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Title: Study of Iron-sulfur cluster biogenesis in environmental and metabolic stress 

condi9ons 

 

Abstract: Iron-sulfur (Fe-S) clusters are essenQal metallic cofactors present in most living 

organisms. In Escherichia coli, Fe-S clusters are involved in the acQvity of over 180 proteins, 

while in humans, dysfuncQons in Fe-S cluster homeostasis are the root of many diseases. Fe-

S cluster-containing proteins parQcipate in major processes including respiraQon, central 

metabolism, DNA replicaQon, and repair. In E. coli, Fe-S cluster biosynthesis is catalyzed by two 

mulQ-protein complexes, ISC under opQmal condiQons, and SUF under stress condiQons 

(oxidaQve stress, low iron bioavailability). My PhD project focused on the relaQonship 

between Fe-S cluster metabolism and faXy acid metabolism, as well as the characterizaQon of 

an Fe-S cluster regulator.  

 An unexpected link between faXy acid and Fe-S biogenesis has been reported in 

eukaryotes. The first objecQve of this thesis was to test this link and study the mechanisms in 

prokaryotes using E. coli as a model. A bacterial two-hybrid approach showed specific 

interacQons between Acyl Carrier Protein (ACP) and three members of the ISC pathway (IscS, 

Fdx, and HscB). We used the CRISPRi tool to decrease the expression of the essenQal acpP 

gene encoding ACP. The study of the effect of ACP decrease on various Fe-S cluster reporters, 

regulators and enzymes acQviQes, allowed us to show that ACP has a posiQve effect on the 

ISC-dependent Fe-S biogenesis.  

 The second objecQve of my thesis was to characterize an Fe-S cluster regulator whose 

funcQon is sQll unknown, YeiL. As the expression of this gene was undetectable under tested 

condiQons, we studied the effect of the overexpression of yeiL, both its wild-type form and a 

mutated form that cannot bind the Fe-S cluster. Transcriptomic analysis showed that the 

producQon of these two forms modifies the expression of hundreds of genes. Ontological 

analysis revealed that anaerobic nitrate respiraQon, nitric stress response, and the use of 

oxidized sugars, aldaric acids, are amongst the funcQons regulated by YeiL. Furthermore, these 

three funcQons are all related to nitric oxide, NO, which originates from nitrate respiraQon, 

induces a specific adapQve response, and promotes the formaQon of aldaric acids. By studying 

the expression of hcp, which encodes a NO reductase, we have shown a link between YeiL and 

OxyR, two transcripQonal regulators in compeQQon for the control of hcp expression. Our 

study of the transcripQonal regulaQon of aldaric acids metabolism genes has allowed us to 

demonstrate that YeiL interferes with the dedicated acQvaQon pathway via the regulator CdaR. 

Thus, it appears that in both pathways studied, YeiL regulates gene expression by compeQng 

with other previously idenQfied regulators. NO is an effector of the innate immune response, 

it displays a bactericidal effect but also promotes aldaric acids formaQon. Using a mice gut 

colonizaQon model, we have shown that the YeiL regulator has a posiQve effect on long-term 

colonizaQon. 
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Titre: Étude de la biogenèse des centres fer-Soufre en condi9ons de stress métaboliques et 

environnementaux 
 

Résumé : Les centres fer-soufre (Fe-S) sont des cofacteurs métalliques essenQels dans la 

plupart des systèmes vivants. Chez Escherichia coli, les centres Fe-S sont impliqués dans 

l'acQvité de plus de 180 protéines tandis que chez l'Homme, des dysfoncQonnements dans 

l'homéostasie des centres Fe-S sont à la base de nombreuses pathologies. Les protéines à 

centres Fe-S parQcipent à des processus majeurs incluant la respiraQon, le métabolisme 

central, la réplicaQon et la réparaQon de l'ADN. Chez E. coli, la biosynthèse des centres Fe-S 

est catalysée par l'acQvité de complexes mulQ-protéiques, ISC en condiQons opQmales, et SUF 

en condiQons de stress (stress oxydant, faible biodisponibilité en fer). Mon projet de thèse 

s'est focalisé sur la relaQon entre le métabolisme des centres Fe-S et celui des acides gras, 

ainsi que sur la caractérisaQon d'un régulateur à centre Fe-S.  

 Un lien inaXendu entre la biogénèse des acides gras et celle des centres Fe-S a été 

rapporté chez les eucaryotes. Le premier objecQf de ceXe thèse a été de tester ce lien et d’en 

étudier les mécanismes chez les procaryotes en étudiant E. coli comme modèle. Une approche 

de double hybride bactérien a montré des interacQons spécifiques entre l’ACP (Acyl Carrier 

Protein) et trois membres de la voie ISC (IscS, Fdx, et HscB). Nous avons uQlisé l’ouQl CRISPRi 

pour diminuer l’expression du gène essenQel acpP codant l’ACP. L’étude de l’effet de la 

diminuQon d’ACP dans la cellule sur différents rapporteurs, acQvité de régulateurs et 

d’enzymes à centres Fe-S, nous a permis de montrer que l’ACP a un effet posiQf sur la 

biogénèse ISC-dépendante des centres Fe-S. 

  Le second objecQf de ma thèse a été la caractérisaQon d’un régulateur à centre Fe-S 

dont la foncQon est encore inconnue, YeiL. L’expression de ce gène étant indétectable dans les 

condiQons classiques testées, nous avons étudié l’effet de la surexpression de yeiL sous sa 

forme sauvage et sous une forme mutée ne pouvant plus lier le centre Fe-S. Une approche 

transcriptomique a montré que la producQon de ces deux formes modifie l'expression de 

centaines de gènes. L’analyse ontologique a révélé que la respiraQon anaérobie du nitrate, la 

réponse au stress nitrique, et l’uQlisaQon de sucres oxydées, les acides aldariques, sont parmi 

les foncQons régulées par YeiL. De plus, ces trois foncQons ont comme point commun l’oxide 

nitrique, NO. Le NO est un produit de la respiraQon du nitrate, il induit une réponse adaptaQve 

spécifique, et favorise la formaQon d’acides aldariques. En étudiant les modalités d’expression 

de hcp, codant une NO réductase, nous avons montré un lien entre YeiL et OxyR, deux 

régulateurs transcripQonnels en compéQQon pour le contrôle de l’expression de hcp. L'étude 

de la voie de régulaQon des gènes du métabolisme des acides aldariques nous a permis de 

montrer que YeiL interfère avec la voie d'acQvaQon dédiée, via le régulateur CdaR. Il apparaît 

donc que dans les deux voies étudiées, YeiL régule l’expression de gènes par compéQQon avec 

d’autres régulateurs précédemment idenQfiés. Le NO est un effecteur de la réponse 

immunitaire innée, il a un effet bactéricide mais favorise aussi la formaQon d’acides 

aldariques. En uQlisant un modèle de colonisaQon de l'intesQn de souris, nous avons pu 

montrer que le régulateur YeiL a un effet posiQf sur la colonisaQon à long terme. 
 

Mots-clés : Centres Fer-Soufre, Acides gras, RégulaQon transcripQonnelle, Oxide nitrique 
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Résumé substan9el 
 

Les centres fer-soufre (Fe-S) sont des cofacteurs métalliques essenQels dans la quasi-

totalité des organismes vivants. Les centres Fe-S sont composés de fer ferreux (Fe2+) ou 

ferrique (Fe3+) lié à du sulfure (S2-). Ils existent sous différentes configuraQons, notamment les 

structures rhombiques [2Fe-2S], cubiques [3Fe-4S] ou cubanes [4Fe-4S], et dépendent de 

machineries spécialisées pour leur producQon. Les propriétés physico-chimiques des centres 

Fe-S permeXent une diversité de réacQons, du transfert d'électrons à la catalyse chimique 

redox et non redox. Chez Escherichia coli, il a été prédit que les protéines Fe-S représentent 

4% du protéome (181 protéines) et pour environ la moitié d'entre elles, cela a été validé par 

des données expérimentales (Lenon et al. 2022). La biogenèse des centres Fe-S est réalisée 

par des machineries mulQprotéiques. On en décompte actuellement 5, MIS et SMS chez les 

bactéries et les archées, NIF chez les bactéries, ISC et SUF chez les bactéries et les eucaryotes. 

E. coli possède les machineries ISC et SUF. La biogenèse des centres Fe-S implique trois étapes 

majeures : l'acquisiQon de fer et de soufre, l'assemblage du centre Fe-S et enfin le transfert 

du centre aux protéines clientes. Chez E. coli, la machinerie ISC est uQlisée en condiQons 

opQmales tandis que SUF prend le relais en cas de stress. Différents types de stress peuvent 

affecter la biogenèse des centres Fe-S tels que le stress oxydant, le stress nitrosaQf ou la 

carence en fer. La machinerie ISC conQent 9 protéines, dont 8 codées dans un seul opéron. Le 

système ISC conQent un régulateur transcripQonnel, IscR, une désulfurase de cystéine, IscS, 

une protéine d’assemblage, IscU, un transporteur, IscA, deux chaperons dédiés, HscA et HscB, 

une ferrédoxine Fdx, une protéine accessoire, IscX, et la frataxine CyaY. 

 

Chez les eucaryotes, le système ISC se trouve dans les mitochondries et conQent des 

composants foncQonnellement et structuralement homologues à ceux de la machinerie ISC 

bactérienne. Cependant, une protéine supplémentaire, ISD11, absente chez les procaryotes, 

parQcipe également à la producQon de centres Fe-S par son interacQon avec la cystéine 

désulfurase NFS1 (homologue de IscS). ISD11 apparQent à la famille LYRM, une classe de 

protéines caractérisées par un moQf leucine-tyrosine-arginine que l'on trouve uniquement 

dans les mitochondries. En 2016, une interacQon entre la protéine ISD11 et ACP a été 

rapportée. ACP est une protéine essenQelle impliquée dans la biogenèse des acides gras. Des 

structures cristallographiques du complexe ACP-ISD11-NFS1 ont été obtenues et des études 



 

sur l'interacQon triparQte suggèrent un rôle posiQf de ACP dans la biogenèse des centres Fe-S 

(Van Vranken et al. 2016). Il a été suggéré que l'interacQon du complexe ACP-ISD11 avec NFS1 

stabilise ceXe dernière (Herrera et al. 2018). Chez les procaryotes, malgré l'absence de la 

protéine ISD11, une interacQon entre ACP et IscS dès 1996, avec la co-purificaQon de ACP et 

IscS issues de E. coli (Flint 1996). De plus, en 2003, Gully et collaborateurs ont rapporté que 

chez E. coli, IscS co-immunoprécipite avec ACP (Gully et al. 2003). Dans le premier chapitre de 

résultats de ceXe thèse, j'ai décrit l’étude du rôle d’ACP dans la biogénèse des centres Fe-S 

chez E. coli. Nous avons montré, par double hybride bactérien, que ACP interagit non 

seulement avec IscS, mais aussi avec la ferrédoxine Fdx et la chaperonne HscB du système ISC. 

Nous avons étudié l'effet de ACP sur la biogenèse des centres Fe-S en uQlisant l'ouQl CRISPRi 

pour diminuer l'expression de acpP. En suivant l'acQvité des protéines Fe-S telles que les 

régulateurs transcripQonnels ou des enzymes, nous avons démontré que ACP joue un rôle 

posiQf dans la biogenèse des centres Fe-S via la machinerie ISC. 

Dans le second chapitre nous avons étudié la fonction du dernier régulateur à centre 

Fe-S de fonction inconnu, YeiL, chez E. coli.  Les régulateurs transcriptionnels à centres Fe-S 

utilisent ces derniers comme senseurs de stress. Les centres Fe-S sont très sensibles à 

l'oxydation. L'oxygène moléculaire, O2, peut directement endommager ces centres. De plus, 

le fer réduit, Fe2+, peut réagir avec le peroxyde d'hydrogène par le biais de la réaction de 

Fenton pour produire des espèces réactives de l'oxygène (ROS) qui endommagent les centres 

Fe-S. Les espèces réactives de l'azote qui peuvent induire la nitrosylation des atomes de fer 

exposés des centres Fe-S et ainsi altérer leurs propriétés. Enfin, une faible disponibilité en fer 

peut réduire l'assemblage des centres Fe-S. E. coli possède 5 régulateurs transcriptionnels à 

centres Fe-S. Quatre d'entre eux FNR, IscR, SoxR et NsrR sont bien caractérisés. Les centres 

Fe-S de ces régulateurs, leur état d’oxydation, ainsi que les modifications dont ils peuvent être 

la cible jouent un rôle clé dans leur activité (Crack et al. 2012). Le cinquième régulateur à 

centre Fe-S, YeiL, restait encore non caractérisé. YeiL appartient à la famille CRP-FNR et 

présente une identité de séquence de 22 % et une similarité de 42 % avec FNR, ainsi qu'une 

identité de séquence de 17 % et une similarité de 45 % avec CRP. La principale caractéristique 

de cette famille est la présence d'un motif de liaison à l'ADN hélice-tour-hélice (HTH) dans 

leur partie C-terminale et un domaine putatif de liaison aux nucléotides dans leur partie N-

terminale. La forte similarité avec le domaine de dimérisation CRP/FNR suggère que YeiL est 



 

également susceptible de se dimériser. YeiL possède cinq résidus de cystéine. La seule étude 

publiée sur YeiL montre qu'il possède un centre [4Fe-4S] (Anjum et al. 2000). Dans cette 

même étude, aucun phénotype majeur a été lié à l'absence de yeiL, sinon une légère 

réduction de la densité bactérienne en phase stationnaire lors de la croissance aérobie. Le 

gène yeiL semble être principalement exprimé pendant la phase stationnaire. De plus, il a été 

suggéré que l'activité du promoteur yeiL était réprimée par FNR mais activée par RpoS, Lrp et 

YeiL lui-même, bien que l'effet de ces régulateurs sur l'expression de yeiL soit modeste (Anjum 

et al. 2000). Un rôle de YeiL dans la survie en conditions limitantes en azote a également été 

proposé. Ces conclusions tirées d'un article publié par Anjum et collaborateurs en 2000 

étaient les seules informations disponibles, et l'absence de toute autre donnée nous a incité 

à caractériser YeiL. L'objectif de ce projet était de caractériser le rôle de YeiL en identifiant 

son régulon, de tester le rôle de son centre Fe-S pour son activité, et enfin d’identifier les 

conditions physiologiques et environnementales de son expression. Dans cette étude, nous 

avons montré que la production de YeiL affecte l'expression de centaines de gènes, impliqués 

des fonctions clés telles que la respiration anaérobie, le métabolisme des sucres et la réponse 

au stress causé par l'oxyde nitrique (NO). Nous avons étudié le mécanisme par lequel YeiL est 

capable de réprimer l'expression des gènes du métabolisme des acides aldariques, des sucres 

oxydés, et avons montré qu'il s'agit d'un effet indirect qui passe par le contrôle de l'expression 

du régulateur de cette voie, CdaR. Nous avons démontré une interférence entre YeiL et OxyR 

dans le contrôle de l'expression de hcp, une réductase impliquée dans la réponse au stress 

NO. Nous avons également identifié la région 3’ de la séquence codante de yeiL comme étant 

responsable de sa faible expression.  

 
  



 

Preamble 

 

 I did my PhD in the Stress AdaptaQon and Metabolism in enterobacteria Unit led by Pr. 

Frederic Barras at the InsQtut Pasteur. The main themaQc of the lab is the study of Escherichia 

coli adaptaQon to stress and more specifically stresses affecQng iron-sulfur (Fe-S) clusters. Fe-

S clusters are metallic co-factors essenQal in most of the living organisms. My thesis is sub-

divided in two parts, one focusing on the interplay between faXy acids biogenesis and Fe-S 

cluster biogenesis and the other on the study of the last uncharacterized Fe-S transcripQonal 

regulator. These two studies were performed using a combinaQon of geneQcs, omics, 

biomolecular, and biochemical approaches.  

 In 2003 a study published by Emmanuelle Bouveret demonstrated an interacQon 

between ACP, the acyl carrier protein, crucial for faXy acid biogenesis and IscS the cysteine 

desulfurase of the ISC machinery of Fe-S cluster biogenesis. This link between faXy acids and 

Fe-S clusters homeostasis was further assessed since 2016 in a series of paper that 

demonstrated a physical and funcQonal link between ACP and the ISC machinery in 

eukaryotes. The objecQve of my thesis was to characterize the interacQon between ACP and 

the biogenesis of Fe-S clusters in E. coli. While some major differences exist between Fe-S 

cluster biogenesis in eukaryotes and prokaryotes, we have demonstrated that nonetheless the 

posiQve impact of ACP is conserved.  

 I have also during my thesis studied an Fe-S transcripQonal regulator of unknown 

funcQon, YeiL. A study in 2000 demonstrated that YeiL, a regulator belonging to the FNR-CRP 

family, contains a 4Fe-4S cluster. AddiQonally, their findings suggest condiQons of expression 

of YeiL that we were unable to replicate. Thanks to a transcriptomic approach, uQlizing both 

an overexpression of the wild type regulator as well as a form unable to bind its cluster, we 

have idenQfied a large set of genes that are affected by YeiL. We have studied YeiL regulaQon 

of three different pathways that are aldaric acid metabolism, nitrate respiraQon, and nitric 

oxide stress resistance.  

 This thesis contains a general introducQon on the subjects being discussed in the two 

parts, mainly Fe-S clusters biogenesis, Fe-S-dependent regulators, nitric oxide stress response, 

and faXy acids biogenesis with a focus on ACP. It contains a review published in Advances in 

Microbiology that I parQcipated in the wriQng of, which discusses the ISC-dependent Fe-S 



 

biogenesis in E. coli. As these two parts are independent, I have chosen to present them 

separately in the form of two draz-like arQcles. Each part contains therefore an introducQon, 

a material and methods, results, and a discussion. AddiQonally, a concluding remarks part is 

included at the end of this thesis containing a general discussion of the two subjects.  
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I - Iron-Sulfur Clusters biogenesis 

I - 1 - Emergence of the Fe-S cluster biogenesis machineries 

 Iron-Sulfur (Fe-S) clusters are metallic cofactors essenQal in all living organisms. Fe-S 

clusters are composed of ferrous (Fe2+) or ferric (Fe3+) iron bound to sulfide (S2-). They exist in 

a number of arrangements including, but not limited to, rhombic [2Fe-2S], cuboidal [3Fe-4S] 

or cubane [4Fe-4S] and rely on dedicated machineries for their producQon. FormaQon of Fe-S 

aggregates arose spontaneously in early geological Qmes and they were instrumental in life 

evoluQon. For long was thought that Fe-S cluster assembly remained spontaneous in living 

organisms as the environment was favorable for their synthesis, i.e. anaerobia and abundance 

of iron and sulfur (Wachtershauser 1992, Meyer 2008). Earth oxidaQon following the 

emergence of photosynthesis would have led to unfavorable condiQons for Fe-S based biology, 

as potenQally damaging reacQve oxygen species appeared and oxidized iron and sulfur 

elements became more difficult to assimilate. The emergence of dedicated machineries for 

the producQon of Fe-S clusters would allow to miQgate such unfavorable condiQons (Imlay 

2006, Andreini et al. 2017, Gao 2020). While this view was the most accepted, a recent study 

demonstrated that the emergence of the Fe-S cluster biosyntheQc machineries predates Earth 

great oxidaQon event (Garcia et al. 2022). Indeed, Garcia and collaborators phylogeneQc 

approach suggests that Fe-S biogenesis machinery were already present in LUCA, the last 

universal common ancestor.  

There are 5 different machineries for the biogenesis of Fe-S clusters, NIF, ISC, SUF, SMS 

and MIS. The ISC and SUF systems can be found in bacteria and eukaryotes whereas the MIS 

and SMS systems can be found in both bacteria and archaea. As for the NIF system, it is usually 

found in nitrogen fixaQng bacteria (Yuvaniyama et al. 2000). As the model organism used in 

my thesis is Escherichia coli (E. coli), I will mainly focus on the two machineries present in this 

organism, ISC and SUF. It is however noQceable that while E. coli serves a model organism for 

the characterizaQon of Fe-S cluster biogenesis, it is however rather an excepQon than a model. 

Indeed, most bacteria possess one Fe-S cluster machinery, and most of them have the SUF 

system (Garcia et al. 2022). This discrepancy in the distribuQon of Fe-S machineries in bacteria 

is intriguing regarding the presence of both systems in E. coli.   
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I - 2 - The ISC machinery 

During my thesis, I have been asked to parQcipate in the wriQng of a review on the 

bacterial ISC (Iron Sulfur Cluster) system. This review covers all the steps of the biogenesis of 

Fe-S through the bacterial ISC system. As no major advance have been published on this topic 

since the publicaQon of the review, I have decided to include this review in my thesis.  
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I - 3 - The SUF machinery 

I - 3 - 1 - Fe-S assembly 

 

 The SUF (Sulfur UQlizaQon Factor) machinery is the most widespread Fe-S cluster 

biogenesis machinery in bacteria (Garcia et al. 2022). E. coli possess the ISC system as well as 

the SUF system. The SUF system follows the same steps as the ISC machinery to produce Fe-S 

clusters, i.e. acquisiQon of iron and sulfur, assembly of the cluster on a scaffold, and delivery 

of the cluster to the apoproteins target (Fig. 1). However, the SUF machinery displays key 
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differences with the ISC machinery that I will present briefly. The SUF machinery is geneQcally 

organized in an operon, sufABCDSE. SufS is a cysteine desulfurase that contains the pyridoxal 

5’phosphate (PLP) cofactor required for its acQvity. SufS catalyzes the conversion of cysteine 

to alanine through the producQon of a persufilde, however it requires an addiQonal protein 

to perform this task. SufE is a homodimeric protein that acts both as an enhancer of SufS 

acQvity and as a sulfur relay for the transfer of the sulfur on the scaffold. It is considered that 

SufSE forms a heterodimeric cysteine desulfurase (Loiseau et al. 2003, OuXen et al. 2003). The 

SufBC2D complex is the scaffold of the SUF system. It is consQtuted of a SufB and SufD 

interacQng with two monomers of SufC (Fig. 1). Azer its formaQon on the scaffold, the cluster 

is loaded on the SufA homodimer for the delivery to the apoproteins target. 

 

Figure 1. Fe-S cluster assembly and delivery by the SUF machinery in E. coli. Modified from (Garcia et 

al. 2019).  

 

I - 3 - 2 - Physiological role of SUF in E. coli 

ISC and SUF are thought to share the same substrates but the main difference between 

the two systems is their condiQon of expression. In E. coli SUF acts a backup system when the 

ISC system is unable to perform its funcQon. This occurs when E. coli is exposed to stresses 

that affect Fe-S clusters. Those stresses include iron limitaQon as well as oxidaQve stress and 

nitrosaQve stress. It has been suggested that these stresses affect ISC capacity to produce Fe-

S cluster which leads to the concomitant switch to the SUF system (Jang et al. 2010). 

Regulators controlling suf locus expression are IscR, Fur, OxyR and NsrR.  
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IscR is the regulator of Fe-S homeostasis and is the first gene encoded of isc operon. IscR 

exists under two forms, Holo- and Apo-form. When IscR is loaded with its [2Fe-2S] cluster, 

Holo-IscR represses the expression of the isc operon, whereas under its Apo-form it acQvates 

the suf operon expression.  

Fur is the main regulator of iron homeostasis. When Fur is bound to Fe2+ it represses the 

expression of the suf operon as well as the expression of the non-coding RNA RyhB (Masse et 

al. 2002, Lee et al. 2008). When iron bioavailability decreases however, the Fe2+ cofactor is 

lost, and the repression is alleviated. Once RyhB is expressed, it targets the intergenic region 

between iscR and iscS and provokes the inhibiQon of translaQon of the downstream genes, 

iscSUA, while stabilizing iscR mRNA. Apo-IscR therefore accumulates and acQvates the 

expression of the suf operon (Desnoyers et al. 2009). Iron limitaQon leads to the expression 

of suf by both alleviaQng Fur repression and by permi~ng Apo-IscR accumulaQon (Fig. 2).  

 OxyR is a regulator of the LysR family, it is mainly known for its role in the activation 

of the oxidative stress response, in particular stress induced by hydrogen peroxide (H2O2). 

Under its reduced form, OxyR is inactive. However, oxidation of the solvent exposed Cys199 

residue by sulfenylation (S-OH), sparks the formation of a disulfide bonds between the Cys199 

and the Cys208 which leads to the activation of OxyR (Storz et al. 1992, Zheng et al. 1998, Kim 

et al. 2002, Lee et al. 2004). Oxidized OxyR (Ox-OxyR) controls the expression of around 30 

genes, amongst which the suf operon, as well as the catalase gene katG and the sRNA gene 

oxyS that further extends OxyR regulon by 40 additional genes (Altuvia et al. 1997). It has 

been reported that OxyR binding to the suf promoter requires the Integration Host Factor 

(IHF) binding in a region located 139 nt upstream of suf transcription initiation site. IHF 

binding remodels the DNA structure of the region to bring the OxyR binding site in the vicinity 

of the -35 and -10 promoter elements (Fig. 2) (Outten et al. 2004). As oxidative stress is known 

to oxidize ferrous iron (Fe2+) into ferric iron (Fe3+) it is therefore reasonable to think that Fur 

repression could also be alleviated during oxidative stress. Moreover, IscR cluster has been 

described to be destabilized by H2O2, the consequence is the activation of the suf operon by 

Apo-IscR (Schwartz et al. 2001). 

 Expression of the suf operon is also repressed by the NsrR regulator. NsrR is a [4Fe-4S] 

protein that represses the expression of genes involved in the nitric oxide stress response, 
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(see II-2-4). Upon exposure to NO, NsrR cluster is damaged and NsrR-dependent repression 

of the suf operon is alleviated (Fig. 2) (Partridge et al. 2009).  

 

 

Figure 2. Regulation of Fe-S cluster synthesis in Escherichia coli. Red circles represent iron and 

black circles represent sulfur. Modified from (Esquilin-Lebron et al. 2021). 

 

I - 3 - 3 - Two machineries, for what purpose? 

While the molecular composiQon of ISC and SUF are different, the basic biochemistry of 

their mode of acQon is the same and they deliver Fe-S clusters to the same proteins. Under 

rich medium, in the presence of O2, a strain lacking both ISC and SUF is not viable. This is 

because of the essenQality of two [4Fe-4S] enzymes, IspG and IspH (Loiseau et al. 2007). These 

enzymes catalyze the last step of the methylerythritol 4-phosphate (MEP) pathway. The 

ulQmate products of this pathway are isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP) which are the two basic building blocks for isoprenoids. Isoprenoids are 

essenQal compounds required for the synthesis of pepQdoglycan and lipopolysaccharides 

(Desai et al. 2016). The viability of a ∆suf mutant or of a ∆isc mutant demonstrates that IspG/H 

can obtain their cluster from either SUF or ISC machineries (Loiseau et al. 2007), illustraQng 

how the presence of two Fe-S biogenesis machineries allow to maintain a constant Fe-S 

producQon under a wide range of growth condiQons.  

However, difference between ISC and SUF can be found in their efficiency in the 

maturaQon of the same targets. For example, the complex I and II of the electron transport 

chain (ETC) include Fe-S proteins, and their maturaQon by the SUF system is less efficient than 
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by the ISC machinery. Aminoglycosides enter the cell through the Proton MoQve Force (PMF) 

which is generated by the acQvity of the proteins of the ETC. It has been reported that a ∆iscUA 

mutant, a strain producing Fe-S cluster through the SUF machinery only, displays an increased 

resistance to aminoglycosides. This phenotype can be explained by a low efficiency in the 

maturaQon of the Fe-S proteins of the ETC, a weaker acQvity of these proteins implies a weaker 

PMF and thus to less entry of aminoglycosides (Ezraty et al. 2013).  

 

I - 4 - Fe-S carriers 

 E. coli makes use of dedicated proteins, called carriers, for the delivery of Fe-S clusters 

to the apoproteins target. The A-type carriers (ATCs) are IscA, SufA and ErpA (Fig. 3). They are 

small proteins that can bind clusters thanks to three cysteines. InteresQngly, the SufA and IscA 

carriers are redundant and can both receive clusters from either ISC or SUF machineries and 

deliver them either to the Fe-S apoproteins or to ErpA (Loiseau et al. 2007). Under aerobiosis 

∆erpA mutant and ∆sufA ∆iscA mutant are not viable (Loiseau et al. 2007, Vinella et al. 2009). 

The choice of carriers can be influenced by the intrinsic features of the target protein but also 

by the environmental growth condiQons as well. For instance, ErpA is required for IspG 

maturaQon under aerobiosis but can be replaced by IscA under anaerobiosis (Vinella et al. 

2009).  

NfuA has also been idenQfied as an Fe-S carrier. While its N-terminal domain is similar 

to ATC’s N-terminal domain, it lacks the cysteines residues involved in the binding of the 

cluster. It has been however reported that NfuA is able to reconsQtute the clusters of the 

lipoate synthase LipA (McCarthy et al. 2017). Other non-ATC Fe-S carriers have been idenQfied 

in E. coli, some of them thanks to their homology with eukaryoQc Fe-S carriers, such is the 

case of Mrp. Mrp belongs to the Nbp35 ATPase family and has been shown to parQcipate in 

the maturaQon of the complex I of the electron transport chain (Leipe et al. 2002, Burschel et 

al. 2019).  

 BolA cannot bind an Fe-S cluster on its own, however it has been suggested that it 

interacts with GrxD, a monothiol glutaredoxin, and forms a heterodimer capable of delivering 

a 2Fe-2S cluster to the Fdx protein in vitro (Li et al. 2012). GrxD can also bind another BolA-
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like protein, IbaG. Dlouhy and collaborators demonstrate that GrxD-IbaG heterodimer is able 

to coordinate a [2Fe-2S] cluster in vitro (Dlouhy et al. 2016).  

 

 

 

Figure 3. SchemaQc representaQon of the Fe-S carrier network in E. coli. Black arrows indicate the 

transfer of Fe-S cluster. Grey arrows represent presumed Fe-S cluster transfer. 

 

I - 5 - The other Fe-S biogenesis machineries 

I - 5 - 1 - The NIF machinery 

The NIF (Nitrogen FixaQon) system was the first described Fe-S biogenesis machinery. 

The NIF machinery is composed of a cysteine desulfurase NifS, a scaffold protein NifU, and a 

A-type carrier IscAnif. Some data suggest a role for the membrane associated Rnf complex for 

providing electrons to the NIF machinery (Cura~ et al. 2005). NIF is ozen found in diazotroph 

and has been shown to provide Fe-S clusters for the nitrogenase of these bacteria.  The most 

thoroughly studied diazotroph bacteria is Azotobacter vinelandii. This organism has three 

disQnct systems for nitrogen fixaQon that uses Fe-S clusters as co-factors. However, the nature 

of the clusters is much more complex than the classical rhombic, cubane or cuboidal clusters. 

The FeMo-cofactor of the molybdenum dependent nitrogenase is an unusual Fe-S cluster 

composed of [7Fe-9S-Mo-C-Hemocitrate]. As for the vanadium dependent nitrogenase, it has 

an [7Fe-9S-V-C-Hemocitrate] cluster. Finally, the last nitrogenase contains a cluster that 
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contains neither Mo or V, [7Fe-9S-C-Hemocitrate] (Dos Santos et al. 2017). While the NIF 

system is able to form these unusual Fe-S clusters, it can also form classical [2Fe-2S], [4Fe-4S] 

and [3Fe-4S] clusters for other target proteins (Chatelet et al. 1999).  

 

I - 5 - 2 - MIS and SMS 

 Amongst the other Fe-S cluster biogenesis machineries SMS and MIS minimal systems 

are the most recent addiQon. They stand for Minimal Iron-Sulfur (MIS) and SUF-like Minimal 

System (SMS). SMS and MIS have been idenQfied by a phylogeneQc and genomic context 

analysis combined approach that suggests that both MIS and SMS are ancestral systems daQng 

back to the LUCA (Garcia et al. 2022). Moreover, since the discovery of the SMS and MIS 

machineries is sQll recent, there are sQll many bacteria whose Fe-S machineries are sQll miss-

annotated. For instance, it was thought for a long Qme that Helicobacter pylori possess a NIF 

machinery, but the phylogeneQc study of Garcia and collaborators has demonstrated that H. 

pylori machinery was in fact a MIS (Garcia et al. 2022). The MIS system is composed of a pair 

of IscS/IscU-like homologues called MisS/MisU. The MIS system can be found in archaea as 

well as in bacteria. As for the SMS system it is composed of two homologues of the SUF 

scaffold proteins SufBC called SmsCB. The SMS system can be found in both bacteria and 

archaea as well. The absence of carriers and in the case of SMS the absence of a desulfurase 

raises quesQons on the mode of acQon of these minimal systems.  

 

II - Fe-S regulators of E. coli 

II - 1 - Description of the Fe-S proteome of E. coli 

Fe-S clusters are involved in most of the cellular processes, such as gene expression, 

RNA transcripQon and modificaQon, translaQon, DNA replicaQon and repair, vitamin, 

metabolite and amino acid biosynthesis, and bioenergeQcs (Fig. 4). Therefore, correctly 

idenQfying Fe-S protein has always been a major point of interest. 



 49 
 

CharacterisQcs of Fe-S proteins are various, an unwary mind might rely on imprecise 

criteria, such as the Fe-S binding moQf, for the idenQficaQon of Fe-S proteins. It is admiXed 

that the ligaQon of Fe-S clusters involves cysteines. The thiol group of cysteines bind the iron 

atoms of the cluster. The presence of a four cysteine-containing moQf is generally a good 

indicaQon of an Fe-S cluster, however other parameters are also involved such as the proximity 

of the cysteines. Moreover, the cysteine moQf is not exclusive to Fe-S clusters, other metals 

can be bound to these cysteines, such as Zinc (Jakob et al. 2000). The absence of mulQple 

cysteines is not a proof of the absence of an Fe-S cluster as well, it has been reported that 

some Fe-S proteins coordinate their cluster using oxygen based (tyrosine, aspartate, 

glutamate) or nitrogen based (arginine or hisQdine) residues (Bak et al. 2014). Therefore, 

predicQng an Fe-S protein based solely on the primary sequence can lead to false negaQves 

and false posiQves. In 2022, Lenon and collaborators proposed a comprehensive approach for 

the idenQficaQon and predicQon of Fe-S proteins in E. coli, involving computaQonal data such 

as Fe-S cluster binding moQf and folding predicQon by Alphafold as well as experimental based 

proof (Mössbauer spectroscopy, UV-visible, electron paramagneQc resonance EPR, resonance 

Raman, etc..). This resulted in the predicQon of 181 proteins composing the Fe-S proteome of 

E. coli (Fig. 4). Fe-S proteins are present in all major cellular pathways, from biosyntheQc 

pathways to gene regulaQon with respiraQon being the most represented process, roughly a 

third of the Fe-S proteome (Lenon et al. 2022). The parQcipaQon of Fe-S proteins in all of these 

funcQons is favored by the physico-chemical properQes of their clusters. Fe-S clusters can 

exhibit various redox states which makes them excellent catalysts for inter- and intramolecular 

electron transfer. Their redox values can range from -100 to -600mV SHE (Standard Hydrogen 

Electrode) depending on the electronic properQes of the surrounding amino acids of the 

cluster (Beinert et al. 1997). One class of proteins that makes the best use of the properQes 

of Fe-S clusters is the S-adenosylmethionine (SAM) family of enzymes. SAM enzymes use their 

clusters for the injecQon of one electron at low potenQal in order to generate free radicals 

used in a plethora of biosyntheQc and metabolic process (Padovani et al. 2001, Ollagnier-de 

Choudens et al. 2002, JarreX 2003). Fe-S clusters allow non-redox chemistry as well, with 

strong Lewis’s acid proper0Qes thanks to the ferric ions, such is the case of hydratases like the 

aconitase (Beinert et al. 1996). Finally, Fe-S cluster can act as sensor in the regulatory funcQon 
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of Fe-S transcripQonal regulators, they can sense ReacQve Oxygen Species (ROS), ReacQve 

Nitrogen Species (RNS), superoxides (O2
-) and nitric oxide (NO).  

 

 
 

Figure 4. The Fe-S proteome of E. coli. DistribuQon of the E. coli Fe–S proteins according to their 

associaQon with a specific biological process. Fe–S proteins characterized by biophysical approaches 

are in bold. Fe, iron; S, sulfur; TCA, tricarboxylic acid cycle. From (Lenon et al. 2022).  

 

II - 2 - Diversity of Fe-S regulators in E. coli 

 E. coli possess 5 transcripQonal regulators that bear an Fe-S cluster. The presence of 

an Fe-S cluster allows sensing of stresses such as ROS, RNS, O2
-, and NO as well as low iron 

environment. However, some regulators are specialized in stress response such as SoxR for 

superoxide or NsrR for nitric oxide while others have a more global role like IscR the regulator 

of Fe-S homeostasis, or FNR the regulator of the transiQon between aerobic and anaerobic 

respiraQon. Finally, YeiL is a regulator of unknown funcQon, and the Chapter II of my thesis is 

dedicated to its characterizaQon. 
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II - 2 - 1 - FNR, the regulator of anaerobic adaptation 

FNR (name originaQng from defecQve in Fumarate and Nitrate ReducQon mutants) 

controls the adaptaQve response to the transiQon between aerobic and anaerobic 

environment (Salmon et al. 2003, Kang et al. 2005, Ireland et al. 2020). FNR belongs to the 

CRP/FNR family, this family of regulators is characterized by the presence of a C-terminal DNA 

binding domain, an extensive helical-coiled dimer interface and a sensory N-terminal domain 

(Fig. 5) (Korner et al. 2003). In the case of FNR the sensory component is the [4Fe-4S] cluster. 

FNR cluster is coordinated by the Cys20, Cys23, Cys29 and Cys122 residues (Lazazzera et al. 

1996). 

In anaerobic conditions FNR has a cubane [4Fe-4S] cluster. The presence of the cluster 

leads to the dimerization of the protein and FNR is then considered under its Holo active form. 

In presence of O2 however, FNR cluster gets damaged by sulfur-based oxidation. Oxygen 

exposure leads to the transition of the [4Fe-4S] cluster to a rhombic [2Fe-2S] cluster which 

subsequently leads to the dissociation of the dimer thus provoking the loss of activity of FNR 

(Khoroshilova et al. 1997). Long exposure to oxygen can ultimately lead to the destruction of 

the cluster (Sutton et al. 2004, Reinhart et al. 2008). The structure of Aliivibrio fischeri’s FNR 

provides great insight on the mechanism of this regulator (Fig. 5). In addition, A. fischeri FNR 

has the same length as E. coli’s FNR and shares 84% of amino acid sequence identity with it. 

It can also complement a ∆fnr E. coli strain (Septer et al. 2010, Volbeda et al. 2015). The 

dimerization of FNR is mediated by the  aC helix. The interaction between the helices of each 

monomer involves a hydrophobic network as well as two critical residues, Arg140 and Asp130. 

The R140 is located at the beginning of the aC helix, and D130 is located on the aB helix of 

the second monomer (Fig. 5). These two residues seem to form a salt bridge that is crucial for 

dimerization (Volbeda et al. 2015). Moreover, Volbeda and collaborators suggest that a 

hydrophobic patch of interaction in the vicinity of the cluster might play the role of a relay 

between the cluster and the dimerization interface. When exposed to O2, the rearrangement 

that takes place to accommodate the [2Fe-2S] cluster could propagate through the 

hydrophobic patch and break the salt bridges at the interface of the dimer. Interestingly, it 

has been demonstrated that two negatively charged residues at the interface of dimerization 

plays an important role in preventing apo-FNR dimerization via charge repulsion. Substituting 
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either D154 or E150 by an alanine leads to the dimerization of FNR even in absence of the 

cluster (Volbeda et al. 2015).  

   

 

 

Figure 5. Crystallographic structure of [4Fe-4S]-FNR. The protein dimer is shown in cartoon 

representaQon, with individual protein subunits shown in cyan and green. Present in each subunit is a 

[4Fe-4S] cluster shown as yellow and orange spheres. Labeled are the N-terminal Fe-S cluster binding 

domain, the C-terminal DNA binding domain, and the seven α-helices present in FNR (designated 

with leCers A–G), including the αC dimerizaQon helix. Also shown are the side chains of residues R140 

(red) and D130 (magenta), which form intersubunit salt bridges that contribute to dimerizaQon. This 

figure originates from (Meaert et al. 2018) and was prepared with PyMOL using the structure available 

in the Research Collaboratory for Structural BioinformaQcs PDB under the accession code 5E44 

(Volbeda et al. 2015). 

 

 Altogether these results indicate that the FNR switch from apo to Holo form depends 

on conformaQonal change mediated by the presence or absence of a [4Fe-4S] cluster. The 

state of the cluster is of course inQmately linked to oxygen. FNR is therefore mainly acQve in 

absence of oxygen, it acQvates the expression of genes involved in the anaerobic oxidaQon of 

carbon sources and the reducQon of terminal electron acceptors while repressing the 

expression of genes required during aerobic respiraQon. Amongst the most characterized 

funcQons acQvated by FNR we can find nitrate respiraQon, fumarate respiraQon, sugar 

fermentaQon, and acid resistance. FNR affects the expression of hundreds of genes in the cell, 

and it is admiXed that FNR binds to at least 63 promoters (Kang et al. 2005, MeXert et al. 

2018). A consensus for FNR binding has been defined (TTGATnnnnATCAA) but some 

degenerated sites have been shown to be also recognized by FNR. FNR binding sites are 
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located at variable posiQons within the promoter regions governing whether FNR acts as an 

acQvator or a repressor (Myers et al. 2013). At FNR acQvated promoters the binding site is 

usually found 41 nucleoQdes upstream of transcripQon start site (TSS) which places FNR in a 

posiQon to interact with  s70 and a subunits of the RNA polymerase. As for the repressed 

promoters, the binding site can be found just upstream of the -35 box up to overlapping the 

TSS thus interfering with the RNA polymerase binding (LoneXo et al. 1998, Barnard et al. 2004, 

Browning et al. 2004). One of the most strongly upregulated gene by FNR is a gene encoding 

a protein of unknown funcQon, ydfZ (Kang et al. 2005). InteresQngly it has been shown that 

this gene is sQll regulated by FNR under aerobiosis albeit with 60-fold less than in anaerobiosis. 

