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1. INTRODUCTION

1.1. The role of iron in biological system

Out of the more than 100 chemical elements known to scientists today, only a relatively small number of
them are present in the human body: oxygen, carbon, hydrogen and nitrogen constitute the majority of
the body; while a few other elements are present at trace level.! Some of these are metal ions, such as
copper, zinc, iron and manganese, which are essential for life?. Essential metal ions can also be toxic if
present in excess or at reduced level®. Metals are involved in a wide range of biochemical processes in all
living organism, they are the “key” players in electron transfer, oxygen transport and numerous catalytic
reactions. The use of metals in living organism is mainly related to red-ox reactions and to the ability to
catalyze essential functions such as hydrolysis.

Metals are involved also in a large amount of proteins, called metalloproteins. It is a generic term for the
proteins that required metals to carry out their function. In metalloproteins, metal ions are usually
coordinated by oxygen, sulfur, or nitrogen centers belonging to amino acid residues in the protein. The

presence of the metal ion in metalloproteins allows them to take part in diverse biological processes.*

One of the most abundant essential trace elements in human body is iron. Nevertheless, it is necessary for
our survival®®. Organisms encode a large number of iron-containing proteins that are extensively involved
in the respiratory chain. The bulk of iron is bound to hemoglobin in red blood cells, where it is necessary
for oxygen transport in the blood. In addition to hemoglobin, other important proteins are the myoglobin
and the cytochromes, which transfer electrons. Other class of iron bound proteins are those binding iron-
sulfur clusters.” Fe-S cluster proteins utilize a group of ancient cofactors composed of iron and sulfur in

different and interchangeable stoichiometry, which are usually ligated to cysteines of associated proteins.

1.2. Type and function of ISCs

Iron sulfur clusters (ISCs) are ubiquitous protein cofactors highly conserved from bacteria to human.® Fe-
S clusters are found in a variety of metalloproteins, such as the ferredoxins, as well as NADH
dehydrogenase, hydrogenases and cytochrome C reductase. Fe-S clusters (ISCs) are best known for their

role in the oxidation-reduction reactions of electron transport chain.°

In eukaryotic organism, the most common Fe-S clusters are composed by iron ions and inorganic sulfide
(S%) ions. Also the rubredoxins, which contain only one iron atom per molecule and no inorganic sulfide,

are classified as iron-sulfur proteins'! (Fig. 1).


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sulfide
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Fig. 1 — (a) rubredoxin cluster (b) [2Fe-2S] (c) [3Fe-4S] (d) [4Fe-4S]

The simplest and most common types of biological Fe-S clusters are [2Fe—2S], [3Fe—4S], and [4Fe—4S].
In each of them, the iron ions are coordinated by bridging sulfide ions (two or three) with the four-iron
coordination completed by protein donor atoms, which in the majority of cases are cysteine. While this
essentially always the case for the [4Fe-4S] clusters, in the case of [2Fe-2S] the coordinating residues can
also be histidines (Rieske proteins). The [3Fe-4S] clusters have a geometry similar to that of [4Fe—4S]
clusters, with one iron missing. In any type of cluster, only one electron is exchanged. The [2Fe-2S]
clusters typically cycle between an oxidized diferric state (2Fe3*) and a one electron reduced state (Fe?* -
Fe3*) and the biological importance of iron is largely attributable to its chemical properties as a transition
metal.!2 Among these classes of iron—sulfur clusters, the [4Fe—4S] clusters are the most versatile because
they can exist in three different oxidation states: 3", 2%, and 1*. However, in any given protein, only one

of the two oxidation—reduction pairs is used.

The [4Fe-4S]?* cluster contains two Fe?*and two Fe®*ions, which are manifest as two Fe?%'—
Fe?>* mixed-valence pairs due to valence delocalization. As a result of magnetic coupling between the
two Fe?5*—Fe?5* mixed-valence pairs, the net spin is zero and hence [4Fe—4S]?* clusters are diamagnetic.
In the reduced state, the [4Fe—4S]** cluster contains three Fe* jons and one Fe** ion, which are manifest
as an equal-valence Fe?*—Fe?" pair and a mixed-valence Fe>**—Fe?>" pair. The paramagnetic coupling
between the equal-valence Fe?*—Fe?* pair and the mixed-valence Fe?>*—Fe?>* pair, the net spin is 1/2 and

hence the [4Fe—4S]** clusters are paramagnetic.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/alpha-oxidation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidation-reduction-reaction

1.3. Biogenesis of ISCs

The most extensive studies about the biosynthesis of the ISCs, were focused on bacteria (Escherichia Coli
and Azetobacter vinelandii) and on yeast Saccharomyces cerevisiae. Three different system were
identified for the biogenesis of bacteria Fe-S proteins: the NIF system, for specific maturation of
nitrogenase in azototrophic bacteria; the ISC assembly and the SUF system, that are present in parallel in
some bacteria.”® The biosynthesis of Fe-S clusters in eukaryotes takes place in mitochondria and as a
model organism, the yeast Saccharomyces cerevisiae has been used. Thus, the mitochondrial ISC
machinery for biosynthesis of cellular Fe-S cluster appears to be conserved in eukaryotes from bacteria.
Three distinct protein machinery are required for the biogenesis: the ISC assembly machinery in
mitochondria, the ISC export machinery and the cytosolic ISC assembly machinery (CIA machinery)’.
The mitochondrial ISC machinery is required for the generation of all cellular Fe-S proteins, while the
ISC export and the CIA machinery are involved in the maturation of cytosolic ISC proteins.

1.3.1. Mitochondrial ISC assembly machinery

The basic principle of mitochondrial Fe/S protein maturation is the synthesis of the Fe/S cluster on a
scaffold protein before the cluster is transferred to apo proteins. The ISC biogenesis in mitochondria is
comprised of two main steps, and the central component is the scaffold protein IscU on which de novo
assembly of a Fe-S cluster takes place!*. It has three cysteine residues, which are necessary for the [2Fe-
2S] binding; however, the molecular mechanism is not yet fully understood. The cluster is transferred to
glutaredoxin GLRX5*®, followed by the formation of mitochondrial [2Fe-2S] proteins, the synthesis of
[4Fe-4S] clusters and their target-specific insertion into the recipient apo proteins. The GLRX5, BOLA3,
and NFU1 proteins are part of a ISC assembly pathway leading to the synthesis of a [4Fe-4S] cluster on
NFU1%. The [2Fe-2S] GLRX5-BOLA3 complex transfers its cluster to monomeric apo NFU1 to form,
in the presence of a reductant, a [4Fe-4S] cluster bound to dimeric NFUL. However, the actual more
reliable model is that a [ISCA1- ISCA2-IBA57] complex converts [2Fe-2S] clusters, received by GLRXS5,
into a [4Fe-4S] cluster'”. According to this model, it has been demonstrated that GLRX5 can transfer a
[2Fe-2S] cluster to a heterodimeric complex formed by human ISCA1 and ISCA2 through a cluster
mediated protein-protein interaction event!®, and that this complex acts as the assembler of [4Fe-4S]
cluster by a reductive coupling process of two [2Fe-2S]-GLRX5 donated clusters. The ISCA1 protein is
the key player of the [4Fe-4S] protein maturation process because of its ability to interact with both NFU1
and ISCA2, in a ternary complex®®. The ISC late acting factors are NFU1 and BOLAZ3 proteins, but it is
still largely undefined. (Fig. 2)


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anabolism
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/eukaryote
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/mitochondrion
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/saccharomyces-cerevisiae

Fig. 2 — The mitochondrial ISC machinery.

(Reprinted from Metallomics, Vol. 10, 2018)

1.3.2. ISC export machinery

The biogenesis of Fe-S clusters in cytosol is performed by the CIA machinery, whose detailed mechanism
of action and complete set of components are still not well defined. Two different models have been
proposed for the iron and sulfur pooling in the cytosol. In the first model, mitochondria export in the
cytosol a still unknown [2Fe-2S]-binding compound via the ISC export machinery, composed by the
ABCB7 membrane transporter, and by GSH. The ATP-binding cassette (ABC) transporter of the
mitochondrial inner membrane performs an essential function only in the generation of cytosolic Fe-S
proteins by mediating export of Fe-S cluster unknown precursors synthesized.?° It has been demonstrated,
in vivo, that the transporter depletion is associated with defects in cellular iron homeostasis resulting in

cytosolic iron deficiency and a concomitant iron accumulation in mitochondria.

The GSH can form in vitro a stable tetra-GSH-coordinated [2Fe-2S] cluster complex ((GS)4-[2Fe-2S])?,
that is a viable substrate candidate for the mitochondrial ABCB7 export protein?2. However, this model

needs further experimental confirmations.

In the second model, an inorganic sulfur species that is generated in mitochondria by cysteine desulfurase
is exported in the cytosol via the ABCB7 transporter?®. In this model, Fe(ll) ions are delivered by the
poly(C)-binding proteins (PCBPs) family.?* Philpott’s group recently demonstrated that the aCP1
member of the PCBPs family (also known as PCBP1) coordinates iron(ll) in complex with BolA2, a

protein involved in the cytosolic Fe-S biogenesis®. In vivo and in vitro experiments indicated that



PCBP1-Fe-GSH-Bo0IA2 serves as an intermediate complex that is required for the assembly of [2Fe—2S]
clusters on BolA2—-GLRX32, thereby linking the ferrous iron and Fe-S cluster distribution systems in
cells. However, still this argument needs to be addressed in order to better define the mechanism of action

of the interaction.

1.3.3. Cytosolic ISC assembly machinery

The cytosolic Fe-S protein assembly machinery is structured in main two steps, the early one, necessary
for Fe-S cluster assembly, and the last one, responsible for cluster transfer and insertion into target
cytosolic and nuclear proteins (Fig. 3). The process has been mostly characterized in yeast, where the first
component to be identified was the essential and highly conserved nucleotide triphosphatases (NTPases)
CFD1 and NBP35 proteins?’?8. These two proteins form a CFD1-NBP35 heterocomplex, that performs a
scaffold function in the early step of the CIA machinery by de novo assembling [4Fe-4S] clusters?®3°,

This process is assisted by an electron transfer chain composed by Tah18 and Dre2 proteins®!.

The mechanism for the maturation of the [4Fe—4S] clusters at both N- and C-terminal motifs of the two
human NTPases NUBP1 and NUBP2 is still elusive'®. The human glutaredoxin-3 protein (GLRX3) is a
possible player of the CIA machinery responsible for the maturation of the [4Fe—4S] clusters on NUBP1-
NUBP23%233, GLRX3 protein consists of three domains: one N-terminal thioredoxin domain and two
monothiol glutaredoxin domains, each able to bind a glutathione-coordinated [2Fe—2S]?" cluster, via
protein dimerization. It has been demonstrated that GLRX3 de facto acts as a [2Fe—2S] cluster chaperone
in the cytosol, transferring its two [2Fe—2S] clusters to apo anamorsin in vitro?®3* and in vivo®. Recently,
it was showed that GLRX3 transfers its two [2Fe—2S] clusters also to NUBP1, and, in the presence of
GSH, the two [2Fe—2S] clusters are converted into a [4Fe—4S] cluster®,

The late-acting step of the CIA machinery involves the transfer and insertion of the newly assembled [4Fe
- 4S] cluster from the NUBP1-NUBP2 scaffold complex into apo target Fe-S proteins. In yeast, depletion
of all four early-acting CIA factors (CDF1, NBP35, Tah18, Dre2) impairs Fe - S cluster incorporation
into Nar1 in vivo®>%, Assuming that all the in vivo findings on yeast hold in human cells, the most reliable
model is that NUBP1-NUBP2 complex could be responsible of the maturation process of NARFL ([4Fe-
4S] insertion in the C-terminal cluster-binding site). However, this model needs further experimental

confirmations.
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Fig. 3 — The integrated ISC export and cytosolic ISC machineries.

(Reprinted from Metallomics, Vol. 10, 2018)

1.4. Aim and topics of the research

My research activity was characterized by expression, purification, and structural characterization of
recombinant human proteins involved in the iron-sulfur cluster biogenesis. During the three years of my
PhD course, several cytoplasmic proteins involved in CIA machinery were chosen in order to understand
at the molecular level their functional role in the pathways responsible for the Fe-S clusters incorporation
into cytoplasmic targets. The aim of my project is to characterize iron-sulfur proteins and to perform
cluster transfer experiments in order to obtain information about iron-sulfur cluster biogenesis in the

cytosol.

The CIA machinery is organized in two steps and the protein anamorsin was shown to be a crucial
member of the early step. My goal was to define the role of anamorsin as electron donor in the CIA
maturation pathway, as its yeast homologous (Dre2) does®.. In previous paper, it has been demonstrated
that holo GLRX3 acts as clusters chaperone to NUBP123, a model protein, and the [4Fe-4S] clusters were
formed through the reductive coupling of the 2[2Fe-2S]-GLRX3 by GSH. My research was focused on
demonstrating that GSH can be replaced by anamorsin and to define how anamorsin and GLRX3, a

physical and functional protein partner, interact each other.

The eukaryotic anamorsin protein are composed of two structurally independent domains fused by an
unfolded linker of 51 residues. The N-terminal S-adenosyl methionine (SAM) methyl transferase-like
domain comprising 172 residues is connected to the largely unstructured C-terminal domain of 90
residues named cytokine-induced apoptosis inhibitor 1 (CIAPIN1), which contains two highly conserved

cysteine-rich motifs (M1 and M2 motifs) able to independently bind Fe-S clusters. In literature, there is



a debate concerning the cluster type bound to M2 motif, while it is generally accepted that M1 motif binds
a [2Fe-2S] cluster®’. The second topic of my research was to clarify the type of Fe-S clusters bound to

human anamorsin.

By biochemical and spectroscopic approaches, it has been shown that the complex formed by Tah18 and
Dre2 in yeast is part of an electron transfer chain required for assembly of Fe-S clusters.
Complementation studies showed that the human proteins NDOR1 and CIAPIN1 are able to substitute
for yeast Tah18 and Dre2, respectively. One electron transfer reaction was observed to occur from the
hydroquinone state of the FMN moiety of NDORL1 to the oxidized [2Fe-2S] cluster bound to the first
motif of anamorsin®®. The anamorsin-NDOR1 complex can efficiently supply electrons to cytosolic
targets; however, the target is not identified yet. The NUBP1-NUBP2 complex, which is located at the
early stages of the CIA machinery similarly to the anamorsin-NDOR1 complex, is the best candidate to
receive electrons from the anamorsin-NDOR1 complex.

The structure of NUBP1-NUBP2 heterocomplex and how their clusters are assembled is still elusive. A
possible player of the CIA machinery responsible for the maturation of the [4Fe—4S] clusters on NUBP1-
NUBP2 is the cytosolic monothiol glutaredoxin GLRX3%, which is, indeed, a crucial component for the
assembly of cytosolic Fe—S proteins. GLRX3 is implicated in the maturation of anamorsin3* and NUBP1
clusters®, so I investigated the ability of human GLRX3 to act as a cluster chaperone for NUBP1-NUBP2,
in order to clarify the assembly machinery in the cytosol.

At the same time, it was possible to characterize the structure of the human complex. In vitro and in vivo
studies on the yeast homologous heterocomplex suggested the presence of bridging [4Fe-4S] clusters in
a heterodimer/tetramer structural organization?®, but the structure has not been defined yet. In my project,
the main goal was to demonstrate the presence of that cluster because it is probably a transient cluster,
and the most reliable model is that NUBP1-NUBP2 complex could be responsible of the maturation
process of NARFL protein®, donating the bridging cluster. The structure of that complex could help in

understanding of next step of CIA machinery.

In order to shed light on the first part of the cytosolic iron-sulfur cluster biogenesis, it has been proposed
a new pathway in which the iron was pooled in the cytosol. In eukaryotic cells, the delivery of Fe(ll) ions
is facilitated by the PCBP proteins family?*. Structurally, PCBPs contain three conserved RNA-binding
domains, termed heterogeneous nuclear ribonucleoprotein K homology (KH) domains®®, which have
specific roles in interactions with RNA and proteins, in fact in vivo studies suggested that PCBP1
coordinates iron(11) in complex with BolA2%, a protein involved in the biogenesis together with GLRX3.
In vivo and in vitro experiments indicate that PCBP1-Fe—-GSH-BoIA2 serves as an intermediate complex

10



required for the assembly of [2Fe—2S] clusters on BolA2—GLRX3, thereby linking the ferrous iron and
Fe-S distribution systems in cells. This suggestion needs structural confirmations and my work was
focused on that the characterization of PCBP1-Fe-GSH-BolA2 system, in order to define the mechanism

of action of the proposed alternative CIA pathway.
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2. MATERIALS AND METHODS

2.1. Bioinformatics approach

The initial part of every research project is chosen a protein target, on which to base the project. In my
first part of PhD, the bioinformatics have become an integral part of research and development. It is an
interdisciplinary research area at the interface between the biological and computational science, it has
an essential role both in deciphering genomic, transcriptomic and proteomic data and in organizing

information gathered from traditional biology.

Genome browsing is the first and crucial step for the expression and characterization of a recombinant
protein. In this step, bioinformatics tools are necessary in order to analyze the nucleotide and the amino
acids sequences. A number of data banks are available and provide the scientific community tools for
researching gene banks, for the analysis of protein sequences, for the prediction of a variety of proteins

properties. Primary databases contain information of DNA and protein sequence:

- BLAST (https://blast.ncbi.nlm.nih.gov) Basic Local Alignment Search Tool is a set of search

programs designed to find regions of local similarity between sequences.
- CLUSTAW (https://www.ebi.ac.uk/Tools/msa/clustalw?/) is a general purpose multiple sequence

alignment program for DNA or proteins

-  EXPASY (https://web.expasy.org/translate/) is a translate tool which allows the translation of a

nucleotide (DNA/RNA) sequence to a protein sequence

Secondary database are so called because they contain the results of analysis of the primary resource

including information on sequence pattern or motifs.

Once the target protein is chosen, it is subjected to further bioinformatics investigation in order to predict

important features like stability, solubility, hydrophobicity, secondary and tertiary structures.

