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Summary of the thesis

Structure et dynamique
des systémes vivants
(SDSV)

Titre : Adaptation a la carence en fer du staphylocoque doré par un ARN régulateur

Mots clés : Staphylocoque doré, ARN régulateur, fer, Citrate, aconitase, methylthiotransferase

Résumé : Le Fer est un élément essentiel pour le
développement de nombreux microorganismes.
Dans le cadre d'une infection, un des mécanismes
principaux de défense de I'héte consiste a séquestrer
certains métaux tels que le fer, afin de limiter la
croissance  bactérienne.  Récemment,  I'’ARN
régulateur IsrR a été découvert et caractérisé chez S.
aureus comme étant un régulateur de la réponse a la
carence en Fer. En effet, IsrR controle le métabolisme
bactérien en limitant I'utilisation du Fer lorsque celui-
ci vient a manquer. L'objectif de cette thése est de
caractériser le role d1srR dans le contréle du
métabolisme du citrate.

Ces travaux montrent que IsrR réprime l'aconitase,
une enzyme clé du cycle de Krebs, ainsi que son
activateur transcriptionnel CcpE, en s'appariant sur

leurs ARNs messager et en empéchant leur
traduction.

En conditions de carence en Fer, I'aconitase devient
une protéine se liant a I'ARN et permettant la
régulation de plusieurs génes impliqués dans le
métabolisme du Fer. Ces travaux sont les premiers
a caractériser cette activité RNA-binding chez S.
aureus et ont permis de démontrer qu'en
conditions de carence en fer, I'aconitase modifie le
métabolisme de S. aureus en réprimant le cycle de
Krebs et en favorisant la production d'oxaloacetate.

Enfin, ces travaux ont également permis
I'élargissement de la liste des cibles d'IsrR. En effet,
ils démontrent le réle d’IsrR dans la régualtion
d'une enzyme possédant un noyau Fer-Soufre qui
est la méthylthiotransférase MiaB.

Title: Control of the iron-sparing response in Staphylococcus aureus by a regulatory RNA

Keywords: Staphylococcus aureus, regulatory RNA, iron, citrate, aconitase, methylthiotransferase

Abstract: Iron is an essential element for the
development of many microorganisms. In the course
of infection, one of the main host defense
mechanisms consists in sequestering certain metals
such as iron in order to limit bacterial growth.
Recently, the sRNA IsrR was discovered and
characterized in S. agureus as a regulator of the
respronse to iron starvation. Indeed, IsrR controls
bacterial metabolism by limiting iron utilization when
necessary. The aim of this thesis is to characterize the
role of IsrR in the control of citrate metabolism.

This work show that IsrR repress aconitase, a key
enzyme from the TCA «cycle, as well as its
transcriptional activator CcpE, by pairing on their

mRNAs and preventing their translation.

Upon iron starvation, aconitase becomes an RNA-
binding protein and regulates several genes
involved in iron metabolism. This work is the first to
characterize this RNA-binding activity in S. aureus
and allowed us to demonstrate that upon iron
starvation, aconitase modifies S. aureus
metabolism by switching off TCA cycle and
favorizing production of oxaloacetate.

Finally, this work also allowed us to expand the list
of IsrR targets. Indeed, we demonstrate the role of
IsrR in the regulation of a Fe-S cluster containing
enzyme which is methylthiotransferase MiaB.
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C. Introduction

1.Iron and living organisms

1.1. Iron in the environment

Iron is the fourth most abundant element on Earth’s crust, representing about 6.3% of
its total mass (Frey and Reed 2012). It is a transition metal that exists under ten different
oxidation states ranging from -2 to +7, but only two are relevant for biology: Fe®*
(ferrous) and Fe3* (ferric) forms. On Earth, iron is mostly found under the Fe3* form due
to the presence of oxygen in the atmosphere. However, Fe3* is poorly water soluble
under aerobic conditions, making it difficult to use for living organisms that need
oxygen for growth. On the contrary, in anaerobic, microaerobic, and acidic
environments, the predominant form of iron is Fe?*, which is soluble and therefore
more available to living organisms.

1.2. Iron in biology

1.2.1. Biological properties of iron

Iron is a necessary element for almost all living organisms, two known exceptions
being the bacteria Borrelia burgdorferi which uses manganese instead (Posey and
Gherardini 2000), and Lactobacillus plantarum (Archibald 1983). The crucial role of iron
in biology is due to the very large redox potential of the Fe?*/Fe3* couple. Indeed, iron
can serve as an electron donor and can use a large panel of ligands, which makes it a
perfect fit for a plethora of proteins that are involved in biological processes such as
aerobic and anaerobic respiration, tricarboxylic acid (TCA) cycle, photosynthesis,
nitrogen fixation, DNA synthesis and many other processes (Chareyre and Mandin
2018). To fulfill this function, iron is mostly found as a co-factor alone or in combination
with other elements such as sulfur to form iron-sulfur clusters, or as heme groups.

1.2.2. Iron-sulfur clusters

In all three domains of life, most of the intracellular iron is not free but found in
iron-sulfur clusters (Fe-S clusters). The Fe-S clusters are prosthetic groups necessary for
the activity of the enzyme in which they are found. In nature, they exist in a variety of
shapes and sizes, going from the simplest form 2Fe-2S (rhombic cluster) to the most
complex 8Fe-7S (P-cluster). However, within proteins, Fe-S clusters are usually found in
three main shapes: 2Fe-2S (rhombic cluster), 3Fe-4S (cuboidal cluster), and 4Fe-4S
(cuboidal cluster) (Esquilin-Lebron et al. 2021; Boncella et al. 2022) (Figure 1).



Figure 1: Most common Fe-S clusters found in nature.

Fe atoms are represented in orange while S atoms are represented in yellow. A) rhombic
2Fe-2S cluster; B) cuboidal 3Fe-4S cluster; C) cuboidal 4Fe-4S cluster. From (Boncella et
al. 2022)

L Fe-S cluster biogenesis pathways in bacteria

In bacteria, three biosynthesis pathways for Fe-S clusters have been identified:
Isc (Iron-Sulfur Cluster), Suf (Sulfur Formation), and Nif (Nitrogen Fixation). However,
the repartition of these three systems among the bacterial kingdom is quite uneven.

The Nif system was discovered in the late ‘80s by the Dean’s group while working
on the nitrogenase maturation of the azototrophic bacteria Azotobacter vinelandii
(Jaeobson et al. 1989). Nitrogenase is a highly produced enzyme fixing nitrogen and
containing iron-sulfur clusters; it was hypothesized and discovered that a specialized
system dedicated to the production of the Fe-S clusters was necessary for its activity.
In 1998, , the same group discovered the Isc system, still in A. vinelandii (L. Zheng et al.
1998). While the Nif system is specific to nitrogen-fixating bacteria, Isc is a putative Fe-
S biogenesis pathway that provides Fe-S clusters for other proteins. Finally, Takahashi
and Tokumoto discovered the Suf system in Escherichia coli (Takahashi and Tokumoto
2002). It was initially thought that Suf was another system dedicated to the production
of Fe-S clusters under stress conditions such as oxidative stress or iron starvation.
However, recent work from the Barras’s group showed that the presence of Isc and Suf
in £ coliis exceptional and that most of the bacteria possess only one system being
Suf but not Isc, even though Isc is the most studied (Garcia et al. 2022).



Although the three main Fe-S clusters biogenesis pathways are different in terms
of components, the formation of Fe-S clusters follows a similar pattern in all three
systems (Figure 2) (Roche et al. 2013; Garcia et al. 2022):

1) The sulfur atom is obtained via the degradation of L-cysteine into L-alanine by
the action of a cysteine desulfurase (IscS, SufS, NifS)

2) The sulfur atom is combined with Fe?* and electrons on a scaffold protein (IscU,
SufB, SufC, SufD, NifU) to form a Fe-S cluster.

3) The Fe-S cluster is then transported and integrated into the apo-proteins by
carriers (IscA, SufA), and the process is controlled by chaperones (HscA, HscB).

L-Cysteine HscA

HscB
o]

HS OH

"Fes .

NH, IscU
SufB, SufC, SufD
Nifu

IscS

SufS S

NifS

' ; Fe-S
o}
OH

NH, apo-protein

%

Functional
protein

L-Alanine

Figure 2: Fe-S cluster biosynthesis

L-cysteine is transformed into L-alanine via the action of a cysteine desulfurase (purple).
The sulfur atom is then combined with iron and electrons to form a Fe-S cluster via a
scaffold protein (light blue). The formed Fe-S cluster is then brought to apo-proteins
(orange) by a carrier protein (pink), under the control of chaperones (green).
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IL. Role of Fe-S clusters in bacterial metabolism

Due to their versatility in compositions and redox potential, Fe-S clusters are
present in proteins with diverse functions, most of them being involved in electron
transfer, catalysis, sulfur donation, and sensing (Johnson et al. 2005). For example,
ferredoxins are one of the most important families of Fe-S cluster-containing proteins.
Ferredoxins are small, acidic Fe-S clusters containing proteins found in all three
domains of life that serve as electron carriers. The first ferredoxin has been discovered
in the bacteria Clostridium pasteurianum (Mortenson, Valentine, and Carnahan 1962).
In bacteria, ferredoxins have a 2Fe-2S, 4Fe-4S, or 4Fe-3S cluster. They serve in
numerous metabolic reactions, such as pyruvate metabolism, nitrogen fixation, sulfate
reduction, hydrogen production, and cytochrome P450 hydroxylation (Zanetti and
Pandini 2013).

Due to their intrinsic redox potential, Fe-S cluster proteins can also be involved
in gene regulation. This is for example the case of the SoxRS response in £. coli. Under
normal conditions, the 2Fe-2S cluster of SoxR is reduced (Fe’*-Fe** state). In the
presence of oxidative stress, the reactive oxygen species (ROS) will cause oxidation of
the 2Fe-2S cluster of SoxR (Fe3*-Fe3* state) that will allow it to activate the transcription
of its only target soxS (H. Ding, Hidalgo, and Demple 1996; Gaudu and Weiss 1996;
Gaudu, Moon, and Weiss 1997). soxS encodes a transcription factor regulating genes
involved in oxidative stress resistance, such as the superoxide dismutase sodA or the
nitroreductase nfsA (Pomposiello, Bennik, and Demple 2001).

In Staphylococcus aureus, several regulators are proteins containing Fe-S
clusters, such as for example NreB, or AirS, a kinase part of a two-component system
that senses oxygen (Sun et al. 2012). Under oxygen depletion, NreB is a histidine kinase
that works in a two-component system with the regulator NreC by providing it
phosphoryl groups for it to bind the promoter regions of nitrate and nitrite reductase
to enhance their transcription (Fedtke et al. 2002). In presence of O, the [4Fe-4S]%*
cluster of NreB is first converted by oxidation into [3Fe-4S]*, which leads to the release
of one ferrous ion, and later degraded by a series of oxidation events due to a
prolonged exposition to oxygen (Unden and Schirawski 1997), leading to an inactive
NreB that cannot activate NreC and therefore S. aureus lose the ability to use nitrate
for respiration.

More complex Fe-S clusters also exist: [FeFe] hydrogenases possess the H-
cluster that consists of a [4Fe-4S] cluster linked to [2Fe] by a cysteine (Figure 3A)
(Bortolus et al. 2018); Nitrogenases with a P-cluster have a 8Fe-7S cluster derived from
two 4Fe-4S clusters (Figure 3B) (Lee et al. 2009). However, these complex clusters are
specific and not found for other proteins.
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Figure 3: Model representation of the H-cluster and the P-cluster.

A: The H-cluster is composed of a cubane 4Fe-4S cluster (left) linked to a diiron (2Fe)
cluster by a S-cysteine bridge. B: The P-cluster is formed by merging two 4Fe-4S clusters
and losing an S element, which leads to forming an 8Fe-7S cluster. Adapted from (Lam-
bertz et al. 2011) and (C.-H. Wang and DeBeer 2021).

1.2.3. Heme
L Generalities

The total human body intracellular iron pool is approximately 4g, with about 3g
found under the form of heme (Tong and Guo 2009). Heme is a cofactor containing an
atom of metal, in majority iron, on the center of an organic ring called porphyrin. This
iron atom can then bind diatomic gas such as dioxygen. Heme A, B and C are with
different chemical formulas, with heme B being the most common type present in
hemoglobin or myoglobin. Heme A and C are found in cytochromes A and C,
respectively. Proteins in which the heme group is a cofactor are known as hemoproteins
and serve for a large panel of functions such as electron transfer, substrate oxidation,
metal ion storage, ligand sensing, and transport (Reedy and Gibney 2004).
Hemoproteins are found in bacteria, eukaryotes, and archaea highlighting the
biological importance of heme groups.

Heme is also a signaling molecule, by binding or dissociating from a protein. In
humans, heme regulation affects transcription factors, translational activators, and
other regulatory elements to control pathways such as oxidative stress response,
circadian rhythm, and cell proliferation (Chambers et al. 2021).

In bacteria, heme is present in essential proteins such as cytochromes involved
in the respiratory chain. Therefore, many bacteria possess a heme synthesis pathway
(Gruss, Borezée-Durant, and Lechardeur 2012). Heme biosynthesis begins with a
glutamyl-tRNA followed by different steps depending on the type of bacteria: Gram-
negative bacteria use a “classical” pathway identical to Eukaryotes, while Gram-positive
bacteria use a “non-canonical” pathway (Choby and Skaar 2016) (Figure 4). In addition,
many pathogenic bacteria possess systems for the acquisition of exogenous heme (see
page 18).
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Figure 4. Heme synthesis pathways in bacteria

The formation of heme starts with a molecule of glutamyl-tRNA, which is transformed
sequentially into coproporphyrinogen IIl by HemA, HemL, HemB, HemC, HemD, and HemE.
In Gram-negative bacteria and Eukaryotes, the coproporphyrinogen IIl molecule is trans-
formed into heme via the “classical pathway” (in blue) with an intermediate reaction to
form protoporphyrin IX. In Gram-positive bacteria, heme is formed by the "non-canonical”
pathway (in green) via the formation of coproheme III. From (Choby and Skaar 2016).

1.3. Iron homeostasis within the bacteria

Bacteria, like most living organisms, need iron to survive. For example, £. colihas
up to 10° atoms of iron per cell (Andrews, Robinson, and Rodriguez-Quifiones 2003).
This concentration is similar in other bacteria but can go up to 107 atoms per cell in
magnetotactic bacteria such as Magnetospirillum magneticum (Amor et al. 2020). Thus,
iron starvation is often a growth-limiting factor. However, iron concentration within the
cell has to be tightly regulated, since high concentrations cause the production of ROS
via the Fenton and the Haber-Weiss reactions which can affect several processes such
as protein or DNA integrity (Cornelis et al. 2011; Seixas et al. 2022). Oxidative stress can
also affect the activity of some enzymes by promoting their mismetallation (Gu and
Imlay 2013). Therefore, bacteria have acquired different systems to sense the
intracellular iron concentration and adapt in order to survive.

13




1.3.1. The ferric uptake requlator (Fur)

The ferric uptake regulator (Fur) was first identified in 1981 from an £ coli
mutant in which the siderophore production pathways were constitutively expressed
(Hantke 1981). Its existence was predicted since it was already known that a low level
of intracellular Fe?* induces siderophore production in £ coli(Brot and Goodwin 1968).
Fur is present in most prokaryotes, with the exception of the genus Lactobacillus. The
different Fur proteins are grouped a superfamily of metallo-regulators, the FUR family,
which includes Zur, Nur, Mur, and PerR associated respectively with the zinc uptake,
nickel uptake, manganese uptake, and peroxide stress response (Steingard and
Helmann 2023; Fillat 2014).

Fur is a DNA-binding protein. In vitro, it can use Fe**, Mn?*, Co?*, Zn?* and Cd?*
as cofactor. However, only Fe?*, Mn?* and Co?* can regulate gene expression /n vivo.
Under normal conditions, the Fur-Fe** complex is organized in homodimer, and each
one of the two protomers possesses an iron-binding site. It binds to specific DNA
sequences called Fur boxes, usually located within the promoter region of iron-
regulated genes, thus preventing the binding of the RNA polymerase and gene
transcription (Troxell and Hassan 2013). When intracellular Fe?* levels are low, the Fur-
Fe’* complex is dismantled from the Fur box and RNA polymerase can transcribe of
the iron-regulated genes (Figure 5).

RMA
polymerase

Fur box

Fiqure 5: Fur requlation

Under iron-rich conditions, Fe?* contributes to the stability of Fur (orange) homodimer,
which in turn recognizes and binds to Fur boxes (yellow). The Fur complex on DNA pre-
vents the RNA polymerase (blue) from binding to iron-regulated promoters and thus their
transcription. When intracellular iron is low, iron-free Fur cannot bind to Fur boxes, and
iron-regulated promoters are transcribed.
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However, recent data challenge this model in £ coli by showing that /n vivo, Fur
activity is likely regulated by a [2Fe-2S] cluster rather than Fe?* (Fontenot et al. 2020;
Fontenot and Ding 2023)

Fur target genes involved in iron homeostasis and the most studied targets of Fur
are genes involved in iron acquisition systems such as siderophore synthesis. Fur also
represses genes that are not directly involved in iron homeostasis. For example, in £
colior Vibrio parahaemolyticus, Fur represses genes involved in flagellum assembly, so
that the expression of the flagella is diminished in presence of iron, probably to prevent
bacteria from moving to a more hostile environment (McCarter and Silverman 1989).

In some cases, Fur can also act as an activator. For example, in Sa/monella
typhimurium, the expression of Fur is necessary for the expression of key acid shock
proteins (Hall and Foster 1996). However, these positive regulations can be indirect: in
E. colj, Fur indirectly activate sodB expression by preventing sodB mRNA degradation
normally induced by the RyhB sRNA (Masse and Gottesman 2002)

1.3.2. Iron import systems

When intracellular iron concentration is too low, the bacteria have to find a way to
acquire iron from the environment. For this, bacteria have systems to extract and
incorporate iron under different forms, which are active according to growth
conditions.

L Siderophores

The most studied iron acquisition pathway in bacteria is the production of
siderophores. Under many growth conditions, free iron barely exists, and most of the
iron is found in the insoluble Fe3*. Siderophores are secondary metabolites secreted
into the environment to scavenge Fe** to bacterial cells. The incorporation into the cell
can be done directly via transporter specific for Fe3*, or the siderophore-bound Fe3*
can be reduced into Fe®* by a ferric-chelate reductase present in extracellular media or
anchored to the membrane of the bacteria (Miethke and Marahiel 2007). Almost all
known bacteria produce at least one siderophore, meaning that siderophores probably
represent the most important iron acquisition mechanism for bacteria (Kramer, Ozkaya,
and Kimmerli 2020).
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In pathogens, conserved transcriptional regulators controlling iron homeostasis
also regulate siderophore production. Siderphore production in therefore induced
upon iron starvation. In Firmicutes such as Staphylococcus spp, Bacillus Spp and Listeria
monocytogenes, this regulator is Fur. In other bacteria iron homeostasis can be
regulated by the DtxR, MtsR, and SloR regulators, which are also functional and
structural homologs of Fur (Sheldon and Heinrichs 2015).

The vast majority of known siderophores can be classified into four families,
depending on the moiety donating the oxygen ligand used for Fe** coordination. These
molecules can be catecholate, phenolates, hydroxamates, or carboxylates deriving from
either citrate or 2-oxo-glutarate (Figure 6). However, this classification is now more
complex due to the fact that “mixed-type” siderophores that contain at least two
classes of moieties in the same molecule have been discovered (Miethke and Marahiel
2007).
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Figure 6: Examples of different families of siderophores

The moieties involved in iron coordination have been highlighted as indicated: cate-
cholates in red, phenolates in orange, hydroxamates in yellow, carboxylates deriving from
citrate in green, and carboxylates deriving from 2-oxo-glutarate in light blue. From
(Miethke and Marahiel 2007).
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Siderophores are molecules of less than 1 KDa that have an affinity of up to 10
°2 M for Fe3*. This exceptionally high affinity enables them to scavenge iron directly
from host proteins such as transferrins or lactoferrins, which generally have an affinity
around 107%° (Baker and Baker 2004; Steere et al. 2012). However, the host can
sequester siderophores using siderocalin, a protein secreted by neutrophils that bind
specifically to negatively charged siderophores like the catecholate to prevent their
iron-scavenging activity (Goetz et al. 2002). Therefore, most pathogens evolved by
producing several types of siderophores, one being susceptible to siderocalin (usually
a catecholate) and one immune. For example, some pathogenic strains of Bacillus
anthracis or Bacillus cereus produce both bacillibactin (catecholate, susceptible to
siderocalin) and petrobactin (citrate-catecholate, resistant to siderocalin) (Hotta et al.
2010).

Finally, some bacteria are also able to use siderophores produced by other
bacteria for themselves, which are then called xenosiderophores. Their use is possible
by the presence on the recipient bacteria of a transporter with broad specificity. The
use of xenosiderophores provides a great advantage for growth in a mixed population,
since these bacteria can use siderophores without having to spend energy to produce
them (D'Onofrio et al. 2010). This hijacking can also be more specific; for example,
Staphylococcus lugdunensis is not able to synthesize staphyloferrin A and B, but it can
incorporate them because it possesses the HtsABC and SirABC transporters. Therefore,
in co-culture with S. aureus, it will use the staphyloferrin A and B produced by this latter
to enhance its growth (Brozyna, Sheldon, and Heinrichs 2014).

II. Heme acquisition systems

Heme represents the greatest source of iron from the host. Heme groups are
present in a great variety of proteins called hemoproteins, the most important being
the hemoglobin, located within the erythrocytes. Hemoglobin contains about two-
thirds of the total human iron, and one erythrocyte can contain about 280 million
molecules of hemoglobin (Choby and Skaar 2016). Therefore, most pathogenic
bacteria, such as S. aureus, have a preference for heme-based iron and have evolved
to acquire it from the host (Skaar et al. 2004).

Since most of the heme is not free but rather in association with hemoproteins
inside various cells, the first step of its acquisition is to degrade them by the action of
hemolysins. These hemolysins are pore-forming toxins (PFTs) and are found in a large
number of pathogens such as Streptococcus pneumoniae, S. aureus, E. col, and
Mycobacterium tuberculosis. They usually act by binding to a specific receptor and
formation of multimers which will cause the formation of a pore in the membrane (Los
et al. 2013).
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After being damaged, the cells (for example erythrocytes) will release
dissociated heme but also hemoglobin. The heme groups will then be scavenged by
proteins secreted or present at the surface of the pathogens called hemophores
(Sheldon, Laakso, and Heinrichs 2016; Contreras et al. 2014).

In Gram-negative bacteria, these hemophores are part of the HasA (heme
acquisition system) family and were first isolated in Serratia marcescens before being
found in several pathogens like Pseudomonas aeruginosa or Yersinia pestis. HasA-like
hemophores are small proteins that are secreted through a type I secretion system.
HasA-like hemophores are able to scavenge heme from a broad range of hemoproteins
(Wandersman and Delepelaire 2012). Once bound to heme, HasA will recognize and
bind to an outer membrane receptor protein, HasR, and will transfer the heme to it so
it can be internalized (Figure 7).

In Gram-positive bacteria, the hemophores are not secreted proteins but rather
cell-surface associated proteins (IsdABH) containing a NEAT domain, which are part of
the iron-regulated surface determinant (Isd) pathway, which has been studied
extensively in S. aureus. These proteins can bind hemoproteins and transmit heme to
different transporters (IsdCDEF) that will allow them to be transported across the cell
wall (Figure 7) (Skaar and Schneewind 2004). Once in the cytoplasm, heme is then
dissociated by heme oxygenases (IsdGI) to recover only Fe?*.
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Figure 7: Heme acquisition pathways in Gram-neqative (left) and Gram-positive (right) bacteria.

Organization and the localization of the two main heme acquisition systems in bacteria.
OM: outer membrane; PG: peptidoglycan; IM: inner membrane; Hm: heme; Hb: hemoglo-
bin; Hp: haptoglobin

1. Inorganic iron uptake

In anoxic or acidic environments, most of the available is under the Fe?* state.
Bacteria have thus developed several systems that allow them to directly acquire
available iron through the use of transport systems, even though their use is minor
compared to the importance of siderophores and heme acquisition systems. These
systems for the acquisition of inorganic iron are widely conserved in Gram-negative
and Gram-positive bacteria and the most studied is the ferrous iron transport system
present in the feo operon.

The feo operon,discovered in 1987 in £. colj is composed of three genes feoA,
feoB, and feoC (Hantke 1987). It is controlled by Fur, therefore repressed in presence
of iron, and Fnr, a transcriptional activator active under anaerobic grothw conditions.
The feoABC operon is always expressed, but its expression increases by three-fold in
the absence of oxygen. Homologs of the feo operon have been found in many Gram-
negative and few Gram-positive bacteria (figure 8) (Lau, Krewulak, and Vogel 2016).

The feoABC operon consists of an iron permease, encoded by feoB which
possesses a G protein domain in the N-ter region, located in the cytoplasm. FeoA and
FeoC are two small hydrophilic and cytoplasmic proteins. While FeoA is necessary for
FeoB activity, FeoC is not always present (figure 8) and is required only in certain
species such as Vibrio cholerae (Carpenter and Payne 2014).
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Figure 8: Organization and prevalence of the feo operon in bacteria.

A: Organization of the feo operon in £. co/i K12. B: Different organizations found within
bacteria and their frequency. NfeoB = N-terminal cytoplasmic region of FeoB. CfeoB =
transmembrane domain of FeoB. From (Lau, Krewulak, and Vogel 2016).