However, this residual acQvity suggests that under aerobic condiQon a small porQon of FNR 

remains in Holo-form. This gene has since been used as a read-out for FNR acQvity under 

aerobiosis (MeXert et al. 2008).  

 

II - 2 - 2 - IscR and Fe-S cluster homeostasis 

 IscR is a regulator belonging to the Rrf2 family of winged helix-turn-helix 

transcripQonal factors. IscR has a [2Fe-2S] cluster that allows the sensing of the following 

signals: iron limitaQon, aerobiosis, oxidaQve stress and possibly nitrosaQve stress (Schwartz et 

al. 2001, Yeo et al. 2006, Rajagopalan et al. 2013). IscR cluster is coordinated by the Cys92, 

Cys98, Cys104 and His107 residues (Fleischhacker et al. 2012). IscR has two types of binding 

sites, Type 1 and Type 2. Type 1 is only bound by Holo-IscR whereas Type2 can be bound by 

both Apo- and Holo-IscR (Fig. 6) (MeXert et al. 2014). 

  iscR is the first gene of the isc operon and is separated from the rest of the operon by 

an intergenic region of a 111 bp. This region is the target of a small regulatory RNA (sRNA) 

RyhB. RyhB itself is repressed by the Fur regulator bound to ferrous iron (Fe2+). When iron 

becomes limiQng, the Fur mediated repression is alleviated and RyhB is expressed. The 

consequence is the down regulaQon of the genes downstream of iscR (iscSUA) resulQng from 

a RyhB-dependent translaQon inhibiQon (Desnoyers et al. 2009). Holo-IscR represses the 

expression of the isc operon, which leads to a low expression of the genes of the ISC machinery 

to the point where Apo-IscR accumulates. At this point the repression is alleviated, the isc 

operon is expressed and the homeostaQc negaQve feedback loop starts again (Giel et al. 2006). 
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As discussed earlier (see I-3-2) the expression of the suf operon, encoding the SUF machinery, 

is under the control of Apo-IscR. In fact, it has been shown that IscR is essenQal for suf 

expression. IscR is therefore a sensor of Fe-S clusters homeostasis and in turn it regulates their 

biogenesis. 

 InteresQngly IscR role is not restricted to Fe-S clusters regulaQon, as a maXer of fact, 

IscR regulates more than 40 genes in E. coli allowing to coordinate Fe-S homeostasis to non-

related metabolic pathways (for more details about IscR see I-2) (Giel et al. 2006, Wu et al. 

2009, Otsuka et al. 2010, MarQn et al. 2011). 

 

 

 

Figure 6. Crystallographic structure of Apo-IscR dimer bound to hyA promoter DNA. The protein 

dimer is shown in cartoon representaQon, with individual protein subunits shown in lime and green. 

This figure was prepared with PyMOL using the structure available in the Research Collaboratory for 

Structural BioinformaQcs PDB under the accession code 4HF1 (Rajagopalan et al. 2013). 

 

II - 2 - 3 - SoxR, a determinant regulator for oxidative stress response 

 SoxR (Superoxide response regulator) is a member of the MerR family. The signature 

of this family is found in the first 100 amino acids, they contain a helix-turn-helix moQf 

followed by a coiled-coil region. Furthermore, many regulators of this family bind metal in 

their C-terminal region (Brown et al. 2003). In the case of SoxR it is a [2Fe-2S] cluster 

coordinated by the Cys119, Cys122, Cys124 and Cys130 residues (Watanabe et al. 2008). The 

most recent SoxR transcriptomic data suggests that this regulator directly controls the 

expression of only 11 genes (Seo et al. 2015). The most noteworthy target of SoxR is soxS. 
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SoxR acQvates the expression of soxS in response to various reacQve oxygen species (ROS) like 

superoxide (O2
-) and other redox-acQve molecules (Greenberg et al. 1990, Nunoshiba et al. 

1992, Vasil'eva et al. 2001, Gu et al. 2011). SoxS controls the expression of 34 genes 

(Greenberg et al. 1990, Seo et al. 2015). Amongst them, sodA a gene encoding a superoxide 

dismutase (SOD), whose funcQon plays a major role in the superoxide detoxificaQon. By having 

two iron atoms and one sulfur atom solvent exposed SoxR cluster acts as a stress sensor (Fig. 

7). Both Apo- and Holo-SoxR are able to bind to the promoter of soxS, but the acQvaQon of 

the promoter not only depends on the presence of the cluster but on its redox state as well 

(Hidalgo et al. 1994, Gaudu et al. 1996, Gaudu et al. 1997, Hidalgo et al. 1997). As a maXer of 

fact, SoxR cluster exists in two redox states. The reduced [2Fe-2S]1+ is acQvely maintained by 

the NADPH-dependent RSX system (Gaudu et al. 2000, Koo et al. 2003, Gu et al. 2011, Krapp 

et al. 2011, Siedler et al. 2014). When the cluster is oxidized to the [2Fe-2S]2+ form it acQvates 

the expression of soxS by opQmally posiQoning the -35 and -10 promoter elements for 

interacQon with the RNA polymerase (Watanabe et al. 2008). The -35 and -10 elements of 

soxS promoter are separated by an unusual 19 bp spacer, compared to the more common 17 

bp spacer, this feature is shared by other promoters regulated by the MerR-family of 

regulators (Ansari et al. 1995, Hidalgo et al. 1997, OuXen et al. 1999). DistorQon of the 

promoter region is therefore required for the expression of the target genes. However, the 

exact mechanism by which the oxidaQon of the cluster induces this DNA remodeling is sQll 

unknown. Watanabe and collaborators suggest that the electrostaQc environment of the 

cluster could be modulated upon oxidaQon of the cluster, thus leading to a small but 

substanQal conformaQonal change required for SoxR acQvity (Watanabe et al. 2008).  

 It has been demonstrated that both ISC and SUF machineries are able to maturate 

SoxR in absence of stress, but under oxidaQve stress condiQons, the SUF system is the only 

system providing the cluster to SoxR (Gerstel et al. 2020). 
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Figure 7. Crystallographic structure of Holo-SoxR. One monomer is shown in cartoon representaQon 

in green. The second monomer is shown in ribbon representaQon in lime. Present in each subunit is a 

[2Fe-2S] cluster shown as yellow and orange spheres. This figure was prepared with PyMOL using the 

structure available in the Research Collaboratory for Structural BioinformaQcs PDB under the accession 

code 2ZHH (Watanabe et al. 2008). 

 

II - 2 - 4 - NsrR, a nitrosative stress sensitive regulator 

 NsrR (Nitrite-SensiQve Repressor) is a transcripQonal regulator from the Rrf2 family. In 

E. coli, NsrR represses the expression of at least 60 genes (Filenko et al. 2007). The NsrR 

regulon includes genes involved in the Nitric Oxide (NO) and ReacQve Nitrogen Species (RNS) 

stress response. The most noteworthy genes are hcp and hmpA that I will discuss in the next 

chapter. As no in vitro characterizaQon of E. coli’s NsrR has been reported, our understanding 

of NsrR comes mainly from reports on the in vitro proprieQes of NsrR proteins from Neisseria 

gonorrhoeae, Bacillus subJlis and Streptomyces coelicolor (Tucker et al. 2008, Yukl et al. 2008, 

Isabella et al. 2009). NsrR binding moQf corresponds to a 23 nucleoQdes stretch containing 

two half sites separated by 1 nt (11-1-11) where the second half site is an inverted repeat of 

the first (AAGATGCATTT) (Tucker et al. 2010). The hcp and hmpA promoters contain two NsrR 

binding sites with at least one of the binding sites overlapping the transcripQon iniQaQon site 

(Tucker et al. 2010). 

 The nature of the cluster of the NsrR regulator is controversial. It has been reported 

that the cluster of N. gonorrhoeae NsrR is a [2Fe-2S] cluster whereas B. subJlis and S. 

coelicolor NsrR have a [4Fe-4S] cluster (Yukl et al. 2008, Isabella et al. 2009, Volbeda et al. 
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2017). It is however noteworthy that the only structure of a Holo-NsrR protein displays a [4Fe-

4S] cluster (Fig. 8). The organism from which this structure was obtained is S. coelicolor, its 

NsrR primary sequence presents 39% of idenQty and 56% of similarity with E. coli’s NsrR. The 

S. coelicolor NsrR structure indicates that the cluster is coordinated by the Cys93, Cys99, 

Cys105 residues from one monomer and the Asp8 residue from the second monomer. As 

these four residues are conserved in E. coli the authors suggest that the same residues bind 

the cluster in E. coli (Volbeda et al. 2017). 

 Upon exposure to NO, NsrR cluster is nitrosylated on the iron atoms through the 

addiQon of a NO group, which leads to a conformaQonal change mediated by the 

displacement of the DNA recogniQon helix that is thought to be sufficient to prevent DNA 

binding (Volbeda et al. 2017).  

 

Figure 8. Crystallographic structure of Holo-NsrR. One monomer is shown in cartoon representaQon 

in cyan. The second monomer is shown in ribbon representaQon in green. Present in each subunit is a 

[4Fe-4S] cluster shown as yellow and orange spheres. This figure was prepared with PyMOL using the 

structure available in the Research Collaboratory for Structural BioinformaQcs PDB under the accession 

code 5N07 (Volbeda et al. 2017). 
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III - Nitric oxide stress  

III - 1 - Damage caused by NO to Fe-S clusters 

 Nitric Oxide is a short-lived, gaseous, membrane permeable, free radical that induces 

nitrosaQve stress in E. coli. NO can react with oxygen species such as superoxide or molecular 

oxygen to form ReacQve Nitrogen Species (RNS) such as nitroxyl anions NO-, nitrosium caQon 

NO+, dinitrogen trioxide (N2O3), nitrogen dioxide radical (NO2
.) or peroxynitrite (ONOO-) 

(Bartberger et al. 2002, Hughes 2008, Moller et al. 2019). The indiscriminate usage of both 

nitrosylaQon and nitrosaQon terms to refer to NO mediated damage has led to a state of 

confusion in this field regarding the correct nomenclature. For this reason, I will hereazer 

refer to all type of NO damage as S- or N- M-nitrosylaQon. 

NO leads to the S-nitrosylaQon of thiol groups, N-nitrosylaQon of amino acids such as 

tryptophane, and nitrosaQve DNA damage. Metal cofactors like Fe-S are also a target of NO 

damage such as the M-nitrosylaQon of the iron atoms. Some Fe-S proteins like dehydratases 

(aconitase B and fumarase B) are parQcularly sensiQve to NO damage, and the inacQvaQon of 

these proteins can be responsible for the disrupQon of mulQple funcQons in the cell (Gardner 

et al. 2002, Woodmansee et al. 2003, Gupta et al. 2012). It is reported that the M-nitrosylaQon 

of Fe-S cluster leads to the formaQon of the dinitrosyl iron complex (DNIC) [Fe(NO)2(RS)2]- and 

[Fe4(NO)8(RS)4] species but also dinuclear dinitrosyl species like Roussin’s Red Ester (RRE) and 

another iron-nitrosyl species, Roussin’s Black Salt (RBS) (Fig. 9). RRE species are composed of 

four iron ions bound by two NO ligands and bridged by cysteine residues, [Fe2(NO)4(Cys)2]. 

RBS species are composed of a tetranuclear network of irons bridges by sulfides and bound 

to NO [Fe4(NO)7(S)3]- (Fig. 9) (Harrop et al. 2008, TonzeQch et al. 2010). When Fe-S proteins 

are exposed to NO all of these four nitrosyl species can be found in various proporQons and 

measured by EPR (For review Crack et al. 2014). 
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Figure 9. Structures of iron-nitrosyl species. Structures of (mono- nuclear iron) dinitrosyl iron 

complex (DNIC), Roussin’s red ester (RRE), Roussin’s black salt (RBS), and a tetranuclear iron 

octanitrosyl cluster species. Iron, sulfide, thiol, and NO are indicated. From (Crack et al. 2014). 

 

 

III - 2 - NO sources 

III - 2 - 1 - Host mediated NO production 

In mammalian cells, NO is involved in various process including vasodilataQon, muscle 

relaxaQon neurotransmission as well as defense against various pathogens including bacteria 

(Calabrese et al. 2007). NO is produced by Nitric Oxide Synthetase (NOS) enzymes. Three NOS 

enzymes are present in mammals. NOS1 and NOS3 or cNOSs are somewhat consQtuQvely 

expressed and their acQvity is dependent on high intracellular Ca2+ level (Xie et al. 1992). 

cNOSs are considered to be the low-output pathway for NO producQon and are generally 

produced in a healthy host. NOS2 or iNOS, for inducible NOS, is engaged during inflammaQon 
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and infecQon (MacMicking et al. 1997). InducQon of iNOS is generally promoted by cytokines 

such as TNF-a and interleukin-1 (IL-1). Although the type of cells might vary from a specie to 

another, iNOS is generally expressed in macrophages, T-cells, dendriQc cells and neutrophils 

(Xue et al. 2018). All three NOS isoforms produce NO through the same biochemical pathway. 

NOS catalyzes the producQon of L-citrulline and NO from L-arginine. The reacQon involves two 

sequenQal mono-oxygenase reacQons, 1.5 molecules of NADH, two molecules of O2, and the 

formaQon of the intermediate compound, Nv-OH-arginine. NOS works as a dimer, it is 

associated with calmodulin protein, and uses 4 different co-factors to produce NO: heme, 

tetrahydrobiopterin, calmodulin, FMN and FAD flavins. The assembled complex is a 300 kDa 

complex (Cho et al. 1995, Ruan et al. 1996, Xie et al. 1996).  

 

An InteresQng side effect of NO producQon by the host immune system is the NO 

dependent producQon of diacid sugars. The NO released in the gut can lead to the conversion 

of simple sugars such as galactose or ribose to aldaric sugars, galactarate and ribaric acid 

respecQvely (Fig. 10). This reacQon does not require any proteic catalyst to happen (OuelleXe 

et al. 2014). The decreased bioavailibity of fermentable sugars conjugated to the increased 

level of aldaric sugars provide, for the bacteria that are able to use these sugars (E. coli, 

Salmonella typhimurium), a considerable advantage over the bacteria that are unable to use 

it (Faber et al. 2016). 

 

 

Figure 10.  Fisher projecQon of ribose and ribaric acid. Exposure of Ribose to NO leads to the 

formaQon of a carboxylic group at each extremity of the sugar. 
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III - 2 - 2 - Endogenous NO production by E. coli 

NO in bacteria can be produced from respiratory or non-respiratory routes. NO is 

enzymatically produced during ammonia oxidation, dissimilatory nitrate reduction and 

denitrification (Maia et al. 2014, Stern et al. 2014, Salas et al. 2021). The dissimilatory nitrate 

reduction to ammonium (DNRA) is considered to be the main source of NO in E. coli. The 

bacterium can use nitrate and nitrite as electron acceptors during anaerobic growth, the 

processes consist in the reduction of nitrate (NO3
-) to nitrite (NO2

-) and finally to ammonium 

(NH4
+) (Simon et al. 2013). NO production can occur in the periplasm thanks to the enzymes 

encoded by the nap and nrf operons, or in the cytoplasm thanks to the nar and nir operon 

encoded enzymes (Fig. 11). The cytoplasmic membrane bound nitrate reductase complex 

(NarGHI) employs a redox loop to couple quinol oxidation with proton dislocation in order to 

generate proton motive force (PMF) (Unden et al. 1997). The periplasmic nitrate reductase 

complex (NapABC) can also help produce PMF by participating in the electron transport chain 

if coupled with a proton translocating enzyme, such as the NADH dehydrogenase I (NuoA-N 

enzyme) (Berks et al. 1995, Moreno-Vivian et al. 1998, Richardson 2000). NO production 

during anaerobic growth is the consequence of the reduction of nitrite by the cytoplasmic 

nitrate reductase, NarG as well as the nitrite reductase NrfA and NirB (Calmels et al. 1988, 

Ralt et al. 1988, Corker et al. 2003, Rowley et al. 2012). 

 

Figure 11. Representation of the nitrate respiratory chain in E coli. The nitrate reductases are 

represented in brown, the nitrite reductases in green and the transporters in blue. Inspired by 

(Lundberg et al. 2004). 
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III - 3 - Defense systems against NO 

 Different studies aimed at the characterization of enzymes and protein responsive to 

NO have often been contradicting. This is often due to the use of NO-generating compounds 

such as GSNO or DEANO at concentrations that exceed by far the physiological concentration 

of NO encountered by the bacteria. While the use of such compounds can provide meaningful 

insight on the nitrosative stress response, they can also be misleading when the 

concentrations used lead to the inactivation of the activity of the proteins studied. Therefore, 

it is important that the results obtained with artificial NO generators are compared to 

physiological concentrations of NO in order prevent the mischaracterization of the proteins 

studied such as SoxR and FNR.  

 Bacteria have developed multiple ways to protect themselves from NO damages. E. 

coli relies on the activity of a handful of enzymes to detoxify the cell from NO. Upon NO 

exposure the transcriptional landscape varies greatly. Amongst the most up-regulated genes 

we can find hcp-hcr, hmpA, norVW, and ytfE (Constantinidou et al. 2006, Roos et al. 2006, 

Filenko et al. 2007) 

III - 3 - 1 - Hcp, the first line of nitric oxide detoxification 

 Hcp (Hybrid-cluster protein) and Hcr (Hybrid-cluster reductase) are encoded in the 

same operon. Hcp is a protein that contains a [2Fe-2S] cluster and an unusual [4Fe-2S-2O] 

cluster (Pereira et al. 1999, van den Berg et al. 2000). The hcp-hcr operon is activated under 

nitrate respiration conditions. Hcp is a high affinity NO reductase that detoxifies low amount 

of NO accumulated during anaerobic nitrate respiration. The reaction involves two NO 

molecules for the production of N2O (Wang et al. 2016). Latter, Seth and collaborators 

proposed that Hcp activity is rather to S-nitrosylate and M-nitrosylate proteins by transferring 

NO from Hcp’s cluster (trans-nitrosylation) to proteins that have thiol groups (S-nitrosylation) 

and/or iron cofactors (Fe-nitrosylation) exposed (Seth et al. 2018). By comparing the total 

level of nitrosylation of proteins in a WT and a ∆hcp strains, the authors observed a decrease 

of 90% of nitrosylated proteins in the mutant strain which led to the conclusion that Hcp was 

essential for the nitrosylation of proteins. The two apparent conflicting activities have 
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however been reconciled. Hagen and collaborators (2019) have shed additional light on the 

subject by demonstrating that the redox state of the hybrid-cluster is a key parameter for Hcp 

activity. They suggest that while both oxidized and reduced Hcp can be nitrosylated, only the 

reduced form is able to exhibit a NO reductase activity (Fig. 12) (Hagen 2019). This also 

explains the importance of Hcr activity in maintaining Hcp under its reduced form previously 

described (Wang et al. 2016). The biological importance of the trans-nitrosylative role of Hcp 

has yet to be understood.  

. 

 

Figure 12.  Representation of the proposed mode of action of HCP depending on its redox state. Red 

highlighted pathway represents the nitrosylation activity of Hcp whereas the black one represents the 

NO reductase pathway. Modified from (Hagen 2019). 

 

III - 3 - 2 - HmpA and NO detoxification in aerobiosis 

 HmpA is a flavohemoglobin enzyme involved in the defense against nitrosative stress. 

An E. coli ∆hmpA strain is hyper-sensitive to NO (Stevanin et al. 2002). HmpA has been 

described as NO dioxygenase in presence of oxygen as well as a NO denitrosylase under 

anaerobiosis (Gardner et al. 1998, Hausladen et al. 2001). However, while the former activity 

has been confirmed by subsequent studies, the denitrosylase activity was refuted. The NO 

dioxygenase activity involves NADPH and FAD as cofactors. First NADPH reduces FAD which 

in turn reduces the heme iron of HmpA. The dioxygen then binds the reduced HmpA, which 
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dioxygenates the NO forming nitrate (NO3
-). The requirement of O2 for HmpA activity 

indicates that the enzyme is catalytically active in aerobic conditions. HmpA dependent NO 

removal activity was nonetheless measured in anoxic conditions. The rate of the reaction was 

found to be extremely slow in comparison to aerobic condition, which leaves the physiological 

relevance of the anaerobic activity up to debate (Kim et al. 1999, Gardner et al. 2002).  

 

III - 3 - 3 - NorV a NO reductase 

 The norVW operon encodes a high-affinity flavorubredoxin NO reductase protein 

NorV and its associated protein the NADH-flavorubredoxin oxidoreductase NorW. NorV 

contains a non-heme di-iron catalytic center, a rubredoxin-like extension and a flavodoxin-

like module (Wasserfallen et al. 1998, Gomes et al. 2000, Gomes et al. 2002). The NorVW 

system reduces NO thanks to an electron transfer chain. The electron is transferred from 

NADH to NorW to NorV that uses it to reduce NO into N2O.  

III - 3 - 4 - YtfE, an ambiguous role 

 The Y�E protein has been the subject of many studies, however up to today we are 

sQll unsure of its actual physiological role. Y�E has been proposed to be an iron donor for Fe-

S cluster biogenesis, a repair protein for nitrosylated clusters a NO generaQng nitrite reductase 

or NO reductase (JusQno et al. 2005, JusQno et al. 2006, Lo et al. 2016, Silva et al. 2021, Crack 

et al. 2022). Whereas a role for Y�E regarding NO is fairly reasonable, as yNE expression is 

both controlled by NsrR and NO-acQvated OxyR, further studies are sQll required to pinpoint 

its exact funcQon in the cell.  
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III - 4 - Transcriptional regulations involved in NO defense 

 The three main NO detoxifying system are under the control of transcriptional factors 

that sense different concentrations of NO. 

III - 4 - 1 - hcp-hcr regulation 

 The hcp-hcr genes are organized in a single operon whose expression is under the 

control of 5 transcriptional regulators, FNR, NarL, NarP, NsrR and OxyR (Fig. 13). 

III - 4 - 1 - 1 - FNR and anaerobic induction of hcp 

 FNR is the activator of hcp-hcr expression that is responsible for expression of the 

operon under anaerobiosis (Fig. 13) (Filenko et al. 2005, Chismon et al. 2010). However, FNR 

is not a transcriptional regulator specialized in NO sensing. In fact, previous reports indicating 

a role for FNR in NO stress response have since been disputed as the concentration of NO 

used in those experiments were way above the physiological conditions. FNR susceptibility to 

NO is a mere consequence of the presence of an Fe-S cluster which are known to be targets 

of NO damage.   

III - 4 - 1 - 2 - The NarXL and NarPQ nitrate-responsive two-component 

systems 

 The hcp-hcr expression is activated by NarL and NarP transcriptional regulators. NarXL 

and NarPQ are two paralogues two-component systems in E. coli (Fig. 13) (Tyson et al. 1994, 

Pao et al. 1995). NarX is sensitive to nitrate and phosphorylate preferentially NarL, whereas 

NarQ is stimulated by both nitrate and nitrite and can phosphorylate both NarL and NarP. 

NarL and NarP share the same binding site albeit their affinities differ. NarXL and NarPQ 

regulate the expression of the genes involved in nitrate and nitrite reduction as well as the 

expression of the hcp-hcr operon (Filenko et al. 2005). The NarL and NarP are however not 

regulators induced by NO, their role is aimed at the regulation of the nitrate and nitrite 

reduction. However, since the reduction of these compounds involves NO generation, it is 

fitting that NarL and NarP activate the expression of the hcp-hcr NO defense system.  



 66 
 

III - 4 - 1 - 3 - NsrR, the ad hoc NO responsive transcriptional repressor 

 The hcp operon is repressed by the transcriptional factor NsrR (Fig. 13). As mentioned 

earlier (see II-2-4), upon exposure to NO, NsrR cluster is damaged through the nitrosylation 

of the iron atoms. This modification induces a conformational change that affects NsrR affinity 

for DNA and therefore alleviates the repression exerted on hcp promoter. A mutational and 

deletion analysis of hcp promoter revealed that NsrR plays a major role in the expression of 

this operon (Chismon et al. 2010).  

III - 4 - 1 - 4 - OxyR, a NO-stimulated activator 

  The most recent described regulator of hcp-hcr expression is OxyR.  Although OxyR is 

mainly known for its role in the response to oxidative stress (see I-3-2) it was demonstrated 

that OxyR is responsive to NO as well and activates the expression of the hcp-hcr operon (Seth 

et al. 2012). The SNO-OxyR regulon was identified thanks to a transcriptomic approach 

comparing gene expression profile of a WT and a ∆oxyR strains grown anaerobically under 

nitrate or fumarate respiration. Reasoning that fumarate respiration does not lead to the S-

nitrosylation of proteins, the authors identified over a 100 genes under the control of SNO-

OxyR. Moreover, mass spectrometry identified the Cys199 residue as the target of SNO, the 

same cysteine crucial for the activity of OxyR under oxidative stress. However, it appears that 

Ox-OxyR regulon and SNO-OxyR show little to no overlap (Storz et al. 1992, Seth et al. 2012). 

OxyR is therefore a sensory protein that is able to activate two completely different set of 

genes in response to two different stresses. Exposure to SNO stress generators (GSNO) under 

anaerobic growth conditions revealed that OxyR is essential for the activation of hcp 

expression. In aerobiosis, however, the activity of OxyR seems important for a strong 

activation but not essential (Seth et al. 2012).  

 Interestingly, both stresses perceived by OxyR originate from bacterial respiration. 

Using oxygen as an electron acceptor leads to the unavoidable formation of ROS whereas 

using nitrate as an electron acceptor in anaerobia leads also to the unavoidable formation of 

NO and RNS. Since the same sensory cysteine is the target of the two modifications, one can 

only wonder on the consequence of encountering both type of stress concomitantly. Since 

oxygen and nitrate respiration are mutually exclusive, the only physiological conditions in 
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which the bacteria can face both oxygen and NO is during infection. When facing the immune 

response of host, the level of O2 in the environment of the bacteria can range from 

microaerobia to complete anaerobia while facing the same time NO generated by 

macrophages and other immune cells. Moreover, the peroxisome of phagocyting cells is an 

organelle in which both NO and H2O2 are present in high concentration (Di Cara et al. 2019), 

it would be interesting to study the activity of OxyR in presence of both ROS and RNS.  

 

III - 4 - 2 - Regulation of hmpA and norVW  

 Expression of hmpA is under the control of three transcriptional factors, FNR, Fur and 

NsrR (Fig. 13). FNR represses the expression of hmpA under anaerobiosis and, upon transition 

to aerobiosis the repression is alleviated. Since HmpA acts as a NO dioxygenase, repressing 

its expression in anaerobiosis seems to be an efficient way to prevent the production of 

inactive proteins in the cell. The hmpA gene is also repressed by Fur-Fe2+ and Holo-NsrR. 

When the cell is exposed to NO, a nitrosylation of Fur’s iron cofactor as well as the 

nitrosylation of NsrR cluster lead to the alleviation of the repression they exert on hmpA 

promoter activity, thus leading to the expression of the gene (Poole et al. 1996, D'Autreaux 

et al. 2002). 

 The norVW operon is activated by the NorR regulator and activated by NarL and NarP 

(Fig. 13). The norR gene is encoded upstream of the norVW operon in a divergent orientation. 

NorR activity is dependent of its N-terminal GAF domain that contains a mononuclear non-

heme Iron. Nitrosylation of the iron is required for NorR activity. Binding of NO to the iron 

center activates the ATPase activity of the AAA+ domain enabling interaction with the RNA 

polymerase in order to activate the gene expression (D'Autreaux et al. 2005, D'Autreaux et 

al. 2008).  

As for the NarL and NarP regulation of norVW, it is identical to their regulation of hcp-hcr 

operon (see III-4-1-2). They activate the expression of norVW in presence of nitrate and 

nitrite. 
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A) 

  

B)  

 

 

 

Figure 13.  Genetic regulation of the NO defense systems in presence of endogenous or exogenous 

NO sources. In red repressors and in green activators. A) Regulation of the defense systems in during 

nitrate respirating conditions. B) Regulation of the defense systems in presence of exogenous NO 

source in aerobiosis. 

 

 

 



 69 
 

IV - The Acyl Carrier Protein 

 IV - 1 - The role of ACP in the type II biogenesis of Fatty acids 

(FasII) 

IV - 1 - 1 - The initiation step 

 

 The Acyl Carrier Protein, ACP, is an essenQal protein in most living organisms. ACP is a 

small cytoplasmic protein composed of 77 amino acids. E. coli produces around 6x104 

molecules of ACP per cell which makes it the third most abundant protein in the cell (0,25% 

of the total soluble proteins) (Lu et al. 2007). The primary role of ACP is the biogenesis of faXy 

acids through the faXy acid synthesis (FasII) pathway. FaXy acids are essenQal components of 

the cell as they are required for the synthesis of the membrane, the formaQon of co-factors 

such as bioQn and lipoic acid and parQcipate in energy producQon. ACP is first produced under 

Apo-form, the conversion of Apo-ACP into Holo-ACP by the ACP synthase enzyme (AcpS) 

corresponds to the addiQon of a phosphopantetheine moiety (4’PP), originaQng from Co-

enzyme A (CoA), on the serine 36 of ACP (Fig. 14). This Ser36 is located in the beginning of the 

second helix and is conserved in all the ACPs involved in faXy acid biogenesis (Thomas et al. 

2005, Cronan 2014). 

 Malonyl-ACP is the major building block of faXy acids, it is obtained thanks to FabD 

acQvity which uses Malonyl-CoA and Holo-ACP as substrates (Fig. 14). The Holo-ACP carries 

the growing faXy acid chain through the thioester linkage of the faXy acyl intermediates to 

the thiol of the 4’PP group. The nascent-acyl chain is therefore bound to ACP and the faXy 

acid biogenesis cycle can proceed. ACP therefore exists under three forms, unmodified Apo-

ACP, 4’PP aXached Holo-ACP, and Acylated-ACP (Oefner et al. 2006). 

 

Figure 14. MaturaQon of ACP by ACPS and FabD. 
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IV - 1 - 2 - The fatty acid biogenesis cycle 

 

 During the biogenesis cycle ACP presents the acyl chain to the different enzymes 

responsible for the modificaQon and elongaQon of the acyl chain. The first step, a 

condensaQon of the malonyl-ACP, is done by the ß-Ketoacyl-ACP synthases FabB and FabF. The 

ß-ketoacyl-ACP is then reduced into a 3-hydroxyacyl-ACP by the ß-ketoacyl-ACP reductase 

FabG (Garwin et al. 1980, Heath et al. 1996, Edwards et al. 1997, Borgaro et al. 2011). Comes 

next a dehydraQon step of the ß-hydoxylacyl-ACP into a trans-2-enoyl-ACP by either FabA or 

FabZ depending on the substrate (Heath et al. 1996, Leesong et al. 1996). Finally, an enoyl-

ACP reductase converts the enoyl-ACP into acyl-ACP. At the end of the cycle FabH proceeds to 

add two addiQonal carbons, originaQng from Acetyl-CoA, on the malonyl-ACP substrate in 

order to elongate the acyl chain (Fig. 15) (Magnuson et al. 1993, Heath et al. 1996, Beld et al. 

2015). 

 

 

 

Figure 15. Fa_y acid biogenesis (FasII) in E. coli.  
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IV - 2 - Acyl-ACP is important for the biosynthesis of fatty-acid 

derived compounds 

IV - 2 - 1 - Phospholipid biosynthesis 

 Phospholipids are amphiphilic molecules that compose the membrane of the bacteria. 

Phospholipids are consQtuted of a glycerol backbone on which are aXached two acyl chains 

and a polar head on a phosphate group.  

 De novo synthesis of phospholipids requires acyl chains. The acyl-chains originate from 

either the faXy acids biogenesis or degradaQon of exogenous faXy acids (ß-oxidaQon 

pathway). When they originate from the faXy acid biogenesis, the acyl-ACP is used, whereas 

if they originate from the ß-oxidaQon pathway, acyl-CoA is used. The first step involves the 

aXachment of the acyl chain to the precursor of the phospholipid synthesis, the glycerol-3-

Phosphate compound (G3P), thus forming the 1-acyl-G3P. This reacQon is performed by the 

PlsB enzyme. The 1-acyl-G3P is then acylated furthermore by the PlsC enzyme using an 

addiQonal acyl-ACP molecule as a substrate (Rock et al. 1981, Kessels et al. 1983, Gully et al. 

2006). 

IV - 2 - 2 - Lipopolysaccharide biosynthesis 

 ACP provides long chain faXy acids for the synthesis of the precursor of 

lipopolysaccharide (LPS) as well. The iniQaQon of the LPS begins at the synthesis of the Lipid 

A. This process involves acyl-ACPs at mulQple steps. First, there is the acylaQon of UDP-GlcNAc 

by LpxA using 3-hydroxytetradecanoyl-ACP as a substrate (Anderson et al. 1987, Galloway et 

al. 1990). The second step involving ACP is the acylaQon of the 3-myristoyl-UDP-GlcN by LpxD 

using myristoyl-ACP (Anderson et al. 1985, Helander et al. 1993, Kelly et al. 1993). Further 

down in the synthesis of LPS, the LpxL and LpxM enzymes use dodecanoyl-ACP and myristoyl-

ACP respecQvely, for the acylaQon of two 3-Deoxy-d-manno-octulosonic Acid (Kdo) molecules 

on the lipid IVA intermediate thus finalizing the synthesis of the UDP-N-acetylglucosamine, 

the precursor for LPS synthesis (Emiola et al. 2014). InteresQngly, exogenous faXy acids can 

bypass the need for the faXy acid biogenesis for all of the pathways diverging from the FasII 

but one, LPS synthesis (Yao et al. 2017). 
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IV - 2 - 3 - Lipoate Synthesis 

 Lipoic acid is an essenQal cofactor for the acQvity of the pyruvate dehydrogenase 

(PDH), the glycine cleavage system (GCV) and the a-ketoglutarate dehydrogenase (Reed et al. 

1993). An octanoate group originaQng from octanoyl-ACP is first transferred to the LipB 

enzyme that subsequently insert it into the E2 subunits of the enzymes requiring lipoate for 

their acQvity. LipA catalyzes the inserQon of two sulfur atoms into the octanoyl chain of the 

E2 subunits in order to form the lipoate cofactor. LipA belongs to the radical SAM family and 

contains two [4Fe-4S] clusters (Cicchillo et al. 2005) with one of the clusters, the auxiliary 

cluster, providing the sulfur atoms for the synthesis of lipoate (Fig. 16) (Ollagnier-De Choudens 

et al. 2000, Lanz et al. 2014).  

 

 

Figure 16. Lipoate biosynthesis pathway in E. coli. LipA auxiliary cluster provides the sulfurs necessary 

for the formaQon of lipoic acid.  

 

IV - 2 - 4 - Biotin Synthesis 

 BioQn is an essenQal vitamin required for amino acids metabolism. The synthesis of 

bioQn starts by the methylaQon by BioC of either a Malonyl-ACP or a Malonyl-CoA depending 

on the origin of the substrate. FabH combines a Malonyl-ACP with either a Malonyl-ACP 

methyl ester or a Malonyl-CoA methyl ester to form a 3-ketoglutaryl-ACP methyl ester. This 

intermediate product then enters the faXy acid biogenesis cycle and gets modified and 

elongated by the Fab enzymes unQl the producQon of a pimeloyl-ACP methyl ester. At which 

point the methylated faXy acid follows a subsequent set of reacQon performed by the 
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BioHFADB enzymes (Lin et al. 2010). Much like lipoic acid the last step of the bioQn synthesis 

involves a radical SAM enzyme BioB that uses its [4Fe-4S] and [2Fe-2S] clusters to insert the 

required sulfur atom to synthesize bioQn (Fig. 17) (Tse Sum Bui et al. 2006).  

 In E. coli, only one enzyme uses bioQn as a cofactor, the acetyl-CoA carboxylase (ACC) 

complex. The ACC complex catalyzes the formaQon of Malonyl-CoA from Acetyl-CoA by adding 

a carboxyl group. BioQn is used as a placeholder for the carboxyl in the two step-reacQon 

(Broussard et al. 2013).  As menQoned before (see IV-I-2) malonyl-CoA is the main source of 

carbon in the biogenesis of faXy acids and therefore its synthesis is crucial for the bacteria. It 

is interesQng to note that the bioQn is essenQal for the FasII pathway that is itself essenQal for 

the synthesis of bioQn.  

 

 

 

Figure 17. BioQn biosynthesis pathway. BioB is a radical SAM enzyme catalyzing the last step of the 

pathway. 
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IV - 3 - ACP's unexpected partners 

IV - 3 - 1 - SpoT and the stringent response 

 ACP has been shown to parQcipate in the regulaQon of guanosine 5ʹ-(tri)diphosphate, 

3ʹ-diphosphate [(p)ppGpp] levels in the cell through its interacQon with SpoT. The (p)ppGpp 

serves as an alarmone that can trigger the stringent response when it reaches a criQcal level. 

The outcome of the acQvaQon of this response is the growth arrest and the expression of 

resistance genes. SpoT possess both a (p)ppGpp hydrolase and a (p)ppGpp synthetase acQvity 

(Hernandez et al. 1991), which parQcipate in the control of the level of (p)ppGpp in the cell 

depending on the cell needs. ACP interacQon with SpoT involves an Holo-ACP although the 

presence of an acyl chain and its nature are uncertain. It has been proposed that ACP may 

play a regulatory role for SpoT acQvity, indeed ACP interacQon with SpoT could Qp the balance 

either in favor of the degradaQon or producQon of (p)ppGpp depending on the faXy acid 

metabolism status. (p)ppGpp also controls the expression of genes during the stringent 

response by modulaQng the acQvity of the RNA polymerase through direct interacQon. 

InteresQngly, amongst the genes affected by this interacQon we can find the fabHBG operon, 

essenQal for the FasII pathway. The connecQon between ACP and the stringent response is 

therefore bidirecQonal, ACP controls (p)ppGpp levels that in turn control FasII acQvity. 

 

IV - 3 - 2 - The structural Maintenance of Chromosomes complex 

 MukB belongs to the Structural Maintenance of Chromosomes protein family. It plays 

a role in the parQQoning condensaQon of the chromosome (Soppa 2001). MukB forms a 

complex with MukE and MukF that promotes the shrinkage of DNA. Cells lacking a funcQonal 

MukBEF complex have disorganized chromosomes with misplaced geneQc loci, their failure to 

properly segregate sister chromosomes leads to anucleated cell producQon. MukB was found 

to co-purify with ACP and a Cryo-EM study has confirmed the ACP-MukB interacQon (Burmann 

et al. 2021). The interacQon requires a funcQonal ACP as the mutaQon of the serine 36, 

blocking ACP under its Apo-form, abolishes the interacQon (Gully et al. 2003, Burmann et al. 

2021). Moreover, it has been shown that ACP interacQon is important for MukB ATPase acQvity 
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and disrupQon of the interacQon in vivo leads to an altered localizaQon of the MukBEF 

complex. ACP interacQon with MukBEF is therefore important for MukBEF funcQon in vivo 

(Prince et al. 2021). The role and biological significance of ACP in the structural maintenance 

of the chromosome has, however, yet to be idenQfied. 

 

IV - 4 - ACP and Fe-S biogenesis 

IV - 4 - 1 - Mitochondrial ACP impacts Fe-S biogenesis 

 The mitochondrial ISC system is the dedicated system of producQon of Fe-S clusters in 

eukaryotes. The proteins involved are funcQonal homologues of the E. coli ISC system and 

therefore works in an idenQcal fashion. However slight differences exist, such as the presence 

of ISD11 (LYRM4), an essenQal member of the ISC machinery that belongs to LYRM proteins 

family (Wiedemann et al. 2006). The LYRM proteins family is a characterized by a Leu-Tyr-Arg 

(LYR) moQf. They are only found in mitochondria and are involved in a diversity of 

mitochondrial funcQons (Richards et al. 2006). ISD11 parQcipates in the producQon of Fe-S 

clusters through its interacQon with NFS1 the homologue of IscS in eukaryotes. ISD11 has been 

shown to help solubilize NFS1 and therefore is proposed to be a stabilizing cofactor for the 

cysteine desulfurase (Herrera et al. 2018). InteresQngly a study aimed at the characterizaQon 

of ACP1 (ACP homologue in Saccharomyces cerevisiae) interactome showed that Isd11 and 

NFS1 copurifies with ACP1. Furthermore, study of an ACP1 condiQonal KO showed an 

impairment of the acQviQes of mulQple Fe-S proteins, such as the aconitase and the 

respiratory complex I and II. Moreover, ectopic expression of the acp1 gene rescued the Fe-S 

related phenotypes suggesQng an important role of ACP1 in the biogenesis of Fe-S cluster (Van 

Vranken et al. 2016).  

IV - 4 - 2 - Structure of the mitonchondrial ACP-ISD11-NFS1 complex 

 In 2017 Boniecki and collaborators as well as Cory and collaborators sought to obtain 

the structure of the NFS1-ISD11 by crystallography (Boniecki et al. 2017, Cory et al. 2017). In 

order to purify the complex, the proteins were co-expressed and co-purified in E. coli. The 

most surprising outcome was the co-crystallizaQon of E. coli’s ACP (ACPec) with the complex. 
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In both structures, Cory’s and boniecki’s, an acylated-ACP is shown to interact with ISD11. The 

acyl-chain involved is of 16 carbon length in Cory’s structure and 14 for Boniecki’s. The two 

structures of the ACPec-ISD11-NFS1 diverge, in Cory’s case NFS1 dimer adopts an unusual 

conformaQon that has never been described in PLP-dependent desulfurase. Indeed, the 

structure displays two monomers of NFS1 making almost no contact with each other whereas 

Boniecki’s structure is more coherent with previous desulfurase structures. I have decided to 

focus on their findings for this part (Fig. 18). The interacQon between ACPec and ISD11 

involves the inserQon of the acyl chain into a hydrophobic groove formed by the three helices 

of ISD11. The contacts between ACPec and ISD11 are allowed by hydrophilic and charged 

sidechains, from ACPec side the interacQon involves the recogniQon helix a2, and from ISD11 

it involves the helices a1 and a2. A dimer of ISD11 interacts with a dimer of NFS1, it involves 

polar ionic interacQons (Arg68ISD11−Asp75NFS1and Arg35ISD11−Glu314NFS1) and hydrogen bonds 

(Tyr31ISD11−Arg72NFS1 and Asp38ISD11−Tyr317NFS1). Moreover, mutaQons of theses residues 

have been described to cause human Fe-S deficiency diseases (Lim et al. 2013, Farhan et al. 