- NCBI (https://www.ncbi.nlm.nih.gov/) This web site integrates information from several database

- PDB (https://www.rcsb.org/) This resource is powered by the Protein Data Bank archive-

information about the 3D shapes of proteins, nucleic acids, and complex assemblies

- MODELLER (https://salilab.org/modeller/) is used for homology or comparative modeling of

protein three-dimensional structures

- PROTPARAM (https://web.expasy.org/protparam/) is a tool that allows the computation of

various physical and chemical parameters for a given protein stored in Swiss-Prot or TrTEMBL or

for a user entered protein sequence. The computed parameters include the molecular weight,
13
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theoretical pl, amino acid composition, atomic composition, extinction coefficient, estimated half-

life, instability index, aliphatic index and grand average of hydropathicity

2.2. Gene cloning
In order to get high yield of soluble proteins, many factors have to be taken in consideration, such as the
choice of the vector, of the cloning strategy, and of culture conditions. Gene fusion technology has played
an important role in fundamental biological research and it can facilitate purification, enhance protein
expression and solubility, chaperone proper folding and reduce protein degradation. The best way to
maximize the probability of obtaining a soluble and correctly folded target protein is to proceed with a
parallel cloning and expression of it with a high number of fusion partners. Classical cloning, using
restriction enzymes, typically cannot be adapted to high-throughput approaches, and Gateway cloning are
the recombinant DNA technologies proven to be of importance for structural biology by enabling one to
clone, over-express and purify the protein(s) of interest. Gene cloning involves the production in vitro of
new DNA molecules which contain novel combinations of genes or oligonucleotides and the propagation
of such recombinant DNA molecules by the exploitation in vivo of the replicative mechanisms of bacteria
and other organisms. The developments of genetic engineering techniques have permitted the alteration
of the genome of microorganisms so that it produces substances of little intrinsic value but of great
medical or economic value to mankind.“’ The host organism is referred as the over-expression host. Gram-
negative bacterium Escherichia coli is the most widely used host for the production of proteins. The
bacteria has been studied extensively and has led to the better understanding of its genetics. This
understanding of cellular physiology of E. coli has led to the development of improved genetic tools.
Thus, E. coli bacterium is been used most abundantly for over-expression of recombinant protein
including complex proteins of eukaryotic origin. The recombinant expression of protein in that host relies
on the introduction of the exogenous gene encoding the protein of interest in an autonomously replicating
DNA molecule called the cloning vector. The gene is introduced downstream to a promoter and ribosome
binding sequence; the most commonly used promoter sequence is the bacteriophage T7 transcription
promoter. Genes under the control of T7/lac promoter can be transcribed by T7 RNA polymerase, in
presence of lactose. Since E.coli cells do not produce this type of RNA polymerase, in order to use this
promoter system they have to be genetically modified by incorporation of the gene encoding the T7 RNA
polymerase, the lac promoter and the lac operator into their genome. The repressor is displaced from the
lac operator when lactose or a similar molecule like isopropyl p-D-1-thiogalactopyranoside (IPTG), is
added to the culture. IPTG activates gene encoding T7 RNA polymerase and the target protein in the

plasmid.
14
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Restriction Enzyme Cloning Approach

Traditionally, molecular cloning is defined as the isolation and amplification of a specific DNA fragment.
Most of these fragments are created either by digesting an existing piece of DNA with restriction
enzymes or by targeting it via PCR. Short inserts of ~ 100 bp can also be commercially synthesized as
complementary single-stranded oligos, which are subsequently annealed to form a double-stranded
fragment.*!

After successful isolation, the DNA of interest is ligated into a vector plasmid, a double-stranded circular
piece of DNA that can be propagated in E. coli. Vectors used in the laboratory represent a smaller version
of naturally occurring plasmids that include several basic features: a replication origin, a drug-resistance
gene, and unique restriction sites to facilitate the insertion of DNA fragments. Often, several different
restriction sites are clustered together in so-called ‘polylinker regions’ or ‘multiple cloning sites,” making
it easier to choose convenient and unique restriction enzyme combinations for a variety of inserts.

The choice of restriction enzymes is critical when designing a cloning strategy. While some sever the
double-stranded DNA in one place, creating ‘blunt’ ends, others leave an overhang of a few bases at the
cut site. These complementary ‘sticky’ ends find one another easily, increasing the efficiency of the
ligation reaction and thus the chances for a successful cloning event. Thoughtful combination of
restriction enzymes can also help to control the directionality of the insert, which is critical to many
applications, but this technology cannot be adapted to high-throughput approaches, due to the
complication of selecting compatible and appropriate restriction enzymes for each cloning procedure and

to its multistep process. Moreover, all steps must be repeat for every vector final plasmid (Fig. 4)
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Fig. 4 - Restriction Enzyme Cloning Approach

Gateway Cloning System

The Gateway technology is a cloning method based on the site-specific recombinant of bacteriophage
lambda, which facilities the integration of lambda into E.coli chromosome and the switch between the
Iytic and lysogenic cycle. By this technology, it is possible to clone a target gene into different expression

vectors eliminating time-consuming work with restriction enzymes and ligase. (Fig. 5) %2
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I\% Vector .E,‘ Vector Clone
N &
\* &
atf 1 p— a2 atB 1 atfB 2

Entry Expression
Vector Clone

Fig. 5 — Gateway cloning technology
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The entry vector is obtained via recombination reaction of the pENTR/TOPO vector with our gene; the
Topoisomerase | catalyzes the reaction. After isolation of the entry vector, the second step is to generate
an expression construct by performing an LR recombination reaction between the entry clone and a
Gateway destination vector of choice. This cloning method is faster due to the higher reaction efficiency,
moreover, using different destination vectors allows expressing a chosen protein with different fusion

tags, which could increase solubility, yield and make the purification step much easier.

However, this method resolves the over-expression of the protein target but not its solubility. A strategy,
which is usually adopted to overcome the problems mentioned above, is to use a fusion protein where the
protein of interest is fused of another protein or tail, and is expressed as such. The fusion tag is another
protein that has high expression level and high solubility when it is expressed in bacterial culture even in
minimal medium. The fusion not only helps in solubility to the desired protein but also in some case,

helps to fold it properly. Some of the notable examples of fusion proteins are

hexa-histidine affinity tag

maltose binding protein (MBP)

thioredoxin (Trx)

glutathione S-transferase (GST)

2.3. Protein Expression

After bioinformatics characterization and choice of the cloning strategy, several conditions for the target
expression have to be tested in order to obtain a high yield of soluble protein. The variables that affect
the expression of a recombinant protein are host strain, growth medium and induction parameters
(temperature, induction time or IPTG concentration). The preliminary expression test was performed in

a small-volume scale changing:

expression vectors (containing different fusion tags)

- E.coli strains (e.g. BL21 (DE3) GOLD, Rosetta(DE3), BL21 (DE3) RIPL Codon Plus)
- expression temperature

- IPTG concentration

- time of incubation

- growth medium (LB, M9 medium, MOPS medium)
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Expression results are checked on SDS polyacrylamide gels (SDS-PAGE). The kind of this approach
allows to explore a large set of expression conditions and to evaluate which one gives the best yiels of

soluble protein.

Based on the preliminary results, a second expression test can be performed to better refine the conditions

before the scale-up.

2.4. Protein purification

Protein purification is a series of processes intended to isolate the target protein. The step of purification
is more important for the characterization of the function, structure and interactions of the protein.
Separation of one protein from all others is typically laborious and it exploit differences in protein size or
binding affinity. Usually a protein purification protocol contains one or more chromatographic steps. The
basic procedure in chromatography is to flow the solution containing the protein through a column packed
with various materials. Different proteins interact differently with the column material, and can thus be
separated by the time required to pass the column, or the conditions required to elute the protein from the
column. Usually proteins are detected as they are coming off the column by their absorbance at 280 nm.

Size Exclusion Chromatography

Chromatography can be used to separate protein in solution or denaturing conditions by using porous
gels. This technique is known as size exclusion chromatography. The principle is that smaller molecules
have to traverse a larger volume in a porous matrix. Consequentially, proteins of a certain range in size
will require a variable volume of eluant (solvent) before being collected at the other end of the column of
gel. In the context of protein purification, the eluent is usually pooled in different test tubes. All test tubes
containing no measurable trace of the protein to purify are discarded. The remaining solution is thus made

of the protein to purify and any other similarly-sized proteins.

lon Exchange Chromatography

lon exchange chromatography separates compounds according to the nature and degree of their ionic
charge. The column to be used is selected according to its type and strength of charge. Anion exchange
resins have a positive charge and are used to retain and separate negatively charged com pounds, while
cation exchange resins have a negative charge and are used to separate positively charged molecules. The
most weakly charged compounds will elute first, followed by those with successively stronger charges.

Because of the nature of the separating mechanism, pH, buffer type, buffer concentration, and temperature
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all play important roles in controlling the separation. lon exchange chromatography is a very powerful

tool for use in protein purification and is frequently used in both analytical and preparative separations.
Metal Binding- Affinity Chromatography

A common technique involves engineering a sequence of 6 to 8 histidines into the terminus of the protein.
The polyhistidine binds strongly to divalent metal ions such as nickel and cobalt. The protein can be
passed through a column containing immobilized nickel ions, which binds the polyhistidine tag. All
untagged proteins pass through the column. The protein can be eluted with imidazole, which competes
with the polyhistidine tag for binding to the column. After the affinity purification, the fusion tag must be
removed from the recombinant protein. Indeed many expression vectors are engineered to express a
protease cleavage site between the fusion tag and the protein. Tobacco Etch Virus (TEV), Thrombin or
Ubl-specific protease 1 (Ulpl) are some examples of proteases that are normally used for the cleavage of
tags.

2.5. Protein characterization

2.5.1. Nuclear Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is the technique that provide structural information of
inorganic and biological molecules, such as proteins, DNA and RNA at atomic resolution and it provides
a wealth of information about dynamics of proteins molecules*®. The power of NMR spectroscopy lies in
its ability to probe the dynamic properties at multiple sites within the molecule under investigation.
Furthermore, NMR can provide information about protein-protein and protein-ligand interactions as well
as their quantification in terms of structure, kinetics and thermodynamics*. Relaxation in NMR is an
important clue about the protein function. NMR experiments are capable of providing information from
which a subset of distances between pairs of atoms can be estimated, and the final possible conformations
of a protein can be determined by solving a distance constrains, with the aid specialized programs, which
perform the structure calculations. NMR spectroscopy is unique among the methods available for three-
dimensional structure determination of proteins at atomic resolution due to the fact that the NMR data
can be recorded in solution. Since all proteins, except integral membrane proteins, function in solutions,
knowledge of the molecular structure determination, NMR applications include investigations of dynamic
features of the molecular structures, as well as studies of structural, thermodynamic and kinetic aspects
of interactions between proteins and other solution components, which may either be other proteins or

low molecular weight ligands*.
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2.5.2. Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR) spectroscopy is a technique for studying chemical species that
have one or more unpaired electrons, such as organic or inorganic free radicals or inorganic complexes
possessing a transition metal ion. The basic physical concepts of EPR are analogous to those of nuclear
magnetic resonance (NMR), but electron spins are excited instead of spins of atomic nuclei. Using only
paramagnetic species is a limitation, but also means that EPR is great specific technique. In typical
experiment, the sample is placed in a resonant cavity which has a high quality factor Q (high Q to high
sensitivity of the EPR method). At a fixed microwave frequency, the magnetic field By is varied until

resonance occurs at the value Be given by
Be =hv = gBBo

In this equation g is the “g-factor” of the unpaired electron and B is the unit magnetic moment of the
spinning electron (Bohr magneton). Free radicals have values that are fairly close to f = 2.0023 which
characterizes a free electron, while some transition ions, such as cobalt and copper, have g-values which

differ significantly from that theoretical value.

The resonant absorption is not infinitely narrow, since unpaired electrons do not only interact with the
externally applied field, but also with the magnetic fields in their neighborhood. By observing spectral
line width and intensity, it is possible to obtain information about the spin environment. Electron spin
exchange between identical and non-identical molecules, chemical exchange between the paramagnetic
molecule and its environment, and the interaction of nearby molecules having unpaired spins are some
examples of environmental effects, which can influence line width and intensity in the EPR spectrum.
Moreover, an observed spectrum can split in several lines referred to as hyperfine structure, arising from
the electrons interacting with surrounding nuclear spins. This last property becomes very useful when
investigation biological molecules that contain transition metal ions in their structure, since it can be

exploited to characterize their coordination environment in dependence of their intrinsic geometry.
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2.5.3. Circular Dichroism

Circular dichroism (CD) is an essential analytical technique used to analyze chirality in molecules through
their optical activity, it is an excellent method to analyze protein and nuclei acid secondary structure in
solution and it can be used to follow the changes in folding ad a function of temperature or denaturant.
Proteins adopt unique conformations, optimized to perform specific structural, regulatory, or enzymatic
functions. Therefore, the information on the protein structure is paramount to elucidating how proteins
function. CD is a phenomenon occurring when asymmetrical molecules interact with circularly polarized
light, thus absorbing left and right hand circularly polarized light with different absorption coefficients.
In the protein, the major optically active groups are the amide bonds of the peptide backbone, typically
disposed in highly ordered arrays such as a-helices or f-pleated sheets. In dependence of the orientation
of the peptide bonds in the arrays, given by the symmetry of its disposition, optical transitions are
differently split by exciton splitting, thus yielding characteristic spectral profiles for each of the three
basic secondary structures of a polypeptide chain. The far-UV (180-250 nm) region probes the peptide
backbone chain, whose phi and psi angles rotate depending on the protein conformation. There are two
absorption bands which make up the far-UV CD spectrum: a strong p a p* around 190 nm and a weaker
but broader n a p* transition between 210-220 nm. These two absorption bands give rise to different
characteristic bands (Figure 7) that can be deconvoluted to estimate the secondary structure components
of the protein under different solution and environmental conditions. While each of the four secondary
structure components (a-helical, b-sheet, turn, and unordered) have distinguishing CD spectra,
deconvolution is more complex than assigning a band to each component. Secondary structure analyses
require curve fitting procedures based on a set of reference spectra with known secondary structure
components that is used to estimate the components in the unknown (or sample) spectrum through
regression analysis. The aromatic side chain residues and disulfide bonds are also known to contribute to
the far-UV spectrum, further complicating estimations. Secondary structure analysis is best used to clarify
shifts in CD data. More similar secondary structures, such as b-sheet and turn, can be teased out and
structural changes from a majority of sheet to a majority of turn can be confidently confirmed. The near-
UV CD spectrum (250-320 nm) reflects the protein tertiary structure, made up of the aromatic amino acid
side chains. The three residues, phenylalanine, tyrosine and tryptophan, exhibit fine structure peaks
between 255-270 nm, 275-285 nm, and 290-305 nm, respectively. The number and proximity of the
aromatic residues will affect the strength of the CD signal, as well as the disulfide bonds, degree of
hydrogen bonding, and rigidity of the chromophores in folded conformations. The buffer or solvent the
sample is in will also affect the CD spectrum. Solvents used for absorption measurements will typically
suffice, however the following conditions should be taken in consideration when choosing a solvent for

21



CD measurements: (1) solubility, (2) transparency in the wavelength range being probed, (3) optically
inactive, and (4) sample stability. Condition 2 is especially important for secondary structures studies in
the far-UV, since many solvents absorb strongly below 200 nm, as well as denaturing agents such as
guanidinium chloride and urea. The addition of salts to buffers will may also increase absorbance and
potentially induce scattering, reducing the S/N. Sugar-based formulation buffers not only absorb highly

in the far-UV but also have a CD signal and should be avoided for CD measurements.

In addition to absorption spectroscopy, the technique of circular dichroism (CD) have also been used to
study iron-sulfur proteins. CD has been used as a monitor of protein purity and of structural changes due
to environmental change (including denaturation), and as a diagnostic of iron-sulfur cluster type. CD is
expected to be more sensitive than absorption spectra to changes in the cluster environment. On the one
hand, this makes CD an excellent probe of deviations from native protein structure; on the other hand,
this can diminish the utility of CD as a diagnostic of cluster type. The CD is good to differ iron-sulfur
cluster type, because of the lack of a positive Cotton effect in this spectral region is consistent with a
[4Fe-4S] cluster and is quite distinct from the Cotton effect of the vis-CD spectra typically observed for
[2Fe-2S] clusters.
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RESULTS

In-cellulo Méssbauer and EPR studies bring new evidences to the
long-standing debate on the iron-sulfur cluster binding in human
anamaorsin
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3. RESULTS

3.1. In-cellulo Méssbauer and EPR studies bring new evidences to the long-standing

debate on the iron-sulfur cluster binding in human anamorsin

3.1.1 Introduction

The paper was published on April 2021 on Angewandte Chemie International Edition.

Human anamorsin is a Fe-S cluster binding protein required in the early stages of the Fe-S protein
biogenesis in the cytoplasm!. Upon its interaction with the diflavin reductase protein NDORI1!?
anamorsin works as an electron donor in the electron transfer chain required for the assembly of a [4Fe-
4S] cluster on the scaffold complex formed by the two P-loop nucleoside triphosphatases NUBP1 and
NUBP2. The latter complex then provides the assembled [4Fe-4S] cluster to all cytosolic and nuclear Fe-
S proteins with the help of several other proteins that specifically cooperate in the biogenesis of the [4Fe-
48] proteins>>. Anamorsin was also found to work as electron donor in an another process, i.e. in the
reduction of the [2Fe-2S] clusters bound to human mitoNEET®, a protein capable of repairing the iron-
sulfur cluster of the cytosolic iron regulatory protein 1, a key regulator of cellular iron homeostasis in

mammalian cells’”.

Anamorsin is composed of a well folded N-terminal S-adenosyl methionine (SAM) methyl transferase-
like domain, connected via a linker of 51 residues to a C-terminal cytokine-induced apoptosis inhibitor 1
(CIAPIN1) domain'®. The latter domain contains two conserved cysteine-rich motifs, arranged as a
CXsCXoCXC pattern (M1 motif, hereafter), followed by a CX>CX7CX,C pattern (M2 motif, hereafter),
each binding a Fe-S cluster in vitro'®'2. Conversely to the yeast homologue of anamorsin (Dre2), which
binds a [2Fe-2S] cluster and a [4Fe-4S] cluster at the M1 and M2 motifs, respectively'?, the M2 cysteine-
rich motif of human anamorsin has been found to bind a [4Fe-4S] or a [2Fe-2S] cluster, depending on the
experimental conditions applied to isolate the holo form of anamorsin!®!!. There is indeed an ongoing
debate in the most recent literature regarding whether a [4Fe-4S] or a [2Fe-2S] cluster is bound to the M2
motif. In order to shed light on this matter, the Fe-S binding properties of holo anamorsin were here
investigated by in cellulo Mdssbauer and in cellulo EPR spectroscopies. Our study, showing that in cellulo
anamorsin binds two [2Fe-2S]** clusters at both M1 and M2 motifs, supports the hypothesis that this holo

form of anamorsin is the physiologically relevant species.
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3.1.2. Published Paper

Angewandte Chemie - International Edition, 2021, 25; 60(27):14841-14845.
d0i:10.1002/anie.202102910.

