
forming the dithiolene group of molybdopterin (MPT), which ligates the molybdenum
atom and forms the molybdenum cofactor (Moco) [23]. The conversion of cPMP to MPT
is catalyzed by MPT synthase, which is composed of MOCS2A and MOCS2B [24]. For
regeneration of the thiocarboxylate group at the C-terminal glycine of MOCS2A in MPT
synthase [25] MOCS3, TUM1 and NFS1 are suggested to be involved [7]. Moco biosynthesis
and tRNA thiolation were suggested to share the same sulfur delivery pathway composed
of NFS1, TUM1 and MOCS3 [7].

In humans, there are four molybdoenzymes, namely sulfite oxidase (SO) aldehyde
oxidase (AOX), xanthine oxidase (XO) and the two mitochondrial amidoxime reducing
components, mARC1 and mARC2 [26]. SO catalyzes the metabolic detoxification of sulfite
to sulfate within the intermembrane space of the mitochondria [27]. In mammals, SO is
highly expressed in the liver, kidney and heart and has very low expression in the spleen,
brain, skeletal muscle and blood [28]. Sulfite toxicity is proposed to arise from the con-
version of excess sulfite to sulfite radicals in the absence and presence of oxidative stress
due to deficiency in SO [29]. In humans, deficiency in sulfite oxidase deficiency, which can
arise from the mutation of genes encoding for proteins responsible for Moco biosynthesis
(MocoCD) [30], can lead to mental retardation, epileptic seizures, brain atrophy and (dislo-
cated ocular lenses) [31]. Recently, it was shown that, in Moco deficient patients, highly
interconnected mitochondria are present, similar to what has been shown in mouse-derived
fibroblasts [32]. It has been therefore concluded that altered mitochondrial dynamics are
an important contributor to the disease phenotype of sulfite oxidase deficiency in Moco-
deficient patients, and it has been suggested that MoCD should be included among the
mitochondrial disorders [32].

Transfer RNAs from all organisms contain modified nucleosides, which are deriva-
tives of the four major nucleosides: adenosine (A), guanosine (G), cytosine (C) and uri-
dine (U) [33]. tRNAs specific for lysine, glutamate and glutamine in most organisms have
a 2-thiouridine derivative (xm®s?U) at the wobble uridine at position 34 [34-37].
Thiolation modifications at the wobble uridine at position 34 (U34) present in tRNA of
lysine, glutamine and glutamate are suggested to be important for enhanced translation
efficiency and higher stability of tRNA binding to the ribosomal A site [38]. For the thi-
olation and formation of the mcm®s?U in the cytosol of eukaryotes, the biosynthesis of the
5 methoxy-carbonylmethyl group of the uracil ring is required for efficient 2 thiouri-dine
formation in the cytoplasm [8]. In humans, it was shown that the proteins MOCS3, URM1,
TUM1, CTU1 and CTU2 are involved in s2U34 formation [39,40], while proteins of the
ELP pathway synthesize the mcm5-group [41]. The ELP pathway includes the six
subunits of the ELP-complex (ELP1-6) and the tRNA methyltransferase complex con-
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taining TRM9 and TRM112 [42]. The URM1 protein (ubiquitin-related modifier) was
shown to have a ubiquitin-like b-grasp-fold and to contain a conserved C-terminal double
glycine-motif on which a thiocarboxylate group is formed for direct sulfur-transfer to
mcm®U34 in tRNA [25,36,43,44]. In contrast, the formation of T™m>s2U34 for mitochon-
drial tRNALys, Gln, Glu requires different protein components compared to the ones
identified in the cytosol, whereas details of the pathway are not completely resolved to
date [45]. It was shown that lack of the Tm®s?U modification in mitochondrial tRNALys
from individuals with myoclonus epilepsy associated with ragged red fibers (MERRF)
resulted in a marked defect in mitochondrial translation [46]. In this pathway, the MTU1
protein—which is a mitochondria-specific 2-thiouridylase responsible for the generation
of Tm®s?U in mammals—is required [47]. The sulfur is derived from mitochondrial NFS1,
which is transferred via TUM1-Iso2 [7,48]. For the formation of the taurine group, the
proteins GTPBP3 and MTO1 are required [47].

TUM1 catalyses the conversion of 3-mercaptopyruvate to pyruvate and a protein-
bound persulfide, which is released as HzS [9]. Three H:S producing enzymes exist in
humans, besides TUM1/MPST, the cystathionine-y-lyase (CTH) and the cystathionin B-
synthase (CBS). CBS and CTH are pyridoxal-phosphate (PLP)-dependent enzymes, which
are differently expressed throughout tissues [49,50]. In the L-cysteine catabolism, the
three enzymes are partly overlapping and complementary functions. Dysregulation of
the H2S producing system has been linked to increased cellular dysfunction in case of
diseased/stressed states [51].

We have recently shown that human interaction studies most interestingly revealed
interaction of TUM1 with the only L-cysteine desulfurase of human cells NFS1, which is
central for sulfur transfer in FeS biosynthesis [52], Moco biosynthesis and tRNA thiola-
tion [53]. TUM1-Isol was further shown to bind MOCS3 [7], a sulfur transferase implicated
in Moco biosynthesis and tRNA thiolation [39]. We hence proposed a role for human TUM1
Moco biosynthesis and tRNA thiolation. Here, we show for the first time that knockout of
TUM1 in human embryonic kidney (HEK) cells impacts cytosolic tRNA thiolation as well
as the Moco-dependent enzyme Sulfite oxidase (SO). Further, we show that TUM1 impacts
H2S biosynthesis and cellular bioenergetics in HEK293T cells.

2. Materials and Methods
2.1. Materials

Sodium hydrosulfide (NaHS) obtained from (Sigma-Aldrich, Darmstadt, Hesse, Ger-
many) was freshly dissolved in millipore water shortly before cell treatment.

2.2. Cultivation of Mammalian Cell Lines

HEK293T (DSMZ) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
PAN-Biotech, Aidenbach, Bavaria, Germany) supplemented with 10% fetal bovine serum
(FBS, PAN-Biotech, Aidenbach, Bavaria, Germany) and 2 mM L-glutamine (PAN-Biotech,
Aidenbach, Bavaria, Germany). The cells were maintained at 37 °C and 5% COz adherently
in T75 or T25 cell culture flasks (Sarstedt, Niimbrecht, North Rhine-Westaphalia, Germany)
until the cells were 90% confluent. The cells were detached via trypsin/EDTA (Gibco, Life
Technologies, Darmstadt, Hesse, Germany) and passaged every 3-4 days.

2.3. Generating TUM1 Knockout Cells with CRISPR/Cas9

The CRISPR/Cas9 method was used to generate stable TUM1 knockout cell lines. The
protocol was adapted from [54]. The method is based on a complementary gRNA to target the
gene of interest providing a cleavage site for the Cas9 nuclease. The cleaved DNA is repaired
by error prone nonhomologous end joining (NHE]) leading to deletions, insertions or frame-
shifts preferentially resulting in loss of function mutations. gRNAs complementary to DNA
near the start codon of the TUM1 gene were designed using MIT opensource (https:
//crispr.mit.edu/, accessed on 16 August 2017) [55]. The forward guide and the reverse
guide were annealed using a standard protocol. They were constructed with Bbsl restriction
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sites to enable cloning into the pSpCas9(BB)-2A-Puro vector (https://addgene.org/crispr/,
on accessed on 1 September 2017) [56]. This vector already contains the scaffolding part of
the gRNA and the gene for Cas9. The resulting plasmid was transiently transfected into
the HEK293T cells. Positively transfected cells were selected with puromycin. Single cells
were grown into colonies and analyzed via sequencing (GATC) and immunoblotting using

an ®-TUM1 antibody (Abcam, Rozenburg, Amsterdam, Netherlands).

2.4. Immunoblotting

Whole cell lysates (50-100 pg) were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF) mem-
brane (Amersham Hybond, GE Healthcare, Freiburg, Baden-Wiittemberg). Protein transfer
was performed using Mini-Protean 2 Cell chambers (Bio-Rad, Kabelsketal, Saxony-Anhalt, Ger-
many). The primary antibodies TUM1 (1:3500., Abcam, Rozenburg, Amsterdam, Netherlands),
CBS (1:1000., Sigma-Aldrich, Darmstadt, Hesse, Germany), CTH(1:1000., Sigma-Aldrich,
Darmstadt, Hesse, Germany), CTU1 (1:1000, Sigma-Aldrich, Darmstadt, Hesse, Germany),
CTU2 (1:1000, Sigma-Aldrich, Darmstadt, Hesse, Germany), URM1 (1:500, Sigma-Aldrich,
Darmstadt, Hesse, Germany), ®-MOCS3 (1:4000, Abcam, Rozenburg, Amsterdam, Nether-
lands), ®-SO (1:1000, Abcam, Rozenburg, Amsterdam, Netherlands) and -actin (1:7500,
Sigma-Aldrich, Darmstadt, Hesse, Germany) were used for protein detection together with the
peroxidase-coupled secondary antibodies (x-rabbit POD, 1:10,000, Sigma-Aldrich, Darm-
stadt, Hesse, Germany; ®-mouse POD, 1:5000, Sigma-Aldrich, Darmstadt, Hesse, Germany).
The blots were developed with chemiluminescence via the Fusion SL Vilber Lourmat (peqlab,
Erlangen, Bavaria, Germany) imaging system.

2.5. MTT Assay

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] is converted to
insoluble purple formazan by dehydrogenases in living cells, thereby measuring the growth
rate [57]. Formazan can be solubilized by isopropanol and measured spectrophotometri-
cally. 10403 cells per well were seeded in a 96-well plate, and 50 pL of the MTT solution
was added to each well and incubated for 3 h at 37 °C. Subsequently, 150 YL of the MTT
solvent was added, and the MTT formazan was detected after 15 min at 590 nm.

2.6. Aconitase Activity Assay

Aconitase is an [4Fe-4S] cluster-containing TCA cycle protein that catalyzes the iso-
merization of citrate to isocitrate via cis-aconitate [58]. HEK293T cells were grown in T75
culture flasks until the cells were 90% confluent. The cells were harvested and lysed in
nondenaturing lysis buffer [50 mM Tris-HCl and 1% NP-40 (pH 8)]. The protein concen-
tration was determined via a Bradford assay. The aconitase activity was measured using
50 L of cell lysate mixed with 250 pL of reaction buffer [50 mM Tris-HCl, 50 mM NacCl,
5 mM MgC(Cl2, 0.5 mM NADP+ and 0.05 unit of isocitrate-dehydrogenase (Sigma) (pH 8)].
This was incubated for 5 min at 37 °C before the addition of 200 pL of starting buffer
(50 mM Tris-HCI], 50 mM NacCl, 5 mM MgClz and 2.5 mM cis-aconitate). The reaction
was followed at 340 nm by the reduction of NADPH as ICDH converted the product of
aconitase. The specific activity was calculated using the extinction coefficient of NADPH
(€340 = 6220 mM™1) [59].

2.7. Sulfite Oxidase Activity Assay

The activity assay of the Moco-dependent enzyme sulfite oxidase was adapted from [60].
Cells were grown in a T75 cell culture flask until they were 90% confluent. They were har-
vested, and the pellet was resuspended with extraction buffer [50 mM Tris-acetate, 0.1 mM
EDTA and 1% NP-40 (pH 8.5)]. The probes were vortexed and centrifuged (12,000 x g for
15 min at 4 °C) to obtain the cell lysate. The protein concentration was determined with
Bradford reagent. The enzyme activity was measured using 150 pL of cell lysate in a total
reaction volume of 1 mL. The reaction buffer consisted of 800 UL of 50 mM Tris-acetate,
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0.1 mM EDTA and 1% NP-40 (pH 8.5) to which 10 pL of 17 mM sodium deoxycholic acid,
5 pL of 10 yM potassium cyanide, 33 YL of cytochrome c (6 mg/mL) and 2 pL of 100 mM
sodium sulfite had been added. The reduction of cytochrome c was monitored at 550 nm
for 5 min. The specific activity using the extinction coefficient of cytochrome c(€550 =
19.36 M~ 1) was calculated.

2.8. tRNA Extraction and Analysis

Using nucleoside separation by HPLC, it is possible to distinguish and quantify non-
modified nucleosides as well as the modified nucleosides, as the mem®s2-modification
on Uridine of Lys, Gln and Glu. Nucleosides can be distinguished by the respective UV-
spectra. Forty-eight hours before being harvested, the cells were seeded on three T75 cell
culture flasks until the cells were 90% confluent. The cells were taken up with TriFast
(Peqlab, Erlangen, Bavaria, Germany), and a 1:5 volume of chloroform was added. After
centrifugation, the upper, aqueous phase was transferred into a new falcon and precipitated
with 1 times the volume of isopropanol overnight at — 20 °C. The samples were spun down
(13,00 g for 1.5 h at 4 °C), and the resulting pellet was washed thrice with 70% ethanol.
The pellet was dried at 37 °C for 10-15 min. The precipitated RNA was dissolved in 100 pL
of 0.3 M NaOAc (pH 4.5) for 15 min at 55 °C. One hundred micrograms of total RNA per
gel was separated by 10% urea-PAGE run at 200 V for 75 min. Subsequently, the gels were
stained with an ethidium bromide solution, and the tRNA bands were cut out and placed
in crush-n-soak buffer [50 mM sodium acetate and 150 mM sodium chloride (pH 7.0)] at
4 °C overnight to release the RNA from the gel. This was then precipitated overnight at
20 °C with a 1:1 dilution with isopropanol before being washed twice with 70% ethanol.
The tRNA pellets were dried at 37 °C for 10-15 min. They were dissolved in 50 pL of
0.3 M NaOAc for approximately 15 min at 55 °C. High-performance liquid chromatography
(HPLC) analysis was performed as described by [61].

2.9. Quantification of Moco and cPMP in HEK293T Cells

Moco and cPMP can be oxidized into their fluorescent degradation products FormA
and Compound Z, respectively. These degradation products can then be eluted via QAE
chromatography and quantified via HPLC [62]. Briefly, HEK293T cells were grown in T75
cell culture flasks until the cells were 90% confluent. They were harvested and resuspended
in 800 pL 100 mM Tris-HCI (pH 7.2), followed by cell lysis through sonification (on 2 s,
off 2's, 20%, 45 s). The protein concentrations were determined via Bradford reagent. For
both Moco and cPMP measurements, 50 YL of solution A (1063 pL of [2/KI and 100 pL of
37% HCI) was added to 400 pL of the cell lysate followed by the addition of 150 L of the
12 /KI solution. The samples were kept in the dark overnight at RT. Subsequently, 100 yL
of 1% ascorbic acid was added to 400 pL of the supernatant after centrifugation. This was
followed by the addition of 200 yL of 1 M Tris to change the pH to 8.3. The cPMP samples
were loaded on QAE column. The FormA samples were further dephosphorylated with
30 pL of 1 M MgClz and 2 pL of fast alkaline phosphatase for 2 h. Purification of FormA and
Compound Z was performed using QAE chromatography. FormA was eluted with 10 mM
acetic acid from which nine fractions were collected (500 pL). The cPMP samples were
eluted with 100 mM HCI collecting nine times 500 YL fractions. Thereafter, the fractions
were loaded onto the HPLC system and quantified after separation on a reversed phase
C18 column.

2.10. Measurement of Free H2S via Methylene Blue

Sulfides are able to convert N,N-dimethyl-p-phenylenediamine (DMPD) directly to
methylene blue in the presence of a mild oxidizing agent (acidified ferric chloride). The
methylene blue assay was employed according to [63]. Using cysteine, the reaction contain-
ing 50 mM Tris buffer pH 8.0, 2 mg cell lysate, 1 mM DTT, 10 yM PLP in a total volume of
500 pL was started with 1 mM L-cysteine and incubated at 37 °C for 1 h. For mitochondria
substrate 3-mercaptopyruvate (3-MP), reaction containing CAPS buffer pH 10.5, 300 pg cell
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lysate, 1 mM DTT in a total volume of 500 YL was started with 1 mM 3-MP and incubated at
37 °C for 1 h. Both reactions were stopped by simultaneous addition of 50 pM DMPD and
30 mM Iron (IlI)-chloride. Methylene blue was formed and quantified at 670 nm against a
sulfide standard curve.

2.11. Reactive Oxygen Species Quantification

To analyze the amount of ROS in the cells, the nonfluorescent molecule carboxy-(2’,7 -
dichloro-hydrofluorescein diacetate)—which is readily converted to its highly fluorescent
2',7-dichlorofluorescein when the acetate groups are removed by activity of ROS—was
employed and adapted from [64]. Cells were plated at 25,000 cells/well in a 96-well plate
24 h before treatment, cells were treated with (carboxy-DCFDA, Sigma-Aldrich, Darmstadst,
Hesse, Germany) at a concentration of 10 UM of serum-free culture media and incubated
at 37 °C for 30 min. The serum-free media containing the dye was removed and washed.
Fluorescence evaluation was carried out at emission 560 nm and excitation at 488 nm.

2.12. Measurement of Cellular Bioenergetics

The cellular bioenergetics were measured using the seahorse extracellular flux mito
stress test, which quantifies the oxygen consumption rate as described in [65]. Briefly, cells
(15,000/well) were seeded on a 24-well seahorse plate in DMEM medium a night prior to
analysis; the medium was replaced with seahorse medium supplemented with L-glutamine (2
mM, Gibco, Life Technologies, Darmstadt, Hesse, Germany), sodium pyruvate (1 mM,
Sigma, Sigma-Aldrich, Saint Quentin-Fallavier, Lyon, France) and glucose (10 mM, Sigma,
Sigma-Aldrich, Saint Quentin-Fallavier, Lyon, France). After 1 h incubation at 37 °C in CO3-
free incubator, the oxygen consumption rate (OCR) after oligomycin (1 pM) was used to
estimate the rate of ATP production. In addition, carbonyl cyanide-4-trifluoromethoxy
phenylhydrazone (FCCP, 0.5 pM) was used to estimate the maximal mitochondrial respira-
tory capacity. The flux of electrons through complex III and I was blocked with antimycin
A (0.5 pM) and rotenone (0.5 pM), respectively; any residual activity in the presence of

these inhibitors was assessed as non-mitochondrial OCR. Results were normalized to the
number of cells.

3. Results
3.1. Generation of HEK293T TUM1 KO Cell Lines with CRISPR/Cas9 System

HEK293T cells were used to generate the TUM1 knockout cell line. HEK293T cells
have a near triploid karyotype and contain three copies of chromosome 22 on which the
TUM1 gene is localized. Co-transfection of the short guide RNA-containing Cas9-encoding
plasmid with a repair-oligonucleotide that contains several stop codons at the 5" end
directs the cell repair mechanism towards homology-directed repair (HDR) and insertion
of the desired genetic sequence (Figure 1A), which preferentially led to random mutations
with a desired premature termination of TUM1 transcription. DNA sequencing revealed
the mutations and identified several homozygous /- TUM1 KO cell line (Figure 1C).
Additionally, the absence of the TUM1 protein in the knockout cell line was confirmed by
immunodetection, using a TUM1 specific antibodies (Figure 1D). As control, we used our
MOCS3 KO cell line, reported previously [66] which shows the presence of both TUM1
isoforms, confirming that the TUM1 KO was successful and both isoforms are mutated in
the produced homozygous cell line. The MTT assay was applied to analyze changes in the
cell growth caused by the absence of TUM1. Here, we compared the TUM1 KO cell line to
the MOCS3 KO since that cell line was shown before to have a growth defect. The results
in (Figure 1E) show that the TUM1 KO strain has a higher impact on cell division in
comparison to the MOCS3 KO strain. The cells were able to divide, but the growth rate
was shown to be significantly reduced by 50% in the homozygous{ 7 ) TUM1 KO strain
compared to that in wild-type cells. Treatment with exogenous H2S donors like NaHS
in a neutral solution like water leads to about 20% H2S and 80% (HS-) [67]. Treatment of
TUM1 KO cells with 10 pM of NaHS (as exogenous hydrogen sulfide donor) reverted the
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growth deficit. NaHS was applied due to previous results showing that hydrogen sulfide
stimulates cellular bioenergetics at lower concentrations [68] and the known involvement
of TUM1 in hydrogen sulfide production in mitochondria [69]. Conclusively, TUM1 KO
cells might lower the rate of cell proliferation based on a lower hydrogen sulfide production
in the mitochondria.

40bp-TGACTTCGCCGGAGCTCTGACGCGGTGATGA-40bp - Bepair template ) TUM1 KO
—CCCGAGTGTCGCCGCCATGGCTTCGCCGCAGCTCTGCCGCGCGCTGGTGTC@CAATGGGTG-
ATG ATG
TUM1 cDNA RLD2 c -
EIGCICIGNEICAT G G CTTCGCCG CAGCTCT GC CGCGCGTG
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Figure 1. Generation of TUMI knockout cell lines using the CRISPR/Cas9 system. (A) Schematic
diagram of Repair template (upper) and genomic sequence (lower) of the respective Cas9 targetingsite.
Homology sequences not shown (40 bp). The guide RNA (blue) with the respective PAM-site (turquoise),
exon regions (yellow box), start codons (green), silent mutations (orange), restriction sites(brown), resulting
in stop codons (red). (B) Diagrammatic representation of TUM1 cDNA showingthe ATG (start codon),
MTS (mitochondria targeting sequence), RLD (rhodanese like domains) andthe C terminal cysteine. (C)
Sequence of PCR product with mutations spanning from the start codon. (D) Immunodetection of TUM1
in different HEK293T cell lines. The generated HEK293T CRISPR/Cas9 cell lines with knockout cells in
TUM1 were analyzed for the presence of the TUM1 protein by immunodetection. (E) Proliferation rate with
(T) and without NaHS treatment of HEK293T cell lines. MTT was added at 0.5 mg/mL to the culture media
and incubated at atmosphere of 5% CO, for 3 h at 37 °C. The formazan dye formed was dissolved using the
permeabilization solution and measured at 570 nm. Independent samples f-test with SPSS was
performed as indicated * p < 0.05,

**p<0.01, *** p<0.005, **** p<0.001 (1 = 3) (n represents number of biological replicates).

3.2. Effect of TUM1 KO on Sulfite Oxidase Activity and Moco Biosynthesis

Prior studies have shown that TUM1 interacts with the L-cysteine desulfurase (NFS1)
and the Molybdenum cofactor biosynthesis protein 3 (MOCS3) [7]. These two proteins
are involved in two important sulfur requiring pathways; Cytosolic tRNA thiolation and
Moco biosynthesis [39,53]. However, the previous studies did not investigate the role of
TUM1 in these pathways in humans. To analyze a potential role of TUM1 in Moco
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biosynthesis, we determined the activity of the most abundant human molybdoenzyme,
Sulfite oxidase, in the TUM1 KO cell line in comparison to the MOCS3 KO cell line. Again, we
compared the activity to the MOCS3 KO cell line, which was shown before to largely reduce
sulfite oxidase activity. Sulfite oxidase activity was found to be reduced to 75% of the
activity of the wild type (Figure 2A) in the TUM1 KO cells. SO activity in MOCS3 KO cells
anegative control was decreased to 15% of the wild type activity, in consistency with previous
results [66]. Sulfite oxidase abundance was slightly reduced in TUM1 KO cells compared to
the wild type and undetectable in MOCS3 KO cells (Figure 2B,C). These results confirm the
past results [70] showing that SO is degraded in the absence of Moco which is evident in
MOCS3 KO cells and a slight reduction of SO abundance in TUM1 KO cells. The low amount
of SO activity present in the TUM1 KO cells might be due to sulfur availability for MOCS3
transferred from other sulfurtransferases.

Figure 2. Sulfite oxidase activity in HEK293T cell lines. (A) Sulfite oxidase activity in wild type, TUM1
KO, and MOCS3 KO(—/—) were determined using sodium sulfite as substrate; the reaction was monitored
by the reduction of cytochrome c at 550 nm for 5 min. (B) Immunodetection of SO,MOCS3 and TUM1
using the corresponding antibodies. 100 pg of cell lysates were loaded on a 12% SDS-PAGE and
transferred to a PVDF membrane, followed by incubation with correspondingantibodies. Proteins were
visualized using POD-labeled secondary antibodies. Image J intensity quantification (C) SO (D)TUM1 (E)
MOCS3. Independent samples ¢-test with SPSS was performed as indicated ** p < 0.005, **** p < 0.001 (n =
3) (n represents number of biological replicates).

