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1.1 Iron and sulfur in biology 

 

Biology concerns the study of living organisms. A clear definition of what constitutes a 

living organism is yet to be determined accurately, since the distinction between the 

living and the inanimate is a rather complex topic and often falls under thorough 

discussions, agreements and disagreements among scientists across the globe. 

By joint acceptance, the main difference comes down to the occurrence, or not, of 

processes that promote the self-sustainability of a system. If such processes do exist, then, 

the system is characterized as life containing i.e. alive. [1] 

Thirty years ago, Günter Wächtershäuser, supported by the philosopher Karl R. Popper, 

expressed and demonstrated his ideas that some of these self-sustaining processes, the 

first biological processes which signalized the early life forms, initialized on catalytic 

transition metal centers (mainly iron and nickel) localized on a hydrothermal mineral 

background, under high pressure and temperature (volcanic conditions). These metals 

produced organic compounds from inorganic compounds giving rise to a sulfur-

dependent version of the reductive citric acid cycle. The produced organic compounds 

promoted autocatalytic processes by accelerating the catalytic potency of those metal 

centers (functioning like ligands), which then produced more organic compounds as 

metabolic products which in turn accelerated even more the catalytic process, and so on, 

giving birth to more complex systems. [2][3][4][5][6] 

From then, millions of years of evolution passed, and iron and sulfur have been favored, 

by natural selection, as ones of the most dominant amongst the different chemical 

elements, for participating in various and complex biological processes in organisms. 

Indeed, it is not a matter of plain chance that the average human body contains about 4 

grams of iron and 140 grams of sulfur. [7] Iron, bound to proteins, participates in transport, 

storage and use of oxygen as well as in electron transfer. [8] Sulfur is a characteristic 

component of the amino acids methionine and cysteine, and it is present in almost all 

kinds of proteins. The disulfide bonds play a crucial role for the structure and, hence, the 

activity of each protein, [9] while thiols (R-SH) act like reducing agents protecting and 

repairing the cell from oxidation. Both elements are essential for the formation of iron-

sulfur (Fe-S) cluster containing proteins, a group of metalloproteins present throughout  

 



Chapter 1 – Introduction  1.2 Fe-S cluster classification and properties 

3 
 

all the kingdoms of life which carry out oxidation-reduction reactions in the cell (electron 

transfer, enzymatic catalysis, protein regulation). [10] 

 

1.2 Fe-S cluster classification and properties 

 

Ferric iron is hardly soluble near pH 7, that is why iron uptake and storage are promoted 

in complexes and are strictly regulated by proteins. [8][60] 

Some proteins coordinate iron and sulfur in clusters, hence the name of Fe-S proteins. 

These clusters are diverse and come in different types, and every type has its own 

biological role, characteristics and biochemical properties. (Fig. 1) [11] 

 

Figure 1. Different types of Fe-S clusters known in nature. 

 

The most common Fe-S clusters in organisms are the [2Fe-2S], [3Fe-4S] and [4Fe-4S] 

clusters. [12][61] (Fig. 1) All of them contain iron on a Fe2+ and/or a Fe3+ oxidation state. 

Sulfur is on the S2- sulfide state. 

The [2Fe-2S] cluster (Fig. 1) is the simplest Fe-S cluster and it has a «diamond» structure 

with two irons bridged by two sulfides. Its redox potential range is from -155 to +300 mV. 

[13] Proteins containing [2Fe-2S] clusters are involved in electron transfer and in sensing 

of oxygen (O2) and nitrogen oxide (NO). 
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The [4Fe-4S] cluster (Fig. 1) has a «cubane» structure with four irons bridged by four 

sulfides. Its redox potential range is very large from -645 to 450 mV. [13] Proteins 

containing [4Fe-4S] clusters are involved in electron transfer, catalysis of redox and non-

redox reactions, stabilization of protein structure for DNA repair as well as sensing of O2, 

NO and Fe. 

The [3Fe-4S] cluster (Fig. 1) also belongs to the «cubane» structure type, like the [4Fe-4S] 

cluster, though one iron is missing. Its redox potential range is from -420 to -50 mV. [13] 

Proteins containing [3Fe-4S] clusters are involved in electron transfer and O2 sensing. 

The Fe-S clusters are essential for life and the main reasons reside on the combination of 

the chemical properties of the cluster cofactors with their redox properties which are 

affected also by the local protein environment. [62] Fe-S clusters have the ability to take or 

give one electron by changing their oxidation state when one Fe+2 changes to Fe3+ or vice 

versa. [63] On the other hand, sulfur provides ligation flexibility. [63] Including the effect of 

the ligands coordinating the cluster, which modulate the range of the redox potential of 

the cluster, we end up with a group of one of the most important and ancient electron 

carriers in nature. [14] 

Their role as electron carriers has been extensively studied. The oxidation states of the 

iron ions define the final oxidation state of the cluster. The type of coupling between the 

individual electron spins determines the cluster total spin states, their separations and 

their order. Fe+2 has an individual spin of S = 2, while Fe+3 has an individual spin of S = 

5/2. When a cluster contains an even number of iron ions of the same oxidation state, in 

presence of antiferromagnetic coupling between the iron ions, the total spin value of the 

ground state of the cluster is S = 0. Otherwise, the cluster has a total spin S  0 i.e. also the 

ground state is paramagnetic. Furthermore, we need to consider that in the case of a 

combination of Fe2+ and Fe3+ ions, the extra electron, with respect to the oxidized state, 

can be either localized on an individual iron ion or can be fully delocalized between them, 

thus resulting in an oxidation state of 2.5+. 

The oxidation states of the common Fe-S clusters and their ground state spins for the 

various oxidation states of the iron ions are summarized in Table I. [64] 
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Cluster – oxidation state Iron ions Ground state Spin 

             [2Fe-2S]+ 1·Fe2+, 1·Fe3+ 1/2 

             [2Fe-2S]2+ 2·Fe+3 0 

             [3Fe-4S]0 1·Fe2+, 2·Fe3+ 2 

             [3Fe-4S]+ 3·Fe+3 1/2 

             [4Fe-4S]0 4·Fe2+ 0 

             [4Fe-4S]+ 3·Fe+2, 1·Fe+3 1/2 

             [4Fe-4S]2+ 2·Fe+2, 2·Fe+3 0 

             [4Fe-4S]3+ 1·Fe+2, 3·Fe+3 1/2 

Table I. oxidation states and ground state spin values for various Fe-S clusters [64] 

 

1.3 Mitochondrial Fe-S cluster assembly 

machinery 

 

The biogenesis of Fe-S proteins has been studied mainly in bacteria and yeast since the 

protein handling is easier and the involved proteins are ubiquitous and evolutionary well-

conserved in humans. [15][16][17][18] 

Three machineries have been identified to be responsible for the maturation of Fe-S 

cluster proteins in eukaryotes, (i) the mitochondrial Fe-S cluster assembly machinery, (ii) 

the mitochondrial intermembrane exporting machinery and (iii) the cytosolic Fe-S protein 

machinery. [35][36] (Fig. 2) 

 



Chapter 1 – Introduction  1.3 Mitochondrial Fe-S 

  cluster assembly machinery 

 

6 

 

 

Figure 2. The three distinct machineries which participate in the maturation of Fe-S 

cluster proteins in eukaryotes. [35] 

 

While all machineries are essential for maintaining the in-cell proper functionality, the 

mitochondrial Fe-S cluster assembly machinery is contributing to the maturation of all 

the Fe-S proteins in the cell [37] and hence, defects on the mitochondrial machinery are 

directly affecting functions both in the cytosol and the nucleus. [35] Such an observation, 

plus the existence of an exporting rather than an importing system from/into the 

mitochondria in the Fe-S cluster pathways, underlines an evolutionary connection 

between the three systems ultimately strengthening the endosymbiotic hypothesis about 

the origin of mitochondria. [33][34] 

A map of the mitochondrial Fe-S cluster biosynthetic pathway for homo sapiens has been 

constructed by matching the bacterial and yeast proteins with their human homologues, 

by protein-protein interaction experiments and by mutational data from patients. 

However, this model still lacks direct experimental evidences so to be fulfilled and well 

understood. (Fig. 3) 
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Figure 3. Mitochondrial Fe-S cluster assembly machinery pathway in homo sapiens. Blue 

arrows indicate well resolved steps of the pathway, while red-dashed arrows indicate 

hypothetical steps which have not yet been resolved. 

 

In detail, cysteine desulfurase (NFS1) and iron-sulfur cluster biosynthesis protein ISD11 

act as the sulfur donor by converting cysteine to alanine. [19][20]  Frataxin (FXN) is 

considered to be the iron donor [21], while ferredoxin-2 (FDX2) along with ferredoxin 

reductase (FDXR) act as an electron transfer chain by oxidizing Nicotinamide Adenine 

Dinucleotide Phosphate (NAD(P)H to NAD(P)+ and e-). [22] As a result, a [2Fe-2S] cluster is 

initially assembled on the iron-sulfur cluster assembly protein (ISCU). [23] The chaperone 

mitochondrial Heat Shock Protein-70 (mtHSP70) and the co-chaperone Heat Shock 

protein Cognate-20 (HSC20) dissociate the cluster from ISCU and promote the transfer 

of the cluster to monothiol glutaredoxin-5 (GLRX5). [24] GLRX5 is known to constitute both 

an apo and a [2Fe-2S] heterodimer with BolA-like protein 1 (BOLA1) and BolA-like protein 

3 (BOLA3) [25] and also mediating a [2Fe-2S] and/or a [4Fe-4S] cluster to iron-sulfur cluster 

assembly 1 and 2 homologs (ISCA1 and ISCA2) which can coordinate a cluster both 

together and separately. [26][27]
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From this point onward, there is no clear experimental data to support any cluster transfer 

from the ISCA proteins to any other apo-protein, though, mutagenesis data from patients 

suggest that (i) the putative transferase CAF17 (IBA57) cooperates with the ISCA proteins 

[28], (ii) the iron-sulfur cluster scaffold homolog (NFU1) is involved in the maturation of the 

respiratory complex I (complex I), the succinate dehydrogenase (SDH) and the lipoyl 

synthase (LIAS), [29] and (iii) the Nucleotide-binding protein-like protein (NUBPL) is involved 

in the maturation of complex I. [30][31] Finally, NFU1 and NUBPL are implicated in 

functioning later in the pathway since the impact range of the silencing of their genes is 

narrower than that of ISCA proteins. [29][30][31] 

 

1.3.1 Multiple Mitochondrial Dysfunction Syndrome (MMDS) 

 

The mitochondrial Fe-S cluster assembly machinery has an impact farther than the 

cellular compartment of the mitochondrion since the maturation of all the Fe-S proteins 

in the cell depends on it. [32] In this respect, a single defect on this particular pathway could 

result in grave complications in the maintenance of life in cell. 

Many diseases have been linked with the impairment of this machinery. The most 

common and well-studied is Friedreich's ataxia which is directly linked with mutations in 

the FXN gene. [38] 

Recently, the correlation of mutations in genes with pathogenic symptoms and diseases, 

gave rise to the determination and taxonomy of a novel syndrome, the Multiple 

Mitochondrial Dysfunction Syndrome (MMDS), which is inextricably linked with protein 

partners of the mitochondrial Fe-S cluster assembly pathway. [39] 

This syndrome is characterized by reduced function of multiple stages of energy 

production in the mitochondria, early life emergence and short life expectancy (usually 

not past infancy). The main symptoms are encephalopathy, hypotonia, psychomotor 

delay, failure to thrive, lactic acidosis, hyperglycinemia, hyperglycemia, pulmonary 

hypertension and cardiomyopathy. Six types have already been identified, each type 

linked with a specific, distinct protein deficiency.
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MMDS type 1 is caused by mutation in the NFU1 gene (608100) and thirteen (13) cases 

have already been reported. [39][40] This type is characterized by muscle weakness, lethargy 

and failure to thrive. 