In-cellulo Moéssbauer and EPR studies bring new evidences to the long-standing

debate on the iron-sulfur cluster binding in human anamorsin

Sara Matteucci,” Francesca Camponeschi,” Martin Clémancey, Simone Ciofi-Baffoni, Geneviéve
Blondin* and Lucia Banci*

"Magnetic Resonance Center CERM, University of Florence, Via Luigi Sacconi 6, 50019, Sesto

Fiorentino, Florence, Italy

’Department of Chemistry, University of Florence, Via della Lastruccia 3, 50019 Sesto Fiorentino,
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Abstract: Human anamorsin is an iron-sulfur (Fe-S) cluster binding protein acting as an electron donor
in the early steps of cytosolic iron-sulfur protein biogenesis. Human anamorsin belongs to the eukaryotic
CIAPIN1 protein family and contains two highly conserved cysteine-rich motifs each binding an Fe-S
cluster. In vitro works by various groups has provided rather controversial results for the type of Fe-S
clusters bound to the CIAPIN1 proteins. In order to solve this debate, we exploited an in cellulo approach
combining Mdssbauer and EPR spectroscopies to characterize the iron-sulfur cluster bound form of

human anamorsin. We found that the protein binds two [2Fe-2S] clusters at both its cysteine-rich motifs.

Iron-sulfur (Fe-S) clusters are ancient, polynuclear inorganic cofactors, containing iron ions (Fe?***) and
inorganic sulfide (S%), present in all kingdoms of life. Proteins that bind Fe-S clusters are involved in
many essential life processes, ranging from metabolic reactions to electron transport, DNA maintenance
and gene expression regulation®3. Among the Fe-S binding proteins, the eukaryotic CIAPIN1 protein
family is characterized by the presence of a N-terminal S-adenosyl methionine methyl transferase-like
domain connected via a flexible linker to a C-terminal cytokine-induced apoptosis inhibitor 1 (CIAPIN1)

domain*®. The hallmark of this protein family is the presence, in the CIAPIN1 domain, of two highly
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conserved cysteine-rich motifs (a CXgCX2CXC motif (M1 motif, hereafter) followed by a CX>CX7CX>C
motif (M2 motif, hereafter)), each able to bind an Fe-S cluster®2°, This protein in human?!, yeast'?, plant!*
15 and in the protist Trypanosoma brucei'® has been proposed to act in the early stages of the cytoplasmic
Fe-S protein biogenesis by working as an electron donor in an electron transfer chain required for the
assembly of [4Fe-4S]?* clusters.

There is an ongoing debate in the literature on the type of Fe-S clusters bound to the CIAPIN1 proteins,
which have been found indeed to bind [4Fe-4S] or [2Fe-2S] clusters, depending on the experimental in
vitro conditions used to isolate the holo species®*%'2, In order to shed light on this matter, the Fe-S binding
properties of human anamorsin were here investigated by in cellulo Mgssbauer and in cellulo EPR
spectroscopies. Specifically, wild-type protein (WT-anamorsin, hereafter) and a mutant containing only
the M2 cysteine-rich motif (M2-anamorsin, hereafter), obtained by mutating the four cysteines of the M1
motif of anamorsin into alanines, were used to characterize the nature of the Fe-S clusters bound to

anamorsin directly in cell.

Massbauer spectra of E. coli cells expressing WT- and M2-anamorsin in the presence of °>’Fe and of the
related control cells (see Supplementary Information for details) were recorded at ca. 6 K in a 60 mT
external magnetic field applied parallel to the y-rays. The spectra recorded on the cells expressing M2-
and WT-anamorsin (Figure 1A and 1C, respectively) clearly showed two lines at = 0.0 and = 0.5 mm s ™.
These lines were absent in the spectra recorded on the control cells samples (Figure 1B and 1D), that were
similar to spectra previously reported for control cells'’-?2, Spectra of control cells exhibited signatures
from high-spin ferrous species, that were clearly evidenced by the presence of the high velocity line at =
3 mm s, whose absorption profile suggested the presence of two different components. The spectra also
showed a signal between ~ 0 and = 1 mm s* corresponding to the combination of nanoparticles (NP), and
of low-spin ferrous heme and diamagnetic [4Fe-4S]?* clusters, the latter two species presenting similar
nuclear parameters, and usually denoted as the Central Doublet (CD). Accordingly, four doublets were
considered to reproduce the spectra of control cells. A fifth doublet was introduced to fit the spectra of
induced cells. This additional doublet corresponds to the difference spectrum obtained by subtracting the
control cells spectrum from that of the induced cells (see Supporting Information, Figure S1). The
simulations (see Supporting Information for details) and the experimental spectra are shown in Figure 1,
where the different contributions of the Fe sites are displayed above each spectrum. The parameters used
for the simulations are listed in Table 1.
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Figure 1. M2- and WT-anamorsin expressed in E. coli cells bind [2Fe-2S]?* clusters by Mosshauer spectroscopy.

Experimental Mossbauer spectra (hatched bars) recorded at ca. 6 K on cells samples with (A and C) or without (B and D)

induction of the expression of M2- (left panel) and WT-anamorsin (right panel). A 60 mT external magnetic field was applied

parallel to the y-rays. The grey solid lines are simulations of the spectra with parameters listed in Table 1. Contributions are

displayed as solid lines above the spectra using the following color code: HS Fe' (1) in green, HS Fe" (2) in light green, CD
in blue, NP in light blue, [2Fe-2S] in red.
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Table 1. Parameters used for the simulated spectra shown as solid grey lines in Figure 1. Uncertainties are £ 0.02, +
0.05, £ 0.04, and = 4 for the isomer shift (), the quadrupole splitting (AEg), the Lorentzian full-width at half-maximum

(1), and the relative area, respectively.

Proteins Fe d(mms- AEQ(mms~ T' (mm s= % in % in
sites!?! 1 1 1)[b] control induced
cells!c! cells
HS Fe!
1.30 3.22 0.44 20 11
(1)
Hs - rel 1.31 2.71 0.50 18 10
M?2- . . .
(2)
anamorsin
CD¢ 0.45 1.15 0.40 30 18
NP 0.49 0.54 0.49 33 19
[2Fe-2S] 0.27 0.50 0.28 0 41
HS Fe!!
1.32 3.19 0.41 21 14
(1)
i Fel 1.32 2.59 0.52 14 10
WT- . 5 5
2)
anamorsin
cpld 0.45 1.15 0.42 30 22
NP 0.47 0.54 0.50 34 21
[2Fe-2S] 0.26 0.51 0.27 0 32

[a] The two HS Fe'" populations were assumed to be in the same ratio in the control and induced cells. [b]
For each Fe site, a common linewidth was assumed in the control and induced cells spectra. [c] A zero
contribution was fixed for the [2Fe-2S] clusters in control cells. [d] The Central Doublet (CD) reproduced the
low-spin ferrous hemes and the diamagnetic [4Fe-4S]** clusters. 8§ and AEQ were fixed to their usual

values®®2,

The nuclear parameters of the additional Fe site detected upon induction were typical of oxidized
[2Fe-2S]?* clusters”1824 This Fe site accounted for 32% and 41% of the total iron content for WT-
and M2-anamorsin induced cells, respectively. The higher percentage of [2Fe-2S] cluster in M2-
anamorsin is in agreement with its higher expression level with respect to that of WT-anamorsin, as
detected by Western blot gel analysis (Figure S2). It is worth noticing that the iron distribution

determined in the control cells was not modified upon the induction of protein expression. More



specifically, the contribution of CD partly accounting for [4Fe-4S]?* clusters, did not vary
significantly upon expression of WT- and M2-anamorsin (see Supporting Information Table S1).
The observed 1-2% variations found in CD contribution are more than ten times below the amount
of [2Fe-2S]?* clusters detected upon anamorsin expression. Consequently, the incorporation of a
[4Fe-4S]?* cluster in the M1 or M2 motif of WT-anamorsin is essentially negligible, and it can be
safely concluded that both WT- and M2-anamorsin accommodate [2Fe-2S]?* clusters.

In combination with in cellulo Mdssbauer spectra, we acquired continuous wave (CW) in cellulo EPR
spectra of E. coli cells expressing WT- and M2-anamorsin of the related control cells, all treated with
10 mM sodium dithionite underanaerobic conditions (Figure S3). Thein cellulo EPR difference
spectra (obtained as reported in the Supporting Information) of reduced E. coli cells expressing M2-
anamorsin exhibited a rhombic spectrum over a wide range of temperatures (Figure 2A), indicating
that the signal arises from a single paramagnetic species. The EPR signal experienced the highest
intensity at 10 K and was significantly broadened above 70 K (Figure 2A). The in cellulo EPR
difference spectrum recorded at 10 K was readily simulated with a single set of principal g values of
2.016, 1.935, 1.890 (Figure S4 and Table S2). When the microwave power was increased from 0.5
mW to 5 mW at 10 K, or the temperature was further lowered to 5 K the signal was easily saturated
(Figure 2A).
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Figure 2. The M1- and M2-motifs of anamorsin binds a [2Fe-2S] cluster by EPR spectroscopy. CW X-band EPR spectra
of reduced E. coli cells expressing A) M2-anamorsin and B) WT-anamorsin, at different temperatures and microwave
powers, after subtraction of the spectra of the corresponding reduced control cells. EPR spectra of C) anaerobically
purified M2-anamorsin and D) anaerobically purified WT-anamorsin after reduction with 10 mM sodium dithionite, at
different temperatures and microwave powers. EPR spectra were recorded under the following conditions: microwave
frequency, 9.36 GHz; modulation amplitude, 10 G; modulation frequency, 100 kHz; acquisition time constant, 163.84

ms; number of points 1024.

This behavior is consistent with the presence of a S=1/2 spin of the [2Fe-2S]* cluster that experiences
a relatively slow relaxation rate at variance with the behavior of [4Fe-4S]* clusters. Indeed, the half-
integer electronic spin in a [4Fe-4S]" cluster generally has much faster electron spin relaxation rates,
and consequently their EPR signals are broadened beyond detection at temperatures around ~25 K,
while they are well detectable and hardly power saturated at lower temperatures®®. These features of
the EPR spectra thus indicate that the M2 motif coordinates a [2Fe-2S] cluster, in agreement with the
in cellulo Mossbauer data. The electron spin relaxation properties of the [2Fe-2S]* cluster bound to
M2-anamorsin are, however, peculiar with respect to what is usually observed in ferredoxin-type
[2Fe-2S] clusters, resembling in part those of fast relaxing [4Fe-4S]* clusters. Indeed, in ferredoxin-
type [2Fe-2S] clusters the slow spin relaxation rates make the EPR signal hardly detectable below 10

K23, contrarily to what observed for the [2Fe-2S]* cluster bound to M2-anamorsin, whose EPR signal
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is still detectable at 5 K (Figure 2A). This peculiar relaxation properties of the [2Fe-2S]* cluster
bound to the M2 motif can be explained considering that the reduced cluster bound to the M2 motif
revealed a valence localization-to-delocalization transition as a function of temperature, as previously
described by us’. It has been previously demonstrated that the electron delocalization within mixed-

valence Fe''Fe!!

pairs favors the parallel alignment of the local spins of both the high-spin Fe'"
(Srean=2) and high-spin Fe'' (Sreqmy=5/2) ions, leading to a S=9/2 total spin ground state?®. The
detection of the EPR signal of a S=1/2 spin suggests that the partial electron delocalization observed
in the [2Fe-2S]* cluster bound to M2 maotif is not strong enough to make the maximal total spin value
as the ground state. However, it could allow the lowering in energy of the excited S >1/2 spin states,
thus leading to a faster electron spin relaxation rate for the ground S=1/2 state compared with those
typically observed in ferredoxin-type [2Fe-2S] clusters, thus more closely mimicking a value typical

of fast relaxing [4Fe-4S]* clusters.

Reduced E. coli cells expressing WT-anamorsin showed more complex in cellulo EPR difference
spectra (obtained as reported in the Supporting Information), arising from the presence of two
rhombic EPR signals (Figure 2B). The in cellulo EPR difference spectrum recorded at 10 K was
readily simulated with two subspectra having principal g values of 2.002, 1.961, 1.917 and of 2.016,
1.935, 1.890 (Figure S4 and Table S2), that were previously assigned to the two [2Fe-2S]* clusters
bound to the M1 and M2 motifs of WT-anamorsin, respectively’. At 70 K, the spectrum was
dominated by the signal arising from the S=1/2 spin of the [2Fe-2S]" cluster bound to the M1 motif
of WT-anamorsin’. By lowering the temperature to 10 K, the contribution of the signal originating
from the M2-bound [2Fe-2S]* cluster increased, as showed by the increase in the intensity of the
signal at g = 2.01 and g = 1.89 (Figure 2B). As the microwave power was increased from 0.5 mW to
5 mW at 10 K, or the temperature was further lowered from 10 K to 5 K, the EPR signals of both
clusters bound to WT-anamorsin were easily saturated, although to a different extent, being the EPR
signal of the M1-bound [2Fe-2S]" cluster more easily saturated than that of the M2-bound [2Fe-2S]*
cluster, as showed by the larger decrease in the intensity of the signal at g = 2.00 compared to that at
g = 2.01 in Figure 2B. This behavior reproduces that observed for reduced E. coli cells expressing
M2-anamorsin (Figure 2A) and is consistent with the binding of a [2Fe-2S]* cluster to both M1 and
M2 anamorsin motifs, with very similar, low dispersed g values, but significantly different electron
spin relaxation properties and thus different saturation characteristics, as already described above. To
investigate whether the Fe-S clusters of anamorsin are modified along the purification procedure, we
recorded the EPR spectra of WT- and M2-anamorsin anaerobically purified from E. coli and then

treated with 10 mM sodium dithionite under anaerobic conditions. These EPR spectra exhibited
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rhombic signals with the same sets of g values, relaxation and power saturation characteristics of
those observed for reduced E. coli cells expressing WT- and M2-anamorsin, respectively (Figure 2C
and 2D). These results clearly indicate that the clusters bound to human anamorsin in the cytoplasmic

environment are conserved upon anaerobic purification.

It is remarkable to note that in cellulo EPR spectroscopy, at variance with in cellulo Mdssbauer
spectroscopy, is able to spectroscopically discern the presence of two S=1/2 spins arising from [2Fe-
2S]" clusters bound to the M1 and M2 motifs of WT-anamorsin. Thus, in cellulo EPR data clearly
demonstrate that M1- and M2-sites of WT-anamorsin are both occupied by [2Fe-2S] clusters in the
E. coli cells. The differences in the electronic properties allowing the distinction between the two
reduced clusters are suppressed in the oxidized state, which features a diamagnetic ground state.
Furthermore, the isomer shift for the ferric sites in [2Fe-2S]%" is only moderately sensitive to the
ligand environment. To the best of our knowledge, only the presence of one or two histidines in place

of cysteines in the coordination sphere leads to a significant increase of &.(>" and references therein)

Here, we have shown by in cellulo Méssbauer and in cellulo EPR spectroscopies that, at variance
with what reported for yeast Dre2 that was described to bind a [2Fe—2S] cluster at the M1 motif and
a [4Fe—4S] cluster at the M2-motif, human anamorsin coordinates two [2Fe—2S] clusters, one in each
M1 and M2 motif. In addition, EPR spectra acquired on both reduced E. coli cells expressing WT-
and M2-anamorsin and on anaerobically purified, reduced WT- and M2-anamorsin showed that the
[2Fe-2S] cluster bound to the M2 motif of anamorsin displays enhanced electron spin relaxation
rates, likely originating from local protein conformational heterogeneity.” Our study, showing that in
cellulo anamorsin binds two [2Fe—2S] clusters at both M1 and M2 motifs, is consistent with the
hypothesis that this holo form of anamorsin is the physiologically relevant species. Our data also
showed that the reducing environment of the bacterial cytoplasm, and presumably also that of the
human cytoplasm, is not sufficient to reduce the [2Fe—2S]?* clusters of anamorsin, but that a reductase
is required to activate anamorsin function as cellular reductant to assemble [4Fe—4S] clusters in the
early steps of cytosolic Fe-S protein biogenesis. The NADPH-dependent diflavin oxidoreductase 1
(Ndor1), which is responsible, in eukaryotic cells, for the reduction of the [2Fe—2S] cluster bound to
the M1-site of anamorsin’ 1+ 12 is, however, not present in bacterial organisms, and thus this explains
why the M1-bound [2Fe—2S] cluster of anamorsin is exclusively present in an oxidized state, when

expressed in E. coli cells.
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1. Experimental Section

1.1 Cloning and overexpression of WT- and M2-anamorsin.

The plasmids for recombinant expression of wild-type (WT) human anamorsin (UniProtKB/Swiss-
Prot: Q6FI81) and of a mutant containing only the second cluster binding motif (M2-anamorsin,
hereafter) were obtained through the Gateway® cloning Technology (Invitrogen). The pENTR-TEV-
d-Topo vectors containing the sequence coding for the two proteins were obtained as reported
previously’. The two protein genes were cloned into the pTH34 expression vector. According to the
vector construction, the proteins were expressed with an N-terminal GB1-Hise fusion tag.
BL21(DE3) GOLD competent Escherichia coli cells were transformed with pTH34-WT and pTH34-
M2 plasmids. Cells were grown in MOPS minimal medium?3, containing 1 mM ampicillin at 37 °C
under vigorous shaking (180 rpm) up to ODsgo ~ 0.6. Protein expression was induced by adding
0.2 mM isopropyl B- d-1-thiogalactopyranoside (IPTG) and 70 uM °’FeCls for WT-anamorsin and 20
1M >’FeCls for M2-anamorsin. Cells were grown at 25 °C for 4 hours. Control cultures for in cellulo
Mdossbauer and EPR and studies were obtained without IPTG induction. Cells were harvested by
centrifugation (4000g, 20 min, 4 °C), washed twice in an anaerobic chamber (02 < 1 ppm) with
degassed MOPS buffer containing 50 mM NaCl and 22 mM glucose, pH 7.4 and centrifuged again
for 10 min at 5000g, 4 °C2,

1.2 Western blot gel analysis

The relative expression levels of M2- and WT-anamorsin in E. coli cells were estimated by
densitometric analysis of western blot band intensities. E. coli cells were harvested and then
resuspended in different volumes of final sample buffer for electrophoresis in order to have the same
optical density at 600 nm for cells expressing M2- and WT-anamorsin. Lysates from cell samples
were analyzed on the gel at increasing dilutions. The proteins were detected using a monoclonal
mouse anti-His antibody conjugated to horseradish peroxidase (Miltenyi Biotec) diluted 1:5000. The
molecular weight of M2- and WT-anamorsin expressed with the N-terminal GB1-Hise fusion tag was
~ 44 kDa.

The densitometric analysis of the western blot bands was done using ImageJ software, by comparing

the intensity of the bands corresponding to M2- and WT-anamorsin proteins.
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1.3 In cellulo Mdssbauer studies

E. coli cells containing overexpressed proteins and control cells harvested and washed as described
above were immediately packed in Delrin cups (0.6-0.7 g of cells per cup) and frozen in liquid
nitrogen before analysis. The Massbauer spectra were recorded at ca. 5 K on a strong-field Mossbauer
spectrometer equipped with an Oxford Instruments Spectromag 4000 cryostat containing an 8 T split-
pair superconducting magnet. Both spectrometers were operated in a constant acceleration mode in
transmission geometry. The isomer shifts were referenced against that of a room-temperature metallic
iron foil. Analysis of the data was performed with a home-made program®*®.

