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In the upcoming decades, one of the biggest risks to public health will be antimicrobial resistance 

(AMR), with Staphylococcus aureus being one of the most threatening multidrug resistant 

pathogens. Indeed, in 2017 the World Health Organization (WHO) drew up a Global Priority 

Pathogen list for antibiotic-resistant bacteria, indicating S. aureus methicillin and vancomycin 

resistant variants as a “high priority”. Furthermore, during the COVID-19 pandemic, the battle 

against AMR had faded into the background, contributing even more to its strengthening and 

diffusion.  

Iron acquisition has been demonstrated as a necessity for S. aureus pathogenicity in human 

infections. Indeed, the human host has evolved a defense mechanism, called "nutritional immunity", 

that regulates iron trafficking in an effort to lessen free iron toxicity and inhibit microbial growth. In 

turn, S. aureus has developed different strategies to overcome the host nutritional immunity, as the 

hemophore and siderophore-mediated systems for iron retrieval. The former bacterial strategy 

involves the Iron-regulated Surface Determinant (Isd) system enabling iron acquisition from the host 

hemoglobin (Hb), while the latter consists of small iron chelators that retrieve the iron bound to host 

proteins in the extracellular compartment. The Isd system consists of nine proteins, called 

hemophores, of which IsdB and IsdH are found on the bacterium surface and are involved in Hb 

binding and in the extraction and transfer of the heme to the downstream Isd effectors. In this 

context, only IsdB out of the two surface-exposed hemophores has been identified as an S. aureus 

virulence factor, essential for the bacterium pathogenesis. Despite different efforts have been 

reported in literature to develop antibacterials or vaccines targeting IsdB, no product has become 

commercially available yet, leaving ground for strategy improvements.  

At the same time, S. aureus has also evolved strategies for the retrieval of inorganic iron from the 

extracellular media of the host, mainly involving Staphyloferrin A (SA) and Staphyloferrin B (SB) 

siderophores. Both siderophores have been identified as S. aureus virulence factors, but only SB has 

been reported to be produced by the most invasive strains, and thus considered to be the greatest 

support of virulence. Within the SB biosynthetic pathway, the first step is catalysed by SbnA which, 

in concerted action with SbnB-catalysed reaction, produces two out of three building blocks needed 

for SB synthesis. The mutation of either sbnA or sbnB genes resulted in the abrogation of SB 

production, highlighting the key role of the two enzymes. A complete structural and functional 

characterization of SbnA has not been reported in literature yet, and no strategies have been 

described targeting the enzyme. In this context, the characterization of SbnA structural and 

functional properties and the identification of potential inhibitors would provide a potential 

combined strategy for the development of new antimicrobials targeting S. aureus iron acquisition 

pathways. 

 

Within the PhD project, an in-house developed immunoassay was exploited as a platform for the 

evaluation of molecules that interfere with IsdB-Hb complex formation. Notably, three commercial 

compounds, which had been previously identified, were re-synthesized by Prof. Lazzarato group 

(University of Turin) and evaluated in this thesis by the immunoassay. The group of Prof. Lazzarato 

synthesized also different analogues for all three compounds, designed to alleviate the solubility 

and/or stability issues that were previously encountered. No significant improvements in terms of 

potency were highlighted by the immunoassay when comparing the derivatives to their parent 

compounds, therefore further modifications will be required.  
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The thesis project also encompassed the optimization of the conditions for the recombinant 

expression in E. coli and the purification of SaSbnA. The purified protein was characterized in its 

functional and regulatory properties by spectroscopic techniques, as UV-Vis and fluorescence 

spectrophotometry, as well as by an ad hoc optimized activity assay. Notably, the optimization of a 

continuous activity assay allowed to confirm that SaSbnA uses a ping-pong kinetic mechanism with 

substrate inhibition by L-glutamate. After the enzyme characterization, three assays were set up and 

validated for the evaluation of potential inhibitors of SaSbnA activity. The assays’ optimization 

allowed the assessment of both the effect of potential inhibitors on SaSbnA activity and their direct 

binding to the enzyme. For the activity evaluation, a discontinuous assay was optimized to provide 

a high-throughput evaluation of a broad number of molecules to have a first selection for 

compounds with a significative inhibitory effect. Subsequently, the optimized continuous assay was 

exploited for the characterization of the mechanism of action of the active molecules, with the 

determination of inhibition constants. At last, the binding of the active molecules to SaSbnA was 

evaluated by fluorescence spectroscopy. The defined testing platform was then exploited to study 

the effect of intermediates of the SB pathway on SaSbnA activity to potentially identify feedback 

mechanisms. Among the intermediates, citrate was analysed more carefully since previous studies 

highlighted its inhibitory effect on two other enzymes of the SB pathway, and its presence was 

identified in a SaSbnA structure (PDB ID 5D85). Indeed, the intermediate was identified as an active 

inhibitor, highlighting a more complex regulatory mechanism within the SB pathway. At last, the 

assays were exploited to test in vitro the first set of molecules, with the identification of one hit 

inhibitor, which was then further characterized, evaluating its mechanism of action, and measuring 

inhibition constants. A first derivative of the lead compound was synthesized by collaborators at the 

University of Turin and was tested using the same platform, highlighting a more potent molecule.  

The project also involved the production of a second construct for SaSbnA expression, which was 

designed for high throughput screening (HTS) experiments due to its improved yields. The purified 

protein was then exploited in an HTS of compound libraries to find potential inhibitors of SaSbnA 

activity. The discontinuous activity assay was optimized for HTS conditions and then exploited to 

screen compound libraries made available by the CEA Paris-Saclay centre. The HTS identified seven 

molecules that inhibited the activity of SaSbnA by 50% or more at 50 µM concentration. These 

selected hits were confirmed by further analyses and a preliminary characterization allowed to 

identify the best compounds for further tests and improvements. 
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https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ornithine
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1 Staphylococcus aureus 
Staphylococcus aureus is one of the first bacterial pathogens to be recognized 1, and it belongs to 

the family of Gram-positive cocci Staphylococcaceae. The Scottish surgeon Sir Alexander Ogston was 

the first to identify and coin the genus Staphylococcus by observing grape-like clusters of bacteria 

from pus of surgical abscesses 2. Indeed, the term “Staphylococcus” is composed of two words, 

staphyle and coccus. The first term comes from a Greek word which means bunch of grapes due to 

the ability of these bacteria to form grape-like clusters. The second term means grain or berry3. In 

1884, the scientist R. J. Rosenbach was the first to differentiate S. aureus from other species of 

staphylococci based on pigmentation. The epithet “aureus”, identifying the species, was assigned for 

the golden pigmentation characteristic of the colonies, which has been associated with more 

pathogenic Staphylococci strains 4. Different studies have identified the carotenoid pigments 

responsible for the colour of S. aureus colonies as virulence factors because of their reported 

antioxidant activity 5–7. Beyond colour observation, the identification of pathogenic strains is 

performed also through the coagulase test 8, which assesses the presence of bacterium protein 

factors that induce the activation of the host coagulation, namely coagulases and the von Willebrand 

factor binding protein (vWbp). These bacterial proteins interact with prothrombin, activating the 

host coagulation cascade and thus leading to bacterial encapsulation followed by abscess 

development  9. This mechanism is considered a bacterium virulence strategy since it aids in the 

persistence of the infection and the evasion from the immune system of the host.  

1.1 S. aureus infections and virulence factors 

S. aureus is one of human most common commensal residents that is present on skin, mucous 

membranes and nares of healthy individuals with a predominant rate for nares colonization of more 

than 20% of the population 10. Although commonly asymptomatic, it can give rise to different 

infections that can be divided into three categories: (i) superficial lesions such as wound infections, 

(ii) toxinoses as scalded skin syndrome, toxic shock syndrome and food poisoning, and (iii) systemic 

and life-threatening diseases including infective endocarditis, pneumonia, osteoarticular infections 

and bacteremia 11,12. A breach of the sites of commensal colonization enables the bacterium to get 

access to contiguous tissues and the bloodstream, thus initiating infections 13. Unlike many other 

bacterial pathogens which frequently rely on only one or a few toxins to promote disease, S. aureus 

produces an incredible variety of virulence factors.  They include a wide range of immune evasion 

factors and toxins, as well as a large number of protein and non-protein factors that allow host 

colonization during infection 14. These effectors’ main roles include nutrient uptake, immune 

evasion, cytolytic activity and host adhesion. Because of their importance, intricate regulatory 

networks have evolved to control that virulence factors are produced only when it is necessary 15,16. 

The virulence factor database (VDB) is an online resource for information about virulence factors of 

pathogens, and a complete list of the Staphylococci factors is listed at http://www.mgc.ac.cn/cgi-

bin/VFs/genus.cgi?Genus=Staphylococcus. With the exception of the diseases brought on by specific 

toxins, as toxic shock syndrome toxins and enterotoxins, no single virulence factor has been found 

sufficient to promote a staphylococcal infection 12,17. The infection is rather driven by the coordinated 

activity of various virulence effectors, which can be surface-exposed proteins and secreted 

macromolecules (Figure 1). Moreover, the combination of virulence effectors required to lead to 

disease is likely to be largely dependent on the site of the infection 18.  
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Figure 1: Schematic representation of the S. aureus virulence factors that were separated in surface-

exposed proteins and secreted macromolecules. Abbreviations used: immunoglobulin G (IgG), 

extracellular matrix component (ECMC) and chemotaxis inhibitory protein of staphylococci (CHIPS). 

1.1.1 Adhesion 

S. aureus attachment to the host cell surface allows host colonization and the invasion of tissues and 

organs from the bloodstream. This course of events requires adhesion and further structural 

processes mediated by adherence factors 12. Many of these processes are facilitated by one major 

class of S. aureus adhesins called the Microbial Surface Components Recognizing Adhesive Matrix 

Molecules (MSCRAMMs) family, which comprises surface-anchored proteins that enable host 

colonization and immune evasion 14,19. Originally, the acronym was applied to surface proteins that 

mediate attachment to the host extracellular matrix components (ECMC, as fibronectin, fibrinogen, 

and collagen), but more recently the definition has been extended to all the surface proteins that 

are composed of two adjacent subdomains of IgG-like folds 20.  The majority of the proteins 

belonging to this family appear to have been naturally selected to perform different functions and 

this selective pressure is likely due to the limited amount of surface proteins that the bacterium is 

able to express. Some examples of MSCRAMMs are fibrinogen-binding proteins as clumping factor 

A and B and the collagen-binding protein Cna 19. 

1.1.2 Iron uptake 

As many other pathogens, S. aureus requires iron for survival 21–23, since it plays a key role in different 

catalytic processes as the synthesis of DNA, RNA and amino acids, peroxide reduction and electron 

transport. Humans and many other vertebrates have implemented iron sequestration for its 

antibacterial effect and this mechanism is part of a type of innate immunity, called nutritional 

immunity 24,25 (see section 1.3 for details). To counteract this host strategy, S. aureus has evolved two 

advanced types of virulence effectors, hemophores and siderophores, that enable the bacterium to 

obtain heme-bound and inorganic iron, respectively  26–28. The primary target of hemophores is 

hemoglobin (Hb), which however is normally contained inside red blood cells (RBC) and thus, to 

enhance the amount of free Hb available, S. aureus induces the secretion of hemolysins 29. These 

latter key virulence factors are pore-forming proteins that induce the lysis of RBC. Furthermore, 
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heme and free iron may be released by neutrophils and macrophages to induce the production of 

various bactericidal oxidants in a mechanism called oxidative burst. In such situation, the process of 

iron retrieval through bacterial acquisition systems lowers the concentration of these microbicidal 

oxidants thus protecting the pathogen from the attack of the host immune system 30. S. aureus 

pathogenicity and survival depend on iron uptake and on the bacterium's defence against oxidative 

damage, which transforms the molecular effectors engaged in both systems into virulence factors 31–

33. 

1.1.3 Immune evasion 

The last class of virulence factor consists of both secreted macromolecules and surface-exposed 

proteins that interact directly with the host effectors involved in the host immune response. On the 

bacterial surface, the presence of staphylococcal protein A (SpA) is linked to both 

opsonophagocytosis failure and B-cell death 34. To carry out its function, SpA attaches to the Fc 

portion of the antibody and the Fab portions of the B-cell receptor. Along with SpA, CHIPS and 

cytotoxins are the two main secreted virulence factors intended to evade the immune system. 

Notably, CHIPS are able to specifically inhibit neutrophils and monocytes in order to limit the 

immune system response 35, while examples of cytolytic toxins are leukocidins that act by forming 

pores onto the leukocytes cell membrane 36.  

1.2 S. aureus resistance to antibiotics 

In 1941, a study conducted before antibiotics development highlighted the huge pathogenicity of S. 

aureus by determining the mortality rate of staphylococcal bacteremia as greater than 80% 37. Even 

if S. aureus is a valuable target for every antibiotic that is currently in use, its propensity to develop 

resistance gets the bacterium immune to most of them 38. This identified propensity is mainly due 

to its status as an asymptomatic resident in the host 10,39, and the high possibility of strong vertical 

and horizontal gene transfer 38,40. In the early 1940s, after the introduction of penicillin, the first S. 

aureus resistant strains were discovered 41, and correlated with the production of the bacterial 

enzyme penicillinase, which enables the hydrolysis of the penicillin beta-lactam ring, essential for 

penicillin antibacterial activity 42. In 1960, methicillin was developed as an antibiotic of the penicillin 

class that was not subjected to penicillinase activity 43. Nevertheless, the following year the first S. 

aureus clone resistant to methicillin (MRSA) was discovered 44. Since then, various MRSA strains have 

been identified with acquired resistance to a broader array of antibiotics in use 45. In 1957, an organic 

chemist isolated a compound from Streptomyces orientalis found in a soil sample that was later 

called vancomycin 46. In the decade after its discovery, vancomycin was not largely exploited since 

the drug of choice for the treatment of staphylococcal infections was still methicillin. Nevertheless, 

vancomycin gained its value after the development and spread of methicillin-resistant strains and is 

currently the treatment of choice for MRSA-caused infections 47. The broad and accelerated use of 

vancomycin induced the insurgence of different resistant strains (VRSA) with different degrees of 

susceptibility to the antibiotic 46.  All the S. aureus resistant variants have a high nosocomial 

incidence, hence highly increased infection risks for hospitalized debilitated patients and the 

potential spread within and outside hospitals. S. aureus, among five other pathogens, has been listed 

in the so-called “ESKAPE group” (acronym of the pathogens’ name belonging to the group, hence 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Enterobacter spp) since 2008 48, and in 2017 the World Health 
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Organization (WHO) drew up a global priority list for antibiotic-resistant bacteria where it indicated 

MRSA and VRSA as a “high priority” 49.  

It is also important to note that several studies have evaluated the impact of the COVID-19 pandemic 

on S. aureus bacteremia and resistance. In particular, a study conducted by Falces-Romero and 

colleagues reported a higher incidence of S. aureus bacteremia in COVID-19 patients over non-COVID 

patients, as well as over the pre-pandemic period. Moreover, the group also observed a significant 

increase in mortality by S. aureus infections in COVID-19 patients 50. Even if more studies are required 

to validate these observations, it is certain that the battle against antimicrobial resistance (AMR) has 

faded into the background during the COVID-19 pandemic, contributing even more to its 

strengthening and diffusion. In this context, gaining a better comprehension of the staphylococcal 

mechanisms of host infection will definitely be the first important step to develop new strategies 

against this harmful pathogen.  

1.3 The human host defence strategy  

Living organisms have evolved different mechanisms to counteract invasions by bacterial pathogens 

that altogether constitute the host immune response. In general, two types of immunity can be 

distinguished, the innate and the adaptive immunity. The first, also called “natural immunity”, 

consists of the first defence line and reacts to a limited array of antigens that are common to many 

pathogens, but absent in the host. Whereas the latter, also called “acquired immunity”, has evolved 

to be specific against a single pathogen that has already been encountered by the host 51–53. In such 

scenario, cellular immunity, as neutrophils and T-helper cells, participates in both innate and 

adaptive responses and has been assigned a key role in the host protection against S. aureus 54. 

Despite the fact that the entire immune system is crucial in the fight against S. aureus, this thesis 

will focus on a particular type of innate immunity known as nutritional immunity. 

1.3.1 Innate immunity 

S. aureus is an opportunistic pathogen; hence it normally colonizes the human skin and mucosa, but 

it can become highly pathogenic when it manages to breach the underlying tissues and reach the 

bloodstream. A distinguishing feature of innate immunity resides in its existence before exposure to 

pathogens, therefore guaranteeing a very rapid response to invaders. To provide this prompt 

response, the innate system is set to react to a constrained array of antigens that are normally 

common and crucial structural components in bacteria 53. The primary line of defence used to 

prevent bacterial invasion are indeed physical and physiological barriers, with the first ones being 

intact skin, the highly acidic stomach environment, a mucociliary clearance system and bacteriolytic 

enzymes present in the major glandular secretions 55,56. In support of physical barriers, surface 

receptors called Toll-like receptors (TLRs) are involved in epithelial recognition of the Gram-positive 

commensals as S. aureus 57, with the ultimate goal being to allow local colonization but preventing 

systemic invasion. TLRs are surface transmembrane receptors mainly present on dendritic cells and 

macrophages that stimulate further inflammatory and adaptive immune responses after the 

recognition of various microbial epitopes 53. If these early defence strategies are overcome by 

bacteria, invasion of the surrounding tissues will take place, setting up microbial pathogenesis. The 

subsequent processes triggered by pathogens exploit pattern recognition receptors (PRRs), which 

become fundamental for the detection of the pathogen-associated molecular patterns (PAMPs) 

present on the invaders. The recognition of PAMPs by PRRs activates various defence mechanisms, 
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that comprise bacterial opsonization, triggering of the complement and coagulation cascades, 

phagocytosis, induction of pro-inflammatory signalling pathways and apoptosis induction 58. In 

support of immune responses to pathogenesis, other advanced systems have evolved in the host to 

prevent bacteria from accessing free iron, and other trace metals, in a strategy called “nutritional 

immunity”. This process is employed by the host in order to starve pathogens of elements that are 

necessary for both survival and virulence 24. 

1.3.2 Nutritional immunity and iron 

1.3.2.1 Iron 

A vast array of nutrients makes up the biosphere and has enabled the development of life, with iron 

being the fourth most abundant metal and the main transition metal in the human body 59. Almost 

all living organisms require iron, along with other trace metals, for their survival and its importance 

is underlined by the fact that both metal excess and deficiency result in the development of several 

pathologies 60. Its crucial role in different biological and biochemical processes has evolved due to 

its chemical properties, in particular the ability to transit between stable ferrous (Fe(II)) and ferric 

(Fe(III)) oxidation states. Because of these features, iron is utilized in various electron transfer 

reactions in a wide electrochemical potential (-500 / +500 mV) 61. In anaerobic and acidic conditions, 

iron exists in the soluble ferrous form. On the contrary, in aerobic conditions and aqueous solutions, 

the free ferric oxidation state of iron is highly insoluble, and it forms amorphous hydroxides (the 

solubility limit is 10-18 M) 62. In this latter form, it requires to be associated with host metalloproteins 

or hydrophilic chelators in order to be available for biological functions. Indeed, the catalytic activity 

of components of the oxygenase, oxidoreductase and dehydrogenase families is dependent on non-

hemic iron 63–65. Fe-S clusters play a crucial role in the respiratory electron chain within ferredoxin 

and are also crucial for iron storage, enzymatic functions, and the modulation of gene expression 66. 

On the other side, heme plays a key role in cellular metabolism when attached to cytochromes 67,68, 

is fundamental for the activity of various catalases and nitric oxide synthases 69,70, and participates 

in gas sensing, cellular differentiation, and microRNA processing 71–73. Furthermore, heme is 

necessary for the binding of oxygen by both Hb and myoglobin (Mb) 74.  

Heme consists of an iron atom enclosed within a protoporphyrin IX molecule, altogether forming a 

macrocyclic molecule (Figure 2). Four pyrrole nitrogens coordinate iron within heme. Since both 

Fe(II) and Fe(III) favour octahedral coordination geometry 75,76, two additional coordination bonds 

are formed by hemic-iron, allowing the heme molecule to be embedded within heme-binding 

proteins and to be able to interact with various ligands. Once the heme molecule is attached to a 

protein, the two additional axial coordination bonds can either be formed with two amino acid 

residues, i.e. hexacoordination, or with one amino acid residue and a small molecule, i.e. 

pentacoordination. Amino acid residues that typically interact with heme are tyrosine, histidine, 

cysteine and methionine, whereas the main ligands are oxygen, nitric oxide, carbon monoxide and 

cyanide 75. 
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Figure 2: Structure of the heme molecule. 

Although essential for many processes, iron is also extremely toxic in the low micromolar range 77. 

Indeed, iron can be responsible for the formation of reactive oxygen species (ROS), which are 

chemical entities that contain oxygen and present unstable bonds or extremely reactive unpaired 

valence electrons. ROS are either neutral molecules (as hydrogen peroxide), radicals (as hydroxyl 

radicals), or ions (such as superoxide anion) and they can cause damage to biological 

macromolecules (lipids, proteins, and nucleic acids), with alteration of the biosynthesis of proteins, 

lipids and carbohydrates, and an overall impairment of cell proliferation 78,79. The two chemical redox 

reactions that define the processes leading to ROS formation were described first by Fenton in 1894, 

and then by Haber and Weiss in 1974 80,81.  

𝐻2𝑂2 + 𝐹𝑒(𝐼𝐼)  →  𝐹𝑒(𝐼𝐼𝐼) + 𝑂𝐻− + 𝑂𝐻˙ 

𝐹𝑒(𝐼𝐼𝐼) + 𝑂2
∙ −  →  𝐹𝑒(𝐼𝐼) + 𝑂2 

In this context, excessive iron concentrations in the biological environment induce ROS 

accumulation, which in turn is linked to oxidative stress. This latter process has been connected to 

various diseases as atherosclerosis, carcinogenesis and the insurgence of diabetes and 

neurodegenerative disorders in mammals 82–84.  

1.3.2.2 Iron in the human body: reservoirs and homeostasis 

The total quantity of iron in the human body is thought to be between 3 and 5 grams 85,86, and the 

70-80% of that iron is contained inside the heme molecule 86,87. As previously reported, heme is 

found mostly attached to Hb and Mb for its contribution to aerobic metabolism and delivery of 

oxygen to peripheral tissue 88. Indeed, the two main iron reservoirs that exist in biological systems 

are hemic and non-hemic iron. The first reservoir comprehends the iron contained inside heme, 

while in the second case, it can be found either by itself as an inorganic cofactor or within Fe-S 

clusters 66,89. The importance of iron-binding proteins is due to free iron tendency to become highly 

insoluble in oxidizing conditions 90. Moreover, the high iron toxicity and the absence of regulated 

routes for its secretion make a tight homeostasis indispensable to control iron bioavailability 91. This 

meticulous control will also prevent S. aureus and many other pathogens from accessing iron, 

creating what is known as nutritional immunity (Figure 3)  24. This host antimicrobial strategy enables 

to limit metal bioavailability, thus counteracting bacterial colonization by metal starvation (iron, but 

also zinc, manganese and other transition metals) 92. The following sub-sections of this paragraph 
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are intended to explain more accurately the processes of host regulation of the free inorganic and 

heme-bound iron reservoirs.  

 

Figure 3: Overview of the host nutritional immunity systems (adapted from Sjodt et al, 2018  93). 

Hemic iron 

As previously reported, the most abundant form of iron in the human body is hemic iron 86,94, which 

is mostly bound by Hb 88,91,95, that in turn is held inside erythrocytes. Despite the implementation of 

this strategy to limit bacterial access to this iron source, hemolysis can occur both in physiological 

and some pathological conditions. Furthermore, S. aureus is able to release hemolysins to induce 

RBCs disruption and gain access to hemic iron 96. Two host fundamental proteins, haptoglobin (Hp) 

and hemopexin (HPX), have evolved to counteract both oxidative damage from physiological hemic-

iron release and pathogen access to this reservoir 97–99. When Hb leaks from RBCs and is diluted in 

the bloodstream, the physiological Hb tetramer has the tendency to dimerize and heme is prone to 

oxidize and be released from Hb 100. In this context, the role of Hp is to eliminate free Hb from the 

vascular compartment, by binding the Hb dimer with an exceedingly high affinity having a KD lower 

than 10-12 M 101,102. The mechanism of clearance starts with Hp stabilization of Hb, which is followed 

by the identification of the Hp-Hb complex by CD163 macrophage scavenger receptor 103. Once 

recognized, the complex is internalized into macrophages, Hb is then degraded inside lysosomes and 

a specific oxygenase called HO-1 disassembles heme in order to release iron and bilirubin 104. Hp is 

mostly produced by the liver under physiological conditions and it is found in plasma with a 

concentration between 0.5 and 3 g/L, an amount that allows for Hb removal when mild hemolysis 

occurs. In addition to physiological conditions, Hp is also an acute-phase protein, hence its 

expression is strongly increased (up to 5-fold) when pro-inflammatory cytokines (as interleukin-6 (IL-

6), IL-1 and others) are produced due to the development of infection and inflammation 105,106. 

Another correlated function of IL-6, along with other ILs, is the induction of expression of HO-1 

oxygenase and CD163 receptor 107,108. Three different phenotypes of Hp can be found among 
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humans (Hp1-1, Hp1-2 and Hp2-2) which derive from two distinct Hp variants, Hp-1 and Hp-2. The 

three phenotypes are correlated to different features, hence changes in the quaternary structure, in 

the binding to the CD163 receptor and differences in Hb affinity 102,109. The population that presents 

the Hp2-2 phenotype is more susceptible to vascular risk and worse outcomes of infections. This is 

due to this phenotype's reduced affinity for Hb, which translates into a decreased plasmatic 

clearance of Hb and hence a more severe oxidative damage 110. Apart from free Hb, which may 

release heme before being bound by Hp, additional hemoproteins trigger the loss of the prosthetic 

group into the bloodstream. Physiologically, free heme gets secured inside albumin through a non-

specific medium-affinity binding (around 10-8 M), that is then substituted with a high affinity binding 

by HPX (KD below 10-12 M) 111. The acute-phase glycoprotein HPX, whose expression is strongly 

correlated with IL-6 and other ILs, may be overexpressed during infections, when free heme 

concentration may rise 112,113. The heme-HPX complex gets then recognized by the CD91 receptors 

present on hepatocytes 114, where an oxygenase specific for heme degrades it in order to recycle 

iron 99.  

Non-hemic iron 

Non-hemic iron accounts for the 20-30% of the whole human amount, since the larger iron pool is 

secured inside the heme molecule. Furthermore, free iron is essentially lacking in mammals, due to 

its extremely low concentration (less than 10-20 M) 115, which is even lower than its 10-18 M solubility 

limit. The iron concentration that bacteria actually need is about 10-6 M 116, making such a small 

amount a perfect example of host nutritional immunity. Non-hemic iron is therefore found attached 

to different host iron-binding proteins, as transferrin (Tf) 117, ferritin 118 and lactoferrin (Lf) 119. These 

three effectors not only control the amount of iron available, but they also guarantee metal transit 

and storage throughout the body, protecting against iron-dependent oxidative damage. Other minor 

non-hemic iron reservoirs are Fe-S clusters and iron-dependent enzymes 120. The majority of the host 

non-hemic iron pool is stored within ferritin (up to 30% of the whole amount) 121, while the other 

small portion (around the 0.1%) is managed by the Tf family, which comprehends both Lf and Tf 
121,122. The first iron-storing protein, ferritin, is found mainly inside enterocytes, but also in 

hepatocytes, erythroblasts and macrophages 123. Ferritin is a heteropolymeric protein, almost 

ubiquitous in living organisms because of its essential part in iron metabolism, being involved in both 

iron detoxification and storage 124. To reach ferritin localization in the cell, iron gets imported by the 

specific divalent metal transporter 1 (DMT1) 125, also called natural resistance-associated 

macrophage protein 2 (Nramp2) 126,127. At this point, ferritin can incorporate up to 4500 iron ions in 

crystalline form, which is mainly made of phosphate ions and ferrihydrite 124. Unlike ferritin, which is 

localized inside cells, Tf and Lf exert their functions in the extracellular compartment. The former 

protein is a serum transporter of non-hemic iron throughout the body 128, after it has acquired the 

metal liberated from lysed cells or the one absorbed from the gut. For Tf to bind iron, the membrane 

protein ferroportin (Fpn) needs to trigger the release of dietary iron on enterocytes’ basal side 123 or 

the release of the stored iron in hepatocytes. The expression of Fpn on both enterocyte and 

hepatocyte is mutually controlled, indicating that both participate in iron homeostasis 129,130. Finally, 

Fpn is found on macrophages, which are the second-largest host reservoir for storing inorganic iron 
120, and where Fpn is predicted to function similarly as on hepatocytes. It’s interesting to note that 

nutritional immunity is directly impacted by the modulation of Fpn expression. Conversely, the 

erythropoietic process uses the majority of the Tf-bound iron, by incorporating it into the heme 

molecule and ultimately into Hb 121. The main Tf properties are its high affinity for iron, with an 
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estimated KD of about 10-20 M or even lass 115,131,132, and the molar excess compared to free non-

hemic iron since the physiological saturation of Tf is around the 30%. This condition guarantees that 

there is almost no free iron present in the organism 133. To convey the metal, Tf engages in interaction 

with a specific receptor (TfR1) that is exposed on the cells that require iron delivery. The cellular 

intake of iron starts once Tf and its receptor form a complex, after the so-called Tf cycle has taken 

place 134. Three main steps compose this Tf cycle, starting with recognition of the iron-Tf complex, 

followed by the internalization of the complex into specific endosomes, and the ultimate pH-

dependent iron release within these dedicated intracellular organelles. At the end of the Tf cycle, 

the iron that has been released from Tf gets pumped out of endosomes into the cytosol by the DMT1 

transporter 135, inducing apo-Tf transport back to the extracellular compartment. The other 

component of the Tf family is Lf, which is responsible for iron chelation in breast milk, tears, saliva 

and seminal fluid 132, but it can be also released by neutrophils when there is an infection or an 

inflammatory condition 136. While Lf's affinity for iron is comparable to Tf's (KD lower than 10–20), Lf 

unique capacity to maintain iron affinity in extremely acidic environments (down to pH 3) is essential 

to guaranteeing iron activity in infection/inflammatory areas 132,136,137. Moreover, Lf's proteolytic 

activity demonstrates a direct bactericidal effect 115,131, most likely via a serine protease mode of 

action. It’s interesting to note that previous studies have reported the abrogation of Lf antimicrobial 

activity in S. aureus when there is either a specific serine proteases’ inhibitor (phenylmethylsulfonyl 

fluoride - PMSF) or the staphylococcal hemophore IsdA 138. Remarkably, Lf is among the most 

prevalent antistaphylococcal proteins found in human nasal secretions, and its function may be 

supported by its proteolytic activity 138.  

Iron homeostasis becomes significantly more complex when bacterial pathogens attack the host, 

requiring the strengthening of nutritional immunity. A portion of the proteins involved in nutritional 

immunity are referred to as "acute-phase proteins" because their expression is regulated, typically 

increasing, in the early stages of infection. The first issue may result from the conflict between 

macrophages' iron intake through DMT1, which is intended to store the metal for the oxidative burst, 

and intracellular bacterial pathogens residing in phagosomes, which may profit from the elevated 

iron concentration at their colonization site. In this context, the specific natural resistance-associated 

macrophage protein 1 (NRAMP1) drives iron out of the compartment, inducing bacterial iron 

starvation. Extracellular bacterial pathogens have evolved multiple strategies in order to retrieve 

iron when host nutritional immunity works to limit its availability. Small molecules known as 

siderophores are among them; they have an exceptional affinity for non-hemic iron, and they are 

secreted by bacteria, that later on internalize them as iron-siderophore complexes. To counteract 

invasive bacterial strategies, the host nutritional immunity induces Tf expression 139. Furthermore, 

neutrophils release a specific pool of proteins known as siderocalins (also known as neutrophil 

gelatinase-associated lipocalin, or NGAL) that interact with bacterial siderophores (both in the apo 

and iron-bound form) with a high affinity, blocking bacterial retrieval 140,141. 

A more refined strategy for iron starvation of pathogenic bacteria depends on hepcidin, a small 

peptide hormone expressed mostly by hepatocytes 123. Active erythropoiesis and hypoxia suppress 

hepcidin expression in the liver, but lower plasmatic iron concentrations increase it 142,143. Hepcidin 

has a critical role in modulating cellular iron efflux by its interaction with Fpn 123, the primary enzyme 

involved in iron intake and mobilization from metal reservoirs 129,130. Hepcidin and Fpn interact 

directly, and once the hepcidin-Fpn complex is created, its internalization and degradation are 



26 
 

triggered 130. As a result of hepcidin release, there is less iron absorbed in the bowel and also less 

stored in the reservoirs. 

 

1.4 The bacterium response to nutrient availability  

The typical sign of a staphylococcal infection is shown in the development of purulent abscesses, 

which have been reported to occur in four stages 144. The bacteria commence their dissemination to 

peripheral tissues in the first stage, as they attempt to remain alive in the bloodstream. The second 

stage requires that pathogenic cells arrive at the tissue site where the abscess would be formed. The 

development of a huge mass of invading bacteria identifies stage three. When the mature abscess 

finally ruptures its borders in stage four, bacteria spread out and new infection sites are formed. 

Crucial nutrients are required in the setting of stage two. Because of host nutritional immunity, iron 

is one of the hardest nutrients to recover. To address the issue, S. aureus can modify its expression 

profile by the ferric uptake repressor (Fur) modulation 137, and induce a metabolic rearrangement to 

survive in iron-restricted conditions, in a process called the iron-sparing response 145.  

1.4.1 Fur transcriptional regulation  

The main effector of S. aureus response to nutrient availability is the repressor Fur, which is a widely 

conserved transcription factor that can be found in almost all gram-negative and gram-positive 

bacteria. Fur regulatory system comprises both direct and indirect control of the genetic targets. It 

acts primarily as a gene repressor, sensing the intracellular iron concentration by taking advantage 

of Fe(II)'s corepressor properties. This system allows the bacterium to maximize the control of iron 

concentrations both inside and outside of cells. Nevertheless, different studies have highlighted that 

Fur can also be needed as an activator of the expression of different genes 146–148, implying a 

complicated multifactorial effect on bacterial metabolism. Notably, studies have shown a direct 

correlation between the presence of Fur and the pathogenicity of harmful bacteria 149. This is also 

true for S. aureus, as Fur controls the expression of nearly every protein that is recruited by the 

pathogen for iron acquisition 27,137,150. To regulate gene transcription, Fur recognizes a specific 19-bp 

target sequence, referred to as the "Fur box", overlapping the binding site for RNA polymerase. 