MMDS type 2 is caused by mutation in the BOLA3 gene (613183) and four (4) cases have 

already been reported. [39][41] This type is characterized by lethargy, muscle spasticity, 

vomiting and abnormality of extrapyramidal motor function. 

MMDS type 3 is caused by mutation in the IBA57 gene (615316) twenty-one (21) cases 

have already been reported. [42][43][44][45][46] This type is characterized by high palate, 

microcephaly and retrognathia. 

MMDS type 4 is caused by mutation in the ISCA2 gene (615317) and nineteen (19) cases 

have already been reported. [47][48][49][50] This type is characterized by spasticity, optic 

atrophy and absent speech. 

MMDS type 5 is caused by mutation in the ISCA1 gene (611006) and four (4) cases have 

already been reported. [51] This type is characterized by fibular aplasia or hypoplasia, 

femoral bowing, poly-, syn- and oligodactyly, and it is related with the Greig 

cephalopolysyndactyly syndrome (GCPS). 

MMDS type 6 is caused by mutation in the Peptidase Mitochondrial Processing Beta 

Subunit (PMPCB) gene (617954) on chromosome 7q22 and five (5) cases have already 

been reported. [52] This type is characterized by microcephaly, optic atrophy, ataxia, 

dystonia, and spastic quadriplegia. 

A potential cure for this severe disorder of systemic energy metabolism has yet to be 

discovered and the hope lays on the understanding of the function and role of the protein 

partners that are directly correlated with it and participate in the mitochondrial Fe-S 

cluster assembly machinery pathway.

http://omim.org/entry/608100
http://omim.org/entry/613183
http://omim.org/entry/615316
http://omim.org/entry/615317
http://omim.org/entry/611006
http://omim.org/entry/617954
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1.4 Late mitochondrial Fe-S cluster assembly 

machinery 

 
It is a rather interesting observation that almost all the protein partners implicated in 

MMDS are positioned after GLRX5, i.e. later in the mitochondrial Fe-S cluster assembly 

machinery pathway (Fig. 4). 

 

Figure 4. Mitochondrial Fe-S cluster assembly machinery pathway in homo sapiens. 

High-lighted pathway after GLRX5. Blue arrows indicate well resolved steps of the 

pathway while red-dashed arrows indicate hypothetical steps which have not yet been 

resolved. 

 

GLRX5 is a small evolutionary conserved mitochondrial Fe-S protein which uses 

glutathione (GSH) as a cofactor. GLRX5 is involved in the Fe-S protein biogenesis and is 

essential for normal regulation of hemoglobin synthesis by Aconitase 1 (ACO1). Defects 

in the GLRX5 gene have been associated with non-ketotic hyperglycinemia [41] and 

sideroblastic pyridoxine-refractory autosomal recessive (PRARSA). [54] The holo-form in 

solution in vitro is dimeric and binds a [2Fe-2S] cluster whose coordination involves two 

GSH molecules and a conserved cysteine from each subunit of the dimer. NMR data has 

shown that GSH has two different conformations in the dimer. [27] 
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BOLA3 belongs to the BolA/IbaG family. BOLA3 is a novel protein with a non-classical 

mitochondrial targeting sequence. [55]  BOLA3 cannot bind a cluster on its own but it 

coordinates a [2Fe-2S] cluster along with GLRX5 to form an hetero-dimeric holo-complex. 

This holo-hetero-complex is proposed to transfer a [2Fe-2S] cluster to recipient apo-

proteins. [56] Defects in the BOLA3 gene have been associated with MMDS2. [39][41] 

ISCA1 is a highly conserved mitochondrial Fe-S protein involved in the maturation of 

mitochondrial [4Fe-4S] cluster proteins functioning late in the Fe-S cluster assembly 

pathway. [28][57]
 ISCA1 can receive a cluster from GLRX5 to form a [2Fe-2S] homo-dimeric 

complex and, along with ISCA2, a [4Fe-4S] hetero-dimeric complex. ISCA1 forms, also, an 

hetero-dimeric apo-complex with ISCA2 [26][27] Defects in the ISCA1 gene have been 

associated with MMDS5. [51] 

ISCA2 is involved in the maturation of mitochondrial [4Fe-4S] cluster proteins functioning 

late in the Fe-S cluster assembly pathway. [28] ISCA2 can receive a cluster from GLRX5 to 

form a [2Fe-2S] and/or a [4Fe-4S] cluster homo-dimeric complex and, along with ISCA1, 

a [4Fe-4S] hetero-dimeric complex. ISCA2 forms, also, an hetero-dimeric apo-complex 

with ISCA1. [26][27] Defects in the ISCA2 gene have been associated with MMDS4. [47][48][49][50] 

IBA57 is involved in the maturation of mitochondrial [4Fe-4S] cluster proteins functioning 

late in the Fe-S cluster assembly pathway. [28] IBA57 is suspected to function along with 

the ISCA proteins for the maturation of [4Fe-4S] cluster proteins, though, its function in 

the mitochondrial Fe-S cluster assembly machinery is still elusive. [28] Defects in this gene 

have been associated with autosomal recessive spastic paraplegia-74 and MMDS3. 

[42][43][44][45][46] 

NFU1 is an Fe-S protein which can bind a [4Fe-4S] cluster and potentially deliver it to 

specific apo-proteins. It has two domains (C-terminal and N-terminal domain) connected 

with a flexible linker. Defects in the NFU1 gene have been associated with MMDS1. [39][40]



Chapter 1 – Introduction  1.5 Aim of the Research 

 

 

12 

1.5 Aim of the Research 

 

My research activity, during my Ph.D. studies, was focused on the functional and 

structural characterization of the proteins involved in the late steps of the mitochondrial 

Fe-S cluster assembly machinery, with an ultimate goal to better characterize the pathway 

in which they are involved and potentially contribute to understanding their malfunction 

when mutated. 

The human proteins that I have extensively characterized are NFU1, IBA57 and ISCA2, 

though, functional aspects of GLRX5, BOLA3 and ISCA1 were illuminated as well. All the 

proteins were recombinantly produced from Escherichia coli and purified by 

chromatographic techniques. The protocols for the production of GLRX5, BOLA3, ISCA1 

and ISCA2 were already available in our lab, while developed protocols for NFU1 and 

IBA57have been developed de novo by me. 

The techniques and methods that I handled were Polymerase Chain Reaction (PCR) (for 

DNA cloning and mutations), Transformation, recombinant protein Expression and 

Purification, Electrophoresis, High-performance liquid chromatography (HPLC), 

Ultraviolet–Visible spectroscopy (UV/Vis and UV/Vis CD), Multi-Angle Light Scattering 

(MALS), Size Exclusion Chromatography (SEC), Protein crystallization, Nuclear Magnetic 

Resonance (NMR) (1D 1H NMR and 2D 1H-15N HSQC) and Sample preparation for the 

aforementioned. I also exploited techniques by preparing samples for Small-angle X-ray 

scattering (SAXS) performed at EMBL (Hamburg Syncrothon), X-ray crystallography 

performed at ESRF (Grenoble), Electron Paramagnetic Resonance (EPR) and 

Paramagnetic NMR (para-NMR) performed at CERM. 

I contributed to the findings that NFU1 can bind a [4Fe-4S] cluster as a dimer after 

chemical reconstitution in vitro, while it can form a [4Fe-4S] cluster from [2Fe-2S] GLRX5-

BOLA3 and not [2Fe-2S] GLRX5. The latter indicates a possible role of BOLA3 as a 

molecular «switch» for the NFU1-related pathway. 

I managed to crystalize IBA57 and contributed to determine its structure by in-house 

protein X-ray crystal diffraction. I found that, in vitro, IBA57 cannot bind alone a cluster 

but cooperates with ISCA2 to bind a [2Fe-2S] cluster in an hetero-dimeric complex 

providing oxygen resistance with respect to the oxygen sensitive [2Fe-2S] ISCA2 system.  
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The ligands coordinating the cluster were also determined indirectly, following a 

mutagenesis scheme, while its functionality was validated by successfully increasing the 

activity of Aconitase. I also found that IBA57 does not interact with ISCA1 in vitro. 



 

14 
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2.1 Structure and potential role of IBA57 

 

IBA57 is implicated, along with the ISCA proteins, in the late steps of the mitochondrial 

Fe-S protein biogenesis pathway for the maturation of [4Fe-4S] clusters. The phenotype 

of the impairment of the expression of this protein is similar to that of NFU1, BOLA3, 

ISCA1 and ISCA2 proteins (MMDS). [28][44] Little is known about the role and the actual 

functional partners of this protein since there are no structural or in vitro/vivo data to 

support any of the aforementioned. 

 

2.1.1 Novel insights of the role of IBA57 

 

I developed a protocol for the expression and purification of IBA57 from E. coli cells and I 

contributed to the determination of its structure by X-ray crystallography. By a 

combination of NMR, EPR, UV/Vis, UV/Vis CD, DLS, SAXS and SEC techniques, I discovered 

that, in vitro, (i) IBA57 cannot bind a cluster on its own but cooperates with ISCA2 to bind 

a [2Fe-2S] cluster in an hetero-dimeric complex which is stable upon oxygen exposure for 

~15 hours, in contrast to the oxygen sensitive [2Fe-2S] ISCA2, (ii) the ligands coordinating 

the cluster at the [2Fe-2S] ISCA2-IBA57 are all cysteines and originate, one, from IBA57 

and, three, from ISCA2, (iii) [2Fe-2S] ISCA2-IBA57 successfully increased the activity of 

Aconitase (~70% in 45 minutes) and (iv) IBA57 does not interact with ISCA1. 

Based on these data, it is supported that IBA57 works as an oxygen protective agent 

during oxidative stress conditions and maybe could be partnering with ISCA2 to repair 

and/or mediate a [4Fe-4S] cluster to apo-proteins positioned later on the mitochondrial 

Fe-S cluster biogenesis pathway. 

The whole study is described in the published scientific article which is apposed below. 

…………………………………………………………………………………………………………………………………………... 
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Supporting Information 

 

 

Figure S1. Complex formation between [2Fe-2S] ISCA2 and IBA57 by SEC-MALS. Molar mass 

versus elution volume of (a) IBA57, (b) a 1:1 (ratio based on dimeric [2Fe-2S] ISCA2 concentration vs 

monomeric IBA57 concentration) mixture of IBA57 and [2Fe-2S]/apo ISCA2, (c) a chemically 

reconstituted 1:1 apo ISCA2-Cys230Ala IBA57 mixture, obtained by gel filtration on analytical 

SuperdexTM 200 Increase 10/300 GL column combined with MALS detection. The red dots indicate 

the MALS calculated molar mass (in g/mol, or Da) of each point of the peak of the eluted protein, and 

the red traces refer to the light scattering.
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Figure S2. Complex formation between [2Fe-2S] ISCA2 and IBA57 by SDS-PAGE. SDS-PAGE 

was performed on the fractions eluted from the analytical gel filtration column at peak 1. ISCA2 and 

IBA57 used to form the heterocomplex and protein molecular weight markers are present in the gel for 

reference. Kilodaltons of the molecular weight markers are indicated on the left 

 

 

Figure S3. The ISCA2-IBA57 complex binds a [2Fe-2S]2+ cluster as observed by paramagnetic 

NMR spectroscopy. 1D 1H NMR spectra of [2Fe-2S] ISCA2-IBA57 in 50 mM phosphate buffer, 5 mM 

DTT and 150 mM NaCl, pH 7.0 and 10% (v/v) D2O at 400 MHz and 298 K.
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Figure S4. ISCA1 does not form a cluster-mediated complex with IBA57. (a) UV-vis, (b) CD and 

(c) analytical gel filtration of IBA57 (blue), apo His-tag ISCA1 (violet), chemically reconstituted [2Fe-

2S] His-tag ISCA1 (red), a 1:1 mixture of His-tag apo ISCA1-IBA57 before (beige) and after (black) 

chemical reconstitution, and chemically reconstituted [2Fe-2S] ISCA2-IBA57 complex (green). The 

experiments were conducted with protein concentration of monomeric ISCA1 ranging from 0.15 mM 

to 0.3 mM depending on the applied spectroscopic technique. 

