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SOMMARIO 

FMN e FAD sono cofattori redox presenti in unôampia classe di enzimi, noti come 

flavoproteine. Ĉ importante comprendere pienamente il pathway alla base della loro 

sintesi che, in eucarioti e procarioti, ̄ catalizzato da due enzimi: riboflavina chinasi 

(RFK) e FAD sintetasi (FADS). FADS ¯ il secondo enzima coinvolto in questo 

pathway e catalizza lôadenilazione dellôFMN in FAD.  

La FADS umana ¯ presente in diverse isoforme (hFADS1 e hFADS2 sono le pi½ 

rappresentate) e strutturalmente organizzata in due domini: il dominio C-terminale 

(PAPS-reduttasi) ¯ coinvolto nella sintesi del FAD, mentre il dominio N-terminale 

(MPTb) presenta unôattivit¨ pirofosfatasica nei confronti di dinucleotidi 

adenosinici, tra cui lo stesso FAD. La struttura dellôenzima ¯ stata ottenuta, 

nellôuomo, esclusivamente mediante homology modelling, ma non sono presenti 

strutture sperimentali. 

Questo progetto di ricerca, in collaborazione con lôUniversit¨ di Bari e lôUniversit¨ 

della Calabria, ha lo scopo di caratterizzare la struttura, mediante diffrazione di 

raggi X, dellôisoforma 2 della FADS umana, sia del dominio catalitico che in forma 

full-length, come apo- e olo- proteina. Le condizioni di cristallizzazione sono state 

definite con diversi precipitanti e gli esperimenti sono stati condotti allô European 

Synchrotron Radiation Facility (ESRF, Grenoble). Infine, la caratterizzazione 

funzionale del dominio N-terminale, la cui funzione ¯ rimasta sconosciuta per anni, 

¯ stata eseguita mediante calorimetria a titolazione isoterma (ITC). 

Inoltre, una parte di questo progetto di tesi, svolto presso il laboratorio ñProtein 

Misfolding and Amyloids in Biomedicineò dellôUniversit¨ di Lisbona, ha 

riguardato la caratterizzazione di varianti della proteina ETF (electron transfer 

flavoprotein) associate a deficit multiplo di acil-CoA deidrogenasi (MADD), una 

malattia genetica rara appartenente agli errori congeniti del metabolismo (IEM), 

determinata principalmente da errori nelle proteine ETF ed ETF:QO. Le seguenti 

varianti di ETF sono state espresse in E.coli: ETFŬ:p.Leu77Val, 

ETFŬ:p.Arg104Lys, ETFŬ:p.Arg231Cys, ETFŬ:p.Gly237Val and 

ETFŬ:p.Gly249Arg. ETFŬ:p.Gly249Arg, che mostrava un livello di espressione pi½ 

alto come proteina solubile, ¯ stata sottoposta a dicroismo circolare, spettroscopia 



 

 
 

a fluorescenza, e fluorimetria a scansione differenziale (DSF) per determinarne 

struttura e attivit¨, e comparata con la proteina wild-type. Infine, la stabilit¨ 

conformazionale del mutante ¯ stata indagata mediante denaturazione termica.  



 

 
 

ABSTRACT 

FMN and FAD are redox cofactors of a wide class of enzymes, known as 

flavoproteins. It is important to understand their synthesis pathway which, in 

eukaryotes and prokaryotes, is catalysed by two enzymes, riboflavin kinase (RFK) 

and FAD synthase (FADS). FADS is the second enzyme in the FAD forming 

pathway and adenylates FMN into FAD. 

In humans, this protein is present in different isoforms (the most represented are 

hFADS1 and hFADS2) and organized in two domains: at the C-terminal of the 

protein, a PAPS reductase domain catalyses the synthesis of FAD, while its N-

terminal (MPTb) domain displays pyrophosphatase activity toward adenine 

dinucleotides, including FAD. To elucidate the structure of this enzyme, 3D 

structures of the protein have been obtained by homology modelling, but no 

experimental structure is available to date. 

This research project, performed in collaboration with the University of Bari and 

the University of Calabria, is part of this context and concerns the structural 

characterization of the recombinant full-length hFADS2, as well as the 

characterization of the crystal structure of the isolated PAPS-reductase domain, in 

the apo form and in complex with FAD, obtained by X-Ray diffraction. Different 

solutions and precipitants were used to set the crystallization conditions, then 

diffraction experiments have been performed at the European synchrotron 

Radiation Facility (ESRF) in Grenoble. Lastly, the functional characterization of 

the isolated N-terminal domain, whose function remained unclear for years, was 

performed by using Isothermal titration calorimetry (ITC).  

A side project of this thesis concerns the characterization of Electron Transfer 

Flavoprotein (ETF) variants associated with Multiple Acyl-CoA Dehydrogenase 

Deficiency (MADD). MADD is a rare genetic disease from the group of inborn 

error of metabolism (IEM), mainly determined by defects on ETF and ETF:QO 

proteins. This project has been carried out in collaboration with the Protein 

Misfolding and Amyloids in Biomedicine Laboratory of the University of Lisbon. 

The following ETF variants have been expressed in E. coli: ETFŬ:p.Leu77Val, 

ETFŬ:p.Arg104Lys, ETFŬ:p.Arg231Cys, ETFŬ:p.Gly237Val and 



 

 
 

ETFŬ:p.Gly249Arg. ETFŬ:p.Gly249Arg, which presented the highest expression 

yields as soluble protein, was subjected to structural, conformational and functional 

characterization of the protein was performed by circular dichroism (CD), 

fluorescence spectroscopy, differential scanning fluorimetry (DSF) and compared 

with the wild-type protein. Finally, the investigation of the mutantôs conformational 

stability was carried out by thermal denaturation.  
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CHAPTER I 

INTRODUCTION 
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1. INTRODUCTION 

1.1 FLAVIN COFACTORS 

1.1.1 Riboflavin and its derivatives: structure and chemical properties 

Flavins are a series of organic compounds derived from the dimethylisoalloxazine 

skeleton, with a substitution in the position N-10 with a ribityl residue.  

Riboflavin (RF), also defined as vitamin B2 [7,8-dimethyl-10-(1ǋ-d-ribityl) 

isoalloxazine], is a 

heterocyclic compound 

discovered in 1879 from 

milk.  

Its structure was 

determined by chemical 

synthesis in 1930s by Paul 

Karrer in Zurich and 

Richard Kuhn in 

Heidelberg and is reported 

in Fig.1. The currently 

used name, riboflavin, 

recognizes the presence of 

the sugar alcohol ribitol in 

the molecule and its yellow 

colour. 

Usually, RF performs its biochemical function as the precursor of the two most 

represented RF derivatives: Flavin mononucleotide (FMN), discovered and 

characterized in 1930, and Flavin adenine dinucleotide (FAD), deduced as the 

condensation product of FMN and AMP in 1954 [1-3] (Fig.1).  

RF is soluble in water (100-130 mg/L) and ethanol (45 mg/L). A lower solubility 

has been found in allyl and benzyl alcohols, amyl acetate, and phenol. The 

compound is almost insoluble in ether, chloroform, acetone, and benzene. RF is 

soluble, but becomes unstable, In alkaline solutions.  

Figure 1: Chemical structure and nomenclature of most 

represented flavins. From top to bottom:  Riboflavin (RF), 

Flavin mononucleotide FMN, Flavin adenine dinucleotide 

(FAD), Liu S. et al., 2020 [8] 
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FMN and FAD are much more soluble in water (30 to 50 g/liter) and are hydrolysed 

in free RF in an acid environment. [4] 

Flavins are sensitive to irradiation, that cause their photolysis and degradation of 

the ribityl chain, producing lumiflavin (7,8,10-trimethylisoalloxazine) in alkaline 

solutions and lumichrom (7,8-dimethylisoalloxazine) in neutral and acid 

conditions. Flavin cofactors produce water-insoluble complexes with salts of metal 

ions (Mg2+, Hg2+, Cu2+, Fe2+, Co2+, Ni2+) [5]. 

The characteristic yellow-green fluorescence colour of oxidized flavins (pH range: 

3-8) makes easy to determine the presence of flavins in a mixture. The molecular 

fluorescence coefficients of RF and FMN are very close, while that of FAD is lower, 

due to the presence of adenylic moiety which quench the fluorescence [5-6]. 

An aqueous solution of RF presents absorbance peaks at 223, 266, 373, and 445 

nm, with the maximum fluorescence emission at 535 nm. Different form of flavins 

in a mixture can be easily separated by high-performance liquid chromatography 

with fluorescence detection. Thanks to their auto-fluorescence, flavin cofactors 

contribute to cellular fluorescence, allowing non-invasive imaging of cellular 

bioenergetics in living cells [7]. 

R. Kuhn first proved the pivotal role of flavin cofactors as essential growth factors 

for both procaryotic and eukaryotic cells. In fact, riboflavin products, FMN and 

FAD are involved in the metabolism of carbohydrates, fatty acids, amino acids and 

ketone bodies and promote the mobilization of iron and the conversion of 

tryptophan into niacin and vitamins B6 and B9 into their active forms [1-7]. 

1.1.2 Biosynthesis, transport and metabolism of riboflavin (Vitamin B2) 

Bacteria, fungi and plants are able to produce riboflavin themselves, representing 

an important source of riboflavin for animals and those rare microorganisms (e.g., 

C.pyogenes, S.pyogenes, L.monocytogenes, some lactic acid bacteria, 

mycoplasmas, spirochetes, rickettsiae, and protists) that are not capable to 

synthesize it.  
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The biosynthesis of riboflavin has been elucidated, especially for the two major 

industrial producers, the filamentous hemiascomycete Ashba gossypii and Bacillus 

subtilis strain [8].  

The synthesis of one riboflavin molecule needs two molecules of ribulose 5-

phosphate and one molecule of guanosine triphosphate, in a reaction that consists 

in the hydrolysis of the imidazole ring of GTP, yielding a 4,5-diaminopyrimidine, 

converted into 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione in a sequence 

of deamination, side chain reduction and dephosphorylation.  

 

Figure 2: synthesis of riboflavin. (Bacher et al., 2000 [9]) 
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This last product is condensed with 3,4-dihydroxy-2-butanone 4-phosphate 

obtained from ribulose 5-phosphate and 6,7-dimethyl-8-ribityllumazine is the 

product of the reaction.  

The final step is the dismutation of the lumazine derivative, producing riboflavin 

and 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione, which is recycled in the 

biosynthetic pathway [9-11]. The steps of this pathway are illustrated in the Fig.2. 

Bacteria and yeasts are able to produce riboflavin thanks to the presence, in their 

genome, of the RIB genes (RIB1, RIB2, RIB3, RIB4, RIB5, and RIB7) encoding for 

the machinery that synthesize riboflavin. Nevertheless, it is known that some of 

them are also able to absorb riboflavin from outside, due to the presence of 

riboflavin-specific carriers [12]. The first yeast plasma membrane transporter for 

riboflavin, Mch5p, was identified in mutants of the yeast S. cerevisiae. This protein 

is homologous to mammalian monocarboxylate transporters; in vivo studies have 

indicated that this protein facilitates diffusion and does not require metabolic energy 

to mediate the transport process. Moreover, RibU has been identified in the bacteria 

species Lactococcus lactis as a protein with five transmembrane domains, which 

mediate the riboflavin translocation via a process known as facilitated diffusion [13-

15]. 

Higher eukaryotes have lost the ability to synthesize riboflavin de novo and acquire 

it as a nutrient. The absorption of riboflavin is mediated by transporters (or carriers), 

which are essential in maintaining Rf homeostasis. Mammalian riboflavin carriers 

have been recently identified also in rat and human, RFTV1, RFTV2 and RFTV3. 

These proteins have ten (RFVT1 and 2) or eleven (RFVT3) transmembrane 

domains and do not share similarity with RibU and Mch5p [16-19]. 

As illustrated in the Fig.3, after intake, riboflavin is absorbed in the small and in 

the large intestine (by action of RFTV3), enters the bloodstream (RFTV1 and 

RFTV2) where is associated to albumin or globulins, and it is finally delivered to 

the target cells, or converted in FMN and FAD in erythrocytes or leukocytes. In the 

brain, riboflavin penetrates the blood-brain barrier due to the presence of RFVT2 

and enters neurons and astrocytes.  
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There is no evidence of riboflavin storage in the body; an excess of riboflavin is 

filtered into glomerular filtrate and eliminated through the urine, while some 

riboflavin is reabsorbed through the urinary ducts. 