1.4 In cellulo and in vitro EPR studies

For the in cellulo EPR studies, E. coli cells containing the overexpressed proteins and the
corresponding control cells were harvested and washed as described above. The cells were
resuspended in 50 mM Tris buffer pH 8.0, 150 mM NacCl, and treated with 10 mM sodium dithionite.
Cells were frozen in liquid nitrogen before analysis.

Protein purification for in vitro EPR studies was performed as follows. Total cell lysis was performed
in CelLytic Express (Sigma-Aldrich) in an anaerobic chamber (O2 < 1 ppm). WT- and M2-anamorsin
were purified by Ni?*-affinity chromatography on HisTrap FF column (GE Healthcare). The proteins
were eluted with 50 mM Tris buffer pH 8, 500 mM NaCl, 500 mM imidazole and 5% glycerol,
concentrated with Amicon Ultra-15 Centrifugal Filter Units with a MWCO of 10 kDa (Millipore),
and the buffer exchanged by PD-10 desalting column (GE Healthcare) in degassed 50 mM Tris buffer
pH 8.0, 150 mM NacCl, 10% glycerol. Protein concentration was ~ 0.3 mM.

CW EPR spectra of E. coli cells containing overexpressed anamorsin and of control cells (reported
in Figure S3), and those of anaerobically purified WT- and M2-anamorsin were recorded after the
addition of up to 10 mM sodium dithionite. EPR spectra were acquired in the 5-70 K temperature
range, using a Bruker Elexsys 580 spectrometer working at a microwave frequency of ~ 9.36 GHz,
equipped with a SHQ cavity and a continuous flow He cryostat (ESR900, Oxford instruments) for
temperature control. Acquisition parameters were as following: microwave frequency, 9.36 GHz;
microwave power range, 0.5-5 mW; modulation frequency, 100 kHz; modulation amplitude, 10 G;
acquisition time constant, 163.84 ms; number of points 1024; number of scans 3; field range 2000-
4000 G. For in cellulo EPR studies, the spectra of reduced control cells were subtracted from those

of reduced E. coli cells expressing WT- and M2-anamorsin.
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1.5 Procedure for the simulation of the M&ssbauer spectra

An identical procedure was used for the WT- and M2-anamorsin samples. Details are given below
for the WT-protein. Because the absorption at = 3 mm s * presents the same profile for both the
control and induced cells, the ratio between the two high-spin ferrous contributions was considered
identical in both spectra. Thus, in a first step, the spectrum of the control cells was scaled to get the
superimposition of the absorption line at =~ 3 mm s with that of the spectrum of the induced cells
(see Figure S1C). The calculated difference spectrum clearly evidenced one doublet (see Figure
S1D). The associated parameters (3, AEq, I', and the area) were thus determined. In a second step,
spectra shown in Figure S1C were simultaneously simulated with four and five doublets,
respectively, with the following constraints. (i) Contributions in both samples were determined versus
the total iron content of the induced cells (black spectrum in Figure S1C); (ii) For each of the four
different iron sites further labeled HS Fe'' (1), HS Fe'" (2), CD, and NP, a unique linewidth was
considered for the two spectra; (iii) Because the absorption at =~ 3 mm s is similar in the two spectra,
the contributions of the two HS Fe'' were assumed to be identical in both samples; (iv) Parameters
for the fifth iron species were fixed to the values determined from the difference spectrum. A zero

contribution for this site in the control cells sample was set.

Resulting parameters are listed in Table S1. It is worth noticing that the variations determined for the
CD and NP contributions between control and induced cells samples are within the uncertainties.
Contributions of the four iron sites reported in Table 1 for the control cells sample were obtained
from those listed in Table S1 and the area of the spectrum recorded on control cells.

1.6 Procedure for the simulation of the EPR spectra

The simulations of both M2- and WT-anamorsin were carried out on the spectra recorded at 10 K and
0.5 mW (see above for detailed experimental settings). The EPR spectra of the control cells were
subtracted from that of the E. coli cells expressing the proteins using the Bruker WinEPR software.
A polynomial baseline correction was applied to both spectra before subtraction. The obtained
differential traces were simulated with the EasySpin software package’, using the ‘pepper’ function.
An anisotropic residual line width (H-strain) has been used in combination with a Lorentzian function,
to account for the orientation-dependent phenomenological line broadening visible in the spectra. For
M2-anamorsin, the fitting parameters were: Lorentzian peak-to-peak line width (lwpp) of 1.9 mT and
20 MHz, 40 MHz and 80 MHz in the x-, y- and z-direction, respectively, for H-strain. The simulation

of the EPR spectra of WT-anamorsin required two subspectra (I and II), fitted with the following
12



parameters: Lorentzian Iwpp of 2.35 mT and 0 MHz, 49 MHz and 100 MHz in the x-, y- and z-
direction, respectively, for H-strain for subspectrum I; Lorentzian lwpp of 1.3 mT and 0 MHz, 100
MHz and 45 MHz in the x-, y- and z-direction, respectively, for H-strain for subspectrum Il. The best

fits (reported in Figure S4) were obtained with the parameters reported in Table S2.
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Figure S1. Top: Comparison of the experimental Mossbauer spectra recorded at ca. 6 K on cells samples with
(solid mauve lines) or without (solid black lines) induction of the overexpression of M2- (panel A) and WT-
anamorsin (panel C). A 60 mT external magnetic field was applied parallel to the y-rays. Spectra of the control
cells sample were scaled to get the superimposition of the absorption at = 3 mm s~'. Bottom: Induced minus
control cells difference spectra (dashed black lines) calculated from spectra shown in panels A and C. The red
solid lines correspond to the contribution of the [2Fe-2S] cluster as shown in Figure 14 and 1C. For both the
M?2- (panel B) and WT-anamorsin (panel D), this doublet is almost superimposable to the difference spectrum
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Figure S2. Western blot gel on lysates obtained from E. coli cells expressing M2- and WT anamorsin. Lane 1) and 2) 1:5
dilutions of resuspended cells expressing M2- and WT-anamorsin, respectively. Lane 3) and 4) are 1:10 dilutions of
resuspended cells expressing M2- and WT anamorsin, respectively. The densitometric analysis of the western blot band

intensities indicate that M2-anamorsin is 1.3 times more expressed than WT-anamorsin.
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Figure S3. CW EPR spectra of reduced control cells (dotted lines) and reduced E. coli cells expressing M2- (A) and
WT- anamorsin (B) (solid lines).

T T T T T T T T

1 T T T T T T T T 1
300 310 320 330 340 350 360 370 380 300 310 320 330 340 350 360 370 380
Magnetic Field (mT) Magnetic Field (mT)

Figure S4. Simulations (red lines) of the EPR difference spectra (black lines) obtained for reduced E. coli cells expressing
M2- (A) and WT-anamorsin (B) at 10 K. The best fit were obtained with Easyspin software’” with the parameters reported
in Table S2. The primary EPR spectra of the cells were recorded under the following conditions: temperature, 10 K;

microwave power, 0.5 mW; microwave frequency, 9.36 GHz; modulation amplitude, 10 G; modulation frequency, 100

kHz; acquisition time constant, 163.84 ms; number of points 1024.

15



Table S1. Parameters issued from the simulations of the Mdssbauer spectra. The contributions for the different Fe sites

are calculated versus the total iron content in induced cells. Uncertainties are +0.02, £0.05, £0.04, and +4 for the isomer

shift (), the quadrupole splitting (AEq), the Lorentzian full-width at half-maximum (7), and the relative area,

respectively.

% in % in
) ) 6 (mm s~ )
Protein Fe sites . AEq (mms™) T'(mms™) control induced
) cells? cells
HS Fe' (1) 1.30 3.22 0.44 11 11
HSFe'' (2) 1.31 2.71 0.50 10 10
M2-
) CD 0.45 1.15 0.40 17 18
anamorsin
NP 0.49 0.54 0.49 19 19
[2Fe-2S]  0.27 0.50 0.28 0 41
HSFe' (1) 1.32 3.19 0.41 14 14
HSFe' (2) 1.32 2.59 0.52 10 10
WT-
) CD 0.45 1.15 0.42 20 22
anamorsin
NP 0.47 0.54 0.50 23 21
[2Fe-2S]  0.26 0.51 0.27 0 32

2 The control cells spectra were scaled to get the superimposition of the absorption observed at =3 mm s in

induced cells spectra (black spectra in Figure S1A and S1C).
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Table S2. Parameters issued from the simulation of the in cellulo EPR difference spectra of M2- and WT-anamorsin at

10 K. The line shapes were modelled with a combination of Lorentzian function and H-strain (see the text for details).

Protein Spin System  gmax Omid Omin
M2-anamorsin S1=1/2 2.016 1.935 1.890
S1=1/2 2.016 1.935 1.890

WT-anamorsin
S,=1/2 2.002 1.961 1.917
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from GLRX3 and anamorsin to assemble [4Fe-4S] clusters on
the scaffold protein NUBP1
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3.2. Unraveling the mechanism of cluster and electron transfer from GLRX3
and anamorsin to assemble [4Fe-4S] clusters on the scaffold protein NUBP1
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Abstract

Human cytosolic monothiol glutaredoxin GLRX3, is an essential component of the cytosolic iron-
sulfur cluster assembly machinery, acting as a [2Fe-2S] cluster chaperone. We previously showed
that GLRX3 is able to transfer in vitro its two [2Fe-2S]%* clusters to NUBP1. The two clusters are
reductively coupled to form a [4Fe-4S] cluster in the presence of generic reductants such as GSH or
DTT. Here we show that the two electrons required for the reductive coupling of the two [2Fe-2S]-
GLRX3 donated clusters on NUBP1 are provided by human anamorsin, a protein forming in the cell
an electron transfer chain with NDOR1. We found through various spectroscopic and biochemical
techniques that [2Fe-2S]-anamorsin and [2Fe-2S].-GLRX32-GSs4 form a stable protein-protein
complex, which provides [2Fe-2S] clusters and electrons for the assembly of [4Fe-4S]?* clusters on
NUBP1. Moreover, we found that only the [2Fe-2S]* cluster bound to the M1 motif of [2Fe-2S]-
anamorsin, and not that bound to the M2 motif, is able to act as electron donor for the reductive
coupling of the two [2Fe-2S]?* clusters donated by [2Fe-2S],-GLRX3,-GS..

3.2.1. Introduction

The maturation of iron-sulfur (Fe-S) proteins is a highly conserved, multistep process, involving
sophisticated machineries'?. In humans, this process is carried out by a mitochondrial and a cytosolic
iron-sulfur assembly (CIA) machinery’ and the latter was proposed to begin with the assembly of a
[4Fe-4S] cluster on a scaffold complex formed by two homologous P-loop nucleoside triphosphatases
(NTPases), named NUBP1 and NUBP2*°, with the assistance of an electron transfer chain composed
by the proteins NDOR1 and anamorsin®. Human NUBP1 and NUBP2 form homo- and hetero-

complexes in vitro and in vivo*’. Both proteins have a conserved C-terminal CPXC cluster binding
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motif that binds a labile [4Fe-4S] cluster, bridging two protein molecules in the homo- and hetero-
complexes’”. In addition, NUBPI has a conserved N-terminal CX;3CX>CXsC motif, that tightly
binds a second [4Fe-48] cluster*”. The mechanism of the assembly of [4Fe-4S] cluster on these
scaffold proteins is still elusive, and the source of iron, sulfide and electrons necessary for the

biosynthesis of these [4Fe-4S] clusters is still a matter of debate®!°.

We recently demonstrated that human cytosolic monothiol glutaredoxin GLRX3, which acts as a

11-13

[2Fe-2S] cluster chaperone in the early stages of the CIA machinery '~°, and which is essential in

1** clusters

vivo for the maturation of cytosolic [4Fe-4S] proteins'?, is able to transfer its two [2Fe-2S
to NUBP1 in vitro. The two clusters are then converted into a [4Fe-4S] cluster on NUBP1 thanks to
the electrons donated by generic reductants, such as GSH and DTT’. In vivo, the two electrons
required for the reductive coupling of the two [2Fe-2S] clusters on NUBP1 might be provided by an

1516 since it has been

electron transfer chain formed by the CIA components NDOR1 and anamorsin
shown that the yeast homologues of NDOR1/anamorsin (i.e. Tah18/Dre2) are strictly required for the
maturation of the [4Fe—4S] cluster at the N-terminal motif of the yeast homologue of NUBPI, i.e.
Nbp35, as well as that they can be functionally replaced by human NDOR1 and anamorsin proteins.®
However, no data are to date available showing how the NDOR 1/anamorsin-dependent electron

transfer chain operates in the [4Fe-4S] cluster assembly on the NTPases.

Anamorsin is a Fe-S binding protein, containing two conserved cysteine-rich motifs, each binding in
vitro and in cell a [2Fe-2S] cluster'>!718: a CX3CX,CXC motif (M1 hereafter), followed by a
CX2CX57CXoC motif (M2 hereafter). Only the [2Fe-2S] cluster bound to the M1 motif of anamorsin
receives electrons from NDORI, in the electron transfer chain formed by
NADPH/NDOR 1/anamorsin'®!®, while the [2Fe-2S] cluster bound to the M2 motif does not, and its

function is still unknown.

In this work, we investigated, through various spectroscopic and biochemical techniques, the role of
anamorsin in the GLRX3-dependent maturation of [4Fe-4S]-NUBP1. We found that [2Fe-2S]-
anamorsin and [2Fe-2S]>-GLRX3,-GS4 form a stable protein-protein complex, which provides [2Fe-
2S] clusters and electrons for the assembly of [4Fe-4S]?* clusters on NUBP1. Moreover, we found
that only the [2Fe-2S]" cluster bound to the M1 motif of [2Fe-2S]-anamorsin, and not that bound to
the M2 motif, is able to act as electron donor for the reductive coupling of the two [2Fe-2S]?* clusters
donated by [2Fe-2S]>-GLRX32-GSas.
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3.2.2. Results

Anamorsin provides electrons for the reductive coupling of [2Fe-2S]?* clusters on
NUBP1

Monomeric apo Hise-tagged NUBP1 was mixed with 1.5 equivalents of chemically reconstituted,
untagged [2Fe-2S]>-GLRX3,-GS4 and 3.0 equivalents of reduced, untagged [2Fe-2S]"-anamorsin
under anaerobic conditions (see Experimental section for details). After ~1 hour, Hise-tagged NUBP1
was isolated from the reaction mixture by Ni?*-affinity chromatography. The isolated NUBP1 protein
was then characterized by UV-visible (UV-vis) and NMR spectroscopy, size exclusion
chromatography (SEC) and by performing acid-labile sulfide and iron quantification. The UV-vis
spectrum was characteristic of a [4Fe-4S]*-bound protein, with the presence of a broad absorbance
band at ~ 410 nm (Figure 1A). The paramagnetic 1D 'H NMR spectrum showed four intense
hyperfine shifted signals in the 18-11 ppm spectral region (Figure 1B), whose chemical shift values
and temperature dependence (figure S1) are typical of BCH. of cysteines bound to a [4Fe-4S]%
cluster?®2!, and that are well superimposable with those that we previously observed for the oxidized
[4Fe-4S]?* cluster-bound form of NUBP1.
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Figure 1. A) UV-vis spectra of NUBP1 before (blue line) and after (black line) the incubation and isolation from [2Fe-
25]2-GLRX32-GS4 and [2Fe-2S]* anamorsin; B) paramagnetic *H 1D NMR spectrum of NUBP1 after incubation and
isolation from [2Fe-2S]>-GLRX3,-GSs and [2Fe-2S]* anamorsin; C) analytical size exclusion chromatography of
NUBP1 before (blue line) and after (black line) the incubation and isolation from [2Fe-2S],-GLRX3,-GS4 and [2Fe-2S]*
anamorsin.

Acid-labile sulfide and iron analysis on NUBP1 showed the presence of ~0.6 [4Fe-4S] clusters per
dimer, which is comparable with the assembly efficiency observed when the cluster transfer reaction
was performed in the presence of GSH’. Analytical SEC showed that cluster transfer from [2Fe-2S].-
GLRX3,-GSs to NUBP1 in the presence of [2Fe-2S]"-anamorsin induces protein dimerization
(Figure 1C). Indeed, the apparent molecular mass of NUBP1 changes from 55.1 kDa, detected for
monomeric apo NUBP1 before the mixing, to 102.0 kDa, detected for NUBP1 after incubation and
isolation from the reaction mixture, that is very close to the apparent molecular mass expected for

dimeric NUBP1, i.e. 111.0 kDa. Overall, these data suggest that anamorsin is able to promote [4Fe-
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4S] assembly on NUBP1 providing the electrons required to reductively couple two [2Fe-2S] clusters
donated by GLRX3. Moreover, since the C-terminal motif of NUBP1 was exclusively found to
promote NUBP1 dimerization by bridging a Fe-S cluster between the two subunits of NUBP1’, these
data indicate that [4Fe-4S] cluster assembly occurs at both the N- and C-terminal motifs of NUBPL.

Table 2. Iron and acid-labile sulfide quantification of NUBPI after cluster transfer/assembly reaction.

Sample Fe* S [2Fe-2S] [4Fe-4S]
NUBP1" after mixing with [2Fe-2S]s- 23+0.1 23+£01 - 0.6£0.1
GLRX3,-GS4 and WT-anamorsin

NUBP1" after mixing with [2Fe-2S]s- 2.6£0.1 29+0.1 - 0.7+0.1

GLRX3,-GS4 and M 1-anamorsin

NUBP1" after mixing with [2Fe-2S]s- 1.1£0.1 12+0.1 0.6+0.1 -
GLRX3,-GS4 and M2-anamorsin

a Fe and acid-labile S measurements are reported as mol Fe or S per mol of dimeric protein. Data are the

average of three independent samples.