 

Figure S5. Comparison of the crystal structures and the B-factors of IBA57 and Cys230Ala IBA57 

mutant. (a) Main chain B-factors of wild-type IBA57 (■) and Cys230Ala IBA57 mutant (●) are plotted 

versus residue number. The black and red horizontal lines indicate the averaged B-factor values plus 

one standard deviation (1), respectively. (b) Superimposition of the backbone of wild-type IBA57 

(blue) and of Cys230Ala IBA57 mutant (red). The sidechains of the residues surrounding the conserved 

Cys 230 are shown in both structures. (c) The residues having a main chain B-factor value higher than 

the average value plus 1 are colored in violet and the residues with very poor electron density are 

colored in cyano in the ribbon diagram of wild-type IBA57 (on the left) and Cys230Ala IBA57 mutant 

(on the right
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Figure S6. AMS-based alkylation gel shift assay on IBA57 and [2Fe-2S] ISCA2-IBA57. (a) Non-

reducing SDS-PAGE (12%) of IBA57 (lane 2), AMS-reacted [2Fe-2S] ISCA2-IBA57 (lane 3), AMS-

reacted IBA57. Kilodaltons of the molecular weight markers are indicated on the left. (b) Non-reducing 

SDS-PAGE (17%) of IBA57 (lane 2), AMS-reacted IBA57 (lane 3), Cys230Ala IBA57 (lane 4) and 

AMS-reacted Cys230Ala IBA57 (lane 5). Kilodaltons of the molecular weight markers are indicated on 

the left. 

 

 

 

Figure S7. IBA57 does not interact with tetrahydrofolate derivatives. (a) Overlay of 1H-15N HSQC 

spectra of 15N-labelled IBA57 (0.35 mM) in the absence (red) and in the presence (black) of two 

equivalents of tetrahydrofolic acid. (b) Overlay of 1D 1H ePHOGSY spectra of calcium folinate (5 mM) 

(red) and in the presence of IBA57 protein (10 μM) (black). The two spectra were drifted of 0.05 ppm 

to compare signal intensities. (c) Overlay of 1D 1H ePHOGSY spectra of calcium folinate (1 mM) (red) 

and in the presence of [2Fe-2S] ISCA2-IBA57 complex (10 μM) (black). The two spectra were drifted 

of 0.05 ppm to compare signal intensities.
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Figure S8. [2Fe-2S] ISCA2-IBA57 recycles apo aconitase into [4Fe-4S] aconitase. (a) UV-visible 

spectrum of aerobically purified aconitase in 50 mM phosphate buffer, 150 mM NaCl, 5 mM DTT, pH 

7.0. (b) Aconitase activity assay: 5 μM aerobically purified aconitase was incubated at 25°C for 45 

minutes with 25 μM of [2Fe-2S] ISCA2-IBA57 complex (Aco + [2Fe-2S] ISCA2-IBA57). Aconitase 

activity was then measured and it was expressed as a percentage of the activity obtained after the 

chemical reconstitution of the aerobically purified aconitase (chemically reconstituted Aco) performed 

under the same experimental conditions. Aconitase activity of aerobically purified aconitase (aerobically 

purified Aco) was also estimated and expressed with respect to chemically reconstituted Aco. Error bars 

indicate the standard deviation of results from two experiments. 

…………………………………………………………………………………………………………………………………………... 
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2.1.2 Overcoming the phasing problem using the magic triangle 

 

I crystalized IBA57 and we determined its structure, in-house, by X-ray crystal diffraction 

using 5-amino-2,4,6-triiodoisophthalic acid (I3C) high energy remote SAD-phasing. We 

acquired sufficient data for phasing only from one single protein crystal of triclinic 3D 

structure. 

The whole methodology is being extensively analyzed in the already submitted 

manuscript below. 

…………………………………………………………………………………………………………………………………………... 

In-house high energy remote SAD-phasing using the magic triangle: how to tackle the P1 low 

symmetry using multiple orientations on the same human IBA57 crystal to increase 

multiplicity 

Gourdoupis S. #, Nasta V. #, Ciofi-Baffoni S. #§, Banci L. #§ and Calderone V. #§* 

# CERM - Center for Magnetic resonance, University of Florence, via Luigi Sacconi 6, 50019 Sesto Fiorentino 

(FI), Italy 

§ Department of Chemistry, University of Florence, via della Lastruccia 3, 50019 Sesto Fiorentino (FI), Italy 

* Corresponding author 

email address: calderone@cerm.unifi.it (Calderone V.) 

               

Keywords: SAD phasing, I3C, magic triangle, P1, IBA57 

 

Abstract 

This paper describes the approach used to solve the protein structure in-house through 5-amino-

2,4,6-triiodoisophthalic acid (I3C) high energy remote SAD-phasing. Multiple orientations of 

the same triclinic crystal have been exploited to acquire sufficient data redundancy for phasing. 

It is illustrated the multiplicity value that appears to be somehow a borderline between success 

and failure in phasing and how adding further data does not affect significantly substructure 

solution and model building. Furthermore, it is described how the collection of a native dataset 

and its joint use with the I3C derivative through a SIRAS approach decreases the data 
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redundancy needed by almost 50%. The protein on which this approach was carried out is 

human IBA57. 

To our knowledge, this is the only structure present in the PDB which has been solved in-house, 

through remote SAD, in space group P1 and using one crystal only. All raw data used, deriving 

from the different orientations, will be deposited to Zenodo (https://zenodo.org) in order to 

enable software developers to improve methods for data processing and structure solution and 

for educational purposes. 

 

Introduction 

About two-thirds of recently deposited structures in the PDB have been solved using molecular 

replacement which requires the availability of an already solved structure of a protein 

homologous to the unknown one; on the contrary, experimental phasing has the advantage of 

being free from model bias and is required for samples that do not have any structurally related 

entries. Single anomalous dispersion (SAD) has become the most used method for de novo 

determination of protein crystal structures (Hendrickson, 2014) and it accounts for over 70% of 

the structures, determined by experimental phasing, deposited in the PDB (Berman, 2000, 

Bunkoczi et al., 2015). Methods for experimental phasing based on the anomalous scattering 

of certain atoms (SAD and MAD), have replaced traditional methods like MIR. With the latest 

advances in synchrotron hardware, phasing with the weak anomalous signal from intrinsic 

scatterers has become a possible option, although high-quality data are normally required. 

These are more easily obtained when high symmetry enables a high data redundancy to be 

achieved, but lower symmetry examples have also proved successful (Lakomek et al., 2009). 

Heavy-atom soaks normally show a low success rate, but systematic heavy-atom screening with 

conventional heavy-metal ions has been performed using gel electrophoresis
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(Boggon & Shapiro, 2000), mass spectrometry (Agniswamy et al., 2008) or a database approach 

(Sugahara et al., 2005). 

The combination of phase information from a partial molecular-replacement solution and weak 

experimental phases has also proved to be successful in a number of cases (Tereshko et al., 

2008, Schuermann & Tanner, 2003, Roversi et al., 2010). 

Since soaking with heavy-atoms often suffers from non-specific binding, a new class of 

compounds has been developed that combines heavy atoms with functional groups for binding 

to proteins. The molecule 5-amino-2,4,6-triiodoisophthalic acid (I3C) contains three functional 

groups (two carboxylate groups and one amino group) that interact with proteins through 

hydrogen bonds. Three iodine atoms suitable for anomalous dispersion phasing are arranged in 

an equilateral triangle and are thus easily identifiable in the substructure. Anomalous scatterers 

such as halide ions or halogenated fragments have been more and more exploited for 

experimental phasing (Dauter & Dauter, 2007, Kim et al., 2013, Liu et al., 2011, Ramagopal et 

al., 2003, Salgado et al., 2005, Bauman et al., 2016).  

Halides such as bromine or iodine show a very large anomalous signal at the common 

wavelengths adopted at synchrotrons (corresponding at some absorption edge) but they still 

show a sufficient anomalous difference also at the lower energies typical of a diffractometer 

although these are further away from the proper edges. The success of such phasing depends 

on the occupancy, on the orderliness of the surface bound halide atoms and of course of the 

absence of radiation damage. In order to solve the structure of human IBA57, which crystallizes 

in space group P1, we have adopted a methodological approach based on an in-house remote 

SAD-phasing using the magic triangle I3C.  

IBA57 is a 325-residue human protein which localizes to the mitochondrion and is part of the 

iron-sulfur cluster assembly pathway (Rouault, 2015). The maturation of mitochondrial iron-

sulfur proteins requires a complex protein machinery. In the late phase of this machinery, a 
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[2Fe-2S] cluster is converted into a [4Fe-4S] cluster. Human IBA57 protein acts in this phase 

as an iron-sulfur cluster assembly component along with ISCA1 and ISCA2 (Sheftel et al., 

2010). 

The structure of this protein was still unknown and the closest homologue whose structure was 

known showed 24% only sequence homology (which made molecular replacement very 

unlikely to be successful); for this reason, experimental phasing was the more likely way to try 

and solve it. We have thus adopted an approach based on an in-house I3C SAD data collection 

on a single P1 crystal in multiple orientations in order to gain sufficient multiplicity. 

 

Materials and Methods 

Cloning, expression and purification 

Human IBA57 has been cloned, overexpressed and purified at homogeneity for crystallization 

experiments as described elsewhere (paper submitted). 

 

Crystallization, data collection and structure determination 

The purified IBA57 protein sample had a concentration of 0.4 mM and was dissolved in a 

solution containing 50 mM phosphate buffer, 150 mM NaCl and 2.5 mM TCEP. Crystallization 

trials on IBA57 were performed by the sitting drop vapor diffusion method at 20 °C by mixing 

an equal volume of the sample and of a solution containing 0.1 M MES pH 6.0 and 20 % 

PEG3350. Bunches of large, thin and superposed crystals started to grow overnight and grew 

to final size in a few days. The protruding edges of these bunches of superposed crystals were 

cut so as to obtain single crystals useful for diffraction. The chosen crystal was then soaked in 

the mother liquor containing 25 % ethylene glycol and 0.5 M 5-amino-2,4,6-triiodoisophthalic 

acid (I3C) (previously activated with LiOH) for 2-3 minutes since a longer time caused the 

crystal to crack. 
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The crystal diffracted to 2.0 Å resolution with data intensity being acceptably intense up to 2.3 

Å; it belonged to the triclinic space group P1 (a = 38.08 Å, b = 43.03 Å, c = 59.24 Å, = 77.90°,  

= 75.63°, = 71.66°) with one molecule in the asymmetric unit and a solvent content of about 

50%. Since the crystal belonged to the lowest possible symmetry space group and since SAD 

experiments need quite high data multiplicity in order to be successful, nine diffraction 

experiments at 100 K have been performed under several orientations (Table 1) using in-house 

K radiation on one crystal only, which proved to be the best crystal among quite poorly 

diffracting ones. 

The data were collected by the rotation method using 1.0° oscillation for a total of 1136 degrees 

fully exploiting the 4-circle goniometer. 

The nine datasets were processed using XDS (Kabsch, 2010) and scaled using XSCALE 

(Kabsch, 2010). The relevant statistics are shown in Table 2. 