Food contains riboflavin primary in form of FAD and FMN, which are converted 

to riboflavin before their absorption, by hydrolases on the surface of the intestinal 

epithelium [20-21]. 

 

Figure 3: transport and metabolism of riboflavin, from its absorption in intestinal 

epithelia to its excretion, primary in the urine. Carriers, named RFVTs (1,2,3), are 

involved during all the process. It is possible that unknown transporters (labelled as ó?ô) 

also participate in the transport of the cofactor. 

The rapid conversion of RF into flavin active cofactors, FMN and FAD, occurs 

through two enzymatic reactions: first, the transferring of a phosphoryl group from 

ATP to riboflavin forms FMN, and then FMN is adenylated into FAD. 

In prokaryotes, these reactions are catalysed by a single protein which possesses a 

bifunctional activity of RF kinase and FAD synthetase, and this enzyme has been 

characterized in detail for different bacteria species [22-25].  

In archaea, FMN and FAD are synthesized by a monofunctional Riboflavin Kinase 

(specifically RibK), which forms FMN from riboflavin, and by a unique 
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monofunctional FAD synthase, which adenylates FMN into FAD [26-27]. 

Eukaryotes produce FMN and FAD through the action of two monofunctional 

enzymes: RF kinase (RFK, EC 2.7.1.26) and FAD synthase (FADS, EC 2.7.7.2). 

Their genes were first identified in Saccharomyces cerevisiae and named FMN1 

and FAD1. Over the years, protocols for the purification and biochemical 

characterization of RFK and FADS from yeast and other eukaryotes have been 

developed. In contrast to Fmn1p, which is orthologous to the bacterial bifunctional 

enzymes, Fad1p belongs to the PAPS-reductase family and shows little or no 

sequence similarity to the bacterial enzymes, such as ribF in E. coli [28-30] (see 

paragraph 1.2). 

1.1.3 Role of riboflavin and its products in pathophysiology 

Riboflavin is an essentially dietary requirements for humans, which can absorb it 

especially from milk and its derivates, cereals, meat, fatty fish and dark green 

vegetables. The recommended dietary allowance (RDA) for adults is 1.3 mg/day 

for men and 1.1 mg/day for women, with some variations depending on metabolism 

and on riboflavin uptake deficiency. Since the conversion of riboflavin in FMN and 

FAD in the cells is very quick, its role is connected to the assembly of these 

cofactors in many flavoproteins, which act as dehydrogenases, reductases and 

oxidases and are involved in many metabolic pathways. [21, 30]. 

In rats, a riboflavin-deficient diet has been linked to errors in intermediary 

metabolism; for example, a reduction of the succinate dehydrogenase activity is 

associated to a lower level of energy production via oxidative phosphorylation. 

Furthermore, a riboflavin-deficient diet in rats and mice also resulted in an 

abnormal foetal development [31-32].  

In humans a condition of riboflavin deficiency is rare and more diffused in 

populations with diets lacking in milk and its derivatives and meat. A low intake of 

riboflavin is more common in pregnant women, elders and schoolchildren [33]. 

Evidence of riboflavin deficiency in humans has also been elucidated, leading to 

errors in fatty acid metabolism and consequent organic aciduria, which is caused by 

defects in amino acid catabolism involving steps catalysed by flavoproteins. 

Riboflavin deficiency also results in lower levels of iron handling and absorption, 
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eyesight defects, anaemia, defects in the hematopoietic system, symptoms of 

neurodegeneration and peripheral neuropathy, and cardiovascular diseases. 

A role is emerging for riboflavin and its derived cofactor in oesophageal cancer and 

cervical dysplasia and in the regulation of epigenetic events. The majority of these 

conditions can be restored supplementing patients with a high dose of external 

riboflavin [30, 33-37]. 

1.2 FAD SYNTHESIS IN PROKARYOTES AND EUKARYOTES 

1.2.1 Biochemical and biophysical properties of prokaryotic FAD synthases 

Flavin cofactors are key players in both prokaryotic and eukaryotic pathways. Some 

microbes are heterotrophic for riboflavin, while others may produce it themselves; 

In both cases, riboflavin is converted into its products FMN and FAD.  

In most prokaryotes, the biosynthesis of the FAD cofactor occurs in two consecutive 

distinct reactions carried out by a single protein, named FAD synthase (FADS).  

Bacterial FAD synthase is thus a bifunctional enzyme with a molecular weight 

(MW) of ~38KDa, encoded by the ribF gene in Corynebacterium 

ammoniagenes and Escherichia coli, or the ribC gene in Bacillus subtilis [22-23].  

The first reaction step consists in the 5ô-phosphorylation of RF into the intermediate 

product FMN (kinase activity, EC 2.7.1.26, (1)), while the second consist in the 

adenylation of FMN into FAD (adenylyltransferase activity, EC 2.7.7.2 (2)). Two 

ATPs molecules are required during the synthesis process [24-26]:  

(1) RF phosphorylation: RF + ATP Ÿ FMN + ADP 

(2) FMN adenylation: FMN + ATP Ÿ FAD + PPi  

In 1998, Mack M. et al., demonstrated the importance of this enzyme, proving that 

the product of the ribC gene from B. subtilis, encoding for BsFADS is essential for 

the metabolism of flavins and a total depletion of this gene is lethal for bacteria [38].  

Alternative strategies are adopted by different prokaryotes in the synthesis and 

homeostasis of flavin cofactors, although many several consensus regions and many 

residues are conserved [39]. 

Efimov et al. overexpressed and purified the FAD synthase from Corynebacterium 

ammoniagenes (CaFADS) and studied its catalytic properties. The enzyme works 
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in presence of divalent cations, with the highest activity in presence of Mg2+. It has 

been also shown that the phosphorylation of riboflavin catalysed by RFK is an 

irreversible process, while FMNAT domain has a reversible activity, providing to 

the enzyme an additional FAD pyrophosphorylase (FADpp) activity [40]. 

More recently, has been discovered that CaFADS presents two separate binding 

sites, mediating the synthesis of FAD in two sequential steps:  

¶ RFK domain binds RF and ATP and produce FMN, working under aerobic 

and reducing environments. A substrate inhibition activity, mediated by the 

excess of riboflavin, has been observed for this domain, to control FMN and 

FAD production.  

¶ FMNAT domain binds FMN and ATP and synthesize FAD by a mechanism 

strongly influenced by reducing conditions [41-42].  

FADS from Streptococcus pneumoniae (SpnFADS) and Brucella ovis (BoFADS), 

have also been characterized. These enzymes retain the RFK, FMNAT and FADpp 

activities described for CaFADS, but work under reducing conditions. Another 

important difference is that the activity of SpnFADS and BoFADS is not inhibited 

by riboflavin [43-44]. 

In Listeria monocytogenes, a human pathogen auxotrophic for riboflavin, two genes 

are involved in the transformation of RF into FMN and FAD, encoding for two 

isoforms of the enzyme:  

¶ LmFADS-1 presents the canonical bifunctional function of other 

prokaryotic FADS. Similar to SpnFADS, the RFK domain function in the 

presence of reducing and oxidizing conditions and is not inhibited by 

riboflavin, while the FMNAT domain requires a reductant. 

¶ LmFADS-2 (35 KDa) has a shorter C-terminal domain that lacks the RFK 

consensus motif and is able to synthesize FAD but not FMN, exhibiting only 

FMNAT and FADpp activity under oxidizing and reducing conditions. The 

physiological function of this isoform remains unclear [45]. 

By eliminating the biosynthesis of flavin cofactors, the biogenesis of flavoproteins, 

which are involved in a wide range of physiological processes, is impaired. In this 

view, the differences of the prokaryotic FAD synthases compared with the 
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eukaryotic counterparts, make the bifunctional bacterial FADS a very attractive 

candidate for the development of inhibitors with a broad-spectrum antibiotic 

activity with reduced side effects (Fig.4).  

Given that the main differences between prokaryotic FADSs and human FADSs are 

situated within the N-terminal region of the FMNAT domain, this part is regarded 

as a crucial target to identify antimicrobial drugs. Preliminary in vitro studies have 

been performed against the FMNAT domain of CaFADS and SpnFADS and specific 

inhibition has been found with different compounds, such as flunixin meglumine 

and gossypol [46-47]. 

 

Figure 4: scheme illustrating the reactions catalysed by the prokaryotic FADS and the 

two eukaryotic FAD producing enzymes (RFK and FMNAT). 3D structures of CaFADS 

(PDB: 2X0K) and the monofunctional RFK from Homo sapiens and FMNAT from 

Candida glabrata (PDB: 3FWK) (Moreno et al., 2021 [44]) 
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1.2.2 X-ray structure of prokaryotic FAD synthases 

The structures of FAD synthases from Thermotoga maritima (TmFADS, PDB: 

1T6Z) and Corynnebacterium ammoniagenes (CaFADS, PDB: 2X0K) have been 

obtained by X-ray diffraction and serve as models of the prokaryotic FADS. 

In 2005, Wang et al., solved the crystal structure of the TmFADS (encoded by the 

TM379 gene) in complex with the substrate riboflavin at a resolution of 2.1¡.   

 As represented in the Fig.5 the product of this gene is a homodimer made of two 

structural domains connected by a single loop: 

¶ N-terminal domain displays the classical Rossman fold, present in 

nucleotide-binding proteins ((H/T)xGH motif) and is involved in FMN 

adenylyltransferase activity. The structural similarity of the N-terminal 

domain with many nucleotidyltransferases suggests that it is involved in 

the FMN adenylyltransferase, the second reaction of the enzyme. 

¶ C-terminal domain exhibit homology with the structure of flavin-binding 

proteins, with a six-stranded antiparallel ɓ-barrel and helices on both N- 

Figure 5: ribbon diagram of TmFADS. Left: TmFADS in apo form (Wang et al., 2004 

[48]). Right: TmFADS in complex with riboflavin (represented as spheres) (Wang et al., 

2005 [49]). N-terminal domain is shown in cyan, C-terminal domain is shown in purple. 

http://www.rcsb.org/pdb/explore.do?structureId=1T6Z
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and C-terminal. This part of the protein binds the flavin cofactor on the 

surface of its ɓ-barrel and participates in both the first and second reactions.  

Only slight differences are present in the CaFADS, structure, reported in the Fig.6. 

CaFADS is an oligomer formed by the interactions of two trimers with a head-tail 

configuration, which allows the direct transfer of FMN after its synthesis and may 

be involved in flavin cofactor homeostasis. 

The C-terminal domain is responsible for the RFK activity, via a bi-bi-mechanism 

in which the nucleotide binds after the flavin and, after the reaction, the FMN is 

released. FMN binds the FMNAT N-terminal domain where the adenine part of an 

ATP molecule is transferred to FMN, to produce FAD and PPi. [41] 

 

Figure 6: ribbon representation of the CaFADS protomer structure in apo form. Left: 

CaFADS N-Terminal FMNAT domain is highlighted in light green, while the C-terminal 

RFK domain in dark orange. Right: the hexameric assembly of CaFADS; each monomer 

is represented in a different colour. (Herguedas et al., 2010 [41]) 

1.2.3 Biochemical and biophysical properties of FAD synthase in eukaryotes 

In eukaryotes, the conversion of RF to the cofactors FAD and FMN is carried out 

by two ubiquitous and separated enzymes which are encoded by different genes, 
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evidenced firstly in Saccharomyces cerevisiae and named Fmn1 and Fad1 (Fig. 7) 

[50-51].  

The Fmn1 gene encodes for yeast RFK (ATP:riboflavin 5ǋ-phosphotransferase, EC 

2.7.1.26), a 24.5 kDa metal-dependent enzyme which mediates the transfer of a 

phosphate group from one ATP molecule to RF, forming FMN.  Orthologs of Fmn1 

have been identified in Schizosaccharomyces pombe and Homo sapiens and the 

corresponding soluble proteins have been purified and characterized, revealing a 

novel ATP and Rf-binding fold. Furthermore, eukaryotic RFK shares sequence and 

structure similarities with the C-terminus of the prokaryotic bifunctional enzyme 

[52-53]. 

Fad1 is an essential gene for S.cerevisiae, considering that the yeast knockout for 

Fad1 result in a lethal phenotype. The gene encodes for yeast FAD synthase, a ~35 

kDa soluble protein, produced in two isoforms with different subcellular 

localization, cytosol and mitochondria. Beyond the ability of synthesizing FAD, this 

protein is also able to hydrolyse it and to perform pyrophosphorolysis [51, 54, 55]. 