Interestingly, certain bacteria such as B. subtilis or some pathogenic strains of £
coli have another iron acquisition system called EfeUOB. In L. monocytogenes, an
ortholog of this transporter is fepCAB. Interestingly, EfeUOB and FebCAB are two
homolog systems from the Ftr1P iron acquisition system of Saccharomyces cerevisiae.
These systems are all composed of an iron permease (EfeU, fepC, Ftr1P), an imelysin-
like protein that binds divalent cations (EfeO, FepA, Fet3p), and a metalloreductase
(EfeB, FepB, Fre1p) that reduces the Fe** into Fe?* (Figure 9). However, there is still a
debate ongoing on the function of FepB and EfeB. Indeed, FepB of L. monocytogenes
is predicted to be a ferric iron reductase (Tiwari et al. 2015) while EfeB in B. subtilis is
predicted to oxidize Fe?* to Fe3* for further incorporation by EfeO (Miethke et al. 2013).
Some hypothesis for this paradigm is that FepB and EfeB have both evolved to use the
iron found in their environment. Since L. monocytogenes usually get its iron under
ferric form because it is usually combined with xenosiderophores or transferrin, it had
to use Fe3* for incorporation. On the contrary, since B. subtilis can grow under
anaerobic conditions, where iron is mostly in the ferrous form, it had to find a way to
use Fe?* (Sheldon and Heinrichs 2015).
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Figure 9: Overview of inorganic fron acquisition pathways in S. cerevisiae, L. monocytogenes, and B.
subtilis

Homologs of the permease are in light blue, homologs of the imelysin-like protein are in
green, and homologs of the reductase are in purple.

1.3.3. Iron efflux and storage systems

L Iron efflux systems

As mentioned previously, iron is toxic at high concentrations because of its
ability to form ROS via the Fenton reaction. Therefore, most prokaryotes possess one
or several systems that allow them to either export iron or store it in specialized
compartments. Usually, the expression of these systems is under the control of
transcriptional regulators sensitive to oxidative stress, in such a way that a rise in the
intracellular H2O, concentration will trigger the expression of iron-sequestering
proteins and iron efflux systems (Pi and Helmann 2017). Several bacterial iron efflux
systems have been discovered and are summarized in Figure 10.
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Figure 10: Different families of bacterial iron efflux systems

I) P1B-ATPase possesses a transmembrane domain (TMD) and an ATP binding domain
(ATPBD). Hydrolysis of ATP into ADP provides the energy sufficient for Fe2* efflux. II)
Cation diffusor facilitators (CDF) are transmembrane proteins that use proton motive
force to export Fe®*. IlI) Major facilitator superfamily (MFS) transporters are composed of
two transmembrane domains that use proton motive force to transport a substrate, which
is usually ferrous citrate or citrate alone. IV) Membrane-bound ferritin possesses a ferri-
tin-like domain (Er) and a vacuolar iron transporter domain (Vit1) located in the mem-
brane that allows binding and transfer of Fe?*. From (Pi and Helmann 2017).

P-type ATPases are transmembrane proteins, present in all domains of life, which
can transport different ions or lipids through the membrane of the cell using the energy
from ATP hydrolysis. P-type ATPases have been divided into five families according to
their sequence, but we will focus here on type I ATPases that regroups the ones
dedicated to the transport of transition metals. Type I ATPases are subdivided into two
groups. Type 1A ATPases are ion pumps that import ions into the cells while type 1B-
ATPases are the ones implicated in the efflux of metal ions (Kihlbrandt 2004). One
example of a P1B-ATPase involved in iron efflux is the PerR-regulated transporter PmtA
from the Streptococcus genus, in which a ApmtA mutant shows greater concentrations
of intracellular iron and increased resistance to streptonigrin, a Fe?*-activated antibiotic
(C. Zheng et al. 2019). It has also been shown that PmtA prevents the mismetallation
of SodA by Fe during oxidative stress (Turner et al. 2019). Other known P1-type ATPases
involved in iron efflux are PfeT in B. subtilis, DR1440 in Deinococcus radiodurans, and
FrvA in L. monocytogenes (Guan et al. 2015; Dai et al. 2018; Pi et al. 2016).

Cation diffusion facilitators (CDFs) are transmembrane proteins found in all three
domains of life that are able to transport heavy metal ions across the cellular membrane
using the proton motive force. All CDFs have the same organization, with a
transmembrane domain and at least an N-ter cytoplasmic domain, which may be in
charge of metal selectivity, even though this aspect is still poorly understood (Kolaj-
Robin et al. 2015). Interestingly, CDFs are ubiquitous and do not respond to Fur
regulation. The most studied bacterial CDF is FieF in £. coli, where a AfieF mutant shows
a decreased iron tolerance upon furdeletion that causes an excess of intracellular Fe®*
(Grass et al. 2005). Other bacterial CDFs are AitP in P. aeruginosa, where its deletion
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leads to an increased sensitivity to Fe?* and Co?*, and FeoE in Shewanella oneidensis
(Salusso and Raimunda 2017; Bennett, Brutinel, and Gralnick 2015)

The Major facilitator superfamily (MFS) is a family of membrane proteins that
can transport small molecules using the proton motive force (Kumar et al. 2020). The
MFS contains symporters, uniporters, and antiporters, but we will focus on antiporters
since they are the ones involved in iron efflux systems. All the MFS are composed of
two transmembrane domains that contain each six transmembrane helix and the
substrate binds at the interface between these two domains (Yan 2015). One known
example of an MFS involved in iron homeostasis is the IceT transporter from .
typhimurium. IceT was discovered using a transposon library looking for mutations that
increased sensitivity for streptonigrin and transport Fe?*-citrate out of the cell. The /iceT
gene is part of an operon whose expression is induced by nitric oxide and modification
of iron homeostasis not mediated by Fur (Frawley et al. 2013). Interestingly, the authors
also show that /ceT expression increases resistance to clinical antibiotics such as
ampicillin or ciprofloxacin. This resistance is probably due to the redirection of citrate
from the TCA cycle that causes a reduction of the growth rate, as shown in M.
tuberculosis (Baek, Li, and Sassetti 2011).

Membrane-bound ferritin A (MBFa) is a transmembrane protein that has been
discovered for the first time in plants pathogens such as Agrobacterium tumefaciens
or Bradyrhizobium japonicum (Bhubhanil et al. 2014). MBFa proteins are composed of
a C-terminal domain located in the membrane and similar to the VIT1 domain of
Arabidopsis thaliana that transport iron into vacuoles, and an N-terminal domain which
is ferritin-like (Bhubhanil et al. 2014). In A. tumefaciens, mbfA expression is repressed
by Irr, a transcriptional regulator that represses genes involved in iron storage when
iron levels are low (Ruangkiattikul et al. 2012) .

II. Iron storage systems

To ensure their viability, bacteria maintain a pool of available intracellular iron.
Typically, this iron pool will serve for the metalation of iron-containing proteins, which
represent 60% of the intracellular iron in cells in £ coli (Hristova et al. 2008). However,
because of the danger that iron represents for the bacteria, this iron pool is not
maintained free but rather stored by dedicated proteins.

The main bacterial iron storage proteins belong to the ferritin family. Among
them are bacterial homologs of eukaryotic ferritins called (Ftns), heme-containing
ferritins (Bfrs), and mini ferritins. These ferritin homologs have the same goal: sequester
Fe?* by first oxidizing it into Fe** and storing it inside a cavity (Bradley et al. 2020).
Usually, the expression of mini-ferritins is regulated by transcriptional regulators
sensitive to oxidative stress such as OxyR, whereas Ftn and Bfr protein expression is
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rather controlled by repression under iron-rich conditions. In £ colj, the ftn and bfr
genes are repressed by the small regulatory RNA RyhB, which is only expressed under
iron starvation conditions (Haikarainen and Papageorgiou 2010; Masse and Gottesman
2002).

In the past few years, a novel class of storage systems has gained interest: the
encapsulins. They are icosahedral, self-assembling nano-compartments with a
diameter between 25 and 42 nm that were initially found in culture of Brevibacterium
linens, but were also observed in M. tuberculosis, Thermotoga maritima, and
Streptomyces (Gabashvili et al. 2020). Encapsulins were initially misidentified as
bacteriocins due to their specific form or thought to be secreted proteases (Giessen
2022). Encapsulins can store different kinds of proteins, including those involved in iron
storage such as ferritin-like proteins (Flps). In Micrococcus xanthus, the proteins
necessary for the encapsulin are expressed but the assembly of the encapsulin only
happens upon starvation conditions; The encapsulins are loaded with iron (about
28500 Fe atoms per compartment) and protect the cells from oxidative stress (McHugh
et al. 2014)

1.4. Iron homeostasis within the host

1.4.1. Repartition and acquisition of iron

As mentioned in page 5, an average body is estimated to contain approximately
4g of iron, and about 70% of it is used by red blood cells for tissue oxygenation. The
rest is either found in macrophages degrading senescent red blood cells, in myoglobin
for muscle oxygenation, or in iron-containing proteins. The leftover iron not used is
stored in the liver where it is bound to a protein called ferritin (Gkouvatsos,
Papanikolaou, and Pantopoulos 2012). Each day, around 30 mg of iron is transported
from the liver to the bone marrow by plasma transferrin (Tfn) where it is used for heme
biosynthesis and the production of new erythrocytes.

Dietary iron absorption incorporates between 1 and 2 mg of iron per day, which
is far less than what is needed for the renewal of erythrocytes. Therefore, the biggest
iron source is not our diet, but rather the recycling of pre-existing iron. Indeed, when
blood cells enter into senescence, they are phagocyted by macrophages through a
process called erythrophagocytosis. During this process, the heme groups are
degraded by heme oxygenases (HO-1 or HO-2) that produce CO, biliverdin, and
inorganic ferrous iron, which is then exported to the plasma transferrin through a
specific transmembrane transporter ferroportin (Ftn) to be reused (Gkouvatsos,
Papanikolaou, and Pantopoulos 2012; Galaris, Barbouti, and Pantopoulos 2019) (Figure
11).
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Figure 11: Utilization and renewal of the iron pool in the human body

More than 30 mg of iron is needed per day for erythrocytes and other cells. Iron is brought
into the bone marrow by transferrin for the formation of new erythrocytes. Senescent
erythrocytes are degraded by spleen macrophages; released Fe2* binds to transferrin to
be recycled. From (Gkouvatsos, Papanikolaou, and Pantopoulos 2012)

1.4.2. Mechanisms of requlation of iron homeostasis

Regulation of the iron levels is necessary for the correct functioning of the cells,
but also in the case of infection where iron restriction is part of the defense response
called nutritional immunity (see page 28). Therefore, elaborated mechanisms were
acquired during the evolution to sense and regulate intracellular iron levels. Iron
homeostasis is mostly maintained at the intracellular and systemic levels (Bogdan et al.
2016).

At the intracellular level, regulation of iron levels is made via iron responsive
elements (IREs) and iron regulatory proteins (IRPs). The IRP response is mediated by
two iron regulatory proteins called IRP1 and IRP2. IRP1, also named ACOT1, is
bifunctional protein. When iron is abundant, ACO1 is a functional aconitase. However,
upon iron starvation, ACO1 loses its Fe-S cluster and becomes the apoprotein IRP1.
Even though IRP2 has a 79% sequence homology with IRP1, it is not a functional
enzyme and is able to bind IREs constitutively. However, IRP2 possesses a signal that
promotes its degradation by the proteasome upon iron-rich conditions (Hentze et al.
2010). IRP1/2 regulates the expression of genes involved in iron uptake or
storage/export by binding on IREs, which are specific RNA stem-loops located either
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in 5" or 3' of the mRNA targets. If the IRE is in 5, binding of the IRP prevents the
translation of the target mRNA. If the binding is on 3’, then binding of the IRP prevents
the degradation of the mRNA by endonucleases. Usually, IRPs bind on the 5’ region of
genes involved in iron export or iron storage (e.g. ferritin) and bind on the 3’ region of
genes involved in iron uptake (e.g. transferrin receptor) (Bogdan et al. 2016; Wallace
2016) (figure 12). This double regulation allows for a simultaneous downregulation of
genes preventing iron utilization and upregulation of genes involved in iron uptake.
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Figure 12: Functioning of the IRE-IRP response

IRPs regulate either the translation or the stability of target mRNAs depending on the
localization of the IRE. If the IRE is in the 5'UTR, the translation is impaired by iron star-
vation. If the IRE is in the 3'UTR, the stability of targeted mRNAs is increased by iron
starvation. From (Bogdan et al. 2016).

At the systemic level, iron homeostasis is maintained by two important proteins:
hepcidin and ferroportin. Hepcidin is a small hormone (25 amino acids, 2.7 kDa)
produced by the liver. Ferroportin is a specific iron transporter present at the surface
of macrophages and hepatocytes, in charge of releasing iron resulting from dietary
absorption, storage, or recycling by macrophages into the blood plasma. Hepcidin is
produced and secreted in response to high irons concentration and inflammatory
stimuli. It then binds to the extracellular binding loop of the ferroportin transporter and
trigger its degradation by the ubiquitination system, thus reducing the rate of iron
transfer to transferrin (Hentze et al. 2010; Ganz 2013).

14.3. Human diseases linked to iron metabolism

Disruption of iron homeostasis leads to iron deficiency or overload. It can be transient
or the result of chronic conditions caused by genetic diseases.
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Iron-deficiency anemia (IDA) is the most common nutritional deficiency in the
world, with an estimated 30% of the population affected according to the World
Health Organization (WHO) (Kumar et al. 2022). IDA is a global health issue, predomi-
nantly in third-world countries. 2 to 9% of people have IDA in USA or Canada
whereas this number increases up to 60% in sub-Saharian Africa (Kassebaum et al.
2014). IDA is caused by a large panel of physiological factors, such as pregnancy or
menstruation. However, it can also be the result of pathological conditions like sur-
gery or the use of aspirin (Lopez et al. 2016).

Conversely, iron overload is also deleterious, and can be caused by several
factors, most of them being genetic disorders. Hemochromatosis is a common disease
associated with iron overload. It can result from mutations in genes involved in
hepcidin synthesis or maturation. As a result, hepcidin levels decrease and an excess of
iron is released into the blood plasma by ferroportin. In other types of
hemochromatosis, mutations affects the ferroportin transporter, resulting in reduced
secreted iron and thus its accumulation within cells (Siddique and Kowdley 2012). Iron-
loading anemia is another iron disorder caused by a massive erythropoiesis and
therefore stimulates iron absorption. Examples of iron-loading anemias are
sideroblastic anemia, thalassemia, and congenital dyserythropoietic anemia (Jr Benz
2015).

Iron homeostasis disorders have a crucial role in bacterial infections since an
excess of iron within the host facilitates the growth of pathogenic bacteria. Therefore,
humans have developed several strategies in order to prevent bacteria from acquiring
the circulating iron through a series of processes called nutritional immunity.

1.5. Nutritional immunity

The concept of nutritional immunity was first used in 1975 as a series of
mechanisms by which the host is going to defend itself against bacterial infection by
sequestering trace metals in order to prevent microbial growth (Weinberg 1975). Even
though most of the studies about nutritional immunity are focused on iron, nutritional
immunity also englobes the sequestration of zinc and magnesium (Murdoch and Skaar
2022; Hood and Skaar 2012). Different processes involved in nutritional immunity
ensure that no iron is scavenged by pathogens:

In response to bacterial infection, hosts produces different inflammatory signals
such as IL1-like and IL-2 cytokines. These cytokines are recognized by the hepatocytes
and trigger a signaling cascade that leads to hepcidin production. Hepcidin binds to
ferroportin and promotes its degradation, causing a loss of iron efflux and its
accumulation inside macrophages. This process, called hypoferremia of infection,
allows for a 30% reduction of serum iron concentration (Lokken, Tsolis, and Baumler
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2014; Nemeth et al. 2003).

e Some bacteria scavenge iron from heme. Upon infection, red blood cells are
lysed releasing hemoglobin and heme. In response, hosts secrete haptoglobin
and hemopexin that capture hemoglobin and heme, respectively (Choby and
Skaar 2016).

e All circulating iron that is not part of heme groups is bound to transferrin, which
makes it available for bacteria that do not possess iron acquisition systems such
as siderophores.

e Macrophages can be the targets of several intracellular pathogens, such as M.
tuberculosis or S. enterica. In response to infection, they will use the natural re-
sistance-associated macrophage protein 1 (NRAMP1) to export all nutrients
from the lysosome to the cytoplasm (Brenz et al. 2017).

e Neutrophils will secrete lactoferrin, calprotectin, and siderocalin. Lactoferrin and
calprotectin are Fe-scavenging proteins and siderocalin can bind to bacterial
siderophores, thus preventing their activity (Murdoch and Skaar 2022).

2. The role of citrate metabolism in bacteria

Citrate, or citric acid, is an organic, weak acid. Its name comes from the fact that
it was discovered initially in fruits from the Citrus family. Citrate is commonly used in
the industry as a flavoring or an acidifier, but it is mostly known for being the first
intermediate of the tricarboxylic acid (TCA) cycle, a metabolic pathway found in all
aerobic organisms that provide energy for the cell. However, the acquisition, synthesis,
and utilization of citrate within the cell is not dedicated only to the production of
energy but covers several aspects of bacterial metabolism.

2.1. Synthesis of citrate: The citrate synthase

Citrate is formed by the irreversible condensation of oxaloacetate and acetyl-
CoA in the first step of the TCA cycle. This reaction is catalyzed by an enzyme called
citrate synthase (CS). CSs represent a family of enzymes present in all three domains of
life but are classified into two types, I and II, according to their oligomerization. Type I
CSs are organized in dimers found in eukaryotes, Gram-positive bacteria, and archaea.
Type II CSs found in Gram-negative bacteria have a higher molecular weight and are
organized in hexamers (Wiegand and Remington 1986).

Another difference between type I and type II CSs is their regulation. Since CSs
are producing energy, their expression is regulated by the level of energy present in
the cell, which is represented by ATP and NADH. Therefore, high levels of ATP to ADP
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and NADH to NAD", which represent a high-energy supply within the cell, are inhibitors
of CSs, unlike the presence of ADP. However, while inactivation by ATP and NADH is
isosteric (in the same interaction site as the acetyl-CoA) for type I CS, the inhibition of
type I CS by NADH is allosteric (NADH binds on a different site than the one that binds
acetyl-CoA) (Harford and Weitzman 1975).

The role of CSs is to provide citrate to the TCA cycle to perpetuate the cycle and
produce energy. However, recent studies have shown that CSs could also have other
roles. For example, in Caulobacter crescentus, CS CitA could act as a moonlighting
protein and serve to control the cell cycle via the transcriptional regulator CtrA (Bergé
et al. 2020). Some bacteria have also developed a second citrate synthase to fulfill their
needs. For example, in addition to CitZ, S. aureus possesses SbnG which is expressed
only upon iron starvation and whose role is to provide citrate for the synthesis of
staphyloferrin, a S. aureus siderophore (Sheldon, Marolda, and Heinrichs 2014).

2.2. Acquisition of exogenous citrate

Even if bacteria can synthesize citrate through the TCA cycle, they can also
acquire it from the environment. Most of the citrate found in exogenous media is
complexed with metal ions. Therefore, its acquisition is via the use of specific
transporters dedicated to the transport of complexed citrate. These transporters
belong to the vast majority of the superfamily of CitMHS transporters. Most of the
bacterial citrate transporters known to date are symporters that use the energy of
protons or sodium ions to import citrate complexed with divalent ions (Sobczak and
Lolkema 2005). However, in some cases, citrate transporters are antiporters, such as
CitW from Klebsiella pneumoniae that antiports citrate with acetate (Kastner et al.
2002), or CitT from E£. colithat antiports citrate with succinate, fumarate or tartrate (Pos,
Dimroth, and Bott 1998).

The most studied citrate transporters are CitM and CitH from B. subtils.
Interestingly, even though both transport metal-citrate, they both have an affinity for
specific metal ions (see Figure 13) (Krom et al. 2000). Since then, homologs from CitM
and CitH have been found in Streptomyces coelicolor, Campylobacter jejuni, and
Neisseria meningitidis. So far, no free citrate transporter has been found in bacteria.
One explanation is that citrate which has a high affinity for metals is mainly found in
this form in the environment. Furthermore incorporating metal-citrate provides
simultaneously energy and metal (Huta et al. 2012).

30



4 10 4 10
A. Mg?* B. Ni2* C. Mn?* D. Co?*
—_ 8F 8
% 3 A 3
'é’ .
o 6 8
E .
3 2 ¢
E -
£ 4 . 4
Q
x
E -
o 1 1F
o . 2 g . 2
0 + + 0 0 - 0 +
0 1 2 4 5 6 0 1 2 3 4 5 6 0 1 2 8 4 5 6 0o 1 2 3 4 5
4 4 4 4
E. Zn** F.Ca? G. Ba** H. Sr?*
5 3 3 3 3
[
Q
o
£
2 2 2 2 2
£
c
@ .
x
s .
s 1F 1+ 1
v v
> S - f e
0 0 ' 1 ' 0
0o 1 2 3 4 6 6 0 1 2 3 4 6 6 0 1 2 3 4 5
Time (min)

Figure 13: Metal ion specificity of CGitM and CitH

Measurement of [14C] citrate uptake in £. co/i harboring an empty plasmid (M), a plasmid
expressing CitM (®), or a plasmid expressing CitH (v) in the presence of 1 mM Mg2+ (A),
Ni2+ (B), Mn2+ (C), Co2+ (D), Zn2+ (E), Ca2+ (F), Ba2+ (G), Sr2+(H). From (Krom et al.
2000).

2.3. Citrate as a carbon source

Citrate is one of the intermediates of the TCA cycle, which is widely conserved in
organisms able to grow in the presence of oxygen. However, bacteria that grow in
anaerobic conditions have to develop alternative metabolic pathways as they cannot
use the TCA cycle due to the necessity of the NADH and FADH2 produced to transfer
their electrons. One of these alternatives is the use of citrate as a carbon source through
citrate fermentation, also called the reverse TCA (rTCA) cycle. Citrate fermentation
occurs in anaerobic organisms, but it can also happen in the presence of oxygen when
the bacteria do not possess a fully functional TCA cycle (for example lactic acid bacteria)
or when citrate is present in the growth media. Citrate fermentation allows the
production of the energy necessary for cell metabolism (Garcia, Blancato, and Repizo
2008).For citrate fermentation to occur, three steps are necessary:
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1)

2)

Import of citrate into the cell through citrate permeases: Most citrate permeases

allow the import of citrate in symport with a metal ion thanks to transporters

that are part of the CitMHS family (discussed in part I). However, other families
of citrate permeases are more specific of bacteria able to exert citrate fermen-
tation:

- The citrate-cation symporters (CCS) family: One of the best examples of this
type of transporter is the CitT transporter of £ coli. CitT is an antiport that
imports citrate while exporting succinate, which is the end-product of citrate
metabolism under anaerobic conditions (Pos, Dimroth, and Bott 1998).

- The 2-hydroxy-carboxylate transporters (2-HCT): This family of transporters
uses di or tri-carboxylic acids to import citrate. The most studied 2-HCT cit-
rate permease is the CitP transporter, present and conserved in several lactic
acid bacteria (LAB). CitP is an antiport that incorporates citrate while export-
ing lactate (Drider, Bekal, and Prévost 2004). Another known 2-HCT trans-
porter is CitS from K. pneumoniae, which is a symporter between citrate and
Na2* (Van Der Rest, Molenaar, and Konings 1992). Interestingly, while CitS is
located on the chromosome of K pneumoniae, all sequences of CitP present
in Lactococcus are located on unrelated plasmids and share 99% homology,
suggesting a recent acquisition by horizontal transfer (Drider, Bekal, and Pré-
vost 2004).

- The Metabolite: H* symporters (MHS): This family of transporters belongs to
the major facilitator superfamily (MFS). They group citrate permeases from
Enterobacteriaceae that import citrate in symport with protons (1 molecule
of citrate for 3 protons). Among them are the transporter CitH from K pneu-
moniae and CitA from Sa/lmonella typhimurium (Van Der Rest, Molenaar, and
Konings 1992; Shimamoto et al. 1991)

Transformation of citrate into oxaloacetate by a citrate lyase: Once citrate is in-
side the cell, it will be converted into oxaloacetate and acetate by the action of
a citrate lyase (CL). CLs constitute a family of proteins found across the tree of
life that conserved the same organization. CLs are enzymatic complexes consti-
tuted of three subunits o, B and y present in equal stoichiometry, which forms
an asBeys complex (Garcia, Blancato, and Repizo 2008). Only the a and B subunits
have an enzymatic activity, the y subunit being used only for the transport of
the prosthetic group (triphosphoribosyldephospho-coenzyme A). In bacteria,
most of the work on citrate lyase has been conducted on the pathogen K pneu-
moniae (Michael Bott and Dimroth 1994). In this bacteria, the three subunits are
encoded by the genes citD, citf, and citF, respectively. The details of the reac-
tions that lead to the conversion of citrate into oxaloacetate are detailed in Fig-
ure 14. Briefly, the y subunit, an acyl carrier protein (ACP), carries acetyl-S-CoA.
In a first reaction, the a subunit, a citrate:acetyl-ACP transferase, exchanges the
acetyl group from acetyl-S-CoA and the citryl group from citrate to give citryl-
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S-CoA and acetate. In a second reaction, the  subunit (a citryl-CoA oxaloacetate
lyase) regenerates Acetyl-S-CoA from citryl-S-CoA and releases oxaloacetate.