The analysis of the SAD Patterson maps and the first solvent flattening and chain tracing were 

performed with the program SHELXC/D/E (Sheldrick, 2010) as implemented in the 

HKL2MAP (Pape & Schneider, 2004) interface, using the first six datasets and it provided the 

positions of twelve iodine atoms in the asymmetric unit with good occupancies. The preliminary 

phases obtained were then improved by further phase refinement and density modification 

techniques using a solvent content of 50% with the program autoSHARP (Vonrhein et al., 

2007). Likewise the model tracing was performed by looping between BUCCANEER (Cowtan, 

2006) and ARP/wARP (Langer et al., 2008), which, in the end, allowed for a complete chain 

tracing. Structure determination will be explained in more details in the Results and Discussion 

section.  

The refinement was then carried out using BUSTER (Bricogne G. et al., 2016) making use of 

TLS restraints and water molecules were added during refinement. In between refinement 

cycles the model was subjected to manual adjustments using COOT (Emsley & Cowtan, 2004). 
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The stereochemical quality of the refined model was assessed using the program 

MOLPROBITY (Chen et al., 2010). The Ramachandran plot was of good quality with no 

residues in the disallowed regions (except those residues in the loops which have been modeled 

anyway despite a very poor electron density). Figure 1 shows the ribbon representation of the 

solved structure of human IBA57 with the residue for which electron density is very poor if not 

absent at all highlighted in red. The relevant refinement statistics are shown in Table 2. 

It also has to be pointed out that two more datasets have been collected after the above-

mentioned SAD structure determination: a native dataset has been collected in-house in order 

to test to what extent SIRAS would have made structure determination easier, and lately, 

another native dataset has been collected at the synchrotron using beamline ID30B at ESRF 

(Grenoble, France) in order to achieve a higher resolution; in the latter case the structure was 

solved using the experimentally SAD-solved structure as the molecular replacement template 

and the structure has been refined at 1.75 Å resolution. The refinement statistics for the 

synchrotron collected dataset are shown in Table 2. 

The coordinates and structure factors were deposited in the Protein Data Bank under the accession 

codes 5OLI (for the in-house I3C derivative) and 6ESR (for the higher resolution synchrotron 

structure). 

 

Results and Discussion 

SAD vs. SIRAS 

Due to the immediate in-house availability of I3C the first attempt was that of a SAD 

experiment: it was in fact clear from the very beginning that experimental phasing of IBA57 

would be the most likely way for solving its structure due to the absence of available models 

with sequence identity higher than 25%.



Chapter 2 – Results  2.1.2 Overcoming the phasing 

  problem using the magic triangle 

39 

 

SAD was performed on iodine at the Cu wavelength which, although well above the L-I 

absorption edge of the element (2.389 Å), still grants about six electrons difference between f’ 

and f’’. The crystal was thus soaked for less than two minutes in a solution containing I3C and 

then put under the nitrogen flux in order to be diffracted. 

While the data collection was going on, it appeared clear that the crystal belonged to space 

group P1 and so the collection of 360° of rotation around phi would certainly not ensure a great 

data redundancy due to the triclinic lowest possible symmetry. Multiplicity is in fact essential 

in anomalous dispersion phasing (especially in a SAD experiment) and allows for more accurate 

data measurements: the little anomalous differences must be greater than the error on the 

intensity estimate in order to be meaningful and to eventually led to structure solution. 

Being the full phi rotation not enough to achieve a reasonable redundancy on a triclinic crystal, 

other experiments were setup; using one crystal showing a good diffraction nine datasets were 

collected on the same crystal exploiting the potential of the 4-circle goniometer (Table 1) 

leading to a total of 1136 degrees rotation.  

The substructure was solved using all the nine datasets which were merged and scaled together 

keeping Friedel pairs separated: collectively these runs allowed to reach an anomalous 

multiplicity of about 5.6. The relevant intensities were then fed into the standard routine of 

SHELXC/D/E through the HKL2MAP interface. SHELXD found a solution with 12 iodine 

sites (Figure 2) with good figures of merit and correlation (CC All/Weak 24.8/11.2, CFOM= 

36.0); this allowed SHELXE to trace over a hundred residues as poly Ala in one of the two 

hands. The chain was not continuous, but the electron density map of this solution did not 

appear random and it was possible to find patches of sensible density. So, this partial model 

output by SHELXE was then fed into the standard autoSHARP routine which refines phases, 

carries out density modification, traces with BUCCANEER first while performing density 

modification with PARROT, then carries out another solvent flattening on the model output by 
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BUCCANEER and in the end performs a last cycle of model building through ARP/wARP. 

This approach lead to a partial model traced by BUCCANEER showing 184 residues out of the 

307 expected with the longest chain of 31 residues. A visual inspection of the electron density 

map computed with this model showed several well-defined regions and was very promising 

despite a not really outstanding Rfree value (0.51). This partial model was then input again into 

the autoSHARP routine leading to a great improvement which yielded a model of 250 residues 

with the longest chain of 54 and an Rfree of 0.40. Then again this model was used as input for a 

last autoSHARP routine and this eventually lead to a complete tracing of the structure with an 

Rfree of 0.38. The model was then refined, and water added to the final Rfree/Rcryst of 26.0/21.5. 

From a browsing of the PDB this is the first case, to our knowledge, of a protein structure which 

has been experimentally solved in-house, through SAD, using one crystal only in multiple 

orientations and in space group P1 which is the one with the lowest possible symmetry.  

At this point it is relevant to define the smallest possible number of datasets needed to solve the 

structure and to identify what would be a reasonable threshold i.e. the minimum redundancy 

and phasing power needed to solve the phase problem. Thus we tested the SAD phasing 

efficiency of run 1 alone and run 1 plus the other runs which have been collected using the very 

same procedure applied for runs 1 to 9. What appeared evident was that it was not possible to 

trace the structure with a number of datasets lower than 7 although the SHELXC/D/E statistics 

look more or less the same in all cases. Only starting from runs 1-7 (multiplicity of about 4.8) 

it was possible to solve and trace the full structure possibly because of the increase of the 

phasing power along with the increasing number of datasets included. The dataset including 

runs 1 to 6 seems to be the borderline for successful structure solutions (Table 3). The same 

situation was also found if using a random combination of datasets. It is also to point out that, 

even in the unsuccessful dataset ensembles, the typical phasing statistics and the Rfree/Rcryst 
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values appear very similar to those of the successful ensembles; nevertheless, chain tracing is 

not successful indicating a poor phase quality given by a not sufficient data redundancy. 

We then obtained another crystal from the very same sample preparation of comparable quality 

to the one used for structure solution. We then collected a native dataset of it and analyzed to 

what extent SIRAS would be more efficient than SAD alone to solve the structure i.e. to what 

extent multiplicity could be lowered exploiting the isomorphous effect of iodine for structure 

solution. 

The same procedure used for the first crystal (SHELXC/D/E and autoSHARP routine and 

subsequent loops with sequential partial models) was applied on the native dataset plus the 

various I3C datasets added one by one to the native one. In this case, three I3C datasets only 

were enough to succeed reducing the necessary multiplicity to a value below 3 thus decreasing 

it by half with respect to the SAD alone (Table 4).  

Also in this case a random combination of datasets was tried out and the final result did not 

change. 

 

Conclusions 

The present paper deals with the experimental phasing of human IBA57. It is the only structure 

to our knowledge that has been solved in-house through remote SAD on an I3C derivative using 

one crystal only, despite the crystal is triclinic. In order to achieve sufficient multiplicity several 

orientations of the same crystal were collected. The redundancy threshold for successful 

phasing appeared to be around five, independent of the combination of datasets used. This value 

can be reduced to about half through SIRAS by exploiting the isomorphous differences with a 

second native dataset reaching a successful multiplicity value of less than three. All the raw 

data of the I3C derivative and the in-house native will be deposited to ZENODO 

(https://zenodo.org) both for educational purposes and to enable other crystallographers to 
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improve methods for data processing and structure solution and thus to benefit from these 

findings. 
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Tables and Figures 

 

 

 Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 

Theta (°) 0 0 0 0 0 0 0 0 0 

Phi (°) 0 to  360 0 90 45 135 0 90 45 135 

Kappa (°) 0 30 30 30 30 -30 -30 -30 -30 

Omega (°) 0 -24 to 73 -24 to 73 -24 to 73 -24 to 73 -73 to 24 -73 to 24 -73 to 24 -73 to 24 

 

Table 1 Description of the four angle ranges for each of the nine IBA57-I3C datasets 

collected 
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 IN-HOUSE IBA57-I3C IBA57 SYNCHROTRON 

NATIVE 

Diffraction source Sealed tube ID30B ESRF 

Wavelength (Å) 1.54 0.97 

Temperature (K) 100 100 

Detector Onyx CCD Pilatus 6M 

Crystal-to-detector distance (mm) 60 319.25 

Oscillation range (°) 1 0.1 

Total rotation range (°) 1136 360 

Exposure time/image (s) 120 0.08 

Space group P1 P1 

a, b, c (Å) 38.08  43.03  59.24 37.28   43.25   55.30 

(°) 77.90  75.63  71.66 94.88  93.25 108.18 

Mosaicity (°) 0.3 0.2 

Resolution range (Å) 50.0 - 2.3 50.0 – 1.7 

Total reflections 181082 (17654) 106801 (15660) 

Unique reflections  15237 (1521) 31482 (4876) 

Completeness (%)  99.9 (99.9) 95.0 (89.0) 

Anomalous reflections  14701 - 

Anomalous multiplicity 5.7 - 

Anomalous completeness 97.5 - 

I/(I) 10.7 (1.6) 11.9 (1.8) 

Rp.i.m. 0.08 - 

Rp.i.m.Ov 0.06 - 

Rmerge † 0.19 0.06 

Wilson plot B factor (Å2) 40.0 36.2 

N° of sites 12 - 

f’/f’’ (refined) -0.5 / 6.7 - 

FOM (SHARP) 0.25 - 

FOM (PARROT) 0.65 - 

Rcryst  / Rfree‡ (%) 21.5/26.0 20.9/24.4 



Chapter 2 – Results  2.1.2 Overcoming the phasing 

  problem using the magic triangle 

44 
 

Protein atoms 2346 2346 

Water molecules 88 107 

Ligand atoms 63 - 

RMSD bond lengths (Å) 0.010 0.007 

RMSD bond angles (º) 1.090 0.965 

 

Table 2 Data collection and refinement statistics of the in-house collected I3C derivative and of 

the synchrotron collected high resolution native dataset 

†Rmerge = , where Ii(hkl) is the mean intensity of the ith observation of symmetry-

related reflections hkl.  

‡Rcryst = , where Fcalc is the calculated protein structure factor from the atomic model (Rfree was 

calculated with a randomly selected 7% of the reflections). 