2014). Although one might dismiss the crystallographic evidence for the interacQon between 

ACPec and ISD11 it is noteworthy to highlight that ACPec shares 46% idenQty with the human 

ACP. Moreover, a crystallographic structure of the human mitochondrial ACP in complex with 

Isd11, NFS1, FXN (frataxin), and ISCU was obtained in 2019 and was consistent with Boniecky’s 

structure (Fox et al. 2019). The exact role of the ACP-ISD11-NFS1 interacQon is however 

unclear, some data suggest a role in the solubilizaQon of NFS1 by ACP-Isd11 (Herrera et al. 

2018). 

It is interesting to note that in eukaryotes, multiple LYRM proteins have been described to 

interact with the mitochondrial ACP and involve the LYR motif in the interaction (Angerer 

2013). 
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Figure 18. Crystallographic structure of the (ACP-ISD11-NFS1)2. The complex is represented in 

cartoon. IscS dimer is represented in orange and light orange. Each IscS subunit contains a PLP co-

factor. ISD11 monomers are represented in purple. ACP monomers are represented in blue. The fatty 

acid chain of 16 carbon is represented by green, blue, red, and yellow spheres. This figure was 

prepared with PyMOL using the structure available in the Research Collaboratory for Structural 

Bioinformatics PDB under the accession code 5WGB (Boniecki et al. 2017). 

 

IV - 4 - 3 - ACP and IscS in E. coli 

 While the evidence for an interacQon between ACP and ISD11 in mitochondria is 

relaQvely recent, an interacQon between ACP and IscS in E. coli has been already described in 

the literature 27 years ago. Indeed, in the first characterizaQon of IscS by D.H. Flint in 1996, 

ACP was found in the same purificaQon fracQon as IscS (Flint 1996). Since the addiQon of DTT 

seemed to disrupt the interacQon, a disulfide linkage between the thiol of the 4’PP group of 

ACP and IscS was proposed. 

This was not the only Qme an interacQon between ACP and IscS was observed. A study 

on ACP interactome showed a co-purificaQon of IscS with ACP. In this study the involvement 

of disulfide bridge was noQced as well (Gully et al. 2003). For a long Qme, this interacQon was 

dismissed based the reacQve cysteine of IscS and was regarded as artefactual but as recent 

studies link ACP to ISD11, a member of the Fe-S cluster biogenesis machinery, the interacQon 

between ACP and IscS might need reevaluaQon. 
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Chapter I: Cross-talk between fatty acid biogenesis and 

Iron-Sulfur cluster biogenesis 
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Chapter I - Introduction 

 
Fe-S clusters are metallic cofactors essenQal in most living organisms. They allow a 

diversity of reacQons from electron transfer to redox and non-redox chemical catalysis. The 

biogenesis of Fe-S clusters is performed by mulQ-protein machineries. There have been 5 

different machineries described, MIS and SMS in both bacteria and archaea, NIF in bacteria, 

ISC and SUF in bacteria and eukaryotes. Escherichia coli possess ISC and SUF. The biogenesis 

of Fe-S cluster involves 3 major steps, the acquisiQon of iron and sulfur, the assembly of the 

cluster and finally the delivery of the cluster to the apoprotein targets by dedicated carriers. 

In E. coli, the ISC machinery serves as a housekeeping machinery whereas SUF takes over in 

stress condiQons. Different stresses can affect Fe-S cluster biogenesis such as oxidaQve stress, 

nitrosaQve stress or iron limitaQon. The ISC machinery contains 9 proteins, 8 of them encoded 

in a single operon. The ISC system contains a transcripQonal regulator, IscR, a cysteine 

desulfurase, IscS, a scaffold protein, IscU, a carrier protein IscA, two dedicated chaperones, 

HscA and HscB, a ferredoxin Fdx, an accessory protein, IscX and the frataxin CyaY. In 

eucaryotes the ISC system is found in the mitochondria and contains the components 

funcQonally equivalents and structurally homologous to those of the E. coli ISC machinery. 

However, an addiQonal protein ISD11, not present in procaryotes, is also parQcipaQng in the 

producQon of Fe-S clusters through its interacQon with the cysteine desulfurase NFS1 (IscS 

homolog). ISD11 belongs to the LYRM family, a class of proteins characterized by a leucine-

tyrosine-arginine moQf (LYRM) only found in the mitochondria. In 2016 an interacQon 

between the ISD11 protein and ACP has been documented. ACP is the acyl carrier protein, an 

essenQal protein involved in the biogenesis of faXy acid. Two crystallographic structures of 

ACP-ISD11-NSF1 complex have been presented although the exact conformaQon of the 

complex is unclear as the two structures seem to be conflicQng. Nonetheless, studies on the 

triparQte interacQon suggest a posiQve role of ACP in the biogenesis of Fe-S clusters in 

mitochondria (Van Vranken et al. 2016). It has been suggested that the role of ACP-ISD11 

interacQon is to stabilize NFS1 that is found to aggregate in absence of ACP-ISD11 complex 

(Herrera et al. 2018). In prokaryotes despite the absence of the ISD11 protein, an interacQon 

between ACP and IscS in E. coli has been reported. In 1996 when D. H. Flint discovered a NifS-

like protein that we now know under the name of IscS, ACP was found to co-purify with it 
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(Flint 1996). Moreover in 2003 Gully and collaborators reported that in E. coli, IscS co-purifies 

with ACP (Gully et al. 2003).  

We undertook this study to decipher the role of ACP in the biogenesis of Fe-S clusters. 

In this chapter we present our findings on the relaQon between ACP and the ISC machinery.  

We show here, by a bacterial two hybrid assay, that ACP not only interacts with IscS but with 

the ferredoxin Fdx and the co-chaperon HscB of the ISC system as well. We studied the effect 

of ACP on the biogenesis of Fe-S by using the CRISPRi tool to decrease the expression of acpP. 

By monitoring the acQvity of Fe-S proteins such as transcripQonal regulators or enzymes we 

demonstrated that ACP plays a posiQve role in the biogenesis of Fe-S clusters through the ISC 

machinery.  

 

Chapter I - Materials and Methods 

 Media and growth condi9ons 

 Bacterial strains were grown in LB (Lysogeny Broth) rich medium. AnQbioQcs were 

added when necessary: ampicillin (Amp, 100 µg/ml); kanamycin (Kan, 50 µg/ml); 

chloramphenicol (Cm, 10 µg/ml) as well as anhydrotetracycline (aTc) for inducible expression 

from the Ptet promoter. For iron chelaQon, 2,2ʹ-Dipyridyl (Dip) was added to the culture 

medium and for oxidaQve stress, we used paraquat 100 µM.  

 Bacterial strains and Plasmids 

 Escherichia coli K12 MG1655 strain, its derivaQves and plasmids used in this study are 

listed in tables 1 and 2 respecQvely. E. coli K12 XL1B strain was used for cloning. Primers, with 

their sequences and descripQons are listed in table 3. 

Standard procedures for preparaQon of DNA, amplificaQon, digesQon, ligaQon were used as 

previously described (Sambrook et al. 1989). TransformaQons were done by electroporaQon. 

Plasmids constructed for this study have been checked by sequencing (Eurofins).  

 MG1655 chromosome engineering 
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DeleQon mutaQons were introduced by P1 transducQon (Miller 1992). Transduced strains 

were verified by PCR using primers pair hybridizing upstream and downstream the deleted 

gene (see Table 3 for sequences). 

 Plasmids construcQon 

Derived plasmids from psgRNA for CRISPRi, i.e. psgRNA-ACP1, 3, 4, 5, 6, were generated by 

inverse PCR as previously described (Larson et al. 2013). Primers used for the producQon of 

the DNA corresponding to each anQsens RNA are indicated table 3 and psgRNA was used as 

template. Amplified fragments corresponding to whole plasmids (2580 bp) were then 

phosphorylated (T4 PolynucleoQde Kinase, Biolabs) at their 5' extremiQes and circularized by 

ligaQon (T4 DNA ligase, Biolabs). DpnI was then used to remove the template DNA before 

transformaQon in XL1B.   

 For protein purificaQon, IscS and ACP coding regions (PCR fragments generated from 

OSD56-57, 1248 bp, and OSD146-147, 263 bp respecQvely) were cloned between EcoRI and 

XhoI sites of pTet6his-TEV, generaQng pTet6his-TEV-iscS and pTet6his-TEV-ACP respecQvely. 

 

 RNA extrac9on 

 Strains were grown in LB-Amp-Cm added with 0.1 ng/ml aTc at 37°C with aeraQon unQl 

OD600nm = 1. Cells were pelleted by centrifugaQon (10 ml) and immediately frozen at -20 °C. 

RNA extracQons were then performed as previously described (Even et al. 2006). Briefly, 

bacterial pellets were resuspended in a buffer containing glucose 20%, Tris-HCl 25 mM, pH 7.6 

and EDTA 50 mM. Cells were broken in presence of glass beads (0,1 mm diameter) and acid 

phenol (pH 4.5) in a cell disruptor. Successive purificaQon steps with Trizol and chloroform 

were performed before isopropanol precipitaQon. 

Purified RNAs were then treated with DNase I using the TURBO DNA-free reagent (Ambion) in 

order to eliminate residual contaminaQng genomic DNA. 

 

 Gene expression analysis by quan9ta9ve qRT-PCR 

 cDNA synthesis was carried out as previously described (Dubrac et al. 

2007). OligonucleoQdes were designed in order to synthesize 100-200 bp amplicons (see Table 

3). QuanQtaQve real-Qme PCRs (qRT-PCRs), criQcal threshold cycles (CT) and n-fold changes in 

transcript levels were performed and determined as previously described (Dubrac et al. 2007) 

using the SsoFastTM EvaGreen Supermix (Bio-Rad) and normalized with respect to 16s rRNA 
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whose levels did not vary under our experimental condiQons. We analyzed the results using 

Bio-Rad CFX Maestro sozware. Assays were performed using quadruplicate technical 

replicates and repeated with three independent biological samples. Results are presented as 

the means of the technical replicates and error bars are the standard errors of the means. 

Biological replicates were treated independently and did not show any significant variaQons. 

 

ß-galactosidase assay 

Cells were grown in LB medium at 37°C in biological triplicates. ß-gal acQvity was 

determined as previously described (Miller 1992). Average values of ß-gal unit/mg of bacteria 

are represented and error bars correspond to the standard deviaQon of the means. 

 

 Bacterial Adenylate Cyclase Two-Hybrid assay (BACTH) 

 We used BACTH to test protein-protein interacQons as previously described (Karimova 

et al. 1998). DNA inserts encoding the proteins of interest were obtained by PCR with primers 

described table 3 using MG1655 genomic DNA as matrix. Mutated alleles of genes were 

obtained by PCR (with the PfuUltra II DNA polymerase) using primers containing the mutaQons 

(table 3), and the plasmids with the wild type alleles as template. Azer amplificaQon, template 

DNA was removed using the DpnI restricQon enzyme. DNA encoding proteins of interest were 

cloned into pT18 and pT25 plasmids between EcoRI and XhoI restricQon sites. Azer co-

electroporaQon of the BTH101 strain with the two plasmids expressing the hybrid proteins, 

cells were spread on LB-Amp-Kan plates with IPTG 0.5 mM and X-Gal 50 µg/mL plates and 

incubated at 30 °C for two days. Liquid cultures of clones in LB-Amp-Kan-IPTG were then 

spoXed on LB-Amp-Kan plates with IPTG 0.5 mM and X-Gal 50 µg/mL plates and incubated at 

30 °C for two days and scanned (SCAN 4000, Intersciences). 

 

 Aconitase enzyma9c ac9vity assay 

 Aconitase acQvity was measured by following transformaQon of isocitrate to cis-

aconitate which can be monitored at 240 nm in a UV spectrophotometer as previously 

described (Varghese et al. 2003). Briefly, cells were grown in LB with Amp, Kan and aTc (0.1 

ng/mL) when specified unQl OD600nm around 2. Spheroplastes were immediately prepared by 

incubaQng cells (around 2X109) in a Tris buffer 25 mM pH 7.8 with sucrose 0.5 M on ice for 10 

min and a further lysozyme treatment (0,2 mg/mL). Spheroplastes were kept at -20°C and 
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treated individually to avoid any Qme laps before aconitase test. Azer sonicaQon, extracts 

were immediately incubated in presence of isocitrate as substrate (Tris pH7.8 50 mM, MnCl2 

0.5 mM, isocitrate 20 mM) at 30°C, and absorbance at 240 nm was followed during 2 min. For 

each extract, protein concentraQon was determined by a Bradford assay. Specific acQviQes 

were calculated using an exQncQon coefficient of 3.6 mM-1 cm-1 for cis-aconitate.  

 

 Gentamycin killing assay 

 Strains were grown aerobically in LB at 37 °C to an OD600nm of 2. Cultures were then 

diluted in LB for and equivalent OD600nm = 1. At this point, gentamycin (5 µg/ml) was added to 

the cells. Aliquots were taken from the culture at indicated Qme points, diluted in phosphate 

buffered saline soluQon (PBS), and colony-forming units (CFUs) were determined. The CFUs at 

Qme-point 0 (used as the 100 %) was around 109 CFU/mL in all experiments. 

 

 6His-Tagged proteins purifica9on 

 Recombinant proteins 6His-IscS and 6His-ACP were purified as previously described 

with some modificaQons (Wahl et al. 2011). Briefly, MG1655/pet6HisTEV-acpP and 

MG1655/pet6HisTEV-iscS strains were grown in LB (500 ml) at 37°C unQl OD600nm = 0.5, and 

then, 1 mM IPTG was added to induce fusion proteins genes expression. For 

MG1655/pet6HisTEV-acpP culture, 10 mM of panthotenate was added to the culture. 

Cultures were further incubated at 30°C for 4 hours. Azer pelleQng, cells were broken using a 

cell disruptor in 50 mL of buffer 1 (50 mM Tris HCl pH 7.2 ; 200 mM NaCl ; 10% glycerol et 5 

mM Imidazol) and the extract were then centrifuged for 30 min at maximum speed before 

incubaQon with 1 mL of Talon beads (Clontech) on a wheel for 2 h, at 4°C. The beads were 

washed twice with 10 mL buffer 1. Proteins were eluted in 1 mL buffer 1 added with 200 mM 

imidazole. The protein concentraQons were determined by a Bradford assay. 

Purified recombinant proteins quality were checked by SDS-PAGE analysis and further analysis 

by mass spectrometry, UV/Visible spectroscopy and dynamic light scaXering to check purity, 

integrity, homogeneity and concentraQon of the purified proteins (in collaboraQon with the 

Molecular Biophysics Pla�orm of the InsQtut Pasteur). 
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 Cysteine desulfurase enzyma9c ac9vity assay 

 IscS cysteine desulfurase acQvity was determined using the methylene blue assay as 

previously described (OuXen et al. 2003). The principal is as follows: sulfide produced by IscS 

desulfurase acQvity are incorporated in N,N-dimethyl-p- phenylenediamine (DMPD) in 

presence of ferrous chloride (FeCl3) thus forming a compound called methylene blue. Briefly, 

reacQons were carried out in presence of dithiothreitol (DTT) 2 mM. Cysteine (1 mM) was 

added to purified proteins and the mix was incubated for indicated Qmes at 37°C. ReacQons 

were quenched by the addiQon of DMPD 2.5 mM and FeCl3 3 mM. Azer 30 minutes of 

incubaQon at 37°C, reacQons were centrifuged 5 min at 13000 rpm in order to eliminate 

protein aggregates.  Methylene blue formaQon was monitored by spectrophotoscopy due to 

its absorbance at 670 nm. Sodium sulfide, Na2S, was used as a standard for calibraQon in order 

to assess the quanQty of sulfur produced by IscS acQvity.   

 

 

Table 1: Strains used in this study 
 

Lab 

reference 

Name in the 

manuscript 

Genotype Reference 

FBE051 MG1655 Wild type K12 E. coli F. Barras, lab 

collecQon 

FBE052 XL1B recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac 

[F´ proAB lacIqZΔM15 Tn10 (Tetr)] 

Stratagene 

FBE054 BTH101 F-, cya-99, araD139, galE15, galK16, rpsL1 (StrR), 

hsdR2, mcrA1, mcrB1, relA1 
(Karimova et 

al. 1998) 

FBE001 PsoxS-lacZ MG1655 ∆lacZ PsoxS::lacZ B. Py 

FBE005 PiscR-lacZ MG1655 ∆lacZ PiscR::lacZ B. Py 

FBE009 PhmpA-lacZ MG1655 ∆lacZ PhmpA::lacZ B. Py 

FBE204 PydfZ-lacZ MG1655 ∆lacZ PydfZ::lacZ B. Py 

FBE227 ∆iscS MG1655 ∆iscS::kan This work 

FBE321 ∆iscUA MG1655∆iscUA::Cm M. Lenon, lab 

collecQon 

FBE374 ∆sufBCD PhmpA-

lacZ 

MG1655 ∆lacZ ∆sufBCD PhmpA::lacZ This work 

FBE404 ∆iscR PiscR-lacZ MG1655 ∆lacZ ∆iscR PiscR::lacZ F. D'Angelo, 

lab collecQon 

FBE591 ∆iscUA PydfZ-

lacZ 

MG1655 ∆lacZ ∆iscUA::Cm PydfZ::lacZ M. Lenon, lab 

collecQon 
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Table 2: Plasmids used in this study 
 

Lab 

reference 

Name  DescripQon Reference 

pEB1976 pdCas9 CmR, p15A ori, PTet-dCas9 (Larson et al. 2013) 

pEB1977 psgRNA AmpR, ColE1 ori, PJ23119 promoter (Larson et al. 2013) 

pSF1 psgRNA-ACP1 Generated by PCR with ebm1822-acp1 This study 

pSF2 psgRNA-ACP3 Generated by PCR with ebm1822-acp3 This study 

pSF3 psgRNA-ACP5 Generated by PCR with ebm1822-acp5 This study 

pSF4 psgRNA-ACP6 Generated by PCR with ebm1822-acp6 This study 

pSF5 psgRNA-ACP4 Generated by PCR with ebm1822-acp4 This study 

pEB1188 pET-6His-TEV AmpR, ColE1 ori, T7 promoter (Wahl et al. 2011) 

pSF19 pET-6His-TEV-

iscS 

InserQon of OSD56-57 in pET-6His-TEV 

(EcoRI/XhoI) 

This study 

pSF51 pET-6His-TEV-

acpP 

InserQon of OSD146-147 in pET-6His-TEV 

(EcoRI/XhoI) 

This study 

 
 
Table 3: Primers used in this study 
 

Name Sequence DescripSon 

ConstrucSon of psgRNA derivaSves 

ebm1822 ACTAGTATTATACCTAGGACTGAGCTAGC AmplificaMon of psgRNA 

with specific guide RNA 

primers 

acp1 TTCCTATCAAAACTCGCTTTCGCGAGTTTTAGAGCTAGAAATAGCAAGTTA

AAATAAGGC 

ConstrucMon of psgRNA-

ACP1 

acp3 ATCAAAACTCGCTTTCGCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATA

AGGC 

ConstrucMon of psgRNA-

ACP3 

acp4 AAAACTCGCTTTCGCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG

GC 

ConstrucMon of psgRNA-

ACP4 

acp5 ACTCGCTTTCGCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC ConstrucMon of psgRNA-

ACP5 

acp6 CGCTTTCGCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC ConstrucMon of psgRNA-

ACP6 

ConstrucSon of pET-6His-Tev derivaSves 

OSD56 TATGAATTCATGAAATTACCGATTTATCTCGA iscS coding sequence 

(EcoRI/XhoI) OSD57 AAACTCGAGTGATTCCGATACCGATTAATGAT 

OSD146 GGGCGGAATTCATGAGCACTATCGAA acpP coding sequence 

(EcoRI/XhoI) OSD147 GGAGCTCGAGTTCACTTACGCCTGGTGG 

qRT-PCR 

16sFor AAGTTAATACCTTTGCTCATTGAC 16s 

16sRev GCTTTACGCCCAGTAATTCC 

OSD10 CTGGGCGTTAAGCAGGAAGAAG acpP 

OSD11 CCAGAGCCATTACCAGCTCAAC 
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Chapter I - Results 

I - Study of the interactions between ACP and the ISC machinery 

 As menQoned before, in E. coli, an interacQon between ACP and IscS was suggested by 

co-immunoprecipitaQon of the two proteins (Flint 1996, Gully et al. 2003). Furthermore, a link 

between ACP and NFS1 (IscS homologue in eukaryotes) has been shown by co-purificaQon 

and co-crystallizaQon (Boniecki et al. 2017, Cory et al. 2017). In eukaryotes, a third partner, 

ISD11, acts as a connector between ACP and NFS1, and there is no bacterial homologue of 

ISD11. This led us to wonder about interacQons of ACP and the ISC system in E. coli. In order 

to study the potenQal interacQons, we combined experimental approach to in silico modeling 

of the interacQons done in collaboraQon with Guillaume Bouvier (Structural BioinformaQc 

Unit, InsQtut Pasteur). 

 

I - 1 - ACP interacts with three members of the ISC system  

 We used the Bacterial Adenylate Cyclase Two-Hybrid system (BACTH) to test possible 

interacQons between ACP and ISC system members (Karimova et al. 1998). The ACP protein 

has been fused to the T25 subunit of the Bordetella pertussis adenylate cyclase (pT25 vector) 

and ISC proteins to the T18 subunit (pT18 vector). The E. coli BTH101 strain was co-

transformed with combinaQons of pT25 and pT18 derivaQves, and to determine pair-wise 

interacQons, strains were spoXed on LB X-Gal plates. As we observe on the figure 1, ACP is 

able to interact with IscS, the cysteine desulfurase of the ISC system. This result is coherent 

with the previous reports on ACP and IscS interacQon (Flint 1996, Gully et al. 2003). ACP also 

interacts with other members of the ISC machinery, HscB and Fdx (Fig. 1). HscB is the DnaJ-

like co-chaperon of the ISC operon, funcQoning with the DnaK-like chaperon HscA. HscB has 

been described to interact with IscU to facilitate the release of the cluster (Bonomi et al. 2011). 

Moreover, it has also been reported that HscB interacts with IscS, although the role of this 

interacQon is sQll unclear (Bonomi et al. 2011, Puglisi et al. 2016). Fdx is a ferredoxin, it 

interacts with IscS in order to provide the electrons required to produce sulfur ions (S2- ) for 

subsequent Fe-S cluster assembly.  
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We did not observe any interacQon between ACP and IscU or CyaY, two other proteins 

of the ISC machinery that are known to interact with IscS, nor with IscR, IscA or HscA, the 

remaining components of the ISC machinery. Moreover, we tested the interacQon with SufS 

the cysteine desulfurase of the SUF system and showed that ACP does not interact with this 

cysteine desulfurase (Fig. 1).  Last, we also included a control to check that IscS, HscB and Fdx 

were not able to interact with TolB, a protein unrelated to Fe-S biogenesis, used as a control. 

None of these three proteins are able to interact with TolB, (Fig. 1 last row). The lack of 

interacQon of ACP with the rest of the ISC machinery and the SufS protein, as well as the lack 

of interacQon of IscS, HscB and Fdx with the TolB protein, suggest that the interacQons 

observed between ACP and IscS, Fdx and HscB are all specific.  

 

 
 

Figure 1. ACP interacts with three members of the ISC machinery. Bacterial two-hybrid system assay 

of ACP against the Fe-S cluster biogenesis components of the ISC system. Cells carrying the pT18 and 

pT25 derivaQve plasmids expressing the fusion proteins were grown overnight and spoaed on LB X-

Gal plates. The plasmids in each strain are indicated. A posiQve control of interacQon (T18-Pal/T25-

TolB) and a negaQve control (T18/T25) have been included in the test.  

 

 

 

 

 

 

 

 ACP 

IscR No 

IscS Yes 

IscU No 

IscA No 

HscA No 

HscB Yes 

Fdx Yes 

IscX No 

CyaY No 
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I - 2 - Modelization of the molecular interactions between ACP and IscS 

 

 In collaboraQon with Guillaume Bouvier from the InsQtut Pasteur, a model for the 

complex formed between ACP and IscS was generated using AlphaFold2 (Bryant et al. 2022). 

It suggested that a dimer of IscS could interact with two monomers of ACP (Fig. 2A).  The 

predicted interacQon involves a posiQve patch on IscS interacQng with a negaQve patch on ACP 

(Fig. 2B), forming a network of polar interacQons (R67IscS_E41ACP, R220IscS_D38ACP and 

R223IscS_D35ACP). InteresQngly, the arginine 220 and 223 of IscS have also been described as 

necessary residues for IscS interacQons with other members of the ISC system, i.e. CyaY, IscX, 

Fdx and HscB (Shi et al. 2010, di Maio et al. 2017). On the other side, acidic residues of ACP 

(D35, D38 and E41), appears to be a major hub for proteins interacQons. It has been shown 

by structural analysis their involvement in the interacQons with FASII enzymes such as FabI or 

FabG, but also for AcpS, the enzyme responsible for the apo- to holo- maturaQon of ACP 

(addiQon of the phosphopantheteine group) (Parris et al. 2000, Zhang et al. 2003, Rafi et al. 

2006) 

 

 

Figure2. Alphafold2 predicts an interacQon between ACP and IscS. A) Alphafold2 predicQon of the 

interacQon between a dimer of IscS (purple and yellow) and two monomers of ACP (blue and green). 

B) The amino acids involved in the interacQon are represented in sQcks (green for ACP and yellow for 

IscS). 

 

A) B) 
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 We tested the role of the charged amino acids in the interacQons between ACP and 

IscS. By site directed mutagenesis, we replaced each of the aforemenQoned negaQvely 

charged amino acids of ACP by neutral residues: D35N; D38N and E41Q. This allowed us to 

determine that the two aspartate residues at posiQon 35 and 38 of ACP are crucial for the 

interacQon with IscS, whereas the glutamate at posiQon 41 is not (Fig. 3). As for the 

interacQons between ACP and either Fdx or HscB, the three negaQvely charged residues, D35, 

D38 and E41, are required (Fig. 3).  

 Through the interacQon study of ACP variants, we showed that a patch of negaQvely 

charged residues on ACP is responsible for interacQons with IscS, HscB and Fdx. 

 

 

 

 

 
 

Figure 3. The negaQve patch of ACP contains criQcal residues for its interacQon with IscS, Fdx and 

HscB. InteracQons between variants of ACP and IscS, Fdx and HscB are presented. Overnight cultures 

were spoaed on LB X-Gal plates. The plasmids in each strain are indicated. A posiQve control of 

interacQon (T18-Pal/T25-TolB) and a negaQve control (T18/T25) have been included in the test. 

 

 

 

 

 

 IscS HscB Fdx 

ACP Yes Yes Yes 

ACPD38N No No No 

ACPE41Q Yes No No 

ACPS36T No No No 

ACPD35N No No No 
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I - 3 - Impact of ACP maturation in the interactions with the ISC system 

 InteresQngly, we noQced that the surface of interacQon on ACP includes the serine 36 

on which the phosphopantheteine moiety of the coenzyme A and therefore the acyl chain is 

bound (Fig. 2). Previously published data suggested that the serine residue at posiQon 36 of 

ACP, which is the binding site of the phosphopantheteine group, was necessary for interacQon 

with IscS (Gully et al. 2003). We then wondered whether an acQve form of ACP (bound to the 

phosphopantheteine group) was required for the BATCH observed interacQons. We have 

generated a variant of ACP, ACP S36T, unable to be post-translaQonally maturated by the 

addiQon of the phosphopantheteine group. We first confirmed that ACP S36T is not able to 

bind IscS and we also showed that it is impaired in its capacity to interact with HscB and Fdx 

(Fig. 3).  

 The lack of interacQon with the ACP S36T variant highlights the importance of the 

binding of the phosphopantheteine prostheQc group on ACP for the interacQons with the ISC 

Fe-S biogenesis system.  

 

 

II - ACP involvement in Fe-S phenotypes 

II - 1 - Setting up the CRISPRi tool to repress acpP expression 

 Using bacterial two-hybrid assays, we revealed specific interacQons between ACP and 

components of the ISC machinery. We therefore wondered whether such interacQons could 

influence, posiQvely or negaQvely, the efficiency of ISC-dependent Fe-S biogenesis. 

 In E. coli, acpP is an essenQal gene, it was thus not possible to inacQvate this gene to 

measure the effect on Fe-S biogenesis. Therefore, in order to tackle this quesQon, we used the 

CRISPR-based RNA interference (CRISPRi) to decrease acpP expression. 

 CRISPRi is a tool that is based on the CRISPR system for genome manipulaQon. The 

Cas9 used is a variant of Streptococcus pyogenes Cas9 nuclease that has been inacQvated by 

two point mutaQons, D10A and H840A, producing the catalyQcally inacQve dead Cas9 (dCas9). 

The guide RNA of the system contains a base-pairing region that is complementary to a porQon 

of the target gene and dCas9-handle region that is required for the formaQon of the dCas9-



 92 
 

guide RNA complex. The complex then binds to the target locus provided that a Protospacer 

Adjacent MoQf (PAM) is present. Binding of the dCas9-guide RNA complex interferes, by steric 

hindrance, with transcript elongaQon by the RNA polymerase. This results in a reduced 

expression of the target gene (Qi et al. 2013).  The system we used in this study involves two 

plasmids: 1) the psgRNA plasmid on which the guide RNA of the system is under the control 

of a consQtuQve promoter and 2) the pdCas9 plasmid in which the dCas9 gene is under the 

control of the TetR-regulated promoter, pTet, inducible by anhydrotetracycline (aTc) (Larson 

et al. 2013). We have designed 5 guide RNAs of different lengths that target the non-template 

strand of the 5’UTR region of acpP in order to lower its expression (Fig. 4). The first step was 

to test the efficiency of each guide to turn off acpP expression. As acpP is an essenQal gene, 

our read out for guide RNA efficiency was based on its ability to inhibit bacterial growth. 

 

 

 
Figure 4: The guide RNAs target the 5’UTR region of acpP. TranscripQonal start site of the acpP gene 

is indicated by an arrow. The length and complementarity of each guide RNA designed is indicated and 

the PAM moQf allowing binding of the sgRNA-dCAS9 complex is indicated in red. 

 
 
 First, we checked that the producQon of the dCas9, without any specific guide RNA, 

was not toxic for E. coli. The MG1655 strain was co-transformed by the psgRNA-

control/pdCas9 and the growth of the strain was assessed with increasing concentraQons of 

aTc. As we can observe in figure 5 A, the growth curve is unaffected by aTc addiQon. This result 

shows that inducQon of dCas9 expression by aTc does not exhibit any toxicity up to 125 ng/mL 

of aTc.  

 The second step was to test the efficiency of the guide RNAs to repress acpP gene by 

monitoring the growth of the strains carrying the corresponding psgRNA-ACP/pdCas9 couple. 
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The strains fell into three categories, those that exhibited no growth inhibiQon regardless of 

the concentraQon of aTc used (guide RNAs acp1 and acp3), those who exhibited a strong 

growth inhibiQon at the lowest amounts of aTc used (guide RNAs acp4 and acp5) and finally 

those who showed intermediate levels of inhibiQon (guide RNA acp6) (see Fig. 5. B, C and D 

respecQvely).  

Overall, 3 out of the 5 designed guide RNAs seemed efficient to lockdown acpP expression.  

To study the effect of ACP on Fe-S biogenesis, we needed to decrease the acpP expression 

without strong growth inhibiQon in order to avoid any side effect caused by a general bacterial 

stress. It is the reason why we further focused on the acp6 guide RNA. Indeed, we have 

observed that the growth of the strain producing this guide RNA was unaffected at very low 

concentraQon of aTc (0,1 ng/mL), whereas a dose-dependent growth inhibiQon was observed 

at higher concentraQons, suggesQng that the expression of acpP was too low to support an 

opQmal bacterial growth (Fig. 5D).  
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Figure 5. Different gRNA length leads to differenQal growth defect. Growth curve of a WT with 

different CRISPRi plasmids. Cells were culQvated in a 96-wells in LB at 37°C under agitaQon with various 

concentraQon of anhydrotetracycline. Growth and OD600nm recording were done in a Tecan microplate 

reader. A) Growth curve of a WT/pdCas9/psgRNA-e.v. B) Growth curve of a pdCas9/psgRNA-acp3 C) 

Growth curve of a pdCas9/psgRNA-acp5 D) Growth curve of a pdCas9/psgRNA-acp6 

 

 

 Finally, we checked whether the chosen guide RNA (acp6), induced with aTc at 0,1 

ng/mL was sufficient to repress acpP expression.  We measured the relaQve expression of 

acpP in the pdCas9/psgRNA-e.v.  and pdCas9/psgRNA-acp6 strains (hereazer named psgRNA-

e.v. and psgRNA-acp respecQvely) grown at 0,1 ng/mL of aTc. As we can observe on figure 6, 

the level of expression of acpP in the pdCas9/psgRNA-acp6 is 4 Qmes lower than in the 

pdCas9/psgRNA-e.v. strain.  
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Although the strain producing the acp6 guide RNA did not exhibit growth defect in presence 

of 0,1 ng/mL of aTc, it proved to be sufficient to repress the expression of the acpP gene. The 

plasmid psgRNA-acp6 will be hereazer named psgRNA-acp. 

 Thanks to the CRISPRi geneQc tool we were able to decrease the expression of acpP 

without affecQng impacQng cell viability.  

 
 

 

Figure 6. CRISPRi system is efficient in repressing 

acpP expression. acpP expression was measured by 

qRT-PCR. psgRNA and a psgRNA-acp6 strains were 

culQvated in LB at 37°C unQl OD 2 in presence of 0,1 

ng/mL of aTc. RNA was extracted and treated as 

described in the Materials and Methods secQon. 

QuanQtaQve Real-Time PCR was used to quanQfy 

acpP cDNA derived from RNA. Results are 

presented as the mean of 4 technical replicates and 

standard errors to the means are indicated. 

 

 

 

 

 

 

 

II - 2 - ACP decrease leads to Fe-S dependent growth defect 

 Fe-S biogenesis is essenQal for bacterial growth and survival. In E. coli, there are two 

biogenesis systems, ISC and SUF. In the absence of one of them, the other is able to 

compensate and there is no major effect on growth rate (Fig. 7). We therefore wondered 

whether ACP depleQon could alter the ISC efficiency, and thus its capacity to provide the cell 

with Fe-S clusters, in the absence of SUF. 

 For that purpose, we monitored the effect of a decrease in ACP producQon in a WT 

strain and in a ∆sufBCD strain. Strains carrying the CRISPRi plasmids, either pdCAS9/psgRNA-

e.v. pair, or the pdCAS9/psgRNA-acp pair, were grown in LB with aTc 0,1 ng/ml. As we can 

observe in figure 7, the exponenQal growth rate of the MG1655/psgRNA-acp strain is slightly 

slower than that of the MG1655/psgRNA-e.v. strain (doubling Qme of 67,4 ± 4,13 min and 61,4 
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± 1,09 min respecQvely). As for the ∆sufBCD, we first noQced that inacQvaQng the SUF system 

slightly affects growth too, the doubling Qme of a ∆sufBCD/psgRNA-e.v. being of 66,55± 1,58 

min. InteresQngly, when ACP was decreased in a ∆sufBCD background, the growth was 

strongly impaired and the doubling Qme of a ∆sufBCD/psgRNA-acp was of 85 ± 4,51 min. Thus, 

ACP depleQon in a ∆sufBCD background provokes a growth delay that is almost three Qmes 

higher than in a WT. Moreover, this delay cannot be imputed to an addiQonal effect of the 

deleQon of sufBCD and the decrease of ACP. This synergisQc effect could be explained by the 

role of ACP on Fe-S cluster biogenesis. As menQoned previously, in a ∆sufBCD strain Fe-S 

clusters originate solely from the ISC system, as they are essenQal, any negaQve impact on 

their producQon leads to severe growth impairment.  

This result suggests that ACP could impact the ISC-dependent pathway of Fe-S biogenesis. 

 

 

 
Figure 7. Decreasing ACP level in a ∆sufBCD strain leads to growth defects. Growth curves of a 

WT/psgRNA-e.v., a WT/psgRNA-acp, a ∆sufBCD/psgRNA-e.v. and a ∆ sufBCD/psgRNA-acp. Cells were 

culQvated in a 96-wells in LB with 0,1 ng/mL of aTc. Growth and OD600nm recording were done in a 

Tecan microplate reader. Represented values are the mean of three independent biological replicates 

and the error bars represent the standard deviaQons. The doubling Qme was calculated for each strain: 

WT/psgRNA-e.v. (61,37min ± 1,09); WT/psgRNA-acp (67,36min ± 4,13); ∆sufBCD/psgRNA-e.v. 

(66,55min ± 1,58); ∆sufBCD/psgRNA-acp (85,56min ± 4,51). 
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II - 3 - ACP plays a role in gentamycin sensitivity 

 Aminoglycosides are anQbioQcs that inhibit protein synthesis. They use the proton 

moQve force (PMF) to enter the cell and their bactericidal acQvity is dependent on bacterial 

respiraQon efficiency (Taber et al. 1987). It has been shown that Fe-S cluster biogenesis plays 

an important role in the sensiQvity of E. coli to aminoglycosides. In parQcular, maturaQon of 

respiraQon complex I and II has been mainly imputed to the ISC machinery. Therefore, a 

defecQve ISC machinery leads to a decrease sensiQvity to aminoglycosides (Ezraty et al. 2013). 

 

 We therefore tested the ability of ACP to impact Fe-S cluster biogenesis by the ISC and, 

as a consequence, to decrease sensiQvity to gentamycin, an aminoglycoside. 

A WT/pdCas9 /psgRNA-e.v. and a WT/pdCas9 /psgRNA-acp strains have been culQvated in LB 

unQl OD600nm = 2. Cells were then exposed to 5 µg/mL of gentamycin for three hours and the 

CFUs were subsequently quanQfied. A WT and ∆iscS strain were also included as controls since 

the iscS inacQvaQon has been shown to highly decrease the sensiQvity to gentamycin (Ezraty 

et al. 2013).  As we can observe azer three hours of incubaQon in presence of gentamycin, 

only 2% of the WT cells are sQll alive whereas a ∆iscS strain is not affected by gentamycin and 

conQnues growing (Fig. 8 lez panel). The strain carrying the CRISPRi empty vector, psgRNA-

e.v., is as sensiQve as the WT strain, with only 2% of survival cells azer 3 hours of incubaQon 

with gentamycin.  The psgRNA-acp is however less sensiQve than the psgRNA-e.v. strain, with 

seven percent of the cells remaining azer three hours (Fig. 8 right panel). The effect of ACP 

here is moderate yet staQsQcally significant. Although the molecular determinants of this 

effect have not been invesQgated, these data provide further support for the noQon that ACP 

might be a posiQve effector for ISC-mediated Fe-S biogenesis and, in parQcular, maturaQon of 

the respiratory complexes I and II.  
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Figure 8. Decreasing ACP leads to a be_er 

survival to gentamycin treatment. A WT and a 

∆iscS strains (lez panel), and a psgRNA-e.v. and 

a psgRNA-acp strains (right panel) were 

culQvated in LB unQl OD600nm = 2. Gentamycin 

was then added to the cultures at a 

concentraQon of 5 µg/mL for three hours. The 

CFU of the strains was then measured and the 

survival of the strains is expressed in percent of 

survival (CFUs azer 3 hours of treatment/CFUs 

at iniQal Qme of treatment). Results are 

presented as means of three independent 

biological replicates and error bars represent 

standard deviaQons to the means. 

 

 

 

 

 

 

III - The role of ACP in the activity of Fe-S proteins 

 Indeed, Fe-S clusters are metallic co-factors necessary for acQvity of a wide range of 

proteins including transcripQonal regulators and central metabolism enzymes. The impact 

of decreasing ACP on the biogenesis of Fe-S clusters was analyzed using a set of diverse 

Fe-S proteins as read-outs reasoning that any change in their maturaQon level should 

result in a recordable change in their acQvity.    

 

III - 1 - Study of Fe-S regulators 

 The IscR regulator 

 

 IscR is the Fe-S homeostasis dedicated sensor. Under its Holo-form, it represses the 

isc operon expression, whereas under its Apo-form, i.e. when Fe-S availability decreases, the 

repression is alleviated. For instance, in condiQon of iron depleQon, it has been shown that 

IscR is mainly under its Apo-form and the IscR-dependent repression of the isc operon is 
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alleviated (OuXen et al. 2004). In order to monitor the acQvity of IscR we used a strain in which 

the lacZ gene is under the control of the iscR promoter (PiscR-lacZ chromosomal fusion). 

Therefore, the acQvity of the promoter can be measured by assessing the acQvity of the ß-

galactosidase enzyme. The PiscR-lacZ strain was co-transformed by pdCas9 and either 

psgRNA-e.v. or psgRNA-acp plasmids.  

 We first measured the effect of a decrease of ACP on the PiscR-lacZ expression in LB 

and we did not observe any effect of ACP level on ß-galactosidase acQvity (Fig. 9A, lez panel).  

We also noQced that the PiscR-lacZ fusion was very lowly expressed, indicaQng that IscR was 

mainly under its holo-form and represses its own expression, as well as the expression of all 

the enQre isc operon. We therefore wondered what would be the effect of ACP on the 

expression of iscR if we lowered the amount of holo-IscR in the cell. In order to address this 

quesQon, we culQvated the strains in presence 2,2ʹ-Dipyridyl (DIP) an iron chelator. It was 

described that a drasQc chelaQon of intracellular iron leads to the switch from the ISC system 

to the SUF system for Fe-S biogenesis (OuXen et al. 2004). To avoid this switch, we tested 

various concentraQons of DIP from 62.5 to 250 µM, and measured the acQvity of iscR 

promoter when we decrease the level of ACP. DIP concentraQons higher than 62.5 µM led to 

a growth defect (data not shown), probably because iron chelaQon was too strong, therefore 

we choose to perform the following analysis in presence of 62.5 µM of DIP. As we can see on 

the figure 9, the level of expression of iscR increased by almost two folds in presence of DIP in 

a control strain compared to the condiQon without DIP, meaning that, in these condiQons, the 

level of holo-IscR was lowered. In the psgRNA-acp strain iscR is 7 Qmes more expressed than 

in the control strain (psgRNA-e.v.) (Fig. 9A right panel). This result showed that ACP affects iscR 

expression. In order to test whether the effect of ACP on iscR expression was dependent on 

the acQvity of the IscR regulator, we tested the effect of ACP on iscR expression in a ∆iscR 

background. In absence of the IscR repressor, the level of iscR expression is 1000-fold higher 

than in a WT background (Fig. 9B). Nonetheless, ACP depleQon did not impact iscR expression 

in this context.  