Therefore, when ferrous iron is replete in the cell, it acts as a corepressor by forming a Fe(II)-Fur 

complex that can bind the specific Fur target sequence, thus effectively preventing RNA polymerase 

from getting in contact with the promoter 151. Interestingly, Fur has low-micromolar affinity for iron, 

whereas the repressor's holo-form has a nanomolar affinity towards its DNA target. On the other 

hand, Fur mutants unable to bind iron cannot identify and interact with their corresponding DNA 

target sequence. When the concentration of iron within the bacterial cell decreases, the Fe(II)-Fur 

complex gets dissociated from the DNA, releasing Fur that in turn allows the transcription of the Fur-

modulated genes 152. In the context of iron acquisition, Fur regulates almost all the S. aureus genes 

that are involved in heme uptake, siderophore-mediated iron absorption, and ferrous iron uptake; 

i.e the operons comprehend fhu, sir, sbn, hts, sfa and feo 153–156. Beyond its involvement in iron 

acquisition, Fur has been shown to modulate the expression of genes encoding for 

immunomodulatory and virulence factors as well as genes involved in oxidative stress response, 

reinforcing S. aureus ability to survive in the host environment 15. Indeed, Fur broad regulation 

suggests its essential role in several aspects of infection establishment 148,157. An excellent example 

concerns the transcriptional modulation of KatA, a catalase that controls oxidative stress, which is 



27 
 

directly regulated by Fur 147. This function is performed in combination with the transcription 

regulator PerR, which is in turn in charge of modulating the expression of Fur, bacterial ferritins MrgA 

and FtnA, and alkyl hydroxyperoxide reductase AhpC 147,158,159. Contrary to the typical mode of 

action, a previous study revealed that Fur regulates the expression of the Eap/Emp pathway, 

implicated in biofilm production, in an iron-independent manner 146. Moreover, Fur acts also 

concertedly with various other transcription factors (i.e. Sae, Agr and Rot), as in the case of the 

transcriptional modulation of IsdA and IsdB hemophores, regulated by both Fur and Sae 148. The 

ultimate significant effect of Fur transcriptional regulatory network is most likely accomplished by 

small regulatory RNAs (sRNAs)-dependent regulation 160,161, which in turn affects the modulation of 

the tricarboxylic acid (TCA) cycle. This process is included in a broad Fur-dependent response 

towards low-iron stress, called the “iron-sparing response”, which will be further discussed in the 

next paragraph.  

1.4.2 The-iron sparing response and the effect on central metabolism 

In condition of iron depletion, S. aureus undergoes a general metabolic rearrangement modulated 

through the Fur regulatory network, with the aim to reduce the bacterial iron demand. This reaction 

to low-iron stress is called “iron-sparing response” and has also been found in other bacteria besides 

S. aureus 162–165. In physiological conditions, S. aureus metabolism consists of a sophisticated network 

of tightly regulated enzymes that supply the cell with energy, but also provide a wide range of 

metabolic building blocks that enable cell division and growth. The primary metabolic engine is 

central metabolism, which comprises the glycolytic and pentose phosphate pathways and the TCA 

cycle 3. The first two are responsible for the entrance of carbohydrates within central metabolism 

and their catabolism to pyruvate. The latter pathway occurs when pyruvate is converted to acetyl-

CoA and it is crucial for the cell's ability to generate a reducing potential and for providing the 

building blocks required for anabolic pathways such as the production of amino acids and nucleic 

acids 3. The preferential S. aureus carbon source is glucose, and the catabolite control protein A 

(CcpA) regulates its utilization 166,167. Furthermore, CcpA modulates the TCA cycle by down-regulating 

it when there is a high glycolytic activity 168.  The downregulation of the TCA cycle occurs also within 

the iron-sparing response since different iron-dependent metabolic pathways are repressed. As 

anticipated in the previous paragraph, the most probable effectors of the Fur metabolic control are 

sncRNAs, which are small non-coding RNA sequences acting as post-transcriptional regulators 169. 

Within the iron-sparing response, a recent work by Coronel-Tellez and colleagues highlighted the 

need for the IsrR sRNA to provide optimal growth of S. aureus in iron-restricted conditions 145. Other 

recent works have studied sRNA S596, which is regulated by Fur and is homologous to E. coli RhyB 
170. sRNA S596 is expected to suppress the expression of iron-correlated genes and TCA cycle 

enzymes, such as citrate synthase CitZ, hence regulating the generation of Staphyloferrin A (SA) 
160,161. Due to the repression of iron-dependent genes involved in key metabolic processes, S. aureus 

needs a way to compensate for its energetic requirement in iron-restricted conditions. The 

bacterium strategy is thus the up-regulation of the fermentative pathway, leading to lactate 

production, which in turn decreases the pH in the extracellular compartment after being exported 

out of the bacterial cell. Because Fe(III) is more soluble at lower pH values and Tf's affinity for iron is 

reduced, iron bioavailability is thus increased 137.  
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A more detailed discussion of the inter-connection between fur-regulated iron acquisition and 

central metabolism rewiring under iron restriction will be addressed in the chapters about S. aureus 

pathways of iron acquisition. 

1.4.3 S. aureus iron homeostasis 

As for most organisms, an excess of iron within the cell becomes very toxic for S. aureus, which is 

able to store or excrete the surplus of nutrients. The bacterium mechanisms to deal with iron surplus 

depend on the nutrient form. Indeed, the detection of heme excess is responsibility of the heme 

sensor system (HssRS), which subsequently upregulates the expression of the heme-regulated 

transporter (HrtAB). The HrtAB is an efflux pump involved in the detoxification of the prosthetic 

group 171–174. If not excreted from the cell, heme is broken down by dedicated heme oxygenases (i.e. 

IsdG-I) to release iron for metabolic purposes 150. Another mechanism of heme degradation is 

performed by FepB, part of the tricomponent protein system (FepABC) and regulated by Fur. FepB is 

able to bind heme outside the bacterial cell, reduce iron to get it out of the porphyrin ring that 

remains intact, and then acquire the metal through FepA/FepC-mediated internalization 175,176. 

Although its exact function is yet unknown, it has been suggested that this system lowers the 

extracellular hemic-iron concentration, thus reducing the oxidative burst 176. On the other hand, 

non-hemic iron gets stored by bacteria as a building block, when it is not required. Indeed, the 

expression of ferritin FtnA, similar to other eukaryotic and bacterial ferritins, allows S. aureus to 

store high quantities of non-hemic iron. Additionally, S. aureus produces a DNA-protecting effector 

(MrgA) and a hydroperoxide scavenger (AhpC) to counteract oxidative damage caused by the 

transient iron excess. Peroxide-responsive repressor (PerR), which collaborates closely with Fur to 

protect S. aureus from iron-related oxidative stress, is in charge of orchestrating FtnA, AhpC, and 

MrgA 158,159,177. At last, the regulation of non-hemic and hemic iron processes is intertwined since 

heme can act as a transcriptional repressor of genes involved in the biosynthesis of the S. aureus 

iron scavenger Staphyloferrin B (SB) 178,179.  

The whole complex machinery that is set in motion by S. aureus in iron depletion gives an idea of 

the essential role that iron has in bacterial growth and infection. The following chapters will 

therefore discuss in-depth the strategies that the bacterium has evolved to acquire iron from the 

host.  

2 S. aureus iron uptake systems 
In the previous sections, it has been illustrated the crucial role of iron for both the host and the 

pathogen, highlighting the power play that is created between the two in obtaining this nutrient. 

This section will focus on the molecular mechanisms that have been developed by S. aureus to 

acquire iron from the host, thus counteracting human nutritional immunity. Since iron uptake 

appears to be essential for S. aureus infection, most of these systems have been identified as 

virulence factors, making them attractive targets for antimicrobial therapy. Figure 4 sums up S. 

aureus iron acquisition pathways, representing the genetic loci and the proteins involved in the 

process.  
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Figure 4: Summary of the iron acquisition pathways adopted by S. aureus. (A) Representations of the 

proteins involved in the iron acquisition process (adapted from Hammer et al, 2011 23). (B) Genetic loci 

employed in S. aureus iron acquisition (adapted from Hammer et al, 2011 23). 

2.1 Heme acquisition system 

The S. aureus preferred source of iron is heme, and deficiency of the prosthetic group was shown to 

impair bacterial virulence 180–183. This preference may have something to do with more effective iron 

source systems, but it is also correlated with the high amount of hemic iron (up to 70%) in the human 

body. A fundamental pathway for heme retrieval is the Isd system, which acquires the prosthetic 

group from human metHb 181. This latter host protein is the transporter of hemic iron in the oxidized 

state, and it represents the most prevalent form of Hb as free in the bloodstream, making it likely 

the only form that is accessible to bacteria. After heme internalization, the Isd system is able to 

release iron by the action of dedicated heme oxygenases. Nevertheless, a “heme hijacking 

hypothesis” has been made stating that S. aureus would be able to also use the intact heme molecule 

as prosthetic group 180,184, as in cytochrome biosynthesis. The preference for heme, particularly in 

cases of iron deficiency, may be partially explained by the bacterium's ability to save metabolic 

energy through this latter process. Similarly, enlisting cell-wall attached hemophores of the Isd 

system offers a more economical approach than siderophore production, which can disperse from 
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the colonization site or be stolen by other bacterial cohabiters 185. Like many other bacteria, S. aureus 

has developed hemolysins to get access to Hb transported inside erythrocytes. Under iron 

deprivation, Fur promotes the development of the pore-forming α-toxin (Hla), which is primarily 

responsible for hemolysis, indicating a connection between Hla and S. aureus response to the host 

nutritional immunity 157. The capacity of the bacterium to proliferate in the presence of erythrocytes 

as the only source of iron is a strong indicator of the effectiveness of this mechanism 181. Other than 

Hb, also HPX, Mb, and cytochromes can bind the prosthetic group, even if in lesser amounts, and 

are possible S. aureus targets. In reality, HPX doesn't appear to promote S. aureus growth, and 

eventually, the bacteria cannot access cytochromes inside mitochondria 181. On the other hand, 

because Mb and the Hb monomers are structurally similar, the first human protein might be a target 

for the bacteria. The ability of S. aureus to successfully colonize Mb-rich myocytes supports Mb's 

potential role as heme supplier 96,186, even though a clear mechanism is still unknown. 

2.1.1 Hb, S. aureus preferred iron source 

Hb is found within RBCs in physiological conditions as a tetramer of α and β globins (the homodimer 

is α2β2 of the heterodimer αβ). Each subunit, also referred to as “chain”, binds one heme molecule 
187. α-Hb chains are made up of 141 residues forming seven helices joined by short loops, whereas 

β-Hb chains are composed of 146 residues forming eight helices. RBCs represent the main human 

source of iron since every erythrocyte contains around 280 million Hb molecules and over one billion 

iron atoms 188. Since Hb is highly packed inside RBCs, with a concentration nearly up to 2 mM 75, it 

gets maintained in its tetrameric form (the KD of the dimer-tetramer is calculated in the low 

micromolar range 189,190). The RBC reductive compartment keeps iron in the ferrous state, which is 

key for erythrocytes’ function since the only form that can bind oxygen is reduced Hb. Within this 

arrangement, oxygen can be acquired optimally inside the lungs and released to the tissues thanks 

to the maintenance of the Hb quaternary structure, which in turn preserves the Hb-oxygen positive 

cooperativity. However, hemolysin-mediated RBC lysis or natural RBC turnover could result in the 

presence of free Hb in the bloodstream 191. In this environment, the Hb concentration is significantly 

lowered, around the μM range 192, and the previously mentioned reductive processes get lost, 

leading to protein dimerization and heme oxidation 193. This latter state, namely Hb as metHb, is the 

only form that can be exploited by pathogens for iron acquisition. Indeed, both IsdB and IsdH are 

able to extract heme only from ferric heme, even if they can bind both the oxidized and reduced Hb 

forms 194,195. This has led to the use of oxyHb and HbCO (reduced Hb in which heme groups are 

saturated with CO, instead of the physiological ligand O2) in several in vitro studies to avoid heme 

extraction and assess the pure interaction of the hemophores with Hb chains 196–200. Moreover, 

previous studies reported a preference of different S. aureus strains towards human Hb as sole iron 

source over Hb from other mammals. In vitro analyses revealed that IsdB has a higher affinity for 

human Hb than for the murine protein and in vivo studies identified a more efficient S. aureus 

colonization of mice that express human Hb201. All these findings corroborate the presence of an 

evolutionary pressure on IsdB by human Hb, which was also identified by phylogenetic studies that 

highlighted the positive selection of IsdB and Hb at sites involved in their interaction, thus showing 

a rapid co-evolution and ultimately an intertwined path 202,203.  
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2.1.2 The Isd system and its moonlighting functions 

Heme is the S. aureus preferred source of iron, and it is acquired from metHb 181, where it can be 

found in the oxidized state. In the bloodstream, metHb is the most abundant form of Hb, and it also 

the only form that can be exploited by bacteria. After hemolysins release Hb from erythrocytes, the 

Isd system comes into play. Indeed, the Isd system comprises nine proteins (IsdA-I) that allow the 

bacterium to acquire heme from the host. The process of iron acquisition through this system 

requires 4 main steps: heme extraction from metHb, transfer through the cell wall, internalization in 

the cell compartment, and degradation 21,26,27,41,180,184,198,204–211. The presence of a fur box upstream of 

the Isd operon allows for an iron-regulated expression of the genes encoding for hemophores, thus 

enabling S. aureus to counteract the iron restriction imposed by the host 21,152,212–214.  

From heme extraction to heme degradation 

Four proteins anchored to the cell wall and also known as hemophores (heme carriers) are 

responsible for the first two steps of the acquisition process 215. These four proteins are divided in 

two surface-exposed receptors for Hb, called IsdB and IsdH, and IsdA and IsdC hemophores which 

are partially and completely embedded into the cell wall, respectively (Figure 4). Two sortases are 

responsible for covalently linking the hemophores to the peptidoglycan: sortase A (SrtA) and sortase 

B (SrtAB). SrtA is ubiquitous in bacteria, and its gene is under the transcriptional control of Fur but 

located outside the Isd locus. As SrtA, also SrtB is controlled by Fur but it is located in the Isd cluster, 

and is the specific sortase of the Isd system 23,26,27,216–221. SrtA detects a specific molecular pattern, 

composed of an LPxTG motif and a hydrophobic domain, which is located at the C-terminal portion 

of IsdB, IsdH and IsdA 213,222. This sortase catalyses a transpeptidation reaction that enables the 

attachment of the three hemophores to immature peptidoglycan 223. Comparably, SrtB is responsible 

for the attachment of IsdC to the cell-wall, through the recognition of another binding motif, NPQTN 
224. As previously mentioned, the four hemophores are responsible for the first stages of acquisition, 

heme extraction and transfer through the cell wall. Specifically, the whole process starts with metHb 

being bound by the two Hb receptors, IsdB and IsdH, exposed on S. aureus surface 27,225,226. After 

having captured metHb, the two hemophores extract heme and in their holo-form (with heme 

bound), they are able to transfer the prosthetic group unidirectionally to IsdA 208,209,227. IsdA then 

selectively passes heme to IsdC 208,228,229, which then transfers it to IsdE, a heme-specific lipoprotein 

found on the outer leaflet of the cellular membrane 208,211,230. The simple transfer of heme by 

sequential involvement of the four hemophores may not be sufficient for heme to reach the cellular 

membrane because the cell wall of S. aureus is quite thick (approximately 30-100 nm) 221,231. A 

potential strategic solution lies in the presence of multiple copies of IsdA and IsdC within the cell 

wall and the ability of the two hemophores of self-transferring heme, thus possibly allowing the 

heme transport through the whole peptidoglycan layer 231. A relay mechanism has been reported in 

previous in vitro studies where a catalytical concentration of IsdB was found to promote the transfer 

of the cofactor from metHb to IsdA, and through the same process IsdA then was seen promoting 

the transfer from IsdB to IsdC 195,198,209. The transfer of the cofactor between the cell-wall anchored 

hemophores does not require energy supply because the process is carried forward by an increase 

in hemophores’ affinity for heme going from the environment to the cellular membrane 197,229,231,232. 

Another driving force in the transfer relies on the formation of ultra-weak complexes between 

hemophores, thus inducing a transient distortion in the structure of the heme donor binding pocket, 

leading to the release of the cofactor away from it 210,231. Indeed, the last highly specific step of heme 
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transfer from IsdC to the membrane transporter IsdE is allowed by an ultra-weak interaction 231. The 

specificity of this last exclusive transfer from IsdC, and not IsdA, to IsdE derives from the difference 

in the IsdA and IsdC primary sequences, at the level of their interaction region with IsdE 209,231. 

Because IsdC and IsdE have a comparable affinity for heme 26, the in vitro transfer of the cofactor 

was found to be “thermodynamically paralyzed” 209,211. Nevertheless, in in vivo conditions, the 

process is expected to be carried towards the IsdC-IsdE transit since the following step is the 

internalization of holo-IsdE by means of the Isd ABC transporter (IsdD, IsdE, IsdF). In Gram-positive 

bacteria, ABC importers are responsible for substrate transfer through the cell membrane, and they 

are composed of three subunits with distinct functions, a substrate-binding lipoprotein coupled to 

the extracellular membrane leaflet, a membrane permease and a cytosolic ATPase. In the Isd system, 

the first heme-binding subunit is represented by IsdE, the permease is IsdF and the last subunit 

results to be a general ATPase for S. aureus iron acquisition systems, called FhuC 230. The role of the 

third Isd membrane-anchored protein, IsdD, is not fully known yet, and no other homologs have 

been discovered in Gram-positive bacteria 93,233. Nevertheless, it seems to be a component of the 

Isd pathway since it presents the heme-binding motif, its gene is encoded within the Isd locus 26, and 

its expression is found up-regulated in MRSA strains under iron-starvation 234. IsdE is a class III 

periplasmic protein 235–237 that binds and coordinates heme in hexacoordinated state by interacting 

with the 229-positioned histidine residue and the 78-positioned methionine residue. These 

interactions enable the specific selectivity of heme transfer from IsdC over IsdA 205,211,238,239. 

Interestingly, only His229 residue was identified as fundamental for heme acquisition both in vitro 
231 and in vivo 238, even if both His229 and Met78 were observed in the electron density map in 

crystallographic data. The last step of cofactor internalization is performed by IsdF ABC permease, 

which transfers IsdE-bound heme into the cytoplasm 26,238. Once heme gets internalized into the cell, 

it can be either exploited directly as a cofactor for cellular functions or degraded in order to release 

inorganic iron. In this latter case, S. aureus Isd system exploits two heme oxygenases (HOs), IsdG and 

IsdI, that enable heme degradation with the release of free iron, two distinct staphylobilins and 

formaldehyde 240. Both HOs are different from canonical bacterial oxygenases, being able to cleave 

either at the β- or the δ-meso carbons of the porphyrin ring instead of the common cleavage at the 

α-meso carbon 240,241.  Since the two S. aureus heme degrading enzymes were discovered 242, several 

IsdG homologs have been found and studied in Gram-positive bacteria 181,243,244 leading to the 

development of the new “IsdG-family” of HOs. This IsdG-family is characterized by a shared 

requirement of a NADPH-dependent reductase, IruO in the case of S. aureus, which supports heme 

degradation by catalysing the reaction at the maximum rate 245. As for the other proteins of the Isd 

system, IsdG and IsdI expression is regulated by Fur at the transcription level. Both oxygenases are 

needed for S. aureus virulence 150,214, but a recent study from Conger and co-workers identified 

different biological roles of the two HOs, with IsdG being overexpressed under iron restriction, while 

IsdI being constitutive and minimizing iron toxicity 246. 

Hemophores’ NEAT domains 

Despite different degrees of sequence identity, hemophores are modular proteins that contain one 

or more NEAr iron Transporter (NEAT) domains. These domains are made up of about 125 amino 

acids and are distinguished by an eight-stranded β-sandwich fold that is similar to that of 

immunoglobulins 23,197,247–251. These modular domains have been divided into two primary categories, 

known as "Hb-binding" and "heme-binding" domains, depending on the interactor with which this 

binding region comes into contact. The “Hb-binding” domain allows a close interaction between the 
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oxygen transporter and the two surface-exposed receptors IsdB and IsdH, that are composed of one 

(IsdBN1) and two (IsdHN1 and IsdHN2) domains, respectively 227,252. Various studies have extensively 

worked on finding key residues responsible for the affinity towards Hb 196,252–258, and managed to 

identify a “Hb binding region” containing a coil (loop 2) that undergoes a disordered to α-helix 

transition upon binding 254,259. The region's interaction with helices A and E of Hb results to be crucial 

for complex formation 195,255–257,260, with the presence of hydrophobic residues that seem 

fundamental for protein reorganization 200,254,256. In hemophores’ Hb-binding domains, key residues 

composing a specific sequence called “Hb-binding motif” (represented in Figure 5) have been 

identified as essential for complex formation since an amino acid substitution in this sequence 

hinders the formation of the complex 196,261,262. The Hb-binding motif sequences of IsdBN1 and IsdHN2 

are equivalent, while IsdHN1 shows some residue changes that cause its selective binding to α-chains 

of Hb 255.  

 

Figure 5: The alignment of the Hb-binding motifs of the hemophores IsdH and IsdB. In light blue are 

highlighted the residues conserved in all three domains, while in light green the residues conserved 

just between IsdBN1 and IsdHN2. 

The second type of NEAT domain cited before, the “heme-binding” domain, allows direct contact 

with the heme cofactor 192,251,252,263, and is present in IsdHN3, IsdBN2, but also IsdA and IsdC. By 

exploiting this domain, the first two Hb receptors remove heme from Hb and transport it to IsdA and 

IsdC. These two latter hemophores do not get directly in contact with the human protein, but they 

use the NEAT domain just to collect and transfer the cofactor to other downstream hemophores. 

“Heme-binding” domains are characterized by a hydrophobic heme pocket, composed of a 310-helix 

facing the binding site and 6-stranded antiparallel β-sheets.  In this latter structural feature, residues 

of the β7 and β8 strands model a flat surface that takes in the protoporphyrin ring. Moreover, the 

β8 strand contains the “heme-binding” motif, namely a conserved residue pattern of two tyrosine 

residues interspaced by three variable amino acids (YxxxY) 197,254,261. The first tyrosine is responsible 

for ferric iron coordination through its phenol ring, while the second tyrosine forms a π-stacking 

interaction with the porphyrin ring and a hydrogen bond with the first tyrosine to support the 

interaction with the cofactor 93,194,197,228,233,248,251,264–268. Hemophore-hemic iron penta-coordination 

architecture is characteristic of IsdH, IsdA and IsdC 248,261,266,269, whereas IsdB presents a hexa-

coordination interaction with heme because of the presence of a methionine residue acting as an 

axial ligand 197. Despite the difference in this interaction geometry, no distinctions were observed 

between IsdB and IsdH in terms of removing the heme from Hb or transferring it to other 

hemophores. The long-standing mystery of why S. aureus exposes two redundant Hb receptors has 

still to be revealed and may undoubtedly be solved with the finding of functional distinctions 

between the two hemophores.  
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As in the case of Hb-binding moieties, heme-binding motifs also present key residues that play a 

critical role in the interaction with Hb-bound heme as well as in heme extraction. The following 

conveyance of heme across the cell wall depends on the formation of a protein-protein interaction 

(PPI) between heme-binding NEAT domains, defined as a “handclasp” complex 210, that drives the 

directional heme transport by an ever-increasing rise of heme transfer kinetics 209,229,232.  

 

Other roles of Isd hemophores 

As many other bacterial surface-exposed proteins, hemophores of the Isd system are involved in 

different activities other than their primary role in hemic iron acquisition, with involvement in 

bacterial adhesion and immune evasion 20. Some of these functions have been assigned to a specific 

hemophore, while others are still not fully characterized, and they are shared between different Isd 

proteins. For example, IsdA and IsdB collaborate to provide resistance against neutrophil attacks 270. 

Moreover, IsdA alone is able to bind various host proteins as transferrin, fibronectin, fetuin, loricrin, 

involucrin, K10, cytokeratin and asialofetuin. The host protein binding promotes preservation from 

lactoferrin protease activity and skin fatty acids’ antibacterial activity 138, and the bacterial adherence 

to kidney and epithelial cells 26,225,271–275. On the other hand, IsdB can bind integrins, fibronectin and 

vitronectin 20,276–279, enabling contact and internalization in human cells, as well as platelets’ 

aggregation. At last, IsdH is able to convert C3b to C3d rapidly, thus hindering complement 

activation, with an apparent role in evasion of phagocytosis 280. In contrast to the other cell-wall 

anchored hemophores, IsdC is entirely submerged in the cell wall, restricting its access to the 

external environment, and thus limiting other moonlighting functions. Nevertheless, it retains a 

potential task in gene regulation of the Isd system components, since its inactivation leads to a 

down-regulation of the expression of isdE, isdF and isdG genes 26.  

According to the definition of MSCRAMMs, the three surface-exposed hemophores IsdB, IsdA and 

IsdH may be included in this family of bacterial proteins, raising attention to their inhibition. In 

support of this idea, both IsdH and IsdB possess a YSIRK-GS motif at their N-terminus, which is shared 

among many MSCRAMMs 218. Nevertheless, this view needs to be further validated to be confirmed.   

2.1.3 IsdB as Hb receptor  

As reported in the previous paragraph, IsdB is one of the two S. aureus surface-anchored receptors 

and it is responsible for Hb binding and extraction of the porphyrin cofactor, which is further handled 

by other Isd effectors. Among the two Hb receptors, IsdH and IsdB, the latter is considered the main 

S. aureus virulence factor, and it will be the focus of this paragraph.  

IsdB is composed of two NEAT domains, separated by a 3-helix linker, and the hemophore’s role is 

to bind free Hb (IsdBN1) and extract heme (IsdBN2). An important IsdB structural component is the 3-

helix linker that connects the two NEAT domains and is fundamental for their coordinated function 
198,254. The two Hb receptors share a 70% sequence identity in their linker domains’ residues 254. 

Moreover, previous studies reported abrogation of IsdH heme extraction after the replacement of 

the linker domain with a poly-GS peptide 204,206,259.  

The heme transfer can occur only from the oxidized form of Hb (metHb), whereas it doesn’t take 

place from oxygen (oxyHb)- or carbon (HbCO)-bound Hb 195,281. In this context, recent studies 

conducted by De Bei and colleagues allowed to reveal the mechanism behind the heme extraction 

process through the determination of the structures of two IsdB:Hb complexes by Cryo-EM 282. The 
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first Cryo-EM determined structure, IsdB:HbCO, revealed aspects of the pre-extraction step, while 

the IsdB:metHb structure provided insights of the process after heme is completely transferred to 

IsdB. The results of both studies revealed a multistep process that starts with the binding of IsdB to 

the β-chain of an Hb tetramer (either HbCO 282, or oxyHb 283), followed by the interaction of another 

IsdB monomer to the other β-chain of the tetramer. These interactions of IsdB with the free host 

protein enable the induction of Hb dimerization, allowing IsdB to interact also with the α-chain of 

the Hb dimer. At this point, the IsdBN2 domain is able to extract heme by unfolding the Hb F-helix 

and by rotating the cofactor, thus completing the heme transfer that results in the dissociation of 

the IsdB:Hb complex 282.  
 

 

Figure 6: Hb binding and extraction of heme by the hemophore IsdB (modified from De Bei et al 2023 
282). The sequential process was reported in De Bei et al article 282, and it is a plausible recollection of 

the series of events that takes place from Hb encounter and binding to heme extraction and 

dissociation of the complex.  

 

These results were also supported by integrated data obtained by De Bei and colleagues through 

time-resolved X-ray solution scattering (TR-XSS), TR absorbance, fluorescence and molecular 

dynamics (MD) simulations, which provided further information about the stoichiometry, local 

conformational changes, kinetic features and heme transfer regarding the IsdB:Hb complex 283. 

Notably, a stoichiometry in solution of 2 IsdB molecules bound to one oxyHb tetramer confirmed 

the cryo-EM structural data obtained with HbCO. Moreover, also the stoichiometry of the complex 

with metHb was obtained, showing a 2IsdB:metHbdimer ratio 283. The whole heme extraction process 

by IsdB gets concluded in about 30 seconds 281, with a rate that is 2,000 times higher than the non-

catalyzed process 209. Microscopic constants reported in Table 1 were extrapolated by fitting data to 

a 3-step kinetic model, which considered the interaction of two IsdB molecules with a metHb 

tetramer, metHb dimerization resulting in each dimer bound by one IsdB molecule and the binding 

of another IsdB molecule leading to the formation of the 2IsdB:metHbdimer complex 283.  
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Table 1: Kinetic constants calculated by De Bei and colleagues through global data fitted to the kinetic 

model 283. 

 STEP 1  

(IsdB-Hb tetramer complex) 

STEP 2  

(Hb dimerization) 

STEP 3 

(IsdB-Hb dimer complex) 

 kon,1 (M-1 s-1) koff,1 (s-1) KD,1 (M) kon,2 (s-1) kon,3 (M-1 s-1) koff,3 (s-1) KD,3 (M) 

Best fit 1.4 x 106 1 x 10-2 7 x 10-9 20 2.0 x 106 0.5 x 10-2 3 x 10-9 

 

The obtained constants are also in agreement with previously published data, that reported a 

dissociation constant of the IsdB:Hb complex calculated by SPR, thus highlighting the formation of a 

rather stable complex  281. The interaction affinity is determined by both NEAT domains and is further 

enhanced by the linker domain IsdBL 284. Surprisingly, Hb binding by IsdB is significantly impaired by 

the Y165A mutation in the Hb-binding motif, but this latter substitution has not been identified as a 

natural variant among different S. aureus strains, suggesting that the binding to Hb is kept under 

strong selective pressure 196. 

2.2 Inorganic iron acquisition systems 

As described in the previous chapter, the majority of the non-hemic extracellular iron is bound to Tf 

or Lf. Since these two host proteins are essential for nutritional immunity, siderophores are the main 

option to obtain inorganic iron by outcompeting Tf family proteins. Siderophores are small iron 

scavengers (about 500-1500 Da) that are released by fungi and bacteria and present an even greater 

affinity for ferric iron than the Tf protein family does. As an alternative, iron can be obtained by 

taking advantage of the extremely small amount of free ferrous iron present in the bacterial 

environment, where the majority of Fe(II) is set free from Lf and Tf by catecholamine stress 

hormones. Indeed, when holo-Tf and holo-Lf, which firmly bind ferric iron, form complexes with 

dopamine, adrenaline, noradrenaline and L-DOPA, iron is reduced and released in its ferrous state 
285. The growth of various bacterial strains is promoted by iron release triggered by the 

catecholamines 285–288, and this phenomenon has been linked to the development of staphylococcal 

biofilms 289, and trauma-induced sepsis derived by E. coli 285. The better-supported hypothesis 

suggests that catecholamines reduce iron starvation, therefore going against the host nutritional 

immunity 286,288. Many bacteria including E. coli 290, Helicobacter pylori 291, Campylobacter jejuni 292, 

and Legionella pneumophila 293, possess the Feo transport system in order to collect ferrous iron. 

Even if the Feo system hasn’t been detected in S. aureus, the FepA/FepC complex has been identified 

as responsible for the import of ferrous iron inside the cell. Along with FepB, which identifies the 

extracellular heme and releases ferrous iron via a deferrochelation reaction 294, the aforementioned 

Fep complex is a component of the FepABC system 175,176. Although its exact function is yet unknown, 

the FepABC is thought to aid in iron uptake or environmental heme detoxification. The last 

mechanism for non-hemic iron uptake is less likely to occur since it involves receptors that are 

specific for the human Tf protein family. This system has been well-defined for some gram-negative 

bacteria, as the TbpAB receptor complex in Neisseria spp 295,296, but it has been identified in few 

gram-positive bacteria. When it comes to S. aureus, the receptors HLf-BP 297  and StbA 225 have been 

found to bind Lf and Tf, respectively. However, it is unclear if these Tf family receptors are used to 

retrieve iron or if they are necessary for cell adhesion, making them virulence factors 32. It's 
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interesting to note that StbA is now recognized as IsdA, a component of the Isd system essential for 

the acquisition of hemic iron and staphylococcal pathogenesis. 

2.2.1 Siderophore acquisition systems 

Bacteria under iron deficiency release siderophores, which are secondary metabolites able to 

acquire ferric iron free in the environment by forming soluble Fe(III) complexes, even at extremely 

low iron concentrations 298. Other than by bacteria, siderophores are produced also by plants and 

fungi 299, but they will not be described in this thesis. The key properties of siderophores regard their 

great selectivity and high affinity for ferric iron 299. Indeed, because of these chelators' extraordinarily 

low KD (up to 10−52 M) within the human host 300–302, bacteria are able to directly compete for iron 

with the Tf protein family 23,93, or to solubilize the precipitates of ferric hydroxides. Moreover, 

strongly negatively charged electron donors found in the binding site are responsible for the higher 

selectivity for Fe(III) 303, which in turn allows to stem the metal reactivity and import iron exclusively, 

by lowering the redox potential and hindering the damaging Fe(II)-Fe(III) cycle 62. One reason for the 

exclusive selectivity of siderophores for ferric iron, and not ferrous iron, may derive from the 

presence in the extracellular compartment of different dipositive cations as zinc, copper, manganese 

and nickel that would hamper Fe(II) selectivity, thus driving the selection towards Fe(III). Moreover, 

the most common method used by bacteria to retrieve intracellular iron from the Fe-siderophore 

complex is metal reduction, which prevents the assimilation of harmful or unnecessary tripositive 

cations (including gallium, cobalt, and aluminum) that could not be reduced effectively 62,299,302.  

Different types of siderophores are known among the bacterial genera. The primary siderophore 

classification divides them into three main classes based on the functional groups participating in 

iron coordination: hydroxamates, catecholates and (α-hydroxy)carboxylates. Apart from these, there 

are also other less represented groups, called "mixed type" siderophores that contain α-

hydroxyimidazole, α-aminocarboxylates, and hydrophenyloxazolone 299,304–306.  