Yeast is considered a good model to describe pathways conserved in higher 

eukaryotes, but FADSs have been purified and characterized also for other 

organisms, such as for Neurospora crassa, whose FADS is an Ŭ/ɓ protein with a 

high turnover number, reflecting the necessity of the flavins in saprophytic 

organisms [56].  

Flavin cofactors play a vital role in plants, being required for photosynthesis, 

photoreception, electron transport in mitochondria, metabolism of fatty acids, and 

so on. The biosynthesis of FMN and FAD is regulated, as in other eukaryotes, by 

monofunctional RFK and FMNAT located in cytosol and other subcellular 

compartments [57-58]. Has been discovered that Arabidopsis thaliana FAD 

synthase, AtRibF1 and AtRibF2, are sequence homologs to the bacterial protein, but 

they lack riboflavin kinase activity [58].  
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Figure 7: scheme of the reactions catalysed by eukaryotic RFK (phosphorylation of RF 

into FMN) and FMNAT (adenylation of FMN into FAD) (Huerta C. et al., 2009 [63]) 

Furthermore, FADS was purified from cytosol and mitochondrial matrix of rat liver, 

where it is present in different isoforms. The cytosolic enzyme forms physiological 

dimers with a molecular weight of ~100kDa and shows a strong product inhibition. 

The rat liver enzyme also differs from other FADS because no generation of FMN 

and ATP from FAD and pyrophosphate is observed [59-62]. 

Contrary to yeast and human RFK, bacterial FMNAT domain and eukaryotic FADS 

do not share sequence similarity, since prokaryotic FMNAT has been classified as 

belonging to the nucleotidylyl transferase superfamily [48-49], while eukaryotic 

FMNAT contains the 3ǋ-phosphoadenosine 5ǋ-phosphosulfate (PAPS) reductase-

like family of the adenine nucleotide Ŭ hydrolase-like superfamily (also present in 

ATP sulfurylase, phosphoadenylyl sulphate reductase and nicotinamide 

mononucleotide (NMN) adenylyl transferase) [63]. In higher eukaryotes, the gene 

encoding for FMNAT contains an additional domain, whose function has been only 
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recently identified [73-74], sharing sequence similarity with molybdenum-cofactor-

binding proteins (MogA and MoeA) [64-65]. 

As described for the prokaryotic bifunctional enzyme, the eukaryotic FADS 

reaction is also dependent on Mg2+, and the proposed reaction mechanism for 

prokaryotic FMNAT and eukaryotic FADS is similar, proceeding via an ordered bi-

bi mechanism, with ATP that binds before FMN, and pyrophosphate is released 

before FAD [24, 60, 63]. 

1.2.4 X-Ray structure of eukaryotic FAD Synthases  

Two X-ray structures of eukaryotic FADSs, in apo- and holo- forms, are available, 

for Candida glabrata (CgFMNAT) and Saccharomyces cerevisiae (FAD1) 

enzymes, respectively. These structures, compared with the bacterial FMNAT 

domain, paved the way for understanding the convergent evolution of the same 

protein: differences in the substrate binding modes and in the active site suggest 

that eukaryotic and bacterial FMNAT are two ancient Rossman-fold proteins that 

diverged in two different protein superfamilies while displaying the same enzymatic 

activity.  

In 2009, Huerta et al., described the first structure of a eukaryotic FADS, by 

studying the enzyme of the pathogenic yeast Candida glabrata (CgFMNAT). They 

obtained the structure of the protein in apo-form and in different complexed forms. 

The structure of FADS from the yeast S. cerevisiae (Fad1p) was solved in 2010 in 

complex with the reaction product, FAD. In both cases a single protein molecule is 

present in the crystallographic asymmetric unit [63, 66]. 

CgFMNAT and Fad1p, represented in the Fig.8, share strong structural similarities. 

The two proteins are made of two sub-domains, with an overall Ŭ/ɓ structure. In 

CgFMNAT the N-terminal domain is a modified Rossman fold, with a 6-stranded 

ɓ-sheet, where the only anti-parallel ɓ-strand is the fifth. The C-terminal domain is 

made of Ŭ-helices connected by flexible loops [63].  

Fad1p is made of a central 6-stranded parallel anti-parallel ɓ-sheet flanked on one 

side by a single Ŭ-helix and on the other side by a cluster of Ŭ-helices; a helical cap 

extends over the active cavity of the protein [66].   
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CgFMNAT and Fad1p share structural motifs involved in ATP and Mg2+ binding, 

which is also maintained in PAPS reductase-like proteins (PP-loop motif, ADE 

motif, ARG1 motif, ɔ-Phosphate motif, ARG2 motif), with differences in the 

conformation of some of these motifs. For both enzymes, the flavin cofactor binds 

into the Flavin motif, but its binding mode into the active site is atypical in 

comparison with the four different group of flavin-binding protein described by 

Dym and Eisenberg in 2001 [67]. FAD is bound in a bent conformation, with the 

adenylyl and isoalloxazine parts almost perpendicular to each other are buried 

inside the cavity site, while the phosphoribityl part is more exposed to the solvent. 

It has been proposed that, during the reaction, the active site may swich from an 

open to a closed conformation [63, 66]. 
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Figure 8: Left: ribbon diagrams of CgFMNAT crystal structure in complex with FAD (left 

panel) (Huerta et al., 2009 [63]): FAD is represented as stick, Mg2+ ions as light green 

spheres. Structural motifs are highlighted as follow: Flavin motif: green, ADE motif: 

blue, ARG1 motif: orange, ARG2 motif: purple, ɔ-phosphate motif: red. Right: ribbon 

diagram of ScFAD1 in complex with FAD. FAD is represented as stick. Ŭ-helices are 

shown in light blue, ɓ-sheets in dark pink (Leulliot et al., 2010 [66]). Lower panel: 

alignment between the structures of CgFMNAT (light blue) and ScFAD1 (dark pink) 

rmsd= 0.412. 

1.3 HUMAN FAD SYNTHASE 

1.3.1 Biochemical and biophysical properties of human FAD synthase 

Despite the importance of flavoproteins in mammals, studies on the biochemical 

characterization and the subcellular localization of the human enzyme producing 

FAD have been lacking for years.  

The gene encoding for the human FAD synthase has been identified as the human 

ortholog of the S.cereviasiae Fad1 and named Flad1. 

Flad1 is located on the long arm of chromosome 1, in the position 1q21.3, and six 

different transcript variants of the gene are produced by alternative splicing. Two 

products of FLAD1 have been cloned and characterized, supporting the existence 

of compartment-specific enzymes in eukaryotes. [67-71].  

The product of transcript variant 1 (hFADS1, (GenBank Accession No. 

NM_025207) has a 17 residue N-terminal signal peptide for mitochondrial 

localization (MTS). The mitochondrial localization of hFADS1 has been proved by 

using cell fractionation and activity measurements in mitochondria from rat liver 

[69] and S. cerevisiae. The removal of the N-terminal peptide by the mitochondrial 

processing peptidase (MPP) produce a mature protein of 587-amino acid, with a 

MW of 65266 Da [69].  

The transcript variant hFADS2 (GenBank Accession No. NM_201398) produce a 

shorter peptide of 490-amino acid, truncated at the N-terminal for the first 97 amino 

acids (MW 54188 Da) and it has cytosolic localization. This protein has been 
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proposed to be a component of the óFAD delivery machineryô that delivers FAD to 

apo-flavoproteins [70]. 

The two most abundant isoforms of this gene are the transcript variants 1 and 2 but, 

recent studies on muscular disorders led to the identification of a shorter variant of 

this enzyme, named hFADS6 [71]. Other hFADS isoforms have been described at 

the transcriptional level but further information is still missing (Fig.9). 

In 2006, Brizio C. et al., overexpressed the splicing variants hFADS1 and hFADS2 

in Rosetta (DE3) E. coli cells. hFADS1 was over-expressed as a T7-tagged fusion 

protein, while hFADS2 was over-expressed in as a 6-His-tagged fusion protein. 

While hFADS1 could not be expressed as a soluble and functional protein in 

bacteria, hFADS2 was successfully purified from the soluble fraction by affinity 

chromatography. Then, the identity of the two proteins was confirmed by ESI-

MS/MS of tryptic peptides after in situ proteolysis [67]. 

The activity of the purified hFADS2 has been verified by spectrophotometric and 

chromatographic assays, confirming their ability to form FAD from FMN and ATP 

and the importance of the presence of MgCl2 for their catalytic activity, as 

previously reported for yeast and rat liver enzymes. hFADS2 showed a specific 

activity of 6.8 Ñ 1.3 nmol of FAD synthesized/min/mg protein and exhibited 

a KM value for FMN of 1.5 Ñ 0.3 ɛM [60, 63, 67].  

Other experiments to investigate the structure and function of the cytosolic form of 

the enzyme (hFADS2) have been reported in a publication from Torchetti et al. [68-

69]. hFADS2 appears to be a dimer in solution and binds its reaction product tightly 

predominantly by electrostatic interactions, as demonstrated by dissociation 

experiments with high KBr concentrations. The presence of FAD in the active site 

does not affect the secondary structure and the stability of the enzyme.  

They also provided new insights the catalytic activity of the enzyme: FAD synthesis 

follows a bi-bi ordered mechanism, in which ATP binds before FMN and PPi is 

released first, while the release of the tightly bound FAD is the rate-limiting step in 

the catalytic cycle. The release of FAD may require specific conditions such as a 

correct redox state and the presence accessory proteins and/or apo-flavoproteins 
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which are able to accept the cofactor. The ability of hFADS2 to bind free FAD from 

the solution and to process it by pyrophosphorolysis has also been demonstrated 

[70].  

hFADS2 contains ten cysteine residues, seven of which located in the PAPS 

domain. Some of these cysteines are redox-active and involved in enzymatic 

activity, delivery of the cofactor to other apo-flavoproteins and in a redox-control 

of the catalysis, while others may be involved in the catalytic cycle in their active 

form [72].  

1.3.2 Structural organization of the human FAD synthase 

Homology modelling has been performed to achieve more information about the 

structural organization of the human FADS. The results obtained with these 

experiments are illustrated below (Fig.9): 

¶ 3-phosphoadenosine 5ô-phosphosulfate (PAPS) reductase domain 

(InterPro Database accession number: IPR002500) at the C-terminus of the 

hFADS (between amino acids 232 and 490 of the isoform 2) shares 60% 

similarity and 34% identity with the corresponding yeast domain.  

Its sequence presents four of the six motifs identified in yeast FADS: PP-

loop and ARG1 loop, involved in ATP binding, flavin motif, involved in 

FMN binding and the ɔ-phosphate motif, with an unclear function.  

The 3D model of this domain was built using as a template the structure of 

C-glabrata FMNAT (PDB code: 3G5A): is present an Ŭ/ɓ fold with a central 

ɓ-sheet flanked by Ŭ-helices. Several residues interact with the isoalloxazine 

moiety of FAD (aromatic: W180, F183; hydrophobic M139, L143, V156; 

hydrophilic D177, R185), which binds in the middle of the flavin motif. 

Functional characterization of the purified isolated domain revealed that it 

is able to catalyse the FAD synthesis, in presence of MgCl2 and other 

divalent cations (Co2+ and Ca2+) [73]. 

¶ N-terminal domain, resembling a molybdopterin-binding (MPTb) 

domain (InterPro Database accession number: IPR001453), included 

between amino acids 13ï197 of isoform 2 (110ï294 of isoform 1).  

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/amino-acid
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The structure of the N-terminal domain showed 29% of identity with the 

hydrolase CinA of T.acidophilum (COG1058 family,), whose structure has 

been obtained by X-ray crystallography. CinA was used as template to build 

the structural N-terminal model: the hFADS N-terminal domain shows the 

typical Ŭ/ɓ Rossman fold structure [75]. 

The function of this domain remained unclear for a long time, but further 

experiments revealed a FAD hydrolase activity, dependent from Co2+. (EC 

3.6.1.18). The hydrolytic activity is inactivated by the presence of mersalyl, 

suggesting the involvement of cysteines in the reaction.  

Amino acid sequence analysis revealed four residues involved in the 

catalysis which are conserved in other well-characterized FAD hydrolases 

(i.e. Fpy1p hydrolase from S.cerevisiae) and that  perform a NON-NUDIX 

(nucleoside diphosphatase linked to X moiety) type hydrolysis. Thus, these 

results led to suppose that also hFADS hydrolyses FAD, but also NADH, 

with a NON-NUDIX mechanism [74-75]. 

