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Summary

Summary

Iron—sulfur (Fe-S) clusters are vital cofactors in all domains of life. The mitochondrial Fe—S
cluster biogenesis occurs through two major steps: the initial construction of [2Fe—2S] clusters,
followed by their assembly into [4Fe—4S] clusters. However, how the clusters are distributed
among the respective apoproteins is still not fully understood. In the presented thesis, we
investigate the Fe—-S cluster-dependent metabolism within plant mitochondria, using

Arabidopsis thaliana as a model organism.

First, we summarise the existing knowledge on Fe—S cluster biogenesis and trafficking. We
then discuss the metabolic consequences of compromised Fe—S cluster availability. In
addition, we speculate about the potential release of sulfide and estimate the amount that

might be set free by the continuous turnover of Fe—S cluster-containing proteins.

Furthermore, we studied the function of the glutaredoxin S15 (GRXS15). In contrast with other
organisms, plants contain only GRXS15, as single class Il GRX, within the mitochondria. We
thus examined the distinct roles of the two main class | and class Il GRXs, revealing key
structural differences that determine their oxidoreductase and cluster-transferring functions.
Specifically, we biochemically characterised GRXS15, to understand whether it can have

catalytic activity besides its function in Fe—S cluster transfer.

With a genetic approach, we then investigated the physiological consequences of reduced
GRXS15 activity in planta. Exploiting grxs15 knockdown mutants and partially complemented
lines, we show that the GRXS15 diminished activity mainly affects the function of lipoyl
synthase (LIP1). LIP1 has a low copy number per mitochondrion and requires a constant flux
of [4Fe—4S] clusters for its catalytic activity. By knocking out aconitase 3 — the most abundant
mitochondrial [4Fe—4S]-dependent enzyme — we observed the suppression of the dwarfism in
the grxs15 mutants. Similarly, we obtained analogous results by overexpression of LIP1. With
these experiments, we demonstrate that LIP1 is not able to compete with other enzymes for

receiving [4Fe—4S] clusters when the upstream delivery system is impaired.

Unexpectedly, the overexpression of LIP1 was deleterious for wild-type plants. After having
characterised this novel dwarf mutant we demonstrated that overexpression of LIP1 leads to
the release of toxic amounts of sulfide, causing poisoning of the mitochondrial electron
transport chain. Strikingly, we showed that this toxic effect can be alleviated by overexpression
of O-acetylserine-(thiol)-lyase C, a component of the cysteine biosynthesis complex (CSC).
We thus provide compelling evidence that the CSC acts as a sulfide detoxification system in
the mitochondrion. Overall, this thesis contributes to refining the general overview of the entire

pathway of mitochondrial Fe—S clusters, from assembly to consumption.
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1 | Introduction

1.1 | The iron-sulfur clusters in life

Iron-sulfur (Fe—S) clusters are ancient and essential cofactors found in all domains of life. They
consist of iron and sulfur atoms coordinated in specific arrangements, forming stable clusters
with unique electronic and redox properties. With the partially filled d orbital of the transition
metal iron, Fe—S clusters play key roles in electron transfer reactions such as respiratory and
photosynthetic electron transport chains. Furthermore, Fe—S clusters are involved in important
pathways like sulfur and nitrogen assimilation, the synthesis of co-enzymes such as biotin and
lipoic acid, nucleotide metabolism, DNA synthesis, repair and gene expression regulation (Balk
and Pilon, 2011; Przybyla-Toscano et al., 2021). The presence of Fe—S clusters in both aerobic
and anaerobic archaea, bacteria, and eukaryotes suggests their integration into central
metabolic pathways early in the evolution of life, where iron sulfide is considered the most
plausible source of reducing power in the "Fe—-S World" (Wachtershauser, 1992; Garcia et al.,
2022).

Enzymes containing Fe—S clusters can be found in different compartments of the cell, including
the cytosol, nucleus, mitochondrion and, for photosynthetic organisms, also in the plastid (Balk
and Pilon, 2011; Przybyla-Toscano et al., 2021). In the free form, the clusters are intrinsically
unstable and highly prone to oxidation by molecular oxygen (O-), reactive oxygen species
(ROS), and reactive nitrogen species like nitric oxide (NO) (Imlay, 2013). In particular,
superoxide (Oz) and hydrogen peroxide (H202) are major causes of damage and cluster
instability (Imlay, 2013). Therefore, it is crucial for all aerobic organisms to protect Fe-S
clusters inside proteins, which shield the clusters from the surrounding environment and
therefore prevent their disassembly. For this reason, Fe-S clusters cannot be transported
across membranes and must be synthesized separately in all compartments in which they are

required (Fig.1.1a).

Under anaerobic conditions, Fe—S clusters can be spontaneously assembled from the required
components, iron and sulfur (Hagen et al., 1981). However, it would most likely not happen
efficiently in vivo and specialized assembly machineries are required for the de novo synthesis
and insertion of Fe-S cluster into the respective apoproteins. In plants, the three dedicated
assembly pathways are: the mitochondrial iron—sulfur cluster (ISC), the plastidic sulfur
mobilization (SUF), and the cytosolic iron-sulfur protein assembly (CIA) (Balk and Pilon, 2011;
Pedroletti et al., 2023a). However, this last pathway depends on the mitochondrial ISC
because it relies on the export of a yet unidentified sulfur compound that is transported from
mitochondria to the cytosol (Lill et al., 2015; Pandey et al., 2019). The nucleus constitutes an
exception since fully folded Fe—S holoproteins can move from the cytosol through nuclear

pores to reach their destination in the nucleoplasm.
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1| Introduction

To date, there is no in vivo evidence for Fe—S holoproteins in other subcellular compartments

like the secretory pathway, peroxisomes and apoplast (Przybyla-Toscano et al., 2021).

Chloroplast
SUF
pathway
e
Cytosol
Apoprotein CIA Holoprotein

2& pathway
-0 &b Nucleus

ISC
pathway
%
Mitochondrion
b
First Transferring | Second
assembly | =—— — | ASSEMDIY | —
machinery machinery

€ [2Fe-2S] [4Fe—4S]

Fig. 1.1 | Iron—sulfur cluster assembly machineries in Arabidopsis. a The mitochondrial ISC (iron—sulfur cluster)
and the plastidic SUF (sulfur mobilization) are independent pathways, while the cytosolic CIA (cytosolic iron—sulfur
protein assembly) relies on a mitochondrial ISC unidentified sulfur compound. To date, no Fe—S machineries are
identified within the nucleus, however, Fe—S holoproteins can move through nuclear pores. The Arabidopsis image
has been created with BioRender (https://biorender.com). b Simplified scheme of the general concept for assembly
and transfer of [2Fe—2S] and [4Fe—4S] clusters in mitochondria. A first assembly machinery fuses iron and sulfur
atoms to build [2Fe—2S] clusters, which are transferred to a second machinery dedicated to the assembly of [4Fe—

48] clusters.

The inorganic cluster consists of iron cations (Fe?*/Fe®*) and sulfide anions (S%) and, even
though it can vary in structure and stereochemistry, the rhombic [2Fe—2S] and cubic [4Fe—4S]
conformations are the most common (Beinert, 2000). In all instances, the generation of Fe-S
clusters occurs in two distinct steps: a first machinery is responsible to form [2Fe—-2S] clusters
which are subsequently transferred to a second machinery for the assembly of [4Fe—4S]
clusters (Fig. 1.1b) (Braymer et al., 2021; Pedroletti et al., 2023a).

In plants, the entire machinery for the de novo assembly and transfer of Fe-S clusters to
acceptor apoproteins consists of at least 7 proteins in the cytosol, 15 proteins in plastids and

27 proteins in mitochondria. These include proteins providing sulfur and iron atoms, scaffold
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proteins for cluster assembly and several maturation factors including dedicated chaperons,

co-chaperons and transfer proteins (Couturier et al., 2013; Przybyla-Toscano et al., 2021).

Despite the progress achieved in understanding the assembly process, our information on how
Fe-S clusters are transferred and distributed among their respective apoproteins remains
rudimental. In the review presented in Chapter 2 (Pedroletti et al., 2023a), we summarize
current knowledge about the assembly, transfer and distribution of [2Fe—2S] and [4Fe—4S]

clusters, with emphasis on plant mitochondria.

Furthermore, we explore a topic that had received relatively little attention: the fate of Fe-S
clusters. Continuous protein turnover results in the disintegration of Fe—S clusters, leading to
the release of free iron and sulfur; as well, we highlighted how biotin synthase and lipoyl
synthase utilise Fe-S clusters as a sulfur source, with sacrificial destruction of clusters and

consequent sulfur release.

1.2 | Oxidative stress

Fe—S clusters can be easily damaged and disintegrated by oxidants (Imlay, 2013), which are
largely abundant in mitochondria, where ROS are generated as a by-product of the electron
transport chain (Mgller et al., 2007). In general, protein thiolates are susceptible to oxidation.
Since the dissociation constant (pKa) in many proteins is rather acidic, the sulfhydryl residues
(-SH) exist preferentially in the deprotonated form as a thiolate anion (R-S°), which is highly
nucleophilic (Alvarez and Salinas, 2022). Thus, cysteinyl residues can relatively easily undergo
unwanted and harmful post-transcriptional modification by reacting with H2O2, resulting in the
formation of sulfenic acids (R-SOH). Further reaction with H.O; leads to irreversible oxidation,
with the formation of sulfinic (R-SO2H) and sulfonic (R-SO3H) acids and irrecoverable protein
(Fig. 1.2) (Gupta and Carroll, 2014; Zaffagnini et al., 2019).

To prevent oxidative damage, ROS oxidation is counteracted by low molecular weight
antioxidants like ascorbate and glutathione, which keep the majority of protein thiolates in a
reduced form (Schwarzlander et al., 2008; Foye and Noctor, 2013). Besides uncatalyzed
reactions, a large set of enzymes is involved in redox modifications via a thiol-switching
mechanism as regulatory mechanisms that allow to protect proteins in respond to changes in
the cellular redox state, preventing irreversible oxidative damage (Buchanan and Balmer,
2005; Gupta and Carroll, 2014). These enzymes include superoxide dismutases, catalases,
peroxidases and more than a hundred proteins belonging to the thioredoxin (TRX) superfamily
(Dumanovic¢ et al., 2021). Among the latter, there is the family of glutaredoxins, which further

separates into different subfamilies (see Section 1.3).
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Fig. 1.2 | Types of oxidative damage and how glutaredoxins protect protein thiols. ROS (reactive oxygen
species) such as hydrogen peroxide (H202) can attack cysteinyl residues, resulting in the formation of sulfenic (R-
SOH) acid. Glutaredoxins (GRX) can protect protein thiols from uncontrolled oxidation via reversible
glutathionylation. Also, glutathione (GSH) can spontaneously scavenge sulfenic acids through a nucleophilic attack
and substitution of the hydroxyl residue along with the release of a water molecule. Further reaction of sulfenic
acids with H202 leads to irreversible oxidation, with the formation of sulfinic (-SO2H) and sulfonic (-SOsH) acids,

causing the protein irrecoverable.

1.3 | The glutaredoxin family

Glutaredoxins (GRXs) are small ubiquitous proteins and constitute a subfamily of the
thioredoxin superfamily of oxidoreductases. The unifying structural motif that is present in
virtually all family members is the so-called thioredoxin fold. This motif is a highly conserved
core structure that is typically 11-13 kDa large and consists of four p-strands and three a-
helices (Martin, 1995).

GRXs were first identified in Escherichia coli due to their capacity to catalyse the hydrogen
donation necessary for reducing ribonucleotides to deoxyribonucleotides with glutathione
(GSH) acting as the reducing equivalent (Holmgren, 1976). GRXs indeed have a binding site
for glutathione, located between the active site motif and the helix a2, where the thiol group of
glutathione is oriented towards the active site (Deponte, 2013). Their activity of reduction or
formation of protein disulfides is mediated by glutathionylation and deglutathionylation
reactions (Fig. 1.2) (Gravina and Mieyal, 1993; Lillig et al., 2008; Deponte, 2013).

Initially, the GRXs classification of non-plant organisms was based on the specific active site
motif, resulting in generally defining two main categories (Rodriguez-Manzaneque et al.,

1999). Class | GRXs, known as dithiol GRXs, are characterized by the consensus “CxxC”
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motif, which often is present as “CPYC”. On the other hand, class || GRXs, referred to as
monothiol GRXs, possess a highly conserved “CGFS” motif (Lillig et al., 2008; Deponte, 2013).

Class | GRXs exhibit distinct oxidoreductase activities. The precise catalytic mechanism
includes a complex series of intermediate steps that can differ between different GRXs (Lillig
et al., 2008; Deponte, 2013). For some GRXs, the reaction does not rely on the second thiol
within the consensus “CxxC” but instead they directly utilise the thiol of reduced glutathione
(GSH) as resolving thiol (Fernandes and Holmgreen, 2004; Zimmermann et al., 2020). Other
class | GRXs (so-called “monothiol class | GRXs”) do not even possess the second cysteine
in the catalytic site; however, an additional semi-conserved cysteine in the C-terminal region
allows the enzyme to form an intramolecular disulfide bond, facilitating the reduction of the
protein after de-glutathionylation of a substrate, mimicking the dithiol mechanism (Mesecke et
al., 2008; Zannini et al., 2019; Zimmermann et al., 2020).

On the contrary, class Il GRXs are mostly inactive in redox reactions and instead are involved
in Fe—S cluster transfer (Deponte, 2013). This class is well known to be able to coordinate
[2Fe—28S] clusters at the interface of a dimeric complex, through the cysteine residue in the
highly conserved “CGFS” motif and the thiol of a non-covalently bound molecule of glutathione
(see Section 1.3 and Chapter 3a) (Johansson et al., 2007; Picciocchi et al., 2007; lwema et
al., 2009; Rouhier et al., 2010; Li and Outten, 2012). Some class | GRXs can coordinate [2Fe—
28] clusters in vitro and in vivo, in an analogue way to class Il GRXs (Lillig et al., 2005; Rouhier
et al., 2007; Hoff et al., 2009; Scalcon et al., 2019); however, these proteins are unable to
efficiently transfer the cluster to the respective apoproteins (Trnka et al., 2020). Moreover,
certain class || GRXs have been demonstrated to have residual oxidoreductase activity,
although the catalysis is relatively slow and often limited to oxidation, with no detectable
reduction activity (Zaffagnini et al., 2008; Gao et al., 2010; Moseler et al., 2015; Zannini et al.,

2019). The in vivo relevance of this activity remains a topic of debate.

Despite sharing a similar structure based on the TRX fold, for decades it remained elusive why
class | GRXs are efficient oxidoreductases while class [l GRXs are essentially dedicated to
iron—sulfur clusters transfer. The evolutionary significance behind the development of distinct
types of GRXs, as well as the specific reasons that explain the differences between these

classes, is not completely resolved.

In the research paper presented in Chapter 3a (Trnka et al., 2020), we investigate the structural
differences between classes | and Il GRXs in-depth. We demonstrate that the primary
distinction is the length of amino acids that separate a conserved lysine on the strand 31 from
the active site on helix a1. In fact, class | GRXs possess a spacer of only two amino acids
while class Il GRXs have seven amino acids. The extended sequence in class || GRXs forms

a loop structure which alters the orientation of the conserved lysyl residue, which determines
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1| Introduction

the properties of the enzyme. Hence, the loop structure diminishes the redox activity of class
Il GRXs, while it allows them to form a looser coordination with the [2Fe—2S] cluster which may
be a prerequisite for its efficient transfer to specific apoprotein. The knowledge acquired in
Chapter 3a (Trnka et al., 2020) is applied to characterise the mitochondrial glutaredoxin S15
of Arabidopsis in vitro, in Chapter 4 (Moseler et al., 2021).

1.4 | Glutaredoxins in Arabidopsis

The publication of the Arabidopsis thaliana genome (The Arabidopsis Genome Initiative, 2000)
revealed an unexpectedly high number of genes coding for GRXs. Arabidopsis indeed contains
at least 31 genes encoding GRXs (Rouhier et al., 2004) compared to only eight in
Saccharomyces cerevisiae and four in humans (Herrero et al., 2011; Abdalla et al., 2018;
Ogata et al., 2021). In contrast to non-plant species, which have only the classical class | and
class Il GRXs, plants possess an additional class Ill. Within the conventional classes, six
members belong to class | and four members belong to class Il (Fig. 1.3). However, while the
“CGFS” active site is consistently conserved among all members of class Il GRXs, the “CPYC”
consensus deviates for three members of class | GRXs (Appendix 1). The remaining 21 GRXs
exhibit a distinct active site alignment, characterized by a “CCxC” or “CCxS” consensus
sequence and are classified as CC-type or class lll GRXs, which are land plant-specific. With
observations mainly limited to developmental processes e.g., regulation of floral, anther or
petal development (Xing et al., 2005; Xing et al., 2008; Li et al., 2009), the biological functions
of class lll GRXs are largely uncharacterised. Recent studies report that ROXY9 (a class llI
GRXs) has no GSH-dependent oxidoreductase activity in vitro, suggesting that class Ill GRXs
might have different functions than class | GRXs (Mrozek et al., 2023).

Mitochondrion

B piastid
— Class lll B secretory pathway
(21) B cytosol/nucleus
e GRXC5
Class | — GRXS12
CxxC I GRXC2
GRXC3
GRXC4
GRXS16
Class Il
monothiol GRXS14
“CGFS”
GRXS17
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Fig. 1.3 | Phylogeny and subcellular localisation of glutaredoxins in Arabidopsis. The localisation of the
respective GRXs indicated by the colour code is based on predictions from SUBAS (https://suba.live/index.html) or
evidence in the literature. The 21 poorly characterized class Ill GRXs are not shown for simplification. The
neighbour-joining tree without distance corrections was generated by local multiple-sequence alignment (Clustal

Omega, https://www.ebi.ac.uk/Tools/msal/clustalo/).

1.5 | Glutaredoxin S15 in mitochondria

In contrast to other kingdoms, plants contain only glutaredoxin S15 (GRXS15) as the sole GRX
within mitochondria (Rouhier et al., 2004; Moseler et al., 2015; Stroher et al., 2016). It belongs
to the class Il GRXs and possesses a single GRX domain with the conserved “CGFS” active

site motif.

GRXS15 was identified as an essential component for the mitochondrial biogenesis of iron—
sulfur clusters (Moseler et al., 2015). First, the [2Fe—-2S] is de novo assembled on the scaffold
protein ISU1, which then forms a complex with the chaperone/co-chaperon complex
HSCA1/HSCB (Xu et al., 2009; Leaden et al., 2014). In yeast, it has been shown that this
shuttle complex can directly transfer the [2Fe—2S] cluster to ScCGRX5, homolog of AtGRXS15
(Uzarska et al., 2013). Although there is no direct evidence, the high degree of evolutionary
conservation suggests that this mechanism might be preserved in human and plant
mitochondria with HsGrx5 (Lill and Freibert, 2020) and At{GRXS15 (Moseler et al., 2015),

respectively.

Despite the lack of GRXS15 crystal structure, it can still be compared by analogy with other
Arabidopsis class Il GRXs (Li et al., 2010) and homologs in bacteria, yeast and human (lwema
et al., 2009; Johansson et al., 2011; Abdalla et al., 2016). It is therefore assumed that two
GRXS15 non-covalently harbour a molecule of GSH each, in the respective binding site, and
cooperatively coordinate a single [2Fe—2S] cluster through the cysteinyl residues of the two
GSH molecules and the two cysteinyl residues of the “CGFS” motifs (Fig. 1.4). This model is

supported by spectroscopic evidence (Picciocchi et al., 2007; Moseler et al., 2015).

After receiving the cluster, the homodimeric complex GRXS15—[2Fe—2S]-GRXS15 delivers it
to the second machinery, for the assembly of [4Fe—4S] clusters. The core of the second
assembly machinery in Arabidopsis mitochondria is constituted by the proteins ISCA1a/b,
ISCA2 and IBA57. It has been experimentally confirmed that GRXS15 directly interacts with
ISCA proteins and transfers the [2Fe—28S] cluster as a building block for the assembly of [4Fe—
48] clusters (Azam et al., 2020). A similar observation was done for other systems such as
yeast (Muhlenhoff et al., 2011) and human (Brancaccio et al., 2014).

In addition to [2Fe—-2S] cluster transfer, GRXS15 displays a slow oxidation activity and lacks

reduction activity, when assessed through standard GSH-dependent in vitro enzymatic assays

9
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e.g., HED assay and roGFP2 assay (see Section 1.6) (Moseler et al., 2015). This observation
is particularly noteworthy since the mitochondrion is a cellular compartment characterized by
a high GSH-dependent metabolism and possibly GSH-dependent redox signalling
(Schwarzlander et al., 2008; Zannini et al., 2019). However, the reasons behind the absence

of efficient oxidoreductases class | GRXs in plant mitochondria remain unclear.

To understand whether GRXS15 can fulfil the functions of the class | GRXs, in Chapter 3b we
focus on characterizing the in vitro properties of this protein. In particular, we measure its

oxidoreductase activity by exploiting the roGFP2 interaction assay (see Section 1.6).

Fig. 1.4 | GRXS15 homodimer forms a complex with GSH to coordinate [2Fe-2S] cluster. a Working model

for the cluster coordination by Arabidopsis glutaredoxin S15 (GRXS15). The model is generated by the Phyre2 web
portal (Kelley et al., 2016) and it is based on the crystal structure of the human glutaredoxin 5 deposited by
Johansson et al. (2011) (PDB: 2WUL). b Detail of the coordination of the [2Fe—2S] cluster (yellow and orange).
The cysteines of GRXS15 (C91) are highlighted in yellow, the glutathione molecules (GSH) in red, with their

cysteinyl residue in yellow.

1.6 | roGFP2 assay to test in vitro oxidoreductase activity of glutaredoxins

Since the discovery of GRXs, several assays have been developed to investigate and measure
their enzymatic activity (Lillig et al., 2008). The most commonly used in vitro assay is the bis-
(2-hydroxyethyl)-disulfide (HED) assay (Holmgreen and Aslund, 1995; Begas et al., 2015). It
is based on a double-step reaction: first, the small artificial substrate HED is reduced by GSH
and GRXs, causing the formation of glutathione disulfide (GSSG). Subsequently, GSSG is
reduced by glutathione reductase (GR), by using NADPH as electron donor, which can finally
be monitored spectrophotometrically (Fig. 1.5) (Luthman and Holmgren, 1982; Begas,
Staudacher and Deponte, 2015). However, the HED assay is a relatively complex enzymatic
assay with two coupled forward reactions and a non-catalysed background reaction (Fig. 1.5)
that necessitates considerable technical expertise to ensure its reliability and robustness. In

addition, the assay has some limitations as it is restricted to only unidirectional reactions. Thus,
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the HED assay can provide information on the reducing activity of the GRXs but not on their

oxidising abilities.

BMe-S-S-BMe GSH
BMe-S-SG BMe-SH
GSH .  [EEE ~GSH
&P {GR ' NADP*
65-50 siesE < O SERER- \
+ NADPH+H*

Background reaction

Fig. 1.5 | Schematic representation of the HED assay. The reaction is initiated when a molecule of reduced
glutathione (GSH) attacks a molecule of HED (BMe-S—S-BMe), resulting in the formation of two molecules of 2-
mercaptoethanol (3Me-SH), one of which is glutathionylated (BMe-S—SG). The glutaredoxin (GRX) catalyses the
de-glutathionylation of BMe-S—SG, releasing a molecule of glutathione disulfide (GS-SG). GS-SG is a substrate
for glutathione reductase (GR) that reduces it in two molecules of GSH using NADPH as final electron donor. The
consumption of NADPH can be monitored by measuring the absorbance at 340 nm. In addition, BMe-S—-SG
spontaneously interacts with a second molecule of GSH, producing GS-SG, which is reduced by GR in a

background reaction that is independent of GRX.

An alternative in vitro enzymatic assay, which allows not only the measurement of the reducing
activity of GRXs but also the oxidising activity, is the roGFP2 interaction assay. This enzymatic
test exploits the redox-sensitive green fluorescent protein 2 (roGFP2), a GFP variant which
possesses two engineered cysteine residues (C147 and C204) that can dynamically form a
disulfide bridge or undergo reduction in response to changes in the redox potential of its

surrounding environment (Fig. 1.6) (Hanson et al., 2004).

roGFP2 has two fluorescence excitation peaks at about 400 and 490 nm (Fig. 1.6) and exhibits
rapid and reversible ratiometric changes in fluorescence intensity, according to the redox state
of the disulfide bridge between the two cysteines. Those cysteines can be attacked by GRXs
(Meyer et al., 2007) which, depending on the redox potential of the surrounding glutathione
buffer and the oxidoreductase abilities of the enzyme, catalyse the oxidation of the two
cysteines leading to the formation of the disulfide bridge or on the contrary resolve it, leading
to the reduction of the disulfide. The transition from the oxidised to the reduced form, and vice
versa, mediates changes in roGFP2 structure, which causes shifts in its spectral properties,
which are detectable in the excitation spectrum (Fig. 1.6). The continuous equilibration of the

redox status of the disulfide bridge regulated by GRXs indicates that the reaction can proceed
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in both directions. Thus, it is possible to assess both the oxidizing and reducing activities of
GRXs (Meyer et al., 2007).

(@]
1

Fluorescence intensity (a.u.)

0'-'_l T

Disulfide Reduced

360 380 400 420 440 460 480 500 thiol
Exitation (nm)

Fig. 1.6 | Structural changes of reduced and oxidized roGFP2. The structural changes of oxidised or reduced
roGFP2 are a result of the intramolecular formation of a disulfide bridge between cysteine 147 and cysteine 204 or
its dissolution, respectively. Specifically, the protonated form of the tyrosine 66 in the chromophore exhibits an
excitation peak at about 400 nm, whereas the deprotonated form exhibits an excitation peak at about 490 nm,
enabling ratiometric sensor read-out. Oxidized and reduced roGFP2 are represented in red and blue, respectively.

Sulfur atoms are depicted in yellow. Modified from Morgan and Schwarzlander (2016).

roGFP2 and derivatives have been extensively utilized in various biological studies, including
investigations of oxidative stress, redox signalling, cellular or mitochondrial responses to
environmental changes in planta (Meyer et al., 2007; Aller et al., 2013; Nietzel et al., 2019;
Mdller-Schissele et al., 2021; Ugalde et al., 2021, 2022). It offers a dynamic non-invasive
approach to assess intracellular redox changes, providing valuable information about the
cellular glutathione redox potential. In addition to the application in live cells, the roGFP2 can
also be adapted for in vitro measurements. In the in vitro assay, purified roGFP2 is used as an
artificial substrate protein for GRXs. The redox state of the sensor is then measured using a
fluorescence spectrophotometer, providing information on the redox activity of the GRX. This
assay is largely exploited in Chapter 3a and Chapter 3b to determine the activity of various
GRXs from human and Arabidopsis. The application of the roGFP2/GRX assay is a highly
valuable tool for exploring mutated versions of GRXs, providing insights into the biochemical

characteristics and functions of GRXs.

Generally, two different reactions are performed to investigate the reduction or oxidation of
roGFP2. To investigate the reduction abilities of a GRX, the protein is mixed in a buffer
containing fully oxidised roGFP2. The reaction is triggered by injection of GSH, which reduces

the roGFP2 disulfide bridge. Although this reduction is spontaneous, the reverse reaction is
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more rapid, reconverting the roGFP2 back to its oxidised form (Fig. 1.7a). In fact, the
equilibrium between the oxidised and reduced roGFP2 is mainly established by the glutathione
redox potential, which is determined by the standard concentration of GSH injected in the
assay (2 mM). Considering also the presence of molecular oxygen in the buffer, the equilibrium
is eventually shifted to the oxidised roGFP2. However, the GRX can subtract the intermediate
glutathionylated roGFP2 by efficiently catalysing its de-glutathionylation and fully reducing the
sensor (Fig. 1.7a). By doing so, GRX is eventually glutathionylated. In this state, the protein
can use a second molecule of GSH to self-regenerate, releasing a molecule of GSSG (Fig.
1.7a). Given that even a small amount of GSSG significantly affects the glutathione redox
potential, it becomes necessary to convert it back to its reduced form by GR, which uses
NADPH as final electron donor (Fig. 1.7a).

To investigate the oxidation abilities of a GRX, a second experimental configuration is
employed. The roGFP2 is first fully reduced by incubation with dithiothreitol (DTT) and
subsequently desalted to remove excess DTT (Fig. 1.7b). The reaction is then initiated by
adding GSSG, which initially attacks the GRX, by forming its glutathionylated form. Hence, the
glutathionylated GRX transfers the glutathione group to the reduced sensor through a thiol-
disulfide exchange reaction. Subsequently, roGFP2 spontaneously forms the disulfide bridge,

leading to the release of a GSH molecule (Fig. 1.7b).

By continuously measuring the specific roGFP2 fluorescent wavelengths at 520 nm after
excitation at 400 nm and 490 nm, it is possible to monitor its redox state dynamically over time

and calculate the time course of the glutaredoxin-mediated reaction.
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Fig. 1.7 | Proposed reaction scheme for the reduction and oxidation of roGFP2 mediated by glutaredoxin. a
Reduction of roGFP2 catalysed by a glutaredoxin (GRX, here depicted as dithiol GRX). The reduced glutathione
(GSH) is injected into the reaction mix to start the reaction. An equilibrium between oxidised and glutathionylated
roGFP2 is established. The intermediate glutathionylated roGFP2 is recognized by the GRX that catalyses its
deglutathionylation and fully reduces the sensor. The GRX is de-glutathionylated with the consequent formation of
glutathione disulfide (GSSG). Glutathione reductase (GR) reconverts GSSG in GSH, consuming a molecule of
NADPH as a final electron donor. b Oxidation of roGFP2 catalysed by a GRX. The sensor is pre-reduced by
dithiothreitol (DTT) and desalted to remove excess DTT (here depicted in the grey box). The reaction is started by
GSSG. The glutathionylated GRX transfers the GSH group to the reduced sensor with the spontaneous formation
of the disulfide bridge and release of a GSH molecule. The GRX is then glutathionylated again to start the next

catalytic cycle.

1.7 | Metabolic consequences of diminished GRXS15 activity

In yeast, the lack of the mitochondrial ScGrx5, homolog of AIGRXS15, is non-lethal but results
in continuous oxidative damage, accumulation of cellular iron and inactivation of Fe-S-
dependent enzymes (Belli et al., 2002; Rodriguez-Manzaneque et al., 2002). A similar impact
was observed in zebrafish and humans, where impairment in heme biosynthesis and
erythropoiesis was reported (Wingert et al., 2005; Camaschella et al., 2007). In Arabidopsis,
knockout lines for the single GRXS15 are instead embryo-lethal (Moseler et al., 2015), while
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knockdown lines with residual GRXS15 are viable but display a dwarf phenotype (Stroher et
al., 2016; Moseler et al., 2021).

Null mutants grxs15 can be complemented through the overexpression of mutated GRXS15
K83A. However, this rescue leads to an extremely dwarf phenotype (Moseler et al., 2015). The
GRXS15 K83A mutant protein consists of GRXS15 where the highly conserved lysine residue
83 (K83) is substituted with an alanine. Since the K83 is important for the stabilization of the
thiolate form of the cysteine in the active site and thus for the coordination of the GSH, the
result is a protein with a compromised ability to coordinate a [2Fe—2S] cluster. The
consequence is that GRXS15 K83A is less efficient in transferring the cluster from the first to

the second assembly machinery (Moseler et al., 2015).

Despite GRXS15 being an early participant in the mitochondrial Fe—S cluster assembly and
transfer system, no significant global metabolic effects were observed in grxs15 mutants
(Moseler et al., 2015; Stroher et al., 2016) suggesting that the bottleneck generated by
GRXS15 inefficiency in the supply of [2Fe—2S] clusters to the second assembly machinery
may not necessarily affect all [4Fe—4S]-dependent proteins to a similar extent. In Chapter 4
(Moseler et al., 2021) we investigate the physiological consequences of this bottleneck,
exploring the in planta consequences of diminished activity of GRXS15 by systematically

analysing several pathways and proteins relying on mitochondrial Fe—S clusters.

In accordance with previous observations (Moseler et al., 2015; Stréher et al., 2016), in
Chapter 4 (Moseler et al., 2021) we have identified that the reduced function of GRXS15 leads
to a deficiency in protein lipoylation. In fact, both grxs75 knockdown lines and grxs15 K83A
mutants show evident metabolite accumulation, notably: pyruvate, 2-oxoglutarate glycine, and
a-ketoacids. These are substrates of four mitochondrial dehydrogenase complexes, pyruvate
dehydrogenase complex (PDC), 2-oxoglutarate dehydrogenase complex (OGDC), glycine
dehydrogenase complex (GDC), and branched-chain a-keto acid (BCKA) dehydrogenase
complex (BCKDC). Their activity relies on lipoic acid, a prosthetic group attached to the E2-
subunits of PDC, OGDC, BCKDC, and to the H-protein of GDC (see Section 1.8) (Taylor et
al., 2004; Solmonson and DeBerardinis, 2018). These findings serve as bases for the
hypotheses discussed in Chapter 5 (Pedroletti et al., 2023b).

1.8 | Lipoyl synthase

The highly conserved lipoyl synthase (LIP1) belongs to the superfamily of radical S-
adenosylmethionine (SAM) enzymes. These proteins are characterized by a cysteine-rich
motif “CxxxCxxC” which allows the coordination of a [4Fe—4S] radical SAM (RS) cluster that
provides electrons to catalyse the formation of 5-deoxyadenosyl radicals (dAdo+) (Booker and

Lloyd, 2022). LIP1 carries an additional “auxiliary” [4Fe—4S] cluster which is used as sulfur
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source for the synthesis of lipoic acid (Fig. 1.8) (Cicchillo et al., 2004; Lanz and Booker, 2015;
McLaughlin et al., 2016; McCarthy and Booker, 2017).

Although Arabidopsis LIP1 has not been biochemically characterized, the conservation of
residues and motifs for the Fe—S cluster coordination suggests that the catalytic mechanism is
similar to LIP1 orthologues from different species (Przybyla-Toscano et al., 2022). Through
two consecutive steps, the RS cluster supplies two electrons to cleave two molecules of SAM
into methionines and dAdo- radicals. These radicals abstract hydrogen atoms from the C6 and
C8 carbons of an octanoyl residue attached to carrier proteins (usually the H-protein of GDC).
Subsequently, the resultant carbon radicals attack two of the four sulfur atoms of the [4Fe—4S]
auxiliary cluster, forming covalent C—S bonds and thus the lipoic acid (Fig. 1.8) (McCarthy and
Booker, 2017; Booker and Lloyd, 2022). Hence, LIP1 sacrifices the auxiliary cluster as a sulfur

source.

NADP*+H*

NADPH

“Auxiliary”
[4Fe—4S]

“ RS”
[4Fe-4S]

2SAM

2 dAdo- +
2 methionine

n-lipoyl

n-octanoyl

Fig. 1.8 | Working model of lipoic acid biosynthesis by LIP1. Lipoyl synthase (LIP1) contains two [4Fe—4S]
clusters: the “auxiliary” cluster and radical SAM (“RS”) cluster. LIP1 transfers two sulfur atoms from the auxiliary
cluster to the n-octanoyl residue attached to E2 or H subunits of the mitochondrial dehydrogenases for its
conversion to the n-lipoyl prosthetic group. The electrons for the reduction of two molecules of S-
adenosylmethionine (SAM) are provided through the NADPH/MFDR/MFDX (mitochondrial ferredoxin/ferredoxin
reductase) cascade. Cleavage of SAM molecules results in two methionines and dAdo- (5'-deoxyadenosyl) radicals,
which serve to abstract H atoms from the n-octanoyl. Whether the auxiliary clusters after extraction of sulfur atoms

fall apart and release sulfide or whether they can be repaired is not known.

The fate of the fragmentary auxiliary cluster after the abstraction of two sulfur atoms is not
known. In vitro evidence has suggested that the bacterial carrier protein EcNfuA (homolog of
AINFU5/6) might efficiently reconstitute the cluster on EcLipA (homolog of AtLIP1), allowing to
use of all the sulfur atoms of the [4Fe—4S] cluster (McCarthy and Booker, 2017). This
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observation is consistent with results from in vitro assays with the human homologous proteins
HsNFU1 and HsSLIAS (Warui et al., 2022).

In both yeast and Arabidopsis, in vivo evidence has highlighted the central role of NFUs
proteins for LIP1 activity, as NFUs delivery [4Fe—4S] clusters from the second assembly
machinery to the lipoyl synthase (Melber et al., 2016; Przybyla-Toscano et al., 2022). However,
in the absence of a confirmed mechanism for repairing the remnants of the auxiliary cluster,
we assume that LIP1 catalytic activity leads to sacrificial destruction of the [4Fe—4S] clusters,

and the fragmentary [4Fe—2S] clusters fall apart and release free iron and sulfide.

In Chapter 5 (Pedroletti et al., 2023b), we investigate the distribution of iron—sulfur clusters
among different apoproteins in Arabidopsis mitochondria and unravel the link between the
reduced activity of LIP1 and the cluster transfer activity via GRXS15. Furthermore, we bring in
vivo evidence that the activity of LIP1 results in the release of sulfide as a highly toxic by-
product. As is already underlined in Chapter 2 (Pedroletti et al., 2023a), we demonstrate the
key role of mitochondrial cysteine biosynthesis as a crucial salvage pathway. Indeed, the
immediate refixation of sulfide through incorporation into cysteine is not only essential for the
spontaneous degradation of cluster-containing holoproteins — which inevitably are a source of

free sulfide — but also is essential to face the destructive activity of lipoyl synthase.

17



18



Aim of this study

Aim of this study

Fe—S clusters play a key role as essential co-factors across all forms of life. For instance, they
are exploited by many proteins for essential metabolic functions and biosynthetic pathways. In
the review paper presented in Chapter 2 (Pedroletti et al., 2023a), we summarise the latest
discoveries about the processes of assembly, distribution, and fate of Fe-S clusters in plant
mitochondria. In particular, we investigate the need for a local sulfide detoxification system

within the mitochondrion.

In the research paper presented in Chapter 3a (Trnka et al., 2020), we analyse the molecular
structure and the oxidoreductase activity of class | and class Il GRXs to investigate the features

that determine the different activity of the two main GRX classes.

In Chapter 3b, we exploit the insights from Chapter 3a to characterize the catalytic ability of
GRXS15 in vitro, to understand whether the only GRX localized in Arabidopsis mitochondria

can have an oxidoreductase activity and can fulfil the function of class | GRXs.

In the research paper presented in Chapter 4 (Moseler et al., 2021), we study the role of
GRXS15 as transferase for [2Fe-2S] clusters in planta. We especially investigate the
physiological consequences of diminished activity of GRXS15, systematically analysing

several pathways and proteins reliant on mitochondrial Fe—S clusters.

The results achieved in Chapter 4 served as the cornerstone for the hypothesis that we explore
in Chapter 5 (Pedroletti et al., 2023b). In this last part, we present an unpublished research
paper, in which we uncover why compromised Fe-S cluster transfer via GRXS15 mainly
impacts LIP1. With a genetic approach, we characterise the effects of LIP1 overexpression
and investigate the mitochondrial cysteine biosynthesis for the key role in the refixation of

excessive sulfide generated in mitochondria.
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2 | Assembly, transfer, and fate of mitochondrial iron—sulfur clusters

2 | Assembly, transfer, and fate of mitochondrial iron—sulfur
clusters

This chapter presents the review paper published in Journal of Experimental Botany in 2023:

Luca Pedroletti, Anna Moseler and Andreas Meyer. (2023)
Journal of Experimental Botany, 74(11), pp. 3328-3344. doi: 10.1093/jxb/erad062.

2.1 | Summary and personal contribution

Iron—sulfur (Fe—S) clusters are crucial cofactors of many proteins involved in indispensable
metabolic activities and biosynthetic processes. In this review, we provide current knowledge
about the processes involved in Fe—-S cluster assembly in plant mitochondria. We focus
particularly on Fe—S-cluster fluxes and on two specific enzymes, biotin synthase (BIO2) and
lipoic acid synthase (LIP1), because they both use Fe—S clusters as a sulfur source. To draw
a larger and more consistent picture, we compared the established plant processes with the

respective knowledge of other species such as yeast, human and bacteria.

In the first part of the review, we describe how Fe—S clusters are assembled, delivered and
inserted as essential co-factors into the respective apoproteins. We summarize how a first
assembly machinery generates [2Fe—2S] clusters and how these clusters are transferred to
various subunits in the mitochondrial electron transport chain (mETC). Beyond the evidence
presented in the published paper, further information and hypotheses on the generation of
[4Fe—4S] clusters directly on the succinate dehydrogenase subunits are reported in Additional

Information in Section 2.3.

In Pedroletti et al. (2023a), we highlight the crucial role of glutaredoxin S15 (GRXS15), a
transferase protein, which connects the first assembly machinery to the second, and discuss
the metabolic consequences of a compromised Fe—S cluster assembly machinery. A more
detailed description of the cluster transfer to the GRXS15 dimer is reported in the unpublished
Fig. 2.1.
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Fig. 2.1 | Working model for the transfer of [2Fe-2S] from the first assembly machinery to glutaredoxin $15
via the chaperone/co-chaperone system HSCA/HSCB. The first assembly machinery generates the [2Fe-2S]
cluster on the scaffold proteins ISU1/2/3 (Iscu-like — here for simplification shown as ISU). After assembly, the
scaffold protein ISU is detached from the assembly machinery by the co-chaperone HSCB (heat shock protein B),
which subsequently recruits the HSCA1/2 chaperones (heat shock protein A) to form a complex for delivery of the
cluster. GRXS15 (glutaredoxin S15) interacts with the complex, promoting the detachment of HSCB. HSCB and
hypothetically MGE1/2 (mitochondrial GRPEs) stimulate ATP/ADP exchange activity of HSCAs leading to a
conformational change between HSCAs and ISUs that favours the release of the [2Fe-2S] cluster into GRXS15

homodimer.

We further describe the second machinery for the generation of [4Fe—4S] clusters. An even
more detailed update on the current hypotheses for [4Fe—4S] assembly on ISCAs proteins is

reported in Additional Information (see Section 2.3).

In the second part of the review, we investigate the fate of the mitochondrial Fe-S clusters.
We highlight that the continuous turnover of mitochondrial Fe—S-containing proteins not only
drives the demand for newly assembled Fe—S clusters but also has an impact on the release
of sulfide. The degradation of Fe—S proteins implies that the protein-bound clusters are set
free and most likely disintegrate due to their instability in free form, with the concomitant
release of sulfide and iron. Free sulfide is toxic, especially in mitochondria, where it can inhibit
the cytochrome ¢ oxidase (complex 1V) in the mitochondrial electron transport chain (mETC)
with major deleterious effects on energy metabolism (for more details see Chapter 5, Pedroletti
et al. (2023b)). We thus estimate how much sulfide is released during Fe—S cluster-containing
protein turnover in the mitochondrial matrix. We combine protein abundances determined for
individual mitochondria from Arabidopsis suspension cultures (Fuchs et al., 2020) and the

rates of protein degradation determined in Arabidopsis seedlings (Li et al., 2017). Although the
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datasets are limited and rates may vary across tissues, developmental stages, etc., we
estimate that a single Arabidopsis mitochondrion daily disassembles over 2,500 [2Fe—2S]

clusters and over 5,600 [4Fe—4S] clusters due to protein degradation (Table 2.1).

Table 2.1 | Estimation of Fe-S clusters daily required/destroyed per single mitochondrion.

Type Number

Clusters disassembled/resupplied P2 I

for Fe—S-dependent proteins [4Fe—4S] 5638

Auxiliary clusters sacrificed by LIP1 | [AFe—4S] 1083

Auxiliary clusters sacrificed by BIO2 | [2Fe-2S] ?

Estimated number of [2Fe—2S] and [4Fe—4S] clusters that are consumed in a single Arabidopsis mitochondrion per
day. The calculation is based on the abundance and turnover rate of proteins containing Fe—S clusters or the
turnover of lipoyl-containing proteins to estimate the clusters sacrificed by LIP1. The lack of knowledge of the

abundance and turnover of biotinylated proteins does not allow us to estimate the activity of BIO2.

We also highlight two mitochondrial enzymes BIO2 and LIP1, which use Fe-S cluster as a
sulfur source. Both enzymes belong to the radical SAM superfamily and sacrifice an auxiliary
cluster to extract sulfur atoms to synthesise biotin and lipoic acid (see Chapter 1.8). This
catalytic activity results in the destruction of their auxiliary clusters. To date, there is no
established in vivo repair mechanism for the remains of these clusters, which may release free
iron and sulfide. We thus estimate the number of clusters destroyed by LIP1 per day
considering the turnover of lipoylated proteins. On the contrary, the lack of knowledge of the
abundance and turnover of biotinylated proteins does not allow us to estimate the activity of
BIO2. Hence, we calculate that another 1,000 auxiliary [4Fe—4S] clusters may be destroyed

each day solely by LIP1 activity (Table 2.1).

Combining the approximated number of clusters released by Fe-S protein turnover, the
number of sacrificed auxiliary clusters and the turnover of the lipoylated proteins, we estimate
that every day, more than 31,000 sulfur atoms are set free in a single mitochondrion, of which
6% could be attributed to LIP1 alone (Table 2.2).

Table 2.2 | Sulfide release due to Fe-S cluster turnover in a single mitochondrion per day.

Source S% atoms

Fe—S-containing proteins turnover | 28,896 86%
LA-dependent proteins turnover | 2,301 7%
LIP1 activity | 2,166 6%

BIO2 activity ? ?
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Estimated sulfide ions daily released in a single Arabidopsis mitochondrion from Fe—S cluster turnover. The

calculation is based on Table 2.1, with the addition of the lipoyl (LA)-dependent protein turnover

Those estimations are rather speculative, nevertheless the release of sulfide by Fe-S cluster
turnover or as a toxic by-product of cofactor biosynthesis highlights the need for local sulfide

detoxification systems in mitochondria.

In the last section of the review, we focus on the scavenging mechanisms of sulfide originating
from Fe-S clusters. We explore the current hypotheses on the repair of clusters, highlighting
the lack of in vivo evidence, especially for the plant kingdom. In particular, we introduce NFU
(NifU-like) as a potential protein that not only delivers [4Fe-4S] cluster to LIP1 but could also
repair the auxiliary cluster after extraction of two sulfur atoms for lipoyl biosynthesis. We then
discuss the issue of free sulfide toxicity and its detoxification system in plant mitochondria. To
date, the only known mechanism for scavenging sulfide in Arabidopsis is through the
biosynthesis of cysteine via the cysteine synthase complex (CSC). Both aspects, cluster repair
by NFU and sulfide detoxification by CSC, are investigated in detail in the work described in

Chapter 5 and the corresponding manuscript (Pedroletti et al., 2023b).

My personal contribution to this review paper included the writing of the manuscript draft, the
bibliographic research and the generation of all figures. | contributed especially to the sections
“Assembly and transfer of Fe—S clusters in mitochondria” and “The fate of mitochondrial Fe-S

clusters” and | was involved in the entire revision process.

2.2 | Manuscript

Attached on the following pages is the manuscript published in the Journal of Experimental
Botany (doi: 10.1093/jxb/erad062).
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Abstract

Since the discovery of an autonomous iron-sulfur cluster (Fe-S) assembly machinery in mitochondria, significant
efforts to examine the nature of this process have been made. The assembly of Fe-S clusters occurs in two distinct
steps with the initial synthesis of [2Fe-2S] clusters by a first machinery followed by a subsequent assembly into
[4Fe-4S] clusters by a second machinery. Despite this knowledge, we still have only a rudimentary understanding of
how Fe-S clusters are transferred and distributed among their respective apoproteins. In particular, demand created
by continuous protein turnover and the sacrificial destruction of clusters for synthesis of biotin and lipoic acid reveal
possible bottlenecks in the supply chain of Fe-S clusters. Taking available information from other species into consid-
eration, this review explores the mitochondrial assembly machinery of Arabidopsis and provides current knowledge
about the respective transfer steps to apoproteins. Furthermore, this review highlights biotin synthase and lipoyl
synthase, which both utilize Fe-S clusters as a sulfur source. After extraction of sulfur atoms from these clusters, the
remains of the clusters probably fall apart, releasing sulfide as a highly toxic by-product. Inmediate refixation through
local cysteine biosynthesis is therefore an essential salvage pathway and emphasizes the physiological need for cys-
teine biosynthesis in plant mitochondria.

Keywords: Biotin synthase, dehydrogenase complexes, glutaredoxin S15, iron—sulfur cluster, lipoic acid, lipoyl synthase,
mitochondria, respiratory electron transport chain, sulfide.

Introduction

Iron—sulfur (Fe=S) clusters are essential cofactors of many
proteins involved in electron transfer reactions in the photo-
synthetic and respiratory electron transport chains (ETCs) or
of enzymes involved in metabolic activities and biosynthetic
processes. Moreover, Fe—S-dependent enzymes play a role in
multiple processes involved in nucleotide metabolism and
DNA synthesis, DNA repair, and regulation of gene expres-
sion. Enzymes containing Fe—S clusters are present in the cy-
tosol and the nucleus, as well as in plastids and mitochondria

(Fig. 1A) (Balk and Schaedler, 2014; Przybyla-Toscano et al.,
2021a).The presence of Fe—S clusters in aerobic and anaerobic
archaea, bacteria, and eukaryotes as well as their requirement
for fundamental metabolism indicates that these clusters were
probably integrated into central metabolic pathways early in
the evolution of life, where iron sulfide is considered the most
geochemically plausible source of reducing power for the early
evolution of life in an ‘Fe—S World’ (Wichtershiuser, 1992;
Garcia et al., 2022). In free form, Fe=S clusters are inherently
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Fig. 1. Fe-S cluster assembly machineries in plants. (A) The mitochondrial iron—sulfur cluster (ISC) machinery and the plastidic sulfur mobilization (SUF)
machinery are autonomous pathways, while the cytosolic iron—sulfur protein assembly (CIA) machinery depends on an unknown sulfur compound
exported from mitochondria. Fe-S proteins are localized in mitochondria, plastids, cytosol, and the nucleus. The Arabidopsis image is created with
BioRender (https://biorender.com). (B) Simplified scheme of assembly and transfer of [2Fe-2S] and [4Fe-4S] clusters in plant mitochondria. Yellow boxes
represent the two stages for assembly of [2Fe-2S] and [4Fe—-4S] clusters. Blue boxes represent the transfer systems made up of a chaperone complex
and GRXS15, which specifically deliver/insert the [2Fe-2S] cluster into apoproteins, and several dedicated carrier proteins (syn. assembly factors, shuttle
proteins, maturation factors), which deliver/insert [4Fe—-4S] clusters into the respective apoproteins.

instable as they are highly susceptible to oxidation by molec-
ular oxygen (O,), reactive oxygen species (ROS), and reactive
nitrogen species such as nitric oxide (NO). Superoxide (O,")
and H,O, in particular can lead to damage and disintegra-
tion of clusters (Imlay, 2013). For all aerobic organisms it is
thus mandatory to protect Fe=S clusters at all times through
tight coordination by proteins that protect the clusters from

solvent exposure. For this reason, Fe—S clusters also cannot be
transported across membranes and need to be synthesized sep-
arately in all compartments with the iron—sulfur cluster (ISC)
machinery in mitochondria, the sulfur mobilization (SUF)
machinery in plastids, and the cytosolic iron—sulfur protein as-
sembly (CIA) machinery in the cytosol (Fig. 1A) (Balk and
Pilon, 2011). An exception is the nucleus to which folded
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proteins containing their cofactors can be imported through
the nuclear pores. The CIA machinery, however, depends on
the mitochondrial ISC machinery as it relies on the export of
an unknown sulfur compound transported by the ABC trans-
porter AtATM3 in Arabidopsis or the orthologous SCATM1
in Saccharomyces cerevisiae in a glutathione-dependent manner
(Schaedler et al., 2014; Lill et al., 2015). Recent results based
on in vitro studies and computational modulations suggest that
the fungal transporter CtATM1 is able to export a glutathione-
coordinated [2Fe—2S] cluster (P. Li et al., 2022), but in vivo evi-
dence for this model is lacking.

Fe—S clusters exist in different forms, with the rhombic
[2Fe—2S] and cubic [4Fe—4S] clusters being the most frequent
(Beinert, 2000). In all cases, the primary assembly machiner-
ies build [2Fe—2S] clusters, which may be delivered to the re-
spective target proteins or, alternatively, to a second machinery
for assembly of higher order [4Fe—4S] clusters (Braymer ef al.,
2021). Key proteins for protection of [2Fe—2S] clusters during
delivery and transfer are monothiol glutaredoxins (GRXs),
which are characterized by their CGES (Cys—Gly—Phe—Ser)
active site motif and an additional five amino acid insertion
preceding this motif (Rodriguez-Manzaneque et al., 2002;
Trnka ef al., 2020). The resulting extended loop together with
the active site glycine separate these specific GRXs from bona
fide redox-active GRXs. Repositioning of the active site cys-
teine resulting from these structural differences diminishes
redox activity and fosters coordination of a [2Fe—2S] cluster
in a dimeric complex consisting of two GRXs, two molecules
of the cofactor reduced glutathione (GSH), and one [2Fe—2S]
cluster (Johansson et al., 2010; Liedgens et al., 2020; Trnka et al.,
2020).

While plastids contain multiple monothiol GRX isoforms,
plant mitochondria contain only GRXS15 and thus have been
proven to be accessible to genetic modification of the transfer
machinery (Moseler et al., 2015; Stroher et al., 2016). The re-
spective modifications together with alteration of elements of
the [4Fe—4S] cluster assembly machinery have generated new
insight into the flux of Fe—S clusters to different target proteins.
In this review, we summarize current knowledge about the
assembly machineries for [2Fe—2S] and [4Fe—4S] clusters, the
transfer and distribution of clusters between different target
proteins, and the turnover of Fe—S clusters with emphasis on
plant mitochondria.

Assembly and transfer of Fe-S clusters in
mitochondria

The first assembly machinery for [2Fe-2S] clusters

The central function of the assembly machinery is to mobilize
Fe and S atoms, to assemble them into an Fe-S cluster, and to
transfer the cluster to their respective apoproteins. Despite the
chemical simplicity of Fe=S clusters, their biosynthesis is rather
complex. Two highly conserved assembly machineries can be

distinguished: the first assembly machinery for the genera-
tion of [2Fe—2S] clusters and the second assembly machinery
for [4Fe—4S] clusters (Fig. 1B). In general, the first assembly
complex in Arabidopsis consists of the cysteine desulfurase
AtNFS1, the accessory LYRM (Leu—Tyr—Arg motif) protein
AtISD11, frataxin (AtFH), and the scaffold protein AtISU (Fig.
2). Protein—protein interactions between Arabidopsis AtNFS1
and AtISD11 as well as AtNFS1 and AtFH were confirmed via
pull-down assays and modelled interaction studies (Turowski
et al., 2012; Armas et al., 2020). In yeast, it was also shown
that the acyl carrier protein 1 (ScACP1) interacts with the
ScNFS1-ScISD11 complex, thereby promoting the stabiliza-
tion of the complex (VanVranken ef al., 2016). In Arabidopsis,
three mitochondrial isoforms AtACP1-AtACP3 are present
and may exhibit conserved functions (Fu et al., 2020); however,
so far, no experimental evidence for interaction with other
proteins in the first assembly machinery exists.