The M1-bound cluster of [2Fe-2S]-anamorsin, but not the M2-bound cluster,
provides electrons for the assembly of [4Fe-4S] clusters on NUBP1

As following step, we have characterized which is the [2Fe-2S] cluster of anamorsin between M1-
and M2-bound clusters providing the electrons required for the formation of [4Fe-4S] clusters on
NUBPL1. To do that, the same experiment describe above for wild-type anamorsin (WT-anamorsin,
hereafter) was repeated in the presence of i) a construct of anamorsin lacking the last 49 C-terminal
residues, and therefore containing only the M1-motif (M1-anamorsin, hereafter), and of ii) a mutant
containing only the M2 cluster binding site, obtained by mutating the four cysteines of the M1 motif
into alanines (M2-anamorsin, hereafter). Hiss-taged monomeric apo NUBP1 was mixed with 1.5 eq
of chemically reconstituted, untagged [2Fe-2S].-GLRX3-GS4 and 3 equivalents of reduced,
untagged [2Fe-2S]* M1-anamorsin and then isolated from the mixture. It showed a broad absorbance
band at ~ 410 nm in the UV-vis spectra characteristic of the oxidized [4Fe-4S]?* cluster-bound form
of NUBP1 (Figure 2A), and the four intense hyperfine shifted signals in the paramagnetic 1D *H
NMR spectrum, characteristic of the oxidized [4Fe-4S]?* cluster-bound form of NUBP1 (Figure 2B).
Acid-labile sulfide and iron analysis performed on isolated NUBP1 showed the presence of ~ 0.7
[4Fe-4S] clusters per dimer, which is comparable with what observed when the reaction was

performed in the presence of WT-anamorsin. On the contrary, when Hise-tagged apo monomeric
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NUBP1 was mixed, and then isolated, with 1.5 equivalents of chemically reconstituted, untagged
[2Fe-2S]>-GLRX3,-GS4 and 3 equivalents of reduced, untagged [2Fe-2S]* M2-anamorsin, the UV-
vis spectrum did not match that of NUBPL1 isolated from the reaction with [2Fe-2S]* WT- or M1-
anamorsin. Indeed, broad bands at 320, 460 and 580 nm were observed, which are typical of the
binding of a [2Fe-2S]?* cluster, instead of a [4Fe-4S]** cluster (Figure 2A). The 1D 'H NMR
spectrum of isolated NUBP1 from the latter mixture showed a broad, unresolved signal in the 30-20
ppm region (Figure 2B), that is typical of BCH, of cysteines bound to a [2Fe-2S]?* cluster?®2?,
NUBP1 dimerized upon incubation with [2Fe-2S],-GLRX32-GS4 and either M1-or M2-anamorsin
constructs, as showed by analytical SEC on the NUBPL1 after it is isolated from the mixture (Figure

2C), indicating that a Fe-S cluster is bridged between two NUBP1 subunits.

Overall, these results indicate that a [2Fe-2S] cluster transfer from [2Fe-2S].-GLRX32-GS4 occurs to
both the N- and C-terminal binding sites of NUBP1, but only the [2Fe-2S]* cluster bound to the M1
motif of anamorsin is able to transfer electrons to reductively couple the GLRX3-donated [2Fe-2S]
clusters and to assemble a [4Fe-4S] cluster. It is worth noting that the amount of [4Fe-4S]%* cluster
bound to dimeric NUBP1 after incubation and isolation from [2Fe-2S]>-GLRX32-GS4 /[2Fe-2S]* M1-
anamorsin mixture is almost identical to that observed after incubation and isolation from [2Fe-2S]2-
GLRX3>-GS4 /[2Fe-2S]" WT-anamorsin mixture. This suggests that the M1-bound cluster of
anamorsin acts as an electron donor for the assembly of [4Fe-4S] clusters on NUBP1 independently
of the M2-bound cluster, with the lack of any cooperativity between the two clusters in the electron
transfer event. The M2-bound cluster is thus not playing a role in the electron transfer event and
further studies will be required to establish its functional role. This is in agreement with previous
finding showing that NDOR1 (or Tah18) is able to reduce exclusively the M1-bound [2Fe-2S] cluster

of anamorsin (or Dre2)15,
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Figure 2. A) UV-vis spectra of NUBP1 before (black line) and after the incubation and isolation from [2Fe-2S],-GLRX3,-
GS, and M1- (red line) and M2-anamorsin (red line); B) paramagnetic *H 1D NMR spectra of NUBP1 after incubation
and isolation from [2Fe-2S],-GLRX3,-GS; and a) M1- and b) M2-anamorsin; C) analytical size exclusion
chromatography of NUBP1 before (black line) and after the incubation and isolation from [2Fe-2S].-GLRX3,-GS4 and
M1- (red line) and M2-anamorsin (red line).
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A complex between [2Fe-2S].-GLRX32-GS4 and [2Fe-2S]-anamorsin is the key
intermediate driving the assembly of [4Fe-4S] clusters on NUBP1

In order to clarify the mechanism of the GLRX3/anamorsin-dependent [4Fe-4S]>* NUBP1,
maturation, we investigated the interaction between [2Fe-2S],-GLRX3,-GS4 and [2Fe-2S]?* WT-
anamorsin. [2Fe-2S].-GLRX3>-GSs and  [2Fe-2S]**-anamorsin  were mixed at different
protein:protein ratio and these mixtures were then analyzed by analytical SEC. [2Fe-2S]>-GLRX3»-
GSs elutes with two peaks, corresponding to homodimeric [2Fe-2S]>-GLRX32-GS4 (12.95 ml) and
apo monomeric GLRX3 (14.60 ml), with apparent molecular mass of 132.5 and 62.4 kDa,
respectively. [2Fe-2S]** WT-anamorsin elutes with a main peak at 14.09 ml, corresponding to an
apparent molecular mass of 78.7 kDa. When sub-stoichiometric amounts of [2Fe-2S]** WT-
anamorsin were added to [2Fe-2S]>-GLRX32-GS4 (i.e. up to 0.5 equivalents), the peak corresponding
to [2Fe-2S]>-GLRX32-GS4 species, progressively decreased in intensity (figure 3A), and, at the same
time, a new peak eluting at 12.10 ml, was observed (figure 3A), suggesting the formation of a
GLRX3-anamorsin heterocomplex. The apparent molecular mass of this new species was 197.7 kDa,
that is very close to the sum of the apparent molecular mass of one molecule of [2Fe-2S]>-GLRX3:-
GS4 and one molecule of [2Fe-2S] WT-anamorsin, i.e. 211.2 kDa. The elution volume of this complex
was significantly different from that observed for a 1:1 mixture of apo GLRX3 and [2Fe-2S]** WT-
anamorsin, eluting as a single peak at 12.75 ml (figure 3A) and having the corresponding species an
apparent molecular mass of 142.7 kDa. This species corresponds to a heterodimeric complex between
apo GLRX3 and [2Fe-2S]-anamorsin having indeed an apparent molecular mass very close to the
sum of the apparent molecular masses of one molecule of apo GLRX3 and one molecule of [2Fe-
2S]#* WT-anamorsin, i.e. 141.1 kDa. By further increasing the amount of [2Fe-2S]?* WT-anamorsin
up to 2 eq., the peak corresponding to [2Fe-2S].-GLRX3,-GS4/[2Fe-2S]** WT-anamorsin complex
decreased in intensity and a new peak at 11.23 ml is formed. This suggests an increase in the size of
the complex formed by the two proteins. The apparent molecular mass of the new species at 11.23
ml is 288.4 kDa, that is very close to the apparent molecular mass expected for the formation of a
complex between one [2Fe-2S],-GLRX32-GSs molecule and two [2Fe-2S]?* WT-anamorsin
molecules (i.e. 289.8 kDa). The complete formation of this larger MW complex was reached at 2 eq.
of anamorsin, in agreement with a 1:2 stoichiometry of the complex, i.e. one homodimer of GLRX3

per two monomers of anamorsin.
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Figure 3. [2Fe-2S].-GLRX32-GS, and [2Fe-2S]-anamorsin form a stable heterotrimeric complex that drives the assembly
of [4Fe-4S] clusters on NUBP1. A) Analytical size exclusion chromatography of [2Fe-25].-GLRX3,-GS, /[2Fe-2S5]%*-
anamorsin mixtures.. B) The quaternary structure of GLRX3-anamorsin complex changes upon cluster transfer to
NUBP1. Analytical size exclusion chromatography of a) a 1:1 mixture of apo GLRX3 and [2Fe-2S]%*-anamorsin; b)
[2Fe-25]>-GLRX3,-GS4/[2Fe-2S]?*-anamorsin 1:2 mixture after incubation and isolation from NUBP1; [2Fe-2S],-
GLRX3,-GS4/[2Fe-2S]?*-anamorsin 1:2 mixture before incubation with NUBP1; d) [2Fe-2S]?*-anamorsin; e) [2Fe-25] -
GLRX3,-GSa. Vertical, dotted lines in A and B panels indicate the main peaks with their elution volumes: cyan = apo
GLRX3; green = [2Fe-2S],-GLRX32-GS4; blue = [2Fe-2S]?*-anamorsin; purple = apo GLRX3:[2Fe-2S]?*-anamorsin
1:1 complex; magenta = [2Fe-2S]>-GLRX3,-GS, :[2Fe-2S]?*-anamorsin 1:1 complex; red = [2Fe-2S],-GLRX3,-GS,
:[2Fe-2S]?*-anamorsin 1:2 complex

Analytical SEC was also applied to investigate changes in the quaternary structure of [2Fe-2S]»-
GLRX3,-GS4/[2Fe-2S]" WT-anamorsin, complex upon the interaction with Hise-tagged apo NUBP1.
The [2Fe-2S]2-GLRX32-GS4/[2Fe-2S]* WT-anamorsin, complex was incubated with Hiss-tagged
apo NUBP1 and then separated from NUBP1 by Ni?*-affinity chromatography. The unbound fraction
containing [2Fe-2S]>-GLRX32-GSs and [2Fe-2S] WT-anamorsin was then analyzed by analytical
SEC. The two proteins co-elutes with a main single peak, which has a different elution volume and
therefore a different apparent molecular mass from that observed for the starting [2Fe-2S]>-GLRX32-
GS4/[2Fe-2S]" WT-anamorsin, complex (figure 3B), indicating the occurrence of significant changes
in the quaternary structure of the GLRX3/anamorsin complex. The new peak, eluting at 12.73 ml,
corresponds to a major species with an apparent molecular mass of 146.0 kDa, that is very close to
the sum of the apparent molecular masses of one molecule of apo GLRX3 and one molecule of [2Fe-
2S] WT-anamorsin, i.e. 146.9 kDa, indicating the formation of a 1:1 GLRX3-anamorsin heterodimer.
This can be reasonably interpreted as the result of the transfer of two clusters from GLRX3 to NUBP1
to assemble [4Fe-4S] clusters. Indeed, the two [2Fe-2S] clusters bridging the two subunits of dimeric
[2Fe-2S]>-GLRX32-GS4 are required for the stability of the quaternary structure of [2Fe-2S]»-
GLRX3,-GS4:[2Fe-2S] WT-anamorsinz complex.
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3.2.3. Discussion

NUBP1, which is essential for cytosolic Fe-S protein assembly*, has been proposed to act in the early
stages of the CIA machinery as a scaffold protein*®°, where the [4Fe-4S] clusters are formed and then
distributed in the cytosol. However, the mechanism of the de novo assembly of [4Fe-4S] clusters on
NUBP1 is still elusive. Recently, we proposed that the cytosolic [2Fe-2S] cluster chaperone GLRX3
is the source of Fe and S necessary for the assembly of [4Fe-4S] clusters on NUBP1 in cell’. Indeed,
we showed that [2Fe-2S],-GLRX32-GS4 transfers [2Fe-2S]?* clusters to both N-terminal and C-
terminal motifs of monomeric apo NUBP1 in vitro, inducing protein dimerization. Two [2Fe-25]%*
clusters donated by [2Fe-2S].-GLRX3,-GS4 were then reductively coupled to form a [4Fe-4S]%*
cluster at the N-terminal motif of NUBP1, but not at the C-terminal cluster binding motif, where only
a [2Fe-2S]?* cluster was observed. Functional data available on yeast Nbp35 supported the proposed
GLRX3 chaperone function, as depletion of Nbp35 resulted in an accumulation of iron on GLRX3
yeast homologs, Grx3/4,% likely in the form of a [2Fe-2S] cluster, that cannot be transferred anymore
to Nbp35. The two electrons required to generate in vitro the [4Fe-4S]?* cluster on NUBP1 were
provided in our previous in vitro experiments by GSH. However, anamorsin and the NADPH-
dependent diflavin oxidoreductase 1 (NDOR1), that form a stable complex,%'® as well as the yeast
homolog Dre2/Tah18 complex, are thought to provide reducing equivalents for the assembly of [4Fe-
4S] clusters. In the current working model, NADPH/NDORZ1/anamorsin electron transfer chain
provides electrons for the maturation of the [4Fe-4S] cluster at the N-terminal motif of the P-loop
NTPases protein NUBP1. Moreover, a specific interaction between anamorsin and NUBP1
homologues has been reported in plants,?>?® supporting the model where the NDORZ1/anamorsin

electron transfer chain assembles a [4Fe—4S]%* cluster on the N-terminal motif of NUBP1.

In this work, we showed that anamorsin acts as an electron donor in the GLRX3-dependent [4Fe-4S]-
NUBP1 maturation process and we have elucidated the mechanism of this process. Our work thus
provides the first evidence of the role of this human protein as an early constituent of the CIA

machinery.

We showed that the two electrons required for the conversion of two [2Fe-2S]?* clusters donated by
GLRX3 into a [4Fe-4S]?* cluster on the N-terminal site of NUBP1 are supplied in vitro by [2Fe-2S]*-

anamorsin.

We also found that the [2Fe-2S]" cluster bound to the M1 motif of reduced anamorsin was able to
donate electrons for the reductive coupling process, independently of the presence of the [2Fe-2S]*

cluster bound to the M2 motif. On the contrary, the M2-bound cluster was not able to transfer
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electrons to NUBP1 once the M1-bound cluster was absent. No significant differences where
observed in the efficiency of the cluster transfer/assembly process when only the M1-bound cluster
or both M1- and M2-bound clusters were present. This indicates that only the [2Fe-2S]" cluster bound
to the M1 motif of anamorsin transfers electrons for the [4Fe-4S] cluster assembly process, allowing
to exclude any cooperativity effect between the [2Fe-2S] clusters bound to the M1- and M2-motif of
anamorsin in the formation of a [4Fe-4S] cluster on NUBP1. These results nicely fit with what
reported about the function of the two clusters of anamorsin. Indeed, during the electron transfer
chain, the FMN moiety of NDOR1 receives electrons from NADPH?® and then exclusively transfers
them to the oxidized [2Fe-2S]?* cluster bound to the M1 motif of anamorsin.®®7 On the contrary,
the [2Fe-2S]?* cluster bound to the M2 motif of anamorsin seems not to take part in the electron
transfer process in vitro, and its function is currently unknown. Our findings support that the M1

cluster of anamorsin has a redox function in cell.

We showed that the cluster transfer/assembly mechanism on NUBPL1 involves the formation of a
protein-protein complex between dimeric [2Fe-2S]>-GLRX32-GS4 and [2Fe-2S]-anamorsin. The two
holo proteins form a stable 1:2 hetero-complex, able to provide two GLRX3-bound [2Fe-2S]?*
clusters and two electrons, one from each M1-bound cluster on each anamorsin molecule in the
complex, to stoichiometrically assemble a [4Fe-4S] cluster on NUBP1. We might speculate that the
protein-protein interaction, that involves the N-terminal domains of GLRX3 and anamorsin,?’ bring
closer together the two [2Fe-2S] clusters of [2Fe-2S]>-GLRX3,-GS4 and the two electrons on the
reduced cluster bound to the M1 motif of anamorsin, allowing the [2Fe-2S] clusters- and electron-

transfer events to take place through a concerted mechanism (scheme 1).

GLRX3 anamorsin

NUBP1

Scheme 1. Mechanism of the [4Fe-4S] cluster assembly on NUBP1.When [2Fe-2S],-GLRX3,-GS, is mixed with [2Fe-
2S]2*-anamorsin, the N-terminal domain of the two proteins interact and a 1:2 [2Fe-2S]2-GLRX3,-GS4:[2Fe-2S].* -
anamorsin complex is formed. This complex transfers two [2Fe-2S] clusters from [2Fe-2S],-GLRX3,-GSs and two
electrons for the assembly of [4Fe-4S] clusters on NUBPL1. The latter process induces changes in the quaternary structure
of the [2Fe-2S],-GLRX3,-GS4/[2Fe-2S].-anamorsin complex, with the production of a 1:1 apo GLRX3:[2Fe-2S].-
anamorsin complex.
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Conclusions

Our study contributes to the understanding of the mechanism of Fe-S protein biogenesis in the
cytosol, providing evidences for role of anamorsin as an electron donor in the cytosolic [4Fe-4S]
clusters assembly process. We propose that one molecule of [2Fe-2S]>-GLRX3>-GS4 and two
molecules of [2Fe-2S] anamorsin form a stable complex, that acts as a component of the CIA
machinery at its early stage, by transferring two GLRX3-bound [2Fe-2S] clusters to NUBP1 and
providing two electrons, one from each reduced cluster bound to the M1 motif of anamorsin, to

stoichiometrically assemble a [4Fe-4S] cluster on NUBP1.

3.2.4. Experimental Section

Protein production
Human monomeric apo NUBP1, human [2Fe-2S].-GLRX3,-GSs and human [2Fe-2S]?* WT- M1-

and M2-anamorsin were expressed and purified following previously reported procedures’827,

Reduced [2Fe-2S]" WT- M1- and M2-anamorsin were obtained by adding sodium dithionite in
stoichiometric amount. The buffer was then exchanged by PD10 desalting column (GE Healthcare)

to remove any excess of sodium dithionite.

Protein, iron and acid-labile sulfide quantification.

Protein quantification was carried out with the Bradford protein assay, using BSA as a standard. Non-

heme iron and acid-labile sulfide content was determined as described previously?®.

Biochemical and spectroscopic UV-vis and NMR methods.

For all the measurements, the protein samples were in degassed 50 mM Tris buffer pH 8.0, 150 mM

NaCl, if not differently specified.

The quaternary structure of the proteins was analyzed through analytical SEC on a Superdex 200
10/300 Increase column (GE Healthcare). Column was calibrated with gel filtration marker
calibration kit, 12.4-2000 kDa (Sigma-Aldrich), to obtain the apparent molecular masses of the
detected species. Samples were loaded on the pre-equilibrated column. Elution profiles were recorded

at 280 nm with a flow rate of 0.7 mL/min.

UV-visible (UV-vis) spectra were anaerobically acquired on a Cary 50 Eclipse spectrophotometer.
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Paramagnetic 1D *H NMR experiment were performed on a Bruker Avance spectrometer operating
at 400 MHz H Larmor frequency an equipped with a *H optimized 5 mm probe. Water signal was
suppressed via fast repetition experiments and water selective irradiation®. Experiments were
typically performed using an acquisition time of 50 ms, and an overall recycle delay of 80 ms. Sample
concentration was in the range 0.2-0.4 mM, in degassed 50 mM Tris buffer pH 8.0, 150 mM NacCl,
100 % D20. Squared cosine and exponential multiplications were applied prior to Fourier

Transformation. Manual baseline correction was performed using polynomial functions.