Acetyl-S-CoA Acetyl-S-CoA

Citrate » Citryl-S-CoA » Oxaloacetate

- 2N o

Acetate

Figure 14: Transformation of citrate into oxaloacetate by the citrate lyase enzymatic complex

In a first reaction, the a subunit (in blue) exchanges the citryl group from citrate and the
acetyl group from acetyl-S-CoA (brought by the y subunit, in orange), which leads to the
formation of citryl-S-CoA and acetate. In a second reaction, the  subunit (in red) regen-
erates acetyl-S-CoA, which liberates one molecule of oxaloacetate. The newly formed ac-
etyl-S-CoA can then be reused by the ACP.

Interestingly, the activity of the CL complex in bacteria relies on Mg?* but not
ATP, which is necessary for the activity of eukaryotic CL. However, in M. tuberculosis,
the CL activity is inhibited by ATP, which suggests that the ATP concentration allows
the bacteria to control its metabolism by using citrate either in the TCA cycle or the
rTCA cycle depending on growth conditions (Hu et al. 2020).

3) Transformation of oxaloacetate into pyruvate by an oxaloacetate decarboxylase
(OAD): The formation of pyruvate by oxaloacetate is mediated by the activity of
an OAD, which generates one molecule of CO; as a by-product. Like the CL the
OAD is not an enzyme but an enzymatic complex, located on the membrane.
The OAD complex is composed of three subunits o, B, and y. Only the B and y
subunits are fully inserted into the membrane. The a subunit is a carboxyltrans-
ferase, the B is a decarboxylase and the y subunit has no catalytic role but is
essential for the formation of the complex. The details of the reactions that lead
to the formation of pyruvate are detailed in figure 15. Briefly, a first reaction
occurs in the a subunit where the carboxyl group of oxaloacetate is transferred
to a molecule of biotin, which leads to the formation of pyruvate and carbox-
ybiotin. In a second time, the carboxybiotin group is transferred into the B sub-
unit via the y subunit to be decarboxylated, producing one molecule of carbon
dioxide and a new molecule of biotin that can be reused. The decarboxylation
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reaction is Na®*-dependent, therefore one proton from the periplasm is con-
sumed and two sodium ions are exported when it occurs (Dimroth and Von Ball-
moos 2007).
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Figure 15: Formation of pyruvate by the OAD enzymatic complex

H-B: Biotin, B-CO2: Carboxybiotin; From (Dimroth and Von Ballmoos 2007).

Once pyruvate is formed, it is metabolized via different pathways depending on
organisms and growth conditions. In anaerobic conditions, pyruvate is used for a
variety of fermentative pathways leading to the production of one or several products.
For example, in K. pneumoniae and S. typhimurium, pyruvate fermentation produces
formate and acetate (M. Bott 1997). Under aerobic conditions, pyruvate is transformed
into acetyl-CoA by the pyruvate dehydrogenase. The newly formed acetyl-CoA can
then be used in the TCA cycle, for acetate production or fatty acid synthesis.

Interestingly, all the genes that encode the proteins necessary for citrate
fermentation (citrate permease, citrate lyase, and oxaloacetate decarboxylase) are
grouped in a gene cluster found in a variety of bacteria able to use citrate as a carbon
source (Figure 16). However, it is now known that the regulations involved in the
transcription of this cluster differs according to bacteria.

34



Pl ——— Sl e pap - Come— 1 paramesenteroides

Pl oo -sepamm-c—ocomm— L. mescenierides

Cht ~EC—— A - DR L. plantarum

b o O oM cif cDCE oF o
Chr B e e e T (). oeni
ot o mP G0 CIDGIE o  oN o6
Pcit Peitl
e I peEmm-o-to L. diacetylactis
ddl o OC CDGE oF ol o

Chr OO T — K. pnieumaoniae
Cith B  odB oadd o oS oiC kD oE ofF e

Cht e - B DO - ———— 2. 0l
Gt OB oC o) Gf of o o6 o

N OO T - O - . .fa ecalis
gl o osiDoadB ciC ctDefE ofF o oedd ol oG

¢ —O-C--ERCHDED- DT S. mutans
oadD chE o0 ol cedBctDof ofF CEX oadd ol

Figure 16: Genetic organization of the citrate fermentation gene cluster across species

Black: citrate permease; Grey/light grey: metabolic enzymes (citrate lyase, oxaloacetate
decarboxylase, and accessory genes); white: regulatory elements. Binding sites of Citl are
indicated by O1 and O,. Plasmidic (Pl) or chromosomal (Chr) localization of the gene
cluster is indicated on the left (Garcia, Blancato, and Repizo 2008).

In K pneumoniae, the citrate fermentation gene cluster is organized on two
divergent operons whose transcription only occurs in anaerobic conditions and in the
presence of Na+ and citrate as the sole carbon source. The transcription of the two
operons is regulated by the two-component system (TCS) CitA/B which senses
extracellular citrate and also by catabolite repression that prevents their expression in
the presence of another carbon source (Michael Bott, Meyer, and Dimroth 1995; Meyer,
Dimroth, and Bott 2001). Homologs of CitA/B (CitS/T) have also been found in B.
subtilis, however, their action is under aerobic conditions (Yamamoto, Murata, and
Sekiguchi 2000).

In certain LABs, such as Leuconostoc mesenteroides, Lactobacillus lactis, and
Lactobacillus plantarum, regulation of the citrate fermentation gene cluster is not
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mediated by a two component system (TCS), but by a transcriptional regulator called
Citl from the SorC family. The presence of citrate induces the auto-stimulation of ¢/t/
transcription, and Citl will then bind to an A-T-rich region located between the cit/locus
and the ctMCDEFGRP operon. The binding of Citl on DNA enhances the recruitment
of RNA polymerases and thus the transcription of the ¢/t operon (Martin et al. 2005). In
Enterococcus faecalis, Streptococcus mutans, Streptococcus pyogenes, Lactobacillus
casel, and Lactobacillus sakei, the transcriptional regulator is not Citl but CitO, which is
part of the GntR family (Blancato et al. 2008).

2.4. Citrate in the TCA cycle: the moonlighting role of aconitase

24.1. The enzymatic activity of aconitase

In the TCA cycle, citrate is transformed into aconitate and then isocitrate by an
enzyme called aconitase. The aconitase possesses a [4Fe-4S]°* cluster which is
necessary for its enzymatic activity. Indeed, one of the iron ions present in the cluster
is exposed in the active site and binds to the oxygen atoms from substrates to react
with them. During the conversion of citrate into isocitrate, a first reaction of
dehydration will occur where the aconitase will remove a hydroxyl group and hydrogen
from the citrate molecule bound to it, thus forming cis-aconitate and liberating one
molecule of water. The newly-formed c/s-aconitate molecule is then released, and a
new molecule of cis-aconitate binds to the cluster in order for the second reaction to
occur. In a second step, a hydration reaction that uses one molecule of water allows for
the re-insertion of hydrogen and a hydroxyl group, thus forming isocitrate (Figure 17)
(Castro et al. 2019). The utility of the conversion of citrate into isocitrate can seem
questionable, but citrate (a tertiary alcohol) cannot be oxidized to form a-
ketoglutarate, so it has to be transformed into isocitrate which is a secondary alcohol
and can be oxidized.
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Figure 17: Isomerization of citrate into isocitrate by aconitase

In the first reaction of dehydration, one hydrogen from C2 and one hydroxyl group from
C3 are removed from the citrate molecule to form cis-aconitate. In a second reaction of
hydration, one hydrogen is added to C3, and one hydroxyl group is added to C2, forming
isocitrate. From https://proteopedia.org.

2.4.2. Moonlighting activity of aconitase as an RNA-binding protein

Aconitase is a protein widely conserved into the three domains of life. In
Eukaryotes, two types of aconitase exist, a mitochondrial one (m-Acn) and a cytosolic
one (c-Acn or IRP1).In bacteria, only one aconitase exists named AcnA or CitB. A known
exception is £. coli, which possesses two aconitases, AcnA, and AcnB (Gruer and Guest
1994). AcnB is the major enzyme of the TCA cycle, while AcnA is only induced upon
stress during stationary phase (Cunningham, Gruer, and Guest 1997). Remarkably, all
known aconitases except m-Acn in eukaryotes share one characteristic, which is their
moonlighting activity upon iron starvation. The moonlighting activity of aconitase in
bacteria has been first reported in the two model bacteria £ coliand B. subtilis (Tang
and Guest 1999; Alen and Sonenshein 1999). Since then, the moonlighting activity of
aconitase has been observed or suspected in several bacteria, including animal and
plant pathogens (Table 2).
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Organism Gene Reference

E. coli AcnA, AcnB (Tang and Guest 1999)

B. subtilis CitB (Alen and Sonenshein 1999)

H. pylori AcnB (Austin, Wang, and Maier 2015)

M. tuberculosis Acn (Banerjee et al. 2007)

S. viridochromogenes AcnA (Michta et al. 2012)

S. enterica AcnA (Baothman, Rolfe, and Green 2013)

Table 1: Confirmed bifunctional aconitases in bacteria

As mentioned previously, aconitase possesses a [4Fe-4S]%* cluster necessary for
its enzymatic activity. In favor of iron starvation, or under the action of oxidative stress,
the cluster is degraded and aconitase loses its enzymatic activity. The loss of the cluster
induces a conformational change in aconitase. Upon unstress conditions, aconitase is
compacted and the Fe-S cluster is hidden in the active site, with only one iron ion
serving as a ligand. Upon iron starvation or oxidative stress, the disassembly of the Fe-
S cluster provokes a conformational change of the apo-aconitase, which is more open
allowing an interaction with RNA sequences (Walden et al. 2006) (Figure 18).

Figure 18: Conformational change of cytoplasmic aconitase (c-Acn) upon iron starvation

Left image: c-Acn in normal conditions; Right image: c-Acn during iron starvation. RNA is
indicated by the purple helix. IRE: Iron Responsive Element. From (Walden et al. 2006).
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The interaction of apo-aconitase with RNA is not random. Indeed, apo-aconitase binds
specifically to RNA sequences called iron-responsive elements (IRE). The IREs are
located in genes implicated in the regulation of iron homeostasis. In Eukaryotes, they
are conserved in terms of sequence and structure. An IRE is made of a #30-nt long
stem-loop with a CAGUG motif on the top of the stem, which is necessary for the
recognition and binding of IRP-1 (Walden et al. 2006). However, all the existing IRE do
not bind with IRP with the same affinity and that the regions adjacent to the stem-loop
also play a role in binding affinity, highlighting the fact that it is rather the secondary
structure and not the sequence which is important (Goforth et al. 2010).

Aconitase being in charge of maintaining iron homeostasis in case of iron
starvation, a few studies have pointed out the relation between its RNA-binding activity
and the modification of the bacterial metabolism in certain bacteria, including the
potential effects on host colonization.

e In B subtilis, a strain deficient for the RBP activity of aconitase is defective for
sporulation (Serio, Pechter, and Sonenshein 2006). The sporulation process nec-
essary for disseminating the bacteria is highly regulated by a series of regulators
that allow for a temporal expression of different sets of genes, such as o* and
GerE. In the late-sporulation stage, apo-CitB normally binds to ger£f mRNA on
the 3’ region and stabilizes it, thus allowing for higher protein concentration and
its action as a repressor of sporulation.

e In S enterica, it has been shown that apo-AcnB was able to interact with the 5’
UTR of ftsH mRNA (Tang et al. 2004), which encodes a protease (Herman et al.
1993). By binding to the 5" UTR, apo-AcnB represses translation of fzsH mRNA,
reducing FtsH levels and therefore increasing the levels of 62, which is normally
degraded by FtsH (Herman et al. 1995). Increased levels of ¢* lead to an en-
hanced production of the transcriptional activator DnaK, which will in turn en-
hance the production of the flagella protein FIiC. Therefore, the inactivation of
AcnB leads to an hyper-production of FtsH, which degrades ¢ and thus indi-
rectly represses FIiC production, leading to a defect in motility (Tang et al. 2004).

e A proteomic analysis of H. pylori to detect differentially expressed proteins in
AacnB strain compared to WT indicates several downregulated and upregulated
targets of apo-AcnB (Austin, Wang, and Maier 2015). Interestingly, most down-
regulated genes in the AacnB mutant are involved in the resistance to oxidative
stress (e.g. superoxide dismutase and catalase), but several virulence factors
such as ureases or flagellum protein were also found. These findings were con-
firmed by the fact that the dacnB strain has an higher sensitivity to oxygen and,
as in S. enterica, a loss of motility (Austin, Wang, and Maier 2015).
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2.4.3. Requlators of the aconitase

L Transcriptional requlators:

Since the aconitase is part of the TCA cycle, a key point for bacterial metabolism,
its expression is tightly regulated by different transcriptional regulators responding to
different environmental stimuli (reviewed by (Sonenshein 2007)).

In rich media, when a rapidly usable carbon source and a source of a-ketoglutarate are
both present, the transcription of ¢/tBis low. To activate citB expression, a novel carbon
source, such as citrate, has to be present, but it is also necessary that no glucose
remains, which indicates that ¢/tB is subject to a regulation by carbon catabolite
repression (Rosenkrantz, Dingman, and Sonenshein 1985). In B. subtilis and L.
monocytogenes, citB and citZ (citrate synthase) are under the control of CcpC, a LysR
regulator sensitive to citrate. CcpC usually represses the transcription of both ¢/tZand
citB as well as its own gene. When citrate is present, it binds to CcpC inducing a
conformational change that alleviates repression (Jourlin-Castelli et al. 2000; Kim et al.
2002; Pechter et al. 2013a). In addition, in the presence of high citrate concentrations,
CcpC is an activator of ¢/itB (Mittal et al. 2013). It should be noted that CcpC is present
in S. aureus, but named CcpE (Hartmann et al. 2013; Y. Ding et al. 2014).

citB is also regulated by CcpA, another carbon catabolite repressor from the
Lacl/GalR family. In the presence of glucose, CcpA represses the transcription of genes
implicated in the utilization of other carbon sources. CcpA has numerous targets
including ¢/tZ encoding citrate synthase and CcpC (Kim, Roux, and Sonenshein 2002;
Kim et al. 2002). Therefore, glucose prevents c¢itB expression by CcpA-dependent ccpC
repression. Besides carbon catabolite repression, citB expression is also negatively
regulated by CodY, a global regulator sensitive to the concentration of GTP and
branched-chain amino acids (BCAA) that regulates the metabolic switch between the
exponential and stationary phase. However, CcpC and CodY do not bind at the same
positions and can act simultaneously. Taken together, these results imply that in order
to have a full expression of ¢/tB bacteria has to use the available glucose to prevent
CcpA activity, to accumulate citrate to activate CcpC, and have a low concentration of
GTP and BCAA to inactivate CodY (Kim, Kim, et al. 2003) (Figure 19).
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Figure 19: Requlation of citB expression by metabolic requlators

In brown: Regulation by CcpC. In the presence of citrate, CcpC activates the transcription
of its own mRNA as well as ¢/tZ and ¢/tB mRNAs. In green: Regulation by CcpA. In the
presence of glucose, CcpA represses c/tZand ccpC, which indirectly represses c¢/itB. In red:
Regulation by CodY. In the presence of GTP or BCAA, CodY represses citB transcription.

II. Requlatory RNAs:

In addition to its regulation by transcriptional regulators, aconitase is often
subject to regulation by regulatory RNAs that allow the cell to fine-tune its expression
depending on the environmental conditions.

In £ coli, the acnB aconitase mRNA is a target of RyhB, a SRNA regulated by Fur
whose expression is induced upon iron starvation. RyhB down-regulates genes
encoding for non-essential iron-using proteins (Massé, Vanderpool, and Gottesman
2005). However, as mentioned before, upon iron starvation, aconitase loses its Fe-S
cluster and switches from an enzymatic to an RNA-binding activity. Interestingly, the
apo-aconitase can bind on an IRE located on the 3’ region of its own mRNA, and this
binding prevents the mRNA degradation induced by RyhB (Benjamin and Massé 2014)
(Figure 20). The regulation of aconitase by sRNAs involved in iron homeostasis was
also demonstrated in other bacteria (Vasil 2007; Gaballa et al. 2008), but so far the link
between this regulation and the apo-aconitase is specific to £ coli
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Figure 20: Role of apo-aconitase in the protection of acnB mRNA

In the presence of iron, RyhB (expressed from a plasmid via an arabinose-inducible pro-
moter) binds on the 5' region of acnB mRNA and recruits the RNA degradosome that
binds on a stem-loop located in 3’ and induces the mRNA cleavage. In the absence of
iron, RyhB is naturally induced and binds on acnB8 mRNA to induce its degradation, how-
ever, the stem-loop recognized by the degradosome contains an IRE and is hidden by the
apo-AcnB, thus protecting acnB mRNA from degradation. From (Benjamin and Massé
2014).

The regulation of aconitase activity by a SRNA expressed upon iron starvation is
not specific to £. coli. Indeed, in B. subtilis, citB is a target of FsrA, a RyhB functional
homolog (Smaldone et al. 2012). In P. aeruginosa, the two aconitase genes acnA and
acnB are both regulated by Prrf1 and Prrf2, which are also RyhB functional homologs
(Oglesby et al. 2008).

In S. aureus, aconitase is possibly the target of at least two sRNAs:

- IsrR, a newly-discovered Fur-regulated sRNA of S. aureus involved in the re-
sponse to iron starvation (Coronel-Tellez et al. 2022).

- RsaE is a sRNA expressed in the mid or late exponential phase known to
repress several genes involved in the TCA cycle and amino acid catabolism
(Bohn et al. 2010; Rochat et al. 2018a). Interestingly, aconitase is also pre-
dicted to be a target for RoxS, the RsaE homolog in B. subtilis (Allouche et
al. 2023).

It is worth noting that even though aconitase or citrate synthase are the targets of
many regulatory RNAs, they are always part of a larger regulon that contains other
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targets involved in the TCA cycle. The regulation of citrate-related enzymes is not spe-
cific but is rather part of a larger mechanism that aims to redirect central metabolism
of the bacteria.

3. Regulatory RNAs in bacteria

Regulatory RNAs are molecules that exert a regulatory activity in a wide variety
of cellular processes without being translated. The first mention of a bacterial
regulatory RNA dates back to 1981, with the discovery in £. co/iof an untranslated RNA
called RNAL which prevented the replication of ColE1 plasmids (Stougaard, Molin, and
Nordstrom 1981). Two years later, it was demonstrated that an RNA transcribed from
the Tn10 transposon promoter was capable of repressing transposition by preventing
the translation of the transposase mRNA (Simons and Kleckner 1983). Since then, and
thanks to technological advances in the field of RNA biology (e.g. tiling array and next-
generation sequencing), a large number of regulatory RNAs were discovered in
different bacterial species. In £ colj, for example, around 80 sRNAs were identified,
representing a 2% increase in the number of total genes (Waters and Storz 2009).

Regulatory RNAs exert their activity through various mechanisms, such as
preventing mRNA transcription or translation, altering mRNA stability, or even
sponging other SRNAs (Dutta and Srivastava 2018; Wagner and Romby 2015). In order
to achieve their role, they bind either to RNA or proteins.

Before examining the roles of regulatory RNAs in more detail, it is worth defining
the term sRNA:

e sRNA refers to small regulatory RNA because the majority of characterized
regulatory RNAs, which are not UTRs, are between 100 and 150 nucleotide
(nt) long, However, in some cases, SRNAs are much longer. The best exam-
ples for S. aureus are RNAII (Benito et al. 2000) and SSR42 (Horn et al. 2018),
which are 514 and 1,232 nt long, respectively.

e Regulatory RNAs are often not translated, but there are exceptions. For ex-
ample, RNA III possesses a small ORF that encodes the 8-hemolysin (Novick
and Geisinger 2008). In £ coli, the sRNA SgrS, which represses the translation
of ptsGMRNA, also encodes the SgrT protein (Wadler and Vanderpool 2007).
ncRNA, for non-coding RNA, is a term mainly used in eukaryotes while SRNA
is more commonly used for regulatory RNAs in prokaryotes.

e Regulatory RNAs are classified as cis- or trans-encoded according to their
transcription loci to their targets and cis- or trans-acting according to their
mode of action (see below).
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3.1. (Cis-acting regulatory RNAs

Cis-acting regulatory RNAs are RNA molecules located on the same RNA strand as
their mRNA target. The best examples of this type of regulatory RNAs are the
riboswitches, which are usually 5'UTR of mRNAs responding to the presence of specific
ligands. Riboswitches are composed of two domains: a ligand-binding sequence called
aptamer and an expression platform that modulates gene expression. The binding of
specific molecules to aptamers alters their conformation, which in turn affect the
activity of expression platforms. The results is a modified stability or translation of
downstream mRNAs (Ariza-Mateos, Nuthanakanti, and Serganov 2021) (Figure 21).

Transcription Translation
a onN OFF C oOnN OFF
S%f Rbosome
{0 o %%
%% i %% ool : ‘M. P
5 - ‘ Uuuulu 5 —SD-{ 3R 5 ORF }
E! Terminator §! Sequester

Anti-terminator Anti-sequester

b OFF ON d OFF ON

Ribosome
5' uuuuuu 5

P1 ~—\p— § P1 Ribcsoms
LU 5 B I ] SD{ o1
Terminator Anti-terminator =0

=] Anti-sequester

Sequester

Figure 21: Mode of action of riboswitches

A: Transcription inactivation. In presence of the metabolite (orange), the aptamer forms
a terminator that leads to premature termination of transcription. B: Transcription acti-
vation. In presence of the metabolite, the terminator formed by the aptamer is released
and transcription is activated. C: Translation inactivation. In presence of the metabolite,
the aptamer adopts a secondary structure that sequesters the Shine-Dalgarno sequence
(purple), thus blocking translation. D: Translation activation. The SD sequence is seques-
tered by the aptamer. In the presence of the metabolite, the secondary structure adopted
by the aptamer releases the SD sequence and allows the translation of the mRNA. From
(Ariza-Mateos, Nuthanakanti, and Serganov 2021).

Although riboswitches and other cis-acting RNAs can respond to a plethora of
environmental stimuli and are of crucial importance to bacterial metabolism, they are
outside the scope of this thesis and will therefore not be discussed further.
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3.2. Trans-acting regulatory RNAs

Trans-acting regulatory RNAs are RNAs that interact with proteins or RNA
molecules distinct from them.

3.2.1. Reqgulatory RNAs interacting with proteins

There are only a few examples of RNAs interacting with proteins that are not RNA
chaperones. The best-studied examples of this category are tmRNA, 6S RNA, CsrB, and
CsrC from £. coli.

Transfer-messenger RNA (tmRNA, also called SsrA) is highly conserved among
bacteria with a tRNA-like domain and a small ORF. The tRNA-like domain act as a tRNA
transferring an alanine while the ORF generates the SsrA-tag to proteins being
synthetized. This dual activity contributes to protein quality control (Moore and Sauer
2007) . Charged cognate tRNA deficiency, mRNA missing stop codon (Keiler, Waller,
and Sauer 1996), weak translational termination (Collier, Binet, and Bouloc 2002) ) or
exit tunnel jamming (Collier, Bohn, and Bouloc 2004) are conditions leading to
ribosome stalling during translation and leading to tmRNA recruitment by ribosomes
at the acceptor site. tmRNA activity releases a protein containing a SsrA-tag at it C-ter
end and therefore frees the ribosomes. The SsrA-tag allows the recognition of the
hybrid protein by proteases to prevent accumulation of faulty polypeptides (Keiler,
Waller, and Sauer 1996; Herman et al. 1998; Bohn, Binet, and Bouloc 2002). The loss of
tmRNA leads to different phenotypes according to species: increased sensitivity to
miscoding antibiotics in £. colj, temperature sensitivity /n B. subtilis and virulence defect
in Francisella tularensis (Abo et al. 2002; Shin and Price 2007; Svetlanov et al. 2012).

6S RNA discovered in £ coli (Hindley 1967) is conserved among bacteria. It
accumulates in stationary phase and contributes to reprogramming gene expression
by blocking the activity of RNA polymerase containing a vegetative o factor (o* or ¢’°).
Consequently, transcription is driven by RNA polymerase containing other sigma
factors allowing the adaptation to the environmental conditions. 6S RNA expression
increases upon certain stress conditions, highlighting its role as a stress response
regulator (Wassarman 2018). For example, 6S RNA promotes butanol resistance in C
acetobutylicum, while 6S RNA deletion is associated with an increased susceptibility to
antibiotics targeting RNA polymerase in S. aureus (Jones, Venkataramanan, and
Papoutsakis 2016; Esberard et al. 2022).
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CsrA is a RNA-binding protein t that regulates the stability and the translation of
several genes involved in carbon metabolism virulence, motility, and biofilm formation.
CsrB and CsrC are two sRNAs binding to CsrA and thus preventing CsrA activity
(reviewed by Pourciau et al. 2020). The transcription of CsrB and CsrC is activated by
the two-component system BarA-UvrY and is sensitive to formate and acetate.

3.2.2. Reqgulatory RNAs interacting in frans with RNAs

L. asRNA

asRNA are RNA molecules that are encoded on the opposite strand of their
target. These regulatory RNAs are likely targeting the RNA encoded on the opposite
strand, with which they share a perfect complementarity. Consequently, they can form
long double strand RNA structures and are expected to affect mRNA stability or
translation (Georg and Hess 2018).

Part of characterized asRNAs to this date are originating from accessory DNA
elements, such as plasmids, phages, or transposons. In the case of these asRNAs, their
function is to regulate the replication or conjugation of plasmids, the transposition, or
the switch between lysis and lysogeny in bacteriophages (Brantl 2002). Another group
of asRNAs are acting as antitoxins in plasmids type I toxin/antitoxin systems, and
repress the translation of toxic proteins in order to kill only the cell that has lost the
mobile element.