 These results showed that ACP has a negaQve impact on iscR expression and that it is 

dependent on the acQvity of IscR itself. As IscR control of its expression depends on the bulk 

of Holo-IscR in the cell, our results suggest that ACP has a posiQve impact on IscR maturaQon.   
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 A) B)  

 

Figure 9. ACP posiQvely affects IscR acQvity. IscR promoter acQvity was assessed by measuring the ß-

gal acQvity (Miller units) of the PiscR-lacZ strains carrying the indicated plasmids. A) PiscR-

lacZ/psgRNA-e.v. and PiscR-lacZ/psgRNA-acp strain have been grown in LB with 0.1ng/mL of aTc with 

or without DIP 62.5 µM unQl OD600nm =2. B) PiscR-lacZ/psgRNA-e.v., PiscR-lacZ/psgRNA-acp, ∆iscR 

PiscR-lacZ/psgRNA-e.v. and ∆iscR PiscR-lacZ/psgRNA-acp have been grown in LB with 0.1ng/mL of aTc 

and DIP 62.5 µM unQl OD600nm= 2. Represented values are the mean of three independent biological 

replicates and the error bars represent the standard deviaQons. 

 

 

The FNR regulator 

 

 Fnr is the main Fe-S regulator of the adaptaQon to anaerobiosis, and it regulates the 

expression of hundreds of genes. FNR is acQve when it is loaded with its [4Fe-4S] cluster, 

however FNR loses most of its acQvity in aerobiosis because its cluster is very sensiQve to 

oxygen (Kang et al. 2005). Nonetheless, due to the high affinity of their promoters to FNR, 

some genes retain FNR regulaQon, albeit with a lower factor, even in presence of oxygen 

(MeXert et al. 2008, Shan et al. 2012) One of these genes is ydfZ, a gene encoding a putaQve 

seleno-protein with no idenQfied funcQon nor any similarity with characterized protein. The 

expression of ydfZ is acQvated by FNR even in presence of oxygen, while it is also acQvated in 

anaerobiosis by FNR to a greater extent (MeXert et al. 2008). A strain carrying a fusion 

between the ydfz promoter and the lacZ gene was used to monitor the acQvity FNR (PydfZ-

lacZ chromosomal fusion) under aerobiosis.  

  As we can see on the figure 10, lowering the amount of ACP through the CRISPRi 

system leads to a decrease of expression of ydfZ of 4-fold compared to the control strain with 

the psgRNA-e.v.  In order to test if the effect of ACP on the acQvity of FNR was related to the 
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ISC-dependent Fe-S cluster biogenesis, we performed the same experiment in an iscUA 

knocked out strain. In such a strain, producQon of Fe-S cluster is catalyzed by the SUF system. 

As observed on the figure 10, the level of expression of ydfZ in the ∆iscUA psgRNA-e.v. is lower 

than in the WT background, showing that the ISC system is important for the acQvity of FNR. 

However, there is no effect of ACP on the acQvity of ydfZ promoter in this ∆iscUA context.  

 These results show that ACP affects the acQvity of the Fe-S regulator FNR in an ISC-

dependent fashion, suggesQng that ACP has a posiQve effect on the ISC Fe-S biogenesis 

machinery. 

 

 

Figure 10. ACP posiQvely affects FNR 

acQvity. ydfZ promoter acQvity was assessed 

by measuring the ß-gal acQvity (Miller units) 

of the PydfZ-lacZ strains carrying the 

indicated plasmids. PydfZ-lacZ/psgRNA-e.v. 

and PydfZ-lacZ/psgRNA-acp strain have been 

grown in LB with 0.1ng/mL of aTc unQl 

OD600nm = 2. Light gray bars show the results 

in a WT background and dark grey bars in a 

∆iscUA background. Represented values are 

the mean of three independent biological 

replicates and the error bars represent the 

standard deviaQons. 

 

 

 

 

The NsrR regulator 

 

 NsrR is an Fe-S regulator that represses the expression of genes, such as hmpA or hcp-

hcr operon, involved in the response to nitrosaQve stress. These genes are Qghtly repressed 

by the holo-form of NsrR in absence of NO. However, when the cell is exposed to NO or RNS 

(ReacQve Nitrogen Species), the NsrR cluster is inacQvated through nitrosylaQon and NsrR 

shizs to its apo form and loses its repressing acQvity (Crack et al. 2018). We tested the effect 

of ACP on NsrR acQvity by monitoring the acQvity of the NsrR-repressed hmpA promoter. We 

used a strain in which the lacZ gene is under the control of the hmpA promoter, PhmpA-lacZ 

that we co-transformed with pdCas9 and psgRNA-e.v. or psgRNA-acp.  

psg
R
N
A
-e

.v
.

psg
R
N
A
-a

cp

psg
R
N
A
-e

.v
.

psg
R
N
A
-a

cp

0

500

1000

1500

β
-G

a
l 
a
c
ti

v
ti

ty
 (

M
il
le

r 
u

n
it

s
)/

m
g

 o
f 

b
a
c
te

ri
a

WT

ΔiscUA



 102 
 

 In our experimental condiQons, i.e. growth in LB medium, without any NO source, NsrR 

is mainly under its holo-form and shuts off hmpA expression (Fig. 11, lez panel). ACP has no 

effect on the expression of hmpA in these condiQons. Surprisingly, in a strain lacking sufBCD, 

the expression of hmpA is a 100 Qmes higher than in a WT (Fig. 11). This result shows that the 

SUF system plays a major role in the maturaQon of NsrR whereas previously published data 

suggested that ISC was the main NsrR maturaQon system (Vinella et al. 2013). Moreover, when 

the level of ACP is decreased in sufBCD strain, the expression of hmpA is higher by a 1.5-fold 

compared to the strain carrying the empty vector (Fig. 11, right panel). Although the effect of 

ACP seems to be mild this result has been observed consistently with three independent 

biological replicates and suggests that ACP has a posiQve impact on the NsrR maturaQon 

through the ISC system. 

 

 

 

Figure 11. ACP posiQvely affects NsrR acQvity 

in a ISC-dependent fashion. hmpA promoter 

acQvity was assessed by measuring the ß-gal 

acQvity (Miller units) of the PhmpA-lacZ strains 

carrying the indicated plasmids. PhmpA-

lacZ/psgRNA-e.v. and PhmpA-lacZ/psgRNA-acp 

strain have been grown in LB with 0.1ng/mL of 

aTc unQl OD600nm = 2. Light gray bars show the 

results in a WT background and dark grey bars 

in a ∆sufBCD background.  Represented values 

are the mean of three independent biological 

replicates and the error bars represent the 

standard deviaQons. 

 

 

 

 

 

 

The SoxR regulator 

 

 Our results show that ACP can impact the acQvity of regulators that obtain their cluster 

from the ISC machinery. We therefore quesQoned what would be the effect of ACP on Fe-S 

regulators that do not obtain their cluster from the ISC system. The regulator SoxR is the 
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regulator of oxidaQve stress response, it is acQvated through redox state change of its Fe-S 

cluster (from +1 to +2) by redox-cycling drugs (Gu et al. 2011). Previous analysis showed that 

under oxidaQve stress, SoxR acquires its cluster from the SUF system only (Gerstel et al. 2020) 

The only target of SoxR is the soxS gene. Therefore, we used a soxS-lacZ transcripQonal fusion 

as reporter of SoxR acQvity. A PsoxS-lacZ/pdCas9/psgRNA-e.v. strain and a PsoxS-

lacZ/pdCas9/psgRNA-acp strain were grown in LB, and paraquat, an oxidaQve stress generator, 

was added at a concentraQon of 100 µM at OD600nm = 0.8 for 2 hours in order to induce SoxR 

acQvity. As we can observed in figure 12, ACP decrease does not affect the expression of soxS.  

 This result indicates that ACP does not plays a role in the maturaQon of SoxR and 

therefore does not affect the acQvity of the SUF system. 

 

 

 

 

Figure 12. ACP does not affect SoxR acQvity. 

soxS promoter acQvity was assessed by 

measuring the ß-gal acQvity (Miller units) of the 

PsoxS-lacZ strains carrying the indicated 

plasmids. PsoxS-lacZ/psgRNA-e.v. and PsoxS-

lacZ/psgRNA-acp strains have been grown in LB 

with 0,1ng/mL of aTc unQl OD600nm = 2. 

Represented values are the mean of three 

independent biological replicates and the error 

bars represent the standard deviaQons. 

 

 

 

 

 

 

 A non-Fe-S reporter, the ß-galactosidase ac9vity from the endogenous lacZ gene 

 

 AddiQonally, we tested the effect of ACP decrease on the acQvity of a promoter not 

regulated by an Fe-S regulator. We have chosen to record the acQvity of lacZ expressed from 

its own endogenous promoter, Plac (endogenous E. coli lac locus). This promoter acQvity is 

inducible by lactose or IPTG, a non-metabolizable analog of lactose. 

 As we can observe, in absence of inducQon (LB medium), the level of ß-galactosidase 

is very low and the decrease of ACP does not affect this level (Fig. 13A). Upon exposure to 
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IPTG, the Plac promoter is induced and the level of ß-galactosidase acQvity is much higher 

than without inducQon.  In this context neither, ACP does not impact lacZ expression (Fig. 

13B).  

 Altogether these results show that the effect of ACP on the previous regulators are 

specific to the biogenesis of Fe-S.  

 

 

A)  B)  

 

Figure 13. ACP does not affect the acQvity of the Beta-galactosidase. AcQvity of Plac-lacZ from the E. 

coli endogenous locus was assessed by measuring the ß-gal acQvity (Miller units) of a wild type 

MG1655 strain carrying the indicated plasmids. A) psgRNA-e.v. and psgRNA-acp strain have been 

grown in LB with 0.1ng/mL of aTc unQl OD600nm = 2. B) psgRNA-e.v. and psgRNA-acp strain have been 

grown in LB with 0.1ng/mL of aTc and 0,5mM of IPTG unQl OD600nm = 2. Represented values are the 

mean of three independent biological replicates and the error bars represent the standard deviaQons. 

 

 

III - 2 - Study of Fe-S enzymes: the aconitases 

 Aconitases are Fe-S enzymes of the central metabolism, they catalyze the reversible 

isomerizaQon of citrate and isocitrate via cis-aconitate. E. coli possess two aconitases, 

Aconitase A (AcnA) and Aconitase B (AcnB). Both have a [4Fe-4S] cluster although AcnA cluster 

is well protected and therefore is very resistant to O2 (Varghese et al. 2003). AcnB has been 

described as the main catabolic enzyme whereas AcnA is the maintenance or survival one in 

case of oxidaQve stress (Varghese et al. 2003).  
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 We first assessed the parQcipaQon of the ISC machinery in the maturaQon of AcnA and 

AcnB by measuring aconitase acQvity in WT, ∆iscS and ∆iscUA strains. The strains were grown 

in LB unQl OD600nm = 2, the aconitase acQvity was subsequently determined in crude extracts. 

The substrate of the aconitase, isocitrate, was added in excess to the crude extracts and the 

appariQon of cis-aconitate was monitored at 240 nm. As we can observe, deleQng iscS leads 

to a decrease of fizy percent of the acQvity compared to a WT strain, the same result is 

observed in a ∆iscUA background (Fig. 14A). This result showed that the ISC system is 

important for the acQvity of the aconitase.  

 The same experiment was performed with a MG1655/pdCAS9/psgRNA-e.v. and a 

MG1655/pdCAS9/psgRNA-acp. The aconitase acQvity is lower when ACP is decreased, 

corresponding to a 30% drop (Fig. 14B). This result showed that ACP has a posiQve effect on 

the acQvity of an Fe-S enzyme.     

 

  

Figure 14.  ACP affects posiQvely the acQvity of the aconitase enzymes. Aconitase acQvity was 

measured on crude extracts. A) WT, ∆iscS and ∆iscUA strains have been grown in LB unQl OD600nm = 2. 

B) psgRNA-e.v. and psgRNA-acp strains have been grown in LB with 0.1 ng/mL of aTc unQl OD600nm = 2. 

Represented values are the mean of three independent replicates and the error bars represent the 

standard deviaQon. 
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IV - Interaction between ACP and IscS in vitro 

 We collected evidences supporQng the noQon that ACP posiQvely impacts ISC-

dependent Fe-S biogenesis in the cell. However the mechanism underlying this effect is sQll 

unknown. In this chapter IV we describe our invesQgaQons about the mechanisms underlying 

the posiQve effect of ACP on the ISC Fe-S biogenesis system. 

 

IV - 1 - Does ACP impact IscS cysteine desulfurase activity? 

 IscS is the cysteine desulfurase providing the sulfur for Fe-S assembly by the ISC 

system. Its efficiency is therefore crucial for the ISC machinery. As we have shown a posiQve 

effect of ACP on the efficiency of the ISC system and a specific interacQon between ACP and 

IscS, we have measured IscS acQvity in vitro and tested if ACP could enhance its acQvity.  

 In order to test the impact of ACP on cysteine desulfurase acQvity of IscS, 6His-IscS and 

6His-ACP were purified on a nickel resine (see Materials and Methods secQon). We checked 

the solubility and the quality of the purified proteins by mass spectrometry, UV/Visible 

spectroscopy and dynamic light scaXering (in collaboraQon with the Molecular Biophysics 

Pla�orm of the InsQtut Pasteur). Proteins were also quanQfied by a Bradford assay giving 

concentraQons of 1.55 mg/mL for 6His-ACP and 14.5 mg/mL for 6His-IscS.  

 IscS acQvity was then measured using the methylen blue assay as previously described 

(OuXen et al. 2003). IscS was pre-incubated for 20 minutes with or without ACP in presence 

of DTT before adding the substrate (cysteine), and sulfur release was monitored 5, 10 and 20 

min azer de addiQon of substrate. As we can observe on figure 16, sulfur producQon increases 

overQme in a linear fashion. The curve corresponding to the reacQon containing ACP and IscS 

is however very similar to the one corresponding to IscS alone thus demonstraQng that in our 

condiQon ACP does not enhance IscS acQvity. Specific cysteine desulfurase acQvity of IscS 

alone and IscS pre-incubated by ACP were similar with 6.2 and 5.7 nmol [S]/nmol [IscS]/min 

respecQvely. We tested various raQo of ACP and IscS (as well as longer incubaQon of the two 

proteins together). No effect of ACP on in vitro IscS acQvity was observed. This indicates that 

either ACP does not affect Fe-S biogenesis by enhancing IscS acQvity or that our experimental 

condiQons are not fiXed to observe such effect. 
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Figure 15. ACP does not enhance IscS desulfurase acQvity in vitro. IscS acQvity was measured by a 

methylene blue assay. 0.6 nmol of 6His-IscS and 0.34 nmol of 6His-ACP were used. The absorbance at 

670 nm was measured azer 5, 10 and 20 minutes of incubaQon with the substrate (cysteine). The 

quanQty of sulfur released was then determined using a Na2S standard-curve. 

 

 

IV - 2 - Characterization of the interaction by analytical ultracentrifugation 

 As the in vitro cysteine desulfurase assay did not show any effect of ACP on IscS acQvity 

we aXempted to test if purified 6His-ACP and 6His-IscS were able to bind in vitro. For this 

purpose, we have performed a sedimental velocity analyQcal ultracentrifugaQon assay (SV-

AUC) in collaboraQon with the Molecular Biophysics Pla�orm of the InsQtut Pasteur. The SV-

AUC is a technique that uses the sedimentaQon coefficient of a sample exposed to 

ultracentrifugaQon in order to provide various informaQon on the sample including but not 

restricted to, gross shape of macromolecule, conformaQonal change of macromolecules, 

number subunits and their stoichiometry in complexes. 

 Using this technique, we tested the ability of 6His-IscS and 6His-ACP to form complexes 

in vitro. The purified proteins were mixed together at equimolar concentraQons in the same 

buffer used for their purificaQons, the corresponding spectrum of the SV-AUC is exhibited in 

the figure 17 below. The different peaks correspond to different macromolecules, and their 

sizes are indicated above each peak. A peak corresponding to a monomer of 5His-ACP is 
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noQceable and its measured molecular weight is of 12 kDa (theorical mass: 11.34 kDa). A 

second peak, corresponding to a weight of 43.6 kDa, is visible and corresponds to a monomer 

of 6His-IscS (theorical mass: 47.79 kDa). The following peak corresponds to a weight of 83.9 

kDa and has been idenQfied as a dimer of 6His-IscS. The last peak is of 157 kDa, it does not 

contain 6His-ACP and is predicted to be a trimer of 6His-IscS. We have tested different raQos 

of ACP/IscS, from 1/3 to 3/1, but no complex of ACP with IscS has been observed. The SV-AUC 

indicates that the interacQon between 6His-ACP and 6His-IscS is not observable in vitro in our 

condiQons. 

 

 
Figure 16. 6His-ACP and 6His-IscS do not form a complex in vitro. SV-AUC spectrum of 6His-IscS and 

6His-ACP mixed at equimolar concentraQon of 15 mM. Peaks are annoted with the molecular weight 

corresponding. 

  

Altogether, these in vitro experiments do not allow to conclude on a direct binding of ACP on 

IscS nor on any effect of ACP on cysteine desulfurase acQvity of IscS. Whether other partners 

are needed to allow ACP to favor cysteine desulfurase acQvity, or ACP could favor another step 

of ISC-dependent Fe-S assembly needs to be further explored. Furthermore, our BACTH assays 

showed that the residue on which the phopshopanthetein group and the acyl chain are bound 

on ACP(Ser36) was required for the interacQon with IscS. As the purified 6His-ACP should be 

mainly under a non-acylated form (Emmanuelle Bouveret, personal communicaQon), we now 

plan to acylate purified 6His-ACP and to test maturated ACP for its capacity to bind IscS and/or 

to favor its cysteine desulfurase acQvity. 
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Chapter I – Discussion 

 A funcQonal and structural link between faXy acid metabolism and Fe-S cluster 

biosynthesis was suggested by studies performed in two eukaryoQc models, yeast and human 

(Van Vranken et al. 2016, Boniecki et al. 2017, Cory et al. 2017, Fox et al. 2019). Furthermore, 

in E. coli, an interacQon between ACP and IscS was suggested by a Tap-tag 

coimmunoprecipitaQon using ACP as bait (Gully et al. 2003).  

Our work demonstrates that the funcQonal link between faXy acid metabolism and Fe-

S cluster biogenesis is conserved between eukaryotes and prokaryotes. Thanks to a CRISPRi 

strategy to decrease acpP expression, we showed that ACP has a posiQve impact of ISC-

dependent Fe-S cluster biogenesis by showing that decreased ACP leads to i) impaired 

capacity of the ISC system to compensate the absence of the SUF system, ii) decreased 

sensiQvity to aminoglycosides, iii) a lower acQvity of Fe-S transcripQonal regulators maturated 

by the ISC system, and iv) a lower intracellular Fe-S dependent aconitase acQvity. 

 However, the major difference between eukaryotes and bacteria regarding ACP’s role 

in Fe-S biogenesis is ACP interacQng partners. In eukaryotes, ACP forms a mulQ-protein 

complex (ACP-ISD11-NFS1) that involves ISD11, a protein only found in mitochondria (LYRM 

family), and NFS1, the mitochondrial structural and funcQonal homologue of IscS. Our results, 

however, suggest that ACP binds mulQple members of the ISC machinery in E. coli: IscS the 

cysteine desulfurase, Fdx, the ferredoxin, and HscB, one of the two co-chaperones of the 

system. Based on AlphaFold predicQon, we propose that a posiQve patch on IscS (R67, R220, 

and R223) and a negaQve patch on ACP (D35, D38, and E41) could support electrostaQc 

interacQons between the two proteins. By replacing these negaQvely-charged residues of ACP 

by neutral residues, we have shown that they are indeed necessary for the binding to IscS and 

for the binding to Fdx and HscB as well (except for E41 which seems to be dispensable for ACP 

binding to IscS).   

In human, ISD11 binds at the surface of NFS1 dimer. The dimer surface forms a large 

hydrophobic patch that is thought to contribute to the observed aggregaQon of NFS1 when 

expressed alone. In the ISD11-NFS1 complex, the hydrophobic patch is covered by ISD11, thus 

prevenQng aggregaQon (Boniecki et al. 2017). Moreover, it has been proposed that ACP 

interacQon with ISD11 stabilizes the LYRM protein thus forming a stable ACP-ISD11-NFS1 
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complex that prevent NFS1 aggregaQon (Herrera et al. 2018). InteresQngly, in E. coli the dimer 

surface of IscS presents a hydrophobic patch that is disrupted by at least one charged residue, 

the D30. The presence of this aspartate is thought to be sufficient to explain the absence of 

observed aggregaQon of IscS (Boniecki et al. 2017). This suggests that ACP’s role in prokaryotes 

is different from the one suggested in eukaryotes, i.e. NFS1 stabilizaQon. 

 AddiQonally, Alphafold predicQon as well as our experimental data suggest that the 

binding site of ACP on IscS is completely different from the site of interacQon of ACP-ISD11 on 

NFS1. Indeed, our model shows an interacQon that is closer to IscS's acQve site, which is 

located at the flip side of the hydrophobic patch. What is striking is that the residues involved, 

meaning the negaQve patch of ACP and the posiQve patch on IscS, are extremely well 

conserved on their respecQve eukaryoQc homologues. It is therefore intriguing that ACP do 

not bind directly to NFS1 on this surface. The binding of ACP in the vicinity of IscS catalyQc site 

could indicate a role for ACP in IscS acQvity. Whether ACP impacts IscS cysteine desulfurase 

acQvity and/or IscS sulfur transfer to IscU has to be determined. Moreover, while electrostaQc 

interacQons are involved in the formaQon of the ACP-IscS complex, we noQced that the 

catalyQc relevant residue of ACP, the S36, is important as well. ACP’s Ser36 is involved in binding 

of the 4'-phophopanthetein (4'-PP) prostheQc group, and therefore is crucial for the acylaQon 

of ACP. It has been described that ACP’s acyl chain is important for the stabilizaQon of the 

interacQon between ACP and various partners, namely ISD11 in eukaryotes (Boniecki et al. 

2017, Cory et al. 2017, Herrera et al. 2018). We were unable to demonstrate an in vitro 

interacQon between purified ACP and IscS. Considering the importance of the acyl chain of 

ACP in eukaryotes for its interacQons with other proteins, we plan to maturate ACP post-

purificaQon (Angelini et al. 2012), and re-examine interacQons of this maturated form with 

IscS.  

We showed that ACP interacts with Fdx and HscB as well. However, our lack of 

knowledge about ACP’s interacQng surface on Fdx and HscB is for now a hinderance to our 

understanding of the mechanism and role of theses interacQons. We are now working, in 

collaboraQon with Guillaume Bouvier from the InsQtut Pasteur, on a model of the interacQon 

between ACP and Fdx and between ACP and HscB. The predicQon that would be obtained by 

Alphafold could help us understand more on the role of these interacQons. 
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It is interesQng to note that two of the IscS arginine residues (R220 and R223) involved in 

the interacQon with ACP have been shown to be crucial for interacQons between IscS and 

proteins involved in sulfur-relays originaQng from IscS (ThiI and TusA involved in thiamine 

biosynthesis and tRNA thiolaQon respecQvely) (Shi et al. 2010). Thus, ACP’s binding to IscS 

might decrease IscS availability for sulfur-relays, and, as a consequence, might lead to the 

orientaQon of IscS acQvity towards Fe-S biogenesis. 

 Another aspect never addressed is the impact of the ISC system, or more generally Fe-

S homeostasis, on the faXy acid biosynthesis. Indeed, the residues involved in the interacQon 

of ACP with the ISC members are localized in the helix II domain of ACP and this domain is 

important for the interacQon of ACP with many other partners (AcpS, FabI, FabA, BioH for 

instance (Nguyen et al. 2014, Beld et al. 2015). Thus, occupancy of this ACP helix by ISC 

members could interfere with ACP availability for faXy acid biogenesis. We plan to answer this 

quesQon by measuring membrane stress inducQon upon perturbaQon of Fe-S homeostasis. 

One way of doing that is to study the acQvity of DolP (division and outer membrane stress-

associated lipid-binding protein), a membrane bound protein involved in the membrane 

damage stress response whose expression is dependent on RpoE (Bryant et al. 2020).  

 Another way to address the quesQon of the biological meaning of interplay between 

faXy acids and Fe-S biogenesis is to idenQfy metabolic pathways linked to both faXy acids and 

Fe-S clusters. To our knowledge, there are only two pathways combining faXy acids and Fe-S 

enzymes, the biosynthesis of lipoate and the biosynthesis of bioQn. Lipoate is an essenQal 

cofactor for the acQvity of crucial enzymes such the pyruvate dehydrogenase, the glycine 

cleavage system, and the a-ketoglutarate dehydrogenase (Reed et al. 1993). The last step of 

lipoate biosynthesis involves LipA, an Fe-S enzyme, that catalyzes sulfur transfer from one of 

its two clusters to the octanoyl cofactor that originates form ACP. BioQn is an essenQal vitamin 

for faXy acid biosynthesis. BioQn producQon requires a pimeloyl-ACP precursor that 

undergoes a series of reacQons, the last step being catalyzed by an Fe-S enzyme, BioB. 

Whether disrupQon of interacQons between ACP and the ISC system could impact the 

efficiency of lipoate and/or bioQn biosynthesis is under tesQng.  

 While the mode of acQon differs, the cross-talk between faXy acid metabolism and Fe-

S cluster biogenesis is found in both prokaryotes and eukaryotes. Finding the biological 

meaning of this cross-talk is therefore crucial as it can provide a beXer understanding of how 

living organisms coordinate essenQal processes.  
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Chapter II - Introduction 

 

 Iron-Sulfur (Fe-S) clusters are metallic co-factors present in all living organisms. They 

are essenQal to life and their absence or impairment has drasQc consequences on cell viability. 

ProprieQes of Fe-S clusters provide the cell with a variety of reacQons (electron transfer and 

storage, redox and non-redox chemical catalysis) which explains that Fe-S proteins can be 

found in most of cellular processes, i.e. DNA replicaQon, respiraQon, central metabolism, 

transcripQonal regulaQon. In Escherichia coli, it has been predicted that Fe-S proteins 

consQtute 4% of the proteome (181 proteins) and for about half of them, it has been validated 

by experimental data (Lenon et al. 2022). Fe-S clusters exist mainly in three different forms, 

they can be rhombic [2Fe-2S], cubane [4Fe-4S] or cuboidal [3Fe-4S], although some unusual 

forms exist too, with a higher number of iron and sulfur atoms (for review, see Johnson et al. 

2005, Fontecave et al. 2008). Fe-S clusters are synthesized through dedicated machineries in 

the cell, and five machineries have been described so far: SMS, MIS, NIF, ISC and SUF systems. 

E. coli only possess the two laXer, ISC is the house-keeping system, being acQve under Fe-S 

favorable condiQons, whereas SUF is the stress system that is acQve under oxidaQve or 

nitrosaQve stress and low iron environment. The biogenesis of Fe-S clusters goes through 2 

major steps: 1) the assembly of the cluster on scaffold proteins and 2) the delivery of the 

clusters to the target apo-proteins. First a cysteine desulfurase (IscS for the ISC system and 

SufS for the SUF system) acquires the sulfur from cysteines and provide it to the scaffold 

protein (IscU and SufBCD complex), the iron is concomitantly provided but its origin and 

parQcularly whether it is mobilized by a specific protein has yet to be determined. The cluster 

is then transported and inserted into the target proteins thanks to carrier proteins (for review, 

see Py et al. 2010, Esquilin-Lebron et al. 2021).  

 Binding of the Fe-S cluster requires at least four amino acids that bind the iron atoms 

of the cluster, in most cases the binding residues are cysteines. While a CxxC moQf in the 

primary structure is usually a good indicator of an Fe-S protein it can also be misleading as 

some other metals are coordinated by cysteines as well. However, cysteines can someQmes 
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be subsQtuted by other amino acids to bind the cluster, such as aspartate or hisQdine (Bak et 

al. 2014). 

 Fe-S clusters are very sensiQve to oxidaQon, not only does the O2 can directly damage 

clusters, but free Fe2+ can react with hydrogen peroxide through Fenton reacQon to produce 

reacQve oxygen species (ROS) that will damage Fe-S clusters. The clusters are also sensiQve to 

reacQve nitrogen species that can induce nitrosylaQon of the exposed iron atoms of the cluster 

and lead to the formaQon of a blend of products primarily composed of di-nitrosyl iron 

complex DNIC [Fe(NO)2](RS)2, Roussin’s Red Easter species (RRE, [Fe2(NO)4](RS)2) and 

Roussin’s Black Salt (RBS, [Fe3S4(NO)7](RS)2) (Crack et al. 2018). These modificaQons can not 

only damage the cluster but also lead to the inacQvaQon of the proteins containing them. 

Finally, low iron availability may reduce Fe-S cluster assembly. 

 E. coli has 5 transcripQonal Fe-S regulators, 4 of them FNR, IscR, SoxR and NsrR are well 

characterized. The cluster of these regulators plays a key role in the regulaQon they perform 

(for review (Crack et al. 2012)). FNR possess a [4Fe-4S] cluster that is very sensiQve to oxygen. 

This sensiQvity allows FNR to be the regulator of the adaptaQon from aerobic to anaerobic 

growth through the regulaQon of hundreds of genes. FNR mainly acQvates the expression of 

genes involved in anaerobic respiraQon and metabolism and represses the ones of aerobic 

metabolism. In anaerobic condiQons the cluster is present, FNR dimerizes and is considered 

to be in its holo acQve form. In presence of O2 the cluster is damaged which leads to the 

dissociaQon of the dimer and the loss of acQvity of FNR (SuXon et al. 2004, Reinhart et al. 

2008). IscR, the regulator of the Fe-S biogenesis, has a [2Fe-2S] cluster. When IscR is loaded 

with the cluster it inhibits the expression of the isc operon leading to a negaQve retro control. 

However, when IscR is in its Apo form, it acQvates the expression of the secondary Fe-S 

biogenesis operon: SUF, which is less sensiQve to stress and thus allowing a conQnuous Fe-S 

biogenesis whatever the environmental condiQons (Fleischhacker et al. 2012). Hence, IscR 

shows a dual acQvity that depends on the presence or absence of the cluster, the two forms 

bind disQnct DNA sequences (Rajagopalan et al. 2013). NsrR is the regulator of genes involved 

in the response to nitrosaQve stress caused by reacQve nitrogen species (RNS), mainly nitric 

oxide (NO), that can be endogenously produced during nitrate respiraQon (Lundberg et al. 

2004).  When NsrR is in its Holo form it represses the expression of genes encoding detoxifying 

enzymes such as hmpA or hcp. When NsrR is exposed to NO, the cluster is nitrosylated which 
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leads to a conformaQonal change and the repression performed by NsrR is alleviated (Volbeda 

et al. 2017). SoxR possess a [2Fe-2S] cluster, when exposed to redox cycling compounds, the 

cluster is oxidized which allows SoxR to acQvate the expression of another transcripQonal 

regulator, SoxS, that acQvates the expression of oxidaQve stress response (Gu et al. 2011). In 

the case of SoxR the presence of the cluster is required for its acQvity however a simple single-

electron oxidaQon of the cluster is enough to unlock the acQvity of SoxR.    

 As seen with these examples the metallic cluster is an important feature of Fe-S 

regulators, and its presence is usually required for their acQvity. However, modificaQon of the 

cluster through oxidaQon or nitrosylaQon can alter the acQvity of Fe-S regulators. 

 In this manuscript we present the work we performed on the characterization of YeiL, 

the fifth Fe-S regulator, and the last one still uncharacterized. There is only one published 

study on this regulator (Anjum et al. 2000), and the scarce information available is presented 

below. YeiL belongs to the CRP-FNR family, it displays 22 % sequence identity and 42 % 

similarity to FNR and a 17 % identical 45 % similar sequence to the CRP of E. coli. The main 

characteristic of this family is the presence of a helix-turn-helix (HTH) DNA binding motif in 

their C-terminal part and a putative nucleotide binding domain in their N-terminal part. The 

high similarity to CRP/FNR dimerizing domain suggests that YeiL is also prone to dimerize. YeiL 

possess five cysteine residues and presence of a [4Fe-4S] cluster inside the YeiL structure have 

been shown (Anjum et al. 2000). It is interesting to note that the Holo-form has been 

reconstituted under anaerobiosis, but upon exposure to oxygen the cluster seemed quite 

stable. It is noteworthy to mention that all of the published in vitro experiments were 

performed with a YeiL tagged to the MBP protein, and this was the only construct allowing a 

purification of the protein without major aggregation. Growth of a yeiL deleted strain and its 

parental strain were assessed in different media, and it appears that the ∆yeiL strain does not 

exhibit any growth defect, except a very slight lower bacterial density in stationary phase 

during aerobic growth. The yeiL gene appears to be mainly expressed during stationary phase. 

Furthermore, it has been shown that the yeiL promoter activity was repressed by FNR but 

activated by RpoS, Lrp and YeiL itself, while the effect of these regulators on yeiL expression 

were modest (Anjum et al. 2000). A role for YeiL in survival under nitrogen limiting conditions 

was also proposed. These conclusions drawn from a paper published by Anjum and coll. in 
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2000 are the only information available up to date and the absence of follow-up on this study 

prompted us to characterize YeiL.  

 The goal of this project was to characterize the role of YeiL by deciphering its regulon, 

tesQng the role of its cluster in the regulaQon, and finally idenQfying the 

physiological/environmental condiQons for its expression. In this study we therefore 

demonstrated how YeiL producQon affects the expression of hundreds of genes amongst 

which key funcQons such as anaerobic respiraQon, sugar metabolism and nitric oxide stress 

response. We invesQgated the mechanism by which YeiL is able to repress the expression of 

the genes of the aldaric acid metabolism and showed that it is an indirect effect that goes 

through the control of the expression of the regulator of this pathway, CdaR. We 

demonstrated an interference between YeiL and OxyR for the control of the expression of hcp, 

a reductase involved in the NO stress response. As yeiL gene is very lowly expressed, we also 

studied the yeiL expression determinants. Using several fusions between the yeiL locus and 

the lacZ gene, we collected evidence that the 3’ region of the yeiL gene itself is responsible 

for its low expression.  

 

 

Figure 1. Alphafold prediction of the structure of YeiL. The five cysteines 

of the protein are represented by red spheres. Three of them are close 

enough (less than 9 A° of each other) to bind an [Fe-S] cluster, C68, C91 and 

C93. The last amino acid to bind the cluster could be either one of the two 

last cysteines or another amino acid that has yet to be identified.  
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Chapter II - Materials and Methods 

 

Media and growth condi9ons 

 Bacterial strains were grown in LB (Lysogeny Broth) rich medium or M9 minimal 

medium supplemented with glycerol (0.2%), MgSO4 (1 mM), thiamine (250 ng/mL), CaCl2 (0.1 

mM), casamino acids (0.05%) and nitrate or fumarate (25 mM). AnQbioQcs were added when 

necessary: ampicillin (Amp, 100 µg/mL); kanamycin (Kan, 50 µg/mL); chloramphenicol (Cm, 

10 µg/mL); zeocine (Zeo, 50 µg/mL). When specified, galactarate 0,1% was added to the LB 

medium. Expression from the Ptet promoter was induced using 50 to 500 ng/mL of 

anhydrotetracycline (aTc). For nitric oxide (NO) stress, Spermine NONOate (50 µM) was added 

to bacterial culture for 30 min before collecQng bacteria for further analysis. Anaerobic 

condiQons were met using a Glove box set up to maintain less than 1 ppm of oxygen 

(Jacomex). 

Bacterial strains and Plasmids 

 All the strains and plasmids used in this study are listed in tables 1 and 2 respecQvely. 

Primers, with their sequences and descripQons are listed in table 3. 

 Standard procedures for preparaQon of DNA, amplificaQon, digesQon, ligaQon were 

used as previously described (Sambrook et al. 1989). TransformaQons were done by 

electroporaQon. Plasmids constructed for this study have been checked by sequencing 

(Eurofins). Chromosomal gene deleQons have been checked by PCR and lacZ chromosomal 

fusions have been checked by PCR and sequencing of the PCR fragments (Eurofins). 

Escherichia coli K12 XL1B strain was used for cloning and experiments were performed in E. 

coli K12 MG1655 or UPEC UTI89 derivaQves.  

 Chromosome engineering 

 DeleQon strains ∆yeiL::kan, ∆nsrR::kan and ∆cdaR::kan were obtained by P1 

transducQon (Miller 1992) with phages prepared from the corresponding strains of the E. coli 

KEIO knockout collecQon in the MG1655 strain as receiver (Baba et al. 2006). The 

MG1655∆oxyR::cm strain was obtained from the JM. Ghigo's lab. The MG1655∆hfq::kan strain 
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was obtained using the homologous recombinaQon via the l red system (Datsenko et al. 

2000). Briefly, primers ebp353-354 were used to amplify the kanamycin casseXe from pKD13 

and the amplicon was transformed into MG1655/pKD46 strain to allow recombinaQon and 

replacement of the hfq gene by the kanamycin casseXe. In order to combine deleQons in the 

same strain, the kan resistance casseXe of the ∆yeiL::kan strain was flipped using pCP20 as 

previously described (Datsenko et al. 2000), and the deleQon strain without anQbioQc casseXe 

is indicated as ∆yeiL°. CombinaQon of deleQons were obtained by P1 transducQons. To fuse 

the SPA tag encoding sequence at the 3' end of yeiL, we used homologous recombinaQon via 

the l red system using a DNA fragment containing the SPA tag coding sequence, the 

kanamycin casseXe and yeiL region fragments for homologous recombinaQon. This DNA was 

obtained by PCR performed with OSD196-167 as primers and pJL148 as matrix. Chromosomal 

fusions between yeiL and lacZ were obtained using the NM580 strain as previously described 

(Parker et al. 2017). Briefly, amplicons corresponding to the yeiL promoter (yeiL Prom, OSD16-

17, 248 bp), the yeiL promoter and half of the yeiL coding sequence (yeiL Mid, OSD16-204, 

550 bp) and the yeiL promoter and the complete yeiL coding sequence (yeiL Full, OSD16-205, 

866 bp) and 40 bp each side for the inserQon in NM580, namely the ZeoR marker at the 5' end 

and the lacZ ORF at the 3'end, were synthesized. Amplicons were introduced by 

electroporaQon into l red-proficient NM580 cells. Recombinants cloned were screened for 

sensiQvity to kanamycin. The fusions were then transduced using P1 into MG1655 recipient 

strain or derivaQves and transductants were selected for zeocin resistance.  

 DeleQon of the yeiL gene and replacement of its coding sequence by the 

chloramphenicol marker in UTI89 was obtained using the homologous recombinaQon with a 

PCR fragment generated with the OSD79-80 primers (1015 bp) and pKD3 as matrix via the l 

red system (Datsenko et al. 2000). 

 Plasmids construcQon 

 For yeiL inducible expression, the complete yeiL gene has been amplified using 

MG1655 genomic DNA as template and primers OSD18-19 (717 bp) and cloned in the pTet 

(notag) vector between the EcoRI and XhoI restricQon sites. The yeiL* allele is derived from 

the yeiL gene except the following mutaQons: TG bases in posiQons 202-203, 271-272, 277-

278 and 346-347 have been replaced by GC bases in order to encode alanine residues instead 

of cysteines in posiQon 68, 91, 93 and 116 of the protein. The yeiL* allele has been cloned in 
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pTet(notag) using the same primers and restricQons sites as described for the yeiL wild type 

gene, except that the template DNA used for PCR amplificaQon was a syntheQc DNA fragment 

designed with the mutaQons (Twist Bioscience).  

 Plasmids carrying the transcripQonal fusions between PcdaR, Phcp and gfpmut2 

(pUA66 vector) were obtained from the Zaslaver collecQon (Zaslaver et al. 2006). 

TranscripQonal reporter fusions between PyeiL, PgarD, PgudP and gfpmut2 were obtained by 

cloning the upstream regions of yeiL, garD and gudP generated by PCR using MG1655 genomic 

DNA as template (OSD32-33, 186 bp; OSD126-127, 387 bp and OSD128-129, 452 bp 

respecQvely) between the XhoI and BamHI sites of pUA66.  

 The pAcyC-yeiL plasmid has been obtained by inserQon of the yeiL gene with its own 

promoter (PCR fragment using OSD104-105 primers, 884 bp) at the BamHI/SalI sites of the 

pAcyC184 vector.  

 For purificaQon of the YeiL-MBP and YeiL*-MBP fusion proteins, we cloned the yeiL and 

yeiL* alleles (OSD151-152) downstream the malE gene (AlwNI/EcoRI sites) of the pMAL-c6T 

vector (New England BioLabs). 

 Site-directed mutagenesis on plasmids pUA66-PcdaR and pAcyC-yeiL have been done 

by PCR (with the PfuUltra II DNA polymerase) using primers containing the mutaQons 

(OSD274-275 for PcdaRMut1, OSD276-277 for PcdaRMut2, OSD210-211 for yeiLMut1 and OSD212-

213 for yeiLMut2, table 3 for primers sequences), and the plasmids with the wild type alleles as 

template. Azer amplificaQon, template DNA was removed using the DpnI restricQon enzyme.   

 

RNA extrac9on 

 Strains were grown in LB added with 500 ng/mL aTc at 37°C for the strains containing 

the Ptet derivaQves, and LB added with NONOate 50 µM when specified, with aeraQon unQl 

OD600nm = 1. Cells were pelleted by centrifugaQon (10 mL) and immediately frozen at -20 °C. 