Cluster transfer from [2Fe-2S]>-GLRX3,-GS4 to Hise-tagged apo wtNUBP1

Hise-tagged monomeric apo NUBP1 was incubated under anaerobic conditions with 1.5 equivalents
of [2Fe-2S]>-GLRX32-GS4, and 3.0 equivalents of reduced, [2Fe-2S]® WT-anamorsin or 1.5
equivalents reduced, [2Fe-2S]* M1-anamorsin or [2Fe-2S]" M2-anamorsin for 1 hour at room
temperature in 40 mM sodium phosphate buffer pH 8.0, 400 mM NaCl and 5 mM imidazole. The
final NUBP1: [2Fe-2S],-GLRX3,-GS4: [2Fe-2S]*-anamorsin ratio correspond to the stoichiometric
amounts of [2Fe-2S] clusters from [2Fe-2S].-GLRX32-GS. and electrons from [2Fe-2S]*-anamorsin,
required to fully saturate the cluster binding motifs present in NUBP1 with a [4Fe-4S] cluster, i.e.
three per dimeric WtNUBP1.” Separation of Hiss-tagged NUBP1 from untagged GLRX3 and
untagged anamorsin after the reaction was performed in anaerobic conditions, by loading the reaction
mixtures on a His GraviTrap column pre-equilibrated with 40 mM sodium phosphate buffer pH 8.0,
400 mM NaCl and 5 mM imidazole. The Hiss-tagged NUBP1 species was eluted with 40 mM sodium
phosphate buffer pH 8.0, 400 mM NaCl and 400 mM imidazole. After concentration the buffer was
exchanged by PD-10 desalting column in the appropriate degassed buffer required to perform
analytical gel filtration, iron and acid-labile sulfide quantification and to acquire UV-vis and

paramagnetic 1D *H NMR spectra.
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RESULTS

Study of the [4Fe-4S] clusters assembly process on the
cytosolic NUBP1-NUBP?2 scaffold complex
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3.3. Study of the [4Fe-4S] clusters assembly process on the cytosolic NUBP1-
NUBP?2 scaffold complex

3.3.1. Introduction

The cytosolic Fe-S protein assembly machinery is structured in main two steps, the early one,
necessary for Fe-S cluster assembly, and the last one, responsible for cluster transfer and insertion
into target cytosolic and nuclear proteins. The process has been mostly characterized in yeast, where
the first component to be identified was the essential and highly conserved nucleotide triphosphatases
(NTPases) CFD1 and NBP35 proteins?’28. These two proteins form a CFD1-NBP35 heterocomplex,
that performs a scaffold function in the early step of the CIA machinery by de novo assembling [4Fe-
4S] clusters?®3°, This process is assisted by an electron transfer chain composed by Tah18 and Dre2

proteins®L,

The human homologues of NBP35 and CFD1 are NUBP1 and NUBP2, respectively. NUBP1 and
NUBP2 share a high degree of sequence identity with NBP35 and CFD1, respectively, and it has been
proposed that the two human proteins cooperate in the same molecular process of the yeast
homologues®>®, being responsible for the assembly of nascent Fe-S clusters that are ultimately
inserted into the active sites of apo Fe-S enzymes localized to the cytosol and nucleus. Accordingly,
it has been shown that NUBP1 and NUBP2 interact in vivo. NUBP1 has a highly conserved N-
terminal CX13CX2CXsC motif2%4647 that is absent in the NUBP2 family, and a conserved C-terminal
CPXC motif, that is also present in NUBP2. The latter motif coordinates a labile [4Fe—4S] cluster
bridging two protein molecules in homodimeric NUBP1, NBP35, CFD1, and in the CFD1-NBP35
heterocomplex® and it was found to be essential for the function of the yeast CFD1 and NBP35 in
the assembly of cytosolic [4Fe—4S] proteins*®. Moreover, NUBP1 binds a second [4Fe-4S] cluster to
the N-terminal motif*, which is essential for the protein function *>%°. The characterization of the
Fe-S cluster binding properties and quaternary structure of NUBP1-NUBP2 complex is an essential
prerequisite to investigate in detail the Fe—S cluster assembly pathway in the cytosol. However, while
the quaternary structure and cluster binding properties of NUBP1 have been recently elucidated®,
those of NUBP2 and of NUBP1-NUBP2 heterocomplex are still poorly investigated. My work was
therefore focused on the production and characterization of the NUBP1-NUBP2 heterocomplex, and
on the study of the de novo assembly of [4Fe-4S] clusters in cytosol.

The protocol for the production of NUBP1 protein was previously developed by Prof. Banci’s group,
while any attempt to purify NUBP2 by the same group failed. Indeed, the protein was expressed in
high yield, but it showed high instability. Two strategies were therefore adopted in my PhD work to
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overcome the problems related to NUBP2 production: i) the use of a stable homologue of NUBP2, to
reconstitute in vitro a model for the NUBP1-NUBP2 heterocomplex and ii) the coexpression and

copurification of the human NUBP1-NUBP2 heterocomplex.

3.3.2. ctCFD1 as a model for NUBP2 protein

Recently, the crystal structure of the Chaetomium thermophilum homologue of NUBP2, i.e. ctCFD1,
was determined at 2.6 A-resolution®. ctCFD1 was reported to have higher stability than the yeast
CFD1 and the human NUBP2! ; the X-ray crystallographic study showed that the protein forms a
dimer, where the two ctCFD1 monomers coordinate a bridging [4Fe-4S] cluster via two conserved

cysteine residuest?, as suggested for the yeast CFD1 and the human NUBP2.

Bioinformatics analysis was therefore performed to establish if ctCFD1 protein could be an adequate
model for NUBP2 protein

3.3.3. Bioinformatics analysis

The crystal structure of ctCFD1 at 2.57 A of resolution (PDB: 6G2G) showed a homodimer that forms
a new structural subclass which binds a bridging [4Fe-4S] cluster at surface-exposed CPXC
motifves(Fig. 1). The cluster is coordinated by cysteine residues C199 and C202 of the conserved
CPXC motif of each subunit. The corresponding residues of S. cerevisiae CFD1 and NBP35 have
been found to be essential for both cell viability and Fe-S cluster binding, and hence a bridging Fe-S

cluster coordination had been demonstrated.
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Fig. 1 — Crystal structure of dimeric ctCfdl. The [4Fe-4S] cluster at the dimer interface is shown. Conserved cysteine
residues are highlighted as sticks with carbon in cyan and sulfur in gold. Stars indicate residues belonging to the
symmetry mate. Dashed lines indicate regions with weak electron density

Sequence alignment of the fungus and human proteins performed by ClustalWwW Omega Alignment
program showed that ctCFD1 has 62% of sequence homology with the human protein NUBP2 (Fig.

2) in which are conserved the CPXC motifs.

Chaetomium ——————- MSLSQVKHIILVLSGKGGVGKSSVTTQLALSLSQAGYSVGVLDVDLTGPSIPR 53
Human MEAAAEPGNLAGVRHIILVLSGKGGVGKSTISTELALALRHAGKKVGILDVDLCGPSIPR 60
.*: *:***************:::*:***:* :** .**:***k* * &k k ok k

Chaetomium MFAVEDAKVKQGSGGWLPVVVHEANPSTGIGSLRVMSLGFLLPRRGDAVIWRGPKKTAMV 113
Human MLGAQGRAVHQCDRGWAPVFLDRE-—=———— QOSISLMSVGFLLEKPDEAVVWRGPKKNALI 114
-k:..:. *:* . * & **.:.. -k: :**:**** H .:**:******_*::

Chaetomium ROFMSDVLWDELDFLLVDTPPGTSDEHISLAETLLOQEARPGOLSGAIVVTTPQAVATADV 173
Human KQFVSDVAWGELDYLVVDTPPGTSDEHMATIEA-———LRPYQPLGALVVTTPQAVSVGDV 170
:**:*** *.***:*:***********:: *: * k  x **:********:..k*

Chaetomium RKELNFCKKTGIRVLGVVENMSGEFVCPNCSECTNIFSSGGGEIMANDEFNVRFLGRVPIDP 233
Human RRELTFCRKTGLRVMGIVENMSGFTCPHCTECTSVEFSRGGGEELAQLAGVPFLGSVPLDP 230
*:**.**:***:**:*:*******.**:*:***.:** * k& Kk :*-: .-k * &k **:-k*-

Chaetomium QFLVLIETGKRPR—-YPEGTKVNSQDLSFQHLEQVDNADNPETPNSSLLVDKYRDCSLAP 291
Human ALMRTLEEGHDFIQEFPGSPAF——————— AALTSIAQ-—————————— KILDATPACLP--271
HH R R . oot HE *

Chaetomium IFRAITADVVVAVEQASGS 310

Human = ——————————————————= 271

Fig. 2 — Sequence alignment of ctCFD1 and NUBP2 proteins
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ctCFD1 was then used as a template to obtain a structural model of NUBP2, using the Modeller 3.11
software (Fig. 3). The global RMSD between the two structures is 1.86 A, while the local RMSD
around the cysteines region is 0.4 A, indicating that the fungus protein is a good candidate model for
NUBP?2 protein.

Fig. 3 — Experimental model of NUBP2 (blue) overlapped of ctCFD1 (violet). The conserved cysteines are shown in
yellow

3.3.4. Recombinant production and spectroscopic characterization of ctCFD1

The cDNA coding for the fungus protein ctCFD1 was inserted into the pET28 plasmid for expression
in E.coli, using Ndel and Xhol as restriction enzymes. The final construct contained at the N-termini
of the protein two different tags, i.e. a Hisstag and a Strepll-tag, each followed by the relative cleavage

site, for the following step of isolation and purification of ctCFD1 and NUBP1 complex (Fig. 4).

MGS SHERHHESSGL VPRGSHMWSHPQFEK SSGENLYFQGGMSLSQVKHIILVLSGKGGVG
KSSVITQLALSLSQAGYSVGVLDVDLTGPSIPRMFAVEDAKVKQGSGGWLPVVVHEANPS
TGIGSLRVMSLGFLLPRRGDAVIWRGPKKTAMVRQFMSDVLWDELDFLLVDTPPGTSDEH
ISLAETLLQEARPGQLSGAIVVTTPQAVATADVRKELNFCKKTGIRVLGVVENMSGFVCPN
CSECTNIFSSGGGEIMANDFNVRFLGRVPIDPQFLVLIET GKRPRYPEGTKVNSQDLSFQHLE
QVDNADNPETPNSSLLVDKYRDCSLAPIFRAITADVVVAVEQASGS

HIS TAG THR SITE STREP TAG TEV SITE ctCFD1

Fig. 4 - Sequence ctCFD1 inserted into the pET28 plasmid
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E. coli BL21 (DE3) and RIPL Codon Plus cells were transformed with pET28a plasmid and tested
for expression of ctCFD1 protein. Cells were allowed to grow to ODeoonm 0.6-0.8 at 37 °C. FeCl3 (250
uM) was added before induction. Induction was performed at 37 °C and 20 °C by addition of 0.5 and

1 mM IPTG, for 4 h and overnight. (Fig. 5) Cells were lysed by sonication and the protein was purified

by immobilized metal ion affinity chromatography, under anaerobic conditions because the ctCFD1

protein is unstable in presence of oxygen.

The final protocol for the expression and purification of ctCFD1 in pET28 plasmid is reported in
Table 1. The final yield was 40 mg/L in M9 medium.

RIPL

20° 50Fe RIPL
0.5 IPTG NI

RIPL
30°

RIPL
20° 250Fe
1IPTG

BL21

RIPL
20° 50Fe
RIPL  g51pTG 11PTG

30°P P

20° 50Fe BL21 RIPL
0.5 IPTG NI RIPL 20° 50Fe
o 0.5IPTG | 1 PTG
S

BL21 |20° 250Fe
30°

BL21 30°s

11PTG

Fig. 5 — Expression tests of ctCFD1 protein

BL21 O0.5IPTG 1IPTG

2
.5IPTG| 1 PTG
S
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Table 1 — Expression and anaerobic purification of ctCFD1 protocols

Cells Plasmid | Medium | . oD qf IPTG | Temperature _Tlme .Of Additional
induction induction
RIPL
CODON pET28 M9 06-08 | 1mM 20°C ON Zgggll\/l
PLUS 3
Column Sonication Lysis Buffer Binding Elution Buffer Thrombin
(LB) Buffer (BB) (EB) cut
BB Tris 50mM Tris 50mM
DNAse NaCl 500mM NaCl 500mM
His Trap 0.01mg/ml Imidazole Imidazole
FE2xsmL | 20 ON3TOFE 1 vi0so, 20mm 30mM 500mM 1 ub/mg
DTT 5mM Glycerol 10% Glycerol 10%
pH 8.0 pH 8.0

The ctCFD1 protein purified from E.coli cells was colorless, as verified by UV-vis spectroscopy (data

not shown). A chemical reconstitution protocol was developed to obtain the holo protein . The protein
was incubated overnight in degassed 50 mM Tris buffer pH 8.0, 100 mM NaCl, 5 mM DTT with up
to a 6-fold excess of FeCls and Na.S, inside an anaerobic chamber (Table 2). The buffer was then

exchanged by PD10 desalting column in order to remove any excess of Fe and S. The holo protein

was recovered with a brown colour. The UV-visible spectrum showed an absorbance band at 420 nm,

which is characteristic of [4Fe-4S] binding proteins. This result is therefore consistent with the

binding of a [4Fe-4S] cluster to ctCFD1 (Fig. 6A). The visible CD spectrum was also consistent with

the binding of a [4Fe-4S] cluster that generally do not show any positive Cotton effect in the 300-700

spectral region (Fig. 6B).
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Table 2 — Reconstitution protocol of ctCFD1

Buffer CfCFDl_ FeCl, 6x Na,S 6x DTT
concentration
Tris 50mM Divided into 4 additions Divided into 9 additions
NaCl 100mM 60uM (waiting 2’ for each one) | (waiting 10’ for each one) 5mM
pH 8.0
A B
60+ = ctCFD1 holo 2.0 1 ——— ¢(CFD1 holo
504 1.5
1.0
-g 407 En 0.5
"-: 30 E 004
E € s
w 20 4 1.0
10 -1.5 4
-2.0
0 = = = = . = r r . . .
300 400 500 600 700 800 300 400 500 600 700

Wavelenght (nm) Wavelenght (nm)

Fig. 6 — A) UV-vis and B) CD spectra of holo ctCFD1 protein

The 1D H paramagnetic NMR spectrum of the chemically reconstituted ctCFD1 showed four intense
hyperfine shifted signals in the 17-10 ppm spectral region, whose chemical shift values and linewidths
are typical of PCH,of cysteines bound to a [4Fe-4S]%* cluster. The anti-Curie temperature

dependence of these signals further confirmed the presence of an oxidized [4Fe-4S]?* cluster bound

bodfenécepestiansere acquired in different
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Fig. 7 — 1D 'H NMR paramagnetic of holo ctCFD1

Overall, these results confirmed the presence of [4Fe-4S] cluster bound to ctCFD1.

3.3.5. ctCFD1 and NUBP1 form a weak heterocomplex

In order to understand whether ctCFD1 and NUBP1 can form a heterocomplex in vitro, Hise-tagged
NUBP1 and Strep-tagged ctCFD1 were incubated for 1 h, under anaerobic conditions. The mixture
was then purified through sequential steps of purification, using a HisTrap column, to separate
unbound Strepll-tagged ctCFD1 from Hiss-tagged NUBP1, as a homodimer and in a complex with
Strepll-tagged ctCFD1. The second step of purification was followed by a StrepTrap column, to
separate homodimeric Hise-tagged NUBP1 from ctCFD1-NUBP1 heterocomplex, thanks to the
Strepll-tag present on ctCFD1. The purification protocol and strategy are reported below (Table 3
and Fig. 8)
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Table 3 — Buffers table for the isolation of complex

Elution Buffer

StrepTrap
Column

“e®

2
7 £
&,
\A
LS
G
N

EB @

‘o

G
@

Fig. 8 — Scheme of purification of the ctCFD1-hNBP35 complex

First Binding Buffer Elution Buffer Second Binding Buffer
Column HisTrap column | HisTrap column Column StrepTrap StrepTrap
column column
. NaPi 20mM
NaPi 20mM ’ i
) . NaPi 20mM,
_ NaCl 280mM, NaCl 280mM, NaPi 20mM, |\l 280mm
His Trap FF KCl 6mM KCI 6mM, Strep Trap | Nacl 280mM a mivl,
5mL imidazole BmM Imidazole 5mL KCl 6mM KCl6mM,
midazole 5m 400mM oH 7.4 ' DThB 2.5mM,
pH 7.4 pH 7.4 ' pH 7.4
*® Ov +00~
hNBP35  ctCFD1 Complex

In order to increase the yield of complex formation, several conditions were tested. The two proteins

were mixed at different ratios, in their apo and holo states, and in the absence and in the presence of
cofactors such as ATP and GTP, which specifically bind to CFD1 and NBP35, respectively®. In all
the tested conditions, two bands were observed in the SDS PAGE after the isolation of the complex,
indicating the formation of a ctCFD1-NUBP1 heterocomplex (Fig. 9). However, for all the tested
conditions, the maximum obtained concentration was about 4 pM, as determined by UV-vis

measurements, and did not allow for any spectroscopic characterization of the heterocomplex.
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Fig. 9 — SDS page after the isolation of reconstituted complex. The reactions were performed using in A) ctCFD1 and
hNBP35 1:2 B) ctCFD1 holo and hNBP35 apo C) ctCFD1 apo and hNBP35 holo D) apo protein in presence of ATP and

GTP

3.3.6. Coexpression of NUBP1-NUBP2 complex

Coexpression of the NUBP1-NUBP2 heterocomplex was used as an approach to overcome the
instability of isolated NUBP2. The NUBP1 and NUBP2 genes were inserted into two distinct multiple

cloning sites of a pDUET plasmid, with a Hise-tag and a Strepll-tag at the N-termini of NUBP1 and
NUBP2, respectively (Fig. 10)
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MGSSHHHHHHSSGENLYFQGGMEEVPHDCPGADSAQAGRGASCQGCPNQRLCASGA
GATPDTAIEEIKEKMKTVKHKILVLSGKGGVGKSTFSAHLAHGLAEDENTQIALLDIDIC
GPSIPKIMGLEGEQVHQSGSGWSPVYVEDNLGVMSVGFLLSSPDDAVIWRGPKKNGMIK
QFLRDVDWGEVDYLIVDTPPGTSDEHLSVVRYLATAHIDGAVIITTPQEVSLQDVRKEIN
FCRKVKLPIIGVVENMSGFICPKCKKESQIFPPTTGGAELMCQDLEVPLLGRVPLDPLIGK
NCDKGQSFFIDAPDSPA

GDIHWSHPQFEKAAVILENLYFQGGMEAAAEPGNLAGVRHIILVLSGKGGVGKSTISTEL

ALATRHAGKKVGILDVDLCGPSIPRMLGAQGRAVHQCDRGWAPVFLDREQSISLMSVG

FLLEKPDEAVVWRGPKKNALIKQFVSDVAWGELDYLVVDTPPGTSDEHMATIEALRPYQ

PLGALVVTTPQAVSVGDVRRELTFCRKTGLRVMGIVENMSGFTCPHCTECTSVFSRGGG
EELAQLAG

HIS TAG TEV SITE NUBP1 STREP TAG TEV SITE NUBP2

Fig. 10 - Sequence of NUBP1 and NUBP2 inserted into pDUET plasmid

The proteins were purified through immobilized metal ion affinity chromatography, under anaerobic
conditions, because NUBP2 is unstable in presence of oxygen. The expression and solubility tests
were performed with E. coli BL21 (DE3) and RIPL Codon Plus cells transformed with pDUET
plasmid and allowed to grow to ODgoonm 0.6-0.8 at 37 °C. FeClz (500 uM) was added before induction.
Induction was performed at 37 °C and 20 °C by addition of 1 mM IPTG for overnight. | obtained the

protocol for the expression and purification (Fig. 11 and Table 4).