All these siderophore classes are synthesized through either one of two pathways: the non-

ribosomal peptide synthetase (NRPS) or the NRPS-independent siderophore (NIS) pathways. The 

first pathway consists of NRPS enzymes, which are modular, multiple catalytic domain enzymes that 

perform a stepwise assembly with covalently bound intermediate to produce siderophores with 

peptidic scaffolds, usually incorporating also non-proteinogenic amino acids 307–309. On the contrary, 

siderophore synthesis through the NIS pathway is performed by individual enzymes that condense 

alternating dicarboxylic acid subunits (often citrate, α-ketoglutarate, and succinate) with alcohols, 

amino alcohols and diamines. Further modifications to subunits including oxidation, 

decarboxylation, and isomerization are carried out by other enzymes that are usually encoded by 

genes that cluster close to the synthetases’ genes 309.  

The strong competition for ferric iron between various microbial species or between microorganisms 

and their hosts has been proposed as the primary driver of the evolution of siderophores' structural 

variety and the associated receptors to identify the correspondent ferric complexes 310. 

While siderophores are primarily defined as growth factors that bind iron and help bacteria grow by 

retrieving the metal from the extracellular environment, it has also been suggested that these same 

Fe-scavengers are part of a sophisticated system that facilitates bacterial contact within the same 

colonization site. Bacteria can compete by starving their close cohabitants of iron, or they can work 

together to form a stable community through a give-and-take process or even lateral gene transfer 
185. 
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2.2.2 S. aureus siderophores 

SA and SB are the two main S. aureus siderophores 311–314, composed of carboxylate iron-chelating 

groups and implicated in overcoming iron starvation by the retrieval of inorganic iron from the 

extracellular media of the host. The redundant presence of two siderophores is justified by their 

apparent different roles in infections since SA can reach sites beyond the colonized one, whereas SB 

appears to act at the local level 315. Moreover, SA is constitutively produced, while SB is produced by 

the most invasive S. aureus strains, thus it is considered to be the greatest support for virulence 316. 

SA and SB key role in iron acquisition is confirmed by the fact that the expression of the genes 

involved in the staphyloferrins’ biosynthesis and reuptake is regulated by Fur, increasing gene 

expression in iron-depleting conditions 317. The importance of these two siderophores is highlighted 

by S. aureus unavoidable need for at least one of them for growth and colonization in iron-depleted 

media 318 making them key virulence factors 315,319. In support of this concept, Courcol and colleagues 

determined that, compared to S. aureus strains that physiologically colonize humans, virulent strains 

produce up to 100 times more siderophores. Moreover, they also suggest that bacterial 

chromosomal genes are necessary for constitutive siderophore formation, while the presence of 

certain plasmids amplifies the iron scavengers' release outside the cell 320.  

Below is a list of the different siderophores in this S. aureus iron acquisition system, with the 

exception of Staphyloferrin B, whose biosynthetic pathway, regulation and mechanism will be 

explained more in detail in the next chapter. 

Staphyloferrin A –SA is the constitutively-produced siderophore of S. aureus and its expression is 

regulated by Fur with up-regulation during iron starvation. The genes encoding for the proteins 

involved in SA biosynthesis and secretion are contained within the sfa cluster 156,321. D-ornithine and 

citrate serve as the siderophore's building blocks. The first component is produced by the enzyme 

SfaC, which catalyses the enzymatic racemization of the essential urea cycle intermediate, L-

ornithine 156. The latter SA component is produced by citrate synthase CitZ 322, an enzyme of the TCA 

cycle. Being so intertwined with citrate production, SA biosynthesis gets repressed in conditions that 

hamper the TCA cycle, as when the intracellular concentration of glucose is high and throughout iron 

starvation, since iron is required as a cofactor by different TCA cycle enzymes 322. Once citrate is 

available and D-ornithine has been produced by SfaC, the type-A-like NIS synthetases SfaB and SfaD 

facilitate ornithine condensation with two citrate molecules (Figure 7) 321. After SA is produced, its 

secretion is dealt by the SfaA efflux pump 323, while the heme transport system HtsABC is responsible 

for the import of the iron-bound siderophore 324. It has been established that a tight complex is 

formed between SA and the lipoprotein receptor HtsA (with a low nanomolar dissociation constant), 

while the HtsBC dimer composes an integrated membrane permease that guarantees SA import 156. 

In support of the connection between SA and the HtsABC system, the genes encoding for the latter 

are localized in proximity of the sfa operon. Beyond the specific SA system just reported, this iron 

chelator shares with SB the FhuC non-specific ATPase that enables an ATP-dependent transport of 

siderophores 156,325. The fhuC gene is contained within the ferric hydroxamate uptake operon 

(fhuCBG) that will be described below in more detail. After the iron-bound siderophore is imported, 

the bacterium requires a mechanism that allows to recover iron. The reduction of the ferric iron 

seems to be the most probable system used by S. aureus to collect the metal, confirmed by the 

requirement for the nitroreductase NrtA to use correctly the SA-iron complex 326. Because 

siderophore selectivity and affinity are based on ferric iron's negative redox potential, siderophore 
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binding capability is significantly compromised when the metal is reduced because it lowers 

thermodynamic stability and increases ligand exchange rates 299,303. Ultimately, iron retrieval from 

the complex enables the complete recovery of active siderophores that are then able to start 

another uptake cycle.  

 

Figure 7: Staphyloferrin A biosynthetic pathway (adapted from Cotton et al, 2009 321). The chemical 

structures were drawn with ACD/ChemSketch.  

Other siderophores – Although SA and SB are the two most characterized and main siderophores of 

S. aureus, the bacterium produces and secrets also other iron scavengers. The first to be discovered 

is the siderophore aureochelin of 577 Da 327, whose structure is actually still unknown 154. Another 

siderophore was originally misidentified by Dale and coworkers as SB 154, but a more recent work 

has recognized it and called it staphylobactin. In this latter study, the author discovered a novel gene 

cluster, stb, which is predicted to encode for NRPSs involved in staphylobactin production in MRSA, 

suggesting a role in iron acquisition 306. At last, staphylopine (StP) is a well-described scavenger of 

dipositive cations, since it can import copper, nickel, cobalt and zinc besides the uptake of ferrous 

iron. The genes for the biosynthesis and export of StP are encoded in the cnt operon, which is 

regulated by iron and zinc availability through the control of Fur and the zinc uptake regulator Zur, 

respectively 328–330. Recent studies have highlighted the importance of StP by observing that S. 

aureus mutants with no StP activity have decreased bacterial fitness both in vitro and in vivo 329,331, 

but also by its being fundamental in counteracting zinc starvation in nutritional immunity 332,333. 

 

Figure 8: Structure of the main S. aureus siderophores drawn by using ACD/ChemSketch (Advanced 

Chemistry Development Inc., Toronto, Canada). 
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2.2.3 Xenosiderophores 

The term xenosiderophore refers to exogenous siderophores produced by bacteria cohabiting the 

same niche as the organism of interest.  In this context, S. aureus ability to exploit also this iron 

source highlights its high adaptive skill. The pathogen can import both hydroxamate and catechol-

type xenosiderophores since it expresses uptake systems on its surface for both siderophore types, 

the FhuBCDG and SstBCD systems, respectively 319,334. The two systems present a common structure 

by being composed of an ATPase (FhuC or SstC), a heterodimeric permease (FhuBG and SstAB), and 

a ligand-binding lipoprotein (FhuD and SstD). The internalization of xenosiderophores is followed by 

iron release through the action of the NADPH-dependent oxidoreductase IruO, which reduces iron 

to Fe(II) and extracts it from hydroxamate siderophores 326,335. Iron extraction from catecholate 

siderophores is supposed to take place through an esterase reaction 318,336, but the enzyme that 

would catalyse such reaction is still not known. By exploiting the same uptake mechanisms, S. aureus 

is able to retrieve stealth siderophores, which are glycated catecholate iron scavengers that have 

evolved in various pathogens to elude the binding to serum albumin 337 and siderocalin 140, thereby 

circumventing these particular host defences 202. Salmochelins and petrobactin, that are secreted by 

E. coli, Salmonella spp., Klebsiella spp., and Bacillus spp., are typical examples of this kind of 

siderophores 334,336,338. Also other microorganisms produce stealth-like scavengers (as aerobactin, 

yersiniabactin, pyoverdins and pyochelin), which are characterized by chemical modifications that 

enable them to elude serum albumin and siderocalin binding 299. S. aureus appears incapable of 

producing its own stealth siderophores, therefore it is entirely dependent on other commensal 

bacteria to make them. 

3 Staphyloferrin B  

3.1 SB biosynthetic pathway and regulation 

SB is the S. aureus siderophore that is produced by the most invasive strains of the pathogen, and it 

shows an important role in severe disease phenotypes 154. The genes for SB biosynthesis 

(SbnABCEFGHI) are all encoded in the sbn operon (sbnA-I), whose expression is under the control of 

Fur. SB is produced through the NIS biosynthetic pathway from a molecule of citrate, one of α-

ketoglutarate (α-KG), and two molecules of the non-proteinogenic amino acid L-2,3-

Diaminopropionic acid (L-Dap). As can be observed in the SB chemical structure (Figure 9), the Fe(III)-

SB complex is six-coordinate, presenting five oxygen atoms and a nitrogen atom in the SB molecule 

in a distorted octahedral geometry 339. L-Dap plays a key role in iron coordination, with its nitrogen 

atom on the primary amine and a terminal carboxylate oxygen contributing to two out of the six 

interactions formed 339. The two other interactions involve the terminal carboxylate and carbonyl 

groups of the α-KG-derived component. Last, two of the metal ligands are the carboxylate and the 

hydroxyl substituent derived from the citrate moiety 339. 
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Figure 9: Chemical structure of Staphyloferrin B drawn by ACD/ChemSketch (Advanced Chemistry 

Development Inc., Toronto, Canada). The image reports the moieties that constitute SB structure. The 

abbreviation used refers to 1,2-diaminoethane (Dae).  

Two SB isoforms exist, showing a linear or a cyclic hemiaminal α-KG form, with this latter being the 

most likely physiological form found in solution 340. Even if many aspects of the pathway and the 

underlying mechanisms have yet to be characterized, all the enzymes composing it have been 

identified and their functions defined. The first key effector of the pathway is the free serine kinase 

SbnI which actually has a double role. First, it catalyses the phosphorylation of L-serine to produce 

O-phospho-L-serine (L-OPS), which is a SB precursor. The second SbnI role regards its ability to 

activate sbnD-I gene expression, with a further layer of regulation performed by heme binding to 

SbnI. Heme binding leads to a drastic decrease in sbnD-I gene expression caused by a loss of DNA 

affinity of the heme-bound form 341. The product of SbnI reaction, L-OPS, becomes then the 

substrate for the SbnA-catalysed enzymatic reaction leading to the production of an intermediate 

that is utilized by SbnB to provide two of the three components needed for SB synthesis, i.e. L-Dap 

and α-KG. At this point, the NIS synthase SbnE catalyses the condensation between L-Dap and citrate 

to form citryl-L-2,3-diaminopropionic acid. This step is followed by the decarboxylation of the SbnE 

product by the PLP-dependent decarboxylase SbnH and the condensation of another L-Dap 

molecule by the NIS synthase SbnF to form L-2,3-diaminopropionyl-citryl-diamonoethane. The 

pathway concludes with the incorporation of an α-KG molecule by the NIS synthase SbnC to produce 

SB 309. It’s interesting to know that SB can be also synthesized in vitro by using the three purified 

synthetases of the pathway, i.e. SbnC, SbnE and SbnF, together with the decarboxylase SbnC and the 

three precursor substrates, i.e. α-KG, L-Dap and citrate 339,342. After SB has been produced, its 

secretion is managed by the SbnD efflux pump 326, but it has to be noted that Hannauer and 

colleagues have observed a sbnD deletion strain that produced levels of intracellular and 

extracellular SB comparable to WT strains after 36 hours under iron-restricted conditions. These 

results would implicate the existence of an SbnD-independent export system 343. Following iron 

retrieval, the import of the iron-SB complex is actively managed by the staphylococcal iron-regulated 

(sir) ABC transporter complex (SirABC), that is encoded within the sirABC operon under the control 

of Fur and located near the sbn operon, but with opposite direction of transcription 154,344. The 

SirABC complex is composed of the substrate-binding lipoprotein SirA and of the heterodimeric 

integral membrane permease SirBC 344. The abrogation of either sirA or sirB leads to growth 

impairment in an iron-depleted growth medium 154. As with the Hts system in SA, the non-specific 

FhuC ATPase provides the energy for the SirABC transporter to properly function 345. The iron release 
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mechanism from the Fe(III)-SB complex, once reached the intracellular compartment, is still 

unexplained, therefore different theories have been considered other than the most compelling one, 

that is the reductive release mechanism exploited in the SA context 326. The main substitute of the 

iron reduction-based mechanism is the siderophore's continuous degradation, leading to iron 

release. However, this process is quite inconvenient due to the significant metabolic expenses 

associated with the ongoing requirement to synthesize new siderophores. Since bacteria exploit SB 

extensively, it is expected that a mechanism allowing for the recovery of the unbroken siderophore 

has evolved 303. 

 

 

Figure 10: Schematic representation of the SB biosynthetic pathway. 

As reported above and in the previous chapter, citrate is a main component in both SA and SB, but 

the amount of citrate produced by the metabolic machinery in conditions of glucose repletion and 

iron depletion is considerably low, so as to compromise the biosynthesis of SA 346. Conversely, SB 

biosynthesis is not entirely dependent on citrate cellular concentration since the sbn operon 

allocates the gene for a dedicated citrate synthase, called SbnG 347, which guarantees adequate 

citrate supply for SB production.  Nevertheless, previous studies have highlighted the inhibition by 

citrate of two enzymes of the pathway, SbnH and SbnC, with a calculated IC50 of 280 and 83 µM, 

respectively 348,349. Furthermore, mutants of S. aureus lacking CitZ (the citrate synthase necessary 

for SA production) showed that SbnG supports exclusively the biosynthesis of SB, freeing it from 

dependence on metabolic citrate. Nevertheless, a study by Sheldon and coworkers on a citZ sbnG 

double mutant revealed a restoration of SB biosynthesis in the growth-impaired double mutant after 

complementation with either citZ or sbnG, thus implying that actually both enzymes can provide 

citrate for SB production 322. Nonetheless, it should be noted that another study by Cheng and 

colleagues reported that SbnG enzyme is approximately 1000-fold less efficient than the TCA cycle 

citrate synthase CitZ, highlighting a more complex citrate regulation that may lie in the different 
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conditions of expression of the two proteins, physiological for CitZ and in iron restriction for SbnG 
347. 

As for citrate, also SbnA substrates, i.e. L-glutamate and L-OPS, need to be available for SB 

production in iron-restricted conditions. A previous study conducted on S. aureus transcriptome 

revealed two systems for SbnA substrates’ production: gltBD genes encode for enzymes involved in 

the L-glutamate biosynthetic pathway, while L-OPS biosynthesis is performed by serAC genes. The 

precursors of both biosynthetic pathways appear to be abundant when S. aureus is found in human 

serum 350. Both sets of genes are modulated by the CodY regulator, which is a global modulator for 

virulence and adaptations to nutrient restrictions, mainly present in Gram-positive bacteria 351,352. 

The CodY regulon in S. aureus appears to enhance siderophore production by boosting the synthesis 

of metabolic precursors. As for citrate, L-OPS can be produced by two different enzymes, i.e. SbnI 

and SerC. The first is a component of the SB biosynthetic pathway, while SerC is connected to the 

glycolytic pathway since its substrate derives from 3-phosphoglycerate 316. The two enzymes’ 

differential dependence on the glycolytic pathway is the proposed reason for this functional 

redundancy, thus to separate SB production from glycolysis in iron-restricted conditions. 

Furthermore, negative feedback regulation controls the serine biosynthetic pathway. Indeed, when 

L-serine is abundant, it allosterically inhibits SerA, which is metabolically upstream of SerC, 

potentially limiting the quantity of SerC-derived L-OPS needed for SB production. As a result, it is 

highly beneficial to have SbnI as an SB-specific enzyme for L-OPS biosynthesis 316. Unlike L-OPS, L-

glutamate doesn’t have a synthetase within the SB biosynthetic pathway, but it is produced from L-

glutamine by the glutamate synthase, under CodY regulation 351–353.   

Because SbnA and SbnB produce two out of the three building blocks needed for SB production, 

their role is fundamental. Their importance has also been confirmed by observing the lack of SB 

production in a double sbnA and sbnB mutant 153. Because of their importance and relevance to the 

aim of this thesis, the next chapters will discuss more in detail these two enzymes’ structures, 

mechanisms of action and regulation. 

3.2 The first steps of SB biosynthesis 

The first two steps of SB biosynthetic pathway are catalysed by SbnA and SbnB, which are encoded 

by the first two genes of the sbn operon, sbnA and sbnB. The expression of the two genes is regulated 

by Fur with up-regulation under iron-depleted conditions. It’s interesting to note that sbnA and sbnB 

are the only two genes of the sbn operon to not be subject to SbnI-mediated heme regulation 341.  

The key role of these two enzymes in SB synthesis has been demonstrated by Beasley and colleagues, 

who observed that a mutation in either sbnA or sbnB genes resulted in the abrogation of SB 

production, caused by the inability to produce L-Dap 153. Indeed, the sequential action of the two 

enzymes enables the production of two out of three building blocks needed for SB synthesis, L-Dap 

and α-KG 354. The first studies on SbnA and SbnB revealed a shared sequence homology with 

Streptomyces sp enzymes VioB and VioK, respectively, which are involved in the assembly pathway 

of viomycin 153,355. Since the viomycin molecule also presents L-Dap as a structural component, the 

first studies proposed that VioB and VioK, as SbnA and SbnB, act synergistically as an overall L-Dap 

synthase 153. Both enzymes have been then further studied, even if a complete structural and 

functional characterization has not been reported yet. 
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3.2.1 SbnA enzyme 

SbnA is a fold type II pyridoxal 5’-phosphate (PLP)-dependent enzyme 354, that performs the first step 

of SB biosynthesis, catalysing the reaction between L-OPS and L-glutamate to produce free inorganic 

phosphate and the first SB biosynthetic intermediate N-(1-amino-1-carboxy-2-ethyl)-glutamic acid 

(ACEGA) 354,356. Homologues of SbnA can be found in other organisms that appear to produce SB 153, 

or other structurally similar secondary metabolites, such as the antibiotics viomycin 355, zwittermicin 

A 357, capreomycin 358 and dapdiamide 359. From results of homology studies, SbnA has been placed 

within the tryptophan synthase β family, among which the PLP-dependent enzyme O-acetyl-L-serine 

(OAS) sulfhydrylase (OASS) showed the highest similarity. Since a subclass of OASS enzymes exploits 

OPS as substrate (OPSS enzymes), as SbnA, the difference between the two lies in the use of a 

nitrogen instead of a sulfur donor for SbnA- and OPSS-catalysed reactions, respectively354.  

SbnA structure 

According to their fold-type, PLP-dependent enzymes are categorized into seven classes. The fold-

type II class, which SbnA belongs to, includes also tryptophan synthase, serine dehydratase, 

threonine deaminase and OASS 360–362. One large and one small domains are characteristic of the 

fold-type II class sharing a common α/β layout, consisting of a core β-sheet surrounded by different 

α-helices. The four SbnA X-ray crystallographic structures deposited in the Protein Data Bank (PDB) 

were all defined by Kobylarz and colleagues in 2016. The structures represent a PLP-bound SbnA 

(PDB ID 5D84), the α-aminoacrylate intermediate of SbnA catalysis (5D85) and two SbnA variants, 

the Y152F (5D86) and the Y152F/S185G mutants (5D87) 356.  

The PLP-bound SbnA crystal structure was solved as a monomer presenting a single PLP cofactor 

bound in a cavity between the two domains. The monomer was estimated to be 36 kDa, but the 

protein in solution forms a dimer of 77 kDa (Figure 11A). About 50 residues contribute to the dimer 

interface with a buried surface of around 1800 Å2 in each monomer. One monomer's positively 

charged residues form a wide cleft enclosing the active site, and the same side of the dimer provides 

access to both active sites. The PLP cofactor is covalently bound to the Lys47 residue located at the 

base of the cleft through the formation of an internal Schiff base. Furthermore, different hydrogen 

bonds are formed between the PLP phosphate and serine and threonine residues (Ser185, Thr186, 

Thr187 and Ser189), as well as with three water molecules. The positive dipole of the α-helix, which 

spans residues 188–200, stabilizes the phosphate negative charge, while Asn77 and Ser272 residues 

form hydrogen bonds with the pyridoxal component (Figure 11B). The solvent-exposed re face of 

PLP pyridine ring gives the substrates access to displace the lysine Schiff base and produce an 

external aldimine. 
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Figure 11: (A) Three-dimensional structure (PDB ID 5D84) of SbnA bound to the PLP cofactor from 

Kobylarz et al, 2016 356. (B) Active site of the PLP-bound SbnA (adapted from Kobylarz et al, 2016 356). 

The soaking of SbnA crystals with L-OPS leads to the formation of a PLP-α-aminoacrylate (AA) 

intermediate, where the covalent bond between the PLP cofactor and Lys47 is displaced by PLP-AA 

formation. This process induces a C-terminal domain rotation towards the N-terminal domain, 

restricting the active site cleft and also rotating the pyridoxal ring of the PLP cofactor (Figure 12, left 

panel). This rotation causes new hydrogen bonds to form between the carboxylic acid of the α-

aminoacrylate and Thr74, Ser75, Leu78 and Gln151. Moreover, the active site loop, comprising 

residues 72-76 and containing the highly conserved Ser75, is translated in a position directly above 

the α-aminoacrylate (Figure 12, middle panel). At last, another binding pocket forms between the 

two domains right above the PLP-α-aminoacrylate. It is interesting to note that a citrate binding site 

in the newly originated pocket was identified by serendipity, since citrate had been used in the 

crystallization medium. A wide hydrogen bond network was observed between citrate and positively 

charged side chains (residues Lys100, Arg132 and Arg224) and amide groups of the backbone chain 

(Tyr128, Leu129 and Ser232) (Figure 12, right panel).  

 

Figure 12: Comparison of SbnA structure when bound to PLP and in the α-aminoacrylate form (adapted 

from Kobylarz et al, 2016 356). (Left panel) The overlay of SbnA-PLP (in brown) and SbnA-AA (in purple) 

cartoon structures shows significant changes in the C-terminal domain conformation. The directionality 

of the conformational shift following PLP-α-aminoacrylate formation is indicated by the black arrow. 

(Middle panel) The overlay of SbnA-PLP (in brown) and SbnA-AA (in purple) active sites shows a 

significant conformational shift in the loop presenting Ser75. The conformational change for Ser75 and 
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PLP is represented by the two black arrows. (Right panel) In the SbnA-AA structure, citrate (in white) 

binds into a pocket above the active site. 

The reason behind investigating the crystal structures of SbnA variants Y152F and Y152F/S185G 

derived from results of a multiple sequence alignment analysis conducted to highlight active site 

differences that would justify SbnA specificity for OPS. The crystal structure of the Y152F variant 

showed a minimal conformational change compared to WT SbnA, therefore Y152 seemed not to be 

directly involved with the AA. Nevertheless, the residue might get in contact with the OPS phosphate 

group or be involved in the second step of the reaction, regarding the formation of a bond between 

the AA β-carbon and the L-glutamate amino group. On the contrary, the Y152F/S185G SbnA double 

mutant structure revealed a significant conformational change compared to WT SbnA. Notably, this 

variant presents an active site conformation similar to the one of the SbnA AA, showing a translation 

of the active site loop towards the PLP cofactor and a rotation of the Gln151 residue. The results 

suggest the variant mimicry of the closed conformation of SbnA active site, potentially inhibiting OPS 

binding 356. 

SbnA characterization and catalysis 

Two studies have been published by Kobylarz and colleagues regarding an initial functional and 

structural characterization of the SbnA enzyme 354,356. In the first work, Kobylarz and colleagues 

evaluated spectroscopically the presence of the internal Schiff base between the PLP cofactor and 

the active site lysine, and they observed also the spectral change induced by the α-aminoacrylate 

formation after L-OPS addition (Figure 13).  

 

Figure 13: The UV-visible absorption spectra of S. aureus SbnA and SbnA after addition of OPS and then 

of an excess of L-glutamate. The image was adapted from Kobylarz et al, 2014 354. 

Moreover, the study confirmed ACEGA production and highlighted SbnA specificity for L-glutamate 

as amine donor over various other amino acids 354. In 2016, the second study was more focused on 

a structural analysis and an initial functional characterization. Based on SbnA homology to OASS, 

Kobylarz and colleagues proposed a mechanism of action for SbnA involving different steps: the 

formation of an external aldimine with the first substrate L-OPS, phosphate release inducing the 

generation of a PLP-AA intermediate, followed by ACEGA production and release after L-glutamate 

addition, with the ultimate regeneration of the internal aldimine form of the enzyme 356.  
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Figure 14: Schematic representation of the SbnA reaction mechanism proposed by comparison with 

the homologous enzyme OASS (adapted from Kobylarz et al, 2016 356). 

Even if the study didn’t validate this mechanism of action, kinetic parameters of WT SbnA were 

calculated in steady-state conditions both for L-OPS and L-glutamate (Table 2).  

Table 2: Kinetic parameters of wild type SbnA calculated in steady-state conditions (adapted from 

Kobylarz et al, 2016 356).  

 KM (mM) Kcat (s-1) Kcat / KM (M-1 s-1) 

L-OPS 0.072 ± 0.008 2.3 ± 0.06 3.2 x 104 ± 3.6 x 103 

L-glutamate 3.2 ± 0.2 3.6 ± 0.06 1.1 x 103 ± 7.8 x 101 

 

The data revealed a nearly 100-fold difference between the KM values of the two SbnA substrates, 

which could reflect the relative abundance of L-OPS and L-glutamate in the bacterium under iron 

restriction 356. While L-OPS S. aureus intracellular concentration has not been determined yet, L-

glutamate has been identified as one of the most present amino acids in the S. aureus intracellular 

compartment 353,363.  

The group determined also the formation rate of the PLP-AA intermediate in the presence of L-OPS, 

calculating single turnover kinetic parameters (reported in Table 3). 
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Table 3: Single turnover kinetic parameters calculated for wild type SbnA (adapted from Kobylarz et al, 

2016 356).  

Kobs (s-1) Kd (mM) K2 (M-1 s-1) 

3.1 x 102 ± 1.2 x 101 2.8 ± 0.2 1.1 x 105 ± 1.0 x 104 

Furthermore, the same kinetic analyses were performed on the S185G variant (the only mutant 

produced that would provide sufficient and measurable activity). When compared to the WT 

enzyme, SbnA S185G's catalytic efficiency decreased by almost four times, while the AA formation 

was impacted by a ∼2-fold decrease (second-order rate constant). In this latter analysis of AA 

formation rate, another mutant was tested, i.e. the Y152F variant, and the data showed an over 

1000-fold decrease (second-order rate constant), suggesting Tyr152 involvement in L-OPS binding 

and PLP-AA formation 356. 

At last, Kobylarz and coworkers identified L-cysteine as a competitive inhibitor of SbnA activity by 

observing the lack of formation of the AA intermediate. Indeed, L-cysteine appears to form a non-

productive external aldimine with the PLP cofactor, thus hindering the progression of the reaction 
356. 

3.2.2 SbnB enzyme 

SbnB is the second enzyme of the SB biosynthetic pathway and catalyses the oxidative hydrolysis 

reaction of ACEGA with NAD+ as cofactor to produce L-Dap, α-KG and NADH 354. SbnB has been found 

to be homologous to the ornithine cyclodeaminase (OCD) protein family (including VioK) and to 

amino acid dehydrogenases 153. However, Kobylarz et al. in 2014 demonstrated that SbnB is more 

closely related to NAD+-dependent amino acid dehydrogenases, as the alanine dehydrogenase 

(AlaDH) from Archaeoglobus fulgidus, than to OCD since it utilizes NAD+ as a substrate 354. The 

enzyme has not been well described functionally, mainly because a deep characterization of the 

catalytic mechanism would require the use of the ACEGA molecule, which is commercially 

unavailable and difficult to synthesize. Nevertheless, different crystallographic structures have been 

solved and are available on PDB, all deposited by Kobylarz and colleagues 354. The structures 

comprise a selenomethionine (SeMet)-labeled SbnB (PDB ID 4MP3), SbnB-NAD+ in complex with α-

KG (PDB ID 5MPD) (Figure 15C), citrate (PDB ID 4MP6) and malonate (PDB ID 5MP8), and a SbnB-

NADH structure in complex with ACEGA (PDB ID 4M54) (Figure 15D). The SbnB monomer reveals the 

presence of two domains, a NAD binding domain and a dimerization domain. The first is composed 

of helices surrounding a seven-stranded parallel β sheet, while the latter consists almost entirely of 

a six-stranded antiparallel β sheet (Figure 15A). In solution, SbnB is found mainly as a dimer (Figure 

15B), with the interaction interface between the monomers being in the large antiparallel β-sheet 

region. From data of active site superimposition with AlaDH and OCD, four residues were identified 

as conserved in all three proteins, i.e. Lys45 and Lys78, Arg122, and Asp313 (considering SbnB 

numbering). The residues Lys78 and Arg122 are involved in hydrogen bonds with the terminal 

carboxylate of the substrates bound to SbnB, making the α-carbon atom of the substrate align with 

the NAD+ cofactor. A specific SbnB feature is the presence of Arg94 residue, which forms an 

interaction with the terminal carboxylate of ACEGA via a salt bridge 354. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ornithine
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Figure 15: SbnB solved structures from Kobylarz et al (2014) 354. (A) Apo-SbnB structure, with NAD 

binding and dimerization domains coloured in orange and green, respectively. (B) SbnB dimer derived 

from crystallographic symmetry. The monomers are coloured in blue and green. (C) Close-up on the 

SbnB active site with α-KG bound in presence of NAD+. (D) Close-up on the SbnB active site with ACEGA 

bound in presence of NADH.  

Even if homology and crystallographic data have helped elucidate some aspects of SbnB function, a 

whole plethora of new information would be needed to deeply characterize its mechanism of action. 

The identified key role of this enzyme, together with SbnA, in SB production, and thus in S. aureus 

iron acquisition, makes them important players to better understand the mechanisms of the 

bacterium response to nutrient deficiency and to potentially develop novel antimicrobial agents.  

4 Strategies against S. aureus infections 
The battle against S. aureus infections and the insurgence of resistant strains has become more and 

more essential over the years. Its importance is highlighted by the addition of S. aureus resistant 

strains in the “high priority” list of antimicrobial-resistant pathogens by the WHO in 2017 49. In 2016, 

AMR caused 70,000 deaths per year, but 10 million deaths were predicted by 2050 in O’Neil report 
364, with the likely possibility of an increase after the spread of the COVID-19 pandemic. This scenario 

has inevitably led to the search for novel strategies against S. aureus infections. Different strategies 

and targets related to the iron uptake process and its effectors can be exploited for the potential 

development of antimicrobials. Indeed, potential valid targets belong to systems prior to iron uptake 

(hemolysins’ secretion), within iron uptake (iron mimetics and siderophores) and following the iron 
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uptake (heme degradation). For the scope of this thesis, this chapter will focus on the current 

strategies, available and under study, against the hemophores’ and the siderophores’ iron 

acquisition pathways.  

4.1 The Isd system 

Iron importance as a trace element makes it essential for S. aureus growth and host colonization, 

even more when the human host implements nutritional immunity to starve the pathogens. In this 

context, the Isd system is the main bacterial pathway for iron acquisition and its components have 

been identified as virulence factors 144,181,192,194,196,214,365–369.  

Despite being a potentially valuable antimicrobial strategy 246,258,281, interfering with these virulence 

factors has not received much attention, and no small antimicrobial molecules have been developed 

or used targeting Isd effectors to date. This context presents a chance for the development of new 

antimicrobial drugs that could address the antibiotic resistance issue.  

This chapter will provide an overview of the effects of Isd proteins’ removal on S. aureus viability to 

give an idea of the effect of targeting these virulence factors. Moreover, the chapter will also report 

the current antimicrobial strategies targeting IsdB in the specific, but also the Isd system in a broader 

overview.  

4.1.1 Inhibition of heme acquisition 

The centrality of the cell-wall anchored Isd hemophores (IsdA, IsdB, IsdC and IsdH) in S. aureus 

fitness has been suggested in different studies, by observing a decreased growth and Hb binding 

ability in SrtA and SrtB mutants when the only source of iron is heme, as well as by the significant 

attenuation of the sortases’ mutants in murine abscess models 26,181,213,367,370–372. Nevertheless, since 

SrtA is a ubiquitous sortase, it is challenging to discern the impact on abrogation of Isd protein cell 

wall attachment from that of other SrtA substrates affecting the bacterium fitness. Contrary to SrtA, 

SrtB is more specific towards IsdC, therefore it should provide a more precise effect. Nevertheless, 

previous studies have observed only mild effects of SrtB deletion on the virulence of S. aureus 
27,371,373. Some studies have still worked on inhibitor development and identified a natural flavonoid 

called baicalin as a potential adjuvant for antimicrobials against S. aureus, even if implementations 

are needed 374–376.   

IsdA and IsdB hemophores appear to be fundamental in the early infection phases, enabling 

colonization and abscess development 144,180,201,367,377. The transcription of both genes, like that of 

many other virulence factors, depends on the Sae regulatory system, which is induced by Fur under 

iron restriction 148. In contrast to IsdH abrogation, inactivating IsdB severely impairs S. aureus 

colonization and virulence 23,181,196,197,201,212,378, disclosing potential IsdB requirement during infection. 

This is further supported by the 40-fold increase of IsdB expression that was observed in MRSA 

strains in iron-restricted conditions 234. Conversely, when the only source of iron is heme, IsdA 

mutants exhibit growth defects 266. However, when IsdA is genetically deleted, IsdC is overexpressed, 

enabling bacteria to partially make up for IsdA absence 26, and thus potentially indicating that IsdA 

role in virulence is likely connected to its alternative functions 26,367. At last, if either IsdC or SrtB are 

inactivated, S. aureus is just partially hampered in its ability to generate abscesses 26,367.  

Moving to the remaining components of the Isd system, it has been observed that IsdE mutants 

show restricted acquisition of hemic iron 342, whereas IsdF mutants exhibit significantly impaired 

growth, though not completely inhibited 26,180. Lastly, mutants of either oxygenases, IsdG and IsdI, 
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result in bacterial iron starvation and raise the possibility of heme poisoning 214,246,379. Targeting 

bacterial heme oxygenases would be a convenient strategy since they are different compared to the 

host heme oxygenases, thus providing a very selective target with reduced potential side effects.  