However, recent advances in genome-wide sequencing shed light on
chromosomally-encoded asRNAs. Some of these asRNAs are encoded in the
complementary region between two ORFs and can regulate simultaneously two
adjacent genes. For example, in B. subtilis, expression of the asRNA SR6 affects the two
adjacent genes yoy/ and yonT, by inhibiting yoy/ translation and initiating yonT
degradation, respectively (Reif, Loser, and Brantl 2018) (Figure 22).
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Figure 22: Requlation of yoyJ and yonT mRNAs by SR6

SR6 (in red) is located on the opposite strand at the level of the intergenic region between
yoyJ (light blue) and yonT (dark blue). Therefore, SR6 has homologous regions to yoy/
and yonT7. When SR6 is expressed, it represses simultaneously yoy/ and yonT mRNAs by
binding on their 5' and 3’ regions, respectively. The binding of SR6 on yoy/ mRNA at the
level of the RBS prevents translation while binding on yon7mRNA induces its degradation
by the recruitment of RNase III (in yellow). Adapted from (Brantl and Miller 2021).

IL. SRNA

By definition, we call SRNAs trans-acting RNA, which are not asRNA. Most sRNAs
are trans-encoded regulatory RNAs as their corresponding gene is often distant from
their target gene. Unlike asRNAs, sRNAs bind to their mRNA targets via short, partial
complementary sequences. Most sRNAs act by base-pairing to the RBS of their mRNA
targets, resulting in translational inhibition. In some cases, whether or not associated
with translational inhibition, SRNA recruits an RNase that promotes mRNA degradation.
However, the SRNA binding to an mRNA can enhance target expressions by disrupting
a secondary structure that previously sequestered an RBS (Waters and Storz 2009)
(Figure 23).
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Figure 23: Regulatory functions of sSRNAs

Trans-encoded sRNAs (in red) can act negatively by binding to the 5 UTR of their mRNA
targets (in blue) and blocking ribosome binding (left panel) or they can recruit RNases
for mRNA degradation (middle panel). sSRNAs can also act positively by preventing the
formation of a secondary structure that sequesters the RBS (right panel). From (Waters
and Storz 2009).

Many sRNA genes possess their own promoter and for most of them, their
expression is specific to environmental conditions as illustrated with the following
examples. In B. subtilis, roxS (rsaF in S. aureus) expression is under the control of the
ResDE two-component system and is induced in the presence of nitric oxide (Durand
et al. 2015). In £ colj ryhBis repressed by Fur and induced upon iron starvation (Massé
and Gottesman 2002); this regulation is conserved for all ryA8 homologs. Still in £ col;,
Spot4?2 is accumulated under high glucose concentrations, oxyR is activated by OxyS
under oxidative stress (Altuvia et al. 1997) and MicA/RybB accumulates upon outer
membrane stress due to a of regulation of their genes (Gogol et al. 2011). In S. aureus,
the accumulation of RNAIII is Agr-dependent, a quorum sensing regulator, whereas
rsaA, is induced by o® (Novick et al. 1993; Romilly et al. 2014). In summary, any
transcriptional factor can regulate the expression of a SRNA.

Since. sSRNA/mRNA target base-pairing involves short complementary
sequences, sSRNAs may regulate many genes, which are often involved in the same
metabolic process. Consequently, SRNAs can modulate adaptive responses similarly to
a transcriptional factor but by acting at the post-transcriptional level. For example, £
coliRyhB down-regulates the amount of enzymes containing iron-sulfur clusters under
iron-starved growth conditions, while MicA and RybB repress membrane porins upon
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membrane stress. SRNAs are usually involved in negative feedback loops, in such a way
that their expression remains temporary. For example, RyhB accumulates during iron
starvation to favor iron uptake which in turn represses the expression of its
corresponding gene.

Even if sRNAs bind to their targets through complementary sequences, the whole
sequence is not entirely necessary for the regulation. Indeed, in some cases, only a few
bases are necessary for the sRNA activity. For example, SgrS pairing with ptsG mRNA
involves 23 bases, but mutations in only four of them are sufficient to affect SgrS
activity (Kawamoto et al. 2006). In Firmicutes, including S. aureus, most of the sSRNAs
that repress translation of their mRNA targets, including RsaE, act through exposed
and single-stranded C-rich regions (Figure 24). These regions bind to G-rich regions
which are located on the ribosome binding sites of their targets (Geissmann et al. 2009;
Rochat et al. 2018).

Figure 24: Secondary structure of Rsak

The secondary structure has been predicted using LocaRNA. The two C-rich regions (black
boxes) are located on unpaired regions and pair with the RBS of the mRNA targets to
inhibit their translation. From (Rochat et al. 2018).
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3.3. RNA chaperones

The sRNA/mRNA target pairing involves a recognition step between two unpaired
regions via seed motifs leading to the formation of a kissing complex. The interaction
between the two molecules then expands beyond the seed motifs and requires the
unfolding of intramolecular pairings. In many cases, these different steps require the
activity of an RNA chaperone. The most studied RNA chaperone in prokaryotes is Hfq,
which is widely conserved among bacteria. However, other RNA chaperones, such as
ProQ or CsrA are also involved in the maintenance of SRNA-mRNA interactions.

33.1.  Hfg

Hfqg is one, if not the most conserved RNA chaperone in bacteria. Hfq belongs to
the family of Sm-like (LSm) proteins, a protein family found in all three domains of life
suggesting that Hfg originates from the common ancestor to bacteria, archaea, and
Eukaryotes (Vogel and Luisi 2011). Hfq acts as a homohexamer organized in a ring. Hfq
possesses four regions that can bind RNAs according to their sequence (Updegrove,
Zhang, and Storz 2016). This flexibility allows Hfq to interact with sSRNAs and their target
MRNAs at the same time. Hfq can bind and stabilize sSRNAs, mRNAs, and sSRNA-mRNA
duplexes or target them for degradation by ribonucleases. Hfq is necessary in many
species for sSRNAs to exert their activities (Figure 25).
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Figure 25: Roles of Hfq in gene requlation in bacteria

A: Hfg can protect sRNAs from degradation (A) or recruit RNases to degrade the sRNA-
MmRNA duplex (B). Hfg can also promote sRNA binding on the mRNA in order to inhibit
(C) or promote (D) its translation. From (Djapgne and Oglesby 2021).

Hfq is necessary for the action of SRNAs in many pathogenic bacteria (reviewed by
Djapgne and Oglesby 2021). In Enterobacteriaceae, Hfq is necessary for the activity of
RyhB and MicA, sRNAs involved in the regulation of iron homeostasis and adaptation
to membrane stress, respectively. In Shigella sonnei, a Ahfg mutant is more sensitive
to antibiotics and less virulent (Y. Wang et al. 2023). However, the function of Hfq re-
mains elusive in some bacterial species. In Clostridioides difficile, Hfq seems to be in-
volved in key metabolic pathways during infection such as sporulation, stress response
or biofilm formation (Boudry et al. 2014; Soutourina 2017). Up to now, no sRNA-de-
pendent phenotype seems associated with the absence of Hfq in B. subtilis (Hammerle
et al. 2014; Rochat et al. 2015) or in S. aureus (Bohn, Rigoulay, and Bouloc 2007; Rochat
et al. 2012; Liu et al. 2020).

3.3.2. Other RNA chaperones

Several studies have identified additional SRNA chaperones, diminishing the unique
role of Hfg in sSRNA regulation. In 2011, ProQ was identified as an RNA chaperone in £
coli (G. Chaulk et al. 2011). However, the first paper showing the link between ProQ and
sRNAs was published a few years ago in Sa/monella (Smirnov et al. 2016). ProQ is part
of the FinO domain protein family, FinO being an RNA chaperone that controls plasmid
conjugation in £ coliby stabilization of the pairing between FinP sRNA and #a/mRNA
(Arthur et al. 2011). Homologs of ProQ have been found in several Gram-negative
species, such as £ coli, L. pneumophila, and Salmonella, where it has been shown to
control many sRNA networks and is involved in antibiotic persistence and virulence
(Smirnov et al. 2016; Rizvanovic et al. 2022; Westermann et al. 2019). The link between
ProQ and sRNAs has been well established among Gram-negative species and even
revealed overlapping targets with Hfq (Silva et al. 2019; Melamed et al. 2020). Note that
ProQ is absent in Gram-positive bacteria.

CsrA was initially annotated as a regulator of carbon storage that was acting as a
homodimer at the post-transcriptional level of many mRNAs involved in carbon
metabolism, motility, virulence iron homeostasis, biofilm formation, and cell envelope
integrity (Katsuya-Gaviria et al. 2022). In contrast to Hfq which is widely present in
eubacteria, the distribution of CsrA is more heterogeneous. Indeed, CsrA is absent in
several Firmicutes, such as Streptococcus, Staphylococcus, Listeria, and is present in
more than 50% of Bacillus species (Sobrero and Valverde 2020). The action of CsrA is
often mediated by sRNAs, which will bind to it and prevent its action, acting like
sponges (Pourciau et al. 2020). A recent paper in B. subtilis showed that CsrA was also
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able to promote the interaction between SR1 sRNA and its mRNA target a/ArC (Muller
et al. 2019).

Other proteins also exert an RNA chaperone activity at a more specific level. For
example, in S. aureus, CspA (cold-shock protein A), one of the most abundant proteins
in the cytoplasm and a major regulator, can bind its own mRNA to protect it from
RNase III degradation (Caballero et al. 2018). In B. subtilis the small iron-regulated
proteins FbpA, FbpB, and FbpC interact with FsrA sRNA (Gaballa et al. 2008; Smaldone
et al. 2012). It is important to note that FsrA acts in an Hfg-independent manner, in
opposition to its homolog RyhB, highlighting the fact that they are not orthologs but
rather functional homologs.

3.4. RyhB

RyhB was first identified in £ coli(Massé and Gottesman 2002). It is 90-nt long with
three stem-loops, and its expression is regulated by Fur. The ryAB gene, as well as its
location between yhhXand yhhY, is conserved in £ coli, Salmonella, and Klebsiella, and
to a lesser extent in Y. pestis and V. cholerae. In some species (e.g., Salmonella and
Yersinia), a second ryhB-like sequence is present suggesting the existence of two RyhB-
like SRNAs (Ellermeier and Slauch 2008; Deng et al. 2012). As discussed above, RyhB
activity is Hfg-dependent (Wassarman et al. 2001) (Figure 26). The regulation network
of RyhB covers several aspects of bacterial metabolism, which are all connected
towards the survival upon iron starvation and that will be discussed in the following
paragraphs.
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Figure 26: Secondary structure of RyhB
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Top: RyhB binds to target mRNAs through nucleotides located on unpaired regions. Hfq
binding site is indicated. Bottom: predicted pairing between RyhB and sodB mRNA. Nu-
cleotides involved in the pairing are indicated in bold. From (Tjaden et al. 2006)

3.4.1. Requlation of the TCA cycle

sdhCDAB operon mRNA (encoding succinate dehydrogenase) and fumA mRNA
(encoding fumarase) are RyhB targets. A Afurmutant has a growth defect on succinate
or fumarate as a sole carbon source (Massé and Gottesman 2002). The phenotype is
due to the constitutive expression of RyhB in a Afur mutant, preventing the translation
of mRNAs associated with the succinate and fumarate catabolism. Other confirmed
RyhB targets include acnA mRNA (aconitase), bfr mRNA (bacterial ferritin), f£n mRNA
(ferritin), and sodB mRNA (superoxide dismutase). Note that all these targets encode
proteins involved in iron storage or containing Fe-S clusters. Furthermore, three of
these targets (acnA, fumA and sdhCDAB mRNAs) are involved in TCA cycle. However,
other TCA cycle enzymes that do not contain Fe-S clusters are not regulated by RyhB
(Massé and Gottesman 2002). Other studies identified new RyhB targets, most of them
being mRNAs encoding proteins with Fe-S clusters (Massé, Vanderpool, and
Gottesman 2005). Taken together, these results imply that RyhB regulates intracellular
iron utilization by repression of the TCA cycle, a non-essential metabolic pathway that
needs several iron-containing enzymes.

3.4.2. RyhB and Fe-S clusters synthesis

Another target of RyhB is the /iscRSUA operon mRNA, which is involved in the
synthesis of Fe-S clusters via the /sc system. In presence of iron, IscR possess a Fe-S
cluster and represses expression of the /iscRSUA operon. In absence of iron, Apo-IscR
alleviates its repression on /scRSUA operon and also activates transcription of the suf
operon, the second Fe-S cluster machinery expressed upon iron starvation (Outten,
Djaman, and Storz 2004; Yeo et al. 2006). Interestingly, RyhB targets the /scRSUA
operon but only downstream of /scR, which leads to expression of IscR and cleavage
of the /scSUA mRNA (Desnoyers et al. 2009). RyhB also targets erpA mRNA encoding
for an acyl-carrier protein, which is repressed by IscR under presence of iron (Mandin,
Chareyre, and Barras 2016). Taken together, these two results shows that bimodal
regulation of the /scRSUA operon and regulation of ezoA mRNA promote the switch
from the /scto the sufsystem and ensure that ErpA can bring Fe-S clusters only when
it is necessary.

3.4.3. Siderophore production

Interestingly, some RyhB targets such as sA/A mRNA are positively regulated by
RyhB. shiA encodes a permease of shikimate, a precursor for the biosynthesis of
enterobactin and salmochelin siderophores. shiA mRNA is poorly translated because
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of the presence of an inhibitory secondary structure on its 5’ region that hides the RBS.
By binding to the shiA 5" UTR, RyhB prevents the formation of this structure and
activates sh/A translation (Prévost et al. 2007). Further studies showed that globally,
AryhB mutants produce less siderophores and are less virulent than WT strains
(Porcheron et al. 2014).

Taken together, analysis of RyhB targets reveal its dual role: on one side, RyhB
improves the fitness of bacteria by repressing non-essential genes that contains Fe-S
cluster to spare iron for essential proteins, on the other side, RyhB promotes iron
acquisition to recover a normal intracellular iron concentration. Regulation of iron
homeostasis by a Fur-regulated sRNA seems an optimum solution for bacteria. Indeed,
it is economical in terms of energy, efficient and it can evolve to downregulate new
targets.

344, RyhB and Hfg

Like many sRNAs, RyhB binds to RBSs, using Hfq to stabilize the interactions.
Binding of RyhB to sodB mRNA lead to recruitment of RNase E with the degradation
of both sodB mRNA and RyhB (Massé, Escorcia, and Gottesman 2003). The degradation
of mRNAs by RyhB is independent of the translational repression (Prévost et al. 2011).
This mechanism is the same for all MRNA targets of RyhB except for acnB mRNA, which
encodes for the major aconitase of £ coli. In the case of acnB mRNA, RNase-E-induced
degradation by RyhB is prevented by the binding of Apo-AcnB (which acts as an RNA-
binding protein) on the cleavage site (Benjamin and Massé 2014). Recent work by David
Lalaouna showed that many £ coli sSRNAs (including RyhB) are actually able to bind
MRNAs even in the absence of Hfg. However, mMRNAs bound by RyhB without Hfq were
not degraded, meaning that the ternary complex formed by sRNA, a target mRNA, and
Hfq is necessary for the recruitment of RNase E (Lalaouna et al. 2021).

3.4.5. Other RyhB functional homologs in bacteria

Over the years, many RyhB orthologs and functional homologs were discovered in
different species. This confirms the hypothesis that having a sSRNA-mediated response
to iron starvation confers a great advantage and has been naturally selected over the
course of the evolution.

As mentioned previously, Enterobacteriaceae may have paralogs of RyhB. In
addition, functional homologs of RyhB have also been found in bacteria which are
evolutionary distant from £ coli (Table 2). These homologs do not share the same
sequence nor the same need for RNA chaperone, but they are all induced upon iron
starvation and repress iron-containing proteins.
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Name Bacteria Reference

FsrA Bacillus subtilis (Gaballa et al. 2008)
Prrf1, Prrf2 Pseudomonas aeruginosa (Wilderman et al. 2004)
NrrF Neisseria meningitidis, (Mellin et al. 2007)
Neisseria gonorrhoeae
ArrF Azotobacter vinelandii (Jung and Kwon 2008)
MrsI Mycobacterium tuberculosis (Gerrick et al. 2018)
IsrR Staphylococcus aureus (Coronel-Tellez et al. 2022)

Table 2: Functional homologs of RyhB in other bacteria

The fact that orthologs or functional homologs of RyhB are found in many different
bacteria confirms that this mechanism of response to iron starvation was not acquired
through horizontal transfer but rather emerged through evolutive convergence,
showing that response to iron starvation is critical for the survival of the bacteria.
Regulation of iron homeostasis by a Fur-regulated sSRNA seems an optimum solution,
because it is economical in terms of energy, efficient and it can evolve to downregulate
new targets.

4.Staphylococcus aureus

4.1. Generalities and pathogenicity of S. aureus

S. aureus is a Gram-positive, rod-shaped bacterium. It is a member of the
Bacillota, formerly called Firmicutes. S. aureus is a non-motile, facultative anaerobe,
non-sporulating bacterium, and able to obtain energy from nitrate reduction (Pantel et
al. 1998). Its name comes from the fact that S. aureus colonies are golden yellow due
to the production of a specific pigment, staphyloxanthin.

S. aureus is a human commensal with an estimated 30% of the population
carrying it in their nares (Krismer et al. 2017). It can be an opportunistic pathogen
favored by immunodepression, following surgery or an antibiotic treatment, for
example. Some studies reported that deaths caused by S aureus in the USA.
accounted for around 20,000 people, more than AIDS, tuberculosis, and viral hepatitis
deaths combined (Kourtis et al. 2019; Van Hal et al. 2012). A recent paper showed that
S. aureus was the leading cause of death by bacterial infections in the world in 2019,
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and the most deadly bacterial pathogen in 135 countries (Figure 27) (Ikuta et al. 2022).
S. aureus infections have become a real issue due to the emergence of antibiotic multi-
resistance, especially with the apparition of the multiresistant methicillin-resistant S.
aureus (MRSA) and vancomycin-resistant S. aureus (VRSA). In 2019, multiresistant
strains of S. aureuswere responsible for more than 80000 deaths, and more than 50,000
people died from infections caused by MRSA (Mestrovic et al. 2022). Even if
nosocomial-related MRSA infections are decreasing in developed countries, they are
still rising in developing countries (Cheung, Bae, and Otto 2021).
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Figure 27: S. aureus is the leading cause of bacterial infections in the world

A: Global number of deaths by pathogen and infectious syndrome in 2019. LRI = Lower
respiratory infections; UTI = Urinary tract infections; iNTS: invasive non-typhoidal Salmo-
nella. B: Pathogen responsible for the highest age-standardized mortality per 100,000
inhabitants and country in 2019.From (Ikuta et al. 2022).

S. aureus can cause a large panel of infections, ranging from minor skin
infections such as furuncles, panariciums, or abscesses to more severe and possibly
lethal infections such as pneumonia, bloodstream infections, endocarditis, or
intoxication during toxic shock syndrome or food poisoning. S. aureus skin infections
usually originate from asymptomatic contamination or by skin-to-skin contact if there
is the presence of an entry point, which can be a minor scratch in the skin. Nosocomial
infections, or toxic shock syndrome, are caused by an infection of internal tissues or
organs by S. aureus through individuals or infected fomites. In the case of food
poisoning, the infection is not due to S. aureus itself but by the ingestion of
contaminated food that contains staphylococcal enterotoxins that will trigger an
excessive immune response. The pathogenicity and the wide range of S. aureus
infections are due to the presence of numerous virulence factors that enable it to adapt
to various environmental conditions and survive within the host.

4.2. Virulence factors of S. aureus
4.2.1 Biofilms

S. aureus has the ability to form biofilms on many surfaces, such as pacemakers,
urinary catheters, or prostheses. Biofilms can also appear on biological tissues, such as
heart valves in the case of endocarditis. They represent a great virulence factor, as their
structure allows the bacteria to survive and multiply while resisting host defenses and
antibiotic treatment. Plus, the behavior of the cells within biofilms is modified and leads
to the appearance of persisters (Mah and O'Toole 2001).

The formation of a biofilm starts with the attachment of the cells to a surface,
usually the host matrix composed of fibronectin, fibrinogen, etc. S. aureus possesses
about 20 microbial surface components recognizing adhesive matrix molecules
(MSCRAMM), which include two clumping factors (CIfA and CIfB) and two fibronectin-
binding proteins (FNBPA, FnBPB), as well as several secretable expanded repertoire
adhesive molecules (SERAM) (Clarke and Foster 2006). All these proteins are used by
the bacteria to anchor to the host matrix. The proliferation and shaping of the 3D
structure of the biofilm are ensured by the production of polysaccharide intercellular
adhesion (PIA), which binds the cells together, and the production of two phenol-
soluble modulins (PSMs) and ten exoproteins that shape and degrade the biofilm
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(Boles and Horswill 2011). The regulation of genes involved in biofilm formation
depends on several factors, such as the global regulator SarA and the quorum sensing
system Agr (Otto 2018).

4.2.2 Escaping host immunity

To be phagocyted by macrophages or neutrophils, the bacteria must be opsonized,
re. labeled with antibodies to be recognized. S. aureus has developed several
mechanisms to avoid opsonization, the most studied being the production of protein
A. Protein A is secreted and binds to the IgG and IgM, thus providing camouflage to
the bacteria while promoting apoptosis of B cells (Falugi et al. 2013).

S. aureus is also able to directly lyse white blood cells using a leukotoxin called
Panton-Valentine leukocydin (PVL). This toxin targets different receptors on immune
cells and forms pores, which induces their lysis. Other leukotoxins exist, such as LukAB
and LukDE, but PVL is the most cytotoxic (Ahmad-Mansour et al. 2021). The destruction
of the host immune cells is also mediated by PSMs that can attach to the receptor FPR2
and attract innate immune cells to lyse them (Cheung et al. 2014).

4.2.3 Hemolysins

Hemolysins are used by S. aureus to penetrate the epithelial barrier and destroy
erythrocytes. S. aureus encodes a-, B-, y-, and 6-hemolysins, all four being regulated
by Agr. The most studied hemolysin is a-hemolysin, encoded by the Ala gene. This
hemolysin targets a large variety of cells, in which it will assemble as an homoheptamer
on the ADAM10 receptor to create an aqueous channel that will lead to cell lysis
(Divyakolu et al. 2019). Interestingly, even though 95% of S. aureus strains encode A/a,
the most pathogenic strains (e.g. USA300) have a significant increase in Ala expression
than the others, linking Ala expression and pathogenicity (Montgomery et al. 2008).

B-hemolysin, also called hot-cold hemolysin due to its enhanced activity after a
switch of temperature from 37°C to 10°C, is a Mg?*-dependent sphingomyelinase able
to lyse erythrocytes by cleaving sphingomyelin into phosphorylcholine and ceramide.
Even though erythrocytes are not highly sensitive to B-hemolysin, its activity enhances
the activity of a-hemolysin and PVL, and the production of ceramide triggers MAP
kinases and apoptosis (Futerman and Hannun 2004).

r-hemolysin is a type of bi-component leukocidin that shares structure similarity
with a-hemolysin and PVL (Gouaux, Hobaugh, and Song 2008). Like PVL and a-
hemolysin, it is a pore-forming toxin that exerts its activity by associating in oligomers
on the surface of target cells and inducing their lysis.

&-hemolysin is produced from the sSRNA RNAIII, which is under the control of Agr.
It is expressed preferentially in the post-exponential phase. Unlike other S. aureus
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hemolysins, 6-hemolysin acts by first forming pores on the membrane, but it then acts
as a surfactant to destabilize it and induce lysis (Verdon et al. 2009).

424 S. gureustoxins

S. aureus encodes several toxins that are superantigens. These toxins can interact
with T cells and trigger a strong immunity response that can lead to multiple organ
failure. In S. aureus, two types of toxins are produced: The staphylococcal enterotoxins
(SE) and the toxic shock syndrome toxin 1 (TSST-1). There are more than 20 SEs, and
some of them are involved in food poisoning, such as SEA, SEB, and SED. SEs can cross
the epithelial barrier and bind to class II MHC molecules, which triggers a strong
inflammatory response causing nausea, vomiting, abdominal pain, and diarrhea
(Pinchuk, Beswick, and Reyes 2010; Balaban and Rasooly 2000). TSST-A, encoded by
the gene tstH located on a pathogenicity island, is also able to cross the epithelial
barrier and interact with class II MHC. The massive cytokine liberation causes fever,
rash, desquamation, and hypotension, and can lead to multi-organ failure (McCormick,
Yarwood, and Schlievert 2001).

4.2.5 Resistance to oxidative stress

When neutrophils phagocyte S. aureus, they produce reactive oxygen species (ROS)
that attack its membrane and DNA. S. aureus has developed mechanisms to survive in
these conditions, which mainly rely on the ability to convert ROS into inoffensive
species (Figure 28).

One mechanism is the production of staphyloxanthin. Indeed, the carotenoid
pigment that gives the golden color to the cells serves as an antioxidant by binding
radicals onto a series of conjugated double bonds (Clauditz et al. 2006). In addition to
staphyloxanthin, S. aureus possesses enzymes to detoxify oxygen radicals. S. aureus
encodes for two superoxide dismutases, SodA and SodM that catalyze the dismutation
of Oz™ into oxygen and hydrogen peroxide (H20z). Hydrogen peroxide can be further
reduced into water and oxygen by the action of a catalase (KatA) or an alkyl
hydroperoxide reductase (AhpC). However, H>O.> can also react with ClI" to form
hypochlorite via the action of myeloperoxidase (MPO). Fortunately, MPO activity is
inhibited by the staphylococcal peroxidase inhibitor (SPIN). The neutrophils can also
produce ONOO™ by combining Oz" and nitric oxide (NO), but the activity of superoxide
dismutases greatly represses its production (Cheung, Bae, and Otto 2021; Gaupp,
Ledala, and Somerville 2012).
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Figure 28: S. aureus resistance to oxidative stress inside neutrophils

Reactive oxygen species and neutrophil proteins are indicated in red. Staphylococcal pro-
teins are indicated in green. SodA/SodM: Superoxide dismutase A/M; KatA: Catalase;
AhpC: Alkyl hydroperoxide reductase; SPIN: Staphylococcal peroxidase inhibitor; MPO:
myeloperoxidase.