RIPL RIPL  RipL

BL21 BL21 g1 RIPL 050 F
250Fe  050Fe osgfe 125Fe 250Fe € 050Fe
11r16 1IPTG g51pTG osiprg 1IPT6  1IPTS 051pTG
20°0N 20°5H 505y J0°0N  20°ON 2055“ 25°5H
BL21 S BL2L Sp S rpL S RIPL S APL ° RIPL S
250Fe 4 500Fe ,500Fe 12570 , 250Fe , 00Fe, s00Fe

1IPTG

1IPTG o 5 PTG 20° 0N

20°5H | 25054

0.5IPTG
20°ON

1IPTG
20°ON

NUBP1

NUBP2

Fig. 11 — SDS page of expression and solubility tests on NUBP1-NUBP2 complex
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Table 4 — Expression and anaerobic purification of NUBP1-NUBP2 protocols

Additional
. . OD of Time of
Cells Plasmid | Medium induction IPTG | Temperature induction (Final
conc.)
RIPL
CODON pDUET M9 06-08 | 1mM 20°C O/N Sggg:vl
PLUS 3
First Binding Buffer | Elution Buffer Second Binding Buffer | Elution Buffer
Column Column
NaPi 40mM NaP1 40mM NaPi 20mM
NaPi 20mM
NaCl 280mm | Nacl280mM NaCl 280mM
i NaCl 280mM
His Trap KCl 6mM KCl 6mM Strep Trap KCl 6mM
a Imidazole FF KCI 6mM
Imidazole 5mM DThB 2.5mM
pH 7.4 oH 7.4 pH 7.4

The purification was performed using two different affinity columns that recognized two different

tags, in order to remove from the solution the possible homodimer of NUBP1 and NUBP2 (Scheme

of purification in Fig. 12). In spite of the anaerobic conditions, the complex was purified devoid of

any cluster (data not shown). The total protein concentration, as determined by UV-vis spectroscopy,

was approximately 8 mg/L.

0 Ov *00~

NUBP1

*0- | O~

StrepTrap
Column

NUBP2

)

Complex

Fig. 12 — Scheme of purification of the complex
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3.3.7. Spectroscopic characterization of chemically reconstituted NUBP1-NUBP2
heterocomplex

The NUBP1-NUBP2 holo complex was obtained by chemical reconstitution with a 10-fold excess of
inorganic iron and sulphur, and the cluster assembly event was monitored by UV-vis and
paramagnetic 1D *H NMR spectra (Fig. 13).
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H

Fig. 13 — UV-vis spectroscopy and 1D *H NMR paramagnetic of holo NUBP1-NUBP2 complex

The UV-vis spectrum showed a band at 420nm that is typical of [4Fe-4S] clusters.

The paramagnetic spectra showed four intense hyperfine shifted signals in the 17-10 ppm spectral
region, whose chemical shift values and linewidths are typical of BCH: of cysteines bound to a [4Fe-
4S)?* cluster. These paramagnetic features were observed also for the cluster bound to the N-terminal
site of holo NUBP1 homodimer®? and for the cluster bridging in the two C-terminal CPXC motifs in
holo ctCFD1 homodimer (Fig. 14). Since both cluster binding motifs are present in NUBP1-NUBP2
heterocomplex33°0, it was not possible to establish if the signals observed in the NMR spectrum arise

from the cluster bound to the N-terminal or C-terminal binding site.
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To clarify this aspect, in addition to the wild type heterocomplex, | produced a mutant where the four
cysteines of the N-terminal domain of NUBP1 were mutated into alanines, in order to eliminate the

second cluster binding site and to obtain information about the bridging cluster.

A B (o
J/[\‘
A
V\,\/ \\ // \/\\ /\
'1'71I61IS1|41'31'2|‘ '1'71'81;1;1'31'2" l1'71l61l51l41l31'2l'm
. oy -
Fig. 14 — 1D *H NMR paramagnetic of A) NUBP1-NUBP2 heterodimer B) ctCFD1 homodimer and C) NUBP1
homodimer

3.3.8. NUBP1 mutant and NUBP2 complex

The mutant NUBP1 gene was inserted into pDUET plasmid, using the restriction enzyme cloning
approach. The EcoRI and Hindlll enzymes were used to cleave the plasmid into two distinct sites
respect to NUBP2 gene, in order to obtain the pDUET that contains mutant NUBP1 and NUBP2

genes (Fig. 15).

MGSSHHHHHHSSGENLYFOQGGMEEVPHDEAPGADSAQAGRGASCAQGEAPNQRLEAAS

GAGATPDTAIEEIKEKMKTVKHKILVLSGKGGVGKSTFSAHLAHGLAEDENTQIALLDIDIC

GPSIPKIMGLEGEQVHQSGSGWSPVY VEDNLGVMSVGFLLSSPDDAVIWRGPKKNGMIK QK

LRDVDWGEVDYLIVDTPPGTSDEHLSVVRYLATAHIDGAVIITTPQEVSLODVRKEINFCRK

VKLPIIGVVENMSGFICPKCKKESQIFPPTTGGAELMCQDLEVPLLGRVPLDPLIGKNCDKG
QSFFIDAPDSPA

GDIHWSHPQFEKAAVIENLYFQGGMEAAAEPGNLAGVRHIILVLSGKGGVGKSTISTELAL
ALRHAGKKVGILDVDLCGPSIPRMLGAQGRAVHQCDRGWAPVFLDREQSISLMSVGFLLE
KPDEAVVWRGPKKNALIKQFVSDVAWGELDYLVVDTPPGTSDEHMATIEALRPYQPLGAIL
VVTTPQAVSVGDVRRELTFCRKTGLRVMGIVENMSGFTCPHCTECTSVFSRGGGEELAQLA

G

HIS TAG TEV SITE Mut NUBP1 STREP TAG TEV SITE NUBP2

Fig. 15 — Sequence of mutant NUBP1 and NUBP2 inserted into the plasmid and model of structure of mutant NUBP1-
NUBP2 complex
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Several expression conditions were tested, but in none of them the NUBP1 mutant was overexpressed
(data not shown). In order to overcome this problem, a different strategy was used. E.coli cells were
co-transformed with the two different plasmids, containing the sequences for the expression of Strep-
tagged NUBP2 and Hise-tagged mutant NUBP1, respectively (Fig. 16). The complex was expressed
and purified in its apo state using the same protocol used for the wild-type (WT) complex, obtaining
a yield of 10mg/L from M9 medium (Fig. 17). The chemical reconstitution protocol was performed
on the apo complex in order to obtain the holo state of the protein, in the presence of up to 10
equivalents of FeCls and Na,S. The UV-vis spectra, acquired complex reconstitution, did not show

any absorbance bands tin the spectra region typical of any type of cluster (data not shown).

O O

NUBP2 Mutant NUBP1
pET21 pET28
Resistance: Amp Resistance: Kan

.
- @& o ARG MIXED POPULATION
(@) D) IS PROPAGATED
e CD

Amp+Kan

Fig. 16 — Co-transformation scheme

48



116 kDa

66 kDa

42 kDa

35kDa

25kDa
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14.2 kDa

Mut NUBP1

— NUBP2

Fig. 17 — SDS page after the complex purification. The bands define 1) insoluble part 2) soluble part 3) the proteins
unbound to the column 4) the fraction bound to the first column 5) the homodimer of mut NUBP1 eliminated from the
solution 6) the isolated bands after the purification, NUBP1 and NUBP2 respectively.

3.3.9. NUBP1 mutant protein

In order to assess whether the absence of clusters bound to the mutant NUBP1-NUBP2

heterocomplex was due to an intrinsic lability of its binding to the C-terminal motif or to a decreased

stability of the heterocomplex between mutant NUBP1 and NUBP2, with respect to that of the WT

heterocomplex, | investigated the cluster binding properties of mutant NUBP1. The protein was

produced and purified with the protocols reported in Table 5.

Table 5 — Expression and purification protocols for NUBP1 mutant

; Additional
Cells Plasmid | Medium | . oD o.f IPTG | Temperature -Tlme .Of
induction induction
RIPL
CODON pET28 LB 06-0.8 | 0.5mM 21°C O/N Zgg)gll\/l
PLUS s
Column Sonication Lysis Buffer Binding Buffer | Elution Buffer TEV cut
BB NaPi 40mM NaPi 40mM
NaCl 280mM
His Trap 0 (g)lNAfe .| NaCl2gomMm acl 280m
30" ON 3’ OFF Limgim Imidazol 5 pL/mg
FF 2x5mL Imidazole 5mM midazole
MgSQO;4 40mM 500mM
DTT 5mM pH 7.4 pH 7.4
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The anaerobically purified mutant NUBP1 was colorless and UV-vis spectroscopy confirmed the
absence of any cluster bound to the protein (Fig. 18A). Several chemical reconstitution conditions
were applied to the monomeric apo mutant NUBP1. UV-vis spectroscopy showed the presence of
very broad bands at ca 420 nm that can be attributed to [4Fe-4S] clusters (Fig. 18A). However, the
binding of [4Fe-4S] clusters could not be detected by paramagnetic NMR, suggesting a lability of the
[4Fe—4S] cluster binding at the C-terminal motif of mutant NUBP1, as reported for wild type
NUBP123. The quaternary structure of the NUBP1 mutant changed upon chemical reconstitution, as
showed by analytical gel filtration (Fig. 18B). Indeed, the fraction of dimeric protein increased upon
chemical reconstitution. Previously, it was demonstrated that the binding of Fe-S cluster to the C-
terminal motif of NUBP1 promotes protein dimerization®®. Overall, these results are consistent with
the labile binding of a Fe-S cluster at the C-terminal motif of mutant NUBP1.

A B
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mut NUBP1 reconstituted
mut NUBP1 as purified

25000 +
22500 4
20000 -
17500
15000 -

g (M'em™)

12500

10000
7500 -
S000 -4
2500 - T —

0 T T T T T T T "\‘, 1 r T T T T T T T T T 1
300 350 400 450 S00 550 600 650 700 750 800 9 10 11 12 13 14 15 16 17 18 19

wavelength (nm) Volume (ml)

Fig. 18 — A) UV-vis spectra of mutant NUBP1 pre and post reconstitution protocol and B) analytical gelfiltration graph
of mutant NUBP1 after chemical reconstitution (black line) and as purified (red line)

3.3.10. Discussion

The characterization of the NUBP1-NUBP2 complex showed the binding of a [4Fe-4S] cluster to the
heterocomplex, with the same paramagnetic features of the N-terminal cluster bound to homodimeric
NUBP12® and of the cluster bridging the two C-terminal CPXC motifs in homodimeric ctCFD1.
Spectroscopic and analytical gel filtration studies performed on a mutant of NUBP1 lacking the N-
terminal binding motif, suggested that the C-terminal motif of NUBP1 might bind a labile cluster,
that thus could not be characterized. The lability of the binding of such cluster could be related to its

function. Indeed, it has been proposed that the NUBP1-NUBP2 complex participates in the CIA
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machinery donating the cluster bound to the C-terminal CPXC motifs to other components of the CIA

machinery.

3.4. GLRX3 as [2Fe-2S] chaperone for the de novo formation of clusters on
heterocomplex

In vivo, the assembly of Fe-S clusters relies on the action of several proteins that specifically interact
each other to de novo synthesize and to insert the [2Fe—2S] and [4Fe—4S] clusters into apo recipient
proteins. The mechanism for the maturation of the [4Fe—4S] clusters at both N- and C-terminal motifs
of the two human NTPases NUBP1 and NUBP2 is still elusive®®. The human glutaredoxin-3 protein
(GLRX3) is a possible player of the CIA machinery responsible for the maturation of the [4Fe—4S]
clusters on NUBP1-NUBP2. GLRX3 protein consists of three domains: one N-terminal thioredoxin
domain and two monothiol glutaredoxin domains, each able to bind a glutathione-coordinated
[2Fe—2S]?" cluster, via protein dimerization. It has been demonstrated that GLRX3 de facto acts as
a [2Fe—2S] cluster chaperone in the cytosol, transferring its two [2Fe—2S] clusters to apo anamorsin
in vitro?>3* and in vivo®. Recently, it was showed that GLRX3 transfers its two [2Fe—2S] clusters
also to NUBP1, and, in the presence of GSH, the two [2Fe-2S] clusters are converted into a [4Fe—4S]

cluster.

| investigated therefore the ability of GLRX3 to assemble [4Fe—4S] cluster(s) on NUBP1-NUBP2

heterocomplex.

An excess of [2Fe—2S]>-GLRX32-GS4 was incubated with apo Hiss-tagged NUBP1-NUBP2
heterocomplex in anaerobic conditions, in the presence of GSH as a reductant. After one hour, the
heterocomplex was separated from untagged GLRX3 by affinity chromatography and characterized
by UV-vis and NMR spectroscopy (Fig. 19).

The UV-visible spectrum of the NUBP1-NUBP2 heterocomplex after incubation and isolation from
GLRX3 showed an absorbance band at 420 nm, which is characteristic of [4Fe-4S] binding proteins
(Fig. 8). The paramagnetic NMR spectra showed four signals in the 10-17 ppm spectral region, with
anti-Curie temperature dependence, that are typical of BCH»of cysteines bound to a [4Fe-
4S]?* cluster, and that are very similar to those observed for the chemically reconstituted NUBP1-
NUBP2 heterocomplex (Fig. 13). These results indicate that two [2Fe-2S] clusters are transferred
from [2Fe—2S]>-GLRX3,-GSs to NUBP1-NUBP2 heterocomplex, and the two clusters are

reductively coupled to form a [4Fe-4S] cluster on the heterocomplex.
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Fig. 19 — UV-vis and 1D *H NMR paramagnetic spectra of transferred NUBP1-NUBP2 complex

Since NUBP1-NUBP2 heterocomplex has an N-terminal and a C-terminal cluster binding site, in
order to establish whether GLRX3 can transfer its clusters to both sites, the same cluster transfer
experiment was repeated by incubating an excess of [2Fe—2S]>-GLRX32-GS4 with mutant NUBP1
containing only the C-terminal cluster binding motif, and with the heterocomplex formed by mutant
NUBP1 and NUBP2 (mutNUBP1-NUBP2), obtained as described above. After the reaction, the
proteins were separated using the same protocol as that applied to the wild type heterocomplex. After
incubation, the UV-vis spectrum of isolated mutant NUBP1 and mutNUBP1-NUBP2, did not match
that of the reconstituted protein, and did not show any absorbance band typical of [2Fe—2S] or [4Fe—
48] clusters (data not shown). Overall, these results indicate that the cluster transfer from GLRX3 to

NUBP1-NUBP2 heterocomplex does not promote the formation of a [4Fe—4S] cluster on the C-

terminal site of the complex.
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3.4.1. Discussion

The GLRX3 protein acts as [2Fe-2S] clusters chaperone for NUBP1-NUBP2 complex, with the
formation of a [4Fe-4S] cluster thanks to the electrons donated by GSH. Spectroscopic
characterization of the wild type heterocomplex and of a mutant hereocomplex containing only the
C-terminal cluster binding site, did not allow to observe the cluster bound to the C-terminal motif and
bridging the two subunits of the dimer. Whether GLRX3 can transfer its clusters to the C-terminal
motif of NUBP1-NUBP2 complex, and more in general, whether the C-terminal motif of NUBP1-
NUBP2 heterocomplex can bind a [4Fe-4S] cluster, remain an open question and requires further
investigation. As previously discussed, the binding of the cluster at the C-terminal motif of NUBP1-
NUBP2 heterocomplex might be characterized by an intrinsic kinetic lability, related to its cellular
function. Indeed, it has been proposed that the complex participates in the iron-sulfur assembly
machinery assembling and donating a [4Fe-4S] cluster which bridges the two C-terminal motifs of
NUBP1 and NUBP2, to the other components of the CIA machinery, and the kinetic lability of the

binding of such cluster could be required to facilitate the cluster transfer event.

A possible strategy to assess whether a C-terminal [4Fe-4S] cluster is bound or not to the
heterocomplex after the interaction with GLRX3, could be the investigation of the maturation of the
late CIA components by the NUBP1-NUBP2 heterocomplex. Indeed, it was reported that, in yeast,
depletion of all four early-acting CIA factors (CDF1, NBP35, Tah18, Dre2) impairs Fe-S cluster
incorporation into Narl in vivo. 35-3-3" Assuming that all the in vivo findings on yeast hold in human
cells, the most reliable model is that the NUBP1-NUBP2 complex could be responsible for the
maturation process of NARFL, by transferring the [4Fe-4S] newly assembled on the C-terminal
cluster binding site of the heterocomplex to NARFL protein. This model needs further experimental
confirmations, but the study of the cluster trafficking from GLRX3 to NARFL, mediated by the
assembly of the [4Fe-4S] cluster on NUBP1-NUBP2 scaffold complex, could answer the question
about the presence of the [4Fe-4S] bridging cluster in NUBP1-NUBP2 upon interaction with GLRX3.
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RESULTS

An alternative model for the biogenesis of Fe-S clusters in
cytosol
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3.5. An alternative model for the biogenesis of Fe-S clusters in cytosol

3.5.1. Introduction

The biogenesis of Fe-S clusters in cytosol is performed by the CIA machinery, whose composition
and mechanism of action have been only partially elucidated. Specifically, the source of iron and
sulfur for the assembly of Fe-S cluster in cytosol is still unknown. Two different models have been
proposed for the iron and sulfur pooling in the cytosol. In the first proposed model, a still unknown
[2Fe-2S]-binding compound is assembled in mitochondria and exported in the cytosol via the ISC
export machinery. The latter machinery is composed by the ABCB7 membrane transporter?® and by
GSH. It was recently reported that GSH can form in vitro a stable tetra-GSH-coordinated (GS)s-[2Fe-
2S] complex °1, that might represent a viable substrate candidate for the mitochondrial ABCB7 export

protein?2, However, this model needs in vivo experimental confirmations.

Recently, a second model has been proposed by Philpott and coworkers, where a [2Fe-2S] cluster is
de novo assembled in cytosol. In this alternative model, an inorganic sulfur species is generated in
mitochondria by cysteine desulfurase and is exported in the cytosol via the ABCB7 transporter?
while Fe(ll) ions are distributed in cytosol by the poly(C)-binding proteins (PCBPs) family?*°2,
Specifically, Philpott’s group reported that the aCP1 member of the PCBPs family (also known as
PCBP1) coordinates iron(ll) in complex with BOLA2%, a protein involved in the cytosolic Fe-S
biogenesis?®2°. In vivo and in vitro experiments indicated that PCBP1-Fe(I1)-GSH-BOLA?2 serves
as an intermediate complex that is required for the assembly of [2Fe—2S] clusters on the cytosolic
[2Fe-2S] chaperone BOLA2-GLRX3%, thereby linking the ferrous iron and Fe—S cluster distribution
systems in cells. In collaboration with Philpott’s group, I have recently started an atomic level
investigation of the interaction between PCBP1, Fe(ll), GSH and BOLAZ2 in order to define the
mechanism of action of the proposed alternative CIA pathway.