RNA extracQons were then performed as previously described (Even et al. 2006). Briefly, 

bacterial pellets were resuspended in a buffer containing glucose 20%, Tris-HCl 25 mM, pH 7.6 

and EDTA 50 mM. Cells were broken in presence of glass beads (0.1 mm diameter) and acid 

phenol (pH 4.5) in a cell disruptor. Successive purificaQon steps with Trizol and chloroforme 

were performed before isopropanol precipitaQon. Purified RNAs were then treated with 

DNase I using the TURBO DNA-free reagent (Ambion) in order to eliminate residual 

contaminaQng genomic DNA. 
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Gene expression analysis by quan9ta9ve qRT-PCR 

 cDNA synthesis was carried out as previously described (Dubrac et al. 2007) 

OligonucleoQdes were designed in order to synthesize 100-200 bp amplicons (see Table 3). 

QuanQtaQve real-Qme PCRs (qRT-PCRs), criQcal threshold cycles (CT) and n-fold changes in 

transcript levels were performed and determined as previously described (Livak et al. 2001) 

using the SsoFastTM EvaGreen Supermix (Bio-Rad) and normalized with respect to 16s rRNA 

whose levels did not vary under our experimental condiQons. A CFX Opus Real-Time PCR 

System (Bio-Rad) was used for amplificaQon reacQons and detecQon. We analyzed the results 

using Bio-Rad CFX Maestro sozware (Bio-Rad). All assays were performed using quadruplicate 

technical replicates and repeated with three independent biological samples. Results are 

presented as the means of the technical replicates and error bars are the standard errors of 

the means. Biological replicates were treated independently and did not show any significant 

variaQons. 

 

Transcriptome analysis by RNAseq 

 RNAseq experiments have been performed by the Biomics Pla�orm of the InsQtut 

Pasteur. Three independent biological replicates of the MG1655/pTet, MG1655/pTet-yeiL, and 

MG1655/pTet-yeiL* strains were used for RNA-Seq analysis. Strains were grown in LB-Amp-

aTc (500 ng/mL) unQl OD600nm = 1. Total RNA was isolated as described above, and 1 μg were 

treated using the MicrobExpress kit (Ambion) in order to remove rRNA. The rRNA depleted 

fracQon was used for construcQon of strand specific single end cDNA libraries using the Truseq 

Stranded Total RNA sample prep kit according to the manufacturer's instrucQons (Illumina). 

Libraries were sequenced using an Illumina Hiseq2000 sequencer according to the 

manufacturer's instrucQons (Illumina). 

 The RNA-seq analysis was performed with Sequana using an RNA-seq pipeline 

(https://github.com/sequana/sequana_rnaseq) (Desvillechabrol et al. 2018). Reads were 

trimmed from adapters and low-quality bases then mapped to E. coli MG1655 genome using 

bowtie2.  Statistical analysis was performed to identify differentially regulated genes using 

DeSeq2. Parameters of the statistical analysis included the significance (Benjamini-Hochberg 

adjusted p-values, false discovery rate FDR < 0.05) and the effect size (fold change) for each 

comparison.  
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Measurement of gene expression using gfp fusions 

 Strains containing pUA66 derivaQves with the studied promoters upstream the 

gfpmut2 gene were grown in deep well plates at 37°C, in LB or specified medium added with 

kanamycin and in condiQons menQoned in the figure’s legends. Azer 7 hours of growth, 

bacterial cultures (150 µL) were transferred in 96 well Black Greiner plates to read the 

absorbance at 600 nm and the fluorescence (excitaQon: 485 nm; emission: 530 nm). The 

measurements of absorbance and fluorescence were read with the TECAN Infini M200Pro 

reader. For cultures grown in anaerobiosis an addiQonal step of incubaQon in PBS with Cm 

(100 µg/mL) during 1 hour at 4°C to recover fluorescence was done (Pinilla-Redondo et al. 

2018) The level of expression was calculated dividing the intensity of the fluorescence by the 

absorbance at 600 nm, and the intrinsic fluorescence of the wild type MG1655 strain grown 

in the same condiQons was subtracted. At least, four independent biological replicates were 

analyzed for each strain and/or condiQon. Results are presented as the means of the replicates 

and error bars are the standard errors of the means. 

 

ß-galactosidase assay 

Cells were grown in LB medium at 37°C in biological triplicate. ß-gal acQvity was 

determined as previously described (Miller 1992). Average values of ß-gal unit/mg of bacteria 

are represented and error bars correspond to the standard errors of the means. 

 

SDS-PAGE and Western-Blot analysis of proteins 

 Crude extracts from the yeiL-SPA strain and derivaQves were prepared in LB medium 

added with galactarate (0.1 or 1%, in the culture medium at the Qme of inoculaQon), paraquat 

(100 µM, one hour stress), dipyridyl (250 µM, in the culture medium at the Qme of inoculaQon) 

or NONOate (50 µM, one hour stress) when specified. When the cultures have reached an 

OD600nm around 1-1.5, cells were pelleted, resuspended in Laemmli buffer (around 108 cells in 

30 µL buffer), and incubated 10 min at 100°C. Crude extracts were then stocked at -20°C unQl 

further analysis. 

 SDS-PAGE, semi-dry electrotransfer on nitrocellulose membranes, and Western blot 

analysis were performed as previously described (Gully et al. 2003). SPA tag was detected with 

monoclonal anQ-Flag and a secondary anQbody 680 iR Dye goat anQ-mouse (Sigma). YbgF was 
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detected with home-made anQ-YbgF anQbodies (E. Bouveret) and an 800 goat anQ-mouse 

(Sigma). A fluorescent imager (Li-Cor) was used to read the membranes. 

 

MBP-Tagged proteins purifica9on 

 MG1655/pMAL-yeiL and MG1655/pMAL-yeiL* strains were grown in LB (500 mL) at 

37°C unQl OD600nm=0.5, and then, 1 mM IPTG was added to induce fusion proteins expression. 

Cultures were further incubated at 30°C for 4 hours. Proteins were then purified as 

recommended (New England BioLabs, Large Scale Affinity Chromatography). Briefly, azer 

pelleQng, cells were resuspended in MBP-column binding buffer (Tris-HCl pH 7.5 20 mM, NaCl 

200 mM, EDTA 1 mM, DTT 1 mM) and broken using a cell disruptor. Azer centrifugaQon to 

remove the cells debris, supernatants were applied on a MBPTrap HP column (Merck). Azer a 

wash step using the MBP-column binding buffer, the MBP fusion proteins were eluted in the 

same buffer containing maltose (10 mM). All the steps from binding to eluQon of the proteins 

were done using an ÄKTA liquid chromatography system. Azer purificaQon, MBP-proteins 

fusions were cleaved using the TEV protease (20 TEV units for 100 µg of protein to be cleaved). 

Proteins were subjected to an addiQonal dialysis step against a buffer containing Tris-HCl 20 

mM pH 7.5, NaCl 200 mM, glycerol 10% and kept at -80°C.   

 

Electromobility shib assay (EMSA) 

 Fluorescent DNA fragments corresponding to ydhY and ynfE promoter regions were 

generated by PCR using Cy55-labelled primers: CY-OSD155/OSD156 for ydhY (240 bp) and CY-

OSD157/OSD158 for ynfE (338 bp). Protein/DNA binding reacQons were done by mixing 

approximately 1 pmol of DNA with 10-100 pmol of proteins in a buffer containing potassium 

buffer pH 7 25 mM, NaCl 150 mM, EDTA 0.1 mM, MgSO4 2 mM, DTT 1 mM, glycerol 10%, and 

PolydIdC 0.5 µg. Azer 20 min of incubaQon at 25°C, reacQons were loaded on a 6% 

polyacrylamide gel in TBE buffer and run for 1 hour at 100V. Gels were visualized using a 

fluorescent imager (Li-Cor). 

 

Mice coloniza9on experiments 

 Groups of female C57BL/6 mice aged 7–8 weeks (Charles River) were pretreated with 

a single dose of streptomycin (1 g/kg in 200 µL water) per os 1 day prior to gavage and infected 
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with the strains derived from UTI89. Mice were infected per os with 2X108 CFU of each strain 

either alone or in 1:1 mix (WT: mutant strains) for the compeQQve index (CI) in 200 μL PBS. 

Fecal pellets were collected from every individual mouse at indicated Qmes, weighted, and 

homogenized in 500 μL phosphate-buffed saline (PBS, pH 7.2). CFUs were determined by 

plaQng serial diluQons on selecQve LB agar plates.  For infecQon, bacterial cultures were 

prepared in LB and incubated at 37°C under staQc condiQons for 18–24 h. Bacteria were then 

washed twice in cold PBS and concentrated in PBS at approximately 2X 108 CFU per 200 μL. 

Inocula Qters were verified in parallel for each infecQon. The value of CI was calculated as: CFU 

WT output strain/CFU mutant output strain, with the verificaQon in each experiment that CFU 

WT input strain/CFU mutant input strain was very close to 1.  

 

Table 1: Strains used in this study 

 
Lab 

reference 

Name in the 

manuscript 

Genotype Reference 

FBE051 MG1655 Wild type K12 E. coli F. Barras, lab 

collecQon 

FBE052 XL1B recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ 

proAB lacIqZΔM15 Tn10 (TetR)] 

Stratagene 

FBE211 NM580 MG1655 lacI- zeoR-pBRPlacO-kan-pBAD-ccdB  Mini-l-

Red::tetR 

(BaaesQ et al. 

2015) 

FBE637 UTI89 Wild type UPEC E. Lemichez 

FBE711 UTI∆yeiL UTI89 ∆yeiL::cm This work 

FBE721 ∆oxyR MG1655 ∆oxyR::cm J-M. Ghigo 

FBE767 ∆yeiL MG1655 ∆yeiL::kan This work 

FBE771 ∆yeiL° MG1655 ∆yeiL This work 

FBE1169 ∆yeiL∆oxyR MG1655 ∆yeiL°∆oxyR::cm This work 

FBE1174 ∆yeiL∆nsrR MG1655 ∆yeiL°∆nsrR::kan This work 

FBE1175 ∆nsrR MG1655 ∆nsrR::kan This work 

FBE1232 ∆cdaR MG1655 ∆cdaR This work 

 
 
 
Table 2: Plasmids used in this study 
 

Lab 

reference 

Name  DescripQon Reference 

pEB266 pCP20 ori Rep101ts, CmR, AmpR, FLP recombinase gene (Cherepanov et al. 

1995) 

pEB267 pKD46 ts, AmpR, l Red gene (Datsenko et al. 

2000) 
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pEB268 pKD3 AmpR, FRT-flanked CmR casseae (Datsenko et al. 

2000) 

pEB270 pKD13 AmpR, FRT-flanked KanR casseae (Datsenko et al. 

2000) 

pEB0794 pJL148 AmpR, FRT-flanked SPA-kanR casseae (Zeghouf et al. 2004) 
pEB898 pUA66 KanR, sc101 ori, gfpmut2 transcripQonal fusion  (Zaslaver et al. 

2006) 

pZ1 pUA66-PcdaR Zaslaver collecQon (Zaslaver et al. 

2006) 

pZ4 pUA66-Phcp Zaslaver collecQon (Zaslaver et al. 

2006) 

pSD18 pUA66-PyeiL InserQon of OSD32-33fragment in pEB898 

(XhoI/BamHI) 

This study 

pSD25 pUA66-PgarD InserQon of OSD126-127 fragment in pEB898 

(XhoI/BamHI) 

This study 

pSD26 pUA66-PgudP InserQon of OSD128-129 fragment in pEB898 

(XhoI/BamHI) 

This study 

pSD48 pUA66-

PcdaRMut1 

Site directed mutagenesis on pZ1 with 

OSD274/275 

This study 

pSD49 pUA66-

PcdaRMut2 

Site directed mutagenesis on pZ1 with 

OSD276/277 

This study 

pEB1823 pTet(noTag) AmpR, ColE1 ori, TetR promoter BioTAGnology 

pSD5 pTet-yeiL InserQon of OSD17-18 fragment in pEB1823 

(EcoRI/XhoI) 

This study 

pSD6 pTet-yeiL* InserQon of yeiL mutated allele (TG-->GC in 

posiQons 202-203, 271-272, 277-278, 346-347) 

in pEB1823 (EcoRI/XhoI) 

This study 

pEB37 pAcyC184 CmR, TetR, p15A ori (Chang et al. 1978) 

pSF45 pAcyC-yeiL InserQon of OSD104-105fragment in pEB37 

(BamHI/SalI) 

This study 

pSF46 pAcyC-yeiLMut1 Site directed mutagenesis on pSF45 with 

OSD210/211 

This study 

pSF47 pAcyC-yeiLMut2 Site directed mutagenesis on pSF45 with 

OSD212/213 

This study 

pVP224 pMAL-c6T AmpR, ColE1 ori, Plac promoter, TEV cleavable 

MBP tag 

New England 

Biolabs 

pSD22 pMAL-yeiL InserQon of OSD151-152 fragment in pVP224 

(AnwNI/EcoRI) 

This study 

pSD23 pMAL-yeiL* InserQon of OSD151-152 fragment amplified 

from pSD6 (yeiL*) in pVP224 (AnwNI/EcoRI) 

This study 

 
 
 
Table 3: Primers used in this study 
 

Name Sequence DescripSon 

Chromosome engineering 

ebp353 GAAAGGTTCAAAGTACAAATAAGCATATAAGGAAAAGAGAGAatgATTCCGG

GGATCCGTCGACC 
PCR fragment on 

pKD13 for replacement 

of hfq by the Kan 

casse]e 

ebp354 GCAGGATCGCTGGCTCCCCGTGTAAAAAAACAGCCCGAAACC]aTGTAGGC

TGGAGCTGCTTCG 
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OSD79 CATCGTGAAAGAAATCCACAATAATGATCTTAAGCAGCAATTGATGCATATGA

ATATCCTCCTTAG 

PCR fragment on pKD3 

for replacement of yeiL 

by the Cm casse]e in 

UTI89 

OSD80 ATTAAGCGTTGCATCCGGCAATCGCACTATTGCCAATAATTTTTATGTGTAGGC

TGGAGCTGCTTC 

OSD196 GCGCTGGAGATGGACCCGGAGAATAAATTCTCCGGGATGATGCAGTCCATG

GAAAAGAGAAG 

PCR fragment on 

pJL1778 for inserMon 

of the SPA tag and kan 

at the 3'end of yeiL 

OSD197 CGTATTAAGCGTTGCATCCGGCAATCGCGCTATTGAAAATAATTTCATATGAAT

ATCCTCCTTAG 

OSD16 TACTATGCCGATATACTATGCCGATGATTAATTGTCAACTGTTTATTTCCTCTGT

TTCCAGTT 

InserMon of yeiL Prom 

(16-17), yeiL Mid (16-

204), and yeiL Full (16-

205) fragments in front 

of lacZ in NM580 strain 

OSD17 GTTGTAAAACGACGGCCAGTGAATCCGTAATCATGGTCATCAATTGCTGCTTA

AGATCAT 

OSD204 GTTGTAAAACGACGGCCAGTGAATCCGTAATCATGGTcatAGCTGTTTCCTATA

GCGTGTCGTTTAATAACAG 

OSD205 GTTGTAAAACGACGGCCAGTGAATCCGTAATCATGGTcatAGCTGTTTCCTATC

ATCCCGGAGAATTTATTCTCC 

ConstrucSon of pTet-yeiL/yeiL* 

OSD18 CAGGAATTCATGAGTGAATCCGCGTTTAAGGAT yeiL coding sequence 

(EcoRI/XhoI) OSD19 AAACTCGAGAAGCGTTGCATCCGGCAATCGCGCT 

ConstrucSon of gfp transcripSonal fusions in pUA66 

OSD32 CTTCTCGAGTGTTTATTTCCTCTGTTTCCAGTT yeiL promoter region 

(XhoI/BamHI) OSD33 TTCGGATCCCAATTGCTGCTTAAGATCATTATTG 

OSD126 TCACTCGAGTTACCTCGGGTACTTATGCT garD promoter region 

(XhoI/BamHI) OSD127 CAAGGATCCTGTGCAATATTCTCCAGCCA 

OSD128 TTGCTCGAGTATGTTCAGCGAGCGGTAA gudP promoter region 

(XhoI/BamHI) OSD129 AGAGGATCCTGTTGCACTCCTGAAAATTCG 

ConstrucSon of pAcyC-yeiL 

OSD104 CTTGGATCCTGTTTATTTCCTCTGTTTCCAGTT yeiL promoter and 

coding sequence 

(BamHI/SalI) 

OSD105 AAAGTCGACAAGCGTTGCATCCGGCAATCGCGCT 

ConstrucSon of pMAL-yeiL/yeiL* 

OSD151 AAGCAGATGCTGATGAGTGAATCCGCGTTTAAGGAT yeiL coding sequence 

(AlwNI/EcoRI) OSD152 AAAGAATTCAAGCGTTGCATCCGGCAATCGCGCT 

Site directed mutagenesis on plasmids 

OSD210 AAAGAATTCAAGCGTTGCATCCGGCAATCGCGCT pAcyC-yeiLMut1 from 

pAcyC-yeiL OSD211 GCTATTGAAAATAATTTTTACTGCATCATGGCCGTATATTTATTCTCCGGGTCC

A 

OSD212 GGCGCTGGAGATGGATCCAGAAAACAAATTCTCCGGGATGATG pAcyC-yeiLMut2 from 

pAcyC-yeiL OSD213 CATCATCCCGGAGAATTTGTTTTCTGGATCCATCTCCAGCGCC 

OSD274 CCACAACTCCATACATCCCCCCCATCCTTTAGGCATTTGCA 

 

pUA66-PcdaRMut1 from 

pUA66-PcdaR 

OSD275 TGCAAATGCCTAAAGGATGGGGGGGATGTATGGAGTTGTGG 

OSD276 CTTCACCACAACTCCCCCCCCCTTCATCATCCTTTAGGCAT pUA66-PcdaRMut2 from 

pUA66-PcdaR OSD277 ATGCCTAAAGGATGATGAAGGGGGGGGGAGTTGTGGTGAAG 

qRT-PCR 

16sFor AAGTTAATACCTTTGCTCATTGAC 16s  

16sRev GCTTTACGCCCAGTAATTCC 

OSD5 AGCCGTCCTGGCTGTTTTACC yeiL  

OSD6 ATCAGCGACACGCGACCAT 

OSD90 ACTTCGATTCTCCGCGTATTGT hcp  

OSD91 TCTTTGTTAGGGGTAAATTCTGCT 

OSD92 CTACCCTCCGTATAACGTTGAA ibpA  

OSD93 GCGATGCCCTGGTACAGATA 

OSD94 TCCGGCAATGTCGATGGTTTC narG 

OSD95 CAGATTCCGGTACGTCAGTT 
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OSD96 CGAACGCGCTATCACCATCAA nirB 

OSD97 GTTGAGGTCTTCAATAGTGCGAT 

CY55-labelled primers for EMSA 

OSD155 CACATTATCGACTGAACGCCGGATATGA ynfE 

OSD156 TGTTCTGCGGCTGATGCCCACCAT 

OSD157 CTGCAATGAAAGTCACAAATAATTGTC ydhY 

OSD158 ATAGTGGACGATCAACCGGGTTCAT 
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Chapter II - Results 

I - Identification of the YeiL-regulated genes 

I - 1 - Global analysis of the YeiL regulon 

 We first analyzed yeiL expression in different growth condiQons. We measured yeiL 

expression by quanQtaQve Real Time-PCR (qRT-PCR) in a MG1655 WT strain and included a 

∆yeiL strain as a negaQve control. We tested yeiL expression in exponenQal and staQonary 

growth phases, in presence and absence of oxygen, in rich and minimal (M9) growth media. 

Unfortunately, none of these condiQons allowed the detecQon of a specific signal for yeiL 

expression. The signal detected in all these condiQons was the same in the WT and ∆yeiL 

background, meaning that if yeiL was expressed its level was beneath the threshold of 

detecQon.  

 Because we were unable to idenQfy condiQons favorable for yeiL expression, we used 

an overexpression strategy to decipher the YeiL regulon. The yeiL gene was cloned under the 

control of the Ptet inducible promoter (pTet vector) to induce its expression with 

anhydrotetracycline (aTc), (see Materials and Methods). We also cloned a mutated allele of 

yeiL, called yeiL*, in which 4 out of the 5 cysteines were subsQtuted by alanine residues (C61A, 

C63A, C91A, C116A). By subsQtuQng these cysteines, we made the assumpQon that YeiL* is 

locked in an Apo form that cannot bind the Fe-S cluster. We then compared gene expression 

in strains overexpressing yeiL (e.g. MG1655/pTet-yeiL) or yeiL* (e.g. MG1655/pTet-yeiL*) to a 

reference strain containing the empty vector (MG1655/pTet). Strains were grown unQl mid-

exponenQal phase in LB rich medium at 37°C under agitaQon, and aTc (0,5 µg/mL) was added 

to induce the expression of yeiL or yeiL*. Total mRNAs were extracted from three independent 

biological replicates of each condiQon. A transcriptome sequencing analysis (RNA-seq, Biomics 

Pla�orm, InsQtut Pasteur) was then performed in which we compared the level of expression 

in the three condiQons.  

 A global analysis of RNAseq data was performed using a volcano plot representaQon 

of regulated genes. First, we noQced the higher number of genes regulated with YeiL* (Fig. 

1B) compared to YeiL (Fig. 1A). Indeed, azer applying a cut-off of p-value > 0.05, we found 218 

genes differenQally expressed upon expression of yeiL, whereas expression of 1324 genes 
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varied upon expression of yeiL*. Moreover, the expression fold changes were far higher upon 

yeiL* overexpression than with the yeiL wild type allele (see Fig. 1). Notably, the expression of 

yeiL* led to more than 10-fold differenQal expression of 154 genes whereas under yeiL 

expression the most acQvated and the most repressed genes showed a 5-fold change of 

expression.  

 This result showed that YeiL* is more acQve than the naQve YeiL regulator, this may 

indicate that the Apo form of YeiL is the acQve form of the regulator. 

 

A) B) 

 

Figure 1. Overview of the YeiL- and YeiL*-regulated genes. Volcano plots of datasets from YeiL (A) and 

YeiL*(B) RNA-seq. Horizontal doaed line corresponds to a p-value cut-off of 0.05 and verQcal doaed 

lines correspond to a FC cut-off of 3. 

 

 To analyze the results of the transcriptome, in addiQon to the cut-off of p-value>0.05 

we subjected the results of YeiL* to a fold-change cut-off (FC>3) to focus on the most regulated 

genes. Using these parameters, we found 218 genes differenQally expressed when 

overexpressing yeiL (55 up- and 163 down-regulated, p-value>0.05) and 699 when 

overexpressing yeiL* (355 up- and 344 down-regulated, p-value>0.05 and FC>3) (Table 4 and 

Supplementary Table 1).  
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Table 4. YeiL- and YeiL*-regulated 

genes. Number of genes up-regulated 

and down-regulated due to either yeiL 

(p-value>0.05) or yeiL* (p-value>0.05 

and FC>3) overexpression.  

  

  

We performed a comparison between the YeiL and YeiL* regulons. Surprisingly the overlap of 

the set of genes affected by both alleles of the regulator was overall limited with 13 genes up-

regulated and 82 genes repressed by both YeiL and YeiL* (Fig. 2 A and B).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Overlap of YeiL and YeiL* regulon. Venn diagram representaQon of YeiL- and YeiL*- regulated 

genes A. Repressed genes by YeiL (blue) and YeiL*(salmon). B. AcQvated genes by YeiL (blue) and 

YeiL*(salmon).  

 

 An ontologic analysis of regulated genes was performed. Genes were classified into 

Clusters of Orthologous Groups (COGs) (Fig. 3). In agreement with the volcano plot, we 

observed that YeiL* (Fig. 3A) affects more pathways than YeiL (Fig. 3B). Carbohydrate transport 

and metabolism, and energy producQon and conversion are the two most regulated pathways 

in both YeiL and YeiL* transcriptomes. 

  

 

 

 

 

Genes down-regulated by yeiL overexpression 163 

Genes up-regulated by yeiL overexpression 55 

Genes down-regulated by yeiL* overexpression 344 

Genes up-regulated by yeiL* overexpression 355 

A) 

 

B) 
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A)   

 

 

 

B) 

 

 

 

Figure 3. Analysis of the most regulated funcQons. The Clusters of Orthologous Genes (COGs) was 

retrieved from the NCBI COG webservice (haps://www.ncbi.nlm.nih.gov/research/cog/webservices/) 

via  BioServices. A) Pathways affected by YeiL*. B) Pathways affected by YeiL. 

 

I - 2 - Overproduction of YeiL leads to a general stress response 

 We noQced that strains producing YeiL or YeiL* exhibited a considerable delay in 

growth with a doubling Qme during exponenQal phase of 29 minutes for the strains carrying 

the empty vector and 84 minutes for the strains producing YeiL and YeiL* (Fig. 4A). Comparison 

of the YeiL/YeiL* transcriptomic data with the RpoH regulon (Ecocyc database) showed that 

about 10% of YeiL -and YeiL*-acQvated genes (4 on 55 YeiL-acQvated and 38 on 355 YeiL*-

acQvated) are part of the RpoH regulon, with a strong acQvaQon of genes encoding IbpA, IbpB 

and GroEL chaperones. We confirmed ibpA inducQon upon YeiL/YeiL* producQon by qRT-PCR 

(Fig. 4B). InducQon of the RpoH regulon suggested general proteostasis stress and possibly 
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missfolding of the produced YeiL and YeiL* regulators. A well-known way to enhance solubility 

of proteins is to fuse them with the maltose-binding protein (MBP) (Raran-Kurussi et al. 2015). 

We cloned the yeiL and yeiL* genes in-frame behind the malE gene (pMAL-c6T vector) to 

produce MBP-YeiL and MBP-YeiL* fusion proteins. We then tested the effect of the producQon 

of these fusion proteins on gene expression. As menQoned before a stress-induced gene, ibpA 

expression was largely induced upon YeiL/YeiL* producQon (Fig. 4B), whereas its expression 

was unchanged upon producQon of the MBP-YeiL and MPB-YeiL* fusion proteins (Fig. 4C). This 

result indicated that inducQon of RpoH stress-acQvated genes is the result of missfolded YeiL 

and YeiL* proteins. We then wondered whether other genes idenQfied by the transcriptomic 

approach could be affected by the missfolded protein stress. We picked-up two genes of 

interest, garP, whose expression was down regulated by overexpressing YeiL or YeiL* and hcp 

whose expression was down regulated by overexpressing YeiL*. As shown on figure 4C, both 

garP and hcp were down regulated by the fusion proteins as observed from the RNA-seq 

analysis. Therefore, we concluded that down regulaQon of these genes did not result from 

YeiL or YeiL* misfolding-mediated stress but rather was a true consequence of overexpressing 

either one.  

 

 

 

 

 

 

 

 

 

 



 132 
 

A)  B)  

C) 

 

Figure 4. YeiL and YeiL* producQon induce a stress response. A) Growth curves of MG1655/pTet, 

MG1655/pTet-yeiL and MG1655/pTet-yeiL* strains grown in LB-Amp with 0.5 µg/mL aTc, at 37°C under 

agitaQon. B) ibpA expression measured by qRT-PCR performed on cDNA prepared from culture of 

MG1655/pTet, MG1655/pTet-yeiL and MG1655/pTet-yeiL* strains grown in LB-Amp with 0.5 µg/mL 

aTc, at 37°C under agitaQon unQl OD600nm = 1. C) Expression garP, hcp and ibpA measured by qRT-PCR 

performed on cDNA prepared from culture of MG1655/pMAL-c6T (MBP), MG1655/ pMAL-c6T-yeiL 

(MBP-yeiL) and MG1655/ pMAL-c6T-yeiL* (MBP-yeiL*) strains grown in LB with IPTG 1mM, at 37°C 

under agitaQon unQl OD600nm = 1. 
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I - 3 - YeiL regulates anaerobic nitrate respiration 

 Analysis of RNA-Seq data showed that YeiL as well as YeiL* regulates several genes 

involved in nitrate respiraQon (see below) and other anaerobic respiraQon (fumarate 

respiraQon with frdABCD, DMSO respiraQon with dmsABC). We focused on the effect of YeiL* 

on nitrate respiraQon. Indeed, YeiL* acQvates the expression of genes encoding cytoplasmic 

nitrate reductases (narG and narZ), whereas it represses the expression of genes encoding 

periplasmic nitrate and nitrite reductases (napFDAGHBC and nrfABCDEFG respecQvely) (Fig. 

5).  

 

 

 

Figure 5. YeiL* regulates expression of genes involved in 

nitrate respiraQon. Cytoplasmic nitrate reductases (red 

stars) are acQvated by YeiL* and periplasmic nitrate and 

nitrite reductases are repressed (black stars). YeiL*-

regulated nitrate respiraQon genes are listed in the table. 

Fold change expression (YeiL*/control) and p-values are 

indicated. 

 

 

 

 We confirmed RNA-Seq data by studying narG and nirB expression upon 

YeiL*producQon by qRT-PCR (Fig. 6). We found that the expression of narG in MG1655/pTet-

yeiL* is 5 Qmes higher than in the MG1655/pTet control strain whereas the expression of nirB 

is unaltered in the MG1655/pTet-yeiL* strain.   

   

Gene  Fold change P-value 

narG 17,154 8,66E-09 

narH 7,63 4,16E-15 

narI 4,248 3,40E-07 

narJ 4,858 6,23E-11 

narK 17,565 4,44E-10 

narU 5,067 1,95E-37 

narW 3,9 6,39E-14 

narY 3,727 4,17E-28 

narZ 3,227 1,13E-20 

napA 0,122 1,23E-40 

napB 0,126 1,86E-25 

napC 0,2 2,70E-22 

napD 0,099 2,68E-25 

napF 0,097 8,06E-34 

napG 0,117 3,00E-45 

napH 0,141 1,16E-36 

nrfA 0,11 7,58E-05 

nrfB 0,083 7,69E-24 

nrfC 0,082 1,17E-31 

nrfD 0,103 4,71E-15 

nrfE 0,186 1,43E-13 

nrfF 0,303 4,22E-05 

nrfG 0,269 2,94E-09 
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Figure 6. YeiL* acQvates expression of 

cytoplasmic nitrate reductase gene. 

Expression of narG and nirB genes in strains 

MG1655/pTet and MG1655/pTet-yeiL* was 

measured by qRT-PCR. cDNA were prepared 

from cultures grown in LB with aTc 0.5 µg/mL 

at 37°C under agitaQon unQl OD600nm= 1. 

Results are presented as the mean of 4 

technical replicates and standard errors to the 

means are indicated. 

 

 

I - 4 - Connection between YeiL and OxyR in regulation of nitric oxide stress 

response 

We noticed that YeiL* down-regulates several genes involved in NO detoxification: hcp, 

hcr and hmpA (0.076, 0.11 and 0.229 Fold Change respectively, see Annex 1). This prompted 

further interest as the YeiL-activated gene, narG, described above, has also been proposed to 

favor formation of toxic nitric oxide (NO) as a by-product of nitrate respiration NirB (Calmels 

et al. 1988, Ralt et al. 1988, Corker et al. 2003, Rowley et al. 2012). The bi-cistronic operon 

hcp-hcr encodes the Hybrid cluster protein, Hcp, and its reductase (Hcr) that are involved in 

NO detoxification (van den Berg et al. 2000, Wang et al. 2016). The hmpA gene encodes a NO 

detoxifying enzyme with two activities: NO dioxygenase (in presence of oxygen, major 

activity) and NO reductase (under anaerobiosis, low activity) (Gardner et al. 1998). While 

hmpA appears to be mainly expressed under aerobiosis, hcp is activated by the FNR anaerobic 

activator. The hcp gene is also activated by the NarX/NarL and NarQ/NarP two-components 

systems in presence of nitrate. Furthermore, hcp expression is increased upon NO exposure. 

Indeed, hcp is activated by a nitrosylated form of OxyR, and its repression by NsrR is alleviated 

in the presence of NO (Filenko et al. 2007, Seth et al. 2012).  

 We studied the effect of YeiL* on hcp expression under anaerobiosis respiring 

condiQons (M9 minimal medium supplemented with glycerol as a non-fermentable carbon 

narG nirB

0

5

10

15

20

R
e
la

ta
v
iv

e
 N

o
rm

a
li
z
e
d

 E
x
p

re
s
s
io

n

pTet

pTet-yeiL*



 135 
 

source) and in presence of fumarate or nitrate as final electron acceptor. A plasmid carried 

transcripQonal fusion between the hcp promoter and gfp (pUA66 vector) was co-transformed 

in MG1655 strain with either the pTet empty vector or the pTet-yeiL* plasmid.  

 Expression of hcp was induced 7-fold in presence of nitrate as compared to the 

fumarate condiQon (Fig. 7A). In presence of nitrate, yeiL* expression led to a 3-fold decrease 

in the expression of hcp compared to the control strain, whereas there was no significaQve 

effect of YeiL* in presence of fumarate (Fig. 7A). hcp expression was unchanged by yeiL 

deleQon whatever the terminal electron acceptor present (Fig. 7B). As expected, oxyR deleQon 

led to a decrease of hcp expression in presence of nitrate (Fig. 7B). InteresQngly, in presence 

of nitrate, deleQon of yeiL in a ∆oxyR background allowed the hcp expression to increase and 

to reach the level of expression measured in the wild type background (Fig. 7B, light grey bars). 

Moreover, under fumarate respiraQon, neither OxyR nor YeiL influenced hcp expression (Fig. 

7B, dark grey bars). 

 Altogether, our results showed a repression of hcp by YeiL under nitrate respiraQon. 

Moreover, the ∆yeiL mutaQon acted as a suppressor of the ∆oxyR mutaQon, suggesQng a 

geneQc interacQon between both regulators within the control of the hcp operon. 

 

 A)   B) 

 

Figure 7. YeiL and OxyR cross-regulaQons of hcp under nitrate respiraQon. AcQvity of the hcp 

promoter was determined using a Phcp-gfp fusion. A. Phcp-gfp expression in cells carrying either the 

pTet empty vector or the pTet-yeiL* plasmid B. Phcp-gfp expression in WT, ∆yeiL, ∆oxyR, and 

∆yeiL∆oxyR strains. Cells were grown anaerobically in M9 minimal medium with glycerol and 

casaminoacids, containing either nitrate or fumarate as final electron acceptor. For the strains carrying 

pTet derivaQves, aTc 0.5 µg/mL was added to the growth medium. Values are the mean of at least 4 

biological replicates and standard errors to the means are indicated. 
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 We then tested the expression of hcp in presence of NO (NONOate exposure). Based 

upon the literature, hcp expression should be highly induced in presence of NONOate because 

of both alleviaQon of NsrR repression (inacQve nitrosylated form of NsrR) and acQvaQon by 

SNO-OxyR (acQve nitrosylated form of OxyR) (Seth et al. 2012). 

 Bacteria were grown in LB and, at OD600nm around 0.8, NONOate, an NO generator, was 

added (50 µM) or not (control condiQon) in the growth medium. Azer 30 minutes of 

treatment, cells were harvested, total RNA was extracted, and hcp expression was measured 

by qRT-PCR. In the MG1655 WT strain, hcp expression increased upon NO exposure (150-fold 

inducQon) (Fig. 8A). In the ∆yeiL background, the same hcp expression profile was observed, 

with a high inducQon in presence of NONOate compared to the control condiQon without 

stress. In the ∆oxyR strain, NO-dependent inducQon of hcp expression was much more modest 

than in the wild type strain (75-fold inducQon vs 150-fold in the wild type background) (Fig. 

8A). Last, the ∆oxyR∆yeiL backgrounds showed a higher expression in all condiQons tested. 

This result indicates that YeiL is repressing hcp expression in absence of OxyR and confirms a 

geneQc interacQon between YeiL and OxyR regulatory acQviQes.  

 We also studied NsrR-dependent regulaQon of hcp expression. hcp expression was 

studied by qRT PCR in WT, ∆yeiL, ∆nsrR and ∆yeiL∆nsrR strains, in presence and absence of 

NO generated by NONOate. As observed in figure 8B, inducQon of hcp expression was 

enhanced under NO exposure in both WT and ∆yeiL strains. In a ∆nsrR strain, the hcp 

expression was consQtuQvely acQvated with around 400-fold more expression than in a wild 

type strain grown in LB.  hcp expression was similar in a ∆nsrR∆yeiL and ∆nsrR mutants, 

indicaQng that there is no link between the regulatory acQviQes of YeiL and NsrR on the hcp 

promoter.  

 CollecQvely these results showed that i) OxyR is a NO-dependent acQvator of hcp 

expression, ii) NsrR represses hcp expression and is sensiQve to NO, and iii) YeiL is a repressor 

of hcp expression in the absence of OxyR.  
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 A) 

 

 B)   

 

Figure 8. Study of hcp expression under NO exposure. Expression of hcp was measured by qRT-PCR 

with cDNA from indicated strains grown in LB et 37°C under agitaQon unQl OD600nm = 0.8. Then 

NONOate was added. Cells were harvested azer 30 min treatment. (A) hcp relaQve expression in 

MG1655 strain and ∆yeiL, ∆oxyR and ∆yeiL∆oxyR derivaQves. (B) hcp relaQve expression in MG1655 

strain and ∆yeiL, ∆nsrR and ∆yeiL∆nsrR derivaQves. 

 

I - 5 - Aldaric acid metabolism is repressed by YeiL 

Aldaric acids are di-acid linear sugars. Conversion of aldoses to aldaric acids results 

from oxidaQon of aldoses by either nitric oxide (NO) or nitric acid (HNO3) (MehltreXer et al. 

1947, Faber et al. 2016). In our transcriptomic study we noQced that all the genes involved in 

the metabolism of aldaric acids (gar and gud genes) are downregulated (Fig.9 A and B). These 

genes are divided in 4 units of transcripQon, the garPLRK operon, the gudPXD operon, the 

garD gene and cdaR (Fig. 9C). CdaR is the only known acQvator of this pathway (Monterrubio 

et al. 2000). 
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A)        B) 

 

  

 

 

 

 

 

  

 

 

 

C)  

 

 

 

 

 

 

 

 

Figure 9. Aldaric acid metabolism is repressed by both YeiL and YeiL*. A) Aldaric acid catabolic 

pathway, all the genes highlighted are repressed by YeiL and YeiL*. B) Gene expression fold change 

from YeiL and YeiL* RNA-seq data sets. C) Aldaric acids metabolism genes geneQc organizaQon, known 

transcripQonal regulators for these loci are indicated in green boxes for acQvators and red boxes for 

repressors. 

 

 Expression of cdaR was assessed by using a derivaQve of pUA66 with a transcripQonal 

fusion between the cdaR promoter and the gfp gene. We showed that the PcdaR-gfp fusion 

is 2-3 Qmes less expressed when overexpressing yeiL and yeiL* compared to the control strain 

(Fig. 10, light grey bars).  Since the transcripQon of all the gar and gud genes, as well as cdaR 

itself is acQvated by CdaR (Monterrubio et al. 2000), we tested whether cdaR repression by 

YeiL was dependent on CdaR. In the ∆cdaR strain the producQon of YeiL or YeiL* did not affect 

Genes YeiL YeiL* 

cdaR 0,415 0,202 

garD 0,239 0,028 

garK 0,219 0,046 

garL 0,22 0,01 

garP 0,222 0,003 

garR 0,241 0,024 

gudD 0,229 0,095 

gudP 0,189 0,019 

gudX 0,195 0,05 
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the expression of cdaR (Fig. 10, dark grey bars). EpistaQc effect of the cdaR deleQon shows 

that CdaR is required for YeiL to repress the expression of cdaR and probably the other genes 

of the pathway.  

 

 

 

Figure 10. YeiL and YeiL* down-regulate 

cdaR expression. MG1655 and ∆cdaR 

strains carrying pUA66-PcdaR-gfp and 

either pTet, pTet-yeiL or pTet-yeiL*. 

Strains were grown in LB-Kan-Amp with 

aTc 0.5 µg/mL at 37°C under agitaQon. 

Azer 7 H of growth, acQvity of the 

promoter was determined by measuring 

fluorescence. Values are the mean of at 

least 4 biological replicates and standard 

errors to the means are indicated. 

 

 

 

 

CdaR is the cognate acQvator of all the genes specifically involved in aldaric acids 

metabolism, and its acQvity is triggered in presence of the substrate, aldaric acids. It has been 

proposed that the CdaR is weakly produced under a regulatory inacQve form and, upon aldaric 

acid exposure, there is a conformaQonal acQvaQon of CdaR leading to acQvaQon of its own 

expression and in turn acQvaQon of aldaric acids metabolism genes (Monterrubio et al. 2000). 

We tested the inducQon of genes of the pathway in presence of a non-limiQng amount of 

aldaric acids (LB- galactarate 0.1%) in strains producing YeiL and YeiL*. Three transcripQonal 

fusions were studied, PgarD-gfp, PgudP-gfp and PcdaR-gfp (pUA66 derivaQves).  

The expression of cdaR displays a 10-fold increase in the strain carrying the empty 

vector (pTet) when grown in LB supplemented with galactarate 0,1% compared to the LB 

medium (Fig. 11A). A similar effect is observed with the gudP and garD genes (Fig. 11 B and 

C). ProducQon YeiL or YeiL* in presence of galactarate yields a 20-fold reducQon in the levels 

of expression of cdaR, garD and gudP genes, almost abolishing inducQon of their expression 

by galactarate.  
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Therefore, the most likely mechanism for YeiL-dependent repression of aldaric acids 

metabolism genes is through the transcripQonal repression of cdaR expression prevenQng 

responsiveness to aldaric acids. 

 

A)   B)  

C)  

 

Figure 11. YeiL and YeiL* prevent aldaric acid inducQon.  Strains carrying fusion between the promoter 

regions of cdaR (A) gudP (B) or garD (C) and gfp (pUA66 derivaQves), and either pTet, pTet-yeiL or pTet-

yeiL* were grown in LB-Kan-Amp with aTc 0.5 µg/mL supplemented or not with 0.1% of galactarate at 

37°C under agitaQon. Azer 7H of growth, acQvity of the promoter was determined by measuring 

fluorescence. Values are the mean of at least 4 biological replicates and standard errors to the means 

are indicated. 
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I - 6 - Study of the YeiL direct regulon 

 We performed ElectrophoreQc Mobility Shiz Assays (EMSA) to idenQfy direct targets 

of YeiL. YeiL and YeiL* were purified with an MBP tag in order to help solubilize the protein 

(Fig. 12 A for MBP-YeiL* purificaQon). We tested YeiL and YeiL* binding on two promoter 

regions localized in front of the ynfE and ydhY genes because they appeared amongst the 

more repressed genes in the RNA-seq data. Moreover, these genes were described to be 

regulated by FNR. As FNR and YeiL belong to the same family of regulators, binding control 

using purified FNR thus provided a posiQve control for the binding in the condiQons used.  