In a first step, the sulfur is mobilized by the class I cysteine
desulfurase AtNFS1. This pyridoxal-5’-phosphate-dependent
enzyme subtracts the sulfur from cysteine to form a persulfide
on its catalytic cysteine while leaving alanine as a by-product
(Turowski et al., 2012). The persulfide is then transferred from
the AtNFST active site through the movement of a flexible
loop to AtISU for assembly of the [2Fe—2S] cluster (Mari-
noni ef al., 2012). Failure to isolate homozygous null mutants
in Arabidopsis indicates mitochondrial AtNFS1 as an essen-
tial protein (Frazzon et al., 2007; Fonseca et al., 2020), but the
exact developmental stage of lethality was not shown. The
vital importance of AtNESI is in accordance with findings
from orthologues in other organisms, where deletion of yeast
ScNFES1 (Li et al., 1999) or Azotobacter vinelandii AvlscS (Zheng
et al., 1998) is lethal. Similar to mitochondrial nfs1, no viable
null mutants of the plastidic cysteine desulfurase (AtNFS2) can
be isolated (Van Hoewyk et al., 2007), indicating that sulfur
mobilization by these cysteine desulfurases is essential in both
organelles. Arabidopsis knockdown mutants of AtNFS1 show
reduced root growth and chlorotic spots on the leaves and a
bushy phenotype (Frazzon et al., 2007; Fonseca et al., 2020).
Activities of the mitochondrial Fe=S proteins aconitase (ACO)
and succinate dehydrogenase (SDH) were 25-40% decreased
in nfs1 knockdown lines compared with wild-type plants and
30-50% higher in AtNFS1 overexpression lines (Armas et al.,
2019). Furthermore, in the knockdown lines, the activity of
cytosolic aldehyde oxidases (AtAOs), which contain an FAD,
a molybdenum cofactor (Moco), and two [2Fe—2S] clusters,
is decreased (Frazzon et al., 2007). Because the two [2Fe—2S]
clusters in this case are provided by the cytosolic CIA ma-
chinery (Fig. 1A), Moco is probably the link to the mitochon-
drial ISC machinery. If the ISC machinery is compromised,
Moco abundance may decrease because its precursor cyclic
pyranopterin monophosphate (cPMP) is synthesized in the
mitochondrial matrix by the [4Fe—4S]-dependent AtCNX2
(cofactor of nitrate reductase and xanthine dehydrogenase 2)
and the cPMP synthase AtCNX3. cPMP is then exported to
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Fig. 2. The machineries for assembly and transfer of [2Fe-2S] clusters

in Arabidopsis thaliana. ISD11 (ISC biogenesis desulfurase-interacting
protein of 11 kDa) and FH (frataxin homologue) stabilize NFS1 (cysteine
desulfurase), which provides the sulfur atoms (yellow circles) from cysteine
desulfurization. The electrons are supplied by MFDX1/2 (mitochondrial
ferredoxin—here simply depicted as MFDX without its [2Fe-2S] cluster)
and MFDR (mitochondrial ferredoxin reductase), which uses NADPH as its
electron donor. The [2Fe-2S] cluster is assembled on the scaffold proteins
ISU1/2/3 (Iscu-like—here for simplification shown as ISU). The mode of
iron supply (Fe?*: red circles) is not fully resolved. Similarly, it is unclear
whether SUFE1 (SufE-like 1) and ACPs (acyl carrier proteins) play a role in
the assembly of [2Fe—2S] clusters in plants. After assembly, the scaffold
protein ISU carrying the [2Fe—-2S] cluster is detached from the assembly
machinery by the co-chaperone HSCB (heat shock protein B), which
subsequently also recruits the HSCA1/2 chaperones (heat shock protein
A) to form a complex for delivery of the cluster. HSCB and hypothetically
MGE1/2 (mitochondrial GRPEs) stimulate ATP/ADP exchange activity of
HSCAs, leading to a conformational change between HSCAs and ISUs
that favours the release of the [2Fe-2S] cluster to the next acceptor
protein.

the cytosol for subsequent biosynthetic steps (Bittner, 2014;
Kruse et al., 2018). It is noteworthy that, in yeast, SCNFS1 has
also been implicated as being the sulfur source of the CIA
machinery, and thus essential for the maturation of cytosolic
and nuclear Fe—S proteins (Muhlenhoft et al., 2004). Thus, the
AtAO activity in Arabidopsis nfs1 knockdown lines might be
affected by the decreased availability of both Moco and the
Fe—S cluster.

Both AtNFS1 interaction partners, AtFH and AtISD11, in-
crease the catalytic efficiency of NFS1 (Turowski ef al., 2012;
Armas et al., 2020). This positive effect on AtNES1 activity
indicates that both proteins act as AtNFS1 regulators (Fig. 2).
For human frataxin, it was shown that the protein is not re-
quired for the formation of the persulfide on Homo sapiens
HsNFS1 itself, but that it accelerates the sulfane sulfur (S°)
transfer from HsNFS1 to HsISCU (Parent et al., 2015; Ger-
vason et al., 2019). Furthermore, yeast SCNFS1 is prone to
aggregation in the absence of ScISD11, implying a stabilizing
effect of ScISD11 (Adam ef al., 2006). In Arabidopsis, an fh
null mutant is embryo lethal, while knockdown lines showed
a decreased activity of Fe—S proteins such as ACO or SDH,
emphasizing the important role of AtFH in the assembly ma-
chinery (Busi et al., 2006;Vazzola et al.,2007). No Arabidopsis

mutants are characterized yet, but AtISD11 was shown to be
able to complement the growth defect of the respective yeast
mutant (Ivanova et al., 2019). Another protein that might in-
teract with AtNFS1 and thereby stimulate the cysteine desul-
furase activity is sulfur E (AtSUFE1) (Fig. 2). Although it was
shown that the respective green fluorescent protein (GFP)
fusion protein is dual localized to plastids and mitochondria
(Xu and Mgller, 2006; Woo et al., 2022), its low abundance or
even absence in the mitochondrial proteome sparked a de-
bate about the localization, and thus potential interaction with
AtNES1 (Taylor et al., 2011; Fuchs et al., 2020). Neverthe-
less, it was shown that AtSUFE1 can interact with AtNFS1 via
bimolecular fluorescence complementation (BiFC) in planta
and AtSUFET stimulates the AtNFS1 activity in vifro (Xu and
Moller, 2006). The most compelling fact supporting a mito-
chondrial function of AtSUFET1 is that the lethality of a null
mutant cannot be rescued by AtSUFE1 that is solely targeted
to chloroplasts (Xu and Moller, 20006).

The transferred sulfur atom of AtNFS1 is S° and, conse-
quently, the sulfur needs to be reduced to sulfide (S*) prior to
the Fe—S cluster assembly. In yeast and humans, electrons are
provided through a short electron supply chain consisting of
a ferredoxin (FDX) and its NADPH-dependent FDX reduc-
tase (FDR) (Webert ef al., 2014). In plants, no direct evidence
for the involvement of mitochondrial ferredoxins AtMFDX1
and AtMFDX2 or the respective reductase A(MFDR in S’ re-
duction exists (Takubo et al., 2003). AAMFDX1 was found in
screens for genes required for the development of male and
female gametophytes, indicating that the protein is essential
(Pagnussat et al., 2005; Boavida et al., 2009).

The scaffold protein AtISU exists with three isoforms in
Arabidopsis mitochondria, namely AtISU1-AtISU3 (Léon
et al., 2005). Knockdown lines phenocopy the nfs1 mutant,
showing a reduced growth and bushy phenotype (Frazzon
et al., 2007). Gene expression analysis showed that AtISU1,
in contrast to the other isoforms, has the highest expression
during vegetative growth, which might explain why only
AtISU1 is found in the mitochondrial proteome from a heter-
otrophic Arabidopsis culture (Frazzon et al., 2007; Fuchs et al.,
2020). All three isoforms, however, are able to complement the
respective yeast mutant Aisul (Léon et al., 2005). The source of
iron is unclear so far, but for the mouse homologue MmISCU
it was shown that it can bind Fe*" upon removal of a Zn*"
ion (Gervason ef al., 2019). ISCU employs two Cys residues,
an Asp residue, and a His residue for coordinating the Fe®"
atom (Srour et al., 2022). These residues are strictly conserved
in other orthologues, which indicates a highly conserved pro-
cess in general. Furthermore, it was shown that iron binding of
MmISCU is a prerequisite for the formation of an Fe—S cluster
in the presence of the NFS1-ISD11-ACP complex as well as
the electron supply chain consisting of MmFDX2, MmFDXR,
and NADPH (Fig. 2) and stoichiometric amounts of cysteine
(Gervason et al., 2019).
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The release of the [2Fe-2S] cluster from the first
assembly machinery

The newly formed [2Fe—2S] cluster needs to be delivered from
the first machinery scaffold protein ISU to the respective apo-
proteins or to the second assembly machinery for the genera-
tion of a [4Fe—4S] cluster (Figs 1B, 2).Various studies in yeast
and bacteria have proposed that the release of the cluster from
the scaffold protein ScISU1 is assisted by a dedicated chap-
erone system involving HSP70-type proteins and a J-type co-
chaperone (Dutkiewicz et al., 2003; Cupp-Vickery et al., 2004;
Braymer et al., 2021). In yeast, it was shown that the binding
site of the cysteine desulfurase and the frataxin homologue on
the scaffold protein ScISU1 is the same as for the chaperone
system. This implies that after assembly of a [2Fe-2S] cluster
the chaperone system competes with proteins of the assembly
machinery and ultimately detaches the scaffold protein con-
taining the new [2Fe—2S] cluster from the assembly machinery
(Majewska et al., 2013; Manicki et al., 2014).

In plants, the first proteins taking care of the nascent cluster
are the chaperones AtHSCA1 and AtHSCA2 (orthologues of
the yeast ScSSQ1 and bacterial EcHscA) in cooperation with
the co-chaperone AtHSCB (orthologue of the yeast ScJAC1
and bacterial EcHscB). It was shown by yeast two-hybrid (Y2H)
and BiFC assays that AtHSCB interacts with AtISU1 (Xu ef al.,
2009). In addition, the hscB mutant had a strongly decreased ac-
tivity of the Fe—S cluster-dependent enzymes ACO and SDH
(Xu et al., 2009). In Arabidopsis, AtHSCA2 interacts with the
AtISU1-AtHSCB complex, which synergistically stimulates
the ATPase activity of AtHSCA2 (Xu et al., 2009; Leaden et al.,
2014). In Escherichia coli, ATP hydrolysis leads to a conforma-
tional change of EclscU that decreases the affinity for the bound
[2Fe—2S] cluster and thus facilitates its dissociation (Bonomi et al.,
2008). A second co-chaperone was identified in yeast, with the
nucleotide exchange factor SCMGE1 forming a complex with
the chaperone ScSSQ1 and thereby promoting the ATP/ADP
exchange on ScHSP70 (Schmidt et al., 2001; Karri et al., 2019).
Arabidopsis possesses two homologues of SCMGE1, identified as
AtMGET and AAMGE2 (Hu et al., 2012), but evidence for direct
interaction with the HSP70-type protein is still lacking (Fig. 2).

Transfer of the [2Fe-2S] cluster to complexes in the
electron transport chain, glutaredoxin S15, and biotin
synthase

The respiratory ETC contains several subunits in complexes
I, II, and III that require Fe—S clusters for their function in
electron transfer (Fig. 3). In mammals, it was proposed that
the co-chaperone scaffold HsHSC20/HsHSC70/HsISCU
(orthologous to AtHSCA1/AtHSCB/AtISU1 in Arabidopsis)
acts as a single adaptable complex able to deliver the [2Fe—2S]
cluster directly to complexes I-III based on the interaction
with carrier proteins of the LYRM family, which recruit the

scaffold complex and selectively guide it to the respective ETC
subunit (Maio et al., 2017) (Fig. 3). Recent studies have iden-
tified the plant-specific LYRM protein AtCIAF1 (complex I
assembly factor 1) as an essential factor for complex I assembly.
AtCIAF1 1s assumed to interact with the subunit TYKY in the
matrix arm of complex I and has been proposed to play a role
in delivery of [2Fe—2S] to this subunit (Ivanova et al., 2019;
Lopez-Lopez et al., 2022) (Fig. 3). How this [2Fe—2S] cluster is
ultimately converted to a [4Fe—4S] cluster and finally inserted
into the TYKY subunit remains unknown. Also for complex II,
an LYRM-protein named AtSDHAF1 (SDH assembly factor
1) was identified for insertion of the [2Fe—2S] cluster (Li ef al.,
2022). The plant SDH is composed of two membrane sub-
units (SDH3 and SDH4), which bind the catalytic subunits
SDH1 with the coenzyme FAD, and SDH2, which coordinates
three Fe—S clusters ([2Fe—2S], [3Fe—4S], and [4Fe—4S]) (Meyer
et al., 2019) (Fig. 3). For complex III, it was found that the
human HsLYRM?7 (orthologue of Arabidopsis AtLYRM?7) di-
rectly binds the co-chaperone HsHSC20 on its LYRM motif.
HsLYRMY7 then guides the co-chaperone/scaffold to the sub-
unit HSUQCREST, the Rieske Fe—S protein of complex Il
(Maio et al., 2017). So far, no evidence for physical interac-
tion of AtLYRM?7 and AtHSCB in Arabidopsis has been re-
ported, but a strong transcriptional co-regulation was observed
for the respective genes (Przybyla-Toscano et al., 2021b) (Fig.
3). Overall, it is generally accepted that the LYRM proteins
guide the scaffold system to the ETC complexes for inser-
tion of [2Fe—2S] clusters, but the transter of the other types
of Fe—S clusters is largely unresolved. For the human transfer
system, Maio ef al. (2016) proposed that a second holo-ISCU/
HSC20/HSPA9 complex binds the subunit HsSSDH2.The two
co-chaperone/scaffold complexes brought into close proximity
may then lead to the spontaneous assembly of a [4Fe—4S]. A
more likely supply route for [4Fe—4S] clusters for complex I is
via an iron—sulfur protein required for NADH dehydrogenase
(AtINDH; in human: HsINT'1, Fig. 3) (Wydro et al.,2013).

The co-chaperone/scaffold complex can also transfer the
[2Fe—2S] cluster to mitochondrial GRXs. Such direct transfer
of a [2Fe—2§] cluster from the shuttle complex to ScGR XS5 has
been shown in yeast (Uzarska ef al., 2013). Although no direct
evidence exists, the high degree of evolutionary conservation
strongly suggests that this mechanism is maintained in human
mitochondria with glutaredoxin HsGRLX5 (Lill and Freibert,
2020) and in plants with AtGRXS15 (Moseler et al., 2015).
Based on detailed characterization of the chaperoning system
in human mitochondria, it is assumed that in Arabidopsis the
co-chaperone AtHSCB guides ISU to the chaperone AtHSCA
(isoforms 1 and 2) and stimulates its ATPase activity, which
induces a tighter binding on AtISU. While AtHSCB is released,
the homodimer AtGRXS15 binds AtHSCA and exchanges the
cluster with AtISU. AtMGET1 is then assumed to be involved
in loading and releasing the GRXS15—[2Fe—-2S|-GRXS15
homodimer (Hu et al., 2012).
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Fig. 3. Working model for the delivery of [2Fe-2S] clusters in mitochondria
of Arabidopsis thaliana. [2Fe—2S] clusters are transferred from the first
assembly machinery to the ETC complexes and the transfer to GRXS15.
The [2Fe-2S] cluster built by the first assembly machinery is delivered by

a chaperone complex and the carrier proteins CIAF (complex | assembly
factor 1), SDHAF1 (SDH assembly factor 1), and LYRM7 (LYR motif protein
7) from the LYRM family to the ETC complexes I-lll. The chaperone system
can directly transfer the [2Fe-2S] cluster to GRXS15, which will deliver the
cluster downstream to the next acceptor proteins. Whether the [2Fe-2S]
cluster for biotin synthase 2 (BIO2) is directly inserted by the chaperone
complex, by GRXS15, or via another dedicated carrier protein is still
unknown (for more details, see the main text).

Another soluble Fe—S-dependent protein that contains a
[2Fe—2S] cluster is biotin synthase (BIO2; in bacteria: BioB)
(Sanyal et al., 1994; Ugulava et al., 2001). For AtBIO2 it is not
clear though whether it receives its [2Fe—2S] cluster directly
from the chaperone/co-chaperone complex or via AtGRXS15
and whether any additional carrier proteins might be involved
in the transfer step (Fig. 3). These two possibilities and incor-
poration of an additional [4Fe—4S] cluster will be assessed in
more detail later (see section ‘LIP1 and BIO2 use Fe-S clusters
as sulfur source’).

Delivery of [2Fe-2S] clusters to the second machinery
for assembly of [4Fe—4S] clusters

The assembly of [4Fe—4S] clusters requires a dedicated
second assembly machinery that uses [2Fe—2S]| clusters
delivered by AtGRXS15 as building blocks. In Arabidopsis

mitochondria, the core of the second assembly machinery

consists of AtISCAla/b, AtISCA2, and AtIBA57 (Fig. 4).
All three AtISCAs have been experimentally confirmed
to directly interact with AtGRXS15 (Azam et al., 2020a).
Similar to the yeast and human systems, AtISCAla or Atl-
SCA1D, respectively, can form heterodimers with AtISCAZ2,
with both subunits contributing a [2Fe—2S] cluster (Miih-
lenhoff et al., 2011; Brancaccio et al., 2014; Azam et al.,
2020a). In all cases, two [2Fe—2S] clusters are being pro-
vided by the respective GRXs to the two ISCA proteins
in the complex (Banci et al., 2014). While a detailed mech-
anistic understanding of the exact steps in [4Fe—4S] as-
sembly is still lacking, the presence of homologous proteins
tor all participating proteins in yeast and human together
with strict conservation of functional domains allows a ho-
mology model to be drawn for [4Fe—4S] cluster assembly in
plants (Azam et al., 2020a). After binding a [2Fe—2S] cluster,
HsISCA2 is assumed to bind HsIBA57 (Gourdoupis et al.,
2018). Whether binding of HsIBA57 to HsISCA2 occurs
before or after binding the [2Fe—2S]-loaded ISCAT1 is not
clear at this point. The role of HsIBA57 in this process is
mediating electron transfer from FDX for the reductive fu-
sion of two [2Fe—2S] clusters to one [4Fe—4S] cluster on
the ISCA1-ISCA2 heterodimer (Weiler et al., 2020). The
electrons for this reductive assembly are ultimately pro-
vided by NADPH through the FDR-FDX cascade. While
in human mitochondria the electron transfer is mediated
specifically by HsFDX2 (Schulz et al., 2023), no informa-
tion on isoform-specific functions is available for Arabi-
dopsis MFDXs.

ISCAs may not be the exclusive interactors of GRXS15.
In fact, it was shown by both Y2H and BiFC assays that Ara-
bidopsis monothiol GRXs can interact with BOLA family
proteins (Couturier et al., 2014). However, in the literature
there is conflicting information regarding the actual role
of such heterodimers. Yeast ScBOLA1 and ScBOLA3 can
form heterodimers with both ScGRX5 and ScNFU1, and
have been proposed to act as carrier proteins for [4Fe—4S]-
dependent proteins (Uzarska ef al., 2016). Human HsBOLA1
and HsBOLA3 instead form heterodimers with HsGRX5
and coordinate a [2Fe—2S]| cluster in either the reduced,
Rieske-type [2Fe-2S]'" form for HsBOLA1-HsGLRXS5,
or the oxidized, ferredoxin-like [2Fe-2S]*" form in the
HsBOLA3-HsGLRX5 complex (Nasta et al., 2017). In
an alternative model for [4Fe—4S] cluster assembly, two
HsGLRX5-HsBOLA3 heterodimers transfer two [2Fe—2S]
clusters to HsNFU1, which is able to assemble a [4Fe—4S]
cluster (Nasta et al., 2020). In Arabidopsis, it was shown that
BOLA4, and possibly also BOLAT1, interacts with GRXS15.
However, whether these heterodimers act as carrier proteins
or as a delivery system to specific Fe—S-dependent proteins
is still to be clarified. It is noteworthy that AtSUFE1 also
contains a BOLA domain and it was shown by Y2H assay
that GRXS15 can interact with this domain (Couturier ef al.,
2014).
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Fig. 4. The machinery for assembly of [4Fe-4S] clusters in Arabidopsis thaliana. GRXS15 directly transfers two [2Fe-2S] clusters to the ISCA (iron—
sulfur cluster A-type carrier) proteins, but, despite several models, the precise molecular mechanism of this transfer remains unclear. The ISCA1-ISCA2
heterodimer coordinates two [2Fe-2S]** clusters which are brought into close proximity. IBA57 (ISC assembly factor of 57 kDa) interacts with ISCA2 and
mediates the electron transfer from the MFDX/MFDR (mitochondrial ferredoxin/ferredoxin reductase) cascade for reductive fusion of the two [2Fe-2S]**
clusters to one [4Fe-4S]?* cluster. The newly built [4Fe-4S] cluster is subsequently delivered to receiving apoproteins or further carrier proteins.

Transfer of newly assembled [4Fe—-4S] clusters to
apoproteins

After their assembly, the [4Fe—4S] clusters need to be deliv-
ered to the respective apoproteins. To date, only a few proteins
have been identified as acceptors for [4Fe—4S] clusters from the
second assembly machinery for transfer to specific apoproteins
(Fig. 5). In Arabidopsis, these are the mitochondrial carrier
proteins NifU-like4 (NFU4), NifU-like5 (NFU5) and INDH.

In Arabidopsis, all ISCA isoforms interact with both NFU4
and NFU5, and ISCA1a/2 heterodimers can efficiently
transfer reconstituted [4Fe—4S] to both NFU4 and NFUS5 in
vitro (Azam et al., 2020b). Interestingly, it was also observed
that ISCA1a/2 and both NFUs are able to transfer [4Fe—4S]
clusters to apo-ACO2 (Azam et al., 2020b) while the human
ISCA1-ISCA2-IBA57 machinery can transfer [4Fe—4S] clus-
ters to the mitochondrial ACO directly in vitro (Weiler et al.,
2020). These findings may suggest a non-essential role for
NFUs in ACO maturation in vivo and highlight the essential
role of the mitochondrial FDX- and FDR -dependent supply
of electrons. Indeed, in nfu4 nfu5 Arabidopsis mutants, no de-
crease in ACO activity was observed (Przybyla-Toscano ef al.,
2022). Hence, in the absence of in vivo evidence for a mech-
anistic role for NFUs in transferring the [4Fe—4S] cluster to
ACO:s, it remains an open question whether or not direct
transfer of clusters to apoproteins is possible and efficient (Fig.
5). In earlier work, it was found that NFUs are linked to
lipoylation in both human and yeast (Navarro-Sastre ef al.,
2011).This model was recently confirmed in Arabidopsis for
the mitochondrial AtNFU4/5 being dedicated carrier pro-

teins for transfer of [4Fe—4S] to lipoyl synthase 1 (AtLIP1) in
vivo (Przybyla-Toscano et al., 2022).

Another putative carrier protein that might be involved
in transfer of [4Fe—4S] clusters is AtINDH, which is essen-
tial for assembly of complex I and mitochondrial translation
(Wydro et al., 2013). This protein is an orthologue of human
HsIND1 and of YIIND1 from the yeast Yarrowia lipolytica,
which are both able to coordinate a [4Fe—4S] cluster and fa-
cilitate the assembly of complex I (Bych et al., 2008; Sheftel
et al., 2009). Even though additional work to verify the actual
role of AtINDH is needed, the available evidence indicates
that INDH may be involved in [4Fe—4S] delivery to complex
I in plants.

The distribution of [4Fe—4S] clusters among all recipient
apoproteins depends on the relative abundance of these pro-
teins and the efficiency of the intermediate transfer steps. The
latter requires detailed kinetic information and knowledge
about the interacting proteins, which is rather fragmentary at
this point and thus cannot be assessed further. The abundance
of recipient proteins spans a large range from >9000 esti-
mated copies of AtACO3 down to only 85 estimated copies of
AtLIP1 in a single mitochondrion (Fuchs ef al., 2020) (Table
1). Under the parsimonious assumption that efficiencies for
the transfer of [4Fe—4S] clusters to the different apoproteins
are similar, all individual proteins would have the same prob-
ability for receiving a cluster. However, for proteins that re-
quire two or more clusters, the probability for achieving their
functional state 1s far lower than for proteins carrying only
one cluster. The likelihood for maintaining AtLIP1 activity
decreases further if AtLIP1 sacrifices one of the two clusters in
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Fig. 5. Hypothetical working model for the delivery and distribution of [4Fe—4S] clusters and sacrifice of auxiliary Fe—S clusters by biotin synthase (BIO2)
and lipoyl synthase (LIP1) as a sulfur source in mitochondria of Arabidopsis thaliana. The auxiliary [2Fe—2S] and [4Fe—4S] radical-SAM (RS) clusters for
BIO2 are provided by the first and second assembly machinery, respectively. The exact modes of transfer are unknown. Transfer of the [2Fe-2S] cluster
by GRXS15, however, is unlikely because severe deficiency in GRXS15 activity does not cause detectable defects in biotin synthesis. BIO2 transfers

one sulfur atom from the auxiliary cluster to dethiobiotin (DTB) to produce biotin. The electrons for reduction of two molecules of S-adenosylmethionine
(SAM) are provided through the NADPH/MFDR/MFDX (mitochondrial ferredoxin/ferredoxin reductase) cascade. The auxiliary and RS [4Fe-4S] clusters for
LIP1 are both delivered by NFU4/5 (NifU-like proteins). It is still unclear whether BOLA4 or other BOLA proteins assist NFUs in this transfer process. On
LIP1, two sulfur atoms are transferred from the auxiliary cluster to the n-octanoyl residue of the dehydrogenase subunits E2 or H for its conversion to the
n-lipoyl prosthetic group. The electrons are provided through the NADPH/MFDR/MFDX cascade. Whether the auxiliary clusters after extraction of sulfur
atoms fall apart and release sulfide or whether they can be repaired is not known. After their assembly in the second assembly machinery, the [4Fe-4S]
clusters are also supplied to apoproteins either directly (e.g. aconitases ACO2/3) or indirectly via carrier proteins such as INDH (iron—sulfur protein
required for NADH dehydrogenase).

each lipoylation reaction, as shown for the bacterial orthologue  Metabolic consequences of diminished
EcLipA (Lanz and Booker, 2015). For situations of diminished Fa-§ cluster supply
[4Fe—4S] cluster supply in particular, it can be hypothesized

that the low-abundant AtLIP1 may very quickly become a se-  The loss of specific mitochondrial Fe—S proteins frequently
vere metabolic bottleneck. leads to severe metabolic alterations, ultimately causing
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phenotypic effects in growth, development, and stress resil-
ience (Roschzttardtz et al., 2009; Hooks et al., 2014; Kruse
et al., 2018). In cases where a mitochondrial Fe-S protein
is involved in biosynthetic processes, such as, for example,
biosynthesis of the cofactors Moco, biotin, or lipoic acid,
loss of the respective proteins is lethal (Patton et al., 1998;
Ewald ef al., 2014; Kruse et al., 2018). While for most pro-
teins involved in mitochondrial Fe=S cluster assembly and
transfer mutant alleles are available, so far only a few of those
have been studied for potential metabolic deficiencies. In
most cases, the respective null mutants have been charac-
terized only for macroscopically visible growth defects and
for embryo lethality to show that the respective proteins are
essential (Busi et al., 2006; Frazzon et al., 2007; Balk and
Schaedler, 2014). With the isolation and characterization of
grxs15 mutants by Moseler et al. (2015) and Stroher et al.
(2016), the focus has shifted towards mitochondrial metab-
olism. Embryo-lethal grxs15 null mutants can be rescued by
overexpression of mutated GRXS15¢g34 to an extent that
viable dwarf mutants can be grown under normal growth
conditions (Moseler et al., 2015). The K83A mutation
removes a residue involved in coordination of the cofactor
GSH and used for stabilizing the thiolate form of the active
site cysteine of GRXS15. Together, these two effects cause
a severely compromised cluster coordination (Moseler et al.,
2015;Trnka et al.,2020). Although GRXS15 is an early player
in the mitochondrial Fe—S assembly and transfer system, no
global metabolic effects could be observed. First, no effect of
the GRXS15 deficiency was found for biotin synthesis even
though the key enzyme BIO2 contains one [4Fe—4S] cluster
and one [2Fe-2S] cluster, the latter of which is continu-
ously sacrificed as a sulfur source in each catalytic cycle (for
mechanistic details see the section on the fate of mitochon-
drial Fe-=S clusters below). Thus, BIO2 was expected to have
a relatively high demand for Fe-S clusters (Moseler et al.,
2021). The absence of any detectable deficiencies in biotin
synthesis in GRXS15k;;, mutants suggests that GRXS15 is
not involved in delivery of the [2Fe—2S] cluster to BIO2 and
that the cluster might instead be supplied directly from the
ISU chaperone complex (Fig. 3). Alternatively, it may also be
possible that the large amount of low-active GRXS15gg34
in lines overexpressing the mutated protein variant can still
provide enough [2Fe—2S] clusters to BIO2. The lack of se-
vere defects in BIO2, however, also indicates that the strong
interference with GRXS15-mediated [2Fe-2S] cluster
supply to the [4Fe—4S] cluster assembly machinery does not
severely limit the supply of [4Fe—4S] clusters to BIO2. Sim-
ilarly, Moco-dependent proteins such as nitrate reductase,
AOQ, or xanthine dehydrogenase were also not compromised
in mutants with decreased GRXS15 activity (Moseler et al.,
2021). Furthermore, ACO activity in whole-leaf extracts was
also not significantly affected even though the mitochon-
drial ACOs are among the most abundant [4Fe—4S] proteins
in plants (Fuchs et al., 2020) (Table 1). These observations

indicated already that a synthetically generated bottleneck in
[2Fe—2S] cluster supply to the second assembly machinery
may not necessarily affect all [4Fe—4S]-dependent proteins
to a similar extent.

By investigating partially complemented null mutants
(GRXS15yg3,4) or artificial miRINA (amiR)-based knock-
down mutants of GRXS15 (GRXS15™R), two groups inde-
pendently identified specific effects of GRXS15 deficiency
in protein lipoylation along with distinct metabolic changes
(Moseler et al., 2015, 2021; Stroher et al., 2016). Overall, both
GRXS15™R and GRXS15y4;,4 mutants accumulate several
metabolites, especially pyruvate, 2-oxoglutarate (2-OG), gly-
cine, and branched-chain amino acids, as well as their respec-
tive d-ketoacids (Moseler et al., 2021). These metabolites are
all substrates of the four mitochondrial dehydrogenase com-
plexes pyruvate dehydrogenase complex (PDC), 2-oxogluta-
rate dehydrogenase complex (OGDC), glycine decarboxylase
complex (GDC), and branched-chain o-keto acid (BCKA)
dehydrogenase complex (BCKDC) that all depend on lipoic
acid as a prosthetic group attached to dihydrolipoyl acyltrans-
ferase (E2 subunit) in PDC, OGDC, and BCKDC, and to the
H-protein in GDC, respectively (Taylor et al., 2004; Solmon-
son and DeBerardinis, 2018).

Similar defects in protein lipoylation were recently also re-
ported for mutants deleted in the carrier proteins AtNFU4
and AtNFUS5 (Przybyla-Toscano et al., 2022). The metabolic
signature in this case also showed increased levels of glycine,
pyruvate, 2-OG, and branched-chain amino acids. In addition,
succinate was also increased, which indicates that AtSDH may
receive its [4Fe—4S] cluster via AtNFUs. Growth inhibition
and early bleaching of nfu4 nfu5 double mutants can be par-
tially suppressed if photorespiratory activity is largely avoided
by growing plants in a high CO, atmosphere. This suggests that
diminished glycine catabolism in particular, resulting in high
glycine levels in mutants with defects in Fe—S cluster transfer,
causes deleterious effects.

The fate of mitochondrial Fe-S clusters
Turnover of Fe-S-dependent proteins

As in any other compartment, steady-state levels of mitochon-
drial proteins are defined by continuous synthesis and degra-
dation. For Fe=S proteins, this implies that the protein-bound
clusters are set free and most probably disintegrate due to their
inherent instability in the free form. The turnover rates for
specific proteins thus have implications for the demand for de
novo assembled Fe—S clusters and also for the amount of sulfide
and iron that is being released. Unfortunately, data for protein
abundance and turnover are scarce and thus only a first rough
approximation of turnover and the amount of sulfide released
in the matrix is possible at this point. For this, we used pro-
tein abundance data determined for individual mitochondria
isolated from heterotrophic Arabidopsis suspension cultures
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Table 1. Overview of mitochondrial Fe-S proteins in Arabidopsis and their turnover with an estimated release of sulfide from the Fe-S

clusters.

Protein type and AGI code Protein Fe-S

S atoms Protein copies

Degradation Protein degraded (d' Sulfide released

function symbol cluster involved (per mitochon- rates (d7) per mitochondrion) (d™" per mitochon-
drion) drion)
ETC Cl At5g08530 51 kDa  [4Fe-4S] 4 6131 0.16 963 3851
At4g02580 24 kDa  [2Fe-2S] 2 4684 0.10 461 923
At5g37510 75kDa  [2Fe-2S], 10 5521 0.14 751 7514
2x[4Fe-4S]
At1g16700 TYKY 2x[4Fe-48] 8 120 0.12 14 115
At1g79010 TYKY 2x[4Fe-48] 8 2770 0.13 370 2961
isoform
At5g11770 PSST [4Fe-49] 4 3492 0.26 899 3595
(20 kDa)
Cll At3g27380 SDH2-1 [2Fe-2S], 10 1003 0.09 87 866
[BFe-43],
[4Fe-49]
At5g40650 SDH2-2  [2Fe-28], 10 3441 0.05 174 1737
[BFe-43],
[4Fe-49]
At5g65165 SDH2-3  [2Fe-29], 10 In seeds NA NA NA
[8Fe—48], only
[4Fe-48]
Clll At5g13430 RISP/ Rieske 2 6657 0.10 634 1268
UCR1 [2Fe-29]
At5g13440 RISP/ Rieske 2 NA NA NA NA
UCR1- [2Fe-28]
like
ETC as- At2g43400 ETFQO  [4Fe-4S] 4 313 0.12 38 150
sociated
Metabo- TCA At4g26970 ACO2 [4Fe-48] 4 4222 0.07 304 1215
lism At2g05710 ACO3 [4Fe-48] 4 9898 0.09 904 3614
Cofactor Radical At2g43360 BIO2 [4Fe— 4 (+2) 347 NA NA NA
syn- SAM 4S]+auxiliary
thesis [2Fe-28]
At2g20860 LIP1 [4Fe— 4 (+4) 85 NA NA NA
4S]+auxiliary
[4Fe—48]
At2g31955 CNX2 2x[4Fe-48] 8 219 NA NA NA
At5g63290 HEMN1  [4Fe—49] 4 38 NA NA NA
At1g75200 TYW1  2x[4Fe-4S] 4 (+4) 474 NA NA NA
At4g05450 MFDX1 [2Fe-28] 2 73 NA NA NA
At4g21090 MFDX2  [2Fe-29] 2 494 NA NA NA
At5g23395 MIA40 [2Fe-28] 2 NA NA NA NA
At2g35010 TRXo1 [4Fe-48] 4 837 0.04 33 134
At5g04140 GLU1 [BFe—-49] 4 NA NA NA NA
At2g41220 GLU2 [BFe—48] 4 32 NA NA NA
At3g27570 HAA- [2Fe-28] 2 1043 0.23 236 471
TLF1
At4g26620 HAA- [2Fe-28] 2 437 NA NA NA
TLF3
At2g44270 CTU1/  [4Fe-49] 4 NA NA NA NA
ROL5
At1g60230 RImN [4Fe—48] 4 NA NA NA NA
At5g51720 NEET [2Fe-28] 2 NA NA NA NA

The copy numbers of proteins per single mitochondrion were retrieved from proteomic analysis of purified mitochondria from 7-day-old heterotrophic cell
culture (Fuchs et al., 2020). The protein degradation data are from decay rates measured in 14-day-old seedlings grown in hydroponics Li et al. (2017).
‘NA” means not available data. The calculation of single protein degradation and the concomitant release of sulfide resulting from Fe-S cluster decay
(expressed in d™" mitochondrion™) is based on the previous two parameters.
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(Fuchs et al., 2020) and combined these with protein degra-
dation rates determined for hydroponically grown Arabidopsis
seedlings (Table 1) (Li et al., 2017). From this combination, we
calculated that every day >2500 [2Fe—2S] clusters and >5600
[4Fe—4S] clusters are being disassembled in a single Arabidopsis
mitochondrion, due to the protein decay. Obviously, such a
combination of data from different materials carries a major
risk, but at this point seems to be the best possible approach to
gain some estimates for the actual turnover.

LIP1 and BIO2 use Fe-S clusters as sulfur source

The four enzymes AtCNX2, coproporphyrinogen III oxidase
(AtHEMNT), AtLIP1, and AtBIO2 in plant mitochondria all
belong to the radical S-adenosylmethionine (SAM) super-
family. These proteins are characterized by a conserved Cxxx-
CxxC motif for coordination of a [4Fe—4S] radical-SAM (RS)
cluster that supplies two electrons for the reductive cleavage of
two molecules of SAM into methionines and 5’-deoxyadenosyl
radicals (dAdo-) with electrons provided by FDX via the [4Fe—
4S] RS cluster (Booker and Lloyd, 2022). AtBIO2 and AtLIP1,
however, are exceptional in that they both use an additional
‘auxiliary’ cluster that provides sulfur atoms for the synthesis of
the sulfur-containing cofactors biotin and lipoic acid (Lanz and
Booker, 2015). While in AtBIO2 the auxiliary cluster is a [2Fe—
28] cluster, the auxiliary cluster in AtLIP1 is [4Fe—4S] (Fig. 5)
(Sanyal et al., 1994; Cicchillo et al.,2004). In AtBIO2, the dAdo-
functions as an electron source to abstract two hydrogen atoms
from the C6 and C9 methyl groups of dethiobiotin (DTB).
The resulting carbon radicals in two consecutive steps attack
a sulfur atom of the auxiliary [2Fe—2S] cluster coordinated by
AtBIO2 to form covalent C—S bonds and mediate ring closure
in biotin with the sulfur atom inserted between the C6 and C9
atoms (Ugulava et al.,2001; Lin and Cronan, 2011). Because the
intermediate 9-mercaptodethiobiotin of this reaction has been
found in Arabidopsis (Baldet ef al., 1993), it can be assumed that
the biosynthetic process for biotin is highly conserved between
evolutionary distant species.

Arabidopsis LIP1 has not been biochemically characterized
but the residues and motifs involved in Fe—S cluster ligation
are conserved and the catalytic mechanism can be assumed
to be the same as for LIP1 orthologues from other species
(Przybyla-Toscano et al., 2022). In addition to the [4Fe—4S]
RS cluster, AtLIP1 contains a second auxiliary [4Fe—4S] cluster
(Cicchillo et al., 2004). In two consecutive steps, two dAdo-
radicals generated on the RS cluster abstract hydrogens from
the C6 and C8 carbons of a protein-bound octanoyl residue.
The resulting carbon radicals then attack two sulfur atoms in
the auxiliary cluster to form covalent C—S bonds (McCarthy
and Booker, 2017). Like AtBIO2, AtLIP1 thus sacrifices the
auxiliary cluster as a sulfur source. For E. coli LipA, the carrier
protein EcNfuA efliciently reconstitutes the auxiliary cluster
(McCarthy and Booker, 2017). This is consistent with results
from in vitro assays with human LIP1 (Warui et al., 2022) and

in vivo evidence for a central role for NFUs in LIP1 function
in yeast and Arabidopsis (Melber ef al., 2016; Przybyla-Toscano
et al., 2022). McCarthy and Booker (2017) also showed a pos-
sible [4Fe—4S] cluster transfer from EclscU to EcLipA, which
may explain why E. coli can grow normally without EcNfu.
The severe defects in Arabidopsis mutants with diminished
AtNFU activity, however, strongly argue against an efficient
alternative route from AtISCA to AtLIP1 bypassing NFU in
plants (Przybyla-Toscano et al., 2022).

For both BIO2 and LIP1, the catalytic activity thus leads
to destruction of their auxiliary Fe—S clusters. In the absence
of any established repair mechanism for the remains of these
clusters, it has to be assumed that they fall apart and release free
iron and sulfide (Fig. 5).

Turnover of biotinylated and lipoylated proteins

The use of the auxiliary Fe—S clusters of BIO2 and LIP1 as a
sulfur source for cofactor biosynthesis implies that the turnover
of proteins carrying the respective cofactors also affects the
amount of sulfide released from disintegrated clusters. Because
it is not possible to directly measure the activity of BIO2 and
LIP1 in vivo, we also attempted an estimation of the amount
of sulfide released based on the abundance and the turnover of
the biotinylated and lipoylated proteins.

Biotin is synthesized in free form and then covalently attached
to conserved Lys residues on the respective apoprotein by a bi-
otin—protein ligase (Alban, 2011). In plants, a small number of
biotin-dependent enzymes are found in different organelles that
play crucial cellular housekeeping roles (Table 2). These include
two acetyl-CoA carboxylase isoforms in the cytosol and plastids
(Alban et al., 1994; Nikolau ef al., 2003), a geranyl-CoA carbox-
ylase in plastids of maize (Guan et al., 1999), a methylcrotonoyl-
CoA carboxylase in mitochondria (Alban et al., 1993), and a
cytosolic seed storage biotin-protein (SBP) with an atypical bio-
tinylation motif that was localized in pea seeds but so far is not
annotated in Arabidopsis (Duval ef al., 1994). Because very little
is known on the turnover and the copy number of biotinylated
proteins, we refrain from considering this further here.

More information is available for the four mitochondrial
dehydrogenase complexes PDC, OGDC, BCKDC, and GDC.
The first three share the complex architecture and are organ-
ized in the three active units E1, the LA-dependent E2, and
E3 (Zhou et al., 2001). The GDC is organized in four asso-
ciated proteins named P, T, L, and LA-dependent H (Bauwe
and Kolukisaoglu, 2003; Peterhansel et al., 2010). For many of
these subunits, the Arabidopsis genome contains several iso-
forms (Table 2). The abundance of the GDC complex cor-
relates with the photorespiration activity (Bourguignon et al.,
1993; Mouillon et al., 1999), and thus the numbers provided
for heterotrophic suspension culture cells are very probably
underestimated compared with green tissues of mature plants,
where GDC contributes up to 32% of the total matrix protein
in pea mitochondria (Oliver ef al., 1990).
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Table 2. Overview of LA-dependent proteins in Arabidopsis mitochondria and biotin-dependent proteins in mitochondria, the cytosol,

and plastids.
Protein type AGI code Protein Co- S atoms Protein copies (per Degradation Protein degraded (d! Sulfide released (d™!
symbol factor involved mitochondrion) rates (d™) per mitochondrion) per mitochondrion)
Mitochondrial GDC At2g35370 GDC-H1 NA NA NA 0.02 NA NA
LA-depen- cleavage At2g35120 GDC-H2 Lipoic 2 2503 0.11 285 570
dent subunits acid
At1g32470 GDC-H3 NA NA NA 0.01 NA NA
TCA At3g52200 PDC- 2% 4 2120 0.07 152 609
cycle E2-1 Lipoic
acid?
At3g13930 PDC- Lipoic 2 5592 0.038 180 360
E2-2 acid
At1g54220 PDC- Lipoic 2 557 0.00 2 5
E2-3 acid
At4g26910 OGDC-  Lipoic 2 650 0.07 45 90
E3-1 acid
At5g55070 OGDC-  Lipoic 2 5842 0.04 217 434
E3-2 acid
AAca-  At3g06850 BCKDC- Lipoic 2 813 0.06 49 98
tabolism E acid
Biotin-depen- MCCase At1g03090 MCCA  Biotin 1 878 0.15 134 134
dent proteins ACCase At5g15530 BCCP2  Biotin - - - - -
ACCase At5g16390 BCCP1  Biotin - - - - -
GCCase notanno- GCCase Biotin - - - - -
tated
Biotin not anno- SBP65  Biotin - - - - -
sink tated

The details of estimated protein copies, degradation rate, and the calculation of single protein degradation and the concomitant release of sulfide are
described in Table 1. The number of n-lipoyl and biotin groups are indicated as well as the respective number of sulfur atoms required for cofactor

synthesis.

The only biotinylated protein so far identified in mitochondria is the methylcrotonyl-CoA carboxylase (MCCase) MCCA. Biotinylated proteins localized in
other compartments are indicated in grey. BCCP1 and BCCP2 are acetyl-CoA carboxylase (ACCase) localized in the plastid and cytosol, respectively
(Alban et al., 1994; Nikolau et al., 2003). The geranoyl-CoA carboxylase (GCCase) was localized in maize plastids (Guan et al., 1999) and the protein
SBP65 was reported for pea seeds albeit without any information on the subcellular localization (Duval et al., 1994); both proteins are not annotated in

Arabidopsis.

@ The PDC subunit E1 isoform 1 has a two-lipoyl domain structure (Broz et al., 2014).

Estimation of LIP1 activity based on turnover of the LA-
dependent subunits necessarily remains speculative. A first ap-
proximation based on protein abundance data from Fuchs ef al.
(2020) and protein decay data from Li et al. (2017) leads to
>1000 [4Fe—4S] clusters per mitochondrion sacrificed every
day by LIP1, with the release of >2000 sulfide ions (Table 2).
Despite the inherent uncertainties, this information highlights
that release of sulfide as a toxic by-product of cofactor biosyn-
thesis makes it important to also consider the demand for local
sulfide detoxification systems in mitochondria.

Scavenging of sulfide originating from
Fe-S clusters

Repair of Fe-S clusters

The loss of sulfur atoms from the Fe—S cluster results in
two possibilities. On the one hand, the Fe—S cluster can be

repaired or replaced to keep the protein functional. On the
other hand, the remains of a damaged cluster are released,
which might result in unfolding and degradation of the pro-
tein as was shown for ACO after oxidative damage (Bulteau
et al., 2003). For E. coli EcBioB, it was shown that the en-
zyme can, in the absence of a supply of [2Fe—2S]| clusters,
still produce more than one molecule of biotin, which sug-
gested repair of the auxiliary [2Fe—2S] cluster. This catalytic
activity, however, also results in partial protein degradation
(Choi-Rhee and Cronan, 2005). Based on that, the authors
suggested that the observed degradation is a consequence
of protein unfolding to allow the repair/replacement of the
[2Fe—2S] cluster because the cluster is buried in the protein
interior. Similarly, it was shown that recombinant EcLipA is
catalytically active and hence able to generate several mol-
ecules of lipoic acid if EcNfuA is present and able to provide
new [4Fe—4S] clusters to EcLipA (McCarthy and Booker,
2017). In combinatorial labelling assays with the sulfur
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isotopes **S and S for labelling the newly provided [4Fe—
4S] clusters and free sulfide in the reaction buffer, the forma-
tion of a lipoyl group containing one **S atom and one **S
atom indicated that repair of the auxiliary [4Fe—4S] cluster
of EcLipA through EcNfuA had occurred (McCarthy and
Booker, 2017). Similar to EcBioB and EcLipA as described
above, the methylthiolase EcMiaB also sacrifices a [4Fe—4S]
cluster to insert sulfur in a subset of tRNAs. The cluster in
this case is also provided by EcNfuA (Boutigny ef al., 2013).
Based on the observation that a nfuA grx4 double mutant
showed a strong decrease in methylthiolated tRNAs, the
authors speculated about a potential function for EcGrx4
in the repair of the [4Fe—4S] cluster (Boutigny et al., 2013).
They did not consider, however, that EcGrx4 is important to
provide the [2Fe—2S] cluster for the formation of [4Fe—4S].
Nevertheless, based on the ability of monothiol GRXs to
incorporate a linear [3Fe—4S] cluster, it is speculated that
they can either convert this cluster to a [2Fe—2S] cluster
and thereby deliver sulfur for cluster repair or they are able
to convert the linear cluster to the cubic [4Fe—4S] cluster,
thereby scavenging at least the iron of disassembled clusters
(Zhang et al., 2013; Couturier et al., 2015).

Free sulfide toxicity and its detoxification

A question that remains unanswered so far is regarding the fate
of Fe—S clusters when proteins are degraded. Considering that
the clusters are simply disassembled, the cell has to cope with
free sulfide. Maintaining low sulfide levels is key to proper plant
growth because sulfide binds to the copper centre of the cyto-
chrome ¢ oxidase (complex IV) in the ETC and is therefore a
powerful inhibitor of respiration (Birke et al., 2012,2015; Nich-
olls et al.,2013). In Arabidopsis, the only known pathway to con-
sume sulfide is the biosynthesis of cysteine. First, the acceptor
of sulfide, O-acetylserine (OAS), is generated by serine acetyl-
transferase (SERAT) from serine and acetyl-CoA. Then, sulfide
is used as a substrate by O-acetylserine(thiol)lyase (OAS-TL) to
convert OAS to cysteine by replacing the acetyl group of OAS
with sulfide. Both SERAT and OAS-TL are forming a so-called
cysteine synthase complex (CSC).The heterooligomeric com-
plex consists of a dimer of trimers for SERAT and of two dimers
of OAS-TL (Wirtz and Hell, 2006; Jez,2019). In Arabidopsis, the
CSC is located not only in plastids, where sulfide is produced
in the course of assimilatory sulfate reduction, but also in the
cytosol and mitochondria (Wirtz and Hell, 2006). Interestingly,
single null mutants of the cytosolic AtOAS-TL A and plastid
AtOAS-TL B do not show any growth defects, while selective
deletion of the mitochondrial OAS-TL isoform, AtOAS-TL C,
results in mild growth retardation even though it contributes
only 5% of total OAS-TL activity (Heeg ef al., 2008). The mi-
tochondrial oast-tl ¢ mutant does not show any defects in the
maturation of Fe=S cluster proteins (Birke et al., 2012), which
indicates that the production of cysteine through this pathway is
not substantial for the function of AtNFS1. Indeed, it has been
suggested that the cytosol is the main compartment for cysteine

biosynthesis, and cysteine is then transported into mitochondria
(Krueger et al., 2009). The mitochondrial SER AT3, however, is
responsible for ~83% of the overall OAS production (Haas ef al.,
2008). Since mitochondria need to tightly control the amount of
free sulfide in the matrix, one may speculate that a high amount
of OAS might serve as a backup to rapidly detoxify excessive
sulfide under certain conditions.

Conclusion

Efficient provision of Fe—S-dependent proteins in mitochondria
with their respective clusters is essential for maintaining many
basic metabolic functions. Because Fe-S clusters cannot be
imported, mitochondria contain autonomous assembly machin-
eries for different types of clusters and the respective delivery
and insertion machineries. While the target proteins are largely
known and characterized in terms of their physiological func-
tions, knowledge about the exact mechanisms of Fe-S cluster
transfer between the first assembly machinery for [2Fe—2S] clus-
ters and the second machinery for [4Fe—4S] clusters as well as
carrier proteins mediating cluster insertion is still fragmentary in
plants. To close these gaps in our knowledge, detailed protein—
protein interaction studies complemented with genetic evidence
1s necessary and should be addressed in depth. Furthermore,
how Fe-S clusters are distributed among the large number of
receiving proteins is not widely known. It is most likely that it
depends on the abundance of apoproteins, the efficiency of the
individual transfer steps, the turnover of the Fe—S holoproteins,
and damage or turnover of the clusters. Understanding the distri-
bution of Fe=S clusters among target proteins and the identifica-
tion of possible bottlenecks for Fe=S cluster supply thus depend
on quantitative and dynamic analysis of Fe=S clusters and metab-
olite fluxes. Turnover of Fe=S proteins and maybe even more so
self-sacrificing death of clusters donating sulfur for sulfur-con-
taining cofactors may cause the release of potentially toxic cluster
residuals. Thus, careful analysis of mechanisms for removal of free
iron and sulfide will be important in future research.
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Additional Information Fig. 1 | Working model for the delivery and insertion of Fe-S clusters to mETC
complex I. The complex | assembly factor 1 (CIAF1) contains an LYR (Leu—Tyr—Arg) motif (highlighted in green).
CIAF1 can recruit the chaperon/co-chaperon complex (HSCA/HSCB/ISU1) via interaction with HSCB and guide it
to the complex | (Cl) subunits TYKY of the Q module and 75-kDa of the N module (lvanova et al., 2019). To date,
it is unknown whether the [2Fe—-28S] clusters delivered by CIAF1 are converted to [4Fe—4S] clusters directly on the
Cl subunits (similarly to the hypothesis in Additional Information Fig. 2) or whether CIAF1 can coordinate [4Fe—4S]
clusters. The INDH (iron—sulfur protein required for NADH dehydrogenase) assembly factor is the homolog of
human HsNUBPL (Sheftel et al., 2009) and yeast Scind1 (Bych et al., 2008) and belongs to a subfamily of P-loop
NTPases, which can bind [4Fe—4S] clusters. It is supposed that INDH deliveries [4Fe—4S] clusters to several

subunits of the CI but lack of precise evidence prevents to provide more details (Wydro et al., 2013).
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Additional Information Fig. 2 | Working model for the delivery and insertion of Fe-S clusters to mETC
complex Il. The succinate dehydrogenase (SDH) assembly factors 1 and 3 (SDHAF1/3) contain an LYR motif
(highlighted in green). Evidence in yeast (Na et al., 2014) suggests that these assembly factors can recruit the
chaperon/co-chaperon complex (HSCA/HSCB/ISU1) via interaction with HSCB and guide it to the SDH subunit 2
(SDH2), where the [2Fe—28S] cluster carried by ISU1 is transferred. Maio et al. (2014, 2016) proposed that [4Fe—
48] clusters can be assembled directly on the SDH subunits. It was hypothesized that SDH2, which contains an
LYR motif at the C-terminus, can recruit a second chaperon/co-chaperon complex through direct binding with

HSCB. This should allow bringing two [2Fe—2S] clusters in close proximity, with consequent fusion to one [4Fe—4S]
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Additional Information Fig. 3 | Working model for the delivery and insertion of Fe-S clusters to mETC
complex lll. Evidence in human (Maio et al., 2017) and yeast (Atkinson et al., 2011) suggest that the assembly
factor LYRM7 directly binds HSCB via its LYR motif and guides the chaperon/co-chaperon complex to the subunit
UQCRFS1, the Riske-Fe—S-subunit of complex IIl.
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Additional Information Fig. 4 | Working model 1 for the delivery of [2Fe-2S] cluster and the assembly of
[4Fe—-4S] cluster. In both a and b, the two [2Fe-2S] clusters are transferred to preformed heterodimer
ISCA1/ISCAZ2. In a, the clusters can be transferred to the ISCAs dimer only at the same time, in case ISCA1/ISCA2
cannot coordinate one [2Fe—2S] cluster only. In case it is possible, in b the [2Fe—28S] clusters are inserted one by
one in the dimeric structure ISCA1/ISCA2. The models are proposed based on evidence from the respective
proteins in human (Brancaccio et al., 2014; Weiler et al., 2020) and plants (Azam et al., 2020).
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Additional Information Fig. 5 | Working model 2 for the delivery of [2Fe-2S] cluster and the assembly of
[4Fe—-4S] cluster. In both a and b, the two [2Fe—-2S] clusters are transferred to ISCA1 and ISCA2 separately, before
forming the dimeric structure. In a is depicted the possibility that the clusters can be coordinated by the ISCAs

monomers alone. In b, the monomers cannot coordinate alone the [2Fe—28S] clusters and to prevent the cluster loss
they need to form a heterodimeric complex with GRXS15 before the ISCA1/ISCA2 dimer formation. The models
are proposed based on evidence from the respective proteins in plants (Azam et al., 2020).
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3a | Comparative characterization of class | and class Il

glutaredoxins

This chapter presents the research paper published in Nature Communications in 2020:

“Molecular basis for the distinct functions of redox-active and FeS-transfering
glutaredoxins”

Daniel Trnka, Anna D. Engelke, Manuela Gellert, Anna Moseler, Md. Faruq Hossain, Tobias
T. Lindenberg, Luca Pedroletti, Benjamin Odermatt, Jodo V. de Souza, Agnieszka K.
Bronowska, Tobias P. Dick, Uli Miihlenhoff, Andreas J. Meyer, Carsten Berndt and Christopher
Horst Lillig. (2020)

Nature Communications, no. 2020; doi.org/10.1038/s41467-020-17323-0.