3.5.2. PCBPL1 protein

PCBP1 protein is a member of the PCBPs proteins family that includes aCP1, aCP2, aCP3, aCP4.
These proteins contain a triplet K homology (KH) RNA-binding motif>3, with the two N-terminal
domains closely spaced, whereas the C-terminal KH domain is separated by a linking segment of
variable length. Philpott and coworkers recently demonstrated that the latter KH domain of aCP1
(KH3) binds Fe(ll) and forms a complex with BOLAZ2, in the presence of GSH’, and in vivo studies
demonstrated that the KH3 domain of PCBP1 was functionally sufficient to promote the formation
of the complex with Fe(ll), GSH and BOLAZ in cells lacking endogenous PCBP1. Mutagenesis

experiments indicated that residues C293 and E350 are involved in iron binding, and residues N301,
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E304 and R346 are responsible for the interaction of KH3 with GSH, suggesting that KH3 can directly
coordinate both GSH and iron at adjacent sites on the domain, as showed by the X-ray
crystallographic structure of the KH3 domain of PCBP1°3 (Fig. 1). Co-precipitation studies indicated
that both ligands are required for the interaction of KH3 with BOLA2’, and that C293 of KH3 is a
key residue for the interaction of the protein with Fe(ll), GSH and BOLAZ2. Indeed, when similar
experiments were performed using a KH3 mutant in which the C293 was replaced by serine, the KH3-
Fe(I1)-GSH-BOLA2 complex was not detected. In my project KH3 domain was therefore used as a
substitute for the full-length PCBP1 to study the interaction with BOLAZ and Fe(ll).

Fig. 1 - Ribbon representation of the X-ray crystallographic structure of KH3 domain, solved at 2.1 A resolution (PDB:
1WVN). Ligands for GSH binding are showed as blue sticks and ligand for iron binding as red sticks.

3.5.3. Cloning, expression and purification of the KH3 domain of PCBP1

The PCBP1 KH3 domain (residue 279-356, KH3 hereafter) was amplified from PCBP1 gene by
Polymerase Chain Reaction (PCR) and inserted into pET28a plasmid. The PCR is commonly used to
amplify a gene or DNA fragment of interest, from any source of DNA, using specific primers. Indeed,
I designed two primers, reverse and forward (reported in Table 1), for the amplification of KH3 (Fig.
2). The PCR amplified gene was run on agarose gel (Fig. 3B), and the corresponding DNA band was
cut from the gel and purified using PureLink Quick Gel Extraction Kit (purchased from
ThermoFisher) and then it was subcloned into the pET28a destination vector. For cohesive ligation,
the empty destination vector was double digested with 3 units each of restriction enzymes Xhol and
Ndel (Invitrogen), analyzed by agarose gel electrophoresis, purified using phenol-chloroform
extraction and ethanol precipitation (Fig. 3A). The ligation step was performed using 6 units of T4
DNA ligase enzyme in 300mM Tris-HCI (pH 7.8), 100mM MgClz, 100mM DTT and 10mM ATP
buffer (purchased from ThermoFisher); the vector to KH3 insert ratio was about 1:6 and the reaction

was carried out at 25°C for 3h in a bench. The ligation mixtures were used for transformation of
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chemically competent TOP10 E.coli cells (Invitrogen). The transformed colonies were diluted in 20
pL of milli-Q water and 2X master mix buffer (dye, TAC polymerase) and the mixture was screened
by PCR using T7-reverse and T7-forward plasmid specific primes (purchased from ThermoFisher).
The amplification products were analyzed by agarose gel electrophoresis in order to identify the cells
transformed with KH3-pET28a plasmid. The KH3-pET28a plasmid was extracted from the chosen
colonies, purified and amplified using Plasmid DNA Midiprep Kits (ThermoFisher) and used for the

expression of KH3 protein.

Table 1 — Primers for KH3 gene amplification

KH3 /FW primer | 5’ - ATATCATATGCAAACGACGCACGAGTTAACGATCCC-3’

KH3 /RV primer | 5° - TACTCGAGTCATTAACTACATCCCATCCCCTTCTCC -3

MGSSHHHHHHSSGLVPRGSHMENLYFOQGHMASLDASTQTTHELTIPNNLI
GCIIGRQGANINEIRQMSGAQIKIANPVEGSSGRQVTITGSAASISLAQYLIN
ARLSSEKGMGCS

HHHHHH THR SITE TEV SITE KH3

Fig. 2 — Sequence of KH3 protein inserted into pET28a plasmid

Fig. 3 - Analysis of pET28a destination vector and KH3 gene fragment by agarose gel electrophoresis. A) Digestion with
XhOl and Ndel restrictions enzymes, B) PCR amplification of KH3 gene from PCBP1 using the two primers reported in
table 1 and C) PCR screening after the ligation step into pET28a plasmid.
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E. coli BL21 (DE3) and RIPL codon plus cells were transformed with pET28a plasmid containing
KH3 gene (KH3-pET28a) and tested for expression of KH3 protein. Cells were allowed to grow to
ODsoonm 0.6-0.8 at 37 °C. FeCls (125 uM) was added before induction. Induction was performed at
37 °C, 25 °C and 17 °C by addition of 0.5 and 1 mM IPTG, for overnight. (Fig. 4). Cells were lysed

by sonication and the protein was purified by immobilized metal ion affinity chromatography.

The final protocol for the expression and purification of KH3 in pET28 plasmid is reported in Table

2. The final yield was about 50 mg/L in M9 medium.
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RIPL+ RIPL+
0.3mM 250N
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370N
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Fig. 4 — Expression and solubility tests of KH3 protein
Table 2 — Expression and purification protocols for KH3
; Additional
Cells Plasmid . oD O.f IPTG | Temperature -Tlme .Of
induction induction (Final conc.)
BL21 R
pET28a 0.6-0.8 0.5 mM 25°C O/N 125uM FeCls
(DE3)
L . - . Thrombin
Column Sonication Lysis Buffer Binding Buffer Elution Buffer cut
BB Tris 50mM Tris 50mM
His Trap 0 g)lNAfe _ | NaCI300mM | NaCl300mMm
EF oxsml | 307 ON '3’ OFF Limgim . _ 1 pL/mg
MgSO, 40mM Imidazole 5mM | Imidazole 300mM
DTT 5mM pH 8.0 pH 8.0
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The UV-vis spectrum of purified KH3 showed an absorption band at 260 nm, indicating that a KH3-
RNA complex was extracted from E.coli cells. Indeed, it was reported that C293 residue, that is
critical for iron binding on KH3, also modulates the RNA binding activity of PCBP1°3. Therefore,
the protein was separated by RNA by precipitation with 0.5 M of ammonium sulfate. After
resuspension in 100 mM Tris, 40 mM KCI, 1 mM TCEP, 1 mM GSH buffer, the protein was further
purified through SEC using HiLoad 16/600 Superdex 75 prep grade. The KH3 protein was eluted
with two peaks (Fig. 5), with the first one (eluting at 80 ml) corresponding to the KH3 protein, as
indicted by SDS-page.

J KHI —— &

11 2

I o T & T r 1
0 50 100 150
Volume (mL)

Fig. 5 - Gelfiltration and SDS page of KH3 after the treatment with ammonium sulfate

3.5.4. Analysis of the putative interaction between KH3 and BOLAZ2 proteins

Co-precipitation studies performed by Philpott’s group showed that KH3 protein interacts with
iron(ll), GSH and BOLA2 protein, forming a complex. A Kq of 80 + 10 uM was estimated by
microscale thermophoresis of fluorescently labeled KH3. The stoichiometry of the KH3-BOLAZ2
complex was determined using size exclusion chromatography, and the result indicates the formation
of a 1:1 BOLA2-KH3 heterodimer. Co-precipitation studies coupled to mutagenesis studies also
suggested that BOLAZ is involved in KH3-Fe(Il) binding using its H68 and C31 residues.
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In order to obtain structural confirmations of the in vitro findings, >N BOLA2 was produced using a
protocol previously developed by Prof. Banci’s group®, and NMR chemical shift perturbation
experiments were performed by titrating *>N-labelled BOLA2 with unlabelled KH3.

3.5.5. Analysis of the interaction between *°N-labeled BOLA2 and Fe(l1) ion

In the previous study no evidence were obtained about the interaction of BOLA2 with Fe(ll) in the
absence of KH3 protein. In order to clarify this aspect, we recorded NMR spectra in the absence of
KH3. Samples were prepared, that is. A >N-BOLA2-Fe(Il) mixture was prepared aerobically, using
the same experimental conditions reported in Philpott’s paper® for the in vitro reconstitution of the
BOLA2- Fe(I11)-KH3- complex. 50 uM *N-labeled BOLA2 and 100 uM (NH4)2Fe(SO4)2 were
mixed in 100mM Tris buffer, 40mM KCI, 1ImM TCEP, 1mM GSH, pH 7.5. The mixture was
incubated on ice for 20 minutes. *H-"N HSQC spectra of °N-labeled BOLA2 and of the °N-labeled
BOLA2-(NH4)2Fe(SO4)2 mixture. A superimposition of the two spectra is reported in Figure 5. If a
protein binds paramagnetic Fe(ll) ion, line broadening effects on the NMR signals of the residues that
are close in space to the bound metal center are expected. Since no significant changes were observed
in the HSQC spectrum of **N-BOLA2 upon mixing with Fe(ll), our data indicate that *°N-BOLA2
does not bind the metal ion in the absence of KH3 and they confirm the Philpott’s data (Fig. 6).
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Fig. 6 - Superimposition of the 'H-1°>N HSQC spectra of 50 uM *°N-labelled BOLA2 acquired in the absence (blue
contours) and in the presence of 100 uM (NHa)2Fe(SO4). (red contours). Spectra were acquired at 900 MHz, at 298 K.

3.5.6. Analysis of the putative interaction between *°N-labeled BOLA2,
unlabeled KH3 and Fe(ll) ion

The interaction between KH3 and BOLAZ2, in the presence of Fe(1l) and GSH were initially monitored
by size exclusion chromatography and SDS-PAGE. 50 uM *N-BOLA2 was incubated with 50 pM
KH3 and 100 uM (NH4)2Fe(SOs)2 in 100mM Tris, 40mM KCI, 1mM TCEP, 1mM GSH, pH 7.5
buffer, for 20 minutes in ice in order to promote the formation of the complex, as reported previously’.
The mixture was eluted with four peaks (Fig. 7), that where collected and analyzed by SDS-PAGE.
Only the peak eluting at ~ 17.8 ml (light blue in the graph) showed the presence of both BOLA2 and
KH3 proteins (Fig. 7B), indicating that the reaction for the formation of the complex was not
complete. The fraction containing both KH3 and BOLAZ2 proteins was then analyzed by NMR
spectroscopy. Line broadening effects were observed for residues V21 and C33 (Fig. 8). These data
do not correspond to what previously reported by Philpott’s group, i.e. that the amino acids involved

in the interaction of BOLA2 with KH3 were H68 and C31.
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Fig. 8 - Superimposition of the SN HSQC spectra of 50 pM **N-labelled BOLA2 (black contours) and of fraction 3,

isolated through SEC performed on the **N-BOLA2/KH3/Fe(11)/GSH mixture (red contours)
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In order to understand if the proteins formed the complex, 50 pM °N-labeled BOLA2 was mixed
with 50 uM unlabeled KH3 and 100 uM (NH4)2Fe(SO4)2 using the experimental conditions reported
in Philpott’s paper, and the mixture was analyzed by NMR. The H-N HSQC spectrum of the
mixture was acquired and compared with those obtained for *°N-labeled BOLAZ2 in the absence and
in the presence of (NHa)2Fe(SO4)2 (Fig. 9). Line broadening effects were observed for residues V21,
R30, C33, K43, K47 and K73 (Fig. 10). Further addition of (NHs)2Fe(SOa4)2, up to a 200 uM
concentration, did not affect the HSQC spectrum of the mixture (Figure 11). These results confirmed
the previous NMR data for C33 and V21 residues, and added other residues involved in the binding,

which however do not correspond to the literature data.
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Fig. 9 - Superimposition of the *H-*N HSQC spectra of 50 uM *°N-labelled BOLA2 acquired in the absence (blue
contours) and in the presence of: 100 uM (NH4):Fe(SO4), (red contours) and 50 pM KH3 + 100 pM (NHa4)2Fe(SO4)2
(green contours). Spectra were acquired at 900 MHz, at 298 K.
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3.5.7. Discussion of the preliminary results

The interaction between BOLA2 and KH3 in presence of Fe(ll) and GSH was analyzed by NMR
spectroscopy and size exclusion chromatography. Overall, the results showed a weak, aspecific
interaction between the two proteins and the metal. Indeed, residues of BOLA2 affected by the
presence of KH3 and (NHa4)2Fe(SO4)2 do not identify a well-defined protein-protein recognition site
on the structure of the apo protein (Fig. 12). On the contrary, they are distributed over the whole
structure in a random way, including also some residues buried in the protein core. The changes
observed in the HSQC spectra are likely due to an unspecific protein-protein recognition pattern, i.e.
the two proteins are likely interacting, but with random relative orientations. Moreover, residues C31
and H68, that were reported in Philpott’s paper as key residues for the interaction of BOLA2 with
Fe(l) and KH3, are not affected. This indicates that they are not interacting with a Fe?* ion. In
conclusion, our data do not provide clear evidences for the formation of a BOLA2-Fe(l1)-KH3
complex in vitro.
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In the next steps of the study, different experimental conditions for the formation of the BOLA2-
Fe(I1)-KH3 complex will be tested, possibly mimicking more closely the cellular conditions in which
the complex was observed by Philpott’s group. Moreover, since the BOLA2 construct that we used
in our NMR characterization was slightly different from that used by Philpott’s group’ (native vs
Strep-11 tagged protein, respectively), we will repeat the analysis using the same construct used in the
paper, in order to assess whether local conformational changes due to the absence or to the presence
of a Strepll-tag at the C-termini of BOLA2 might affect the interaction with KH3.

Fig. 12 - Mapping of the *®N BOLA?2 residues affected by the interaction with unlabeled KH3 and Fe(I1) on the 3D model
structure of apo BOLA2. The sidechains of V21, R30, C33, K43, K47 and K73 residues are mapped in green. The
sidechains of C31 and H68 are in red.
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4. CONCLUSION AND PERSPECTIVES

The aim of my PhD project was to characterize iron-sulfur proteins and to perform cluster transfer
experiments in order to obtain information about iron-sulfur cluster biogenesis in the cytosol. The
results, obtained during my PhD, clarified structural aspects of cytosolic proteins and provided new
models regarding the clusters maturation in the first step of CIA assembly machinery.

I focused my research activity on the anamorsin protein, a crucial member of the CIA machinery,
and my studies clarified the type of Fe-S clusters bound to M1 and M2 motifs of anamorsin, ending
the debate in the literature. | showed that in cellulo anamorsin binds two [2Fe-2S]%* clusters at both
M1 and M2 motifs, and it is also consistent with the hypothesis that this holo form of anamorsin is

the physiologically relevant species.

The studies also provided evidences for role of anamorsin as an electron donor in the GLRX3-
dependent [4Fe-4S]-NUBP1 maturation process, giving for the first time evidence of the role of this
human protein as an early constituent of the CIA machinery. | proposed that one molecule of [2Fe-
2S]>-GLRX32-GS4 and two molecules of [2Fe-2S] anamorsin form a stable complex, that acts as a
component of the CIA machinery at its early stage, by transferring two GLRX3-bound [2Fe-2S]
clusters to NUBP1. The study clarified the function of the cluster bound to M1 motif, showing that
only that cluster is able to act as electron donor for the reductive coupling of the two [2Fe-2S]?*
clusters donated by [2Fe-2S]>-GLRX32-GSa.

I also focused my PhD activities on the structural characterization of the NUBP1-NUBP2 complex,
a scaffold protein involved in the early step of CIA machinery, which contains two Fe-S cluster
binding sites, at N-terminal and C-terminal motifs. My PhD work overcame the problems related to
NUBP2 production, obtaining a stable heterocomplex for the spectroscopic and analytical gel
filtration studies. The characterization of the NUBP1-NUBP2 complex showed the binding of a [4Fe-
4S] cluster to the N-terminal site of the heterocomplex, while the studies performed on wild-type
NUBP1-NUBP2 and on a mutant lacking the N-terminal binding motif in NUBP1, suggested that the

C-terminal motif might bind a labile cluster, that thus could not be characterized.

In order to study of the de novo assembly of [4Fe-4S] clusters in cytosol, I investigated the ability of
GLRX3, another protein involved in the early step of CIA pathway, to assemble [4Fe—4S] cluster(s)
on NUBP1-NUBP2 heterocomplex. The GLRX3 protein acts as [2Fe-2S] clusters chaperone for
NUBP1-NUBP2 complex, with the formation of a [4Fe-4S] cluster thanks to the electrons donated
by GSH. Spectroscopic characterization of the wild type heterocomplex and of a mutant
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hereocomplex containing only the C-terminal cluster binding site, did not allow to observe the cluster
bound to the C-terminal motif and bridging the two subunits of the dimer. Whether GLRX3 can
transfer its clusters to the C-terminal motif of NUBP1-NUBP2 complex, and more in general, whether
the C-terminal motif of NUBP1-NUBP2 heterocomplex can bind a [4Fe-4S] cluster, remain an open
question and requires further investigation. A possible strategy to assess whether a C-terminal [4Fe-
4S] cluster is bound or not to the heterocomplex after the interaction with GLRX3, could be the
investigation of the maturation of the late CIA components by the NUBP1-NUBP2 heterocomplex.

I focused the last part of my research on the characterization of the pathway in which the iron was
pooled in the cytosol, at the beginning of CIA machinery. In vivo and in vitro experiments indicate
that PCBP1-Fe-GSH-BOLAZ2 serves as an intermediate complex required for the assembly of [2Fe—
2S] clusters on BOLA2-GLRX3. The interaction between BOLA2 and KH3 in presence of Fe(ll)
and GSH was analyzed by NMR spectroscopy and size exclusion chromatography. The research
activities do not provide clear evidences for the formation of a BOLA2-Fe(11)-KH3 complex in vitro.
The perspectives of the study will test some different experimental conditions for the formation of
the BOLA2-Fe(11)-KH3 complex, and change the BOLA2 construct that we used in our NMR

characterization because it was slightly different from that used by Philpott’s group.
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