 

SAD (IN-HOUSE IBA57-I3C) 
IBA57-I3C 

run(s) 

  1 1-2 1-3 1-4 1-5 1-6 1-7 1-8 1-9 

Anomalous 

multiplicity 

(AIMLESS) 

 

 

 

2.0 

 

2.5 

 

2.9 

 

3.4 

 

3.8 

 

4.4 

 

4.8 

 

5.2 

 

5.6 

SHELXD 

CC All/Weak 

CFOM 

 

 

24.6/11.2 

35.8 

 

25.4/10.6 

36.0 

 

25.4/10.5 

35.9 

 

25.6/12.2 

37.8 

 

25.9/11.6 

37.5 

 

24.8/11.2 

36.0 

 

25.2/10.0 

35.2 

 

26.2/10.2 

36.4 

 

25.3/11.7 

37.0 

SHELXE 

n° of residues 

n° of chains 

CC (%) 

 

 

65 

8 

5.9 

 

87 

10 

6.3 

 

89 

12 

5.8 

 

72 

9 

4.4 

 

98 

13 

7.0 

 

75 

10 

5.8 

 

89 

11 

6.1 

 

54 

7 

4.2 

 

 

78 

10 

5.4 

AutoSHARP 

FOM 

PP anom 

 

Buccaneer 

Longest chain 

Sequenced 

Rfree/Rcryst 

 

ARP/wARP 

Longest chain 

Sequenced 

Rfree/Rcryst 

 

 

FAILED 

FAILED 

 

FAILED 

FAILED 

FAILED 

FAILED 

 

FAILED 

FAILED 

FAILED 

FAILED 

 

FAILED 

FAILED 

 

FAILED 

FAILED 

FAILED 

FAILED 

 

FAILED 

FAILED 

FAILED 

FAILED 

 

0.20 

0.49 

 

156 

17 

0 

0.52/0.52 

 

114 

9 

0 

0.43/0.30 

 

0.21 

0.51 

 

142 

25 

0 

0.52/0.50 

 

113 

13 

0 

0.45/0.33 

 

 

0.19 

0.55 

 

190 

29 

0 

0.52/0.50 

 

123 

15 

0 

0.48/0.33 

 

0.24 

0.53 

 

154 

17 

0 

0.50/0.50 

 

111 

19 

0 

0.46/0.30 

 

0.24 

0.54 

 

184 

31 

31 

0.51/0.49 

 

132 

20 

0 

0.46/0.34 

 

0.19 

0.58 

 

136 

38 

0 

0.50/0.50 

 

103 

10 

9 

0.44/0.29 

 

0.24 

0.64 

 

165 

30 

0 

0.51/0.51 

 

111 

18 

0 

0.44/0.34 

 

Table 3 Statistics for each ensemble of datasets of the substructure solution, phase refinement 

and chain tracing for SAD. The red characters show the failure in chain tracing with the 

relevant redundancy value; the green show the successful values. 

 

http://reference.iucr.org/dictionary/Structure_factor
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SIRAS (IBA57 IN-HOUSE IBA57-I3C + IN-HOUSE NATIVE IBA57) 
IBA57-I3C 

run(s) 

  1 1-2 1-3 1-4 1-5 1-6 1-7 1-8 1-9 

Anomalous 

multiplicity 

(AIMLESS) 

 

 

 

2.0 

 

2.5 

 

2.9 

 

3.4 

 

3.8 

 

4.4 

 

4.8 

 

5.2 

 

5.6 

SHELXD 

CC All/Weak 

CFOM 

 

 

22.1/12.6 

34.7 

 

20.9/11.4 

32.2 

 

21.4/11.9 

33.3 

 

21.2/11.4 

32.6 

 

22.2/12.3 

34.5 

 

22.2/18.8 

35.0 

 

23.0/13.4 

36.4 

 

23.6/14.2 

37.7 

 

22.7/13.2 

35.9 

 

SHELXE 

n° of residues 

n° of chains 

CC (%) 

 

 

110 

15 

8.8 

 

96 

14 

7.9 

 

103 

13 

9.3 

 

86 

10 

10.2 

 

94 

12 

7.7 

 

101 

12 

7.50 

 

 

92 

9 

8.9 

 

 

95 

13 

9.0 

 

 

85 

11 

7.4 

AutoSHARP 

FOM 

PP anom 

PP iso 

 

Buccaneer 

Longest chain 

Sequenced 

Rfree/Rcryst 

 

ARP/wARP 

Longest chain 

Sequenced 

Rfree/Rcryst 

 

 

0.20 

0.62 

1.05 

 

61 

14 

0 

0.53/0.52 

 

64 

11 

0 

0.49/0.33 

 

0.24 

0.65 

1.15 

 

127 

24 

14 

0.52/0.53 

 

80 

9 

0 

0.50/0.33 

 

0.21 

0.60 

1.0 

 

277 

81 

200 

0.47/0.47 

 

179 

27 

44 

0.44/0.30 

 

 

0.21 

0.61 

1.01 

 

241 

22 

0 

0.51/0.51 

 

134 

13 

0 

0.46/0.31 

 

0.20 

0.61 

1.00 

 

153 

26 

17 

0.54/0.53 

 

110 

10 

0 

0.49/0.35 

 

0.18 

0.60 

0.92 

 

190 

33 

30 

0.51/0.50 

 

145 

27 

0 

0.47/0.33 

 

0.19 

0.58 

0.86 

 

172 

18 

2 

0.49/0.48 

 

111 

11 

0 

0.51/0.35 

 

0.22 

0.65 

1.00 

 

285 

64 

255 

0.45/0.45 

 

213 

48 

118 

0.38/0.30 

 

0.22 

0.66 

0.99 

 

180 

24 

0 

0.52/0.52 

 

94 

9 

7 

0.49/0.35 

Table 4 Statistics for each ensemble of datasets of the substructure solution, phase refinement 

and chain tracing for SIRAS. The red characters show the failure in chain tracing with the 

relevant redundancy value; the green show the successful values.

 

Fig. 1 Secondary structure ribbon representation of the structure of human IBA57. Highlighted 

in red the residues for which very poor or no electron density at all is observed.  
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Fig. 2 Detail of the electron density of one of the four molecules of I3C bound through hydrogen 

bonds to two residues on the surface of IBA57 

 

 

 

 

 

Fig. 3 Stereo representation of the quality of the electron density of 6ESR 
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2.2 NFU1 characterization and potential role of 

BOLA3 

 

Both the genes of BOLA3 and NFU1 are located on the same chromosome (2p13) while 

the expression level of the one is directly affected by the expression level of the other. [39] 

BOLA3 is indispensable for the stability of NFU1 [65]  and together are implicated in 

functioning late in the mitochondrial Fe-S cluster assembly machinery. [66] These 

observations point out a correlation between the two proteins, a correlation that I tried 

to identify, interpret and explain. 

I developed a protocol for the expression and purification of NFU1 from E. coli cells. I also 

produced BOLA3 and GLRX5 by following protocols already developed here at the 

Magnetic Resonance Center (CERM). [25][27] By a combination of NMR, EPR, UV/Vis, UV/Vis 

CD, DLS and SEC techniques I managed to demonstrate that (i) apo NFU1 is a mixture of 

monomer and dimer in solution and that the ratio between the two forms is ionic strength 

dependent, (ii) NFU1 binds a [4Fe-4S] cluster in an homo-dimeric state either by 

incubating the protein with an excess of FeCl3 and Na2S or with [2Fe-2S] GLRX5-BOLA3 

and GSH, at the presence of dithiothreitol (DTT), under anaerobic conditions and (iii) no 

cluster uptake was observed neither upon incubation of NFU1 with [2Fe-2S] GLRX5 nor 

[4Fe-4S] NFU1 with GLRX5. 

This behavior suggests a direct functional connection between NFU1 and BOLA3 and an 

obvious demonstration of the role of BOLA3 as a potential «switch» partner which turns 

ON and OFF the cluster transfer on the pathway of NFU1. 

This work is extensively analyzed in the manuscript below while further data analysis and 

experiments are ongoing  to complete it. 

…………………………………………………………………………………………………………………………………………... 

 

 

 

 



Chapter 2 – Results                                                                           2.2 NFU1 characterization 

  and potential role of BOLA3 

49 
 

 

Mitochondrial human NFU1 assembles a [4Fe-4S] cluster 

upon interaction with [2Fe-2S] BOLA3-GLRX5 
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Introduction 

Mitochondria play a key role in the maturation of all iron-sulfur (Fe-S) proteins throughout the cell. 

[1][2][3]A pool of mitochondrial proteins, which form the mitochondrial iron-sulfur cluster (ISC) assembly 

machinery, are required for the assembly of both mitochondrial and cytosolic/nuclear iron-sulfur. [4] In 

mitochondrial ISC assembly machinery, [4Fe-4S] clusters are synthesized by scaffold proteins, such as 

ISCU and ISCAs proteins in humans, and then specifically transferred to apo client proteins by the so-

called iron-sulfur cluster targeting factors. One of these factors is the universally present mitochondrial 

NFU1, which in humans is required for the proper assembly of a subset of mitochondrial [4Fe-4S] 

proteins, which include components of respiratory complexes I and II, and lipoic acid synthase. [5][6][7] It 

has been proposed that mitochondrial NFU1, assisted by BOLA3, another protein of the mitochondrial 

ISC machinery, [5] functions to facilitate [4Fe-4S] transfer to apo client proteins preventing oxidative 

damage to the cluster. [8] BOLA3 has been also found to form a stable dimeric heterocomplex with 

monothiol glutaredoxin 5 (GLRX5), [8][9][10] a component of the mitochondrial ISC assembly machinery 

that operates upstream in the machinery by receiving a [2Fe-2S] cluster de novo assembled on the ISCU 

scaffold protein. [4][11] The dimeric GLRX5-BOLA3 complex is formed both as apo and with a bridged  
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[2Fe-2S] cluster, and the holo form of the heterocomplex is preferentially formed with respect to 

homodimeric [2Fe-2S] GLRX5. [8][9] The proposed functional role of the [2Fe-2S] heterocomplex is that 

of transferring the cluster to apo acceptor(s), although the target(s) need(s) to be identified. [9][10] 

What makes mitochondrial NFU1 and BOLA3 particularly compelling to study is their involvement in 

human diseases. Point mutations in, or deficiencies of, NFU1 or BOLA3 protein cause two fatal 

mitochondrial diseases called multiple mitochondrial dysfunction syndromes, related to functional 

NFU1 and BOLA3 deficiency (MMDS1 and MMDS2, respectively), and characterized by symptoms 

such as lactic acidosis, hyperglycinemia and reduced activity of respiratory chain complexes I and II. 

[5][6][12][13][14][15][16][17] Somewhat surprisingly, given the severity of the human phenotype, is that depletion 

or deletion of NFU1 from HeLa cells [6] and yeast Saccharomyces cerevisiae, [18] causes only a very mild 

growth phenotype in culture. However, a specific impact on several enzymatic activities of [4Fe-4S] 

mitochondrial proteins has been detected. The similarities of phenotypes in patients with MMDS 

mutations in mitochondrial NFU1 or in BOLA3 are in agreement with the proposal that the two proteins 

act as protein partners in a common step of the mitochondrial ISC assembly machinery. [6][8]The physical 

interactions of mitochondrial NFU1 with BOLA3, and with ISCA1 and ISCA2, [8] the two members of 

the mitochondrial ISC assembly machinery receiving two [2Fe-2S] clusters from GLRX5 and coupling 

them to form a [4Fe-4S] cluster, [19] supported a mechanism where NFU1 receives a [4Fe-4S] cluster 

assembled on a ISCA1-ISCA2 hetero-complex [19] and then transfers the [4Fe-4S] cluster to apo client 

proteins with the assistance of BOLA3. [8] However, this mechanism does not take into account the 

possible  interaction with the GLRX5-BOLA3 complex, whose function remains undefined, as well as 

it does not explain how BOLA3 functions with NFU1 in cluster transfer to apo client proteins.  

Analyses of genomic DNA, transcripts, and translation products indicate that alternative splicing of a 

common pre-mRNA results in synthesis of two NFU human isoforms with distinct subcellular 

localizations. Isoform I is localized in the mitochondria, whereas isoform II is present in the cytosol and 

the nucleus. [7] A recent structural characterization of human apo NFU1 isoform II showed that the 

protein is monomeric in solution and adopts a dumbbell-shaped structure with well-structured N- and  
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C- terminal domains connected by a flexible linker. [23] It has been also shown that chemically 

reconstituted NFU1 isoform II binds a [4Fe-4S] cluster by forming a trimer of dimers, each containing 

a [4Fe-4S] cluster. [23] Specifically, combined NMR and SAXS data identified three N-terminal domains 

involved in the formation of a tripartite interface, while two conserved cysteines in the C-terminal 

domain ligate a [4Fe-4S] cluster to form a dimer by bridging two C-terminal domains.  

In order to assess define the role of BOLA3 in this mechanism, we have here first characterized the 

mitochondrial holo isoform I of human NFU1 (mNFU1 hereafter) by NMR, and then investigated, by 

NMR and UV-visible absorption/CD spectroscopies, cluster transfer/assembly on human apo mNFU1 

upon the interaction with human [2Fe-2S] BOLA3-GLRX5 or [2Fe-2S] GLRX5. 