 The promoter regions of ynfE and ydhY were amplified by PCR using primers marked 

with fluorescent dye (Cy55). Purified FNR D154A (hereazer named FNR*, from E. Bouveret) 

was used as a DNA binding posiQve control because it contains a mutaQon that makes it more 

resistant to oxygen (Lazazzera et al. 1996). 

 IncubaQon of ynfE and ydhY promoter regions with MBP-YeiL or MBP-YeiL* did not lead 

to any band shiz (Fig. 12B).  On the contrary, incubaQon with FNR* led to a band shiz 

indicaQng a binding of FNR* to both promoters (Fig. 12 B). MulQple aXempts to opQmize the 

condiQons for visualizing a binding of YeiL or YeiL* were unsuccessful. We tested different 

condiQons such as the use of YeiL and YeiL* untagged proteins (TEV site between MBP and 

YeiL), different protein/DNA raQo (10:1, 50:1, 100:1) or different buffers (NaH2PO4/Na2HPO4; 

KH2PO4/K2HPO4). 

 

Figure 12.  MBP-YeiL/YeiL* purificaQon and EMSA experiments. A) SDS-PAGE analysis of MBP-YeiL* 

purificaQon. B) EMSA using MBP-tagged purified YeiL and YeiL*and fluorescent (Cy55) labelled-probes 

corresponding to the ynfE and ydhY promoter regions. Binding reacQons were performed as described 

in the Materials and Methods secQon using 1 pmol of DNA and 10 pmol of purified proteins. 

A) 

 

 

 

 

 

B)  
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I - 7 - Looking for the YeiL binding motif 

 We set up an in silico approach based on alignment of promoter regions of YeiL-

regulated genes to idenQfy a potenQal YeiL binding site. We used the MEME suite website 

(GLAM2, hXp://meme-suite.org) to idenQfy a potenQal binding moQf shared by promoter of 

genes ranking amongst the most highly regulated in the YeiL and YeiL* RNA-seq data sets. 

Exclusion of FNR regulaQon was also taken as a criterion since YeiL belongs to the FNR/CRP 

family of regulators and FNR regulates around 20% of the genes regulated by YeiL and we 

wanted to avoid picking up the FNR binding site by such approach. The logo provided by the 

sozware was an imperfect inverted repeat ATACATCTTCATC (Fig. 13 A).  

 Two derivaQves of the pUA66-PcdaR-gfp plasmid were constructed with replacement 

of the 6 first bases of the moQf (CCCCCCCTTCATC), called PcdaR_Mut1, and another with the 

7 last (ATACATCCCCCCC), called PcdaR_Mut2 (Fig. 13 A). pUA66 derivaQves (with WT cdaR 

promoter, PcdaR_Mut1 and PcdaR_Mut2) were co-transformed in E. coli with the empty pTet 

vector or carrying the yeiL and yeiL* alleles. 

 We compared the effect of YeiL and YeiL* producQon plasmids versus the empty vector 

on the PcdaR promoter and its mutated variants in presence of galactarate. YeiL, and to a 

higher extent YeiL*, repressed the acQvity of WT PcdaR. In contrast, YeiL failed to repress 

PcdaR_Mut1 promoter while repression by YeiL* remained. Moreover, repression by both YeiL 

and YeiL* of PcdaR_Mut2 was aXenuated (Fig. 13 B). However, the acQvity of PcdaR_Mut2 

promoter was highly reduced compared to the wild type promoter. Therefore, we tested the 

effect of the CdaR acQvator on this modified promoter. Plasmids carrying PcdaR-gfp and 

PcdaR_Mut2-gfp were introduced in the wild type and the ∆cdaR strains. InacQvaQon of cdaR 

led to a huge decrease of the wild type promoter acQvity, whereas the expression from the 

PcdaR_Mut2 mutated promoter was much lower and notably totally unresponsive to the 

presence of CdaR (Fig. 13 C). 

 CollecQvely these results suggested that YeiL binds directly cdaR promoter on the 

inverted repeat ATACATCTTCATC. InteresQngly, YeiL was much more sensiQve to sequence 

modificaQon in this site than YeiL*, which is consistent with the noQon that YeiL* is more 

acQve. We also idenQfied a nucleoQde stretch crucial for the CdaR auto-acQvaQon. The 

proximity between the YeiL and CdaR binding sites leads us to hypothesize that YeiL might 

affect the expression of cdaR by displacing the CdaR acQvator. 
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A)  B)  

 C) 

 

 

Figure 13. IdenQficaQon of the YeiL and CdaR binding sites in the cdaR promoter region. A) SelecQon 

of 4 YeiL and YeiL* highly repressed genes allowed to define a sequence moQf logo using GLAM2 

(MEME suite). Under the logo, sequence from the cdaR promoter region (starQng 85 bp upstream of 

the coding sequence) matching with the defined logo and sequences of the derived PcdaR_Mut1 and 

2.  B) Fluorescence of MG1655 strain carrying pUA66-Pcdar-gfp and Mut1 and 2 derivaQves and either 

pTet, pTet-yeiL or pTet-yeiL*. C) Fluorescence of MG1655 and ∆cdaR strains carrying pUA66-Pcdar-gfp 

and Mut2 derivaQve. Strains were grown in LB supplemented with galactarate 0.1%. Amp and aTc were 

added for strains carrying the pTet-derived plasmids. Values are the mean of at least 4 biological 

replicates and standard errors to the means are indicated. 
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I - 8 - YeiL has a positive impact on mice gut colonization 

 Work described above revealed that YeiL is involved in regulaQon of anaerobic 

respiraQon, NO defense and aldaric acids metabolism. NO producQon by inducible NO 

synthase (iNOS) is part of the innate immune response (for review see Ramachandran et al. 

2018). Furthermore, in the inflamed gut, anaerobic respiraQon using nitrate, TMAO and DMSO 

as respiratory electrons acceptors is the main source of energy (for review see Winter et al. 

2013). Last, aldaric acids are present in the gut, and it has been shown that the deleQon of 

gud operon genes in E. coli UTI89 leads to a reduced gut colonizaQon efficiency (Faber et al. 

2016).  

 These prompted us to test whether YeiL could impact gut colonizaQon efficiency of E. 

coli. For these experiments, we studied an uropathogenic E. coli (UPEC), UTI89, because 

prevalence of UTIs depends on the producQon of specific virulence factors that allow intesQnal 

colonizaQon and further migraQon into the urinary tract. Then intesQnal colonizaQon is an 

essenQal step for the virulence of this strain. 

 ColonizaQon efficiency of a UTI89 ∆yeiL was tested in mice. First, growth of UTI89 and 

its ∆yeiL derivaQve were assessed in LB under aerobiosis. As shown in figure 14A, deleQng yeiL 

in a UTI89 did not affect in vitro growth. In a first experiment, streptomycin-pretreated 

C57Bl/6 mice were orally infected with the WT UTI89 or its ∆yeiL derived strain. Bacterial load 

in feces was assessed at different days post infecQon. While bacterial loads were idenQcal unQl 

10 days post-infecQon (p.i.), at day 13th, the number of CFU from the ∆yeiL strain was 2 logs 

less than the WT, indicaQng a less efficient long-term colonizaQon of the ∆yeiL strain (Fig. 14 

B). AddiQonally, a compeQQon index was determined during co-infecQon of the WT and the 

∆yeiL strains. Comparably to the mono-infecQon experiment the two bacterial populaQon 

evolved similarly at the beginning of the infecQon, but from 20 days p.i. the WT/∆yeiL raQo 

increased significantly, thus reinforcing the hypothesis that YeiL is beneficial for long term gut 

colonizaQon (Fig. 14 C). These results are encouraging in providing an important role for YeiL. 

Evidently, it is difficult to pinpoint what geneQc regulaQon exerted by YeiL enQces this 

observaQon as mulQple genes, whose expression is influenced by YeiL, could impact gut 

colonizaQon. However, as a framework for future studies, aldaric acids metabolism, nitrate 

respiraQon, and NO stress response are good candidates to further explore. Next studies will 

aim at deciphering the geneQc regulaQons involved in this phenotype. 
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 A) B) 

C)  

 

Figure 14. YeiL plays a role in gut colonizaQon. A.  Growth curves of the UTI89 WT and UTI89∆yeiL in 

LB at 37°C under agitaQon. B. Streptomycin pre-treated C57BL/6 mice (5 for each group) were 

infected per os with 2X108 CFU of either UTI89 WT strain (black dots) or its ∆yeiL derivaQve (red dots). 

CFUs in fecal pellets were counted at indicated days post-infecQon. C. Streptomycin pre-treated 

C57BL/6 mice (6 mice) were infected per os with 2X108 CFU of a mix of UTI89 WT strain and the 

∆yeiL::Cm derivaQve. CFUs in fecal pellets were counted at indicated days post-infecQon on LB plates 

(WT and ∆yeiL::Cm strains) and LB-Cm plates (∆yeiL::Cm strain). The value of CI was calculated as: CFU 

WT output strain/CFU mutant output strain. 
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II - Study of the yeiL gene expression 

II - 1 - yeiL is poorly expressed despite its active promoter 

 It has been previously published that YeiL is posiQvely autoregulated, i.e. it acQvates 

its own expression (Anjum et al. 2000). MG1655 was co-transformed with pTet, pTet-yeiL, or 

pTet-yeiL* and pUA66 in which yeiL promoter was cloned upstream the gfp gene. The cells 

were grown in LB unQl exponenQal phase (OD600nm around 1) and the fluorescence was 

measured. Both YeiL and YeiL* down regulated 2-fold expression of the yeiL promoter (Fig. 

15).  

 

 

Figure 15. YeiL down-regulates its own expression. 

MG1655 strain bearing pUA66-PyeiL and either pTet, 

pTet-yeiL or pTet-yeiL*. Cells were grown in LB-Kan-Amp 

in presence of aTc 0.5 µg/mL at 37°C under agitaQon 

unQl OD600nm = 1. Fluorescence was measured to 

assess the acQvity of the yeiL promoter. Values are the 

mean of at least 4 biological replicates and standard 

errors to the means are indicated. 
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acQvity, 4000 Miller units/mg of bacteria, was produced by this strain, indicaQng a very 

efficient promoter (Fig. 16 B). Two new gene fusions were constructed, referred to as Mid-

fusion and Full-fusion. Mid-fusion was obtained by fusing a DNA fragment containing the 

promoter up to half of the yeiL coding sequence region in front of the lacZ gene. Full fusion 

was obtained by fusing a DNA fragment containing the full gene in front of the lacZ gene (Fig. 

16 A). ß-galactosidase acQviQes of strains encoding either one of the fusions grown in LB were 

measured. Mid-fusion exhibited an acQvity similar to the Prom-fusion, however the Full-fusion 

showed a very low expression level (3 800 units for the Prom-fusion vs 93 units for the Full-

fusion, see Fig. 16B). This indicated that a component located in the 3’ region of the yeiL gene, 

in the last 330 bases of its coding sequence, was causing the loss of expression.  

 

 A) 

 

B) 

 

Figure 16. The determinant for yeiL low expression is present in its distal coding region. A) Scheme 

of the three constructed strains bearing chromosomic transcripQonal fusions between: the promoter 

of yeiL (Prom-fusion), the promoter up to 329 nucleoQdes of the yeiL coding sequence (Mid-fusion), 

or the promoter and the full yeiL coding sequence (Full-fusion) fused to the lacZ gene. Coordinates are 

indicated in respect to the transcripQonal start site. B) AcQvity of each fusion was determined by 

measuring the ß-gal acQvity (Miller units) from cultures grown in LB at 37°C under agitaQon unQl 

OD600nm = 1. Values are the mean of 3 biological replicates and standard errors to the means are 

indicated. 

  

 Detailed analysis of this region allowed the idenQficaQon of a palindromic sequence 

located within the coding sequence, at the 3'end of the yeiL gene (nucleoQdes 626 to 648, Fig. 

17 A). A plasmid containing the yeiL gene and its promoter (pAcyC-yeiL) and two derivaQves 

carrying mutaQons disrupQng the palindromic sequence by loss of pairing, were generated. 
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PalMut1 mutaQon alters amino acid sequence of YeiL but not PalMut2 (Fig. 17 A). A ∆yeiL 

strain was transformed with either pAcyC-yeiL, pAcyC-yeiLPalMut1 or pAcyC-yeiLPalMut2 and 

a qRT-PCR was performed to assess the relaQve level of yeiL expression. 

 Expression of mutated yeiL alleles was lower than from the wild type. This suggested 

that disrupQng the palindromic sequence had opposite effects to those one could expect if it 

were to slow down transcripQon. AlternaQvely, the palindrome might be a binding site for a 

posiQve regulator acQng in trans. In any case however, this region appears to be involved in 

yeiL expression (Fig. 17 B). 

 

A)       B) 

 

 

 

 

 

 

 

 

 

 
  

Figure 17. A palindromic sequence inside the yeiL coding sequence is involved in yeiL expression. A) 

A perfect palindromic sequence (N10xxN10) is localized the end of the yeiL coding sequence; We 

subsQtuted nucleoQdes of this palindromic sequence to generate yeiLPalMut1 (blue) and yeiLPalMut2 

(purple), modificaQons are shown on the scheme. B) MG166∆yeiL strain carrying either pAcyC-yeiL, 

pAcyC-yeiLPalMut1 or pAcyC-yeiLPalMut2 were grown in LB-Cm at 37°C under agitaQon unQl OD600nm 

= 1. Expression of yeiL and the mutated alleles was measured by qRT-PCR. Values are the mean of 4 

technical replicates and standard errors to the means are indicated. 
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II - 2 - Set up of a suppressor approach to identify factors involved in yeiL 

expression control  

 We reasoned that if a protein (repressor, RNase...) is responsible for the low yeiL 

expression, any mutaQon abolishing its funcQon could lead to a higher expression of yeiL. This 

led us to set up a suppressor approach. We used a growth screen of the Full yeiL-lacZ fusion 

strain on M9 medium supplemented with lactose. We checked that the strain carrying the Full 

yeiL-lacZ fusion produced insufficient levels of ß-galactosidase to allow the use of lactose as 

the sole carbon source (Fig. 18 A). Any mutaQon allowing yeiL expression should lead to Full 

yeiL-lacZ fusion expression, producQon of ß-galactosidase, and thus the ability to metabolize 

lactose and to grow on minimal medium supplemented with lactose.  

 The strain with the Full yeiL-lacZ fusion was grown unQl staQonary growth phase in rich 

LB medium and azer several washes, was plated on M9-lactose medium and let at 37°C unQl 

appariQon of Lac+ colonies (frequency around 10-7). Twelve Lac+ colonies were kept for 

further analysis (Sup 1 to Sup 12, Fig. 18 B). We also checked that they showed blue color 

when grown on LB-Xgal plate (Fig. 18 C). Then we transduced a chromosomal SPA-tagged yeiL 

allele in each of the twelve suppressor strains and we performed a Western-blot to detect the 

YeiL-SPA fusion protein. Surprisingly no difference in YeiL-SPA producQon was observed 

between the wild type and any of the suppressors (Fig. 18 D). A whole genome sequencing 

analysis was performed (Eurofins Genomics Europe Sequencing GmbH) to compare the 

genomes of two independent suppressors to the parental strain. For both suppressors, we 

observed an amplificaQon of the chromosomal region carrying the Full-fusion. Since no other 

significant modificaQon between the parental strain and the suppressors was idenQfied, we 

concluded that this geneQc amplificaQon was responsible, by its own, for the increase of the 

ß-galactosidase acQvity.  
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 A) 

 

B) 

 

C)  

 

D)  

 

Figure 18. Screen of suppressors for yeiL expression determinants. A) Growth of strains carrying the 

chromosomic transcripQonal fusions Prom yeiL-, Mid yeiL-, and Full yeiL-lacZ on M9-lactose plates. a 

∆lacZ strain was plated as control. B) SelecQon of 12 suppressors of the Full yeiL-lacZ for their ability 

to grow on M9-lactose plates. C) Test of the 12 suppressors of the Full yeiL-lacZ for their ability 

metabolize X-Gal. D) YeiL-SPA was transduced in each of the suppressor strain by P1 transducQon. 

Strains were grown in LB unQl OD600nm =  1 before preparaQon of crude extracts. The MG1655 WT strain 

carrying the yeiL-spa fusion was included as a control. The level of yeil-SPA in the cell was measured 

by Western-Blot using monoclonal anQ-Flag anQbody. YbgF was used as internal control and detected 

with polyclonal anQ-YbgF anQbody. 

 

 

We have shown that our geneQc approach allows to pick up potenQal suppressors for yeiL 

expression. New run of suppressors selecQon is needed to idenQfy potenQal geneQc 

determinants involved in yeiL expression. 
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II - 3 - Screening of conditions for YeiL production  

 In parallel to the suppressor approach above, different environmental condiQons were 

tested for their effect on yeiL expression and/or YeiL producQon. We used YeiL-SPA protein 

fusion to detect any effect on protein producQon by Western-blot experiments and qRT-PCR 

to test effect on yeiL expression.  

 Surprisingly, producQon of the Yeil-SPA protein fusion could be detected by Western-

blot (see Fig. 18). This contrasted with the fact that the yeiL gene expression was nearly 

undetectable (see above). Expression of the yeiL naQve gene and yeiL-SPA fusion gene were 

compared by qRT-PCR. The fusion gene is around 4-fold more expressed that the naQve yeiL 

gene (Fig. 19).  This expression amplificaQon is probably responsible for the YeiL-SPA detecQon 

by Western-blot. 

 

 

Figure 19. The SPA tag leads to increased yeiL mRNA 

steady state. MG1655 WT strain and its derivaQve 

bearing a yeiL-spa chromosomal fusion were grown in 

LB unQl OD600nm = 1. Expression of wild type yeiL and 

yeil-spa fusion was measured by qRT-PCR. Values are 

the mean of 4 technical replicates and standard errors 

to the means are indicated. 
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modify yeiL expression (Fig. 21). Last, the quanQty of YeiL-SPA seems idenQcal without or with 

0,1 and 1 % galactarate (Fig. 20).  

 

 To conclude, it then appears that none of these condiQons, known to perturb Fe-S 

homeostasis, and none of the two pathways regulated by YeiL, have any effect on YeiL 

producQon. 

 

A)  B) 

 

Figure 20. YeiL producQon is not changed upon exposure to Fe-S related stress or galactarate. 

Western-Blot detecQon of Yeil-SPA protein fusion using monoclonal anQ-Flag anQbody. YbgF was used 

as internal control and detected with polyclonal anQ-YbgF anQbody. A) MG1655 strain with the 

chromosomic yeiL-spa fusion was grown LB in presence or absence of oxygen at 37°C during 7 H before 

preparaQon of crude extracts. B) MG1655 strain with the chromosomic yeiL-spa fusion was grown LB 

supplemented by the indicated compounds at 37°C under agitaQon unQl OD600nm = 1.5 before 

preparaQon of crude extracts. 

 

 

  

Figure 21. Expression of yeiL is not regulated by 

OxyR and nitric oxide. MG1655 WT strain and 

the ∆oxyR derivaQve were grown in LB at 37°C 

under agitaQon. Around OD600nm = 0.8, NONOate 

was added (50 µM) or not (control condiQon) in 

the growth medium. Azer 30 minutes in presence 

of NONOate, cells were harvested, total RNA was 

extracted, and yeiL expression was measured by 

qRT-PCR. Values are the mean of 4 technical 

replicates and standard errors to the means are 

indicated. WT ΔoxyR
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Chapter II - Discussion 

 
 Iron-sulfur regulators have been largely studied and most of them are well 

characterized in E. coli. Surprisingly, while the YeiL regulator has been idenQfied as an Fe-S 

regulator in 2000 yet its funcQon has never been thoroughly studied or characterized (Anjum 

et al. 2000).  

 The yeiL gene is located inside a genomic locus dedicated to nucleoQdes/nucleosides 

metabolism. The region contains the psuK, psuG and psuT genes that encode proteins involved 

in pseudouridine catabolism, rihB that encodes a putaQve ribonucleoside hydrolase and nupX 

that encodes a putaQve nucleoside transporter. The first difficulty encountered in the study of 

YeiL funcQon was its very low expression. We have tested expression of the genes surrounding 

yeiL (psuK, nupX, rihB) and none of them appeared to be expressed. We also noted that the 

rihB gene is essenQally silent (Petersen et al. 2001). It thus appears that yeiL and surrounding 

genes are located in a silent locus. Both our experimental aXempts and available 

transcriptomic data in the literature failed to provide environmental condiQons that allow an 

enhanced yeiL expression. A new line of invesQgaQons aiming at tesQng the impact of specific 

nucleosides to turn on the expression of this locus is considered. We will also pursue our 

suppressor approach to idenQfy the geneQc determinants behind yeiL expression.  

 To circumvent the absence of yeiL expression, we adopted a strategy consisQng of 

using an inducible promoter to drive yeiL expression. Since the cluster of Fe-S regulators play 

a major role in their acQvity, we compared the transcriptome of a strain expressing the wild 

type YeiL regulator and a strain expressing a YeiL variant, called YeiL*, lacking the Cys residues 

predicted to bind the Fe-S cluster. Overall, the expression of 699 genes was affected by YeiL* 

(355 up-regulated and 344 down-regulated) and 218 by YeiL (55 up-regulated and 163 down-

regulated). The higher number of genes regulated by YeiL* as well as the stronger fold changes 

observed suggest that Apo-YeiL could display a regulatory acQvity. However, this observaQon 

does not disqualify Holo-YeiL from being acQve. 

Amongst the major funcQons idenQfied as YeiL and/or YeiL*-regulated, we noQced that 

anaerobic respiraQon was greatly represented. More specifically, 23 genes involved in nitrate 

respiraQon are either up- or down-regulated by YeiL*. Indeed, producQon of YeiL* leads to an 

increased expression of genes encoding cytoplasmic nitrate reductases (narGHI and narVZY) 
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and a decreased expression of genes encoding periplasmic nitrate and nitrite reductases (nap 

and nrf operons). We tested the effect of YeiL (using either ∆yeiL strain, or yeiL/yeiL* 

expressing strains) under anaerobic nitrate respiraQng growth condiQon and we observed 

growth defect in none of these strains.  

 The nitrate reductase NarG has been shown to be responsible for nitric oxide (NO) 

release by non-specific reducQon of nitrite (Vine et al. 2011, Vine et al. 2011, Rowley et al. 

2012). YeiL induces the narG expression but has no effect on the expression of cytoplasmic 

nitrite reductase gene. We plan to measure the impact of the YeiL-dependent acQvaQon of 

cytoplasmic nitrate reductase genes on intracellular accumulaQon of nitrite. If YeiL favors 

intracellular nitrite accumulaQon, we hypothesize that it could lead to reducQon of nitrite by 

NarG and then producQon of NO. We aXempted to quanQfy NO producQon in condiQon of 

nitrate respiraQon using a NO fluorescent indicator compound (DAF-FM DA, 4-Amino-5-

Methylamino-2',7'-Difluorofluorescein Diacetate) but it seemed that it was not enough 

sensiQve to detect the low level of NO produced by bacterial cells.  

NO is a protein-damaging compound that can react with accessible cysteine residues, leading 

to protein nitrosylaQon (SNO), or with metallic cofactors such as iron, leading to metal 

nitrosylaQon (MNO) (Toledo et al. 2012). These modificaQons are deleterious for proteins 

acQviQes, and defense mechanisms are induced upon NO exposure. Unexpectedly, our data 

showed that YeiL has a negaQve effect on the expression of at least three genes involved in 

NO detoxificaQon, i.e. the hcp-hcr operon and the hmpA gene. The hcp-hcr operon encodes 

the Hybrid-cluster protein (Hcp), a NO reductase, and its associated protein the Hybrid-cluster 

reductase (Hcr), whereas hmpA codes for a NO dioxygenase. We focused our analysis on hcp-

hcr regulaQon network and showed that YeiL is a repressor of this operon and that YeiL 

negaQve regulaQon is abolished by the acQon of OxyR, an acQvator of hcp-hcr expression. 

Since YeiL negaQve regulaQon is only observable in the absence of OxyR we predict that OxyR 

and YeiL compete one with the other for binding to the hcp operator region. We plan to 

address this quesQon by tesQng in vitro binding of YeiL, OxyR and eventual compeQQon 

between both regulators to hcp promoter. 

Finally, we noQced that a specific pathway, the aldaric acids metabolic pathway, was 

enQrely down-regulated by YeiL and YeiL*.  Aldaric acids are oxidized linear sugars and their 

metabolism depends on the acQvity of the Gar and Gud proteins. The genes encoding them 

are divided in three disQnct transcripQonal units that are all repressed by YeiL. The only 



 155 
 

characterized regulator of this pathway is CdaR, a transcripQonal acQvator responding to 

aldaric acids availability and acQvaQng the expression of all the genes of the aldaric acids 

pathway as well as its own expression. We showed that regulaQon of aldaric acids metabolism 

genes by YeiL goes through the down-regulaQon of cdaR expression. Moreover, we localized 

the CdaR and YeiL binding site in the cdaR promoter region. These two regulators bind on very 

closed sequences, suggesQng that the binding of YeiL could prevent CdaR binding and/or 

remove the CdaR acQvator from the cdaR promoter region. This proposed mechanism is 

further supported by our experimental observaQons, i.e. a prevenQon of CdaR-dependent 

acQvaQon in presence of aldaric acids by overexpression of yeiL. We now plan to confirm the 

proposed sequences for YeiL and CdaR binding using EMSA. The compeQQon between YeiL 

and CdaR will also be tested in vitro.  If we obtain clear results with EMSA experiments, we 

will refine the YeiL binding site in order to characterize the YeiL direct regulon by looking for 

the binding site in the pool of YeiL-regulated genes.  

 The three funcQons we studied, nitrate respiraQon, NO stress response and aldarate 

metabolism are all involved in host colonizaQon. Indeed, inside the inflamed gut, the low 

availability of oxygen as well as the presence of alternaQve terminal electron acceptors 

(mainly nitrate, DMSO and TMAO) favor anaerobic respiraQon. Moreover, host inflammatory 

response leads to NO formaQon which can lead to bacterial proteins damages, and oxidaQon 

of available sugars into aldaric acids (Faber et al. 2016). Aldaric acid uQlizaQon has been shown 

to favor gut colonizaQon of mice by both Salmonella enterica and UPEC E. coli (Faber et al. 

2016). We have shown that YeiL up-regulates cytoplasmic nitrate respiraQon but down-

regulated NO stress response and aldaric acids metabolism genes. Hence, it was interesQng 

to test whether YeiL could influence gut colonizaQon. Our results support that UTI89 strain 

lacking YeiL is less efficient in long term colonizaQon of the gut. Since NO stress response and 

aldaric acid metabolism favor gut colonizaQon, it is unlikely that YeiL posiQve impact on gut 

colonizaQon is due to YeiL regulaQon of these two pathways. While it is tempQng to ascribe 

YeiL role in colonizaQon to the posiQve impact on nitrate respiraQon, we must keep in mind 

that the sum of both YeiL and YeiL* regulated genes (provided by the transcriptomic approach) 

is of roughly 800 genes. It is therefore too early to idenQfy the YeiL-regulated pathway(s) 

responsible for YeiL beneficial role in gut colonizaQon. 
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 While there is sQll much more to learn on YeiL regulaQon, we have provided in this 

study mulQple leads for the full characterizaQon of this Fe-S regulator. 

 

Chapter II - Supplementary data 

Supplementary Table 1: Lists of genes significantly regulated by YeiL (up- and down-regulated 

with P-values<0.05) and YeiL* (up- and down-regulated with Fc>3 and P-values<0.05).  Genes 

are ordered by decreasing FC. 

YeiL up-regulated genes 

 
Name Fc P-value Func:on 

ibpB 5,47 1,07E-06 small_heat_shock_protein_IbpB 

ibpA 4,376 1,50E-10 small_heat_shock_protein_IbpA 

flu 3,596 3,00E-11 self_recognizing_anKgen_43_(Ag43)_autotransporter 

puuA 3,354 2,18E-05 glutamate-putrescine_ligase 

yeeR 3,304 4,17E-09 CP4-44_prophage;_inner_membrane_protein_YeeR 

mglC 2,636 7,35E-06 D-galactose/methyl-galactoside_ABC_transporter_membrane_subunit 

mglA 2,629 9,52E-10 D-galactose/methyl-galactoside_ABC_transporter_ATP_binding_subunit 

hdeA 2,624 1,40E-11 HdeA_monomer,_chaperone_acKve_form 

gadW 2,448 4,41E-08 DNA-binding_transcripKonal_dual_regulator_GadW 

nanA 2,337 1,82E-06 N-acetylneuraminate_lyase 

gadX 2,184 5,16E-07 DNA-binding_transcripKonal_dual_regulator_GadX 

hdeD 2,096 0,00096412 acid-resistance_membrane_protein 

hdeB 2,092 0,01488193 periplasmic_acid_stress_chaperone 

metE 2,085 4,27E-06 cobalamin-independent_homocysteine_transmethylase 

yeeD 2,031 0,00118006 putaKve_sulfurtransferase_YeeD 

mglB 1,981 0,00273744 D-galactose ABC transporter periplasmic binding protein 

ybeD 1,978 0,01550506 DUF493_domain-containing_protein_YbeD 

cysJ 1,926 0,00367149 sulfite_reductase,_flavoprotein_subunit 

slp 1,911 0,00081738 starvaKon_lipoprotein 

gadB 1,91 0,00328508 glutamate_decarboxylase_B 

glsA 1,901 0,00029457 glutaminase_1 

nanT 1,897 0,00041978 N-acetylneuraminate:H(+)_symporter 

ybaT 1,897 0,00449216 putaKve_transporter_YbaT 

gadA 1,891 0,02045019 glutamate_decarboxylase_A 

yeiR 1,822 0,00447511 zinc-binding_GTPase_YeiR 

yhcO 1,801 0,04817896 putaKve_barnase_inhibitor 

ndk 1,78 0,00046811 nucleoside_diphosphate_kinase 

thrA 1,766 0,00040689 fused_aspartate_kinase/homoserine_dehydrogenase_1 

cysD 1,763 0,01858145 sulfate_adenylyltransferase_subunit_2 

cysI 1,71 0,04383357 sulfite_reductase,_hemoprotein_subunit 

yhjY 1,695 0,02098205 conserved_protein_YhjY 

csiD 1,672 0,00810481 PF08943_family_protein_CsiD 

mlrA 1,67 0,03868682 DNA-binding_transcripKonal_acKvator_MlrA 

yeeE 1,668 0,03053344 inner_membrane_protein_YeeE 

yidD 1,659 0,04938727 membrane_protein_inserKon_efficiency_factor 

ybjX 1,651 0,0049422 DUF535_domain-containing_protein_YbjX 

sdiA 1,622 0,04938727 DNA-binding_transcripKonal_dual_regulator_SdiA 

queE 1,616 0,00844873 putaKve_7-carboxy-7-deazaguanine_synthase_QueE 

galP 1,61 0,02523588 galactose:H(+)_symporter 

mqo 1,592 0,01296226 malate:quinone_oxidoreductase 

rstB 1,589 0,02952446 sensory_hisKdine_kinase_RstB 
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ygiV 1,575 0,03721551 DNA-binding_transcripKonal_repressor_YgiV 

rlmE 1,559 0,01033793 23S_rRNA_2'-O-ribose_U2552_methyltransferase 

degP 1,556 0,00745212 periplasmic_serine_endoprotease_DegP 

gcd 1,55 0,03883935 quinoprotein_glucose_dehydrogenase 

yqjC 1,549 0,01057158 DUF1090_domain-containing_protein_YqjC 

can 1,545 0,00982744 carbonic_anhydrase_2 

ampH 1,536 0,03484436 pepKdoglycan_DD-carboxypepKdase/pepKdoglycan_DD-endopepKdase 

clcA 1,532 0,03610266 chloride:H(+)_anKporter_ClcA 

atpH 1,529 0,01666144 ATP_synthase_F1_complex_subunit_delta 

bcp 1,525 0,01057158 thiol_peroxidase 

guaC 1,504 0,01548615 GMP_reductase 

yjK 1,481 0,0174362 stringent response modulator YjK 

malK 1,459 0,01811753 maltose_ABC_transporter_ATP_binding_subunit 

proW 1,434 0,03868682 glycine_betaine_ABC_transporter_membrane_subunit_ProW 

 
YeiL down-regulated genes 
 
Name Fc P-value Func:on 

gudP 0,189 2,43E-39 galactarate/glucarate/glycerate_transporter_GudP 

gudX 0,195 9,86E-37 glucarate_dehydratase-related_protein 

garK 0,219 2,80E-33 glycerate_2-kinase_1 

garL 0,22 1,35E-33 alpha-dehydro-beta-deoxy-D-glucarate_aldolase 

garP 0,222 8,99E-36 galactarate/glucarate/glycerate_transporter_GarP 

gudD 0,229 9,25E-24 D-glucarate_dehydratase 

garD 0,239 2,80E-33 galactarate_dehydratase 

garR 0,241 1,08E-28 tartronate_semialdehyde_reductase 

glcD 0,243 5,64E-13 glycolate_dehydrogenase,_putaKve_FAD-linked_subunit 

glcE 0,266 3,90E-08 glycolate_dehydrogenase,_putaKve_FAD-binding_subunit 

dhaR 0,308 1,56E-13 DNA-binding_transcripKonal_dual_regulator_DhaR 

tdcE 0,322 6,33E-15 2-ketobutyrate_formate-lyase/pyruvate_formate-lyase_4 

glcA 0,342 0,00071735 glycolate/lactate:H(+)_symporter_GlcA 

glcB 0,344 2,20E-08 malate_synthase_G 

ydeN 0,352 7,58E-07 putaKve_sulfatase 

yjiY 0,358 3,46E-05 pyruvate:H+ symporter  

yqfA 0,359 3,39E-10 hemolysin-III_family_protein 

tdcD 0,364 3,00E-11 propionate_kinase 

tdcC 0,368 9,44E-13 threonine/serine:H(+)_symporter 

glcG 0,375 0,00018163 putaKve_heme-binding_protein_GlcG 

tdcB 0,389 8,92E-08 catabolic_threonine_dehydratase 

srlA 0,39 6,73E-13 sorbitol-specific_PTS_enzyme_IIC2_component 

srlE 0,397 8,60E-12 sorbitol-specific_PTS_enzyme_IIBC1_component 

tdcG 0,398 0,00038489 L-serine_deaminase_III 

ygfK 0,399 0,00033503 putaKve_oxidoreductase,_Fe-S_subunit 

adiY 0,41 0,00038489 DNA-binding_transcripKonal_acKvator_AdiY 

cdaR 0,415 5,24E-10 DNA-binding_transcripKonal_acKvator_CdaR 

serW 0,442 0,00013777 tRNA-Ser(GGA) 

glyV 0,449 9,11E-05 tRNA-Gly(GCC) 

srlM 0,454 0,00029457 DNA-binding transcripKonal acKvator GutM 

yjhQ 0,455 0,00089072 putaKve_acetyltransferase_TopAI_anKtoxin_YjhQ 

serX 0,46 0,00038489 tRNA-Ser(GGA) 

glyY 0,465 0,00033121 tRNA-Gly(GCC) 

tdcF 0,473 0,00976271 putaKve_enamine/imine_deaminase 

srlB 0,475 3,33E-05 sorbitol-specific_PTS_enzyme_IIA_component 

nirD 0,48 4,32E-07 nitrite_reductase_subunit_NirD 

glyX 0,481 0,00071735 tRNA-Gly(GCC) 

glcF 0,485 0,00075451 glycolate_dehydrogenase,_putaKve_iron-sulfur_subunit 

nirC 0,489 7,58E-06 nitrite_transporter_NirC 

prlF 0,49 0,00018566 anKtoxin_PrlF 

wbbJ 0,494 0,02989975 putaKve_acyl_transferase 

glpT 0,495 0,0001507 sn-glycerol_3-phosphate:phosphate_anKporter 

uxaC 0,499 9,22E-06 D-glucoronate/D-galacturonate_isomerase 

ydhV 0,499 0,00563993 putaKve_oxidoreductase 
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ykgR 0,51 0,02842868 putaKve_membrane_protein_YkgR 

exuT 0,513 0,00054239 hexuronate_transporter 

fnrS 0,515 4,17E-05 small regulatory RNA  

hokB 0,516 0,00010198 toxin_HokB 

yjhP 0,516 0,00468683 KpLE2_phage-like_element;_putaKve_methyltransferase_YjhP 

ynfE 0,517 0,00431275 putaKve_selenate_reductase_YnfE 

napG 0,518 0,00110844 ferredoxin-type_protein_NapG 

dmsC 0,526 0,00367149 dimethyl_sulfoxide_reductase_subunit_C 

raiA 0,528 2,88E-05 staKonary_phase_translaKon_inhibitor_and_ribosome_stability_factor 

dmlA 0,531 0,01666144 D-malate/3-isopropylmalate_dehydrogenase 

yjiT 0,532 0,00037741 putaKve_uncharacterized_protein_YjiT 

entF 0,536 0,00040689 apo-serine_acKvaKng_enzyme 

uxaB 0,537 0,00040375 tagaturonate_reductase 

wbbL 0,539 0,04959872 interrupted rhamnosyltransferase  

nrfB 0,542 0,00315235 periplasmic_nitrite_reductase_penta-heme_c-type_cytochrome 

ryfD 0,547 8,57E-05 small regulatory RNA  

ryeA 0,552 0,00078039 small anKsense RNA  

narI 0,553 0,00276442 nitrate_reductase_A_subunit_gamma 

putA 0,553 0,00879618 fused_DNA-binding /proline_dehydrogenase/1-pyrroline-5 

ychH 0,553 0,00451512 stress-induced_protein 

ykgE 0,553 3,99E-05 putaKve_lactate_uKlizaKon_oxidoreductase_YkgE 

napH 0,559 0,01057158 ferredoxin-type_protein_NapH 

yqeB 0,559 0,0013839 XdhC-CoxI_family_protein_YqeB 

gatZ 0,56 0,01490751 tagatose-1,6-bisphosphate_aldolase_2_subunit_GatZ 

tnaA 0,563 3,37E-05 tryptophanase 

feoC 0,564 0,00093965 ferrous_iron_transport_protein_FeoC 

yeiQ 0,567 0,01296226 putaKve_dehydrogenase,_NAD-dependent 

ynfF 0,568 0,02989975 putaKve_selenate_reductase_YnfF 

ykgG 0,569 0,00154776 DUF162_domain-containing_lactate_uKlizaKon_protein_YkgG 

mntS 0,571 0,00154776 small_protein_MntS 

ompF 0,572 8,34E-05 outer_membrane_porin_F 

dmsB 0,574 0,002956 dimethyl_sulfoxide_reductase_subunit_B 

yjhX 0,577 0,03175247 toxin of the TopAI-YjhQ toxin-anKtoxin system TopA 

wzxB 0,578 0,04817896 polyisoprenol-linked O16-anKgen repeat unit flippase 

onA 0,581 0,02006237 ferriKn_iron_storage_protein 

fucP 0,585 0,03205673 L-fucose:H(+)_symporter 

ydcH 0,585 0,00445551 protein_YdcH 

zntA 0,586 0,00062708 Zn(2(+))/Cd(2(+))/Pb(2(+))_exporKng_P-type_ATPase 

entB 0,589 0,03452887 enterobacKn_synthase_component_B 

narJ 0,589 0,00273744 nitrate_reductase_1_molybdenum_cofactor_assembly_chaperone 

uxaA 0,59 0,00448483 D-altronate_dehydratase 

ykgF 0,593 0,00062708 putaKve_amino_acid_dehydrogenase 

narH 0,594 0,00037741 nitrate_reductase_A_subunit_beta 

gcvB 0,595 0,00542957 small regulatory RNA GcvB 

glpF 0,595 0,00356122 glycerol_facilitator 

ansB 0,596 0,0003511 L-asparaginase_2 

metY 0,601 0,01666144 tRNA-iniKator Met(CAU) 

napA 0,601 0,00071639 periplasmic_nitrate_reductase_subunit_NapA 

ompW 0,601 0,00105823 outer_membrane_protein_W 

nrfA 0,603 0,00081738 cytochrome_c552_nitrite_reductase 

putP 0,609 0,03259556 proline:Na(+)_symporter 

nirB 0,611 0,00071735 nitrite_reductase_catalyKc_subunit_NirB 

nmpC 0,613 0,00879197 putaKve outer membrane porin NmpC 

srlD 0,613 0,00157231 sorbitol-6-phosphate_2-dehydrogenase 

bssR 0,615 0,00977004 regulator_of_biofilm_formaKon 

pgaA 0,617 0,01809858 poly-beta-1,6-N-acetyl-D-glucosamine_outer_membrane_porine 

adhE 0,618 0,00110844 aldehyde-alcohol_dehydrogenase 

ffs 0,62 0,00875043 signal recogniKon parKcle 4.5S RNA 

cysG 0,621 0,00448483 siroheme_synthase 

feoA 0,621 0,00195345 ferrous_iron_transport_protein_A 

sibA 0,624 0,03259556 small RNA SibA 

ydhR 0,624 0,00972516 putaKve_monooxygenase_YdhR 

cstA 0,625 0,01666144 carbon_starvaKon_protein_A 
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gatY 0,625 0,01491536 tagatose-1,6-bisphosphate_aldolase_2_subunit_GatY 

yfcZ 0,626 0,00170535 DUF406_domain-containing_protein_YfcZ 

glnX 0,628 0,01134633 tRNA-Gln(CUG) 

atoC 0,629 0,02590909 ornithine_decarboxylase_inhibitor 

sibD 0,629 0,01165068 small RNA SibD 

feoB 0,63 0,00187707 Fe(2(+))_transporter_FeoB 

serV 0,632 0,0136604 tRNA-Ser(GCU) 

ssrS 0,634 0,00671255 6S RNA 

uspF 0,635 0,00374638 nucleoKde_binding_filament_protein 

oppA 0,638 0,01293048 oligopepKde_ABC_transporter_periplasmic_binding_protein 

ycbJ 0,638 0,00448483 putaKve_phosphotransferase_YcbJ 

fdhF 0,643 0,00848726 formate_dehydrogenase_H 

agp 0,644 0,00451512 glucose-1-phosphatase 

atoS 0,648 0,0302479 sensory_hisKdine_kinase_AtoS 

ruA 0,648 0,00634004 ferrichrome_outer_membrane_transporter/phage_receptor 

glgS 0,65 0,03205673 surface_composiKon_regulator 

manX 0,651 0,00529039 mannose-specific_PTS_enzyme_IIAB_component 

csrB 0,652 0,00508759 small regulatory RNA CsrB 

uspE 0,654 0,00556541 universal_stress_protein_with_a_role_cellular_moKlity 

yqeC 0,654 0,03868682 uncharacterized_protein_YqeC 

frdB 0,656 0,00607851 fumarate_reductase_iron-sulfur_protein 

ndh 0,657 0,01561152 NADH:quinone_oxidoreductase_II 

dmsA 0,66 0,00812204 dimethyl_sulfoxide_reductase_subunit_A 

nagE 0,662 0,00791843 N-acetylglucosamine_specific_PTS_enzyme_IIABC_component 

hybA 0,663 0,02002229 hydrogenase_2_iron-sulfur_protein 

ydjA 0,663 0,01947406 putaKve_oxidoreductase 

frdC 0,664 0,02002229 fumarate_reductase_membrane_protein_FrdC 

cydB 0,667 0,00982744 cytochrome_bd-I_ubiquinol_oxidase_subunit_II 

manY 0,667 0,00913902 mannose-specific_PTS_enzyme_IIC_component 

yqhD 0,669 0,01852877 NADPH-dependent_aldehyde_reductase_YqhD 

onB 0,673 0,02774375 putaKve_ferriKn-like_protein 

ygjR 0,673 0,02006237 putaKve_oxidoreductase_YgjR 

glnV 0,675 0,04636823 tRNA-Gln(CUG) 

hisR 0,678 0,03452887 tRNA-His(GUG) 

hypB 0,682 0,02114546 hydrogenase_isoenzymes_nickel_incorporaKon_protein_HypB 

narG 0,682 0,01463916 nitrate_reductase_A_subunit_alpha 

glk 0,683 0,02064021 glucokinase 

ypfM 0,686 0,01947406 uncharacterized_protein_YpfM 

hypD 0,687 0,03247189 Fe-(CN)2CO_cofactor_assembly_scaffold_protein_HypD 

hybO 0,689 0,03053344 hydrogenase_2_small_subunit 

moaB 0,689 0,04817896 MoaB_protein 

ygdH 0,69 0,02045023 nucleoKde 5'-monophosphate nucleosidase PpnN 

sseA 0,692 0,02500378 3-mercaptopyruvate_sulfurtransferase 

tdcA 0,693 0,03013306 DNA-binding_transcripKonal_acKvator_TdcA 

nagB 0,695 0,04962024 glucosamine-6-phosphate_deaminase 

rihC 0,695 0,03247189 ribonucleoside_hydrolase_RihC 

mgsA 0,697 0,0416446 methylglyoxal_synthase 

lrhA 0,699 0,04374146 DNA-binding_transcripKonal_dual_regulator_LrhA 

aphA 0,702 0,04208313 acid_phosphatase/phosphotransferase 

sodB 0,705 0,03736997 superoxide_dismutase_(Fe) 

dcuA 0,71 0,0414845 C4-dicarboxylate_transporter_DcuA 

dtpB 0,71 0,04739456 dipepKde/tripepKde:H(+)_symporter_DtpB 

pck 0,71 0,0435277 phosphoenolpyruvate_carboxykinase_(ATP) 

rnpB 0,711 0,04856034 RNase P catalyKc RNA componen 

clpA 0,715 0,04560869 ATP-dependent_Clp_protease_ATP-binding_subunit_ClpA 

fdoG 0,717 0,04938727 formate_dehydrogenase_O_subunit_alpha 
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YeiL* up-regulated genes 
 