3.3. Effect of TUM1 KO on Moco and cPMP Levels

Since sulfite oxidase activity was reduced in TUM1 KO cells, it was of interest to
analyze the effect on Moco and cPMP production in these cells, which we compared again
to the MOCS3 KO cell line, in which both cofactor levels were shown previously to be
affected [66]. The results show that TUM1 KO cells had a 45% decrease in the amount of
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Moco compared to WT, while Moco was not detected in MOCS3 KO cells as reported before
(Figure 3A). Additionally, cPMP accumulated 50% more in TUM1 KO cells compared to
the WT while MOCS3 KO cells accumulated 120% cPMP compared to the WT (Figure 3B).

These results show an effect of TUM1 for Moco production by a reduced cPMP conversion,
that is the consequence of the results for the reduction of sulfite oxidase activity as shown

(Figure 2).
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Figure 3. Quantification of Moco and cPMP in HEK 293T cell lines. Cells were oxidized overnight to
convert Moco and cPMP to their fluorescent degradation products Form A and Compound Z,
respectively. cPMP samples were separated by QAE ion-exchange chromatography and quantifiedby
HPLC after separation on a C-18 column. 20 pL of 50% acetic acid was added to Form A samplesbefore
loading on the column. The elution of Form A and Compound Z was monitored with an Agilent 1100
series system. The fluorescence excitation at 383 nm and emission 450 nm. (A) Mococontent after
normalizing to protein concentration (B) cPMP content after normalizing to protein concentration.
Independent samples t-test with SPSS was performed as indicated ** p < 0.005,

*xx*p<0.001 (1 =2).

3.4. Repair of Sulfite Oxidase Activity in TUM1 KO Cells with NaHS

H2S has been mentioned to act via S-sulfhydration of target proteins. NaHS could
also serve as direct sulfur donor through NaHS dissociation in neutral solution (H:S, HS-,
S2), thereby leading to pool of sulfide [67]. The cell proliferation experiments showed
that NaHS can complement the growth deficit of TUM1 KO cells but not of MOCS3 KO
cells. To investigate the enzyme that is repaired by NaHS, we investigated the effect on
sulfite oxidase activity. Therefore, we investigated whether the treatment of the cells with
NaHS could repair the low SO activity in TUM1 and MOCS3 KO cells. Here, we show that
the SO activity of TUM1 KO cells were rescued to almost the WT level, but not the MOCS3
KO cells (Figure 4A). NaHS treated WT cells also showed an increase in SO activity compared
to the untreated control. These data suggest that NaHS is a sulfur donor only in TUM1
KO cells (containing MOCS3), hence increasing the amount of Moco formed while
MOCS3 KO cells did not respond to the NaHS treatment since MOCS3 is crucial for the
sulfurtransfer reaction. One possibility is that either the transfer of sulfur from NFS1 to
MOCSS3 is facilitated by hydrogen sulfide by the action of TUM1. Further, it was shown
previously that sulfite oxidase deficiency can be suppressed by mutationin CTH [71]. CTH
was found to be present in lower amounts in TUM1 cells (Figure 4C,D); NaHS might also
suppress the sulfite production from cystathionine due to the availability of hydrogen
sulfide. However, this effect is not so pronounced in the MOCS3 KO cells since the hydrogen
sulfide biosynthesis is less perturbed in MOCS3 KO cells compared to theTUM1 KO
cells.
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Figure 4. Effect of NaHS on sulfite oxidase activity in HEK293T cell lines. (A) Sulfite oxidase activity in WT,
TUM1 KO and MOCS3 KO (—/—) were determined using sodium sulfite as substrate; the reaction was
monitored by the reduction of cytochrome c at 550 nm for 5 min. (B) Immunodetection ofSO, MOCS3 and
TUML1 using respective antibodies. (C) Immunodetection of other H,S biosynthesis enzyme CBS and CTH in
WT, TUM1 KO, and MOCS3 KO cells (—/—) cell lines. Proteins were visualized using POD-labeled secondary
antibodies. (D) Image J quantification of relative intensity of blot bands of CBS and CTH compared to Actin.
Independent samples f-test with SPSS was performedas indicated ND; no statistical difference, * p < 0.05,
** 1 < 0.01, *** p < 0.005, **** p < 0.001, (1 = 3).

3.5. Effect of TUM1 KO on tRNA Thiolation

TUM1 has been initially identified in a screening for mem®s?U modified tRNA deficient
mutants in yeast [8], in which TUM1 was shown to be involved, but not essential for
mecm?®s2U formation. Further, human TUM1 was identified to interact with NFS1 and
MOCSS3 in the cytosol [7], showing its involvement as a sulfur transferase for mem®s2U
formation. Therefore, we investigated the role of TUM1 on cytosolic tRNA thiolation in

TUM1 KO cells. It is possible to distinguish and quantify non-modified nucleosides mcm®U
from the sulfur-modified nucleosides mem®s2U, as the mcm®s2U have a different elution
time after separation on a C18 reversed phase column (LiCrospher 100, 5 ym particle
size, 2504.6 mm) by HPLC [61]. Quantifying the modified nucleosides, the level of
mcm®s?U in TUM1 KO was decreased to 70% of the wild type level but undetectable in
the MOCS3 KO cells (Figure 5A). In consistency, a higher amount of unmodified mcm®U
was detected in TUM1 KO cells compared to the MOCS3 KO cells and below the detection

limit in wild type cells (Figure 5B). This shows the role of TUM1 in sulfur transfer for
cytosolic tRNA thiolation. Further, we treated the cells with NaHS to investigate the effect
of extra sulfur supply on mcm®s?U formation. Here, mcm®s?U level in NaHS treated TUM1 KO
cells were similar to mem®s?U levels observed in control wild type cells. However, there
was a similar increase in the level of mecm®s?U in the NaHS treated wild type cells (Figure
5C). This implies that H2S is not directly transferred to MOCS3, and the positive effect on
sulfite oxidase activity is likely based on the reduced abundance of CBS and CTH (Figure
4C,D). Protein expression of CTU1, CTUZ and URM1 proteins necessary for



Biomolecules 2023, 13, 144

110f23

Area of mem?3s?U modification

mAU

compared to W

50kDa -

14.4 kDa -

0.08

0.06

0.04

0.02

wT

A —

e T |
= 1 & e

cytosolic tRNA thiolation were also reduced in TUM1 knockout cells compared to the
wild type and were largely reduced in MOCS3 KO cells. This suggests that the proteins
might degrade in the absence of their interaction partners (Figure 5F), which is in line
with previous findings where it was shown that URM1 is down-regulated under sulfur
starvation conditions as other partner proteins involved in cytosolic tRNA thiolation [72].
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Figure 5. Quantification of mcm®s2U and mem®U in HEK293T cell lines. Total RNAs were extracted using
phenol-isopropanol precipitation. tRNAs were separated afterward from total RNA using Urea- gel. Respective
tRNA were digested and corresponding nucleosides were separated and quantified by the HPLC on a C18
reversed phase column (LiCrospher 100, 5 pm particle size, 250 X 4.6 mm)

(A) mcm®s?U (B) mem>U (C) Influence of NaHS to mem?s2U and mem>U levels. T: treated with50 pM
NaHS for 16 h. (D) Chromatogram displaying mecm?s2U and (E) mecm®U modification at 33 and 43.4
min, respectively, of the respective cell lines using R plot (F) Immunoblot showing the abundance of
URM1, CTU-1, CTU-2 and Actin in WT, TUM1 KO, and MOCS3 KO cells (—/—) cell lines using the
respective antibodies. Proteins were visualized using POD-labeled secondary antibodies. Representative
Image J intensity quantification of band intensity (G) CTU1 (H) CTU2

() URM1 Independent samples t-test with SPSS was performed as indicated ND; no statistical
difference, * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001 (1 = 3).

3.6. Effect of TUM1 on H2S Biosynthesis

H:S is produced from sulfur-containing amino acids cysteine and homocysteine, or
from 3-mercaptopyruvate, in a reaction that is catalyzed mainly by three enzymes: cystathio-
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nine beta-synthase (CBS); cystathionine gamma-lyase (CTH); and 3-mercaptopyruvate
sulfurtransferase (TUM1). Of these, the first two reside in the cytosol and comprise the
transsulfuration pathway. TUM1 is among the three major H2S producing enzymes in
humans. Here, we quantified the HzS production in TUM1 KO cell lines with different
substrates. When using cysteine as substrate, the total H2S production via all the three
Hz2S producing enzymes is measured. Here, the amount of H2S generated in TUM1 KO
cells was only 60% of that generated in the wild type cells. MOCS3 KO cells produced only
70% of H2S compared to the wild type (Figure 6A). When using 3-MP as substrate TUM1
KO cells produced only 5% of the HzS produced in the wild type, while the MOCS3 KO
cells produced 75% of that of the wild type which might be consistent with the low TUM1
abundance in MOCS3 KO cells (Figure 6B). These results are in accordance with previous
findings using different experimental approaches showing that TUM1 is the major H2S
producing when 3-MP is available as substrate in mitochondria. Further, we validated
using the methylene blue assay where we measured the activity of the HzS producing
enzymes. To achieve this, we used the commercially available CTH and CBS inhibitors
propargylglycine and aminooxyacetate (AOAA), respectively. TUM1 KO cells had 44%
inhibition compared to 20 and 25% observed in the wild type and MOCS3 KO cells, re-
spectively (Figure 6C). It was, however, impossible to measure the extent of CBS inhibition
due to unselective property of the available inhibitor AOAA. This inhibitor completely
inhibited the activity of all PLP dependent enzyme (Figure 6D). These results also further
suggest a coping mechanism of the cell to ameliorate the effect of sulfite toxicity due to the
deficiency in sulfite oxidase. CTH and CDO suppression have been found to undermine
the effect of Moco deficiency in C. elegans [71]

3.7. Effect of TUM1 on Cellular Bioenergetics

H2S is mainly produced by cystathionine gamma-lyase (CTH), cystathionine beta-
synthase (CBS) and 3-mercaptopyruvate sulfur transferase (3-MST) [73]. In contrast to the
inhibitory effect of H2S on Complex IV, at high concentrations above 200 pM, at lower
concentrations a stimulatory role of electron transport has been shown [68]. It has been
suggested that H2S enhances the activity of FoF1-ATP (adenosine triphosphate) synthase
and lactate dehydrogenase via their S-sulfhydration, thereby stimulating mitochondrial
electron transport [74]. Further, Hz2S serves as an electron donor for the mitochondrial
respiratory chain via sulfide quinone oxidoreductase and cytochrome c oxidase at low H2S
levels. The latter enzyme is inhibited by high H2S concentrations, resulting in the reversible
inhibition of electron transport and ATP production in mitochondria [75]. Mainly SQR is
responsible for the oxidation of HzS in the mitochondria [68], from two HzS molecules,
two disulfides (-SSH) bounds are created on the SQR, two electrons derived from two H2S
molecules also enter the mitochondrial electron transport chain, promoting mitochondrial
ATP generation [68]. Among the H2S producing enzymes described above, TUM1 is the major
H:S producing enzyme in the mitochondria [73]. Therefore, we investigated the effect of
TUM1 on cellular bioenergetics using the Seahorse XFe96 analyzer. Measuringthe O:
consumption rate (OCR), an indicator of mitochondria respiration, the TUM1 KO cells
displayed lower oxygen consumption compared to the wild-type. The MOCS3 KO cells also
displayed a lower Oz consumption compared to the wild type; however, the levels were
higher compared to the TUM1 KO cells (Figure 7A). Measuring the extracellular acidification
rate (ECAR), an indicator of glycolytic respiration, TUM1 KO cells were higher compared
to wild type, while the MOCS3 KO cells had similar ECAR compared to the wild type
(Figure 7B). TUM1 absence led to reduced mitochondria generated ATP (Figure 7C). However,
the TUM1 knockout cells produced more ATP via the glycolytic pathway(Figure 7D). Overall,
ATP production was nevertheless reduced by 25% in TUM1 KO cells compared to wild type
(Figure 7E). Data from the OCR can be used to calculate other relevant mitochondria
parameters (Figure 7F). Basal respiration indicates the minimal rate of metabolism for
essential maintenance function of the cell. Here, the wild type displayed higher basal
respiration compared to the MOCS3 KO cells and TUM1 KO cells.
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However, the MOCS3 KO cells had higher basal respiration compared to the TUM1 KO
cells. This suggests that the wild type cells, which proliferate much faster, require more
ATP for basic metabolism and vice versa for the TUM1 KO cells. ATP linked respiration was
higher in the wild type compared to the TUM1 KO cells and MOCS3 KO cells. However, the
MOCS3 KO cells had more ATP linked respiration in contrast to the TUM1 knockout cells.
Addition of Rotenone/Antimycin abolishes the mitochondria-linked respiration; through
this, the non-mitochondria Oz can be measured. Here, the MOCS3 KO cells compared to
the wild type and TUM1 KO cells displayed higher non-mitochondria Oz consumption
while TUM1 KO cells displayed higher in comparison to the wild type. This indicates other
cellular oxidative reactions like ROS, this result is in accordance with the high amount
of ROS quantified in the MOCS3 KO cells (Figure S1). Further, there was more proton
leak in the MOCS3 KO cells compared to the TUM1 KO cells and wild type, while the
TUM!1 KO cells displayed an increased proton leak in contrast to the wild type. This result
implicates possible mitochondria membrane damage in the MOCS3 KO cells. Conclusively,
the energy map shows again the dependency of TUM1 KO cells on the glycolytic ATP
production pathway rather than the mitochondria ATP production pathway (Figure 7G).
These results indicate that TUM1 impacts mitochondria bioenergetics and, consequently,
ATP production, mainly in the mitochondria.
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Figure 6. Invitro H,S production in HEK 293 T cell lines. Cells from WT, TUM1 KO, MOCS3 KO were lysed
in NP-40 containing Tris buffer. Protein concentrations of resulting lysates were determinedby the
Bradford assay. H,S production was measured using Methylene blue assay. The activity was started by
the addition of (A) 500 UM L-cysteine as substrate and incubated for 1 h (B) 1 mM 3- mercaptopyruvate
as substrate and incubated for 15 min (C) with 2 mM propargylglycine (CTHinhibitor) treatment (D) with
2 mM aminooxyacetate (CBS inhibitor). Each reaction was stopped by simultaneous addition 20 mM-
DMPD and 30 mM FeCl; and incubated further for 20 min. The absorbance was measured at 670 nm.
Independent samples f-test with SPSS was performed as indicated ND; no statistical difference, * p < 0.05,
**p<0.01, *** p <0.005, **** p <0.001 (1 = 3).



Biomolecules 2023, 13, 144

14 of 23

b

OCR (pmol/min/1000 cells) OCR rtae (pmol/min/1000 cells)

OCR (pmol/min/1000 cells)

Oxygen consumption rate B Extracellular acidification rate
i Oligomycin FCCP 0.5 pM Rot/Ant s Oligormycin FCCP 0.5 uM Rot/Ant
g o | S (8 o S
] } - =i WT
——WT £ g A+ 3=y TUM1KO
~~TUM1 KO S2 ¥ —+— ) 1 1 Amocss KO
~e~MOCS3 KO E n
. . . = 4 . _ . .
32 60 91 1 32 Time go 91
Time
D "
Mitochondrial ATP Glycolytic ATP 18 ATP production
as 5 161
3.5 c g 12 4
.. § 3 £ 10 -
o
I 225 2E 8
E 2 S E 6 m Glyco ATP
a>
315 &2 4 = Mito ATP
E 1 <&
Zos 2 -
s [+] 0 -
& o o = & (s} (s} & o o
¥ & +& + & +
& i & & & &
N & S & <3 RS
Mitochondria respiration parameters G
Energy map
20 4
Aerobic Energetic
. Z 15
3 +
. s
= WT E 101
° Quiescent Glycolytic
= TUM1 KO g '—}—*
o\gﬁz* -co*’oc = MOCS3KO
3° & 5 5 1
¢ N
&
K
[+] T T T T T 1
(4] 0.5 1 1.5 2 2.5 3

ECAR (pmol/min/1000 cells)

Figure 7. Effect of TUM1 KO on oxidative phosphorylation parameters in HEK 293T cells: (A) Oxygen
consumption rate (OCR) profiles. Lines indicate the addition of specific mitochondrial stressors. Results
are indicated as mean £ SD of four replicates per condition; (B) Representative extracellular acidification rate
(ECAR). Lines indicate the addition of specific mitochondria stressors into the media. Results are indicated as
mean % SD of four replicates per condition; (C) analysis of mitochondrial ATP production (D) analysis of
glycolytic ATP production (E) Total ATP production (F) analysis of oxidative phosphorylation-related
bioenergetics parameters. (G) Energy map. All measurements were normalized to the number of cells
after the seahorse measurements with Hoechst dye. Indepen- dent samples t-test with SPSS was performed
as indicated ND; no statistical difference, * p < 0.05,

**p<0.01, *** p<0.005, **** p<0.001. (n = 3).

3.8. Effect of TUM1 KO on TCA Cycle

Aconitase is an Fe-S cluster dependent enzyme which is oxidative sensitive. There are
two isoenzymes of Aconitase 1 localizing in the cytosol and Aconitase 2 localizing in the
mitochondria [76]. The suppression of gene encoding for aconitase has been previously linked
to reduction in cell growth and ATP [77]. Therefore, herein we investigate the effect of the
two isoenzymes by measuring the aconitase activity in the cytosolic and mitochondria
compartments of the cell. Measuring the cytosolic aconitase activity, there was70% reduction
aconitase activity in the TUM1 KO compared to the wild-type. MOCS3 KO also had about
50% reduction in aconitase activity compared to the wild-type (Figure 8A). In the
mitochondria, the TUM1 KO had only 20% of aconitase activity compared to the wild-
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type, while the MOCS3 KO had only 40% of the wild-type aconitase activity (Figure 8B).
These results suggest possible involvement of aconitase down regulation on the retarded
growth in TUM1 and MOCS3 KO.

B

Figure 8. Determination of TCA cycle enzyme Aconitase in HEK293T. Cells were lysed in reaction buffer
containing 0.1% NP-40. Cells were separated into cytosolic (cyt) and mitochondria (mit) fractions. The
activity measurement was carried out as stated above. Enzyme activity was determined by the reduction of
NAD+ at 340 nm for 3 min (A) Activity of Aconitase 1 (B) activity of Aconitase.Independent samples t-
test with SPSS was performed as indicated. **** p < 0.001 (n = 3).

4. Discussion

TUM1 had been identified in yeast in a reverse genetic approach identifying genes
involved in 2-thiouridine formation [8]. In that approach, five genes responsible for 2-
thiouridine formation of mecm®s2U, were identified, namely NFS1, TUM1, Urm1, NCS2 and
NCS6. While the other proteins were essential in that approach, TUM1 was not [8]. TUM1
contains a tandem rhodanese-like domain (RLDs). Rhodanese is a widespread and
versatile sulfur-carrier enzyme catalyzing the sulfur-transfer reaction in distinct metabolic
and regulatory pathway [8]. Using an in vitro sulfur transfer reaction revealed that yeast
TUM1p stimulated yeast Nfslp and accepted a persulfide sulfur atom from Nfslp [8].
In addition, it was shown that Cys259 in RLD2 of TUM1 is responsible for efficient 2-
thiouridine formation [8]. RLD1 of TUM1p, in contrast, is rather a catalytically inactive
RLD, often found in various rhodanese-containing proteins because it has no conserved
cysteine residue [78,79]. Those results demonstrated that NFS1 not only provides a sulfur
atom to Fe/S cluster formation but also directly supplies a sulfur atom to the formation of 2-
thiouridine. Yeast TUM1 therefore might act as an activator for the desulfurase of Nfslp as
well as a mediator of the persulfide from Nfs1p. Sulfur transfer for Moco biosynthesis has
not been investigated in that approach or any other approach so far, based on the fact that
S. cerevisiae is lacking Moco biosynthesis and active molybdoenzymes [80]. In this present
study we report a mild effect of TUM1 on cytosolic tRNA thiolation and Moco biosynthesis
leading to the proposed mechanism for sulfur transfer for the pathways (Figure 9). This
similar effect was reported in cytosolic tRNA thiolation in S.cerevisiae. It was proposed
that L-cysteine desulfurase can directly transfer the sulfur to Uba4p, the yeast homologue for
MOCS3. There, TUM1p was proposed to be an activator of Nfslp or a mediator of
persulfide from the L-cysteine desulfurase. It was also shown that Uba4p could receive the
persulfide directly from Nfs1p but with a reduced efficiency compared to the presence of
TUM1p [8].
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Figure 9. Pathway showing the transfer of sulfur from NFS1 to MOCS3 with/without the involvement of
TUML1 for sulfur transfer to MOCS3. MOCS3 further activates URM1 by adenylation followed by the
sulfur transfer step, which results in the formation of a thiocarboxylate group at the C-terminalGly of
URM1. URM1 subsequently interacts with the CTU1-CTU2 complex before final transfer of the sulfur to
the tRNA. MOCS3 transfers two sulfur atoms to MOCS2A. MPT dithiolate is formed byincorporating two
sulfur atoms from MOCS2A followed by the insertion of molybdate. This reactionis catalyzed by MPT
synthase formed by the MOCS2A, MOCS2B complex.

In general, sulfur transfer in organisms involves a network of several proteins that are
conserved among organisms [81,82]. Sulfur transfer in organisms is handled by specific
sulfur transferases, among which are the L-cysteine desulfurase (NFS1) rhodaneses and
thiosulfate or 3-mercaptopyruvate sulfur transferases [83]. L-cysteine desulfurases gen-
erally are the initial sulfur mobilizing enzymes for many processes like FeS biosynthesis,
biotin, lipoic acid biosynthesis, Moco and biogenesis of 2-thiouridines in tRNA [40]. TUM1, the
3-mercaptopyruvate sulfurtransferase in human mitochondria and the cytosol has been
shown to interact with NFS1 and MOCS3 [7] proteins involved in sulfur transfer for Moco
biosynthesis and cytosolic and mitochondrial tRNA thiolation [39,53]. The product of the
Moco biosynthesis pathway Moco, is the active site of the four molybdoenzymes present
in humans [23]. Impairment in the activity of sulfite oxidase among these enzymes has
been reported to cause neurological disorders and other diseases [60]. TUM1 deficiency has
been implicated to be responsible for a rare inheritable disorder known as mercaptolactate-
cysteine disulfiduria (MCDU), which is associated with mental disorder [19,84] since, in
TUMT1 KO cells, sulfite oxidase activity is reduced; the mental disorder of TUM1 deficiency
might be related to the symptoms of sulfite oxidase deficiency which is also characterized
by neurological disorders [85]. In this report, we show that human TUM1 is involved in
Moco biosynthesis and 2-thiouridine formation in addition to cellular bioenergetics through
H2S formation. We show a decrease in the activity of sulfite oxidase activity on human
embryonic kidney cell lines, in which we generated a homozygous TUM1 KO. The reduced
sulfate oxidase activity is based on lower Moco levels in these cells, showing that TUM1
is involved in Moco biosynthesis. These results are in agreement with a previous report
showing the absence of sulfite oxidase activity in MOCS3 KO cells [66]. It has been reported
that sulfite oxidase is being degraded in the absence of Moco [70]. Hence, the reduction
in sulfite oxidase activity in TUM1 KO cells resulted from the reduction in the amount of
Moco, and reduced amounts of sulfite oxidase are likely based on the degradation of the
protein in the absence of Moco.
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Recently, HzS has been described as acting as a sulfur donor for mitochondrial respira-
tion [86]. H2S can be exogenously donated to the cells through sodium hydrosulfide (NaHS)
and sodium sulfide (NazS). These compounds dissociate to form HS, and then partially
binding to H* to form undissociated hydrogen sulfide [87]. In previous experiments, sulfide
has been shown to directly transfer sulfur in an invitro MPT biosynthesis assay [7]. In this
study, we show that exogenous treatment of cells with NaHS rescues the deficit of sulfite
oxidase activity in TUM1 KO cells. However, it has been reported that H:S acts by
sulfurhydration of proteins in which H2S modulates cysteine persulfidation [88]. MPST
has been shown to produce similar persulfides like cysteine persulfide (CysSSH) and GSH
persulfide (GSSH) [89,90] It has also been reported that the presence of the three proteins
NFS1, TUM1 and MOCS3 led to increase in Moco compared to NFS1 and MOCS3 alone [7].
Therefore, TUM1 is also involved in sulfur transfer from NFS1 to MOCS3 by enhancing the
sulfur transfer to the recipient protein, a reaction that can be displaced by NaHS in TUM1
KO cells but not in MOCS3 KO cells since MOCS3 is required for Moco biosynthesis. The
tRNA thiolation is also not rescued by NaHS treatment. Here, the main effect might be a
higher level of oxidative stress in these cells (Figure S1) which leads to the dethiolation of
tRNA (Figure S2). The dethiolated tRNA likely cannot be repaired by NAHS. Further, CTH
level in TUM1 KO cells and MOCS3 KO cells were found to be reduced. This suggests a
coping mechanism by the cell to reduce the toxic effect of sulfite due to Moco deficiency.
CTH is known to catalyze the formation of cysteine from Cysthathionine and also the
forward production of hydrogen sulfide from cysteine [91]. Increased production in HzS
could also add up to the sulfite pool in the cell. In close cooperation with SQR, glutathione
persulfide (GSSH) is generated since it is the preferred physiological co-substrate [92]. Then
PDO converts GSSH + oxygen into sulfite + GSH. Sulfite is then converted (together with
another GSSH molecule) into thiosulfate + GSH by rhodanese [92].