This list of virulence factors is not exhaustive, as S. aureus possesses dozens of
mechanisms that allow its survival in a large panel of conditions. Among them, the
most important is the multitude of iron acquisition systems that permit the bacteria to
acquire iron from various sources.

4.3 Iron acquisition systems in S. aureus

Iron acquisition by S. aureus relies on a variety of systems that allow it to recover free
iron, but also iron complexed to host proteins, such as transferrins, lactoferrins or
calprotectin, and even iron found within heme groups. All these systems are under the
control of Fur (Figure 29).
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Figure 29: Different iron acquisition systems in S. aureus

FeoB, ferrous Fe transporter; FepABC, Fe dependent peroxidase transporter; FtnA, ferritin;
Fur, ferric uptake regulator; HrtAB, heme regulator transporter efflux pump; HssR, heme
sensing two-component regulator regulatory protein; HssS, heme sensing two-compo-
nent regulator sensor protein; HtsABC, heme transport system involved in Fe-SA uptake;
IsdABCDEFGHI, iron-regulated surface determinant system; SA, Staphyloferrin A; SB,
Staphyloferrin B; Sbnl, L-serine kinase and heme responsive regulator of SB biosynthesis.
Human (host) proteins are in bold and dark red font. From (Van Dijk, De Kruijff, and
Hagedoorn 2022).

4.3.1 Acquisition of free iron

S. aureus can acquire iron through two different systems. The first system uses the
FeoB iron transporter. FeoB is part of the FeoABC system, an iron transporter system
widespread among bacteria and mostly studied in Gram-negative bacteria.In S. aureus,
only FeoB is present and is sufficient for the transport of ferrous iron, free or coming
from calprotectin, into the cell. However, recent studies showed that FeoB is probably
important for the pathogenicity of S. aureus since inhibition of FeoB reduced
intracellular iron concentration and prevented resistance to gentamicin (Shin et al.
2021).

The second system used by S. aureus to incorporate free iron is the FepABC (Fe-
dependent peroxidase) transporter. FepABC from S. aureus has not been well
characterized yet but seems to be a homolog of £ coli efeUOB (see page 21). FepABC
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is encoded in an operon and is composed of an iron permease (FepC), an iron-binding
protein (FepA), and an iron-dependent peroxidase (FepB) (Sheldon and Heinrichs
2015). The role of FepB is not clear yet, but studies showed that FepB is transported
across the membrane through the twin-arginine translocation (Tat) pathway and is also
able to bind heme groups in order to extract iron from it (Biswas et al. 2009; Turlin et
al. 2013). FepABC is therefore able to scavenge free iron from the media as well as iron
coming from heme groups.

4.3.2 Acquisition of heme by the Isd system

In the host, the vast majority of available iron is present in the form of heme.
Interestingly, heme is the preferred iron source for S. aureus (Skaar et al. 2004) and
therefore, it has developed an efficient way to acquire it through the Isd system (see
page 19, Figure 7). IsdB and IsdH, which are both anchored to the membrane by sortase
A, are both able to bind host hemoproteins, such as methemoglobin, hemoglobin, and
haptoglobin (Conroy et al. 2019). However, IsdB seems to be the primary receptor of
hemoglobin since AisdB mutants are not growing in the presence of heme as the sole
iron source and display decreased virulence in a murine model (Torres et al. 2006).

It is important to note that several studies showed an interplay between iron
acquisition pathways through heme and siderophores. Indeed, Sbnl, the regulator of
the sbn operon that controls the synthesis of staphyloferrin B, can be repressed by
heme binding from the heme-degrading protein Isdl. Heme binding causes repression
of staphyloferrin B production when heme is present (Laakso et al. 2016; Verstraete et
al. 2019). Another example of interaction between siderophore and heme utilization
pathways is the role of the oxidoreductases IruO and NtrA, that release ferrous iron
from hydroxamates siderophores and staphyloferrin A, respectively. Indeed, IruO and
NtrA are also needed for the release of ferric iron by Isdl/G (Hannauer, Arifin, and
Heinrichs 2015). Finally, some studies also mentioned that the staphyloferrin A
transporter HtsBC could be a heme permease (Skaar et al. 2004). This claim was
invalided later, but the authors showed that a 4/sdEAhtsA mutant of S. aureus was still
able to acquire heme, suggesting the presence of another and still unknown heme
acquisition system (Wright and Nair 2012).

4.3.3 Iron acquisition by siderophores

S. aureus can scavenge iron complexed to host proteins, such as transferrin or
lactoferrin, by the production of two siderophores: staphyloferrin A (SA) and
staphyloferrin B (SB). Both siderophores are part of the carboxylate family and are
therefore resistant to siderocalin. They are both synthesized through the non-
ribosomal peptide synthesis independent siderophore (NIS) pathway, meaning that
they are synthesized by enzymes that condensate alternating subunits or dicarboxylic
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acids (in the case of SA and SB, citrate) with diamines, amino alcohols and alcohols
(Conroy et al. 2019). SA is synthesized and exported by proteins encoded from the sfa
locus, and imported by the HtsABC transporter. Interestingly, the Ats and sfa loci are
located next to each other. The same observation exists for the loci responsible for the
synthesis and the import of SB (sbn and sir, respectively) (Figure 30). All the genes
encoding for biosynthesis and uptake of siderophores are under the control of Fur.

citrate + a-ketoglutarate  StnC, SbnE _ o SfaD, SfaB
+2 L-DAP SbnF. SbnH 2 citrate + D-ormithine —
CeKBKAF<cKBKAM D)
sir sbn hts sfa

Figure 30: SA and SB biosynthesis and uptake systems in S. aureus

Proteins involved in the biosynthesis and export of staphyloferrin A (SA) and staphylo-
ferrin B (SB) are encoded in the sfa and sbn loci, respectively. The siderophore uptake
systems HtsABC and SirABC facilitate the transport of SA and SB, respectively. Orange
spheres indicate ferric iron. From (Conroy et al. 2019).

Besides the production of SA and SB, S aureus is also able to use
xenosiderophores (siderophores produced by other microorganisms) (Figure 31).
While it does not produce hydroxamate siderophores, S. aureus is able to use some of
them, such as aerobactin, rhodotorulic acid, and ferrichrome using the ferric
hydroxamate uptake (Fhu) system. The Fhu system is encoded by 7AuD and fhuCBG.
FhuD is a hydroxamate receptor, FhuB and FhuG are transmembrane proteins and FhuC
is an ATP-binding protein. Interestingly, there are two paralogs of Fhu encoded by
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fhuD17and fhuDZ2. FhuD2 is present in all S. aureus strains and has a better affinity and
a wider range of hydroxamate targets than FhuD1, which is found in variable locations
on the genome or can be absent (Sebulsky et al. 2004). S. aureus also incorporates
catecholate siderophores thanks to the staphylococcal siderophore transporter (Sst).
Sst is encoded by the sstABCD operon encoding the transmembrane proteins (SstA
and SstB), the ATP-binding protein (SstC), and the siderophore-binding protein (SstD)
(Beasley et al. 2011). Sst is necessary for the import of enterobactin and bacillibactin,
but it is also able to incorporate catecholamine-iron complexes (such as epinephrine-
iron complexes) that can be used as an iron source by S. aureus. All the genes encoding
the Fhu and Sst systems are under the control of Fur.

fhu sst

L@l

fthuD1  fthuD2

Figure 31: Xenosiderophores uptake systems in S. aureus

Proteins of the Fhu systems implicated in the incorporation of hydroxamates siderophores
are indicated in orange. Proteins of the Sst system involved in the incorporation of cate-
cholates are indicated in purple. Hyd: hydroxamates; Cat: catecholates; orange sphere:
ferric iron. From (Conroy et al. 2019).
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4.4 Citrate metabolism of S. aureus

S. aureus is not able to use citrate as a carbon source, and so far no citrate
transporter has been properly described. Citrate is produced from the conversion of
oxaloacetate and acetyl-CoA by the citrate synthase CitZ. It is then converted first into
cis-aconitate, and then into isocitrate by the aconitase CitB. ¢/tBis under the control of
the carbon catabolite protein E (CcpE), which is itself sensitive to the intracellular citrate
concentration and activates the transcription of ¢/tB and c¢itZ mRNAs (Hartmann et al.
2013; Y. Ding et al. 2014). Therefore, CitB and CcpE are part of an autoregulatory
feedback loop: when citrate is produced, it activates CcpE which in turn activates the
transcription of both CitZ and CitB, leading to an activation of the TCA cycle (Figure
21).

Surprisingly, S. aureus possesses a second citrate synthase, encoded by the sbnG gene.
sbnG is part of the operon that encodes for staphyloferrin B and serves for the
production of citrate as a precursor of SB when the bacteria is grown in iron-restricted
media containing glucose (Sheldon, Marolda, and Heinrichs 2014);

While citrate can be found in the environment, isocitrate has to be synthesized
by aconitase to pursue the TCA cycle activity. This has been confirmed, as a B. subtilis
AcitB mutant is an auxotroph for glutamate, which cannot be synthesized since it is
made from a-ketoglutarate, produced from isocitrate (Pechter et al. 2013).

4.5 IsrR

IsrR (Iron-sparing response regulator) is a 174-nt long trans-encoded sRNA
conserved among the Staphylococciand is involved in the response to iron starvation
and the virulence in S. aureus (Coronel-Tellez et al. 2022). IsrR expression is controlled
by Fur via two Fur boxes. Therefore, it is expressed during iron starvation and
constitutively in a Afur mutant. IsrR possesses three stem-loops and has its own
terminator, as well as three C-rich regions (CRR). These later regions are important for
staphylococcal SRNA activities (e.g. Geissmann et al. 2009; Rochat et al. 2018) (Figure
32).
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Figure 32: Secondary structure of IsrR

The secondary structure of IsrR was obtained by SHAPE analysis and bioinformatics stud-
ies. Each base is colored depending on its reactivity to TM7, which cleaves unpaired re-
gions of the RNA. Grey: Not determined; White: Low reactivity; Yellow: Medium reactivity;
Red: High reactivity. Stem loops are indicated by H1, H2, and H3. Terminator is indicated
by T. C-rich regions (CRR) are indicated in red boxes. From (Coronel-Tellez et al. 2022)

IsrR acts by repressing the translation of several non-essential proteins containing Fe-
S clusters in order to spare residual iron for essential processes only. On the list of the
23 most probable targets of IsrR, seven are mRNAs encoding for proteins containing
Fe-S clusters. IsrR binds to the 5" UTR of its mMRNA targets through its CRRs and thus
prevents ribosome attachment. Interestingly, several confirmed targets of IsrR to this
date are genes involved in nitrate respiration (/dhA, narG, nasD, and g/tB2 mRNAs).
However, other putative targets of IsrR are involved in other aspects of S. aureus
metabolism, such as citrate utilization.
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D: Outline

The concept of using regulatory RNAs as mechanisms to overcome iron
starvation is well-described in bacteria (Chareyre and Mandin 2018). The idea is that
during iron starvation, regulatory RNAs repress non-essential genes encoding for
proteins that contain iron to spare the remaining iron for its reallocation to essential
processes, such as respiration or DNA synthesis. This phenomenon has been
investigated in depth in £ colj with the description of RyhB. However, until recently,
the adaptation of S. aureus to iron-starved growth conditions was not associated with
any regulatory RNA (Price and Boyd 2020). Thanks to a method developed for
screening sSRNA phenotypes in our laboratory (Le Lam et al. 2017), IsrR, a SRNA required
for improved fitness in iron-depleted media was discovered. This functional homolog,
but not ortholog, of RyhB in S. aureusis expressed under iron starvation and is involved
in virulence.

During the first year of my thesis project, I had the opportunity to participate in
the first characterization of IsrR. In particular, I contributed in obtaining the secondary
structure of IsrR alone and in interaction with /dhA and g/tB mRNAs by SHAPE. I also
contributed to /n vitro studies showing the interactions of IsrR with its mRNA targets
by gel retardation. These results are within a publication I co-authored ((Coronel-Tellez
et al. 2022), chapter F).

IsrR was shown to repress nitrate respiration, but bio-computing data suggested
that IsrR had numerous other targets and was possibly associated with the regulation
of several metabolic pathways. I pursued the characterization of IsrR with the
identification of new targets. I notably discovered that IsrR was regulating the citrate
metabolism by repressing aconitase and its transcriptional activator (chapter G).

MiaB is a tRNA modification enzyme containing [Fe-S] clusters. With Elise Leclair,
a Master student that I co-trained, we showed that mi/aB expression is down-regulated
by IsrR (chapter H). This work highlights the specificity role of CRR domains in
translational regulations.
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E: SRNA-controlled iron sparing response in
Staphylococci
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ABSTRACT

Staphylococcus aureus, a human opportunist
pathogen, adjusts its metabolism to cope with iron
deprivation within the host. We investigated the po-
tential role of small non-coding RNAs (sRNAs) in
dictating this process. A single sRNA, named here
IsrR, emerged from a competition assay with tagged-
mutant libraries as being required during iron star-
vation. IsrR is iron-repressed and predicted to target
mRNAs expressing iron-containing enzymes. Among
them, we demonstrated that IsrR down-regulates the
translation of mRNAs of enzymes that catalyze anaer-
obic nitrate respiration. The IsrR sequence reveals
three single-stranded C-rich regions (CRRs). Muta-
tional and structural analysis indicated a differen-
tial contribution of these CRRs according to targets.
We also report that IsrR is required for full lethality
of S. aureus in a mouse septicemia model, under-
scoring its role as a major contributor to the iron-
sparing response for bacterial survival during infec-
tion. IsrR is conserved among staphylococci, but it is
not ortholog to the proteobacterial sSRNA RyhB, nor
to other characterized sRNAs down-regulating mR-
NAs of iron-containing enzymes. Remarkably, these
distinct sRNAs regulate common targets, illustrating
that RNA-based regulation provides optimal evolu-
tionary solutions to improve bacterial fitness when
iron is scarce.

INTRODUCTION

Iron is essential for numerous enzymatic processes that use
its redox properties, notably in respiration. Despite being
one of the most abundant elements on earth, iron bioavail-

ability can be limiting. The mammalian host may prevent
pathogen proliferation by restricting access to free iron, cre-
ating a nutritional immunity. In parallel, pathogens have de-
veloped complex systems for iron assimilation leading to a
‘battle for iron’ (1-4). While iron is required for growth, its
excess is toxic. Indeed, ferrous iron decomposes hydrogen
peroxide via the Fenton reaction into oxygen radical species
that are highly reactive and oxidize a wide range of sub-
strates, including bacterial macromolecules (DNAs, RNAs,
proteins and lipids). Since most living organisms need iron
but are sensitive to its excess, strict regulation of iron uptake
and iron-containing enzymes is necessary (5,6).

For many bacteria, the main contributor to iron home-
ostasis is the transcriptional regulator Fur (7). In the pres-
ence of iron, Fur acts as a repressor targeting genes involved
in iron acquisition, thereby ensuring a feedback regulation
to maintain homeostasis of intracellular iron. In Escherichia
coli, the absence of Fur leads to repression of a subset of
genes using iron as a cofactor by an indirect effect. The
mystery of this apparent paradox was solved by the discov-
ery of a small regulatory RNA (sRNA) repressed by Fur,
RyhB (8). In low iron conditions, RyhB, assisted by the
RNA chaperone Hfq, accumulates and pairs to mRNAs,
preventing the expression of iron-containing proteins and
inducing an iron-sparing response (9). RyhB orthologs are
present in many species from the Enterobacteriaceae fam-
ily where they contribute to adaptation to low iron con-
ditions (5,10). In Pseudomonas species, a major contribu-
tor to this adaptation is PrrF, a sSRNA down-regulated by
Fur contributing to iron homeostasis (11). Of note, the cor-
responding ryhB and prrF genes are duplicated in some
species. Surprisingly, much less is known concerning Gram-
positive bacteria where, so far, RyhB and PrrF orthologs
were not found. SRNAs can nevertheless be regulators of
the iron-sparing response. In Bacillus subtilis, FstA sSRNA
is down-regulated by Fur, and with the help of three RNA
chaperones, FbpABC, it prevents the expression of iron-
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containing enzymes (12-14). In Mycobacterium tuberculo-
sis, the SRNA Mrsl is predicted to be down-regulated by
IdeR, a functional homolog of Fur, and to exert a similar
iron-sparing response. Interestingly, this bacterium does not
possess Hfq (15).

Staphylococcus aureus is a human and animal oppor-
tunistic pathogen and a leading cause of nosocomial and
community-acquired infections (16,17). Its success as a
pathogen relies on the expression of numerous virulence
factors and its adaptability to various environmental con-
ditions including metal starvation. Indeed, iron limitation
in the host is counteracted by alleviation of Fur repression,
leading to the production of iron-scavenging siderophores
(18). In this condition, S. aureus should down-regulate non-
essential iron-containing enzymes to preserve iron for vi-
tal processes. However, despite significant research efforts
devoted to the characterization of this major pathogen, no
such system has been characterized to date (18).

As sRNAs are major regulators of iron homeostasis in
several species, we designed a selection assay to identify
staphylococcal sSRNAs that could be involved in this pro-
cess. We established a collection of S. aureus sSRNA gene
mutants that was used in fitness assays during iron starva-
tion conditions. A single SRNA emerged as being essential
for optimum growth when iron becomes scarce. We named
it IsrR for ‘iron-sparing response regulator’, an acronym
reflecting its function uncovered by the present study. In
anaerobic conditions, expression of isrR prevented nitrate
respiration, a non-essential metabolic pathway involving
several iron-containing enzymes. IsrR is required for full
lethality in an animal septicemia model of infection.

This study uncovers an iron-sparing response in S. au-
reus, dictated by a regulatory RNA, IsrR, which reallocates
iron to essential processes when it is scarce.

MATERIALS AND METHODS
Bacterial strains, plasmids and growth conditions

Bacterial strains used for this study are described in Supple-
mentary Table S1. Most of the work was performed with
HGO003, a S. aureus model strain widely used for regula-
tion studies (19). Gene annotations refer to NCTC8325
nomenclature (file CP00025.1) retrieved from Genbank and
Aureowiki (20). Plasmids were engineered by Gibson as-
sembly (21) in Escherichia coli IMO8B (22) as described
(Supplementary Table S2), using the indicated appropri-
ate primers (Supplementary Table S3) for PCR ampli-
fication. Plasmids expressing sGFP were constructed in
MGI1655Z1 pcnB::Km, a strain that decreases ColE1 plas-
mid copy number and therefore reduces toxic effects pro-
duced by high amounts of certain proteins in E. coli.
MG1655Z1 penB:Km was constructed by the introduc-
tion of the pcnB::Km allele (23) in MG1655Z1 (24) by P1-
mediated transduction.

Plasmids were verified by DNA sequencing and trans-
ferred into HG003, 8325-4, RN4220, or their derivatives.
Chromosomal mutants (deletions and insertions) were ei-
ther reported (25) or constructed for this study (Supple-
mentary Table S1) using pIMAY derivatives as described
(25), except for the fur:tet allele which was transferred

from MJHO10 (26) to HG003 and HG003 AisrR::tagl35 by
phage-mediated transduction.

Staphylococcal strains were routinely grown in Brain
Heart Infusion (BHI) broth at 37°C aerobically or anaer-
obically under anaerobic conditions (5% H2, 5% CO,,
and 90% N») in an anaerobic chamber (Jacomex). Afur
S. aureus derivatives in anaerobic conditions were grown
in Tryptic Soy Broth (TSB). E. coli strains were grown
aerobically in Luria-Bertani (LB) broth at 37°C. An-
tibiotics were added to media as needed: ampicillin 100
pg/ml and chloramphenicol 20 wg/ml for E. coli; chlo-
ramphenicol 5 pg/ml and kanamycin 60 pg/ml for S.
aureus. Iron-depleted media was obtained by the ad-
dition of either DIP (2,2-dipyridyl) 1.25 mM, unless
stated otherwise; or EDDHA (ethylenediamine- N, N’-bis(2-
hydroxyphenylacetic acid)) 0.7 mM and incubated for 30
min prior to the addition of bacteria.

Fitness assay

Mutants with altered fitness in the presence of iron chela-
tors were identified and analyzed using a reported strategy
(25) with three independent libraries containing 48 mutants
(Supplementary Table S4). The libraries were grown at 37°C
in BHI, BHI DIP 1.25 mM, and BHI EDDHA 0.7 mM for
3 days. Overnight cultures were diluted 1000 times in fresh
pre-warmed medium. Samples were withdrawn at ODg 1
and overnight as indicated (Figure 1A).

Spot tests

Strain plating efficiency was visualized by spot tests. 5 .l of
10-fold serial dilutions of overnight cultures were spotted
on plates containing either BHI, BHI DIP 1.25 mM or BHI
EDDHA 0.7mM. Plates were supplement with chloram-
phenicol 5 pwg/ml when strains with plasmids were tested.
BHI plates were incubated overnight at 37°C while BHI
DIP and BHI EDDHA were incubated for 24h.

Northern blots

Total RNA preparations and Northern blots were per-
formed as previously described (27). 10 pg of total RNA
samples were separated either by agarose (1.3%) or acry-
lamide (8%) gel electrophoresis. Membranes were probed
with primers *P-labelled with [alpha-P32]Deoxycytidine
S’-triphosphate (dCTP) using Megaprime DNA labelling
system (GE Healthcare) (for primers, see Supplementary
Table S3) and scanned using the Amersham Typhoon im-
ager.

Rifampicin assay

Bacteria were cultured overnight in BHI. Then, 200 pl of
cultures were transferred into 60 ml of fresh BHI or BHI
supplemented with DIP 1.4 mM and grown at 37°C. At
ODyg 1.5 (20), rifampicin was added to a final concentra-
tion of 200 wg/ml. Six ml of cultures were harvested at 10
and 1, 3, 5, 10 and 20 min after the addition of rifampicin
and transferred to tubes in liquid nitrogen to stop bacterial
growth. RNA was extracted as described (27) and Northern
blots were performed as described above. tmRNA was used
as RNA loading control.
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Biocomputing analysis

DNA-seq data from fitness experiments were analyzed us-
ing a reported pipeline (25). isrR orthologs were identified
thanks to the SRNA homolog finder GLASSgo (28) with
isrR (174nt) as input using the default parameters. Fur
boxes were detected using the motif finder FIMO (29) with
isrR sequences retrieved from GLASSgo (option including
100nt upstream isrR sequences) and S. aureus NCTC8325
Fur consensus motifs from RegPrecise (30). IsrR secondary
structure was modelled with LocARNA (31) with 18 IsrR
orthologs with non-identical sequences using default pa-
rameters. Putative IsrR targets were found by CopraRNA
(32) set with default parameters and isrR orthologs from
S. aureus NCTC8325 (NC_007795), S. epidermidis RP62A
(NC_002976), S. lugdunensis HKU09-01 (NC_013893),
Staphylococcus pseudintermedius HKU10-03 (NC_014925),
Staphylococcus  pseudintermedius  ED99 (NC_017568),
Staphylococcus xylosus (NZ_-CP008724), Staphylococcus
warneri SG1 (NC_020164), Staphylococcus pasteuri SP1
(NC_022737), Staphylococcus hyicus (NZ_CP008747),
Staphylococcus xylosus (NZ_CP007208), Staphylococcus
argenteus (NC_016941), Staphylococcus carnosus TM300
(NC.012121), Staphylococcus cohnii  (NZ_LT963440),
Staphylococcus  succinus (NZ_CP018199), Staphylococ-
cus agnetis (NZ_CP009623), Staphylococcus piscifer-
mentans (NZ_LT906447), Staphylococcus — stepanovicii
(NZ_LT906462), Staphylococcus equorum (NZ_CP013980),
Staphylococcus  nepalensis (NZ_CP017460), Staphylo-
coccus lutrae (NZ_CP020773), Staphylococcus muscae
(NZ_LT906464), Staphylococcus simulans (NZ_CP023497).

Probability calculation

For a set of N objects (number of S. aureus mRNAs = 2889)
with m different objects (number of mRNA expressing Fe—
S containing proteins = 32 (estimated number in S. aureus
[Table S6, (33,34)], the probability of drawing n objects (23
best targets proposed by CopraRNA) and to have among k
differentiated objects (MRNA expressing Fe-S containing
proteins = 7) is given the following equation p (X = k) =

n—k
(*’(L where C represents a combination operator (https:

Il vaw.dcode.f r/picking-probabilities).

Electrophoretic mobility shift assay

RNAs were transcribed from PCR products (for primers,
see Supplementary Table S3) using T7 RNA polymerase
and purified by ethanol precipitation. Wild-type alleles were
generated from HG003 genomic DNA and mutated alleles
from gBlock DNAs (Integrated DNA Technologies) con-
taining the desired mutations. Gel-shift assays were per-
formed as described (35) with the following modifications:
RNAs were denaturated in 50 mM Tris pH 7.5, 50 mM
NaCl for 2 min at 80°C, followed by refolding for 20 min at
25°C after adding MgCl, at final concentration of 5 mM.
The binding reactions were performed in 50 mM Tris-HCI
(pH 7.5), 50 mM NaCl, 5 mM MgCl, for 30 min at 37°C.
About 0.25 pmol of labeled IsrR or IsrRmut were incubated
with various concentrations of fdhA mRNA or fdhAmut
mRNA. Samples were supplemented with 10% glycerol and
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were loaded on a native 8% polyacrylamide gel containing
5% glycerol. Gels were dried and visualized by autoradiog-
raphy.