The complete supplementary data are available under “Supplementary information” and
“Source Data” on the website:
https.//www.nature.com/articles/s41467-020-17323-0#additional-information

3a.1 | Summary and personal contribution

Despite being structurally closely related, glutaredoxins (GRXs) fall into functionally different
groups. In this research paper, we investigated the molecular bases that determine their
functions providing fundamental insights into the mechanisms of different types of GRXs and

revealing the crucial structural differences.

GRXs are typically divided into two main classes. The first class (“class I”) is able to efficiently
catalyse glutathione-dependent reactions, whereas the second class (“class II”) is involved in
the trafficking of iron—sulfur clusters (Fe—S). The plant kingdom possesses an additional “class
11", for which, however, we have only limited information (Rouhier et al., 2006; Mrozek et al.,
2023).

Class | GRXs are characterised by a consensus “CxxC” motif in their active site. Although this
consensus could deviate in “CxxS” motif, these GRXs are referred to as “dithiol glutaredoxins”
due to the highly conserved presence of the two cysteine residues. Class || GRXs were
identified later and share a consensus “CGFS” motif in their active site. They are thus referred
to as “monothiol glutaredoxins”. While class | GRXs commonly possess oxidoreductase
activity, class Il GRXs can coordinate one [2Fe-2S] cluster at the interface of a dimeric
complex with one cysteine residue from each GRX subunit and two cysteines from non-

covalently bound molecules of glutathione (Fig. 3a.1) (see Chapter 1.3 and 1.4). Despite the
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structural similarity based on the thioredoxin fold, it remained elusive for decades why class |

GRXs are efficient oxidoreductases and class Il rather not.

In this study, we re-investigated the structural differences between the two classes | and |l
GRXs. We focused on a short sequence of 5 amino acids that separates a highly conserved
lysyl residue from the active site cysteine (Fig. 1a, Trnka et al. (2020)). This sequence forms a
loop structure which is not highly conserved for the identity of the single amino acid residues
but for their number. We demonstrated that the loop structure is the main difference between

the two classes.

We interconverted the two GRXs types into each other by either inserting the extended loop
of class Il human glutaredoxin 5 (HsGrx5) into class | human glutaredoxin 2 (HsGrx2) or by
deleting the extended loop of class Il HsGrx5 to transform it into a shorter class I-type loop.
Moreover, we exchanged the monothiol active site “CGFS” motif of HsGrx5 with the dithiol
“CSYC” motif of HsGrx2 in both the wild-type HsGrx5 and in the variant lacking the loop.

Exploiting different in vitro techniques, such as the HED assay and the roGFP2 assay (see
Chapter 1.6), we demonstrated that the enzymatic activity of the two types of proteins can be
switched by the presence/absence of the loop. In particular, the modified HsGrx2 with an
extended HsGrx5 class ll-type loop was massively compromised in its reduction and oxidation
capacities. On the contrary, the class Il HsGrx5 lacking the loop gained the completely new
ability to reduce and was able to oxidize roGFP2 almost 10 times faster compared to the wild

type HsGrx5.

By spectroscopic analysis, we investigated whether the presence or absence of the extended
loop changed the GRXs absorption bands, indicative of Fe—S cluster bound to the protein.
Loop substitution indeed altered the spectral characteristics of the holo-protein complexes (the
fully assembled dimer including the [2Fe-2S] cluster), aligning them more closely with the
other class. Interestingly, the substitution of the HsGrx5 active site with the class | “CSYC”
motif did not cause significant changes in the absorbance bands of the Fe-S cluster,

highlighting the role of the loop structure for the coordination with the cluster.

We also tested the in vivo function of the engineered proteins. Using zebrafish as a model.
The endogenous mitochondrial class || DrGrx5 was silenced resulting in lower embryo survival,
while expression of human class | HsGrx2 or HsGrx5-loop (class || GRX carrying a class I-type
loop) did not complement the loss of the endogenous GRX. Expression of both human HsGrx5
and modified HsGrx2 with an extended class Il-type loop rescued the viability of the fish

embryos.

Moreover, circular dichroism studies revealed that the presence or absence of the extended

loop had a notable effect on the conformation of the dimeric holo-complex of HsGrx2 and
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HsGrx5 with consequences on the orientation and stability of the coordinated [2Fe—-2S] cluster.
The angle of the monomers is believed to be a prerequisite for efficient transfer of the cluster
and changes in the position of the components of the complex likely have significant

implications for the overall functionality of the class Il GRXs (Fig. 3a.1)

e €

Class I-type loop Class lI-type loop

Fig. 3a.1 | Model of the holo-complexes formed by representatives of the two different glutaredoxin classes.
Circular dichroism spectra suggest that the loop structure determines the conformation of the dimeric holo-complex.
Hence, GRXs with class I-type loop (GRX I) can coordinate a [2Fe—2S] cluster in a more stable way but results in
less cluster mobility. Class Il-type loop (GRX 1l) instead leads to the rotation of the second monomer, inducing the

shift and rotation of the coordinated [2Fe—2S] cluster. As a result, the cluster binding is less stable but more mobile.

In conclusion, our findings not only demonstrated that the absence of the loop is the key to
efficient redox activity but also the presence of the loop influences the structure of the holo-
dimer, critical for the iron-sulfur cluster coordination. This study represents a significant step

forward in understanding in vivo processes such as Fe-S cluster biogenesis and trafficking.

My personal contribution to this study was the purification of recombinant Arabidopsis GRXCA1,
which was used as positive CxxC-type (class I) GRX control for the redox assays. In particular,
| performed the HED assay to calculate the relative kinetic data shown in Table 1. The raw
data of the assay are deposited in the supplementary data set available online under “Source

Data”. The run is depicted in Supplementary Fig. 6, panel top-left (see Section 3a.3).

| also purified the redox-sensitive roGFP2 and its single-cysteine variant roGFP2 C204S. |
performed a roGFP2 interaction assay where the pre-reduced sensor was re-oxidized by
GRXC1 after addition of glutathione disulfide (GSSG) (Supplementary Fig. 3b; raw data
available online under “Source Data”). | further confirmed sensor oxidation by measuring the
entire sensor excitation spectra before and after the assay (Supplementary Fig. 3c, d).
Moreover, | proved that the single-cysteine sensor variant cannot be oxidized and thus remains
in its reduced state. Supplementary Fig. 3f shows that the single-cysteine sensor is in any case
glutathionylated after reaction with GRXC1. The supplementary information | generated is

provided after the manuscript, in Section 3a.3.

This research was relevant for this thesis since it gave important insights into how to engineer

the class Il glutaredoxin S15 of Arabidopsis, to characterize its activity in vitro and further
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understand its in vivo role in plant mitochondria. The results of those findings are presented in

the next Chapter 3b.

3a.2 | Manuscript

Attached on the following pages is the manuscript published in Nature Communications
(doi.org/10.1038/s41467-020-17323-0).
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Molecular basis for the distinct functions of
redox-active and FeS-transfering glutaredoxins

Daniel Trnka® ", Anna D. Engelke?®, Manuela Gellert® "°, Anna Moseler® 38, Md Farug Hossain® ',
Tobias T. Lindenberg4, Luca Pedroletti3, Benjamin Odermatt 4 Jodo V. de Souza®, Agnieszka K. Bronowska>,
Tobias P. Dick® ©, Uli Miihlenhoff’, Andreas J. Meyer® 3, Carsten Berndt® 2 & Christopher Horst Lillig@®

Despite their very close structural similarity, CxxC/S-type (class |) glutaredoxins (Grxs) act
as oxidoreductases, while CGFS-type (class II) Grxs act as FeS cluster transferases. Here we
show that the key determinant of Grx function is a distinct loop structure adjacent to the
active site. Engineering of a CxxC/S-type Grx with a CGFS-type loop switched its function
from oxidoreductase to FeS transferase. Engineering of a CGFS-type Grx with a CxxC/S-type
loop abolished FeS transferase activity and activated the oxidative half reaction of the oxi-
doreductase. The reductive half-reaction, requiring the interaction with a second GSH
molecule, was enabled by switching additional residues in the active site. We explain how
subtle structural differences, mostly depending on the structure of one particular loop, act in
concert to determine Grx function.
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ARTICLE

lutaredoxins (Grxs) were first described as electron

donors for essential metabolic processes, such as the

reduction of ribonucleotides and activated sulfate!=3.
These initially described Grxs (also known as class I or dithiol
Grxs), herein termed CxxC/S-type Grxs, share a consensus CPYC
active site motif that enables the proteins to catalyze the glu-
tathione (GSH)-dependent reduction of protein disulfides. Later
on, these Grxs were also recognized for their ability to specifically
reduce mixed disulfides formed between protein thiols and GSH,
a reaction termed de-glutathionylation*. A subgroup of the CxxC/
S-type Grxs in which the prolyl residue in the active site is
replaced by seryl or glycyl residues (C(S/G)YC) can complex a
Fe,S, cluster at the interface of a dimeric complex of two Grxs
ligated by the two N-terminal active site thiols and the thiols of
two non-covalently bound GSH molecules"®.The de-
glutathionylation reaction requires only the more N-terminal
cysteinyl residue in the active site of the CxxC/S-type Grxs and
was thus termed the monothiol reaction mechanism. In brief, the
reaction is initiated by a nucleophilic attack of the thiolate of this
cysteinyl residue on the glutathione moiety of the glutathiony-
lated protein. This results in the reduction of the protein substrate
and a mixed disulfide between the N-terminal cysteinyl residue of
the Grx active site and GSH (Grx-S-SG). Subsequently, this dis-
ulfide is reduced by a second molecule of GSH. The basis for this
reduction of the mixed disulfide is a second GSH binding site on
the Grxs that was suggested to activate GSH as the reducing
agent!0. In general, most CxxC/S-type Grxs also catalyze the
direct reduction of protein disulfides in a thiol ~disulfide exchange
reaction (termed dithiol reaction mechanism, summarized, e.g., in
ref. 11). In some cases, for instance the reduction of mammalian
ribonucleotide reductase by Grxl, protein disulfides may react
with GSH first yielding a glutathionylated protein that is subse-
quently reduced by the Grx in the monothiol reaction mechan-
ism!2. It is important to state that all these reactions and steps are
reversible equilibrium reactions, the direction of which is defined
by thermodynamic constrains, i.e. the concentrations and redox
potential of the GSH/glutathione disulfide (GSSG) redox couple.
Under conditions that lead to a transient increase in the amounts
of GSSG, Grxs will catalyze the glutathionylation of proteins at
the expense of GSSG. In fact, the oxidation of the engineered
redox-sensitive roGFP2 disulfide by GSSG was suggested to be
catalyzed in the monothiol reaction mechanism!3.

Around 30 years following the first description of the CxxC/S-
type Grxs, a second group of Grxs came into focus. These proteins
share a consensus CGFS active site motif and are also known as
class II or monothiol Grxs, herein termed CGFS-type Grxs. These
proteins function in iron metabolism, i.e. bacterial, mitochondrial,
or plastidal FeS cluster biogenesis!4~1° and the trafficking of iron
in the cytosol of eukaryotic cells?®2l. These functions critically
depend on the ability of the CGFS-type Grxs to bind a Fe,S,
cluster in a mode similar to those of the CxxC/S-type Grxs?>23,
Still, the function of the CGFS-type Grxs could not be rescued by
FeS-coordinating CxxC/S-type Grxs in a yeast Agrx5 mutant,
indicating different roles of the coordinated clusters for the
functions of both classes of Grxs!®. Both Grx classes share the
same basic fold, including all motifs required for the interaction
with GSH moieties?. The more N-terminal active site cysteinyl
residue is fully conserved between all classes of Grxs. Despite of
the presence of all these features required for the activity as GSH-
dependent oxidoreductase, CGFS-type Grxs lack significant
activity with established model substrates or physiological sub-
strates of the CxxC/S-type Grxs (summarized, e.g., in ref. 25y,

In this study, we re-investigated the structural differences of
the two main classes of Grxs to solve the mystery of the missing
FeS transferase activity of the CxxC/S-type and the lack of oxi-
doreductase activity of the CGFS-type Grxs. We hypothesized

that not a radically different substrate specificity accounts for the
lack of activity, but rather slightly different modes of GSH
binding. The validity of our hypothesis was analyzed in vitro and
in vivo using engineered mutants from both Grx subfamilies.

Results

Major differences in substrate specificity are unlikely. One pro-
posed explanation for the lack of significant oxidoreductase activity
of the CGFS-type Grxs may be that their substrate specificity differs
radically from those of the CxxC/S-type Grxs. Substrate recognition
and interaction of the Grxs is largely determined by their electro-
static properties2. We have compared the electrostatic properties of
both the types of Grxs from various species (Supplementary Fig. 1).
These demonstrate a considerable degree of similarity between the
surface potential at and surrounding the active sites. These features,
together with the conservation of all four motifs required for GSH
binding?4, do not support a radically different substrate specificity
or reaction mechanisms as the reason for the lack in oxidoreductase
activity of the CGFS-type Grxs.

Alternative loop structures are the main difference. Next, we
re-evaluated the structural differences between two Grx classes in
more detail (Fig. 1). The general fold in both classes of Grxs is
very similar following the classical thioredoxin fold?’. This is also
true for the binding of GSH. Figure 1b, ¢ depict GSH bound to
the surfaces of human Grx2 (CxxC/S-type, b) and human Grx5
(CGFS-type, ¢) from the structures of the Fe,S, holo-complexes
deposited in the PDB. As discussed earlier!024, both classes use
the same four motifs to bind GSH non-covalently for the ligation
of the FeS cluster and redox reactions, respectively. The largest
deviation between the substrate binding sites of both Grxs was
identified in the loop region directly adjacent to the more N-
terminal active site cysteinyl residue. All CGFS-type Grxs contain
an extension in this loop of 5 amino acid residues (Fig. 1a, yellow
box). The N-terminal anchor point of this loop is a lysyl residue
(Fig. 1a, red). This lysyl or (very rarely) an alternative arginyl
residue is strictly conserved in all Grxs. In CxxC/S-type Grxs, the
positive charge electrostatically interacts with the carboxyl group
of the C-terminal glycyl residue of the GSH molecule. In the
CGFS-type Grxs, however, the conformation of the extended loop
following this residue shifts the orientation of the e-amino group
towards the thiol of the GSH molecule by 0.2 nm. This causes a re-
orientation of the GSH thiol towards the amino group (Fig. 1d, e);
in the CxxC/S-type Grxs this distance is >0.88 nm. This structural
difference is not restricted to the two human mitochondrial Grxs.
In fact, all deposited structures of CGFS-type and CxxC/S-type
Grxs with non-covalently bound GSH show the same distinct
features (Fig. le, blue: CxxC/S-type Grxs, gray: CGFS-type Grxs).
The re-orientation of the lysine side chain is not dependent on
binding of GSH, it is a feature present in all experimentally solved
structures of the CGFS-type Grxs (Fig. 1f). Another conserved
difference between the structures of the two classes is the orien-
tation of the active site phenylalanyl and tyrosyl residues in the
active sites, respectively (Fig. 1g). The position of the Phe side
chain in the CGFS-type Grxs would, in fact, clash with the thiol of
the GSH as bound in the CxxC/S-type Grxs. It will thus con-
tribute to the different orientation of the GSH thiol groups in
both classes of Grxs. These different orientations do profoundly
affect the ligation and orientation of the Fe,S, clusters and thus
the overall conformation of the holo-complexes. Moreover, they
will also affect the reactivity of the GSH thiol, and thus the for-
mation of the mixed disulfide with the N-terminal active site thiol
of the Grx. The alternative orientations of the active site pheny-
lalanyl versus tyrosyl residues, together with the different orien-
tation of the GSH thiols, will also affect the attack of the second
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Fig. 1 Structural analysis of CxxC/S- and CGFS-type glutaredoxins. a Primary structure comparison of glutaredoxins from both classes around the active
site: CxxC/S-type: Homo sapiens (Hs) Grx1 (gene glrx1, PDB 1B4Q), Arabidopsis thaliana (At) GrxC5 (gene GrxC5, PDB 3RHB), and Hs Grx2 (GLRX2, PDB
2HT9). CGFS-type: Hs Grx5 (GLRX5, PDB 2WUL) and Escherichia coli (Ec) Grx4 (grxD, PDB 1YKA). The alignment was generated by super-positioning of
the 3D structures of the PDB entries. The critical lysyl residue is highlighted in red, the yellow box the class-specific loops, the active sites are shown in blue
and brown according to the class. b Surface representation of one monomer of the human Grx2 holo-complex with bound GSH and Fe,S, cluster (PDB
2HT9). ¢ Surface representation of one monomer of the human Grx5 holo-complex with bound GSH and Fe,S; cluster (PDB 2WUL). d Super-positioning
of the structures of the CxxC/S-type human Grx2 (blue) and the CGFS-type human Grx5 (brown) including their bound FeS clusters and glutathione.

e Comparison of the structures of all CxxC/S-type (blue) and CGFS-type (gray) Grxs with non-covalently bound GSH (PDB entries used: CGFS-type Grxs,
2XCl, 2WUL, 3RHC, and 5J3R; CxxC/S-type Grxs, 1B4Q, 2E7P, and 2HT9). f Comparison of the critical lysyl residue in all structures of CGFS-type Grxs
(PDB entries: 2LKU, 2MNZ, 2WCI, 2WUL, 2YAN, 3GX8, 2IPZ, and 2ZYW). g Position of the phenylalanyl and tyrosyl residues in CGFS- (brown) and

CxxC/S-type (blue) Grxs in relation to the GSH thiol (PDB entries used: CGFS-type Grxs, 2WUL and 3RHC; CxxC/S-type Grxs, 1B4Q, 2E7P, and 2HTO.

GSH on a Grx-GSH mixed disulfide intermediate, as this has to
occur in an angle of 180°28,

We performed all-atom molecular dynamics (MD) simulations
with Grx2 and Grx5 as apo proteins and non-covalent Grx:GSH
complexes for 100 ns. The results obtained confirm the distinct
orientations of the GSH thiols and the conserved lysyl residues in
both classes of Grxs (Fig. 2). Moreover, the simulations also
indicate that the alternative orientation of the lysyl amino group is
independent of GSH binding. The distance of the amino nitrogen
of the lysyl residue in Grx2 to the more N-terminal active site thiol
is either around 0.5nm or around 0.8 nm (Fig. 2e), the larger
distance is stabilized in the Grx2:GSH complex (Fig. 2a, g). For
Grx5 it is stable around 0.5nm independent of GSH binding
(Fig. 2b, f, h). As seen in the crystal and NMR structures
(Fig. 1d-f), the distance of the amino nitrogen to the GSH thiol is
significantly larger in Grx2 (up to 2 nm, Fig. 2a, i) than in Grx5
(around 0.5 nm, Fig. 2b, j). The different orientations of the Phe
versus Tyr residues in the active sites may be the result of the
glycyl residue in the CGFS active site. This allows for alternative
backbone conformations and favors slightly shifted phi-psi bond
angles compared to the seryl residue in Grx2 (Fig. 2k, ).
Noteworthy, in Grx5, but not Grx2, the orientation of the N-
terminal active side thiol is locked in the presence of GSH
(Fig. 2¢). Our simulations also indicate that Grx5 binds GSH with
higher binding energy, in fact the non-covalent Grx2:GSH
complex partially dissociated during the simulation (Fig. 2d).

Based on our structural analyses, we proposed that alternative
loop and active site structures are the molecular basis for the lack
of activities of the CGFS-type Grxs as oxidoreductases and the
CxxC/S-type Grxs as FeS transferases.

Mutants mimicking the alternative loop structures. To test our
hypothesis, we have generated mutants of both human Grx2 and

Grx5 (Supplementary Table 1). First, we have inserted the five
amino acid extension GTPEQ into the structure of the CxxC/S-
type Grx2 (Grx2-loop; Grx2 with a CGFS-type loop). Secondly,
we shortened the loop in the CGFS-type Grx5 to enforce a CxxC/
S-type conformation of the lysl side chain (Grx5-loop; Grx5
with a CxxC/S-type loop). In addition, we exchanged the CGFS
active site of Grx5 to the Grx2 CSYC motif in both wild-type
(Grx5-AS) and CxxC/S-type loop modified Grx5 (Grx5-loop/AS).
All proteins were expressed recombinantly and purified as His-
tagged proteins. Their structural stability was confirmed by dif-
ferential scanning fluorimetry (thermofluor assay, Supplementary
Fig. 2). All proteins were found to be thermally stable at the
designated assay temperatures of 25 °C (activity assays) and 28 °C
(zebrafish), the T, for their denaturation was in between 35 °C
and 57 °C.

Redox activity of the engineered proteins. We analyzed the
oxidoreductase activity of the wild-type and mutant proteins
using three different assays (Table 1, Fig. 3). The redox sensitive
roGFP22? allows to follow both the oxidation and the reduction
of a target protein. The reaction is thought to occur in three
reversible steps through the glutathionylation of the protein
before the formation of an intra-molecular disulfide:

Grx — SH + GSSG=Grx — S — SG + GSH (1)
Grx — S — SG + roGFP2 — (SH), = Grx — SH + roGFP2 — S — SG
(2)
roGFP2 — S — SG=roGFP2 — (S — S) + GSH (3)
We have confirmed this reaction sequence using mass

spectrometry and a roGFP2 mutant lacking the second cysteinyl
residue required for the reaction (Eq. 2) to trap the
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Fig. 2 Molecular dynamics simulations of human Grx2 and Grx5 GSH complexes. a, b The four most representative structures of the simulations runs of
the Grx2:GSH (@) and the Grx5:GSH (b) complexes. The structures were identified with the UCSF chimera ‘Ensemble Cluster tool and represent 76%
(Grx2:GSH) and 65% (Grx5:Grx) of all structures. € Side chain fluctuations of the residues of the loops and active sides in the Grx2:GSH complex and the
Grx5:GSH complex, black squares: apo Grxs, red squares: Grx:GSH complexes. d Root mean square deviation (rmsd) of the GSH molecule bound in
the complexes, black line: Grx2, red line: Grx5. e-j Distribution of distances of the indicated atom pairs over three independent simulations of 100 ns each.
e-h Distances of the amino nitrogen atom of the strictly conserved lysyl residue to the thiol sulfur of the more N-terminal active site cysteinyl residue in
apo Grx2 (e), apo Grx5 (f), the Grx2:GSH complex (g), and the Grx5:GSH complex (h). i, j Distances between the amino nitrogen atom of the strictly
conserved lysyl residue to the thiol sulfur of the non-covalently bound GSH in the Grx2:GSH complex (e) and the Grx5:GSH complex (f). k-1 Distribution of
phi and psi angles of the active site seryl residue in Grx2 (black) and the respective glycyl residue in Grx5 (red) in the Ramachandran plots for the Grx:GSH
complexes (k) and the apo proteins (I).

Table 1 Kinetic data of the proteins analyzed.
Protein HED assay roGFP2 reduction roGFP2 oxidation
Km app (HED) kcat kcat'Km71 kcat kcat
uM s1 M-1s1 min~! min—!
AtGrxCl 773164 4.25+0.27 550 %103 (1.80£0.28) x 101 (4.49£0.23)x1072
Grx2-wt 165+12 0.91+£0.03 554 x103 (6.55£0.17) x 102 (8.35£0.26) x1073
Grx2-loop 317+32 0.180+0.01 5.68 x102 (338+0.24)x10~4 Q1+0a1)x10-3
Grx5-wt - 0 - 0 (3.50+0.07) x 103
Grx5-AS 77164 0.07+0.00 8.50 x101 (6.68+0.09)x10~4 (1.79 £0.13) x 102
Grx5-loop 818 £ 51 0.02+0.00 2.80 %101 (1.09£0.23) x10-3 (2.38£0.08) x 102
Grx5-loop/AS 924 +54 0.13£0.00 1.45x102 (114 £0.02) x 103 (2.81£0.06) x1072
All data are shown as mean * sd (n=7-8 for the HED assay, n =4 (with 3 technical replicates) for the roGFP2 assays. Source data are provided as a Source data file.
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Fig. 3 Comparison of the catalytic activities of the wild-type and
engineered Grxs. a Catalytic activity (keat) of the Grxs in the oxidation of
roGFP2. b catalytic activity (k.,) of the Grxs in the reduction of roGFP2; ke,
here was defined as the specific initial rate of roGFP oxidation and
reduction, respectively, at Tumol I~ substrate concentration. ¢ Catalytic
efficiency (kearKm™") of the Grxs in the HED assay. All data are shown as
mean % sd. The roGFP2 assays were all performed at four different Grx
concentrations with three replicates each, the HED assay data represent
the mean of n=7-8. n.d. not detected. Blue bars represents the proteins
with the CxxC/S-type loop, brown bars proteins with the CGFS-type loop,
the gray bar Grx5 with the CSYC active site of Grx2. Source data are
provided as a Source data file.

glutahionylated roGFP2 intermediate (summarized in Supple-
mentary Fig. 3). Notably, this roGFP2-SG intermediate is
spectroscopically indistinguishable from the reduced protein.
The kinetics of fluorescence changes must therefore reflect the

overall reaction. In the reaction of the Grx-catalyzed oxidation of
the 2-Cys roGFP2 by GSSG no significant amounts of the
roGFP2-SG intermediate could be detected. We feel thus
confident to conclude that oxidation of roGFP2 through Grxs is
facilitated in steps 1-2-3 (Egs. 1-3); reaction (2) is rate limiting
for the full oxidation of roGFP2 and the ratiometric change in
fluorescence excitation.

Grx2 catalyzed the reaction at reasonable rates, comparable to
those of the classical CxxC-type Arabidopsis thaliana GrxCl1 that
was used as a highly efficient positive control in all reactions
(Table 1, Supplementary Figs. 4 and 5). Introduction of the
alternative loop in the Grx2-loop mutant led to a loss of 75% of
its activity in the oxidative reaction. This reaction was also the
only one in which wild-type Grx5 (Grx5-wt) showed some
activity, ~42% of the activity of Grx2. Exchange of the active site
to those of Grx2 increased the activity to 214%. The introduction
of the CxxC/S-type loop increased the activity further to 285%,
the combined Grx5-loop/AS mutation to 337% (Fig. 3a, details in
Supplementary Fig. 4). Clearly, the shortening of the loop alone
was sufficient to turn Grx5 into a highly efficient catalyst of
roGFP2 oxidation.

Reduction of oxidized roGFP2 takes place in reaction order
3-2-1 (Egs. 1-3, see above). The extension of the loop in the
Grx2-loop mutant decreased the rate to 0.5%. Grx5-wt is inactive
in this reaction, exchange of the active site (Grx5-AS) yielded an
activity of ~1.1% of Grx2-wt. The CxxC/S-type loop in the Grx5-
loop mutant increased the rate to 1.7% compared to Grx2-wt with
some additional additive effect of the active site swap (Table 1,
Fig. 3b, Supplementary Fig. 5). The shortening of the loop in the
Grx5-loop mutant allowed the protein to facilitate the reaction,
albeit at relatively low rates. Introduction of the extended CGFS-
type loop diminished the oxidoreductase function of Grx2 with
roGFP2 as model substrate.

The standard assay for Grxs is the so called HED (hydoxyethyl
disulfide) assay. HED is a disulfide between two P-mercapto
ethanol (BME) molecules. This assay requires both oxidative (5)
and reductive (6) half reactions:

HED + GSH = BME — SG + GSH(non enzymatically) (4)
BME — SG + Grx — SH=BME + Grx — S — SG (5)

Grx — S — SG + GSH=Grx — SH + GSSG (6)

The HED assay is numerically not exact, since [HED] in the
assay does not correspond to the [BME] in a I1:1 stoichiometric
manner3’. The assay does however allow to compare apparent
catalytic efficiencies. Grx2 with the extended CGFS-type loop lost
90% of the wild-type protein’s catalytic efficiency (Table 1, Fig. 3c,
Supplementary Fig. 6). No activity could be recorded for Grx5-wt
in this assay. All engineered variants, however, displayed clear
activity: Grx5-AS at 1.5% of Grx2-wt, Grx5-loop at 0.5% and the
combined Grx5-loop/AS protein at 2.6% (Fig. 3c).

We hypothesized that this markedly increased activity in the
oxidation of roGFP2 resulted from an increased reactivity of the
protein with glutathione disulfide moieties yielding the Grx-S-SG
mixed disulfide (reaction 1). Oxidation of reduced Grx5-wt with
GSSG led to 0.53+0.10 mixed disulfides per monomer in
equilibrium, the reaction of Grx5-loop with GSSG to 0.91 £ 0.10
Grx-S-SG mixed disulfides (Supplementary Fig. 7).

The oxidation and reduction of roGFP2 requires the formation
of an intermediate protein-glutahione mixed disulfide (see above).
To analyze the ability of the Grxs to facilitate the reversible (de)-
glutathionylation of other proteins as well, we have analyzed their
ability to de-glutathionylate proteins in HeLa cell extracts, and
purified BSA and Sirtl (Supplementary Fig. 8). In all cases, the
Grx5 double mutant Grx5-loop/AS de-glutathionylated the
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proteins most efficiently, while—with the exception of Sirtl—
both the Grx5-loop and Grx5-AS mutants were less efficient.
Wild-type Grx5 showed low (HeLa extract and BSA) or no (Sirt1)
activity.

Effect of the mutations on FeS cluster binding and stability.
Our structural analysis revealed significant differences in the
orientation of the GSH thiol in both Grx classes. This thiol is also
one of the ligands for the Fe,S, cluster bound to the dimeric holo-
complex of the proteins (Fig. 1). All wild-type and mutant pro-
teins were isolated as brownish FeS proteins from E. coli. To
ensure similar FeS occupancy of all proteins, we reconstituted the
Fe,S, cluster in both wild-type and mutant Grx2 and Grx5,
respectively. We have quantified the FeS content of the recon-
stituted proteins from molar absorptivity and by colorimetric
methods. The results, summarized in Supplementary Table 2,
demonstrate a similar FeS occupancy for all proteins at
around 70%.

The UV/VIS spectra (Fig. 4a) demonstrate the ability of all
proteins to form FeS cluster-bridged holo-complexes. The spectra
show the typical absorption bands around 320 and 420 nm.
Especially the latter band differs between the Grx classes. We
determined the second major peak of holo-Grx2 at 428 nm (using
the 15t and 279 derivatives of the spectra), the peak of holo-Grx5
at 413 nm (dotted vertical lines in Fig. 4a). For the Grx2-loop
mutant, this absorption band shifted down to 421 nm, for the
Grx5-loop mutant, the band shifted up to 420 nm. Hence, the
exchange of the loop structures changed the spectral properties of
the holo-protein complexes towards that of the other class. The
exchange of the active site in Grx5-AS mutant did not induce
notable changes in the absorbance of the FeS cofactor compared
to Grx5-wt.

We have also analyzed the stability of the Fe,S, clusters under
ambient conditions at 25 °C. Clusters decay fitted well with first
order kinetics (see the integrated first order kinetics in Fig. 4b).
The clusters in Grx2-wt (first order rate constant: (1.1 +0.2) x
10—5 s~ 1) were more stable than the ones bound to Grx5-wt (k =
(4.1 £0.6) x 1075 s~1). This is in accordance with Grx5’s function
as FeS transferase. The Grx5-AS mutation stabilized the FeS
clusters already (k= (1.6 £ 0.3) x 107> s~1); the loop and loop/As
mutations in Grx5 stabilized the clusters to essentially the same
rate constant as observed for Grx2: Grx5-loop k= (9.4 1.7) x
10765~ 1, Grx5-loop/AS k= (1.2+0.2) x 1075571,

Function of the engineered mutants in FeS biogenesis in vivo.
The Grx5-loop mutant gained oxidoreductase activity, the Grx2-
loop mutant lost most of its oxidoreductase activity. What about
the in vivo function of the CGFS-type Grxs, i.e. mitochondrial
FeS biogenesis? To analyze the functionality of our engineered
mutants in vivo, we turned to the zebrafish model. The expression
of the endogenous zebrafish mitochondrial CGFS-type Grx5 was
silenced using the morpholino technique (see ref. 14). The loss of
Grx5 decreased the survival of the fish embryos 24 h post ferti-
lization (hpf) from 98% (1 in 52) in our untreated control fish
embryos to 56% in the knock-down fish (Fig. 5a, b). Com-
plementation with mRNA for the expression of human Grx5-wt,
that is not targeted by the morpholino, rescued the survival rate
to 82%. The expression of human Grx2-wt (52% survival) as well
as the Grx5-loop mutant (43% survival) with gained oxidor-
eductase activity could not complement the functional loss of
Grx5. The human Grx2-loop mutant, that lost most of its oxi-
doreductase activity, however, rescued the viability of the Grx5-
silenced embryos to the same level as the human Grx5-wt protein
(83% survival).
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Fig. 4 FeS cluster binding of the wild-type and mutant Grx2 and Grx5. a
Spectra of in vitro reconstituted holo-complexes as indicated. The upper
spectra were all shifted T unit of mMM~1cm~" upwards for clarity. The dotted
vertical lines indicate the calculated maximum of the absorption peak of
wild-type Grx2 and Grx5, respectively. The spectra were normalized to the
molar absorptivity of the proteins calculated from their primary structures
using ProtParam. b Integrated first order kinetics of the decay of the FeS
clusters of Grx2-wt, Grx5-wt, Grx5-AS, Grx5-loop, and Grx5-loop/AS
under ambient conditions. The curves represent the mean of three
independent experiments. Initial cluster concentrations ranged from 50 to
150 pumol I=1. Rate constants were obtained from the slope of the curves
following linear regression. [FeS]; is the cluster concentration at time point
t, [FeS];_ o the initial cluster concentration. Blue curves represents the
proteins with the CxxC/S-type loop, brown curves the proteins with the
CGFS-type loop, the gray curve Grx5 with the CSYC active site of Grx2.
Source data are provided as a Source Data file.
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Fig. 5 Complementation of the loss of Grx5 in zebrafish by the
engineered Grxs. a Example image and quantification b of dead (stained by
methylen blue) and alive zebrafish embryos 24 h post fertilization (hpf).
The arrow with cross in a points to a dead embryo. Heme-positive staining
() and gquantification (d) via diaminofluorene in zebrafish embryos 48 hpf.
The arrows in ¢ point to heme-positive (+) and negative (—) embryos.
Zebrafish Grx5 was knocked-down by a specific morpholino (MO) and
rescued with mRNA encoding human Grx5-wt, Grx5-loop, Grx2-wt, and
Grx2-loop. All mMRNAs contained the same standard mitochondrial target
sequence. Percentage of survived embryos 24 hpf (¢) and of heme positive
embryos 48 hpf (d) was calculated. The bars for CGFS-type loop Grxs are
depicted in brown, CxxC/S-type loop Grxs in blue. The numbers (n) of the
analyzed (independently transfected) embryos were indicated within the
bars. The scale bar in a measures 2 mm in length, the scale bar in € 0.5 mm.
The black bar represents the controls, blue bars represents the proteins
with the CxxC/S-type loop, brown bars proteins with the CGFS-type loop.
Source data are provided as a Source data file.

The decreased survival of the Grx5-depleted embryos might be
caused by a loss of FeS transfer to the various target proteins. One
of these FeS proteins is ferrochelatase, the enzyme that catalyzes
the final step in heme maturation3!. As a result, only 13% of Grx5
knock-down fish could be stained positively for heme at 48 hpf
(Fig. 5¢, d), whereas 96% (69 of 72 embryos) of control fish were
heme positive. Also this phenotype was partially rescued by
mRNA encoding either human Grx5-wt or the Grx2-loop mutant
(both resulted in 32% heme positive embryos), but not by the
human Grx5-loop mutant (10%), and only to a lower extend by
human Grx2-wt (24%). Together, these results confirm the gain
of function in FeS cluster biosynthesis of the engineered loop
mutant of Grx2.

Alternative conformations of the dimeric holo-complexes. The
structures of the dimeric holo-complexes of Grx2 and Grx5 dis-
play profound differences (Fig. 6a, b). The different orientation of
the GSH thiol (see also Fig. 2) causes different positions of the FeS
clusters bound to the two classes of Grxs (Fig. 6a). This, in
consequence, changes the relative orientation of the two protein
subunits towards each other. Compared to the Grx2 holo-com-
plex, the second Grx monomer in the Grx5 complex is rotated by

~90° (dotted arrow in Fig. 6b). We hypothesized that the CxxC/S-
and CGFS-type loops predefine these different conformations.
Such differences can be assessed using CD spectroscopy. The
ellipticity of the holo-complexes in the visible light, where the FeS
cofactors absorb light (see Fig. 4a), is a result of the non-chiral
cofactor complexed in between the chiral protein ligands. Hence,
it also reflects the different orientations of the subunits towards
each other. In fact, the spectra of wild-type Grx2 and Grx5 show
some profound differences (Fig. 6¢). Grx2-wt shows maxima at
305 and 447 nm, and a minimum at 368 nm. Grx5-wt displays
maxima at 312, 362, and 456 nm, as well as minima at 346 and
408 nm. Our functional analysis of the proteins suggested that the
Grx2-loop and the Grx5-loop mutants should form holo-
complexes that reflect the conformations of the other Grx class.
As depicted in Fig. 6¢, the Grx5-loop mutant shows essentially the
same features as Grx2-wt. In particular, it lost the Grx5-specific
maximum at 362 nm and minimum at 408 nm. The Grx2-loop
mutant displays features that better reflect the characteristics of
the Grx5-wt protein than those of its Grx2-wt parent protein, it
gained the Grx5-specific maximum in the region of 362 (shifted
to 370) nm the minimum in the region of 408 nm (shifted to 420,
Fig. 6¢). The exchange of the active site in Grx5 resulted in CD
properties that lay in between those of the two wild-type proteins.

Discussion

In general, CxxC/S-type Grxs function primarily in redox reg-
ulation and electron supply to metabolic enzymes, CGFS-type
Grxs in FeS cluster biogenesis and iron trafficking®233. The
human CxxC/S-type Grx2 and the CGFS-type Grx5 can both
form the dimeric or tetrameric holo-complex with the bridging
Fe,S; cluster that is ligated by the two N-terminal active site thiols
and the thiols of two non-covalently bound GSH molecules”-%?2;
both proteins are localized primarily in the matrix of
mitochondria.

For Grx2, the Fe,S, cluster was discussed to serve as redox
sensor of the protein for its activation in response to various
redox signals®. Disassembly of the holo-complex generates the
apo-form of Grx2 that is enzymatically active in both the
monothiol and dithiol reaction mechanisms and can be reduced
by both GSH and thioredoxin reductase!?34, The protein protects
from redox insults, e.g. induced by the anti-cancer drug doxor-
ubicin®>-37, likely by catalyzing the reversible glutathionylation of
membrane protein complexes inside mitochondria to regulate
their function333°, Moreover, the disassembly of the Grx2 Fe,S,
cluster by nitric oxide leads to the formation of dinitrosyl-
diglutathionyl-iron complexes, and thus to the detoxification of
nitric oxide and the protection of oligodendrocytes against
inflammation-induced cell damage40. Grx5, on the other hand, is
basically inactive as oxidoreductase. Instead, the protein has
essential functions in the biogenesis of FeS proteins, a function
that seems to be conserved in all eukaryotic cells!>-17:19:41-43 " At
present, the most widely accepted function of the CGFS-type
Grxs is to serve as transferases of their Fe,S, clusters from the
assembly machinery to target proteins!7-33. Recent structural
studies suggest that holo-Grx5 works as a metallo-chaperone
preventing the Fe,S, cluster to be released in solution and to form
a transient, protein-protein intermediate with target proteins
receiving the Fe,S, cluster*4. Based on these divergent functions,
the consolidation of the CGFS-type and CxxC/S-type Grxs into
one functional class as well as the classification of the CGFS-type
Grxs as oxidoreductases may have to be revised.

The Grx5 mutant with the CxxC/S-type loop preceding the
active site analyzed here (Grx5-loop) showed a clear increase in
activity as reductant of the roGFP2 protein as well as in the HED
assay (Table 1, Fig. 3). An even more pronounced increase in
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Fig. 6 The distinct loop structures determine the conformations of the holo-complexes. a, b Comparison of the dimeric holo-complexes of the CxxC/S-
type Homo sapiens Grx2 (blue, PDB 2HT9) and the CGFS-type Homo sapiens Grx5 (brown, PDB 2WUL). The alternate positions of the Fe,S, clusters are
indicated (a) as well as the rotation of the second monomer induced by the shift and rotation of the FeS cluster (b, dotted arrow). The second dimer
present in the 2WUL structure was omitted for clarity. € Circular dichroism spectra of the wild-type and engineered proteins as indicated. The
concentration of the FeS holo-proteins was adjusted to 175 uM using the molar absorptivity of the FeS clusters for all CD spectra recorded. Blue curves
represents the proteins with the CxxC/S-type loop, brown curves the proteins with the CGFS-type loop, the gray curve Grx5 with the CSYC active site of

Grx2. Source data are provided as a Source Data file.

activity was demonstrated in the catalysis of the oxidation of the
roGFP2 model substrate. In fact, here it exceeded the activity of
the reference protein. Why is the oxidation reaction preferred?
Both the reduction of roGFP2 as well as the HED assay require
the reaction of the Grx-S-SG intermediate with a second molecule
of GSH (reaction 1 reverse and reaction 6, see above), this second
GSH binding site has only been established recently!0. The
additional exchange of the CGFS to the CSYC active site further
increased the activity of the loop mutant. This was also true for
the de-glutathionylation of the other proteins analyzed, the Grx5
double mutant was always the most efficient. Our results suggest
that the Gly-Phe residues prefer a conformation that hinders the
interaction with the second GSH molecule, likely by blocking or
shifting the access to the mixed Grx-S-SG disulfide that has to be
attacked in a 180° angle to form the tertiary intermediate required
for the thiol-disulfide exchange reaction®$. Likely, more features
of the CGFS-type Grxs disfavor this second interaction, or— as
suggested before—more features are required to fully facilitate the
activation of the second GSH molecule for the attack of the
disulfide!0.

The importance of the strictly conserved lysyl residue for the
function of both classes of Grxs has been addressed before. Yeast
CxxC/S-type Grx8p, which has an alanyl residue at the strictly
conserved lysyl position, exhibited very low activity in standard
assays*>46, Furthermore, mutations of the conserved lysyl residue
in the CGFS-type human Grx5 or A. thaliana GrxS15 decreased
the activity of various FeS-proteins indicating their decreased
functionality as FeS cluster transfer proteins!®47,

Our study provides evidence that the CGFS-type Grxs evolved
in a way that hampers if not prevents the formation of the Grx-S-
SG mixed disulfide intermediate between the N-terminal active
site thiol and glutathione and thus impairs activity as oxidor-
eductases. Considering their primary function as Fe,S, cluster
carrier proteins, this would be a logical evolution as the thiol-

disulfide oxidoreductase activity competes with the formation of
the FeS holo-complex. The decreased stability of the Fe,S, cluster
coordinated by Grx5 (Fig. 4b) is the second consequence of the
direct interaction of the amino group of the lysyl residue in
the CGFS-type Grx loop with the GSH thiol, as demonstrated by
the Grx5-loop mutant (Fig. 4b), that forms a considerable more
stable holo-complex. The lower stability of the holo-complex may
be seen as a prerequisite for a thermodynamically more favorable
cluster transfer, as suggested, for instance, for E. coli CGFS-type
Grx4 before?3. The third consequence of the CGFS-type loop is a
shift and rotation in the location of the Fe,S, cluster in the holo-
complex due to the rotation of the GSH cysteinyl side chain (see
Figs. 1d, 2a, b, and 6a, b). This shift profoundly affects the
orientation of the two monomers in the holo-complex towards
each other (Fig. 6a). As discussed elsewhere, this may be a pre-
requisite for an efficient transfer of the Fe,S, cluster®. Our CD
spectroscopy results confirm the re-orientation of the two
monomers in the engineered mutants towards the wild-type of
the converse proteins. Our in vivo results in the zebrafish (Fig. 5)
confirm the gain of FeS cluster transfer function in the Grx2-loop
mutant, even though our rescue efficiency was relatively low
compared to the one published before. Wingert et al.l* had
already pointed out the decrease in rescue efficiency with Grxs
from different species. In addition, we changed the mitochondrial
transit sequence of all proteins to one from Neurospora crassa, to
exclude effects caused by different mitochondrial translocation
efficiencies. It is likely that this further decreased rescue efficiency.
The differences demonstrated using nearly 800 individual fish,
however, support our conclusion that the loop is the major
determinant discriminating between oxidoreductase activity and
FeS transferase activity.

We suggest a refined model of Grx actions (summarized in
Supplementary Fig. 9). As described earlier, all Grxs exhibit a
similar binding site for the first GSH residue that is composed of
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four conserved motifs, seel®24. This binding site allows the for-
mation of the mixed disulfide Grx-S-SG intermediate that is a
prerequisite for oxidoreductase activity. It does, however, also
allow the non-covalent binding of GSH, a prerequisite for FeS
cluster ligation. The major determinant of cluster ligation is the
absence of a prolyl residue in the second position of the CxxC/S
active site’. The extended loop preceding the active site, as well as
the presence of a glycyl residue in position 2 of the active site in
CGFS-type Grxs distinct two modes of GSH binding to this first
binding site. One with the GSH thiol pointing towards the N-
terminal active site Cys, in redox active Grxs, the second with the
thiol orientation shifted away from the active site, in FeS trans-
ferring Grxs. The second GSH interaction site is required for the
reduction of the Grx-S-SG intermediate by a second GSH
molecule. The attack on the mixed disulfide requires access to the
bond in a 180° angle to form the required tertiary intermediate?S.
The CGFS active site appears to partially block this access,
however, our data also suggest that more features are required to
fully facilitate this reaction.

In a recent study, Liedgens et al.*3 also addressed the structural
differences between the two main classes of glutaredoxins with
focus on the mechanistic understanding of the oxidoreductase
functions of Grxs. Using S. cerevisiae Grx7, a CxxS-Type Grx, as
model protein, the authors identified several key residues and
quantified their contribution to the interactions with both the first
and second molecule of GSH*? (also see Supplementary Fig. 9).
Together, these studies provide a mechanistic explanation for
both the lack of redox activity of the CGFS-type Grxs as well as
their higher propensity for Fe,S, cluster transfer by affecting both
the stability of the holo-complex as well as their interaction with
target proteins. A small shift of only 0.2 nm in the position of the
e-amino group of a strictly conserved lysyl residue at the begin-
ning of distinct loops separates the two Grx classes. These dif-
ferent conformations affect the position and reactivity of the GSH
cysteinyl thiol, the orientation of the ligated Fe,S, cluster, and the
orientation of the monomers in the dimeric holo-complex. While
the primary effect may seem small, the ripple effects profoundly
control the functions of the proteins.

Methods

Materials. Chemicals and enzymes were purchased at analytical grade or better
from Sigma-Aldrich (St. Louis, MO, USA). GSNO was synthesized as described by
Hart et al.#.

Structural analysis. Structures were acquired from the RSCB PDB Protein Data
Bank [http://www.rcsb.org], ligands and water molecules were removed using
Pymol. The most representative structure of NMR ensembles was identified using
UCSF Chimera. All pre-oriented protein structures were used to further compute
the electrostatic potential and the iso-surfaces of the electrostatic potential. PQR
files were generated using pdb2pqr°! applying the amber force-field. VMD (visual
molecular dynamics)>2 and APBS (Adaptive Poisson-Boltzmann Solver)®> were
used to compute the electrostatic potential in an aqueous solution containing 150
mM mobile ions at a temperature of 298 K.

Molecular dynamics simulations. For Grx2, PDB 2FLS was used for both
simulations of the apo-protein and GSH complex. For Grx5, 2MMZ was used for
the apo protein and 2WUL for the GHS-bound complex. All structures were
prepared for MD simulations using UCSF Chimera® including the removal of all
water molecules, non-complexed ions, and crystallization additives; adding any
missing loops and residues via MODELLER>* and using Dunbrack rotamer
library>>. Side chains with alternate location were fixed by selecting the highest-
occupancy conformers. Preparation of the GSH complexes included parametriza-
tion of y-glutamate residue using ACPYPE?S, with GAFF force field®” and AM1-
BCC?8 partial atomic charges assigned. All simulations were performed using
Gromacs 2016.3%°. The protein was parameterized using the AMBER99SB-ILDN
force field, with the TIP3P water model®. Box distance was set to 1 nm and
periodic boundary conditions were applied. The box was solvated and Na™ and Cl
~ ions were added at 0.1 M concentration to maintain unit neutrality. The solvated
systems were energy minimized and equilibrated. The minimization ran using
steepest descent for 1000 cycles followed by the conjugate gradient. Energy step size

was set to 0.001 nm and the maximum number of steps was set to 50,000. The
minimization was stopped when the maximum force fell below 1000 kJ/mol/nm
using the Verlet cut-off scheme. Treatment of long-range electrostatic interactions
was set to Particle Mesh-Ewald (PME)®!, and the short-range electrostatic and van
der Waals cut-off set to 1.0 nm. Following the energy minimization, heating to 300
K was performed for 20 ps with a time step of 2 fs and position restraints applied to
the backbone in a NVT ensemble. The constraint algorithm used was LINCS,
which was applied to all bonds and angles in the protein®2. The cut-off for non-
bonded short-range interaction was set to 1.0 nm with the Verlet cut-off scheme.
The temperature coupling was set between the protein and the non-protein entities
by using a Berendsen thermostat, with a time constant of 0.1 ps and the tem-
perature set to reach 300 K with the pressure coupling off. Pressure equilibration
was run at 300 K with a Parrinello-Rahman barostat on and set to 1 bar® in a NPT
ensemble. The equilibration trajectories were set to 5ns (discarded from the
analysis), and the production MD simulations were performed for 100 ns. Each
simulation was run in triplicates. Analysis of the trajectories was performed using
GROMACS tools, including root-mean-square deviation (RMSD) to assess overall
stability, per-residue root-mean-square fluctuation (RMSF) to assess the local
flexibility, and all the distributions of interatomic distances and angles.

Cloning of expression constructs. The Homo sapiens Grx2 (Grx2c) expression
construct was described in®495, the Arabidopsis thaliana GrxC1 construct in!0.
Homo sapiens Grx5 was amplified from human ¢cDNA by PCR using DyNAzyme
EXT DNA polymerase (Thermo Scientific, Weltham MA, USA) and ligated into
the pGEMT plasmid (Promega, Madison WI, USA). Primers were designed to
insert restriction sites for Ndel (forward 5-CACACACATATGGGCTCGGGC
GCGGGC-3') and BgllI (reverse 5-CACACAAGATCTTCACTTGGAGTCTTG
GTCTTTCTTTTCATCTAAAAGG-3). The insert was ligated into the expression
vector pET15b (Merck, Darmstadt, Germany). Mutations of the amino acid
sequence and amplification of the plasmids were performed by rolling circle PCR.
We generated the mutants using the indicated primers and the reversible com-
plementary counterparts if not stated otherwise. Grx5-loop: (5-GGACAAGGT
GGTGGTCTTCCTCAAGCCCCAGTGCGGCTTCAGCAACG-3'). For Grx2-
loop: 5'-GGGACGCCGGAGCAGACATCCTGTTCTTACTGTACAATGG-3' as
forward and 5-CTGCTCCGGCGTCCCTTTTGAGAAAATCACCACACAAT
TATCAGAAATTG-3' as reverse primer. The CGFS active site in Grx5 was
replaced for CSYC using 5-CAGCCCCAGTGCAGCTACTGCAACGCCGTG-3'
for the wild-type (Grx5-AS) and 5-CAAGCCCCAGTGCAGCTACTGCAAC
GCCGTG-3' for the Grx5-loop mutant (Grx5-loop/AS). All constructs and
mutations were verified by sequencing (Microsynth Seqlab, Géttingen, Germany).

Recombinant expression and purification. Homo sapiens Grx2, Grx5, their
mutants, E. coli IscS, roGFP2, D. rerio Sirtl, and AtGrxCl were expressed as His-
tagged proteins and purified via immobilized metal affinity chromatrography”-10:66,
SDS-PAGE was performed using pre-casted TGX stain-free gels (4-20%, BioRad,
Hercules CA, USA) and imaged according to the manufacturers’ instructions.
Protein concentration was determined at 280 nm (g5 = 11,585 and egx; = 7,450
M-lem™1).