Cytosolic tRNA thiolation is an important pathway in humans that ensures properand
efficient translation [93]. Perturbation of this process has been shown to cause suscepti-bility
to oxidative stress conditions and could also lead to misreading and misfolding of proteins [8].
Formation of mecm®s?U is dependent on the URM1 pathway, also involving MOCS3 and CTU1
and CTU2. Our results show that human TUM1 impacts cytosolic tRNA cmcm®s?U
thiolation. The yeast homolog TUM1p has been described to partici- pate in cytosolic tRNA
thiolation for the mem®s?U modification of the wobble uridine at position 34 (U34) in lysine,
glutamine and glutamate [8]. In yeast, it has been reported that L-cysteine desulfurase relays
the sulfur to TUM1 or directly transfers it to the Uba4 for the biogenesis of 2-thiouridine,
which makes TUM1 important, but not essential for efficient transfer of sulfur [8]. In
accordance to the data from yeast, human TUM1 is required but not essential for the
efficient transfer of sulfur for the formation of cytosolic mcm®s2U modification, and the levels
in the TUM1 KO are only reduced to 60% of wild type levels.We further show that CTU1,
CTU2 and URM1 protein levels are reduced TUM1 KO cells, a reduction that is also observed
in MOCS3 KO cells. This correlates with previous data on URM1, in which down regulation
of URM1 under sulfur starvation conditions was reported in yeast [72]. We further observed
an increase in the amount of mem®s2U after exogenous supplementation of cells with NaHS,
thereby repairing the loss of TUM1 function in TUM1 KO cell (Figure 3).

In this present research, we show retarded growth in TUM1 and MOCS3 KO and
subsequently demonstrated that the retarded growth rate could be due to a reduced level
of Hz2S production compared to the wild-type or the reduced activity of the mitochondria
aconitase. The TCA cycle is essential for the production of energy in form of ATP for
maintaining high energy demanding physiological functions like cell growth [94]. Recently, it
has been reported that the suppression of TCA cycle enzymes using genetic silencing
siRNA showed that aconitase 2 affected the growth of CHO cells [77]. The other TCA cycle
enzymes did not have significant effect on the growth rate and viability of the
CHO cells. A reduction in aconitase 1 and 2 was observed in TUMI1 KO cells as well as
retarded cell growth. However, complementation of TUM1 KO cells with exogenous NaHS
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complemented for the retarded growth rate. The retarded growth can therefore be ascribed
to the cellular bioenergetics influencing the aconitase activity.

Cysteine is the major HzS biosynthesis substrate in humans using transsulfuration
pathways [95]. HzS is long viewed as toxic gas, and environmental hazard is emerging as a
biological mediator with remarkable physiological and pathophysiological relevance [96].
TUM1 was described to be involved in HzS production and signaling in the mitochon- dria
[97]. Recently, H2S has been described to act as a sulfur donor for mitochondrial
respiration [86]. HzS is also produced in the cytosol by cystathionine B-synthase (CBS)
and cystathionine y-lyase (CTH) [97]. In addition, CTH and CBS are mainly located in
the cytosol but translocate into mitochondria under oxidative conditions [98]. TUM1 has
been previously characterized to have two distinct isoforms TUM1 Isol which localizesonly
in the cytosol and TUM1 Iso2 localizing both in the cytosol and mitochondria [7].In the
mitochondria, 3-mercaptopyruvate sulfurtransferase (3-MPST) produces Hz2S from 3MP (3-
mercaptopyruvate), which is generated by CAT (cysteine aminotransferase) from L-cysteine
and x-ketoglutarate [2,17]. We demonstrated that TUM1 has significant involve- ment in Hz2S
biosynthesis in both cytosol and mitochondria, following the reduction of free HzS
biosynthesis using cysteine and 3-MP as substrate. H2S produced in the vicinity of the
mitochondria, in cooperation with the sulfide-oxidizing unit (SOU), stimulates and balances
mitochondrial electron transport [68]. The SOU is constituted of mitochondrial membrane-
bound sulfide quinone reductase (SQR) and two other enzymes the sulfur dioxygenase
(ETHE1, also called dioxygenase ethylmalonic encephalopathy) and the thio- sulfate
sulfurtransferase (TST, also known as one isoenzyme of the rhodanese), ensuring the final
oxidation of the two disulfides consuming molecular oxygen and water [68]. SQR is
responsible for the oxidation of H2S in the mitochondria [68], from two H2S molecules, two
disulfides (-SSH) bounds are created on the SQR, two electrons derived from two H2S
molecules enter the mitochondrial electron transport chain, promoting mitochondrial ATP
generation. Although higher concentrations of H2S can also inhibit Complex IV, thereby
inhibiting mitochondrial potential [68]. However, in AMST mouse models, the activity of
the complex IV was found to be similar to the WT [99]. It has been reported that the silencing
of 3-MST in liver cell cultures led to reduced bioenergetics and concomitant stimulation by 3-
MP, at low concentrations [96]. In AMST mouse, the expression of CTH was found to be
reduced compared to the wild type mouse. Here, we also reported similar reduction in the
abundance of CTH in the TUM1 KO cells [99]. The effect of the other two H:S producing
enzymes CBS and CTH could not be annulled since H:S can diffuse intothe mitochondria
[100]. However, studies reported that CTH did not affect the cellular bioenergetics in smooth
muscle cells under normal conditions [98]. It was also reported that CTH deficiency
promotes ETC in blood cells [101]. Mice deficient in CTH were also shown to have decreased
mitochondria biogenesis. These alternating outcomes suggest that the effect of H2S enzymes
may defer between different tissues and complexity. We reported significant reduction in the
total ATP production in the TUM1 KO cells and were more dependent on the glycolytic ATP
production pathway rather than the mitochondria ATP production pathway. High proton leak
was observed in the TUM1 and MOCS3 KO cells, causing damage to the mitochondria
membrane. Sulfite has been reported to alter the mitochondria in molybdenum cofactor
deficiency [32], following the sulfite dependent increase in ROS with concordant decrease in
ATP [102]. Non mitochondria Oz consumption is caused by ROS production and other
oxidative reactions [103]. We observed that non- mitochondria Oz consumption is increased
in both MOCS3 and TUM1 KO and an increase in ROS level (Figure S1). Furthermore,
inhibition of glutamate dehydrogenase was linked to ATP production via sulfite
accumulation [102]. In accordance to this, a decreased rate of glutamate oxidation indicating
low level of glutamate dehydrogenase was observed in TUMI1 KO although not so
pronounced in the MOCS3 KO (Figure S3). Therefore, the lower ATP level in the TUM1 KO
compared to the MOCS3 KO could be a combined alteration in H2S biosynthesis and
glutamate dehydrogenase inhibition (Figure S3). This could also be explained by the low
expression of CTH and CBS in the TUM1 KO cells but not less
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pronounced in the MOCS3 KO. In C. elegans, suppression of CTH and CDO has been shown
to alleviate the effect of Moco deficiency on growth in the cell. CTH and CDO through
cysteine produces sulfite, thereby inhibiting growth rate [71]. Therefore, TUM1 is not
only important for Moco biosynthesis and 2-thiouridine formation but also for cellular
respiration and ATP production. The fact that we see an impairment of cellular bioener-
getics, ATP production in mitochondria in addition to the reduced sulfite oxidase activity
in TUM1 and MOCS3 KO cells, fits well into what has been observed in fibroblasts from
sulfite oxidase KO patients, where an impaired ATP production and an SO3%~ induced
mitochondrial fragmentation has been observed [32]. Therefore, our results fit well into
what has been observed before in cells with higher SO32~ levels based on a reduced sulfite
oxidase activity where decreased ATP levels, impaired cellular respiration, inhibition of
glutamate dehydrogenase and malate dehydrogenase were reported [102].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom13010144/s1, Figure S1: Quantification of reactive oxygen species in
HEK293T; Figure S2: Effect of oxidative stress on tRNA thiolation. Figure S3: Effect of oxidative stress on
tRNA thiolation.
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Abstract:

Sulfur is an essential element for all living organisms. Modifications of tRNA have been
shown to play critical roles in the biogenesis, metabolism, structural stability and
function of RNA molecules and the specific modifications of nucleobases with sulfur
atoms in tRNA are present in pro- and eukaryotes. Here, especially the
thiomodifications xm®s?U at the wobble position 34 in tRNAs for Lys, GIn and Glu,
were suggested to have an important role during the translation process by ensuring
accurate deciphering of the genetic code and by stabilization of the tRNA structure.
The trafficking and delivery of sulfur to the molybdenum cofactor and to nucleosides
in tRNA is a complex process that is carried out by sulfur relay systems involving
numerous proteins, and is a highly regulated process which proceeds in a complex
pathway involving several sulfur transferring proteins.

In humans, the cytosolic sulfur modification of mecm:s:U34 in tRNAsYYs: €. Gl requires
the proteins NFS1, TUM1, MOCS3, URM1, CTU1 and CTUZ2. In contrast, the sulfur
insertion for tmss:U34 modifications in mitochondrial tRNAYS: GIn. Gl jnyolves the
proteins NFS1, TUM1 and MTU1. Further, for the synthesis of the dithiolene group of
Moco, the proteins MOCS2A, MOCS3, TUM1 and NFS1 are involved, a reaction which
occurs in the cytosol of humans. Conclusively, Moco biosynthesis and tRNA thiolation
are connected in the cytosol and share the same sulfur delivery pathway proteins
composed of NFS1, MOCS3 and possibly TUM1.

Introduction

Sulfur adds considerable functionality to a wide variety of biomolecules because of its
unique properties: its chemical bonds are made and broken easily and sulfur equally
well serves as an electrophile or a nucleophile (Beinert, 2000; Kessler, 2006). Sulfur

is an indispensable component of certain cofactors like thiamine, biotin, lipoic acid,
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molybdopterin and the iron sulfur clusters starting with the simpler [2Fe-2S] clusters
to the highly complex [4Fe-4S] clusters(Figure1).

rhodanese /S
2 : ~ \F «
H,cocufcfl\m L-cysteine desulfurase /Fe\ e,
Lk 3-mercaptopyruvate sulfurtransferase S
HO- o N 5 /.S /Fe
w re -5 |
o tRNA +«—— R-S% — | FeS cluster | |::e._l_..-s
J\HIJ'U' , /
N O S- Fe
Y oma
7
o=p—s Moco lipoic acid o
- base MOH
Q thiamin biotin S-S
0 i

o}
11

B
§—Mo=0 %
o

wAne
]
o gt 5
i 5% LY ID

we . "

HN I = — f ‘E‘.-

/lﬁa- OPO> by N N o0

HNT SN N o

Figure 1: Sulfur compounds relying on persulfide transfer via sulfur transferases involving L-cysteine
desulfurases, rhodaneses or -mercaptopyruvate sulfur transferases.

In addition, nucleosides in RNA and DNA can be sulfurated, using mechanisms related
to the biosynthesis of components like the Moco or Fe-S clusters and play an important
role for cell viability (Hidese, Mihara, & Esaki, 2011; Leimkuhler, Buhning, &
Beilschmidt, 2017). For incorporation into biomolecules, sulfur must be reduced or
activated (Kessler, 2006) (Figure 1). In general, L-cysteine serves as a central building
block for the insertion of sulfur into various biomolecules (Hidese et al., 2011). From
L-cysteine the sulfur is provided as persulfide by sulfur carrier proteins (Black & Dos
Santos, 2015). The other way to transfer sulfur is as thiocarboxylate group
(Hochstrasser, 2000). Thiocarboxylate sulfur is formed on ubiquitin-like proteins
(Hochstrasser, 2000; Leidel et al., 2009), which further transfer the sulfur by thioester
intermediates to sulfur acceptor proteins or the final biomolecule. Ubiquitin-like
proteins are the link to sulfur carrier proteins for the transpersulfidation and
thiocarboxylate pathway(Pedrioli, Leidel, & Hofmann, 2008; Schlieker, Van der Veen,
Damon, Spooner, & Ploegh, 2008). L-cysteine desulfurases are the proteins that
mobilize the sulfur primarily from L-cysteine and form a protein-bound persulfide that
can be transferred to acceptor proteins (Black & Dos Santos, 2015; Cupp-Vickery,
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Urbina, & Vickery, 2003; Zheng, White, Cash, Jack, & Dean, 1993) (Figure 1).
Pathways that combine both, the transpersulfidation of sulfur mobilized by L-cysteine
desulfurases and the thiocarboxylate formation by ubiquitin-like proteins with thioester
intermediates are the pathways for molybdenum cofactor biosynthesis, the formation
of s?U-modified nucleosides in tRNAs and the synthesis of thiamine (Leimkuhler et al.,
2017). Here, we will focus on the first two pathways that even share protein

components (Figure 2).
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Figure 2: The dual role of MOSC3 in Moco biosynthesis and tRNA thiolation. Depicted are the sulfur
transferase pathways and the involved proteins for Moco biosynthesis and tRNA thiolation. Details are given in the
text.

Mechanisms involved in the thiolation of all these cofactors are shared and highly
conserved among all species(Leimkuhler, 2017). Mobilization of sulfur is primarily
catalyzed by L-cysteine desulfurases using L-Cysteine as substrate and resulting in
the formation of a persulfide on a conserved cysteine residue that can be transferred
to acceptor proteins by transpersulfidation. In Saccharomyces cerevisiae the L-
cysteine desulfurase NFS1 was shown to be involved in cell viability and the thiolation
of tRNA (Nakai, Nakai, Hayashi, & Kagamiyama, 2001);(Lill & Muhlenhoff, 2006) and
is the proposed sulfur donor for Moco synthesis in humans (Marelja et al., 2013;
Marelja, Stocklein, Nimtz, & Leimkuhler, 2008a; Neukranz et al., 2019). The sulfur can
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be further transferred to rhodanese-like proteins in form of an enzyme-bound
persulfide. Sulfur transferases/rhodaneses are widespread enzymes; that catalyze the
transfer of a sulfane sulfur from a donor molecule to a thiophilic acceptor (Bordo &
Bork, 2002) (Figure 1). Rhodaneses (thiosulfate:cyanide sulfur transferases) are able
to transfer sulfur from thiosulfate to cyanide in vitro (Bordo & Bork, 2002). 3
Mercaptopyruvate:cyanide sulfur transferases (MSTs, EC 2.8.1.2) catalyze a similar
reaction, using 3-mercaptopyruvate as the sulfur donor (Kessler, 2006; Pedre & Dick,
2021). The final step in the sulfur transfer to thio- containing cofactors can involve the
thiocarboxylation of sulfur carrier proteins (Pedre & Dick, 2021). Besides the
mobilization of sulfur, mechanisms for the activation of the sulfur carriers are highly

conserved.

thiolation of tRNA

Post-transcriptional RNA modifications are a characteristic structural feature of
RNA molecules. The diverse modifications have been shown to play critical roles in
biogenesis, metabolism, structural stability and function of RNA molecules (El
Yacoubi, Bailly, & de Crecy-Lagard, 2012). Transfer RNAs (tRNAs) are key for efficient
and accurate protein translation. Up to 100 different modification in tRNAs were
identified so far. Growing evidences indicate that tRNA modifications and the enzymes
catalyzing such modifications play an important role in complex human pathologies.
The thio-modification at the wobble position U34 of nucleotides present in lysine,
glutamine or glutamate tRNAs were suggested to be responsible for enhanced
translation efficiency by enhancing aminoacylation kinetics, assisting proper codon-
anticodon pairing and preventing frameshifting during translation (El Yacoubi et al.,
2012; Suzuki, 2005). In particular, the wobble bases of tRNAs for Glu, GIn and Lys
are modified and sulfurated to form 5-methyl-2-thiouridine derivatives (xm:s:U), such
as 5-taurinomethyl-2-thiouridine (xm:s:U) in mammalian mitochondrial tRNAs, and
5-methoxycarbonylmethyl-2-thiouridine (mcmss:U) in eukaryotic cytoplasmic tRNAs
(Noma, Shigi, & Suzuki, 2009)( Figure 3).
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Figure 3: The sulfur transfer pathways for Moco biosynthesis and tRNA thiolation. Depicted are the sulfur
transferase pathways and the involved proteins for Moco biosynthesis and tRNA thiolation. Details are
given in the text. Proposed mechanism of 5-taurinomethyl-2-thiouridine ((1m3®s2U3*) formation in
mitochondria of humans. MTO1 and GTPBP3 are essential for the formation of the taurine group at
the C5 position of uridine 34 in tRNA Lys, GIn and Glu in mitochondria. However, details on the formation
of the taurine group are not known so far. The MTU1 protein is involved in the activation of the tm5U-
modified tRNA under ATP consumption. In the activated form, sulfur can be transferred to the C2
position of the uridine. The sulfur is mobilized by the NFS1/ISD11 complex from L-cysteine in
mitochondria and further transferred to TUM1-Iso2, which then transfers the sulfur to the MTU1/tRNA
complex and tm%s2U3 is formed.

The result of these thiomodifications is that the conformation of xm:s:U is trapped in
the C3’-endo form of the ribose, since the large van der Waals’ radius of the 2-thio
group causes a steric clash with its 2’-OH group (Noma, Shigi, et al., 2009; Yokoyama
et al., 1985). This conformational rigidity causes preferential pairing of the xm:s:U
modified bases with purines, and prevents misreading of codons ending in pyrimidines
(Agris, Soll, & Seno, 1973; Durant, Bajji, Sundaram, Kumar, & Davis, 2005; Yokoyama
et al., 1985). the memssau34 modifcaton inthe cytosol of eukaryotes is highly conserved and was identied to ivolve the same protein components in humans, yeast and

plants, while the TNT15520 mocification seerm to be restricted to mitochondria of mammals (Figure 3).

For the thiolation and formation of the mem:s:U in the cytosol of eukaryotes, the
biosynthesis of the 5-methoxycarbonylmethyl-group of the uracil ring is required for
efficient 2-thiouridine formation in the cytoplasm (Noma, Sakaguchi, & Suzuki, 2009)
(Figure 3). In humans, it was shown that the proteins MOCS3, URM1,TUM1, CTU1
and CTUZ2 are involved in s:U34 formation, while proteins of the ELP pathway
synthesize the mcm?®-group (Van der Veen et al., 2011) (Figure 3). The ELP pathway
includes the six subunits of the ELP-complex (ELP1-6) and the tRNA

methyltransferase complex containing TRM9 and TRM112 (Chen, Huang, Eliasson,
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Ryden, & Bystrom, 2011). The URM1 protein (ubiquitin-related modifier) was shown
to have a ubiquitin-like B-grasp-fold and contains a conserved C-terminal double
glycine-motif on which a thiocarboxylate group is formed for direct sulfur-transfer to
mcm°U34 in tRNA (Leidel et al., 2009; Pedrioli et al., 2008; Schmitz et al., 2008; Xu et
al., 2006). The components essential for Urm1-mediated tRNA thiolation are MOCS3,
NFS1, TUM1, CTU1 and CTUZ2 in humans (Figure 4).
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Figure 4: The different compartments for the biosynthesis of Moco in humans and the link to Fe-S cluster
assembly in mitochondria. The first step of Moco biosynthesis, the conversion of 5’'GTP to cPMP catalyzed by
MOCS1A and MOCS1B, is localized in mitochondria. This is also the main compartment for Fe-S cluster
biosynthesis in eukaryotes. Fe-S clusters assemble on the scaffold protein ISCU2, which receives the sulfur from
the L-cysteine desulfurase complex NFS1/ISD11. The iron donor in this reaction has not been identified so far.
Frataxin (FDN) is able to interact with the NFS1/Isd11-ISCU2 complex. Ferredoxin (FDX2) delivers the electrons
for Fe-S cluster assembly. Assembly and release of the clusters is catalyzed by the chaperones HSC20/HSPAO.
The carrier proteins GLRX5, ISCA2 and/or IBA57 deliver the Fe-S clusters to target proteins. Synthesized cPMP
further is transferred to the cytosol, where all further modification steps are catalyzed. These steps involve the
conversion of cPMP to MPT by MOCS2A/MOCS2B (which are activated by MOCS3), the insertion of molybdate
by GEPHYRIN (GEPH), and the insertion of Mo-MPT either into sulfite oxidase (localized in the mitochondrial
intermembrane space) or to the mARC protein (localized at the outer mitochondrial membrane). A further
modification step of Moco is catalyzed by HMCS for the enzymes aldehyde oxidase and xanthine
dehydrogenase, which involves the formation of the equatorial sulfido-ligand at the Mo atom, an essential
requirement for the activity of these enzymes. A dual localization of NFS1 both in mitochondria and the cytosol is
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predicted. Cytosolic NFS1 acts as a sulfur donor for MOCS3.

The sulfur is transferred to URM1 via MOCS3, which was originally recognized for its
role in Moco biosynthesis (see below) (Chowdhury, Dosche, Léohmannsroben, &
Leimkulhler, 2012)

The formation of mcmss:U in the cytosol of eukaryotes is directly linked to two other
sulfur-containing cofactors, Moco biosynthesis and FeS cluster biosynthesis (Figure
4). It was suggested that CTU1 is a FeS cluster containing protein, ensuring tRNA
thiolation only when functional FeS clusters are formed (Shigi, 2014). In addition, the
MOCS3 protein is a dual-function protein which is directly shared in tRNA thiolation
and Moco biosynthesis serving as an adenyltransferase not only for URM1, but also
for MOCS2A (Chowdhury et al., 2012; Neukranz et al., 2019)( Figures 3 + 5).

In Moco biosynthesis, two sulfur atoms are inserted into the cyclic pyranopterin
monophosphate (cPMP) backbone, forming the dithiolene group of molybdopterin
(MPT), which ligates the molybdenum atom and forms the molybdenum cofactor
(Moco). The conversion of cPMP to MPT is catalyzed by MPT synthase, which is
composed of MOCS2A and MOCS2B (R. R. Mendel & Leimkuhler, 2015). For
regeneration of the thiocarboxylate group at the C-terminal glycine of MOCS2A in MPT
synthase, MOCS3, TUM1 and NFS1 are involved (Figures 3 + 4). Thus, Moco
biosynthesis and tRNA thiolation are connected and share the same sulfur delivery
pathway composed of NFS1, TUM1 and MOCS3 (Frasdorf, Radon, & Leimkuhler,
2014).