 

Results and Discussion 

Mitochondrial human NFU1 isoform I in its apo and [4Fe-4S] cluster bound states 

Human mNFU1 purified from E. coli cells was always isolated in the apo form in all our tested 

conditions. The protein was thus chemically reconstituted following a standard protocol (see Materials 

and Methods for details). UV-visible absorption of chemically reconstituted mNFU1 (Figure S1) 

showed the presence of a broad band centered at 420 nm, as previously reported, [7] which typically 

dominates the absorption spectra of all biological [4Fe-4S]2+ centers. [25] The CD spectrum of chemically 

reconstituted mNFU1 (Figure S1) in the UV-visible region is very weak and featureless, which is also 

characteristic of many biological [4Fe-4S]2+ clusters. [25][26] Moreover, the extinction coefficient at 420 

nm of 8.3 mM-1 cm-1, based on the mNFU1 monomeric concentration, is indicative of approximately 

one [4Fe-4S]2+ cluster per mNFU1 dimer. [22][24] 

To further corroborate the formation of a dimeric, [4Fe-4S] cluster-loaded species, 15N heteronuclear 

NMR measurements (i.e. 1H-15N heteronuclear single-quantum correlation (HSQC) and R2, R1 and 

15N{1H} NOE relaxation experiments) were performed on both apo and [4Fe-4S]2+
 
15N-labeled mNFU1. 

The comparison of the 1H-15N HSQC spectra of apo mNFU1 (Figure 1A, red) and those of the  
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chemically reconstituted [4Fe-4S]2+ mNFU1 (Figure 1A, blue), acquired in the presence of 5 mM DTT, 

revealed that Fe-S cluster binding led to large chemical shift perturbations and significant line 

broadening. Moreover, only one set of peaks was observed in both 1H-15N spectra, indicating the 

presence of a single species for both the apo and the holo forms. Two sets of signals with variable peak 

volume, one corresponding to the apo form and the other to the [4Fe-4S]2+ form, were observed only 

when the chemical reconstitution process was not efficient (Figure S1). This behavior differs from what 

previously reported [23], where, in the NMR spectrum of [4Fe-4S] NFU1 cytosolic isoform II, a few 

residues of the N-terminal domain exhibited two sets of peaks with equal peak volume, which were, 

respectively, assigned to the free N-terminal domains and to the N-terminal domains that form the 

tripartite interface in the trimer of dimers of [4Fe-4S] NFU1. These divergent NMR features suggested 

different protein aggregation properties in our [4Fe-4S] mNFU1 sample with respect to what previously 

obtained for the cytosolic isoform II of NFU1. 

From the average R2/R1 ratios an estimate of the reorientational correlation time was obtained for the 

various forms. Apo mNFU1 in the absence of NaCl has a reorientational correlation time of 13.5 ns, the 

value expected for a monomeric globular protein of 22 kDa (data not shown). However, analytical gel-

filtration and SEC-MALS, performed on the same sample, showed, in addition to a major species 

corresponding to the monomer, the presence of a minor species, eluting with a molar mass of 47 kDa 

(Figure S2C), which is close to the molecular weight of a homodimeric molecule of mNFU1 (44 kDa). 

The monomeric and dimeric forms are in equilibrium, which is almost fully shifted toward the 

monomeric state upon increase of the ionic strength up to 150 mM NaCl (Figure S2D). In agreement 

with this, the reorientational correlation time decreased from 13.5 to 11.75 ns by addition of 150 mM 

NaCl, consistent with a monomeric protein of 19 kDa (data not shown). This value is lower than that 

expected for a molecule of 22 kDa molecular weight, suggesting that some flexibility between the two 

domains of mNFU1 is present, as previously observed in the cytosolic isoform II of NFU1. [23] The 

reorientational correlation time obtained for the chemically reconstituted [4Fe-4S]2+ mNFU1 in the 

presence of 150 mM NaCl is 15.1 ns, indicating the occurrence of protein dimerization upon cluster 
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binding (data not shown), in agreement with the UV-vis and 1H-15N HSQC data that also suggested the 

presence of a dimeric holo species. Again, this value is lower than the value expected for a globular 

dimeric protein of 44 kDa, possibly suggesting some flexibility between the two domains of mNFU1. 

To better address this point, we are now producing the C-terminal domain form of mNFU1 and compare 

the reorientational correlation times of apo and holo forms. In any case, the calculated value of 15.1 ns 

fully excluded the presence of the trimer of dimers previously observed. [23] The different aggregation 

properties can be rationalized considering that different NFU1 isoforms have been used in the two 

studies. Indeed, the cytosolic isoform II of NFU1 previously studied by NMR and SAXS [23] consisted 

of residues 16-254, while in our studies the mitochondrial isoform of NFU1 consists of 59-254 residues. 

[7] It seems that the N-terminal tail drives the formation of the bundling of three [4Fe-4S] clusters in a 

single aggregate of cytosolic isoform II of [4Fe-4S] NFU1, thus possibly discriminating the function or 

the target specificity of [4Fe-4S] NFU1 between the two cellular compartments. This interpretation is 

consistent with the structural model of the cytosolic isoform II of [4Fe-4S] NFU1, in which, indeed, the 

N-terminal domain forms the tripartite interface of the trimer. 

1D 1H paramagnetic NMR spectroscopy was applied to investigate the cluster binding properties of 

[4Fe-4S]2+ mNFU1. The paramagnetic 1D 1H NMR spectrum of [4Fe-4S]2+ mNFU1 showed the 

presence of three intense hyperfine shifted signals in the 20-11 ppm spectral region (19.9, 19.4, 12.6 

ppm, Figure 1B). The temperature dependence of these signals indicates that they have an anti-Curie 

behavior. The values and the anti-Curie temperature dependence of the chemical shift of these signals, 

as well as their linewidths, are typical of CH2 signals of Cys residues bound to a [4Fe-4S]2+ cluster 

with an S=0 electronic ground state, with the paramagnetism arising from excited states of the electron 

spin ladder, that are partially populated at room temperature. [23] The three intense hyperfine shifted 

signals can be tentatively assigned to one -CH2 proton of three out of four Cys ligands, according to 

the sequence-specific assignment of Cys -CH2 protons in analogous protein-bound [4Fe-4S]2+ cluster. 

[20] The -CH2 proton of the fourth Cys ligand is possibly enveloped in the diamagnetic region or too 

broad to be detected. 
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The data suggest the presence of a dimeric [4Fe-4S]2+ mNFU1 coordinating the cluster with the two 

cysteines of the conserved CXXC motif of the C-terminal domain. Two weaker hyperfine shifted signals 

at 14.4 and 13.3 ppm are also present in the same region showing an anti-Curie temperature dependence 

(Figure 1B). These data indicate the presence of a minor species still with a [4Fe-4S]2+ cluster. By 

adding 10 mM glutathione (GSH) to this sample, the 1D 1H paramagnetic NMR spectrum changes 

showing the presence of two further hyperfine shifted signals at 15.2 and 11.2 ppm (Figure 1B), 

indicating that GSH modifies the coordination environment, likely acting as a ligand with its Cys 

residue. However, GSH does not fully replace the Cys ligand(s) since the three signals at 19.9, 19.4, 

12.6 ppm are still detected (Figure 1B). A mixture of at least two [4Fe-4S]2+ species is present, one with 

all protein-derived Cys ligands and the other with one GSH ligand and three protein-derived Cys ligands. 

Upon addition of 5 mM dithiothreitol (DTT) on the latter sample, the 1D 1H paramagnetic NMR 

spectrum shows further changes. Specifically, the three original signals at 19.9, 19.4, 12.6 ppm as well 

as the two GSH-derived signals disappear and three strong signals at 20.1, 14.4 and 13.3 ppm and a low 

intense signal at 17.8 ppm appear, all having an anti-Curie temperature dependence (Figure 1B). The 

size and the anti-Curie temperature dependence of the chemical shift of these signals indicate that a 

[4Fe-4S]2+ cluster with an S=0 electronic ground state is bound to mNFU1 also in the presence of DTT. 

These data support the conclusion that the coordination environment is again modified by addition of 

DTT, which acts as a cluster ligand and displaces GSH from coordination. In agreement with this 

interpretation of the NMR data, the paramagnetic 1D 1H NMR spectrum of [4Fe-4S]2+ mNFU1 acquired 

in the presence of 5 mM DTT only is perfectly superimposable with that acquired in the presence of 10 

mM GSH and 5 mM DTT (Figure 1B), confirming that DTT fully displaced GSH in the coordination 

sphere of the cluster, which thus does not participate anymore in cluster binding in this experimental 

condition. Specifically, since three intense hyperfine shifted signals are still detected in the paramagnetic 

1D 1H NMR spectrum in the presence of DTT, we can assume that only a Cys ligand is replaced by a 

DTT molecule (DTT-bound [4Fe-4S]2+ mNFU1, hereafter), and most probably the same occurs in the 

presence of GSH only. Finally, the chemical shifts of the signals of [4Fe-4S]2+ mNFU1 acquired in the 

presence of 5 mM DTT match those of the minor species detected with no DTT and GSH, indicating  
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that DTT-bound [4Fe-4S]2+ mNFU1 is present as minor form in the original sample. The latter form is 

originated by the presence of DTT in the reaction mixture of the chemical reconstitution, which is not 

completely removed from the solution by PD-10 desalting column as involved in cluster binding (see 

Materials and Methods for details). 

The effect of DTT and GSH on the protein aggregation state of [4Fe-4S]2+ mNFU1 was then investigated 

to verify whether cluster binding by GSH/DTT molecules monomerizes [4Fe-4S] mNFU1. 1H-15N 

HSQC experiments and 15N relaxation experiments were thus acquired upon the presence/lack of GSH 

and/or DTT. In the 1H-15N HSQC spectrum acquired on GSH- and DTT-free [4Fe-4S]2+ mNFU1 two 

sets of signals with different intensities (70% vs. 30%) for some NHs have been detected (data now 

shown). This result matches with the paramagnetic NMR data which also showed the presence of a 

major species assigned to [4Fe-4S]2+ mNFU1 with all protein-derived Cys ligands and a minor species 

assigned to DTT-bound [4Fe-4S]2+ mNFU1. Upon addition of 5 mM GSH, the intensity of the two sets 

of signals changes by detecting the increase of intensity of the weak signals and a corresponding 

decrease of intensity of the strong signals (data not shown). Upon addition of 5 mM DTT, only one set 

of signals is observed corresponding to the chemical shifts of the weak signals (data not shown). The 

chemical shifts of all these signals do not correspond to the chemical shifts of apo mNFU1 (data not 

shown). These data corroborate the previous conclusions that i) GSH and DTT can replace a Cys ligand 

competing for the same coordination site, ii) DTT fully substitutes a Cys ligand in the coordination 

sphere of the cluster, while GSH partially does; and showed that both GSH and DTT do not promote 

the formation of a monomeric [4Fe-4S]2+ mNFU1 form with two GSH or one/two DTT molecules bound 

to the cluster, since no apo mNFU1 is formed in solution. Following the interaction between apo mNFU1 

and GSH by 1H-15N HSQC experiments, we observe that the chemical shifts of few signals (Cys 213, 

Ser 215, Ser 216, Ile 217, Ile 218, Leu 220) change upon addition of 5 mM GSH (data not shown). These 

residues include Cys 213 of the conserved CXXC motif and are clustered in the first two turns of the -

helix that follows to the CXXC motif. Cys 213 is the expected cluster ligand and is more solvent exposed 
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than Cys 210, the other expected ligand of the conserved CXXC motif (Figure 2C). These data show 

an interaction between GSH and the region close to the solvent-exposed Cys 213, suggesting that this  

 

cysteine can be the preferential site to be displaced by GSH in the [4Fe-4S]2+ mNFU1. RELAXATION 

data in progress 

In conclusion, the NMR data indicate that mNFU1 binds a [4Fe-4S]2+ cluster coordinating it via the two 

cysteines of the CXXC motif of the C-terminal domain in a cluster-bridged dimeric state. This species 

is in equilibrium with a dimeric [4Fe-4S]2+ cluster-bound species where a Cys ligand is replaced by a S-

donor small molecule ligand, such as GSH or DTT (Scheme 1). This equilibrium can have a functional 

significance. Indeed, the proteins involved metal transfer, i.e. metallochaperones, typically have an 

accessible coordination site that is invaded by the donor atom of the metal-receiving partner to promote 

a rapid metal-exchange reaction. The equilibrium in Scheme 1 can thus mimic this mechanism, i.e. 

cluster transfer from [4Fe-4S]2+ mNFU1 to apo client proteins is promoted by a S-based ligand-exchange 

reaction. This mechanism is in agreement with the proposed functional role of mNFU1, which acts as 

iron-sulfur cluster targeting factor. 