Differential scanning fluorimetry (thermofluor assay). The thermal stability of
wild-type and mutant proteins were assayed using the thermofluor assay®’. In brief,
10 puM protein, re-buffered in PBS were mixed with SYPRO Orange (1:100 diluted,
Sigma-Aldrich) and heated in a CFX96 Real Time System from BioRad in 0.5K
increments from 20 to 95 °C in one hour. The increase in fluorescence due to
binding of the dye to hydrophobic regions exposed during denaturation was
recorded using the instrument’s “FRET”-settings. The curves represent the average
of seven replicates.

Kinetics of the reduction and oxidation of roGFP2 by Grxs. Interaction of Grxs
with roGFP2 was analyzed in vitro by ratiometric time-course measurements on a
fluorescence plate reader68 (Clariostar; BMG Labtech, Offenburg, Germany) with
excitation at 390 + 10 and 480 + 10 nm and detection of emitted light at 520 nm
with a bandwidth of 10 nm. In all, 0.1 M potassium phosphate buffer pH 7.8
containing 1 uM roGFP2 and the respective Grx. Ratiometric time-course mea-
surements were carried out with initially oxidized or reduced roGFP2, respectively.
For the latter, the protein was reduced with 10 mM DTT for at least 20 min. The
remaining DTT was removed by desalting spin columns (Zeba Spin Desalting
Columns, Thermo Scientific). For interaction analysis with oxidized roGFP2, GSH
(in 0.1 M potassium phosphate buffer, pH 7.0) was included to a final con-
centration of 2 mM. When working with reduced roGFP2, a highly negative redox
potential of the glutathione buffer was maintained by addition of 10 U glutathione
reductase and 100 uM NADPH. For oxidation of roGFP2, 40 uM GSSG were
included in the wells. H,O, and DTT were used at a final concentration of 10 mM
to preset roGFP2 to the fully oxidized and fully reduced state, respectively, and
determine maximum and minimum fluorescence ratios of roGFP2 as reference
values. A basal background fluorescence of buffer or buffer containing 100 uM
NADPH was subtracted from fluorescence reads for all samples. The ke, calculated
was defined as the specific initial rate of roGFP2 oxidation and reduction,
respectively, at 1umol-1~! substrate concentration.
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HED assay. The hydroxyethyl disulfide (HED) assay>* was performed in a 96-well
plate format. The final reaction mixtures of 200 pl contained 100 mM potassium
phosphate buffer (pH 7.8), 200 uM NADPH, 1 mM GSH, 3 x 103 gl~! glu-
tathione reductase from yeast (G3664, Merck, Darmstadt, Germany), and variable
concentrations of HED (0-1 mM). The concentration of the Grxs was optimized
for all proteins individually and lay between 0.5 and 62.5 g ml~1. The assay was
run for 20 min. The linear range of the decrease in absorption was determined for
each reaction individually.

Analysis of protein de-glutathionylation. De-glutathionylation using single
substrates follows a protocol published in ref. . 30 uM of BSA (Sigma) or
recombinant D. rerio Sirtl were reduced with 10 mM DTT, desalted (Zeba spin,
Thermo Fisher), glutathionylated with 150 uM Di-Eosin-GSSG (kind gift of Arne
Holmgren), and desalted again. 10 uM substrate were incubated for 15 min at 37 °C
with 1 mM GSH and +50 pM pre-reduced Grx mutants. After SDS-PAGE, fluor-
escent GSH was visualized by UV-light and proteins were stained with Coomassie.
For the de-glutathionylation of whole lysates, 40 pg HeLa cell extract was incubated
with 5mM GSSG. After desalting (PD10, GE Healthcare), cell extracts were
incubated with 1 mM GSH and +60 uM Grx mutants for five minutes. Proteins
were separated by SDS-PAGE, glutathionylated proteins were visualized with anti-
GSH antibodies (#ab19534, abcam, dilution 1:1000) after Western blotting.

Determination of free thiols. Proteins were reduced (50 mM DTT, 30 min), re-
buffered in TE buffer (100 mM Tris/HCl and 2 mM EDTA) using NAP-5 columns
(GE Healthcare) and incubated with 10 mM GSSG before alkylation with 10 mM
NEM for 20 min each. Next, free thiols were assayed (see below) yielding the values
for the oxidized and alkylated samples. Part of the samples were re-reduced (50
mM DTT, 30 min) and re-buffered again in TE to remove the excess of DTT. Next,
the samples were incubated with 1 mM DNTB and 1% SDS in TE buffer for 15
min. Absorbance was measured at a wavelength of 412 nm using a 96-well plate
reader (Tecan Infinite M200). The amount of free thiols was calculated using the
molar absorption coefficient of ¢ = 14,150 M~! cm~! and normalized to the
amount of protein in the sample.

Reconstitution and stability of FeS-clusters. Approximately 100 uM of the
recombinant redoxins were incubated at RT under argon atmosphere in sodium
phosphate buffer pH 8.0, including 200 mM NaCl, 5mM DTT, 1 mM GSH, 200
uM Fe(NHy), (SO4), 250 uM cysteine, 10 uM pyridoxal phosphate, 1 uM E. coli
IscS. After 2 h, the proteins were desalted using Zeba Spin columns and UV/Vis-
spectra were recorded. Kinetics of FeS-cluster disassembly were followed at 420 nm
at 25 °C. UV/Vis-spectra and kinetics were recorded by an UV-1800 spectrometer
(Shimadzu Kyoto, Japan). FeS clusters were quantified as outlined below. All
experiments were repeated independently at least three times. Initial cluster con-
centrations ranged from 80 to 250 umol I~1. Rate constants were obtained from the
slope of the integrated first order kinetics: In([FeS][FeS], _ o~!) = k-t, where [FeS],
is the cluster concentration at time point t, [FeS],_, the initial cluster con-
centration, k the first order rate constant and t the time in seconds.

Determination of iron content. The FeS content per Grx dimer was calculated
from UV-vis spectra using the molar absorptivity of the cluster in 100% dimeric
Grx2 at 430 nm as determined in ref. © (g439 = 3260 M—! cm~1). Protein bound
iron was quantified according to ref. 7. In brief, 200 uM of in vitro freshly
reconstituted proteins were mixed with 0.5-fold volumes of 0.6 M HCI and 0.142 M
KMnO, and incubated for 2 h at 60 °C. Next, the solution was incubated for 30 min
at room temperature with 0.1-fold of the original sample volume of 6.5 mM fer-
rozine, 13.1 mM neocuproine 6, 2 M ascorbic acid, and 5 M ammonium acetate.
The iron-ferrozine complex was quantified photometrically at 562 nm.

Zebrafish. Zebrafish (AB/TL wild-type line, ZFIN ID: ZDB-GENO-960809-7;
ZDB-GENO-990623-2) were kept in standard conditions (14 h light and 10 h dark,
28°C, pH 7.2, 500 uS). Eggs were, in accordance with national law, obtained by
natural spawning. The morpholino targeting Grx5 (5-’CTGTCGACCTAAAAA
CGCTATTCAT-3/, ZFIN ID: ZDB-MRPHLNO-051203-1)1 was synthesized by
Gene Tools and diluted in water to a concentration of 3 mM. Human wild-type and
mutant Grx2 and five cDNAs were modified with the mitochondrial transit
sequence of Neurospora crassa subunit 9 of the FIFO ATPase (aa 1-69) and then
cloned into the pGEM-T-Easy Vector (Promega) 3’ of the T7 promotor. Capped
mRNA was generated with the mMessage/mMachine Kit (Ambion) and subse-
quently polyadenylated with the Poly(A) Tailing Kit (Invitrogen). Survival rate was
determined after injection of 1.77 nl of a 1/8 dilution of the Grx5 morpholino and
of 60 pg capped polyadenylated mRNA into embryos at the one cell stage. Dead
embryos were visualized by accumulation of methylen blue present in the tank
water at a concentration of 2 mg/l and counted 24 hpf. Heme staining was per-
formed after injection of 1.77 nl of a 1/10 dilution of the morpholino together with
120 pg mRNA 48 hpf. Non-injected embryos served as controls. For dechoriona-
tion, embryos were incubated for 15 min with 0.5 mg/ml Pronase (Sigma). Staining
with 2,7-Diaminofluorene (Sigma) was performed as described previously?!. All
zebrafish experiments were performed in accordance with the German and Eur-
opean animal welfare legislation. According to the EU Directive 2010/63/EU on the

protection of animals used for scientific purposes, early life-stages of zebrafish are
not protected as animals until the stage of being capable of independent feeding, i.e.
5 days post fertilization.

CD spectroscopy. CD spectra were recorded in 300 mM NaCl, 50 mM sodium

phosphate, 1 M sucrose, pH 8 with the FeS holo-proteins at 175 M concentration
in a Jasco J-810 spectropolarimeter. The concentrations of the holo proteins were
determined based on the molar absorptivity of the FeS-holo proteins at 430 nm

(430 = 3260 M~ cm~1)%. Buffer-only spectra were subtracted. A standard sensi-
tivity of 100 mdeg was used with a data pitch of 1 nm, a scanning speed of 50 nm/
min, and a band width of 1 nm. Three spectra were accumulated for each sample.

Software. All numerical calculations (spectra, kinetics) were performed and
visualized using grace [https://plasma-gate.weizmann.ac.il/Grace/]. Blot pictures
were normalized using ImageLab 5.1 (Biorad) and Gimp [https://www.gimp.org/].
Densiometric analyses were performed using ImageLab and Image] [https://imagej.
net]. Structures were depicted using UCSF Chimera®’. Picture panels and reaction
schemes were generated using Inkscape [https://inkscape.org/].

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The data that support this study are available by the corresponding author upon
reasonable request. Most of the data that support the findings of this study are available
within the paper and its supplementary material. Source data are provided with
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Supplementary Figure 3 — Mechanism of oxidation of the roGFP2 sensor. The roGFP2 sensor is oxidized via
a glutathionylated intermediate (b, e-f), however, the ratiometric change of excitation properties only occurs after
formation of the intra-molecular disulfide (c-d). Trapping of glutathionylated intermediates of glutaredoxin-mediated
roGFP2 oxidation. (a) Glutaredoxin-mediated glutathionylation of single-cysteine roGFP2-C204S (roGFP2CS). (b)
Time course for the Grx-mediated oxidation of roGFP2 and roGFP2-C204S triggered by addition of 40 yM GSSG
(arrow). All data were normalized to the fluorescence ratios of DTT-treated proteins. (c,d) Excitation spectra of
roGFP2 (c) and roGFP2-C204S (d) before and after oxidation by 40 yM GSSG in the presence of GrxC1. All
proteins were pre-reduced by DTT, which was removed on a desalting column prior to the measurement. Spectra
were collected with emission of 520 + 5 nm (e,f) Identification of glutathionylated roGFP-C204S by ESI-Q-TOF
analysis. Samples were injected either at different times after incubation of 5 yM roGFP2-C204S with 2 mM GSSG
at pH 7.0 in the absence (e) or in the presence (f) of 5 uM Grx for 20 min. Molecular masses were determined with

a precision of +2 Da.
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Supplementary Fig. 6
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Supplementary Figure 6 - Kinetic analysis of the CGFS-type and CxxC/S-type Grxs in the HED assay.

Michaelis-Menten plots of the HED concentration versus the catalytic activity. The curves represent the non-linear

curve fitting to the original data (depicted as points) against the Michealis-Menten equation, n=7-8. Grx5-wt did not

exhibit any activity in this assay as shown in the [enzyme] versus Aabsorbance-per-minute plot (mean + sd, 8

biological replicates).
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3b | Recombinant glutaredoxin S15 exhibits a limited

oxidoreductase activity

Glutaredoxins (GRXs) cover several roles in different subcellular compartments, exhibiting
diverse abilities depending on whether they belong to class | or class Il (see Chapter 3a). The
plant-specific class Ill GRXs is largely uncharacterised but recent studies report that the CC-
type GRXs are in vitro inactive as GSH-dependent oxidoreductase (see Chapter 1.4) (Mrozek
et al., 2023).

Unlike in other eukaryotic cells, mitochondria in plants exclusively contain a single class Il
GRX, known as glutaredoxin S15 (GRXS15) (Moseler et al., 2015; Stroher et al., 2016). Thus,
plant mitochondria lack class | GRXs (Schl6éRer et al., 2023). Previous research reported that
GRXS15 serves as essential Fe-S cluster transferase (Moseler et al., 2015). However,
whether GRXS15 can also act as oxidoreductases and substitute the functions of class | GRXs

remains unclear.

In this chapter, we therefore investigated in vitro the putative oxidoreductase activity of
Arabidopsis GRXS15 and three mutated versions. Specifically, we tested recombinant proteins
lacking the mitochondrial targeting peptide (Supplementary Fig. 3b.1 and Appendix 1) for their
oxidoreductase activity towards roGFP2 as a substrate (See Chapter 1.6). For the assay, we
purified the roGFP2 sensor and the dithiol class | Arabidopsis GRXC1, which serves as positive
control. Furthermore, we investigated the disulfide bond-mediated dimerization of GRXS15 by
SDS-PAGE.

3b.1 | Results
3b.1.1 | Pre-reduction of GRXS15 increases its oxidation activity

Monothiol class Il GRXs, including GRXS15, have been reported to have no in vitro reduction
activity and generally a slow oxidation activity (Moseler et al., 2015; Trnka et al., 2020).
Previous studies also examined the functional characteristics of the lysine mutant GRXS15
K83A, showing that this mutated version displayed enhanced oxidation activity but still no
reduction activity (Moseler, 2017). Here, we tested the activity of both wild-type GRXS15
protein and its K83A variant towards roGFP2 and confirmed that GRXS15 K83A is about 2.5-
fold more efficient in oxidising the pre-reduced sensor after addition of glutathione disulfide
(GSSG), compared to the wild-type protein, although still at slower rate compared to GRXC1
(Fig. 3b.1). Our results also confirmed that, while GRXC1 could directly reduce roGFP2 after
addition of GSH, both GRXS15 variants were completely lacking the reducing ability
(Supplementary Fig. 3b.2).
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Originally, we reasoned that the mutation of lysine 83 would negatively influence the binding
of the glutathione molecule and therefore indirectly diminish the coordination of the [2Fe—2S]
cluster. This may render the cysteines of the GRX more available for interaction with roGFP2,
which may cause a more pronounced oxidoreductase activity (Moseler et al., 2015). In order
to test whether fully reduced cysteinyl residues are more prone to react with roGFP2 or with
glutathione, we pre-reduced wild-type GRXS15 and the K83A mutant with DTT. We then
desalted the enzymes to remove the reagent excess and tested the oxidoreductase ability of
the enzymes following changes of roGFP2 fluorescence. To our surprise, we observed a
massive enhancement in the ability of both pre-reduced GRXs to oxidise roGFP2. Wild-type
GRXS15 and K83A variant displayed about 4-fold and 3-fold higher efficiency in oxidising the
pre-reduced roGFP2, respectively (Fig. 3b.1).

Even more unexpectedly, both pre-reduced GRXs similarly displayed a minimal reduction
ability. However, this activity was exceptionally slow to be considered negligible when
compared with the activity of GRXC1. In fact, 3 uM of GRXS15 (3-fold the amount of GRXC1
in the same assay) was not able to reduce even 10 % of roGFP2 during a 3-hour reaction time

(Supplementary Fig. 3b.2).
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Fig. 3b.1 | Pre-reduction of GRXS15 accelerates the oxidation of roGFP2. 1 uM of pre-reduced roGFP2 was
oxidised in the presence of 1.5 yM GRXS15 and its mutant version K83A. The enzymes were tested as purified
without any further treatments and, alternatively, after pre-reduction (PR) with 10 mM DTT for 100 minutes on ice
and subsequent desalting. The reaction was initiated by freshly prepared glutathione disulfide (GSSG),
automatically injected 10 minutes after start of the measurement to a final concentration of 40 yM. 1 yM GRXC1
was used as a positive control and 1 uM of roGFP2 without any GRXs was used as negative control. Furthermore,
1 UM of roGFP2 either fully oxidised by 10 mM H20:2 or fully reduced by 10 mM DTT were used to define maximum
oxidation and reduction of roGFP2. Filter-based excitation at 390 and 480 nm and detection of emitted light at 520
nm were followed over time in a plate reader. Data show the degree of oxidation of roGFP2 (OxD) as means * SD
(n = 3). The arrows indicate the acceleration of roGFP2 oxidation achieved with pre-reduced GRXS15 or GRXS15
K83A, respectively.
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3b.1.2 | GRXS15 forms homodimers via intermolecular disulfide bonds

Having seen the pronounced change in oxidoreductase activity, we reasoned that the pre-
reduction treatment could affect the intermolecular dimerization of the protein. Hence, we
examined the oligomerization via SDS-PAGE of non-treated and pre-reduced proteins.
Surprisingly, we found that after purification of recombinant proteins, both the wild-type and
the K83A variant spontaneously formed homodimers, in a non-reducing environment. These
homodimers were efficiently reduced by treatment with DTT. Moreover, we observed the
spontaneous re-formation of homodimers when DTT is removed via desalting in a similar way
for both proteins (Fig. 3b.2).

GRXS15 contains only one cysteine residue, in position 91, in the typical class lI-type “CGFS”
active site. To confirm that this residue is responsible for the disulfide bond-mediated
dimerization, we purified the GRXS15 C91S mutant and showed that besides the complete
loss of oxidoreductase activity (Supplementary Fig. 3b.3), it was also unable to form any dimer
(Fig. 3b.2).

In addition, we tested old and freshly purified proteins, to verify whether the long storage could
influence the dimerization of GRXS15. Furthermore, we also tested whether trans-4,5-
dihydroxy-1,2-dithiane (DTTox) could enhance the formation of homodimers. However, we
found that neither the age of the proteins nor the treatment with DTTox had any effect on the

homodimerization (Supplementary Fig. 3b.4).

Our results suggest that the oxidoreductase activity of GRXS15 in vitro may be affected by the
intermolecular disulfide-mediated homodimerization. However, since also the K83A can
spontaneously form dimers (Fig. 3b.2), the homodimerization, may not be the main reason for

the slow oxidation activity of the wild-type GRXS15.
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Fig. 3b.2 | GRXS15 forms homodimers via intermolecular disulfide bond. 3 ug of different protein variants were
either not treated (N) or pre-reduced with 10 mM DTT for 100 minutes on ice (PR). Part of the pre-reduced samples
was desalted using Zeba™ Spin columns to remove the DTT (PR desalted). After the treatments, the proteins were

immediately prepared for SDS-PAGE gel electrophoresis, with the addition of non-reducing loading buffer. The
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samples were boiled at 95 °C for 10 minutes and loaded on precast gel (Mini-PROTEAN TGX 12 %; Bio-Rad). After

the run, the gel was stained with PageBlue™.

3b.1.3 | Generation of GRXS15 without class ll-type loop

As shown in Chapter 3a (Trnka et al., 2020), the main discriminant to distinguish class | and
class Il GRXs is the absence or presence of 5 amino acids between the conserved lysyl residue
and the active site. This difference is not only highly conserved in all GRXs in Arabidopsis (Fig

3b.3) but also across different species and different kingdoms (Supplementary Fig. 3b.5).

AtGRXC1 -VFS@g----- TYCGYCQRVKQLLTQLGATFKVLELDEM-
_ | AtGRXC2 -VFS@----- TYCPYCVRVKELLQQLGAKFKAVELDTE-
9 ) AtGRXC5 -IYS@----- TWCSYCTEVKTLFKRLGVQPLVVELDQL-
g AtGRXS12 -VYSE----- TWCSYSSQVKSLFKSLQVEPLVVELDQL-
AtGRXC3 -IFS@----- SYCPYCLRSKRIFSQLKEEPFVVELDQR-
AtGRXC4 -IFS@----- SYCPYCKKAKSVFRELDQVPYVVELDER-
_ (AtGRXS14 -LFMBRGTRDFPMCGFSNTVVQILKNLNVPFEDVNILEN-
5 AtGRXS15 -IYMEGVPESPQCGFSSLAVRVLQQYNVPISSRNILED-
8 AtGRXS17 -LFMEGIPEEPRCGFSRKVVDILKEVNVDFGSFDILSD-

AtGRXS16 -AFIBGSRSAPQCGFSQRVVGILESQGVDYETVDVLDD-

Fig. 3b.3 | Sequence analysis of Arabidopsis glutaredoxins. Primary sequence comparison of the class | and
class Il GRXs in Arabidopsis, around the active site. The alignment was generated by local multiple-sequence
alignment (Clustal Omega, https://www.ebi.ac.uk/Tools/msal/clustalo/). The conserved lysyl residue is highlighted
in red while in yellow the critical cysteine and in cyan the serine in the catalytic site. The class-specific string of 5

amino acids (“loop”) clearly separates the two classes.

The positive charge of the lysyl residue electrostatically interacts with the coordinated
glutathione molecule. The five amino acids form a loop structure, which determines the relative
orientation of the lysyl residue consequently ruling the orientation of the GSH thiol (see Chapter
3a, Trnka et al. (2020)).

Since Arabidopsis GRXS15 possesses a type-ll loop, we wanted to study whether this
structure was essential for the activity of the protein and whether we could change its
oxidoreductase activities. We thus cloned a modified version of GRXS15 lacking the five amino
acids between the lysine 83 and the proline 89 (G84, V85, P86, E87, S88) and purified the
truncated protein denominated GRXS15-loop (Fig. 3b.4 and Supplementary Fig. 3b.1).
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GRXS15-loop

Fig. 3b.4 | Comparison of the 3D structures of GRXS15 with and without “loop”. a Super-positioning of the
structures of the GRXS15 model (orange) and the mutated version without the “loop” GRXS15-loop (cyan). The
coordination of glutathione and and Fe—S cluster is not shown. Both structures are models generated by the Phyre2
web portal (Kelley et al., 2016). b Detail of the “loop” area (in blue) where the residues lysine 83 and cysteine 91

are highlighted (red and yellow, respectively).

3b.1.4 | GRXS15-loop is faster to oxidise but still unable to reduce roGFP2

After purification of the recombinant protein, we tested the oxidoreductase abilities of GRXS15-
loop using the roGFP2 interaction assay. We found that the protein without the type-Il loop
exhibited an exceptionally enhanced oxidation activity, demonstrating over 16-times faster
oxidation of roGFP2 compared to wild-type GRXS15 (Fig. 3b.5). Consistent with the previous
results, pre-reduction of the proteins enhanced the speed of the oxidation reaction about 4-
fold compared to wild-type GRXS15. The pre-reduced GRXS15-loop showed a faster oxidation
but the difference with the non-treated protein was too small. Less concentrated amounts of

enzyme should be used to have a correct estimation of the velocity enhancement (Fig. 3b.5).
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Fig. 3b.5 | GRXS15-loop is efficiently oxidising roGFP2. 1 uyM of pre-reduced roGFP2 was oxidised in the
presence of 3 yM GRXS15 and its mutant version lacking the loop (deleted the five amino acids between the lysine

83 and the proline 89). The enzymes were tested as purified without any further treatments and, alternatively, after
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pre-reduction (PR) with 10 mM DTT for 100 minutes on ice and subsequent desalting. The reaction was initiated
by freshly prepared glutathione disulfide (GSSG), automatically injected 10 minutes after start of the measurement
to a final concentration of 40 pM. Furthermore, 1 uM of roGFP2 either oxidised by 10 mM H20:2 or fully reduced by
10 mM DTT were used to define maximum oxidation and reduction of roGFP2. Filter-based excitation at 390 and
480 nm and detection of emitted light at 520 nm were followed over time in a plate reader. Data show the degree
of oxidation of roGFP2 (OxD) as means + SD (n = 3). The arrows indicate the acceleration of roGFP2 oxidation

achieved with pre-reduced GRXS15 or GRXS15-loop, respectively.

Surprisingly, the GRXS15-loop variant did not gain any reductase activity. In fact, neither wild-
type GRXS15 nor GRXS15-loop exhibit any ability to reduce roGFP2 (Fig. 3b.6). These results
were unexpected, considering previous findings that replacing the type-Il loop with type-I loop
allowed the human class Il glutaredoxin 5 (HsGrx5) to acquire the ability of reduction (Chapter
3a, Trnka et al. (2020)). Nevertheless, we found that pre-reduced proteins displayed a
reductase activity, although very slowly. Notably, both wild-type GRXS15 and GRXS15-loop

showed identical behaviour and velocity (Fig. 3b.6).
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Fig. 3b.6 | GRXS15-loop has no reductase activity. 1 yM of roGFP2 was negligibly reduced in the presence of 3
UM GRXS15 and its mutant version lacking the loop (deleted the five amino acids between the lysine 83 and the
proline 89). The enzymes were tested as purified without any further treatments and, alternatively, after pre-
reduction (PR) with 10 mM DTT for 100 minutes on ice and subsequent desalting. The reaction is initiated by freshly
prepared reduced glutathione (GSH), automatically injected 10 minutes after start of the measurement to a final
concentration of 2 mM. A highly negative redox state of the glutathione buffer was maintained by addition of yeast
glutathione reductase (GR) and NADPH to a final concentration of 1 U and 100 pM, respectively. Furthermore, 1
UM of roGFP2 either oxidised by 10 mM H20:2 or fully reduced by 10 mM DTT were used to define maximum
oxidation and reduction of roGFP2. Filter-based excitation at 390 and 480 nm and detection of emitted light at 520
nm were followed over time in a plate reader. Data show the degree of oxidation of roGFP2 (OxD) as means + SD
(n = 3). The arrows indicate the acceleration of roGFP2 reduction achieved with pre-reduced GRXS15 or GRXS15-

loop, respectively.
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3b.1.5 | GRXS15-loop forms homodimers via intermolecular disulfide bonds

As already shown, GRXS15 can spontaneously form homodimers. We investigated whether
GRXS15 lacking its type-Il loop had this characteristic, by analysing freshly purified proteins
treated with or without DTT via SDS-PAGE. We found that GRXS15-loop can self-
homodimerize, comparably to wild-type GRXS15. Similarly, DTT treatment can dissolve the
dimeric structure and, after removing the excess of DTT by desalting, there was a spontaneous

re-dimerization (Fig. 3b.7).
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Fig. 3b.7 | GRXS15-loop self-homodimerize. 3 ug of both GRXS15 (WT) and GRXS15-loop (-loop) were either
not treated or pre-reduced with 40 mM DTT for 100 minutes on ice (Reduced). Part of the pre-reduced samples
was desalted using Zeba™ Spin columns to remove the DTT (Desalted). After the treatments, the proteins were
immediately prepared for SDS-PAGE gel electrophoresis, with addition of non-reducing loading buffer. The samples
were boiled at 95 °C for 10 minutes and loaded on precast gel (Mini-PROTEAN TGX 12 %; Bio-Rad). After the run,

the gel was stained with PageBlue™.

3b.1.6 | GRXS15-loop can spontaneously oxidise roGFP2

Our previous results revealed that GRXS15-loop, without any pre-reduction, was already able
to partially oxidise roGFP2 even before the injection of GSSG (Fig. 3b.5). This phenomenon
led us to hypothesize a direct interaction between GRXS15-loop and the sensor, occurring in
the absence of additional oxidising agents. To investigate this further, we incubated pre-
reduced and desalted roGFP2 with freshly purified GRXS15-loop without any reductive
treatments and monitored the redox state of the sensor over time in the plate reader. We
observed a slow but gradual spontaneous oxidation of roGFP2, with oxidation of 38 % of the
sensor occurring after 24 hours (Fig. 3b.8). Surprisingly, in the presence of GRXS15-loop, the
oxidation of roGFP2 was significantly enhanced, resulting in more than 90 % of the sensor
being oxidised after 24 hours (Fig. 3b.8).
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Fig. 3b.8 | roGFP2 is spontaneously oxidised by GRXS15-loop without addition of GSSG. 10 uM of roGFP2
was pre-reduced with 10 mM DTT for 100 minutes on ice and subsequently desalted. The sensor was incubated
with 10 uM GRXS15-loop as purified without any further treatments in the same buffer for the roGFP2 interaction
assay (100 mM K2HPO4/KH2PO4 buffer, pH 8.0, 0.1 mM EDTA) but without addition of glutathione disulfide (GSSG).
Furthermore, 1 uM of roGFP2 either oxidised by 10 mM H20:2 or fully reduced by 10 mM DTT were used to define
maximum oxidation and reduction of roGFP2. a Excitation spectra of roGFP2 with fluorescence intensity collected
with emission of 520 + 5 nm, data shows as means + SD (n = 3) normalized to the fluorescence ratios of DTT-
treated proteins. b Time course of oxidation of roGFP2 followed over time in a plate reader with filter-based
excitation at 390 and 480 nm and detection of emitted light at 520 + 5 nm, data shows degree of oxidation of roGFP2
(OxD) as means + SD (n = 3).
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3b.2 | Discussion

Our work provided important insights into the in vitro function of GRXS15 as a putative
oxidoreductase. We confirmed that GRXS15 possess a slow oxidation activity and that it lacks
reduction activity (Fig. 3b.1 and Supplementary Fig. 3b.2). However, we demonstrated that
after pre-reduction with DTT, its oxidation capabilities increase and that the protein gains a
limited reduction ability, although this is still very slow (Fig. 3b.1 and Supplementary Fig. 3b.2).
This initial finding aligns with our recent study on GRXs (Chapter 3a, Trnka et al. (2020)) where
we showed inactivity of class Il HsGrx5 in two types of reduction assays. Moreover, our
observations that pre-reduced GRXS15 can reduce roGFP2, introduce a new aspect which
was unknown before. Due to the slow reductase activity, however, the physiological relevance

has to be questioned.

Nevertheless, it is essential to consider the artificial nature of the roGFP2 interaction assay.
While the pH is maintained at 8 to simulate the mitochondrial matrix, the inclusion of 0.1 mM
EDTA or the absence of the potentially oxidative environment existing in mitochondria can
possibly hinder the oxidoreductase activity of GRXS15. It was also recently demonstrated that
Arabidopsis mitochondrial thioredoxins TRXo1 and TRXo02 are able to reduce oxidised forms
of GRXS15 such as dimers or glutathionylated forms in vitro (Christ et al., 2022). This
observation may be attributed to the potentially oxidative environment within mitochondria,
where GRXS15 could experience transient oxidation, possibly slowing down Fe-S cluster
transfer activity. Reduction of these transiently oxidised forms would restore the capacity of
GRXS15 to bind and transfer Fe-S clusters. The roGFP2 assay could be exploited to test
whether the addition of TRXs in the reaction buffer could contribute to enhancing the reductase
activity of GRXS15 in vitro.

Another important aspect to consider is that GRXS15 can homodimerized. Previous research
demonstrated the pKa of the sole cysteine of GRXS15 is rather acidic, suggesting that at
mitochondrial pH 8, the cysteinyl 91 residue predominantly exists in the thiolate form rather
than in the thiol one (Christ et al., 2022). As our results showed GRXS15 spontaneously forms
homodimers through its single cysteine residue 91 in vitro (Fig. 3b.2), this may suggest that,
in mitochondrial physiological conditions, the protein may remain stable in its dimeric form.
Nevertheless, besides the putative oxidoreductase activity of GRXS15, it is not explained how
such dimer could efficiently coordinate [2Fe—2S] clusters in vivo. A possible hypothesis could
be that GRXS15 is stable as homodimer, while it is separated in monomers after the interaction
with the chaperon complex and the cluster uptake (see Chapter 2, Fig. 2.1). To test this
hypothesis in vivo, a potential strategy could be to generate a mutated version of GRXS15,
efficient in the coordination of [2Fe—2S] clusters but unable to form dimers. It would then be

possible to test whether such mutated GRXS15 could complement null mutants Arabidopsis
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lines (see Chapter 4, Moseler et al. (2021)). To further test the hypothesis in vivo, bimolecular
fluorescence complementation could be used, similar to what was proposed for HsGrx2 in Hoff
et al. (2009). In this case, two different chimeric proteins composed of GRXS15 fused with two
different fluorescent protein fragments are co-expressed in planta. When two GRXS15
monomers form a homodimer, the sensor is irreversibly reassembled and a specific
fluorescence signal can be detected. In addition, since the complementation of the fluorescent
protein is irreversible, it could be also possible to understand whether the GRXS15 dimers
strictly need to be dissociated after the [2Fe—2S] cluster is released by GRXS15 to ISCA (see
Chapter 2, Fig. 2.1). Alternatively, also exploiting FRET would give information about the
association/dissociation of GRXS15 homodimers. In this instance, distinct fluorescence
signals would be detected when GRXS15 is in monomeric or dimeric form. Measuring the
fluorescence signals, it should be possible to understand whether GRXS15 stably self-

dimerises via intermolecular disulfide bonds after having released the cluster.

Among the class | and class || GRXs of Arabidopsis, S15 is the sole one with a single cysteine
located in the conserved catalytic motif "CGFS" (Appendix 1.3). Also, when compared to its
mitochondrial homologs human HsGrx5 and yeast ScGrx5, Arabidopsis GRXS15 is unique in
having only one cysteine (Supplementary Fig. 3b.6). To some extent, this is generally
applicable for other plant mitochondrial GRXs. In fact, except for the poplar PtGRXS15 and
the microalgal CrGRX5, all the mitochondrial GRXs of the classic photosynthetic model
organisms (Arabidopsis, maize, barley, rice, moss, cyanobacteria) possess a single cysteine.
In contrast, all mitochondrial class Il GRXs from other classic model systems (yeast, worms,
Drosophila, Zebrafish, mouse, human) have more than one cysteine (Supplementary Fig.
3b.5).

Previous studies have already reported the importance of an additional semi-conserved
cysteine in the C-terminal region of monothiol GRXs for the oxidoreductase ability of the protein
(Tamarit et al., 2003; Fernandes et al., 2005; Zaffagnini et al., 2008; Gao et al., 2010; Zannini
et al., 2019). A mechanism has been proposed where the cysteine in the “CGFS” active site
of AtGRXS16 forms an intramolecular disulfide bond with the C-terminal cysteine, facilitating
the reduction of the protein after de-glutathionylation of a substrate, mimicking the dithiol GRXs
(Zannini et al., 2019). Similar observations have been made for bacterial EcGrx4 (Fernandes
et al., 2005), yeast ScGrx5 (Tamarit et al., 2003) and green microalga CrGRX3, CrGRX5 and
CrGRX6 (Zaffagnini et al., 2008; Gao et al., 2010). However, C. reinhardtii CrGRX6 does not
possess any C-terminal cysteine and thus the dimerization may be due to the cysteine in the
active site. Interestingly, CrGRX6 is localized in the chloroplast where two other GRXs are
present but none of them belong to class | (Lemaire et al., 2004; Roubhier et al., 2004). Yet, all
these GRXs — except CrGRX6 — contain the semi-conserved cysteine in the C-terminal region.

Regarding the dimerization, besides monothiol GRXs, also poplar glutaredoxins PpGRXC1
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and PpGRXC2 were reported to form intermolecular disulfide homodimers. However, these
proteins both belong to class I, containing the common “CxxC” motif, and their dimerization
involved the semi-conserved C-terminal cysteines rather than the cysteines in the active site
(Couturier et al., 2013).

Furthermore, the two mutated proteins GRXS15 K83A and GRXS15-loop exhibited the
property of homodimerization comparably to wild-type GRXS15 (Fig. 3b.2 and Fig. 3b.7).
Despite this characteristic, their ability to oxidise roGFP2 was significantly increased compared
to the wild-type protein (Fig. 3b.1 and Fig 3b.5) suggesting that the dimerization through
cysteine 91 is not the major impediment for the oxidation reaction but rather an intrinsic feature
of the protein. Hence, the loop can be excluded as a determinant for the dimer formation.
Notably, the human HsGrx5 showed the capacity to form homodimers, although in a less
pronounced manner compared to GRXS15. However, the HsGrx5-loop displays an even lower

ability to form dimers, compared to wild-type HsGrx5 (Trnka et al., 2020).

These last observations together with our results suggest that the presence of the C-terminal
cysteine plays a key role in preventing protein homodimerization and may be essential for
class Il GRXs oxidoreductase abilities. It would be interesting to generate a new grxs15 mutant,
substituting the serine 145 with a cysteine. By adding a C-terminal cysteine, we hypothesize
that GRXS15 S145C could gain an oxidoreductase activity similar to GRXS16, possibly
mimicking the dithiol GRXs catalytic mechanism, as suggested in Zannini et al. (2019). In
addition, in vitro experiments, such as SDS-PAGE, could be performed to understand whether
the addition of the cysteine in GRXS15 S145C could prevent homodimerization. Thus, the
expression of GRXS15 S145C in Arabidopsis could give important information on whether the

dimerization of GRXS15 influences the efficiency of Fe—S cluster transfer in mitochondria.

Overall, the reason why most photosynthetic model organisms exclusively possess a single
GRX within the mitochondria, and why these GRXs possess only a single cysteine remains
unknown. Future work has to be determined whether in plants monothiol GRXs can fulfil the
functions typically associated with class | GRXs in mitochondria or if other proteins of the TRX

fold family can replace the missing class | GRX.

Based on the observations and evidence discussed above, we reasoned on the
oxidoreductase catalytic mechanisms mediated by GRXS15 in vitro, proposing the following

two models for the oxidation reaction:

a) According to the classical oxidation reaction scheme for the dithiol GRXs (Chapter 1, Fig.
1.7), GRXS15 undergoes glutathionylation (on its catalytic cysteine residue) by GSSG before

interacting with roGFP2. This allows the GRX to transfer the glutathione residue to reduced
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roGFP2, which subsequently spontaneously gets oxidized, releasing a molecule of GSH. This
hypothesis is supported by the observation that single-cysteine variants of roGFP2 can be
glutathionylated by GRXs (see Chapter 3a, Trnka et al. (2020)). It is not possible that GRXS15
homodimers are being glutathionylated by GSSG. Therefore, to facilitate glutathionylation,
GRXS15 dimers need to be resolved into monomers. The K83A as well as the GRXS15-loop
variants may be more prone to reduction and monomerization, which would expose the C91

for glutathionylation (Fig. 3b.9a).

b) The current data, however, may also be explained with an alternative reaction scheme. In
this scenario, initially, GRXS15 coordinates a molecule of GSSG, subsequently the cysteine
in the active site is glutathionylated. The protein then forms a complex through disulfide bridge
with the reduced roGFP2, facilitated by an electron donated by the glutathione group. The

sensor is then fully oxidised while GRXS15 ends up reduced.

Notably, in this novel scheme, the cysteine residue of GRXS15 does not directly transfer the
GSH group to roGFP2. Instead, GSSG serves as an electron acceptor for the formation of an
intermolecular disulfide bridge between GRXS15 and the sensor. Similar to the first
hypothesis, GRXS15 variants K83A and GRXS15-loop may be more likely to dissociate the
dimeric structure into monomers, allowing C91 to interact with the reduced roGFP2 (Fig.
3b.9b).
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Fig. 3b.9 | Working models for the oxidation of roGFP2 mediated by GRXS15. a Following the classical reaction

scheme for roGFP2 oxidation assay, after injection of glutathione disulfide (GSSG), the monothiol glutaredoxin S15

(GRXS15) undergoes glutathionylation. The glutathione group is then transferred to reduced roGFP2, which

spontaneously substitutes the glutathione residue by forming an internal disulfide. It is assumed that GRXS15 in

dimeric form cannot interact with either oxidised glutathione or reduced roGFP2. b Alternative reaction model, where

GSSG is initially coordinated by GRXS15, thus serves to glutathionylate the cysteine in the active site of GRXS15.

Hence, GRXS15 forms a complex with reduced roGFP2 through an intermolecular disulfide bond, leading to its

oxidation.

The observation that GRXS15-loop can oxidise the sensor without the involvement of oxidising
power derived from GSSG (Fig. 3b.8) supports the hypothesis that GRXS15 can interact with
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roGFP2 via a disulfide bridge (Fig. 3b.10). This finding suggests not only the need to revise
the reaction model but also considering the potential relevance of the intermolecular-disulfide-
homodimer in vivo for oxidising protein substrates. However, since this phenomenon was
observed specifically for the modified GRXS15-loop, further investigations are necessary to
determine whether it is generally applicable to other class Il GRXs or whether it is a distinct
characteristic of monothiol class | GRXs (Zannini et al., 2019; Zimmermann et al., 2020). For
instance, it would be necessary to test whether the variant HsGrx5-loop used in Trnka et al.
(2020) can oxidise roGFP2 without addition of GSSG. Furthermore, using the single-cysteine
roGFP2 C204S to trap the intermediate GRXS15-roGFP2, we could visualise the heterodimer
via SDS-PAGE, similarly to what was done by Trnka et al. (2020).
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Fig. 3b.10 | Proposed model for the interaction between roGFP2 and GRXS15-loop. GRXS15-loop dimers
interact with reduced roGFP2 forming a complex through an intermolecular disulfide bond, leading to oxidation of
the sensor and reduction of the glutaredoxin. After the results of the SDS-PAGE analysis (Fig. 3b.7), GRXS15-loop
is assumed to be mainly in dimeric form. It is also not excluded that both roGFP2 and monomeric GRXS15-loop

can spontaneously be oxidised by e.g., molecular oxygen present in the buffer.

The absence of a reductase activity in vitro for GRXS15 remains an unsolved question. The
classical reaction scheme assumes that GSH spontaneously attacks roGFP2 and GRX
facilitates its de-glutathionylation with subsequent reduction of the sensor (see Chapter 1, Fig.
1.7). However, for the reduction of roGFP2 mediated by GRXS15 (and generally all class Il
GRXs), cysteine 91 may be incapable of de-glutathionylating a substrate, e.g., roGFP2 (Fig.
3b.11a). It is also possible that dimeric GRXS15 is reduced by GSH, as shown by Christ et al.
(2022). In this case, only one of the two monomers would be directly available to interact with
roGFP2, while the second monomer would be glutathionylated and would need to be de-
glutathionylated through interaction with a second GSH molecule, resulting in the release of
one molecule of GSSG (Fig. 3b.11a). However, this reaction is demonstrated to be extremely
slow (Fig. 3b.1) and the efficiency of de-glutathionylation by GSH in the case of class || GRXs

is still a subject of debate.
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The minor reductase activity observed with pre-reduced enzymes (Fig. 3b.6 and
Supplementary Fig. 3b.2) could be attributed to the availability of cysteine thiolate in the
GRXS15 catalytic site. A second hypothesis is that GRXS15 initially attacks roGFP2. Previous
studies have proposed the potential interaction between a monothiol class | GRXs and a
protein target through an intermolecular disulfide bond, with GSH playing a role in resolving
the heterodimers (Zannini et al., 2019; Zimmermann et al., 2020). However, in this scenario,
roGFP2 would already change the properties in its excitation spectrum upon interaction with
GRYX, indicating a "reduced" state before the addition of GSH (Fig. 3b.11b). Contrary to our
findings, it does not appear to be the case, since GRXC1 does not initiate the reduction of
roGFP2 before the addition of GSH (Supplementary Fig. 3b.2). This mechanism is also not
applicable to GRXS15, as both the wild-type protein and its K83A variant were unable to

reduce the sensor in any cases.

An alternative hypothesis considers a revised reaction model. Similar to the second hypothesis
for the oxidation reaction (Fig. 3b.9b), GRXS15 may coordinate a molecule of GSH, which
triggers the reaction without involving the cysteine in the catalytic site. GRXS15 facilitates then
the glutathionylation of roGFP2 using the coordinated GSH (Fig. 3b.11c). In this case, the class
Il GRXs generally may lack the ability to form this intermediate due to the position of the lysine

83 before the class lI-type loop and its influence on the cysteine in the catalytic site.

It remains unclear why the truncated form of GRXS15, lacking its class lI-type loop, is unable
to reduce and does not become active like a monothiol class | GRX, as observed in Chapter
3a (Trnka et al., 2020) for human HsGrx5. This discrepancy emphasizes again the putative
significant differences between the mitochondrial GRXs from plants and other class || GRXs
in different organisms. It would be interesting to test whether the substitution of the serine in
the “CGFS” motif with a second cysteine in combination with the modified class ll-type loop

would enhance the reductase activity of GRXS15.
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Fig. 3b.11 | Working models for the reduction of roGFP2 mediated by monothiol GRXs. a Following the

classical model for roGFP2 reduction assay, glutathione (GSH) attacks first the roGFP2 disulfide, resulting

glutathionylated. The reverse reaction is faster, but the glutathionylated roGFP2 can be trapped by the glutaredoxin

(GRX), which attacks the glutathione sulfur atom leading to reduction of roGFP2. Finally, GRX undergoes de-

glutathionylation by another GSH molecule, regenerating reduced GRX and releasing a glutathione disulfide

(GSSG) molecule. Glutathione reductase (GR) maintains the highly negative redox state of the glutathione buffer,

using NADPH as electron donor. In this model, GRXs that form intermolecular disulfide homodimers (e.g., GRXS15)

cannot interact with the glutathionylated roGFP2 but can be slowly reduced by GSH. b Firstly, GRX initiates the
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reaction by attacking the disulfide of roGFP2 forming an intermolecular disulfide bond complex with the sensor.
Subsequently, GSH resolves the disulfide, leading to reduced roGFP2 and glutathionylated GRX. A second
molecule of GSH reduces and regenerates the glutathionylated GRX, releasing GSSG. ¢ Alternative reaction model,
where GSH is coordinated by GRX, without involving the cysteine in the GRX active site. GRX would then activate
GSH to attack the roGFP2 disulfide forming a reaction intermediate with the sensor. GRX would then de-

glutathionylate roGFP2 leading to its reduction and proceeding by the mechanism already described in (a) and (b).
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3b.3 | Methods
3b.3.1 | Plasmid constructs

The plasmids for heterologous expression of the recombinant proteins were already available
in the laboratory and previously generated using Gateway® cloning (Thermo). The gene for
Arabidopsis GRXS15 (AT3G15660), the variants GRXS15 K83A, C91S and GRXS15-loop
were encoded (without the mitochondrial targeting peptide) on the expression vector
pETG10a, the gene for Arabidopsis GRXC1 (AT3G62950) on pET16b, the sensor roGFP2 on
pET30b (Meyer et al., 2007). All genes contain a sequence coding His6-tag at N-terminal, for

purification via affinity chromatography (see Appendix 1.1 and 1.2 for complete sequences).

3b.3.2 | Generation of GRXS15-loop with site-directed mutagenesis

The plasmid pETG10a encoding GRXS15 was used as a template for removing 5 amino acids
between the lysine 83 and the proline 89. The choice to remove these aa was based on the
analysis of the sequences between class | and class || GRXs and considering the findings
described in Chapter 3a (Trnka et al., 2020). The modification was done exploiting the Q5®
Site-Directed Mutagenesis kit (New England BioLabs) following the manufacturer’s instruction,
using the Q5SDM_S15-loop_F forward primer 5-CCTCAGTGTGGGTTTAGC-3’ and the
Q5SDM_S15-loop_R reverse primer 3-TTTCATGTAGATCATAACAGGATTATC-5'. After
transformation into chemically competent E. coli DH5a and subsequent plasmid isolation, the

mutation was confirmed by sequencing (Eurofins Genomics).

3b.3.3 | Bacteria method

All E. coli strains were grown in LB medium at a temperature of 37 °C (1 % (w/v) tryptone, 0.5
% (w/v) yeast extract, and 1 % (w/v) NaCl, pH 7). For solid plates, the media was supplemented
with 1 % (w/v) agar before autoclaving. Antibiotics were sterile-filtered and added after
autoclaving. To prepare an overnight culture, a single colony was inoculated in 5 mL of LB

medium.

Chemically competent E. coli DH5a strain was transformed by heat shock. An aliquot of cells
(100 pL) was combined with 1 pL of the respective plasmid. The mixture was incubated at 42
°C for 30 seconds. Subsequently, 500 uL of pre-warmed (37 °C) LB medium was added, and
the transformed bacteria were incubated for 30 minutes at 37 °C. Finally, the culture was plated

on LB agar plates containing the appropriate antibiotics and incubated overnight at 37 °C.

For plasmid extraction from E. coli DH5a, bacteria were inoculated in 5 mL of LB medium
supplemented with the appropriate antibiotics and incubated overnight in a shaking incubator
at 37 °C. Plasmid DNA isolation was performed using the NucleoSpin® Plasmid kit (Macherey-
Nagel) following the manufacturer's protocol. The extracted DNA was eluted in 50 pL of dH.O

and quantified using the NanoDrop 2000 spectrophotometer.
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3b.3.4 | Protein methods

Recombinant GRXS15, GRXS15 K83A and GRXS15-loop proteins were expressed in E. coli
Lemo21(DE3), GRXS15 C91S protein was expressed in E. coli BL21(DE3), GRXC1 and
roGFP2 proteins were expressed in E. coli Origami (DE3) and purified using affinity

chromatography with an N-terminal His6-tag.

Bacteria were initially inoculated in 5 mL of LB medium including selective antibiotics and
incubated overnight in a shaking incubator at 37 °C. The preculture was then used to inoculate
500 mL of LB medium and kept growing until reaching an ODeoo of approximately 0.8. Protein
expression was induced by adding IPTG (isopropyl-3-D-thiogalactopyranosid) to a final

concentration of 0.5 mM.

After 18-24 h at 20 °C, the cultures were harvested by centrifugation at 8,000 g for 10 minutes
at 4 °C and then resuspended in binding buffer (20 mM sodium phosphate buffer pH 7.4, 500
mM NaCl, 20 mM imidazole) supplemented with 0.5 mM PMSF (phenylmethylsulfonyl fluoride),
cOmplete™ proteinase inhibitor cocktail (Roche) and 0.1 mg/ml DNAse | (Roche). The
resuspended cells were incubated with 1 mg/mL lysozyme from chicken egg white (Sigma-
Aldrich) in ice for 30 minutes. Following sonication, the cell debris was removed by
centrifugation at 40,000 g for 20 minutes at 4 °C and the supernatant was filtered through a
0.45 pm sterile filter. The soluble proteins were loaded onto a 1 mL Ni?* loaded HisTrap™ HP
affinity column (GE Healthcare) by cycling over the column for at least 30 minutes with a

constant flow rate of 1 mL/min using a peristaltic pump.

The loaded column was mounted on an AKTA Prime Plus chromatography system (GE
Healthcare) and proteins were eluted with an imidazole gradient from 20 mM to 500 mM
imidazole (in 20 mM PBS pH 7.4, 0.5 M NaCl) with a rate of 48 mM/min. According to the
elution chromatogram, fractions with high protein content were collected and purity was
analysed via SDS-PAGE (Supplementary Fig. 3b.1). Fractions with high purity of recombinant
protein were buffer exchanged (30 mM TRIS-HCI, pH 8) using PD-10 desalting columns
Sephadex™ G-25 M (Cytiva) and the eluted proteins were pooled and concentrated using size
exclusion Vivaspin® Turbo 4, MWCO 10 kDa centrifugal concentrators (Sartorius) following

the manufacturer's protocols.

Protein content was determined using the Bradford assay (Bradford, 1976) with bovine serum
albumin (BSA) as the standard. For the measurements, 10 pL of the protein solution was mixed
with 260 pL of Roti-Quant® reagent (ROTH) in flat base transparent 96-well plates (Sarstedt),
followed by incubation for 5 minutes at room temperature. The optical density at ODsgs of the
samples was measured using a CLARIOstar® plate reader (BMG). Standard and protein

samples were measured in triplicates for accuracy.
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Proteins were separated with SDS-PAGE electrophoresis. Samples were boiled at 95 °C for 5
minutes in Laemmli sample buffer (2 % (w/v) SDS, 50 mM Tris-HCI pH 6.8, 0.002 % (w/v)
bromophenol blue, 10 % (v/v) glycerol) as described by Laemmli (1970). For reducing the
samples, 5 % (v/v) B-mercaptoethanol was added to the buffer. The protein samples were
loaded onto a precast polyacrylamide gel (4-20 % Mini-PROTEAN® TGX™ Stain-Free, Bio-
Rad) and the prestained PageRuler™ protein ladder (Thermo) was included as a molecular
mass standard. Following electrophoresis, the gels were exposed to UV in INTAS ECL
Chemostar imager (Intas) for visualization and documentation of proteins. Subsequently, the
proteins were stained overnight using the PageBlue™ protein staining solution (Thermo)

followed by destaining in water for several hours until the gel background was clear of dye.

3b.3.5 | roGFP2 interaction assay

The assay was performed using a fluorescence CLARIOstar® plate reader (BMG) with filter-
based excitation at 390 £ 5 nm and 480 £ 5 nm, and detection of emitted light at 520 nm = 5

nm. The time courses of the reactions were followed over time for at least 200 minutes.

For the reduction assay, 1 M roGFP2 was mixed with GRX at a final concentration of 1 to 3
MM in reaction buffer (100 mM K:HPO4/KH2PO4 buffer, pH 8.0, 0.1 mM EDTA). The negative
redox state of the glutathione buffer was maintained by the addition of 1 U of glutathione
reductase from S. cerevisiae (Sigma-Aldrich) and NADPH at a final concentration of 100 uM.
The reaction mix was loaded in triplicate into a flat base transparent 96-well plate (Sarstedt)
and the reaction was initiated by freshly prepared GSH automatically injected after 10 minutes

from the beginning of the measurement at a final concentration of 2 mM.

For oxidation assay, 50 uM of roGFP2 was incubated with DTT at a final concentration of 10
mM for 30 minutes and desalted using 7K MWCO Zeba™ Spin desalting columns (Thermo).
At a final concentration of 1 uM, the pre-reduced sensor is then mixed with GRX at a final
concentration of 1 to 3 uyM in the reaction buffer. To initiate the reaction, GSSG at a final
concentration of 40 yM was automatically injected into the wells after 10 minutes from the

beginning of the measurement.

GRXs were pre-reduced using the same method as described for roGFP2. Maximum and
minimum fluorescence ratios of roGFP2 were determined using fully oxidised and fully reduced
sensor, obtained by pre-incubation with H,O2 or DTT, respectively, at a final concentration of
10 mM for at least 30 minutes. Basal background fluorescence was subtracted from all
samples. Data analysis was performed in Excel (Microsoft) and plotted with GraphPad Prism
6.0 (www.graphpad.com) as average of technical triplicates * sd. Normalization of
fluorescence ratios and conversion of ratio data to the degree of oxidation for roGFP2 was

performed as described in Meyer et al., (2007).
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For the incubation of roGFP2 with GRXS15-loop without the addition of GSSG, 10 uM roGFP2
was pre-reduced using DTT following the same method as the roGFP2 oxidation assay. The
pre-reduced roGFP2 was kept on ice for 100 minutes and subsequently desalted. The sensor
was incubated with 10 yM GRXS15-loop in the same buffer for the roGFP2 interaction assay
(100 mM KzHPO4/KH2PO4 buffer, pH 8.0, 0.1 mM EDTA). Maximum oxidation and reduction
states of roGFP2 were determined as described in the roGFP2 assay. The experiment was
performed in triplicates with a 100 pyL volume in a 96-well plate using a plate reader. The
excitation spectra of roGFP2 were measured with fluorescence intensity collected with an
emission of 520 + 5 nm and the obtained data were normalized to the fluorescence ratios of

DTT-treated proteins.