In contrast, the formation of tm:s:U34 for mitochondrial tRNAYS: GIn. Glu requires
different protein components compared to the ones identified in the cytosol, whereas
details of the pathway are not completely resolved to date (Suzuki, Wada, Saigo, &
Watanabe, 2002). It was shown that lack of the tm:s:U modification in mitochondrial
tRNA.- from individuals with myoclonus epilepsy associated with ragged-red fibers
(MERRF) resulted in a marked defect in mitochondrial translation (Suzuki, 2005). In
this pathway the MTU1 protein which is a mitochondria-specific 2-thiouridylase
responsible for the generation of tm%s2U in mammals is required (Umeda et al., 2005).

The sulfur is derived from mitochondrial NFS1 which is transferred via TUM1-1s02 (see
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below). For the formation of the taurine group the proteins GTPBP3 and MTO1 are
required (Figure 3).

Recently, a role of a further protein component has been suggested to be involved in
both pathways of tRNA thiolation for cytosolic and mitochondrial tRNAs. Here, an
involvement of the TUM1 protein (tRNA thiouridine modification protein) was
suggested in yeast and humans (Frasdorf et al., 2014). Human TUM1, also designated
as 3-mercaptopyruvate sulfurtrans ferase (MPST), has been implicated in a wide
range of physiological processes in the cell. The roles range from an involvement in
thiolation of cytosolic tRNAs, to the generation of H>S as signaling molecule both in
mitochondria and the cytosol. TUM1 is a member of the sulfur transferase family and
catalyzes the conversion of 3-mercaptopyruvate to pyruvate and a protein-bound
persulfide. Recently, two so far uncharacterized TUM1 splice variants, designated as
TUM1-Iso1 and TUM1-Iso2, were purified and their cellular localization and interaction
partners were characterized. Cellular localization studies showed a different
localization pattern of the isoforms. TUM1-Iso1 is exclusively localized in the cytosol,
while TUM1-Iso2 showed a dual localization both in the cytosol and mitochondria
(Figure 5).
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Figure 5: Summary of the interaction network of the TUM1 isoforms. TUM1-Iso1 is exclusively localized in the
cytosol where it interacts with both NFS1 and MOCS3. TUM1-Is02, in contrast, has a dual localization
in mitochondria and in the cytosol. In mitochondria TUM1-Iso2 interacts with NFS1, however, in the
cytosol solely an interaction with MOCS3 was shown.
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Further, the interaction partners of the two isoforms proofed to be different. While
TUM1-Iso1 interacted with both NFS1 and MOCS3 in the cytosol, TUM1-Iso2
exclusively interacted with MOCS3 in the cytosol and with NFS1 in mitochondria
(Figure 5). These studies implied distinct roles of each TUM1 isoform in the sulfur
transfer processes in the cell, with different compartmentalization of the two splice
variants of TUM1.

Thiocarboxylate formation on the URM1 protein

Urm1 was identified in a study to identify unknown UBLs distantly related to ubiquitin.
The bacterial MoaD and ThiS proteins were chosen in this query to search for distantly
related ubiquitin-like conjugation systems(UBLs) (Schindelin, 2005). The MoaD-MoeB
and ThiS-ThiF systems provide the sulfur for the biosynthesis of the cofactors
molybdopterin and thiamin, respectively. In these systems, MoaD is adenylated by
their cognate E1-like activating enzyme MoeB and subsequently thiocarboxylated at
their C-terminus(Lake, Wuebbens, Rajagopalan, & Schindelin, 2001; Schmitz,
Wuebbens, Rajagopalan, & Leimkuhler, 2007). Urm1, MoaD and ThiS, like UBLs
share a characteristic diglycine motif at their C-termini, which ensures recognition for
activation. It is believed that UBLs and sulfur carrier proteins (SCPs) have emerged
from a single, multifunctional ancestral system capable of both adenylating and
sulfurtransfer activities, which is combined in the human MOCS3 protein, interacting
with a ubiquitin-like SCP (Leidel et al., 2009; Termathe & Leidel, 2021). Then SCPs
have further specialized for sulfur-transfer reactions. Urm1 possesses both sequence
and structural features of the last common ancestor, therefore Urm1 is believed to be
a molecular fossil (Pabis et al., 2020). The Urm1 pathway consists of four cytosolic
proteins essential for 2-thiolation and several effector proteins (Pabis et al., 2020). The
mitochondrial NFS1 protein and its stabilizing interaction partner Isd11, mobilize the
sulfur by converting L-cysteine to L-alanine(Lim et al., 2013; Maio, Jain, & Rouault,
2020). During this step, a persulfide is formed on NFS1(Cory et al., 2017). It was
proposed that TUM1 accepts sulfur from NFS1 and shuttles between mitochondria
and the cytosol, here the sulfur is transferred to MOCS3 (Frasdorf et al., 2014).
MOCSS3 activates the sulfur C-terminus of URM1 by adenylation and subsequently
generates URM1 thiocarboxylate via a thioester intermediate (Figure 3). As the final
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step, a protein complex of CTU1 and CTUZ2 inserts the sulfur on U34 in tRNA after an
adenylation step (Cavuzic & Liu, 2017; Van der Veen et al., 2011).

Moco Biosynthesis

Many enzymes coordinating Moco have been identified. In total, bacteria contain
the largest variety of more than 60 different molybdoenzymes being involved in specific,
however, usually non-essential redox-reactions. In contrast, in humans only four
different molybdoenzymes have been identified, namely sulfite oxidase, being essential
to humans, in addition to xanthine dehydrogenase, aldehyde oxidase and the
mitochondrial amidoxime reducing compound (mMARC). A defect in Moco biosynthesis
is lethal due to the loss of sulfite oxidase activity. A therapy for Moco deficiency of
patients has been developed (Veldman et al., 2010), however, to date no effective
therapy exists for the treatment of isolated sulfite oxidase deficiency.

Moco is a tricyclic pyranopterin containing a unique dithiolene group to which the
molybdenum atom is coordinated (Johnson & Rajagopalan, 1982). In general, the
biosynthesis of Moco can be divided into three steps in eukaryotes, and four steps in
bacteria and archaea (R. R. Mendel & Leimkuhler, 2015): i) the starting point is the
formation of the cyclic pyranopterin monophosphate (cPMP) from 5'GTP, ii) in the
second step two sulfur molecules are inserted into cPMP leading to the formation of
MPT, iij) in the third step the molybdenum atom is inserted into molybdopterin to form
Moco, and iv) additional modification of Moco occurs in bacteria and archaea with the
attachment of a nucleotide (CMP or GMP) to the phosphate group of MPT, forming the
dinucleotide variants of Moco. Form these dinucleotide variants, the bis-molybdopterin
guanine dinucleotide (bis-MGD) cofactor is the most abundant one, being present in
most bacterial molybdoenzymes.

The first step of Moco biosynthesis, the conversion from 5'GTP to cyclic
pyranopterin monophosphate (cPMP), is catalyzed by MOCS1A and MOCS1B in
mitochondria in humans, (Hanzelmann et al., 2004). The MOCS1A protein belongs to
the group of radical SAM proteins, which require a [FesS4] cluster for their catalytic
activity. In case of MOCS1A, the protein binds an additional [FesS4] cluster at its C-
terminus, being involved in binding of the substrate 5'GTP. During the conversion of
5'GTP to cPMP a (8S)-3’,8-cyclo-7,8-dihydroguanosine 5’triphosphate (3’,8-cH2GTP)
intermediate is formed. All further steps for the formation of Moco from cPMP are
localized in the cytosol in eukaryotes and do not require FeS-containing proteins (R.
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R. Mendel & Kruse, 2012; Schwarz, Mendel, & Ribbe, 2009). For the formation of MPT
from cPMP, two sulfur atoms are incorporated to the C1’ and C2’ positions of cPMP, a
reaction catalyzed by MPT synthase (Figure 3). (Stallmeyer, Drugeon, Reiss, Haenni,
& Mendel, 1999). It was shown that MPT synthase carries the sulfur in form of a
thiocarboxylate at the C-terminal glycine of MOCS2A (Gutzke, Fischer, Mendel, &
Schwarz, 2001; Leimkuhler, Freuer, Araujo, Rajagopalan, & Mendel, 2003). The
central dimer is formed by two MOCS2B subunits containing one MOCS2A at each
end, as revealed by the crystal structure of the bacterial homologues (Rudolph,
Wuebbens, Rajagopalan, & Schindelin, 2001). It was shown for the E. coli proteins
that the two MOCS2A/MOCS2B dimers act independently. Thus, for the insertion of
two sulfurs into cPMP, two MOCS2A proteins are required at each end of the MPT
synthase tetramer (Wuebbens & Rajagopalan, 2003). The first sulfur is added by one
MOCS2A molecule at the C2’ position of cPMP, a reaction which is coupled to the
hydrolysis of the cPMP cyclic phosphate (Daniels, Wuebbens, Rajagopalan, &
Schindelin, 2007). During the course of this reaction, a hemi-sulfurated intermediate
is formed in which the MOCS2A C-terminus is covalently linked to the substrate via a

thioester linkage, which subsequently is hydrolyzed by a water molecule (Figure 6).
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Figure 6: Formation of the thiocarboxylate group on MOCS2A. cPMP is converted to MPT by the transfer of
two sulfur groups from the C-terminal thiocarboxylate of the MOCS2A subunit of MPT synthase.
Regeneration of the MOCS2A-SH sulfur occurs in a MOCS2A/MOCS3 complex. Here, adenylated
MOCS2A is formed by attachment of an AMP moiety at the N-terminal E1-like domain of MOCS3.
MOCS2A-AMP is then sulfurated by a protein-bound persulfide from the C-terminal rhodanese-like
domain. The sulfur donor for the persulfide group on MOCS3-RLD is NFS1, which acquires the sulfur
from L-cysteine. An additional involvement of TUM1 in this reaction is suggested based on the
interaction determined between NFS1 and MOCS3 of the TUM1 isoforms in the cytosol. After formation
of the thiocarboxylate group, MOCS2A-SH dissociates from the MOCS3 dimer and reassociates with
MOCS2B, forming the active MPT synthase.

After transfer of its thiocarboxylate sulfur to cPMP, the first MOCS2A subunit

dissociates from the MPT synthase complex (Daniels et al., 2007; Wuebbens &
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Rajagopalan, 2003). During the reaction of the first sulfur transfer, the opening of the
cyclic phosphate is proposed to shift the location of the intermediate within the protein
so that the C1’' position now becomes more accessible to attack by the second
MOCS2A thiocarboxylate. This results in a second covalent intermediate that is
converted to MPT via the elimination of a water molecule and hydrolysis of the
thioester intermediate. During the reaction, cPMP and the hemisulfurated intermediate
remain bound to one MOCS2B subunit (R.R. Mendel & Schwarz, 2011). This reaction
has been mainly revealed by studies with the homologous proteins MoaD and MoaE
from E. coli; however, the same reaction can be catalyzed by hybrid complexes formed
between the bacterial and mammalian proteins, indicating that conservation of the
reaction components is high among species (Leimkuhler et al., 2003).

For the MPT synthase to act catalytically, it is necessary to regenerate its
transferable sulfur in an ATP-dependent reaction, catalyzed by the MOCS3 protein in
humans. It was shown that the N-terminal domain of MOCS3 activates the C-terminus
of MOCS2A by formation of an acyl-adenylate (Figure 6). Human MOCS3 contains an
additional C-terminal domain at its C-terminus, which is fused to the N-terminal MoeB-
like adenylation domain and shares amino acid sequence homologies to rhodaneses
(Leimkuhler et al., 2003; A. Matthies, K. V. Rajagopalan, R. R. Mendel, & S. Leimkuhler,
2004b). In humans, this rhodanese-like domain on MOCS3 acts as direct sulfur donor
for the formation of the thiocarboxylate group on MOCS2A (Figure 6), However, it is
also believed that the sulfur for MOCS3 originates from L-cysteine, which is mobilized
by NFS1 in the cytosol (Marelja et al., 2013; Marelja et al., 2008a). Thus, NFS1 would
mobilize the sulfur for two pathways in humans, Moco biosynthesis in the cytosol and
FeS cluster assembly in mitochondria (Figures 3 + 4). Crucially, MOCS3 is not only
involved in Moco biosynthesis: besides interacting with MOCS2A, MOCS3 also
interacts with URM1, which acts as a sulfur acceptor protein involved in the thiolation
of some tRNAs (Chowdhury et al., 2012) (Figure 4). Thus, Moco biosynthesis and tRNA
thiolation are directly connected in humans by sharing the sulfur delivery pathway
composed of NFS1 and MOCS3.

MOCS3

MOCS3 is the non-canonical E1-like activating enzyme and consists of two
catalytically active domains: an adenylation domain (AD) and a rhodanese-like domain
(RLD) (A. Matthies, K.V. Rajagopalan, R.R. Mendel, & S. Leimkuhler, 2004a). The AD
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is a common feature that MOCS3 shares with other E1-like enzyme. All E1-like
enzymes use an identical mechanism to activate their respective UBL by adenylating
its C-terminal diglycine motif. Following this initial step, the C-terminus of Urm1 or
MOCS2A is further activated by forming a thioester with the catalytic cysteine of AD of
MOCS3 (however, this has only been proven for the yeast homologues Urm1-Uba4,
so far(Termathe & Leidel, 2018). Chemically, thioesters are high-energy bonds, that
are more susceptible to nucleophilic attacks than their oxyester counterparts, since
thiols constitute better leaving groups. The formation of the thioester is the central step
of classical UBLs the thioester between the C-terminus of Urm1 or MOCS2A and the
catalytic cysteine, likely C239 in the AD of MOCS3 positions the thioester in close
proximity to the RLD (Figure 6). In the second reaction, the MOCS2A or URM1acyl-
adenylate is converted to a thiocarboxylate by sulfur-transfer from a persulfide present
at MOCS3-RLD (Matthies, Nimtz, & Leimkuhler, 2005; R.R. Mendel & Schwarz, 2011).
In this reaction, the deprotonated persulfide group of RLD-C412 serves as a
nucleophile at the activated MOCS2A/URM1-adenylate to form a disulfide
intermediate (Figure 6). Reductive cleavage of the disulfide bond could then occur by
attack of another thiol group e.g. the conserved MOCS3-C239 to form a disulfide bond
with C412, and in turn, thiocarboxylated MOCS2A or URM1 are generated and
released (Matthies et al., 2005). In analogy to the E. coli system, it was shown that the
sulfur for MOCS3 originates from the L-cysteine desulfurase NFS1 or the TUM1-Iso1
protein in the cytosol in humans cells, transferring sulfur from L-cysteine in a sulfur
relay system via a persulfide group formed on the L-cysteine desulfurase via TUM1-
Iso1 and MOCS3-RLD further onto MOCS2A or URM1 (Krepinsky & Leimkuhler, 2007;
Marelja et al., 2013; Marelja, Stocklein, Nimtz, & Leimkuhler, 2008b) (Figures 2+ 6).
The RLD ensures a specific reaction between the MOCS2/URM1 thioester and the
MOCS3 persulfide, preventing cross-reactivity of the activated thioester intermediate.
The acyl-persulfide is the key difference to classical UBLs, where an isopeptide bond
is formed with the target protein (Figure 6). Hence, the activation of the C-terminal
diglycine motif of a SCP by adenylation was likely a feature of the last common
ancestor. This might have been the point from which other systems emerged and
further developed into UBL systems with specialized E2 and E3 enzymes (Termathe
& Leidel, 2021). The absence of E2 and E3 proteins in the MOCS2A-MOC3 systems
clearly distinguishes it from classical UBLs and underlines MOCS2As function as an
SCP. In addition to the necessity of a rhodanese-homology domain (RLD). MOCS3-
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RLD was additionally shown to act as direct sulfur donor for the formation of the
thiocarboxylate group on URM1 (Chowdhury et al., 2012; Matthies et al., 2004a) in
s?U thiomodification (as described above). Rhodaneses or rhodanese-like proteins
are Thiosulfate:cyanide sulfur transferases (EC 2.8.1.1) belong to the large family of
sulfur transferases (EC 2.8.1). They are forming a protein-bound persulfide using
thiosulfate as in vitro substrate or another persulfide-containing protein as sulfur-
donor. In nature, sulfur transferases are generally accepting sulfur from L-cysteine
desulfurases, but in some prokaryotes sulfur can be also mobilized from their
substrates (Bordo & Bork, 2002).

Rhodaneses or rhodanese-like proteins are either composed of a single catalytic
rhodanese domain, or a fusion of two rhodanese domains, with an inactive N-terminal
domain (i.e. where the active-site cysteine is replaced by another residue) and an
active C-terminal domain containing the putative catalytic cysteine (Bordo & Bork,
2002). The tandem domains are proposed to have evolved from a common ancestor
protein by gene duplication and have lost most of sequence similarity during evolution,
while the tertiary structure was kept conserved. Furthermore, rhodanese domains
either catalytic or inactive, are also found (Ploegman et al., 1978) in MAP-kinase
phosphates, Cdc25 phosphatases or in several ubiquitinating and deubiquitinating
enzymes (Keyse & Ginsburg, 1993; Fauman et al., 1998; Hofmann et al., 1998). Due
to these similarities, rhodaneses also belong to the rhodanese/Cdc25 phosphatase
superfamily since it was shown that the two human Cdc25 phosphatases, Cdc25A and
Cdc25B, two key enzymes involved in cell cycle control, display a rhodanese-like
three-dimensional fold and maintain the active-site cysteine at the first position of an
active-site loop consisting of six amino acids in rhodaneses and seven amino acids in
Cdc25 phosphatases (Bordo & Bork, 2002)

The best characterized rhodanese is the bovine liver rhodanese, a member that
consists of two rhodanese domains (Bergsma et al., 1975; Ploegman, Drent, Kalk, &
Hol, 1978, 1979; Ploegman, Drent, Kalk, Hol, et al., 1978; Westley, 1973, 1981). The
in vitro catalysis of rhodaneses involves a double displacement mechanism for the
transfer of a sulfane sulfur atom from thiosulfate to cyanide via a protein-bound
persulfide intermediate.

The physiological role of rhodaneses is still largely debated. It seems unlikely that the
physiological sulfur acceptor is cyanide due to the high Ku value; however, proposed
functions include cyanide detoxification (Sorbo, 1957), formation of prosthetic groups
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in Fe-S proteins, maintenance of the sulfane pool (Westley, 1973), sulfur transfer for
thiamine or thiouridine biosynthesis (Kambampati & Lauhon, 2000; Palenchar, Buck,
Cheng, Larson, & Mueller, 2000),(Chowdhury et al., 2012)) as well as the beforehand

mentioned potential regulatory roles in signaling pathways.

In total, MOCS3 can be regarded as a multi-functional and multi-domain protein
combining the adenylation of MOCS2A and URM1 with the subsequent sulfurtransfer
reaction (Figure 2) (Matthies et al., 2004b). In the second reaction, the MOCS2A
acyl-adenylate is converted to a thiocarboxylate by sulfur-transfer from a persulfide
present at MOCS3-RLD (Matthies et al., 2005; R.R. Mendel & Schwarz, 2011). In
this reaction, the deprotonated persulfide group of RLD-C412 serves as a
nucleophile at the activated MOCS2A-adenylate to form a disulfide intermediate.
Reductive cleavage of the disulfide bond could then occur by attack of another thiol
group e.g. the conserved MOCS3-C239 to form a disulfide bond with C412, and in
turn, thiocarboxylated MOCSZ2A is generated and released (Matthies et al., 2004a)
(Figure 6).

Crucially, MOCS3 is not only involved in Moco biosynthesis but also in the formation
of thio-modified mecm>U34 nucleosides in tRNA for GIn, Glu and Lys in the cytosol of
human cells (Chowdhury et al., 2012; Neukranz et al., 2019). To perform this shared
function role in tRNA thiolation, MOCS3 interacts with the ubiquitin-related modifier
protein1 (URM1). In analogy to the MOCS2A protein (Figure 2), URM1 contains a
conserved C-terminal double glycine-motif on which a thiocarboxylate group is formed
for sulfur-transfer for the mem®s2U34 modification in tRNA (Leidel et al., 2009; Pedrioli
et al., 2008; Schmitz et al., 2008; Xu et al., 2006). In detail, MOCS3 activates URM1 in
the presence of ATP by formation of activated URM1-AMP. URM1 is further transferred
to the persulfide group formed on Cys412 of MOCS3-RLD via a disulfide bond. After
cleavage of the disulfide bond, thiocarboxylated URM1 is released. The sulfur of URM1-
COSH is further transferred to mecm3U34 group of the tRNACU.Cn.Lys gided by the CTU1
and CTU2 proteins under ATP consumption(Chowdhury et al., 2012) (Figure 2).

In total, Moco biosynthesis and tRNA thiolation are directly connected in humans by
sharing the role of MOCS3(Chowdhury et al., 2012). Further, the sulfur delivery
pathway to MOCS3 involves the L-cysteine desulfurase NFS1 in the cytosol (Figure
4) (Marelja et al., 2013; Marelja et al., 2008a). In eukaryotes, however, NFS1 was
described to be mainly localized in the mitochondria where it is involved in the
assembly of FeS clusters (Biederbick et al., 2006). A role of NFS1 for the CIA pathway
of FeS cluster biosynthesis in the cytosol has not been described so far. Thus, the role
of the cytosolic form of NFS1 might be specifically restricted to Moco biosynthesis and
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thio-modification of tRNAs.

Nfs1

Sulfur transfer to MOCS3 involves the NFS1 protein in the cytosol

L-cysteine desulfurases are pyridoxal phosphate (PLP)-dependent enzymes that use
L-cysteine as substrate and convert it by the help of protein-bound PLP to L-alanine
and a protein-bound persulfide (Zheng et al., 1993). This persulfide serves as reactive
and transferable sulfur that can be directly transferred to target compounds or acceptor
proteins. L-cysteine desulfurases have been identified to provide the sulfur for the
biosynthesis of sulfur-containing nucleotides, vitamins and cofactors, such as
molybdopterin (MPT), iron-sulfur (FeS) clusters, thiamine, lipoic acid, and biotin
(Hidese et al., 2011) (Figure 1). The protein-bound persulfide formation and the
involvement of the PLP cofactor in the desulfuration of L-cysteine. In the first step, the
a-amino group of the L-cysteine binds to the PLP in the active site leading to the
formation of an external aldimine, which then converts to a ketimine intermediate. This
reaction can be monitored by UV-visible spectroscopy, since the light absorption band
of PLP at around 390 nm is shifted to around 420 nm (Zheng et al., 1993; Behshad
et al., 2004) (Figure 7).

Figure 7: The role of PLP in the catalytic reaction of L-cysteine desulfurases.
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The a-amino group of the substrate L-cysteine binds to PLP and forms an external aldimine. The cleavage of the
C — S bond of L-cysteine bound to the PLP cofactor occurs due to the nucleophilic attack from the L-cysteine sulfur
of the substrate to an active-site cysteine residue of the L-cysteine desulfurase (-Cys™X-S-), resulting in the
formation of an enzyme-bound persulfide (-Cys***-SS") and alanine enamine bound to PLP. Subsequently the L-

alanine must be released in order to bind another L-cysteine molecule.

The second step involves an essential active-site cysteine. It is supposed to be in a
deprotonated cysteinate state in order to carry out a nucleophilic attack on the
electrophilic sulfur atom of the ketimine intermediate. This process generates a stable
protein-bound persulfide together with a novel ketimine (Zheng et al., 1994; Lima,
2002). A following hydrolysis of the ketimine results in the formation and release of L-
alanine and regenerates PLP for a new catalytic cycle (Figure 7) . Anew catalytic cycle
can only start after the release of the terminal electrophilic persulfide-sulfur atom and
liberation of the active-site cysteine to its active form. This occurs through a
nucleophilic attack on the persulfido sulfur by a sulfur acceptor, for instance a
cysteinate of a target protein (Fontecave & Ollagnier-de-Choudens, 2008).