BOLA3 drives the [4Fe-4S] cluster assembly from the [2Fe-2S] BOLA3-GLRX5 hetero-complex to 

mitochondrial NFU1 

We investigated by NMR and UV-visible/CD spectroscopy the interaction between the [2Fe-

2S] BOLA3-GLRX5 hetero-complex, [9][27] and apo mNFU1, to test whether Fe-S cluster 

transfer/assembly occurs. The experiments were performed by adding apo mNFU1 to the [2Fe-

2S] BOLA3-GLRX5 hetero-complex or vice versa, 15N-labeling one protein at a time for each 

experiment. By comparing the UV-visible spectra of the [2Fe-2S] 15N GLRX5-BOLA3 hetero 

complex before and after the addition of apo mNFU1, it resulted a change from the 

characteristic absorption bands of the [2Fe-2S] cluster to that of [4Fe-4S] bands, demonstrating 

that cluster transfer and assembly of a [4Fe-4S] cluster from [2Fe-2S] 15N GLRX5-BOLA3 to 

mNFU1. The same reaction, followed by visible CD, showed the loss of intensity of the CD 
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signals of  the [2Fe-2S] 15N GLRX5-BOLA3 hetero-complex, in agreement with the  formation 

of a [4Fe-4S] cluster, whose CD signals are typically of very low intensities. 

Further interaction data have been collected between BOLA3 and [4Fe-4S]/apo mNFU1 and 

between GLRX5 and mNFU1 in different experimental conditions, in order to better 

characterize the role of BOLA3 and mNFU1 in the mitochondrial ISC assembly machinery. 

The analysis of these data is now under investigation. 
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Figure 1. (A) Superimposed spectra of 1H-15N HSQC of apo mNFU1 and 1H-15N HSQC of [4Fe-4S] 

mNFU1 at 298K and (B) EPR spectra of [4Fe-4S] mNFU1 with/without GSH and/or DTT 

 

 

 

 

 

 

 
Figure 2C. Residues of the apo mNFU1 structure which interact with GSH. Cys residues indicated 

with a yellow color. 
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Scheme 1. Equilibrium with a dimeric [4Fe-4S]2+ cluster-bound species where a Cys ligand is 

replaced by a S-donor small molecule ligand, such as GSH or DTT 

 

 

 

 

 

 

 

 

Supplementary figures 
 

 

 

 

 

 

 
Figure S1. (A) UV-vis spectra and (B) UV-vis CD spectra of chemically reconstituted [4Fe-

4S] mNFU1. 
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Figure 2SC. SEC-MALS of apo mNFU1.  
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Figure 2SD. SEC of apo mNFU1 with and without salt. 

…………………………………………………………………………………………………………………………………………... 

Apo NFU1 no NaCl 
Apo NFU1 + 150 mM NaCl 

MW 47 kDa MW 22 kDa 
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3.1 Protein Production 

 

Protein production is a biotechnological process resulting in the expression and isolation 

of a recombinant protein. This comprises the insertion of the recombinant DNA in an 

appropriate host/expression system, the transcription of the DNA to mRNA and 

translation into the polypeptide chain and finally the isolation of the protein from the rest 

of the proteasome. 

There are several expression systems to choose, depending on the needs, difficulties and 

final yield of the protein expression. These include bacteria, insect, yeast, mammalian cells 

or even cell free expression systems. 

During my doctoral studies I used bacteria as the expression system for all the proteins 

that I produced and specifically BL21(DE3) Competent Escherichia coli and BL21-

Gold(DE3) Competent Escherichia coli cell strains. Bacteria were chosen since the 

recombinant protein expression is high, quick, low cost, the scale up is easy and the 

genetics are simple. 

All the plasmids of the proteins that I studied have the protein gene inserted in a T7 

expression vector including ampicillin resistance and a Tobacco Etch Virus nuclear-

inclusion-a endopeptidase (TEV protease) recognition site before the gene and after the 

polyhistidine tag (His6 tag). 

There are many factors that can be altered to facilitate a higher protein yield (vector, tag, 

host strain, growth medium, temperature, IPTG concentration, duration of induction step 

and more). It is self-evident that no protocol can be a panacea for the production of any 

given protein, hence, the design of the protocol is a product of empirical experimentation.  

The protocols that I developed for the production of NFU1 and IBA57 are extensively 

reported below. 

…………………………………………………………………………………………………………………………………………...
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Expression and purification of apo NFU1 

Step 1: 

Transform DNA plasmid into BL21-Gold(DE3) Competent Escherichia coli cell strain. 

a) Take competent cell stock out of -80 °C freezer and place on ice to thaw for 5 minutes.  

b) Take 50 μL, put them into an Eppendorf and put on ice.  

c) Take 1 μL of plasmid DNA and add to the thawed competent cells. Mix briefly (gently by tapping NOT 

with pipet up and down) and let incubate on ice for 30 minutes. Longer incubation will not affect 

negatively.  

d) Heat-shock the competent cells at 42°C for 45 seconds. 

e) Place on ice and let incubate for 3 minutes. 

f) Add heat-shocked cells to 0.25 mL of Lysogeny Broth (LB) in a sterile culture tube, but DO NOT ADD 

antibiotic. Shake at 37°C for 1 hour. 

g) Place the cell culture onto LB agar Petri plates with ampicillin (100 μg/mL). Incubate the plate at 37°C 

for 16 hours. 

Step 2: 

Inoculate your culture and express protein  

a) In one 2 L Fernbach culture flask put 1 L of LB, along with ampicillin. Ampicillin is added into the LB 

at 100 μg/mL final concentration.  

b) Pick a couple of colony scoops from your Petri plate using a sterile inoculation loop and add to the 

LB/ampicillin 2 L Fernbach culture flask. Shake the culture at 37oC until OD600 = 3-5. 

c) Spin down the cells (3,000 RPM for 20 min.)  and re-suspend your cell pellet in 1 L volume of sterile LB 

(or Minimal medium for 15N labelling) + Ampicillin 100 μg/mL into a 2 L Fernbach culture flask. 

d) Shake at 30oC until OD600 increases by 1-2 units. (About 1,5 hours) 

e) Add 250 μM FeCl3 and induce the culture to express protein by adding 1 mM of isopropyl β-D-1-

thiogalactopyranoside (IPTG). 

f) Keep the culture shaking at 30°C, over the night, so that OD600 = 10-14 

Step 3: 

Cell pellet with protein. 

a) Centrifuge at 6,000 RPM for 20 minutes at 4o C. Weigh and count how much of cell pellet you have. 

You can freeze the cell pellet at -20oC (for use within 2 weeks) or -80oC (long-term).
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Step 4: 

Lysis of the bacteria.  

a) Re-suspend the (frozen) cell paste as best as you can in the Lysis Buffer. Let this suspension incubate 

for 15-20 minutes at room temperature with occasional mixing. 

b) Centrifuge using a preparative ultra-centrifuge at 40,000 RPM for 45 minutes at 4°C. (NFU1 should be 

in the supernatant.) 

Purification of the protein.  

Use a His-trap FF 5 mL column loaded with Nickel at a Chromatography unit. All the purification steps 

are carried out at room temperature, 5 mL/min system flow (under press flow control to avoid over 

pressure). 

c) Equilibrate the His-trap column with the binding buffer. 

d) Apply the supernatant (from the previous centrifuge step) to the column. Then, by using ONLY the 

binding buffer, wash the column while collecting all the flow through in a beaker until UV absorption 

is stabilized close to zero. (NFU1 should be bound to the His-trap at this time) 

e)  Elute the captive protein of the His-trap column using a gradient 0-60% of elution buffer in 20 

Column Volumes (CV) and collect the eluate in fractions of 5 mL. 

f) Wash with 3 CV of 100% Elution Buffer. (Keep collecting in fractions of 5 mL) 

g) From the graph chose which fractions should contain NFU1 and evaluate about the protein amount 

by UV-vis or other techniques. 

h) Concentrate the volume of the solution containing NFU1 at 6 mL. 

i) Add Tris: 2 M, pH 8 until 20 mM 

j) Add EDTA: 0.5 M, pH 8 until 2 mM 

k) Add TCEP-HCL: 250 mM until 2 mM. (Check that the pH is greater than 7 and close to 8 with pH paper) 

l) Add TEV protease 100 μL for every 10 mg of fusion protein. 

m) Incubate at room temperature over the night. (This mixture can be stored at 4oC for a couple of days 

with no loss of protein) 

Step 5: 

a) Add 500 μL of NaCl 4M. (That is for being able to check the difference in conductivity at the graph during 

the chromatography) 

b) Exchange the protein buffer with binding buffer + 0.2 mM TCEP-HCL using a Chromatography unit 

equipped with Hiprep 26/10 desalting column. (Set system flow at 10-15 mL/min) 

c) Equilibrate the His-trap 5 mL column with 3 CV binding buffer using a peristaltic pump. (Set system 

flow at 5 mL/min) 

d) Adjust the “IN” valve into the beaker that contains your protein mixture. Set the His-trap column 

over the beaker so that the “OUT” flow is poured into the latter. Let it like that for 2 
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hours. (This process is called overloading. In that step you separate the NFU1 from the His-tail. His-tail binds to 

the column while NFU1 elutes. It is good to overload so that you increase the amount of the His-tail that binds 

to the His-trap column) 

e) Collect the flow through containing NFU1 in an appropriate beaker. Collect 2 CV with Binding 

Buffer to collect any residual NFU1 in the column. 

f) Wash the column with 4 CV of elution buffer collecting in a beaker. (The eluate must contain NFU1-His-

tail protein, TEV protease and His-tail) 

g) Wash the column with water 5 CV and then with 3 CV 20% Ethanol (bacteriostatic) and store the 

column at 4oC. 

After the purification. 

Evaluate the purity of the protein by SDS-page denaturing and reducing. The protein can now be 

reduced with 5 mM DTT and concentrated by ultrafiltration 10 kDa MWCO and changed in NMR buffer. 

If the purity is not satisfactory, a size exclusion Chromatography can be performed using Superdex-75 

column of appropriate capacity. 

Buffers used: 

Lysis Buffer 

1.26 gr CelLytic Express (C1990) powder dissolved in 25 mL mQ-H2O. 1 gr of CelLytic Express (C1990) 

powder per 1 gr of wet cell paste is the best though if you have a lot of cell paste you can dissolve 0.1 

gr of cell paste per milliliter and add 1.26 gr of CelLytic Express (C1990) powder per 25 mL mQ-H2O. In 

the latter case you have to incubate more time in room temperature. 

Binding Buffer 

20 mM NaPi, 500 mM NaCl, 30 mM Imidazole, pH 7.8 

Elution Buffer 

Binding + 500 mM Imidazole, pH 7.8 

NMR Buffer 

50 mM NaPi, 5 mM DTT, 150 mM NaCl, pH 7 

…………………………………………………………………………………………………………………………………………... 