3b.3.6 | Phylogenetic analysis and protein modelling

Protein sequences of Arabidopsis GRXs and representative species were retrieved from NCBI
Standard Protein Blast using Arabidopsis GRXC1 and Arabidopsis GRXS15 (UniProt identifier
Q8L8T2 and Q8LBKG6) as query sequences for class | and class Il GRXs, respectively. After
manual curation, sequences were aligned with Clustal Omega using default ClustalW
parameters (https://www.ebi.ac.uk/Tools/msa/clustalo/). For the comparison of the 3D
structures of GRXS15 and GRXS15-loop, the protein models were generated by the Phyre2
web portal (Kelley et al., 2016). The models were visualized and super-positioned using UCSF
Chimera (Pettersen et al., 2004).
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3b.4 | Supplementary
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Supplementary Fig. 3b.1 | Histidine-tagged recombinant proteins purification by immobilized metal ion
affinity chromatography. a Raw extract of GRXS15 and GRXS15 K83A mutant, with the bacterial pellet. Both
crudes appear brownish because of the iron—sulfur cluster. b-f Protein SDS-PAGE gels of samples from the protein
purification steps. The raw extract (crude) is the lysate of bacteria overexpressing the protein of interest after
sonication and filtration (0.2 ym), in all the gels the overexpression of the protein of interest is visible. The flow
through (F.T.) is the raw extract collected after the run into histidine trap column, the proteins of interest are clearly
no longer visible, indicating that they are trapped in the column. The fractions are collected during the gradient
elution in HPLC. In (e) a sample of non-induced and induced (with IPTG) bacterial cells collected during the bacterial
culture were loaded on the gel. 10 pL of material was loaded in each well, all the samples were treated with non-
reducing loading buffer and boiled at 95 °C for 5 minutes before loading. In (b-e) are shown the UV light image of
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the gels, before the staining, exploiting the technology of the Stain-Free precast gels (Bio-Rad). In (f), the gel was
stained with PageBlue™. g In order from top left to bottom right: the bacterial pellets of E. coli cells harvested after
induction for overexpression of GRXS15-loop and roGFP2, the raw extract after the bacterial lysis, the two proteins

purified and concentrated.
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Supplementary Fig. 3b.2 | Pre-reduced GRXS15 shows negligible reductase activity. a 1 uyM of roGFP2 was
negligibly reduced by 1.5 yM GRXS15 and its mutant versions K83A. The enzymes were tested in their native form,
as purified and pre-reduced (PR) with 10 mM DTT for 100 minutes and desalted. The reaction is initiated by freshly
prepared reduced glutathione (GSH), automatically injected after 10 minutes from the start of the measurement at
a final concentration of 2 mM. A highly negative redox state of the glutathione buffer was maintained by addition of
yeast glutathione reductase (GR) and NADPH at a final concentration of 1 U and 100 pM, respectively. 1 yM GRXCA1
was used as a positive control and 1 uM of roGFP2 without any GRXs was used as negative control. Furthermore,
1 uM of roGFP2 fully oxidised by H202 or fully reduced by DTT at a final concentration of 10 mM were used to
define maximum oxidation and reduction of roGFP2. Filter-based excitation at 390 and 480 nm and detection of
emitted light at 520 nm were followed over time in plate reader. Data shows the degree of oxidation of roGFP2
(OxD) as means * SD (n = 3). b Expansion of the assay shown in (a), the arrow points from the assays performed

with untreated to pre-reduced enzymes, highlighting the differences in the velocity of the reaction.
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Supplementary Fig. 3b.3 | GRXS15 C91S has no oxidoreductase activity. 1.5 yM of GRXS15 C91S was tested
for oxidation of 1 uM of pre-reduced roGFP2. The enzyme was tested in its native form, and pre-reduced (PR) with
10 mM DTT for 100 minutes and desalted. The reactions were triggered by freshly prepared glutathione disulfide
(GSSG) automatically injected after 10 minutes at a final concentration of 40 yM. 1 yM GRXC1 was used as a
positive control and 1 uM of roGFP2 without any GRXs was used as negative control. Furthermore, 1 uM of roGFP2
fully oxidised by H20:2 or fully reduced by DTT at a final concentration of 10 mM were used to define maximum
oxidation and reduction of roGFP2. Filter-based excitation at 390 and 480 nm and detection of emitted light at 520
nm were followed over time in plate reader. Data shows the degree of oxidation of roGFP2 (OxD) as means + SD
(n=23).
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Supplementary Fig. 3b.4 | Old and fresh proteins show similar dimer formation. a 5 ug of each protein was
either not treated (N), reduced with 1 mM DTT (Red) and oxidised with 1 mM trans-4,5-Dihydroxy-1,2-dithiane
(DTTox) overnight on ice. The samples had different ages, from 2 years after purification, stored at -20 °C (old) and
just purified (fresh). After addition of non-reducing loading buffer, the samples were boiled at 95 °C for 10 minutes
and immediately loaded in precast gel (Mini-PROTEAN TGX Stain-Free 12 %; Bio-Rad). After the run, the gel was

stained with PageBlue™. b UV light image was taken before the staining.
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Species Protein name Alignment around active site Alignment around C-terminal Total cys
Arabidopsis thaliana AtGRXC1 . WvFsfry-----CGYCORVKQ ... . VFIRGNHIGGCDRVM ... 3
Zea mays ZmGRX1 . LVFsfrs-----CPFCVRVEKQ ... . VFINGKHIGGCDDTM ... 3
Hordeum wulgare HVGRXC8 . vWvrsfsY-----CPFCVQVEK ... . VFINGKHIGGCDDTL ... 3
Oryza sativa Japonica OsGRXC1 . VVIFSMSS-----CCMCHTVTR ... . VFIGGRLVGSTDRKVM ... 4
Populus trichocarpa PtGRXC1 . Vwvrsfry-----CGYCNRVEKQ ... . VFIGGKNIGGCDTVV ... 3
— Physcomitrella patens PpGRXC1 5 WVYS'TY——-——CPY(MRVKK i . VFVGGKLVGGVDAVM ... 3
n Synechocystis PCC 6803 SyGRXA . IEIYTWST-----CPFCMRAIA ... . IFIDDQHIGGCDDIY ... 4
g Chlamydomonas reinhardftii CrGRX1 . vwvysfrH-----CPYCMRARS ... . VFINGRFLGGGDDTA ... 2
6 Escherichia coli EcGRX3 . VEIYTJET-----CPYCHRARA ... . IFIDAQHIGGCDDLY ... 3
Saccharomyces cerevisiae ScGRX1 . IFVASfrY-----CPYCHAAIN ... . IYINGKHIGGNDDLQ ... 2
Caenorhabditis elegans CeGRX1 . WvFrsfsy-----CPYCHRARA ... . VFINGKFFGGGDDTA ... 3
Drosophila melanogaster DmGRX1 . WiIFsfsY-----CPYCSMARE ... . CFIDGKFVGGGTDVK ... 3
Danio rerio DrGRX2 . VIFSfrT-----CPYCRMAKG ... . VFINGQCIGGGSDTK ... 8
Mus musculus MmGRX2 . WIFsfrs-—----CSYCSMARK ... . IFVNGRFIGGARTLT ... 5
Homo sapiens HsGRX2 . WIFSfTS-----CSYCTMARK ... . IFVNGTFIGGATDTH ... 4
Arabidopsis thaliana AtGRXS15 . "MIYMJGVPESPCCGFESIAVR ... . IFIRGEFIGGSDIIL ... 1
Zea mays ZmGRXS15 . WIYM§GYPDAPRCGFSALAVK ... . IFIRGEFVGGSDIIL ... 1
Hordeum vulgare HVGRXS4 . VIIYMJGHPQAPRCGFSALAVK ... . IFINGEFVGGSDIIL ... 1
Oryza sativa Japonica OsGRXS4 . VLI1YMJGYPDAPRCGFSALAVR ... . IFIKGEFVGGSDIIL ... 1
Populus trichocarpa PtGRXS15 . IVIYMJGYPDLPQCGFSALAVR ... . IFIRGEFIGGSDIIM ... 2
—  Pnyscomitrella patens PpGRXS15 . WMVFMJGVPQAPQCGFSAMVVR ... . VYVNGEFVGGSDILI ... 1
; Synechocystis PCC 6803 SyGRX4 . vMvFMJGTRLMPOCGFENNVVO . .. . VYVNGEFVGGSDIMI ... 1
) Chlamydomonas reinhardti  CrGRX5 . SIARDJGTPDSPQCGFSRMACY ... . VFVNGEFIGGCDILM ... 3
‘—B Escherichia coli EcGRX4 . ILLYMJGSPRKLPSCGFSAQAVQ ... . LWVDGELVGGCDIVI ... 3
o Saccharomyces cerevisiae ScGRX5 . VWLFMJGTPEFPRCGFSRATIG ... . LYVNREFIGGCDVIT ... 2
Caenorhabditis elegans CeGRX5 . VWvFMJGTQQEPACGFSRNVEL . .. . VYVEGEFVGGCDILI ... 2
Drosophila melanogaster DmGRX5 . VWWVFMJGNPQAPRCGFSNAVVQ ... . VFINGEFVGGCDILL ... 2
Danio rerio DrGRX5 . vwrMJGTPAQPMCGFENAVVO . .. . VFFNGEFVGGCDILL ... 3
Mus musculus MmGRX5 . VVFLJGTPEQPQCGFSNAVVQ ... . VYLNGEFVGGCDILL ... 2
Homo sapiens HsGRX5 . VVFIJGTPEQPQCGFENAVVQ ... . VYLNGEFVGGCDILL ... 2

Supplementary Fig. 3b.5 | Sequences alignment of GRXs from different species and different kingdoms.
Representative glutaredoxins homologues of Arabidopsis GRXC1 (cytosolic class |) and homologues of Arabidopsis
GRXS15 (mitochondrial class Il) were retrieved from NCBI Standard Protein Blast. The alignment was generated
by local multiple alignments of the amino acid sequences (Clustal Omega with ClustalW parameters;
https://www.ebi.ac.uk/Tools/msa/clustalo/). The grey line separates the class | and class Il GRXs. The count of
cysteine residues does not include the mitochondrial targeting peptide.
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AtGRXS15 MAASLSSRLIKGIANLKAVRSSRLTSASVYQNGMMRFSSTVPSDSDTHDDFKPTQKVP-— 58

HsGrx5 = = —————————————————— MSGSL---GRAAAALLRWGRGAGG-—-—-GGLWGPGVRAAGS 34

ScGrx5 =0 0 ——————- MF---LPKENPIRSFSP---ILRAKTLLRYONRM-—————————————————— 28

AtGRXS15 PDSTDSLKDIVENDVKDNPVMI YMBGVPESPQCGFSSLAVRVLQQYNVP---ISSRNILE 115
HsGrx5 GAGGGGSAEQLDALVKKDKVVVFLEGTPEQPQCGFSNAVVQILRLHGVR--DYAAYNVLD 92

ScGrx5 -YLSTEIRKAIEDAIESAPVVLFMEGTPEFPKCGFSRATIGLLGNQGVDPAKFAAYNVLE 87

AtGRXS15 DOQELKNAVKSEFSHWPTFPQIFIKGEFIGGSDIILNMHKEGELEQKLKDVSGNQD—————— 169
HsGrx5 DPELRQGIKDYSNWPTIPQVYLNGEFVGGCDILLOMHQONGDLVEELKKLGIHSTLL-DEK 151
ScGrx5 DPELREGIKEFSEWPTIPQLYVNKEFIGGCDVITSMARSGELADLLEEAQALVPEEEEET 147
AtGRXS1l5 = —————- 169

HsGrx5 KDQDSK 157

ScGrx5 KDR-—- 150

Supplementary Fig. 3b.6 | Sequences alignment of the mitochondrial class Il glutaredoxins from
Arabidopsis, human and yeast. Primary structure comparison of the mitochondrial class Il A(GRXS15 from
Arabidopsis (Arabidopsis thaliana), HsGrx5 from human (Homo sapiens) and ScGrx5 from yeast (Saccharomyces
cerevisiae). The alignment was generated by local multiple-sequence alignment (Clustal Omega,
https://www.ebi.ac.uk/Tools/msa/clustalo/). The cysteines as well as the active site “CGFS” are highlighted in yellow

while the conserved lysyl residue before the active site is highlighted in red.
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4 | Consequences of GRXS15 decrease activity

This chapter presents the research paper published in Plant Physiology in 2021:

“The function of glutaredoxin GRXS15 is required for lipoyl-dependent dehydrogenases

in mitochondria”

Anna Moseler, Inga Kruse, Andrew E. Maclean, Luca Pedroletti, Marina Franceschetti,

Stephan Wagner, Regina Wehler, Katrin Fischer-Schrader, Gernot Poschet, Markus Wirtz,
Peter Dérmann, Tatjana M. Hildebrandt, Riidiger Hell, Markus Schwarzldnder, Janneke Balk
and Andreas J. Meyer. (2021)

Plant Physiology, 186: 1507—1525; doi.org/10.1093/plphys/kiab172.

The complete supplementary data are available under “Supplemental data” on the website:
https://academic.oup.com/plphys/article/186/3/1507/6226523#304831117.

4.1 | Summary and personal contribution

Iron-sulfur (Fe—S) clusters play essential roles in various biological processes across all forms
of life and their assembly and distribution to Fe—S-dependent proteins need to be finely
regulated. The monothiol glutaredoxin S15 (GRXS15) localized in plant mitochondria can bind
a [2Fe—-28] cluster and transfer this to other proteins, as demonstrated in vitro (Azam et al.,
2020). However, the precise role of the protein in planta is only partially understood. In this
research paper, we unravelled the link between GRXS15 and the four lipoyl-dependent

dehydrogenases in Arabidopsis mitochondria.

Since grxs15 null mutants are embryo lethal, we used lines that overexpress the mutated
variant GRXS15 K83A, which is compromised in Fe—S cluster coordination (more details in the
previous Chapters 3s and Chapter 3b) in a grxs15 null mutant background and the knockdown
line amiR (GRXS15°™R: Stréher et al. (2016)). These GRXS15-compromised mutants,
collectively referred to as grxs15 mutants, showed a dwarf phenotype. To investigate whether
the lack of growth could be due to defects in Fe-S cluster biosynthesis, we systematically

analysed several mitochondrial metabolic pathways dependent on Fe—S enzymes.

Biotin synthase (BIO2) requires [2Fe—2S] and [4Fe—4S] clusters to function and it is unknown
how the enzyme receives these clusters (Fig. 8 in Moseler et al. (2021); for more details see
Chapter 2, Pedroletti et al. (2023a)). We found that neither the abundance of biotin-dependent
methylcrotonyl-CoA carboxylase (MCCase) nor the fatty acid synthesis, reliant on

mitochondrial biotin which is exported from mitochondria, were changed in grxs715 mutants.

91



4 | Consequences of GRXS15 decrease activity

Consistently, supplementing of the growth media with biotin was unable to rescue the growth
retardation of grxs15 mutants. This strongly suggested that their dwarf phenotype is not

primarily caused by defects in biotin synthesis.

Cofactor of nitrate reductase and xanthine dehydrogenase 2 (CNX2) requires [4Fe—4S]
clusters to synthesise a precursor of the molybdenum cofactor (Moco) in the mitochondrial
matrix. However, we found no striking defects of Moco-dependent enzymes nitrate reductase
(NR), xanthine dehydrogenase (XDH) and aldehyde oxidase (AO) in grxs15 mutants,
suggesting that Moco-dependent nitrogen metabolism was not limiting upon impaired GRXS15

function.

Enzyme complexes of the mitochondrial electron transport chain (mETC) contain a total of 12
Fe—S clusters (Fig. 8 in Moseler et al. (2021); for more details see Chapter 2). Although grxs15
plants showed decreased root respiration, we found no differences between wild type and the
grxs15 mutants when we measured respiration in isolated mitochondria and analysed the
activity and abundance of the respective complexes and the capacity of the alternative
oxidases (AOXs). Since wild type and grxs715 mutants also showed similar cytosolic ATP

levels, we argued that the mETC was not the major system affected by GRXS15 impairment.

Mitochondrial aconitases (ACOs) require [4Fe—4S] clusters for their activity (Fig. 8 in Moseler
et al. (2021)). Contrary to previous work, we found no differences in ACOs activity in grxs15

mutants, suggesting that ACOs defects were not the main cause of the grxs15 dwarfism.

Furthermore, we analysed the grxs15 K83A mutant for signs of oxidative stress resulting from
improper Fe-S cluster transfer by the mutant protein. We found no differences in neither
reactive oxygen species (ROS) levels nor in H,O, concentration nor in the glutathione redox

potential between the grxs15 and wild-type plants.

To investigate potential other metabolic defects in grxs75 plants, we metabolically profiled
grxs15 K83A mutants and found that most quantified organic acids were elevated compared
to wild type. Pyruvate showed the most significant change, with a more than four-fold increase
compared to the wild type. 2-oxoglutarate (2-OG) also slightly increased in the mutant lines.
Both metabolites are degraded by the protein complexes pyruvate dehydrogenase complex
(PDC) and oxoglutarate dehydrogenase complex (OGDC), respectively, and both require a
lipoyl cofactor to operate. Since lipoylation defects were previously associated with knockdown
lines of GRXS15 (Stréher et al., 2016), we measured PDC activity in isolated mitochondria and

found it to be reduced in mitochondria isolated from grxs15 K83A plants.

The lipoyl cofactor is essential for two other mitochondrial protein complexes, glycine
decarboxylase complex (GDC) and branched-chain a-keto acids dehydrogenase complex
(BCKDC). We found that lipoylation of GDC was reduced in the grxs15 mutants and that keto
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acids derived from branched-chain amino acid degradation massively accumulated in grxs15
K83A mutants, indicating decreased activity of BCKDC.

Taken together, our results showed that while most Fe—S cluster-dependent processes are
unaffected in grxs15 mutants, there is an accumulation of all the metabolites directly linked to
the four mitochondrial lipoyl-dependent enzymes. Thus, we hypothesised that the impaired
Fe-S cluster supply in grxs15 mutants specifically affects lipoyl synthase (LIP1) which relies
on Fe-S cluster for the biosynthesis of the lipoyl cofactor, directly affecting the lipoyl-

dependent dehydrogenase complexes (Fig. 8 in Moseler et al., (2021)).

My personal contribution to this study was to phenotype and analyse all the grxs75 mutants in
one single dataset, including the knockdown mutant grxs15-1 (Moseler et al., 2015; Stréher et
al., 2016) (more detail in Chapter 5, Pedroletti et al. (2023b)). Particularly, | have grown the
grxs15-1, amiR, K83A #3 and #4 mutants next to wild type on vertical 2 MS agar plates to
phenotype young seedlings and analyse the root length. | also phenotyped older plants on soil.
The obtained results are shown in Supplemental Figure S1, which is attached after the

manuscript, in Section 5.3.

| conducted preliminary experiments to investigate the potential role of GRXS15 in drought
tolerance and the influence of various substrates on the growth of plants with compromised
GRXS15 activity. The obtained results were not part of this research paper but are reported in

Appendix 2.

Overall, this research represents a significant stride towards understanding the role in vivo role
of GRXS15 and, more broadly, shedding light on the Fe-S cluster distribution in the
mitochondrion. The important insights achieved by this study served as the cornerstone for the

hypothesis that we further explored in the next Chapter 5 (Pedroletti et al., 2023b).

4.2 | Manuscript

Attached on the following pages is the manuscript published in Plant Physiology
(doi.org/10.1093/plphys/kiab172).
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Abstract

Iron-sulfur (Fe-S) clusters are ubiquitous cofactors in all life and are used in a wide array of diverse biological processes, in-
cluding electron transfer chains and several metabolic pathways. Biosynthesis machineries for Fe-S clusters exist in plastids,
the cytosol, and mitochondria. A single monothiol glutaredoxin (GRX) is involved in Fe-S cluster assembly in mitochondria
of yeast and mammals. In plants, the role of the mitochondrial homolog GRXS15 has only partially been characterized.
Arabidopsis (Arabidopsis thaliana) grxs15 null mutants are not viable, but mutants complemented with the variant
GRXS15 K83A develop with a dwarf phenotype similar to the knockdown line GRXS75“™®. In an in-depth metabolic analy-
sis of the variant and knockdown GRXS15 lines, we show that most Fe-S cluster-dependent processes are not affected, in-
cluding biotin biosynthesis, molybdenum cofactor biosynthesis, the electron transport chain, and aconitase in the tricarbox-
ylic acid (TCA) cycle. Instead, we observed an increase in most TCA cycle intermediates and amino acids, especially
pyruvate, glycine, and branched-chain amino acids (BCAAs). Additionally, we found an accumulation of branched-chain o-
keto acids (BCKAs), the first degradation products resulting from transamination of BCAAs. In wild-type plants, pyruvate,
glycine, and BCKAs are all metabolized through decarboxylation by mitochondrial lipoyl cofactor (LC)-dependent dehydro-
genase complexes. These enzyme complexes are very abundant, comprising a major sink for LC. Because biosynthesis of LC
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depends on continuous Fe-S cluster supply to lipoyl synthase, this could explain why LC-dependent processes are most

sensitive to restricted Fe-S supply in grxs15 mutants.

Introduction

Since the early days of biological evolution, iron—sulfur (Fe—
S) clusters have been employed as catalytic co-factors for
electron transfer reactions and are nowadays present in a
plethora of essential proteins (Pain and Dancis, 2016).
Because Fe-S clusters are inherently unstable they do not
exist in free form but always need to be chaperoned before
reaching their final destination apoproteins. Among the pro-
teins thought to be involved in Fe-S cluster transfer is a
specific subtype of glutaredoxins (GRXs) capable of coordi-
nating [2Fe-2S] clusters as a protein dimer (Banci et al,
2014; Couturier et al., 2015; Lill and Freibert, 2020).

GRXs are ubiquitous proteins, which form a large family
with several subfamilies in plants (Rouhier et al, 2008
Meyer et al., 2009). Although their canonical function is glu-
tathione-dependent redox catalysis, dissection of the func-
tion of subclasses and individual family members reveals an
unexpectedly diverse picture (Deponte, 2013; Liedgens et al,
2020; Trnka et al., 2020). Class Il GRXs share a CGFS amino
acid motif in the active site and are proposed to serve as
carrier proteins for Fe-S cluster between the assembly ma-
chinery and receiving apoproteins. A second proposed func-
tion is the repair of oxidation-sensitive Fe—S clusters
(Couturier et al, 2015). In Arabidopsis (Arabidopsis thali-
ana), Fe-S cluster assembly machineries are present in the
cytosol, plastids, and mitochondria, and at least one mono-
thiol GRX is located in each of these compartments:
GRXS15 in mitochondria; GRXS14 and GRXS16 in plastids;
and GRXS17 in the cytosol (Cheng et al, 2006
Bandyopadhyay et al, 2008; Knuesting et al., 2015; Moseler
et al, 2015). While plants deficient in plastidic GRXS14 did
not display any growth phenotype under nonstress condi-
tions, genetic stacking of a grxs14 null mutant and knock-
down of GRXS16 caused pronounced growth retardation
(Rey et al,, 2017). Exposure of grxs14 and the double mutant
to prolonged darkness led to accelerated chlorophyll loss
compared to wild-type (WT) and decreased abundance of
proteins involved in the maturation of Fe-S proteins.
Mutants lacking the cytosolic GRXS17 were sensitive to high
temperature and long-day photoperiod (Cheng et al., 2017;
Knuesting et al, 2015; Martins et al., 2020). However, the ac-
tivities of cytosolic Fe-S proteins, like aconitase (ACO) or al-
dehyde oxidase (AO), were not substantially altered in
grxs17 null mutants (Knuesting et al, 2015; Inigo et al,
2016).

The mitochondrial GRXS15 is indispensable as indicated
by embryonic lethality of null mutants (Moseler et al.,, 2015).
Partial complementation with a mutated GRXS15 K83A vari-
ant, which is weakened in its ability to coordinate an [2Fe-
2S] cluster in vitro, results in a dwarf phenotype (Moseler

et al, 2015). A similar dwarf phenotype has also been
reported for a GRXS15 knockdown line (Stréher et al, 2016).
Expression of GRXS15 in the yeast (Saccharomyces cerevisiae)
grx5 mutant can partially rescue the impaired growth and
ACO activity (Moseler et al, 2015), suggesting a conserved
function in Fe-S cluster assembly. Grx5 in yeast and its ho-
molog in vertebrates are thought to have a general role in
the early steps of Fe-S cluster transfer leading to pleiotropic
effects due to the simultaneous impairment of several cen-
tral mitochondrial processes (Lill and Freibert, 2020). In vitro
data showed that Arabidopsis GRXS15 was able to interact
with the scaffold proteins iron-sulfur cluster assembly
(ISCA)1a/2 and to deliver [2Fe-2S] cluster resulting in the
generation of [4Fe—4S] cluster on the ISCA complex (Azam
et al, 2020). Mitochondria contain at least 26 Fe—S proteins
that are involved in different processes, including electron
transport [complexes I-Ill in the respiratory electron trans-
port chain (ETC)] and the tricarboxylic acid (TCA) cycle
[ACO and succinate dehydrogenase (SDH)]. A general role
of GRXS15 in the early steps of Fe-S cluster transfer would
therefore predict pleiotropic effects of diminished GRXS15
activity, due to the simultaneous impairment of several cen-
tral mitochondrial processes. The number of potential defec-
tive sites is even further amplified if the synthesis of enzyme
cofactors and the function of several cofactor-dependent
enzymes, in turn, is compromised. Indeed, pathways for bio-
synthesis of the molybdenum cofactor (Moco) and lipoyl co-
factor (LC) involve the mitochondrial [4Fe—4S] proteins
GTP-3/,8-cyclase (CNX2; cofactor of nitrate reductase [NR]
and xanthine dehydrogenase [XDH] 2) and lipoyl synthase
(LIP1; Yasuno and Wada, 2002; Schwarz and Mendel, 2006).
It should be noted that Agrx5 mutants in yeast also have a
defect in iron signaling and accumulate toxic levels of iron
as a consequence (Rodriguez-Manzaneque et al, 2002), for
which there is so far no evidence in Arabidopsis grxs15
mutants.

A study of two different GRXS15 knockdown mutants in
Arabidopsis by Stroher et al. (2016) found normal activities
of ACO (one [4Fe-4S] cluster) and complex | (one [2Fe-
2S]cluster and seven [4Fe-4S] clusters) but a pronounced
decrease in LC-dependent proteins. Diminished presence of
the LC itself and decreased abundance of mitochondrial
LIPT (mLIP1) led to the conclusion that GRXS15 plays a pu-
tative role in transfer of Fe-S clusters for mitochondrial LC
synthesis (Stroher et al, 2016). In the mitochondrial matrix,
four enzyme complexes depend on lipoamide as a pros-
thetic group: the pyruvate dehydrogenase complex (PDC),
the 2-oxoglutarate (2-OG) dehydrogenase complex (OGDC),
the glycine decarboxylase complex (GDC), and the
branched-chain a-keto acid (BCKA) dehydrogenase complex
(BCKDG Taylor et al, 2004; Solmonson and DeBerardinis,
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2018). The PDC acts as the entry point of acetyl-CoA into
the TCA cycle, while OGDC acts within the TCA cycle to
convert 2-OG to succinyl-CoA. The GDC catalyzing the oxi-
dative decarboxylation of glycine is essential for photorespi-
ration (Douce et al, 2001), but also for C1 metabolism
(Mouillon et al., 1999). BCKDC is involved in the catabolism
of the three branched-chain amino acids (BCAAs) leucine
(Leu), valine (Val), and isoleucine (lle), and their correspond-
ing BCKAs (Aradjo et al, 2010; Gu et al, 2010; Peng et al,
2015). Whether all these LC-dependent enzymes are affected
similarly in grxs15 mutants and whether other pathways
containing Fe-S enzymes are diminished and thus constitute
bottlenecks that severely restrict metabolic fluxes is yet un-
known because the respective mutants have not been meta-
bolically characterized.

Here, we aimed to identify the most severe metabolic bot-
tlenecks caused by severely restricted capacity of GRXS15
mutants in Fe=S transfer. We consider several candidate Fe—
S proteins involved in essential mitochondrial processes
starting with biotin biosynthesis, followed by Moco biosyn-
thesis, capacity of the mitochondrial ETC (mETC), TCA cycle
flow, and closing with the biosynthesis of LC. We assess how
these Fe-S-related processes are affected in grxs15-3 null
mutants complemented with GRXS15 K83A and in
GRXS15“™® knockdown mutants trying to pin down the
cause of the phenotype and by that the functional signifi-
cance of GRXS15. By direct comparison of partially comple-
mented null mutants and knockdown mutants, we resolve
previous contradictions about the role of GRXS15 in the
maturation of Fe-S containing enzymes.

Results

GRXS15 K83A causes retardation in growth

To complete embryogenesis, GRXS15 is essential in plants.
To bypass embryo lethality, Arabidopsis grxs15 null mutants
were complemented with the GRXS15 K83A variant and
these complemented plants are able to grow, but have small
rosette leaves (Moseler et al, 2015). Based on this observa-
tion, we aimed to further analyze the growth phenotype
and compare it with published records of grxs15 knockdown
mutants. The dwarf phenotype of the GRXS15 K83A com-
plementation lines #1 to #5 becomes apparent at the early
seedling stage (Figure 1, A and B). Analysis of root length in
five randomly selected lines consistently also showed a con-
comitant reduction of primary root length compared to WT
(Figure 1B). Although only minor differences in seedling size
could be observed, line #3 was the best growing comple-
mentation line, and line #4 the weakest (Figure 1C; Moseler
et al, 2015). This effect was stable and consistent over sev-
eral generations. The phenotype is similar to GRXS15%™R
knockdown lines reported by (Stroher et al. 2016
Supplemental Figure S1). The insertion line grxs15-1 carrying
a T-DNA in an intron within the 5-UTR (Moseler et al.
2015), which had been reported to display a short root phe-
notype (Stroher et al, 2016) cannot be clearly distinguished
from the WT in our hands, neither at seedling stage nor at

PLANT PHYSIOLOGY 2021: 186; 1507-1525 | 1509

rosette stage (Supplemental Figure S1). This allele was ex-
cluded from further analysis. To test whether the reduced
growth of GRXS15 K83A-complemented null mutants was
true growth retardation or caused by delayed germination,
the two lines #3 and #4 were scored for the timing of radical
emergence. The absence of any difference between WT and
the two mutants suggests that the growth phenotype
reflects a genuine growth retardation (Figure 1C).

Biotin-mediated metabolism is not impaired when
GRXS15 function is diminished
Following our earlier observation that GRXS15 can coordi-
nate a [2Fe-2S] cluster (Moseler et al., 2015), similar to the
homologs in yeast and mammals (Uzarska et al, 2013; Banci
et al, 2014), we embarked on testing a number of pathways
of Fe—S-dependent metabolism that may be affected in the
mutant. One putative target protein of GRXS15 is mito-
chondrial biotin synthase (BIO2, At2g43360) since it relies
on supply of a [2Fe-2S] and a [4Fe—4S] cluster. BIO2 cata-
lyzes the final step in biotin biosynthesis, which acts as an
essential cofactor in several carboxylases in energy metabo-
lism. Destruction of the [2Fe—2S] cluster for sulfur supply to
biotin with each catalytic cycle and subsequent turnover
increases the demand of the BIO2 protein for [2Fe-2S] clus-
ters (Ugulava et al, 2001). bio2 null mutants were previously
described as embryo-defective, arrested mostly at globular
or heart stage of embryo development (Patton et al, 1998;
Meinke, 2019). Because lack of biotin typically causes degra-
dation of the respective apoproteins (Solbiati et al, 2002),
we tested for the abundance of biotin-dependent methyl-
crotonoyl-CoA carboxylase (MCCase), which is involved in
Leu degradation in mitochondria. None of the five analyzed
grxs15 complementation lines showed a decrease in protein
abundance of the biotinylated MCCase subunit A (MCCA;
Figure 2A). Biotin is also exported to the cytosol and the
chloroplasts, where it is required for synthesis and elonga-
tion of fatty acids by hetero and homomeric acetyl-CoA car-
boxylase (ACCase). Total fatty acids in seeds amounted to
7.6 +0.8nmol seed ' in line #4 and 7.6 * 1.0 nmol seed "
in the WT and no difference in relative abundance of spe-
cific fatty acids in seeds was observed (Figure 2C). In 8-d-old
seedlings, the amount of total fatty acids did not differ in
line #4 103*04nmol (mg FW) ' compared to
88+ 1.0nmol (mg FW) ' in WT, but a 23% increase in o-
linolenic acid (18:3) was observed (Figure 2B).

bio2 mutants can be rescued by the addition of biotin to
both arrested embryos cultured in vitro and to mutant
plants grown on soil (Schneider et al, 1989; Patton et al,
1998; Pommerrenig et al, 2013). External supply of biotin or
its precursor desthiobiotin to a GRXS15”™® knockdown mu-
tant and the complemented line #4 in both cases improved
growth slightly but did not rescue the growth defects of ei-
ther of the lines (Figure 2D). It should be noted though that
also the WT grew better with the supply of biotin or des-
thiobiotin. These results suggest that growth retardation of
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Figure 1 Complementation of the Arabidopsis grxs75-3 mutant with UBQ10,,,,GRXS15 K83A. A, 8-d-old WT seedlings compared with GRXS15
K83A mutants grown on vertical agar plates under long-day conditions. B, Primary root length of 8-d-old GRXS15 K83A mutants compared to WT
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Figure 2 GRXS15 K83A mutation has no impact on the biotin pathway in Arabidopsis seedlings. A, Inmunoblot analysis of biotinylated MCCA in
mitochondria (mito) of GRXS15 K83A mutants compared with WT. In the upper, biotinylated MCCA was detected by streptavidin HRP in isolated
mito from 2-week-old seedlings (9 g protein was loaded per lane). In the lower, amido black staining of the membrane is shown as a control for
protein loading. B and C, Fatty acids quantified by gas chromatography of 8-d-old seedlings (B) and seeds (C) of GRXS15 K83A line #4 compared
to WT (n =3-4; means = sp). The statistical analysis (two-way ANOVA with post hoc Holm-Sidak comparisons for WT versus grxs15) indicated
no significant (P < 0.05) change except for 18:3 (***P < 0.001). D, GRXS15 K83A line #4, the knockdown line GRXS157™R (amiR), and WT plants
were grown on horizontal plates with 1/2 MS agar without sucrose. The medium contained either no biotin (control), 1M biotin or 1M
desthiobiotin.

grxs15 mutants is not primarily caused by defects in biotin biosynthesis steps (Bittner, 2014; Kruse et al,, 2018). Because

synthesis. CNX2 contains two [4Fe—4S] clusters, we hypothesized that

Moco biosynthesis and hence Moco-dependent biochemical
Moco-dependent nitrogen metabolism is not pathways may be affected by defects in mitochondrial Fe-S
limiting upon impaired GRXS15 function transfer. The most abundant Moco-dependent enzymes in-

The Moco precursor cyclic pyranopterin monophosphate  clude NR, AO, XDH, and sulfite oxidase. Arabidopsis gener-
(cPMP) is synthesized in the mitochondrial matrix by the  ally prefers nitrate as nitrogen source (Sarasketa et al, 2014),
CNX2 (At2g31955) and the cPMP synthase CNX3 but mutants deficient in Moco biosynthesis can be rescued
(At1g01290) and is exported to the cytosol for subsequent by providing ammonium as a nitrogen source to bypass NR
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(Wang et al, 2004; Kruse et al, 2018), revealing NR as the
main recipient of Moco. While the preference for nitrate
(KNO3) over ammonium ((NH,4),SO,) could be confirmed
in WT plants, we found that the growth retardation of
GRXS15 K83A roots is more pronounced on nitrate than on
ammonium as sole nitrogen source (Figure 3A). Similar
results were obtained when seedlings were grown on NH,Cl
instead of (NH,),SO, to control for possible impacts of the
respective counter anions on the growth behavior
(Supplemental Figure S2A).

The pronounced growth retardation on nitrate could be
indicative of severe NR deficiency similar to nial nia2
mutants lacking functional NR (Wilkinson and Crawford,
1993). A similar NR deficiency has been described for mu-
tant alleles of the ABC transporter ATM3 that is involved in
Moco biosynthesis (Bernard et al, 2009; Teschner et al,
2010; Kruse et al, 2018). atm3-1 mutants display a severe
growth phenotype and are chlorotic (Figure 3B). While
GRXS15 K83A mutants are also smaller than WT, they are
not chlorotic and thus do not phenocopy atm3-1 (Figure 3,
A and B). Despite NR activity being diminished to 50% of
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WT, root growth of atm3-1 was still better on nitrate than
on ammonium (Figure 3, A and C). NR activity was not al-
tered in the GRXS15 K83A mutants #3 and #4 (Figure 3C).
Despite the unaffected NR activity, both grxs15 mutants
contained significantly less nitrate than WT seedlings
(Figure 3D). Nitrite and other inorganic anions like chloride,
sulfate, or phosphate were not altered between the mutant
lines and WT (Supplemental Figure S2B). All other tested
Moco-dependent enzymes such as AO or XDH showed no
decrease in activity in the grxs15 mutants compared to WT
(Figure 3, E and F). Taken together, these results suggest
that NR activity in GRXS15 K83A mutants is sufficient to use
nitrate as the sole nitrogen source and does not explain the
growth inhibition on nitrate.

Impaired GRXS15 function leads to decreased root
respiration

The mETC contains three enzyme complexes with a total of
12 Fe-S cofactors: complex | with two [2Fe-2S] and six
[4Fe—4S] clusters, complex Il with one [2Fe-2S], one [3Fe-
4S], and one [4Fe-4S] cluster, and complex Ill with one
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Figure 3 Growth of Arabidopsis GRXS75 K83A mutants is affected by the nitrogen source. A, Primary root length of GRXS15 K83A lines #3 and #4
as well as atm3-1 seedlings compared to WT grown on vertical agar plates containing 5 mM KNOj3 or 2.5 mM (NH,),SO, as N-source for 8 d under
long-day conditions (n = 30; means = sp). Student’s t test analysis showed significant differences between the growth on the different inorganic
N-sources in all lines ***P < 0.001. B, Representative 4-week-old plants of WT, GRXS15 K83A lines #3 and #4, and atm3-1 all grown on soil under
long-day conditions. Scale bar =2 cm. C, NR activity in WT, lines #3 and #4 as well as in atm3-1. Activity was analyzed in 4-week-old plants grown
on soil by measuring the presence of nitrite via the Griess reaction (n = 4; means = sp, one-way ANOVA with post hoc Holm-Sidak comparisons
for WT versus mutant lines **P < 0.01). D, Nitrate and nitrite content of 8-d-old WT and GRXS15 K83A lines #3 and #4 seedlings grown on agar
plates (n = 4; means = sem). The statistical analysis (two-way ANOVA with post hoc Holm-Sidak comparisons for WT versus grxs15) indicated a
significant change in the nitrate content; ***P < 0.001. E, In-gel activity of XDH in WT, atm3-1, and GRXS15 K83A mutants. Equal amounts of pro-
tein (35 1g) extracted from 8-d-old seedlings were separated on nondenaturing PA gel and stained for XDH activity using hypoxanthine as sub-
strate. As a control of protein-loading, the gel was subsequently stained with Coomassie. F, In-gel activities of AO in WT and atm3-1 as well as
grxs15 mutants. Equal amounts of protein were separated by nondenaturing PAGE and stained for AO activity using synthetic aldehydes (1-naph-
thaldehyde and indole-3-carboxaldehyde) as substrates. For control of protein loading, the gel was subsequently stained with Coomassie.
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[2Fe-2S] cluster (Couturier et al, 2015 Meyer et al, 2019).
Thus, we measured the respiration of detached roots and
dissected the capacity of complexes | and ll-linked electron
flow. Indeed, roots of line #3 displayed a decreased respira-
tion rate of 1.31*035nmol oxygen (O,) min~' (mg
DW) ' compared with the WT rate of 2.92 = 0.62 nmol O,
min~" (mg DW) ' (Figure 4A). This is similar to root tips of
GRXS15%™® knockdown plants, which were reported to con-
sume less O, than WT plants (Stroher et al,, 2016). Addition
of the cytochrome ¢ oxidase inhibitor KCN decreased the
rate of both lines down to similar values. The remaining
rates are accounted for by the presence of alternative oxi-
dases (AOXs), since they could be inhibited by propylgallate
(pGal). Interestingly, the AOX capacity appeared unchanged
in line #3, even though AOX is highly inducible by mito-
chondrial dysfunction. Next, we investigated if the decreased
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root respiration is due to defects in the respiratory machin-
ery or due to restricted metabolite turnover, or both. First,
we compared the abundance of respiratory complexes in
isolated mitochondria from GRXS15 K83A line #4,
GRXS15“™® by Blue Native-PAGE. None of the respiratory
complexes including the Fe-S cluster containing complexes
-1l was decreased in abundance in either mutant
(Figure 4B). Additionally, we purified mitochondria from
whole seedlings of the GRXS15 K83A line #3 and supple-
mented them with succinate or pyruvate/malate, respec-
tively, as respiratory substrates. Succinate provides electrons
to the ubiquinone pool of the mETC via complex I, while
pyruvate/malate feeding predominantly provides NADH
mainly generated by malate dehydrogenase, NAD-malic en-
zyme, and PDC. In addition, NADPH is also generated
mainly due to the promiscuous specificity of mitochondrial
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Figure 4 Respiration in complemented Arabidopsis grxs15 mutants. A, Root respiration rate of GRXS15 K83A line #3 (4.5-week old) and the respec-
tive WT grown to similar size (2-week old) after addition of the cytochrome c oxidase inhibitor KCN (4 mM) alone or together with the AOX inhibi-
tor pGal (0.2 mM; n=4; means * sp). The statistical analysis (two-way ANOVA with post hoc Holm-Sidak comparisons for WT versus grxs15
mutant) indicated a significant difference in the respiration of mito from WT and GRXS15 K83A line #3; ***P < 0.001. B, Respiratory complexes |, I,
Ill, and V separated by Blue Native-PAGE and visualized with Coomassie staining in WT, GRXS15 K83A line #4, and GRXS15°™R Mito were purified
from 4-week-old plants. C and D, O, consumption rates for purified mito from WT and GRXS15 K83A line #3 energized with succinate (left) or py-
ruvate/malate (right). O, consumption was measured before (blank) and after addition of mito. State Il respiration was initiated by the addition of
the respective substrate (State Il; succinate (10 mM succinate, 0.25 mM ATP) or pyruvate/malate (10 mM pyruvate, 10 mM malate, 0.3 mM NAD,
and 0.1 mM thiamine pyrophosphate). State Ill respiration was initiated by the addition of 50 UM ADP. State IV represents the respiration after
ADP consumption and CCCP shows the respiration after addition of the protonophore carbonyl cyanide m-CCCP (10 M), which uncouples elec-
tron transport from ATP synthesis. All results are based on three independent preparations of mito and are shown as means == SEM.
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malate dehydrogenase, NAD-malic enzyme, which also
accepts NADP™ as electron acceptor, and most prominently
by NADP-isocitrate dehydrogenase (IDH; Mgller and
Rasmusson, 1998; Meller et al, 2020). In addition to oxida-
tion by complex |, NADH is also oxidized by NDA-type alter-
native dehydrogenases (Elhafez et al, 2006). NADPH is
oxidized by NDC-type alternative dehydrogenase, NADPH-de-
pendent thioredoxin reductases A and B, and glutathione re-
ductase 2 (Reichheld et al, 2005 Rasmusson et al, 2008;
Marty et al, 2019). No differences in the respiration of iso-
lated mitochondria were found with supply of succinate or
pyruvate/malate (Figure 4, C and D), suggesting that the dif-
ferences in respiration observed in whole roots cannot be
accounted for by decreased capacities of the Fe-S cluster-
containing complexes. In summary, similar total respiratory
activities of WT and mutants further indicate that the
in vivo difference in respiration rate is not due to a defect at
the level of the mETC, but rather upstream or downstream.

The capacity for electron flow in isolated mitochondria
does not allow conclusions about the actual mETC activity
in planta. Hence, we tested whether the decreased respira-
tion rate may result in a change of the ATP status of the
cells. For analyses of the MgATP?>~ level WT plants as well as
the grxs15 mutants #3 and #4 were transformed with the
MgATP>~ biosensor ATeam1.03-nD/nA (De Col et al, 2017)
targeted to the cytosol. As cytosolic ATP is predominantly
provided by the mitochondria (Igamberdiev et al, 20071;
Voon et al, 2018), any disturbance in the mitochondrial ATP
synthesis will also affect the ATP level in the cytosol. Similar
to the report by De Col et al. (2017) higher Venus/cyan fluo-
rescent protein (CFP) fluorescence ratios indicating more effi-
cient Forster resonance energy transfer between the sensor
subunits and hence higher MgATP?~ levels were found in
cotyledons compared to roots (Supplemental Figure S3).
However, no differences in the Venus/CFP emission ratio
could be observed between WT and GRXS15 K83A mutants
indicating similar cytosolic ATP levels (Supplemental Figure
S3). It should be noted though that the energy charge of the
adenylate pool cannot be deduced from these results as it
would require also analysis of AMP and ADP.

Previously, we reported a 60% decrease in ACO activity in
GRXS15 K83A mutants while the total amount of ACO pro-
tein remained unchanged (Moseler et al, 2015). A decrease
in ACO activity could at last partially explain the decreased
respiration rate, but a decrease in ACO activity was not
seen by Stroher et al. (2016). To clarify the situation, we
measured the activity of ACO, a [4Fe-4S] enzyme, in the
GRXS15 K83A and GRXS15”™R mutants grown side by side
under the same conditions. We found no significant differ-
ence as a result of depleted or mutated GRXS15 protein in
total leaf extracts (Figure 5A). Additionally, the abundance
of ACO protein was the same (Figure 5B).

Furthermore, the mitochondrial ACO activity in purified
mitochondria was analyzed in both grxs15 mutant lines.
Here, we found a slight decrease in ACO activity (normal-
ized for citrate synthase) and no obvious difference in
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protein abundance (Supplemental Figure S4, A and B).
However, we discovered that ACO is prone to partial inhibi-
tion in leaf extracts of the grxs15 mutants, which likely
caused the initially reported decrease (Supplemental Figure
S4, C and D). The mutant-specific inhibition is not seen in
isolated mitochondria; therefore, we argue that the de-
creased activity is due to the accumulation of a metabolite
in the tissue that is removed in the course of the mitochon-
drial isolation.

Diminished GRXS15 activity does not lead to any
major signs of oxidative stress

Yeast Agrx5 mutant, as well as a Arabidopsis grxs14 null mu-
tant, are sensitive to oxidative stress and at least for the
Agrx5, it was shown that specific proteins are oxidized in
this mutant (Rodriguez-Manzaneque et al, 1999; Cheng
et al, 2006). Therefore, we analyzed the GRXS15 K83A mu-
tant for any signs of oxidative stress that may result from
iron-mediated reactive oxygen species (ROS) formation as a
possible consequence of an improper Fe-S cluster transfer
by the GRXS15 K83A protein variant. However, staining of
leaves with 3, 3-diaminobenzidine (DAB) for H,O, and nitro
blue tetrazolium (NBT) for superoxide revealed no differen-
ces between WT and grxs15 mutants (Supplemental Figure
S5). Since histological stains only provide a crude indication
of major changes in ROS dynamics, but are not sufficiently
sensitive to resolve localized intracellular changes in oxidant
load, we next analyzed mitochondria-specific changes in
H,O, concentration or the glutathione redox potential
(Ecsn). The genetically encoded sensors roGFP2-Orp1
(Nietzel et al, 2019) and roGFP2-hGrx1 (Albrecht et al,
2014) were expressed in the mitochondrial matrix of both
WT and mutant plants. Both sensors were highly reduced
under control conditions and neither roGFP2-Orp1 nor
roGFP2-hGrx1 revealed any significant differences between
WT and GRXS15 K83A mutants in mitochondria of cotyle-
dons and root tips (Supplemental Figure S5, B and C). Both
roGFP2-sensor variants remained highly reduced in all lines
as indicated by similar fluorescence ratios that resembled
those after incubation with dithiothreitol (DTT) for full sen-
sor reduction. This indicates no major oxidative challenge in
the mitochondrial matrix. Both sensors were responsive to
oxidative challenge as indicated by a pronounced ratio
change upon H,0, addition.

Diminished GRXS15 activity leads to accumulation
of TCA cycle intermediates

To investigate any other metabolic defects in the GRXS15
K83A mutant, we measured the concentrations of several
organic acids in the GRXS15 K83A mutants. We found most
of the analyzed organic acids in the complemented grxs15
mutants #3 and #4 to be increased. Pyruvate showed the
most pronounced change, increasing by more than four-fold
from 31.5 = 2.4 pmol (mg FW) ' in the WT to 131.76 + 3.8
and 15397 = 165pmol (mg FW) ' in lines #3 and #4
(Figure 6). The accumulation of citrate and isocitrate was
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Figure 5 ACO activities in leaf extracts of grxs15 mutants. A, ACO activity of GRXS15
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amiR

and GRXS15 K83A line #4 compared to the respective

WTs in leaf extracts from 3-week-old seedlings, measured by spectrophotometry in a coupled assay. n = 3; means = sp. WT ACO activity was
35.3 = 2.2 mU/mg protein for GRXS15%™R and 50.6 + 5.1 mU/mg for the parental line of GRXS15 K83A lines, while the activity for the mutants
was 35 * 2.4 and 46.6 = 2.1 mU/mg, respectively. B, Protein blot analysis of ACO in total leaf extracts from individual plants under denaturing
conditions (all three ACO isozymes have the same electrophoretic mobility). Twenty micrograms of total protein extract was loaded. Total protein
staining on the membrane after transfer with Ponceau S served as a loading control.

significant in line #4, but not in line #3. 2-OG and malate
showed minor increases in line #3 and pronounced increases
in line #4. This trend did not reach statistical significance,
however. A similarly concerted accumulation of TCA cycle
intermediates was previously observed in antisense lines of
the mitochondrial manganese superoxide dismutase 1
(MSD1; Morgan et al, 2008). Those lines showed impaired
mitochondrial ACO activity to <50%, suggesting that the
compromised ACO activity is sufficient as an explanation
for the rearrangements in the pools of TCA cycle intermedi-
ates. However, pyruvate content was not determined in the
MSD1 antisense lines and the increased pyruvate content
found in GRXS15 K83A lines cannot be straightforwardly
linked to ACO activity.

Alterations in pyruvate and glycine metabolism are
associated with impairment of LC-dependent
enzymes under diminished GRXS15 activity

The pronounced pyruvate accumulation may be caused by
a backlog of metabolites due to a lower TCA flux or by a di-
minished activity of PDC, which catalyzes the decarboxyl-
ation of pyruvate to acetyl-CoA (Yu et al, 2012). The E2
subunit of this multi-enzyme complex uses an LC, the syn-
thesis of which was shown to be compromised in
GRXST5“™® mutants (Stroher et al, 2016). In plant mito-
chondria, the lipoyl moiety is an essential cofactor of four
protein complexes: PDC, OGDC, BCKDC, and GDC (Taylor
et al, 2004). Stroher et al. (2016) showed decreased lipoyla-
tion of PDC E2-2 and E2-3 but no effects on E2-1. On the
other hand, a pronounced decrease was observed in all GDC
H protein isoforms, and differences in the degree of lipoyla-
tion were explained by different modes of lipoylation. To get
insight into the metabolic effects of diminished GRXS15 ac-
tivity, we tested for protein lipoylation in the weakest com-
plementation line #4 and directly compared the results to
lipoylation in GRXS15™® and WT. GRXS15 was barely

detectable in GRXS15"™® while in line #4 the mutated
GRXS15 K83A had been shown earlier to be present at even
higher amounts than the endogenous protein in WT plants
(Moseler et al,, 2015; Stroher et al, 2016). Immunodetection
of the lipoyl group with specific antibodies to the cofactor
indicated that the amount of lipoate bound to the H subu-
nit isoforms of GDC was decreased in the GRXS15 K83A mu-
tant to a similar extent as in GRXS15™® (Figure 7A). In
contrast, the H protein levels were largely unchanged in all
tested lines. Effective lipoylation could be restricted by the
activity or the abundance of mLIP1. An activity assay for
mLIP1 in plant extracts has not been developed. Using anti-
bodies raised against recombinant mLIP1, there was no dif-
ference in the protein levels between line #4, GRXS15"™*,
and WT controls (Figure 7A). However, this does not ex-
clude an enzymatic defect in mLIP1.

To further test whether the accumulation of pyruvate was
due to a less active PDC, we measured the activity of the
PDC in isolated mitochondria. Interestingly, there was a 22%
reduction in PDC activity for the GRXS15 K83A mutant.
While the WT had a PDC activity of 92.7 = 6.5 nmol NADH
mg ' min~' the GRXS15 K83A line #3 had significantly
lower activity of only 72.40 + 6.2 nmol NADH mg ™' min~'
(Figure 7B).

The pronounced increase of pyruvate and several TCA
intermediates (Figure 6) may have further effects on down-
stream metabolites. Given that intermediates of glycolysis
and the TCA cycle are hubs for synthesis of amino acids
and because mutants defective in PDC subunit E2 show an
increase in the pools of nearly all amino acids (Yu et al,
2012), we profiled the abundance of amino acids. Most
amino acids were increased in the mutants compared to
WT seedlings, with more pronounced increases in line #4
compared to line #3 (Figure 7C; Supplemental Table S1).
Particularly, high increases in amino acid abundance of >
200% were observed for glycine and serine derived from 3-
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Figure 6 Organic acids of the TCA cycle accumulate in Arabidopsis GRXS15 K83A mutants. Organic acids were analyzed in 8-d-old seedlings of
WT compared to GRXS15 K83A lines #3 and #4 (n = 4-5; means = sem). The statistical analysis (one-way ANOVA with post hoc Holm-Sidak com-
parisons for WT vs. mutant lines) indicated significant changes; *P < 0.05; ***P < 0.001.

phosphoglycerate (3PG), for alanine, Leu, and Val all derived
from pyruvate, and for lle (Figure 7C; Supplemental Table
S1). The Gly/Ser ratio, indicative of photorespiratory effects,
did not show any pronounced change and varied only be-
tween 0.33 £ 0.04 for the WT, 0.4+ 0.1 for line #3, and
0.37 = 0.12 for line #4.