 

Figure 9: Ribbon diagram of the MPTb N-terminal domain and of the PAPS reductase C-

terminal domain of hFADS2, obtained by homology modelling and built with Modeller, 

using the protein CinA of T.acidophilum  (PDB ID:3KBQ) and FMN adenylyltransferase 
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(PDB ID:3G5A) of C. glabrata as templates. The red balls on the ribbon represent 

Cysteine residues (upper panel). Predicted mechanism of FAD delivery to cognate apo-

flavoproteins (lower panel) (Barile et al., 2016 [20]). 

In 2018, the characterization of the splicing variant hFADS6, a novel transcript 

isoform produced by FLAD1, was reported. This isoform starts from Met 268 and 

produce a 320 amino acid protein, in which only the C-terminal PAPS reductase 

domain is present, resulting in the presence of a FAD synthase but not of a FAD 

hydrolase activity. This isoform may represent an emergency protein, also produced 

in the case of some mutations of the gene (Fig. 10) [71].  

 

Figure 10: schematic representation of the six predicted splicing variants of the human 

gene FLAD1.  hFADS1, hFADS2 and hFADS3 isoforms contain both the PAPS reductase 

and the MPTb domains, while hFADS4 and FAS5 lack in the C-terminal catalytic domain 

and hFADS6 lacks in the N-terminal domain. Different shades of grey are used for the N-

terminal (dark grey) and the C-terminal (light grey) (Leone et al, 2018 [71]).   

1.3.2 FAD synthase in human diseases 

Considering that hFADS is a ubiquitously expressed protein in almost all tissue 

types, with higher levels in lymph nodes, testis and adipose tissue [76], a relevant 

role of the protein and its gene in the onset of some human diseases is emerging.  

The genetic disorder multiple acyl-CoA dehydrogenase deficiency (MADD, OMIM 

#231680) is a myopathy associated with altered fatty acid, amino acid, and choline 

metabolisms, with mitochondrial respiratory-chain deficiency and a neuromuscular 

phenotype. Genes encoding for two enzymes, electron transfer flavoprotein (ETF, 

genes: ETFA and ETFB) and electron transfer flavoprotein:ubiquinone 

oxidoreductase (ETF:QO gene: ETFDH), are usually altered in individuals 
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suffering from MADD. In 2016, mutations in FLAD1 producing unstable protein 

with reduced FADS activity, have been associated with mild or late forms of 

MADD, potentially treatable with high doses of riboflavin [77-78].    

Due to its role in mitochondrial respiratory chain, FLAD1 is related to the survival 

of cancer cells and to metastasis and prognosis of cancer. 

A significant different expression of FLAD1 has been found in hepatocellular 

carcinoma, prostate cancer and gastric cancer [79-81]. Furthermore, FLAD1 could 

be a novel prognostic model of non-small-cell lung cancer. In 2019, FLAD1 was 

discovered as a biomarker for diagnosis and prognosis of breast cancer. Abnormal 

expression levels of the gene and related miRNAs were found in 21-40 years old 

women and were associated to HER+, p53 mutant, node-involved, NPI stage 3, 

basal-like, and triple-negative breast cancer groups [82]. Nisco et al. found a higher 

FAD synthesis rate in pancreatic cancer cell lines (PDAC) and proposed the 

development of FADS inhibitors as potential chemotherapeutic drugs [83]. 

1.4 FLAVOPROTEINS 

After their synthesis, FMN and FAD play their biological role as prosthetic groups 

or cofactors in colourful proteins, known as flavoproteins or flavoenzymes. The 

presence of the flavin in the active site of a flavoenzyme gives it a typical UV/Vis 

spectrum, depending on the protein and on the environment. 

The majority of flavoproteins contain the biological active forms of flavins, FAD 

(~75% of flavoproteins) and, more rarely, FMN (~25%) [3, 84-85]. An exception is 

represented by the Na+-pumping NADH:quinone oxidoreductase in Vibrio 

cholerae, which uses free riboflavin as the active redox cofactor [86].  

Usually, the cofactor is tightly but non-covalently associated to the enzyme but, in 

rare cases in plants, fungi and bacteria, it is mono- or bi-covalently (via 8Ŭ-position 

and 6-position of the isoalloxazine ring) bound to a cysteine, histidine or tyrosine 

residue. This covalent linkage is formed via an autocatalytic process, useful to 

maintain the protein stability and saturate its active site, to prevent modifications 

and inactivation of the cofactor and to facilitate the catalytic process [84, 87].  
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Flavin-based coenzymes are key players in reduction-oxidation (ñredoxò) reactions, 

thanks to their tricyclic heteroaromatic ring that may accept or donate one or two 

electrons. This ring exists in three redox states:  

1) quinone or oxidate state.  

2) Radical or semiquinone, one-electron reduced state, which is only stabilized 

by the protein environment. 

3) Hydroquinone or fully, two-electron reduced state, which can be 

differentiated from one another and from the oxidized flavins because of 

their optical properties.  

In a study of 2011, 374 þavoproteins from prokaryotic and eukaryotic species were 

analysed: more than 90% of þavin-dependent enzymes resulted as oxidoreductases; 

the remaining enzymes were classified as transferases (4.3%), lyases (2.9%), 

isomerases (1.4%) and ligases (0.4%). [87]. 

Many cellular pathways (illustrated in Fig.11) require the contribution of 

flavoproteins, which are involved in a wide range of reactions, such as 

dehydrogenation, oxidation, monooxygenation, halogenation and reduction [84-85, 

87].  

 

Figure 11: biological roles of flavoenzymes (Joosten V & Van Berkel W.J., 2007 [84]). 
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RESEARCH AIMS 

The present work focuses on the characterization of the human enzyme involved in 

the synthesis of the riboflavin-derived cofactor FAD, FAD synthase (hFADS). The 

necessity to characterize this enzyme is due to the essential role of flavin cofactors 

in humans, which participates in the biogenesis of flavoproteins.  

hFADS presents a bifunctional activity in two separate catalytic domains: the C-

terminal domain is involved in FAD synthesis, while the N-terminal part possesses 

a not well characterized hydrolytic activity toward adenine dinucleotide. 

The general aim of this research is to comprehensively characterize the enzyme 

human FADS, focusing on the experimental determination of the overall structure 

of the protein and of its FAD-producing domain and to better understand the hidden 

function of the N-terminal hydrolytic active site.  

To achieve this purpose, different domains of the human protein have been 

expressed separately in Escherichia coli, as heterologous proteins fused with a N-

terminal His-Tag and purified to homogeneity.  

Then, crystallization screenings have been performed on different constructs in 

order to identify growth conditions for protein crystals, to be analysed by X-ray 

diffraction to obtain the structure of the enzyme. 

Finally, biophysical experiments with isothermal titration calorimetry (ITC) have 

been performed to understand the hydrolytic function of the N-terminal domain. 

The hydrolytic activity of the isolated N-terminal domain has been tested with 

different nucleotides.  
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2.MATERIALS AND METHODS  

2.1 HUMAN FADS 2 EXPRESSION AND PURIFICATION 

2.1.1 hFADS2 expression in Escherichia coli 

For the structural studies performed in this work, five different truncated constructs 

of human FADS2 have been generated, expressing different domains of the protein. 

The name of each construct corresponds to the numbering of hFADS isoform 1 

(Uniprot code: Q8NFF5-1).  

¶ hFADS110-276 (MPTb domain)  

¶ hFADS110-354 (MPTb-KH domains),  

¶ hFADS355-553 (PAPS domain),  

¶ hFADS355-587 (PAPS-C-ter domain), 

¶ hFADS110-587 (MPTb-KH-PAPS-C-ter domains) 

The human cDNA of hFADS2 was used as a template for a series of PCR-mediated 

deletion mutagenesis. 

Selective primers, illustrated in the Table 1. presenting restriction sites for NdeI 

(Jena Biosciences) and BamHI (Jena Biosciences) endonucleases, were designed to 

insert the amplified sequences in a pET15 plasmid (Novagen). 

Table 1: oligonucleotide sequence of the primers used to amplify the sequence of the five 

different truncated constructs of hFADS2. NdeI sites are in light blue, BamHI sites are in 

green. 

FADS-pET15-110-for GGTGGTCATATGAGCGTGACGGCT 

FADS-pET15-277-for GGTGGTCATATGGTTCAGTTCCAC 

FADS-pET15-355-for GGTGGTCATATGCCCAACGCTGTG 

FADS-pET15-276-rev GGTGGTGGATCCTCAAGCTGGGTTTTG 

FADS-pET15-354-rev GGTGGTGGATCCTCAGTAGGGGACCAG 

FADS-pET15-553-rev GGTGGTGGATCCTCAGGTATTCTCCCG 

FADS-pET15-587-rev GGTGGTGGATCCTCATGTGCGGGAGTT 
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pET15b is a 5708bp vector that allows the expression of recombinant proteins in 

tandem with an N-terminal six histidine tag and a thrombin cleavage site 

(GGAACCACGCGGAACCAG). 

This vector contains a T7 promoter, inducible with IPTG (isopropyl ɓ- D -

thiogalactopyranoside), which regulates the expression of the recombinant proteins 

(Fig.12).   

PCR products were separated on a 0.8% agarose gel and amplicon bands were 

excised and purified from the gel with the GenElute Gel Extraction kit (Merk) and 

digested with NdeI and BamHI.  

pET15b vector was digested with the appropriate restriction enzymes and subjected 

to further dephosphorylation using Alkaline Phosphatase (Promega). Finally, the 

coding sequences were inserted into the vector using a T4 ligase (Jena Biosciences).  

E. coli DH5Ŭ competent cells (Thermofisher), used for cloning and plasmid 

preparation, were transformed by heat shock with the recombinant plasmids. 

Selection of transformants was made on LB-agar plates containing 100Õg/mL 

Ampicillin (Merck) and the presence of the coding sequences was checked by 

colony PCR. Positive colonies were grown in LB medium at 37 ÁC overnight. 

Figure 12: map of the pET15b vector. 
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Plasmids containing the insert were isolated with Gen Elute plasmid Miniprep kit 

(Merck) and sequenced. 

2.1.2 Protein expression and purification 

100ÕL of the expression host Rosetta E. coli cells (DE3) (Novagen) were 

transformed by heath shock with the resulting recombinant vectors. 

Rosetta host strains are especially designed to produce proteins from genes cloned 

in pET vectors by induction with IPTG. They derive from the strain BL21 and carry 

a plasmid that provides tRNAs for AGG, AGA, AUA, CUA, CCC, GGA to enhance 

the expression of eukaryotic proteins containing rarely used codon in E. coli. The 

tRNAs genes are driven by their native promoters. DE3 indicates that the strain is 

a lysogen of ɚDE3 and carries a copy of the T7 RNA polymerase under control of 

the lac promoter.     

Selection of transformed colonies was performed on LB-agar plates containing 100 

Õg/ml Ampicillin and 34 Õg/mL Chloramphenicol (Merck).  

Expression and purification of the recombinant proteins was obtained adapting the 

protocol initially described by Brizio C. et al. in 2006 [67] and it remained 

unchanged for all the constructs. Transformed Rosetta cells were inoculated in 20 

mL of LB medium (Merck) for each construct, supplemented with 100 Õg/ml 

Ampicillin and 34 Õg/mL Chloramphenicol and cultured overnight at 37ÁC. Cells 

were transferred to 1-2 L of fresh LB medium containing 100 ɛg/mL Ampicillin 

and 34 ɛg/mL Chloramphenicol.  

Growth was continued at 37ÁC to an optical density of 0.6-0.7 A measured at 

600nm; then, the expression of the heterologous proteins was induced overnight at 

20 ÁC, adding 0.5 mM of IPTG (Merck) to the culture.  
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Table 2: composition of buffers used in the purification steps. 

 

Cells were harvested at 3000 rcf for 10 min at 4 ÁC to remove the growth medium, 

then resuspended in Lysis buffer (see Table 2) and disrupted with three 30-second 

sonication pulses.  FAD-saturated protein preparations were obtained adding 20 ɛM 

of the compound (Merck) before the sonication step [70]. 

The soluble and insoluble cell fractions were separated by centrifugation of the cell 

lysate at 20000 rcf for 30 min at 4 ÁC., then the soluble fraction was loaded onto a 

Ni2+-IDA Sepharose column (Chelating Sepharose Fast Flow, Cytiva) equilibrated 

with Equilibration Buffer (Table 2). The column was extensively washed with Wash 

Buffer and the bound protein was then eluted with Elution Buffer (Table 2). 

To remove imidazole, the eluted proteins were concentrated up to 2.5 mL by 

ultrafiltration with a Centricon device (MilliporeTM), loaded on a PD10 column 

equilibrated with SEC buffer (Table 2) and eluted in 3.5 mL of the same buffer. 