Fur boxes reporter assay

Fluorescent tests to evaluate the contribution of Fur boxes
were performed with 8325-4, a ‘pigment-less’ strain (36)
containing either pPigr::gfp, pPigari::gfp, pPisr2::gfp or
PPisr1&2::2/p (Supplementary Table S2). Overnight cultures
were diluted 100 times, sonicated for 30 seconds, and fixated
with ethanol 70% and PBS 1 x. Fluorescence was detected
using a Partec Cube 6 flow cytometer with 2500 000 cells
for each measure, with 488 and 532 nm wavelength filters
for excitation and emission, respectively.

Quantification of nitrite

S. aureus cultures were grown aerobically overnight, di-
luted 1000 times in fresh media and grown anaerobically
overnight. They were then diluted to ODggy 0.01, after 2
hours of incubation at 37°C, NaNO3; 20 mM was added.
150 or 240 min after, samples were recovered and nitrite
in supernatant was determined using the Griess Reagent
System (Promega) according to the manufacturer’s instruc-
tions. ODgop and ODsy were determined with a microtiter
plate reader (CLARIOstar).

5’/3' RACE mapping

5'/3" RACE was performed as previously described (37)
with some modifications. Total RNA (6 pg) from HG003
Afur was treated with TAP (Epicentre) for 1 h at 37°C.
After phenol/chloroform extraction followed by ethanol
precipitation, RNA was circularized using T4 RNA ligase
(Thermo Scientific) overnight at 16°C. Circularized RNA
was once more extracted with phenol/chloroform, ethanol
precipitated, and reverse transcribed using primer 2728
(Supplementary Table S3). A first PCR across the 5’ /3’ junc-
tion was performed using primers 2729/2730, followed by
a nested PCR with primers 2731/2732. The PCR products
were cloned using the pJET1.2/blunt system (Thermo Sci-
entific) within E. coli and 20 samples were sequenced.

sRINA activity reporter assay

The principle of a reporter assay for sSRNA activity was de-
scribed for Enterobacteria (38) and Gram-positive bacte-
ria (39). The effect of SRNAs on targets is determined via
the quantification of leader reporter fusions. The latter re-
sults from in-frame cloning of gfp downstream of SUTRs
and first codons of target genes. sSRNAs and reporter genes
are both on plasmids. We developed a similar system to test
IsrR activity against its putative substrates.

Plasmids driving constitutive expression of isrR
(pPRMC2AR-IsrR) and its derivatives with CRR deletions
(PRMC2AR-IsrRACRRI, pRMC2AR-IstRACRR2,
and pRMC2AR-IsrRACRR3 expressing isrRACRRI,
isrRACRR2 and isrRACRR3, respectively) were con-
structed and introduced in HG003 AisrR (Supplementary
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Tables S1 and S2). These strains were subsequently trans-
formed with pS'FdhA-GFP, p5'NarG-GFP, p5'NasD-
GFP and p5'GlItB2-GFP reporting the activity of IsrR
on fdhA, narG, nasD and gltB2 mRNAs, respectively
(Supplementary Tables S1 and S2). The latter plasmids
express the complete interaction region with IsrR of each
mRNA target predicted by IntaRNA plus 10 additional
codons in frame with the sGFP coding sequence. Each gene
fusion is under the control of the sarA4 promoter. Of note,
the four reporter plasmids were constructed in MG1655Z1
penB::Km. Fluorescence on solid medium was visualized
from overnight cultures that were streaked on plates sup-
plemented with chloramphenicol 5 pg/ml and kanamycin
60 pg/ml. Fluorescence was detected using Amersham
Typhoon scanner at 488 nm and 525 nm wavelengths for
excitation and emission, respectively. Fluorescence in liquid
was visualized from overnight cultures diluted 1000-fold
in TSB supplemented with chloramphenicol 5 pg/ml and
kanamycin 60 wg/ml, and grown in microtiter plates.
Fluorescence was measured after six hours of growth using
a microtiter plate reader (CLARIOstar), normalized to
ODgo, and set at | for the strains with the control plasmid
(pPRMC2AR).

SHAPE experiments

Synthetic genes placing isrR and, portions of fdhA, narG,
nasD and gltB2 under the transcriptional control of the
T7 RNA polymerase were constructed by PCR on HG003
genomic DNA using primers indicated in Supplementary
Table S3. The resulting synthetic genes were in vitro tran-
scribed using T7 RNA polymerase (40). RNA integrity
and folding homogeneity were assessed by agarose gel elec-
trophoresis.

RNAs were probed in the presence and absence of 5
mM Mg?* using methyl-7-nitroisatoic anhydride (1M7) and
modifications were revealed by selective 2’-hydroxyl acy-
lation and analyzed by primer extension (SHAPE) as de-
scribed (41,42) with slight modifications. Briefly, 12 pmoles
of RNA (isrR, fdhA, narG, nasD and gltB2) were diluted in
64 pl of water and denatured for 5 min at 85°C. Then, 16
wl of pre-warmed (37°C) folding buffer (final conc. 40 mM
HEPES pH 7.5, 150 mM KCl with/without 5 mM MgCl,)
were added, and the solution was cooled down to room tem-
perature for 7 min. Samples were then incubated for 5 min
in a dry bath set at 37°C.

Similarly, when investigating interactions, RNAs were re-
folded in separate tubes (12 pmol of IsrR and 60 pmol of
target RNA or the opposite) as described above, then mixed
and incubated for 20 min at 37°C.

Refolded RNAs were split in two and either IM7 (final
concentration of 4 mM) or DMSO was added and incu-
bated at 37°C for 5 min. Probed RNAs were precipitated
in ethanol in the presence of ammonium acetate 0.5 M,
ethanol, and 20 g of glycogen. The pellets were washed
twice with 70% ethanol, air-dried, and resuspended in 10 pl
of water.

Modifications were revealed by elongating fluorescent
primers (WellRed D2 or D4 fluorophore from Sigma, for
sequences, see Supplementary Table S3) using MMLYV re-

verse transcriptase RNase H Minus (Promega). Purified re-
suspended cDNAs were sequenced on a CEQ 8000 cap-
illary electrophoresis sequencer (9+). The resulting traces
were analyzed using QuSHAPE (43). Reactivity was ob-
tained from at least three independent replicates. Reactivity
value was set arbitrarily to -10 for the nucleotides for which
it could not be determined (intrinsic RT stops). Secondary
structures were modeled using IPANEMAP (44) and drawn
with VaRNA (45). Probing profiles were compared as de-
scribed (40).

Animal studies

Female Swiss mice (Janvier Labs), 6-8 weeks old and weigh-
ing ~30 g were used for the septicemia model. Experi-
ments were monitored in the ARCHE-BIOSIT animal lab
in Rennes, and were performed in biological duplicates.
We used groups of 5 mice for the mild septicemia model.
Mice were infected intravenously by the tail vein with 200
pl of suspensions in 0.9% NaCl containing 3 x 10 bac-
teria with either HG003, HG003 AisrR, or HG003 AisrR
locus2::isrR* strains. Mouse survival was monitored for
8 days, and the statistical significance of difference(s) be-
tween groups was evaluated using the Mantel-Cox test. A
p value < 0.05 was considered as significant. All experi-
mental protocols were approved by the Adaptive Thera-
peutics Animal Care and Use Committee (APAFIS #2123—
2015100214568502v4).

RESULTS
IsrR is an SRNA required for growth in iron-depleted media

Iron is essential for S. aureus pathogenicity (46) and sR-
NAs are ubiquitous regulators for adaptation (47); we asked
whether sSRNAs are required in this bacterium to adapt to
low iron availability, a condition encountered during in-
fection. To address this question, we took advantage of a
strategy that we recently developed, based on a competi-
tive fitness evaluation of SRNA mutant libraries (25,48). A
library of DNA-tagged deletion mutants was constructed
in the HGO003 strain (Supplementary Table S1); three in-
dependent mutants were constructed for each locus, to be
subsequently used to constitute three independent libraries
(Supplementary Table S4). Gene deletions of sSRNAs cor-
responding to UTR regions or antisense from coding se-
quences more likely lead to phenotypes due to their asso-
ciated coding genes; such mutations would interfere with
the screening procedure designed to uncover the fine-tuning
activity of SRNAs. We therefore restricted our collection
to 48 mutants corresponding to nearly all known HGO003
‘bona fide sSRNAs’, defined as those that are genetically in-
dependent with their own promoter and terminator (49).
Deletion and substitution of these genes by tag sequences
were designed to avoid interference with the expression of
adjacent genes. The deleted region of each mutant was re-
placed by a specific DNA tag, which allowed us to count
each mutant and therefore evaluate their proportion within
a population of mutant strains. Using an indexed PCR
primer pair, up to 40 samples can be tested in one DNA-
seq run (25). Mutants that disappeared or accumulated in
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a given stress condition indicated a functional role of the
corresponding sSRNAs with respect to the imposed growth
conditions.

The triplicate libraries were challenged to iron deple-
tion by the addition of iron chelators, 2,2’-dipyridyl (DIP)
and ethylenediamine-N,N’-bis(2-hydroxyphenyl)acetic acid
(EDDHA) to growth media. The proportion of each mu-
tant within the population was determined at different
growth steps over 3 days (Figure 1A). Results were normal-
ized to the same medium without iron chelator. Among 48
tested mutants, the strain with tagl 35 bearing a tagged dele-
tion between the ar/R and pgpB operons had a significant
fitness disadvantage with each of the two tested iron chela-
tors (Figure 1B); after about 28 generations, its distribution
compared to the control condition decreased more than 10-
and 1000-fold in DIP and EDDHA, respectively.

The deletion associated with tagl35 inactivated an SRNA
reported in two global studies under the names S596 (50)
and Tsr25 (51). It is renamed here IsrR for iron-sparing
response regulator. Neither rnalll, rsaA, rsaC, rsaD, rsaE,
rsaG, rsaOG, ssr42 nor ssrS deletion mutants (49) present
in the tested libraries were impacted by the presence of ei-
ther DIP or EDDHA, indicating that their corresponding
sRNAs do not significantly contribute to adaptation to low
iron conditions in the tested conditions.

The HGO003 AisrR strain had no apparent growth defect
in rich medium compared to its parental strain (Figure 1C
and Supplementary Figure S1). However, by spot tests, a
AisrR mutant displayed reduced colony size in the presence
of DIP and EDDHA, supporting the fitness experiment re-
sults and evidencing that the individual AisrR mutant, in
the absence of the other 47 mutants, is required for optimal
growth when the iron supply is limited (Figure 1C and Sup-
plementary Figure S1). Of note, the slight growth retarda-
tion of AisrR observed on iron-depleted plates or in liquid
cultures corresponds to a drastic fitness cost when in com-
petition with other bacteria. To confirm that the phenotype
was solely due to the absence of IsrR, a copy of isrR with
its endogenous promoter was inserted in the chromosome
of the AisrR strain at two different loci, leading to either
AisrR locus2::isrR* or AisrR locus3:isrR* strains (Supple-
mentary Figure S2A). Loci 2 and 3 were chosen since these
regions were located between two terminators and seemed
not to be transcribed. isrR expression from /oci 2 and 3 was
confirmed by Northern blot (Supplementary Figure S2B).
The two AisrR strains carrying a single copy of the isrR
gene had plating efficiencies equivalent to that of the iso-
genic parental strain when grown with DIP or EDDHA,
with colony sizes similar to those of the parental strain.
These results confirm that the observed AisrR phenotype
was strictly dependent on isrR (Figure 1C and Supplemen-
tary Figure S2C). Of note, HG003 carrying pIsrR (IstR
expressed from its endogenous promoter) leads to a 100-
fold reduced ability to form colonies on iron-depleted me-
dia compared to the strain carrying a control vector (Fig-
ure 1D). Multicopy isrR expression is deleterious for S. au-
reus, possibly due to the disruption of important metabolic
pathways; thus, we cannot rule out that the effect is due to
an IsrR off-target activity. We conclude that the absence of
IsrR is detrimental to S. aureus growth under iron-depleted
conditions.

Nucleic Acids Research, 2022, Vol. 50, No. 15 8533

IsrR expression is repressed by the ferric uptake regulator Fur

Extremities of IsrR were determined by 5'/3’'RACE exper-
iments after circularization of total RNAs (Supplementary
Figure S3A). isrR transcription starts at position 1362894
and terminates at position 1363067 on the NCTC8325
genome map, generating a 174 nucleotide-long sSRNA (Fig-
ure 2A) in agreement with tilling array data (50). isrR is
preceded by a o*-dependent promoter and ends with a
rho-independent terminator (50). Its high expression in a
chemically-defined medium and the presence of a puta-
tive Fur-box within the promoter region suggested iron-
dependent expression of isrR (50). Fur-dependence of isrR
regulation was verified in a HG003 Afuwr mutant (Supple-
mentary Table S1). In rich medium, IsrR was not detected
by Northern blotting in the parental strain but strongly
accumulated in the Afur mutant, demonstrating that Fur
negatively controls isrR expression (Figure 2B). The isrR
gene is predicted to be controlled by two Fur-boxes, one
within the promoter region and the second immediately
downstream of the transcriptional start site (Figure 2A).
To test their relative contributions, a plasmid-based tran-
scriptional reporter system placing a gfp gene under the
control of the isrR promoter was constructed (Pisr::g/p)
(Supplementary Table S2). The contribution of each pre-
dicted Fur box was tested by targeted mutagenesis altering
either the first (Pigr)::2fp), the second (Pigr2::gfp), or both
(Pisrr1&2::2fp) Fur-binding motifs (Figure 2C). As expected,
the transcriptional reporter generated no fluorescence in a

Sfur® strain (Figure 2D). Alteration of the upstream box led

73

to strong fluorescence, which was even more intense when
both boxes were mutated. In contrast, mutations only in the
downstream Fur motif had no effect on the expression of
the reporter fusion. We concluded that both sites contribute
to efficient isr R Fur-dependent repression, the first one be-
ing epistatic over the second.

IsrR and its regulation by Fur are conserved in the Staphylo-
coccus genus

Most trans-acting bacterial SRNAs are poorly conserved
across species (52,53), including among the staphylococci
(49.54). However, the isrR gene was detected in all screened
genomes from the Staphylococcus genus (Figure 3A and
Supplementary Table S5). Sequence conservation includes
the two Fur boxes, which were detected for all isrR gene
sequences of the different Staphylococcus species. And in-
deed, the expression and iron dependency of IsrR were ex-
perimentally confirmed for S. haemolyticus, S. epidermidis,
and S. lugdunensis (Figure 3). Our results suggest that IsrR
has an important function related to iron metabolism that
is conserved throughout the Staphylococcus genus.

IsrR orthologs from different species of the Staphylococ-
cus genus were used to feed LocARNA, a software for mul-
tiple alignments of RNAs that generates secondary struc-
ture predictions and highlights conserved pairing regions
(31). The proposed IstR structure includes three stem-loops
(H1 to 3) and a canonical Rho-independent terminator
(T) (Supplementary Figure S3B). Three conserved C-rich
regions, named here CRR1 to 3, are predicted to be single-
stranded. CRR1 and 3 are within the loops of stem-loop
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Figure 1. S. aureus IsrR sRNA is required for optimal growth when iron is scarce. (A) Experimental protocol scheme to select mutants with altered fitness
in media containing iron chelators. (B) Evolution of mutant proportions in libraries (for composition, see Supplementary Table S4) grown in the presence
of EDDHA 0.7 mM or DIP 1.25 mM normalized to the same libraries grown in the absence of iron chelators. Error bars indicate the standard deviation
from three independent libraries. Upper parts; data with the complete 48 mutant libraries. Tagl35 corresponding to the isrR mutant is highlighted by a
red box. For Tag/mutant correspondence, see Supplementary Table S1. Note that Tag145 and Tag149 are in a single strain, which corresponds to a double
mutant (AsprX2 AsprX1). Lower parts, selected data (enlargement): AisrR and three other tagged regions are shown. Loci 1, 2 and 3 correspond to tag
insertions in non-transcribed regions expected not to affect bacterial growth. Histogram color code corresponds to sampling time color code from (A).
(C) AisrR growth defect in iron-depleted media is complemented by an isrR ectopic chromosomal copy. For strain constructions see Supplementary Table
S1 and Supplementary Figure S2A. Plating efficiency of indicated strains on BHI medium without (upper panels) or with (lower panels) DIP 1.25mM.
Three independent biological clones are shown for each strain. For results with EDDHA, see Supplementary Figure S2C. (D) Multicopy isrR is toxic
in iron-depleted media. Experiments were performed as for Figure 1C. pCont, pCN38; pIsrR, pCN38-IsrR. For strain and plasmid constructions see
Supplementary Tables S1 and S2.
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Figure 2. isrR is regulated by Fur. (A) isrR genetic locus. The transcribed region is in red. For isrR 3'-5'RACE mapping results, see Supplementary Figure
S3A. Predicted Fur boxes are bold and underlined. The staphylococcal Fur box consensus is taken from the RegPrecise database (30). (B) Northern blot
experiment with HG003 and its fur derivative sampled at the indicated ODg(y and probed for IsrR and tmRNA (control) (n = 2). (C) isr R Fur box sequence
(WT)and its mutant derivatives (Piggr 1, Pigr2 and Piyr1&2). Mutations altering the Fur boxes are shown in black boxes. (D) Fluorescence of transcriptional
fusions placing gfp under the control of the isrR promoter and its mutant derivatives (as indicated) measured by flow cytometry, (n = 5). The first strain
indicated ‘isr R’ is a control strain in which the isrR gene is not fused to gfp.
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Figure 3. isrR is conserved and Fur-regulated within the Staphylococcus genus. (A) Sequence conservation. The alignment was obtained using LocARNA
(31) with isrR sequences from indicated strains generated by GLASSgo (28) as inputs. 80% conserved nucleotides within the tested sequences are colored
(green, A: blue, U; red, G: ocher, C). Sequences shown are limited to the three first stem-loops (H1 to H3). There is poor nucleotide sequence conservation
for H3 and the transcriptional terminator. Three C-rich regions are indicated (CRR1 to CRR3). (B) Northern blot probed for IsrR in S. aureus HG003, S.
epidermidis ATCC 12228, S. haemolyticus JCSCI1435, and S. ludgunensis N920143. Bacteria were grown in BHI or BHI supplemented with DIP 1.25 mM

and were withdrawn at ODggo 1 (n = 2).

structures H1 and H2, while CRR2 is at the 5-end abut-
ting stem H2. CRR1 is four to seven C-long, according
to the species considered. C-rich motifs are important for
sRNA /target recognition in S. aureus (55-57). This feature
efficiently discriminates targets in staphylococcal strains,
since their genomes are ~70% AT-rich, and G-rich stretches
are infrequent except within Shine-Dalgarno sequences.
Two first stems, H1 and H2, have conserved primary se-
quences with little covariation, indicating the importance of
each nucleotide, possibly for an interaction with a yet un-
known protein. Of note, single-stranded regions adjacent
to CRR and within the loops are more variable than H1
and H2. To confirm experimentally its secondary structure,
IsrR was subjected to SHAPE chemical probing, a technol-

ogy revealing single-stranded nucleotides. RNAs were incu-
bated with 1-Methyl-7-nitroisatoic anhydride (1M7), which
specifically reacts with flexible nucleotides (58,59). Reactiv-
ity data was implemented into the IPANEMAP workflow
to predict IsrR secondary structure according to thermo-
dynamics and probabilistic calculations balanced with the
experimental data (44). The experimental model obtained
(Figure 4) is identical to the one obtained using the phy-
logenetic approach described above. Most nucleotides with
high reactivity were identified in predicted single-stranded
regions. However, several nucleotides with medium to high
reactivity are in predicted double-stranded regions prob-
ably reflecting the poor stability of such A-U rich struc-
tures. Surprisingly, CCR 1 is weakly reactive, and CRR2 and
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Figure 4. IsrR secondary structure model obtained using IPANEMAP.
IsrR was probed with IM7 at 37°C in 40 mM HEPES pH 7.5, 150 mM
KCI with/without 5 mM MgCl,. White: low reactivity to 1M7, yellow:
moderate reactivity, red: high reactivity. Nucleotides in grey denote un-
determined reactivity. Specific regions of the IsrR structure are indicated:
Three stem-loop structures (H1 to H3), a rho-independent transcription
terminator (T), and three C-rich regions (CRR1 to CRR3).

CRR3 are only mildly reactive, suggesting that although
modeled in single-stranded regions, these Cs are involved
in some interactions. As IsrR does not feature any stretches
of G, Cs from the CRRs might be involved in yet to be iden-
tified non-canonical interactions. Of note, such interactions
could actually expose the C’s Watson-Crick face to the sol-
vent making them available for an intermolecular interac-
tion. To detect divalent ion-dependent tertiary folding, IsrR
was probed in the presence or absence of Mg>* ions (Supple-
mentary Figure S3C). Only a few significant local reactivity
changes located after CCR1 stem-loop were observed sug-
gesting that this region of IsrR does not adopt an extensive
tertiary structure (60).

The presence of CRRs suggests that IsrR is likely a con-
served frans-acting small regulatory RNA.

Bioinformatics predictions indicate that IsrR targets mRNAs
encoding enzymes with Fe-S clusters

As trans-acting bacterial SRNAs base-pair to RNAs, it is
possible to predict their putative targets by bioinformatics;
however, some predictive programs generate false positive
candidates (61). We used CopraRNA, a comparative pre-
diction algorithm for small RNA targets, which takes into
account RNA sequence accessibility within SRNA struc-
tures and the evolutionary conservation of the pairings
(32). It is reportedly an efficient sSRNA-target predictor
when ortholog sSRNA sequences are detected among differ-
ent species, especially when they are phylogenetically dis-
tant (61). As IsrR is a conserved sSRNA in the Staphy-
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lococcus genus, IstR ortholog sequences were used as in-
put for CopraR NA. Results indicated a functional conver-
gence of the proposed targets (Supplementary Figure S4).
Among the 23 top candidates with the best e-values on
pairings, seven are mRNAs that encode iron-sulfur (Fe-
S)-containing proteins (NasD, MiaB, GltB2, FdhA, CitB,
NarG and SAOUHSC_01062). Several of these IsrR puta-
tive targets were previously proposed by Méder et al. us-
ing the same approach (50). Considering 32 different Fe—
S containing proteins in S. aureus identified by manually
curated in silico analyses (detailed in Supplementary Table
S6), the probability of identifying seven mRNAs encoding
Fe-S containing proteins by chance is 2 x 10” (see Materi-
als and Methods). This remarkably low probability allows
one to state with high confidence that Copra RNA iden-
tified relevant IsrR targets. Other putative targets, such as
moaD and nreC mRNAs, are also associated with Fe-S con-
taining complexes (62,63). It is therefore likely that most, if
not all, predicted targets associated with Fe-S clusters are
direct IsrR targets. Remarkably, nitrate reductase, nitrite re-
ductase, glutamate synthase, formate dehydrogenase, aconi-
tase, and hydratase methionine sulfoxide reductase, which
are all putatively affected by IsrR (Supplementary Figure
S4), also correspond to either putative or demonstrated en-
zymes affected by RyhB (5,64) suggesting a striking func-
tional convergence between these two sSRNAs.

IsrR targets mRNA encoding nitrate-related enzymes

In the absence of oxygen, S. aureus uses nitrate, if available,
as an electron acceptor of the respiratory chain (65). Nitrate
is converted to nitrite by nitrate reductase encoded by the
nar operon (Supplementary Figure S5). In a second step,
nitrite is converted to ammonium by nitrite reductase en-
coded by the nas operon. Ammonium is then used by glu-
tamate synthase encoded by the g/tB2 gene. Transcription
of nar and nas operons depends on the NreABC regula-
tory system, whose activity requires the presence of nitrate
and the absence of oxygen (63). Strikingly, narG (nitrate re-
ductase subunit ), nasD (nitrite reductase large subunit),
and g/t B2 mRNAs are IsrR putative targets, suggesting that
IsrR could affect all steps of nitrate to glutamate conver-
sion.

In E. coli, the fdhF gene encoding a molybdenum-
dependent formate dehydrogenase is regulated by nitrate
(66). A strain with a mutated fdhF allele lacks nitrate reduc-
tase activity (67), suggesting that FdhF is associated with
the nitrate dissimilatory pathway. Interestingly, the fdhF or-
tholog in S. aureus, fdhA, is also predicted to be an IsrR
target.

To assess IsrR targets associated with the nitrate reduc-
tion pathway, we selected fdhA, narG, nasD and gltB2 mR-
NAs. Detection of long transcripts by Northern blot is of-
ten not possible in S. aureus. For this reason, the effect of
IsrR on the amount of its targets was tested by Northern
blotssolely for fdhA and g/t B2 mRNAs, which are expressed
from short operons (bi- and mono-cistronic, respectively).
In many cases, the interaction of an sSRNA with its mRNA
target results in the destabilization of transcripts. Conse-
quently, we questioned whether IsrR would affect fdh4 and
gltB2 mRNA stability. RNA stability was evaluated upon
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transcription inhibition by rifampicin, where the variations
in RNA quantities are assumed to reflect their degradation.
This classical approach should nevertheless be interpreted
cautiously since i) stability of sSRNA and mRNA targets de-
pends on their base pairing and that ii) rifampicin prevents
the synthesis of both partners, one of them being possibly
limiting (68). In HG003 and its AisrR derivative, fdhA and
gltB2 mRNAs were unstable in rich medium. Addition of
DIP to the growth media resulted in a minor increase of
both mRNAs in HG003 and AisrR strain (Figure 5). How-
ever, IsrR does not have a significant effect on fdhA and
glt B2 mRNA stability, with the caveat associated with the
possible limitation of using rifampicin to assess regulatory
RNA activities.