BCAA metabolism is strongly impaired in response

to diminished GRXS15 activity and LC availability

Leu, Val, and lle are classified as BCAAs, which share a
common degradation pathway that is localized in the mi-
tochondrion. Because the BCAA catabolism pathway
involves LC-dependent BCKDC, the increase in the pools
of all three BCAAs may not exclusively result from in-
creased availability of their parent compounds, but also
from restricted BCAA degradation capacity. To test this
hypothesis, we measured the content of the respective
keto acids resulting from deamination of the BCAAs by
BCAA transaminase (BCAT; Supplemental Figure S6A). The
keto acids a-ketoisocaproic acid (KIC), a-keto-B-methylva-
leric acid (KMV), and o-ketoisovaleric acid (KIV) derived
from the BCAAs accumulated massively in both GRXS15
K83A mutants (Figure 7D). Here, KIC accumulated in the
GRXS15 K83A mutants up to 15-fold, resulting in values of
35+ 0.11pmol (mg FW) ' in line #3 and 3.8 + 0.6 pmol
(mg FW) " in line #4 compared to 0.25 = 0.032 pmol (mg

FW)™ " in the WT. KIV and KMV increased six- to seven-
fold in the GRXS15 K83A mutants. These pronounced
changes support the hypothesis of decreased BCKDC activ-
ity creating a bottleneck in keto acid catabolism
(Supplemental Figure S6A). The higher accumulation of
KIC can be accounted for by the preference of BCKDC for
the Val derivative (Taylor et al, 2004) resulting in KIV to
be metabolized faster and to accumulate less strongly.
Despite the presumed bottleneck in catabolism of BCAAs,
the grxs15 mutants did not show enhanced Leu sensitivity
(Supplemental Figure S6B). Similarly, ivdh mutants deficient
in isovaleryl-CoA dehydrogenase did not display an in-
creased sensitivity to external supply of Leu compared to
WT. To exclude that the accumulation of keto acids is
just due to an increased abundance of the respective
BCAAs, we measured the BCAAs and their deaminated
keto acids in the mutant root meristemless1 (rml1; Cheng
et al, 1995; Vernoux et al, 2000). rml1 is severely compro-
mised in glutathione biosynthesis, and is characterized by
only residual amounts of glutathione, accumulation of cys-
teine, and largely inhibited growth (Vernoux et al, 2000).
We found a significant increase in all three BCAAs in rml1
compared to the WT but no accumulation of the respec-
tive keto acids (Supplemental Figure S7). Hence, the accu-
mulation of BCAAs alone cannot account for an increase
of KIV, KIV, and KMV.
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Figure 7 LC-dependent enzymes are affected in Arabidopsis GRXS15 K83A mutants. A, Immunoblot analysis using antibodies against GRXS15, gly-
cine dehydrogenase H-protein (H1-3), LC (LA), mLIP1 as well as TOM40 for a loading control. Fifteen micrograms of isolated mitochondrial pro-
tein were loaded per lane. B, PDC activity in isolated mito. Reduction of NAD" was measured in extracts of mito isolated from 14-d-old WT
seedlings and the GRXS15 K83A line #3 (n =5; means = sem). The statistical analysis (one-way ANOVA with post hoc Holm-Sidak comparisons
for WT versus grxs15 mutant) indicated a significant change; *P = 0.025). C, Relative abundance of amino acids in 8-d-old seedlings of WT com-
pared to GRXS15 K83A lines #3 and #4. WT was set to 100% (n =4-5, means * sem). Absolute values and statistical analysis are provided in
Supplemental Table S1. Amino acids were categorized after their respective common precursor. PEP: phosphoenolpyruvate. D, Analysis of the
breakdown products of Leu, lle, and Val—KIC, KIV, and KMV—and phenylpyruvate (PhePyr) in seedlings of WT compared to GRXS15 K83A lines
#3 and #4. WT was set to 100% (n = 4-5; means * sem). Absolute values are provided in Supplemental Table S1. The statistical analysis (two-way
ANOVA with post hoc Holm-Sidak comparisons for WT versus grxs15 mutant) indicated significant changes; **P < 0.01; ***P < 0.001.

Discussion

GRXS15 function limits growth

Null mutants of mitochondrial GRXS15 are embryo-defective
but can be partially complemented with a mutated GRXS15
protein compromised in its ability to coordinate a [2Fe-2S]
cluster (Moseler et al,, 2015). The bottleneck in Fe-S coordi-
nation results in a dwarf phenotype similar to the pheno-
type of severe knockdown mutants generated through
expression of artificial microRNAs (Supplemental Figure ST;
Stroher et al, 2016) but how exactly the modification of ei-
ther activity or abundance of GRXS15 impacts on plant
growth and development remained unclear. Less severe
knockdown mutants resulting from a T-DNA insertion in
the 5'-UTR of GRXS15 limited the abundance of GRXS15 to
~20% of WT levels, but did not show a macroscopic pheno-
type beyond early seedling stage under nonstress conditions
(Stroher et al, 2016). The growth phenotype of more severe

grxs15 mutants is most apparent in very short roots, which
may be linked to the fact that GRXS15 is strongly expressed
in roots, particularly in the maturation and meristematic
zone (Belin et al, 2015). The primary function of GRXS15 is
assumed to be a role in mitochondrial Fe-S cluster transfer
(Moseler et al, 2015; Stroher et al, 2016). Recently, an inter-
action of GRXS15 with ISCA scaffold proteins and a transfer
of a [2Fe-2S] cluster from GRXS15 to the ISCA complex
was shown in vitro (Azam et al, 2020). This implies that a
compromised GRXS15 function potentially may have impli-
cations for Fe-S-dependent pathways, including biosynthesis
of biotin and Moco, the mETC, and the TCA cycle. While bi-
otin feeding experiments clearly excluded biotin biosynthesis
as the limiting factor, the picture was less clear for Moco,
which is an essential cofactor for several cytosolic enzymes
(Schwarz and Mendel, 2006). Nitrate assimilation, which is
dependent on Moco-containing NR, initially showed the
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expected nitrate sensitivity. Measurements of extractable NR
activity, however, showed no defects. Because, similarly XDH
and AOs did not show changes in their activities between
mutants and the WT, deficiencies in Moco supply can be
excluded as a putative metabolic bottleneck in GRXS15
K83A mutants. Nitrate sensitivity in grxs75 mutants leaves
us with the conundrum of a different link between mito-
chondrial functions of GRXS15 and nutrient assimilation,
which deserves further investigation in the future.

GRXS15 does not affect energy balance and ROS
levels

Diminished growth coincides with decreased root respiration
rates in both, severe GRXS15"™® knockdown mutants
(Stroher et al, 2016) and the weak complementation line #3
investigated in this work (Figure 4A). Because the mETC
contains 12 Fe-S proteins involved in electron transport
(Couturier et al, 2015; Meyer et al,, 2019), restricted supply
of Fe-S clusters would be expected to affect electron flow
along the mETC. In humans (Homo sapiens), it was observed
that a patient deficient in mitochondrial GLRX5 suffers from
decreased abundance and hence activity of complex | (Ye
et al, 2010). In yeast, Agrx5 mutants displayed a decreased
complex Il activity, albeit an unaffected protein abundance
in this complex (Rodriguez-Manzaneque et al., 2002). In con-
trast, we found no changes in abundance of any mETC
complexes in severe grxs15 mutants of Arabidopsis
(Figure 4B). Consistently, feeding of mitochondria isolated
from GRXS715 K83A mutants with succinate revealed that
SDH, which contains three different Fe-S clusters (Figueroa
et al, 2001), does not constitute a bottleneck in mitochon-
drial metabolism of grxs15 mutants. Generally, the respira-
tory capacity is not affected in the mutants compared to
WT, which indicates that supply of Fe-S clusters to compo-
nents of the mETC is not compromised in grxs15 mutants.
The lower respiratory rate in GRXS15 K83A mutants also
does not lead to changes in ATP levels. This, however, may
also partially be due to decreased consumption of ATP with
restricted growth and also the activity of adenylate kinase
that contributes to formation of ATP (and AMP) from ADP
to buffer the ATP level (De Col et al, 2017). Our overall
conclusion to this point is that reduced respiration is likely
due to restricted substrate supply rather than assembly of
complexes in the mETC and their supply with Fe-S clusters.
Restricted supply of reducing equivalents may result from a
slowdown of the TCA cycle and also from severely compro-
mised contributions of the electron-transfer flavoprotein
(ETF)/ETF.ubiquinone oxidoreductase (ETF/ETFQO) to ubi-
quinone reduction (Supplemental Figure S6). Electrons that
enter the mETC via ETF/ETFQO originate from IVDH-medi-
ated oxidation of acyl-CoAs as products of BCKDC. The
ETF/ETFQO pathway has been shown to contribute signifi-
cant amounts of electrons in stress situations (Ishizaki et al,
2005; Pires et al., 2016). The concomitant increase in BCKAs
and particularly BCAAs may contribute to the dwarf pheno-
type as disruption in BCAA homeostasis has been shown to
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lead to pleiotropic effects including growth retardation (Cao
et al, 2019).

GRXS15 affects enzymes and metabolites in the
TCA cycle

GRXS15 was detected as part of higher-order protein assem-
blies in a mitochondrial complexome analysis (Senkler et al.,
2017). A particularly strong interaction between GRXS15
and mitochondrial IDH1 was observed in yeast two-hybrid
screens with IDH1 as bait and this interaction was subse-
quently confirmed by bimolecular fluorescence assays
(Zhang et al, 2018). Consistent with a suspected role of
GRXS15 in IDH1 function, the isocitrate content was de-
creased significantly in a grxs15 knockdown mutant, while
the relative flux through the TCA cycle increased (Zhang
et al, 2018). IDH1 has recently been reported to contain
several redox-active thiols that can change their redox state
depending on substrate availability for the TCA (Nietzel
et al, 2020). The IDH1-GRXS15 interaction thus could point
at a possible function of GRXS15 as a thiol-switch operator
for regulatory thiols. This is unlikely though, because
GRXS15 does not show any reductive activity and only weak
oxidative activity (Moseler et al, 2015; Begas et al, 2017).
The increase in all analyzed metabolites of the TCA cycle is
rather consistent with metabolite patterns found in knock-
down mutants of mitochondrial MnSOD, in which increased
levels of organic acids correlated with a decrease in ACO ac-
tivity (Morgan et al,, 2008). ACO contains a [4Fe—-4S] cluster
and has frequently been used as an enzymatic marker for
defects in Fe-S cluster assembly and transfer in yeast and
human cells (Rodriguez-Manzaneque et al, 2002
Bandyopadhyay et al, 2008; Liu et al, 2016). It came as a
surprise that ACO was reported to be unaffected in mito-
chondria of Arabidopsis grxs15 mutants, both in abundance
and activity (Stroher et al, 2016). Consistent with this re-
port, we also found no change in abundance or activity of
total ACOs and only a minor change in mitochondrial ACO
activity (Figure 5). Thus, the unchanged ACO activity in
GRXS15 K83A mutants does not explain the most pro-
nounced increase in pyruvate, which accumulates up to
five-fold and thus supersedes the accumulation of all other
TCA cycle intermediates at least by a factor of two. A
knockdown of mitochondrial and cytosolic ACO activities in
wild tomato led to a reduction in 2-OG levels but an in-
crease in citrate and isocitrate by 40%-50%. A similar
change in these organic acids of the TCA cycle was found in
an SDH mutant (Carrari et al, 2003; Huang et al, 2013). The
pattern of organic acids in GRXS15 K83A mutants is thus
clearly different from other TCA cycle mutants.

GRXS15 has a function in protein lipoylation

PDC and OGDC do not contain an Fe-S cluster but rather
belong to a class of four dehydrogenase complexes that all
involve lipoylated subunits. Decreased lipoylation of GDC-H
proteins and reduced PDC activity is fully consistent with
previous observations on GRXS15”™® mutants by Stroher
et al. (2016). Additionally, the lack of changes in abundance
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of 2-OG found for GRXS15 K83A mutants in this work is
consistent with the absence of detectable changes in lipoyla-
tion of OGDC-E2 reported by Stroher et al. Similar to the
Arabidopsis mutants, humans carrying mutations in mito-
chondrial GLRX5 are also deficient in lipoylation of mito-
chondrial proteins (Baker et al, 2014). A deficiency in
lipoylation in Arabidopsis grxs15 mutants is further sup-
ported by increased amounts of pyruvate as well as several
other organic acids and amino acids derived from pyruvate
and 2-OG (Figures 6 and 7C). Similar increases in pyruvate,
as well as the accumulation of most amino acids, were also
shown for Arabidopsis plants with a mutated PDC-E2 subu-
nit resulting in 30% PDC activity (Yu et al, 2012). A much
more pronounced increase of alanine in PDC-E2 mutants
than in GRXS15 K83A mutants may be attributed to a
higher severity of the metabolic bottleneck if PDC activity is
down to 30%. Of all metabolites analyzed in this study, the
4- to 15-fold increases of BCKAs in GRXS15 K83A mutants
were the most pronounced relative changes compared to
the WT. The findings that these increases were stronger in
more severe mutants, point at BCKDC as a critical bottle-
neck. The keto acids, KIC, KIV, and KMV are products of
transamination of the BCAAs Ley, lle, and Val (Hildebrandt
et al, 2015). Further degradation of the keto acids in
GRXS15 K83A mutants is limited because BCKDC relies on
efficient lipoylation of the E2 subunit. Indeed, selective accu-
mulation of BCAAs, but not of the respective keto acids, in
the rml1T mutant supports the notion that the increase in
BCKAs in GRXS15 K83A is likely due to metabolic restriction
in further degradation of the keto acids.

In summary, decreased activity of the mitochondrial
GRXS15 appears to selectively restrict protein lipoylation.
Lipoylation of mitochondrial proteins is mediated through
coordinated action of lipoate-protein ligase, octanoyltrans-
ferase, and mLIP1 (Ewald et al,, 2014). mLIP1 contains two
[4Fe-4S] clusters, which link the function of this enzyme
to the Fe-S cluster transfer machinery (Balk and Schaedler,
2014). At a first glance, a selective defect in only one out
of about 26 mitochondrial [4Fe—4S] proteins (Przybyla-
Toscano et al, 2021) may seem surprising and poses the
question for an explanation. Either mLIP1 has a specific re-
quirement for GRXS15 in the assembly of its Fe-S cofac-
tors, or mLIP1 is more sensitive than other Fe-S enzymes
to restricted Fe-S cluster supply. However, none of these
hypotheses are as yet supported by available experimental
data. A third possible explanation is based on established
protein abundance. Recently, Fuchs et al. (2020) reported
quantitative data for the abundance of proteins in single
mitochondria (Figure 8). mLIP1 was estimated to be pre-
sent with only 85 copies in a single mitochondrion com-
pared to 4,200 copies of ACO2 and 9,900 copies of ACO3
(Figure 8; Fuchs et al, 2020). In the absence of any other
evidence, we have to assume that all apoproteins have a
similar likelihood of receiving a [4Fe-4S] cluster based on
random interactions of transfer proteins with apoproteins.
In case of a compromised Fe-S supply, there will be an
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equal decrease of supply to all recipients but, in relative
terms, mLIP1 with 85 copies might be stronger compro-
mised than other recipients with higher copy numbers.
This hypothesis needs to be tested in future work.

At this point an alternative mechanistic explanation for
the selective effect of GRXS15 deficiency on protein lipoyla-
tion appears most plausible. The radical S-adenosylmethio-
nine enzyme mLIP1 contains two [4Fe—4S] clusters one of
which is required as a substrate, that is, as sulfur donor to
octanoyl-residues (Figure 8 McCarthy and Booker, 2017).
Continuous destruction of Fe-S clusters during lipoylation
may thus render LC-dependent enzymes indirectly sensitive
to defects in Fe-S supply. With the need for one [4Fe-4S]
cluster to be replaced after each catalytic cycle and thus, hav-
ing a higher turnover rate, the bottleneck is bound to be-
come even more severe than in enzymes that use their Fe-S
clusters only for electron transfer reactions. The notion that
supply of LC is close to demand, has been observed in a
study overexpressing H-protein, which negatively affected lip-
oate supply to E2 subunits of PDC and OGDC in the roots
(Lépez-Calcagno et al, 2019).

Conclusion

We show that compromising the ability of GRXS15 to coor-
dinate [2Fe-2S] clusters results in severe defects only in
enzymes relying on LC. These results are in agreement with
findings by Stroher et al. (2016) who reported diminished lip-
oylation of proteins in GRXS15"™ lines and hypothesized
that diminished respiration and the short root mutant phe-
notype could be a consequence of the incomplete LC load-
ing of important TCA cycle enzymes. Here we expand and
specify the picture, by systematically probing for metabolic
bottlenecks in mitochondrial pathways that rely on supply
with Fe-S clusters. While changes in several metabolites were
found, the primary defects can be assigned to the mitochon-
drial dehydrogenase complexes, all of which contain a lipoy-
lated subunit. Those results emphasize the importance of
mLIP1 as an important sink for Fe=S clusters, which becomes
manifest if GRXS15-mediated Fe-S cluster transfer is re-
stricted. The fact that most other Fe—S-dependent pathways
are not seriously affected by deficiencies in GRXS15 K83A
complementation lines may be explained by the effective rel-
ative abundance of different proteins in mitochondria. We
propose that an increased demand for Fe-S as sulfur donor
combined with the very low abundance of mLIP1 leads to
the manifestation of a potentially lethal bottleneck.

Material and methods

Plant material and methods

Previously described Arabidopsis (A. thaliana) complementa-
tion lines grxs15-3 UBQ10,,,GRXS15 K83A (Moseler et al,
2015) and the knockdown line GRXS15*™R (Strcher et al,
2016), as well as atm3-1 and atm3-4 (Teschner et al, 2010)
were used in this study. Arabidopsis ecotype Col-0 ([L.]
Heyn.) segregated from the T-DNA line grxs15-3) was used
as WT. Unless stated differently, surface-sterilized seeds were
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Figure 8 Lipoylation of mitochondrial proteins depends on GRXS15. Distribution of Fe-S clusters in Arabidopsis mitochondria to Fe-S proteins
and lipoylation of proteins via mLIP1. Putative transfer of Fe-S clusters is indicated by solid arrows for [2Fe—2S] and dashed arrows for [4Fe—4S].
Intermediate complexes of Fe-S transfer and assembly of [4Fe-4S] clusters are not shown. mFDX1/2: mitochondrial ferredoxin 1/2; ACO2/3: aco-
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6 [4Fe—4S]), Il (1 [2Fe=2S], 1 [3Fe—4S], 1 [4Fe—4S]), and Il (1

[2Fe-2S]) of the mETGC; E2 and H are the lipoylated subunits of the four dehydrogenase complexes PDC, GDC, OGDC, and BCKDC. Numbers indi-
cate the estimated copy number of the respective proteins or protein complexes (copy number of Fe-S coordinating subunits in the mETC are
listed in Supplemental Table S2) according to Fuchs et al. (2020) which is based on mito from a heterotrophic Arabidopsis cell culture.

grown on vertical plates containing nutrient medium
(Meyer and Fricker, 2000) with 0.1% (w/v) sucrose solidified
with 0.8% (w/v) agar under long-day conditions with a diur-
nal cycle of 16-h light at 22°C and 8-h dark at 18°C. The
light intensity was 75 LE m % s~ ' and 50% air humidity.

Germination rate was scored by observing radical emer-
gence in seeds plated on vertical culture plates using a ste-
reomicroscope (M165 FC; Leica, Wetzlar, Germany ). Root
growth was documented photographically on vertical cul-
ture plates containing 0.8% (w/v) phytagel and 0.1% (w/v)
sucrose. Five and 8d after stratification, root length was
documented and measured using Adobe lllustrator CS5.1.

Influence of the nitrogen source on root length was ana-
lyzed on plates containing 5mM KNO; or 2.5 mM (NH,),SO,,
25 mM KH,PO,, 2mM MgSO, 2 mM CaCl,, 50 UM Fe-EDTA,
70 pM H3BO, 14pM MnCl,, 05uM CuSO, 1UM ZnSO,
0.2 tM NaMoOy, 10 uM NaCl, 0.01 pM CoCl,, 0.8% (w/v) phy-
tagel, and 0.1% (w/v) sucrose, pH 5.8. To check for possible
effects of counter anions, (NH,),SO, was replaced by NH,CI
and grown otherwise exactly under the same conditions.

Blue Native-PAGE

Mitochondrial samples were solubilized in 1% (w/v) n-
dodecyl B-o-maltoside and subjected to Blue Native—-PAGE
as described previously (Meyer et al, 2011; Kithn et al, 2015).

Isolation of mitochondria

Arabidopsis mitochondria were purified from 2- or 4-week-old
seedlings as described before (Sweetlove et al, 2007) with slight
modifications. All steps were performed on ice or at 4°C.
Seedlings were homogenized using mortar and pestle and the
homogenate was filtered (Miracloth; Merck Millipore,
Burlington, MA, USA) before cellular debris was pelleted by
centrifugation for 5 min at 1,200 g. The supernatant was centri-
fuged for 20 min at 18,000 g, and the pellet of crude mitochon-
dria was gently resuspended in wash buffer (0.3 M sucrose,
0.1% (w/v) BSA and 10mM TES, pH 7.5) and centrifuged for
5min at 1,200g. The supernatant was transferred into a new
tube and centrifuged for 20 min at 18,000g. The pellet was
gently resuspended in final wash buffer (0.3 M sucrose, 10 mM
TES, pH 7.5), loaded directly on a 0-6% (v/v) Percoll gradient
and centrifuged for 40 min at 40,000g. Mitochondria were
transferred into a new tube and washed 3 times with final
wash buffer (0.3 M sucrose, 10 mM TES pH 7.5).

Respiration assays

0O, consumption of intact Arabidopsis roots and isolated mi-
tochondria was measured in Oxytherm Clark-type electrodes
(Hansatech, Norfolk, UK; www.hansatech-instruments.com)
as described before (Wagner et al, 2015). Whole roots from
seedlings vertically grown on agar plates were cut below the
hypocotyl-root junction and assayed in a volume of 1.2 mL
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containing 5mM KCl, 10mM MES, and 10mM CaCl,, pH
5.8, and after addition of 4mM KCN and 0.2 mM pGal.

0O, consumption of isolated mitochondria was measured
in a volume of 1mL containing 0.3 M mannitol, 10 mM TES-
KOH pH 7.5, 5mM KH,PO, 10mM NaCl, 2mM MgSO,,
and 0.1% (w/v) bovine serum albumin. O, consumption
rate was measured before (blank) addition of mitochondria
and after addition of mitochondria or respective substrate;
State II; succinate (10 mM succinate, 0.25 mM ATP) or pyru-
vate/malate (10 mM pyruvate, 10 mM malate, 0.3 mM NAD
and 0.1 mM thiamine pyrophosphate), State Ill; ADP (50 pM
ADP). Additionally, O, consumption rate was analyzed after
ADP consumption (State V) and after addition of 10 pM
carbonyl cyanide m-chlorophenylhydrazone (CCCP).

Histological detection of ROS

For detection of increased H,O, production, leaves were
stained with DAB (Thordal-Christensen et al, 1997). Leaves
were vacuum-infiltrated in a solution containing 0.1mg
mL~" DAB, 50 mM potassium phosphate buffer pH 7.6 and
0.1% (v/v) Silwet L-77. After infiltration, the leaves were in-
cubated for 20-24h in the dark and destained by lactic
acid:glycerol:EtOH (1:1:3) for 30 min at 70°C.

For histochemical staining of superoxide, NBT was used
(Hoffmann et al,, 2013). Leaves were vacuum-infiltrated in a
solution containing 0.1mg mL~' NBT, 50mM potassium
phosphate buffer pH 7.6 and 0.1% (v/v) Silwet L-77. After in-
filtration, the leaves were incubated for 30 min in the dark
and destained by lactic acid:glycerol:EtOH (1:1:3) for 30 min
at 70°C.

Determination of metabolite levels via HPLC
Aliquots (45-55mg) of freshly ground plant tissue were
used for absolute quantification of amino acid, a-keto acid,
and organic acid content each.

Free amino acids and o-keto acids were extracted with
0.5mL ice-cold 0.1M HCI in an ultrasonic ice bath for
10 min. Cell debris and insoluble material were removed by
centrifugation for 10 min at 25,000g. For the determination
of a-keto acids, 150 uL of the resulting supernatant were
mixed with an equal volume of 25mM o-phenylendiamine
solution and derivatized by incubation at 50°C for 30 min.
After centrifugation for 10 min, the derivatized keto acids
were separated by reversed phase chromatography on an
Acquity HSS T3 column (100 mm x 2.1 mm, 1.7 pm; Waters,
Milford, USA) connected to an Acquity H-class UPLC sys-
tem. Prior separation, the column was heated to 40°C and
equilibrated with five column volumes of solvent A (0.1%
[v/v] formic acid in 10% [v/v] acetonitrile) at a flow rate of
055mL min~ . Separation of keto acid derivatives was
achieved by increasing the concentration of solvent B (ace-
tonitrile) in solvent A (2min 2% (v/v) B, 5min 18% (v/v) B,
5.2min 22% (v/v) B, 9min 40% (v/v) B, 9.1 min 80% (v/v) B
and hold for 2 min, and return to 2% (v/v) B in 2 min). The
separated derivatives were detected by fluorescence
(Acquity FLR detector, Waters, excitation: 350 nm, emission:
410 nm) and quantified using ultrapure standards (Sigma, St
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Louis MO, USA). Data acquisition and processing were per-
formed with the Empower3 software suite (Waters).
Derivatization and separation of amino acids were per-
formed as described by Yang et al. (2015).

Total organic acids were extracted with 0.5 mL ultra-pure
water for 20 min at 95°C. Organic acids were separated us-
ing an lonPac AS11-HC (2 mm; Thermo Scientific, Waltham,
MA, USA) column connected to an ICS-5000 system
(Thermo Scientific) and quantified by conductivity detection
after cation suppression (ASRS-300 2 mm, suppressor cur-
rent 95-120 mA). Prior separation, the column was heated
to 30°C and equilibrated with five column volumes of sol-
vent A (ultra-pure water) at a flow rate of 0.38 mL min ™",
Separation of anions and organic acids was achieved by in-
creasing the concentration of solvent B (100 mM NaOH) in
buffer A (8 min 4% (v/v) B, 18 min 18% (v/v) B, 25min 19%
(v/v) B, 43min 30% (v/v) B, 53min 62% (v/v) B, 53.1min
80% (v/v) B for 6 min, and return to 4% (v/v) B in 11 min).
Soluble sugars were separated on a CarboPac PA1 column
(Thermo Scientific) connected to the ICS-5000 system and
quantified by pulsed amperometric detection . Column tem-
perature was kept constant at 25°C and equilibrated with
five column volumes of solvent A (ultra-pure water) at a
flow rate of 1mL min . Baseline separation of carbohy-
drates was achieved by increasing the concentration of sol-
vent B (300mM NaOH) in solvent A (from 0 to 25min
7.4% (v/v) B, followed by a gradient to 100% (v/v) B within
12 min, hold for 8 min at 100% (v/v) B, return to 7.4% (v/v)
B and equilibration of the column for 12 min). Data acquisi-
tion and quantification were performed with Chromeleon 7
(Thermo Scientific).

AO and XDH assay

AO and XDH assays were performed similar as described
previously by Koshiba et al. (1996) and Hesberg et al. (2004).
For determination of AO and XDH activities, Arabidopsis
seedlings were homogenized in extraction buffer (0.1 M po-
tassium phosphate buffer pH 7.5, 25 mM EDTA and 5mM
DTT) and centrifuged for 10min at 16,000g and 4°C.
Enzyme activities of AO and XDH in the resulting superna-
tant were detected after native PAGE by activity staining.
Activity of AO was developed in a reaction mixture contain-
ing 0.1 M potassium phosphate buffer pH 7.5, 1TmM 1-naph-
thaldehyde, 1mM  indole-3-carboxaldehyde, 0.1 mM
phenazine methosulfate (PMS), and 0.4 mM 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT).
Activity of XDH was analyzed with a staining solution of
1TmM hypoxanthine, TmM MTT, and 0.1mM PMS in
250 mM Tris—HCl, pH 8.5.

NR assay

NR assay was performed as described previously (Scheible
et al, 1997) with slight modifications. Leaves were homoge-
nized in extraction buffer (50 mM 3-(N-morpholino)propa-
nesulfonic acid (MOPS), pH 7.0, 50mM KCl, 5mM Mg
acetate, TmM CaCl,, 2 mM Na-citrate, and 1TmM DTT) and
centrifuged for 10 min at 20,000g and 4°C. NR activity was

108



Plant Physiology, 2021, Vol. 186, No. 3

measured in a reaction mixture containing 50 mM MOPS,
pH 7.0, 50mM KCl, 5mM Mg acetate, 1TmM CaCl,, 10 mM
KNO;, and 04mM NADH. At consecutive time points,
150 pL aliquots were removed from the mixture and the re-
action was stopped by adding 54mM zinc acetate and
37.5uM PMS. Thereafter, 0.475% (v/v) sulfanilamide in 1N
HCl and 0.005% (v/v) N-(1-naphthyl)-ethylenediamine was
added. Samples were allowed to stand for 15min at RT in
the dark and the absorbance of the produced azo-dye was
measured at 540 nm.

ACO assay

ACO activity in cell extracts and purified mitochondria was
assayed by coupling this activity to IDH and measuring the
formation of NADPH. Leaf tissue was homogenized in 1.5
volumes of 50mM Tris—HCl pH 8, 50mM KCl, 02% (v/v)
Triton X-100, 2 mM sodium citrate and 1 mM dithiothreitol,
followed by centrifugation at 13,000g for 10min at 4°C to
remove cell debris. Each sample was processed immediately
before activity measurement, except where stated, to avoid
inactivation by O,. The reaction (1mL) contained 100-
150 ug of leaf protein extract or 15-20pg mitochondrial
protein in 0.1M Tris—HCI pH 8, 1.5mM MgCl,, 0.1% (v/v)
Triton X-100, 1TmM NADP™" and 036U IDH. After 20-30s
of equilibration, the reaction was started by adding 0.15 mM
cis-aconitic acid. The formation of NADPH was followed
over time by measuring the increase in absorbance at
340 nm in a JASCO V-550 spectrophotometer.

PDC assay

To estimate the activity of PDC, mitochondria were isolated
as described previously and reduction of NAD" was mea-
sured at 340 nm in a reaction mixture containing ~10 g
mitochondria in 100 MM MOPS pH 7.4, TmM CaCl,, TmM
MgCl,, 4mM cysteine, 0.45mM thiamine pyrophosphate,
0.18 MM Coenzyme A, 3mM NAD" and 0.1% (v/v) Triton
X-100. The reaction was started with 7.5 mM pyruvate.

Fatty acid methyl ester measurement

The analysis of fatty acids was performed by quantification
of their respective fatty acid methyl esters (FAMEs) via gas
chromatography coupled with a flame ionization detector as
described before (Browse et al., 1986). One milliliter TN HCI
in methanol was added to five seeds or ~50 mg homoge-
nized seedlings as well as 5 pug pentadecanoic acid as internal
standard. Samples were incubated at 80°C for 2 h (seeds) or
30min (seedlings). After cooling down, TmL 0.9% (w/v)
NaCl and 1 mL hexane were added. Samples were mixed vig-
orously and centrifuged with 1,000g for 3 min. The hexane
phase was transferred to a GC vial. FAMEs were quantified
using pentadecanoic acid as internal standard.

Western blotting

For protein blot analysis, total cell extract or purified organ-
elles were heated for 5min and separated on standard so-
dium dodecyl sulfate-PAGE. Proteins were transferred to a
membrane (BioTrace PVDF Transfer Membrane; Pall
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Corporation, Port Washington, NY, USA) and labeled with
antibodies (Streptavidin HRP: ab7403; Abcam, Cambridge,
UK; lipoic acid: ab58724, ACO): see Bernard et al. (2009).
Antibodies against GRXS15 and mLIP1 were kindly provided
by Nicolas Rouhier and Jonathan Przybyla-Toscano (Nancy)
and the H protein antibody a kind gift of Olivier Keech
(Umea). The TOM40 antibody was a kind gift of Jim
Whelan (Melbourne). Immunolabeling was detected by
chemiluminescence by using secondary horseradish peroxi-
dase-conjugated antibodies and Pierce ECL Western Blotting
Substrate.

Fluorescence microscopy
Fluorescent plants were selected using a stereomicroscope
(Leica M165 FC) equipped with a GFP filter.

A confocal laser scanning microscope (Zeiss LSM 780, at-
tached to an Axio Observer.Z1; Carl Zeiss Microscopy)
equipped with a solid state 405 nm laser and an Argon laser
for excitation at 458nm and 488nm, and a x40 (C-
Apochromat, 1.20 numerical aperture, water immersion) or
%63 lens (Plan-Apochromat, 1.40 numerical aperture, oil im-
mersion) was used for confocal imaging. For ratiometric
analyses of mitochondrially localized roGFP2-hGrx1
(Albrecht et al, 2014) or roGFP2-Orp1 (Nietzel et al,, 2019),
lines with similar expression levels in WT and mutants were
selected. For both sensors, roGFP2 was excited at 405 and
488 nm. For both excitation wavelengths, roGFP2 fluores-
cence was collected with a bandpass filter of 505-530 nm.

The cytosolic ATeam 1.03-nD/nA was excited at 458 nm
and emission of CFP (mseCFP) and Venus (cp173-mVenus)
was collected at 499-544 nm and 579-615 nm, respectively.
Background signal was subtracted before ratiometric
analysis.

For all emissions, intensities from four scans were aver-
aged. Ratiometric analysis was performed using a custom-
written MATLAB script (Fricker, 2016) using x,y noise filter-
ing and fluorescence background subtraction.

Statistical analysis

Statistics and error bars were applied for independent
experiments with at least three biological replicates using
the program GraphPad Prism version 6.

Accession numbers

GRXS15  (At3g15660), BIO2  (At2g43360), MCCA
(At1g03090), ATM3 (At5g58270), CNX2 (At2g31955), CNX3
(At1g01290), NR1 (At1g77760), NR2 (At1g37130), AAO1
(At5g20960), AAO2 (At3g43600), AAO3 (At2g27150), XDH1
(At4g34890) XDH2 (At4g34900), ACO1 (At4g35830), ACO2
(At4g26970), ACO3 (At2g05710), mLIP1 (At2g20860), IVDH
(At3g45300), and BCAT (At5g65780).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Arabidopsis mutants affected in
GRXS15 function develop a dwarf phenotype.
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Supplemental Figure S2. Moco enzymes and anions are
not affected in Arabidopsis GRXS75 K83A mutants.

Supplemental Figure S3. In vivo monitoring of ATP levels
in the cytosol of Arabidopsis GRXS15 K83A mutants.

Supplemental Figure S4. Activity and stability of ACO in
mitochondria and leaf extracts.

Supplemental Figure S5. Analysis of the oxidation state
of the Arabidopsis grxs15 mutants.

Supplemental Figure S6. Catabolism of BCAAs in
Arabidopsis seedlings.

Supplemental Figure S7. BCAAs and their respective
keto acids in the rml1 mutant.

Supplemental Table S1. Content of amino acids and
keto acids of Arabidopsis WT and GRXS15 K83A lines #3
and #4.

Supplemental Table S2. Fe-S cluster containing subunits
of complexes of the mETC with the estimated copy num-
bers in mitochondria isolated from heterotrophic
Arabidopsis cell culture.
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4.3 | Supplementary information | contributed
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Supplemental Figure S1. Arabidopsis mutants affected in GRXS15 function develop a dwarf
phenotype.

A, B: Growth of different grxs15 mutants (grxs15-1, GRXS152mR, GRXS15 K83A lines #3 and #4) and

Wild type (WT) seedlings on vertical plates with 0.8% agar under long-day conditions. Seedlings were
documented and quantitatively analyzed for their root length 10 days after germination. (n = 6-9; the box
plot shows the median as center line with the box for the first to the third quartile and whiskers indicating
min and max values, points represent individual values of the whole data set). Different letters indicate
significant differences between the different lines; P < 0.05; (one-way ANOVA).

C: Phenotypes of soil-grown plants after five weeks under long-day conditions (16 h light, 19°C, 8 h
dark, 17°C; 50% rh).
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5 | Janus-faced LIP1 causes acute mitochondrial sulfide

intoxication

This chapter presents the unpublished research paper:

“Altered iron-sulfur cluster transfer in Arabidopsis mitochondria reveals lipoyl synthase

as a Janus-faced enzyme that generates toxic sulfide”

Luca Pedroletti, Anna Moseler, Stefan Timm, Gernot Poschet, Maria Homagk, Jeremy X. L.

The, Stephan Wagner, Markus Wirtz, Riidiger Hell and Andreas J. Meyer.

The manuscript has been submitted to The Plant Cell and, at the time of the writing of this

thesis, is under review. The manuscript is available in bioRxiv (open access) on:

bioRXxiv; doi: https://doi.org/10.1101/2023.08.30.555573.

The complete supplemental material is provided with the attached manuscript, in Section 5.2.

5.1 | Summary and personal contribution

Iron—sulfur (Fe-S) clusters are fundamental cofactors of many mitochondrial proteins. Their
distribution among the respective target proteins, as well as the consequences of alteration in

their fluxes, are still not fully understood.

In this research paper, we investigated why compromised Fe-S cluster transfer via
glutaredoxin S15 (GRXS15) mainly impacts lipoyl synthase (LIP1). We showed that LIP1
activity and abundance must be tightly controlled because directly connected to sulfide
release. In addition, we found that in Arabidopsis mitochondrial cysteine biosynthesis plays a

key role in the fixation of excessive sulfide in mitochondria.

Mitochondrial Fe—S cluster assembly occurs in two steps: the formation of [2Fe—-2S] clusters
and its subsequent assembly into [4Fe—4S] clusters (see Chapter 2, Pedroletti et al. (2023a)).
In plants, GRXS15 plays a role in connecting the two assembly machineries by transferring
[2Fe—-2S] clusters. As shown in Chapter 4 (Moseler et al., 2021), decreased cluster transfer
activity through interference with GRXS15 leads to specific defects associated with lipoyl-(LA)

dependent enzymes.

Here, we hypothesised that genetically engineered bottleneck in cluster supply particularly
affects LIP1 due to its low abundance compared to other mitochondrial [4Fe—4S] proteins and
its continuous consumption of [4Fe—4S] clusters for LA biosynthesis (Lanz and Booker, 2015;
McCarthy and Booker, 2017; Fuchs et al., 2020).
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One of the four mitochondrial LA-dependent enzymes is the glycine dehydrogenase complex
(GDC), a key enzyme involved in photorespiration (Douce et al., 2001; Bauwe, 2023). We thus
hypothesised that diminished capacity of GRXS15 for Fe-S cluster transfer caused a
photorespiratory phenotype. Hence, we grew two grxs15 knockdown lines (grxs15-1 and
amiR) and two complemented lines that overexpress the mutated variant GRXS15 K83A
(K83A #3 and K83A #4) (see Chapter 4, Moseler et al. (2021)) under high atmospheric CO; to
suppress photorespiration. With this approach, we found partial suppression of the dwarf
phenotype of the most severely affected grxs15 K83A complementation lines and provoking

the re-adjustment of the metabolite profile by overcoming the low GDC activity.

To test if the Fe-S cluster supply bottleneck indeed primarily affects LIP1 due to its low
abundance, we genetically removed a highly abundant [4Fe—4S]-containing protein, aconitase
3 (ACO3), from grxs15 plants by crossing the mutants with an Arabidopsis aco3 knockout line.
We hypothesised that this would allow for redistribution of clusters between the remaining Fe—
S-dependent proteins increasing the number of [4Fe—4S] clusters available for LIP1. The loss
of ACO3 partially suppressed the dwarf phenotypes of the mutants and almost completely
reverted the characteristic metabolite profiles of grxs75 mutants to a wild-type metabolite
signature. Particularly, the accumulation of metabolites associated with LA-dependent
enzymes decreased to aco3 levels in the double mutants, suggesting that loss of ACO3
enabled the redirection of [4Fe—4S] clusters to LIP1, resulting in sufficient cluster supply and

thus the reestablishment of lipoylation activity in the grxs15 mutants.

With a different strategy, we redirected Fe—S clusters to LIP1 by increasing its copy number.
For this, we overexpressed LIP1 in grxs15 mutants showing that it completely suppresses the
dwarfism of grxs15 K83A. Concomitantly, the metabolite analysis of the lines overexpressing
LIP1 uncovered a decrease of pyruvate, 2-oxoglutarate and the three branched chain keto-

acids, which were typically accumulated in grxs15 mutants.

However, contrary to expectations, overexpressing LIP1 had a deleterious effect in the wild
type and grxs15 knockdown mutants with substantial residual GRXS15 activity, resulting in
reduced growth with curly leaves, delayed development and accumulation of several
metabolites, especially cysteine. In addition, we observed that the severity of the phenotype
was dependent on the zygosity of LIP1 overexpression, with homozygous plants being the

most severely affected.

Lipoyl synthase is widely conserved in pro- and eukaryotes and has been shown to require
two [4Fe—4S] clusters for its catalytic activity: a reducing cluster and an additional auxiliary
cluster from which sulfur atoms are extracted during catalysis (McCarthy and Booker, 2017).
The question of whether the auxiliary cluster is recycled or degraded during each catalytic

cycle remains a subject of ongoing debate (see Chapter 1.8). We hypothesized that the reason

118



5| Janus-faced LIP1 causes acute mitochondrial sulfide intoxication

for the LIP1-induced toxicity is due to its increased [4Fe—4S] clusters consumption, resulting
in more sulfide release, which is particularly toxic in the mitochondrial matrix since it can inhibit
the cytochrome c oxidase (COX) (Nicholls et al., 2013). We demonstrated via immunoblotting
and respiration measurements that LIP1 overexpression increases alternative oxidases
(AOXs) expression and activity, as a compensatory mechanism to cope with the inhibition of
COX. Our results also show the reduced deleterious effects in the grxs75 K83A mutants
compared to wild-type and knockdown lines, which correlated with the suppression of their

dwarfism and the general beneficial effect of LIP1 overexpression in these lines.

Finally, we studied the mechanisms for detoxification of sulfide. In plants, sulfide can be utilized
in the mitochondrial matrix to synthesise cysteine through activity of the O-acetylserine (thiol)
lyase C (OAS-TL C) (Heeg et al., 2008). To investigate whether increasing the mitochondrial
sulfide detoxification capacity can revert the effects of excess sulfide released by
overexpression of LIP1, we simultaneously overexpressed OAS-TL C and LIP1 in wild-type
plants. The results show that the dwarf phenotype caused by LIP1 overexpression was partially
suppressed. Furthermore, the respiration of wild-type plants overexpressing both LIP1 and
OAS-TL C became more sensitive to COX inhibition, suggesting that the toxicity of sulfide

originating from LIP1 was partially rescued by overexpression of OAS-TL C.

Taken together, our data confirmed the central role of GRXS15 for the availability of Fe-S
cluster in mitochondria. We showed that a bottleneck in cluster transfer in grxs15 mutants
primarily affects the activity of LIP1, which is the first enzyme that experiences a shortage of
Fe-S cluster if the upstream delivery system is impaired, likely due to its low abundance and

inability to effectively compete for a limited pool of Fe—S clusters.

My personal contribution to this study includes the design and performance of most of the
experiments, the data analysis and bibliographic research. | further largely contributed to

writing the manuscript draft and assembled all the figures.

Specifically, | generated the crosses and found homozygote lines of the double mutant amiR
aco3 and the triple mutants K83A #3 aco3 and #4 aco3 (Fig. 2 and Supplementary Fig. 4). |
phenotyped the seedlings on plates and mature plants on soil, analysed the root length, the

rosette leaf area and the inflorescence height (Fig. 2 and Supplementary Fig. 5).

Furthermore, | cloned the sequence coding for LIP1 in the vectors for the overexpression,
transformed the wild type and the four grxs15 mutants via floral dip, found homozygote lines
and verified with confocal microscopy the mitochondrial co-localization (Fig. 3 and
Supplementary Fig. 7). | phenotyped seedlings on plates, older plants on soil and single leaves.
| analysed the root length, rosette leaf area, fresh weight, floral induction and inflorescence

development (Fig. 3, Fig. 4 and Supplementary Fig. 8-12, 17 and 18) and also transformed
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wild-type plants and WT+LIP1 with the construct for overexpression of OAS-TL C via floral dip
and isolated homozygous lines. | phenotyped mature plants on soil and analysed the rosette

area (Fig. 5).

Moreover, | analysed and plotted all the metabolic data for the high CO; experiment (Fig. 1
and Supplementary Fig. 2 and 16). | prepared the material for the metabolomics analysis of
the line crossed with aco3 (Fig. 2 and Supplementary Fig. 6) and the line overexpressing LIP1

(Fig. 3 and Supplementary Fig. 15), analysed and plotted the results.

| supervised and analysed all the gqRT-PCRs (Fig. 4 and Supplementary Fig. 1, 3 and 8),
performed and analysed all the western blots (Fig. 3, Fig .4 and Supplementary Fig. 1, 13, 14
and 20), organized and analysed the respiration measurements (Fig. 4, Fig. 5 and

Supplementary Fig. 19).

Overall, our research refines the model for the mitochondrial iron—sulfur cluster trafficking and
provides a deeper understanding of the in vivo activity of LIP1. Our genetic framework can be

further used to improve our understanding of plant mitochondrial Fe—S cluster biology.

5.2 | Manuscript

Attached on the following pages are the manuscript and supplemental material published in
bioRxiv (doi: https://doi.org/10.1101/2023.08.30.555573).
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Short title: LIP1 releases sulfide from Fe—S clusters

Abstract

Iron—sulfur (Fe-S) cluster are vital cofactors in all domains of life. Mitochondrial Fe—S cluster
assembly occurs in two maijor steps to first build [2Fe—2S] clusters and subsequently assemble
these into [4Fe—4S] clusters. The two assembly machineries are interconnected by
glutaredoxin S15 (GRXS15) that transfers [2Fe—2S] clusters to the second machinery.
Diminished cluster transfer activity of GRXS15 in Arabidopsis mitochondria causes specific
defects associated with lipoyl synthase (LIP1) activity. Conversely, overexpression of L/P1 in
wild-type plants causes the release of toxic amounts of sulfide that can be detoxified by
increasing the capacity for sulfide fixation through overexpression of O-acetylserine-(thiol)-
lyase. The release of sulfide by lipoyl synthase causes a disturbance of mitochondrial sulfide
homeostasis resulting in distinct and readily observable macroscopic phenotypes. These
phenotypes enable a direct readout of consequences resulting from defects in Fe-S cluster

assembly or targeted modulation of Fe-S cluster flux in mitochondria.
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Introduction

Multiple essential mitochondrial proteins depend on iron—sulfur (Fe—S) clusters as cofactors to
enable electron transfer reactions or catalytic activities (Przybyla-Toscano et al., 2020).
Assembly of Fe—S clusters occurs in two major steps with the initial synthesis of [2Fe—2S]
clusters by a first machinery followed by a subsequent assembly into [4Fe—4S] clusters by a
second machinery (Balk and Schaedler, 2014; Pedroletti et al., 2023). Glutaredoxin S15
(GRXS15) has been identified as an essential transfer chaperone for [2Fe—2S] clusters to the
[4Fe—48S] cluster assembly machinery in Arabidopsis thaliana (Arabidopsis) (Moseler et al.,
2015; Azam et al., 2020; Trnka et al., 2020). Complementation of embryo-lethal null mutants
with weak mutant alleles and severe knockdown of GRXS 15 both lead to dwarfism and defects
in mitochondrial protein lipoylation (Moseler et al., 2015; Stroher et al., 2016; Moseler et al.,
2021). Similarly, mutants with severely diminished levels of the [4Fe—4S] cluster carriers NifU-
liked (NFU4) and NifU-like5 (NFU5) cause an impairment of mitochondrial glycine
decarboxylase (GDC) activity, which also points at dysfunction of lipoyl synthase (LIP1)
(Przybyla-Toscano et al., 2022). While diminished LIP1 activity in nfu mutants may be
explained with the specificity of NFUs for cluster transfer to LIP1 (Przybyla-Toscano et al.,
2022), it is less obvious why a bottleneck upstream of the [4Fe—4S] assembly machinery at
GRXS15 should have similar specific metabolic consequences in protein lipoylation rather than

broader effects at multiple mitochondrial Fe—S proteins.

Protein lipoylation in mitochondria occurs on subunits of four multiprotein complexes, including
GDC, pyruvate dehydrogenase (PDC), 2-oxoglutarate dehydrogenase (OGDC), and
branched-chain a-keto acid dehydrogenase (BCKDC) (Douce et al., 2001; Solmonson and
DeBerardinis, 2018). Defects in protein lipoylation consequently affect all four complexes and
result in a characteristic alteration of metabolic signatures in the respective mutants (Fu et al.,
2020; Lill and Freibert, 2020; Moseler et al., 2021; Przybyla-Toscano et al., 2022). The highly
conserved LIP1 belongs to the family of radical S-adenosylmethionine (SAM) enzymes, which
all contain a [4Fe—4S] cluster and catalyse formation of a 5'-deoxyadenosyl radical to target
largely inert substrates for hydrogen abstraction. LIP1 carries an additional ‘auxiliary’ [4Fe—4S]
cluster that provides the two sulfur atoms required for synthesis of lipoic acid (LA) (McLaughlin
et al., 2016; McCarthy and Booker, 2017). In mitochondria of Arabidopsis suspension culture
cells, LIP1 is very lowly abundant with only 85 copies per mitochondrion (Fuchs et al., 2020).
Nevertheless, it has been proposed that LIP1 may be a major sink for [4Fe—4S] clusters if one
cluster is sacrificed in each catalytic cycle (Pedroletti et al., 2023). The fate of the fragmentary
cluster after abstraction of two sulfur atoms is unknown and it possibly falls apart, releasing

ferrous iron and sulfide.
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Free sulfide, which under alkaline conditions is predominantly present as hydrosulfide anion
(HS"), inhibits complex IV (cytochrome c oxidase, COX) of the mitochondrial electron transport
chain (mETC) with ICso values between 6.9 nM and 200 nM (Kabil and Banerjee, 2010; Birke
et al., 2012; Nicholls et al., 2013; Doman et al., 2023). To prevent inhibition of COX and a block
in ATP synthesis, mitochondria require appropriate mechanisms for removal of sulfide. In
fission yeast (Schizosaccharomyces pombe) and human mitochondria, sulfide is detoxified via
sulfide quinone oxidoreductase (SQR), which channels electrons from sulfide directly into the
mETC and transfers the resulting sulfane (S°) sulfur to reduced glutathione (GSH) to generate
S-sulfanylglutathione (Theissen et al., 2003; Vitvitsky et al., 2021; Zhang et al., 2021). Plants
do not have SQR but contain a mitochondrial cysteine synthase complex (CSC) consisting of
serine acetyltransferase2;2 (SERAT2;2) and O-acetylserine (thiol) lyase C (OAS-TL C) to fix
sulfide (Heeg et al., 2008; Watanabe et al., 2008). Because cysteine biosynthesis in plants is
assumed to be largely confined to chloroplasts and cytosol rather than mitochondria (Kriiger
et al., 2009; Takahashi et al., 2011) and because OAS-TL C in mitochondria accounts for only
5 % of the total OAS-TL activity, the role for mitochondrial cysteine biosynthesis has remained
enigmatic (Birke et al., 2012).

Here, we investigated the distribution of [4Fe—4S] clusters between different apoproteins in
plant mitochondria and the question why diminished transfer of [2Fe—-2S] clusters by GRXS15
specifically results in deficient protein lipoylation. We hypothesized that LIP1, despite its very
low abundance, is effectively a large sink for [4Fe—4S] clusters, because it sacrifices a cluster
in each catalytic cycle. We further proposed that sulfide release from cluster disintegration
creates the primary demand for cysteine biosynthesis in mitochondria. To test these
hypotheses, we exploited different mutants affected in GRXS15-mediated [2Fe-2S] transfer,
altered the [4Fe—4S] distribution by modifying the abundance of different apoproteins, and
investigated the respective metabolic effects. The model for sulfide release by LIP1 and the
essential role of cysteine biosynthesis in the matrix was validated genetically and by

physiological characterization of the engineered plants.

Results

Diminished capacity of GRXS15 for iron-sulfur cluster transfer causes a partial

photorespiratory phenotype

To dissect the consequence of GRXS15 deficiencies, we first compiled a collection of grxs15
mutants with different abundance and activity of GRXS15 that had been described earlier
(Moseler et al., 2015; Stroher et al., 2016; Moseler et al., 2021). The T-DNA insertion mutant
grxs15-1 and the artificial microRNA interference mutant amiR are knockdown lines with

residual GRXS15 while K83A #3 and #4 are grxs15 null mutants that were complemented with
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a GRXS15 variant (K83A) compromised in its ability to coordinate the [2Fe-2S] cluster.
Severity of the phenotype in K83A #3 and #4 inversely correlates with the expression levels of
the complementation construct, which is highest in the least severe mutant #3 (Moseler et al.,
2015). Generally, the complementation lines K83A #3 and #4 are more severely affected than

the knockdown lines (Supplemental Figure S1).

In amiR, K83A #3 and #4, compromised lipoylation of mitochondrial proteins results in
accumulation of substrates of the four lipoyl-dependent dehydrogenase enzyme complexes,
pyruvate, 2-oxoglutarate (2-OG), glycine and branched-chain a-keto acids (BCKAs) (Stroher
et al., 2016; Moseler et al., 2021). Because glycine decarboxylation by GDC is an essential
step in photorespiration (Douce et al., 2001; Bauwe, 2023) (Figure 1A), we reasoned that the
severe dwarf phenotype of grxs75 mutants may be interpreted, at least to some extent, as a
photorespiratory phenotype. To test this hypothesis, we initially grew the grxs15 mutants under

elevated CO; to suppress photorespiration.