In conclusion, the suppression of heme uptake typically results in compromised growth and 

pathogenesis, but it rarely kills the pathogen. Thus, contrary to the generally desired property of 

most antibiotics, that is to kill all microbes without selectivity, these anti-infective inhibitors may 

lessen the selective pressure that leads to the emergence of bacterial resistance 27,202. This 

perspective would be particularly significant given the high rate of resistance development reported 

for S. aureus.  

4.1.2 Biopharmaceuticals 

Pharmaceuticals derived from biotechnological procedures are referred to as biopharmaceuticals, 

which include, among other things, recombinant proteins, allergenics, gene therapy, blood 

components, living cells, antibodies, and vaccines. The value of biopharmaceuticals derives from 

their improved properties over small molecules, as their high specificity and very low resistance rate 
380. Another important factor in the biopharmaceuticals’ development is their capacity to induce 

opsonophagocytic activity by particular antibodies or complement, which guarantees effective 

clearance and killing of S. aureus 381,382. Even if small molecules targeting the Isd system have yet to 

be found, some biopharmaceuticals have been proposed within the fight against existing and 

developing resistant strains 40,383–386.  

The next paragraphs will discuss them more in detail, focusing especially on IsdB, which has been 

identified as the more immunogenic Isd protein and, in certain cases, of the whole S. aureus 

proteome 385. However, attempts to selectively target this hemophore have not produced yet 

positive results, prompting subsequent research to concentrate the efforts on multiple targets, 

either within the same Isd system or searching for additional S. aureus virulence factors.  

 

Vaccines against IsdB 

One of the most promising IsdB-targeting vaccines, and yet the biggest failure, has been the 

monovalent V710 produced by Merck and Intercell between 2006 and 2011. The vaccine was 

developed for active immunization against IsdB and showed positive immune responses in humans 

within Phase I trials. Nevertheless, low vaccine efficacy and safety issues led to the termination of 

phase 2b/3 387,388. The reason for the V710 safety issues might be correlated to the formation of a 

multicomplex consisting of staphylococcal protein A, IsdB, anti-IsdB antibody, Hb and Hp that was 

observed to be involved in S. aureus internalization and survival within macrophages 389.  

Another noteworthy failure in vaccine development, yet not involving IsdB, regards SA4Ag by Pfizer, 

which is a 4-antigen vaccine comprising ClfA, MntC and both CP5 and CP antigens. The SA4Ag vaccine 

failed during Phase IIb clinical trials because it couldn’t prevent S. aureus infections 390–393.  

Currently, the most promising candidate is the rFSAV five-antigen vaccine by Olymvax, which it’s 

being tested in Phase II clinical trials 394. The inclusion of Spa and Hla in the rFSAV formulation aims 

at inhibiting S. aureus immune evasion strategies, implementing previous vaccines. Nevertheless, 

the presence of IsdB will require more safety controls due to the results observed for the V710 

vaccine 394,395.  

Despite different vaccines have been developed (or are under study) against IsdB and other Isd 

system targets, no vaccine has been commercialized yet 54,382,396,397. It is important to note that even 
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if preventing the pathogenesis is vaccines’ primary objective, they should also be evaluated based 

on their varying degrees of protective activity. Future research investigations may find that lowering 

the severity and mortality of staphylococcal infections is still a significant outcome 397. 

Table 4: Summary of the previous and current vaccines targeting the Isd system. The abbreviations 

used refer to: serine-aspartate repeat-containing protein D and E (SdrD-E), clumping factor A (ClfA), 

hemolysins alpha and gamma (Hla-g), staphylococcal protein A (SpA), staphylococcal enterotoxin B 

(SEB), and manganese transport protein C (MntC). 

Target Activity Reference 

IsdB 

Merck V710 

Mice were protected from lethal S. aureus infections.  

Anti-IsdB antibodies were stimulated in rhesus macaques and 

the vaccine showed positive immune responses in human 

(Phase I trials). 

398,399 

IsdB, IsdA, SdrD and SdrE 

Opsonophagocytic antibodies were induced. 

Mice were protected from lethal challenge after infections 

with different S. aureus strains. 

400 

IsdB, ClfA and Hlg 

Increased in vitro phagocytosis, bacterial load was reduced in 

mice spleen and mice were protected in intraperitoneal 

challenge. 

401,402 

IsdB and ClfA 
Antibody response induced by opsonophagocytic killing (OPK) 

activity 
403 

IsdBN2, Hla, SpA, SEB and 

MntC 

Olymvax rFSAV 

Significant protection in lethal sepsis and in pneumonia 

mouse model, humoral and complete cellular immune 

response were induced. Phase II is currently ongoing. 

394,404,405 

 

IsdB within the antimicrobial therapy 

Targeting IsdB, or other components of the Isd system, is a valuable antimicrobial strategy and 

different efforts have been made to develop antibodies against the hemophores (Table 5) 406,407.  

Interestingly, antibodies developed against Isd proteins led to the formation of macromolecular 

complexes that, in addition to their functions as a marker for the host's humoral immune response, 

can actively block heme uptake 377. 

In a very recent work, Valenciano-Bellido and colleagues reported positive results for a novel camelid 

antibody targeting IsdB and IsdH that showed inhibition of heme acquisition and led to reduced 

growth of three MRSA strains 408. Further tests will be of course needed for the development of this 

new potential antibody.  
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Table 5: Summary of the current antibodies targeting the Isd system. 

Target Activity Reference 

IsdB Murine monoclonal antibodies (mAbs) showing partial OPK 

activity and efficacy for mice challenge models 

409 

IsdB Human mAbs with in vitro high OPK activity. Protection of 

rats was shown in lethal sepsis models. 

381,410 

IsdB and IsdA Inhibition of heme acquisition leading to protection towards 

abscess formation and lethal challenge.  

377 

IsdB Antibodies use within the adaptive immune system, with 

IsdB recognition and direct inhibition. 

411,412 

IsdB and IsdH In vitro evaluation. 408 

 

4.2 Siderophores within the antimicrobial therapy 

As already discussed in detail, iron is an essential element for S. aureus growth and host colonization, 

especially when the human host implements nutritional immunity to starve invading pathogens. 

Siderophore-mediated iron acquisition is an important pathway for the bacterium to retrieve the 

trace metal, and the system presents different potential target options for the development of novel 

antibiotics. It is important to note that the use of small molecules to competitively inhibit SA and SB 

receptors from binding their ligands is not an exploitable strategy since their binding affinity is within 

the nanomolar range 324. For this reason, the current most promising approach reported in literature 

exploits siderophores for the development of siderophore-antibiotic conjugates in a “Trojan horse” 

strategy. Other valuable strategies include the inhibition of siderophores’ biosynthesis and transport 

systems, but not many positive results have been obtained in this field yet 413. Since no antimicrobial 

agent has been developed against the first two enzymes involved in SB biosynthesis, SbnA and SbnB, 

the following paragraphs will provide a more general overview of the current strategies to target 

iron uptake in S. aureus by exploiting or targeting siderophores. 

4.2.1 Siderophores as Trojan Horses 

The main antimicrobial strategy involving siderophores exploits these iron chelators as “Trojan 

horses”, namely siderophore-antibiotic conjugates are produced to deceive bacteria into 

internalizing therapeutic agents. Indeed, the so-formed siderophore-antibiotic conjugate can often 

be still recognized and internalized into bacteria through the same dedicated transporter used by 

the siderophore alone 414–416. Before being used to good advantage for human infection treatments, 

this strategy is exploited first and foremost by bacteria themselves to deliver antibiotics towards 

competing organisms able to acquire xenosiderophores.  

Conjugated siderophores involved in “Trojan horse” strategies consist of three components: an 

antimicrobial agent, a linker, and an iron-chelating siderophore that can be natural or mimetic. After 

the whole conjugate has been internalized, it gets cleaved, allowing the release of the antibiotic that 

can thus perform its action 415,416. Since every bacterium synthetizes and employs different 

siderophores, these conjugates are typically more selective compared to conventional antibiotics. 
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“Trojan horses” with artificial siderophores and conjugates that differ greatly from their parent 

structures can still be transferred into the targeted bacterial cells by means of siderophore 

transporters' structural tolerance. The most effective approach, nevertheless, is to replicate natural 

siderophores in order to successfully produce a synthetic conjugate 417,418. 

Several efforts are reported in literature for the development of siderophore-antibiotic conjugates 

valuable for antimicrobial therapy. An attempt to exploit S. aureus-produced siderophores was made 

by Milner and colleagues, who combined ciprofloxacin and norfloxacin fluoroquinolones with the SA 

molecule 419. Despite SA good properties, the first results reported no activity towards ciprofloxacin 

or norfloxacin resistant strains and the potency was significantly lower than the original antibiotics. 

To date actually no effective conjugate against Gram-positive bacteria has been identified 413, 

probably due to the development of too highly modified conjugates difficult to be imported by 

staphylococcal transporters, the need for antibiotic release from the conjugate and ultimately the 

existence of redundant iron acquisition systems 420. Therefore, the “Trojan horse” strategy is 

promising, but it definitely needs further improvement.  

 

 
Figure 16: Schematic representation of the “Trojan horse”-like strategy exploiting siderophore-

antibiotic conjugates (adapted from Cela et al, 2023 421). The internalization of the siderophore-

antibiotic conjugate is followed by the cleavage of the conjugate, allowing the antibiotic to reach its 

target. 

4.2.2 Inhibitors of the biosynthesis and transport of siderophores 

Along with the hemic iron uptake, siderophore-mediated iron acquisition is one of the most 

important iron uptake systems for S. aureus, therefore hindering siderophore biosynthesis or 

internalization can be a valid strategy. Among S. aureus siderophores, SB is found in the most invasive 

strains, therefore it has gained more importance in the antimicrobial fight.  

Tripathi and colleagues have targeted SB biosynthesis 422 by inhibiting the NIS synthase SbnE, which 

is involved in the catalysis of citric acid and L-Dap condensation 423. The group managed to obtain 

two novel antimicrobials, baulamycins A and B (BmcA and BmcB, respectively) through the screening 

of a library derived from natural product extracts from marine microbes. It was observed that the 

two compounds function as reversible competitive inhibitors against SbnE, but also towards B. 

anthracis AsbA, showing the ability to inhibit the growth of both Gram-positive and negative bacteria 
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in liquid cultures. Furthermore, these molecules have the potential to develop into broad-spectrum 

antibiotics, since the class of enzymes to which their primary target belongs is common among many 

pathogenic bacteria 424–426. Nevertheless, further studies are needed to confirm the molecules’ 

safety and their activity in vivo.  

 

Overall, different strategies have been studied and developed in the search for novel antimicrobial 

therapies, but no efficient solution has actually been identified.  
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Aim of the thesis 
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The thesis comprised activities aimed at providing a study on a potential double approach for the 

interference with S. aureus iron acquisition that would target both the hemophore and siderophore-

mediated pathways. The project thus contained two work streams connected in a double strategy. 

Regarding the hemophores’ stream of the project, the activities aimed at the evaluation of 

compounds’ ability to disrupt the formation of the IsdB-Hb complex by the exploitation of an in-

house developed immunoassay. Indeed, different in vivo investigations reported IsdB as an S. aureus 

virulence factor, critical for pathogenesis, and its interaction with human Hb was found to facilitate 

bacterial iron acquisition, required for the pathogen’s growth and proliferation, as well as for 

infection establishment. In this context, IsdB appeared to be a good target for the development of 

new antimicrobials. For this reason, molecules that had been previously selected by in silico and in 

vitro screening conducted on commercial compound libraries were synthesized by collaborators at 

the University of Turin and tested by the immunoassay. Derivatives of the selected molecules were 

also synthesized and tested by the immunoassay to obtain more potent inhibitors with improved 

compounds’ solubility and/or stability. In principle, the discovery of potent and selective PPI 

inhibitors could be exploited for the development of antimicrobials, reducing iron availability for the 

bacterium. Interestingly, although the functional and regulatory specificities between IsdB and IsdH 

hemophores still remain unclear, their heme retrieval mechanism from Hb seems similar. 

Consequently, the platform optimized for targeting IsdB could be easily modified to evaluate the 

impact of the identified molecules on the formation of the IsdH-Hb complex in order to identify 

promising molecules that would be active on both S. aureus Hb receptors.  

On the other hand, the siderophores’ part of the project contained activities that aimed at the 

characterization of the first step in SB biosynthesis, namely the SbnA-catalysed reaction, whose 

concerted action with SbnB was reported to produce two out of three building blocks of SB. Indeed, 

the functional characterization of the SbnA enzyme provided a deeper understanding of the 

mechanism of action of the protein. All the information acquired within the enzyme characterization 

aimed at providing tools for the evaluation of potential inhibitors of SbnA activity. For this purpose, 

a testing platform was optimized and validated by evaluating the effect of intermediates of the SB 

biosynthetic pathway on SbnA activity to identify potential feedback mechanisms within the 

pathway. The project also aimed at the evaluation of the effect of different compounds on SbnA 

activity to identify potential inhibitors. The identification was performed by a double approach to 

widen the possibilities of identifying inhibitors with different physicochemical properties and 

chemotypes, as well as different mechanisms of action. First, a structured-based strategy for active-

site targeting involved the testing of molecules from an in silico analysis that were subsequently 

modified to improve potency. The second approach aimed at identifying compounds from 

commercial and proprietary libraries by high-throughput screening, performed in the Service de 

Chimie Bioorganique et de Marquage at CEA Paris-Saclay. 

Overall, the following activities were performed during the thesis:  

• Expression and purification of IsdB Y165A variant, which was reported to have decreased 

affinity for Hb. Because of its properties, the variant was exploited within the immunoassay 

used for the evaluation of potential IsdB-Hb PPI disruptors, since it had increased the assay 

sensitivity for the first sets of possibly weak inhibitors. 

• Optimization of an immunoassay for the IsdB Y165A variant exploited as a platform for the 

evaluation of potential disruptors of the IsdB-Hb complex. 
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• Evaluation of a set of small molecules for the disruption of the IsdB-Hb complex by the 

immunoassay. The selected molecules were synthesized by collaborators at the University of 

Turin based on results of previous in silico and in vitro screening conducted on commercial 

libraries of compounds. Evaluation of synthesized derivatives of the best hit compounds. 

• Optimization of the conditions for the expression and purification of SbnA enzyme exploiting 

two different constructs. Spectroscopic characterization of SbnA by UV-visible absorbance 

and fluorescence spectrophotometry. Optimization of the conditions of a continuous 

coupled enzyme assay for the evaluation of SbnA enzymatic activity, with characterization of 

its mechanism of action.  

• Set-up of a testing platform for the evaluation of potential inhibitors of SbnA activity. The 

platform comprehended the evaluation of compounds’ inhibitory activity and mechanism of 

action, as well as their binding to SbnA. 

• Evaluation of the effect of intermediates of the SB biosynthetic pathway on SbnA activity 

through the testing platform for the identification of potential feedback mechanisms within 

the pathway. 

• Evaluation of in silico selected molecules to identify potential inhibitors of SbnA activity, and 

analysis of the mechanism of action of the best hits.  

• Set-up, optimization and exploitation of a high-throughput screening assay to evaluate 

compound libraries for the identification of SbnA inhibitors. Characterization of the best hits. 

This part of the work has been conducted at the CEA Paris-Saclay centre in Paris, France.  
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Chapter I – Evaluation of potential 

disruptors of IsdB-Hb PPI 
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1 Objectives 
This chapter presents an in-house developed immunoassay as a platform for the evaluation of 

molecules that might interfere with IsdB-Hb complex formation. Indeed, several in vivo 

investigations have reported that IsdB is critical for S. aureus pathogenesis, and its PPI with human 

Hb facilitates iron uptake, which is required for bacterial growth and proliferation, as well as for 

infection establishment. Given this experimental evidence and the MRSA and VRSA threat, IsdB 

seems to be a good target for the development of novel antimicrobial drugs.  

Theoretically, the discovered PPI inhibitors might be used as best-in-class antimicrobials, reducing 

iron availability for the bacterium. Furthermore, the binding of the compounds to Hb should reduce 

the relevance of bacterial target mutations in the development of resistance and may allow 

interference with the interaction of many hemophore systems, beginning with IsdB and IsdH. 

Interestingly, although the functional and regulatory distinctions between IsdB and IsdH remain 

unclear, their system for heme uptake from Hb appears to be similar. Consequently, the testing 

platform that is being presented could be readily modified to evaluate the impact of the identified 

molecules on the formation of the IsdH-Hb complex in order to identify promising molecules that 

would be active on both S. aureus Hb receptors. 

An in-silico screening campaign was originally conducted by the research group of Professor 

Francesca Spyrakis (University of Turin) to identify compounds to be tested by the implemented 

immunoassay. The ultimate objective was to identify compounds that bind free Hb in plasma without 

compromising Hb activity within red blood cells. The purpose of these compounds was to directly 

compete with hemophores interaction with Hb. Only molecules presenting low lipophilicity were 

chosen, in an effort to select compounds able to scavenge free Hb in the bloodstream without 

entering the red blood cells. In a previous analysis, the immunoassay was performed on 54 

commercially available compounds, selected by the in-silico screening. The results of the screening 

allowed to select 6 molecules able to reduce by 50% or more the IsdB:Hb complex formation at a 

concentration of 1 mM. 4 of these were later confirmed to bind Hb through Saturation Transfer 

Difference (STD)—NMR experiments carried out by Prof. Serena Faggiano (University of Parma). 

Within this thesis activities, 3 of the 4 compounds were synthesized by the group of Professor Loretta 

Lazzarato (University of Turin) and re-tested by the immunoassay and STD-NMR to verify their ability 

to reduce IsdB:Hb complex formation and to confirm their binding to Hb. Ultimately, analogues of 

the three best compounds were synthesized by Prof. Lazzarato with the aim of improving the 

molecules’ physicochemical properties. Indeed, this initial evaluation aimed at finding potential 

parent compounds to be inserted into a new screening campaign of synthesized derivatives.  
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2 Material and methods 
If not otherwise specified, all reagents were purchased from Sigma Aldrich (St. Louis, MO, USA) at 

the best available commercial quality, and used as received. 

2.1 Protein expression and purification 

2.1.1 Growing media 

Luria-Bertani (LB) agar plates were prepared by the addition of 15 g/L agar to LB broth, which 

contains: 

- 5 g/L yeast extract 

- 10 g/L tryptone 

- 10 g/L NaCl 

M9 minimal broth contained:  

- 1x M9 salts (33.9 g/L Na2HPO4, 15 g/L KH2PO4, 3.5 g/L NaCl, 5 g/L NH4Cl)  

- 240 mg/L MgSO4  

- 11 mg/L CaCl2  

- M9 was supplemented with 0.4% glucose  

2.1.2 IsdB Y165A variant over-expression system  

For IsdB Y165A variant over-expression, in-house available E. coli BL21(DE3) cells were exploited that 

had been previously transformed with the pASK-IBA3plus plasmid coding for the IsdB Y165A mutant. 

The transformed cells were plated on LB agar supplemented with 100 μg/mL ampicillin and grown 

at 37°C overnight. A single colony was selected and inoculated in 10 mL of LB broth supplemented 

with 100 µg/mL ampicillin and grown at 37°C overnight, under 250 RPM agitation. The overnight 

grown culture was diluted 1:100 in M9 medium supplemented with 100 µg/mL ampicillin. The cells 

were grown at 37°C, under 250 RPM agitation, until the midlog phase (OD600 around 0.5 – 0.6) was 

reached, which normally took 5 hours. Cells were then induced for 3 hours at 37°C by the addition 

of 0.2 μg/mL anhydrotetracycline (ATH). Cells were collected from the broth by centrifugation at 

5000 RPM for 10 minutes, then they were washed once with phosphate buffered saline (PBS) 

solution and ultimately frozen at -80°C in aliquots coming from 500 mL of culture.  

2.1.3 Y165A IsdB variant purification 

Y165A IsdB variant purification process started with the resuspension of the cell pellet in lysis buffer 

composed by buffer W (100 mM Tris pH 8, 150 mM NaCl, 1 mM EDTA) in presence of 1 mg/mL 

lysozyme, 0.2 mM benzamidine, 0.2 mM PMSF and 1.5 μM pepstatin A. The amount of lysis buffer 

used for resuspension is equal to a 10:1 ratio of Volumelysis buffer : weightpellet (grams). Sonication was 

performed to complete cell lysis, with approximately three cycles 1 minute long (10s ON/30s OFF). 

Centrifugation for 1 hour at 4°C and 16,000 x g removed cell debris, after which the pH of the 

supernatant was set above 8. The adjusted supernatant was loaded onto a pre-equilibrated XK 

16/200 column (GE Healthcare), that had been previously packed in house with 3 mL of Strep-Tactin® 

XT resin (IBA Lifesciences, Göttingen, Germany). The column was connected to an AKTA Prime Liquid 

Chromatography System (GE Healthcare) supplied with a single wavelength UV detector (280 nm) 
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and one conductivity meter. Protein elution was accomplished with Buffer BXT 10X (IBA Lifesciences, 

Göttingen, Germany), diluted to 1X in water. To separate the protein monomer from the dimer, a 

final step of Size Exclusion Chromatography (SEC) was performed exploiting an HiLoad 16/600 

Superdex 75 pg prepacked column (GE Healthcare). The column, used for preparative purposes, has 

a separating range of 3-70 kDa. The cleaning of the column was performed every five purification 

processes, after which the column was calibrated with blue dextran (void volume), conalbumin (75 

kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa) and myoglobin (17 kDa) in order to validate 

the separation performance. All the chromatographic steps were performed at 4°C. In the 

experimental conditions, the IsdB dimer eluted distinctly separated from the monomeric form. The 

final protein preparation had a purity above 95%. The concentration of the IsdB Y165A variant was 

calculated by UV-Visible absorption spectra using its extinction coefficient ε 280 = 46,300 M-1
 cm-1 and 

molecular weight MW = 43,100 g/mol. Given that heme from E. coli is partially acquired by IsdB 

during its overexpression, the quantity of holo-IsdB within the preparation was evaluated by 

calculating heme concentration through the specific extinction coefficient ε405 = 90,500 M-1 cm-1 

reported in literature. The equation used to calculate holo-IsdB amount is the following:  

Eq. 1: % ℎ𝑜𝑙𝑜 − 𝐼𝑠𝑑𝐵 =

𝑂𝐷405
ε405
𝑂𝐷280
ε280

 ⋅ 100 

2.1.4 UV-Visible absorption spectroscopy  

UV-Visible absorption spectra of IsdB Y165A variant were collected on an Agilent Cary 4000 

spectrophotometer supplied with a temperature-controlled cell-holder. For the spectra, Hellma™ 

Far UV Quartz Cuvettes (pathlength of 1 cm) were exploited unless otherwise reported.  

2.1.5 PolyAcrylamide Gel Electrophoresis (PAGE) 

Sodium Dodecyl Sulphate PAGE (SDS-PAGE) 

Protein samples were run under denaturing conditions on 0.75 mm freshly casted mini gels. 

Standard 12% gels, constituted of two distinct gel layers (stacking and separating gels), were 

prepared as reported in Table 6. Gels were run inside a Bio-Rad Mini-PROTEAN Tetra Vertical 

Electrophoresis Cell that was powered by a Bio-Rad PowerPac™ Basic Power Supply set at 200V. 

Precision Plus Protein™ Unstained Protein Standards (Bio-Rad) was utilized as MW marker. After the 

electrophoretic run, the gel was incubated in Coomassie staining solution for 10-15 minutes. 

Afterwards, multiple destaining steps were performed until the protein bands reached the desired 

visualization point.  

 

 

 

 

 

Table 6 Recipe for SDS-PAGE. The solution volumes reported are sufficient to prepare 0.75 mm Bio-Rad 

Mini-PROTEAN gels. Abbreviations used in the table are: tetramethyl ethylenediamine (TEMED) and 

ammonium persulfate (APS). 
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Stacking gel 

(acrylamide/bis, 4% final) 

Volume (µL) 

Acrylamide/bis, 30% 29:1  400 

0.5 M Tris/HCl pH 6.8  750 

Water 1730 

SDS at 10% 30 

APS at 10% 20 

TEMED 6 

Separating gel 

(acrylamide/bis, 12% final) 

Volume (µL) 

Acrylamide/bis, 30% 29:1  1992 

0.5 M Tris/HCl pH 6.8  1250 

Water 1662 

SDS at 10% 50 

APS at 10% 40 

TEMED 8 

Sample buffer 4X Volume (mL) 

0.5 M Tris/HCl pH 6.8  2 

SDS at 10% 4 

β-mercaptoethanol 0.4 

Bromophenol blue 0.5% 0.8 

Glycerol at 100% 2.8 

Running solution (10X) g in 500 mL 

Tris base 15.1 

SDS 0.5 

Glycine 72.1 

Water To final volume 

 

Coomassie staining 

solution 

Volume (mL) 

Coomassie blue 2.5 g 

Glacial acetic acid 100 

Ethanol  200 

Water 700 

Coomassie destaining 

solution 

Volume (mL) 

Glacial acetic acid 100 

Ethanol  200 

Water 700 
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Native PAGE 

The native PAGE optimized protocol utilizes a 1 mm continuous freshly casted mini gel, whose 

preparation followed Table 7 recipe. The protocol proposed by McLellan 427 was adapted for the 

purpose of our analysis.   

Table 7 Recipe for native PAGE. * the pH of the running buffer solution does not have to be adjusted. 

Separating gel solution for a single gel Volume (µL) 

Acrylamide/bis-acrylamide, 30% 29:1  2250 

Running buffer 5X  

(see below) 

1500 

APS 10% 100 

TEMED 12 

Water 3750 

Running buffer 5X*  

HEPES 41.71 g/L 

Imidazole 14.64 g/L 

Sample buffer 3X Volume (µL) 

Running buffer 5X  1000 

Glycerol at 50%  2000 

Malachite green solution at 1% 200 

 

About 3 µg of each sample was normally analysed after sample dilution in 20 µL of sample buffer 

1X. The running buffer 5X solution was diluted to 1X solution at each electrophoretic run, while the 

external running buffer was used for several analyses. Both the internal and external buffers were 

cooled to 4°C overnight before the analysis. A Bio-Rad Mini-PROTEAN Tetra Vertical Electrophoresis 

Cell was exploited to run the casted mini gels. The apparatus was placed into an ice bath in order to 

keep the temperature below 10°C for the whole electrophoretic run, and a Bio-Rad PowerPac™ Basic 

Power Supply was used to power the system. Three steps were performed to keep the voltage below 

200 V during the whole electrophoretic run: the first 10 minutes were performed at 20 mA, followed 

by 10 minutes at 15 mA and ended with 330 minutes at 11 mA. The purified monomeric and dimeric 

forms of IsdB were exploited as internal markers for the analysis. After the electrophoretic run, the 

mini gel was incubated for 10-15 minutes in the Coomassie staining solution and then various 

destaining steps were carried out until the protein bands were visualized as desired. A densitometric 

analysis of the stained mini gel was performed to quantify the protein bands’ relative composition. 
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Mini gels were visualized through a ChemiDoc MP imaging system (Bio-Rad©) and the Image Lab™ 

software (Bio-Rad©) was used for densitometry. 

2.2 Immunoassay 
2.2.1 In silico screening 

The group of Prof. Spyrakis (University of Turin) performed a structure-based virtual screening using 
as target the structures of metHb and metHb in complex with Hp, which were retrieved from PDB 
(PDB ID 3P5Q and 4X0L, respectively). Three commercial libraries (Specs, Vitas-M Laboratory, Ltd., 
and Enamine Ltd.) were retrieved from the ZINC database and screened against the target. The 
molecules were filtered with a logD > 0 to select more hydrophilic compounds that would stay in the 
bloodstream without crossing the cellular membranes. The compounds selected by this first filter 
were submitted to a virtual screening and molecular docking campaign, which screened for polar 
molecules able to establish hydrogen bonds with the target and prevent IsdB recognition.  

2.2.2 Sample preparation and compounds solubilization 

IsdB Y165A was prepared as above reported. The hemophore, as well as Hb, was exchanged from 
buffer W to binding buffer (2 mM EDTA, 140 mM NaCl, and 25 mM TRIS/HCl pH 7.6), which was 
selected as working solution for all the immunoassay steps following the suggestions of the 
microplate manufacturer.  

The compounds under evaluation were synthesized by Prof. Loretta Lazzarato at the University of 
Turin. The compounds were re-synthesized based on preliminary results obtained with commercial 
molecules (Specs, Vitas-M Laboratory, Ltd., and Enamine Ltd.) that were selected and tested 
previously on the basis of the virtual screening campaign carried out by the group of Prof. Spyrakis 
(University of Turin). The compounds synthesized in-house were solubilized in deuterated (D6)-
dimethyl sulfoxide (DMSO) at 100 mM concentration. When compounds resulted partially or entirely 
insoluble, they were subjected to a sonication cycle using an ultrasonic bath (Bormac CE-5700, 
41300303). If the sonication step was not sufficient for solubilization, the compounds were heated 
at 37 °C for ten minutes using a thermoblock. At last, some compounds required a decrease in the 
concentration of the stock solution to reach complete solubilization. Molecules that presented high 
insolubility were produced as TRIS salts.  

The absorption spectra of the solubilized molecules alone or in the presence of 10 µM oxyHb were 
acquired in a UV-transparent, 384-well microplate (Greiner UV-STAR® plate – 781801) using a 
microplate reader (TECAN Spark® 10M). A 2 mM intermediate dilution of the compounds in binding 
buffer was performed, and the pH of the diluted solutions was adjusted between 6.5-7.5. 
Subsequently, the compounds were tested at 1 mM concentration to evaluate the presence of any 
absorbance signal around 450 nm that could interfere with the immunoassay. Moreover, oxyHb 
spectra in the presence of the solubilized compounds were used to evaluate the potential oxidizing 
activity of the compounds on Hb. Notably, Hb Q bands present high sensitivity towards the redox 
state of the heme within Hb. Because of this property, Q bands were selected as a marker for Hb 
oxidation, and the oxidized Hb characteristic peak at 640 nm was the most used for this analysis. The 
effect of each compound on the oxyHb spectrum was evaluated in the same experimental conditions 
as the immunoassay. Indeed, the spectrum of compounds alone or in presence of oxyHb was 
acquired after 2 hours to have a time delay that would be comparable with the total length of the 
immunoassay. Also, the incubation steps were performed at 4°C, hence in the same conditions as 
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the immunoassay. To evaluate the potential oxidizing activity of compounds, the contribution of the 
blank solution and the compounds were subtracted to the final spectrum.  

2.2.3 Immunoassay 

The immunoassay had been previously developed in-house (Figure 17). In this section are reported 

the final aspects of the immunoassay that were optimized during this thesis. 

 

 Figure 17: Schematic representation of the immunoassay. 

As previously arranged in the in-house development, the IsdB Y165A variant was used in the 

optimization of the immunoassay to reduce the risk of auto-oxidation of oxyHb. Indeed, the Hb 

concentration in the assay should be maintained close to its dissociation constant for IsdB, with the 

aim of increasing the assay sensitivity for weak Hb interactors. Nevertheless, the Hb dissociation 

constant for wt IsdB is lower (around 35 nM) than the dissociation constant for the 

tetrameric/dimeric forms of oxyHb (around 250 nM 281), therefore oxyHb tested in the assay with wt 

IsdB would be mainly found in the dimeric form, which is more likely to undergo auto-oxidation 282. 

Furthermore, oxyHb dissociation constant for IsdB Y165A is predicted to be significantly greater 

(about 80 µM ± 11 mM 428) according to literature data 196. Thus, the exploitation of IsdB Y165A in 

the assay would allow to use an Hb concentration for IsdB half-saturation that is enough for the 

stabilization of Hb tetrameric form, which in turn is less prone to auto-oxidation.  

Within this set-up, commercially available Strep-Tactin®XT coated microplates (IBA Lifesciences) 

were acquired to take advantage of the recombinant protein C-terminal StrepTag®II for hemophore 

immobilization at the bottom of the plate. Following the producer’s recommendations, the 

functionalized wells were incubated O/N at 4°C with 2 pmol StrepTag®II- IsdB Y165A. The microplate 

was then washed with washing buffer (binding buffer containing 0.05% Tween-20), followed by the 

incubation for 1 hour at 4°C of 30 µM oxyHb. After another washing step, a horseradish peroxidase 

(HRP)-coupled anti-Hb polyclonal antibody, purchased from Abcam (Ab, Abcam ab19362), was 

incubated for 1 hour at 4°C. After the final washing step, 100 µL of the HRP colorimetric substrate 

3,3′,5,5′-tetramethylbenzidine (TMB) was added to the microplate wells. This latter product was 

purchased from Acros Organics (328051000, Acros Organics, Waltham, Massachusetts, USA) and 
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Merck (T4319, Darmstadt, Germany). After TMB addition, the reaction was developed for 30 seconds 

at 4°C, and then it was stopped with 100 µL of 1 N H2SO4. Exploiting this set-up, several Ab dilutions 

(ranging from 1:100 to 1:1,500) were employed to evaluate the impact of Ab concentration on the 

assay outcome. Furthermore, other Ab dilutions (between 1:1,000 and 1:10,000) were also tested 

using different Hb concentrations to evaluate the potential effect on the complex stability. To 

evaluate if the Hb incubation time in the functionalized wells would affect the assay, the conditions 

used were 2 pmol of StrepTag®II- IsdB Y165A, 30 µM oxyHb and 1:1,000 Ab dilution. At last, it was 

also evaluated the potential impact on the quantity of bound Hb detected when the number of 

washing steps was increased from three to six. The immunoassay protocol was optimized as follows: 

Functionalization of the plate: Strep-Tactin®XT coated microplate is incubated O/N at 4 °C with 2 

pmol StrepTag®II-IsdB. The solution is then removed, and the microplate wells are washed three 

times with washing buffer. 

oxyHb binding: oxyHb solution is added to the microplate and incubated for 1 hour at 4°C. The 

solution is then removed, and the microplate wells are washed three times with washing buffer. 

Detection: an Ab 1:1,000 dilution in binding buffer is added to the microplate well and incubated for 

1 hour at 4 °C. The solution is then removed, and the plate is washed three times with washing 

buffer. Subsequently, 100 μL of TMB solution is added to the well and incubated for 30 s at 4 °C. The 

reaction is then stopped by adding 100 μL of 1 N H2SO4 solution. The absorption intensity related to 

the HRP reaction product is acquired at 450 nm with a microplate reader (Dynamica Halo LED 96). 

In the data analysis, the background absorbance values from TMB solutions were subtracted from 

each reading.  