It is well-recognized that the amino acid cysteine serves as the sulfur source for most,
if not all, sulfur containing biomolecules in bacterial and eukaryotic systems. The first
step of sulfur mobilization is catalyzed by a pyridoxal-5-phosphate (PLP) enzymatic
reaction of cysteine desulfurases. This class of enzymes promotes the abstraction of
sulfur from cysteine and transfers it to acceptor molecules participating in the
biosynthesis of thio-cofactor. A single L-cysteine desulfurase homologue, named
NFS1, was identified in humans (Biederbick et al., 2006; Land & Rouault, 1998; Maio
et al.,, 2020; Maio & Rouault, 2020; Maio et al., 2014). NFS1 converts cysteine to
alanine, while generating a persulfide species on a mobile cysteine-containing loop
(Cys381 in human NFS1) that delivers sulfane sulfur to the scaffold protein ISCU. The
accessory protein 1ISD11 (also known as LYRM4;), a member of the LYRM family,
characterized by the presence of the highly conserved Leu Tyr Arg motif (Angerer,
2015), is uniquely present in eukaryotes and was shown to stabilize NFS1 and to
interact with the acyl carrier protein ACP (NDUFAB1 in human) (Van Vranken et al.,
2016).
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However, it was suggested that two distinct NFS1 isoforms are produced through
alternative utilization of in-frame AUGs (Land & Rouault, 1998; Li, Tong, Hughes, &
Rouault, 2006; Tong & Rouault, 2000). The major form is generated by initiation of the
first AUG of the NFS1 transcript and contains a mitochondrial targeting signal at the
N-terminus that undergoes cleavage to yield a mature mitochondrial protein of 47 kDa
in size (Land & Rouault, 1998) (Figure 8) .
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Figure 8: The different compartments for the biosynthesis of Moco in humans and the link to Fe-S cluster
assembly in mitochondria. The first step of Moco biosynthesis, the conversion of 5'GTP to cPMP catalyzed by
MOCS1A and MOCS1B, is localized in mitochondria. This is also the main compartment for Fe-S cluster
biosynthesis in eukaryotes. Fe-S clusters assemble on the scaffold protein ISCU2, which receives the sulfur from
the L-cysteine desulfurase complex NFS1/ISD11. The iron donor in this reaction has not been identified so far.
Frataxin (FDN) is able to interact with the NFS1/Isd11-ISCU2 complex. Ferredoxin (FDX2) delivers the electrons
for Fe-S cluster assembly. Assembly and release of the clusters is catalyzed by the chaperones HSC20/HSPAQ.
The carrier proteins GLRX5, ISCA2 and/or IBA57 deliver the Fe-S clusters to target proteins. Synthesized cPMP
further is transferred to the cytosol, where all further modification steps are catalyzed. These steps involve the
conversion of cPMP to MPT by MOCS2A/MOCS2B (which are activated by MOCS3), the insertion of molybdate
by GEPHYRIN (GEPH), and the insertion of Mo-MPT either into sulfite oxidase (localized in the mitochondrial
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intermembrane space) or to the mARC protein (localized at the outer mitochondrial membrane). A further
modification step of Moco is catalyzed by HMCS for the enzymes aldehyde oxidase and xanthine
dehydrogenase, which involves the formation of the equatorial sulfido-ligand at the Mo atom, an essential
requirement for the activity of these enzymes. A dual localization of NFS1 both in mitochondria and the cytosol is
predicted. Cytosolic NFS1 acts as a sulfur donor for MOCS3. NFS1 was also localized in the nucleus and at the
centrosome.

In mitochondria, NFS1 is involved in FeS cluster biosynthesis (Tong & Rouault, 2006).
A less abundant isoform generated by initiation of translation at the second in-frame
AUG lacks the first 60 residues of the mitochondrial precursor form, and this 44 kDa
protein resides both in the cytosol and in the nucleus (Land & Rouault, 1998).
Recently, the I1sd11 protein was identified to be essential for FeS cluster biosynthesis
in mitochondria and it was shown that Isd11 forms a complex with NFS1 (Adam,
Bornhovd, Prokisch, Neupert, & Hell, 2006; Boniecki, Freibert, Muhlenhoff, Lill, &
Cygler, 2017; Wiedemann, Urzica, Guiard, Muller, Lohaus, Meyer, Ryan, Meisinger,
Muhlenhoff, et al., 2006) . Isd11 is suggested to function as an adapter and stabilizer
of NFS1 (Shan, Napoli, & Cortopassi, 2007). Homologues of Isd11 have been
identified in plant, fungi and animal genomes, which contain mitochondria, but no
prokaryotic homologue has been identified (Richards & van der Giezen, 2006).

It has been reported that NFS1 is additionally localized in small amounts in the
cytosol, where it interacts with MOCS3 (Marelja et al., 2013) for Moco biosynthesis and
s?U tRNA thiomodification (Figure 8).The interaction of NFS1 and MOCS3 was
revealed by using Forster resonance energy transfer and a split-EGFP system. The
colocalization of NFS1 and MOCS3 in the cytosol was additionally confirmed by
immunodetection of fractionated cells and localization studies using confocal
fluorescence microscopy (Marelja et al., 2013). However, while the role of NFS1 in the
cytosol for sulfur transfer to MOCS3 seems to be established, an involvement of ISD11
in this reaction still remains unclear. So far, ISD11 was described as a stabilizing factor
of NFS1 in eukaryotes that is essential for its activity in FeS cluster formation in
mitochondria (Shi, Ghosh, Tong, & Rouault, 2009). In the absence of ISD11, NFS1 is
prone to aggregation and FeS clusters cannot be formed (Marelja et al., 2008a;
Wiedemann, Urzica, Guiard, Muller, Lohaus, Meyer, Ryan, Meisinger, Muhlenhoff, et
al., 2006). However, localization studies showed that ISD11 mainly is located in
mitochondria and the nucleus in human cells (Shi et al., 2009) (Figure 8). Thus, the role
of ISD11 and its involvement in the interaction of NFS1 and MOCS3 in the cytosol still
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needs to be investigated in more detail. MOCS3 might replace the role of ISD11 as a
stabilizing protein to NFS1 in the cytosol.

For cytosolic Fe-S cluster assembly, the mitochondrial ISC system has been
proposed to be essential (Netz, Mascarenhas, Stehling, Pierik, & Lill, 2014; Paul & Lill,
2015). Studies by several groups have shown that the mitochondrial ISC machinery
generates a sulfur-containing factor “X-S” that is exported to the cytosol via the
mitochondrial ABC transporter ABCB7 and is used for cytosolic Fe-S cluster assembly
by the CIA machinery (Figure 8) (Biederbick et al., 2006; Gerber, Comellas-Bigler,
Goetz, & Locher, 2008; Kispal, Csere, Prohl, & Lill, 1999; Stehling et al., 2008).
However, models also exists that propose that cytosolic versions of NFS1, ISCU and
FDN are involved in cytosolic Fe-S cluster formation (Maio & Rouault, 2020). The CIA
machinery is composed of up to 13 known proteins that assemble both cytosolic and
nuclear Fe-S proteins. Initially, a [4Fe-4S] cluster is assembled on the CIA scaffold
complex formed between CFD1-NBP35 (Figure 8) (Stehling et al., 2018; Stehling et
al., 2008). The initial cluster synthesis on CFD1-NBP35 further requires the electron
transfer chain composed of the flavin-dependent oxidoreductase NDOR1 and
CIAPIN1, however, the precise role of the electron-transfer for cluster synthesis is not
completely understood yet (Netz et al., 2016; Netz et al., 2010). The insertion of the
two Fe-S clusters of CIAPIN1 additionally requires the cytosolic monothiol
glutaredoxin reductase GLRX3 (Banci, Ciofi-Baffoni, et al., 2015; Frey, Palenchar,
Wildemann, & Philpott, 2016; Haunhorst et al., 2013). GLRX3 binds a bridging [2Fe-
28] cluster with BOLA2 which is further transferred to CIAPIN1 (Figure 8) (Banci,
Camponeschi, Ciofi-Baffoni, & Muzzioli, 2015; Frey et al., 2016). CIAPIN1 can
coordinate a pair of [2Fe-2S] clusters or a [2Fe-2S] cluster and a [4Fe-4S] cluster
(Banci et al., 2014; Banci et al., 2013; Netz et al., 2016; Zhang et al., 2008). While the
BOLA2-GLRX3 complex is able to transfer [2Fe-2S] clusters to CIAPIN1, the formation
of the [4Fe-4S] cluster in CIAPIN1 is still fully undefined.

The next step of cytosolic Fe-S assembly involves the trafficking of the [4Fe-4S]
cluster from the CFD1-NBP35 complex to CIAO3 and then to the CIA targeting
complex (CTC) which is composed of CIAO1, CIAO2B, and MMS19 (Gari et al., 2012;
Srinivasan et al., 2007). From this complex, which can be formed with different protein
components, the cluster is transferred directly to target proteins (Figure 8). The
specific interaction with the target proteins is mediated by the CTC proteins.
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This could imply that cytosolic NFS1 is only involved in Moco biosynthesis and

tRNA thiolation in conjunction with MOCSS3, while in the absence of ISD11 it has no role
in FeS cluster biosynthesis.
Additionally, a localization of NFS1 to be present at the centrosome has been identified
(Neukranz et al., 2019) (Figure 8). So far, NFS1 was described to be mainly localized
to the mitochondria and the nucleus. In mitochondria, the main role of NFS1 has been
described to form a complex with ISD11, ISCU and frataxin for Fe-S cluster
biosynthesis. Recent crystal structures of the quaternary complex also identified the
acyl carrier protein (ACP) to be present in this complex under certain
conditions.(Boniecki et al., 2017; Cory et al., 2017). In the nucleus, the NFS1/ISD11
complex is also predicted to be involved in Fe-S cluster biosynthesis for nuclear
proteins.

The recent identification of NFS1 at the centrosome in human cells is another
proof for the cytosolic localization of NFS1 (Figure 8) . Another report investigating the
centrosomal proteins in Drosophila already identified NFS1 (CG12264) as a
centrosomal protein (Hughes et al., 2008). This localization was verified for human cell
lines in a recent study (Neukranz et al., 2019). The role of NFS1 at the centrosome still
remains to be identified, however, a role in Fe-S cluster insertion for centrosomal
proteins has been suggested previously. Additionally, in the recent report by Kim et al.
(2018), NFS1 was co-immunoprecipitated with the centrosomal protein NUBP2.(Kim,
Maio, Singh, & Rouault, 2018) NUBP2 itself interacts with the kinesin-like protein HSET
(KIFC5A in mice) and is an important factor of the cytosolic iron-sulfur cluster machinery
(CIA).(Christodoulou, Lederer, Surrey, Vernos, & Santama, 2006). For the CIA pathway,
NUBP2 forms a larger complex with Cfd1-Nbp35 acting as a scaffold for [4Fe4S] cluster
assembly and insertion (Stehling et al., 2008). Conclusively, the role of NFS1 at the
centrosome might be to insert Fe-S clusters into centrosomal proteins, thereby
influencing cell division. The exact role of NFS1 at the centrosome in addition to its

interaction partners need to be investigated in further detail in future studies.

Tum1

Recently, a role of a further protein component has been suggested to be involved in
both pathways of tRNA thiolation for cytosolic and mitochondrial tRNAs. Here, an
involvement of the TUM1 protein (tRNA thiouridine modification protein) was
suggested in yeast and humans (Frasdorf et al., 2014). Human TUM1, also designated
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as 3-mercaptopyruvate sulfur transferase (MPST), has been implicated in a wide
range of physiological processes in the cell. 3-Mercaptopyruvate sulfur transferase
(MPST) catalyzes the desulfuration of 3-mercaptopyruvate to generate an enzyme-
bound hydropersulfide (Pedre & Dick, 2021). Subsequently, MPST transfers the
persulfide’s outer sulfur atom to proteins or small molecule acceptors. MPST activity
is known to be involved in hydrogen sulfide generation, tRNA thiolation, protein
urmylation and cyanide detoxification. Tissue-specific changes in MPST expression
correlate with ageing and the development of metabolic disease. Recently, high
expression of MPST has been reported in cancer tissues due to its H>S biosynthesis
capability and subsequent influence on the cellular bioenergetics (Bronowicka-
Adamska, Bentke, & Wrobel, 2017; Gai et al., 2013; Ramasamy, Singh, Taniere,
Langman, & Eggo, 2006; Zuhra et al., 2019) Deletion and overexpression experiments
suggest that MPST contributes to oxidative stress resistance, mitochondrial
respiratory function and the regulation of fatty acid metabolism. MPST belongs to the
rhodanese/Cdc25 phosphatase superfamily (Bordo & Bork, 2002). All known MPSTs
contain two rhodanese domains. The active site lies at the interface of these two
domains, but most of the residues involved in binding and catalysis are located in the
C-terminal domain. The catalytic cysteine is part of a conserved six amino acid motif
(CG[S/T]GVT) that folds into a cradle-like loop and defines the active site pocket.
Variations on the active site motif appear to determine substrate specificity within the
rhodanese family. The catalysis occurs as follows (Pedre & Dick, 2021): Following
binding into the active site pocket, 3MP is desulfurated, to generate a persulfidated
active site cysteine and pyruvate as products. Pyruvate is then released from the
active site, allowing acceptor molecules to enter. MPST facilitates transfer of the outer
sulfur atom of the enzyme-bound persulfide to the acceptor molecule, either the MTU1
protein in mitochondria or the MOCS3 protein in the cytosol (a process also known as
‘transpersulfidation’), after which the sulfurated acceptor is released (Figure 5). The
individual steps of the ping-pong mechanism are separated by kinetic pauses
(Hanaoka et al. 2017; Lec et al. 2018)(Takano et al., 2017). 3MP desulfuration is very
fast, with a rate constant in the 106 M~' s™' range (Misslinger, Lechner, Bacher, &
Haas, 2018). The release of pyruvate is thought to be the rate limiting step of the
MPST catalytic cycle, in the specific case of the MPST client protein MOCS3 the
situation is different. The persulfidated MOCS3 does not release H»>S, but instead
transfers sulfur to the AMP-activated URM1 protein, generating a thiocarboxylate at
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its C-terminus. Thiocarboxylated URM1 has the known fate: it transfers the sulfur
further on to CTU1 for s?-uridine formation in the cytosol(Pabis et al., 2020).

TUM1 is a member of the sulfur transferase family and catalyzes the conversion of 3-

mercaptopyruvate to pyruvate and a protein-bound persulfide. Recently, two so far

uncharacterized TUM1 splice variants, designated as TUM1-Iso1 and TUM1-lso2,

were purified and their cellular localization and interaction partners were

characterized. Cellular localization studies showed a different localization pattern of

the isoforms. TUM1-Iso1 is exclusively localized in the cytosol, while TUM1-Iso2

showed a dual localization both in the cytosol and mitochondria (Figure 5). Further,

the interaction partners of the two isoforms proofed to be different. While TUM1-Iso1

interacted with both NFS1 and MOCS3 in the cytosol, TUM1-Iso2 exclusively

interacted with MOCS3 in the cytosol and with NFS1 in mitochondria (Figure 5). These

studies implied distinct roles of each TUM1 isoform in the sulfur transfer processes in

the cell, with different compartmentalization of the two splice variants of TUM1.

So far, the sulfur transfer pathway for thionucleotides in tRNA has been mostly
investigated in S. cerevisiae. The sulfur transferase protein Tum1p (tRNA thiouridine
modification protein, also designated MPST as 3-mercaptopyruvate sulfur transferase
or Yor251c) catalyzes the conversion of 3-mercaptopyruvate to pyruvate and a protein-
bound persulfide. The yeast protein has been implicated in yeast cytosolic mcm®s2U34
modification together with Ubadp (MOCS3 homologue) and Urm1p as well as Nfs1p
(Noma, Sakaguchi, et al., 2009). Furthermore, a conjugation of Urm1p to the stress
protein Ahp1p was reported, Tum1p was shown to be required but not essential for
cytosolic tRNA thiolation in yeast (Judes, Bruch, Klassen, Helm, & Schaffrath, 2016;
Noma, Sakaguchi, et al., 2009).

A role of the TUM1 protein has been suggested to be involved in tRNA thiolation
in humans accordingly (Frasdorf et al., 2014). Still numerous questions remain on the
function of TUM1. Splice variants for Tum1p were not reported in yeast so far and tRNA
thiolation differs between yeast and humans. Human mitochondrial tRNAs contain a
taurine modification, which is not present in yeast mitochondrial tRNA, containing the
cmnm®U34 modification instead. Furthermore, in yeast Moco biosynthesis is not
present making yeast an ideal and simple system to study tRNA thiolation as a separate
pathway. Therefore, major differences between tRNA thiolation and Moco biosynthesis

exists from human to yeast. In humans, the protein network appears more complex
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since Moco biosynthesis is an essential cellular pathway, which is required for the
activity of sulfite oxidase (SUOX) as detoxifying enzyme(Neukranz et al., 2019).

MTU1

In eukaryotic mitochondria, NFS1 and the mitochondrial tRNA-specific 2-thiouridylase
1 (MTU1) are responsible for 2-thiolation of cmnm?®s2U in yeast and 5-taurinomethyl-2-
thiouridine (tm%s2U) in mammals (Umeda et al., 2005) (Figure 3). Here, the taurine
modification (tm%s2U) seems to be restricted to the mitochondria of mammals. MTU1
was shown to be a homologue of the bacterial MnmA protein involved in mnm®s2U34
modification in E. coli (Shigi, 2014). While the 5-taurinomethyluridine (tm°U34) is found
in mitochondrial tRNAs for Leu and Trp, its 2-thiouridine derivative (tm®s2U34) is
present in mitochondrial tRNAs for Glu, GIn and Lys. These modifications allow tRNAs
to precisely recognize their cognate codons and to ensure accurate translation in the
mitochondria. Two enzymes, the mitochondrial tRNA translation optimization 1 (MTO1)
and the GTP binding protein 3 (GTPBP3) were shown to be responsible for the taurine
modification/insertion for the formation of tm°U34 (Umeda et al., 2005) (Figure 3).
However, the proteins involved in the formation of the taurine group itself remain to be
identified. MTU1 catalyzes the subsequent step of the 2-thiolation of tm°U34 to form
mm3s2U34. The sulfur for this modification is derived from mitochondrial NFS1 and
mitochondrial TUM1 isoform 2. (Frasdorf et al., 2014; Suzuki, 2005) (Figure 5).

CTU1

In eukaryotes and archaea, CTU1 and its archaeal homolog NcsA catalyze the direct
2-thiolation reaction of uridine in tRNA at position 34 In eukaryotes(Chavarria et al.,
2014; Nilsson, Jager, & Bjork, 2017), CTU1 forms a heterocomplex with the CTUZ2
protein that apparent role in catalysis is currently unknown. (Dewez et al., 2008;
Esberg, Huang, Johansson, & Bystrom, 2006). CTU1 receives the sulfur from the
thiocarboxylate group of URM1(Figure 2). In some thermophilic bacteria and archaea,
such as T. thermophilus, the TtuA protein catalyzes the same 2-thiouridylation reaction
at different positions (e.g., position 54) 2017)(Arragain et al., 2017; Bouvier et al.,
2014; Mulliez, Duarte, Arragain, Fontecave, & Atta, 2017; Shigi et al., 2006).The
mechanism by which sulfur is incorporated into tRNA s2 U34 in eukaryotic cytosol
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differs greatly from that in bacteria. This process requires the Fe—S cluster assembly
machinery. A small amount of the cysteine desulfurase Nfs1 is present in yeast cytosol
and participates in tRNA thiolation. Similar to methanogenic archaeal Thil, Ncs6 has
a PP-loop motif and three conserved Cys residues (two from a CXXC motif) in its
putative catalytic domain. The PP-loop binds ATP that is used to adenylate U34,
resembling the reaction schemes of Thil and MnmA. The three Cys residues
coordinate a [3Fe-4S] cluster (Liu et al., 2016), which is probably involved in sulfur
transfer. CTU1 utilizes an oxygen-sensitive Fe-S cluster and a unique thiocarboxylate
(RCOSH) that is formed on the carboxy terminus of the sulfur carrier protein URM1,
believed to be ancient ubiquitin-like post-translational modifiers In an alternative
mechanism that is used as sulfur donor, a sulfide ion released from URM1-COSH may
bind to the free iron atom of the Fe-S cluster, and become incorporated into s?U. A
sulfide captured by the iron-sulfur cluster was observed in the crystal structure
(Arragain et al., 2017), By contrast, another study observed that MmNcs6, after
anaerobic reconstitution of the cluster, contains a [4Fe—4S] cluster that is essential for
U34-tRNA thiolation(Bimai, Arragain, & Golinelli-Pimpaneau, 2020). The [4Fe—4S] is
the active state, not the [3Fe—4S] cluster, in agreement with the fact that there is no
known example of a [3Fe—4S] cluster being an active state in bioorganic chemistry
and that [3Fe—4S] clusters are the first intermediates appearing upon air-degradation
of [4Fe—4S] clusters(Liu et al., 2016).

In analogy to the bacterial TtuA system for s?T synthesis the mechanism of
sulfurtransfer involving URM1 and CTU1 might occur as follows:
one reaction mechanism for CTU1 to remove sulfur from URM1-COSH is therefore
proposed to be as follows: (1) CTU1 captures the C-terminal of URM1 with an Fe-S
cluster; (2) waits until adenylation is complete; and (3) releases sulfur from URM1 by
nucleophilic attack with a hydroxide ion, benefitting from a charge on the side chain at
Lys137. (4) Finally, the sulfide bound to the unique Fe site attacks the adenylated
tRNA and substitutes the adenyl group (Figure 9).
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Figure 9: Proposed mechanism for cytosolic 5-methoxycarbonylmethyl-2-thiouridine (mcm3s2U34)
formation in humans. Proteins of the ELP pathway and the TRM9 and TRM112 proteins are involved
in the formation of the 5-methoxycarbonylmethyl group at the C5 position of U34. The sulfur is mobilized
by cytosolic NFS1 from L-cysteine which either transfers the sulfur directly to MOCS3 or to cytosolic
TUM1-Iso1. Additionally, TUM1-Iso2 also can interact directly with MOCS3. MOCS3 activates URM1 in
the presence of ATP by formation of an acyl-adenylate bond. URM1 is further transferred to a persulfide
group on Cys412 of MOCS3-RLD, forming a disulfide bond. After sulfurtransfer, URM1-thiocarboxylate
is released and transfers the sulfur further onto uridine 34 on the lysine tRNA, which is activated by the
CTU1 and CTU2 proteins under ATP consumption. URM1 can alternatively be conjugated to target
proteins via a lysine-isopeptide bond.

In fact, persulfides are formed on cysteines that ligate an [Fe—S] cluster. Although a
general mechanism for tRNA thiolation was initially proposed, in which a persulfide
attached to a catalytic cysteine is the sulfur donor for tRNA thiolation, there is
increasing evidence that a sulfur-containing species bound to a [4Fe—4S] cluster,
forming an [4Fe&S] intermediate (Figure 9)(Bimai et al.,, 2020), ligated to three
cysteines only, can be the sulfurating agent. (Figure 9) According to this finding, the
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tRNA thiolation enzymes for which a low in vitro activity has been detected and/or for
which the catalytic residues remain undetermined, should have their mechanism
revisited for the possibility that it involves a [4Fe—4S] cluster. The role of CTUZ2 is still

unknown.
Conclusions:

The biosynthetic pathways of sulfur-containing tRNA nucleosides are very complex
since they usually involve a cascade of sulfur carrier proteins, including persulfidation
and thiocarboxylate formation with thioester intermediates. rather than a direct transfer
from the ultimate sulfur donor to the substrate; and the sulfur flows to different
biomolecules involving proteins that are shared with different sulfurtransfer pathways.
How this direction of Sulfur flow is controlled is still unknown.