Growth in 5,000 ppm CO: partially rescued the dwarf phenotype of the most severe grxs15
mutants K83A #3 and #4 compared to plants grown in ambient CO, of 390 ppm (Figure 1, B-
D). Diminished RubisCO-mediated oxygenation of ribulose-1,5-bisphophate in plants exposed
to high CO2 consistently led to a decrease in glycine levels. While this effect is already evident
in wild type (WT) plants, it is far more pronounced in grxs15 mutants, which all accumulate
glycine 2 to 4-fold with respect to the WT under ambient conditions. High CO- levels caused
glycine to drop to levels comparable to the glycine content in WT plants (Figure 1E). Although
serine was also slightly increased in most mutant lines (Figure 1F), the increase in glycine was
more pronounced and, thus, consistently led to an increase in the glycine-to-serine ratio, which
serves as a measure of impaired GDC activity. Interestingly, a significant decrease in serine
was observed in K83A mutants grown in high CO. (Figure 1F). This may suggest that
especially in rosette leaves other pathways in different compartments contribute to serine
biosynthesis (Ros et al., 2014; Anoman et al., 2019). K83A mutants also showed increased
levels of the photorespiratory intermediates glyoxylate and glycerate in normal air, which was
more pronounced in the most severe K83A #4 mutant. At least in the K83A mutants high CO-
caused a decrease of these metabolites (Supplemental Figure S2). The respective changes
may at least in part explain the severe growth phenotypes. Pyruvate and 2-OG that had been
found increased in young K83A seedlings (Moseler et al., 2021) were barely altered in rosette

leaves and not significantly affected by high CO. (Figure 1, G and H).
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Figure 1 Suppression of the photorespiratory flux enables partial recovery of dwarf grxs75 mutants. A,
Schematic representation of the photorespiratory pathway highlighting the key role of glycine
decarboxylase (GDC). For simplicity, the scheme does not indicate the correct stoichiometry.
B, Phenotypes of two representative 8-week-old wild type (WT) and grxs15 mutant plants grown in low
CO:z2 (LC, shown in blue) and high CO2 (HC, shown in green), respectively, under a 12h/12h day/night
regime. Scale bar: 5 cm. C, D, Rosette diameter and total leaf counts of WT and the K83A mutants
grown in LC or HC (n = 5-10). E-H, Effect of atmospheric CO2 on the abundance of glycine, serine,
pyruvate and 2-oxoglutarate in leaves of 8-week-old WT and grxs15 mutant plants (n = 5-6). All box
plots show the median as centre line with the box for the first to the third quartile and whiskers indicating
min and max values of the whole data set. Asterisks represent significant differences (*=P < 0.1, **= P
<0.01, **= P<0.001, ****= P < 0.0001, ns: not significant) calculated according to Student’s t-test (a =
0.05). P-values: Supplemental Data Set 1.

Deletion of the highly abundant ACO3 suppresses the dwarf phenotype of mutants with
diminished GRXS15 capacity

Lipoyl synthase, which catalyses the last step in the lipoylation pathway, is a low-abundant
mitochondrial protein. Based on the low copy number of only 85 LIP1 proteins per
mitochondrion versus more than 10,000 for the [4Fe—4S] cluster proteins aconitase 2 and 3
(ACO2 and ACO3) (Fuchs et al., 2020), we reasoned that LIP1 may not be supplied with
sufficient [4Fe—4S] clusters if a bottleneck occurs in the upstream supply chain. In grxs15

mutants, expression of ACO2 and ACO3 were increased up to 2.7-fold and 4-fold, respectively,
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while expression levels of LIP1 did not change (Supplemental Figure S3). Even if changes in
expression levels would only partially correlate with changes in protein abundance, it is likely
that this transcriptional activation further shifts the ACO3/LIP1 abundance imbalance towards
ACO3 in grxs15 mutants. More ACO3 and the respective need for [4Fe—4S] would most likely
render LIP1 even less competitive for receiving sufficient clusters to attain catalytic activity.
This situation likely aggravates if the auxiliary [4Fe—4S] cluster gets sacrificed for supply of two
sulfhydryl groups to an octanoyl residue in each catalytic cycle similar to the mechanism of the
bacterial homologue of LIP1, LipA (McCarthy and Booker, 2017). Therefore, we hypothesized
that alterations in demand for [4Fe—4S] clusters through modulation of apoprotein abundance
may allow to redirect the flux of [4Fe—4S] clusters towards LIP1. Because aco3 null mutants
show only a mild growth impairment compared to WT plants (Figure 2, A and B), and because
ACOQO3 is more abundant than ACO2 (Moeder et al., 2007; Fuchs et al., 2020), we selected the

aco3 mutant for crossing with different grxs15 mutants (Supplemental Figure S4).

Interestingly, loss of ACO3 in all cases partially suppressed the dwarf phenotypes of amiR,
K83A #3 and #4, especially at later developmental stages (Figure 2, A and B and Supplemental
Figure S5). In both, amiR and K83A #3, loss of ACO3 ultimately led to phenotypes similar to
aco3. For the amiR aco3 double mutant the root length was already 7.3-fold longer (amiR aco3
3.9 £ 0.07 cm versus amiR 0.53 £+ 0.02 cm; Supplemental Figure 5, A and B) and the rosette
of 4-week-old plants were twice as large as in the original amiR single mutant (amiR aco3 60.0
+ 3.8 cm? versus amiR 26.3 + 3.5 cm?; Figure 2, A and B). Ten days after germination, the
cross of K83A #3 and aco3 (for simplicity hereafter called #3 aco3) showed only a tendency
for increased root length compared to the K83A #3 background, but after 17 days, the
suppression of the short root phenotype was apparent (Supplemental Figure 5, A-C). When
grown on soil for four weeks #3 aco3 double mutant plants had an 18-fold larger rosette area
than the original K83A #3 mutant (#3 aco349.9 + 8.8 cm? versus K83A #3 2.7 + 1.1 cm?; Figure
2, B and C). The growth-promoting effect of ACO3 loss was also apparent in #4 aco3, although
less pronounced than in #3, most likely because #4 plants are generally more compromised
than #3 plants. While flower stalks of K83A #3 and #4 remained short compared to WT,
inflorescence development in 8-week-old plants was at least partially rescued by the loss of
ACO3 (Supplemental Figure S5D).
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Figure 2 Loss of ACO3 partially suppresses the dwarfism of grxs715 mutants. A, 5-week-old plants grown
on soil under long-day conditions. aco3 and double homozygous crosses are compared with WT and
the respective parental lines. Scale bar: 5 cm. B, Analysis of rosette leaf area of 4-week-old plants grown
on soil (n = 4-9). The box plot shows the median as centre line with the box for the first to the third
quartile and whiskers indicating min and max values of the whole data set. Asterisks represent
significant differences (****= P < 0.0001, ns: not significant) calculated according to one-way ANOVA
with Tukey’s multiple comparisons test (a = 0.05). P-values: Supplemental Data Set 2. Data for WT and
the different grxs15 mutants are shown in blue, data for aco3 and the respective crosses are shown in
red. C, Heat map of key metabolites known to be associated with lipoyl cofactor-dependent enzymes.
Metabolites were measured in 8-day-old seedlings (see Supplemental Figure S6 and Supplemental
Data Set 2 for absolute values). Z-scores of the mean were calculated for each metabolite and are
presented as a heat map. Decreased metabolites are depicted in blue and increased metabolites in red.

To further characterize the metabolic consequences of the combined decrease in GRXS15-
based supply of [2Fe—2S] clusters and loss of ACO3, we analysed key metabolites that were
all found to be increased in grxs15 seedlings due to diminished LIP1 activity (Moseler et al.,
2021). Notably, accumulation of pyruvate, 2-OG, a-keto acids, and glycine in amiR was
reverted to aco3 levels in amiR aco3 (Figure 2C and Supplemental Figure 6, A-G). Contrary
to the expectation that GDC deficiency in amiR should cause a decrease in serine as a product
of glycine decarboxylation, serine also increased when GRXS15 activity was diminished. Yet,
the increased glycine-to-serine ratio consistently points at GDC deficiency, which normalized
when ACO3 was lost. This picture was less consistent in line K83A #3 aco3, which showed a
decrease in glycine and 2-OG, but no change in pyruvate and the a-keto acids a-ketoisocaproic
acid (KIC) and a-keto-B-methylvaleric acid (KMV). a-ketoisovaleric acid (KIV) was even further
increased in K83A #3 aco3. K83A #4 aco3 mutants showed an increase in all a-keto acids and
2-0OG, but no pronounced change in pyruvate, glycine and serine. Compared to the WT, citrate

was increased in aco3 and all grxs15 mutants but without any additive effect in double mutants
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(Figure 2S and Supplemental Figure 6C). With multiple metabolic connections between
different metabolites within one compartment or even across different compartments, it can be
expected that a metabolic block in one specific enzyme may have rather pleiotropic
consequences in several other metabolite pools. This is highlighted by an increase in cysteine
in grxs 15 mutants, which trails the increase in the precursors glycine and serine, albeit at much
lower concentrations (Figure 2C, Supplemental Figure S6, G-I). Loss of ACO3 in amiR and
K83A #3 caused a decrease in cysteine. Only in the most severe mutant K83A #4, additional
loss of ACO3 did not bring down the levels of these three amino acids although the severe
growth phenotype was already slightly suppressed (Figure 2, Supplemental Figure S6, G-I).
Taken together, these results suggest that loss of the highly abundant [4Fe—4S] sink ACO3
enables redirection of [4Fe—4S] clusters to LIP1 to regain at least partial lipoylation activity in

grxs15 mutants indicated by readjustment of metabolite levels.

Overexpression of LIP1 rescues severe grxs15 K83A mutants but is deleterious for the

wild type and grxs15 knockdown mutants

Having established experimental evidence for putative redirection of [4Fe—4S] clusters from
ACO3 to LIP1 in aco3 mutants, we next hypothesised that also overexpression of LIP1 may
render the respective sink more competitive over other apoproteins for a limited [4Fe—4S] pool.
To test this hypothesis, we constructed overexpression vectors for LIP1 driven by the CaMV
35S promoter (Figure 3A). To validate correct mitochondrial targeting, we added a C-terminal
GFP (Figure 3, A and B; Supplemental Figure S7).

Consistent with our hypothesis, overexpression of LIP1 largely suppressed dwarfism of K83A
#3 and #4 in several independent lines. This effect was apparent at all developmental stages
with significant increases in root length, rosette size, biomass and flower stalk height (Figure
3, C-E; Supplemental Figures S8-S10). In all independent lines, plants with the K83A #4
background remained slightly smaller than K83A #3. Unexpectedly, however, LIP1
overexpression had the opposite effect in the WT and the two knockdown mutants grxs75-1
and amiR, where increased LIP1 abundance resulted in significantly reduced growth and
delayed development. In these cases, the rosette area of 4-week-old plants was decreased by
70 % for the WT, 64 % in grxs15-1 and 77 % in amiR, which was largely mirrored in the fresh
weight of the respective rosettes (Figure 3, C-E). The rosette leaves in these plants showed a
curly phenotype similar to other mutants with disturbed mitochondrial metabolism
(Supplemental Figure S11; (Lee et al., 2021)). Flower initiation in these mutants was delayed
by one to two weeks and the inflorescences remained much shorter than in plants without

overexpression of LIP1 (Supplemental Figure S10C). Notably, parallel experiments in which
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LIP1 was overexpressed without GFP led to similar results indicating that the GFP tag did not

provoke any deleterious effect (Supplemental Figure S12).

To further substantiate either beneficial or deleterious effects of LIP1 overexpression in
different genetic backgrounds, we tested for LIP1 protein abundance with immunodetection in
protein blots. Overexpression of LIP1-GFP in all lines caused high abundance of LIP1-GFP
with the expected molecular mass of ~70 kDa (Figure 3F, Supplemental Figure S13A). In
addition to the LIP1-GFP band, blots probed with a-LIP1 showed another band with an
apparent molecular mass of ~45 kDa likely representing free LIP1, and a distinct band for free
GFP when probed with a-GFP (Supplemental Figure S14). The absence of residual
fluorescence in the cytosol (Supplemental Figure S7) strongly suggests that the cleavage of
LIP1-GFP occurred during or after protein extraction. Although overexpression generally
resulted in high abundance of LIP1, some differences in protein levels were apparent. Notably,
the LIP1-GFP band at ~70 kDa was most intense for amiR and K83A #4 but far less intense
for K83A #3. The lipoylation pattern detected by probing the protein blots with an LA-specific
antibody did not change for E2 subunits of PDC and OGDC. Contrary to our expectation, for
H1 and H3 subunits of GDC, a slight decrease in lipoylation was found in WT and grxs15-1
after LIP1 expression. For H2 in these lines, the decrease was even more pronounced.
However, an increased protein lipoylation was observed for the H2 subunit of GDC at least in
amiR and K83A #3 overexpressing LIP1-GFP (Figure 3F; Supplemental Figure S13). In
mitochondria isolated from WT and grxs15-1 overexpressing LIP1-GFP, this was not observed,
but it should be noted that the amount of H2 was already diminished in these severely

compromised dwarf mutants.

Overexpression of LIP1 affected the metabolite signature with pronounced decreases of the
key metabolites pyruvate, 2-OG and all three BCKAs that generally accumulated in grxs15
seedlings (Figure 3G and Supplemental Figure S15). For glycine and serine, the picture was
less uniform with glycine being increased in WT and grxs15-1 seedlings overexpressing LIP1,
but only minor or no changes in the more severe grxs15 mutants, which all had increased
glycine levels without additional LIP1 (Figure 3G and Supplemental Figure S15G). Serine was
increased after LIP1 overexpression in WT and all grxs15 mutants. Interestingly, all lines
except K83A #4 overexpressing LIP1 showed an increase in cysteine of 60-100 % compared
to control plants (Supplemental Figure S15H). Accumulation of glycine and serine was also
found in rosette leaves of soil-grown plants with diminished GRXS15 activity (Figure 1, E and
F; Supplemental Figure S16). In these older plants, LIP1 overexpression caused an increase
in glycine and serine, which was largely abolished in high CO.. This result suggests that
photorespiration was the main source of the increase in glycine, serine and potentially cysteine
rather than the overexpression of LIP1 itself. Different from the positive effect of high CO on

the K83A mutants (Figure 1B), the same mutants rescued by LIP1 overexpression did not
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show further growth improvement as seen before but rather a decrease in biomass

(Supplemental Figure S16A).
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Figure 3 Overexpression of LIP1 is deleterious for wild type plants and grxs15 knock-down mutants but
beneficial for the K83A mutants. A, Schematic representation of the construct used for overexpression
of LIP1. The expressed protein has GFP fused at its C-terminus. B, Confocal microscopy images of
guard cells from 7-day-old wild type seedlings stably expressing LIP1-GFP. Fluorescence images were
collected with the following wavelength settings: GFP (Aex = 488 nm; Aem = 520 nm), MitoTracker Orange
(Aex = 543 nm; Aem = 597 nm), chlorophyll autofluorescence (Aex = 633 Nnm; Aem = 675 nm). The merge
image shows the overlap of all four individual channels. Scale bar = 5 ym. C, 5-week-old plants grown
on soil in long-day conditions. Subpanels on the left show the original lines, with their respective genetic
background. Subpanels on the right show the same lines overexpressing LIP1-GFP. Scale bar: 5 cm.
D, Rosette leaf area analysis of 4-week-old plants (n = 21). E, Shoot fresh weight of 7-week-old plants
(n=9-12). All box plots show the median as centre line with the box for the first to the third quartile and
whiskers indicating min and max values of the whole data set. Asterisks represent significant differences
(****= P < 0.0001) calculated according to one-way ANOVA with Tukey’s multiple comparisons test (a =
0.05). P-values: Supplemental Data Set 3. Data for WT and the different grxs715 mutants are shown in
blue, data for the respective lines overexpressing LIP1 are shown in yellow. F, Protein gel blot analysis
with primary antibodies raised against LIP1, GRXS15, LA, GDC-H, and VDAC for loading control.
Mitochondria were isolated from seedlings grown in hydroponic culture or from leaves of plants grown
on soil and 15-20 ug protein loaded per lane. A blot with extended exposure for the detection of GRXS15
indicates some residual amounts of GRXS15 in grxs15-1 and amiR (Supplemental Figure S1). G, Heat
map of metabolites known to be substrates of LA-dependent enzymes or in case of serine and cysteine
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are derivatives of glycine. Metabolites were extracted from 8-day-old seedlings (for absolute values see
Supplemental Figure S15 and Supplemental Data Set 3). Z-scores of the mean were calculated for each
metabolite and are presented as a heat map, with decreased metabolites coded in blue and increased
metabolites depicted in yellow.

LIP1 causes a dose-dependent phenotypic response and induction of AOX

Next, we wondered why in addition to reduced GDC-H lipoylation overexpression of LIP1 is
deleterious for the WT and for plants with diminished abundance of wild type GRXS15, i.e.
grxs15-1 and amiR. While searching for plants with homozygous LIP1 overexpression in the
WT background it became apparent that severity of the phenotype depends on the zygosity
with homozygous plants being most severely affected (Figure 4, A-C; Supplemental Figure
S17). The zygosity-dependent negative gene dosage effect was also seen in the other grxs15

mutants (Supplemental Figure S18).

Based on in vitro studies with bacterial LipA, it has been suggested that lipoylation activity
sacrifices the auxiliary [4Fe—4S] cluster to provide sulfur atoms required for lipoic acid
biosynthesis (McCarthy and Booker, 2017). We therefore hypothesised that increased LIP1
activity leads to consumption of more [4Fe—4S] clusters for abstraction of sulfur atoms and that
the remains of these clusters fall apart with the inevitable release of sulfide. Inhibition of COX
by sulfide would then lead to increased expression and activity of alternative oxidase (AOX)
as an overflow valve for electrons in the mETC (Figure 4D; (Selinski et al., 2018)). Consistent
with this hypothesis, the COX inhibitor potassium cyanide (KCN) largely blocked respiration in
wild type roots but far less in roots from WT overexpressing L/IP1 (Figure 4E). Conversely,
LIP1 overexpression in WT plants resulted in KCN-insensitivity but more pronounced inhibition
of respiration when propyl gallate (pGal) as an inhibitor of AOX was applied (Figure 4E;
Supplemental Figure S19). The basic respiration of WT plants overexpressing LIP1 was
consistently higher than the respiration of non-transformed plants (Supplemental Figure
S19C). Interestingly, respiration of roots from K83A #3 plants overexpressing L/P1 decreased
significantly in the presence of KCN. With this, the sensitivity of the mETC in K83A #3 with
LIP1 to respiratory inhibitors was more similar to the WT than to WT plus LIP1, which suggests
that the K83A mutation generates a major bottleneck for Fe—S cluster supply (Figure 4E;

Supplemental Figure S19).

Changes in electron flow after LIP1 overexpression caused a pronounced increase in AOX
protein levels in WT plants and the two knockdown mutants grxs15-7 and amiR overexpressing
LIP1 (Figure 4F; Supplemental Figure S20). In the two K83A mutants that were largely (#3) or
partially (#4) rescued by LIP1, AOX was still increased but far less abundant than in the two
knockdown lines. The relative abundance of AOX in mature leaves of the two K83A mutants
with higher levels in #4 plants matches with the degree of growth retardation, which is also

more severe in #4 than in #3 (Supplemental Figure S20A; Figure 3C).
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Figure 4 Excessive LIP1 activity causes inhibition of cytochrome ¢ oxidase. A, Representative picture
of 6- (top row) and 7-week-old (bottom row) wild type plants overexpressing LIP1-GFP in hemizygous
(+/-) and homozygous (+/+) form. B, Analysis of rosette area of 4-week-old plants grown on soil in long-
day conditions (n = 6-8). C, Relative expression level of LIP1 determined by qRT-PCR. RNA was
isolated from 8-day-old seedlings. The presented data are means + SEM (n = 3). The box plot shows
the median as centre line with the box for the first to the third quartile and whiskers indicating min and
max values of the whole data set. Asterisks represent significant differences (***= P < 0.001, ****= P <
0.0001) according to one-way ANOVA with Tukey’s multiple comparisons test (a = 0.05). P-values:
Supplemental Data Set 4. Data for WT and the different grxs15 mutants are shown in blue, data for the
respective lines overexpressing LIP1 are shown in yellow. D, Scheme of the mitochondrial electron
transport chain where alternative oxidases (AOXs) (in yellow) act as terminal electron acceptors when
the cytochrome ¢ oxidase (COX) is inhibited by sulfide (S%) (dashed red line). Inhibition of COX by
potassium cyanide (KCN) and AOX by propyl gallate (pGal) is indicated by dashed purple lines. E,
Respiration of roots of 16-day-old seedlings grown on %2 MS vertical agar plates. After recording the
basal root respiration without inhibitors (roots only), COX was first inhibited by addition of KCN at a final
concentration of 4 mM. Subsequently, AOXs were inhibited by addition of pGal at a final concentration
of 200 uM (n = 4-5). Different letters indicate significant differences between treatments calculated
according to one-way ANOVA with Tukey’s multiple comparisons test separately for each line (a = 0.05).
P-values: Supplemental Data Set 4. F, Protein gel blot analysis with primary antibodies raised against
AOXs (detects all isoforms: AOX1a-AOX1d and AOX2). Mitochondria were isolated from 16-day-old
seedlings grown in hydroponic culture and 15 ug protein loaded per lane. The Amido Black stained
membrane at the bottom serves as loading control.
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Mitochondrial cysteine biosynthesis in Arabidopsis keeps sulfide released by LIP1

under control

To prevent poisoning of COX by sulfide, evolution exploited two mechanisms for conversion
of sulfide to largely innocuous products. Animal cells and most fungi oxidise sulfide by the inner
mitochondrial membrane protein SQR, while plants can use sulfide in the mitochondrial matrix
for cysteine production by OAS-TL C (Theissen et al., 2003; Birke et al., 2012; Vitvitsky et al.,
2021). To assess whether the increased mitochondrial sulfide load in LIP1 overexpression
lines can be countered by increasing the endogenous mitochondrial scavenging capacity for
sulfide, we additionally overexpressed OAS-TL C (Figure 5A). Consistent with the hypothesis
that overexpressed LIP1 releases toxic amounts of sulfide that exceed the endogenous
detoxification capacity, we observed at least partial recovery of the dwarf phenotype observed
in LIP1 overexpressors with more than a 2-fold increment in rosette area (Figure 5, B and C).
Moreover, the respiration of WT plants overexpressing both LIP1 and OAS-TL C showed again
increased sensitivity to KCN, indicating that the inhibition of COX by sulfide originating from
LIP1 was partially rescued by overexpression of OAS-TL C (Figure 5D). Overexpression of
OAS-TL C itself did not exhibit any harmful effect on the WT (Figure 5, B and D).
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Figure 5 Overexpression of OAS-TL C suppresses sulfide toxicity resulting from LIP1 overexpression.
A, Hypothetic model for the lipoylation reaction with concomitant sulfide release and its subsequent
refixation by OAS-TL C. Cysteine provides the mitochondrial iron—sulfur cluster (ISC) assembly
machinery with the required sulfur. LIP1 sacrifices a [4Fe—4S] cluster and releases sulfide that needs to
be detoxified to avoid poisoning of COX. B, Representative photos of 5-week-old plants grown on soil
in long-day conditions. Plants overexpressing LIP1-GFP (right) are compared with their respective
genetic background (left). Scale bar: 5 cm. C, Rosette area analysis of 4-week-old plants overexpressing
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LIP1 or LIP1 plus OAS-TL C compared with the WT (n = 7-14). D, Respiration of roots of 16-day-old
seedlings grown on Y2 MS vertical agar plates. After recording the basal root respiration without inhibitors
(‘Roots’), COX was first inhibited by addition of KCN at a final concentration of 4 mM. Subsequently,
AOXs were inhibited by addition of pGal at a final concentration of 200 uM (n = 4). All box plots show
the median as centre line with the box for the first to the third quartile and whiskers indicating min and
max values of the whole data set. Different letters indicate significant differences between treatments
calculated according to one-way ANOVA with Tukey’s multiple comparisons test separately for each
line (a = 0.05). P-values: Supplemental Data Set 5.

Discussion

Lipoylation is a rare, but yet essential posttranslational lysine modification that is evolutionarily
conserved from bacteria to humans (Rowland et al., 2018). Defects in lipoylation reactions thus
cause severe metabolic disorders or even lethality in plants, yeast and mammals (Sulo and
Martin, 1993; Yi and Maeda, 2005; Navarro-Sastre et al., 2011; Tort et al., 2013; Mayr et al.,
2014; Bauwe, 2023). In plants, deficiencies in Fe—S cluster supply become most apparent from
defects in GDC and the concomitant increase in glycine and the glycine-to-serine
ratio (Przybyla-Toscano et al., 2022). This increase in glycine can be prevented if the metabolic
demand on GDC is minimized by suppressing photorespiration in a high CO, atmosphere
(Przybyla-Toscano et al., 2022). The same physiological response occurs also in mutants with
severe deficiencies in GRXS15-dependent [2Fe—-2S] cluster transfer between the two Fe-S
cluster assembly machineries (Figure 1; Figure 6). Without any external input, the lipoylation-
deficient phenotype can also be suppressed by altering the distribution of [4Fe—4S] clusters
between the highly abundant ACO3 and the very low abundant LIP1 (Figure 2; Figure 3C).
Under normal growth conditions, loss of ACO3 does not severely compromise the plant
because mitochondria also contain ACO2 to serve in the TCA cycle (Hooks et al., 2014).
Losing ACO3 as an [4Fe—4S] apoprotein makes more clusters available for LIP1 and thus
enables increased LIP1 activity even in severe grxs15 mutants. As an orthogonal approach,
also LIP1 overexpression rescued the most severely compromised grxs75 mutants carrying a
K83A variant of GRXS15 (Figure 3C). All these results consistently show that LIP1 requires
sufficient [4Fe—4S] cluster supply to attain full lipoylation activity. Previously, it was considered
that GRXS15 might also be involved in repair of Fe—S clusters or have an oxidoreductase
function (Couturier et al., 2015; Zhang et al., 2018). Our data, however, show that at least in
severely compromised grxs15 mutants, cluster supply rather than any other putative function

of GRXS15 is the limiting factor for plant performance.

Wild-type plants and mutants less compromised in [2Fe—2S] cluster transfer, however, showed
a very different response to LIP1 overexpression (Figure 3C). The very low abundance of
endogenous GRXS15 in grxs15-1 and amiR plants caused a partial photorespiratory
phenotype identified by increased glycine-to-serine ratios already. Apparently, however, the

capacity for [2Fe—-2S] cluster transfer is still sufficient to enable a minimum [4Fe—4S] cluster
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supply to LIP1 to avoid accumulation of more toxic photorespiratory intermediates upstream
of glycine (Timm et al., 2008; Dellero et al., 2016). Overexpression of LIP1 in these mutants
and in the WT allows for efficient redirection of more [4Fe—48S] clusters to LIP1, which became
most apparent by the reversion of the photorespiratory metabolite signature in the grxs15
knockdown mutants. Yet, increased LIP1 levels in these plants surprisingly turned out to be
deleterious. Dependence of this phenotype on LIP1 is also supported by a gene-dosage-
dependent increase in severity in hemizygous and homozygous LIP1 overexpressors.
Apparently, increased abundance of LIP1 can attract more [4Fe—4S] clusters than what would
normally be necessary to maintain physiological needs, which ultimately causes toxic side

effects (Figure 6).
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Figure 6 Working model of iron—sulfur cluster assembly and transfer machineries in plant mitochondria,
with LIP1 as an Fe—S cluster consuming enzyme. On the top left, a simplification of the first assembly
machinery, which utilises cysteine as sulfur source (yellow circles) and iron (red circles) to build [2Fe—
2S] clusters, is depicted. After assembly, a chaperone complex acts as a hub for further direct or indirect
delivery of [2Fe-2S] clusters to target proteins such subunits of complexes I, Il and Ill in the
mitochondrial electron transport chain (ETC) (dashed arrow) and to glutaredoxin S15 (GRXS15).
GRXS15 is the key enzyme for transfer of [2Fe—2S] clusters from the first assembly machinery to the
second, where [4Fe—4S] clusters are being built. These are then distributed to target proteins, such as
ETC complexes, aconitases 2 and 3 (ACO2/3) and lipoyl synthase (LIP1). Delivery of [4Fe—4S] to LIP1
relies on the NifU-like proteins NFU4/5. LIP1 requires one [4Fe—4S] cluster for its catalytic activity and
uses a second, auxiliary, cluster as sulfur source to synthesise the lipoyl cofactor, which is necessary
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for the activity of four mitochondrial dehydrogenase complexes glycine decarboxylase (GDC), pyruvate
dehydrogenase (PDC), 2-oxoglutarate dehydrogenase (OGDC), and branched-chain a-keto acid
dehydrogenase (BCKDC). LIP1 transfers two sulfur atoms from the auxiliary cluster to the n-octanoyl
residue on the dehydrogenase subunits E2 or H to convert these into n-lipoyl prosthetic groups (L). In
the absence of any established repair mechanism, the remnants of the cluster are assumed to
disintegrate and release sulfide. Similarly, entire auxiliary clusters may fall apart if they are not used
immediately, e.g., in case of substrate shortage for LIP1 or increased LIP1 abundance. To prevent
poisoning of cytochrome ¢ oxidase (COX, complex 1V), the toxic sulfide is utilised by O-acetylserine-
(thiol)-lyase C (OAS-TL C) to synthesise cysteine, which can be reused for a new round of Fe-S cluster
assembly.

Based on in vitro experiments with recombinant LipA from E. coli and human LIAS (both
homologs of Arabidopsis LIP1), it was reported that the enzymes in the presence of NFUs can
potentially direct all four sulfide ions from the auxiliary cluster into the lipoyl product rather than
releasing two of them into solution (McCarthy and Booker, 2017; Warui et al., 2022). Yet, if
only a single catalytic cycle is possible because NFU is missing, only two sulfur atoms are
extracted from a [4Fe—4S] cluster while the residuals fall apart and release the remaining two
sulfides. Detection of sulfide is a major challenge as all current techniques have severe
disadvantages and limitations (Kolluru et al., 2013). This applies even more when specific
measurements of the sulfide pool in the mitochondrial matrix are to be conducted. Here, we
thus indirectly deduce that overexpression of LIP1 goes along with a pronounced increase in
free sulfide. First, COX was strongly inhibited in LIP1 overexpression plants. With an ICs as
low as 6.9 nM (Birke et al., 2012) already a minor increase in sulfide would cause inhibition of
COX (Figure 4). This inhibition, possibly in combination with reductive stress imposed by
sulfide, triggers a retrograde signal leading to induction of AOX (Fuchs et al., 2020). Increased
AOX may compensate for loss of COX activity by offering an alternative route for transfer of
electrons to molecular oxygen to avoid overreduction of the ubiquinone pool and concomitant
production of reactive oxygen species in the mETC (Millar et al., 2011; Selinski et al., 2018).
The predominant isoform AOX1a has been shown to be involved in dissipating thiol-mediated
reductive stress (Fuchs et al., 2022). Whether the sulfide released by LIP1 accumulates to
sufficient levels for generation of reductive stress remains unknown at this stage. The
increased respiration observed under these circumstances in detached Arabidopsis roots is
likely an attempt of plants to provide sufficient energy in form of ATP even with a truncated
mETC. Because this necessarily goes along with an increased carbon turnover, the block of
respiration by sulfide has severe bioenergetic consequences and ultimately causes growth
retardation (Birke et al., 2012).

The second piece of evidence for release of sulfide by LIP1 in Arabidopsis results from
suppression of the retarded phenotype by overexpressing OAS-TL C (Figure 5B). To prevent
accumulation of sulfide in the matrix, plants contain local cysteine biosynthesis capacity in

mitochondria (Haas et al., 2008; Heeg et al., 2008; Alvarez et al., 2012b). Overexpression of
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OAS-TL C suppresses the dwarf phenotype of WT plants overexpressing LIP1. Taken
together, all these results support the conclusion that [4Fe—4S] clusters inserted in LIP1
collapse and release poisonous sulfide. Based on the finding that in the absence of NFU the
auxiliary [4Fe—4S] cluster collapses after extraction of two sulfur atoms (McCarthy and Booker,
2017) one may speculate whether sulfide toxicity is a consequence of such cluster

disintegration during catalysis.

Increased enzymatic activity of overexpressed L/P1 in Arabidopsis would require the
respective substrates for lipoylation. Lipoyl synthases use the octanoylated GDC subunit H2
as their primary substrate for synthesis of the lipoyl moiety, which is subsequently transferred
to E2 subunits of the other dehydrogenase complexes (Schonauer et al., 2009; Solmonson
and DeBerardinis, 2018; Pietikainen et al., 2021; Bauwe, 2023). The overall lipoylation pattern
on the respective proteins, however, was not massively altered in LIP1 overexpression lines,
especially in WT and GRXS15 knockdown lines. The need for a suitable substrate for the
overexpressed LIP1 thus leaves a conundrum. One possibility for providing new substrates for
lipoylation would be the presence of lipoamidase activities similar to the sirtuin lipoamidase
activities found in mammals and E. coli (Mathias et al., 2014; Rowland et al., 2017). So far,

however, no such activity has been reported for plants.

An alternative explanation for the acute toxic effects resulting from overexpression of lipoyl
synthases may result from cluster instability. The [4Fe—4S] cluster of LipA is known to be
sensitive to traces of oxygen and for losing iron and sulfide to yield a [2Fe—2S] cluster upon
exposure to air (Ollagnier-de Choudens et al., 2000). Especially in situations with limited
substrate supply for the lipoylation reaction, it cannot be excluded that lipoyl synthases lose
[4Fe—4S] clusters through oxidative decomposition. If the remaining [2Fe—2S] cluster also
becomes unstable after its replacement by a new [4Fe—4S] cluster, this process would
ultimately set free four sulfides and thus generate a severe sulfide load in the matrix. Oxidative
decomposition of clusters from overexpressed LIP1 suggests that this likely does happen from
the endogenous protein as well, particularly when only limited substrate is available.
Interestingly, Arabidopsis mutants deficient in mitochondrial acyl carrier proteins have a similar
phenotype as LIP1 overexpressors. While this is at least in parts caused by lipoylation
deficiency (Fu et al., 2020), it might be possible that such mutants also suffer from increased
sulfide and inhibition of COX.

The pronounced sulfide release after overexpression of LIP1 in WT plants suggests that the
mitochondrial Fe—S cluster assembly machineries have sufficient capacity to serve all available
[4Fe—4S] apoproteins. The uncontrolled release of sulfide as a potentially toxic side product
suggests that tight control of protein abundance might be the only means for risk management.
This is consistent with low abundance of LIP1 in Arabidopsis suspension culture cells (Fuchs

et al., 2020) and the absence of any evidence for induction of LIP1 under specific stress
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situations. Low abundance of lipoyl synthases is also found in Saccharomyces cerevisiae (Ho
et al., 2018) and in human cells where LIAS is present with only 23,904 copies per cell, which
represents just 0.007 % of all mitochondrial proteins (Morgenstern et al., 2021). Uncontrolled
potential release of sulfide by lipoyl synthases also provides a strong argument for maintaining
sulfide detoxification systems in mitochondria of most eukaryotic lineages (Theissen et al.,
2003; Kabil and Banerjee, 2010; Birke et al., 2012).

Irrespective of whether the released sulfide is a side product of the [4Fe—4S] cluster-sacrificing
catalytic activity of lipoyl synthases or a result of uncontrollable oxidative decomposition, the
experimental system with overexpression of lipoyl synthases associated with distinct and
easily observable phenotypes offers an experimental framework to further study mitochondrial
Fe—S assembly and cluster distribution. The increasing severity of phenotypes in mutants with
compromised GRXS15-dependent [2Fe-2S] cluster transfer in combination with L/IP1
overexpression and the redirection of [4Fe—4S] clusters through sink modulation both highlight
the applicability of the assay. Similarly, one can envisage that the tools can be used to further

study mitochondrial sulfide production or detoxification.
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Materials and methods

Plant material and growth conditions

The Arabidopsis thaliana ecotype Columbia-0 ([L.] Heynh.) was used as the main experimental
organism. The T-DNA insertion line grxs15-1 (SALK_112767) has been described earlier
(Moseler et al., 2015). Seeds of aco3 (SALK_014661) (Moeder et al., 2007) were obtained
from NASC (Nottingham Arabidopsis Stock Centre, https://arabidopsis.info/). The knockdown
line amiR (GRXS15°™R (Stroher et al., 2016)) was provided by Janneke Balk, John Innes
Centre, University of East Anglia, UK. The complementation lines K83A #3 and K83A #4
(grxs15-3 UBQ10,0:GRXS15 K83A) were described previously (Moseler et al., 2015; Moseler
et al.,, 2021). The lines amiR, K83A #3 and #4 were crossed with aco3 and the double

homozygous F3 generations were used throughout this study.

For phenotypic characterization of seedlings, seeds were surface-sterilized with 70 % (v/v)
ethanol for 10 min followed by washing with sterile water and plated on half-strength Murashige
and Skoog medium (2 MS, Duchefa Biochemie, Haarlem, NL) with addition of 0.1 % (w/v)
sucrose, 0.05 % (w/v) MES (pH 5.8, KOH) and solidified with 0.8 % (w/v) agar. Seeds were
stratified at 4 °C in the dark for 2-3 days. Plates were incubated vertically under long-day
conditions (16 h light at 22 °C and 8 h dark at 18 °C) at a light intensity of ~100 umol photons
m2 s and 50 % air humidity. Ten days after germination, root growth was documented
photographically and root length was measured using Fiji Imaged (https://imagej.nih.govi/ij/).
For documentation of seedling phenotypes, 17-day-old seedlings were transferred from plates

to a black mat and photographed.

For hydroponic seedling culture, surface-sterilized seeds were gently sown on a layer of
microagar floating in sterile glass pots filled with 50 mL liquid 2 MS medium with 1 % (w/v)
sucrose, 0.04 % (w/v) MES (pH 5.8, KOH). Pots were closed with transparent plastic lids,
placed at 4 °C in the dark for two days for seed stratification, and subsequently transferred
onto rotary shakers and gently agitated in the growth cabinet under long-day conditions for 16

days.

To obtain larger plants, the seeds were placed onto a standard soil mixture (Floradur B-seed,
Perlite Perligran 0-6 and quartz sand in a ratio of 10:1:1, respectively) and stratified for at least
2 days in the dark at 4 °C and high humidity. Subsequently, pots were transferred to the light
under long-day conditions (16 h light at 21 °C and 8 h dark at 19 °C) with light intensity of 100-
120 pmol photons m? s and 50 % air humidity. The plants were grown in individual pots
randomly distributed among greenhouse trays and documented photographically after four
weeks for rosette area measurements using Leaf Lab, a custom-written MATLAB script) and
after eight weeks for documentation of inflorescences. For determination of the fresh weight,

whole rosettes of 7-week-old plants were cut at the base and directly weighted with an
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analytical scale. To track the floral induction, the growth of plants was monitored three times a
week for a visible floral bud. Similarly, the height of the main inflorescence was measured three
times a week with a ruler, starting from the base on the rosette. To characterize rosette
development and leaf phenotypes, 31-day-old rosettes were dissected and the leaves aligned

according to their developmental age.

For experiments with altered CO; conditions, seeds were surface-sterilized with chloric acid
and sown on a mixture of soil (Einheitserde; Einheitserdewerk Uetersen Werner Tantau GmbH
und Co. KG, Uetersen, DE) and vermiculite (4:1). Pots were incubated at 4 °C for at least two
days for stratification and transferred to a growth chamber with defined environmental
conditions (SANYOQ) for eight weeks (principal growth stage 5.1) (Boyes et al., 2001). Plants
were grown either in high CO, (HC; 5,000 ppm CO3) or in low CO; (LC, 390 ppm CO3) for
control. In both conditions, the photoperiod was 12/12 h day/night cycle with light intensity of
~100 pmol m2 s and ~70 % relative humidity. Plants were regularly watered and fertilized
weekly (0.2 % Wuxal, Aglukon, Dusseldorf, DE).

For genotyping, a complete list of primers is provided in Supplemental Table S1.
To analyse the zygosity of plants expressing the K83A variant of GRXS15, plants were allowed
to self-fertilize. Mature siliques were subsequently checked on a stereomicroscope (Leica

M165 FC) for aborted seeds, which would be expected if the transgene was still segregating.

Generation of transgenic plants

For overexpression of LIP1 the coding sequence was amplified from cDNA generated from
WT plants with primers indicated in Supplemental Table S2 adding attB sites. The obtained
fragment was purified and BP-recombined into the pDONR207 Gateway donor vector
(Invitrogen Waltham, USA). Subsequently, the recombined pDONR207 vector was LR-
recombined with a modified pSS01 destination vector (Brach et al., 2009) containing 35S
promoter and the gene coding GFP in frame with the C-terminus of the Gateway cassette.
Alternatively, pPDONR207_LIP1 with a stop codon was LR-recombined with pB7WG2 (Karimi
et al., 2002), for overexpression of LIP1 without GFP. After recombination, the expression
clone was verified by colony PCR after transformation into E. coli DH5a. The vector
pMDC32_35S,,:0AS-TL C for overexpression of OAS-TL C was kindly provided by Cecilia
Gotor (Alvarez et al., 2012a).

Agrobacterium tumefaciens (AGL-1) were transformed by electroporation with the final
constructs and used to transform plants by floral dipping (Clough and Bent, 1998). T seeds
from plants transformed with pSS01_35S,.:LIP1-GFP and pB7WG2_35S,0:LIP1 were
harvested and selected either with 240 mg/L glufosinate ammonium solution (Basta) or
screened for fluorescence on a stereomicroscope (Leica M165 FC) equipped with a GFP filter

(excitation: 470 + 20 nm, emission: 525 + 25 nm). T; plants transformed with
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pMDC32_35S,,:0AS-TL C were screened in vitro by 20 ug/mL hygromycin (Harrison et al.,
2006). The following generations of mutants were screened by herbicide resistance or
fluorescence for segregation, growing mutants in agar plates or on soil. Only lines following a
Mendelian segregation were kept (Supplemental Tables S3-S5). Three independent lines for
each obtained mutant were selected and screened for the homogeneity of the effects induced

by the insertions.

Subcellular localization of proteins

To verify mitochondrial targeting of LIP1, 7-day-old seedlings stably expressing LIP1-GFP
were vacuum-infiltrated for 30 min with 200 nM MitoTracker Orange (Invitrogen). To test for
colocalization seedlings were imaged on a confocal microscope (Zeiss LSM 780, connected
to an Axio Observer.Z1 (Carl Zeiss Microscopy, Jena, DE). Imaging was performed with a C-
Apochromat x40 (C-Apochromat 40x/1.2 W corr) water-immersion objective. Fluorescence
was recorded with Aex = 488 nm and Aem = 520 nm for GFP, Aex = 543 nm, Aem = 597 nm for
MitoTracker Orange and Aex = 633 nm, Aem = 675 nm for chlorophyll autofluorescence. Data

acquisition was performed using Zen 3.2 (blue edition) Zeiss software.

Isolation of intact mitochondria

High-pure intact mitochondria were isolated from 16-day-old seedlings grown in liquid culture
following the protocol of Escobar et al. (2006) with slight modifications. About 10-20 g seedling
material was ground with 2 g quartz sand in 300 mL extraction buffer (250 mM sucrose, 1.5
mM EDTA, 15 mM MOPS, 0.4 % (w/v) BSA, 0.6 % (w/v) PVP-40, 10 mM DTT, 100 mM
ascorbic acid) and filtered through a layer of Miracloth (Merck Millipore) for two times. Cell
debris was removed by centrifugation at 1,300 g for 5 min (Beckman Centrifuge Avanti® J-26-
XP). Afterwards, the supernatant was centrifuged at 18,000 g for 20 min to obtain a pellet. The
pellet was gently resuspended with a fine brush in 300 mL wash buffer (300 mM sucrose, 10
mM TES, 0,1 % (w/v) BSA). Both centrifugation steps were repeated a second time.
Resuspended fractions (~2 mL) were loaded on PVP gradient (300 mM sucrose, 10 mM TES,
0.1 % (w/v) BSA, 32 % (v/v) Percoll, 0-6 % (w/v) PVP-40) and centrifuged at 40,000 g for 40
min with disengaged active-deceleration. Mitochondria fraction at the lower part of the gradient
was recovered and washed twice in 60 mL final wash buffer (300 mM sucrose, 10 mM TES)
reobtaining mitochondria pellet with centrifuged at 23,700 g for 15 min and resuspending it by
carefully agitating the tube. The mitochondria pellet was finally resuspended in 500 uL final

wash buffer.

Leaf mitochondria from older plants were isolated following the “Method A” described in Keech
et al. (2005) (Keech et al., 2005) for crude, well-coupled mitochondria. About 5 g of 7-week-

old leaves from plants grown on soil in long-day conditions were used.
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Protein blotting and immunodetection

After estimation of protein concentrations via Bradford (Roti-Quant) monitoring absorbance at
595 nm with a CLARIOstar microplate reader, 15 ug of pure isolated mitochondria were mixed
with Laemmli buffer (2 % (w/v) SDS, 50 mM Tris-HCI pH 6.8, 0.002 % (w/v) bromophenol blue,
5 % (v/v) B-mercaptoethanol and 10 % (v/v) glycerol), sonicated for 2 min in ultrasonic bath
(Bandelin Sonorex) and boiled at 95 °C for 5 min. The samples were electrophoresed on
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) precast 4-20 %
Mini-PROTEAN TGX gel (Bio-Rad) to separate the proteins.

For immunoblotting the separate protein were semi-dry blotted or wet-blotted on BioTrace
PVDF Transfer Membrane (Pall Corporation). Blots were probed in TBS-T with 1:1,000 anti-
LIP1 (G231072/63, (Moseler et al., 2021)), 1:1,000 anti-LA (ab58724; Abcam), 1:5,000 anti-
GDC-H (As05 074; Agrisera), 1:2,500 anti-GRXS15 (Moseler et al., 2015), 1:5,000 anti-GFP
(A-6455; Thermo) or 1:1,000 anti-AOX1/2 (AS04 054; Agrisera) antibodies conjugated to
horseradish peroxidase (HRP). 1:20,000 Goat anti-rabbit poly-horseradish peroxidase
secondary antibody (#31461; Thermo) was used for detection of chemiluminescence and
developed using Pierce ECL Plus Western Blotting Solution (Thermo). Signals were detected
on INTAS ECL ChemoStar imager. For the loading control, the PVDF membrane is stained
with Amido black staining (0.1 % (w/v) amido black, 45% (v/v) ethanol, 10 % (v/v) acetic acid)
or a dedicated gel was prepared and proteins were stained with PageBlue Protein Staining

solution (Thermo).

Metabolite analysis

The determination of metabolites related to photorespiration was carried out by liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) analysis using the LCMS-
8050 system (Shimadzu, Japan). For this purpose, we harvested leaf material (~25 mg) from
fully expanded rosette leaves of plants at growth stage 5.1 (Boyes et al., 2001) grown in high
CO; (HC - 5000 ppm CO) or low CO (LC — 390 ppm CO,) at the end of the day (EoD, 11 h
illumination). The material was immediately frozen in liquid nitrogen and stored at -80 °C until
further analysis. Extraction of soluble primary intermediates was carried out using LC-MS
grade chemicals according to (Arrivault et al., 2009; Arrivault et al., 2015) and the samples
were analysed exactly as described in Reinholdt et al. (2019). The compounds were identified
and quantified using multiple reaction monitoring (MRM) according to the values provided in
the LC-MS/MS method package and the LabSolutions software package (Shimadzu, JP).
Authentic standard substances (Merck, DE) at varying concentrations were used for calibration
and peak areas normalized to signals of the internal standard ((morpholino)-ethanesulfonic
acid (MES), 1 mg/mL). Data were interpreted using the Lab solution software package
(Shimadzu, JP).
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Regarding the other metabolites, 40-50 mg of 8-day-old seedlings growing on agar plates in
long-day condition were collected at beginning of the day (BoD: 2 h after the light is on) and
flash-frozen in liquid nitrogen before powdering with glass beads using a TissueLyser I

(Qiagen).

lon chromatography was performed for absolute quantification of anion content by extraction
with 0.7 mL ultra-pure water for 45 min at 95 °C. Samples were centrifuged at 4 °C and 20,000
g for 15 min and 100 pL of the supernatant were transferred to a chromatography vial. After
addition of 200 uL ultra-pure water (1:3 dilution), anions were separated using an lonPac
AS11-HC (2 mm, Thermo Scientific) column connected to an ICS-5000 system (Thermo
Scientific) and quantified by conductivity detection after cation suppression (ASRS-300 2 mm,
suppressor current 23-78 mA). Prior to separation, the column was heated to 30 °C and
equilibrated with five column volumes of solvent A (ultra-pure water) at a flow rate of 0.3 mL
min'. Separation of anions was achieved by increasing the concentration of solvent B (100
mM NaOH) in buffer A linearly as follows: 0-8 min: 4 % B, 18-25 min: 4 %-18 % B, 25-43 min:
19 %-30 % B, 43-53 min: 30 %-62 % B, 53-53.1 min: 62 %-80 % B, 53.1-59 min: 80 % B, 59-
59.1 min: 4 % B, and 59.1-70 min: 4 % B. Data acquisition and quantification were performed

with Chromeleon 7 software (Thermo Scientific).

Free amino acids and thiols were extracted from 40-50 mg of seedlings with 0.4 mL of 0.1 M
HCI in an ultrasonic ice-bath for 10 min. The resulting extracts were centrifuged twice for 10
min at 4 °C and 16,400 g to remove cell debris. Amino acids were derivatized with AccQ-Tag
reagent (Waters) and determined as described in Weger et al. (2016). Total glutathione and
cysteine were quantified by reducing disulfides with DTT followed by thiol derivatization with
the fluorescent dye monobromobimane (Thiolyte, Calbiochem). Derivatization was performed
as described in Wirtz et al. (2004). UPLC-FLR analysis was carried out using an Acquity H-
class UPLC system. Separation was achieved with a binary gradient of buffer A (100 mM
potassium acetate, pH 5.3) and solvent B (acetonitrile) with the following gradient: 0 min 2.3 %
buffer B, 0.99 min 2.3 %, 1 min 70 %, 1.45 min 70 %, and re-equilibration to 2.3 % B in 1.05
min at a flow rate of 0.85 mL min™". The column (Acquity BEH Shield RP18 column, 50 mm x
2.1 mm, 1.7 um, Waters) was maintained at 45 °C and sample temperature was kept constant
at 14 °C. Monobromobimane conjugates were detected by fluorescence at 480 nm after

excitation at 380 nm and quantified using ultrapure standards (Sigma).

For determination of intracellular BCKA content, the same acidic extracts were used. For
derivatization with DMB (1,2-diamino-4,5-methylendioxybenzene), 30 yL extract were mixed
with 30 yL DMB derivatization reagent (5 mM DMB, 20 mM sodium hydrosulfite, 1 M
2-mercaptoethanol, 1.2 M HCI) and incubated at 100 °C for 45 min. After 10 min centrifugation,
the reaction was diluted with 240 yL 10 % acetonitrile. UPLC system, column and solvent were

used as described above. Baseline separation of DMB derivates was achieved by increasing
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the concentration of acetonitrile (B) in buffer A as follows: 2 min 2 % B, 4.5 min 15 % B, 10.5
min 38 % B, 10.6 min 90 % B, hold for 2 min and return to 2 % B in 3.5 min.

The separated derivates were detected by fluorescence (Acquity FLR detector, Waters, OPD:
excitation: 350 nm, emission: 410 nm; DMB: excitation: 367 nm, emission: 446 nm) and
quantified using ultrapure standards (Sigma). Data acquisition and processing were performed

with the Empower3 software suite (Waters).

Oxygen consumption measurements

Respiration of roots of 16-day-old seedlings grown on %2 MS vertical agar plates in standard
long-day condition was analysed using a Clark-type oxygen electrode (Oxygraph, Hansatech)
as described in Wagner et al. (2015). Roots from 15-30 seedlings (about 100 mg fresh weight)
were cut with a scalpel, rolled and plugged in the oxygraph chamber filled with 1.2 mL
incubation medium (5 mM KCI, 10 mM MES, and 10 mM CaCl,, pH 5.8). After recording the
basal root respiration (5 min) oxygen consumption was followed in response to the sequential
addition of the inhibitors 25 yL of KCN (potassium cyanide) at final concentration of 4 mM and
25 pL of pGal (propyl gallate) at final concentration of 200 uM. The measure was repeated
switching the order of the inhibitors. The results were normalized on the dry weight of the roots

(DW) and on the base respiration rate without inhibitors.

Gene expression analysis

8-day-old seedlings growing on agar plates in long-day condition were collected and flash-
frozen in liquid nitrogen before powdering with metal beads using a TissuelLyser Il (Qiagen).
Total RNA was isolated using the NucleoSpin® RNA Kit (Thermo) and cDNA was synthetized
from 10 ug RNA using RevertAid First strand cDNA Synthesis Kit (Thermo) following the
supplier instructions. gRT-PCR was performed with PerfeCTa SYBR Green FastMix (Quanta)
in a 384-well plate using a CFX96 Real-Time PCR Detection System. The two reference genes
SAND and TIP41 were used for normalization. Three technical replicates for each of three
independent biological replicates were performed for each experiment. The primers used are
listed in Supplemental Table S6. PCR efficiency for each primer pair was assessed by

conducting calibration dilution curves in dedicated run.

Statistical analyses and data plotting

Quantified data were plotted and statistically analysed with GraphPad Prism 6. All the box plots
show the median (center line) that divides the first to the third quartile, min and max values are
indicated by whiskers, points represent individual values of the whole data set. Outliers were
automatically identified with ROUT Method (Q = 10 %) and not shown. Significant differences

were calculated according to Student’s t-test (two-tailed with 95 % confidence interval) or one-
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way ANOVA with Tukey’s multiple comparisons (with 95 % confidence interval). Asterisks
represent significant differences (*=P < 0.1, **= P < 0.01, ***= P < 0.001, ***= P < 0.0001, ns:

not significant).

Accession numbers

GRXS15 (AT3G15660), ACO3 (AT2G05710), ACO2 (AT4G26970), LIP1 (AT2G20860), OAS-
TL C (AT3G59760), SERAT2;2 (AT3G13110), H protein 1 (AT2G35370), H protein 2
(AT2G35120), H protein 3 (AT1G32470), PDC-E2 1 (AT3G52200), PDC-E2 2 (AT3G13930),
PDC-E2 3 (AT1G54220), PDC-E2 4 (AT3G25860), OGDC-E2 1 (AT5G55070), SAND
(AT2G28390), TIP41 (AT4G34270).
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SUPPLEMENTAL DATA

Supplemental Information includes 20 Figures and 6 Tables.