2.2.4 Evaluation of potential disruptors of IsdB-Hb PPI 

The interaction between IsdB and Hb was analyzed in either the absence or the presence of the 

investigated, re-synthesized compounds at 1 mM concentration. The molecules under study were 

expected to bind Hb, therefore a pre-incubation step was required for the solutions containing Hb 

(at a sub-saturating concentration of 30 µM) together with each compound (final 110 µL/well). The 

pre-incubation was performed for one hour at 4 °C in the dark in a not-functionalized plate (Sarstedt 

AG & Co., 83.3924.500). After the pre-incubation step, the Hb-compound solutions were added to 

the functionalized plate and the immunoassay procedure (Figure 17) was followed from this point 

further. The presence of an active inhibitor would decrease the quantity of IsdB bound to Hb. The 

assay results are thus expressed as a percentage of bound Hb, that was calculated in relation to the 

negative control's absorbance at 450 nm. All measurements were performed at least in duplicate.  
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3 Results and discussion 

3.1 IsdB Y165A variant overexpression and purification 

E. coli BL21 (DE3) cells transformed with pASK-IBA3plus::IsdB Y165A plasmid were exploited for the 

variant overexpression in M9 minimal medium and purification (Figure 18). The hemophore was 

purified by affinity chromatography and then the monomeric population was separated from the 

dimeric form by SEC (Figure 18C). The yield of purification was about 14 mg of monomeric protein 

from 1 L of bacterial culture, with a final purity of about 95% and the amount of holo protein lower 

than 5%.  

The presence of IsdB Y165A monomeric and dimeric forms was also characterized qualitatively by 

native PAGE (Figure 18D). The principle of the separation derives from the different motion of the 

two protein populations within the gel matrix because of their different sizes, even if their charge to 

mass ratio is the same. The protocol used for the analysis was adapted from a 1982 study by 

McLellan 427, and the protein isoelectric point was calculated by ProtParam online tool and resulted 

to be around 8.9.  

  

Figure 18: IsdB Y165A variant overexpression in M9 minimal medium. (A) UV-Vis absorption spectrum 

of the mutant. The amount of holo-IsdB calculated was lower than 5%. (B) The SDS-PAGE gel for (a) 

non-induced cells, (b) induced cells and (c) the purified protein. (C) SEC analysis for the separation of 

IsdB Y165A monomer and dimer, with the most represented population (main peak) being the 

monomeric form. (D) Native PAGE with (a) 3 µg of dimeric IsdB Y165A, (b) 3 µg of monomeric IsdB 

Y165A, (c) 3 µg of monomeric wt IsdB used as reference, (d) 3 µg of dimeric wt IsdB used as reference.  
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3.2 Immunoassay optimization 

The in-house developed immunoassay was implemented as a platform for the evaluation of small 

compounds that would potentially interfere with IsdB-Hb complex formation. The immunoassay had 

been previously optimized using wt IsdB. In this thesis, the optimization of the assay conditions with 

IsdB Y165A completed the implementation of the platform. As previously stated, the reduced ligated 

form of Hb, namely oxyHb, was exploited for the immunoassay. The reason for this choice derived 

from the ability of IsdB to bind oxyHb, but its inability to extract heme from it. In this context, the 

pure binding could be evaluated without any complications derived from the subsequent Hb 

dimerization and cofactor extraction, which leads to the dissociation of Hb from the hemophores.   

The assay was optimized using the procedures reported in Materials and Methods. 

Since preliminary analyses have already been performed to confirm that the single reagents didn’t 

cause any aspecific signals and to assess the right amount of IsdB to be attached at the bottom of 

the microplate 429, the optimization continued with further aspects of the assay. The effect of Ab 

dilutions (between 1:100 and 1:1,500) on the assay was assessed, using 2 pmol of StrepTag®II-IsdB 

Y165A and 30 µM oxyHb. As reported in Figure 19A the results highlighted a dose-dependent signal. 

Further Ab dilutions (from 1:1,000 to 1:10,000) were also tested in dose-response experiments and 

demonstrated that Ab dilution does not impact the calculated affinity of the complex (Figure 19B). 

Ultimately, the 1:1,000 Ab dilution was chosen as optimal condition for the immunoassay.  

 

Figure 19: Optimization of Ab dilution for the immunoassay set-up. (A) Evaluation of the optimal Ab 

concentration at a fixed quantity of IsdB Y165A and Hb (2 pmol and 30 µM, respectively). Four Ab 

dilutions were tested. (B) Evaluation of the effect of three Ab dilutions on the IsdB:Hb binding.  

After Ab evaluations, different oxyHb incubation times were tested, hence 1, 2 and 3 hours (Figure 

20A). The experiments were performed using 2 pmol of StrepTag®II-IsdB Y165A, 30 µM oxyHb and 

a 1:1,000 Ab dilution. Since the results reported comparable signal intensities, 1 hour incubation 

was chosen for the final assay set-up. Ultimately, the effect of the number of plate washes on the 

signal and stability of the IsdB-Hb-Ab complex was assessed. The experiments were performed using 

2 pmol of StrepTag®II-IsdB Y165A, 30 µM oxyHb and a 1:1,000 Ab dilution (Figure 20B). Three steps 

require the washing of the plate: after the hemophore functionalization step and after the Hb and 
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Ab incubation steps. The procedure recommended by the vendor consisted of three washings after 

each step, and the analysis confirmed that doubling the number of washings would not affect the 

amount of bound oxyHb detected. For this reason, the number of washings was set at three for each 

step.  

 

Figure 20: Optimization of the immunoassay set-up. (A) Evaluation of the effect of oxyHb incubation 

time with the IsdB Y165A-functionalized plate. (B) Evaluation of IsdB:Hb complex stability when 

changing the number of plate washes. The steps of the assay for which washes are required are the 

following: after IsdB Y165A functionalization, Hb incubation and Ab incubation. The reference 

corresponds to three washes after each step. 

 

3.3 PPI inhibitor testing  

The in-silico structure-based virtual screening and molecular docking were previously performed by 

the team of Prof. Spyrakis at the University of Turin to select molecules as potential PPI inhibitors. A 

first selection was performed by filtering commercial libraries for more hydrophilic compounds that 

would likely remain in the bloodstream without crossing red cell membranes, therefore targeting 

free Hb without affecting the intracellular Hb pool. The campaign of structure-based virtual 

screening and molecular docking led to the identification of 54 small molecules, expected to bind to 

Hb at a surface pocket contributing to the interaction area with IsdB 429.  
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Figure 21: Representation of the IsdB-Hb complex. 3D model of IsdB (green) and Hb (pink), heme is 

represented as sticks and the targeted pocket on Hb surface, taking part in the interaction area with 

IsdB, is represented in teal. On the right, a close-up of the interaction interface, with the residues of 

IsdB shown as sticks and labelled based on their PBD numbering. The structure comes from PDB ID 

5VMM. 

The 54 compounds were purchased from commercial suppliers and tested by the immunoassay, 

followed by re-synthesis and confirmation of Hb binding for the best hits from the immunoassay. 

This initial evaluation allowed the identification of four compounds (C35, C41, C44, C53), that 

reduced the binding of IsdB to Hb by 50% or more. The binding of all these four hits to Hb was then 

confirmed by STD-NMR experiments conducted in collaboration with Prof. Faggiano at the University 

of Parma. Even if all compounds confirmed the binding, C41 revealed that only one methyl group of 

the compound was engaged in interactions with Hb, therefore it was excluded from further analyses. 

Table 8: Summary of the hits identified within 54 commercial candidates and re-synthesized in-house 

by the group of Prof. Lazzarato (University of Turin). The chemical structures were drawn by using 

ACD/ChemSketch (Advanced Chemistry Development Inc., Toronto, Canada). 

ID Structure MW 

C35 

 

394.4 

C44 

 

261.3 
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C53 

 

306.3 

 

In this thesis, the three synthesized compounds C35, C44 and C53 (the structures are reported in 

Table 8) were solubilized in D6-DMSO at 100 mM. Among them, C44 presented solubility problems 

in D6-DMSO, probably due to the formation of stacking interactions among molecules. The 

commercial version of the compound didn’t actually show solubility issues, therefore it was likely 

that the synthesized compound crystallized differently than the commercial one. Each compound’s 

stock solution was diluted in binding buffer to 1 mM and the maintenance of pH of the solution 

around 7.6 ± 0.5 was confirmed. Using the diluted solutions, compounds were characterized by the 

acquisition of absorbance spectra in the range between 350 and 700 nm to rule out any interference 

at the absorbance wavelength of the immunoassay (450 nm) (Figure22). As expected, the spectrum 

of compound C44 showed a signal offset representing the not complete solubility of the molecule 

at 1 mM concentration.  

 

Figure 22: Visible spectra of the synthesized compounds at 1 mM concentration in binding buffer. The 

teal line is a reference at 450 nm, the wavelength of the immunoassay detection. 

Moreover, the absorption spectra of Hb solutions were collected in the presence of each compound 

at 1 mM to evaluate the reactivity of the molecules towards Hb. Notably, absorption spectra of Hb 

in solution were acquired within the Q bands region (450-650 nm, Figure 23), that is sensitive to the 

redox state of Hb. Indeed, compounds that accelerate the conversion of oxyHb to metHb, which 

would then be susceptible to heme extraction by IsdB, could affect the assay results. None of the 

compounds significantly oxidized Hb within the 2-hour incubation.  
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Figure 23: Comparison of Hb spectra in the Q bands region acquired before (black lines) and after (red 

lines) having incubated Hb with the compounds.  

Before performing the actual assay, an immunoassay experiment without Hb was performed in order 

to exclude the potential interference of the tested compounds with the immunoassay (data not 

shown). The three hits were then analysed to confirm their ability to reduce the binding between 

IsdB and oxyHb. The results highlighted C35 as the best compound, since it presented a percentage 

of IsdB bound to Hb of ~ 40%, while compounds C44 and C53 produced a percentage above 60% 

(Figure 24). 

 

Figure 24: Results of the immunoassay conducted on the synthesized hits, reported as percentage of 

Hb bound to the IsdB Y165A variant in the presence of in-house synthesized hits at 1 mM concentration. 

The dotted line corresponds to 50% inhibition, which has been set as the threshold for the identification 

of promising molecules. Each analysis derives from the average of at least 2 replicates. 

STD-NMR experiments were repeated by Prof. Faggiano (University of Parma) on the synthesized 

C35 and C53 compounds to confirm the data previously obtained for the commercial molecules. 
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Both molecules confirmed their binding to HbCO (which was used as an oxidation-resistant analogue 

of oxyHb). Furthermore, group epitope mapping (GEM) was conducted on C35 and C53 STD-NMR 

spectra, allowing to identify the binding epitopes that are more involved in the interaction with the 

HbCO surface.  

After the promising results obtained by the immunoassay, the team of Prof. Lazzarato at the 

university of Turin synthesized different analogues for all three compounds designed to alleviate the 

solubility and/or stability issues that were previously encountered. Table 9 reports the list of the 

synthesized compounds and their derivatives (the serial number attributed to the synthesized 

derivatives continues the numeration used for the original commercial molecules). 

Table 9: Summary of the synthesized hits and their derivatives. The chemical structures were drawn 

using ACD/ChemSketch (Advanced Chemistry Development Inc., Toronto, Canada).  

ID Parent compound Purpose of synthesis Structure MW 

C58 C53 Solubility improvement 

 

292.2 

C59 C35 Stability improvement 

 

422.5 

C60 C44 Solubility improvement 

 

275.3 

C61 C35 Stability improvement 

 

408.4 
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C63 C35 Solubility improvement 

 

395.4 

C65 C35 Solubility improvement 

 

452.4 

 

Indeed, commercial C35 was previously found to be poorly water soluble, and the alkaline treatment 

that was used to induce solubilization of the commercial stock was proved to lead to a compound 

rearrangement 429. For this reason, two series of C35 analogues were synthesized in order to improve 

the compound stability and/or solubility. Notably, the first series of analogues (named C59 and C61) 

was synthesized to improve C35 stability, with C59 presenting two methyl groups that replace the 

two α-carbon’s protons of the carbonyl group and C61 presenting a methyl group on the indole ring. 

The second series of analogues (named C63 and C65) was synthesized to improve C35 solubility, 

where C63 showed a replacement of the C35 indole ring with an azaindole ring and C65 presented 

the substituent -CH2COOH on the indole ring. Both derivatives of C44 and C53 were synthesized to 

improve the compound solubility. The analogue of C44, i.e. C60, was synthesized with a methyl 

substituent on the urea moiety, while C58 is the acid analogue of the C53 methyl ester. 

Unfortunately, the solubility of the hit compounds was not improved by the modifications that were 

introduced. As a different strategy, TRIS salts were synthesized for the poorly soluble C35 derivates, 

which present a carboxylic moiety.  

As for the parent compound, each derivative’s stock solution was diluted in binding buffer to 1 mM 

and the maintenance of pH of the solution around 7.6 ± 0.5 was confirmed. Using the diluted 

solutions, also derivatives were characterized by the acquisition of absorbance spectra to rule out 

any interference at the absorbance wavelength of the immunoassay (450 nm) (Figure 25). C60 

showed a similar signal offset than its parent compound C44, indicating the incomplete solubility of 

the molecule at 1 mM concentration.  
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Figure 25: Visible absorbance spectra of the synthesized derivatives at 1 mM concentration in binding 

buffer. The teal line is a reference at 450 nm, the wavelength of the immunoassay detection. 

The characterization was then ultimated by the acquisition of the absorption spectra of Hb solutions 

in the presence of each derivative to evaluate the potential reactivity of the molecules towards Hb 

(Figure 26). The analysis was conducted as above reported and the results revealed slightly scattered 

spectra, a symptom of the poor solubility of the derivatives. Nevertheless, no derivative significantly 

oxidized Hb within the 2-hour incubation. 
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Figure 26: Comparison of Hb spectra in the Q bands region acquired before (black lines) and after (red 

lines) having incubated Hb with the compounds.  

Ultimately, no significant improvement was highlighted by the immunoassay in terms of the ability 

of the derivatives to reduce IsdB binding to Hb, compared to their parent compounds (Figure 27). 

Consequently, further modifications will be required to provide improvements to the hit 

compounds. The identification of the most promising hits will continue with the evaluation of their 

affinity to Hb by techniques as Isothermal Titration Calorimetry, allowing an estimation of the 

thermodynamic parameters of the interaction.   
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Figure 27: Results of the immunoassay conducted on the synthesized hits and their derivatives, 

reported as percentage of Hb bound to the IsdB Y165A variant in the presence of in-house synthesized 

molecules at 1 mM concentration. The dotted line corresponds to 50% inhibition, which has been set 

as the threshold for the identification of promising molecules. Each analysis derives from the average 

of at least 2 replicates. 
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Chapter II – Production and 

characterization of SbnA 
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1 Objectives 
One of the project objectives concerned the characterization of the first step of SB biosynthesis in S. 

aureus, which is catalysed by the enzyme SbnA. The key role of this protein in SB synthesis has been 

already demonstrated in literature. Indeed, SbnA activity, together with SbnB-catalysed reaction, 

enables the production of two out of the three building blocks needed for SB synthesis, L-Dap and 

α-KG.  

Despite previous investigations, a complete and detailed structural and functional characterization 

of SbnA is still missing.  

For this reason, the main aim of  work reported in this chapter was the full functional 

characterization of SbnA. To achieve the goal, recombinant SaSbnA was produced at high yields and 

good homogeneity. The protein was then submitted to a detailed spectroscopic characterization to 

provide information about SaSbnA exploitable spectroscopic properties. The characterization also 

involved the optimization of an assay for the evaluation of SaSbnA activity, which could be exploited 

to validate the enzyme mechanism of action. All the information acquired within the enzyme 

characterization may potentially guide and provide tools for the evaluation of potential inhibitors of 

the SaSbnA activity (discussed in the next chapter).  
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2 Material and methods 
HEPES for buffer solutions and sodium chloride were acquired from PanReac Applichem ITW 

Reagents (Darmstadt, Germany). Tris base for buffer solutions was purchased from VWR 

International Srl (Milano, MI, Italy), 7-Methyl-6-thioguanosine (MESG) was purchased from Cayman 

(Ann Arbor, MI, USA) and Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) from Apollo Scientific 

(Stockport, UK). Purine Nucleoside Phosphorylase (PNP) and all other chemicals were purchased 

from Merck (Darmstadt, Germany), unless otherwise specified.   

2.1 Protein expression and purification 

2.1.1 Growing media 

Luria-Bertani (LB) agar plates were prepared as reported in Chapter I.  

LB broth (for culture growth) contained:  

- 5 g/L yeast extract 

- 10 g/L tryptone 

- 10 g/L NaCl 

2.1.2 Expression systems for SaSbnA  

SaSbnA expression system consisted of an in-house available pSH21p::TrxA-SbnA plasmid. The 

plasmid presented the synthetic gene of sbnA from S. aureus (UniProt entry A6QDA0) optimized for 

E. coli expression. The selected vector allowed to obtain the gene sequence in-frame to the 

sequence encoding for HisTag-Thioredoxin at the N-terminus separated by a sequence coding for 

the cleavage site of TEV protease. 

2.1.3 SaSbnA over-expression  

For SaSbnA over-expression, E. coli BL21 ArcticExpress (DE3) cells (Agilent Technologies, Santa Clara, 

CA, United States) were transformed with pSH21p::TrxA-SbnA plasmid. The transformed cells were 

plated on LB agar supplemented with 20 µg/mL gentamycin and 100 μg/mL ampicillin and grown at 

37 °C overnight. A single colony was selected and inoculated in 10 mL of LB broth supplemented 

with 20 µg/mL gentamycin and 100 µg/mL ampicillin and grown at 37 °C overnight, under 250 RPM 

agitation. The overnight grown culture was diluted 1:100 in LB medium supplemented with 20 

µg/mL gentamycin and 100 µg/mL ampicillin and grown at 30 °C for 3 hours in 0.5 L of LB medium. 

Afterward, the temperature was reduced to 4 °C and the culture was let equilibrate for about 20 

minutes, after which the cells were induced with 1 mM isopropyl-β-D-1-thiogalactopyranoside 

(IPTG) at 4 °C for 24 hours. Cells were then collected by centrifugation (10,000 × g for 10 min at 4 

°C), washed once with PBS solution and ultimately frozen at -20 °C in aliquots coming from 1 L of 

culture.  

2.1.4 SaSbnA purification 

The thawed pellet was resuspended and incubated in lysis buffer (50 mM Tris, 100 mM NaCl, 1 mM 

TCEP, 0.2 mM PLP, 1 mg/mL lysozyme, 0.2 mM PMSF, 0.2 mM benzamidine and 1.5 µM pepstatin pH 

8) for 1 hour at 4 °C. Subsequently, 5 cycles of sonication 20 seconds long (1s ON/1s OFF) were 
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performed to completely break down cells. Centrifugation was then performed at 18,000 × g for 1 

hour at 4 °C to separate the soluble from the non-soluble components. Immobilized Metal Affinity 

Chromatography (IMAC) on a Talon SuperflowTM resin (Cytiva, Marlborough, MA, USA) was 

performed to purify the N-terminal His6-tagged SaSbnA. Indeed, the poly-histidine tag attached to 

the recombinant protein allowed the purification through the preferential interaction with the 

functionalized cobalt-based IMAC resin. Two wash steps were performed at 10 mM and 20 mM 

imidazole added to the Tris buffer (50 mM Tris, 100 mM NaCl, pH 8 at 4 °C) supplemented with 1 

mM TCEP, in order to remove potential aspecific interactions with the cobalt resin of other histidine-

rich proteins present in the crude extract. SaSbnA was then eluted with the elution buffer (50 mM 

Tris pH 8, 100 mM NaCl, 250 mM imidazole, pH 8 at 4 °C) supplemented with 1 mM TCEP, which 

contained a higher imidazole concentration that allowed protein purification. The eluted fractions 

were pooled together for the removal of the histidine tag and thioredoxin portion of the construct 

by a TEV protease enzymatic cleavage. Together with 5-fold molar excess PLP, TEV protease was 

added to the protein solution in a 1TEV protease:100SaSbnA weight ratio, and the overall solution was 

dialyzed overnight at 4 °C against Tris buffer (50 mM Tris, 100 mM NaCl, pH 8 at 4 °C) in order to 

remove imidazole. The following day, the solution was loaded again on a Talon SuperflowTM resin to 

purify SaSbnA, which was then concentrated up to 1.8 mg/mL, then aliquoted and finally stored at 

−80 °C.  

2.2 UV-Visible spectroscopy 

2.2.1 Absorption spectroscopy 

Absorption spectra were acquired in the range 250-600 nm in a quartz microcuvette of 1 cm path 

length using a Cary4000 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). 

Measurements were carried out in 50 mM HEPES buffer, pH 7.8 at 25 °C. The concentration of 

SaSbnA was estimated exploiting the extinction coefficients calculated by the ProtParam server, ɛ280 

= 34,380 M-1 cm-1. In the analysis involving SaSbnA and its substrates, the enzyme was used at 14 

µM, while L-OPS and L-Glu were added sequentially at 0.035 mM and 30 mM, respectively.  

2.2.2 Fluorescence spectroscopy 

Fluorescence spectra were collected in a quartz microcuvette of 3 mm pathlength on a Fluoromax-4 

spectrofluorometer (Horiba Jobin Yvon, Kyoto, Japan) equipped with a thermostated water bath. 

Measurements were conducted in 50 mM HEPES buffer, pH 7.8 with the cuvette holder at 20 °C. 

Emission spectra were recorded in the wavelength range 315-580 nm by excitation at 298 nm, after 

the solution was pre-incubated for 2 minutes at 20 °C to reach the required temperature. SaSbnA 

was analyzed at 5 µM, while L-OPS and L-Glu were added separately at 0.3 mM and 30 mM, 

respectively. Emission spectra of SaSbnA alone or with either substrate were also collected by 

excitation at the absorbance maximum of the substrate in analysis, hence 467 nm for L-OPS and 412 

nm for L-Glu.  

2.3 Optimization of an assay to evaluate SaSbnA activity 

2.3.1 Optimized continuous coupled assay 

The activity of SaSbnA enzyme was evaluated by a continuous assay coupled with PNP. The coupled 
reaction exploits MESG and the phosphate produced in the SaSbnA-catalyzed reaction as substrates 
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to produce ribose 1-phosphate and 2-amino-6-mercapto-7-methylpurine (AMMP) (Figure 28). This 
latter product provides an absorbance signal that can be monitored at 360 nm.  

 

 

Figure 28: Scheme of the mechanism of the continuous enzymatic assay coupled with PNP, optimized 

to evaluate SaSbnA activity.  

 

The bacterial PNP was purchased from Merck. The PNP protein cake was dissolved in PNP storage 
buffer (20 mM Tris pH 8, 100 mM NaCl, 10% glycerol, 1 mM TCEP). The mixture was centrifuged to 
recollect the supernatant, which was then dialyzed against the storage buffer in order to remove 
traces of inorganic phosphate that would interfere with the assay. PNP concentration was calculated 
exploiting the protein’s absorbance peak at 278 nm and its extinction coefficient of 8,940 M-1 cm-1 
obtained from ProtParam online tool (https://web.expasy.org/protparam/). As suggested by the 
manufacturer, all MESG solutions were prepared in 100% DMSO flowed under nitrogen atmosphere. 
MESG concentration was calculated exploiting its absorbance peak at 331 nm and its extinction 
coefficient of 32,000 M-1 cm-1. PNP specific activity was evaluated for the stock solution in the 
presence of 0.7 mM potassium phosphate. A unit of PNP was defined as the enzyme amount that 
converts 1 µmole of MESG in AMMP in 1 minute when 0.7 mM potassium phosphate is present in 
the reaction. The continuous assays were performed in HEPES buffer 50 mM pH 7.8 (25 °C) as above 
specified and the mixtures were supplemented with TCEP 1 mM, 100 µM MESG and 216 mU PNP. 
For SaSbnA functional characterization, different concentrations of SaSbnA substrates were used 
ranging from 0.035 to 0.72 mM for L-OPS and 0.1 to 150 mM for L-Glu, depending on the experiment. 
Each reaction was performed in a shielded quartz microcuvette of 1 cm path length and pre-
incubated for 2 minutes at 25 °C in the cuvette holder of a Cary4000 spectrophotometer (Agilent, 
Santa Clara, CA, USA). After the solution had been thermostated, the absorbance signal without the 
enzyme was recorded at 360 nm for 1-2 min. The reactions were then triggered by the addition and 
careful mixing of SaSbnA and the initial reaction velocity was evaluated within the stationary phase. 
At last, the velocity was converted to the rate of AMMP production by exploiting a Δɛ at 360 nm of 
15,675 M-1 cm-1 (calculated from the difference of MESG and AMMP spectra). The assay was found 
linear up to 100 µM of phosphate within the assay mixture.  
 
Within the assay optimization, different conditions were tested which are reported below and within 

the Results and Discussion corresponding sections. Nevertheless, all the reactions were performed 

in a shielded quartz microcuvette of 1 cm path length using a Cary4000 spectrophotometer (Agilent, 

Santa Clara, CA, USA).  
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Effects on SaSbnA activity of different buffers and pH 

The effect of different buffers (Tris, BTP, TEA and HEPES at 50 mM) on SaSbnA activity was 

monitored at pH 8 (25 °C). The effect of pH on SaSbnA activity was monitored in HEPES 50 mM. 

The pH of HEPES solutions was adjusted with 5 M NaOH to reach pH 7, 7.5, 7.8 and 8 at 25 °C. In 

both analyses, the mixtures were supplemented with TCEP 1 mM, 100 µM MESG and 216 mU 

PNP. SaSbnA was used at 50 nM and L-OPS and L-Glu at saturating concentrations (based on the 

KM reported in Kobylarz et al, 2016 356).  

Effect of monovalent and bivalent ions on SaSbnA activity 

The effect of pH on SaSbnA activity was monitored in 50 mM HEPES pH 7.8 (25 °C). The reaction 

mixtures were supplemented with TCEP 1 mM, 100 µM MESG and 216 mU PNP. SaSbnA was used 

at 50 nM and L-OPS and L-Glu at saturating concentrations (based on data reported in Kobylarz et 

al, 2016 356). 

Determination of the extinction coefficient for the MESG-AMMP conversion 

MESG conversion to AMMP was monitored through the acquisition of absorption spectra at 50 µM 

MESG in the wavelength range 250-400 nm in a quartz microcuvette of 1 cm path length using a 

Cary4000 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The absorbance 

difference at 360 nm between MESG and AMMP limit spectra was exploited to calculate the correct 

molar extinction coefficient through the Lambert-Beer equation:  

Eq. 2: A = ɛ x C x l 

where A is the absorbance at a specific wavelength, ɛ is the molar coefficient, C is the 

concentration of the analyzed solution (in molarity) and l is the path length (in cm). All 

measurements were collected in 50 mM HEPES buffer, pH 7.8 at 25 °C.  

Dependence of SaSbnA activity on PNP, MESG and SaSbnA concentration  

The dependence of the reaction rate on the coupled enzyme concentration was evaluated in the 

range between 216 and 1080 mU PNP at 50 nM SaSbnA and L-OPS and L-Glu at saturation.  

The dependence of the reaction rate on the MESG concentration was evaluated at 50 nM of SaSbnA, 

L-OPS and L-Glu at saturation and 216 mU PNP.  

The linear dependence of the reaction rate on the enzyme concentration was evaluated at saturation 

of both substrates and in the 25-100 nM range of SaSbnA concentration, which approximately 

corresponds to an initial velocity of 5.7-17.3 µM/min.  

All measurements were collected in 50 mM HEPES buffer, pH 7.8 at 25 °C. 

2.4 SaSbnA kinetic characterization 

To evaluate SaSbnA mechanism of action, SaSbnA enzymatic activity was measured at 

concentrations of L-Glu (substrate B) ranging from 0.1 to 150 mM, while L-OPS (substrate A) was 

tested at three fixed concentrations, 0.72 mM, 0.08 mM and 0.035 mM. Michaelis Menten plots 

were then globally fitted using a double displacement equation with inhibition by one substrate 

reported by Segel 430. 
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Eq. 3:     v =
𝑉𝑚𝑎𝑥 ⋅ [𝐿−𝑂𝑃𝑆] ⋅ [𝐿−𝐺𝑙𝑢]

((𝐾𝑀 𝐿−𝐺𝑙𝑢⋅[𝐿−𝑂𝑃𝑆] )+(𝐾𝑀 𝐿−𝑂𝑃𝑆 ⋅ [𝐿−𝐺𝑙𝑢]⋅(1+
[𝐿−𝐺𝑙𝑢]

𝐾𝑖 𝐿−𝐺𝑙𝑢
) )+ ⋅([𝐿−𝐺𝑙𝑢] ⋅ [𝐿−𝑂𝑃𝑆]))

 

 

2.4.1 Evaluation of α-aminoacrylate stability 

The continuous assay was exploited to evaluate the stability of the α-aminoacrylate intermediate. 

The 7 µM SaSbnA added to the reaction mixture, while 0.035 mM L-OPS was used to trigger the 

reaction, after about 2 minutes of baseline signal recording. After the kinetic reached a plateau, 30 

mM L-Glu was added to the solution and the signal at 360 nm was followed for another 3 minutes.  

The deamination assay is a continuous activity assay coupled with the enzyme lactate 
dehydrogenase (LDH). The assay was performed in HEPES buffer 50 mM, pH 7.8 (25 °C) and the 
mixtures were supplemented with 1 mM TCEP. The reaction mix was prepared with 11 U LDH in the 
presence of 0.035 mM L-OPS and 0.1 mM NADH and the assay was performed in a shielded quartz 
microcuvette of 1 cm path length after pre-incubation for 2 minutes at 25 °C in the cuvette holder of 
a Cary4000 spectrophotometer (Agilent, Santa Clara, CA, USA). After the solution had been 
thermostated, the absorbance signal without the enzyme was recorded at 340 nm for 1-2 min and 
then the reaction was triggered by the addition and careful mixing of 1.3 µM SaSbnA. The signal was 
recorded for 30 minutes to reach the completion of the reaction. The speed of the reaction was 
calculated by dividing the initial velocity by the molar coefficient of NADH (ɛ = 6,220 M-1 cm-1). 
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3 Results and discussion 

3.1 SaSbnA protein expression and purification 

Recombinant SaSbnA was expressed using the in-house available pSH21p::TrxA-SbnA plasmid. 

Thioredoxin was added to the construct to improve the protein solubility in the initial steps of 

SaSbnA purification. E. coli BL21 ArcticExpress (DE3) cells transformed with pSH21p::TrxA-SbnA 

plasmid were exploited for protein expression in LB medium, followed by two IMAC purification 

steps interspersed with the removal of the thioredoxin portion. The final yield of purification was 

about 2.8 mg per liter of bacterial culture, with a purity of more than 90% (Figure 29). 

 

Figure 29: Recombinant production of SaSbnA. (A) Schematic representation of the SbnA construct 

pSH21p::TrxA. The HisTag-TrxA portion at the N-terminus can be removed by TEV protease cleavage 

and a second IMAC step. (B) UV-Vis absorption spectrum of the purified SaSbnA stock solution. (C) SDS-

PAGE analysis of SaSbnA over-expression and purification, with (a) uninduced sample, (b) induced 

sample, (c) purified SaSbnA. 

The UV-visible spectrum of purified SaSbnA (Figure 29B) showed three peaks, the peak at 278 nm 

characteristic of aromatic amino acids, and two bands at 330 and 412 nm that are characteristic 

features of PLP-dependent proteins. Indeed, the PLP cofactor bound to SaSbnA forms a Schiff base, 

called internal aldimine, which presents tautomerism between the enolimine and ketoenamine 

forms (Figure 30), that in turn are responsible for the peak at 330 and 412 nm, respectively. 

 

Figure 30: The two tautomeric forms of PLP bound as internal aldimine to SaSbnA. 

The ratio between the absorbance of aromatic residues at 278 nm and of PLP cofactor at 412 nm 

was calculated to be 7.3. Once the SDS-PAGE analysis confirmed that this preparation was sufficiently 
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homogeneous, the value of the ratio between the absorbance at 278 and 412 could be exploited as 

a homogeneity index for all protein preparations. The analysis thus confirmed that the purification 

protocol enabled to obtain a homogeneous preparation with the purified protein correctly 

interacting with the PLP cofactor.  

3.2 SaSbnA spectroscopic characterization 

SaSbnA was characterized by spectroscopic techniques as UV-Vis spectroscopy and fluorescence 

spectrophotometry.  

3.2.1 UV-visible absorbance spectroscopy 

As just described, the SaSbnA absorption spectrum showed the characteristic features of PLP-

dependent proteins, hence the three peaks representing aromatic residues and the two tautomeric 

forms of the SaSbnA-bound PLP cofactor as internal aldimine. To further characterize the enzyme, 

absorption spectra were collected after the subsequential addition of its two substrates. In 

agreement with Kobylarz and colleagues’ proposal for SbnA mechanism of action 356, the addition of 

the enzyme first substrate L-OPS induced the appearance of peaks at 324 and 467 nm, that are 

characteristic of the formation of the -aminoacrylate intermediate. Subsequently, by adding the 

second substrate of the reaction, L-glutamate, the spectral change highlighted the reformation of 

the internal aldimine after the release of the reaction product ACEGA (Figure 31). 

 

Figure 31: UV-Vis absorption spectra of 14 µM SbnA in the absence of substrates (black line) and after 

the subsequential addition of 0.035 mM L-OPS (red line) and 30 mM L-Glu (green line). 

3.2.2 Fluorescence spectroscopy 

Fluorescence spectroscopy was exploited to evaluate and characterize SaSbnA fluorescence 

properties as a technique sensitive to chemical modifications of the fluorophore, but also to changes 

in the polarity of the environment around the fluorophore itself. Emission spectra were thus 

collected by excitation at 298 nm to selectively excite SaSbnA six tryptophans (three for each 

monomer). The spectra were recorded both in the absence and in the presence of each substrate 



88 
 

(Figure 32). SaSbnA spectrum revealed a tryptophan emission peak centered at 343 nm, suggesting 

that the residues are exposed to a partially polar environment, and a second peak, much weaker, 

centered at 500 nm and representative of the internal aldimine emission. This latter can be 

attributed to a phenomenon of Fluorescence Resonance Energy Transfer (FRET) between one or 

more of the protein’s tryptophans and the PLP cofactor, which emits at 500 nm when excited. The 

addition of the first substrate in the catalysis, L-OPS, induced the disappearance of the peak at 500 

nm and the appearance of a more intense peak at 550 nm. Moreover, the peak at 343 nm decreased 

its intensity after L-OPS addition (Figure 32A). The addition of the second substrate, L-Glu, induced 

the appearance of a peak at 500 nm, while the peak at 343 nm remained unchanged (Figure 32B). 