The N-terminal His-tag of the protein was cut by overnight digestion with thrombin 

(Merck) at 4 ÁC.  

Subsequently, 20 mM of imidazole was added to the proteins, which were then 

loaded on a Ni2+-sepharose column equilibrated with SEC buffer. Flow through of 

the resin and 2 mL of washing of the resin were collected as the tag-free protein 

fractions.  
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To obtain the apo-FADS purified proteins were incubated overnight with 2.5 M of 

KBr (Merck) at 4 ÁC [70] or 2 hours on ice with 50mM of sodium dithionite 

(Merck).  

Proteins were further concentrated to 1mL with and finally purified by gel filtration 

on a Superdex 75 (Cytiva) or a Superdex 200 (Cytiva) column equilibrated with 

SEC Buffer.   

2.1.3 SDS-PAGE and Immunoblotting 

The presence and the purity of the protein samples was confirmed by SDS-PAGE 

and immunoblotting. Proteins were separated by 12% SDS-PAGE and then 

transferred onto a nitrocellulose membrane (Millipore) using a trans-blot semidry 

electrophoretic transfer cell.  

Membranes were incubated with an in-house produced polyclonal rabbit antiserum 

against hFADS (Patent n. WO2009107158A1) diluted 1:3000 with an incubation of 

3 hours. The bound antibody was visualized with a secondary anti-rabbit 

immunoglobulin antibody conjugated with alkaline phosphatase (ALP) (Merck), 

diluted 1:5000. 

2.1.4 Protein concentration and FAD/protein monomer ratio 

The concentration of the purified hFADS2 proteins was measured by using two 

different procedures. The first method involves the Bradford assay (Merck), with 

BSA (Merck) as a standard. 

Alternatively, the concentration was evaluated by absorbance spectra, recorded on 

an Ultrospec 3100 pro spectrophotometer (Amersham Biosciences), as described in 

Torchetti et al. 2011 [70]. The contribution of the bound cofactor was subtracted 

from the A280 readings; considering that A280 for FAD is 1.7-fold A450, the A280, due 

to the apo-protein, the A280 may be calculated as in the following equation: 

ὃςψπὥὴέὴὶέὸὩὭὲὃςψπὃτυπϽρȢχ 

The concentration of the protein was calculated using Ů280= 56435 mī1Ŀcmī1 or 

0.998 (gĿL)ī1Ŀcmī1, as calculated by using the Expasy protparam tool (Swiss 
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Institute of Bioinformatics, Lausanne, Switzerland). Measurements obtained with 

Bradford assay and with spectrophotometric method differed by no more than 7%.  

Furthermore, the FAD/protein monomer ratio (given as percent flavinylation, Fl%) 

can be estimated from the absorbance spectrum by the equation: 

ὊὍ% ὃτυπὥὴέϳ ὴὶέὸὩὭὲὃςψπὙϳ Ͻρππ, 

where R is the Ů450 FAD/ Ů280 apo-protein ratio. 

Table 3: Extinction coefficients used for protein concentration measurements, calculated 

with Expasy ProtParam tool. 

 mM-1 cm-1 R (the Ů450 FAD/ Ů280 apo-protein) 

hFADS110-587 56.4 0.2 

hFADS110-276 8.6 1.3 

hFADS110-354 23.2 0.5 

hFADS355-553 33.3 0.3 

hFADS355-587 32.9 0.3 

2.2 KINETIC CHARACTERIZATION OF hFADS CONSTRUCTS 

2.2.1 Measurement of FAD synthesis and FAD hydrolysis 

Measurement of FAD synthesis and hydrolysis were conducted at the University of 

Bari following the described protocols. The rate of FAD synthesis and hydrolysis 

was measured in continuo (ɚex= 450 nm, ɚem= 520 nm) with an FP-8300 

spectrofluorometer (Jasco), exploiting the different fluorescent properties of FAD 

and FMN (Merck), as described in Torchetti et al., 2011 [70]. 

The rate of FAD synthesis was obtained by measuring the decreasing in 

fluorescence due to the conversion of the highly fluorescent FMN to the less 

fluorescent FAD. In contrast, the hydrolysis of FAD was followed measuring the 

increasing in fluorescence, due to the synthesis of FMN. In these experiments, the 

specific relative FAD fluorescence coefficient (◖FAD) is ten times lower than those 

of FMN (◖FMN). 

For FAD synthesis assays, hFADS2 proteins were incubated at a concentration of 

1-10 Õg and in buffer in 50mMTris/HCl (Merck), pH 7.5 containing 5mM of 
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MgCl2, (Merck) required for FAD synthesis [68]. The reaction was started adding 

to the purified proteins 100 ÕM ATP (Merck) and 2 ÕM FMN. 

For FAD hydrolysis measurements, proteins at a concentration of 3-15 Õg were 

incubated in buffer in 50mMTris/HCl, pH 7.5 supplemented with 1mM CoCl2 

(Merck), 50mM KCl (Merck), cations required for FAD hydrolysis [74-75], and 

1mM FAD, unless otherwise indicated.  

The rate of FAD synthesis and hydrolysis, expressed in nmol FAD Ŀ min-1 Ŀ mg 

protein-1, were calculated from the rate of fluorescence decrease or increase, 

respectively, as the tangent to the initial part of the experimental curve by applying 

the following equation:  

ὠπ ЎὊτυπυςπϳ Ўϳ ‰τυπυςπϳ ϽὠὪϳὸϽά  

where æF450/520 is expressed in fluorescence arbitrary units, æ◖450/520 is ÕM-1, Vf is 

in mL, time is expressed in minutes and m, the amount of the protein, is expressed 

in mg. 

In each experiment, standard solutions, whose concentrations were calculated in 

ÕM using Ů450 of 12.2 mM
-1 cm-1 for FMN and 11.3 mM-1 cm-1 for FAD, were 

employed to calibrate individually FMN and FAD fluorescence. Grafit software 

(Erithacus Software, http://www.erithacus.com/grafit/grafit_5_service_pack.htm) 

was used to fit the experimental data and obtain the kinetic parameters. 

2.2.2 Analysis of kinetic data 

The Michaelis-Menten equation: ὺ ὠάὥὼϽὛϳὑά Ὓ and allosteric kinetics 

equation: ὺ ὠάὥὼϽὛϳὑά Ὓ  were used to fit the data, with ὛπȢυ Ѝὑά  

2.3 STRUCTURAL STUDIES OF hFADS2 

2.3.1 Crystallization of hFADS110-587 and hFADS355-553 

For the characterization of the three-dimensional structures of hFADS110-587 and 

hFADS355-553, purified proteins stored in buffer HEPES pH 7.5, 0.15 M NaCl, 0.5 

mM TCEP were concentrated up to 15 mg/mL and subjected to crystallization 

screenings, using different types of precipitants: inorganic salts, organic solvents 

and polyethylene glycol.  
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Crystallization screenings of the two purified proteins were performed using the 

sitting-drop technique, in 96-well plates using buffers and precipitant solutions 

contained in the non-redundant 288 conditions of three major crystallization kits:  

¶ JCSG-plus Crystallization kit (Molecular dimensions): is a standard kit 

for initial screening experiments. 

¶ PACT premier Crystallization kit (Molecular dimensions): is a pH, 

Anion, Cation crystallization screen devised to test pH within a PEG/Ion 

environment. Together, the JCSG-plus and the PACT premier, comprise a 

highly effective strategy to identify new crystallisation conditions, as 

demonstrated by Newman et al, 2005. 

¶ The LMB Crystallisation Screen (Molecular dimensions): its conditions 

are based on optimised and published conditions from MRC-LMB, 

Cambridge, UK and exclusively licensed by them to Molecular Dimensions. 

Briefly, each reservoir was filled with 75ÕL of precipitant solution, while the drop 

was made of 0,5ÕL of protein in buffer HEPES pH 7.5, 0.15 M NaCl, 0.5 mM TCEP 

and 0,5ÕL of solution. The crystallization plates were incubated at 20 ÁC and 

checked the next day. 

Crystals of the full-length protein (construct hFADS110-587) were obtained in two 

days in 0.1 M MES pH 6.5, 10% PEG 8000 and 10% ethylene glycol as precipitant.  

The isolated C-terminal domain of the protein (construct hFADS355-553), in complex 

with the reaction product, formed small crystals in 2-3 days in a solution of 1.6 M 

Na/K phosphate at pH 6. Bigger, rod-shaped crystals of the C-terminal domain 

could be grown in the same conditions, adding 10% DMSO as additive. 

2.3.3 Data collection and X-Ray structure determination  

For X-ray diffraction experiments, hFADS110-587 and hFADS355-553 crystals were 

picked from the wells using a loop of suitable dimensions and rapidly frozen in 

liquid nitrogen. To avoid damage to the crystals, they were soaked in a solution of 

cryoprotectant before freezing.   
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Diffraction data were collected at the European Synchrotron Radiation Facility 

(ESFR) in Grenoble, France, using the beamlines ID23-1 

(https://doi.org/10.15151/ESRF-ES-925344270) and ID30B 

(https://doi.org/10.15151/ESRF-ES-1018420663), with detectors Eiger 2 16M 

CdTe (Dectris) and EIGER2 X 9M 450Õm Si sensor (Dectris), respectively.  

Diffraction data were processed with the software autoPROC [88] 

(https://www.globalphasing.com/autoproc/). Anisotropy analysis and correction 

were performed with the STARANISO server [89] 

(https://staraniso.globalphasing.org/cgibin/staraniso.cgi). 

The structure of the PAPS domain-FAD complex was obtained by molecular 

replacement (MR), using the software MOLREP [90] (https://www.ccp4.ac.uk/) and 

the coordinates of the FMN adenylyltransferase from Candida glabrata [63] (PDB 

ID: 3FWK) as search probe.  

The obtained model was subjected to multiple rounds of manual rebuilding with 

COOT [91] (https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/) and to the 

process of automatic refinement with Refmac 5 [92] (https://www.ccp4.ac.uk/) and 

phenix-refine [92] (https://phenix-online.org/download).  

The ligand and the water molecules were added in the residual density identified in 

the Fo-Fc and 2Fo-Fc maps. Finally, the model was subjected to a final stage of 

refinement with phenix-refine. 

The structure of the full-length protein was solved by molecular replacement (MR) 

using Phaser [93] (https://phenix-online.org/download, https://www.ccp4.ac.uk/) 

and two different search probes: the N-terminal portion of the CinA structure [110] 

(PDB ID: 4UUW, chain B) for the N-terminal domain, and the model of the PAPS 

catalytic domain in complex with the reaction product (this work, PDB: 2WSI) for 

the C-terminal domain.  

The model was subjected to multiple cycles of manual and automated rebuilding 

with PHENIX AutoBuild [94] (https://phenix-online.org/download) and to 

refinement with phenix.refine. The refinement process was followed with TLS 

https://doi.org/10.15151/ESRF-ES-925344270
https://doi.org/10.15151/ESRF-ES-1018420663
https://www.ccp4.ac.uk/
https://www.ccp4.ac.uk/
https://phenix-online.org/download
https://phenix-online.org/download
https://www.ccp4.ac.uk/
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refinement (1 TLS group per chain), NCS averaging, and group isotropic ADP 

refinement (2 groups per residue). 

The stereochemical quality of the two obtained models was confirmed with 

MolProbity [95] (http://molprobity.biochem.duke.edu/). Figures of the two 

molecular models were prepared and rendered with PyMOL (Schrodinger, 

http://www.pymol.org), Chimera v1.16 [96] 

(https://www.cgl.ucsf.edu/chimera/download.html). 

2.4 FUNCTIONAL STUDIES ON THE MPTb DOMAIN 

2.4.1 Isothermal titration Calorimetry (ITC) 

ITC measurement with the hFADS110-354 (MPTb-KH domain) were performed in a 

MicroCalPEAQ-ITC (Malvern Panalytical) at 25ÁC with a stirring speed of 500 

rpm.  

The concentration of the protein, dissolved in 20 mM HEPES pH 7.5, 0.15 M NaCl, 

5 mM MgCl2 and 0.5 mM TCEP, was 100ɛM. The ligands were dissolved in the 

same buffer at a concentration of 2mM.  

The sample cell was filled with 190ɛL of hFADS110-354, while the syringe was 

loaded with the ligand solution. Each experiment consisted of a series of 20 

injections of 2ɛL ligand, with intervals of 300 seconds. A ligand into buffer 

measurement was recorded for each ligand as blank. The obtained dilution heats 

were subtracted to the experimental measurements.  

The values of thermodynamic parameters were calculated from the data analysis. 