Further, the reaction mechanisms of a [4Fe-4S] cluster containing CTU1 with a

persulfide [4Fe5S] intermediate, still need to be verified.
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ABSTRACT

The mechanism of action of eprenetapopt (APR-246, PRIMA-1MET) as an anticancer
agent remains unresolved, although the clinical development of eprenetapopt focuses
on its reported mechanism of action as a mutant-p53 reactivator. Employing unbiased
approaches, this study demonstrates that eprenetapopt depletes the cellular
antioxidant glutathione by increasing its turnover, triggering a non-apoptotic, iron-
dependent form of cell death known as ferroptosis. Deficiency in genes responsible
for supplying cancer cells with the substrates for de novo glutathione synthesis
(SLC7A11, SHMTZ2 and MTHFD1L), as well as the enzymes required to synthesize
glutathione (GCLC and GCLM), augment the activity of eprenetapopt. Eprenetapopt
also inhibits iron-sulfur cluster biogenesis by limiting the cysteine desulfurase activity
of NFS1, which potentiates ferroptosis and may restrict cellular proliferation.
Importantly, the combination of eprenetapopt with dietary serine and glycine restriction
synergize to inhibit esophageal xenograft tumor growth. These findings reframe the
clinical utility of eprenetapopt from a mutant-p53 reactivator to a first-in-class

ferroptosis inducer.

ONE SENTENCE SUMMARY
Using unbiased approaches, we found that the first-in-class mutant-p53 reactivator,
eprenetapopt, triggers ferroptosis through increasing the turnover of glutathione and

inhibiting NFS1 cysteine desulfurase activity.

KEYWORDS
Eprenetapopt, APR-246, PRIMA-1MET  glutathione, ferroptosis, NFS1, iron-sulfur

cluster, mitochondrial one-carbon, CRISPR screening, esophageal cancer.
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INTRODUCTION

TP53 mutation occurs in ~50% of all cancers and overall is associated with poor
survival (1), providing a strong impetus for the development of mutant-p53 (mut-p53)
targeted therapeutics. Eprenetapopt (APR-246, PRIMA-1MET) was developed as a
mut-p53 targeted therapeutic and is currently under clinical investigation in TP53-
mutated myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML) (2).
Recent results from two phase Il clinical trials in TP53-mutated MDS, combining
eprenetapopt with standard-of-care azacitidine, reported rates of complete remission
(CR) of ~50% (3, 4). Furthermore, apparent improvements in median overall survival
(OS) compared to previous studies of azacitidine alone were reported in TP53-
mutated MDS (3-5). However, early results from the phase Ill randomized clinical trial
in TP53-mutated MDS failed to meet the primary endpoint of CR rate (33.3% in

eprenetapopt + azacitidine, 22.4% in azacitidine alone, P=0.13) (6).

The therapeutic effect of eprenetapopt has been understood to involve the reactivation
of wild-type p53 activity to induce apoptosis through covalent modification of cysteine
residues in the core domain of mut-p53 protein (7, 8). The specific mechanism of
action (MoA) of eprenetapopt, however, remains to be thoroughly defined. Recently,
we demonstrated that the expression of SLC7A11, which encodes the functional
subunit of the cystine-glutamate antiporter, system xc-, is the major determinant of
response to eprenetapopt across cancer lineages, and neither TP53 mutation status
nor p53 protein level were associated with sensitivity (9). The import of cystine through
system x¢” provides the predominant source of intracellular cysteine, which is the rate
limiting substrate required for de novo synthesis of the cellular antioxidant glutathione

(GSH) (70). Eprenetapopt and its structural analogue APR-017 (also known as
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PRIMA-1) are prodrugs that undergo spontaneous conversion to the active compound,
2-methylene 3-quinuclidinone (MQ), releasing formaldehyde in the process (7). MQ is
a thiol-reactive Michael acceptor that forms reversible covalent bonds with thiol-
containing molecules including cysteine and the GSH (77, 712). As a result, the
anticancer effects of eprenetapopt have been linked to GSH depletion and inhibition
of the thioredoxin antioxidant system (77-74). Notably, we previously demonstrated
that mut-p53 protein accumulation drives down the expression of SLC7A11 through
the inhibition of the transcription factor NRF2 (encoded by NFE2L2) — providing an
explanation for the selectivity of eprenetapopt against mut-p53 cancer cells under
some conditions (72). However, to date, limited unbiased examinations of the MoA of
eprenetapopt have been attempted, and the predominant focus of prior investigations

has been through the lens of eprenetapopt as a mut-p53 reactivator a priori.

In this study, we undertake a systematic, unbiased approach to probe the MoA of
eprenetapopt, incorporating genome-wide CRISPR perturbation screening and
metabolite and proteomic profiling in cancer cells with pan-cancer gene dependency
and cell line sensitivity datasets. In this way, we provide a compendium of functional
genomic and molecular detail into the MoA of eprenetapopt. In particular, CRISPR
perturbation screens reveal that loss of mitochondrial one-carbon (mito-1C)
metabolism enzymes, SHMT2 and MTHFD1L, sensitizes cancer cells to eprenetapopt
— an insight that can be exploited in vivo to sensitize tumours to eprenetapopt with
serine and glycine (SG) dietary restriction. Mechanistically, we find that eprenetapopt
induces GSH depletion, triggering iron-dependent, non-apoptotic ferroptosis and limits
cellular proliferation, in part, by inhibiting the cysteine desulfurase activity of NFS1.

Clinically, these insights may provide a rational avenue for the expansion of
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eprenetapopt utility in MDS to include patient selection based on the presence of ring

sideroblasts, rather than reliance on TP53 mutation status.
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RESULTS

Multiomics strategy to determine the mechanism of action of eprenetapopt

To determine the MoA of eprenetapopt, we undertook a set of complementary
approaches, including genome-wide CRISPR perturbation screens, quantitative
proteomics and untargeted metabolomics in response to eprenetapopt (Figure 1A).
We also leveraged and incorporated publicly available pan-cancer therapeutic
response and cancer cell line gene dependency datasets from the Broad Institute’s

DepMap portal (www.depmap.org) in order to expand the validity and test the

generalizability of our investigational datasets (715, 16). To select an appropriate model
system to systematically dissect the MoA of eprenetapopt, we first analyzed cancer
cell line drug sensitivity data from the Cancer Therapeutic Response Portal (CTRPv2).
We found that esophageal cancer cell lines with a high rate of TP53 mutation were the
most resistant to the structural analogue of eprenetapopt, APR-017 (Figure 1B).
Specifically, we selected the OACMSb5.1 esophageal cancer cell line for our
investigation, which expresses the most common TP53 missense mutation across all
cancers, R248Q (mut-p53R?48Q) As a result, this model is amenable to identifying
genetic determinants of sensitivity to eprenetapopt without precluding mut-p53

reactivation as a MoA.

We transduced OACMS.1 cells expressing Cas9-mCherry with the Brunello genome-
wide CRISPR knockout (CRISPRko) library (77) and challenged these cells with a
sublethal dose of eprenetapopt for 8 days (Figure 1C, Figure S1A). In parallel, we
transduced OACMS5.1 cells expressing dCas9-VP64 with the Calabrese Set A
genome-wide CRISPR activation (CRISPRa) library (18) and challenged these cells

with a lethal dose of eprenetapopt for 28 days. The CRISPRko screen aimed to identify


http://www.depmap.org/
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genetic deletions that increase sensitivity to eprenetapopt and thus ‘drop-out’ in the
eprenetapopt treated cells compared to vehicle treated controls. Meanwhile, the
CRISPRa screen aimed to identify gene overexpression that protects cells from
eprenetapopt. The CRISPRa screen has the advantage of potentially identifying
genetic modulators of eprenetapopt sensitivity that may not be revealed in the
CRISPRko screen, where general essential genes drop-out during the puromycin

selection.

Consistent with our prior observations, and those of others, that eprenetapopt triggers
GSH depletion in cancer cells (12, 19-27), the CRISPRko screen identified genes
involved in GSH synthesis, SLC7A11 and GCLM, whilst GCLC was the top enriched
gene in the CRISPRa screen (Figure 1D). Notably, two mitochondrial one-carbon
(mito-1C) metabolism genes, SHMT2 and MTHFD1L, and the S-formylglutathione
hydrolase gene, ESD, involved in GSH-mediated formaldehyde detoxification (22-24)
were identified in the CRISPRko screen. We confirmed that two independent sgRNA
guides targeting GCLM, SLC7A11, SHMT2, MTHFD1L and ESD, and one sgRNA
guide for GCLC activation, modulated sensitivity to eprenetapopt as expected (Figure
1E). We confirmed gene disruption in a subset of our top gene candidates (Figure
S1B) as well as overexpression of GCLC following guide transduction (Figure S1C).
In agreement, genome-wide dependency data demonstrated that GCLC and GCLM
dependency correlate strongly with pan-cancer cell line sensitivity to APR-017 (Figure
1F, Figure S1B). GCLC and GCLM uniquely scored strongly in both our screening
approaches, indicating that the modulation of the de novo GSH axis is central to the

MoA of eprenetapopt in cancer cells (Figure 1G).
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Complementing our functional genomics approach, we performed untargeted
metabolomics and label-free quantitative proteomics in OACM5.1 cells treated with
eprenetapopt prior to the onset of cell death. As expected, eprenetapopt treatment
decreased reduced GSH levels, without increasing oxidized GSH (GSSG) levels
(Figure 1H) — indicating that eprenetapopt is triggering total GSH depletion rather than
the conversion of reduced GSH to GSSG in agreement with previous studies (711, 12,
19, 25, 26). Furthermore, cystine levels were increased following eprenetapopt
treatment, which could be explained by the upregulation of SLC7A11 expression in
response to eprenetapopt treatment shown in previous studies (71, 27). Meanwhile,
mitochondrial metabolism was altered, as demonstrated by the decrease in acetyl-
CoA and NADH (Figure 1H). Notably, our proteomics study revealed that cells treated
with eprenetapopt upregulated the levels of mitochondrial ferredoxin 1 (FDX1), a
critical component of mitochondrial iron-sulfur cluster biosynthesis (28), as well as two
other proteins, DNAJA3 and ABCF2, which have reported roles in iron metabolism

(29, 30) (Figure 11).

Altogether, these datasets provide confirmation that GSH depletion is central to the
MoA of eprenetapopt and suggests as yet unappreciated roles for mito-1C metabolism

and iron metabolism in the MoA of eprenetapopt.

Eprenetapopt and mitochondrial one-carbon metabolism

We next investigated the involvement of mito-1C metabolism in eprenetapopt
sensitivity. Of note, mito-1C metabolism intersects with de novo GSH synthesis
through SHMT2-mediated production of glycine from serine (37), and also supports

cellular proliferation through formate production (22) (Figure 2A). First, we attempted
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to rescue the increased sensitivity to eprenetapopt in mito-1C-deficient cells using
exogenous formate. Pertinently, formate supplementation did not alter sensitivity to
eprenetapopt (Figure S2A). Previous studies have shown that mito-1C deficient cells
have altered dependency on exogenous glycine due to the loss of endogenous glycine
production by SHMT2 (32). Indeed, cells expressing SHMT2 and MTHFD1L sgRNAs
displayed reduced growth in the absence of glycine, whilst cells transduced with
control vectors did not (Figure 2B, S2B). Meanwhile, all cells displayed sensitivity to
serine deprivation alone and combined serine and glycine (SG) deprivation.
Importantly, the glycine auxotrophy in mito-1C deficient cells could be reversed with
the exogenous supply of cell permeable GSH (Figure 2B, S2B) — in agreement with
previous studies (32). This highlights that mito-1C deficient cells have a higher
demand for exogenous glycine for de novo GSH synthesis. As a result, the increased
sensitivity to eprenetapopt in mito-1C deficient cells can be reversed by
supplementation of additional glycine to the cell media (Figure 2C, S2B). Together,
these data demonstrate that mito-1C metabolism interplays with de novo GSH
synthesis by providing endogenous glycine to regulate sensitivity to eprenetapopt in

cancer cells.

Since mito-1C deficiency leads to increased demand for exogenous glycine following
eprenetapopt-induced GSH depletion, we reasoned that limiting glycine availability by
restricting exogenous SG would sensitize cancer cells to respond to eprenetapopt.
Restriction of dietary SG has previously been shown to reduce tumour growth in a
variety of xenografts and genetically engineered mouse models, and demonstrated
strong efficacy in combination with biguanides, glutaminase inhibitors and

phosphoglycerate dehydrogenase inhibitors (33-37). To this end, we tested the
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combination of dietary SG restriction and eprenetapopt in an aggressive model of
spontaneous metastatic esophageal cancer, FLO-1 LM (38). Five weeks of daily
dosing of 100 mg/kg eprenetapopt monotherapy failed to inhibit primary tumour growth
or limit metastatic spread (Figure 2D, S2D,E). Promisingly, we found that the
combination of SG restriction and eprenetapopt significantly inhibited both primary
tumour growth and delayed on the onset of metastatic disease, leading to prolonged
overall survival (Figure 2D, S2D). Dietary SG restriction in combination with
eprenetapopt were well tolerated (Figure S2F) and chow consumption remained
consistent across the different diet interventions (Figure S2G). We also demonstrated
that the combination of eprenetapopt and SG restriction limited the growth in an
esophageal adenocarcinoma patient-derived xenograft (PDX) tumour model (Figure
2E). Of note, in the metastatic and PDX models, dietary SG restriction alone inhibited
tumour growth to a degree (Figure S2H). Altogether, these results demonstrate that
SG restriction can improve the efficacy of eprenetapopt and, for the first time, that

dietary SG restriction can inhibit the growth of esophageal cancer tumours in vivo.

Given that de novo GSH synthesis pathways are central to eprenetapopt sensitivity,
we hypothesized that eprenetapopt inhibits the de novo synthesis of GSH. First, we
verified that eprenetapopt does not block cystine uptake into cells, whilst a known
cystine uptake inhibitor, erastin, does (Figure S2I). Of note, we also found that mito-
1C deficiency did not alter sensitivity to erastin (Figure S2J). Furthermore, in
contradiction to previous investigations (73), we found that eprenetapopt treatment
decreases the level of glutathionylation in cells (Figure S2K), indicating that the GSH
depletion induced by eprenetapopt is not due to loss of free GSH to protein

conjugation. We tracked the incorporation of isotopically labeled cystine into GSH and
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other products using LC-MS. Strikingly, we observed that eprenetapopt treatment
increased the proportion of cystine-derived cysteine incorporated into de novo
synthesis products glutamylcysteine, GSH and GSSG (Figure 2F). We also detected
both MQ-GSH and MQ-cysteine adducts in eprenetapopt-treated cells (Figure 2F,
S2L-N). Meanwhile, eprenetapopt treatment also increased the proportion of
incorporation into GSH breakdown intermediate, cysteinylglycine (Figure 2F).
Furthermore, we found that eprenetapopt increased the proportion of unlabeled
cystine in cells (Figure 2F). Given that these cells have been treated with isotopically
labeled cystine, this unlabeled cystine is likely derived from the unlabeled cysteine
released from degraded GSH (Figure 2F). This provides an alternative explanation
for the increase in cystine we observed in our metabolomics study (Figure 1H). These
data strongly indicate that eprenetapopt is not inhibiting de novo synthesis of GSH and
instead is triggering the degradation of GSH. Together with our data that show mito-
1C and de novo GSH synthesis deficiency drives increased sensitivity to
eprenetapopt, this suggests that the capacity of cancer cells to regenerate de novo
GSH from the available pool of GSH precursors, in particular cysteine and glycine,
determines cancer cell sensitivity to eprenetapopt. This model is in keeping with our
prior work, and confirmed by others (71, 12, 26), which demonstrated that inhibiting
cystine uptake with erastin or sulfasalazine synergizes with eprenetapopt both in vitro

and in vivo.

Eprenetapopt triggers ferroptosis
Ferroptosis is a form of non-apoptotic cell death characterized by the induction and
accumulation of toxic lipid membrane peroxidation catalyzed by iron (39).

Experimentally, the induction of ferroptosis is verified by the restoration of cell viability
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by iron chelators and lipophilic antioxidants, and lack of cell death rescue by pan-
caspase inhibitors. In our prior work, we showed that eprenetapopt induces lipid
peroxidation following GSH depletion (72). However, we did not confirm that
eprenetapopt induces ferroptosis as iron chelation failed to rescue cell viability
following 96-hour co-treatment as determined by a resazurin-based assay, which
measures the reducing capacity of cells as a surrogate for cell viability (72). Despite
this, more recent investigation into the mechanisms of ferroptosis have highlighted
that the use of metabolic based assays may obscure results. This is because
ferroptosis induced by sustained cystine deprivation or erastin treatment perturbs cell

proliferation beyond the induction lipid peroxidation (40, 417).

In order to account for these factors, we performed ferroptosis rescue experiments
and utilized propidium iodide (Pl) uptake to directly detect dead or irreversibly
damaged cells. We found that eprenetapopt-induced cell death could be reversed by
ferroptosis inhibitors (ferrostatin-1 (Fer-1): lipophilic antioxidant, and ciclopirox
olamine (CPX): iron chelator), but not by the poly-caspase inhibitor, zZVAD-FMK in both
pS53-null H1299 cells and mut-p53 expressing FLO-1 cells (Figure 3A,B). In contrast,
zVAD-FMK blocked cell death induced by staurosporine (STS), which kills cells
through the intrinsic (mitochondrial) pathway, but ferroptosis inhibitors did not (Figure
S3A), suggesting that eprenetapopt does indeed induce ferroptosis. Furthermore,
cells treated with eprenetapopt underwent catastrophic destabilization of their plasma
membranes, without obvious visual evidence of nuclear fragmentation (Movie S1).
Interestingly, ferroptosis inhibitors failed to restore cell proliferation of eprenetapopt
treated cells (as assessed by confluency), which likely explains our previous results

using resazurin-based assays (72) (Figure 3A,B). This suggests that eprenetapopt
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perturbs cell proliferation beyond the induction of ferroptosis. However, N-acetyl-
cysteine (NAC), a thiol group donor, rescued both the cell death and the proliferation
defect induced by eprenetapopt (Figure 3A,B). This is consistent with previous studies
noting that exogenously supplied thiols block eprenetapopt activity in cancer cells (7,
11, 20, 42). We also found that increasing the cell density completely blocked the
induction of cell death by eprenetapopt (Figure 3C). This phenocopies previous
reports of ferroptosis induced by cystine restriction and erastin being influenced by cell

density (43, 44).

Given that previous studies reported that eprenetapopt induces apoptosis (45-47), we
tested the effect of eprenetapopt in a cell line model incapable of undergoing apoptosis
to rule out the dependency on apoptotic machinery for eprenetapopt induced cell
death. To this end, we utilized MC38 mouse colon adenocarcinoma cells in which
genes encoding the key mediators of apoptosis (Bax/Bak/Bid/Casp3/Casp7, Figure
3D) were all disrupted. As expected, STS failed to induce significant cell death in the
apoptosis-resistant cells, however eprenetapopt was equally potent in killing both
apoptosis-proficient and -resistant cells (Figure 3E). Altogether, these data
demonstrate that eprenetapopt induces ferroptosis and does not require apoptotic
machinery in order to elicit cell death. This is in keeping with recent findings suggesting

that eprenetapopt induces ferroptosis in AML models (26).

Eprenetapopt inhibits NFS1 cysteine desulfurase activity
Next, we sought to explain the cell proliferation defect induced by eprenetapopt.
Reflecting on recent reports suggesting that depletion of coenzyme A (CoA)

contributes to the induction of ferroptosis by erastin (48, 49), we first referred to our
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metabolomics dataset (Figure 1H), however we found no change to CoA in
eprenetapopt-treated cells (Figure S4A). Our proteomics dataset indicated a possible
role of iron and mitochondrial metabolism in eprenetapopt response, including
upregulation of FDX1, a mitochondrial reductase involved in ISC biosynthesis (28)
(Figure 11). We hypothesized that eprenetapopt may be inhibiting mitochondrial ISC
biogenesis, likely through binding to free cysteine and limiting the cysteine desulferase
activity of NFS1. NFS1 harvests sulfur from cysteine for the biogenesis of ISCs (50),
which are important co-factors for at least 48 enzymes required to support several cell
essential functions, including DNA synthesis and mitochondrial respiration (electron
transport chain and tricarboxylic acid cycle) (57, 562) (Figure 4A). Furthermore, the
importance of NFS1 and ISC stability in regulation of cancer cell sensitivity to
ferroptosis has also been demonstrated (53, 54). Supporting our hypothesis, the top
compound in the CTRPv2 dataset that correlated to NFS71 dependency was the
eprenetapopt analogue, APR-017 (Figure 4B). Moreover, we observed synergy
between eprenetapopt and elesclomol (Figure 4C), where the latter has been shown
to inhibit FDX1 (85). Eprenetapopt also reduced mitochondrial and cytosolic aconitase

activity (Figure 4D), a surrogate marker for ISC stability (56).

Next, we utilized a cell-free NFS1 activity assay to demonstrate that the active agent
of eprenetapopt, MQ, was able to inhibit the cysteine desulfurase activity of NFS1 in
a dose dependent fashion (Figure 4E). Millimolar concentrations of MQ were required
to inhibit NFS1 under these conditions in order to override the presence of 10 mM
dithiothreitol (DTT) reducing agent in the reaction buffer to liberate hydrogen sulfide
from the persulfide formed on NFS1 from cysteine. Therefore, we confirmed in an

orthogonal fashion that MQ directly inhibits persulfide formation on NFS1 from
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radioactive 3°S-cysteine (Figure 4F). Importantly, in order to confirm that these effects
of MQ on NFS1 extend to intact cells, we also demonstrated that MQ inhibits NFS1
cysteine desulfurase activity in HEK-293T (293T) cell lysates pre-treated with MQ
(Figure 4G). This corresponded with a decrease in aconitase activity in 293T cells
(Figure 4G), without affecting the protein level of either mitochondrial aconitase or
NFS1 (Figure S4B). Together, these results suggest that eprenetapopt through MQ
inhibits the cysteine desulfurase activity of NFS1, likely through diminishing the

availability of free cysteine by directly conjugating cysteine.

ISCs are sensitive to degradation under atmospheric oxygen conditions (standard
tissue culture is 21% O2) and thus cells require functional NFS1 to support ISC
synthesis to maintain viability and proliferation (53, 57). Conversely, ISCs are
stabilized under low oxygen conditions (3% O2), which allows cells to proliferate in the
absence of NFS1 (63, 57). Knowing this, we attempted to rescue the proliferation
defect induced by eprenetapopt by culturing cells (with or without Fer-1) under low
oxygen conditions, however we found that low oxygen failed to rescue the proliferation
defect (Figure S4B). Interestingly, we found that low oxygen conditions alone did
significantly decrease eprenetapopt induced cell death, presumably through
stabilization of ISCs (Figure S4B). Furthermore, under these conditions, the addition
of a CDK2 inhibitor, which was recently demonstrated to protect against the cell
proliferation defect induced by suppression of the ISC-containing protein, DNA
polymerase epsilon (POLE) (57), also failed to restore proliferation (Figure S4B).
Altogether, these results demonstrate that eprenetapopt inhibits ISC biogenesis
through inhibition of NFS1 cysteine desulfurase activity, which potentiates ferroptosis

induced by eprenetapopt-mediated GSH depletion. It is likely that other essential
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cellular functions requiring GSH as a co-factor explain the continued proliferation
defect induced by eprenetapopt, even in the presence of Fer-1 and under low oxygen

conditions (Figure 4H).
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DISCUSSION

Whilst pre-clinical evidence demonstrated that eprenetapopt has p53-independent
anticancer activity (25, 26, 58), the disappointing preliminary results from the phase Il
clinical trial investigating eprenetapopt in combination with azacitidine highlighted the
need to reexamine the patient selection strategy for eprenetapopt (6). Here, using a
multiomics, unbiased strategy, we determine the MoA of eprenetapopt as a GSH-
depleting agent that triggers ferroptosis and inhibits the cysteine desulfurase activity
of NFS1. Our work supports previous findings reporting that GSH depletion, and/or
factors that regulate GSH availability, are central determinants of eprenetapopt activity
in cancer cells (9, 11, 12, 59, 60). This is in keeping with previous unbiased
investigation of the changes to the transcriptome in response to eprenetapopt
treatment in cancer cells, which detected no changes to p53 target genes but
upregulation of oxidative stress response genes, including SLC7A11 (25, 27). Further,
our findings are contrary to reports that conclude eprenetapopt induces apoptosis
through mut-p53 reactivation (67-63) and instead supports eprenetapopt as a
ferroptosis inducer (26). To stress this point, whilst previous reports have indicated
that p53 activation may be involved in triggering ferroptosis in cancer cells (64), mut-
p53 and p53-null cancer cells undergo ferroptosis in response to eprenetapopt
treatment — demonstrating that p53 reactivation is dispensable for ferroptosis induced
by eprenetapopt. As a result, our study reframes the potential clinical utility of

eprenetapopt and provides three major insights.