 

Figure 32: Fluorescence emission spectra of SaSbnA by excitation at 298 nm in the absence and 

presence of substrates. (A) Emission spectra of SaSbnA in the absence (black line) and in the presence 

of 0.3 mM L-OPS (red line). (B) Emission spectra of SaSbnA in the absence (black line) and in the 

presence of 30 mM L-Glu (red line). All measurements were carried out in HEPES buffer 50 mM, pH 7.8. 

For a deeper characterization, the two SaSbnA substrates were separately evaluated since the UV-

Vis spectra highlighted that their absorbance maximum was centered at different wavelengths. In 

the case of L-OPS addition, SaSbnA was excited at 467 nm before and after substrate addition and 

as expected the analysis showed a significant spectral change attributed to the formation of the 

aminoacrylate intermediate. In this case, the emission signal of the enzyme alone (as reference) was 

basically absent, which could be traced back to the absence of SaSbnA absorbance at that 

wavelength. In the case of L-Glu, SaSbnA was excited at 412 nm before and after substrate addition 

and the spectral change observed was attributed to a change in the polarity of the environment 

around the PLP cofactor. Other than an increase in intensity after L-Glu addition, the emission peak 

showed also a red shift (highlighted by the arrow in Figure 33) that can be reconducted to an 

increased exposition to the solvent.  
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Figure 33: Fluorescence emission spectra of SaSbnA in the absence and presence of either substrate, 

and comparison with UV-Vis absorbance spectra. (A) Absorbance and fluorescence emission spectra of 

SaSbnA in the absence (black solid and dotted line, respectively) and in the presence of 0.3 mM L-OPS 

(red solid and dotted line, respectively). (B) Absorbance and fluorescence emission spectra of SaSbnA 

in the absence (black solid and dotted line, respectively) and in the presence of 30 mM L-Glu (green 

solid and dotted line, respectively). All measurements were carried out in HEPES buffer 50 mM, pH 7.8. 

The overall fluorescence characterization of SaSbnA confirmed the potential exploitation of this 

technique to evaluate both chemical modifications of the fluorophore (i.e. formation and 

degradation of reaction intermediates), and changes in the polarity of the environment around the 

fluorophore. This feature can be very helpful in the evaluation of the affinity and mechanism of 

binding of interactors and compounds with potential inhibitory effect. 

3.3 Optimization of SaSbnA activity assay 

As reported in Material and Methods, the activity of SaSbnA enzyme was evaluated by a continuous 
assay coupled with the PNP enzyme. The coupled reaction exploits MESG and the phosphate 
produced in the SaSbnA-catalyzed reaction as substrates to produce a ribose 1-phosphate and 
AMMP (Figure 28). This latter product provides the absorbance signal that can be monitored at 360 
nm, allowing to measure phosphate production and in turn the velocity of SaSbnA-catalyzed 
reaction. The PNP-coupled continuous assay was already exploited to evaluate phosphate-producing 
enzymatic activity 431, but also it was used by Kobylarz and colleagues for the evaluation of SaSbnA 
activity 356. Despite having been widely reported in literature, no actual complete optimization of 
the assay was performed to study specifically SaSbnA activity. The assay’s conditions were therefore 
optimized before reaching the final set up reported in Material and Methods, which was then 
subsequently exploited for the characterization of the enzyme mechanism of action.  
 

Effects on SaSbnA activity of different buffers and pH 

The first aspect of the assay to be considered was the type of buffer and salts to be used, even 

because Kobylarz and colleagues highlighted inhibition of SaSbnA activity in dependence of 

increasing KCl concentration 356. Four types of buffer solutions were tested presenting different 

features: Tris/HCl and BTP (belonging to the Tris family), as well as TEA buffer, were known to form 

complexes with different metals, while HEPES buffer of the piperazinic family lacked the ability to 

form complexes with metal ions 432. The different buffers were tested in the same assay conditions 

(50 mM of each buffer, at pH 8 and at 25 °C) to evaluate only the effect of the buffer itself. Even if 
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Tris/HCl was used by Kobylarz and colleagues in the characterization of SaSbnA, the results clearly 

showed that the enzyme activity was reduced in comparison with TEA and HEPES buffers (Figure 

34A). Ultimately, HEPES gave the best result therefore it was selected as the buffer of choice for all 

the following experiments.  

The pH of HEPES buffer solutions can be adjusted in a range between 6.8 and 8.2, even if it is 

preferable to avoid extremes. For this reason, HEPES buffer solutions at different pH were tested in 

the range between 7 and 8 (pH 8 used as reference) (Figure 34B). Unlike lower pH, results showed 

comparable activity at pH 7.8 compared to the reference, which led the choice towards 7.8 to stay 

more in between the pH range of the HEPES buffer. 

 

Figure 34: Effects on SaSbnA activity of different buffer solutions and pH. (A) Effect of different types of 

buffers on SaSbnA activity measured at 50 nM SaSbnA, 0.3 mM L-OPS and 30 mM L-Glu. All 

measurements were performed at pH 8. (B) Effect of pH on SaSbnA activity measured at 50 nM SaSbnA, 

0.3 mM L-OPS and 30 mM L-Glu. The reference is Hepes pH 8 selected from the buffer analysis. Error 

bars represent the standard error of the mean (s.e.m.) of two replicates. 

Effect of monovalent and bivalent ions on SaSbnA activity 

Once the buffer was selected, monovalent and bivalent ions were tested to evaluate their effect on 

SaSbnA activity. Three anionic and three cationic ions were evaluated (Figure 35). Among the three 

anions tested, Cl- and Br- at 200 mM induced a significantly decreased activity, highlighting a 

potential inhibitory effect by halide anions. Among the cations tested (Figure 35B), Na+ and K+ 

showed a comparable inhibitory effect with a 50% decrease in SaSbnA activity in the presence of 50 

mM chloride ions. A higher inhibitory effect was caused by the presence of MgCl2 in solution, which 

could derive also by the double contribution of chloride relative to NaCl and KCl. As a result of these 

observations, chlorides and other salts were eliminated from the reaction mixture during the activity 

assays. 
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Figure 35: Effects of monovalent and divalent ions on SaSbnA activity. (A) Effect derived from different 

anions at 200 mM. The reference is HEPES buffer at pH 7.8. (B) Effect derived from different cations at 

200 and 50 mM. The reference is HEPES buffer at pH 7.8. Error bars represent the s.e.m. of two 

replicates. 

Determination of the extinction coefficient for the MESG-AMMP conversion 

The exploitation of the PNP-coupled continuous assay to evaluate SaSbnA activity required the use 

of an extinction coefficient for the calculation of the rate of AMMP production. Since the substrate 

and product of the PNP-coupled reaction (MESG and AMMP, respectively) present absorbance 

spectra that partially overlap, the final extinction coefficient would have to be extrapolated from the 

difference between the two limit absorbance spectra at 360 nm. Therefore, the exact Δɛ of 15,675 

M-1 cm-1 for the final assay conditions was calculated at 360 nm in HEPES buffer pH 7.8 by exploiting 

the differential absorbance signal and concentration between MESG and AMMP (Figure 36). The 

extinction coefficient was then utilized in all the following experiments. 
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Figure 36: Determination of the extinction coefficient for MESG to AMMP conversion. (A) The limit UV-

Vis spectra of MESG at 50 µM and the AMMP final product. (B) The differential spectrum between 

AMMP and MESG. All spectra were collected in 50 mM HEPES pH 7.8.  

Dependence of SaSbnA activity on PNP, MESG and SaSbnA concentration  

The exploitation of a continuous coupled assay required the determination of the optimal conditions 

to evaluate the specific activity of SaSbnA, without the interference of the coupled reaction. For this 

purpose, the effect of the concentration of the coupled enzyme and its substrate MESG on SaSbnA 

activity was tested to identify the sufficient amount to avoid limitations from the coupled reaction. 

Three PNP concentrations were analyzed at fixed concentrations of the other reactants, hence 100 

µM MESG, 50 nM SaSbnA and L-OPS and L-Glu at saturating concentrations (based on Kobylarz et 

al, 2016 356).  Based on the results, 216 mU PNP was chosen as optimal amount for the following 

experiments since it did not limit the rate of the primary reaction (Figure 37A).  

To identify the optimal concentration of MESG, two concentrations were analyzed using 216 mU PNP 

and at fixed concentrations of the other reactants, hence 50 nM SaSbnA and L-OPS and L-Glu at 

saturating concentrations (based on Kobylarz et al, 2016 356) (Figure 37B). Since the experiments 

showed similar kinetics, 100 µM MESG was selected for all the following experiments. 

At last, different SaSbnA concentrations were used to determine the dependence of the reaction 

velocity on the enzyme concentration used in the assay. Five SaSbnA concentrations were analyzed 

maintaining fixed the other reactants, hence 100 µM MESG, 216 mU PNP and L-OPS and L-Glu at 

saturating concentrations. This analysis allowed to identify the linearity interval for the continuous 

assay, that could then be exploited to choose the correct enzyme concentration during the kinetic 

characterization. The assay resulted linear between 25 and 70 nM SaSbnA, thus a concentration of 

50 nM was chosen for the following experiments, if not otherwise specified (Figure 37C).  
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Figure 37: Dependence of SaSbnA activity on the concentration of PNP, MESG and SaSbnA. (A) 
Dependence of the initial velocity of SaSbnA-catalyzed reaction on the concentration of the PNP 
coupled enzyme at saturating concentration of L-OPS and L-Glu. (B) Dependence of SaSbnA activity on 
two different MESG concentrations (100 and 200 µM MESG) performed at non-saturating 
concentrations of L-OPS and L-Glu. The results are reported as relative activity to the reaction at 100 
µM MESG. (C) Dependence of the initial velocity of SaSbnA-catalyzed reaction on SaSbnA concentration 
at saturating concentration of L-OPS and L-Glu. Error bars represent the s.e.m. of two replicates. 

3.4 SaSbnA mechanism of action 

In 2016, Kobylarz and colleagues evaluated SbnA reaction mechanism on the basis of 

crystallographic structures, in particular they resolved the structure of SbnA in complex with its 

cofactor PLP and the structure of the AA intermediate. Based on their observation, the kinetic 

mechanism they proposed was a double displacement mechanism, also called ping-pong 

mechanism, which is characterized by the presence of two substrates (A and B) and the formation 

of an intermediate during the reaction (E’) (Figure 38). Since Kobylarz and co-workers didn’t actually 

validate SbnA mechanism of action, this thesis set as a goal to provide a complete characterization 

of SaSbnA activity.  

 

Figure 38: Schematic representation of a double displacement mechanism. In this system, the first 

substrate (A) binds to the enzyme E, followed by the release of product Q (typically a fragment of A) 

and the formation of E’. The second substrate (B) then binds and reacts with E’ and forms the product 

P, which is released. Ultimately, the enzyme is restored to its form E.  

Exploiting the continuous assay, SaSbnA enzymatic activity was thus evaluated at concentrations of 

L-Glu (substrate B) ranging from 0.1 to 150 mM, while L-OPS (substrate A) was tested at three fixed 

concentrations, 0.72 mM, 0.08 mM and 0.035 mM. By plotting each reaction’s initial velocity as a 

function of L-Glu concentrations, substrate inhibition could be observed at high concentrations of L-

Glu. Data were thus globally fitted by a double displacement equation with inhibition by one 

substrate (Eq. 3), in this case L-Glu (Figure 39).  
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The global fitting allowed to extrapolate kinetic parameters that were comparable to the ones 

reported in literature for L-Glu, while a value about half of that reported in literature for L-OPS (Table 

10). 

 

Figure 39: Dependence of SaSbnA initial velocity on L-Glu concentration at 0.72 mM L-OPS (white 

circles), 0.08 mM L-OPS (red circles) and 0.035 mM L-OPS (blue circles). The solid lines represent the 

global fitting by a double displacement equation (Eq. 3) with inhibition by one substrate (L-Glu). Error 

bars represent the s.e.m. of two replicates. 

Table 10: Kinetic parameters of SaSbnA estimated by globally fitting data points in figure 39 and by 

exploiting equation 3, the kcat value is 4.6 ± 0.2 s-1. 

 KM (mM) Ki (mM) kcat / KM (M-1 s-1) 

L-OPS 0.027 ± 0.006 / 1.7 ± 0.4 x 105  

L-Glu 3.25 ± 0.36 25.75 ± 7.93 1.4 ± 0.5 x 103  

 

Moreover, the fitting of the experimental data points with a double displacement equation 

confirmed the SaSbnA mechanism of action (Figure 40) previously proposed 356. The detailed 

mechanism thus involves the binding and transfer of L-OPS to PLP-bound SaSbnA (internal aldimine) 

through the formation of an external aldimine with the PLP cofactor. Subsequently, an internal 

rearrangement would induce phosphate release (Q from Figure 38) and the formation of the 

aminoacrylate intermediate (E’ from Figure 38). The latter would be reactive to L-Glu, which in turn 

would bind the L-OPS portion of the aminoacrylate intermediate, allowing the release of the final 

product ACEGA (P from Figure 38). After product release, SaSbnA enzyme would return to its original 

internal aldimine state, ready for a new cycle. 
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Figure 40: Schematic representation of the SaSbnA mechanism of action. 

A typical characteristic of fold-type II PLP-dependent enzymes is the ability to perform a 

deamination reaction, an ability that was also evaluated for SaSbnA. In this context, the 

evaluation of single semi-reactions was exploited to isolate the formation of the α-aminoacrylate 

intermediate, while avoiding the catalytic cycling of the enzyme. The coupled assay was 

performed using 7 µM SaSbnA, 35 µM L-OPS and a saturating concentration of L-Glu (30 mM). 

The reaction mix was prepared with SaSbnA without the addition of its two substrates; after 

about 2 minutes of baseline signal recording, the reaction was triggered by L-OPS addition. The 

amount of SaSbnA used for the analysis would correspond to a Δabsorbance of 0.1 OD for a single 

semi-reaction, but the results showed a Δabsorbance of about 0.54 OD that would correspond to 

a complete consumption of the L-OPS available (Figure 41). This phenomenon was also confirmed 

by the fact that a subsequent addition of L-Glu didn’t alter the trend of the kinetic.  
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Figure 41: Single semi-reactions were followed by using the continuous assay for phosphate detection. 

The reaction was triggered by the addition of 0.035 mM L-OPS in the presence of 7 µM SaSbnA. After 

L-OPS was consumed, 30 mM L-Glu was added to confirm the reaction was completed.  

Subsequently, a continuous activity assay coupled with the enzyme lactate dehydrogenase (LDH) 

was exploited to confirm the hypothesis of the α-aminoacrylate decomposition into pyruvate and 

ammonia. The LDH-coupled assay allowed the conversion of pyruvate produced from L-OPS into 

lactate, with the simultaneous oxidation of NADH to NAD+. The reaction was monitored at 340 nm 

where NADH presents its characteristic absorption peak. Since NADH oxidized form does not absorb 

at that wavelength, the reaction signal translated into an absorbance decay (Figure 42), confirming 

the spontaneous decomposition of the α-aminoacrylate intermediate.  

 

Figure 42: β-elimination reaction followed by coupling SaSbnA (1.3 uM) to LDH (11 U) in the presence 

of 0.1 mM NADH and 0.035 mM L-OPS. 
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Chapter III – Evaluation of SbnA 

inhibitors 
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1 Objectives 
SbnA is an S. aureus enzyme that catalyses the first step of the SB biosynthetic pathway and previous 

studies reported its importance, given that a genetic mutation resulted in the abrogation of SB 

production 153. Since SB is involved in S. aureus iron acquisition, the inhibition of SbnA activity could 

affect the bacterium's ability to retrieve this fundamental nutrient and thus provide a new potential 

antibacterial strategy.  

In this context, the aim of the activities reported in this Chapter involved the set-up and validation 

of three assays for the evaluation of potential inhibitors and the testing in vitro of the first set of 

molecules. The assays were used to evaluate both the effect of the molecules on SaSbnA activity 

and their direct binding to the enzyme. For the activity assessment, an assay was optimized to 

provide a high-throughput evaluation of a broad number of molecules to have a first selection for 

compounds with a significative inhibitory effect. Subsequently, the continuous assay described in 

Chapter II was exploited for the characterization of the mechanism of action of the active molecules, 

with the determination of inhibition constants. At last, the binding of the active molecules to SaSbnA 

was evaluated by fluorescence spectroscopy upon the excitation of the PLP factor.  

Once the assays’ conditions were defined, it was also exploited to study the effect of intermediates 

of the SB pathway on SaSbnA activity to potentially identify feedback mechanisms. Among the 

intermediates, citrate was analysed more carefully since previous studies highlighted an inhibitory 

effect of citrate on SbnH and SbnC, two enzymes of the SB pathway 348,349. Moreover, citrate is 

present in one of the SaSbnA deposited structures (ID 5D85), therefore it was very likely to interact 

with the enzyme.  
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2 Materials and methods 
HEPES for buffer solutions and sodium chloride were acquired from PanReac Applichem ITW 

Reagents (Darmstadt, Germany). Tris base for buffer solutions was purchased from VWR 

International Srl (Milano, MI, Italy), while 7-Methyl-6-thioguanosine (MESG) was purchased from 

Cayman (Ann Arbor, MI, USA). (S)-(+)-2,3-Diaminopropionic Acid Hydrochloride (L-Dap) was acquired 

from TCI Europe N.V. (Zwijndrecht, Belgium), citrate from Carlo Erba Reagents (Cornaredo, MI, Italy) 

and TCEP from Apollo Scientific (Stockport, UK). The malachite green reagent was purchased from 

ChemCruz® (Santa Cruz Biotechnology Inc., Dallas, TX, USA), while Purine Nucleoside Phosphorylase 

(PNP), and all remaining chemicals were purchased from Merck (Darmstadt, Germany), unless 

otherwise specified.  

2.1 Protein over-expression and purification 

SaSbnA was expressed and purified as reported in Chapter II. A single purified batch was exploited 

for the functional characterization (Chapter II) and the evaluation of potential inhibitors of SaSbnA 

activity (discussed in this Chapter). 

2.2 Molecules solubilization  

Serine, α-KG and citrate aqueous stock solutions were prepared at 100 mM, while L-Dap was 

solubilized at 356 mM. The pH of each solution, except for serine, was adjusted to neutrality. 

The compounds selected from the virtual screening were purchased from Specs (Zoetermeer, 

Netherlands). Based on their properties, all molecules were first solubilized in 100 µM NaOH solution 

to reach 100 mM concentration. When the compounds were partially or completely insoluble after 

solvent addition, a cycle of heating at 37 °C and sonication was performed to increase solubility. If 

the molecules remained partially or completely insoluble, the concentration of the stock was 

lowered in a stepwise manner to a maximum of 20 mM and the pH of the solution was adjusted 

according to their estimated pH-solubility profiles. Four compounds ((R)-1b, (S)-1b, 1d and 10b were 

synthesized by the group of Prof. Lazzarato at the University of Turin and were salified in Na HEPES 

before the screening, considering one Na HEPES molecule for carboxylic moiety. The most promising 

compound of the screening (i.e. 18b) was purchased from Merk, while 2-Phenylmaleic acid (2-PhMA) 

was purchased from BLD Pharmatech Co. (Cincinnati, Ohio, USA). Both acquired compounds were 

salified as above reported. 

Absorption spectra of the solubilized compounds were acquired in the range 250-700 nm in a quartz 

microcuvette of 0.3 cm path length using a Cary4000 spectrophotometer (Agilent Technologies, 

Santa Clara, CA, USA). Each compound was first analysed at 1 mM, but the concentration of some 

compounds was lowered to obtain a spectrum that would not show signal saturation. All 

measurements were acquired in HEPES 200 mM, pH 7.8 (25° C).  

2.3 Set up of a testing platform for inhibitor assessment  

2.3.1 Discontinuous assay 

The optimized discontinuous activity assay was performed in 200 mM HEPES buffer pH 7.8 (25 °C) 
in a 96-well microplate (Sarstedt AG & Co., 83.3924.500). L-OPS and L-Glu were used at 0.03 mM 
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and 3 mM, respectively. The buffered solution was pre-incubated at 25 ± 0.4 °C, and then the 
addition and gentle mixing of 70 nM SaSbnA triggered the reactions. For the analysis, sampling of 
the mixtures was performed at time zero and after 10 minutes from enzyme addition by dispensing 
20 μL of the mixture to the corresponding microplate well. The reaction was stopped with 1% (m/v) 
trichloroacetic acid (TCA), that had been already plated at the bottom of the plate wells. The 
samples were then incubated with 100 μL of the commercial malachite green reagent for 30 minutes 
at room temperature in the dark. The absorbance of the complex between the malachite green 
reagent and inorganic phosphate was measured at 620 nm using a HALO LED 96 microplate reader 
(Dynamica, Livingstone, UK). A standard curve ranging from 0 to 100 µM phosphate was used to 
evaluate the assay linearity. The amount of phosphate produced in the presence of the tested 
compounds was normalized for the production in the reference condition and reported as the 
percentage of residual activity.  
 
For the validation of the assay, the reaction triggered by the addition of SaSbnA was sampled at 
different time intervals (stop of the reaction at 1, 2, 3, 4, 5, 10, 20 and 30 minutes).  

2.3.2 Continuous assay 

The continuous assay (Chapter II) was exploited for the evaluation of the effect on SaSbnA activity 
of the SB pathway intermediates. The initial velocity of SaSbnA was determined in the absence and 
in the presence of 1 mM intermediate at concentrations of the enzyme substrates (0.03 mM L-OPS 
and 3 mM L-Glu) equal to their respective KM values. All measurements were performed in HEPES 
50 mM, pH 7.8 (25 °C).  
The assay was also used for the estimation of the IC50 value and the evaluation of the mechanism of 
action of the active molecules. The IC50 values were estimated by measuring the activity of SaSbnA 
at different concentrations of the compounds, ranging from 0.25 to 15 mM for α-KG, 0.1 to 10 mM 
for citrate, 0.1 to 5 mM for 18b and from 0.005 to 1 mM for the 2-PhMA. Initial velocity as a function 
of compounds’ concentration was measured in the presence of substrate concentrations equal to 
the KM for both L-OPS and L-Glu (i.e., 0.03 mM and 3 mm, respectively). The data were then fitted 
to a binding isotherm (Eq. 4).  
 

Eq. 4:       
𝑣𝑖

𝑣0
 =

𝐼𝐶50

[𝐼] + 𝐼𝐶50 
 

 
The inhibition mechanisms of citrate, 18b and 2-PhMA were estimated by titration of one of the two 
substrates at a fixed non-saturating concentration (equal to the KM value) of the other substrate.  
For citrate, Michaelis Menten plots at different concentrations of the tested inhibitor were collected 
and then globally fitted using the corresponding equation for mixed-type inhibition considering 
ping-pong enzymatic reactions reported by Segel 430. To improve the fitting, the KM values of both 
substrates extrapolated in Chapter II (KM = 0.027 mM L-OPS and KM = 3.25 mM L-Glu) were added 
as constrained values in the equation. 
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Eq. 5: Equation for mixed-type inhibition considering a ping-pong enzymatic reaction and varying 

substrate A 

v =
𝑉𝑚𝑎𝑥 ⋅ [𝐿 − 𝑂𝑃𝑆]

(

  
 
𝐾𝑀 𝐿−𝑂𝑃𝑆 ⋅ (1 +

[𝑐𝑖𝑡𝑟𝑎𝑡𝑒]
𝐾𝑖1

 ) + [𝐿 − 𝑂𝑃𝑆] ⋅  (1 +
𝐾𝑀  𝐿−𝐺𝑙𝑢
[𝐿 − 𝐺𝑙𝑢]

 ) ⋅

(

 
 
1 + (

[𝑐𝑖𝑡𝑟𝑎𝑡𝑒]

𝐾𝑖2 ⋅  (1 +
[𝐿 − 𝐺𝑙𝑢]
𝐾𝑀  𝐿−𝐺𝑙𝑢

 ) 
 )

)

 
 

)

  
 

  

 

Eq. 6: Equation for mixed-type inhibition considering a ping-pong enzymatic reaction and varying 

substrate B 

v =
𝑉𝑚𝑎𝑥 ⋅ [𝐿 − 𝐺𝑙𝑢]

(

  
 
𝐾𝑀 𝐿−𝐺𝑙𝑢 ⋅ (1 +

[𝑐𝑖𝑡𝑟𝑎𝑡𝑒]
𝐾𝑖2

 ) + [𝐿 − 𝐺𝑙𝑢] ⋅  (1 +
𝐾𝑀  𝐿−𝑂𝑃𝑆
[𝐿 − 𝑂𝑃𝑆]

 ) ⋅

(

 
 
1 +(

[𝑐𝑖𝑡𝑟𝑎𝑡𝑒]

𝐾𝑖1 ⋅  (1 +
[𝐿 − 𝑂𝑃𝑆]
𝐾𝑀  𝐿−𝑂𝑃𝑆

 ) 
 )

)

 
 

)

  
 

 

 
For 18b and 2-PhMA, Michaelis Menten plots at different concentrations of the tested inhibitor were 

globally fitted with the corresponding equation for competitive inhibition for the free enzyme in 

ping-pong enzymatic reactions reported by Segel 430 (Eq. 7,8). To improve the fitting, the KM values 

of both substrates extrapolated in Chapter II (KM = 0.027 mM L-OPS and KM = 3.25 mM L-Glu) were 

added as constrained values in the equation.  

Eq. 7: Equation for competitive inhibition for the free enzyme considering a ping-pong enzymatic 

reaction and varying substrate A 

v =
𝑉𝑚𝑎𝑥 ⋅ [𝐿 − 𝑂𝑃𝑆]

(𝐾𝑀 𝐿−𝑂𝑃𝑆 ⋅ (1 +
[𝐼]
𝐾𝑖
 ) + [𝐿 − 𝑂𝑃𝑆] ⋅  (1 +

𝐾𝑀  𝐿−𝐺𝑙𝑢
[𝐿 − 𝐺𝑙𝑢]

 ))

  

 

Eq. 8: Equation for competitive inhibition for the free enzyme considering a ping-pong enzymatic 

reaction and varying substrate B 

v =
𝑉𝑚𝑎𝑥 ⋅ [𝐿 − 𝐺𝑙𝑢]

(𝐾𝑀 𝐿−𝐺𝑙𝑢 + [𝐿 − 𝐺𝑙𝑢]  ⋅ (1 +
𝐾𝑀  𝐿−𝑂𝑃𝑆
[𝐿 − 𝑂𝑃𝑆]

+
𝐾𝑀  𝐿−𝑂𝑃𝑆  ⋅ [𝐼]
𝐾𝑖  ⋅ [𝐿 − 𝑂𝑃𝑆]

 ) )
 

 

 

Double reciprocal plots were extrapolated from experimental data of the direct plots. The double 
reciprocal plots at different concentrations of the tested inhibitor were globally fitted using the 
inverse of the corresponding equation.  
 
Eq. 9: Inverse of the equation (see Eq. 5) for mixed-type inhibition considering ping-pong enzymatic 

reactions and varying substrate A 



102 
 

v =
1

𝑉𝑚𝑎𝑥
 ((𝐾𝑀 𝐿−𝑂𝑃𝑆 ⋅ (1 +

[𝑐𝑖𝑡𝑟𝑎𝑡𝑒]

𝐾𝑖1
 ) ⋅ [𝐿 − 𝑂𝑃𝑆]) + (1 + 𝐾𝑀  𝐿−𝐺𝑙𝑢  ⋅ [𝐿 − 𝐺𝑙𝑢] ) + 

[𝑐𝑖𝑡𝑟𝑎𝑡𝑒]

𝐾𝑖2
) 

 

Eq. 10: Inverse of the equation (see Eq. 6) for mixed-type inhibition considering ping-pong enzymatic 

reactions and varying substrate B 

v =
1

𝑉𝑚𝑎𝑥
 ((𝐾𝑀 𝐿−𝐺𝑙𝑢 ⋅ (1 +

[𝑐𝑖𝑡𝑟𝑎𝑡𝑒]

𝐾𝑖2
 ) ⋅ [𝐿 − 𝐺𝑙𝑢]) + (1 + 𝐾𝑀  𝐿−𝑂𝑃𝑆  ⋅ [𝐿 − 𝑂𝑃𝑆] ) + 

[𝑐𝑖𝑡𝑟𝑎𝑡𝑒]

𝐾𝑖1
) 

Eq. 11: Inverse of the equation (see Eq. 7) for competitive inhibition for the free enzyme considering 

a ping-pong enzymatic reaction and varying substrate A 

v =
1

𝑉𝑚𝑎𝑥
 ((𝐾𝑀 𝐿−𝑂𝑃𝑆 ⋅ (1 +

[𝐼]

𝐾𝑖
 ) ⋅ [𝐿 − 𝑂𝑃𝑆]) + (𝐾𝑀  𝐿−𝐺𝑙𝑢  ⋅ [𝐿 − 𝐺𝑙𝑢] ) +  1) 

 
If a global fitting was not possible, each plot at different inhibitor concentrations was fitted 
singularly by a linear equation.  
 

2.3.3 Fluorescence spectroscopy 

Fluorescence spectra were collected in a quartz microcuvette of 3 mm path length on a Fluoromax-

4 spectrofluorometer (Horiba Jobin Yvon, Kyoto, Japan) equipped with a thermostated water bath. 

Measurements were conducted at 20 °C in HEPES buffer pH 7.8, at 50 mM within the evaluation of 

SB pathway intermediates, while at 200 mM in the analysis of the compounds identified by VS and 

presenting inhibitory activity. An increased concentration of HEPES was exploited for the compound 

screening in order to have a buffered solution suitable to test molecules presenting different 

chemical properties. Emission spectra were recorded in the wavelength range of 425-600 nm by 

excitation of PLP at 412 nm, after the solution was pre-incubated for 2 minutes at 20 °C to reach the 

required temperature. SaSbnA was analysed at 5 µM, while the tested molecules were analysed 

either at 1 mM or 5 mM concentration. The effect of the binding of each compound to SaSbnA was 

evaluated by subtracting the molecule emission spectrum to its corresponding spectrum with 

SaSbnA.  
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3 Results and discussion 

3.1 Set-up of a testing platform for the evaluation of inhibitors 

Three assays were set up for the evaluation of potential inhibitors enabling to assess the molecules’ 

effect on SaSbnA activity and their binding to the active site (Figure 43). For the activity evaluation, 

a discontinuous assay was optimized to provide a high-throughput assessment of sets of molecules. 

The compounds identified with the discontinuous assay would then be further characterized by the 

continuous assay described in the previous chapter. At last, the binding of the molecules to SaSbnA 

was evaluated by fluorescence spectroscopy through the acquisition of emission spectra by 

excitation of the PLP cofactor at 412 nm.  

 

Figure 43: Schematic representation of the three assays set up for the evaluation of potential inhibitors 

of SaSbnA activity. (A) The PNP-coupled continuous assay for the evaluation of the IC50 and inhibition 

mechanism of the potential inhibitors. (B) The Malachite Green discontinuous assay for the HT 

screening of the potential inhibitors. (C) Fluorescence spectroscopy to evaluate the inhibitors’ binding 

to SaSbnA. 

3.2 Evaluation of the effect on SaSbnA activity of intermediates of 

the SB pathway 

The SB biosynthetic pathway is a multi-step process comprising different intermediates (Figure 44). 

The final product SB is composed of three building blocks, namely L-Dap, α-KG and citrate, that are 

produced within the SB pathway itself. Previous studies have reported the existence of a feedback 

mechanism within the pathway, as the inhibition of SbnH and SbnC activity by citrate 348,349. 

Moreover, citrate was present in the SaSbnA crystal structure (ID 5D85) in the closed conformation, 

therefore it's likely to interact with the enzyme. Because of the potential existence of other 

mechanisms, an evaluation of the effect of intermediates of the pathway on SaSbnA activity would 

provide further valuable information about the regulation of the SB biosynthesis. Moreover, the 

identification of an intermediate with an inhibitory effect could allow its exploitation as a reference 

for further compound screening.  
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Figure 44: Schematic representation of SB biosynthetic pathway. In bold blue are reported the 

components of the pathway whose effect on SaSbnA activity was evaluated. 

For this purpose, the optimized continuous PNP-coupled assay was exploited to test whether 

intermediates of the SB pathway would affect SaSbnA activity. The three SB building blocks (L-Dap, 

α-KG and citrate) were tested at 1 mM concentration each, along with L-serine, the precursor of L-

OPS (Figure 45). The effect on SaSbnA activity was determined at unsaturated concentrations of the 

enzyme substrates (0.03 mM L-OPS and 3 mM L-Glu). The results revealed a significant inhibitory 

effect by citrate that would reduce the activity of SaSbnA by more or less 50%, highlighting citrate's 

importance in regulating the different steps of the pathway. Furthermore, also α-KG presents an 

inhibitory effect, even if SaSbnA activity was reduced only by 35%.  

 

Figure 45: Effect on SaSbnA activity of components of the SB pathway, followed by the continuous assay 

using 1 mM concentration of each tested effector. Error bars represent the s.e.m. of two replicates.  
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3.2.1 Evaluation of α-KG inhibitory effect 

The dependence of the initial velocity of SaSbnA activity on α-KG concentration was determined at 

0.03 mM L-OPS, 3 mM L-Glu and at concentrations of α-KG between 0.25 and 15 mM. The 

extrapolated IC50 value (see Eq. 4) was 2.92 ± 0.22 mM.  

 

Figure 46: Determination of the IC50 for α-KG. Data were fitted to a binding isotherm (solid line, see Eq. 

4) and error bars represent the s.e.m. of two replicates. 

The binding of α-KG to SaSbnA was evaluated by fluorescence spectroscopy, even if the calculated 

IC50 value revealed a not very potent inhibitor. To evaluate the interaction, fluorescence spectra were 

acquired by excitation of SaSbnA at 412 nm in the absence and presence of 1 mM α-KG 

concentration. The results obtained with α-KG (Figure 47) were comparable to the spectral change 

induced by L-Glu addition (Chapter II, Figure 33B), which was attributed to a change in the polarity 

of the environment around the PLP cofactor. Moreover, this outcome supported the fact that the 

spectral change induced by L-Glu was not caused by the formation of the external aldimine, since α-

KG could not form it and showed the same signal variation. At last, as in the case of L-Glu, the 

emission peak after α-KG addition showed a red shift (highlighted by the arrow in Figure 47) which 

could be reconducted to an increased exposition of PLP to the solvent. 
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Figure 47: Emission fluorescence spectra of SaSbnA by excitation at 412 nm in the absence (black line) 

and presence of 1 mM α-KG (red line). The spectra were collected in HEPES buffer 50 mM, pH 7.8. 