Name Fc P-value Func:on 

ythA 232,962 5,74E-10 KpLE2_phage-like_element;_uncharacterized_protein_YthA 

ariR 192,195 3,01E-46 regulator_of_acid_resistance,_influenced_by_indole 

ymgC 178,34 2,90E-63 protein_YmgC 

nrdH 155,978 1,36E-81 glutaredoxin-like_protein 

ymgA 151,836 2,77E-61 putaKve_two-component_system_connector_protein_YmgA 

yjhB 150,595 1,26E-113 putaKve_sialic_acid_transporter 

ycgZ 135,163 6,38E-17 putaKve_two-component_system_connector_protein_YcgZ 

yjhC 98,458 4,01E-59 KpLE2_phage-like_element;_putaKve_oxidoreductase_YjhC 

entC 90,64 9,57E-91 isochorismate_synthase_EntC 

nrdI 64,29 9,25E-103 dimanganese-tyrosyl_radical_cofactor_maintenance_flavodoxin_NrdI 

kdpF 57,529 7,97E-05 K(+)_transporKng_P-type_ATPase_subunit_KdpF 

ibpB 57,334 4,68E-228 small_heat_shock_protein_IbpB 

ruF 52,274 9,13E-152 hydroxamate_siderophore_iron_reductase 

uidC 52,259 5,02E-157 outer_membrane_porin_family_protein 

uidB 42,158 3,31E-164 glucuronide:H(+)_symporter 

ibpA 38,842 8,67E-296 small_heat_shock_protein_IbpA 

betT 34,062 1,85E-92 choline:H(+)_symporter 

lldP 33,871 1,12E-63 lactate/glycolate:H(+)_symporter_LldP 

bfd 33,525 2,92E-77 bacterioferriKn-associated_ferredoxin 

uidA 31,515 3,72E-126 beta-glucuronidase 

efeU 30,659 5,32E-56 inacKve ferrous iron permease 

fes 30,367 8,63E-55 enterochelin_esterase 

nanA 30,176 1,38E-188 N-acetylneuraminate_lyase 

ybdZ 28,499 1,95E-10 enterobacKn_biosynthesis_protein_YbdZ 

nrdE 27,907 4,25E-170 ribonucleoside-diphosphate_reductase_2_subunit_alpha 

betI 27,389 2,27E-188 DNA-binding_transcripKonal_repressor_BetI 

betA 26,788 1,11E-144 choline_dehydrogenase 

betB 26,566 4,39E-112 betaine_aldehyde_dehydrogenase 

astC 23,071 2,50E-68 succinylornithine_transaminase 

mqo 23,031 2,17E-70 malate:quinone_oxidoreductase 

efeO 22,432 8,04E-114 ferrous_iron_transport_system_protein_EfeO 

ybeD 22,022 9,96E-200 DUF493_domain-containing_protein_YbeD 

fepD 19,909 3,81E-55 ferric_enterobacKn_ABC_transporter_membrane_subunit_FebD 

gcd 18,941 1,07E-174 quinoprotein_glucose_dehydrogenase 

astA 18,517 1,42E-74 arginine_N-succinyltransferase 

yojI 18,072 3,93E-78 ABC_transporter_family_protein/microcin_J25_efflux_protein 

kdpA 17,813 1,55E-53 K(+)_transporKng_P-type_ATPase_subunit_KdpA 

narK 17,565 4,44E-10 nitrate:nitrite_anKporter_NarK 

nrdF 17,562 2,08E-130 ribonucleoside-diphosphate_reductase_2_subunit_beta 

narG 17,154 8,66E-09 nitrate_reductase_A_subunit_alpha 

fepC 16,715 8,61E-38 ferric_enterobacKn_ABC_transporter_ATP_binding_subunit 

yncE 16,232 2,84E-121 PQQ-like_domain-containing_protein_YncE 

rspB 15,876 2,05E-92 putaKve_zinc-binding_dehydrogenase_RspB 

nanC 15,735 4,75E-47 N-acetylneuraminic_acid_outer_membrane_channel 

lldR 15,162 8,02E-111 DNA-binding_transcripKonal_dual_regulator_LldR 

ydfK 14,711 1,60E-20 Qin_prophage;_cold_shock_protein_YdfK 

entS 14,549 9,21E-45 enterobacKn_exporter_EntS 

nanT 14,077 7,87E-135 N-acetylneuraminate:H(+)_symporter 

entE 13,93 1,23E-93 2,3-dihydroxybenzoate-AMP_ligase 

sodA 13,747 2,16E-66 superoxide_dismutase_(Mn) 

ynaE 13,262 1,28E-23 Rac_prophage;_uncharacterized_protein_YnaE 

oweS 13,079 0,01814851 putaKve defecKve phage replicaKon protein O 

dnaK 12,896 1,71E-251 chaperone_protein_DnaK 

hslV 12,809 2,92E-185 pepKdase_component_of_the_HslVU_protease 

ycjF 12,279 1,81E-87 conserved_inner_membrane_protein_YcjF 

fecI 12,233 9,37E-122 RNA_polymerase_sigma_factor_FecI 

csiD 12,087 8,82E-75 PF08943_family_protein_CsiD 

hslU 11,853 6,40E-206 ATPase_component_of_the_HslVU_protease 

micC 11,662 0,0201943 small regulatory RNA MicC 
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ugpA 11,638 1,54E-14 sn-glycerol_3-phosphate_ABC_transporter_membrane_subunit_UgpA 

rspA 11,49 3,40E-76 mandelate_racemase/muconate_lactonizing_enzyme_family_protein 

ycjX 11,267 1,01E-75 DUF463_domain-containing_protein_YcjX 

fxsA 11,189 7,36E-64 protein_FxsA 

fepB 10,913 4,37E-44 ferric_enterobacKn_ABC_transporter_periplasmic_binding_protein 

gabT 10,839 9,91E-91 4-aminobutyrate_aminotransferase_GabT 

astD 10,833 6,26E-80 aldehyde_dehydrogenase 

gabD 10,131 3,26E-105 NADP(+)-dependent_succinate-semialdehyde_dehydrogenase 

efeB 10,102 2,60E-81 heme-containing_peroxidase/deferrochelatase 

dnaJ 10,093 5,54E-164 chaperone_protein_DnaJ 

yeaR 10,054 1,40E-37 DUF1971_domain-containing_protein_YeaR 

gabP 9,866 1,05E-84 4-aminobutyrate:H(+)_symporter 

yjhD 9,791 7,28E-42 KpLE2 phage-like element; surface adhesin E-like protein 

exbB 9,768 7,40E-63 Ton_complex_subunit_ExbB 

acs 9,602 1,20E-55 acetyl-CoA_synthetase_(AMP-forming) 

yncH 9,54 3,03E-05 DUF5445_domain-containing_protein_YncH 

lhgO 9,506 1,83E-79 L-2-hydroxyglutarate_oxidase 

dadA 9,498 6,72E-46 D-amino_acid_dehydrogenase 

alsE 9,332 3,63E-87 D-allulose-6-phosphate_3-epimerase 

exbD 9,173 9,33E-81 Ton_complex_subunit_ExbD 

hslR 9,161 1,13E-109 heat_shock_protein_Hsp15 

feoA 8,914 8,05E-06 ferrous_iron_transport_protein_A 

ruA 8,828 3,55E-37 ferrichrome_outer_membrane_transporter/phage_receptor 

htpG 8,817 7,50E-131 chaperone_protein_HtpG 

katE 8,675 3,66E-121 catalase_II 

lldD 8,588 2,96E-65 L-lactate_dehydrogenase 

yjcH 8,501 3,64E-34 conserved_inner_membrane_protein_YjcH 

alsK 8,466 2,82E-52 D-allose_kinase 

nanE 8,434 8,01E-45 putaKve_N-acetylmannosamine-6-phosphate_epimerase 

yohP 8,429 7,85E-52 putaKve_membrane_protein_YohP 

yceA 8,425 1,49E-05 UPF0176_protein_YceA 

gtrS 8,424 6,54E-20 CPS-53 (KpLE1) prophage; serotype-specific glucosyl transferase YfdI 

dosC 8,331 1,13E-28 diguanylate_cyclase_DosC 

tonB 8,251 2,13E-79 Ton_complex_subunit_TonB 

clpB 8,249 1,66E-73 ClpB_chaperone 

yoaG 8,122 3,04E-20 DUF1869_domain-containing_protein_YoaG 

hslO 8,096 8,48E-87 molecular_chaperone_Hsp33 

astE 8,024 1,56E-26 succinylglutamate_desuccinylase 

puuA 7,828 2,54E-24 glutamate-putrescine_ligase 

lipB 7,715 3,28E-28 lipoyl(octanoyl)_transferase 

alsC 7,668 4,95E-53 D-allose_ABC_transporter_membrane_subunit 

yjdQ 7,648 1,65E-05 pseudogene 

narH 7,63 4,16E-15 nitrate_reductase_A_subunit_beta 

nanK 7,592 1,59E-88 N-acetylmannosamine_kinase 

yebV 7,562 1,01E-123 protein_YebV 

osmY 7,426 3,71E-43 periplasmic_chaperone_OsmY 

ugpE 7,406 5,48E-25 sn-glycerol_3-phosphate_ABC_transporter_membrane_subunit_UgpE 

ytjA 7,234 7,33E-30 DUF1328_domain-containing_protein_YtjA 

dadX 7,218 8,35E-47 alanine_racemase_2 

lon 7,202 3,18E-149 Lon_protease 

alsA 7,149 2,02E-56 D-allose_ABC_transporter_ATP_binding_subunit 

yhcH 7,113 8,62E-91 DUF386_domain-containing_protein_YhcH 

puuC 7,102 4,29E-26 gamma-glutamyl-gamma-aminobutyraldehyde_dehydrogenase 

astB 7,03 4,57E-50 N-succinylarginine_dihydrolase 

mutM 6,791 1,62E-63 DNA-formamidopyrimidine_glycosylase 

puuB 6,791 3,93E-30 gamma-glutamylputrescine_oxidase 

sdiA 6,788 5,46E-77 DNA-binding_transcripKonal_dual_regulator_SdiA 

yeeE 6,781 1,02E-23 inner_membrane_protein_YeeE 

entB 6,778 1,53E-32 enterobacKn_synthase_component_B 

yncD 6,767 5,63E-22 putaKve_TonB-dependent_outer_membrane_receptor 

fadE 6,623 5,61E-79 acyl-CoA_dehydrogenase 

dgoT 6,595 6,56E-46 putaKve_D-galactonate_transporter 

ydeI 6,591 1,09E-24 BOF_family_protein_YdeI 
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fadB 6,576 3,62E-29 dodecenoyl-CoA_delta-isomerase 

ydcI 6,527 5,61E-13 putaKve_DNA-binding_transcripKonal_repressor_YdcI 

trpT 6,516 6,48E-32 tRNA-Trp(CCA) 

yoeI 6,496 1,28E-09 uncharacterized_protein_YoeI 

cyoA 6,183 6,63E-15 cytochrome_bo3_ubiquinol_oxidase_subunit_2 

nanM 6,178 4,47E-65 N-acetylneuraminate_mutarotase 

fecR 6,169 1,92E-28 regulator_for_fec_operon,_periplasmic 

actP 6,148 1,21E-28 acetate/glycolate:caKon_symporter 

bglJ 6,055 2,81E-22 DNA-binding_transcripKonal_regulator_BglJ 

fiu 5,894 4,59E-28 putaKve_iron_siderophore_outer_membrane_transporter 

ydjO 5,846 3,66E-12 protein_YdjO 

groS 5,829 2,45E-43 cochaperonin_GroES 

yeiQ 5,817 3,27E-45 putaKve_dehydrogenase,_NAD-dependent 

ybjJ 5,739 1,48E-66 inner_membrane_protein_YbjJ 

feoB 5,701 1,56E-10 Fe(2(+))_transporter_FeoB 

ddpX 5,669 8,13E-28 D-alanyl-D-alanine_dipepKdase 

ydiE 5,665 1,37E-17 PF10636_family_protein_YdiE 

kdpB 5,661 4,10E-38 K(+)_transporKng_P-type_ATPase_subunit_KdpB 

dgoD 5,64 2,80E-53 D-galactonate_dehydratase 

plaP 5,631 8,07E-13 putrescine:H(+)_symporter_PlaP 

entF 5,596 2,01E-42 apo-serine_acKvaKng_enzyme 

ycgG 5,571 9,49E-10 putaKve c-di-GMP phosphodiesterase PdeG 

yiaG 5,535 8,34E-46 putaKve_DNA-binding_transcripKonal_regulator_YiaG 

tusB 5,531 1,51E-32 sulfurtransferase_complex_subunit_TusB 

sufC 5,51 1,77E-47 Fe-S_cluster_scaffold_complex_subunit_SufC 

prpR 5,49 5,33E-21 DNA-binding_transcripKonal_dual_regulator_PrpR 

yahK 5,485 2,36E-79 aldehyde_reductase,_NADPH-dependent 

groL 5,418 1,16E-82 chaperonin_GroEL 

yhdN 5,401 6,13E-59 conserved_protein_YhdN 

sufD 5,377 2,75E-56 Fe-S_cluster_scaffold_complex_subunit_SufD 

zntR 5,363 7,77E-43 DNA-binding_transcripKonal_acKvator_ZntR 

adhP 5,362 2,00E-64 ethanol_dehydrogenase/alcohol_dehydrogenase 

aroM 5,352 2,06E-27 protein_AroM 

poxB 5,345 3,02E-56 pyruvate_oxidase 

glcA 5,304 5,27E-31 glycolate/lactate:H(+)_symporter_GlcA 

rapA 5,273 1,34E-58 RNA_polymerase-binding_ATPase_and_RNAP_recycling_factor 

tktB 5,256 6,75E-78 transketolase_2 

cirA 5,201 4,83E-55 ferric_dihyroxybenzoylserine_outer_membrane_transporter 

insL1 5,113 6,95E-75 IS186/IS421 transposase 

ynfN 5,078 0,00569696 Qin_prophage;_protein_YnfN 

narU 5,067 1,95E-37 nitrate/nitrite_transporter_NarU 

yjiR 5,059 7,81E-33 putaKve_aminotransferase 

ddpA 5,05 1,31E-37 putaKve_D,D-dipepKde_ABC_transporter 

cyoB 5,04 4,89E-12 cytochrome_bo3_ubiquinol_oxidase_subunit_1 

otsA 5,026 5,12E-74 trehalose-6-phosphate_synthase 

hspQ 5,02 4,20E-29 heat_shock_protein,_hemimethylated_DNA-binding_protein 

ybgS 5,014 8,88E-46 PF13985_family_protein_YbgS 

waaS 5,013 1,19E-09 lipopolysaccharide_core_biosynthesis_protein 

otsB 4,991 7,64E-40 trehalose-6-phosphate_phosphatase 

norR 4,96 7,21E-27 DNA-binding_transcripKonal_dual_regulator_NorR 

ndk 4,955 0,00132278 nucleoside_diphosphate_kinase 

yrfG 4,945 2,26E-41 purine_nucleoKdase 

fepG 4,928 9,54E-17 ferric_enterobacKn_ABC_transporter_membrane_subunit_FepG 

proV 4,918 2,27E-30 glycine_betaine_ABC_transporter_ATP_binding_subunit_ProV 

potF 4,889 5,03E-19 putrescine_ABC_transporter_periplasmic_binding_protein 

ggt 4,885 2,50E-42 glutathione_hydrolase_proenzyme 

yjjZ 4,873 4,28E-16 protein_YjjZ 

narJ 4,858 6,23E-11 nitrate_reductase_1_molybdenum_cofactor_assembly_chaperone 

ynfL 4,804 3,47E-42 putaKve_DNA-binding_transcripKonal_regulator 

yfdR 4,784 0,02965022 CPS-53_(KpLE1)_prophage;_5'-deoxynucleoKdase 

uxuB 4,775 3,49E-29 D-mannonate_oxidoreductase 

putA 4,772 7,21E-11 proline_dehydrogenase/1-pyrroline-5 

sdhC 4,767 1,29E-14 succinate:quinone_oxidoreductase,_membrane_protein_SdhC 
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dppF 4,743 1,16E-51 dipepKde_ABC_transporter_ATP_binding_subunit_DppF 

prlC 4,741 3,85E-65 oligopepKdase_A 

aceA 4,697 6,63E-38 isocitrate_lyase 

yahA 4,691 4,72E-18 c-di-GMP phosphodiesterase PdeL 

cysP 4,675 2,81E-22 thiosulfate/sulfate_ABC_transporter_periplasmic_binding_protein 

arfA 4,668 5,29E-25 alternaKve_ribosome-rescue_factor_A 

putP 4,667 2,14E-13 proline:Na(+)_symporter 

uxuA 4,605 1,81E-33 D-mannonate_dehydratase 

iraM 4,599 7,55E-07 anK-adaptor_protein_IraM,_inhibitor_of_sigma(S)_proteolysis 

sufB 4,584 6,51E-30 Fe-S_cluster_scaffold_complex_subunit_SufB 

sufS 4,581 6,44E-58 L-cysteine_desulfurase 

mgtA 4,579 1,10E-18 Mg(2(+))_imporKng_P-type_ATPase 

mokA 4,574 0,01988293 pseudogene 

sdhD 4,568 5,48E-16 succinate:quinone_oxidoreductase,_membrane_protein_SdhD 

aldA 4,556 3,81E-19 aldehyde_dehydrogenase_A 

sufA 4,55 2,70E-30 iron-sulfur_cluster_inserKon_protein_SufA 

ahr 4,545 1,18E-37 aldehyde_reductase,_NADPH-dependent 

sufE 4,542 4,22E-24 sulfur_acceptor_for_SufS_cysteine_desulfurase 

yqjH 4,532 5,04E-29 NADPH-dependent ferric-chelate reductase NfeF 

mcbR 4,52 2,34E-19 DNA-binding_transcripKonal_dual_regulator_McbR 

cynR 4,47 2,13E-36 DNA-binding_transcripKonal_dual_regulator_CynR 

yciG 4,467 5,07E-08 protein_YciG 

ugpB 4,454 1,84E-11 sn-glycerol_3-phosphate_ABC_transporter 

grpE 4,409 1,55E-67 nucleoKde_exchange_factor_GrpE 

rpiB 4,402 2,23E-18 allose-6-phosphate_isomerase/ribose-5-phosphate_isomerase_B 

fepE 4,391 5,58E-07 polysaccharide_co-polymerase_family_protein_FepE 

yibA 4,377 1,01E-27 putaKve_lyase_containing_HEAT-repeat 

wcaF 4,349 0,04460871 putaKve_acyl_transferase 

alsB 4,248 7,45E-33 D-allose_ABC_transporter_periplasmic_binding_protein 

narI 4,248 3,40E-07 nitrate_reductase_A_subunit_gamma 

aroH 4,238 7,63E-18 3-deoxy-7-phosphoheptulonate_synthase,_Trp-sensiKve 

ecnB 4,224 8,91E-38 bacteriolyKc_entericidin_B_lipoprotein 

rimO 4,222 6,13E-11 ribosomal_protein_S12_methylthiotransferase_RimO 

mhpR 4,208 9,56E-15 DNA-binding_transcripKonal_acKvator_MhpR 

arpA 4,207 5,08E-31 regulator_of_acetyl_CoA_synthetase 

nanS 4,191 8,33E-31 N-acetyl-9-O-acetylneuraminate_esterase 

potG 4,172 8,81E-11 putrescine_ABC_transporter_ATP_binding_subunit 

ybaY 4,169 5,13E-35 PF09619_family_lipoprotein_YbaY 

proW 4,159 6,31E-41 glycine_betaine_ABC_transporter_membrane_subunit_ProW 

dppD 4,152 5,24E-31 dipepKde_ABC_transporter_ATP_binding_subunit_DppD 

sdhA 4,141 7,32E-22 succinate:quinone_oxidoreductase,_FAD_binding_protein 

fepA 4,124 9,17E-38 ferric_enterobacKn_outer_membrane_transporter 

ugpC 4,104 1,04E-34 sn-glycerol_3-phosphate_ABC_transporter_ATP_binding_subunit 

rpoD 4,089 7,70E-73 RNA_polymerase,_sigma_70_(sigma_D)_factor 

yncI 4,083 3,53E-06 putaKve transposase YncI 

rsxD 4,081 2,02E-29 SoxR [2Fe-2S] reducing system protein RsxD 

ydeJ 4,081 3,54E-22 conserved_protein_YdeJ 

uhpT 4,08 7,01E-17 hexose-6-phosphate:phosphate_anKporter 

yghD 3,999 8,17E-13 putaKve_type_II_secreKon_system_M-type_protein 

rsxC 3,993 1,98E-25 SoxR [2Fe-2S] reducing system protein RsxC 

sucD 3,976 1,35E-26 succinyl-CoA_synthetase_subunit_alpha 

patA 3,968 2,47E-29 putrescine_aminotransferase 

yigI 3,968 5,35E-06 putaKve_thioesterase_YigI 

aceK 3,967 9,28E-56 isocitrate_dehydrogenase_kinase/phosphatase 

yjdP 3,955 6,37E-20 protein_YjdP 

yegS 3,952 2,43E-24 lipid_kinase 

pgrR 3,937 1,40E-42 DNA-binding_transcripKonal_repressor_PgrR 

ynbB 3,937 0,00174968 putaKve_CDP-diglyceride_synthase 

phoH 3,936 1,27E-12 ATP-binding_protein_PhoH 

nfuA 3,928 3,15E-35 iron-sulfur_cluster_carrier_protein_NfuA 

ybbN 3,919 1,56E-38 chaperedoxin 

narW 3,9 6,39E-14 putaKve_private_chaperone_for_NarZ_nitrate_reductase_subunit 

yibU 3,88 0,01826254 pseudogene 
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glf 3,875 6,70E-07 UDP-galactopyranose_mutase 

yehW 3,865 7,34E-25 glycine_betaine_ABC_transporter_membrane_subunit_YehW 

talA 3,848 1,34E-47 transaldolase_A 

ruC 3,817 1,50E-18 iron(III)_hydroxamate_ABC_transporter_ATP_binding_subunit 

rluA 3,791 1,23E-29 23S_rRNA_pseudouridine_and_tRNA_pseudouridine_synthase 

sdaB 3,763 2,04E-41 L-serine_deaminase_II 

wza 3,763 0,00344107 outer_membrane_polysaccharide_export_protein_Wza 

ldhA 3,727 4,49E-50 D-lactate_dehydrogenase 

narY 3,727 4,17E-28 nitrate_reductase_Z_subunit_beta 

topA 3,717 3,05E-66 DNA_topoisomerase_1 

bhsA 3,71 1,15E-22 putaKve_ stress_resistance_outer_membrane_protein 

yhhQ 3,707 1,28E-20 putaKve_queuosine_precursor_transporter 

ybeZ 3,704 6,57E-52 PhoH-like_protein 

puuD 3,694 4,49E-10 gamma-glutamyl-gamma-aminobutyrate_hydrolase 

ryhB 3,686 2,84E-07 small regulatory RNA RyhB 

hicB 3,685 1,17E-31 anKtoxin_of_the_HicA-HicB_toxin-anKtoxin_system 

rlmE 3,679 3,47E-58 23S_rRNA_2'-O-ribose_U2552_methyltransferase 

gntP 3,672 8,49E-29 fructuronate_transporter 

ybiU 3,63 1,03E-15 DUF1479_domain-containing_protein_YbiU 

ydaM 3,62 5,03E-48 diguanylate cyclase DgcM 

yhhZ 3,604 0,02223514 putaKve_endonuclease_YhhZ 

yedN 3,603 6,93E-07 SoxR [2Fe-2S] reducing system protein RsxB 

cyoC 3,598 5,19E-07 cytochrome_bo3_ubiquinol_oxidase_subunit_3 

gntX 3,598 2,75E-31 protein involved in uKlizaKon of DNA as a carbon source 

rsxA 3,578 8,47E-10 S SoxR [2Fe-2S] reducing system protein RsxA 

yedR 3,578 8,52E-07 putaKve_inner_membrane_protein 

hchA 3,562 1,51E-29 protein/nucleic_acid_deglycase_1 

wcaE 3,551 0,02247226 putaKve_colanic_acid_biosynthesis_glycosyl_transferase 

yoeB 3,55 7,11E-16 ribosome-dependent_mRNA_interferase_toxin_YoeB 

iscS 3,548 5,74E-24 cysteine_desulfurase 

puuE 3,531 1,10E-23 4-aminobutyrate_aminotransferase_PuuE 

elaB 3,517 4,55E-23 tail_anchored_inner_membrane_protein 

hcaR 3,517 1,53E-07 DNA-binding_transcripKonal_dual_regulator_HcaR 

dosP 3,515 4,87E-27 oxygen-sensing_c-di-GMP_phosphodiesterase_DosP 

ydfJ 3,514 8,56E-06 putaKve_transporter_YdfJ 

ylaC 3,504 6,57E-12 putaKve_inner_membrane_protein 

argT 3,493 1,68E-10 lysine/arginine/ornithine_ABC_transporter 

rzpQ 3,489 0,03740232 Qin_prophage;_DUF2514_domain-containing_protein_RzpQ 

dppB 3,486 3,04E-16 dipepKde_ABC_transporter_membrane_subunit_DppB 

sucC 3,486 1,66E-23 succinyl-CoA_synthetase_subunit_beta 

rsxG 3,484 2,62E-31 SoxR [2Fe-2S] reducing system protein RsxG 

yfdE 3,469 2,51E-08 acetyl-CoA:oxalate_CoA-transferase 

kgtP 3,461 1,25E-16 alpha-ketoglutarate:H(+)_symporter 

ygiQ 3,46 3,13E-18 radical_SAM_superfamily_protein_YgiQ 

sdhB 3,454 8,03E-17 succinate:quinone_oxidoreductase 

yegQ 3,453 9,42E-12 putaKve_pepKdase_YegQ 

ygaM 3,453 8,18E-26 DUF883_domain-containing_protein_YgaM 

insK 3,451 1,59E-09 IS150_conserved_protein_InsB 

mntH 3,448 6,04E-16 Mn(2(+))/Fe(2(+)):_H(+)_symporter_MntH 

ydiU 3,445 1,54E-32 UPF0061_family_protein_YdiU 

waaR 3,425 1,81E-06 UDP-D-glucose:lipopolysaccharide glucosyltransferase 

yehX 3,411 5,77E-18 glycine_betaine_ABC_transporter_ATP_binding_subunit_YehX 

umuD 3,404 4,13E-15 DNA_polymerase_V_protein_UmuD 

kdpC 3,395 2,30E-13 K(+)_transporKng_P-type_ATPase_subunit_KdpC 

proP 3,395 1,35E-37 osmolyte:H(+)_symporter_ProP 

yeaJ 3,393 8,86E-24 diguanylate cyclase DgcJ 

wbbK 3,388 3,04E-06 putaKve_lipopolysaccharide_biosynthesis_protein 

fadD 3,386 7,91E-15 favy_acyl-CoA_synthetase 

iscR 3,377 1,43E-13 DNA-binding_transcripKonal_dual_regulator_IscR 

yncG 3,36 3,76E-10 putaKve_glutathione_S-transferase_YncG 

hscB 3,343 1,03E-13 co-chaperone_for 

cyoD 3,329 3,53E-06 cytochrome_bo3_ubiquinol_oxidase_subunit_4 

ybhN 3,328 7,25E-07 conserved_inner_membrane_protein_YbhN 
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gnsB 3,309 4,31E-05 Qin_prophage;_protein_GnsB 

rnb 3,281 2,73E-15 RNase_II 

rsxB 3,258 3,03E-11 SoxR [2Fe-2S] reducing system protein RsxB 

ybcK 3,252 4,44E-07 DLP12_prophage;_putaKve_recombinase 

ybgA 3,252 4,54E-22 DUF1722_domain-containing_protein_YbgA 

yeaQ 3,252 3,49E-26 PF04226_family_protein_YeaQ 

ybhP 3,248 1,90E-16 endonuclease/exonuclease/phosphatase_domain-containing_protein 

ddpB 3,24 2,66E-11 putaKve_D,D-dipepKde_ABC_transporter_membrane_subunit 

narZ 3,227 1,13E-20 nitrate_reductase_Z_subunit_alpha 

dppC 3,226 5,82E-21 dipepKde_ABC_transporter_membrane_subunit_DppC 

apt 3,224 9,41E-07 adenine_phosphoribosyltransferase 

yfcG 3,217 2,47E-19 disulfide_reductase 

ydcD 3,212 9,90E-08 uncharacterized_protein_YdcD 

higB 3,201 1,09E-18 ribosome-dependent_mRNA_interferase_toxin_HigB 

cysU 3,182 1,68E-16 sulfate/thiosulfate_ABC_transporter_inner_membrane_subunit 

yjdN 3,176 2,33E-09 conserved_protein_YjdN 

lnt 3,175 9,57E-23 apolipoprotein_N-acyltransferase 

hicA 3,172 6,37E-24 toxin_of_the_HicA-HicB_toxin-anKtoxin_system 

ybeY 3,17 4,89E-37 endoribonuclease_YbeY 

ycaO 3,169 6,55E-16 ribosomal_protein_S12_methylthiotransferase_accessory_factor 

csgF 3,162 0,00029381 curli_assembly_component 

yibG 3,147 0,00106251 tetratricopepKde-like_domain-containing_protein_YibG 

cspI 3,135 0,000751 Qin_prophage;_cold_shock_protein_CspI 

yehY 3,124 4,14E-26 glycine_betaine_ABC_transporter_membrane_subunit_YehY 

yefM 3,118 1,18E-15 anKtoxin_of_the_YoeB-YefM_toxin-anKtoxin_pair 

yegP 3,118 5,20E-19 DUF1508_domain-containing_protein_YegP 

ydcX 3,107 1,74E-10 orphan toxin OrtT 

yebF 3,093 7,34E-34 secreted_protein_YebF 

aceB 3,072 8,14E-38 malate_synthase_A 

ybjI 3,066 2,68E-22 5-amino-6-(5-phospho-D-ribitylamino)uracil_phosphatase 

yqeG 3,059 6,41E-18 putaKve_transporter_YqeG 

amyA 3,057 3,71E-28 alpha-amylase 

yfdS 3,05 0,0160385 CPS-53_(KpLE1)_prophage;_protein_YfdS 

miaB 3,049 2,08E-16 isopentenyl-adenosine_A37_tRNA_methylthiolase 

yccT 3,043 2,37E-07 DUF2057_domain-containing_protein_YccT 

ycgI 3,031 0,03420527 protein YcgI 

yhcG 3,03 2,51E-15 DUF1016_domain-containing_protein_YhcG 

yfeR 3,029 2,68E-20 putaKve_LysR-type_DNA-binding_transcripKonal_regulator 

pmrR 3,021 2,95E-15 putaKve_bitopic_inner_membrane_protein 

ycgB 3,014 4,12E-06 PF04293_family_protein_YcgB 

rlmN 3,013 1,20E-12 tRNA_m(2)A37_methyltransferase 

yfiM 3,005 1,42E-16 protein_YfiM 

iscU 3,001 3,38E-26 scaffold_protein_for_iron-sulfur_cluster_assembly 

rbsA 3 2,24E-40 ribose_ABC_transporter_ATP_binding_subunit 

 
YeiL* down-regulated genes 
 
Name Fc P-value Func:on 

garP 0,003 2,30E-111 galactarate/glucarate/glycerate_transporter_GarP 

ydhY 0,005 6,90E-151 putaKve_4Fe-4S_ferredoxin-type_protein 

ompW 0,008 5,46E-105 outer_membrane_protein_W 

garL 0,01 2,57E-208 alpha-dehydro-beta-deoxy-D-glucarate_aldolase 

ydhV 0,011 2,81E-224 putaKve_oxidoreductase 

tdcB 0,012 9,44E-63 catabolic_threonine_dehydratase 

dcuB 0,016 6,20E-94 anaerobic_C4-dicarboxylate_transporter_DcuB 

ynfE 0,016 3,54E-143 putaKve_selenate_reductase_YnfE 

tdcC 0,018 2,53E-69 threonine/serine:H(+)_symporter 

gudP 0,019 3,60E-169 galactarate/glucarate/glycerate_transporter_GudP 

iraP 0,02 4,83E-173 anK-adaptor_protein_for_sigma(S)_stabilizaKon 

ansB 0,022 3,40E-05 L-asparaginase_2 

fumB 0,022 5,66E-90 fumarase_B 

tdcD 0,022 1,32E-47 propionate_kinase 
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garR 0,024 1,21E-125 tartronate_semialdehyde_reductase 

flgB 0,026 8,09E-86 flagellar_basal-body_rod_protein_FlgB 

ynfF 0,026 3,88E-123 putaKve_selenate_reductase_YnfF 

preT 0,027 4,03E-97 NAD-dependent_dihydropyrimidine_dehydrogenase_subunit_PreT 

tdcA 0,027 1,83E-11 DNA-binding_transcripKonal_acKvator_TdcA 

tdcE 0,027 3,89E-35 2-ketobutyrate_formate-lyase/pyruvate_formate-lyase_4 

garD 0,028 9,52E-90 galactarate_dehydratase 

ynfG 0,028 5,84E-109 putaKve_oxidoreductase_YnfG 

frdD 0,03 4,72E-272 fumarate_reductase_membrane_protein_FrdD 

frdA 0,032 8,25E-65 fumarate_reductase_flavoprotein_subunit 

frdB 0,033 1,40E-83 fumarate_reductase_iron-sulfur_protein 

dmsB 0,034 4,97E-65 dimethyl_sulfoxide_reductase_subunit_B 

frdC 0,034 9,09E-154 fumarate_reductase_membrane_protein_FrdC 

tdcF 0,035 4,20E-35 putaKve_enamine/imine_deaminase 

flgC 0,038 4,66E-32 flagellar_basal-body_rod_protein_FlgC 

pgaA 0,038 1,12E-170 poly-beta-1,6-N-acetyl-D-glucosamine_outer_membrane_porin 

yciE 0,039 2,65E-176 DUF892_domain-containing_protein_YciE 

glpA 0,04 1,02E-55 anaerobic_glycerol-3-phosphate_dehydrogenase_subunit_A 

borD 0,043 9,18E-61 DLP12_prophage;_prophage_lipoprotein_BorD 

malE 0,045 5,04E-78 maltose_ABC_transporter_periplasmic_binding_protein 

flgD 0,046 1,41E-68 flagellar_biosynthesis,_iniKaKon_of_hook_assembly 

garK 0,046 5,69E-172 glycerate_2-kinase_1 

dmsA 0,048 4,82E-25 dimethyl_sulfoxide_reductase_subunit_A 

dmsC 0,048 1,18E-100 dimethyl_sulfoxide_reductase_subunit_C 

hybA 0,048 2,25E-44 hydrogenase_2_iron-sulfur_protein 

lamB 0,048 1,35E-86 maltose_outer_membrane_channel/phage_lambda_receptor_protein 

ydhW 0,049 4,64E-73 protein_YdhW 

yqeC 0,049 9,53E-43 uncharacterized_protein_YqeC 

gudX 0,05 2,54E-131 glucarate_dehydratase-related_protein 

caiF 0,051 7,34E-43 DNA-binding_transcripKonal_acKvator_CaiF 

malK 0,051 4,17E-63 maltose_ABC_transporter_ATP_binding_subunit 

hybB 0,053 3,92E-53 hydrogenase_2_membrane_subunit 

tdcG 0,055 2,38E-30 L-serine_deaminase_III 

malF 0,056 1,27E-69 maltose_ABC_transporter_membrane_subunit_MalF 

malM 0,056 2,75E-96 maltose_regulon_periplasmic_protein 

yqeB 0,058 9,47E-52 XdhC-CoxI_family_protein_YqeB 

hybO 0,059 4,46E-10 hydrogenase_2_small_subunit 

ydhX 0,059 6,04E-65 putaKve_4Fe-4S_ferredoxin-type_protein 

malG 0,06 1,70E-73 maltose_ABC_transporter_membrane_subunit_MalG 

slp 0,061 8,41E-38 starvaKon_lipoprotein 

tnaB 0,061 3,18E-149 tryptophan:H(+)_symporter_TnaB 

preA 0,062 1,56E-61 NAD-dependent_dihydropyrimidine_dehydrogenase_subunit_PreA 

tdcR 0,063 7,64E-09 DNA-binding_transcripKonal_acKvator_TdcR 

nmpC 0,064 3,24E-197 DLP12 prophage; putaKve outer membrane porin N 

yjiL 0,066 1,96E-35 putaKve_ATPase,_acKvator_of_(R)-hydroxyglutaryl-CoA_dehdratase 

flgE 0,068 1,20E-94 flagellar_hook_protein_FlgE 

onB 0,071 2,79E-31 putaKve_ferriKn-like_protein 

fnrS 0,072 5,47E-06 small regulatory RNA FnrS 

hybC 0,072 1,05E-56 hydrogenase_2_large_subunit 

glpT 0,073 3,36E-74 sn-glycerol_3-phosphate:phosphate_anKporter 

yjiT 0,073 1,82E-126 putaKve_uncharacterized_protein_YjiT 

ynfH 0,073 2,20E-89 putaKve_menaquinol_dehydrogenase 

adiY 0,075 1,28E-24 DNA-binding_transcripKonal_acKvator_AdiY 

hcp 0,076 2,90E-07 protein_S-nitrosylase 

yjiM 0,079 5,11E-32 putaKve_dehydratase_subunit 

nrfC 0,082 1,17E-31 putaKve_menaquinol-cytochrome_c_reductase_4Fe-4S_subunit 

nrfB 0,083 7,69E-24 periplasmic_nitrite_reductase_penta-heme_c-type_cytochrome 

manY 0,084 3,89E-38 mannose-specific_PTS_enzyme_IIC_component 

fixX 0,086 0,01375143 putaKve_ferredoxin_FixX 

manX 0,086 1,75E-23 mannose-specific_PTS_enzyme_IIAB_component 

glpB 0,09 6,84E-47 anaerobic_glycerol-3-phosphate_dehydrogenase_subunit_B 

nudI 0,091 4,77E-38 pyrimidine_deoxynucleoKde_diphosphatase_NudI 

onA 0,093 3,54E-198 ferriKn_iron_storage_protein 
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flgF 0,095 3,26E-44 flagellar_basal-body_rod_protein_FlgF 