First, as a ferroptosis inducer, eprenetapopt remains first-in-class. Whilst other clinical
compounds including sorafenib (65), sulfasalazine (39), artemisinin (66), statins, as

well as conventional chemotherapy, immune checkpoint inhibitors and radiotherapy
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(67) have demonstrated capacity to induce or enhance sensitivity to ferroptosis,
eprenetapopt is the first compound to reach a phase lll clinical trial where triggering
ferroptosis is central to its anticancer efficacy. Furthermore, eprenetapopt may be
unique, triggering an increase in turnover of GSH, rather than restraining de novo GSH
synthesis, as imposed by erastin though its inhibition of cystine uptake, or by L-
buthionine sulfoximine through inhibition glutamate-cysteine ligase (68).
Hematological and neurological toxicities, as well as impaired renal function have
been reported in patients receiving eprenetapopt (3, 4), which is in line with reports
demonstrating high sensitivity to ferroptosis amongst mesenchymal-derived tissues

(69-71).

Second, patient selection for clinical trials and usage of eprenetapopt should not rely
on TP53 mutation. In the context of MDS, eprenetapopt is currently only indicated in
~7% of all MDS cases (72). However, dysregulated iron metabolism is a hallmark of a
large subset of MDS with ringed sideroblasts (MDS-RS), characterized by aberrant
iron accumulation in erythroblast mitochondria and accounting for ~30% of all MDS
cases (72, 73). The importance of this point is highlighted by the fact that mutations
driving aberrant iron accumulation in MDS-RS, such as SF3B71 mutation, rarely co-
occur with TP53 mutations (74). The aberrant iron accumulation in MDS-RS likely
increases erythroblast sensitivity to ferroptosis. Therefore, restricting eprenetapopt to
TP53-mutated MDS patients, whilst being an area of unmet therapeutic need, may be
obscuring the therapeutic benefit eprenetapopt could provide to a wider range of MDS
patients, especially MDS-RS. As a result, reclassifying eprenetapopt as a ferroptosis
inducer and not as a mut-p53 reactivator, recontextualizes the results from the phase

[l clinical trial to potentially be an example of poor patient selection rather than an
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indication of failure of eprenetapopt as an anticancer therapy. Both phase Il clinical
trials demonstrated that patients who responded to eprenetapopt and azacitidine had
significantly improved overall survival compared to non-responders (3, 4) — further

highlighting the importance of patient selection.

Third, combining eprenetapopt with other agents or strategies that target cancer cell
nutrient availability could provide stronger clinical efficacy. Pre-clinical evidence
continues to grow, supporting the notion that dietary manipulation, including SG
restriction, could be a powerful adjunct to conventional therapeutic approaches (75).
To date, no attempts to test the safety or efficacy of SG restriction in patients with
cancer have been undertaken. Here, we show that priming tumours with SG restriction
improves the efficacy of eprenetapopt in esophageal cancer models. A very recent
study also demonstrated synergy between eprenetapopt and asparaginase (an
enzyme that degrades asparagine) in acute lymphoblastic leukemia cell lines (76),
which could hint that GSH depletion by eprenetapopt more generally increases cancer
cell dependency on exogenous amino acid uptake. Furthermore, the combination of
venetoclax (BCL-2 inhibitor) and azacitidine has been shown to target mitochondrial
metabolism through inhibition of the glutathionylation of complex II of the electron
transport chain (77), and also diminishes the uptake of global amino acids in primary
patient AML stem cells (78). Moreover, depleting GSH through exogenous cyst(e)ine
degradation with cyst(e)inase demonstrated a similar MoA in AML stem cells (79).
Together with our study, these studies provide a strong rationale for the combination
of eprenetapopt, venetoclax and azacitidine, which is currently under clinical
investigation in a phase I/ll study in myeloid malignancies (80). Preliminary results

from this phase /Il clinical trial report that the study successfully reached its primary
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endpoint with a CR rate of 37% and found that the triple combination of eprenetapopt,
venetoclax and azacitidine was well tolerated in patients (87). Further study should be
undertaken to determine whether the response to the triple combination of
eprenetapopt, venetoclax and azacitidine could be improved with SG dietary

restriction.

In summary, our study demonstrates that eprenetapopt targets cancer cells through
GSH depletion and inhibiting cysteine desulfurase activity of NFS1, leading to iron-
dependent, non-apoptotic ferroptosis. This work not only details novel determinants of
eprenetapopt activity in cancer cells, including mito-1C metabolism enzymes, but also
provides a clinical roadmap for targeting antioxidant pathways in tumours with

eprenetapopt — beyond TP53-mutant tumours.
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MATERIALS AND METHODS

Compounds and reagents

Eprenetapopt was provided by Aprea Therapeutics Inc. (Boston, Massachusetts,
USA). Elesclomol, erastin, staurosporine (STS) and SNS-032 were from Selleckchem
(Houston, Texas, USA). 2-methylene 3-quinuclidinone (MQ), sodium formate, glycine,
serine, N-acetyl-cysteine (NAC), ferrostatin-1 (Fer-1), zZVAD-FMK and ciclopirox

olamine (CPX) were from Sigma Aldrich (St. Louis, Missouri, USA).

Cell cultures

NCI-H1299 (H1299) (RRID:CVCL_0060), OACM5.1 (RRID:CVCL_1842), FLO-1
(RRID:CVCL_2045), and HEK-293T (293T) (RRID:CVCL_0063) were from ATCC.
K562 (RRID:CVCL_0002) were provided by Prof Ricky Johnstone (Peter MacCallum
Cancer Centre; PMCC). All cells were maintained at 37°C with 5% CO2 and their
identities were authenticated by short tandem repeat analysis using the PowerPlex 16
genotyping system (Promega) and confirmed mycoplasma free by PCR every two
months (Cerberus Sciences). Cells were thawed from early passage stocks and
passaged for no more than 4 months. Unless otherwise specified, all culture media
contained 10% fetal bovine serum (FBS) supplemented with 50 U mlI-! penicillin and
50 mg ml-! streptomycin (Life Technologies). MC38, FLO-1 and HEK-239T cells were
grown in DMEM containing 2.5 mM L-glutamine and 4.5 g I'' D-glucose (Life
Technologies). MC38 cells were maintained in 10% CO2. H1299, OACM5.1 and K562
were grown in RPMI 1640 medium containing 2.5 mM _-glutamine. K562 were

supplemented with 1x GlutaMAX (Life Technologies).

CRISPR screening
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OACMS5.1 cells were engineered to express the Cas9 endonuclease by transduction
with the FUCas9Cherry vector (Addgene, #70182) and subsequent selection for
mCherry-positive cells, or Cas9 endonuclease dead (dCas9) by transduction with the
dCas9-VP64_Blast vector (Addgene, #61425) and subsequent selection for blasticidin
resistance (10 ug/mL). For genome-wide CRISPR knockout (CRISPRko) and CRISPR
activation (CRISPRa) screening, OACMS5.1 cells expressing Cas9 or dCas9-VP64
were transduced with a genome-wide sgRNA Brunello (76,441 sgRNAs, Addgene,
#73178 (17)) or Calabrese (56,762 sgRNAs, Addgene, #92379 (18)) library,
respectively, at a MOI of 0.3, aiming for 500-fold starting representation of each guide.
Puromycin selection (1 pg/mL) was applied for 7 days and surviving cells were
subsequently split into relevant treatment conditions (CRISPRko: vehicle v 10 uM
eprenetapopt; CRISPRa: vehicle v 15 uM eprenetapopt, see Figure S1 for effect of
eprenetapopt on cell number). Cells were passaged every four days in T175 flasks
with 2 x 108 cells per flask for a total of 8 days for the CRISPRko screen and 28 days
for the CRISPRa screen. Genomic DNA was extracted using the DNeasy Blood and
Tissue Kit (Qiagen) and sequencing libraries were generated by PCR as previously
detailed (82). The libraries were sequenced on a NextSeq 500 (lllumina) to generate
75 base pair single-end reads, which were demultiplexed with Bcl2fastq (v2.17.1.14).
The sequencing reads were subsequently trimmed with Cutadapt (v1.7) to remove
sgRNA vector derived sequences, then sgRNA reads were counted and the
distribution analyzed using MAGeCK (v0.5.8) using read depth (--norm-method total)
normalization. MAGeCK score was determined by -logio(neg P-value) + log1o(pos P-
value) and datasets were visualized on GraphPad Prism (v9.0). Validation
experiments were performed on polyclonal OACMS.1 cells expressing individual

sgRNAs (Table S1) following selection with puromycin. Formate and glycine rescue
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experiments were performed under conditions matching the CRISPR screening
procedure scaled down to T25 flask. SG auxotrophy experiments were performed in

96-well plates utilizing dialyzed FBS and media reconstituted without SG.

DepMap Analysis
Cancer cell line gene dependency data (DepMap Public 21Q1 Release) and APR-017
cancer cell line sensitivity data (CTRPv2.0) were obtained from the DepMap web-

portal (www.depmap.org) and correlation analyses were performed in RStudio (v1.1.4)

using the cor.test function. Correlation strengths were determined by adjusting the
Pearson correlations with a Fisher’'s z-transformation in order to account for the

differences in cell lines analyzed.

Metabolomics profiling

OACM5.1 cells (3.3 x 10°) were plated in 6-well plates and allowed to adhere for 24 h
and subsequently treated with vehicle or 50 uM eprenetapopt for 12 h in fresh media
(6 replicates per condition). Media was aspirated and cells washed with water (at
37°C) for 10 sec then snap-frozen by the addition of liquid nitrogen directly to tissue
culture plates. Metabolite extraction was performed with ice-cold methanol/chloroform
(9:1, v/v) solvent containing '3C-sorbitol, '3C,"*N-valine, '3C,">N-AMP, '3C,">N-UMP as
internal standards. Metabolite-containing supernatants were collected following

centrifugation at 16,0009 for 5 min to pellet insoluble material and debris.

Metabolite analysis was performed using an Agilent 6520 series quadrupole time-of-
flight mass spectrometer (QTOF MS) (Agilent Technologies) with chromatographic

separation on an Agilent 1200 series HPLC system (Agilent Technologies). Metabolite
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separation was performed on a Merck SeQuant ZIC®-HILIC column (150 mm X 2.1

mm, 5 um particle size) using Solvent A: 20 mM ammonium carbonate (pH 9.0; Sigma-
Aldrich) and Solvent B: 100 % acetonitrile. The gradients used were as follows:
negative mode — time = 0 min, 90% B; t = 0.5 min, 90% B; t= 12 min, 40 % B; t= 14
min, 40 % B; t =15 min, 5%, t =18 min, 5 % B; t =19 min, 90 %. Samples were stored
in the autosampler at 4°C and 7 pl injected onto the column, which was maintained at

40°C, with a solvent flow rate of 250 ul/min.

Mass spectrometry analysis was performed on an Agilent 6545 series quadrupole
time-of-flight mass spectrometer (QTOF MS) (Agilent Technologies) as described
previously (83). Negative mode LCMS data was collected in centroid mode with a scan
range of 50-1700 m/z and an acquisition rate of 1.2 spectra/sec. Samples were
analyzed in the same analytical batch and randomized with a QC every 5 samples.
Thirteen mixtures of authentic standards (550 metabolites) were also run to generate
the library for targeted analysis. Level 1 Metabolite identification (according to the
Metabolite Standard Initiative (84)) was based on matching accurate mass, retention
time and MS/MS spectra to the 550 authentic standards in the MA in-house library.
Metabolite abundance based on area under the curve (AUC) were obtained using
Agilent Masshunter Quantitative Analysis B 0.7.00. Statistical analysis was performed
applying the web-based platform MetaboAnalyst applying no missing value

imputation, normalization to median peak area and no scaling or transformation (85).

For isotopic tracing analysis, OACMS.1 cells were prepared in the same fashion as
steady state experiments, however cells were cultured in cystine-free RPMI-1640

media (Sigma Aldrich) with 10% dialyzed FBS supplemented with 208 uM L-[3’,3’-
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13Cy]-cystine or L-'2C-cystine (3 replicates per condition). For enhanced resolution,
identification and detection of the isotopic species metabolite analysis was performed
on a Vanquish™ Horizon UHPLC System, integrated biocompatible system coupled
to Thermo Scientific Orbitrap ID-X Tribrid mass spectrometer (MS) (ThermoFisher
Scientific, San Jose). The polar metabolite chromatographic separation was

performed on the Metabolomics Australia Merck SeQuant ZIC®-HILIC column (150

mm X 4.6 mm, 5 ym particle size) method previously with modifications.

In short, the mobile phase of A: 20 mM ammonium carbonate (pH 9.0; Sigma-Aldrich)
and B: 100 % acetonitrile was run at a flow rate of 300 pl/min with the following
gradient: time = 0.0 min, 80% B; t = 0.5 min, 80% B; t= 15.5 min, 50 % B; t= 17.5 min,
30 % B; t=18.5 min, 5%, t =21.0 min, 5 % B; t =28 min, 80 %. Samples were stored
in the autosampler at 4°C and 7 pl injected onto the column maintained at 30°C. Full
scan (MSn = 1) Orbitrap ID-X data was acquired in positive and negative ionization
modes separately within the mass range of 70—1300 m/z at resolution 240,000. lon
source parameters were set as follows: Sheath gas = 40 arbitrary units, Aux gas = 10
arbitrary units, Sweep gas = 1 arbitrary unit, Spray Voltage = 3.5kV (positive ion)/
3.2kV (negative ion), Capillary temp. = 300 °C, and Vaporizer temp = 400 °C.
Metabolite and isotope abundance are based on area under the curve (AUC)
deconvoluted from the labeling data using the ‘detect and analyze labeled compounds’
module and in-house mass list matching in Compound Discoverer 3.2. A 3 ppm mass
error and a retention time range of 0.3 s in feature grouping and molecular formula
and metabolite matching was applied. All molecules were annotated according to
guidelines for reporting of chemical analysis results as proposed in Metabolomics

Standards Initiative level 1 (84).
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Quantitative proteomics

OACMS5.1 cells (5.0 x 10°) were plated in 15 cm plates and allowed to adhere for 24h
and subsequently treated with vehicle or 50 uM eprenetapopt for 12 h in fresh media
(4 replicates per condition). Media was aspirated then cells washed with ice-cold PBS
and lysed at 4°C in RIPA buffer (1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM sodium fluoride, 1 mM sodium pyrophosphate in PBS) mixed with
protease and phosphatase inhibitors (Roche). Debris was pelleted by centrifugation at
11,0009 for 10 min. Overnight acetone precipitation of proteins was performed at -
20°C to purify the samples. Proteins were resuspended in 8 M urea in 50 mM
triethylammonium  bicarbonate (pH 8), reduced with 10 mM Tris(2-
carboxyethy)phosphine (TCEP, Sigma Aldrich), alkylated with 55 mM iodoacetamide
(IAA, Sigma Aldrich) and subjected to tryptic digest with Pierce Trypsin Protease MS-
Grade (ThermoFisher Scientific) overnight at 37°C (1:50 trypsin to protein). Formic
acid (1% v/v) was added to acidify the solution before loading onto Oasis cartridges
(Waters). Peptides were eluted in 80% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid,
freeze dried and stored at -80°C until analyzed by liquid chromatography tandem mass

spectrometry (LC-MS/MS).

LC-MS/MS was carried out on a QExactive plus Orbitrap mass spectrometer
(ThermoFisher Scientific) with a nanoESI interface in conjunction with an Ultimate
3000 RSLC nanoHPLC (Dionex Ultimate 3000). The LC system was equipped with an
Acclaim Pepmap nano-trap column (Dinoex-C18, 100 A, 75 ym x 2 cm) and an
Acclaim Pepmap RSLC analytical column (Dinoex-C18, 100 A, 75 uym x 50 cm). The

tryptic peptides were injected to the enrichment column at an isocratic flow of 5 yL/min
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of 2% v/iv CH3CN containing 0.1% v/v formic acid for 5 min applied before the
enrichment column was switched in-line with the analytical column. The eluents were
5% DMSO in 0.1% v/v formic acid (solvent A) and 5% DMSO in 100% v/v CH3CN and
0.1% v/v formic acid (solvent B). The flow gradient was (i) 0-6min at 3% solvent B, (ii)
6-95 min, 3-22% solvent B (iii) 95-105 min 22-40% solvent B (iv) 105-110 min, 40-80%
solvent B (v) 110-115 min, 80-80% solvent B (vi) 115-117 min, 80-3% and equilibrated
at 3% solvent B for 10 min before the next sample injection. The QExactive plus mass
spectrometer was operated in the data-dependent mode, whereby full MS1 spectra
were acquired in positive mode, 70 000 resolution, automatic target control target of
3x10% and maximum injection time of 50 ms. Fifteen of the most intense peptide ions
with charge states 22 and intensity threshold of 1.7x10* were isolated for MSMS. The
isolation window was set at 1.2 m/z and precursors fragmented using normalized
collision energy of 30, 17 500 resolution, automatic target control target of 1x10° and

maximum injection time of 100 ms. Dynamic exclusion was set to be 30 sec.

Xenograft models and treatments

All animal experiments were approved by the PMCC Animal Experimentation Ethics
Committee and undertaken in accordance with the National Health and Medical
Research Council Australian Code of Practise for the Care and Use of Animals for
Scientific Purposes. For FLO-1 LM cell line xenografts (38), 5x10° cells suspended in
100 pL of 1:1 PBS and Matrigel (BD Bioscience) were subcutaneously injected into
the right flank of ~6 week-old female NOD-SCID IL-2Ry*° (NSG) mice. Patient-derived
xenografts (PDX) were established and implanted into a dorsal intramuscular pocket
of NSG mice as previously described (86). Mice were randomized to serine/glycine

(SG)-deplete or control chow ad libitum (AIN93G rodent diet, Specialty Feeds,
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Australia) and dosed with 100 mg/kg eprenetapopt or 0.9% saline, intraperitoneally
injected daily, once tumours reached 100 mm3. Tumour volume was assessed blinded
to treatment group with caliper measurements every 3-4 days and calculated using
the formula (length x weight?)/2. Metastatic spread was determined by
bioluminescence imaging as previously described (38) involving weekly monitoring
using a Xenogen IVIS 100 Imaging System (Caliper Life Science). At experimental
endpoint (tumour volume > 1400 mm?3), the whole mouse and its organs were imaged
to determine the extent and distribution of metastases. Tumours were weighed and
tumour growth inhibition was calculated with the formula [1-(Tf-Ti)/mean(Cf-Ci)] x 100,
where Tf, Ti and Cf, Ci represents final (f) and initial (i) tumour volume of drug treated

(T) and control (C) animals respectively.

Cell death

For ferroptosis rescue experiments, cells were co-treated with rescue compounds
(Fer-1, CPX, zZVAD-FMK, NAC) in media containing 5 ng/mL propidium iodine (PI) in
96-well plates (FLO-1: 5,000 cells/well, H1299: 3,000 cells/well). Cell death and
confluency were quantified utilizing an IncuCyte FLR (Essen BioSciences) imaging
phase and red channels. Percent (%) cell death was determined by dividing the % red
confluency by the % phase confluency. Note, 100% cell death was ascribed if % red

confluency was greater than phase confluency.

Cell viability
For dose-response assays, 10-point logz serial dilutions of eprenetapopt were added
to 96-well plates containing cells (OACMS.1: 10,000 cells/well, Mc38: 10,000

cells/well, K562: 5,000). After 72 h incubation, cell viability was determined using
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AlamarBlue reagent (Life Technologies) and fluorescence was read at 550 nm/590 nm

on a Cytation 3 Imaging Reader (BioTek).

Immunoblot

As per established protocols (12, 87), cells were lysed at 4°C in RIPA buffer (1 mM
EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM sodium fluoride, 1
mM sodium pyrophosphate in PBS) mixed with protease and phosphatase inhibitors
(Roche). Equal amounts of protein were boiled, resolved by SDS-PAGE and
transferred to PVDF membranes. For total protein glutathionylation detection, lysates
were not boiled and were resolved under non-reducing conditions. Membranes were
incubated in blocking buffer (5% skim milk in 0.05% TBS-T) for 1 h at room
temperature and probed overnight in primary antibody at 4°C. Blots were washed
thrice in 0.05% TBS-T, followed by incubation with peroxidase-conjugated secondary
antibody (Dako) for 1 h at room temperature. Protein levels were detected using
Amersham ECL Western Blotting Detection reagents (GE Life Sciences) or ECL Plus
Western blotting substrate kit (ThermoFisher Scientific). Antibodies are detailed in

Table S2.

NFS1 activity assays

NFS1 cell-free and in cell assays were performed as previously described (88). Briefly,
for cell-free L-cysteine inhibition assay with MQ, a constant concentration of purified
NFS1 (2 uM) was added to varying concentrations of MQ (0-2000 uM) and reaction
buffer in a total volume of 1 ml. The reactions were started with varying concentrations

of L-cysteine and incubated for 1 h. L-cysteine desulfurase activity was followed by
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methylene blue assay as described below. Expression and purification of NFS1 are

detailed in the supplemental material and methods.

Measurement of free H>S via methylene blue

The methylene blue formation assay was performed as adapted (Fogo et al ., 2010).
Reaction was carried out in a total volume of 400 pl containing buffer (10 mM DTT, 10
MM PLP and 2.5 mg cell lysate). The reaction was started with substrate and incubated
for 1 hour at 37 °C. The reaction was stopped by simultaneous addition of 20 mM N,
N- Dimethyl-4-phenylendiamin-hydrochloride (DMPD) and 30 mM Iron (lll)-chloride.
The resulting solution was incubated further for 20 minutes for color development and
subsequently spun at 13,000 g for 5 minutes. The absorbance at the absorbance was

at 670 nm using Varioskan flash (ThermoFisher Scientific, Germany).

Inhibition of persulfide formation on L-cysteine desulfurase

Purified NFS1/ISD11 was radiolabeled with 35S-cysteine for persulfide formation as
adapted from (89). Briefly, 2 yM of NFS1 were incubated with varying concentrations
of MQ in reaction buffer containing 50 mM Tris 200 mM NaCl and 150 mM NacCl in a
total volume of 35 pL. The reaction was started with 10 puCi 35S-cysteine (1075
Ci/mmol) and incubated 30 °C for 1 hour. Resulting solutions were mixed with SDS
loading buffer without boiling and separated on a 12% SDS-PAGE. Proteins were

analyzed by autoradiography.

In-gel aconitase assay and aconitase activity assay
OACM5.1 cells (5.0 x 10°) were plated in 15 cm plates and allowed to adhere for 24h

and subsequently treated with 50 uM eprenetapopt for 0, 6, 12 and 24 h in fresh media.
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Cells were collected and resuspended in lysis buffer containing 1% Triton-X 100 and
protein content was determined. As previously described (56), aconitase activity gels
were composed of a separating gel containing 8% acrylamide, 132 mM Tris base, 132
mM borate, 3.6 mM citrate, and a stacking gel containing 4% acrylamide, 67 mM Tris
base, 67 mM borate, 3.6 mM citrate. The running buffer contained 25 mM Tris pH 8.3,
192 mM glycine, and 3.6 mM citrate. Samples contain cell lysates of equal protein
content (~100 ng), 25 mM Tris-Cl, pH 8.0, 10% glycerol, and 0.025% bromophenol
blue. Electrophoresis was carried out at 170 V at 4°C. Aconitase activities were
assayed by incubating the gel in the dark at 37°C for 45 mins in 100 mM Tris (pH 8.0),
1 mM NADP, 2.5 mM cis-aconitic acid, 5 mM MgClz, 1.2 mM MTT, 0.3 mM phenazine
methosulfate, and 5 U/ml isocitrate dehydrogenase (all from Sigma-Aldrich). Gels
were imaged on a BioRad ChemiDoc, then stained with Coomassie to verify equal

protein loading, and imaged again.