3.3 Evaluation of citrate mechanism of action  

Based on the results of the initial intermediate screening, citrate effects were further characterized 

to obtain more information about its regulatory properties. 

The dependence of the initial velocity of SaSbnA activity on citrate concentration was determined 

at 0.03 mM L-OPS, 3 mM L-Glu and at concentrations of citrate between 0.1 and 10 mM (Figure 48). 

The extrapolated IC50 value was 0.92 ± 0.09 mM, which corresponds to the physiological intracellular 

concentration reported for citrate in the wild-type strain S. aureus Newman by Ding and colleagues 
433.  
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Figure 48: Determination of the IC50 for citrate. Data were fitted to a binding isotherm (solid line, see 

Eq. 4) and error bars represent s.e.m. of two replicates. 

Because of the physiological relevance and the effect observed on SaSbnA activity, citrate 

mechanism of action was investigated by exploiting the optimized continuous assay. Notably, two 

types of plots were generated by studying the dependence of SaSbnA initial rate by varying either L-

OPS or L-Glu at fixed non-saturating concentrations of the other substrate. The dependence was 

evaluated at three different citrate concentrations. Indeed, the direct and global fit of velocity versus 

substrate concentration at fixed inhibitor concentrations allowed to have an initial idea of the 

inhibitor mechanism, but mostly was used to calculate inhibitor constants by fitting the plots globally 

with the proper equation. On the other hand, double reciprocal or Lineweaver-Burk plots 

represented the most straightforward means of validating inhibitor modality, since the mechanism 

could be directly interpreted by the trend of the fitted curves (Figure 49).  

 

Figure 49: Effect of different types of inhibitors on the trend of the fitted curves. The double reciprocal 

plot of competitive inhibitors presents the curves’ intercept on the y axis (left panel), the plot of 

uncompetitive inhibitors is characterized by parallel straight lines (centre panel), and the plot of non-

competitive inhibitors presents the curves’ intercept in the left quadrant (right panel).  
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In the plots reported in Figure 50, the dependence of SaSbnA initial rate was evaluated by titrating 

either L-OPS at a fixed unsaturated L-Glu concentration (3 mM) (Figure 50A), or by titrating L-Glu at 

a fixed unsaturated L-OPS concentration (0.03 mM) (Figure 50B). For each of the two plots, the 

enzyme activity was tested in the absence or presence of citrate at 1 and 5 mM. Each plot was then 

globally fitted by its corresponding equation for mixed-type inhibition considering ping-pong 

enzymatic reactions reported by Segel 430 (Eq. 5,6). To improve the fitting, the KM values of both 

substrates extrapolated in Chapter II (KM = 0.027 mM L-OPS and KM = 3.25 mM L-Glu) were added as 

constrained values in the equation.  

 

Figure 50: Dependence of SaSbnA initial velocity on varying concentrations of either substrate. (A) 

Dependences of SaSbnA initial velocity in the presence of fixed 3 mM L-Glu as a function of L-OPS 

concentrations in the absence of citrate (teal circles), with 1 mM citrate (light blue circles) and 5 mM 

citrate (dark blue circles). Data were fitted to Eq. 5. (B) Dependences of SaSbnA initial velocity in the 

presence of fixed 0.03 mM L-OPS as a function of L-Glu concentrations in the absence of citrate (teal 

circles), with 1 mM citrate (light blue circles) and 5 mM citrate (dark blue circles). Data were fitted to 

Eq. 6. All measurements were conducted at 50 nM SaSbnA in HEPES 50 mM pH 7.8 at 25 °C. Error bars 

represent s.e.m. of two replicates. 

The global direct fitting of the Michaelis-Menten curves allowed to extrapolate the inhibition 

constants Ki1 and Ki2, which refer to the free enzyme (E) and to the α-aminoacrylate intermediate 

(E’), respectively (Table 11). The inhibition constant Ki2, extrapolated from L-Glu titration plots, could 

not be considered reliable because of the associated extremely high error. The reason of this result 

could be associated with the effect of L-Glu substrate inhibition on SaSbnA activity. 

Table 11: Parameters extrapolated from the global fitting using the equations for mixed-type inhibition 

considering ping-pong enzymatic reactions (Eq. 5,6). The KM values of both substrates extrapolated in 

Chapter II (KM = 0.027 mM L-OPS and KM = 3.25 mM L-Glu) were added as constrained values in the 

equation to improve the fitting. 

 Vmax Ki1 Ki2 

L-OPS titration 13.4 ± 0.2 µM/min 0.9 ± 0.1 mM 2.3 ± 0.3 mM 

L-Glu titration 12.3 ± 0.4 µM/min 0.5 ± 0.1 mM 32.6 ± 178 mM 
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Experimental data points were then fitted to the inverse of the equation for mixed-type inhibition 

of ping-pong enzymatic reactions, when varying either substrate A (Eq. 10) or substrate B (Eq. 11). 

This type of analysis was performed to directly visualize the modality of citrate inhibition (Figure 51).  

 

Figure 51: Lineweaver—Burk double-reciprocal plot of SaSbnA initial velocity at varying concentrations 

of either substrate. (A) Double reciprocal plot of SaSbnA initial velocity in the presence of fixed 3 mM 

L-Glu as a function of L-OPS concentrations in the absence of citrate (teal circles), with 1 mM citrate 

(light blue circles) and 5 mM citrate (dark blue circles). Data were fitted to Eq. 9 (straight lines). (B) 

Double reciprocal plot of SaSbnA initial velocity in the presence of fixed 0.03 mM L-OPS as a function 

of L-Glu concentrations in the absence of citrate (teal circles), with 1 mM citrate (light blue circles) and 

5 mM citrate (dark blue circles). Data were fitted to Eq. 10 (straight lines). All measurements were 

conducted at 50 nM SaSbnA in HEPES 50 mM pH 7.8 at 25 °C. Error bars represent s.e.m. of two 

replicates. 

Based on the whole characterization results, citrate presented a mixed-type inhibition profile with 

the ability to interact with both the free enzyme and the aminoacrylate intermediate, presenting 

a slightly greater affinity for the former.  

At last, the binding of citrate to SaSbnA was evaluated through the acquisition of fluorescence 

emission spectra by excitation of the PLP cofactor at 412 nm and 467 nm, The two wavelengths 

were exploited to independently excite and assess the effect of citrate on SaSbnA in the presence 

of either L-Glu or L-OPS, respectively. Indeed, the two SaSbnA substrates were separately 

evaluated since UV-Vis spectra highlighted that their absorbance maximum was centered at 

different wavelengths, as reported in Figure 34 Chapter II. Notably, the α-aminoacrylate 

intermediate, formed after L-OPS addition, absorbs at 467 nm, while L-Glu doesn’t react with the 

internal aldimine, thus the absorbance maximum remains at 412 nm after its addition. 

The addition of 1 mM citrate to SaSbnA induced a slight reduction in the peak intensity, that could 

be attributed to a change in the environment polarity around the PLP (Figure 52A). Likewise, a 

comparable slight reduction in the peak intensity was observed in the emission spectra of the 

aminoacrylate intermediate after the addition of 1 mM citrate (Figure 52B). At last, the most 

significative spectral change was observed by the addition of 1 mM citrate to the SaSbnA 
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spectrum after the previous addition of L-Glu (Figure 52C). The overall phenomenon induced by 

citrate was the reduction of fluorescence intensity, more likely attributed to a change in the 

environment polarity around the PLP cofactor.  

 

Figure 52: Fluorescence emission spectra of SaSbnA in the absence and presence of substrates and 

citrate. (A) Emission spectra of SaSbnA by excitation at 412 nm in the absence (black line) in the 

presence of 1 mM citrate (red line). (B) Emission spectra of SaSbnA by excitation at 467 nm in 

the absence (black line) and after the addition of 0.3 mM L-OPS (light green line) and then 1 mM citrate 

(blue line). (C) Emission spectra of SaSbnA by excitation at 412 nm in the absence (black line) and after 

the addition of 30 mM L-Glu (light blue line) and then 1 mM citrate (orange 

line). All measurements were carried out in HEPES buffer 50 mM, pH 7.8. 

3.4 Validation of the discontinuous assay 

The malachite green discontinuous assay had become a widely used enzymatic assay, becoming the 
standard in the study of phosphatases since its first introduction in the 1960s 434. The conditions of 
the assay were adapted to study SaSbnA activity for the screening of potential inhibitors, as reported 
in Material and Methods.  
To validate the assay, phosphate production in the SaSbnA-catalysed reaction was evaluated in the 
absence and in the presence of citrate at 1 and 5 mM concentration (Figure 53A). The kinetic plots 
allowed to extrapolate the reactions’ initial velocities, then converted into SaSbnA residual activity 
(Figure 53B). The analysis allowed to estimate citrate IC50, which resulted in accordance with the one 
obtained with the continuous assay, therefore validating the method.  
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Figure 53: Validation of the discontinuous assay for the evaluation of SaSbnA potential inhibitors. (A) 

Phosphate production in the SaSbnA-catalysed reaction was evaluated by the discontinuous assay in 

the absence (white circles) and in the presence of 1 mM (red circles) and 5 mM (blue circles) citrate. 

(B) Evaluation of the effect of citrate on SaSbnA initial velocity. The values of the reactions’ initial 

velocities were extrapolated from the Michaelis Menten plots (panel A).  

All measurements were conducted in 50 mM HEPES pH 7.8 (25 °C). Error bars represent the s.e.m. of 

two replicates.  

Ultimately, the conditions of the discontinuous assay for the HT screening were set with reaction 

sampling at time 0 and after 10 minutes of incubation to optimize the compromise between the 

linearity of the assay, phosphate production and absorbance signal intensity. 

3.5 Screening of potential SaSbnA inhibitors 

The discontinuous assay was exploited to test the potential inhibitory activity of a first set of 

compounds that had been identified by the group of Prof. Spyrakis at the University of Turin. Fifteen 

compounds were selected after molecular docking of 25 molecules using the deposited SbnA 

structure in open conformation (ID 5D84) (Table 12). These molecules had been pre-identified as 

inhibitors of PLP-dependent enzymes, in particular OASS and serine racemase (SR) enzymes, which 

are structurally highly homologous to SbnA. At last, an extra precision (XP) docking of the fifteen 

compounds to the SaSbnA active site was performed exploiting the deposited closed conformation 

structure (ID 5D85).  
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Table 12: List of the fifteen commercial compounds selected by virtual screening. The chemical structures 

were drawn by using ACD/ChemSketch (Advanced Chemistry Development Inc., Toronto, Canada) based on 

the ones reported by Specs site (https://www.specs.net/). 

 

 

 

ID Structure 
Homologous 

target 

SPECS Internal code   

1 AC-907/34133001 1a 

 

OASS 

2 AG-205/07908015 1b 

 

SR 

3 AE-641/00361044 2a 

 

OASS/SR 

4 AG-670/36765032 6b 

 

SR 

5 
AG-690/34035030 

 
8b 

 

OASS 

6 AI-942/42301799 9a 

 

OASS/SR 
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7 AK-079/09930008 9b  

 

SR 

8 AJ-333/09217010 
10a 

 

 

OASS 

9 AO-623/14653116 10b 

 

OASS 

10 AG-690/11214033 11b 

 

OASS 

11 AG-690/36829059 12b 

 

OASS 

12 AP-060/40977348 13b 

 

OASS 
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13 AK-968/12383180 14b 

 

OASS 

14 AQ-390/43356434 17b 

 

OASS 

15 AD-232/25000151 18b 

 

OASS 

 

The molecules selected from the virtual screening, available for purchase, were acquired from Specs 

(Zoetermeer, Netherlands) as lyophilized powder. Based on their properties, all molecules were first 

solubilized in 100 µM NaOH solution to reach 100 mM concentration. When the compounds were 

partially or completely insoluble after solvent addition, a cycle of heating and sonication was 

performed to increase solubility. If the molecules still remained partially or completely insoluble, the 

concentration of the stock was lowered to a maximum of 20 mM and the pH of the solution was 

adjusted according to their estimated pH-solubility profiles. The final concentration and pH of the 

stock solution are reported in Table 13. A measure of the pH of two solutions at 1 and 5 mM of each 

compound in 200 mM HEPES pH 7.8 (25 °C) was performed to confirm that the addition of 

compounds at high concentrations wouldn’t change the pH of the working solution.  
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Table 13: Solubilization of the first set of tested commercial compounds.  

ID 

compound 

Stock concentration 

(mM) 

Solubilization in NaOH 

solution (mM) 

pH of the stock 

solution 

1a 20 (not solubilized) 20 6 

2a 100 0.1 2.5 

6b 30 19 4 

9a 100 0.1 2.5 

9b 30 16.5 6 

10a 100 0.1 4 

10b 100 0.1 2.5 

12b 20 (not solubilized) 20 8 

13b 25 15 6.5 

17b 25 16 6 

18b 50 1 4 

 

Absorbance spectra of each compound were acquired to characterize them spectroscopically and 

evaluate their potential interference at the wavelengths corresponding to the three assays used for 

inhibitor identification (Figure 54). No compound showed absorbance at 620 nm (discontinuous 

activity assay), while only compound 9b presented significative absorbance at both 360 and 412 nm 

(continuous activity assay and fluorescence binding evaluation, respectively). The results of the 

compounds’ spectroscopic characterization were exploited to decide the best conditions for the 

following analyses. 



116 
 

 

Figure 54: Absorbance spectra of purchased compounds acquired in the range 240-650 nm in a 0.3 cm 

quartz cuvette. The compounds were tested at different concentrations to keep the absorbance below 

2 OD, with 1 mM as maximal concentration. The dotted lines represent the three wavelengths exploited 

for inhibitor identification (360 nm in the continuous activity assay, 412 nm for fluorescence 

spectroscopy and 620 nm in the discontinuous activity assay).  

The optimized discontinuous assay was exploited for the screening of the first set of compounds 

identified by virtual screening (Figure 55). The production of phosphate by SaSbnA was evaluated at 

10 minutes in the absence and in the presence of the commercial compounds, at 5 mM final 

concentration, with the exploitation of citrate as positive control. The results highlighted the 

presence of four compounds (1a, 9a, 10b and 18b) that could inhibit by 50% or more the production 

of phosphate by SaSbnA. Among the four molecules, compound 1a presented solubility problems 

therefore its inhibitory activity would need further confirmation, while 9a was a citrate analogue 

therefore it was not analysed further. At last, the analysis identified 18b as the best hit. Despite the 

good results obtained, the analyses performed on the commercial molecules needed further 

validation to exclude false positive results due to the not optimal purity (90%) guaranteed by SPECS. 
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Figure 55: Screening of the compounds selected by VS followed at 50 nM SaSbnA, 0.03 mM L-OPS, 3 

mM L-Glu and at 5 mM of each compound. Citrate was exploited as reference for an active inhibitor. 

Error bars represent s.e.m. of two replicates. 

The binding of the molecules to SaSbnA was evaluated by fluorescence spectroscopy for the active 

compounds. The binding was evaluated by the acquisition of emission fluorescence spectra of 5 µM 

SaSbnA upon excitation at 412 nm in the absence and in presence of 5 mM of each compound, 

except for compound 1a that was tested at 1.8 mM (Figure 56). The results highlighted different 

effects of binding to SaSbnA for the four molecules: compound 10b seemed to cause a modification 

in the environment polarity as the spectral change resembled the one in the presence of L-Glu. 

Despite the same spectral changes were observed for compound 1a, the solubility issues of the 

molecule could have caused some interferences with the analysis. At last, no significant spectral 

changes were observed for compounds 9a and 18b.  
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Figure 56: Emission fluorescence spectra of the four compounds presenting inhibitory activity. Spectra 

of SaSbnA at 5 µM were acquired by excitation at 412 nm in the absence and in presence of 5 mM of 

each compound, except for compound 1a that was tested at 1.8 mM. 

All measurements were carried out in HEPES buffer 200 mM, pH 7.8. 

To confirm the data obtained with the commercial molecules, the compounds that resulted active 

in the screening were further tested. An analogue of compound 1a (named 1d) was synthesized by 

the team of Prof. Lazzarato at the university of Turin to potentially increase the molecule solubility, 

along with the synthesis of compound 10b. Compound 18b was purchased from Merk at a higher 

purity. Moreover, the group of Prof. Lazzarato synthesized also one of the molecules that were 

identified in the virtual screening but not available for purchase by SPECS, compound 1b, that was 

synthesized in both R and S configurations. All the molecules were salified to increase solubility and 

avoid potential pH adjustments, heating and sonication steps during solubilization. Indeed, the 

compounds were then solubilized in aqueous solution at 100 mM, without any solubility issue. The 

molecules were then screened by following the production of phosphate in the SaSbnA-catalysed 

reaction by the discontinuous assay. The reaction was followed in the same conditions as the initial 

screening and the result confirmed only 18b as a compound able to inhibit by 50% or more the 

production of phosphate by SaSbnA at 5 mM concentration (Figure 57). The compound 1b, tested 

for the first time, didn’t present any inhibitory effect on SaSbnA activity in both configurations.   
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Figure 57: Screening of compounds synthesized by Prof. Lazzarato (University of Turin). The production 

of phosphate in the SaSbnA-catalysed reaction was followed at 50 nM SaSbnA, 0.03 mM L-OPS, 3 mM 

L-Glu and at 5 mM of each compound. All measurements were carried out in HEPES buffer 200 mM, 

pH 7.8. Error bars represent s.e.m. of two replicates.  

Based on the results reported in this chapter, 18b was selected as the best hit and was further 

characterized, potentially becoming the parent compound in a future drug design and screening 

campaign. 

3.6 Evaluation of 18b mechanism of action  

The best hit identified by the HT screening of the first set of compounds was further characterized 

by the exploitation of the three assays for inhibitor identification, to define its inhibition mechanism.  

First, the dependence of the initial velocity of SaSbnA activity in the presence of increasing 

concentrations of 18b was determined at 0.03 mM L-OPS and 3 mM L-Glu (Figure 58). The 18b 

compound was tested at concentrations between 0.1 and 5 mM. The extrapolated IC50 value (see 

Eq. 4) was 0.366 ± 0.037 mM.  



120 
 

 

Figure 58: Determination of the IC50 for compound 18b. Data were fitted to Eq. 4 (solid line) and error 

bars represent s.e.m. of two replicates. 

In the plots of Figure 59, the dependence of SaSbnA initial rate on substrate concentration was 

evaluated by titrating either L-OPS at a fixed unsaturated L-Glu concentration (3 mM) (Figure 59A), 

or by titrating L-Glu at a fixed unsaturated L-OPS concentration (0.03 mM) (Figure 59B). For each of 

the two plots, the enzyme activity was tested in the absence or presence of 18b at 0.37 and 2 mM. 

Each plot was then globally fitted with the equation for competitive inhibition for the free enzyme 

in ping-pong enzymatic reactions reported by Segel 430 (Eq. 7,8). The equations were chosen based 

on the best fit to the experimental data. To improve the fitting, the KM values of both substrates 

extrapolated in Chapter II (KM = 0.027 mM L-OPS and KM = 3.25 mM L-Glu) were added as constrained 

values in the equation.  

 

Figure 59: Dependence of SaSbnA initial velocity on varying concentrations of either substrate. (A) 

Dependences of SaSbnA initial velocity on L-OPS concentrations in the presence of fixed 3 mM L-Glu, 
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in the absence of 18b (teal circles), with 0.37 mM 18b (light blue circles) and 2 mM 18b (dark blue 

circles). Data were fitted to Eq. 7. (B) Dependence of SaSbnA initial velocity on L-Glu concentration in 

the presence of fixed 0.03 mM L-OPS, in the absence of 18b (teal circles), with 0.37 mM 18b (light blue 

circles) and 2 mM 18b (dark blue circles). Data were fitted to Eq. 8. All measurements were conducted 

at 50 nM SaSbnA in HEPES 50 mM pH 7.8 at 25 °C. Error bars represent s.e.m. of two replicates.  

The global fitting of the plot at various L-OPS concentrations allowed to extrapolate the inhibition 

constant Ki for the competitive inhibition of 18b for the free enzyme. On the contrary, the global 

fitting of the plot at various L-Glu concentrations could not provide a correct estimation of Vmax and 

Ki parameters, probably due to interferences by L-Glu substrate inhibition.  

Table 14: Parameters extrapolated from the global fitting using the equations for competitive inhibition 

for the free enzyme in ping-pong enzymatic reactions (Eq. 7,8). The KM values of both substrates 

extrapolated in Chapter II (KM = 0.027 mM L-OPS and KM = 3.25 mM L-Glu) were added as constrained 

values in the equation to improve the fitting. 

 Vmax Ki 

L-OPS titration 13.8 ± 0.3 µM/min 0.12 ± 0.01 mM 

L-Glu titration (incorrect estimation) 12.5 ± 0.4 µM/min 0.80 ⋅ 10-4 ± 0.01 ⋅ 10-4 mM 

 

Experimental data points were then fitted to the inverse of the equation for competitive inhibition 

for the free enzyme considering a ping-pong enzymatic reaction when varying substrate A (Eq. 11). 

In the double reciprocal plot the experimental data collected upon varying substrate B were fitted 

singularly by a polynomial equation to visualize the trend of each data set. Indeed, the fitted data 

showed two sets of parallel straight lines which cannot be attributed to any mechanism of inhibition, 

but it’s likely due to interferences by L-Glu substrate inhibition. Nevertheless, the analysis could still 

confirm the modality of 18b inhibition, hence competitive inhibition for the free enzyme.  

 

Figure 60: Lineweaver—Burk double-reciprocal plot of SaSbnA initial velocity at varying concentrations 

of either substrate. (A) Double reciprocal plot of SaSbnA initial velocity in the presence of fixed 3 mM 

L-Glu as a function of L-OPS concentrations in the absence of 18b (teal circles), with 0.37 mM 18b (light 

blue circles) and 2 mM 18b (dark blue circles). Data were fitted to Eq. 11 (straight lines). (B) Double 
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reciprocal plot of SaSbnA initial velocity in the presence of fixed 0.03 mM L-OPS as a function of L-Glu 

concentration in the absence of 18b (teal circles), with 0.18 mM 18b (light blue circles), 0.37 mM 18b 

(blue circles) and 2 mM 18b (dark blue circles). Data were fitted singularly by a linear equation (straight 

lines). 

At last, the binding of 18b to SaSbnA was evaluated through the acquisition of fluorescence emission 

spectra by excitation of the PLP cofactor at 412 nm. The addition of 5 mM 18b to SaSbnA induced a 

significative reduction in the peak intensity, that could be attributed to a change in the environment 

polarity around the PLP cofactor (Figure 61). 

 

Figure 61: Fluorescence emission spectra of 5 µM SaSbnA, upon excitation at 412 nm of the PLP 

cofactor, in the absence and in presence of 5 mM 18b. All measurements were carried out in HEPES 

buffer 200 mM, pH 7.8. 

3.7 Evaluation of 2-PhMA mechanism of action  

Being 18b the best hit of the screening, the activity of 2-PhMA (Figure 62) was evaluated, since the 

introduction of a double bond in Z configuration restrains the conformational freedom of the 

molecule and might positively impact on its potency. The isomer in E configuration could not be 

tested because it was not commercially available. The compound was purchased from BLD 

Pharmatech Co. (Cincinnati, Ohio, USA) and salified in Na Hepes before the screening.  

 

Figure 62: Chemical structure of the 2-PhMA. The structure was drawn by using ACD/ChemSketch 

(Advanced Chemistry Development Inc., Toronto, Canada). 
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The dependence of the initial velocity of SaSbnA activity on the concentration of 2-PhMA was 

determined at 0.03 mM L-OPS and 3 mM L-Glu (Figure 63). 2-PhMA was tested at concentrations 

between 0.005 and 1 mM. The extrapolated IC50 value (see Eq. 4) was 0.037 ± 0.003 mM.  

 

Figure 63: Determination of the IC50 for 2-PhMA. Data were fitted to Eq. 4 (solid line) and error bars 

represent s.e.m. of two replicates. 

In the plots reported in Figure 64, the dependence of SaSbnA initial rate was evaluated by titrating 

either L-OPS at a fixed unsaturated L-Glu concentration (3 mM) (Figure 64A), or by titrating L-Glu at 

a fixed unsaturated L-OPS concentration (0.03 mM) (Figure 64B). For each of the two plots, the 

enzyme activity was tested in the absence or presence of 2-PhMA at 0.04 and 0.08 mM. Each plot 

was then globally fitted by its corresponding equation for competitive inhibition for the free enzyme 

in ping-pong enzymatic reactions used for the fitting of 18b data set (Eq. 7,8). The equations were 

chosen based on the best fit to the experimental data. To improve the fitting, the KM values of both 

substrates extrapolated in Chapter II (KM = 0.027 mM L-OPS and KM = 3.25 mM L-Glu) were added as 

constrained values in the equation.  
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Figure 64: Dependence of SaSbnA initial velocity on varying concentrations of either substrate. (A) 

SaSbnA initial velocity in the presence of fixed 3 mM L-Glu as a function of L-OPS concentrations in the 

absence of 2-PhMA (teal circles), with 0.04 mM of 2-PhMA (light blue circles) and 0.08 mM of the 2-

PhMA (dark blue circles). Data were fitted to Eq. 7. (B) SaSbnA initial velocity in the presence of fixed 

0.03 mM L-OPS as a function of L-Glu concentrations in the absence of 2-PhMA (teal circles), with 0.04 

mM of 2-PhMA (light blue circles) and 0.08 mM of 2-PhMA (dark blue circles). Data were fitted to Eq. 

8. All measurements were conducted with 50 nM SaSbnA in HEPES 50 mM pH 7.8 at 25 °C. Error bars 

represent s.e.m. of two replicates. 

As for its precursor, the global fitting of the plot at various L-OPS concentrations allowed to 

extrapolate the inhibition constant Ki for the competitive inhibition of 2-PhMA for the free enzyme 

(Table 15). On the contrary, also for 2-PhMA, the global fitting of the plot at various L-Glu 

concentrations could not provide a correct estimation of Vmax and Ki parameters, probably due to 

interferences by L-Glu substrate inhibition.  

Table 15: Parameters extrapolated from the global fitting using the equations for competitive inhibition 

for the free enzyme in ping-pong enzymatic reactions (Eq. 7,8). The KM values of both substrates 

extrapolated in Chapter II (KM = 0.027 mM L-OPS and KM = 3.25 mM L-Glu) were added as constrained 

values in the equation to improve the fitting. 

 Vmax Ki 

L-OPS 14.2 ± 0.3 µM/min 0.016 ± 0.002 mM 

L-Glu 12.8 ± 0.6 µM/min 0.10 ⋅ 10-4 ± 0.03 ⋅ 10-4 mM 

 

As for 18b, experimental data points were then fitted to the inverse of the equation for competitive 

inhibition for the free enzyme considering a ping-pong enzymatic reaction when varying substrate A 

(Eq. 11). In the double reciprocal plot the experimental data collected upon varying substrate B were 

fitted singularly by a polynomial equation to visualize the trend of each data set. Indeed, as in the 

case of 18b, the fitted data showed three straight lines with two different slopes, which cannot be 

attributed to any mechanism of inhibition, likely due to interferences by L-Glu substrate inhibition. 

Nevertheless, the analysis could still confirm that the modality of 2-PhMA inhibition was the same 

as its precursor, hence competitive inhibition for the free enzyme. 
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Figure 65: Lineweaver—Burk double-reciprocal plot of SaSbnA initial velocity at varying concentrations 

of either substrate. (A) Double reciprocal plot of SaSbnA initial velocity in the presence of fixed 3 mM 

L-Glu as a function of L-OPS concentrations in the absence of 2-PhMA (teal circles), with 0.04 mM of 2-

PhMA (light blue circles) and 0.08 mM of 2-PhMA (dark blue circles). Data were fitted to Eq. 11 (straight 

lines). (B) Double reciprocal plot of SaSbnA initial velocity in the presence of fixed 0.03 mM L-OPS as 

a function of L-Glu concentrations in the absence of 2-PhMA (teal circles), with 0.04 mM of 2-PhMA 

(light blue circles) and 0.08 mM of 2-PhMA (dark blue circles). Data were fitted singularly by a 

polynomial equation (straight lines). 

At last, the binding of 2-PhMA to SaSbnA was evaluated in the same conditions as for its precursor. 

The analysis of the fluorescence emission spectra showed the same spectral change observed for 

18b with a significative reduction in the peak intensity. Also in this case, the phenomenon could be 

attributed to a change in the environment polarity around the PLP cofactor (Figure 66). 

 

Figure 66: Fluorescence emission spectra of 2-PhMA. SaSbnA spectrum at 5 µM was acquired by 

excitation at 412 nm of the PLP cofactor in the absence and in presence of 5 mM 2-PhMA. 

All measurements were carried out in HEPES buffer 200 mM, pH 7.8. 
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Taken together, the results of the screening of the first set of molecules highlighted the compound 

18b as the best hit, with a calculated Ki of 0.12 ± 0.01 mM for the free enzyme. A derivative of the 

hit compound, 2-PhMA, was identified and characterized, resulting in a more potent inhibitor with 

a calculated Ki of 0.016 ± 0.002 mM for the free enzyme. The reported results set the ground for 

further improvements of the molecule, opening the path for a potential modification screening 

campaign. 
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Chapter IV – High throughput 

screening for the identification of 

SbnA inhibitors 
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1 Objectives 
The screening of potential inhibitors of SbnA activity had never been reported in literature, 
therefore it represented a novel horizon for the development of new antimicrobials targeting S. 
aureus iron acquisition.  
 
In the previous chapter, an in silico structure-based approach was performed by our collaborators 
at the University of Turin to discriminate and identify molecules that would target SbnA active site, 
among compounds that had been previously selected to target enzymes homologous to SbnA. 
Despite the good results obtained with this approach, a structure-based screening limited the 
identification of inhibitors to the enzyme area that had been chosen for the screening, in this case 
the active site. Consequently, a whole plethora of other potential inhibitors couldn’t be considered 
in the screening. 
For this reason, this chapter reported the results of a pilot screen on two compounds libraries that 
contain molecules with various properties. The amount and variety of molecules would enable to 
identify new chemotypes that could be easily modified, as well as inhibitors with good potency, 
targeting different regions of the enzyme, and possibly having different mechanisms of action.  
 
The chapter reported the results of experiments aimed at producing a construct that would increase 

the yield of SaSbnA production in order to obtain enough protein within a single batch for the whole 

HTS. Secondly, the experiments aimed at optimizing the discontinuous assay used in the previous 

screening to obtain an assay suited for an HTS. At last, the actual pilot HTS was carried out during 

the PhD secondment at the CEA Paris-Saclay centre (Paris, France) under the supervision of Dr. Jean-

Christophe Cintrat. The group of Dr. Cintrat offered its long-lasting expertise in HTS and made 

available the compounds libraries present in the Laboratory of Bioorganic Chemistry of the CEA 

Paris-Saclay centre. The screening of these two different libraries allowed to test a total number of 

1725 compounds, among which seven hits were identified. A preliminary characterization then 

allowed to prioritize the hits based on their potency, which could set the ground for further analyses.  
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2 Materials and methods 
HEPES for buffer solutions, sodium chloride, Tris base for buffer solutions, TCEP and the malachite 

green reagent were purchased as reported in Chapter II and III. All other chemicals were purchased 

from Merck (Darmstadt, Germany), unless otherwise specified.   

For the reagents used during the secondment at CEA Paris-Saclay, the Malachite green oxalate 

powder, ammonium molybdate tetrahydrate and potassium hydrogen phosphate were purchased 

from Thermo Scientific (Waltham, Massachusetts, USA). All other chemicals were purchased from 

Merck (Darmstadt, Germany).   

2.1 Protein expression and purification 
2.1.1 Growing media 

Luria-Bertani (LB) agar plates and LB broth (for culture growth) were prepared as reported in 

Chapter I and Chapter II, respectively.  

2.1.2 SaSbnA expression system for HTS 

For HTS, a second expressing system was prepared by subcloning the sbnA genetic sequence 

contained in the pSH21p::TrxA-SbnA plasmid into a pET28a(+) plasmid.  

The plasmids pSH21p::TrxA-SbnA and pET28a(+)::IsdBFL were independently transformed through 

electroporation into E. coli XL1blue competent cells, where plasmids were amplified in vivo and then 

extracted and purified by miniprep (Plasmid DNA Extraction mini kit, Fisher Molecular Biology). The 

pET28a(+)::IsdBFL plasmid was digested first with BamHI in Buffer G (Thermo Fisher Scientific), 

followed by the separation of the digested linearized product on a 0.8% agarose gel and the 

extraction of the fragment by the GEL Extraction and PCR Clean Up Kit™ (Fisher Molecular Biology). 

The eluted product was digested with XhoI in Buffer R (Thermo Fisher Scientific), followed again by 

the separation of the digested product on a 0.8% agarose gel and the extraction of the vector 

fragment by the above-reported Kit. The sbnA genetic sequence (insert) was amplified through a 

Polymerase Chain Reaction (PCR) with the PrimeSTAR Max DNA Polymerase contained in the 

PrimeSTAR Max Premix by In-Fusion® Snap Assembly (Takara Bio Inc, San Jose, CA, USA), following 

the manufacturer’s protocol. The amplification was performed by using primers purchased from 

Aurogene S.r.l. that had been previously designed with the TakaraBio online tool 

(https://www.takarabio.com/learning-centers/cloning/primer-design-and-other-tools).   
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Table 16: PrimeStar kit (Takara Bio) PCR protocol. 

PCR mix 

 Final concentration Volumes 

PrimerSTAR Premix 2X 1X 12.5 µL 

Primer forward 

GCGGCAGCCATATGGGATCCACCAGTGAAAATCTGT 

10 µM 0.75 µL 

Primer reverse 

GGTGGTGGTGCTCGAGTTATTACTCGCTTTTAACACCCTG 

10 µM 0.75 µL 

pSH21p::TrxA-SbnA 1 ng 1 µL 

DNAse free water  up to 25 µL 

PCR Program (35 cycles) 

 Temperature Time 

Denaturation 98 °C 10 seconds 

Annealing 55 °C 5 seconds 

Extention 72 °C 6 seconds 

 

The amplified product was then purified using NucleoSpin™ (Macherey Nagel Bioanalysis, Düren, 

Germany) and the cloning reaction was set up following the manufacturer’s protocol by using In-

Fusion® Snap Assembly (Takara Bio Inc, San Jose, CA, USA).  