Expression and purification of IBA57 

Step 1: 

Transform DNA plasmid into BL21-Gold(DE3) Competent Escherichia coli cell strain.  

a) Take competent cell stock out of -80°C freezer and place on ice to thaw for 5 minutes.  

b) Take 50 μL, put them into an Eppendorf and put on ice. 
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c) Take 1 μL of plasmid DNA and add to the thawed competent cells. Mix briefly (gently by tapping NOT 

with pipet up and down) and let incubate on ice for 30 minutes. Longer incubation will not affect 

negatively.  

d) Heat-shock the competent cells at 42°C for 45seconds. 

e) Place on ice and let incubate for 3 minutes. 

f) Add heat-shocked cells to 0.3 mL of Lysogeny Broth (LB) in a sterile culture tube, but DO NOT ADD 

antibiotic. Shake at 37°C for 1 hour. 

g) Place the cell culture onto LB agar Petri plates. Make sure the plates have ampicillin. Incubate the 

plate at 37°C for 16 hours. 

Step 2: 

Inoculate your culture and express protein  

a) In one 2 L Fernbach culture flask put 1 L LB, along with ampicillin. Ampicillin is added into the LB at 

100 μg/mL final concentration. 

b) Add 15 mL (3% v/v) of Ethanol. [67] 

c) Pick a couple of colony scoops from your Petri plate using a sterile inoculation loop and add to the 

LB/ampicillin 2 L Fernbach culture flask. Shake the culture at 37oC O/N. 

d) Next day, spin down the cells (3,000 RPM for 20 min.)  and re-suspend your cell pellet in 1 L volume of 

sterile LB (or Minimal medium for 15N labeling) + Ampicillin 100 μg/mL + 3% v/v Ethanol into a 2 L 

Fernbach culture flask. 

e) Shake at 37 oC   and so that the OD600 increases. (About 1 hour) 

f) Shake at 42 oC for ten minutes. (by heat shocking, the cells produce heat-shock chaperone and co-chaperon 

proteins that promote the folding of the expressed protein) 

g) Shake at 37 oC for 20 minutes. 

h) Put the culture on ice for 30 minutes. 

i) Shake at 37 oC for 20 minutes. 

j) Induce the culture to express protein by adding 0.1 mM IPTG. 

k) Keep the culture shaking at 18-20°C O/N. 

Step 3: 

Cell pellet with protein. 

a) Centrifuge at 6,000 RPM for 20 minutes at 4oC. You can freeze the cell pellet at -20oC (for use within 

2 weeks) or -80oC (long-term). 

Step 4: 

Lysis of the bacteria.  

a) Re-suspend the (frozen) cell paste as best as you can in the Binding Buffer.
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b) Sonicate your mixture at maximum power, 30 seconds ON and 3 minutes OFF, ten times. 

c) Add TCEP-HCL 1-2 mM. 

d) Centrifuge using a preparative ultra-centrifuge at 40,000 RPM for 45 minutes at 4°C. (IBA57 should 

be in the supernatant.) 

Purification of the protein.  

Use a His-trap FF 5 mL column loaded with Nickel at a Chromatography unit. All the purification steps 

are carried out at room temperature, 5 mL/min system flow (under press flow control to avoid over 

pressure). 

a) Equilibrate the His-trap column with the binding buffer. 

b) Apply the supernatant (from the previous centrifuge step) to the column. Then, by using ONLY the 

binding buffer, wash the column while collecting all the flow through in a beaker until UV absorption 

is stabilized close to zero. (IBA57 should be bound to the His-trap at this time) 

c)  Elute the captive protein of the His-trap column using the elution buffer in 20 CV and collect the 

eluate in fractions of 5mL. 

d) Wash with 3 CV of 100% Elution Buffer. (Keep collecting in fractions of 5mL) 

e) From the graph chose which fractions should contain IBA57 and evaluate about the protein 

amount by UV or other techniques. 

f) Concentrate the volume of the solution containing IBA57 at 6mL. 

g) Add TCEP-HCL: 250 mM until 2 mM. (Check that the pH is greater than 7 and close to 8 with pH paper) 

h) Add TEV protease 100 μL for every 10 mg of fusion protein. 

i) Incubate at room temperature over the night. (This mixture can be stored at 4oC for a couple of days with 

no loss of protein) 

Step 5: 

a) Add 500 μL of NaCl 4 M. (That is for being able to check the difference in conductivity at the graph during 

the chromatography) 

b) Exchange the protein buffer with binding buffer + 0.2 mM TCEP-HCL using a Chromatography unit 

equipped with Hiprep 26/10 desalting column. (Set system flow at 10-15 mL/min) 

c) Equilibrate the His-trap 5 mL column with 3 CV binding buffer using a peristaltic pump. (Set system 

flow at 5 mL/min) 

d) Adjust the “IN” valve into the beaker that contains your protein mixture. Set the His-trap column 

over the beaker so that the “OUT” flow is poured into the latter. Let it like that for 2 hours. (That 

process is called overloading. In that step you separate the IBA57 from the His-tail. His-tail binds to the column 

while IBA57 elutes. It is good to overload so that you increase the amount of the His-tail that binds to the His-

trap column) 

e) Collect the flow through containing IBA57 protein in an appropriate beaker.
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f) Wash the column with 4 CV of elution buffer collecting in a beaker. (The eluate must contain IBA57-

His-tail protein, TEV protease and His-tail) 

g) Wash the column with water 5 CV and then with 3 CV 20% Ethanol (bacteriostatic) and store the 

column at 4oC 

After the purification. 

Evaluate the purity of the protein by SDS-page denaturing and reducing. The protein can now be 

reduced with 5mM DTT and concentrated by ultrafiltration 10 kDa MWCO and changed in NMR buffer. 

If the purity is not satisfactory, a size exclusion Chromatography can be performed using Superdex-75 

column of appropriate capacity. 

Buffers used: 

Binding Buffer 

50 mM NaPi, 500 mM NaCl, 20 mM Imidazole, pH 7.6 

Elution Buffer 

Binding + 500 mM Imidazole, pH 7.6 

NMR Buffer 

50 mM NaPi, 5 mM DTT, pH 7 

…………………………………………………………………………………………………………………………………………... 

 

3.2 Protein characterization 

 

Ultraviolet–visible (UV-vis) spectroscopy 

The principle of the UV-vis spectroscopy resides on the property of electrons to absorb 

energy upon ultraviolet or visible light exposure and get excited to energetically higher 

molecular orbitals. UV-vis spectroscopy measures this transition, from the ground to the 

excited state. 

This technique was exploited to estimate protein concentration and observe the 

΄΄fingerprint΄΄ spectra given by the iron transition of the Fe-S clusters. 
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UV-vis Circular Dichroism (CD) spectroscopy 

UV-vis CD spectroscopy is a variation of the aforementioned technique in which the 

sample is exposed to circularly polarized light so that the absorption of the left-hand 

circular and the right-hand circular polarized light is differentiated. This technique gives 

rise to distinct spectra for chiral molecules, which would have been silent by the classic 

approach. 

UV CD spectroscopy was exploited to investigate the secondary structure of proteins, 

while UV-vis CD spectroscopy was used to observe the transition of electrons in  the Fe-

S cluster which gives characteristic spectra for the various types and coordination of the 

cluster. 

 

Size Exclusion Chromatography – Multi Angle Light Scattering (SEC-MALS) 

Size Exclusion Chromatography (SEC) is a technique in which you apply a solution mixture 

to a polymer and you separate its contents by size. The larger the radius of the molecule 

the quickest its movement inside the polymer, hence, larger radius molecules elute faster 

than smaller ones. The final result is the separation of the molecules considering their 

size. 

Multi-Angle Light Scattering (MALS) is a technique in which you expose a solution 

mixture to a light source and depending by how the molecules scatter the light you can 

determine the molar mass and the size of the molecules in solution. The light scatters 

when it hits the molecules, and the scattering intensity fluctuates over time due the 

Brownian motion of the molecules. This intensity fluctuation contains information about 

the time scale of the movement of the particles which is mathematically translated to the 

absolute molar mass and the average size of the molecules. 

SEC-MALS is the combination of the aforementioned techniques and it was used to 

determine the molar mass of ISCA2, IBA57, NFU1 and [2Fe-2S]ISCA2-IBA57.
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Small-angle X-ray scattering (SAXS) 

SAXS is one of the X-ray scattering techniques and is used to quantify the density 

differences in a sample at the nanoscale level. It delivers structural information after 

exposing the sample to X-ray radiation and analyzing the recorded scattering behavior 

at small angles. 

SAXS was exploited for acquiring structural information for the [2Fe-2S]ISCA2-IBA57. 

 

X-ray crystallography 

X-ray crystallography is one of the X-ray scattering techniques and is used to determine 

the atomic molecular structure of a crystal. An X-ray beam is sent upon the crystal and 

the electron density of the crystal can be determined by measuring the angles and 

intensities of the beam diffraction. This electron density contains all the information of 

the chemical bonds and their orientations. 

The structure of IBA57 was determined by X-ray crystallography. 

 

Nuclear Magnetic Resonance (NMR) spectroscopy 

NMR spectroscopy is based on the physical phenomenon of the resonance transition 

between magnetic energy levels of nuclei which are initially aligned to an external 

magnetic field, thereafter perturbed with an electromagnetic radio frequency radiation 

and finally left to relax. Each nucleus emits a frequency upon this relaxation which 

contains information about the chemical environment around it and can be translated to 

structural information. 

NMR spectroscopy was used extensively throughout my doctorate studies, especially to 

investigate protein-protein interactions. 
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Figure 5. Schematic illustration of the scientific contribution of these studies. Blue 

arrows indicate well resolved steps of the pathway; red-bold arrows indicate the novel 

aspects from my studies 

 

My studies shed light on the late steps of the mitochondrial Fe-S cluster assembly 

machinery and specifically on where GLRX5, BOLA3, NFU1, ISCA1, ISCA2 and IBA57 

proteins function. 

It is now demonstrated that [2Fe-2S] GLRX5 passes a cluster to ISCA2 and IBA57 to form 

a [2Fe-2S] ISCA2-IBA57 hetero-dimeric complex which has oxygen resistance and can 

increase the Aconitase activity. The latter could be an indication of the potential 

functional role of IBA57 as oxygen protective/restorer of the Fe-S clusters upon oxidative 

stress, working along with ISCA2. 

The structure of IBA57 was determined and structural aspects of the [2Fe-2S] ISCA2-

IBA57 construct were revealed as well. ISCA1 was also excluded as a possible functional 

partner of IBA57. 

The function and role of BOLA3 and NFU1 was also explicated. [2Fe-2S] GLRX5 cannot 

give any cluster to NFU1 though the [2Fe-2S] GLRX5-BOLA3 complex transfers and 

assembles a [4Fe-4S] cluster on NFU1, at the presence of DTT and GSH, underlining the 
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importance of the role of BOLA3 as a ΄΄switch΄΄ protein which opens the gate to the 

pathway regulated by NFU1. 

In conclusion, our studies identify new routes in the late steps of the mitochondrial Fe-S 

cluster assembly machinery (Figure 5), which inspire new possible molecular models on 

how the proteins involved in this late phase of the machinery are connected and function. 

The next steps after this study is to investigate whether [2Fe-2S] GLRX5-BOLA3 can 

transfer the cluster to apo ISCA1-ISCA2 and to ISCA2-IBA57 to fully conclude on the role 

of BOLA3. Other important aspects are to investigate and verify the ISCA1-NFU1 

correlation that has already been hypothesized, [19] puzzle out the cluster transfer from 

NFU1 to LIAS, discover the actual role and function of BOLA1 and understand better the 

common and distinct functions of the homologues ISCA1 and ISCA2. 
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