Line Full line name ba(::;f::nd Reference
wT Wild type Col0 WT
Strdher et al., 2016
215.1 2151 ALK_112767 1 £010;
griets greets SALK_112767 Moseler et al., 2021
amiR GRXS15+7R Col0 Srtdher etal., 2016
K83A#3 gre15-3 UBQ10pro:GRXS15 KB3A #3 GK-827C05 Moseler et al., 2015
K83A #4 gree15-3 UBQ10pro:GRXS15 K83A #4 GK-827C05 Moseler et al., 2015 grxs15-1
wr grxs151  amiR KB83A#3 KB3A #4
Pt - + - + - + - + - *

BRI o S | 1 min amiR
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72 S

B K83A #3
34 . p—y

26

K83A #4

(Fold change)

Relative expression of GRXS15

Supplemental Figure S1. Phenotypes of different grxs715 mutants. A, The mutant collection includes
two knock-down lines, grxs15-1 and GRXS152mR (amiR), with decreased amounts of GRXS 15 transcript
of about 18 % and 5 %, respectively. In a complementary approach, GRXS15 K83A protein variants
were used to rescue the embryo lethal grxs15-3 (GK-837C05) null mutant in line #3 and #4 are driven
by a strong ubiquitous promoter (Moseler et al., 2015). B, Representative photos of 5-week-old plants
grown on soil under long-day conditions. Scale bar: 3 cm. C, Relative expression level of GRXS15
transcripts determined by qRT-PCR in wild type (WT) and the four grxs75 mutants shown in panel b.
The presented data are means + SEM (n = 3). Student’s t-test (a = 0.05) has been performed for all
mutants (pairwise comparison to wild type) and significant differences are indicated at P < 0.1 (*) and P
< 0.01 (**). Changes in comparison to expression in the wild type are shown in fold-changes. P-values:
Supplemental Data Set 6. D, Protein gel blot analysis with primary antibodies raised against GRXS15.
15 pg of mitochondria isolated from seedlings grown in hydroponic culture were used. The blot is shown
with two exposure times. Exposure for 15 minutes allows detection of minute amounts of GRXS15 in
grxs15-1 and amiR. Amido Black staining of the PVDF membrane serves as loading control. The plant
phenotypes (panel b) and the blot exposed for 1 min are also shown in Figure 3 of the main manuscript.
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Supplemental Figure S2. Suppression of photorespiration has an impact on photorespiratory
intermediates glyoxylate, hydroxypyruvate and glycerate in mutants complemented with
GRXS15 K83A. Metabolic amounts of 8-week-old plants of hydroxypyruvate (A), glycerate (B) and
glyoxylate (C) in wild type and grxs15 mutants grxs15-1, amiR, K83A #3 and #4 grown in low carbon
dioxide condition (LC: 390 ppm CQO3) and high carbon dioxide condition (HC: 5,000 pm CQO,). Box plots
show the median as centre line with the box for the first to the third quartile and whiskers indicating min
and max values of the whole dataset (n = 5-6). Asterisks represent significant differences (*=P < 0.1,
»**= P < 0.0001, ns: not significant) calculated according to Student’s t-test (a = 0.05). P-values:
Supplemental Data Set 7.
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Supplemental Figure S3. Expression level of ACO2, ACO3 and LIP1 in the grxs15 mutants.
Relative expression level of ACO2 (A), ACO3 (B) and LIP1 (C) transcripts determined by qRT-PCR in
wild type and the four grxs15 mutants. The presented data are means + SEM (n = 3). Student’s t-test
has been performed for all mutants against the wild type (a = 0.05), different letters indicate significant
statistically different groups and asterisks indicate P < 0.1 (*), P < 0.001 (***), ns: not significant and
n.d.: not detected. P-values: Supplemental Data Set 8.
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Supplemental Figure S4. Confirmation of genotypes for crosses of aco3 and grxs15. A,
Genotyping of the cross amiR X aco3. A3: ACO3 WT allele, a3: aco3 T-DNA; aR: amiR T-DNA. The
panel at the bottom shows PCR results for 12 independent plants to confirm the selected line amiR X
aco3 as homozygous for amiR. B, Genotyping of the crosses K83A #3 and #4 X aco3. GRX: GRXS15
WT allele; K83A: T-DNA carrying the lysine mutation. The panels at the bottom show opened siliques
to confirm the absence of aborted seeds.
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Supplemental Figure S5. Loss of ACO3 partially suppressed the dwarfism in grxs15 mutants. A,
10-day-old seedlings grown on Y2 MS vertical agar plates under long-day conditions. B, Root length
analysis (n = 22-26). Data for WT and the different grxs75 mutants are shown in blue, data for aco3 and
the respective crosses are shown in red. Asterisks indicate P < 0.0001 (****) and ns: not significant,
calculated according to Student’s t-test (a = 0.05). P-values: Supplemental Data Set 9. C, 17-day-old
seedlings grown on vertical agar plates under long-day conditions. D, Photo of three representative 8-
week-old plants of aco3 and crosses compared with their respective parental lines. All plants were grown
on soil under long-day conditions.
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Supplemental Figure S6. Loss of ACO3 has an impact on the metabolite signature. Metabolite
signatures of 8-day-old seedlings. Analysis of TCA cycle metabolites pyruvate (A) and 2-OG (B), which
are substrates of PDC and OGDC, respectively, and citrate (C), which is converted by aconitases; three
branched chain a-keto acids (KIC, KMV and KIV) (D-F), which are all degraded by BCDHC, and the
amino acids glycine (G) and serine (H) that are linked to photorespiration, and the activity of the
mitochondrial glycine dehydrogenase complex (GDC). Cysteine (i) is synthesized from its immediate
precursor serine. All box plots show the median as centre line with the box for the first to the third quartile
and whiskers indicating min and max values of the whole dataset (n = 5-6). Asterisks represent
significant differences (*=P < 0.1, **= P < 0.01 ***= P < 0.001 ****= P < 0.0001, ns: not significant)
calculated according to one-way ANOVA with Tukey’s multiple comparisons test (a = 0.05). Data for WT
and the different grxs15 mutants are shown in blue, data for aco3 and the respective crosses are shown
in red. P-values: Supplemental Data Set 10.
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Supplemental Figure S7. Transformed plants expressed LIP1-GFP in mitochondria. A,
Representation of the construct used for the overexpression of LIP1 with a C-terminal GFP for the
subcellular localization. The gene coding for LIP1 includes the original signal peptide for mitochondrial
targeting. B, Confocal microscopy images show stomata from 7-day-old seedlings stably expressing
LIP1-GFP in different genetic backgrounds (wild type, grxs15-1, amiR, K83A #3 and #4). The figure
shows transmission images, GFP fluorescence (Aex = 488 nm; Aem = 520 nm), MitoTracker Orange
staining for mitochondria (Aex = 543 nm; Aem = 597 nm), chlorophyll autofluorescence (Aex = 633 NM; Aem
=675 nm) and the merged images. For each line one representative set of images selected from three
independent transgenic lines is shown. Scale bar: 5 ym.
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Supplemental Figure S8. Overexpression of LIP1-GFP results in phenotypic effects that depend
on the respective genetic background and vary in several independent lines. A, 5-week-old plants
of three independent stable lines transformed with pSS01_35S,:LIP1-GFP grown under long-day
conditions (wild type+LIP1-GFP: numbers #2, #6, #8; grxs15-1+LIP1-GFP: #5, #6, #12; amiR+LIP1-
GFP: #6, #9, #10; K83A #3+LIP1-GFP: #1, #2, #3, and K83A #4+LIP1-GFP: #1, #2, #3). LIP1
overexpression lines chosen for all further phenotypic characterization, metabolite analyses and
transformation with OAS-TL C are indicated with red numbers. Scale bar: 5 cm. B, Rosette area of the
three independent stable lines after four weeks on soil under log-day conditions (n = 8). Box plots show
the median as center line with the box for the first to the third quartile and whiskers indicating min and
max values of the whole dataset. C, Relative expression level of LIP1 transcripts determined by qRT-
PCR in wild type and the four grxs75 mutants. RNA was isolated from 10-day-old seedlings. The
presented data are means + SEM (n = 3). Different letters indicate significantly different groups
calculated according to one-way ANOVA with Tukey’s multiple comparisons test separately for each
genotype plus the respective genetic background (orig) (a = 0.05). P-values: Supplemental Data Set 11.
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Supplemental Figure S9. LIP1 overexpression affects root length. A, 10-day-old seedlings grown
on %2 MS vertical agar plates in long-day conditions. B, Analysis of root length of LIP1-GFP
overexpression lines compared with their respective genetic background. The box plot shows the
median as centre line with the box for the first to the third quartile and whiskers indicating min and max
values of the whole dataset (n = 24). Asterisks indicate P < 0.0001 (****) and ns: not significant,
calculated according to Student’s t-test (a = 0.05). P-values: Supplemental Data Set 12.
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Supplemental Figure S10. LIP1 overexpression affects floral induction and inflorescence
development. A, Floral induction. The data show the time after germination when the developing flower
bud became visible. The box plot shows the median as centre line with the box for the first to the third
quartile and whiskers indicating min and max values of the whole dataset (n = 11-17). Asterisks
represent significant differences (**= P < 0.01, ***= P < 0.001, ****= P < 0.0001, ns: not significant)
calculated according to one-way ANOVA with Tukey’s multiple comparisons test (a = 0.05). Data for WT
and the different grxs15 mutants are shown in blue, data for the respective lines overexpressing LIP1
are shown in yellow. B and C, Documentation of inflorescence development. (B) Flower stalk height
nine weeks after germination for non-transformed control plants (left) and plants overexpressing LIP1-
GFP (right). All plants were grown on soil under long-day conditions. (C) Development of the main
inflorescence. Plants were grown continuously under long-day conditions and measured three times per
week. Panels on the right show the average inflorescence height + SD calculated from data for individual
plants shown on the left (n = 6-17). P-values: Supplemental Data Set 13.
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Supplemental Figure S11. LIP1 overexpression induced a curly leaf phenotype. Plants stably
overexpressing LIP1-GFP were grown on soil under long-day conditions for 32 days. At the time of
harvest, the root system was removed and rosettes were dissected to isolate all leaves according to
their developmental age from the older leaves on the left to the youngest leaves on the right. The
numbers on the right identify the selected lines (see Supplemental Figure S8A).
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Supplemental Figure S$12. Overexpression of LIP1 without a GFP tag is deleterious. A, Schematic
representation of the construct used for the overexpression of LIP1 without GFP. The T-DNA is 3,890
bp long and uses the vector pB7WG2 as backbone (Karimi et al., 2002). B, Representative images of
three independent stable lines transformed with pB7WG2_35S,,.,:LIP1 grown for five weeks under long-
day conditions. Scale bar: 3 cm.
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Supplemental Figure S13. Uncropped western blot images. A, 15 ug of proteins extract from
mitochondria isolated from plants grown on soil were transferred with semidry blotting on PVDF
membrane which was incubated with a 1:1,000 dilution of primary antibody raised against LIP1 (Moseler
etal., 2021) for 2 h at room temperature. The dashed rectangle delineates the area shown in Figure 3G.
B, 15 pg of protein extracted from mitochondria isolated from seedlings grown in hydroponic were
transferred with semidry blotting on PVDF membrane which was incubated with a 1:1,000 dilution of
primary antibody raised against lipoylated proteins (Abcam, ab58724) over-night at 4 °C. The same
membrane was re-incubated with 1:5,000 dilution of primary antibody raised against VDAC1-5 HRP-
conjugated (Agrisera, AS07 201-HRP). The dotted rectangles delineate the areas for lipoylated proteins
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(grey) and VDAC (red) shown in Figure 3G. C, 20 ug of protein extracted from mitochondria isolated
from seedlings grown in hydroponics were transferred by wet blotting onto a PVDF membrane, which
was incubated with a 1:500 dilution of primary antibody raised against lipoylated proteins for 3 h at room
temperature. The dotted rectangles delineate the areas shown in Figure 3G. The grey line shows the
lipoylated GDC-H isoforms 1 and 3 and in the red line part of the same blot after prolonged exposure
time to highlight the isoform GDC-H2. D, Similar to ¢, 20 pg of protein extracted from mitochondria
isolated from seedlings grown in hydroponic were transferred with wet blotting on PVDF membrane
which was incubated with a 1:5,000 dilution primary antibody raised against GDC-H proteins (Agrisera
As05 074) for 3 h at room temperature. The grey dashed rectangle highlights GDC-H isoforms 1 and 3
and the red rectangle a prolonged exposure time to highlighted the isoform GDC-H2. Both areas are
shown in Figure 3G. E, 20 ug of protein extracted from mitochondria isolated from seedlings grown in
hydroponic were transferred with wet blotting on PVDF membrane which was incubated with a 1:2,500
dilution of primary antibody raised against GRXS15 (Moseler et al., 2015) for 2 h at room temperature.
The dotted rectangle delineates the area shown in Figure 3G and Supplemental Figure S1. Highlighted
in red is the same part of the blot with an extended exposure time as displayed in Supplemental Figure
S1.

WT grxs15-1 amiR #3 #4
LIP1 - + - + - + - + - +
k7D2a_
- - - - — W | LIP1-GFP
a-GFP | ..
34 =
26 - - .- - — | GFP

Supplemental Figure S14. Protein gel blot analysis with antiserum raised against GFP. Protein
gel blot analysis with primary antibodies raised against GFP (Thermo, A-6455). 15 ug of protein
extracted from mitochondria isolated from seedlings grown in hydroponic culture were loaded. Amido
Black staining of the PVDF membrane serves as loading control. The two bands indicate that a fraction
of the LIP1-GFP fusion protein got cleaved.
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Supplemental Figure S15. Overexpression of LIP1 causes pronounced metabolic changes. A-F,
Concentration of substrates of LA-dependent mitochondrial enzymes: pyruvate as the substrate of PDC
(A), 2-oxoglutarate as the substrate of OGDC (B), glycine as the substrate of GDC (C), and three
branched chain a-keto acids (D-F), which are all metabolized by BCDHC. G and H, Serine and cysteine,
which are formally derived in parts from glycine. Metabolites were extracted from 8-day-old seedlings
grown under long-day conditions. The box plots show the median as centre line with the box for the first
to the third quartile and whiskers indicating min and max values of the whole dataset (n = 5-6). Asterisks
represent significant differences (*=P < 0.1, **= P < 0.01, ***= P < 0.001, ****= P < 0.0001, ns: not
significant) calculated according to Student’s t-test (a = 0.05). P-values: Supplemental Data Set 14. Data
for WT and the different grxs15 mutants are shown in blue (-), data for the respective lines
overexpressing LIP1 are shown in yellow (+).
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Supplemental Figure S16. High CO. has no beneficial effect on LIP1 overexpression lines. A,
Phenotype comparison between 8-week-old wild type (WT) and grxs715 mutants stably overexpressing
LIP1-GFP grown in normal air and high CO2 (390 and 5,000 ppm, respectively) and a 12/12-hour
day/night light regime. B, Content of glycine, serine and cysteine of 8-week-old plants grown in low (LC,
shown in yellow) and high carbon dioxide condition (HC, shown in green) (n = 5-6) (for absolute values
see P-values: Supplemental Data Set 15). Asterisks represent significant differences (**= P < 0.01 ***=
P <0.001 ***= P <0.0001, ns: not significant) calculated according to Student’s t-test (a = 0.05).
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Supplemental Figure $S17. Overexpression of LIP1 has a gene dosage-dependent effect on wild
type (WT) plants. Representative picture of 5-week-old WT plants overexpressing LIP1-GFP in
homozygosis (+/+) and hemizygosis (+/-) compared with the original WT. To WT plants were transformed
for LIP1-GFP overexpression, T1 plants were selected via herbicide resistance (BASTA). T2 segregated
and transformants were selected by visual inspection for GFP fluorescence. Non-fluorescent WT
segregants (25 %) were removed and the remaining fluorescent individuals selected (75 %)
subsequently phenotypically separated into two classes presumed to be hemizygous (66 %) and
homozygous (33 %) for the LIP1-GFP overexpression. Homozygosity was confirmed in T3 populations.
Scale bar: 5 cm.
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Supplemental Figure S18. Overexpression of LIP1 has a gene dosage-dependent effect on WT
and GRXS15-deficient mutants. Photos of 4-week-old plants from the screening of the second
generation (T2) for LIP1-GFP overexpression. Twelve plants of each independent line selected per
genotype were grown on soil in standard long-day conditions. The next generation (T3) was then
analysed via GFP to determine the zygosity of the respective mother plant (100 % fluorescent seedlings:
homozygotes; 75 % fluorescent seedlings: hemizygotes; 0 % fluorescent seedlings: WT segregants).
Scale bar: 7 cm.
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Supplemental Figure S19. Overexpression of LIP1 has an impact on respiration of roots. A,
Exemplary respirograms of four genotypes (absolute values highlighted in grey, on table in (B). Roots
were cut from 16-day-old seedlings grown on 2 MS vertical agar plates and oxygen consumption was
followed by time with a Clark-type oxygen electrode. After recording the basal root respiration without
inhibitors (baseline), arrows indicate the addition of roots, KCN (potassium cyanide; final concentration
4 mM) for inhibition of COX and pGal (propy! gallate; final concentration 200 pyM) to inhibit AOX. After
the measurements, the roots were incubated O/N at 60 °C to dry. B, Rates of respiration were calculated
in a window of 1 minute, directly before the addition of roots or KCN and the end of the measurement
after pGal addition by the software Oxygraph Plus (Hansatech Instruments Ltd). The table shows the
absolute values of respiration measurements shown in Figure 4E, normalized on the dry weight (DW).
For each of the four genotypes four or five replicates were done. C, Basic root respiration of all four
genotypes (n = 4-5). The box plot shows the median as centre line with the box for the first to the third
quartile and whiskers indicating min and max values of the whole dataset. Different letters indicate
significant differences between treatments calculated according to one-way ANOVA with Tukey’s
multiple comparisons test (a = 0.05). Supplemental Data Set 16. Data for WT and K83A #3 are shown
in blue, data for the respective lines overexpressing LIP1 are shown in yellow.
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Supplemental Figure S20. Overexpression of LIP1 has an impact on the regulation of AOX
expression. A, Protein gel blot analysis with primary antibodies raised against AOX1/2 (AS04 054;
Agrisera). 15 ug of proteins extracted from mitochondria isolated from leaves of 7-week-old soil-grown
plants. Amido Black stain serves as loading control. B, Similar to (A), protein gel blot analysis with
primary antibodies raised against AOX1/2 with 15 pg of protein extracted from mitochondria isolated

from seedlings grown in hydroponic culture for 16 days. Re-blot with antibody raised against VDAC1
and Amido black stain serves as loading control.
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Supplemental Table S1. Primers for genotyping

Line name and ID Allele type | Primer ID Sequence (5’ 2 3’)
grxs15-1 WT #2710 GGAGATTCAGGGACACCTTTC
(SALK_112767) #2711 ATGGTCCACTTCGTATGTTGG

T-DNA #1401 ATTTTGCCGATTTCGGAAC

#2711 ATGGTCCACTTCGTATGTTGG
amiR (Stroher et al., 2016) T-DNA #3791 CGGCAACAGGATTCAATCTTAAG

#4428 CGCACAATCCCACTATCCTT
grxs15-3 WT #2708 TGAAGCATACTTTTGGGATGG
(GK-837C05) #2709 ATTCAAAACCATACGCTCACG

T-DNA #2709 ATTCAAAACCATACGCTCACG

#432 CCCATTTGGACGTGAATGTAGACAC
K83A T-DNA T-DNA #2842 AGGGACACCAGCCATGTAGAT
(Moseler et al., 2015)

#3613 GTTTTCCCAGTCACGACGTTGT
aco3 WT #4974 CACTGTCTCATCGCTTCTTCC
(SALK_014661) #4975 TCCAACAAAATCAATCCCTTG

T-DNA #4975 TCCAACAAAATCAATCCCTTG

#1401 ATTTTGCCGATTTCGGAAC
+0AS-TLC T-DNA #5127 CGATGATCATGGCTTCAAGG
(PMDC32_35S,/,:0AS-TL C) #3791 CGGCAACAGGATTCAATCTTAAG

Supplemental Table S2. Primers used for cloning

Gene Purpose Primer ID Sequence (5’ 2 3’)
44874 GGGGACAAGTTTGTACAAAAAAGCAGGC
Cloning in pSSO1 TTAATGCATTCGCGCTCCGCC
44877 GGGGACCACTTTGTACAAGAAAGCTGGG
LIP1 TGCGGGGATGTAGAAGGAGAAG
(AT2G20860) 44874 GGGGACAAGTTTGTACAAAAAAGCAGGC
Cloning in pB7WG2 TTAATGCATTCGCGCTCCGCC
#4876 GGGGACCACTTTGTACAAGAAAGCTGGG
TCTACGGGGATGTAGAAGGAGA

Primer #4874 includes a start codon and part the DNA coding for the original signal peptide for
mitochondrial targeting. Primer #4877 lacks a stop codon to allow translational fusion of LIP1 with a C-
terminal GFP. Primer #4876 includes the stop codon.
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Supplemental Table S3. grxs15 mutants overexpressing LIP1-GFP show a Mendelian
segregation

Genetic Line | n BA_STA- BAS_T_A- Resistant/total 2
background resistant sensitive (%)
WT+LIP1-GFP #2 235 176 59 74.9 0.001
WT+LIP1-GFP #6 207 157 50 75.8 0.079
WT+LIP1-GFP #8 105 83 22 79.0 0.917
grxs15-1+LIP1-GFP | #5 182 134 48 73.6 0.183
grxs15-1+LIP1-GFP | #6 155 116 39 74.8 0.002
grxs15-1+LIP1-GFP | #12 | 182 139 43 76.4 0.183
amiR+LIP1-GFP #6 285 220 65 77.2 0.731
amiR+LIP1-GFP #9 104 80 24 76.9 0.205
amiR+LIP1-GFP #10 | 183 137 46 74.9 0.002
K83A #3+LIP1-GFP | #1 148 117 31 79.1 1.297
K83A #3+LIP1-GFP | #2 179 132 47 73.7 0.151
K83A #3+LIP1-GFP | #3 104 80 24 76.9 0.205
K83A #4+LIP1-GFP | #1 104 79 25 76.0 0.051
K83A #4+LIP1-GFP | #2 260 191 69 73.5 0.328
K83A #4+LIP1-GFP | #3 151 111 40 73.5 0.179

All three independent lines for overexpression of LIP1-GFP in WT, grxs15-1, amiR, K83A #3, and #4
segregated with a ratio of about 3:1 for resistance of T2 plants to BASTA after 10 days. (12 was calculated
on an expected segregation of 3:1 (a = 0.05).

Supplemental Table S4 | Wild type lines overexpressing LIP1 without GFP tag have a Mendelian
segregation

Genetic Line | n BA_STA- BAS_T_A- Resistant/total 02
background resistant sensitive (%)

WT+LIP1 #1 | 181 129 52 71.3 1.343

WT+LIP1 #2 | 168 133 35 79.2 1.556

WT+LIP1 #3 | 196 149 47 76.0 0.109

All three independent lines for overexpression of LIP1 in WT segregated with a ratio of about 3:1 for
resistance of T2 plants to BASTA after 10 days. (12 was calculated on an expected segregation of 3:1 (a
= 0.05).

Supplemental Table S5 | WT+LIP1 lines overexpressing OAS-TL C show Mendelian segregation
of OAS-TL C

Sres brelee) | LD | o T-DN::;S::‘-’Se-TL © n-tl;-gZTiCe posit;z-eeth:)?al (%) o?

WT+LIP1+OAS-TL C #1 |12 8 4 66.7 0.444
WT+LIP1+OAS-TL C #2 | 24 18 6 75.0 0.000
WT+LIP1+OAS-TL C #3 |12 10 2 83.3 0.444

All three independent lines for overexpression of OAS-TL C in WT and WT+L/P1 segregated with a ratio
of about 3:1 for the presence of the OAS-TL C construct (primers #5127 and #2791, Supplementary
Table 1). x2 was calculated on an expected segregation of 3:1 (a = 0.05).

173



5| Janus-faced LIP1 causes acute mitochondrial sulfide intoxication

Supplemental Table S6 | Primers used for quantitative assessment of expression levels by qRT-
PCR

Gene Primer ID Sequence

LIP1 #5199 CACCAGATGCCTTCGAGAGGTA
AT2G20860 #5200 TCTCCCGCTTTGTACGACGAC
ACO3 #5252 ATGCTTGTTGTGCCTCCTGG
AT2G05710 #5253 TCTGGGTAGAGAAGGCCTTTGG
ACO2 #5254 CAAGCTAGGAATTCCACTCCGGTT
AT4G26970 #5255 TCTCCACCACCAGGTTTAGGAAGA
GRXS15 #5256 CGCTGTGAAATCCTTCAGCCAC
AT3G15660 #5257 GCTCCAATTCACCTTCCTTGTGC
TIP41 #3892 AATGCGTTTGACGCACTAGC
AT4G34270 #3893 GAGACGGCTTGCTCCTGAAT

SAND #2895 CCATATTGCAAGAAGTTTGCGCGTCTG
AT2G28390 #2896 GCAAGTCATCGGGATGGAGAGACG
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In general, this thesis contributes to an integrated understanding of iron—sulfur (Fe—S) cluster
biogenesis in plant mitochondria. Based on published data, the current knowledge about the
processes of Fe—S clusters assembly and distribution via glutaredoxin S15 (GRXS15) was
summarised and used to compile an updated working model for the respective processes (Fig.
7.1A). Furthermore, it was emphasised that the continuous turnover of mitochondrial Fe-S
clusters-containing proteins implies that clusters are set free and most likely disintegrate due
to their instability in the free form. This leads to the release of sulfide and iron ions. By
combining different datasets on protein abundance and protein degradation rates, the amount
of Fe—S clusters required/destroyed daily per single mitochondrion was estimated. In the same
way, the concomitant amount of sulfide released in the mitochondrial matrix was estimated.
The role of biotin synthase (BIO2) and lipoyl synthase (LIP1) in the overall sulfide release was
also examined. Since both of these enzymes sacrifice Fe—S clusters as sulfur sources, it is
hypothesised that their activity contributes to the total amount of sulfide that is set free in plant
mitochondria (Fig. 7.1B). Considering the overall Fe-S cluster-protein turnover and the
destructive catalytic activity of BIO2 and LIP1, it was speculated that every day more than
31,000 sulfur atoms are set free in a single mitochondrion. To prevent the poisoning of complex
IV of the electron transport chain (ETC), it is assumed that an efficient sulfide detoxification

system is needed within the mitochondrion (Fig. 7.1C).

In plant mitochondria, GRXS15 is an essential protein that can bind Fe—S clusters. In contrast
with other organisms, plant mitochondria contain only GRXS15, as a single class Il GRX. To
understand the biological reason underlying the lack of class | GRXs in plant mitochondria and
to explore whether GRXS15 can substitute their functions, the distinct biochemical roles of
these two classes were examined. Initially, the structural differences between class | and class
[l GRXs were investigated in vitro, using human HsGrx2 and HsGrx5 as models for class | and
class Il GRXs, respectively. It was demonstrated that the sequence of either two or seven
amino acids between a highly conserved lysyl residue and the active site cysteine defines
different loop structures. These domains are named type-| or type-Il loops, respectively, and
are the main discriminant between class | and Il GRXs. Absence or presence of the loop
structure impacts on the orientation of the side chain of the preceding lysyl residue, which in
turn affects positioning and probably also the protonation state of the active site cysteine. More
specifically, while the absence of the extended type-Il loop is the key to efficient redox activity,
its presence influences the structure of the holo-dimer GRX-[2Fe-2S]-GRX. The
conformational changes of the holo-dimer may have a negative impact on its cluster-

transferring properties.
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These novel insights were exploited to further investigate the oxidoreductase activities of
GRXS15 in vitro. It was confirmed that GRXS15 has a slow oxidation activity and lacks
reduction abilities with roGFP2 as a substrate protein. After truncation of GRXS15 by deleting
its type-ll loop, GRXS15-loop was still not able to reduce roGFP2 but showed enhanced
oxidation activity. Moreover, it was shown that GRXS15 spontaneously forms homodimers
through intermolecular disulfide bonds involving cysteine residues in the active site. However,
it remains unresolved whether GRXS15 has a significant oxidoreductase activity within the
mitochondrion or whether its activity is strictly confined to that as a [2Fe-2S] cluster
transferase. Thus, the reasons for the absence of catalytically active class | GRXs in plant

mitochondria remain an open question.

Subsequently, the in planta role of GRXS15 and the physiological consequences of its reduced
activity were investigated. GRXS15 is an essential mitochondrial protein, and null mutants are
embryo-lethal. Therefore, grxs15 knockdowns and lines partially complemented with the less
functional GRXS15 K83A were examined, despite being remarkably dwarf. By analysing
several pathways reliant on mitochondrial Fe-S clusters, it was unravelled that the main
metabolic consequence of diminished GRXS15 activity is an impairment in all four lipoyl-

dependent mitochondrial dehydrogenase complex activities (Fig. 7.1D).

Based on these observations, it was hypothesised that the main role of GRXS15 is to shuttle
[2Fe—28S] clusters from the first assembly machinery to the second (Fig. 7.1A) and that LIP1 is
the primary enzyme affected by a bottleneck caused by the insufficient cluster-transfer activity
of GRXS15 in severe grxs15 mutants. The facts that LIP1 with just 85 copies per mitochondrion
is very low abundant and that it needs a constant supply of [4Fe—4S] clusters for its catalytic
activity, makes this enzyme a pronounced sink for clusters (Fig. 7.1B). Therefore, the current
evidence suggested that LIP1 is unable to compete with other more abundant enzymes when

the pool of Fe—S clusters is limited.

In this work, it is shown that it is possible to manipulate the distribution of the mitochondrial
Fe—S clusters. Specifically, the flux of clusters towards aconitase 3 (ACO3) or to LIP1 was
genetically altered by changing the abundance of the respective proteins (Fig. 7.1E). ACO3
knockout allowed more clusters to be provided to LIP1, suppressing the dwarf phenotype of
the grxs15 mutants. With the opposite principle, overexpression of LIP1 generated a new sink
for clusters (Fig. 7.1B), which suppressed the dwarf phenotype of the most severely affected

grxs15 mutants.

Furthermore, this study has led to a completely unexpected observation: overexpression of
LIP1 turned out to be deleterious for wild-type plants, macroscopically visible as significantly
reduced growth, a curly leaf phenotype, delayed development and shorter inflorescences. After

characterizing this novel dwarf mutant, the results indicated that there was no impairment in
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the lipoyl-dependent dehydrogenases nor any hyper-lipoylation (Fig. 7.1G). Instead, it was
demonstrated that overexpression of LIP1 causes the release of toxic levels of sulfide that
intoxicate complex IV of the ETC (Fig. 7.1F). This may be due to the sacrificial disintegration
of the auxiliary [4Fe—4S] cluster by LIP1. However, it cannot be excluded that the auxiliary
cluster may fall apart if it is not used immediately, e.g., in case of substrate shortage for LIP1

or increased LIP1 abundance.

Finally, the role of mitochondrial cysteine biosynthesis was examined. To prevent complex IV
intoxication by sulfide (Fig. 7.1F), evolution exploited two mechanisms of scavenging. While
animal cells and some fungi oxidise sulfide by the inner mitochondrial membrane protein SQR
(sulfide:quinone reductase), plants use sulfide for cysteine biosynthesis in the mitochondrial
matrix by the enzyme O-acetylserine-(thiol)-lyase C (OAS-TL C) (Fig. 7.1C). The observations
of this study demonstrate that the toxic effect of overexpression of LIP1 can be at least partially
alleviated by enhancing the capacity of sulfide fixation through the overexpression of OAS-TL
C. This suggests that the main role of the plant mitochondrial cysteine biosynthesis is not to
produce cysteine but rather to scavenge sulfide released by the mitochondrial metabolism,

e.g., from Fe-S clusters disassembly.

Taken together, the results achieved in this thesis provide strong evidence that the
mitochondrial [4Fe—4S] cluster-dependent pathway relies on GRXS15 (Fig. 7.1A) and that
LIP1 is the first enzyme that experiences a cluster shortage when the upstream delivery system
is impaired (Fig. 7.1B). Moreover, the potential release of toxic sulfide by LIP1 sets the need
for local cysteine biosynthesis in the matrix as a sulfide detoxification system (Fig. 7.1C).
Altogether, this thesis contributes to expanding our knowledge of Fe-S cluster-dependent
metabolism and allows refinement of the model for the cluster distribution within plant

mitochondria (Fig. 7.1).

Overall, this study provides a starting point for future research, especially by opening the door
to understanding how mitochondria counter sulfide intoxication. Eventually, this may help
answer the question of why plants possess a cysteine biosynthesis complex within the
mitochondrion in contrast to animals and fungi and why by far largest fraction of of O-
acetylserine is synthesized in the matrix. Moreover, since overexpression of LIP1 causes
sulfide release within the mitochondrion, it offers a suitable tool to study the physiological

implications of sulfide toxicity in this subcellular compartment in vivo.
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Fig. 7.1 | Working model of Fe-S cluster assembly and distribution in plant mitochondria. On the top left, a
simplification of the first assembly machinery, which utilises cysteine as sulfur source (yellow circles) and iron (red
circles) to build [2Fe-2S] clusters, is depicted. After assembly, a chaperone complex acts as a hub for further
delivery of [2Fe—2S] clusters to target proteins such as subunits of complexes I, Il and Ill in the mitochondrial
electron transport chain (ETC) and to glutaredoxin S15 (GRXS15). GRXS15 is the key protein for transferring [2Fe—
28] clusters from the first assembly machinery to the second, where [4Fe—4S] clusters are being built (A). These
are then distributed to target proteins such as ETC complexes, aconitases 2 and 3 (ACO2/3) (E), biotin 2 (BIO2)
and lipoyl synthase (LIP1) (B). Delivery of [4Fe—4S] to LIP1 relies on the NifU-like proteins NFU4/5. Both BIO2 and
LIP1 require one [4Fe—4S] cluster for their catalytic activity and use a second “auxiliary” cluster (one [2Fe—2S] for
BIO2 and one [4Fe—4S] for LIP1) as sulfur source to synthesise biotin and lipoyl cofactors. Specifically for LIP1,
two sulfur atoms are transferred from the auxiliary cluster to the n-octanoyl residue attached to the dehydrogenase
subunits E2 or H for its conversion to the n-lipoyl prosthetic group © (G). lipoyl cofactor is necessary for the activity
of four mitochondrial dehydrogenase complexes glycine decarboxylase (GDC), pyruvate dehydrogenase (PDC), 2-
oxoglutarate dehydrogenase (OGDC), and branched-chain a-keto acid dehydrogenase (BCKDC) (D). In the
absence of any established repair mechanism, the remnants of the auxiliary clusters are assumed to disintegrate
and release sulfide. Similarly, entire auxiliary clusters may fall apart if they are not used immediately, e.g., in case
of substrate shortage for LIP1 or increased LIP1 abundance. To prevent poisoning of cytochrome ¢ oxidase (COX,
complex IV) (F), the toxic sulfide is utilised by O-acetylserine-(thiol)-lyase C (OAS-TL C) to synthesise cysteine (C),

which can be reused for a new round of Fe—S cluster assembly.
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Appendix 1

Appendix 1.1 | DNA and protein sequences of GRXS15 and variants

CDS of Arabidopsis GRXS15 (AT3G15660)

ATGGCGGCTTCTTTATCGAGCAGACTTATAAAAGGAATCGCTAATCTCAAAGCTGTTCGTTCTAGCAGATTGACG
TCTGCATCAGTCTACCAAAATGGGATGATGAGATTTTCCTCAACAGTGCCAAGTGATTCAGATACACATGATGAT
TTCAAGCCTACACAAAAAGTCCCTCCCGATTCTACGGACTCACTTAAAGATATCGTTGAGAATGATGTGAAGGAT
AATCCTGTTATGATCTACAT G-GGTGTCCCTGAATCTCCTCAGT GTGGGTTTAGCTCACTAGCCGTCAGAGTT
TTGCAGCAATATAATGTTCCTATCAGTTCTAGAAACATTCTAGAAGACCAAGAGTTGAAAAACGCTGTGAAATCC
TTCAGCCACTGGCCTACGTTTCCACAGATCTTCATTAAGGGAGAGTTCATTGGCGGCTCAGACATCATCCTTAAC
ATGCACAAGGAAGGTGAATTGGAGCAGAAGCTTAAAGACGTCTCCGGAAACCAAGATTGA

Codes for the mitochondrial targeting peptide; [SBl: lysine 83; TGT: cysteine 91

CDS of Arabidopsis GRXS15 in pETG10a

ATGaaacatcaccatcaccatcaccccatgacaagtttgtacaaaaaagcaggctttTCAACAGTGCCAAGTGAT
TCAGATACACATGATGATTTCAAGCCTACACAAAAAGTCCCTCCCGATTCTACGGACTCACTTAAAGATATCGTT
GAGAATGATGT GAAGGATAATCCTGTTATGATCTACATG-GGT GTCCCTGAATCTCCTCAGTGTGGGTTTAGC
TCACTAGCCGTCAGAGTTTTGCAGCAATATAATGTTCCTATCAGTTCTAGAAACATTCTAGAAGACCAAGAGTTG
AAAAACGCTGTGAAATCCTTCAGCCACTGGCCTACGTTTCCACAGATCTTCATTAAGGGAGAGTTCATTGGCGGC
TCAGACATCATCCTTAACATGCACAAGGAAGGTGAATTGGAGCAGAAGCTTAAAGACGTCTCCGGAAACCAAGAT
TGA

BEA: Iysine 83; TGT: cysteine 91

Protein sequence of Arabidopsis GRXS15 in pETG10a
MKHHHHHHPMTSLYKKAGFSTVPSDSDTHDDFKPTQKVPPDSTDSLKDIVENDVKDNPVMI YMEGVPESPQOCGES
SLAVRVLQQYNVPISSRNILEDQELKNAVKSFSHWPTFPQIFIKGEFIGGSDIILNMHKEGELEQKLKDVSGNQD
K: lysine 83; CGFS: active site with cysteine 91

Number of amino acids: 150; Molecular weight: 16.96 kDa

CDS of Arabidopsis GRXS15 K83A in pETG10a

ATGaaacatcaccatcaccatcaccccatgacaagtttgtacaaaaaagcaggctttTCAACAGTGCCAAGTGAT
TCAGATACACATGATGATTTCAAGCCTACACAAAAAGTCCCTCCCGATTCTACGGACTCACTTAAAGATATCGTT
GAGAATGATGT GAAGGATAATCCTGTTATGATCTACATG-GGT GTCCCTGAATCTCCTCAGTGTGGGTTTAGC
TCACTAGCCGTCAGAGTTTTGCAGCAATATAATGTTCCTATCAGTTCTAGAAACATTCTAGAAGACCAAGAGTTG
AAAAACGCTGTGAAATCCTTCAGCCACTGGCCTACGTTTCCACAGATCTTCATTAAGGGAGAGTTCATTGGCGGC
TCAGACATCATCCTTAACATGCACAAGGAAGGTGAATTGGAGCAGAAGCTTAAAGACGTCTCCGGAAACCAAGAT
TGA

B8 alanine 83; TGT: C91

Protein sequence of Arabidopsis GRXS15 K83A in pETG10a

MKHHHHHHPMTSLYKKAGFSTVPSDSDTHDDFKPTQKVPPDSTDSLKDIVENDVKDNPVMIYM.GVPESPQCGFS
SLAVRVLOQQYNVPISSRNILEDQELKNAVKSFSHWPTFPQIFIKGEFIGGSDIILNMHKEGELEQKLKDVSGNQD

A: alanine 83

Number of amino acids: 150; Molecular weight: 16.90 kDa

193



Appendix 1

CDS of Arabidopsis GRXS15 C91S in pETG10a

ATGaaacatcaccatcaccatcaccccatgacaagtttgtacaaaaaagcaggctttTCAACAGTGCCAAGTGAT
TCAGATACACATGATGATTTCAAGCCTACACAAAAAGTCCCTCCCGATTCTACGGACTCACTTAAAGATATCGTT
GAGAATGATGTGAAGGATAATCCTGTTATGATCTACATGAAAGGTGTCCCTGAATCTCCTCAGTCTGGGTTTAGC
TCACTAGCCGTCAGAGTTTTGCAGCAATATAATGTTCCTATCAGTTCTAGAAACATTCTAGAAGACCAAGAGTTG
AAAAACGCTGTGAAATCCTTCAGCCACTGGCCTACGTTTCCACAGATCTTCATTAAGGGAGAGTTCATTGGCGGC
TCAGACATCATCCTTAACATGCACAAGGAAGGTGAATTGGAGCAGAAGCTTAAAGACGTCTCCGGAAACCAAGAT
TGA

TCT: serine 91

Protein sequence of Arabidopsis GRXS15 C91S in pETG10a

MK HHHHHHPMTSLYKKAGFSTVPSDSDTHDDFKPTQKVPPDSTDSLKDIVENDVKDNPVMI YMEGVPESPQSGFS
SLAVRVLQQYNVPISSRNILEDQELKNAVKSFSHWPTFPQIFIKGEFIGGSDIILNMHKEGELEQKLKDVSGNQD
S: Serine 91

Number of amino acids: 150; Molecular weight: 16.94 kDa

CDS of Arabidopsis GRXS15-loop in pETG10a

ATGaaacatcaccatcaccatcaccccatgacaagtttgtacaaaaaagcaggctttTCAACAGTGCCAAGTGAT
TCAGATACACATGATGATTTCAAGCCTACACAAAAAGTCCCTCCCGATTCTACGGACTCACTTAAAGATATCGTT
GAGAATGATGT GAAGGATAATCCTGTTATGATCTACATG-CCTCAGTGTGGGTTTAGCTCACTAGCCGT CAGA
GTTTTGCAGCAATATAATGTTCCTATCAGTTCTAGAAACATTCTAGAAGACCAAGAGTTGAAAAACGCTGTGAAA
TCCTTCAGCCACTGGCCTACGTTTCCACAGATCTTCATTAAGGGAGAGTTCATTGGCGGCTCAGACATCATCCTT
AACATGCACAAGGAAGGTGAATTGGAGCAGAAGCTTAAAGACGTCTCCGGAAACCAAGATTGA

Protein sequence of Arabidopsis GRXS15-loop in pETG10a (AG84V85P86E87S88)

MKHHHHHHPMTSLYKKAGFSTVPSDSDTHDDFKPTQKVPPDSTDSLKDIVENDVKDNPVMIYM.PQCGFSSLAVR
VLOOYNVPISSRNILEDQELKNAVKSEFSHWPTFPQIFIKGEFIGGSDIILNMHKEGELEQKLKDVSGNQD

Number of amino acids: 145; Molecular weight: 16.49 kDa
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Appendix 1.2 | DNA and protein sequences of GRXC1 and roGFP2
CDS of Arabidopsis GRXC1 in pET16b

ATGggccatcatcatcatcatcatcatcatcatcacagcagcggccatatcgaaggtcgtcatATGGGTTCAATG
TTCAGTGGAAACCGAATGAGCAAGGAAGAGATGGAGGTGGTGGTGAACAAGGCTAAAGAGATCGTCTCTGCTTAT
CCCGTTGTTGTCTTCAGCAAGACATACTGTGGTTATTGCCAGAGGGTGAAGCAGTTACTGACGCAGCTAGGAGCA
ACTTTTAAAGTACTTGAGCTCGATGAAATGAGTGATGGAGGTGAGATCCAATCAGCTTTATCAGAGTGGACTGGA
CAGACCACAGTTCCAAACGTCTTCATCAAAGGAAACCACATCGGTGGATGCGATAGAGTGATGGAGACCAACAAG
CAAGGCAAGCTTGTGCCTCTACTTACTGAAGCTGGGGCTATTGCAGATAACTCTTCTCAACTTTGA

Protein sequence of Arabidopsis GRXC1 in pET16b

MGHHHHHHHHHHSSGHIEGRHMGSMFSGNRMSKEEMEVVVNKAKEIVSAYPVVVFSITYCGYCQRVKQLSTQLGA
TFKVLELDEMSDGGEIQSALSEWTGQTTVPNVEIKGNHIGGCDRVMETNKQGKLVPLLTEAGATADNSSQL

CGYC: class Il GRXs active site

Number of amino acids: 146; Molecular weight: 16.11 kDa

CDS of roGFP2 in pET30b

ATGcaccatcatcatcatcattcttctggtctggtgccacgecggttctggtatgaaagaaaccgectgcectgctaaa
ttcgaacgccagcacatggacagcccagatctgggtaccgacgacgacgacaaggccATGGTGAGCAAGGGCGAG
GAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCC
GGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTCCACCACCGGCAAGCTGCCCGTG
CCCTGGCCCACCCTCGTGACCACCCTGACCTACGCCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAG
CACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAAC
TACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTC
AAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACTGCCACAACGTCTATATCATGGCCGAC
AAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGAC
CACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCTGCTCC
GCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACT
CTCGGCATGGACGAGCTGTACAAGTAA

ACCTACGGC: Chromophore TYG; TGC: cysteine 147; TGC: cysteine 204

Protein sequence of roGFP2 in pET30b
MHHHHHHSSGLVPRGSGMKETAAAKFERQHMDS PDLGTDDDDKAMV SKGEELFTGVVPILVELDGDVNGHKFSVS
GEGEGDATYGKLTLKFISTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERT IFFKDDGN
YKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLE YNYNCHNVY IMADKQKNGIKVNFKIRHNIEDGSVQLAD
HYQQONTPIGDGPVLLPDNHYLSTCSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

LYG: chromofore; C: cysteines 147 and 204

Number of amino acids: 283; Molecular weight: 31.77 kDa
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Appendix 1.3 | Protein sequences of all class | and class Il glutaredoxins in

Arabidopsis

Different colour indicates subcellular localization: cytosol, endoplasmic reticulum, plastid, Fifochonarion.

GRXCA1
MGSMFSGNRMSKEEMEVVVNKAKEIVSAYPVVVESKTYCGYCQRVKQLLTQLGATFKVLELDEMSDGGEIQSALSEWTGQTTV
PNVFIKGNHIGGCDRVMETNKQGKLVPLLTEAGAIADNSSQL

GRXC2.1
MAMQKAKEIVNSESVVVESKTYCPYCVRVKELLQQLGAKFKAVELDTESDGSQIQSGLAEWTGQRTVPNVEIGGNHIGGCDAT
SNLHKDGKLVPLLTEAGAIAGKTATTSA

GRXC2.2
MDSIMCVSSWKEYTMNDSWMYLDAFVYQWMILSYLIGNFSGICSKTYCPYCVRVKELLOQQLGAKFKAVELDTESDGSQIQSGL
AEWTGQRTVPNVEFIGGNHIGGCDATSNLHKDGKLVPLLTEAGAIAGKTATTSA

GRXC3
MVDQSPRRVVVAALLLEVVLCDLSNSAGAANSVSAFVONAILSNKIVIFSKSYCPYCLRSKRIFSQLKEEPFVVELDQREDGD
QIQYELLEFVGRRTVPQVFVNGKHIGGSDDLGAALESGQLQOKLLAAS

GRXC4
MTMFRSISMVMLLVALVTFISMVSSAASSPEADFVKKTISSHKIVIFSKSYCPYCKKAKSVFRELDQVPYVVELDEREDGWS I
QTALGEIVGRRTVPQVEFINGKHLGGSDDTVDAYESGELAKLLGVSGNKEAEL

MAVTAFNTLKLVSSSLDPIPSVSCSSYSEFSLIYVGSPYKRCLKQSCSVRAMTSSSSAASSSSSSEFGSRMEESIRKTVTENTVV
IYSKTWCSYCTEVKTLFKRLGVQPLVVELDQLGPQGPQLOKVLERLTGQHTVPNVEVCGKHIGGCTDTVKLNRKGDLELMLAE
ANGKNGQS

MVAATVNLANMTWTSLNSNPAISFSMLSGIRNLGMLPFRRCLKPTVIGIASWPPLRCSSVKAMSSSSSSSGSTLEETVKTTVA
ENPVVVYSKTWCSYSSQVKSLFKSLOQVEPLVVELDQLGSEGSQLONVLEKITGQYTVPNVEFIGGKHIGGCSDTLQLHNKGELE
ATLAEANGKNGQT

MVAATVNLANMTWTSLNSNPAISFSMLSGIRNLGMLPFRRCLKPTVIGIASWPPLRCSSVKAMSSSSSSSGSTLEETVKTTVA
ENPVVVYSKTWCSYSSQVKSLFKSLQVEPLVVELDQLVSLGKTSLPHDIGLKHLOQKEFWWFLAFPGSEGSQLONVLEKITGQYT
VPNVFIGGKHIGGCSDTLQLHNKGELEAILAEANGKNGQT

MALRSVKTPTLITSVAVVSSSVINKPHSIRFSLKPTSALVVHNHQLSFYGSNLKLKPTKFRCSASALTPQLKDTLEKLVNSEK
VVLEMKGTRDEFPMCGEFSNTVVQILKNLNVPFEDVNILENEMLROQGLKEYSNWPTFPQLYIGGEFFGGCDITLEAFKTGELQEE
VEKAMCS

MAASLSSRLIKGIANLKAVRSSRLTSASVYQNGMMRFSSTVPSDSDTHDDEFKPTQKVPPDSTDSLKDIVENDVKDNPVMIYMK
GVPESPQCGEFSSLAVRVLQQYNVPISSRNILEDQELKNAVKSFSHWPTFPQIFIKGEFIGGSDIILNMHKEGELEQKLKDVSG

Z
O
@]

MAAITISSSLHASASPRVVRPHVSRNTPVITLYSRFTPSEFSFPSLSFTLRDTAPSRRRSFFIASAVKSLTETELLPITEADSI
PSASGVYAVYDKSDELQFVGISRNIAASVSAHLKSVPELCGSVKVGIVEEPDKAVLTQAWKLWIEEHIKVTGKVPPGNKSGNN
TEFVKQTPRKKSDIRLTPGRHVELTVPLEELIDRLVKESKVVAFIKGSRSAPQCGFSQRVVGILESQGVDYETVDVLDDEYNHG
LRETLKNYSNWPTFPQIFVKGELVGGCDILTSMYENGELANILN

GRXS17
MSGTVKDIVSKAELDNLRQSGAPVVLHFWASWCDASKOMDQVEFSHLATDEFPRAHFFRVEAEEHPEISEAYSVAAVPYFVEEFKD
GKTVDTLEGADPSSLANKVGKVAGSSTSAEPAAPASLGLAAGPTILETVKENAKASLODRAQPVSTADALKSRLEKLTNSHPV
MLEMKGIPEEPRCGEFSRKVVDILKEVNVDFGSFDILSDNEVREGLKKFSNWPTFPQLYCNGELLGGADIATIAMHESGELKDAF
KDLGITTVGSKESQDEAGKGGGVSSGNTGLSETLRARLEGLVNSKPVMLFMKGRPEEPKCGFSGKVVEILNQEKIEFGSFDIL
LDDEVRQGLKVYSNWSSYPQLYVKGELMGGSDIVLEMQKSGELKKVLTEKGITGEQSLEDRLKALINSSEVMLFMKGSPDEPK
CGFSSKVVKALRGENVSEFGSFDILTDEEVRQGIKNFSNWPTFPQLYYKGELIGGCDIIMELSESGDLKATLSE
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Appendix 2.1

The molybdenum cofactor (Moco) is not only associated with nitrogen metabolism (see
Chapter 4 and the attached manuscript) but it is also essential for AAO3 (abscisic acid
aldehyde oxidase), the enzyme that catalyses the last step in the biosynthesis of the abscisic
acid (ABA). ABA is a crucial hormone to regulate stomata closure, preventing water loss and
thus plays a key role in drought stress (Batool et al., 2018). Since Moco biosynthesis is
dependent on the Fe-S cluster enzyme CNX2 (cofactor of nitrate reductase and xanthine
dehydrogenase 2, see Chapter 2 and Chapter 4) in the mitochondrion, we hypothesized that
restricted Fe—S cluster supply in grxs15 mutants may reduce Moco, and eventually ABA,
synthesis. Such a deficiency would potentially affect stomatal closure and thus water

retainment of the plant, with potential consequences on drought tolerance (Appendix 2 Fig. 1).
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cPMP -f{----------- » Moco —  —»Moco-S —»

Mitochondrion Cytosol ABA
I

v
Stomata

closure

Appendix 2 Fig. 1. Working model for the function of Moco in ABA biosynthesis and stomatal closure. [4Fe—
48] cluster is delivered to CNX2 (cofactor of nitrate reductase and xanthine dehydrogenase 2) which catalyses the
conversion of GTP (guanosine triphosphate) to cPMP (cyclic pyranopterin monophosphate). Mitochondrial cPMP
is exported to the cytosol and processed to Moco (molybdenum cofactor) in several steps (not shown). Moco is
then sulfurated by ABA3 (molybdenum cofactor sulfurase) and inserted into AAO3 (ABA aldehyde oxidase) which

can catalyse the conversion of abscisic aldehyde to abscisic acid (ABA). ABA can finally induce stomatal closure.

Since most grxs15 mutants (amiR, grxs15 K83A #3 or #4) have comparatively small rosettes,
and thus transpire less, we compared drought stress symptoms of wild-type plants with the
grxs15-1 mutant, that has reduced levels of GRXS15 but no growth phenotype (see
Supplemental Figure S1 in Chapter 4 and Chapter 5). The grxs715-1 mutant appeared to be
more sensitive to drought after 2 weeks with no water (Appendix 2 Fig. 2a). However, after

three days of re-watering, the mutant recovered similarly to wild type (Appendix 2 Fig. 2b). This
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evidence suggested that impairment in GRXS15 may affect the water loss during drought.
Nevertheless, further investigations and quantitative data are required to establish a direct

connection between GRXS15, Moco biosynthesis, and ABA activity.

a b
Drought stress Recover
WT grxs15-1 WT grxs15-1
No stress Stress No stress Stress No stressed Stressed No stressed Stressed

Appendix 2 Fig. 2 | The grxs15-1 mutant is particularly sensitive to drought stress. a Representative photo of
6-week-old wild type and grxs15-1 plants either normally watered or subjected to drought for 2 weeks. b The same

plants in (a) 3 days after re-watering the stressed plants.
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Appendix 2.2

As shown in Chapter 4 (Moseler et al., 2021), grxs15 mutants amiR, K83A #3 and #4 develop
a dwarf phenotype on standard soil containing no peat. We reported the observation that the
phenotype of the grsx15 mutants can sensibly change when the plants are grown on a different
substrate. When grown on peat pellets (Jiffy-7), the dwarfism was largely lifted (Appendix 2
Fig. 3a-c). After 7 weeks under long-day conditions, the rosette fresh weight of amiR and
grxs15-1 plants exhibited an increase when grown on peat pellets compared to standard soil,
although there was no significant difference observed when compared to the wild type.
However, the phenotype changes of K83A #3 and #4 between the two substrates were
remarkable, with a massive increment of rosette fresh weight of 30-fold and 100-fold,
respectively (Appendix 2 Fig. 3d).
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Appendix 2 Fig. 3 | grxs15 mutants grow better on peat than on soil. Representative photo of 4-week-old (a),
5-week-old (b) and 7-week-old (c) wild-type plants compared with grxs 15 mutants growing on standard soil mixture
(Floradur B-seed, Perlite Perligran 0-6 and quartz sand in a ratio of 10:1:1, respectively) and peat pellet (Jiffy-7;
Jiffy Products International AS, DK). d Shoot fresh weight of 7-week-old plants (n = 9-14). Box plots show the
median as centre line with the box for the first to the third quartile and whiskers indicating min and max values of
the whole dataset. Asterisks represent significant differences (*=P < 0.1, ***= P<0.001, ****= P<0.0001) calculated

according to Student’s t-test (a = 0.05).
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