Independent model fitting of the isotherm was used to determine the binding 

constant (Ka) and the variation of enthalpy (ȹH). The free energy (ȹH) and entropic 

(ȹS) variations were calculated with the following equations:  

ЎὋЈ ὙὝὰὲ ὑὥ 

ЎὋ ЎὌ ὝЎὛ 

The dissociation constants were obtained from Ka following the equation:  

ὑὨ ρὑὥϳ  

http://www.pymol.org/
https://www.cgl.ucsf.edu/chimera/download.html
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2.4.2 Molecular docking 

The structures of ADP-ribose, FAD and NADH, retrieved from PubChem Database 

(National Center for Biotechnology Information, 

https://pubchem.ncbi.nlm.nih.gov/) as .sdf files, were imported into Chimera v1.16 

and saved in .pdb format.  

The ligands and protein (single dimer of hFADS2) were prepared using AutoDock 

Vina Tools (ADT) [97] (https://autodock.scripps.edu/).  

Gasteiger charge was assigned, and the files were saved in PDBQT format.  

Blind molecular docking was performed with AutoDock Vina v.1.1.2.51. The grid 

size covering the whole dimer was set to 80380382AÁ (x, y, and z) with spacing 1.  

Each docking experiment was repeated three times, resulting in a total of 27 poses 

per ligand. After inspection in Chimera, the pose with the lowest energy (Z score) 

was selected for each ligand.  

  

https://autodock.scripps.edu/
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3.RESULTS AND DISCUSSION 

3.1. DESIGN OF EXPRESSION CONSTRUCTS 

The design of a construct to be cloned in Escherichia coli for the heterologous 

expression of a protein is a critical step when only a part of a bigger protein must 

be expressed. For crystallographic studies, only complete domains without flexible 

parts are usually expressed.  

To structurally and functionally characterize hFADS isoform 2 protein, it was 

necessary to produce recombinant variants with different combinations of the 

enzymeôs domains, comprising the full-length form of the protein and the different 

functional isolated domains. 

Based on  sequence homology, five different truncated constructs were selected for 

the expression, and produced by  PCR-mediated deletion mutagenesis : hFADS110-

276 (MPTb), hFADS110-354 (MPTb-KH domain), hFADS355-553 (PAPS), hFADS355-587 

(PAPS-C-ter), and hFADS110-587 (MPTb-KH-PAPS-C-ter), corresponding to the 

numbering of the hFADS isoform 1 (Uniprot code: Q8NFF5-1) (Fig. 13). The KH 

domain, whose presence had not been previously highlighted, has been identified 

in this work, and its function will be discussed subsequently. 

The DNA was successfully inserted into the NdeI/BamHI sites of the pET15b 

expression vector. Sequencing of the obtained recombinant plasmids confirmed the 

correct insertion of the DNA sequences.  
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Figure 13: Upper panel: Alignment of the protein sequence of the five hFADS2 constructs 

used in this study (black) with the protein sequence of hFADS1 and hFADS2 (blue), 

obtained with the program ClustalW2. In background the functional domains identified in 

the database InterPro: MPTb (pink), KH (green) and PAPS (yellow). Lower panel: 

Comparison between the structures of the hFADS2 protomer (hFADS110-587) and the 

structures of the other constructs used in this study (hFADS110-276, hFADS110-354, hFADS355-

553 and hFAFDS355-587. In hFADS110-587, the different domains are coloured as in the upper 

panel. In the other constructs, the present domains are highlighted with the same colours, 

while the absent ones are shown in gray. 

3.2 PROTEIN EXPRESSION AND PURIFICATION 

The expression constructs containing the synthetic DNA of the separated hFADS2 

domains were transformed into the E. coli Rosetta (DE3) strain.  
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The best conditions to obtain the soluble expression of the protein were used to 

grow 1 or 2 litres of culture in LB medium. The presence of the protein in the 

soluble fraction was assessed with an SDS-PAGE before the purification steps.  

Cells were disrupted by sonication and the soluble fraction was loaded onto a 

Nickel-IDA Sepharose column. A final step of gel filtration was necessary to obtain 

a totally pure protein. The process was repeated for the purification of all the 

constructs. 

The electrophoretic mobility of the proteins, obtained as a result of the SDS-PAGE 

to confirm the purity of the protein, was in agreement with the theoretical molecular 

weight predicted using the ProtParam tool 

(https://web.expasy.org/protparam/):  55 kDa for hFADS110-587, 22 kDa for 

hFADS355-553, 27 kDa for hFADS355-587 and 18 kDa for hFADS110-276 (Fig.14, A).  

The hFADS110-354 recombinant protein eluted with 250 mM of imidazole showed 

two bands in the SDS-PAGE, migrating at 25 kDa and 23 kDa, suggesting that this 

protein might be made of two polypeptides (degradation processes during the 

purification or hydrolytic activity of the cells) or that the mobility in the gel can be 

influenced by redox conditions. This fraction was loaded on different SDS-PAGE 

in the presence or absence of DTT (dithiothreitol), but no changes were observed 

in different redox conditions. The western blot analysis revealed that both bands 

reacted with a custom-made anti-FADS antibody, indicating that both bands are 

hFADS2 fragments (Fig.14 B, bô and bôô). 

The recombinant proteins were characterized through spectrophotometric analysis, 

exhibiting an absorbance peak at 274 nm. As expected, only hFADS110-587, 

hFADS355-587, and hFADS355-553 showed two additional minor peaks at 350 nm and 

450 nm, characteristic of flavin-bound proteins. From the absorbance values at 280 

and 450 nm, a FAD/protein monomer ratio of 0.8 was calculated for the three 

constructs, indicating a strong binding of FAD, similar to that observed with the 

wild-type protein.  

In contrast, the other two proteins, hFADS110-276 and hFADS110-354, lacking the PAPS 

domain, are not able to bind endogenous FAD with high affinity and did not show 

additional peaks in the visible region (Fig 14, C). 

https://web.expasy.org/protparam/
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Figure 14: A: 12% SDS-PAGE of the purified fractions of hFADS2 constructs stained with 

Coomassie blue. Lane 1: hFADS110-587; Lane 2: hFADS355-587, Lane 3: hFADS355-553, Lane 

4: hFADS110-276. B: 12% SDS-PAGE of purified hFADS110-354. bô) SDS-PAGE of purified 

hFADS110-354 in absence (1) or in presence (2) of 100 mM dithiothreitol (DTT). bôô) 

Immunoblot analysis of hFADS110-354. immunodetection of the same proteins fractions as 

in (cô) with anti-FADS antiserum (1:3000 dilution).  C: Absorption spectra of hFADS110-587 

(5 ɛM, black), hFADS355-587 (5 ɛM, dotted black) in 40 mM HEPES/NaCl, pH 7.4, 0.5 mM 

TCEP. 

3.3 KINETIC CHARACTERIZATION OF hFADS2 CONSTRUCTS 

The overexpressed and purified proteins were subjected to kinetic assays to 

monitoring their ability in FAD synthesis and hydrolysis and to compare them 
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between themselves and with the previously characterized constructs (hFADS2 and 

hFADS6). The results of this kinetic characterization are illustrated in the Fig.15.   

hFADS110-587 construct acts as the full-length protein: the C-terminal PAPS domain 

promotes the synthesis of FAD, with a Mg2+-dependent mechanism, as 

demonstrated for other hFADS isoforms. In contrast, the N-terminal MPTb domain 

of this construct is able to hydrolyse the cofactor, with a Co2+-dependent activity.  

The dependence of the FAD synthesis on the concentrations of FMN or ATP was 

calculated in the presence of saturating concentration of ATP or FMN, respectively 

and are shown in Table 3. The values obtained in these experiments were compared 

with the kinetic parameters previously calculated for the native protein: lower Km 

values for both the substrates suggest a possible higher affinity for this N-terminal 

truncated protein. This higher affinity was also confirmed by studying the 

dependence of the hydrolysis rate on FAD concentration, whose kinetic parameters 

are illustrated in Table 3.  
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Figure 15: Kinetic properties of hFADS2 construct measured in continuo (ɚex= 450 nm, 

ɚem= 520 nm) with an FP-8300 spectrofluorometer (Jasco), as described in materials 

and method. Upper panel: A and B: hFADS110-587 concentration dependence from FMN 

(A) and ATP (B) during the synthesis process. C and D: concentration dependence from 

FAD for hFADS110-587 (C) and for hFADS110-354 (D). Lower panel: FAD synthesis (E) and 

hydrolysis (F) catalysed by hFADS constructs, related to the upper panel. From top to 

bottom: From top to bottom: hFADS110-587, hFADS355-587, hFADS355-553, hFADS110-276, 

hFADS110-354. 

Kinetic properties were also studied for the construct lacking in the N-terminal 

domain, hFADS355-587. This protein consists only in the PAPS C-terminal domain 

and is only able to synthesize FAD but not to hydrolyse it, with a similar behaviour 

in comparison with the isolated PAPS domain or with hFADS6. It is important to 

notice that hFADS355-553 it is not active at all, demonstrating the essential role of the 

PAPS domain. 

Experiments were repeated for the construct comprising only the N-terminal MPTb 

domain, hFADS110-276. This protein showed no FAD synthesis or FAD hydrolysis 

activities. In contrast, the hFADS110-354 construct, consisting of the MPTb bound to 

the intermediate domain, the FAD synthesis activity is still absent, but the 

hydrolysis activity was restored and is dependent by Cobalt. This is the first 

evidence that the combination of MPTb with the intermediate domain is the 

minimum essential substructure capable of the FAD hydrolysis. 

The analysis of FAD hydrolysis rate revealed a saturating kinetic dependence on 

substrate concentration. The kinetic parameters, showed in the Table 4, revealed a 

decreases affinity for the substrate in the construct hFADS110-354. 

Table 4: comparison between kinetic parameters calculated for FAD synthesis and 

hydrolysis for the constructs hFADS110-587, hFADS110-354 and the native protein. Reported 

values are means Ñ SEM (n=2). 

 hFADS2 hFADS110-587  hFADS110-354 

FAD synthesis 

Km FMN (ÕM) 0.4 Ñ 0.1 0.1 Ñ 0.05 - 

Km ATP (ÕM) 15.3 Ñ 2.2 7.6 Ñ 1.9 - 

kcat (s-1) 6.9 Ñ 1.1 Ŀ 10-2 2.4 Ñ 0.12 Ŀ 10-2 - 
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kcat/Km FMN (ÕMĿs-1) 2.0 Ñ 0.8 Ŀ 10-1 3.1 Ñ 0.9 Ŀ 10-1 - 

kcat/Km FMN (ÕMĿs-1) 4.5 Ñ 1.4 Ŀ 10-3 3.2Ñ0.9 Ŀ 10-3 - 

FAD hydrolysis 

Km FAD (ÕM) 1.0 Ñ 0.1 0.4 Ñ 0.1 2.8 Ñ 0.3 

kcat (s-1) 11.6 Ñ 1.3 10-2 5.9 Ñ 0.2 10-2 1.6 Ñ 0.1 10-2  

kcat/Km (ÕMĿs-1) 1.2 Ñ 0.2 Ŀ 10-1 1.6 Ñ 0.3 Ŀ 10-1 5.9 Ñ 0.9 Ŀ 10-3 

3.4 STRUCTURAL CHARACTERIZATION OF hFADS2 

3.4.1 Protein crystallography 

Three-dimensional structures of macromolecules (e.g. protein, nucleic acid, 

protein-protein or protein-nucleic acid complexes) with a resolution at the atomic 

level are useful to investigate their biological function.  

Protein crystals were observed for the first time more than 150 years ago and 

employed as a method to purify and to demonstrate the purity of a protein solution. 

Only in 1930s, protein crystallization was used by Bernal and Crowfoot, in 

combination with X-ray diffraction analysis, to achieve important structural 

information [100].  

Nowadays, X-ray crystallography is considered the main method to determine the 

three-dimensional structure of different macromolecules at the atomic level. Indeed, 

in 2011, the 86% of the Protein Data Bank (rcsb-PDB) entries are determined using 

X-ray crystallography [101-104]. 

Crystallization is the limiting step for studying a protein structure by X-ray 

crystallography. It is a phase transition phenomenon in which a macromolecule 

moves from a liquid state to an organized solid three-dimensional structure. Crystals 

grow when the aqueous protein solution is in a supersaturated state, by changing 

the concentration of precipitant, protein and additives, pH, temperature and other 

parameters. Supersaturation is a non-equilibrium condition because the protein 

concentration is above the solubility limit.  