gudD 0,095 9,86E-99 D-glucarate_dehydratase 

phoA 0,095 2,62E-107 alkaline_phosphatase 

malS 0,096 1,61E-98 alpha-amylase 

napF 0,097 8,06E-34 ferredoxin-type_protein 

caiE 0,098 3,33E-29 putaKve_transferase_CaiE 

napD 0,099 2,68E-25 NapA_signal_pepKde-binding_chaperone_NapD 

glpF 0,101 3,34E-53 glycerol_facilitator 

malP 0,102 2,75E-38 maltodextrin_phosphorylase 

hybE 0,103 5,47E-49 hydrogenase_2-specific_chaperone 

manZ 0,103 3,39E-52 mannose-specific_PTS_enzyme_IID_component 

nrfD 0,103 4,71E-15 putaKve_menaquinol-cytochrome_c_reductase_subunit_NrfD 

yehD 0,105 4,23E-19 putaKve_fimbrial_protein_YehD 

gldA 0,107 2,92E-19 L-1,2-propanediol_dehydrogenase/glycerol_dehydrogenase 

pgaB 0,109 2,61E-54 poly-beta-1,6-N-acetyl-D-glucosamine_N-deacetylase 

ygfK 0,109 2,05E-46 putaKve_oxidoreductase,_Fe-S_subunit 

yhjA 0,109 2,12E-15 cytochrome c peroxidase CCP 

hcr 0,11 9,62E-13 NADH_oxidoreductase 

nrfA 0,11 7,58E-05 cytochrome_c552_nitrite_reductase 

tnaC 0,11 6,74E-21 tnaAB_operon_leader_pepKde 

ycbJ 0,11 0,00013239 putaKve_phosphotransferase_YcbJ 

arrS 0,111 4,30E-14 small regulatory RNA  

tnaA 0,112 5,39E-67 tryptophanase 

ygeW 0,115 3,32E-36 putaKve_carbamoyltransferase_YgeW 

fliL 0,116 9,24E-42 flagellar_protein_FliL 

hybD 0,116 6,90E-46 putaKve_hydrogenase_2_maturaKon_protease 

napG 0,117 3,00E-45 ferredoxin-type_protein_NapG 

ulaB 0,117 3,91E-32 L-ascorbate_specific_PTS_enzyme_IIB_component 

ghoS 0,118 1,97E-19 anKtoxin_of_the_GhoTS_toxin-anKtoxin_system 

fliF 0,119 4,70E-31 flagellar_basal-body_MS-ring_and_collar_protein 

glpK 0,119 8,05E-70 glycerol_kinase 

fdhF 0,121 9,04E-28 formate_dehydrogenase_H 

hybF 0,122 1,11E-26 hydrogenase_maturaKon_protein_HybF 

napA 0,122 1,23E-40 periplasmic_nitrate_reductase_subunit_NapA 

yjjW 0,122 4,70E-31 putaKve_glycyl-radical_enzyme_acKvaKng_enzyme_YjjW 

yjjI 0,123 3,45E-05 DUF3029_domain-containing_protein_YjjI 

ybcW 0,125 2,31E-37 DLP12_prophage;_protein_YbcW 

napB 0,126 1,86E-25 periplasmic_nitrate_reductase_cytochrome_c550_protein 

pyrB 0,126 7,62E-27 aspartate_carbamoyltransferase_catalyKc_subunit 

yahD 0,126 1,13E-37 ankyrin_repeat-containing_protein_YahD 

ywM 0,127 4,92E-18 DUF1877_domain-containing_protein_YwM 

pspE 0,13 8,90E-56 thiosulfate_sulfurtransferase_PspE 

fliA 0,133 1,13E-28 RNA_polymerase,_sigma_28_(sigma_F)_factor 

fliH 0,134 1,91E-21 flagellar_biosynthesis_protein_FliH 

uspC 0,135 5,13E-27 universal_stress_protein_C 

hypC 0,136 9,87E-16 hydrogenase_3_maturaKon_protein_HypC 

pepE 0,136 1,61E-35 pepKdase_E 

dcuA 0,137 3,21E-41 C4-dicarboxylate_transporter_DcuA 

hypD 0,137 4,21E-23 Fe-(CN)2CO_cofactor_assembly_scaffold_protein_HypD 

dcuC 0,138 0,00381404 anaerobic_C4-dicarboxylate_transporter_DcuC 

malQ 0,139 4,57E-44 4-alpha-glucanotransferase 

uspF 0,139 3,43E-22 nucleoKde_binding_filament_protein 

ygeV 0,139 5,13E-21 putaKve_sigma(54)-dependent_transcripKonal_regulator_YgeV 

cydB 0,141 8,13E-28 cytochrome_bd-I_ubiquinol_oxidase_subunit_II 

napH 0,141 1,16E-36 ferredoxin-type_protein_NapH 

ygcB 0,142 4,46E-34 CRISPR-associated endonuclease/helicase Cas3 

flgG 0,145 2,91E-35 flagellar_basal-body_rod_protein_FlgG 

flgH 0,145 3,81E-18 flagellar_L-ring_protein 

fliI 0,145 2,20E-26 flagellum-specific_ATP_synthase_FliI 

hypB 0,146 7,06E-05 hydrogenase_isoenzymes_nickel_incorporaKon_protein_HypB 

nikD 0,149 7,04E-22 Ni(2(+))_ABC_transporter_ATP_binding_subunit_NikD 

cydX 0,152 1,42E-24 cytochrome_bd-I_ubiquinol_oxidase_subunit_CydX 

rihC 0,154 1,96E-34 ribonucleoside_hydrolase_RihC 
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iraD 0,156 1,94E-27 anK-adaptor_protein_IraD,_inhibitor_of_sigma(S)_proteolysis 

fucP 0,158 9,26E-27 L-fucose:H(+)_symporter 

ydeN 0,158 1,19E-14 putaKve_sulfatase 

ygcP 0,159 5,85E-47 putaKve_anK-terminator_regulatory_protein 

glpQ 0,161 1,57E-57 glycerophosphoryl_diester_phosphodiesterase 

yobD 0,161 1,36E-41 conserved_inner_membrane_protein_YobD 

fliM 0,163 1,02E-22 flagellar_motor_switch_protein_FliM 

melA 0,165 7,47E-29 alpha-galactosidase 

hypE 0,166 9,10E-20 hydrogenase_maturaKon_protein,_carbamoyl_dehydratase 

csrC 0,168 6,20E-64 small regulatory RNA  

ygcO 0,168 1,44E-23 putaKve_4Fe-4S_cluster-containing_protein 

ybiA 0,169 2,80E-29 N-glycosidase_YbiA 

yjhP 0,169 5,92E-41 KpLE2_phage-like_element;_putaKve_methyltransferase_YjhP 

hypA 0,17 0,00075605 hydrogenase_3_nickel_incorporaKon_protein_HypA 

xylF 0,17 5,74E-30 xylose_ABC_transporter_periplasmic_binding_protein 

fucI 0,171 2,51E-37 L-fucose_isomerase 

ydhU 0,171 8,75E-39 putaKve_cytochrome_YdhU 

cspD 0,173 9,56E-47 DNA_replicaKon_inhibitor 

fliG 0,174 2,06E-36 flagellar_motor_switch_protein_FliG 

yccM 0,174 1,22E-19 putaKve_4Fe-4S_membrane_protein 

fliN 0,175 1,07E-09 flagellar_motor_switch_protein_FliN 

gpmM 0,175 1,82E-12 2,3-bisphosphoglycerate-independent_phosphoglycerate_mutase 

nikE 0,175 1,43E-19 Ni(2(+))_ABC_transporter_ATP_binding_subunit_NikE 

pgaC 0,175 4,48E-30 poly-N-acetyl-D-glucosamine_synthase_subunit_PgaC 

aspA 0,176 7,42E-20 aspartate_ammonia-lyase 

yidE 0,176 5,44E-50 putaKve_transport_protein_YidE 

ycdT 0,178 9,04E-45 probable diguanylate cyclase DgcT  
uacT 0,179 1,08E-11 urate:H(+)_symporter 

flgA 0,18 1,49E-43 flagellar_basal_body_P-ring_formaKon_protein_FlgA 

yhaO 0,181 3,71E-36 cysteine detoxificaKon protein CyuP 

frwA 0,182 7,97E-23 putaKve PTS mulKphosphoryl transfer protein PtsA 

hdeB 0,183 7,54E-22 periplasmic_acid_stress_chaperone 

nikC 0,183 1,72E-10 Ni(2(+))_ABC_transporter_membrane_subunit_NikC 

nikB 0,184 1,23E-10 Ni(2(+))_ABC_transporter_membrane_subunit_NikB 

ssnA 0,184 6,34E-24 putaKve_aminohydrolase 

uspG 0,184 1,57E-23 universal_stress_protein_G 

fucO 0,185 3,61E-21 L-1,2-propanediol_oxidoreductase 

nrfE 0,186 1,43E-13 putaKve_cytochrome_c-type_biogenesis_protein_NrfE 

katG 0,187 2,32E-24 hydroperoxidase_I 

yjiK 0,187 6,77E-29 uncharacterized_protein_YjiK 

zraS 0,19 9,89E-24 sensory_hisKdine_kinase_ZraS 

glsA 0,191 1,89E-18 glutaminase_1 

ghoT 0,192 5,11E-12 toxin_of_the_GhoTS_toxin-anKtoxin_system 

fliO 0,193 8,94E-10 flagellar_biosynthesis_protein_FliO 

cydA 0,194 3,48E-10 cytochrome_bd-I_ubiquinol_oxidase_subunit_I 

hdeA 0,194 3,99E-24 HdeA_monomer,_chaperone_acKve_form 

ygcN 0,195 9,35E-22 putaKve_oxidoreductase_with_FAD/NAD(P)-binding_domain 

agp 0,196 5,68E-16 glucose-1-phosphatase 

ykgF 0,196 7,01E-17 putaKve_amino_acid_dehydrogenase 

ymgG 0,197 8,29E-08 PF13488_family_protein_YmgG 

ykgE 0,198 3,46E-09 putaKve_lactate_uKlizaKon_oxidoreductase_YkgE 

carB 0,199 8,14E-28 carbamoyl_phosphate_synthetase_subunit_beta 

yjhQ 0,199 1,44E-25 putaKve_acetyltransferase_TopAI_anKtoxin_YjhQ 

fucK 0,2 6,79E-29 L-fuculokinase 

napC 0,2 2,70E-22 periplasmic_nitrate_reductase_cytochrome_c_protein 

carA 0,201 3,41E-11 carbamoyl_phosphate_synthetase_subunit_alpha 

cdaR 0,202 3,21E-41 DNA-binding_transcripKonal_acKvator_CdaR 

ydhZ 0,202 2,51E-41 fumarase D 

pepT 0,203 2,32E-11 pepKdase_T 

ydjY 0,205 1,28E-09 4Fe-4S_ferredoxin-type_domain-containing_protein_YdjY 

yjhX 0,205 6,41E-33 toxin of the TopAI-YjhQ toxin-anKtoxin system 

pyrI 0,206 1,98E-31 aspartate_carbamoyltransferase,_PyrI_subunit 

yfcZ 0,208 7,03E-12 DUF406_domain-containing_protein_YfcZ 
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fliJ 0,209 1,59E-09 flagellar_biosynthesis_protein_FliJ 

rzpD 0,209 1,25E-05 DLP12_prophage;_putaKve_prophage_endopepKdase_RzpD 

fsaB 0,21 5,07E-21 fructose-6-phosphate_aldolase_2 

glgS 0,212 2,36E-21 surface_composiKon_regulator 

ravA 0,214 7,22E-12 regulatory_ATPase_RavA 

frwC 0,216 2,78E-10 putaKve_PTS_enzyme_IIC_component_FrwC 

viaA 0,219 1,76E-20 protein_ViaA 

ysaA 0,219 1,05E-08 putaKve_electron_transport_protein_YsaA 

pgaD 0,22 1,14E-10 poly-N-acetyl-D-glucosamine_synthase_subunit_PgaD 

ydiV 0,22 2,12E-31 anK-FlhDC_factor 

yahN 0,221 3,25E-12 putaKve_amino_acid_exporter 

hybG 0,222 6,74E-20 hydrogenase_2_accessory_protein 

mocA 0,222 2,72E-18 molybdenum_cofactor_cyKdylyltransferase 

ccmA 0,223 2,98E-21 heme_trafficking_system_ATP-binding_protein 

mdtL 0,223 2,87E-26 efflux_pump_MdtL 

ycjN 0,223 2,54E-07 putaKve_ABC_transporter_periplasmic_binding_protein_YcjN 

ydfZ 0,224 7,35E-12 putaKve_selenoprotein_YdfZ 

lrhA 0,225 1,07E-35 DNA-binding_transcripKonal_dual_regulator_LrhA 

yahE 0,226 0,00292973 DUF2877_domain-containing_protein_YahE 

caiD 0,227 3,66E-06 crotonobetainyl-CoA_hydratase 

cpdB 0,227 2,66E-53 2'3'_cyclic_nucleoKde_phosphodiesterase/3'_nucleoKdase 

ccmC 0,228 8,92E-28 heme_trafficking_system_membrane_protein_CcmC 

ulaA 0,228 9,15E-27 L-ascorbate_specific_PTS_enzyme_IIC_component 

adiC 0,229 1,65E-16 arginine:agmaKne_anKporter 

bsmA 0,229 4,61E-09 DUF1471_domain-containing_putaKve_lipoprotein_BsmA 

hmp 0,229 1,38E-26 nitric_oxide_dioxygenase 

glpC 0,23 1,16E-14 anaerobic_glycerol-3-phosphate_dehydrogenase_subunit_C 

ydjZ 0,23 4,26E-14 DedA_family_protein_YdjZ 

yniA 0,23 7,23E-15 putaKve_kinase_YniA 

nikA 0,231 1,34E-09 Ni(2(+))_ABC_transporter_periplasmic_binding_protein 

ucpA 0,231 1,39E-13 putaKve_oxidoreductase 

atoS 0,232 4,51E-11 sensory_hisKdine_kinase_AtoS 

insH1 0,233 1,39E-75 IS5 transposase and trans-acKvator 

ykgG 0,233 1,07E-22 DUF162_domain-containing_lactate_uKlizaKon_protein_YkgG 

atoC 0,236 1,51E-21 ornithine_decarboxylase_inhibitor_AtoC 

ccmD 0,236 4,99E-07 heme_trafficking_system_membrane_protein_CcmD 

araF 0,237 1,82E-27 arabinose_ABC_transporter_periplasmic_binding_protein 

fucA 0,237 2,65E-22 L-fuculose-phosphate_aldolase 

dmlA 0,239 1,78E-25 D-malate/3-isopropylmalate_dehydrogenase 

pka 0,24 8,94E-17 pepKdyl-lysine N-acetyltransferase PatZ 

csrB 0,244 3,07E-23 small regulatory RNA CsrB 

yciF 0,244 2,02E-22 DUF892_domain-containing_protein_YciF 

pflB 0,246 6,98E-11 pyruvate_formate-lyase 

ybgE 0,246 1,33E-19 cyd_operon_protein_YbgE 

ydcH 0,246 1,93E-15 protein_YdcH 

ccmB 0,247 2,87E-26 heme_trafficking_system_membrane_protein_CcmB 

yiaM 0,247 0,00140709 2,3-diketo-L-gulonate:Na(+)_symporter_-_membrane_subunit 

allS 0,248 1,08E-10 DNA-binding_transcripKonal_acKvator_AllS 

ccmE 0,248 1,45E-18 periplasmic_heme_chaperone 

flgI 0,248 1,48E-13 flagellar_P-ring_protein 

yjiH 0,248 1,93E-10 Gate_family_protein_YjiH 

yjjP 0,248 5,91E-09 putaKve_succinate_exporter_YjjP 

yecR 0,249 1,04E-14 lipoprotein_YecR 

dctR 0,251 0,00025326 putaKve_DNA-binding_transcripKonal_regulator_DctR 

hdeD 0,252 2,01E-16 acid-resistance_membrane_protein 

rhaR 0,252 4,13E-17 DNA-binding_transcripKonal_acKvator_RhaR 

hsdR 0,257 9,82E-22 type_I_restricKon_enzyme_EcoKI_endonuclease_component 

ywS 0,258 2,59E-11 putaKve_transporter_YwS 

ompC 0,259 1,66E-48 outer_membrane_porin_C 

uspA 0,259 8,45E-15 universal_stress_global_stress_response_regulator 

ynjE 0,259 6,39E-18 molybdopterin_synthase_sulfurtransferase 

yfeC 0,26 2,52E-22 putaKve_DNA-binding_transcripKonal_regulator_YfeC 

yjeI 0,26 3,02E-33 DUF4156_domain-containing_lipoprotein_YjeI 
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malT 0,261 3,20E-19 DNA-binding_transcripKonal_acKvator_MalT 

quuD 0,261 8,48E-05 prophage anKterminaKon protein Q homolog  

ycjM 0,261 9,35E-19 glucosylglycerate_phosphorylase 

ynhF 0,261 2,32E-26 stress_response_membrane_protein_YnhF 

ydiL 0,262 7,82E-06 DUF1870_domain-containing_protein_YdiL 

dtpB 0,264 1,98E-12 dipepKde/tripepKde:H(+)_symporter_DtpB 

sslE 0,264 5,19E-37 putaKve lipoprotein  

ampC 0,265 3,84E-26 beta-lactamase 

fixA 0,266 9,37E-09 putaKve_electron_transfer_flavoprotein_FixA 

eptB 0,267 6,00E-44 Kdo2-lipid_A_phosphoethanolamine_7''-transferase 

yidF 0,267 2,18E-14 uncharacterized_protein_YidF 

gpr 0,268 3,90E-11 L-glyceraldehyde_3-phosphate_reductase 

ulaC 0,268 2,67E-10 L-ascorbate_specific_PTS_enzyme_IIA_component 

adhE 0,269 1,15E-22 aldehyde-alcohol_dehydrogenase 

nrfG 0,269 2,94E-09 putaKve_formate-dependent_nitrite_reductase_complex_subunit 

ypfM 0,272 0,01858095 uncharacterized_protein_YpfM 

ygeY 0,273 3,67E-15 putaKve_pepKdase_YgeY 

yjfN 0,273 9,86E-07 protease_acKvator 

fucU 0,274 6,85E-26 L-fucose_mutarotase 

ygjR 0,274 3,45E-11 putaKve_oxidoreductase_YgjR 

hyaA 0,278 1,70E-12 hydrogenase_1_small_subunit 

vdR 0,281 0,00013808 DNA-binding_transcripKonal_acKvator_Dan 

yrdF 0,281 8,68E-12 pseudogene 

yhbS 0,282 6,20E-09 putaKve_acyltransferase_with_acyl-CoA_N-acyltransferase_domain 

yjjB 0,282 1,59E-13 putaKve_succinate_exporter_YjjB 

yijD 0,284 6,63E-31 conserved_inner_membrane_protein_YijD 

ydeM 0,285 9,49E-06 putaKve_anaerobic_sulfatase_maturaKon_enzyme_YdeM 

ccmH 0,286 1,85E-06 holocytochrome_c_synthetase_-_thiol:disulfide_oxidoreductase 

fliK 0,286 6,81E-15 flagellar_hook-length_control_protein 

raiA 0,286 2,86E-09 staKonary_phase_translaKon_inhibitor_and_ribosome_stability_factor 

ybcV 0,289 1,84E-07 DLP12_prophage;_protein_YbcV 

cspC 0,29 7,79E-45 stress_protein,_member_of_the_CspA_family 

yhbV 0,292 1,41E-06 putaKve_pepKdase_YhbV 

aphA 0,294 2,99E-16 acid_phosphatase/phosphotransferase 

frlA 0,295 1,93E-11 fructoselysine/psicoselysine_transporter 

yfcC 0,296 1,19E-09 putaKve_transporter_YfcC 

asnA 0,297 1,55E-09 asparagine_synthetase_A 

ymgD 0,297 3,14E-11 PF16456_family_protein_YmgD 

frwB 0,298 1,50E-12 putaKve_PTS_enzyme_IIB_component_FrwB 

glmY 0,301 1,11E-15 small regulatory RNA GlmY 

hupB 0,302 2,17E-47 DNA-binding_protein_HU-beta 

yhbU 0,302 9,99E-07 putaKve_pepKdase_YhbU 

nrfF 0,303 4,22E-05 putaKve_formate-dependent_nitrite_reductase_complex_subunit 

yjiV 0,303 6,06E-23 putaKve uncharacterized protein  

yqfG 0,303 0,04131362 uncharacterized_protein_YqfG 

bglG 0,305 0,00016483 transcripKonal_anKterminator_BglG 

dmsD 0,305 8,97E-24 redox_enzyme_maturaKon_protein_DmsD 

flhB 0,305 1,19E-07 flagellar_biosynthesis_protein_FlhB 

ylcI 0,305 1,68E-07 DLP12_prophage;_DUF3950_domain-containing_protein_YlcI 

yhfL 0,306 5,08E-05 DUF4223_domain-containing_lipoprotein_YhfL 

rbbA 0,308 1,51E-23 ribosome-associated_ATPase 

yihN 0,308 2,47E-19 putaKve_transporter_YihN 

ymiA 0,31 2,06E-08 uncharacterized_protein_YmiA 

agaV 0,311 3,99E-08 N-acetyl-D-galactosamine_specific_PTS_enzyme_IIB_component 

yagJ 0,311 9,84E-19 CP4-6_prophage;_protein_YagJ 

yhbT 0,311 2,61E-08 SCP2_domain-containing_protein_YhbT 

ulaF 0,312 2,77E-14 L-ribulose-5-phosphate_4-epimerase_UlaF 

yoaE 0,312 5,32E-20 putaKve_inner_membrane_protein 

yobF 0,312 1,93E-32 DUF2527_domain-containing_protein_YobF 

pck 0,315 5,18E-29 phosphoenolpyruvate_carboxykinase_(ATP) 

yihY 0,315 2,62E-33 putaKve_inner_membrane_protein 

yqfA 0,315 2,79E-08 hemolysin-III_family_protein 

bssR 0,317 6,97E-07 regulator_of_biofilm_formaKon 
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pxA 0,317 6,81E-15 6-phosphofructokinase_I 

dicF 0,318 0,04991216 small regulatory RNA DicF 

yaeH 0,318 6,03E-14 DUF3461_domain-containing_protein_YaeH 

flgJ 0,319 1,20E-06 putaKve_pepKdoglycan_hydrolase_FlgJ 

ynfO 0,324 0,00060749 Qin_prophage;_protein_YnfO 

zraR 0,324 9,07E-12 DNA-binding_transcripKonal_acKvator_ZraR 

fliZ 0,326 2,25E-10 DNA-binding_transcripKonal_regulator_FliZ 

glpX 0,326 3,32E-27 fructose-1,6-bisphosphatase_2 

hisL 0,326 4,35E-06 his_operon_leader_pepKde 

adeD 0,327 1,85E-24 adenine_deaminase 

ybaV 0,327 4,35E-18 helix-hairpin-helix_3_family_protein 

yhiD 0,327 0,00068206 inner_membrane_protein_YhiD 

fucR 0,328 2,77E-16 DNA-binding_transcripKonal_acKvator_FucR 

yfeD 0,329 1,72E-14 putaKve_DNA-binding_transcripKonal_regulator_YfeD 

dcuR 0,33 8,11E-22 DNA-binding_transcripKonal_acKvator_DcuR 

 

 

 

 

 

  



 172 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Concluding Remarks 
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 Fe-S clusters are essenQal cofactors for, except for a few excepQons, all living 

organisms. They require dedicated machineries for their assembly and their delivery to the 

Apo-proteins requiring them. The recent phylogeneQc approaches suggest that Fe-S 

machineries were already present in the last universal common ancestor, LUCA. Since their 

discovery, idenQficaQon and characterizaQon of Fe-S proteins and the machineries responsible 

for their maturaQon, have been the subject of intensive research. Fe-S research is a very 

producQve topic, every year new Fe-S proteins, new mechanisms of acQvity, and new insights 

on the machineries that synthesize them are discovered. In this manuscript I report the 

addiQon of a new member to the Fe-S biogenesis ISC machinery, ACP, as well as the 

characterizaQon of the last unstudied Fe-S regulator in E. coli, YeiL. Although many discoveries 

have been made in the Fe-S field, many more are sQll to come. 

 

The intriguing rela9onships between Fahy Acids and Fe-S biogenesis 

The fact that ACP is involved in the ISC machinery is enigmaQc and unexpected, as ACP 

is already known to be a central protein for faXy acid biosynthesis (FasII pathway). Moreover, 

the link between ACP and the ISC machinery is not restricted to E. coli since it has been shown 

that ACP parQcipates in the biogenesis of Fe-S clusters in the mitochondria of humans and 

yeast. In eukaryotes ACP interacts with ISD11, the stabilizing protein of NFS1, whereas in E. 

coli ACP interacts with three proteins of the ISC machinery IscS, Fdx, and HscB. Therefore, the 

common feature between ACP’s role in eukaryotes, regarding Fe-S biogenesis, and in 

prokaryotes seems to be its link with the cysteine desulfurase. This suggests that ACP role in 

Fe-S biogenesis might be Qghtly linked to the acQvity of the cysteine desulfurase.  

 Since the link between the FasII pathway and Fe-S cluster biogenesis is conserved 

between humans, yeasts, and E. coli, one might wonder if it is present in other organisms. 

PhylogeneQc studies teach us that SUF rather than ISC is the most prevalent system in 

bacteria. Therefore, one crucial quesQon arises:  is there a link between faXy acids and Fe-S 

cluster biogenesis in the organisms lacking ISC. Our study suggested that ACP does not affect 

the biogenesis of Fe-S clusters by the SUF system, since there was no effect of ACP on a 

regulator maturated by SUF nor any interacQon between ACP and SufS, the cysteine 

desulfurase of the SUF system. We have however no informaQon regarding the potenQal link 

between ACP and SUF in SUF only organisms. 
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 Some bacteria possess more than one ACP, such is the case of pseudomonas 

aeruginosa that has three ACPs. All three of them can be phosphopantetheinylated and 

acylated but only one, ACP1, is involved in FasII pathway and is therefore essenQal (Ma et al. 

2017). Since only the ISC system is present in P. aeruginosa it would be interesQng to test if 

the ACP-IscS interacQon is conserved and if so, which ACP is involved.  

 The most fascinaQng piece of informaQon regarding ACP and Fe-S biogenesis comes 

from the study of the unusual mitochondria of Plasmodium falciparum. P. falciparum and 

other apicomplexan parasites have an atypical mitochondria that lost some major funcQons 

such as faXy acid biogenesis or lipoate synthesis. InteresQngly, P. falciparum has conserved 

the interacQon ACP-ISD11-NFS1. Moreover, the mitochondrial ACP seems to be crucial for Fe-

S synthesis for this parasite as well (Falekun et al. 2021). These findings suggest that the 

evoluQonary pressure in this parasite has led to the loss of ACP’s main funcQon in the 

mitochondria, the FasII pathway, but conserved its role in Fe-S cluster biogenesis. The quesQon 

that naturally comes to mind is why would evoluQon maintain this interacQon?  

 In E. coli, ACP is involved in at least six essenQal pathways. ACP is involved in faXy acids 

biosynthesis, membrane biosynthesis (lipopolysaccharides and phospholipids), vitamins 

biosynthesis (bioQn and lipoate), stringent response, Fe-S cluster biogenesis and, possibly, 

structure of the chromosome. As for Fe-S clusters they are involved in a wide diversity of 

funcQons, such as respiraQon, geneQc regulaQon, metabolite biogenesis, central metabolism 

and much more. Thus, we can speculate that ACP and ISC interacQon has major consequences 

for the cell.  

We propose here to use ACP involvement in the stringent response as a benchmark 

for ACPs role in Fe-S biogenesis. The stringent response or nutrient limitaQon stress is an 

adaptaQon of the cell to mulQple stress related mainly to the availability of nutrients. The 

stringent response is acQvated when the level of 5ʹ-(tri)diphosphate, 3ʹ-diphosphate 

[(p)ppGpp], reaches a criQcal level. In E. coli, the level of (p)ppGpp alarmone in the cell, in any 

given moment, depends mainly on the acQvity of two proteins; RelA, a (p)ppGpp synthetase, 

and SpoT, a (p)ppGpp hydrolase and synthetase. It has been demonstrated that ACP interacts 

with the SpoT protein, and it has been proposed that ACP could modulate SpoT acQvity 

depending on the FasII acQvity. Once the stringent response is acQvated it would lead to a 

global gene regulaQon to induce cell arrest and the expression of resistance genes. We can 

speculate that by interacQng with the ISC machinery, ACP provides the informaQon regarding 
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the cell metabolic status. Similarly to ACP-SpoT interacQon, ACP's effect on the ISC machinery 

can help to slow down the growth when in unfavorable condiQons and then when the 

condiQons are favorable again it can help the resume to a normal growth. We can imagine 

that this effect can be hastened Fe-S involvement in a plethora of funcQons. 

 

YeiL, the last uncharacterized Fe-S regulator in E. coli 

At the start of my thesis very liXle was known about YeiL, only one paper was published 

on the subject 23 years ago. Although we faced many challenges in the characterizaQon of this 

regulator, we have at the end, provided much more informaQon from what was iniQally known 

about YeiL. 

We showed, by a transcriptomic approach, that YeiL affects the expression of hundreds 

of genes in the cell involved in various process amongst which, anaerobic respiraQon, sugar 

metabolism and nitric oxide (NO) stress response. By using a variant of YeiL that is unable to 

bind the cluster, YeiL*, we showed that the Apo-form of YeiL displays a strong regulatory 

acQvity. It is noteworthy to keep in mind that the overexpression of an Fe-S protein usually 

leads to the producQon of a mix of Holo- and Apo-forms, it is therefore too early to affirm 

whether both Apo-YeiL and Holo-Yeil are acQve or if it is only the Apo-form that is responsible 

for the regulaQon observed. In this study, we focused on one pathway regulated by both YeiL 

and YeiL*, the aldaric acid metabolism, and one pathway only regulated by YeiL*, the nitric 

oxide stress response.   

We have shown that YeiL represses the expression of the aldaric metabolism genes as 

well as NO stress response genes. Moreover, YeiL potenQally down-regulates these pathways 

in a similar fashion, i.e. compeQQon with acQvators for the binding of promoter regions. 

InteresQngly, aldaric acids are chemically synthesized by the NO-oxidaQon of simple sugars. 

Therefore, both pathways down-regulated by YeiL are linked to NO. However, the yeiL gene is 

very low expressed and our experimental data do not support a NO inducQon of yeiL 

expression nor an enhanced repressive acQvity in presence of NO. Therefore, it is possible that 

the role of YeiL is to down-regulate these pathways in absence of NO. Here, we propose a 

model in which YeiL role is to prevent inappropriate acQvaQon of these pathways in absence 

of NO.   

The hcp-hcr operon expression is acQvated by SNO-OxyR. We propose that YeiL 

competes with OxyR for the binding of hcp-hcr promoter, therefore the following quesQon 
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arises: in which condiQons YeiL could outcompete OxyR for hcp-hcr promoter binding? OxyR 

is known for its role in inducQon of oxidaQve stress response and more parQcularly H2O2. OxyR 

has been well characterized regarding the acQvaQon of a whole set of genes involved in the 

response to oxidaQve stress. Those genes include the alkyl hydroperoxyde reductase AhpC, 

the catalase encoded by katG, as well as the suf operon. AcQvaQon of this regulon is done by 

the oxidized form of OxyR (Ox-OxyR) that is obtained through the sulfenylaQon of the Cys199 

residue and the subsequent formaQon of a disulfide bond between the Cys199 and Cys208 

residues (Lee et al. 2004). InteresQngly it is the same residue that is nitrosylated by NO to 

generate SNO-OxyR, which controls the expression of genes involved in the response to NO, 

amongst which hcp (Seth et al. 2012). Although the overlap of the Ox-OxyR and SNO-OxyR 

regulons is very limited, it has been reported that some genes belonging to the Ox-OxyR 

regulon, like katG for instance, are slightly acQvated by SNO-OxyR as well (Seth et al. 2012). 

We therefore hypothesize that YeiL repression of hcp occurs in oxidaQve stress condiQons and 

prevents hcp acQvaQon by Ox-OxyR (see the proposed model Fig. 1). We thus suggest that YeiL 

affinity for hcp promoter is higher that Ox-OxyR but lower than SNO-OxyR. We propose to test 

this hypothesis by studying the role of OxyR and YeiL in the expression of hcp under oxidaQve 

stress. 
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Figure 1. Proposed molecular mechanism for YeiL and OxyR regulaQon of hcp-hcr expression. 

Exposure to H2O2 leads to the acQvaQon of OxyR, Ox-OxyR form, through the formaQon of a disulfide 

bond, and to the acQvaQon of YeiL by the loss of its cluster. In this condiQon Apo-YeiL affinity for hcp 

promoter is sufficient to prevent Ox-OxyR binding. Exposure to NO leads to the acQvaQon of OxyR, 

SNO-OxyR form, through nitrosylaQon, and to the acQvaQon of YeiL by the loss of its cluster. In this 

condiQon Apo-YeiL affinity for hcp promoter is not sufficient to prevent SNO-OxyR binding 

 

As for the YeiL down-regulaQon of the aldaric acid pathway we have proposed that YeiL 

competes with the CdaR acQvator for the binding to the cdaR promoter region.  However, the 

acQvity of CdaR in presence of other oxidized sugars has never been tested. Aldaric acids are 

obtained through the oxidaQon of simple sugars by NO. The reacQon involves the oxidaQon of 

both ends of the aldose chain to form carboxylic groups (aldaric acids are also known as di-

acid sugars) (Fig. 2 A). Simple sugars can also be oxidized by H2O2 and the product obtained 

are aldonic acids. The reacQon involves the oxidaQon of only the aldehyde group into a 

carboxylic group (Fig 2 A). E. coli can metabolize aldonic acids thanks to genes encoded in the 

gnt operon (Coello et al. 1992). We propose here that YeiL prevents cross acQvaQon of the 

aldaric acid metabolism genes by aldonic acids through CdaR in order to prevent wasteful 

producQon of unwarranted proteins (see the proposed model Fig. 2 B). We propose to test 

this hypothesis by first studying the effect of aldonic acids on cdaR expression in a ∆yeiL.  
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A)                              B) 

 

 
 

Figure 2. Proposed mechanism for CdaR and YeiL regulaQon of cdaR expression. A) OxidaQon of a 

ribose by H2O2 and NO.  B) Exposure to aldonic acids leads to a weak acQvaQon of CdaR that is not 

sufficient to displace YeiL from cdaR promoter. Exposure to aldaric acids leads to the full acQvaQon of 

CdaR, which is sufficient to displace YeiL from cdaR promoter. 

 

 Based on our models for both NO stress response (hcp-hcr operon) and aldaric acids 

metabolism regulaQon (cdaR gene), it would be interesQng to invesQgate YeiL role in H2O2 

stress.  

 

The study of the cross-talk between FaXy acid biogenesis and Fe-S cluster biogenesis, 

as well as the characterizaQon of the YeiL regulator is a tesQmony for the all the discoveries 

that are sQll to be made on the Fe-S field. While we generally consider E. coli as the best 

characterized bacteria in biology, it is important to remember that we sQll know too liXle on 

the most fundamental funcQons of this bacteria. 
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Titre: Étude de la biogenèse des centres fer-Soufre en condi9ons de stress métaboliques et 

environnementaux 
 

Résumé : Les centres fer-soufre (Fe-S) sont des cofacteurs métalliques essenQels dans la 

plupart des systèmes vivants. Chez Escherichia coli, les centres Fe-S sont impliqués dans 

l'acQvité de plus de 180 protéines tandis que chez l'Homme, des dysfoncQonnements dans 

l'homéostasie des centres Fe-S sont à la base de nombreuses pathologies. Les protéines à 

centres Fe-S parQcipent à des processus majeurs incluant la respiraQon, le métabolisme 

central, la réplicaQon et la réparaQon de l'ADN. Chez E. coli, la biosynthèse des centres Fe-S 

est catalysée par l'acQvité de complexes mulQ-protéiques, ISC en condiQons opQmales, et SUF 

en condiQons de stress (stress oxydant, faible biodisponibilité en fer). Mon projet de thèse 

s'est focalisé sur la relaQon entre le métabolisme des centres Fe-S et celui des acides gras, 

ainsi que sur la caractérisaQon d'un régulateur à centre Fe-S.  

 Un lien inaXendu entre la biogénèse des acides gras et celle des centres Fe-S a été 

rapporté chez les eucaryotes. Le premier objecQf de ceXe thèse a été de tester ce lien et d’en 

étudier les mécanismes chez les procaryotes en étudiant E. coli comme modèle. Une approche 

de double hybride bactérien a montré des interacQons spécifiques entre l’ACP (Acyl Carrier 

Protein) et trois membres de la voie ISC (IscS, Fdx, et HscB). Nous avons uQlisé l’ouQl CRISPRi 

pour diminuer l’expression du gène essenQel acpP codant l’ACP. L’étude de l’effet de la 

diminuQon d’ACP dans la cellule sur différents rapporteurs, acQvité de régulateurs et 

d’enzymes à centres Fe-S, nous a permis de montrer que l’ACP a un effet posiQf sur la 

biogénèse ISC-dépendante des centres Fe-S. 

  Le second objecQf de ma thèse a été la caractérisaQon d’un régulateur à centre Fe-S 

dont la foncQon est encore inconnue, YeiL. L’expression de ce gène étant indétectable dans les 

condiQons classiques testées, nous avons étudié l’effet de la surexpression de yeiL sous sa 

forme sauvage et sous une forme mutée ne pouvant plus lier le centre Fe-S. Une approche 

transcriptomique a montré que la producQon de ces deux formes modifie l'expression de 

centaines de gènes. L’analyse ontologique a révélé que la respiraQon anaérobie du nitrate, la 

réponse au stress nitrique, et l’uQlisaQon de sucres oxydées, les acides aldariques, sont parmi 

les foncQons régulés par YeiL. De plus, ces trois foncQons ont comme point commun l’oxide 

nitrique, NO. Le NO est un produit de la respiraQon du nitrate, il induit une réponse adaptaQve 

spécifique, et favorise la formaQon d’acides aldariques. En étudiant les modalités d’expression 

de hcp, codant une NO réductase, nous avons montré un lien entre YeiL et OxyR, deux 

régulateurs transcripQonnels en compéQQon pour le contrôle de l’expression de hcp. L'étude 

de la voie de régulaQon des gènes du métabolisme des acides aldariques nous a permis de 

montrer que YeiL interfère avec la voie d'acQvaQon dédiée, via le régulateur CdaR. Il apparaît 

donc que dans les deux voies étudiées, YeiL régule l’expression de gênes par compéQQon avec 

d’autres régulateurs précédemment idenQfiés. Le NO est un effecteur de la réponse 

immunitaire innée, il a un effet bactéricide mais favorise aussi la formaQon d’acides 

aldariques. En uQlisant un modèle de colonisaQon de l'intesQn de souris, nous avons pu 

montrer que le régulateur YeiL a un effet posiQf sur la colonisaQon à long terme. 
 

Mots-clés : Clusters Fer-Soufre, Acides gras, RégulaQon transcripQonnelle, Oxide nitrique 



 

Title: Study of Iron-sulfur cluster biogenesis in environmental and metabolic stress 

condi9ons 

 

Abstract: Iron-sulfur (Fe-S) clusters are essenQal metallic cofactors present in most living 

organisms. In Escherichia coli, Fe-S clusters are involved in the acQvity of over 180 proteins, 

while in humans, dysfuncQons in Fe-S cluster homeostasis are the root of many diseases. Fe-

S cluster-containing proteins parQcipate in major processes including respiraQon, central 

metabolism, DNA replicaQon, and repair. In E. coli, Fe-S cluster biosynthesis is catalyzed by two 

mulQ-protein complexes, ISC under opQmal condiQons, and SUF under stress condiQons 

(oxidaQve stress, low iron bioavailability). My PhD project focused on the relaQonship 

between Fe-S cluster metabolism and faXy acid metabolism, as well as the characterizaQon of 

an Fe-S cluster regulator.  

 An unexpected link between faXy acid and Fe-S biogenesis has been reported in 

eukaryotes. The first objecQve of this thesis was to test this link and study the mechanisms in 

prokaryotes using E. coli as a model. A bacterial two-hybrid approach showed specific 

interacQons between Acyl Carrier Protein (ACP) and three members of the ISC pathway (IscS, 

Fdx, and HscB). We used the CRISPRi tool to decrease the expression of the essenQal acpP 

gene encoding ACP. The study of the effect of ACP decrease on various Fe-S cluster reporters, 

regulators and enzymes acQviQes, allowed us to show that ACP has a posiQve effect on the 

ISC-dependent Fe-S biogenesis.  

 The second objecQve of my thesis was to characterize an Fe-S cluster regulator whose 

funcQon is sQll unknown, YeiL. As the expression of this gene was undetectable under tested 

condiQons, we studied the effect of the overexpression of yeiL, both its wild-type form and a 

mutated form that cannot bind the Fe-S cluster. Transcriptomic analysis showed that the 

producQon of these two forms modifies the expression of hundreds of genes. Ontological 

analysis revealed that anaerobic nitrate respiraQon, nitric stress response, and the use of 

oxidized sugars, aldaric acids, are amongst the funcQons regulated by YeiL. Furthermore, these 

three funcQons are all related to nitric oxide, NO, which originates from nitrate respiraQon, 

induces a specific adapQve response, and promotes the formaQon of aldaric acids. By studying 

the expression of hcp, which encodes a NO reductase, we have shown a link between YeiL and 

OxyR, two transcripQonal regulators in compeQQon for the control of hcp expression. Our 

study of the transcripQonal regulaQon of aldaric acids metabolism genes has allowed us to 

demonstrate that YeiL interferes with the dedicated acQvaQon pathway via the regulator CdaR. 

Thus, it appears that in both pathways studied, YeiL regulates gene expression by compeQng 

with other previously idenQfied regulators. NO is an effector of the innate immune response, 

it displays a bactericidal effect but also promotes aldaric acids formaQon. Using a mice gut 

colonizaQon model, we have shown that the YeiL regulator has a posiQve effect on long-term 

colonizaQon. 
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