We used the SHAPE technology to probe and model the
secondary structure of fdhA, gltB2, narG and nasD SUTR
as well as the heteroduplex they form with IsrR. To thisend,
RNA either corresponding to the four SUTR alone or in
complex with IsrR were submitted to a SHAPE probing ex-
periment with 1M7 (IsrR structure probing and modelling
is reported above). These experiments were carried out in
triplicate and the results were used as constraints to model
RNA secondary structure according to the IPANEMAP
workflow (43). IPANEMAP yielded secondary structure
models very consistent with the SHAPE probing data for
fdhA, gltB2 (Figure 6) and nasD (Supplementary Figure S7)
mRNAs, whereas the narG mRNA reactivity map did not
allow modelling of a stable structure, suggesting it does not
adopt one. Interestingly, fdhA Shine-Dalgarno sequence is
embedded in a stable structure whereas the initiation codon
is highly reactive while the opposite is observed for g/tB2
mRNA. The limited availability of either of these sequence
elements suggests that the expression of these two genes is
regulated by their own RNA structure.

Statistically significant reactivity variations for specific
nucleotides were observed for IsrR and each of its mMRNA
targets when incubated alone or as an IsrR/5 UTR tar-
get pair (Supplementary Figures S6 and S7). Such data
strongly support an interaction of IsrR with the four pu-
tative mRNA targets tested. Nucleotides for which reactiv-
ity decreases are likely to be involved in base pairing be-
tween IsrR and a target mRNA, whereas an increase of
reactivity probably reflects the destabilization of a struc-
ture upon formation of the sSRNA/mRNA heterodimer (e.g.
the initiation codon of f@hA and the region including the
Shine-Dalgarno of g/t B2, which were highly reactive in the
absence of IsrR, present a significantly decreased reactiv-
ity in the presence of IsrR). Interestingly, no significant
differences are observed in IsrR 50 first nucleotides, sug-
gesting that CCRI1 is not involved in the interaction with
the mRNA targets. These data were used as constraints
for IPANEMAP to model the interaction between IsrR
and fdhA, gltB2 and nasD mRNAs. The interactions pro-
posed include IsrR CRR2 and CCR3 as well as the Shine-
Dalgarno and the AUG initiator codon on the mRNA tar-
get side, suggesting that IsrR impairs translation of its tar-
gets.

The binding of IsrR to one putative nitrate-related tar-
get, fdhA mRNA, was tested by electrophoretic mobil-
ity shift assay (EMSA). An IsrR band shift was observed
in the presence of fdhA mRNA. The specificity of bind-

ing was challenged with a specific competitor (unlabelled
IsrR) and a nonspecific competitor (polyU) (Supplemen-
tary Figure S8A). As expected, unlabelled IsrR, but not
polyU, displaced the interaction, confirming the specificity
of the IsrR/fdhA RNA duplex. To identify nucleotides
contributing to the complex formation, EMSA was per-
formed with IsrR and fdh4 mRNA harbouring point muta-
tions in the predicted interaction zone (Supplementary Fig-
ure S8B). Because the interaction between IsrR and fdhA
mRNA involves likely 31 base-pairs, the replacement of sev-
eral nucleotides was necessary. The presence of seven point
mutations altering either IsrR or fdh4 mRNA prevented
band shifts when associated with their corresponding wild-
type partner. However, when the mutated IsrR was incu-
bated with fdhA mRNA harbouring compensatory muta-
tions restoring the pairing, a band shift was observed (Sup-
plementary Figure S8C). The decreased amount of RNA
duplex with both mutated RNAs can be explained by a less
stable complex as predicted by IntaR NA software (69) (AG
=-16.98 kcal/mol for WT IsrR/fdhA duplex versus AG =
~12.8 kcal/mol for mutated IsrR/fdhA duplex). Our data
support a direct interaction of IsrR and mRNAs associated
with nitrate metabolism.

Translational control by IsrR

Our in vitro experiments indicate a direct interaction of IsrR
with its targets. However, at least in the case of fdhA and
gltB2 mRNAs, this pairing does not trigger mRNA degra-
dation, therefore, suggesting that IsrR can act on trans-
lation without affecting the stability of targeted mRNAs.
To support this hypothesis, translation reporter systems
were constructed. SUTR sequences of predicted mRNA
targets of IsrR were fused to a reporter gene. For these
experiments, sequences corresponding to the SUTRs and
the first codons of mRNA targets were cloned under the
control of the Pl sarA promoter in frame with the GFP
coding sequence (p5S’'FdhA-GFP, pS'NarG-GFP, pS'NasD-
GFP, p5'GltB2-GFP; Supplementary Figure S9A). The
cloned regions comprise the sequences predicted to pair
with IsrR. Note that transcription of the SUTRs from Pl
sarA promoter is likely constitutive and IsrR-independent.
The isrR gene was placed under the control of the Py pro-
moter on a multicopy plasmid (P RMC2AR-IsrR), and mu-
tants lacking either the first, second or third C-rich mo-
tif were constructed, leading to pPRMC2AR-IsrRACRRI,
pRMC2AR-IsrRACRR2, and pRMC2AR-IsrRACRR3,
respectively (Supplementary Table S1). The AisrR strains
containing the different reporters were transformed with
pRMC2AR (control plasmid), pPRMC2AR-IsrR, and its
derivatives. We confirmed that isrR and its ACRR deriva-
tives were constitutively expressed (Supplementary Figure
S9B). For each strain containing one of the four reporter
genes, expression of IsrR led to reduced fluorescence (Fig-
ure 7 and Supplementary Figure S10). The integrity of
CRR1 was required for the IsrR activity against fdhA and
gltB2 reporter fusions. However, CRR1, despite being the
largest CRR, was dispensable for IsrR activity against narG
and nasD reporter fusions (Supplementary Figure S10). In-
terestingly, CRR2 was necessary for IsrR activity against
all four reporter fusions. The observations are supported
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Figure 5. Stability of fdhA and g/ltB2 mRNAs is not significantly affected by IsrR. HG003 (left panel) and its isogenic AisrR derivative (right panel) were
grown in rich medium with or without the addition of DIP (as indicated). At t, rifampicin (Rif) was added to the growth medium. Cultures were sampled
at tg, 1, 3, 5, 10 and 20 min after addition of rifampicin, total RNA was extracted, and the amounts of fdhA mRNA, g/tB2 mRNA, tmRNA (loading
control), and IsrR were assessed by Northern blot. Histograms show the quantification of fdhA4 and g/t B2 mRNAs normalized to 7y from two rifampicin
assays as shown in the upper panel. Vertical axis, arbitrary units. Error bars indicate the standard deviation from two independent experiments (n = 2).

by SHAPE data. The integrity of at least two IsrR CRRs
was required for activity against the four targets. These ob-
servations revealed that all CRRs are needed to mount the
complete IsrR response, but differentially affect activity ac-
cording to the given mRNA target.

IsrR down-regulates nitrate metabolism

To determine if IsrR could indeed interfere with nitrate res-
piration, the amount of nitrite in anaerobic cultures upon
addition of nitrate was measured in strains with either no
IstR or overexpressing IsrR. Two systems were used: (i)
AisrR carrying a plasmid control (pCont) compared to the
same strain with a plasmid expressing IsrR (p-IsrR) and (ii)
Afur compared to Afur AisrR strains (Figure 8), Note that
isrR is constitutively expressed in the Afur background. In
both systems, IsrR accumulation prevented nitrite produc-
tion, as expected if nitrate reductase (narG) is indeed down-
regulated by IsrR.

IsrR activity is Hfq independent

In Enterobacteriaceae, Hfq is an RNA chaperone required
for sSRNA-mediated regulations (70). However, it does not
seem to be the case in S. aureus (71-73), nor for B. subtilis
(74-76) where its function remains enigmatic. Since RyhB
activity is Hfg-dependent in E. coli (8), we asked whether
IsrR would require a functional Hfq in S. aureus. The fdhA,
nasD, narG, and gltB2 translation reporter genes described
above were introduced into A/fg strains containing either
a control plasmid or a plasmid constitutively expressing
IsrR. As with the parental strain (Figure 7 and Supplemen-
tary Figure S10), the reporter fusions were downregulated
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by IsrR despite the absence of Hfq (Supplementary Figure
S11A). It was conceivable that isrR cloned on a multi-copy
plasmid produced high levels of SRNA that would bypass
the need for Hfq. We therefore introduced the fdhA transla-
tion reporter in HG003, HG003 A/Zfg, and HG003 AisrR.
When present, isr R expression was induced from its endoge-
nous locus by the addition of DIP to the medium. On DIP-
containing plates, the reporter fusion showed reduced activ-
ity in the parental and A/kfg strain compared to the strain
lacking IsrR (Supplementary Figure S11B). Additionally, in
vivo nitrite production in anaerobiosis was compared quali-
tatively between a HG003 WT strain and its Ahfq derivative
containing either a control plasmid or a plasmid constitu-
tively expressing IsrR. 150 minutes after the addition of ni-
trate (NaNO3), the Ahfg strain expressing IsrR efficiently
inhibited nitrite production as observed with the parental
strain (Supplementary Figure S11C). Of note, IsrR induc-
tion through the addition of DIP was not used in this case
since under anaerobic conditions, iron starvation results in
severe growth arrest of the strains. We conclude that IsrR
activity does not require Hfq for the tested phenotypes.

IsrR RNA is required for S. aureus virulence

Host iron scavenging plays a crucial role in S. aureus infec-
tion (4,77). As the AisrR mutant has altered fitness in iron-
restricted environments, we postulated that it could also im-
pact virulence. We compared the virulence of AisrR, AisrR
locus2:isrR* and parental (HG003) strains injected intra-
venously in a mouse septicemia model (78). Of note, the
absence of isrR does not alter in vitro growth in rich me-
dia (Figure 1 and Supplementary Figure S1) and IsrR is
expressed in the AisrR locus2::isrR* strain (Supplementary
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IPANEMAP for fdhA (A) and gltB2 (B) S’"UTRs using 1M7 reactivi
of IsrR with the indicated colour code. ND, not determined. Bottom

IsrR C-rich regions are shown in red rectangles.

CRR2

80



no IsrR

no IsrR

1.5

o

Relative Fluorescence

no IsrR

IsrR
ACRR1
ACRR2
ACRR3

iy

]
o
2

g g

ACRR3

Figure 7. Translational down-regulation by IsrR and the CRR contri-
bution. Leader fusions between the first codons of fdhA or gltB2 and
GFP were constructed (Supplementary Figure S9 and Table S2). The
cloned fragments include the interaction regions with IsrR as described
(Figure 6). HG003 AisrR derivatives with either a control plasmid (no
IsrR; pRMC2AR), or plasmids expressing IsrR (pRMC2AR-isrR),
IsrRACRRI (pRMC2AR-isrRACRRI1), IsrRACRR2 (pRMC2AR-
isrRACRR?2), IsrRACRR3 (pPRMC2AR-isrRACRR3) were transformed
with each engineered reporter gene fusion. Translational activity from the
reporters in the presence of the different isrR derivatives were evaluated
by fluorescence scanning of streaked clones on plates (n = 3). Fully active
IsrR derivatives are shown in red. Translational activity of the reporter
genes with the different isrR derivatives was also determined in liquid
culture. Fluorescence of the strains was measured in 6 h cultures using a
microtiter plate reader. Results are normalized to 1 for each fusion with
the control plasmid. Error bars indicate the standard deviation from three
independent experiments (n = 3). Statistical analyses were performed
using a r-test with Welch’s correction: ™" represents P-value < 0.0001, "™
represents P-value of 0.0003, * represents P-value of 0.0029, * represents
P-value between 0.0111-0.0184.

Figure S2B). Most mice inoculated with strains express-
ing a functional isrR (HG003 and AisrR locus2::isrR) were
dead within 8 days (Figure 9). In striking contrast, the lack
of IsrR expression significantly reduced HG003 virulence,
demonstrating the important role of this regulatory RNA
during S. aureus infection in this model.

DISCUSSION

The link between S. aureus pathogenicity and its iron sta-
tus is established (79). The host exerts nutritional immu-
nity that depletes iron in response to invading bacteria as
a means to restrict infection. Here, we identified IsrR as the
only sSRNA, from 45 tested, required for optimum S. aureus
growth in iron-restricted conditions and indeed, its absence
attenuates S. aureus virulence.

IsrR was previously reported in a large-scale transcrip-
tome study performed in numerous growth conditions (50),
and was also observed to be the most highly upregulated
sRNA when S. aureus growth in human serum was com-
pared to that in a rich laboratory medium (51). Environ-
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ments that failed to provide free iron, such as serum, pro-
moted the induction of iron-repressed genes in infecting
bacteria (80,81). Our findings on isrR regulation identify
iron starvation as the signal for IsrR induction. RsaOG,
RsaG, Tegl6, SsrS and RsaD sRNAs were reported as
upregulated in serum (51), but they do not contribute to
S. aureus optimized fitness in the iron-starved conditions
we tested. Supporting our observation, their correspond-
ing genes are not preceded by Fur boxes (49,50) and their
susceptibility to serum is likely not related to iron starva-
tion. RsaC is an S. aureus SRNA produced in response to
manganese (Mn) starvation that inhibits the synthesis of
the superoxide dismutase SodA, a Mn-containing enzyme
(82). RsaC is possibly the Mn counterpart of IsrR for iron
and may contribute to adaptation to metal-dependent nutri-
tional immunity. However, while putative RsaC targets are
also associated with iron homeostasis, the 7saC mutant was
not significantly affected by the chelating conditions tested
here. IsrR is the only SRNA tested affected by both DIP and
EDDHA and it is Fur regulated.

Inactivation of the Fur repressor leads to down-
regulation of numerous genes (83,84). This paradoxical reg-
ulation could be achieved by a Fur-dependent expression of
negative regulators, which act as ‘inverters’ of the Fur re-
sponse, with IsrR being an S. aureus Fur inverter. Of note,
several genes reported down-regulated upon iron starvation
in S. aureus (85) are IsrR targets predicted by Copra RNA,
including narG and nasD.

In the absence of oxygen, Staphylococci use nitrate and
nitrite as electron acceptors of the anaerobic respiratory
chain (86). These products are provided to humans by nu-
trients and are also generated by the oxidation of endoge-
nous NO synthase products (87,88). Nitrate and nitrite re-
ductases are expressed when needed, i.e. in anaerobic con-
ditions when nitrate is present. Their expression is con-
trolled by the staphylococcal transcriptional regulator Nre-
ABC (89-91). IsrR provides an additional checkpoint to
nitrate respiration by linking transcription of narGHJ and
nirR nasDEF operons to the presence of iron, an essential el-
ement of these encoded respiratory chain components (Fig-
ure 10). When iron is limiting, IsrR targets various mR-
NAs expressing iron-containing proteins that are not essen-
tial for growth. The dissimilatory nitrate reduction path-
way is inactivated, while S. aureus can still grow by fer-
mentation in anaerobic conditions. Biocomputing analy-
sis (Supplementary Figure S4) suggests that IsrR targets
nreC mRNA; If so, the expression of the nitrogen res-
piration pathway would be simultaneously downregulated
by targeting mRNAs encoding dissimilatory nitrate reduc-
tion enzymes and their transcriptional activator. SRNAs
that directly affect nitrogen metabolism have been charac-
terized in Alphaproteobacteria, Gammaproteobacteria and
Cyanobacteria (92-94); in several cases, the sSRNAs directly
downregulate regulators of nitrogen respiratory pathways.
To our knowledge, IsrR would be the first sSRNA example
from the Firmicutes phylum.

A characteristic feature of sSRNAs in Firmicutes and in
particular in S. aureus is the presence of one or several ex-
posed CRRs that can act on the G-rich region like those
of the Shine Dalgarno sequences. The interaction models
proposed from the probing experiments indicate that CRR2
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Figure 8. IsrR controls nitrite production. IsrR prevents nitrate conversion to nitrite. Strains were grown in anaerobic conditions for two hours and nitrate
(20 mM) was added to cultures. Growth media: left panel, BHI; right panel, TSB. TSB medium was used here since we observed that Afur mutants grow
poorly in BHI under anaerobic conditions. Samples for nitrite measurement were withdrawn at times 0 and 150 (left panel) or 240 min (right panel) upon
nitrate addition. p, p RMC2AR; p-IsrR, pRMC2AR-IsrR. Histograms represent the relative nitrite concentration (Griess assay, ODs40) normalized to the
bacterial mass (ODgy). Results are normalized to 1 for AisrR p (left panel) and WT (right panel) samples prior to nitrate addition. Error bars indicate the
standard deviation from three independent experiments (z = 3). Statistical analyses were performed using a t-test with Welch’s correction: *" represents
P-value between 0.001-0.004; ns, non-significant.
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Figure 9. IsrR is required for S. aureus full virulence. Kaplan—Meier survival probability plots in a septicemia model of mice infected with either HG003
(WT, black), HG003 AisrR (red) and HG003 AisrR locus2::isrR* (AisrR complemented, blue). Survival was monitored for 8 days post-infection. Results
shown are from 10 mice per group; the experiment was performed twice, and data combined. The Mantel-Cox test was used to determine P values. NS,

non-significant.

and to a lesser extent CCR3 are involved in the base pairing
of IsrR with fdhA, gltB2 and nasD mRNAs. Translational
activity assays with a reporter fusion system further con-
firmed the CRR2 requirement to regulate expression of the
mRNA targets. The results of the SHAPE footprinting do
not suggest the involvement of CCR 1 in the interaction with
the mRNAs, although it appears important but not crucial
for fdhA regulation. It should be noted that this assay only
detects state-changing nucleotides and cannot detect those
not reactive when the RNA is incubated alone, for example,
CCRI nucleotides. Therefore, it could be possible that the
performed footprinting assay does not reveal an existing in-
teraction involving CCR 1. However, we did not observe any
significant changes in IsrR 50 first nucleotides, suggesting
that the long hairpin harboring CCRI1 is not destabilized
upon the interaction. We therefore suggest that the CCR 1

role is not to base pair with the target. The complex mod-
els include both the SD sequence and the initiation codon
further suggesting that IsrR acts primarily on translation
rather than on mRNA stability.

Most staphylococcal sSRNAs are poorly conserved across
different species (49). One explanation is that the trans-
acting sSRNAs mostly act by imperfect pairing to un-
translated regions (i.e. SRNAs and targeted UTRs); un-
like ORFs, these sequences are prone to numerous incon-
sequential mutations and thus subject to rapid evolutionary
changes. However, isrR and its Fur regulation are conserved
throughout the Staphylococcus genus. This less-common
interspecies conservation (another example in S. aureus is
RsaE (95)) reveals a selective pressure to maintain IsrR se-
quence, structure, and regulation intact. IsrR pairs with sev-
eral mRNA targets related to important functions, such as
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Figure 10. IsrR control of dissimilatory nitrate reduction. isr R is Fur-regulated. Its expression is induced in iron-free growth conditions. IsrR base pairs to
SDs of mRNAs encoding components of formate dehydrogenase, nitrate reductase, nitrite reductase and glutamate synthase, thus preventing translation
of the encoded iron-sulfur containing enzymes and nitrate dissimilatory reduction.

iron homeostasis, which may explain this conservation; the
occurrence of random isrR mutations would affect iron-
related metabolism, and therefore be counter-selected.

sRNAs that down-regulate mRNAs encoding iron-sulfur
clusters are found in Gram-positive and Gram-negative
bacteria. In addition to IsrR, these include RyhB in enteric
bacteria (5), the paralogs PrrF1 and PrrF2 in P aeruginosa
(11), Mrsl in M. tuberculosis (15) and FsrA sRNA in B.
subtilis (96). Remarkably, none of these SRNAs share the
same RNA chaperone dependency (e.g. Hfq for RyhB and
PrrF1/PrrF2; FbpA, FbpB and FbpC for FsrA) with IsrR,
and their genes share neither synteny nor sequence homol-
ogy. FsrA, but not the other sSRNAs, binds to the Shine-
Dalgarno sequence via a C-rich motif (96), but requires
three chaperone functions. These SRNAs are therefore not
IstR orthologs. Nevertheless, they do share several tar-
get mRNAs encoding the same iron-sulfur-containing en-
zymes (Supplementary Table S7). Indeed, the iron-sparing
response of these sSRNAs includes targets involved in nitrate
metabolism and the TCA cycle. The TCA cycle mRNA en-
coding aconitase (acnA/citB) is targeted by all the SRNAs
discussed above.

The common regulation of these SRNAs by iron and their
shared targets suggest convergent evolution, which can be
reasonably explained as follows: The accumulation of non-
essential iron-containing enzymes is deleterious in iron-
scarce environments; however, an sSRNA induced during
iron starvation that mutates to pair with these transcripts
provides an immediate selective advantage, more energeti-
cally efficient than the production of specialized regulatory
proteins. Since Fur is a widely conserved iron-dependent
repressor in bacteria, any Fur-regulated sRNAs, possibly

83

originating from spurious transcriptions, can be recruited
to fulfill this task. RNAs responsive to Fe (rrF) are in-
deed common in bacteria (5,93). The long-term evolution
of some rrFs is expected to lead in fine to the birth of
IsrR/RyhB functional analogs.
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Figure S6. Comparison of 7fdhA and g/tB2 mRNAs reactivity to 1M7 obtained in the

presence/absence of IsrR
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(A) Top panel: difference of reactivity to TM7 for each nucleotide of 7dAA mRNA when
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difference while those in light blue did not. (B) Top panel: difference of reactivity to
1M7 for each nucleotide of g/tB2mRNA when IsrR was added. Bottom panel: difference
of reactivity to 1M7 for each nucleotide of IsrR when g/tB2 mRNA was added;
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did not.
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Figure S7. Comparison of nasD mRNA reactivity obtained to 1M7 in

the

presence/absence of IsrR with proposed interaction model
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difference while those in light blue did not.
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Figure S8. Electrophoretic mobility shift assay of IsrR in the presence of 7dhA mRNA
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IsrR (0.25 pmol) were mixed with increasing amounts of fdhA mRNA in the indicated
proportions (columns 1-5). A specific competitor (unlabeled IsrR*, column 6) and a
nonspecific competitor (polyU, column 7) were used as controls. (B) Predicted
interaction between IsrR and fdhA mRNA as shown in Figure 6. Inserted point
mutations (G«>C) are indicated with an arrow, resulting in IsrRmut and 7fdhAmut. (C)
Left panel: EMSA with labelled IsrR as in (A) (columns 1-7) or mixed with increasing
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ABSTRACT

IsrR is a regulatory RNA (sRNA) whose activity is decisive for S. aureus optimum fitness
upon iron starvation and its full virulence. IsrR down-regulates several genes coding
iron-containing enzymes to spare iron for essential processes. Here, we report the role
of IsrR in regulating citrate metabolism through the control of aconitase, CitB, and its
transcriptional regulator, CcpE. We show that IsrR binds to the Shine-Dalgarno
sequences of ¢/tB and ccpE mRNAs through its C-rich regions thus preventing their
translation. This IsrR-dependent dual-regulatory mechanism provides a feedforward
loop control over aconitase underscoring the intricate role played by IsrR in shaping
citrate metabolism. We also uncover a noteworthy regulatory activity of S. aureus
aconitase, mirroring its multifunctional role observed in other species during iron
starvation. Beyond its canonical role, aconitase not only negatively regulates its
expression but also impacts the enzymes involved in both its substrate supply and
product utilization. Intriguingly, this moonlighting activity concurrently upregulates
pyruvate carboxylase expression, potentially compensating for the tricarboxylic acid

(TCA) cycle deficiency associated with iron scarcity.
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INTRODUCTION

The transition from oxidized to reduced state of iron generates a redox potential couple
that is utilized by enzymes to transfer energy. Therefore, iron is an essential compound
for sustaining life. Mammals use this dependence on iron in response to infections
through a defense mechanism called nutritional immunity, whereby they sequester
metal ions to inhibit pathogen growth. (1). Bacteria adapt to iron-depleted
environments such as within the host with sophisticated systems to capture and import
iron using siderophores and dedicated transporters. However, an excess of iron is also
toxic due to its oxidized state, which generates harmful reactive oxygen species (ROS)
that can damage macromolecular compounds. Balancing the iron content is therefore
crucial for living organisms to optimize their fitness, as they must navigate between the
necessity of iron and its potential toxicity. Many bacteria address this challenge by
regulating the expression of iron import through the ferric uptake regulator (Fur). This
protein acts as a repressor that is fully active in iron-replete cells but becomes
inactivated under conditions of iron starvation (2,3). By modulating the expression of
iron import, bacteria can carefully manage their iron levels to ensure proper function

and minimize the detrimental effects of excess iron.

Bacterial small regulatory RNAs (sRNAs) typically bind to mRNA molecules through
base-pairing interactions, thereby modulating their activity. These sRNAs play a role in
maintaining general homeostasis and facilitating adaptation to fluctuating growth
conditions (4). In this context, SRNAs provide an additional layer of regulation that is
essential for optimal fitness and adaptation to variations in iron availability. A
commonly observed strategy, conserved among both Gram-positive and Gram-
negative bacteria, is the production of sRNAs under iron-starved conditions. These
sRNAs act by downregulating mRNAs encoding non-essential enzymes that require
iron (5). By doing so, these sRNAs facilitate the conservation of iron resources, ensuring

its allocation to essential cellular processes.