The quality of the obtained crystal is the major obstacle in determining the structure 

of a protein by X-ray crystallography. The best condition to grow a high-quality 

protein crystal are difficult to predict and must be determined by trial-and-error 

[101-104].    
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To obtain high-resolution diffracting crystals, the protein of interest must be 

purified as close as possible to homogeneity (at least 95%) and in large quantity (a 

few milligrams). Furthermore, the macromolecule must be concentrated to 5-50 

mg/mL without inducing aggregation or precipitation.  

The crystallization phenomenon is represented by a phase diagram (Fig.16) that 

indicates the state (liquid, crystalline or precipitate) in which a macromolecule is 

stable under different crystallization parameters. This graph consists of four zones 

with different levels of supersaturation: (i) undersaturation zone, (ii) metastable 

zone, (iii) nucleation zone and (iv) precipitation zone. In the undersaturated part the 

protein is stable in solution and there is no formation of crystals, while in the 

precipitation zone the supersaturation is too high and the protein will be in form of 

amorphous solid.  

Crystallization takes place in the nucleation zone which represents a moderate 

supersaturation part. Nucleation is the key to the process and represents a transition 

from molecules dissolved in solution to well-ordered solid state.  

Once crystallization starts, the system moves toward equilibrium until it reaches the 

metastable zone (below the nucleation part), where crystals may grow but no further 

nucleation is possible. The degree of supersaturation required for nucleation is 

higher than the one required for the growth to bring the system in a condition in 

which nucleation cannot occur before an excessive number of nuclei have time to 

form [105-107]. 
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Figure 16: illustration of a protein crystallization phase diagram as a function of the 

precipitant concentration. The transition from protein solution to a supersaturated 

protein solution can be performed modifying the adjustable parameters (precipitant 

concentration, additive concentration, pH, temperature, metal ions, cofactors, 

crystallization technique) (Chaven N., [107]). 

Chemical and physical conditions can influence the process of crystals growth: 

protein concentration (it depends on the solubility of the protein) and purity, pH, 

temperature, time, presence of cofactor and metal ions.  

The crystallization technique can be one of the adjustable parameters in a 

crystallization experiment. Briefly, the first trials consist of commercially available 

ñcrystals screenò with different precipitation solutions. The screening can be set up 

using the batch (i), sitting-drop vapour-diffusion (ii), hanging-drop vapour-

diffusion (ii), dialysis (iii) and FID (iv) techniques, testing at both room temperature 

(20 ÁC) and 4ÁC [108] (Fig.17).  

In the case of hFADS2 case, crystals were obtained with the sitting-drop vapor 

diffusion method, the most widely used method to obtain crystals from 

macromolecules. Briefly, a drop composed of a mixture of sample, buffer and 

precipitant is sealed in vapor equilibration with a larger liquid reservoir, containing 
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the undiluted reagent solution. Since protein/precipitant drop contains a lower 

concentration of reagent, water vaporizes from the drop and moves to the reservoir. 

As a result, the concentration of precipitant and protein into the drop increase and 

crystals start to form when the supersaturation condition is reached [109]. 

 

Figure 17: schematic representation of a vapor diffusion experiment, using the hanging 

drop, sitting drop or sandwich drop configuration (Ranatunga W. et al.,2014 [109]). 

The aim of the X-ray crystallography is to produce the 3D structure of a protein at 

the atomic level, reached by irradiating the protein crystal with a focused 

monochromatic beam of X-rays, which produces a diffraction pattern of regularly 

spaced spots [108]. 

The advantage of employing a synchrotron radiation is the production of a high 

photon flux, generating a high-resolution X-ray diffraction pattern. 

The intensities observed in a diffraction pattern are proportional to the square of the 

structure factor amplitude, a complex number with information about the amplitude 

and the phase of a wave. The phase cannot be directly calculated, and this is known 

as the phase problem.  

Several methods are developed during the years to solve the phase problem and to 

produce a three-dimensional electron density map of the molecules in the crystal: 

the SIRAS method (Single Isomorphous Replacement with Anomalous Scattering) 

and Molecular Replacement. 
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3.4.2 Crystallization of hFADS110-587 and hFADS355-553 

The different hFADS2 constructs described above were used to obtain the structure 

of the protein by X-

ray crystallography. 

Holo-protein samples 

were obtained by 

incubating the 

purified proteins with 

a large excess of 

FAD, while apo-

protein samples, in 

which all traces of 

endogenous ligand 

are eliminated, were 

obtained by overnight 

incubation with 2.5 

M KBr at 4 ÁC or 

50mM sodium 

dithionite for two 

hours. All samples 

were concentrated at 

15 mg/mL for initial 

screening of crystallisation conditions.  

Numerous attempts to obtain diffracting crystals of the full-length protein were 

conducted with different constructs, but the only positive results came from the 

construct lacking in the first 12 residues (hFADS110-587) and in the apo-form. On the 

other hand, diffracting crystals of the C-terminal domain, using the construct 

hFADS355-553, were obtained only in complex with the reaction product, FAD. 

For the full-length construct (hFADS110-587), moderately diffracting crystals were 

obtained after 48 hours at 20 ÁC in a solution of 0.1 M MES pH 6.5, 10% PEG 8000 

and 10% ethylene glycol as precipitant. Crystals are monoclinic (space group P21) 

Figure 18: A, B: apo-hFADS110-587 crystals in the drop 

containing 0.1 M MES pH 6.5, 10% PEG 8000 and 10% 

ethylene glycol. C, D: holo hFADS355-553 crystals in 1.6 M Na/K 

phosphate, pH 6 in 2-3 days, 10% DMSO. 
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and shown high diffraction anisotropy, with unit cell parameters a=75.75 ¡ 

(strongest diffraction), b=187.74 ¡ and c=79.38 ¡.  

The C-terminal PAPS domain gave small needle-like crystals in 1.6 M Na/K 

phosphate, pH 6 in 2-3 days. Adding 10% DMSO in the same solution gave larger, 

rod-shaped crystals of the same construct. These crystals are orthorhombic (space 

group I222) and unit cells parameters are a=63.96 ¡, b=69.73 ¡ and c=105.33 ¡. 

The maximum resolution of diffraction was 1.69 ¡. In the Fig.18 are illustrated apo-

hFADS110-587 crystals and holo hFADS355-553 crystals in their crystallization conditions. 

3.4.3 X-ray diffraction Data analysis and structures determination 

The final datasets were collected from crystals frozen at 100 ÁK at the beamlines 

ID23-1 and ID30B of the ESRF in Grenoble, France.  

The structure of the holo-PAPS domain and of the apo-full-length protein were 

obtained by molecular replacement (MR), using the software MOLREP and Phaser. 

Molecular replacement is a fast, cheap and automated method to solve the phase 

problem of an unknown crystal using an already known molecular structure with a 

certain degree of structural homology with the target protein. The technique is used 

to solve the 70% of deposited molecular structures [110]. 

The obtained models were subjected to multiple rounds of manual and automated 

rebuilding with COOT and PHENIX AutoBuild. Then, automatic refinement was 

achieved with Refmac and phenix-refine.  

For the C-terminal PAPS domain FAD and water molecules were added in the Fo-

Fc and 2Fo-Fc maps. After confirmed the stereochemical quality of the structures 

with MolProbity, images of the two molecular models were render with PyMOL 

(http://www.pymol.org) and Chimera. 

Table 5: Data collection and refinement statistics of hFADS110-583 and of hFADS355-553 in 

complex with FAD. 

Dataset hFADS355-553-FAD 

complex 

hFADS110-587 

Space Group I222 P21 

a (¡) 63.96 75.75 

b (¡) 69.73 187.74 
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c (¡) 105.33 79.38 

Ŭ (Á) 90.0 90.0 

ɓ (Á) 90.0 96.45 

ɔ (Á) 90.0 90.0 

Resolution Range (¡) 58.14-1.69 58.72-2.49 

Observed reflections 106004 291040 

Independent reflections 24610 43831 

Rmerge 0.063 (0.746) 0.124 (1.312) 

Rpim  0.033 (0.416) 0.052 (0.533) 

Mean l/sd(l) 8.3 (2.3) 9.8 (1.5) 

Completeness (%) 92.1 (99.7) - 

Completeness 

(ellipsoidal)a (%) 

- 93.2 

CC(1/2) 0.996 (0.649) 0.996 (0.485) 

Reflections in refinement 24597 43432 

Rcryst. 18.3 21.5 

Rfree (test set 5%) 20.7 26.8 

Protein atoms (no hydrogen) 1674 14498 

Ligand atoms (no hydrogen) 58 - 

Water molecules 136 - 

r.m.s.d. on bond lengths (¡) 0.011 0.008 

r.m.s.d. on bond angles (Á) 1.192 0.824 

Average B factor - protein 

(¡2) 

33.75 75.99 

Average B factor - ligands 

(¡2) 

27.72 - 

Average B factor - water (¡2) 40.55 - 

3.4.4 Structure of the hFADS2 protomer 

The monoclinic crystal was refined to a maximum resolution of 2.6¡ (R 21.5, Rfree 

26.8) with good stereochemistry (98% of the residues in the most favourable region 

of the Ramachandran plot with no outliers, Clashscore [Molprobity] 4.44). 

As shown in the Fig. 19, the asymmetrical unit comprises four hFADS protomers 

(28,820 non-hydrogen atoms) assembled in two almost identical dimers. 

The hFADS2 protomer, illustrated in the Fig.20 includes three different domains: 
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¶ N-terminal MPTb domain, from residue S110 to residue P275, belongs to 

the MoaB/Mog family (COG1058 in the Clusters of Orthologous Groups 

database), sharing the 15% of identity with the N-terminal domain of the 

human gephyrin. The domain maintains the classical fold of the family: 

three and two Ŭ-helices are packed on opposite sides of a parallel-

antiparallel 6-stranded ɓ-sheet. 

¶ Intermediate domain (named KH domain): contains residues from S280 to 

V352 and assume the classical folding of the type I KH-like proteins, in 

which two Ŭ-helices packed on the same side of a 3-stranded-ɓ-sheet.     

Figure 19: four hFADS2 protomers assembled into two dimers in the crystallographic 

asymmetric units. In each dimer, the two protomers are coloured in magenta and yellow and in 

green and purple, respectively. In each protomer, the N-terminal and C-terminal regions are 

highlighted with the same colour as the individual protomer. 
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¶ C-terminal PAPS reductase 

domain, from residue N357 to 

P535, shares the classical 

Rossman fold of the HUP 

superfamily, with a single Ŭ-helix 

(H16) packed on one side and 

five Ŭ-helices packed on the 

opposite side of a 6-stranded-ɓ-

sheet (five ɓ-strands parallel and 

one antiparallel). 

¶ The last C-terminal part of the 

protein, from I538 to T587, 

consists of two short Ŭ-helices 

connected by long loops, referred 

as C-terminal ñcapò. The loops 

exposed to the solvent (residues 

560-570) were not modelled in 

the final structure, due to their 

unclear electronic density.  

3.4.5 Structure of the overall hFADS2 protein 

FAD synthase purified from rat liverôs cytosol in 1987 [59] revealed the dimeric 

structure of this enzyme. The structure obtained here with the human enzyme 

confirmed that also hFADS2 is a physiological dimer, consisting of two tightly 

associated protomers. The dimer shows a C2 symmetry, and all the domains are 

related by a common 2-fold symmetry axis.  

The dimer is kept together by major interactions between the two MPTb and the 

two intermediate (KH) domains, with the N-terminal domain of one protomer 

packing against the N-terminal region of the other. 

Minor contacts are also present between the C-terminal domains, at the level of the 

loops connecting the H12 Ŭ-helix to the first ɓ-strand and of the H14 Ŭ-helix to the 

Figure 20: ribbon diagram of hFADS2 monomer. 

The N-terminal domain (S110-P275) is coloured in 

magenta, the intermediate (KH, S280-V352) in 

yellow, the C-terminal domain (N357-P535) in 

light green. 
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second ɓ-strand (Fig.21). This result might suggest that the synthesis of FAD occurs 

independently in the two C-terminal PAPS domain forming the dimer.  

 

3.4.6 Structure of the C-terminal catalytic domain 

The C-terminal PAPS domain of FAD synthase is directly involved in the 

production of the cofactor, which remains tightly associated to the active site, 

suggesting a feedback regulation of the enzyme activity. 

Since the overall structure of the protein was characterized only in apo-form, other 

experiments have been performed in order to obtain the catalytic domain in 

complex with the reaction product.  

Crystals of the PAPS domain are orthorhombic and diffracted to a maximum 

resolution of 1.69 ¡. The final model contains a single protein chain and a FAD 

molecule.  