For 293T cells, the activity measurement of aconitase was adapted from (90). Three
T-75 cm?® flasks per cell lines were seeded and allowed to grow to 90% confluency
before collection. 50 pl cell lysates were incubated with 250 ul R1 buffer (50 mM Tris-
HCI, 50 mM NaCl, 5 mM MgCl,, 0.5 mM NADP*, 0.01 U Isocitrate dehydrogenase pH
8) for 5 mins at 37 °C. 200 pl of R2 buffer (50 mM Tris-HCI, 50 mM NaCl, 5 mM MgCly,
2.5 mM cis-aconitate pH 8) was added to start the reaction which was monitored for 3
minutes at 340 nm using Shimadzu UV-Vis Spectrophotometer UV-2600

manufactured in Japan.

Generating apoptosis-resistant MC38 cells
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Gene disruption was carried out using CRISPR/Cas 9 technology. 150 pmol of each
synthetic gRNA (2 gRNAs per gene) specifically targeting BAX, BAK1, BID, CASP3 or
CASP7 (Table S3, Synthego) in a volume of 0.5 ul were pooled in a final volume of 5
pul. 200 pmol Alt-R S.p. HiFi Cas9 Nuclease in 2 ul volume (Integrated DNA
Technologies) was then added, mixed and incubated at room temperature for 10
minutes to allow formation of Cas9/gRNA complexes. Meanwhile, 3x10° MC38 cells
for each experimental condition (harvested at 40% confluency, sub-cultured two days
prior) were washed x3 in room temperature PBS, followed by re-suspension in 20 pl
of Amaxa Buffer SF. Re-suspended cells were then mixed with Cas9/gRNA
complexes, transferred to a 16 well electroporation stripette (Amaxa 4D, Lonza) and
electroporated using program CM-130. Immediately after electroporation, 150 ul of
pre-warmed media (DMEM, 10% FBS, Pen/Strep) was added to each well and allowed
to recover in an incubator for 15 mins. Cells were then transferred to 6 well plates.
After at least 5 days, the effect of gene disruption on protein levels was evaluated by

western blot.

Statistical analysis and replication

Data are presented as mean + SEM and analyzed by Student’s t-test unless otherwise
indicated. G150 dose of single agents was determined by fitting the Hill equation.
Statistical analyses and data presentation were performed using Prism 9 (GraphPad).
No power analyses were performed to determine sample size prior to experimentation.

Blinding was undertaken during in vivo experiments.
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CRISPRko CRISPRa

Figure 1 Multiomics strategy to determine the mechanism of action of
eprenetapopt

(A) Schematic diagram showing a strategy to determine the MoA of eprenetapopt. (B)
Heatmap of sensitivity to eprenetapopt analogue (APR-017). Cancer lineages are
ordered by sensitivity determined by delta-median, area-under-the-curve (AUC) of
compound activity. Percentages denote the frequency of TP53 mutations in each
lineage. (C) Schematic showing the workflow for the CRISPRko and CRISPRa
screens in OACMS5.1 cells. (D) MAGeCK scores (negative indicating ‘dropout’ and
positive indicating ‘enrichment’) from CRISPR screens, plotted in order of magnitude.
(E) Cellular metabolic activity measured by AlamarBlue as a surrogate readout for cell
viability following 72 h exposure with eprenetapopt at indicated doses in cells
transduced with individual sgRNA targeting identified hits. Heatmap represents the
change in GI50 (dose where 50% growth inhibition is achieved) relative to control. (F)
Fischer’s transformed z-scored Pearson correlation strength of gene dependency from
the DepMap database with eprenetapopt analogue (APR-017) sensitivity data from
CTRPvV2, plotted in order of magnitude. (G) Comparison of CRISPR screens and
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DepMap gene dependency data show overlay of glutamate-cysteine ligase units
(GCLC and GCLM). Plot is representing the rank of top hits (ordered by “drop-out” in
CRISPRKko, by “enrichment” in CRISPRa, by positive correlations in DepMap). Dotted
lines indicate overlap of top 50 ranked genes. (H) Changes in polar metabolites
determined by untargeted LC-MS metabolomics and (I) proteins determined by label-
free quantitative proteomics in OACMS5.1 cells following treatment with 50 yM
eprenetapopt for 12 h compared to vehicle. Dotted lines indicate significance cut-offs
(P < 0.05, |logz2(Fold change, FC)| > 0.5. Two-tailed unpaired t-test (H,l). Error bars =
SEM. (D) N=2 for CRISPRko, N=1 for CRISPRa, (E) N=3-4, (H) N=6, () N=4. See
also Fig. S1.
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Figure 2 Eprenetapopt and mitochondrial one-carbon metabolism

(A) Schematic diagram illustrating the connections between de novo GSH synthesis
and mito-1C metabolism. (THF, tetrahydrofolate; GSH, reduced GSH; GSSG, oxidized
GSH; MQ-Cys, MQ-conjugated cysteine; MQ-GSH; MQ-conjugated GSH). (B)
Cellular metabolic activity measured by AlamarBlue as a surrogate readout for cell
viability compared to complete media (CM) following 72 h of serine, glycine or serine
and glycine deprivation, and glycine deprivation rescued with 1 mM GSH-monoethyl
ester (GSH) in OACMS.1 cells. (C) Relative cell number following treatment with 10
MM eprenetapopt £ 1 mM glycine supplementation for 4 days. + indicates glycine in
RPMI media, ++ indicates supplementation with additional 1 mM glycine. (D) Top:
Growth curves and overall survival (time to reach tumour volume 21400mm?3) of NSG
mice inoculated with FLO-1 LM tumours treated with eprenetapopt (EPR, 100 mg/kg,
daily) or vehicle on either normal or serine and glycine (SG)-free diets for 35 days.
Bottom: Representative bioluminescence images illustrating the metastatic burden in
mice after 35 days of treatment. (E) Growth curves of esophageal adenocarcinoma
patient-derived xenografts (PDX) in NSG mice treated with eprenetapopt (EPR, 100
mg/kg, daily) or vehicle on either normal, or SG-free diet for 21 days. (F) Fractional
labeling of de novo GSH synthesis intermediates from '3Ca-cystine following 12 h
exposure to 50 uM eprenetapopt compared to vehicle in OACMS5.1 cells. Two-tailed
t-test (B, C), one-way ANOVA with Tukey's multiple comparisons test (D, E), log-rank
(Mantel-Cox) test (D). * P < 0.05, ** P < 0.01, *** P < 0.001. Error bars = SEM. (A)
N=1, (B, F) N=3, (C) N=5. (D) N=8, (E) N=4-5. See also Fig. S2.
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Figure 3 Eprenetapopt triggers ferroptosis

(A) Percentage (%) dead cells (as determined by % propidium iodide positive (Pl+)
cells) and % cell confluency following treatment for 24 h with 50 uM eprenetapopt with
or without 50 yM zVAD-FMK (pan-caspase inhibitor), 12.5 uM Ferrostain-1 (Fer-1,
lipophilic antioxidant), 6.25 uM ciclopirox olamine (CPX, iron chelator) or 2.5 mM N-
acetyl-cysteine (NAC, cysteine supplement) in H1299 (left) and FLO-1 cells (right). (B)
Representative merged phase and red channel images of results from (A) acquired
on Incucyte. (C) % cell death determined by propidium iodide uptake following 24 h
treatment with 50 yM eprenetapopt in H1299 cells at indicated cell densities. (D)
Immunoblot of Bax, Bak, Bid, Casp3 and Casp7 illustrating the efficiency of CRISPR
editing in MC38 cells. (E) Left: Cell death in MC38 wild-type (WT) and apoptosis-
deficient (Apop KO) cells following 24 h treatment with 50 uM eprenetapopt or 12.5
MM staurosporine (STS). Right: Cellular metabolic activity measured by AlamarBlue
as a surrogate readout for cell viability following 72 h exposure with eprenetapopt at
indicated doses in WT and Apop KO MC38 cells. Two-way t-test (A,E). * P < 0.05, **
P < 0.01, *** P < 0.0001 (A) N=2-3, (D) N=2, representative blots shown, (E) N=3.
See also Fig. S3 and Movie S1.
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Figure 4 Eprenetapopt inhibits NFS1 cysteine desulfurase activity

(A) Schematic diagram summarizing the role of NFS1 cysteine desulfurase and
important iron-sulfur cluster containing enzymes. NFS1 removes sulfur from cysteine
to begin the coordination of synthesis of iron-sulfur cluster, which are essential for the
function of mitochondrial protein, cytosolic and nuclear proteins. For example,
mitochondrial aconitase (mAco) and cytosolic acontase (cAco) both require Fe-S
clusters for their catalytic activity converting citrate to isocitrate. Of note, elesclomol
inhibits FDX1, which is supports ISC formation. (TCA, tricarboxylic acid; ETC, electron
transport chain; POLe, DNA polymerase epsilon) (B) Fischer’s transformed z-scored
Pearson correlation strength of NFS1 gene dependency and the compound activity of
the 481 Cancer Therapeutic Response Portal v2 (CTRPv2) compounds. Blue dot
indicates eprenetapopt analogue (APR-017) is the top positive correlated compound
to NFS1 gene dependency. (C) Heatmap and bar chart demonstrating cell viability
following 72 h eprenetapopt (EPR) and elesclomol (ELE) co-treatment in OACMS5.1
cells. (D) In-gel aconitase assay and Coomassie stain (for protein loading) in
OACMS.1 cells following treatment with 50 uM eprenetapopt for indicated times
(mitochondrial: mAconitase, cytosolic: cAconitase). (E) Cell-free NFS1 cysteine
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desulfurase assay at indicated doses of MQ and cysteine following 1 h incubation
measured by the release of hydrogen sulfide (H2S) by dithiothreitol (DTT) coupled to
dimethyl-4-phenylendiamin-hydrochloride (DMPD) to produce methylene blue. (F)
Top: 2 uM purified NFS1 was incubated with indicated concentrations of MQ and
reaction was started with 3%S-cysteine for 1 hour at 30 °C followed by separation on
12 % non-reducing SDS-PAGE. Bottom: Image J quantification of the resulting bands.
(G) Top: NFS1 cysteine desulfurase activity in HEK-293T (293T) following 1 h
exposure with MQ at indicated doses measured by the release of H.S mediated by
DTT and NFS1 co-factor pyridoxal 5'-phosphate. Bottom: Aconitase activity following
1 h exposure with MQ at indicated doses in 293T cells. (H) Schematic diagram
summarizing the MoA of eprenetapopt (GPX4, GSH peroxidase 4). Two-way unpaired
t-test (C,G), ** P < 0.01, **** P < 0.00001. Error bars = SEM. (C,E,G) N=3. (D) N=2,
representative gel shown, (F) N=1.
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Figure S1. Related to Figure 1 Multiomics strategy to determine the mechanism
of action of eprenetapopt
(A) Representative growth curve of OACMS.1 cells treated with eprenetapopt at
indicated doses over 8 days. (B) Immunoblot of SHMT2 and MTHFD1L illustrating the
efficiency of two independent sgRNA guides in bulk OACMS.1 cells following
puromycin selection. (C) Relative gene expression of GCLC in OACM5.1 dCas9 cells
expressing CRISPR activation sgRNA guide for GCLC or control guide. (D)
Scatterplots correlating eprenetapopt analogue (APR-017) activity from CTRPv2 with
CCL dependency on GCLC and GCLM in DepMap. (CERES, copy-number adjusted
gene dependency score). Pearson’s correlation (D). (A,B,C) N=1. (D) N=466.
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Figure S2. Relating to Figure 2 Eprenetapopt and mitochondrial one-carbon
metabolism

(A) Relative cell number following treatment with 10 uM eprenetapopt + 1 mM formate
supplementation for 4 days in OACMS.1 cells transduced with control (pLentiPuro) or
SHMT2 or MTHFD1L sgRNA. (B) Cell viability compared to complete media (CM)
following 72 h of serine, glycine or serine and glycine deprivation, and glycine
deprivation rescued with 1 mM GSH-monoethyl ester (GSH) in OACM5.1 cells
transduced with SHMTZ2 or MTHDF1L sgRNA_2. (C) Relative cell number following
treatment with 10 uM eprenetapopt £ 1 mM glycine supplementation for 4 days in
OACMS.1 cells transduced with SHMT2 or MTHDF1L sgRNA_2. (D) Metastasis-free
survival of NSG mice inoculated with FLO-1 LM tumours treated with eprenetapopt
(EPR, 100 mg/kg, daily) or vehicle on either normal or SG-free diets for 35 days. (E)
Representative bioluminescence images of the distribution of metastatic lesions
before and after dissection of a NSG mouse at ethical endpoint. (F) % change to body
weight of mice over treatment period. Loss of <20% body weight relative to beginning
of treatment period was considered ethically acceptable. (G) Average daily chow
consumption of mice on the indicated diets over 7 days. (H) % tumour growth inhibition
quantified at the end of treatment (35 days for FLO-1 LM, 21 days for PDX). (I) Left:
Relative radioactive cystine uptake in H1299-SLC7A11 overexpressing cells co-
treated with DMSO (as control), pre-heated eprenetapopt and erastin (known cystine
uptake inhibitor) at indicated doses. (CPM, counts per minute) Right: Immunoblot
demonstrating overexpression of SLC7A11 in H1299 used for cystine uptake assay.
(J) Cell viability following 72 h exposure with erastin at indicated doses in OACMS5.1
cells transduced with indicated sgRNAs. (K) Changes to total glutathionylation level
following 50 uM eprenetapopt treatment at indicated time points in H1299 cells. (L)
Chemical structure and mass of MQ-conjugated cysteine. (M) Scan to identify MQ-
cysteine from LC-MS run of OACMS5.1 treated with '3C-cystine and 50 uM
eprenetapopt or vehicle for 12 h, over 12 mins of retention time. (N) Scan indicating
relative abundance of species from retention time (RT) = 8.63, from LC-MS run of
OACM5.1 treated with '3C-cystine and 50 uM eprenetapopt. MQ-Cys['?C]™* denotes
MQ-cysteine from endogenous '°C-cysteine and MQ-Cys['3C]"* denotes MQ-cysteine
from exogenous 3C-cysteine. Log-rank (Mantel-Cox) test (D), one-way ANOVA with
Dunnett's multiple comparisons test (H). Error bars = SEM. (A,B,E,l,J) N=3, (C) N=5,
(D,F) N=8. (K) N=2. Representative blot.
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Figure S3. Relating to Figure 3 Eprenetapopt triggers ferroptosis

(A) Cell death (% PI positive) induced by staurosporine (STS, 12.5 uM) with or without
apoptosis (zZVAD-FMK, 50 yM) or ferroptosis inhibitors (Fer-1, 12.5 uM; CPX, 6.25 uM,;
NAC, 2.5 mM) in H1299 and FLO-1 cells over 24 h. (A) N=1.
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Figure S4. Relating to Figure 4 Eprenetapopt inhibits iron-sulfur cluster
biogenesis

(A) Absolute abundance of coenzyme A in OACM.1 cells following treatment with 50
MM eprenetapopt from Figure 1H. (B) Immunoblot of Aco2 and NFS1 protein levels
following 1 h exposure with MQ at indicated doses in 293T cells. (C) % cell death and
% cell confluency following treatment for 24 h with 50 uM eprenetapopt with or without
12.5 uM Fer-1 and/or 625 nM CDK2 inhibitor (SNS-032) in 21% O (black bars) or 3%
O2 (blue bars) in H1299. Two-tailed t-test (C). * P < 0.05. Error bars = SEM. (A) N=6.
(B) N=2, representative blots shown. (C) N=3.
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SUPPLEMENTAL MATERIALS AND METHODS

Expression and purification of Human NFS1 and ISD11

Plasmids designated pZM2 expressing an N-terminal fusion protein with Hiss tag
Nfs1A1-55 and pZM4 expressing ISD11 were co-transformed into E.coli BL21 (DE3)
cells. Cells were grown at 30 °C for in 1litre cultures of LB containing 150 pg/ml
ampicillin and 50 pg/ml chloramphenicol. The expression was induced by 200 yM of
IPTG (Isopropyl-B-D-thiogalactoside). Growth was continued for 16 h at 16 °C. Cells
were clarified by centrifugation at 8000 g. Cell pellets were lysed and soluble fraction
of the resulting lysed cells were obtained by centrifugation at 21000 g for 30 min.
Crude extract were applied to Nickel nitrilotriacetate (Ni-NTA) resin. Nfs1A1-55/Isd11
were eluted with 50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole buffer pH 8.0.
Nfs1A1-55/Isd11 were finally purified using size exclusion chromatography with
Superdex 200 column (Superose12 equilibrated with 50 mM Tris, 200 mM NacCl, 10

UM PLP).

Gene expression with quantitative RT-PCR

Total RNA was extracted using NucleoSpin RNA kit (Macherey-Negal), cDNA was
synthesized from 1 ug of RNA using High-capacity cDNA Reverse Transcription kit
(Applied Biosystems) and gene expression was determined by SYBR-green RT-PCR
on a Lightcycler 480 (Roche). Target gene expression was normalized to ACTB and

analyzed using the AACt method. Primer sequences are detailed in Table S4.
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SLC7A11 overexpression

SLC7A11 was ectopically expressed in H1299 using the GE Dharmacon Precision
LentiORF pLOC downstream of the CMV promoter and contains turbo-GFP as a
reporter gene. The turbo-RFP gene in place of SLC7A11 was used as a control.
Following transduction, GFP-positive cells were sorted. The expression of SLC711

was confirmed by gPCR and western blotting.

Radioactive cystine uptake assay

H1299 SLC7A11-overexpressing cells were washed in pre-warmed cystine-free
RPMI-1640 (uptake buffer). At this point, in each well the cystine-free-media was
replaced with 300uL uptake buffer containing eprenetapopt (pre-heated at 90°C for 30
min to hydrolyze to MQ) or erastin with 0.04uCi of L-[1, 2, 1', 2'-C]-cystine
(PerkinElmer) for 10 minutes at room temperature. Cells were then washed thrice with
ice-cold cystine-free-media and lysed in 400uL 0.2M NaOH with 1% SDS. This lysate
was added to 4mL of scintillation fluid, and radioactive counts per minute were

obtained using a scintillation counter.
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Table S1 List of oligonucleotides used for CRISPR sgRNA guides
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Gene Forward (5’-3’) Reverse (5°-3’)
ng%Lr\K . | CACCGAATCAACCCAGATTTGGTCA | AAACTGACCAAATCTGGGTTGATTC
ng%Lr\K , | CACCGACTAGAAGTGCAGTTGACAT | AAACATGTCAACTGCACTTCTAGTC
;,SéRCr\?/ﬂ CACCGAAGGGCGTGCTCCAGAACAC | AAACGTGTTCTGGAGCACGCCCTTC
fgLFf,\f’A‘”; CACCGTGAGCTTGATCGCAAGTTCA | AAACTGAACTTGCGATCAAGCTCAC
SEgSF?N A 1 | CACCGAATGTACTCTTATGTCACAG | AAACCTGTGACATAAGAGTACATTC
SEgSF?N A 5 | CACCGCCTGAGAGCCAATACAGTGC | AAACGCACTGTATTGGCTCTCAGGC
fg’é‘ﬂf1 CACCGCTACTCACAAGACTCTTCGA | AAACTCGAAGAGTCTTGTGAGTAGC
f:é‘ﬂfz CACCGTCATGCGGGCGTAGTCAATG | AAACCATTGACTACGCCCGCATGAC
%E’LF/E 1| CACCGAGGACAAACTCCAAAAGCTG | AAACCAGCTTTTGGAGTTTGTCCTC
%E’LF/E 12L CACCGTCGACCCATCTACCATCACG | AAACCGTGATGGTAGATGGGTCGAC
GCLC
activation | CACCGACACGCCTCCTGAGCCCCCG | AAMACCGGGGGCTCAGGAGGCGTGTC
sgRNA
Table S2 List of antibodies

Antibody Origin | Clone | Dilution | Source

Anti-SLC7A11 Rabbit | D2M7A | 1:1000 | Cell Signaling Technology

Anti-SHMT?2 Mouse | F-11 1:1000 | Santa Cruz Biotechnology

Anti-MTHFDIL | Rabbit | D8T7L | 1:1000 | Cell Signaling Technology

Anti-Bax Rat 49F9 1:10000 | Gift from Prof. Grant Dewson (WEHI)

Anti-Bak Rabbit | N/A | 1:10000 | Sigma-Aldrich

Anti-Bid Rat | 4B5 | 1:1000 | Gift from Prof. Ruth Kluck (WEHI)

Anti-Caspase-3 Rabbit | D3R6Y | 1:1000 | Cell Signaling Technology

Anti-Caspase-7 Rabbit | D2Q3L | 1:1000 | Cell Signaling Technology

Anti-NFS1 Rabbit | N/A | 1:1000 | Sigma-Aldrich

Anti-Aco2 Rabbit | N/A | 1:4000 | Sigma-Aldrich

Anti-Actin Mouse | AC-74 | 1:8000 | Sigma-Aldrich

Anti-Glutathione Mouse | D8 1:1000 Abcam

,I:\EEVmculm- Mouse | 7F9 1:2000 | Santa Cruz Biotechnology

QE\}EGAPDH_ Rabbit | 14C10 | 1:10000 | Cell Signaling Technology

Swine anti-rabbit | Swine | P0217 | 1:7000 Dako

Goat anti-mouse | Goat P0447 | 1:7000 Dako

Goat anti-rat Goat 3010 1:5000 Southern Biotech
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Table S3 List of synthetic guides from Synthego for combinatorial CRISPR-editing in

Mc38 cells
Gene |ID Sequence
Casp3 | 2101 | CATGCAGAAAGACCATACAT
Casp3 | 2103 | AACCTCAGAGAGACATTCAT
Casp7 | 2107 | GATATGCTTTAGGCATGCCG
Casp7 | 2108 | TCCATGCGGTACAGATAAGT
Bid 1573 | CCACAACATCCAGCCCACAC
Bid 1575 | GCCAGCCGCTCCTTCAACCA
Bax 1429 | GGACACGGACTCCCCCCGAG
Bax 1430 | GTTTCATCCAGGATCGAGCA
Bak1 1410 | GGAACTCTGTGTCGTAGCGC
Bak1 1412 | GCAGGAGGCTCTTACCAGAA

Table S4 List of primers

Gene Forward (5’-3’) Reverse (5°-3’)

GCLC CAGGACAGTTCTTAGATGCTGC | TTTGGGCCACACATAAGAAAGC
GAPDH | GGTGTGAACCATGAGAAG CCACAGTTTCCCGGAG

ACTB AGAAAATCTGGCACCACACC GGGGTGTTGAAGGTCTCAAA
Dataset S1. Source data from Figure 1D and 1F. List of genes and MAGeCK scores

for CRISPRko “drop-out” screen (average of two independent screens), CRISPRa

‘enrichment” screen (one screen) and DepMap gene dependency Fischer’s z-

transformed Pearson’s correlation strengths.

Movie S1. H1299 cells die from 50 uM eprenetapopt treatment over 24 h. Here, we

present a time-lapse video of cells with images taken every 5 min at 6 frames per

second, therefore each second represents 1 h in real time, starting immediately after

dosing with eprenetapopt. Images were acquired on IncuCyte FLR (Essen

BioSciences).



https://www.dropbox.com/scl/fi/6uhnh60gh0l9hrd5vp0xa/Dataset-S4.1.xlsx?dl=0&rlkey=8l7inuo4zo5c6umh6erg3omnl
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