Table 17: Ligation reaction using the In-Fusion® Snap Assembly protocol (Takara Bio Inc, San Jose, CA, USA). 

Cloning reaction mix 

 Final concentration 

Master Mix 5X 1X 

Amplified product (insert) 28 ng 

BamHI-XhoI digested pET28a(+) (vector)  70 ng 

DNAse free water up to 5 µL 

 

The In-Fusion® Snap Assembly cloning reaction was incubated at 50 °C for 15 minutes and then 

placed on ice. Subsequently, 2.5 µL of the reaction were transformed by heat shock InFusion® 

protocol into Stellar Competent Cells (Takara Bio Inc, San Jose, CA, USA), as reported by the 

manufacturer’s protocol. The overnight grown transformed colonies were checked by colony PCR 

using Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo Fisher Scientific), with the 
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concomitant preparation of the master plate. To confirm a correct sequence insertion in-house 

available primers were used that attach on the pET28a(+) vector at the N- and C-terminal of the 

insertion region.    

Table 18: Colony PCR reaction. Abbreviations: dNTP: deoxyribonucleotide triphosphate 

PCR mix 

 Final concentration Volumes 

Buffer GC 5X  1X 2 µL 

dNTPs 0.2 mM 0.2 µL 

Phusion DNA Polymerase  0.1 µL 

Primer pET plus 

AAATTAATACGACTCACTATAGG 

0.5 µM 0.5 µL 

Primer pET minus 

GATATAGTTCCTCCTTTCAGC 

0.5 µM 0.5 µL 

DMSO 1 ng 0.3 µL 

DNAse free water  up to 10 µL 

PCR Program  

 Temperature Time 

Initial denaturation 94 °C 5 min 

Denaturation 94 °C 30 sec 

Annealing 49 °C 1 min 

Extention 72 °C 1 min 10 sec 

Final extention 72 °C 7 min 

 4 °C ∞ 

 

Three of the colonies that resulted positive by Colony PCR were selected from the master plate and 

inoculated in 10 mL of LB broth supplemented with 50 µg/mL kanamycin and grown at 37 °C 

overnight, under 250 RPM agitation. The final pET28a(+)::SbnA plasmid was thus purified by 

miniprep (Plasmid DNA Extraction mini kit, Fisher Molecular Biology) and the sequence of the final 

construct was confirmed by sequencing reaction (Microsynth Seqlab GmbH). The sequenced 

expression plasmid was electroporated into E. coli BL21(DE3) cells for subsequent protein over-

expression and purification. 
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2.1.3 Protein over-expression  

SaSbnA over-expression was performed in E. coli BL21 (DE3) cells, that had been transformed with 

the pET28a:SbnA plasmid. The transformed cells were plated on LB agar supplemented with 50 

μg/mL kanamycin and grown at 37 °C overnight. A single colony was selected and inoculated in 10 

mL of LB broth supplemented with 50 µg/mL kanamycin and grown at 37 °C overnight, under 250 

RPM agitation. The overnight grown culture was diluted 1:100 in LB medium supplemented with 50 

µg/mL kanamycin. The cells were grown at 37 °C, under 250 RPM agitation, until the midlog phase 

(OD600 around 0.5 – 0.6) was reached, which normally took 2 hours. Cells were then induced for 20 

hours at 20 °C by the addition of 1 mM IPTG. Cells were collected from the broth by centrifugation 

at 5,000 RPM for 10 minutes, then they were washed once with phosphate buffered saline (PBS) 

solution and ultimately frozen at -80 °C in aliquots coming from 1 L of culture. 

2.1.4 Protein purification 

The thawed pellet was resuspended and incubated in lysis buffer (50 mM Tris, 100 mM NaCl, 1 mM 

TCEP, 0.2 mM PLP, 1 mg/mL lysozyme, 0.2 mM PMSF, 0.2 mM benzamidine and 1.5 µM pepstatin pH 

8) for 1 hour at 4 °C. Subsequently, 5 cycles of sonication 20 seconds long (1s ON/1s OFF) were 

performed to completely break down cells. Centrifugation at 18,000 × g for 1 hour at 4 °C was used 

to separate the soluble from the non-soluble components. Immobilized Metal Affinity 

Chromatography (IMAC) on a Talon SuperflowTM resin (Cytiva, Marlborough, MA, USA) was 

performed to purify the N-terminal His6-tagged SaSbnA. The poly-histidine tag attached to the 

recombinant protein allowed the purification through the preferential interaction with the 

functionalized cobalt-based IMAC resin. Two washing steps were performed at 5 mM and 10 mM 

imidazole added to the Tris buffer (50 mM Tris, 100 mM NaCl, pH 8 at 4°C), also supplemented with 

1 mM TCEP, in order to remove potential aspecific interactions with the cobalt resin of other 

histidine-rich proteins present in the crude extract. SaSbnA was then eluted with the elution buffer 

(50 mM Tris pH 8, 100 mM NaCl, 250 mM imidazole, pH 8 at 4 °C), supplemented with 1 mM TCEP, 

which contained a higher imidazole concentration that allowed protein purification. The eluted 

fractions were pooled together and supplemented with 5-molar PLP and 1 mM EDTA before dialyzing 

the overall solution overnight at 4 °C against Tris buffer (50 mM Tris, 100 mM NaCl, pH 8 at 4 °C) to 

remove imidazole. The following day, the solution was concentrated up to 4.36 mg/mL, aliquoted 

and finally stored at −80 °C.  

2.2 UV-Visible absorption spectroscopy 

Absorption spectra were acquired in the range 250-600 nm in a quartz microcuvette of 1 cm path 

length using a Cary4000 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). 

Measurements were collected in 50 mM HEPES buffer pH 7.8 (25 °C) for protein characterization. 

SaSbnA concentration was estimated by exploiting the extinction coefficient calculated by the 

ProtParam server ɛ280 = 34,380 M-1 cm-1.  

Absorption spectra of compounds were acquired in the range 250-600 nm in a quartz microcuvette 

of 1 cm path length using a Jasco V-750 spectrophotometer. Compounds were tested at the highest 

concentration possible up to 200 µM, in order not to show a saturating absorbance signal.   
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2.3 Optimization of the discontinuous assay for wide HTS  

The discontinuous assay optimized in Chapter III was implemented for HTS of compound libraries. 

In-house preparation of the malachite green reagent was introduced to implement the assay 

sensitivity and reduce the costs of the analysis. 

In-house preparation of malachite green reagent 

The malachite green dye mixture was prepared as described by Pegan et al, 2010 435.  41 mL of 3 M 

sulfuric acid were freshly prepared by diluting concentrated sulfuric acid and let cool down to room 

temperature. The solution was then used to solubilize 50 mg of malachite green dye powder, and 

the final preparation was stored at room temperature in the dark. Prior to the assay, one volume of 

malachite green dye was mixed with 1/4 volume of 7.5% ammonium molybdate and 1/50 volume 

of 11% (v/v) Tween 20. One volume of this mixture was added to four volumes of phosphate-

containing solution for signal development.   

2.3.1 Discontinuous assay optimization 

In all experiments, the absorbance of the complex between the malachite green reagent and 

orthophosphate was measured at 620 nm using a UV-transparent, 384-well microplate (Greiner UV-

STAR® plate – 781801) and a TECAN Spark® 10M microplate reader.  

The comparison between the commercial malachite green reagent (Santa Cruz Biotechnology Inc, 

Dallas, TX, USA, cat n. 569-64-2) and the in-house-prepared solution was performed at different 

phosphate concentrations ranging from 0 to 50 µM. Even if the total reaction volume was the same, 

the dyes and the phosphate-containing solutions were mixed in different proportions. Indeed, a 

phosphate-containing solution to dye ratio of 1:5 was used for the commercial reagent while a 4:1 

ratio was used for the in-house prepared one 435,436. Measurements were collected at different time 

intervals (15, 30, 60, 90 and 120 minutes) to check the stability of the absorbance at 620 nm of the 

dye-phosphate complex.  

The optimization of the assay was carried out at 0.03 mM L-OPS and 3 mM L-Glu and using the in-

house prepared malachite green reagent.   

The dependence of phosphate production on SaSbnA concentration was followed at 17.5, 35 and 50 

nM SaSbnA at different time intervals up to 15 minutes. The effect of 1% DMSO ad 1 mM TCEP on 

phosphate production were independently evaluated at 35 nM SaSbnA at different time intervals up 

to 15 minutes. 

2.3.2 Optimized discontinuous assay for the HTS 

The discontinuous assay for HTS was performed in 80 mM HEPES buffer pH 7.8 in a 96-well half-area 

microplate (Greiner Bio-One 675101 PS). L-OPS and L-Glu were used at 0.03 mM and 3 mM, 

respectively. All the measurements were performed at room temperature and the addition of 35 nM 

SaSbnA triggered the reactions. The compounds were tested at 50 µM concentration, the 

commercial compound library also at 10 µM. 2-PhMA at 0.7 mM was exploited as a positive control, 

while the reaction without any compound was exploited as negative control (reference for 100% of 

phosphate production). Each library compound was tested in a single reaction for the control 

without SaSbnA (time 0), while in duplicate for the reactions triggered by the enzyme. Each reaction 
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was stopped after 5 minutes by addition of 28.8 µL of malachite green reagent and the samples were 

then incubated for 40 minutes at room temperature in the dark. The absorbance of the complex 

between the malachite green reagent and inorganic phosphate was measured at 620 nm using a 

SpectraMax M5ᵉ microplate reader (Molecular Devices, San Jose, CA). A standard curve was 

obtained from 0 to 40 µM phosphate and used to calculate the amount of phosphate produced for 

each reaction. The phosphate produced in the presence of compounds was expressed as percentage 

of the activity relative to the negative control. All experiments were performed in duplicate. In order 

to assess the robustness of the assay, different statistical parameters can be used to evaluate the 

statistical effect size. The main analyses were based on SSMD or Z-factor. The Z’ factor for each 

experiment was calculated using Eq. 12. 

Eq. 12:           Z′ = 1 −
(3 ⋅ 𝑆𝑡𝑑 𝑃𝑜𝑠 𝐶𝑡𝑟𝑙) + (3 ⋅  𝑆𝑡𝑑𝑁𝑒𝑔 𝐶𝑡𝑟𝑙) 

| 𝑀𝑒𝑎𝑛 𝑃𝑜𝑠 𝐶𝑡𝑟𝑙 −  𝑀𝑒𝑎𝑛 𝑁𝑒𝑔 𝐶𝑡𝑟𝑙 |
 

 
where the negative and positive control referred to the phosphate production in the absence and in 

the presence of 2-PhMA at 0.7 mM, respectively.  

Indeed, the Z’ factor is a value that considers the use of appropriate positive and negative controls 

and the variability of the assay, representing altogether the reliability of the HTS results. This 

parameter can assume a value between 0 and 1, with a Z’ factor equal to one representing an 

ideal assay. The Z’ factor range with the corresponding HTS evaluation is reported in Table 19.  

Table 19: Z’ factor values and relative evaluation of the reliability of the HTS assay. 

Z’ = 1 Ideal assay 

1 > Z’ ≥ 0.5 Good assay 

0.5 > Z’ > 0 Not good assay for HTS. 

Replicates will be required 

 

 

2.4 HTS of compound libraries 

The two types of compound libraries tested were made available by the laboratory of Dr. Cintrat at 

the CEA Paris-Saclay in Paris (France).  The first library, called Drug and Related library, consisted of 

160 commercial molecules, many of which are already known drugs (approved, withdrawn or 

investigational) or bioactive compounds/probes.  The second library consisted of 1565 compounds 

that had all been synthesized in the Service de Chimie Bioorganique et de Marquage at CEA Paris-

Saclay from different research programs. This patrimonial library covers a large chemical space and 

offers very unique chemical scaffolds. The compounds were stocked in DMSO 100% at either 10 or 

20 mM concentration and intermediate dilutions were prepared in 80 mM HEPES buffer pH 7.8. The 

libraries were tested by exploiting the discontinuous assay performed in 80 mM HEPES buffer pH 7.8 

in a 96-well half-area microplate Greiner Bio-One 675101 PS plates, lot E230537H. Multichannel 

pipettes were exploited during the whole HTS for dispensing the reaction mixture, the enzyme and 

the malachite green reagent. L-OPS and L-Glu were used at 0.03 mM and 3 mM, respectively. All the 

measurements were performed at room temperature and the addition of 35 nM SaSbnA triggered 

the reactions. Each reaction was stopped after 5 minutes by the addition of 28.8 µL of malachite 
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green reagent and the samples were then incubated for 40 minutes at room temperature in the 

dark. The absorbance of the complex between the malachite green reagent and inorganic phosphate 

was measured at 620 nm using a SpectraMax M5ᵉ microplate reader (Molecular Devices, San Jose, 

CA). The results were reported as percentage of inhibition of the SaSbnA-catalysed reaction in the 

presence of the tested compounds compared to the non-inhibited reference reaction. 

The compounds that were identified and confirmed as active inhibitors during the HTS were 

solubilized at 20 mM in DMSO 100% from their respective stocked powder and the pH of the 0.2 

mM solutions in 80 mM HEPES pH 7.8 was checked.  

The dependence of the initial velocity of SaSbnA activity on the inhibitor concentration was 

determined at 0.03 mM L-OPS and 3 mM L-Glu by the optimized discontinuous assay. The IC50 value 

for each compound was calculated by plotting the relative activities as a function of the inhibitor 

concentration and by fitting the data to a hyperbolic equation either with (eq. 4) or a vertical off-set 

(eq. 13). 

Eq. 13:          
𝑣𝑖

𝑣0
 = 𝑦0 + 

𝑎 ⋅ 𝐼𝐶50
∗

𝐼𝐶50
∗  + [𝐼]

 

 

where the IC50 indicates the inhibitor concentration that exerts 50% inhibition, while the IC50* 

indicates the inhibitor concentration at which half the inhibitory effect occurred. 
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3 Results and discussion 

3.1 SaSbnA protein over-expression and purification 

Recombinant SaSbnA was over-expressed in LB medium using E. coli BL21 (DE3) cells transformed 

with the pET28a(+)::SaSbnA plasmid. The protein was then purified by IMAC and the final yield of 

purification was about 27 mg per liter of bacterial culture, with a purity of more than 90% (Figure 

67). 

 

Figure 67: Production of SaSbnA. (A) Schematic representation of the SbnA construct in 

pET28a(+)::SbnA plasmid. (B) UV-Vis absorption spectrum of the purified SaSbnA stock solution. (C)  

SDS-PAGE analysis of SaSbnA over-expression and purification, with (a) uninduced cells, (b) induced 

cells, (c) purified SaSbnA. 

The UV-visible spectrum of purified SaSbnA (Figure 67B) showed the three peaks at 278 nm, 330 and 

412 nm, already observed for the SaSbnA preparation obtained using the pSH21p::TrxA-SbnA 

construct  reported in Chapter II . The ratio between the absorbance of aromatic residues at 278 nm 

and of the PLP cofactor at 412 nm was calculated to be 5.5, highlighting a slightly lower value 

compared to the previous preparation (ratio of 7.3) that could indicate a higher purity of this batch. 

The spectrum thus confirmed that the protein correctly interacts with the PLP cofactor. Moreover, 

the final yield allowed to perform all the HTS experiments (optimization and screening) with one 

single protein batch.  

3.2 Optimization of the discontinuous assay for HTS of compound 

libraries 

The exploitation of the discontinuous assay for HTS of compound libraries needed the 

implementation of some aspects of the assay to increase at maximum the sensitivity while reducing 

at minimum the variability.  

An in-house-prepared malachite green reagent was used for the discontinuous assay. Initially, 

phosphate standard curves developed with either the commercial or in-house reagents were 

compared for sensitivity and stability of the signal at 620 nm for up to 120 minutes (Figure 68). The 

results highlighted that both reagents provide a stable signal between 30 and 120 minutes, but the 

in-house solution showed a significantly better sensitivity. Indeed, the slope of the standard curve 

was 0.0120 ± 0.0002 A620/µM for the commercial reagent and 0.0374 ± 0.0005 A620/µM for the in-
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house prepared one. Based on the results, the home-made dye was exploited for all further 

experiments. 

 

Figure 68: Comparison of phosphate standard curves using commercial (black) and in-house-prepared 

(red) malachite green reagents. The dependence of the absorbance at 620 nm on phosphate 

concentration was followed at fixed time intervals (15, 30, 60, 90 and 120 minutes). The lines through 

data points represent the fitting to a linear equation with slope 0.0120 ± 0.0002 for the commercial 

reagent and 0.0374 ± 0.0005 for the in-house reagent.   

The effect of different SaSbnA concentrations on the phosphate production kinetics and on the 

duration of the linear (pre-steady state) phase was assessed using three different concentrations. 

The reactions were followed for 15 minutes at sub-saturating concentrations of both substrates by 

the discontinuous assay and kinetics at all concentrations were found to be linear up to 5 minutes 

(Fig. 69A). The dependence of the initial velocity on SaSbnA concentration allowed to assess that 

concentrations lower than 35 nM are not recommended (Fig. 69B).  
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Figure 69: Evaluation of the effect of SbnA concentration on the discontinuous assay performance using 

the in-house malachite green reagent. (A) Dependence of phosphate production kinetics on SaSbnA 

concentration performed at 0.03 mM L-OPS and 3 mM L-Glu. Experimental data were fitted to a linear 

equation considering phosphate production up to 5 minutes. (B) Dependence of the reaction initial 

velocity on SaSbnA concentration. v0 values were extrapolated from the fitting of experimental data in 

panel A. Error bars represented the s.e.m. of two replicates. 

The effect of either 1% DMSO or 1 mM TCEP on SaSbnA activity was evaluated to complete the assay 

optimization (Figure 70). Notably, the first condition was tested because all the screened compounds 

were solubilized in DMSO and the maximal compound concentration analysed in the assay would 

result in a final 1% DMSO in the reaction mixture. No significant effect of DMSO was observed (Fig. 

70A), therefore DMSO addition was avoided in the reference mixture. Likewise, the presence of 1 

mM TCEP, that was used in the continuous assay, did not affect phosphate production, therefore it 

was decided to avoid its use in the assay to exclude any potential artifacts arising, e.g., from redox 

cycling compounds.  

 

Figure 70: Evaluation of the effect of 1% DMSO and 1 mM TCEP on phosphate production followed at 

0.03 mM L-OPS and 3 mM L-Glu, using the in-house-prepared malachite green solution. Experimental 

data were fitted to a linear equation considering phosphate production up to 5 minutes. Error bars 
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represented the s.e.m. of two replicates. (A) Phosphate production was followed at 35 nM SaSbnA in 

the absence and in the presence of 1% DMSO. (B) Phosphate production was followed at 35 nM SaSbnA 

in the absence and in the presence of 1 mM TCEP. 

3.3 HTS of compound libraries 

Two types of compound libraries were available and tested in the laboratory of Dr. Cintrat at the CEA 

Paris-Saclay centre. The first library, called Drug and Related library, consisted of 160 commercial 

molecules, many of which are already known drugs (approved, withdrawn or investigational) or 

bioactive compounds/probes that were purchased by the CEA Paris-Saclay centre and stocked in 20 

mM DMSO. The library was tested by the optimized HTS discontinuous assay at 50 and 10 µM to 

provide an immediate evaluation of the dependence on compound concentration of SaSbnA activity 

thus allowing a better identification of potential false positives. The molecules that inhibited the 

activity by more than 50 ± 5 % at 50 µM and 10 µM were selected. Five molecules presented an 

inhibitory effect at 50 µM, while only one molecule confirmed the inhibitory effect at 10 µM (Figure 

71). At both concentrations of this latter hit compound, the measured absorbance value of the 

control reaction (without enzyme addition) was comparable to the one measured for the SaSbnA-

catalyzed reaction, therefore the result was considered not reliable, and the compound was 

excluded from further analysis. Among the four compounds active only at 50 µM, one molecule 

resulted a false positive since the duplicate didn’t provide the same results, while the other three 

compounds were tested at different concentrations to confirm the results. 
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Figure 71: HTS of compounds within the Drug and related library. All measurements were performed 

in 80 mM HEPES pH 7.8. The compounds were tested at 50 and 10 µM. All the data reported 

represented the mean of a duplicate experiment.   
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The dependence of the initial velocity of SaSbnA activity on three concentrations of each active 

compound was determined at 0.03 mM L-OPS and 3 mM L-Glu (Figure 72). The experimental data 

were fitted with Eq. 4, except for the hit compound 1 for which data followed a different trend and 

couldn’t be fitted. An IC50 value of 21.81 ± 1.63 µM and 38.41 ± 1.52 µM was extrapolated for 

compound 2 and 3, respectively. Since the hit 3 presented an IC50 value comparable to the reference 

compound (2-PhMA), just compound 2 was selected for further characterization. 

 

Figure 72: Determination of the IC50 value for the inhibitors of SaSbnA-catalysed reaction selected by 

screening at 50 µM, belonging to the Drug and Related commercial library. Data were fitted to equation 

4 with IC50 of 21.81 ± 1.63 µM (hit 2) and 38.41 ± 1.52 µM (hit 3). Error bars represented s.e.m. of two 

replicates. 

Similarly, the same HTS was performed on the second library, available at the CEA Paris-Saclay 

centre, called SCBM library. This library consisted of 1565 compounds that had all been synthesized 

in the Service de Chimie Bioorganique et de Marquage at CEA Paris-Saclay from different research 

programs. This patrimonial library covers a large chemical space and offers very unique chemical 

scaffolds. In this case, due to the larger number of compounds of this library, the screen was 

performed only at one concentration (50 µM) of each compound. 16 molecules presented an 

inhibitory effect greater than 50 ± 5% at 50 µM (Figure 73).  
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Figure 73: HTS of the synthetic compound library (SCBM library). All measurements were performed in 

80 mM HEPES pH 7.8. The compounds were tested at 50 µM. All the data reported represented the 

mean of a duplicate experiment.   

The whole HTS on both the commercial and the synthetic libraries was validated by calculating the 

Z’ factor for each plate analysed. To assess the robustness of an assay, different statistical parameters 

can actually be used to evaluate the statistical effect size. The main analyses are based on Strictly 

Standardized Mean Difference (SSMD) or Z-factor values, with the threshold of the latter being 

stricter than the SSMD threshold. For this reason, the assessment of the screening quality relied on 

the calculation of the Z-factor for each independent experiment. 

The Z’ factor values associated to the screen were reported in Figure 74, highlighting the good quality 

of the assay and thus validating the whole screening and making it amenable to a future automated 

HTS. 
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Figure 74: HTS data quality control by Z’ factor evaluation of the 86 plates analysed in the screening.  

The sixteen active compounds identified in the screen of the SCBM were tested again under the 

same conditions to confirm their inhibitory effect at 50 µM (Figure 75). Among the sixteen active 

molecules, only six compounds confirmed an inhibitory effect greater than 50 ± 5%, with the others 

resulting as false positive hits in the first screening. The compound LCB-7-G2, whose activity fell in 

the threshold for selection, was re-tested at 25 and 12.5 µM (data not shown). The results revealed 

that LCB-7-G2 has a similar potency with respect to the reference compound (2-PhMA), therefore it 

was not further investigated. 

 

Figure 75: Re-screening of the positive hits identified in the primary screening of the SCBM library. 

The molecules were tested at 50 µM in the HTS assay conditions.  
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To summarize the HTS results (Table 20), a total of seven compounds was identified by the HTS at 

the CEA Paris-Saclay centre, with one compound coming from the commercial Drug and Related 

library and 6 compounds coming from the SCBM library of synthetic molecules.  

Table 20: Summary of the HTS results. 

 Drug and related library SCBM library 

Number of compounds tested 160 1565 

Number of library plates 2 21 

Primary active threshold 50 ± 5% inhibitory activity 50 ± 5% inhibitory activity 

Number of primary actives 5 16 

Number of confirmed actives 1 6 

 

3.4 Characterization of the hit compounds 

3.4.1 Preliminary characterization of the hits at CEA Paris-Saclay 

All the compounds that were identified as active inhibitors during the HTS were freshly solubilized 

in DMSO 100% from their respective stocked powder at CEA Paris-Saclay for a preliminary 

characterization. First, a measure of the pH of solutions at 200 µM of each active compound in 80 

mM HEPES pH 7.8 was performed to confirm that the addition of compounds at the tested 

concentration wouldn’t change the pH of the working solution. This analysis was performed to 

confirm that the inhibitory effect wouldn’t derive from the inactivation of the enzyme due to a 

change in the pH of the solution.  

Afterwards, absorbance spectra of the confirmed hit compounds were acquired to characterize 

them spectroscopically and evaluate any potential interference at the wavelengths used for the 

discontinuous (620 nm) and continuous (360 nm) enzymatic assays and for the binding assay in 

fluorescence (412 nm) (Figure 76). No signal interferences were observed at 620 nm, while most of 

the compounds absorbed at 360 and/or 412 nm. For this reason, further analyses were performed 

initially using the discontinuous assay.  
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Figure 76: Absorbance spectra of confirmed hit compounds recorded in the 300-650 nm range with a 

1 cm quartz cuvette. The compounds were tested at different concentrations to keep the absorbance 

below 2 OD. The dotted lines represent the three wavelengths of the continuous (360 nm) and the 

discontinuous (620 nm) activity assays, and for the binding assay in fluorescence (412 nm).  

The dependence of the initial velocity of SaSbnA on the concentration of each active compound was 

determined at 0.03 mM L-OPS and 3 mM L-Glu (data not shown). All compounds gave results in line 

with the screening results, except for the D&R compound 2 and LMC-3-G10 which reported 

extrapolated IC50 values higher than the expected by comparison with the HTS results.  The stocked 

powders of each hit compound were then shipped to the University of Parma for further 

characterization.  

3.4.2 Characterization of the hits 

All the compounds that were identified as active inhibitors during the HTS and preliminary 

characterized at CEA Paris-Saclay were freshly solubilized in D6-DMSO from their respective stocked 

powder.  

The dependence of the initial velocity of SaSbnA activity on the concentration of each active 

compound was determined at 0.03 mM L-OPS and 3 mM L-Glu. Since some compounds are unable 

to completely abolish enzyme activity even at high concentrations, the dependences were fitted to 

both Eq. 4 and Eq. 13, this last one incorporating a vertical off-set. The vertical off-set might be due 

to either low solubility of the compounds at high concentrations or partial inhibition. The fitting 

parameters obtained with the equation that gave the best R2 and the lower error regarding the IC50 

calculated value are reported in Table 21.  
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Figure 77: Determination of the IC50 value for the confirmed inhibitors of SaSbnA-catalysed reaction. 

Lines through data points are the fit to either Eq. 4 or 13 (Table 21). Error bars represented s.e.m. of 

two replicates. 

Table 21: Summary of the calculated IC50 values for the identified inhibitors of SaSbnA activity by the 
discontinuous assay. 

Compound ID Fitting equation IC50 value 

D&R hit 2 Eq. 4 90.10 ± 8.04 µM 

LCB-R-2-H6 Eq. 4 41.28 ± 6.66 µM 

LCB-R-2-A7 Eq. 4 23.35 ± 4.20 µM 

LMC-3-G10 Eq. 4 30.27 ± 4.15 µM 

LMC-7-G3 Eq. 4 20.83 ± 2.07 µM 

LMC-9-D8 Eq. 4 6.22 ± 0.10 µM 

LMC-9-E9 Eq. 13 4.06 ± 0.89 µM 

 
Ultimately, the screen carried out at the CEA Paris-Saclay centre allowed to identify seven 
compounds that presented an inhibitory effect of the SaSbnA-catalysed reaction greater than 50%. 
A preliminary characterization of the best hits allowed to identify the most potent compounds that 
will be subjected to pharmacomodulation to increase potency based on structure-activity 
relationship (SAR) studies as well as physicochemical properties (solubility, cell penetration,…). 
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Conclusions 
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The project of this thesis comprised activities aimed at studying and targeting the first steps involved 

in S. aureus main pathways of iron acquisition, namely the hemophore and siderophore-mediated 

systems. Each of these systems is characterized by the presence of virulence factors, as the surface-

exposed hemophore IsdB and the siderophore SB, that are key effectors of S. aureus pathogenesis 

and could thus represent promising targets in novel antimicrobial strategies. Previous studies 

highlighted the requirement of IsdB for bacterial virulence, with the hemophore enabling iron 

retrieval from human Hb. In this thesis, small molecules identified by virtual screening and molecular 

docking studies, and newly synthetized analogues, were experimentally tested in vitro to evaluate 

the best hit compounds effective in the disruption of the IsdB:Hb complex formation, laying the 

foundation for development of more potent compounds. On the other hand, the SB siderophore 

was reported to be produced by the most invasive S. aureus strains and was found to support 

virulence by the acquisition of inorganic iron from the host. Within the SB iron acquisition system, 

the first two steps of the siderophore biosynthesis, catalyzed by SbnA and SbnB enzymes, were found 

to be essential for SB production. Despite previous investigations, a complete and detailed structural 

and functional characterization of SbnA was still missing. In this context, a full functional 

characterization of the enzyme was intended to obtain more insights into its mechanism of action 

and provide tools for the evaluation of potential inhibitors. The following screenings allowed to 

identify hit compounds to be further characterized, setting the basis for the development of more 

potent molecules.  

 

Evaluation of disruptors of IsdB-Hb complex formation  
With the aim of evaluating the inhibitory effect of potential IsdB-Hb complex disruptors, an in-house 

developed immunoassay was optimized as a platform using a low-affinity IsdB variant, i.e. Y165A 

IsdB. Indeed, the exploitation of the Y165A IsdB over wt IsdB allowed to use higher Hb 

concentrations, stabilizing Hb tetrameric form, less prone to autoxidation, thus avoiding potential 

interferences and increasing the sensitivity of the assay. An in-silico screening campaign was 

originally conducted by the research group of Professor Francesca Spyrakis (University of Turin) to 

identify compounds that would bind free Hb in plasma without compromising Hb activity within red 

blood cells. In a previous study, the in silico-selected molecules were purchased from commercial 

suppliers and screened, allowing the identification of 4 hit compounds that were able to disrupt 

IsdB:Hb complex formation and confirmed their binding to Hb by STD-NMR. According to the STD-

NMR analysis, one of the hits presented only one methyl group engaged in interactions with Hb, 

therefore it was discarded from further analysis, while the other 3 hit compounds were re-

synthesized by collaborators and tested in this project by the immunoassay and STD-NMR to verify 

their ability to reduce IsdB:Hb complex formation and confirm their binding to Hb. Ultimately, 

analogues of the 3 compounds were also synthesized and screened by the immunoassay. This initial 

investigation aimed at laying the foundations for a structure-activity relationship (SAR) study for the 

development of PPI inhibitors as new potential antimicrobials, with the aim of reducing iron 

availability for the bacterium. The selected molecules should have a lower rate of resistance 

insurgence and the capacity to maintain the inhibitory effect against various pathogens. Indeed, 

since the molecules bind Hb, it is reasonable to assume that they will exert a reduced selective 

pressure on the bacteria, thus decreasing the probability of resistance insurgence. Furthermore, as 

other bacterial hemophores extract heme from Hb, a molecule bound to Hb may disrupt the activity 

of other hemophores in addition to staphylococcal IsdB and IsdH. 
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SaSbnA characterization and identification of potential inhibitors 

With the aim of getting insight of the first step of SB biosynthesis, a detailed spectroscopic 

characterization of recombinant SaSbnA was performed providing information about its 

spectroscopic properties that could be exploited for functional and inhibition studies. The 

optimization of a continuous assay allowed to confirm the ping-pong kinetic mechanism proposed 

by Kobylarz and colleagues with extrapolation of kinetic parameters. Furthermore, two phenomena 

have been demonstrated in this work, i.e. substrate inhibition by L-glutamate and the spontaneous 

decomposition of the α-aminoacrylate intermediate in pyruvate and ammonia.  

 

With the aim of identifying potential inhibitors of SaSbnA activity, three assays were developed to 

evaluate inhibition of the enzymatic activity and direct binding to the active site. The platform was 

first exploited to evaluate potential feedback mechanisms on SaSbnA activity by intermediates of 

the SB pathway. Among the intermediates tested, two out of the three SB building blocks, i.e. α-KG 

and citrate, showed an inhibitory effect on the SaSbnA activity, with citrate being the more potent 

inhibitor. Interestingly, previous studies had reported the existence of a feedback mechanism in the 

SB biosynthesis, in which citrate was identified as inhibitor of SbnH and SbnC enzymes, which 

catalyse the third to last and last reactions of the pathway, respectively. Moreover, citrate was also 

identified in the deposited SaSbnA crystal structure (ID 5D85), supporting the results obtained. A 

more detailed functional characterization revealed a mixed-type inhibition mechanism, i.e. the 

inhibitor binds with the same affinity to both the free enzyme and the -aminoacrylate 

intermediate.  

The optimization of a discontinuous assay allowed to evaluate the potential inhibitory effect of a first 

set of fifteen molecules, which had been previously selected by a structure-based approach through 

an in silico study performed by collaborators.  The in vitro screening identified one hit compound 

that significantly reduced SaSbnA activity, with an IC50 in the low micromolar range. The full 

characterization of the compound mode of action revealed a mechanism of competitive inhibition 

for the free enzyme, in agreement with the change in the polarity of the PLP microenvironment upon 

binding, as revealed by fluorescence spectroscopy. Moreover, a first derivative was designed, i.e. the 

2-PhMA with the aim to decrease the possible conformations of the molecule and thus increase the 

potency. The characterization of the derivative revealed the same inhibition mechanism of the 

parent hit compound with an increased potency, therefore setting the ground for further 

improvements and potentially SAR studies. 

With the aim of broadening the plethora of potential inhibitors to be identified, an HTS was 

performed on compound libraries. This screening detached itself from the limits derived from the 

constraints of the structure-based approach, i.e. the restricted identification of inhibitors that target 

SaSbnA active site. Furthermore, the amount and variety of compounds tested by HTS would enable 

to identify potential inhibitors with high potency and novel chemotypes to be eventually modified. 

The implementation of the discontinuous assay for the HTS analysis on a total of 1725 compounds 

allowed to identify 7 hit compounds with an inhibitory effect on SaSbnA activity similar or even 

higher than 2-PhMA. The selected hits will be subjected to further characterization to identify the 

most promising compounds in terms of potency, mechanism of action and modifiable chemotypes.   
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