Figure 21: ribbon representation of two orthogonal views of the structure of hFADS2 

dimer. The domains are coloured as in Fig. 22.  
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Figure 22: A: catalytic active site of the PAPS domain in complex with FAD and 

phosphate; the side chains of amino acids interacting with FAD are represented as sticks, 

water molecules are shown as red spheres. Hydrogen bonds are highlighted as dashed 

lines. B: Surface representation of the PAPS domain active site in complex with FAD and 

phosphate. 

As shown in the Fig.22, FAD binds in the active site in a bent conformation, 

similarly to the yeast enzyme. The adenine part is deeply buried into a hydrophobic 

pocket of the active cavity and interacts with the side chains of the residues Y435, 

I436, N404 and M467, located on the second ɓ-strand and with a hydrogen bond 

between the N6 of adenine and the carbonyl group of I436 stuck the FAD in its 

position.  

The flavin part of the cofactor binds almost perpendicularly to the adenine ring, 

deeply buried in a conserved flavin motif, from residue D505 to R513, with the 

plane of the ring parallel to the indole side chain of W508 and the guanidinium of 

R513. Mutations on the residue D505 has shown a weaker association of the 

cofactor in the active site and in a higher turnover rate the tight association of FAD 

in the active site is thus mediated by the hydrogen bond between the carboxylate of 

D505 and the N3 of the pyrimidine ring [111-112]. 
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The ribosyl-pyrophosphate moiety is more exposed to the solvent: in this part two 

relevant interaction are the hydrogen bond between the residue G402 and the O2 of 

the ribose and between S549 and the ɓ-phosphate. 

S549, the last visible residue of the C-terminal PAPS domain, is close to the ligand 

and forms a hydrogen bond with the PPi of the FAD. S549 is part of the C-terminal 

cap of the protein, the rest of which is absent in the structure of the isolated PAPS 

domain (hFADS355-553); the different position of this residue may suggest a 

reorientation of the very C-terminal protein part, to close the binding cavity due to 

the presence of the ligand (Fig. 23). Finally, some amino acids in the C-terminal 

cap (i.e. ARG2 loop, see Fig. 24, A) are essential for hFADS2 enzymatic activity. 

as demonstrated by the fact that the crystallized construct, hFADS355-553, is able to 

bind FAD but not to catalyse its synthesis (see Fig. 15), while the construct 

comprising the entire C-terminal domain, hFADS355-587, is catalytically active. 

The structure of the 

PAPS domain in holo-

form aligns with the 

apo-protein (Cὄ RMSD 

of 0.61 A): the presence 

of the ligand brings only 

small conformational 

changes to increase the 

volume of active site 

from 2601¡3 to 2945¡3 

and thus allowing the 

binding of the ligand. 

These changes include 

the helix 16, the loop 

that connect the second 

ɓ-strand with helix 15, 

which shift outward 

about 2.5 A, the long 

loop connecting strands 3 and 4 and in the reorientation of the side chain of W508.   

Fig.23: Superposition of holo- PAPS domain (grey) with the 

apo protein (green). The C-terminal ñcapò, absent in the 

construct crystallized in complex with FAD, is shown in red. 

S549 is represented as blue sticks and highlighted by a 

black oval. 
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Furthermore, the hFADS2 active site accommodate a phosphate ion and 136 water 

molecules. Phosphate ions were present in the buffer used for the crystallization and 

is settled in the position that would be occupied by the ɔ-phosphate of ATP. 

Hydrogen bonds between water molecules keep in the active site the phosphate ion. 

The PAPS domain contains five reduced cysteine residues. As demonstrated by 

Miccolis et al. in 2014, a relevant role in FADS activity in is played by redox state 

of the cysteine residues of the catalytic domain. Two of them, C400 and C409, are 

located in proximity of the active site. Although they are not likely to participate to 

the catalytic process, they may react with metal groups and this interaction might 

block the substrate binding and impair the synthase activity of the enzyme (i.e. in 

presence of thiol blocking reagents, such as mersalyl or HgCl2). 

Other two cysteine residues, C496 and C499, are instead more exposed to the 

solvent. Even if the crystals were obtained in a reducing environment (the 

crystallization solution contains TCEP) it is possible that these residues may form 

a disulfide bond in different conditions, in accordance with what was previously 

demonstrated, and this may result in a further change of the catalytic activity.   

The catalytic domain of hFADS2 was compared with the monofunctional, single-

domain FMN adenylyl transferase (CgFMNAT) from C. glabrata [63] and with 

ScFad1 from S. cerevisiae [66]. The sequence identity obtained from the alignment 

of the three protein sequences is rather low (23.3% for ScFAD1 and 23.1% for 

CgFMNAT).  

The comparison of the PAPS structure of hFADS2 with the structure of the yeast 

enzymes (Fig 24, B) revealed that the overall folding and most of the residue present 

in structural motifs involved in the binding of the ligand (PP-loop, ARG1, flavin 

motif, ɔ-phosphate and ARG2) are conserved in the three enzymes, remaining 

unchanged during evolution (Fig.24, A). 

A comparison between the apo- structures of hFADS2 and CgFMNAT resulted in a 

good degree of overlap in the secondary structure (RMSD ~1.5¡). The main 

differences involve the orientation of the Ŭ1 helix, in the human enzyme is bound 

to the KH domain, and the C-terminal region, which in the yeast enzyme forms a 

Ŭ8-helix-loop-Ŭ9-helix motif and is absent in the human enzyme (Fig. 24, B).  
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Despite these differences, the steady-state kinetic parameters, measuring the 

substrate binding rate and the catalytic activity, are similar for both the enzymes. 

The structural comparison of the FAD binding cleft with the three holo-proteins, 

shown a perfect overlap of the adenine and flavin moieties of FAD, with a greater 

flexibility in the pyrophosphate. This is the reason why the flexible ARG1 loop, 

with a conserved Asp residue, adopts different conformations in human and yeast, 

being in hFADS2 in an intermediate position between the closed and the open 

conformation observed in CgFMNAT and in ScFAD1 (Fig. 24, C).  

Furthermore, in all the compared structures, a phosphate or sulphate ion is bound 

via a hydrogen bond to a highly conserved Lysine residue in the PP-loop, in the 

position that is probably occupied by the ɔ-phosphate of ATP before the adenylation 

of FMN.  
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Figure 24: A: Sequence alignment of human FADS2 (hFADS2) with Candida 

glabrata flavin mononucleotide adenylyltransferase (CgFMNAT) and Saccharomyces 

cerevisiae FAD synthetase (ScFAD1). Conserved residues are highlighted (green, 

hydrophobic; dark green, large hydrophobic; red, positive charge; blue, negative charge; 

light blue, small alcohol; yellow, cysteine; purple, polar) and the percentage of identity 

with hFADS2 is reported for each protein. The conserved motifs involved in ligand 

binding are indicated above the sequence. B: Alignment of the structures of apo hFADS2 
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PAPS domain (magenta) and apo CgFMNAT (3FWK, cyan). The C-terminal helix-loop-

helix motif of the yeast proteins, absent in human FADS2, is coloured in blue. C:  FAD 

binding in hFADS2 (blue), CgFMNAT (3FWK, green), and ScFAD1 (2WSI, red). The 

ligands and negatively charged ions in the active site are represented as stick. The side 

chain of the conserved Asp residue of the ARG1 loop is shown in all three structures. 

3.5 FUNCTIONAL CHARACTERIZATION OF hFADS2 N-TERMINAL 

DOMAIN 

3.5.1 Isothermal titration calorimetry (ITC) 

Calorimetry is a biophysical method that is employed to quantify the heat absorbed 

or released in a binding reaction.  In the last two decades, isothermal titration 

calorimetry (ITC) has become one of the most efficient techniques for determining 

the strength of a molecular bond to a specific binding site or the rate of conversion 

to a product in enzymatic reactions. This method is useful to precisely determine 

affinity, thermodynamic parameters and stoichiometry in protein-ligand 

interactions. 

A typical ITC experiment is performed using the method of incremental titration, 

where a precise volume of ligand, contained in the injection syringe is gradually 

titrated into a protein solution placed in the ITC cell, under isothermal conditions. 

Following the injections, the heath absorbed or released can be measured. When the 

binding site of the protein is saturated with the ligand, the heath signal approach to 

zero. One limit of this methods can be the participation of the solvent; to perform 

accurate experiments, buffer must be exactly the same for protein and ligand [113-

114]. In this project, ITC was used to validate the hypothesis of a bifunctional 

enzyme, with a pyrophosphatase activity, located in the N-terminal domain of the 

protein. 

In fact, together with the well-known FMN adenylyltransferase activity, the enzyme 

hFADS2 catalyzes the hydrolysis of the pyrophosphate bond present in adenine 

dinucleotides (ADPP activity), including its reaction product, FAD.  

This pyrophosphatase activity occurs with a NON-NUDIX mechanism in the 

presence of some monovalent and divalent cations, such as K+ and Co2+. As stated 
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before, this ADPP activity is absent in the C-terminal isolated domain, revealing 

that the N-terminal part of the protein is essential for this additional enzymatic 

activity. 

ITC experiments were performed on the recombinant hFADS110-276 (MPTb) with 

different nucleotides showing an adenine moiety, but different in size and chemical 

nature. In particular, five different nucleotides were tested: adenosine diphosphate 

(ADP), adenosine triphosphate (ATP), ADP-ribose, Flavin adenine dinucleotide 

(FAD) and Nicotinamide adenine dinucleotide (NAD(H)). hFADS110-276 is able to 

bind all these nucleotides with different affinity, suggesting the presence of a 

substrate recognition mechanism. ATP and ADP bind to the N-terminal domain in 

an approximately 1:1 M ratio, although with a low affinity (Kd values between 200 

and 250 ɛM). ADP-ribose and NADH exhibit a little higher affinity (Kd values 

between 50 and 100 ɛM), while the product of the reaction, FAD, showed the 

highest affinity for the MPTb-domain (Kd value is 18 ɛM). 

To confirm the specificity of this active site for adenine nucleotides, another ITC 

run was performed with Guanosine triphosphate (GTP), a guanine nucleotide. No 

binding was observed in the case of GTP, which confirm the specificity of the 

presence of an adenosine-specific binding-site and agrees with the study of Leone 

et al., in which is proved that GTP and other non-adenine nucleotides has a reduced 

ability to inhibit FAD hydrolysis (see Table 6 and Fig.25). 

Table 6: affinity constants and thermodynamic parameters for the binding of the 

nucleotides to hFADS110-276 (MPTb), related to Figure 4b. Independent model fitting 

(confidence level 95%). Errors are given in parenthesis. 

Nucleotide Concentration Variable Value 

ADP 2 mM N 1.3 (0.4) 

Kd (ɛM) 220 (140) 

ȹH (kJ/mol) -11.6 (9.6) 

ȹG (J/mol*K) -20.8 (14.8) 

-TȹS (kJ/mol) -9.2 

ATP 2 mM N 1.1 (0.3) 

Kd (ɛM) 210 (50) 
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ȹH (kJ/mol) -9.8 (3.4) 

ȹG (J/mol*K) -21 (4.9) 

-TȹS (kJ/mol) -11.2 

ADP-ribose 2 mM N 0.9 (0.4) 

Kd (ɛM) 110 (40) 

ȹH (kJ/mol) -0.7 (0.3) 

ȹG (J/mol*K) -22.8 (9.9) 

-TȹS (kJ/mol) -22.1 

FAD 2 mM N 0.8 (0.3) 

Kd (ɛM) 18 (4) 

ȹH (kJ/mol) -7.6 (0.6) 

ȹG (J/mol*K) -27.1 (4.9) 

-TȹS (kJ/mol) -19.6 

NAD(H) 2 mM N 1.6 (0.2) 

Kd (ɛM) 46 (24) 

ȹH (kJ/mol) -0.8 (0.2) 

ȹG (J/mol*K) -24.8 (12) 

-TȹS (kJ/mol) -24 

GTP 2 mM No binding 
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Figure 25: Substrate specificity of the ADPP active site, obtained with ITC experiments. 

A: schematic representation of the hydrolysis reaction. B: ITC results of the N-terminal 

MPTb domain binding to the different nucleotides tested. Raw data minus the baseline 

(upper panels) and corrected integrated heats as function of the molar ratio (lower 

panels) are displayed. 

The hFADS2 construct used for ITC experiments, more specifically hFADS110-276, 

contains the binding site for adenosine dinucleotides because it is able to bind them. 

In this case, this domain is not able to perform the hydrolysis reaction (see Fig. 17). 
















































