Staphylococcus aureus, a pathogen capable of infecting both humans and livestock,
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exhibits remarkable adaptability to diverse ecological niches and is responsible for
numerous diseases. In a recent study, we identified IsrR, an sRNA that is repressed by
Fur (6). IsrR forms base-pairing interactions with mRNAs predominantly involved in the
expression of iron-containing enzymes, thereby preventing their translation. The
primary function of IsrR is presumed to be conserving iron in environments lacking it,

ensuring its availability for essential cellular processes.

The absence of IsrR significantly diminishes the virulence of S. aureus (6). This outcome
aligns with expectations, as the pathogen loses its ability to adapt to hosts that
sequester iron. Furthermore, we demonstrated that in anaerobic growth conditions,
IsrR modulates nitrate respiration by targeting mRNAs associated with this metabolic
pathway. Through bioinformatics analysis, numerous potential targets of IsrR were
identified indicating its potential role as a global regulator capable of reshaping
metabolic pathways in response to iron starvation (6,7). Notably, some of these targets

are associated with citrate metabolism.

Citrate is a key compound linking synthesis and degradation metabolic pathways,
including those of carbohydrates, fatty acids, and amino acids. It is the initial molecule
synthesized in the tricarboxylic acid (TCA) cycle, formed through the condensation of
oxaloacetate and acetyl-CoA by the enzyme citrate synthase. Additionally, citrate acts
as a regulator for various enzymatic reactions (8). Given its central position in

metabolism, enzymes associated with citrate are tightly regulated at multiple levels.

One example of such regulation involves aconitase, a moonlighting enzyme
responsible for the isomerization of citrate to isocitrate within the TCA cycle. In several
species, it has been observed that growth conditions characterized by iron deprivation
lead to aconitase assuming a regulatory role, exerting feedback control over its own
expression (9,10). In S. aureus, the gene ¢/tB, encoding aconitase, is positively regulated
by the transcriptional activator CppE, which has been reported to be responsive to

citrate levels (11,12).
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In this study, we present evidence demonstrating the involvement of IsrR in the
downregulation of aconitase in S. aureus during iron starvation. Our findings reveal
that IsrR exerts regulatory control through both direct and indirect mechanisms. We
also document the S. aureus aconitase moonlighting activity, showing that in iron-
starved conditions, its RNA binding activity down-regulates mRNA encoding TCA-cycle
enzymes. These observations provide an understanding of the intricate and

multifaceted regulatory mechanisms that operate during iron starvation in S. aureus.
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MATERIAL AND METHODS
Bacterial strains, plasmids, and growth conditions

The bacterial strains used for this study are described in Supplementary Table S1. The
work was performed with S. aureus HG0O3 strain (13). Gene annotations refer to
NCTC8325 nomenclature (file CP00025.1) retrieved from Genbank and Aureowiki (14).
Plasmids were engineered by Gibson assembly (15) in Escherichia coli IMO8B (16) as
described (Supplementary Table S2), using the indicated appropriate primers
(Supplementary Table S3) for PCR amplification. Plasmids were verified by DNA
sequencing and transferred into HGOO03 or derivatives. Chromosomal mutants
(deletions and insertions) were either reported or constructed for this study
(Supplementary Table S1) using pIMAY derivatives as described (17). Staphylococcal
strains were routinely grown in Brain Heart Infusion (BHI) broth at 37°C aerobically. £
colf strains were grown aerobically in Luria-Bertani (LB) broth at 37°C. Antibiotics were
added to media as needed: ampicillin 100 ug/ml and chloramphenicol 20 pg/ml for £
colii chloramphenicol 5 pg/ml, erythromycin 1u/ml and kanamycin 60 pg/ml for S.
aureus. Iron-depleted media was obtained by the addition of 2,2'-dipyridyl (DIP) at a

concentration of 0.5 mM and incubation for 30 min prior to the addition of bacteria.
Biocomputing analysis

Pairing predictions between IsrR and the mRNA targets were made using intaRNA (18)
set with default parameters except for suboptimal interaction overlap set to “can
overlap in both”. The sequences used for IsrR and mRNA targets were extracted from
the S. aureus NCTC8325 strain (NCBI RefSeq NC_007795.1). For the mRNA targets, the
sequences used started at the TSS when known (e.g.,, EMOTE (19)) or were arbitrarily
made to start at nucleotide -60 with respect to the +1 of translation. The sequences
contain the 5" UTR and the 13 first codons of the CDS. For transcription analysis, see
below the dedicated section. Statistical analyses were made using a t-test. Error bars

represent the 95% confidence interval following a Student test.
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Western blotting

Protein extracts were prepared by growing cells overnight, centrifugation (5 min, 4500
RPM, 4°C), and resuspension of the pellet in 400 pL of 50 mM Tris-HCI. Cells were
disrupted using Fast-Prep (MP Biomedicals) and protein extracts were recovered after
centrifugation (15 min, 15000 RPM, 4°C). Protein concentrations of each extract were
determined by Bradford and 10 pg of proteins were loaded on a NUPAGE 4%-12% Bis-
Tris gel before migration at 150V for 45min. Proteins were transferred from the gel to
a PVDF membrane using the iBind system (Invitrogen). Immunolabeling was made
overnight using a rabbit anti-Flag antibody and an anti-rabbit IgG HRP-conjugated
antibody (Promega) in the iBlot system (Invitrogen). Images were obtained using a

Chemidoc MP (Bio-Rad) and quantified using the ImageLab software.
Translational reporter assay for sRNA activity

Translational reporter fusions were constructed using the same sequences used for the
bioinformatics predictions. Briefly, 5" UTR regions and the first 13 codons of the mRNA
targets were fused in frame with the CDS of the fluorescent protein mAmetrine. The
5'UTR was placed under the control of the strong promoter P1 from sarA (P1sara). These
constructs were engineered using the pRN112 plasmid and then inserted on the
chromosome of S. aureusfollowing the protocol from de Jong et al. (20). The insertions
of the reporter fusions were confirmed by sequencing. Plasmids driving constitutive
expression of /isrR (pPRMC2AR-IsrR) and its derivatives with CRR deletions (P RMC2AR-
IsrRAC1, pRMC2AR-IsrRAC2, pRMC2AR-IsrRAC3, pRMC2AR-IsrRAC1C2, pRMC2AR-
IsrRACTC3, pRMC2AR-IsrRAC2C3, and pRMC2AR-IsrRACT1C2C3 expressing /srRACT,
ISrTRAC2, isrRAC3, isrRACT1C2, isrRACTC3, /isrRAC2C3, and /srRACT1C2C3, respectively)
were constructed and introduced in HG003 A/srR containing the reporter fusions

(Supplementary Tables S1 and S2).

Strains harboring fluorescent reporter fusions were tested on solid or liquid media. For
solid media, strains were tested on BHI plates supplemented or not with DIP. For liquid

media, strains were grown overnight at 37°C under agitation in BHI supplemented or
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not with DIP and chloramphenicol when necessary. Cultures were then washed three
times with Phosphate-buffered saline (PBS, 1X) and fluorescence was measured with a
microplate reader (CLARIOstar), using dichroic filters with excitation wavelength = 425
nm and emission wavelength = 525 nm. Fluorescence was normalized by subtracting

the auto-fluorescence of the HG003 strain and normalizing all cultures to ODeoo=1.
RNA preparation and transcriptome analysis

Overnight cultures were diluted at ODgpo=0.005 in preheated BHI + DIP 0.5 mM
(previously incubated for 30 min). Cells were grown at 37°C under agitation (200 rpm)
until ODeoo=1 (exponential phase). 15 mL of culture were sampled and centrifuged
(10min, 4500 rpm, 4°C), and pellets were frozen in liquid nitrogen before storage at -
70°C until RNA extraction. Cell pellets were resuspended in 800 uL of lysis buffer
(sodium acetate 20 mM pH 5.5, SDS 0.5%, EDTA 1 mM) and transferred into 2 mL Lysing
matrix B tubes (MP Biomedicals). Bacteria were lysed using a Fastprep (MP Biomedicals)
with 3 cycles of 45s at a speed of 6.5 m/s separated by incubation on ice for 1 min
between each cycle. Tubes were then centrifuged (15 min, 14000 rpm, 4°C) and the
RNA was extracted from the aqueous phase using phenol/chloroform as described (21).
30 ug RNA was treated using Turbo DNase I (Ambion) and purified using the RNA
Clean-up and concentration kit (Norgen Biotek). RNA quality was assessed using an

Agilent Bioanalyzer (Agilent Technologies).

Data were processed by a Snakemake workflow (22), with FastQC (v0.11.9) quality
control, creation of an index from the genome of S aureus NCTC 8325 Refseq
NC_007795.1, mapping if the reads onto the genome with Bowtie 2 (v2.4.1) (23),
selection of the mapped reads with Samtools (v1.13) (24) and their counting by the
FeatureCounts tool of the Subread package (v2.0.1) (25) on the coding sequences listed
in genome annotation augmented with the list of SRNAs selected from a previous
analysis (26), as well as differential gene expression analysis with the SARTools (v1.7.2)
package (27) configured with the DESeq2 method (28). Volcano plots presenting fold-

change vs significance were drawn using VolcaNoseR (29).
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Electrophoretic mobility shift assay

RNAs were transcribed from PCR products (for primers, see Supplementary Table S3)
using T7 RNA polymerase and purified by ethanol precipitation. Wild-type alleles were
generated from HGO003 genomic DNA and mutated alleles from gBlock DNAs
(Integrated DNA Technologies) containing the desired mutations. Gel-shift assays were

performed as described (30) with modifications reported in (6).
Intracellular citrate quantification:

Intracellular citrate concentration was measured using the Citrate Assay Kit (Abcam)
following the manufacturer's protocol. With this kit, citrate is converted to pyruvate,

the latter being quantified by a probe becoming intensely colored (570 nm).
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RESULTS

Iron sparing response regulator IsrR downregulates the amount of aconitase and

of CcpE.

Through CopraRNA software analysis, several putative targets of IsrR have been
identified (6,7). Among these, three are associated with citrate metabolism: i) c/tB
mRNA, which encodes aconitase (31), ii) ¢tM mRNA, which encodes a putative
transporter for citrate complexed with metal ions (32), and iii) ccp£ which encodes a
transcriptional activator of ¢/tB (12). These bioinformatics analyses also indicate that
IsrR targeting these three substrates is a conserved feature in different staphylococcal
species raising questions regarding the role of citrate in adapting to low-iron growth

conditions.

IsrR is predicted by IntaRNA software (18) to associate with the 5' untranslated regions
(UTRs) of these three mRNAs, with base-pairing occurring within the Shine-Dalgarno
(SD) sequence for citB and ccpF mRNAs (Figures 1A and 1B). This suggests that IsrR

may function as a negative regulator of c¢itBand ccpf£ expression.

To investigate the potential effect of IsrR on ¢/tB and ccpE expression, we generated
gene fusions, replacing the original genes with extended open reading frames
expressing complete sequences along with a C-terminal Flag tag (Supplementary Table
1). The detection of Flag-tagged proteins using anti-Flag antibodies allowed us to
estimate their expression levels, serving as a proxy for endogenous wild-type gene
expression. Considering that the Flag peptide consists of only 8 amino acids and
involves a modification of merely 24 nucleotides, we anticipate minimal or negligible
effects on bacterial regulation or physiology. Subsequently, we integrated the citB-flag
and ccpE-flag alleles into the chromosome of HG003, as well as its isogenic derivative
HGOO03 A/srR, respectively. Aconitase deficient mutants have reduce growth yields when
grown in rich aerated media (31); growth experiments comparing the c¢itB*, citB
(citB:Bursa) and citB-flag strains indicate that CitB-Flag is likely a functional aconitase

(Figure S2). ccpE mutant prevent ¢/tB expression and expectedly also have an altered

103



growth yield in rich aerated media (33).

Western blot experiments revealed that the expression levels of CitB and CcpE
in HGOO03 cultures cultivated in a nutrient-rich medium remained unaffected by the
presence or absence of /srR as it was not expressed in iron-replete media. However,
the presence of iron chelator 2,2'-dipyridyl (DIP) in the growth medium alleviates Fur
repression leading to the induction of IsrR (6). Indeed, under DIP-containing conditions,
we observed a significant decrease in the abundance of CitB-Flag (Figure 2A) and CcpE-
Flag (Figure 2B) in the parental strain compared to its A/srR derivative revealing that

the presence of IsrR correlates with a decrease of CitB and CcpE.
IsrR does not affect mRNA quantities

The accumulation of a specific sSRNA typically leads to changes in the stability of its
target mRNAs (34). As a result, a classic approach to identifying or confirming sRNA
targets involves comparing the levels of specific mRNAs in the presence or absence of
the studied sRNA (e.g. (35)). To support the activity of IsrR toward its citrate-related
targets and to possibly find other IsrR targets, a transcriptomic analysis was conducted
by comparing a parental strain with its A/srR derivative. Notably, /srR is not expressed
under standard rich media conditions, so the strains were cultivated in the presence of
DIP, a potent inducer of /srR expression (6). These strains were cultivated in triplicate,
harvested during the exponential growth phase, and total RNAs were extracted and
subjected to sequencing using RNA-seq Illumina technology. Subsequent differential
expression analysis using DE-seq2 (28) unveiled a surprising result: there were hardly
any differentially expressed mRNAs between the parental strain and its A/isrR derivative,
despite a marked difference in /srR expression levels (Figure 3, Table S4). IRemarkany,
only two genes, mt/F and mhqgD, showed significant differential expression. However,
further bioinformatics analysis did not confirm a putative IsrR/mRNA pairing
suggesting an indirect effect of IsrR on these mRNAs. It is worth noting that IsrR has
many putative targets, with some being confirmed (6,36). While the expression of these

targets was detected, their levels remained unaffected by the presence or absence of
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IsrR. This observation contrasts with the typical behavior seen in Gram-negative
bacteria, where the regulatory activity of a sRNA often influences the quantity and
stability of its target mRNAs [examples also exist in S. aureus (37)]. However, our
present transcriptomic results are supported by our previous observation that IsrR
inhibits the translation of fdhA and g/tB2 mRNAs without impacting their stability (6).
These finding challenge conventional assumptions about sSRNA-mediated regulation
and highlights the regulatory mechanisms at play in Gram positive bacteria and more

specifically in the case of IsrR.

IsrR targets citB and ccpE5'UTRs

Biocomputing data suggest that the observed IsrR-dependent downregulation of CcpE
and CitB is due to posttranscriptional regulations. However, the reduced amount of
aconitase could be either direct (via post-transcriptional regulation), indirect (via a
reduction of CcpE) or a combination of both. To address the question of putative IsrR
direct regulation on these two substrates, the ccpf and c¢itB 5'UTR sequences were
disconnected from their endogenous transcriptional regulation. The sequences
corresponding to the 5'UTRs from their transcriptional start sites (TSS) to their 13t first
codons were positioned under the transcriptional control of the Psaa1 promoter. We
used a reporter fusion to evaluate cgpfand citB expression by inserting the fluorescent
protein mAmetrine gene (mAm) downstream and in frame with the beginning of each
OREF (Figure S3). To avoid issues associated with cloned genes on plasmids, we inserted
the reporter fusions on the chromosome into a neutral locus (20) of the two S. aureus

strains, HGOO03 and its isogenic derivative HG003 A/srR.

In a rich medium, the fluorescence of each reporter was similar in both strains either
on plates and in liquid (Figure 4). Indeed, the /srR gene is repressed by the ferric uptake
regulator Fur and therefore not expressed when iron is available. However, when DIP
was added to the growth medium, mAmetrine fluorescence was strongly reduced in
HGO0O03 but not in HGO03 A/srR with both reporters (Figure 4). These results strongly

support the posttranscriptional regulation of ccp£ and c¢itB by IsrR. They also confirm
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that the IsrR-dependent down-regulation of ¢itB is not solely due to a reduction of

CcpE activity but involves likely an activity of IsrR on ¢/tB mRNA.

IsrR CRRs are required for translational regulation of ccpF and citB mRNAs

To obtain further information on which part of IsrR was required for IsrR activity against
ccpE and citB mRNAs, we transformed the HGO03 A/srR strains containing the reporter
fusions with plasmids leading to the production of no IsrR, IsrR and mutated IsrRs with
different CRR deletions. Notably, /srR was cloned under the promoter tet (Ptet) in the
absence of the Tet repressor (TetR) and is therefore expressed with no inducer. The
endogenous /srR gene is controlled by two Fur boxes including one within the
beginning of the transcribed sequence (6). Consequently, the second Fur box in present
in all /srR engineered genes. Therefore, to alleviate any Fur repression, the experiments

were performed in the presence of DIP.

The fluorescence of A/srR strain containing the ¢/tB 5'UTR reporter fusion was strongly
reduced by the presence of a plasmid expressing IsrR (pPRMC2AR-IsrR) as compared to
a controlled plasmid (pRMC2AR) or a plasmid expressing IsrR with no CRR motif
(PRMC2AR-IsrRACTC2C3). However, the deletion of the /srR CRR1 (b RMC2AR-IsrRACT)
and CRR2 (pRMC2AR-IsrRAC?2) did not significantly affect IsrR activity against the citB
5'UTR reporter, suggesting that these motifs are not essential for this IsrR activity, or
alternatively, they could substitute for each other. In contrast, the deletion of CRR3
alone (pPRMC2AR-IsrRAC3) or in combination with other CRRs (P RMC2AR-IsrRACTC3,
PRMC2AR-IsrRAC2C3) led to a moderate reduction of IsrR activity, but the deletion of
both CRR1 and CRR2 (pPRMC2AR-IsrRAC1C2) led to a strong mAmetrine fluorescence
(Figure 5A). Taken together, these results suggest that both CRR1 and CRR2 can down-
regulate ¢/zB mRNA translation independently. This conclusion is supported by
IntaRNA results predicting two IsrR/c/tB mRNA pairings, one involving CRR1 and the
other CRR2 and CRR3 (Figure 1). We previously observed a similar situation where the

two CRRs of the staphylococcal sRNA RsaE could act independently on rocF mRNA
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(38). The moderate reduction associated with the absence of CRR3 in IsrR may be due

to a reduced amount of IsrRAC3 compared to IsrR, IsrRAC1, and IsrRAC2, as reported
(6).

To assess which region of IsrR was important for interaction with ccpf mRNA, we
performed an experiment similar to that described above, transforming the A/srR strain
containing the ccp£ 5'UTR reporter fusion with plasmids expressing IsrR or mutated
IsrR derivatives. As the fluorescence signal from the ccp£ 5'UTR reporter fusion was too
weak to be observed on plates, measurements were made only using a microplate
reader. Removal of CRR1 from IsrR prevented IsrR activity towards ccpE mRNA, while
deletion of CRR2 and CRR3 had no effects (Figure 5B). These results are in line with

bioinformatics predictions indicating a pairing with the CCR1 (Figure 1).

To further support or in vivo experiment, the binding of IsrR to ¢/t8 and ccpFf mRNAs
was tested by electrophoretic mobility shift assay (EMSA). A band-shift of radio-labeled
IsrR was observed when IsrR was incubating with either ¢/itBor ccpE mRNAs. Also, when
a similar experiment was performed using an IsrR mutant in which the Cs of the CRR

sequence were mutated to prevent the pairing, no gel shifts were observed (Figure 1C).

Overall, in vivo and in vitro data indicate that IsrR binds, via specific CRRs, to the Shine-

Dalgarno sequences of citB and ccpE mRNAs to prevent translation.

Aconitase moonlighting activity down-regulates the TCA cycle and rebalance its
metabolic consequence.

Aconitase catalyzes the conversion of citrate to isocitrate; however, a conserved feature
from bacteria to humans is the ability of aconitase to become an iron regulatory factor
(IRF) by acquiring an RNA-binding protein (RBP) recognizing iron-responsive elements
(IREs) when its Fe-S clusters are absent (9,10,43). We questioned if the RBP activity of
the apo-protein was present in staphylococcal aconitase and could have a possible
regulatory role in response to iron starvation. Essential amino acids for aconitase
activities are conserved from bacteria to eukaryotes. In B. subtilis, aconitase mutation

changing the cysteine 517 to alanine (CitB*csi74) leads to enzymatically inactive
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aconitase which still binds to iron-responsive elements (IREs) while changing the
arginine 741 and glutamine 745 to glutamic acid (Cit®r7a1e q745e) leads an aconitase
defective only for its RBP activity (9,44). As B. subtilis and S. aureus aconitases share
71% identity, we modified the S. aureus citB gene to generate an aconitase deficient
for its enzymatic activity, CitB>casos referred to as CitBenz, and for its RBP activity,
Cit>r734e 738e referred to as CitBrep (Figure S5). To keep the endogenous regulation and
expression level, the mutated alleles were introduced into HGO03 chromosomal c¢/tB
locus by gene replacement (Table S1). The absence of aconitase leads to an altered
growth in stationary phase and citrate accumulation ((45) and Figure S5). As expected,
the enzymatically deficient c/itBen, allele was responsible for an altered growth in rich
media and for the accumulation of intracellular citrate, similar to a strain having no
aconitase. However, in a rich medium, the c/tBrep allele had a similar growth yield and

citrate amount as the parental strain (Figures S6 and S7).

To support the putative RNA-binding deficiency of the c/tBrep strain, and to possibly
find targets of apo-aconitase, we compared the transcriptome of HG003 and its c/tBrep
derivative. As the RBP activity is revealed only in iron-restricted growth conditions, both
strains were grown in the presence of DIP. Similarly to the experiments with the A/srR
mutant (Figure 3), the two strains were cultivated in triplicate, harvested during the
exponential growth phase, and total RNAs were extracted and subjected to sequencing
using RNA-seq Illumina technology. Note the experiments with the A/srR and citBrep
mutants were done simultaneously and used the same parental strain reference.
Subsequent differential expression analysis using DE-seg2 (28) highlights a striking
upregulation of ¢itBand citZ-citC mRNAs in the c¢itBrsp mutant (Figure 6, Table S5). The
citBrep mutant, which has an efficient aconitase activity in a rich medium (Figures S6
and S7) prevents the downregulation of genes encoding citrate synthase (cit2),
aconitase, and isocitrate dehydrogenase (c/tC). These three enzymes act one after the
other one in the TCA cycle. This result first shows that the c/tBrsp mutation alters gene

expression supporting the aconitase RBP activity (9,46). It shows, as observed in human
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and few bacteria(9,47), that S. aureus aconitase is autoregulated by lowering the

amount of its own mRNA c¢/tB but also the citZ-citC operon mRNA.

pycA mRNA encoding the pyruvate carboxylase was significantly under-represented in
the c/tBrep strain showing that during iron-starvation, this mRNA accumulates in a wild-
type strain. PycA catalyzes the carboxylation of pyruvate to form oxaloacetate. Iron
starvation leads to the TCA cycle downregulation and consequently lower oxaloacetate
production. We propose that the apo-aconitase, by stabilizing pycA mRNA, contributes

to maintaining the oxaloacetate pool (Figure 6B).

IsrR-dependent downregulation of ¢citB mRNA is not dependent on moonlighting

aconitase activity

In £ coli; RyhB, a non-ortholog sSRNA with a similar function to IsrR, targets acn8 mRNA
encoding one of its two aconitases. The regulatory mechanism involves the apo-
aconitase RBP activity, which prevents the RyhB-induced degradation of acnB8 mRNA
(47). We, therefore, questioned if the S. aureus aconitase RBP activity could interfere

with the IsrR-dependent regulation of aconitase.

To test this hypothesis, in addition to the parental strain, we introduced the c¢/tBrsp
allele into the isogenic A/srR strain. Two citBrep alleles were constructed, expressing
either the CitB natural C-terminal end or the end fused to a Flag tag. The amount of
CitB monitored by Western blot experiments with anti-Flag in A/srR and its isogenic
parental strain show that IsrR similarly downregulates citB:flag and citBrsr:flag,
showing that the aconitase RBP function is likely not associated with the IsrR-
dependent regulation of CitB (Figure 7). Furthermore, during iron starvation,
c/tBrep::flag is in a bigger amount than c¢itB:flag by comparing either the two /srR" or
A/srR strains. This confirms that the inability of the ¢/Brep allele to downregulate is own
transcript leads to the accumulation of its corresponding protein. Our results suggest

that IsrR and apo-CitB act additively against ¢/itB mRNA.
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DISCUSSION

In response to iron-starved growth conditions, bacteria employ intricate regulatory
mechanisms to optimize their survival and adapt to the challenging environment. One
such adaptation involves the downregulation of iron-containing proteins, which is
mediated by small non-coding RNAs induced upon iron starvation. These sRNAs,
including RyhB in many Enterobacteriaceae (48), PrrFs in Pseudomonas aeruginosa (49),
MrsI in Mycobacterium tuberculosis (50), IsaR1 in cyanobacterium Synechocystis (51),
FsrA in B. subtilis (52) and IsrR in S. aureus (6), play a pivotal role in coordinating the

reduction of iron-utilizing pathways, with a particular emphasis on the TCA cycle (5).

Aconitase, an abundant protein containing two [4Fe4S] clusters, stands out as a
prominent iron consumer. It is no coincidence that aconitase mRNA is targeted by
multiple sRNAs, including RyhB (47,48), and FsrA (53) due to its high iron demand. In
this study, we uncover an additional regulatory role of IsrR in aconitase mRNA
targeting, further expanding our understanding of bacterial iron homeostasis in S.
aureus. The staphylococcal ¢/tB expression is activated by CcpE, a citrate-responsive
transcriptional regulator controlling the expression of over 100 metabolic enzymes and
virulence factors (54). The reduction of ¢/tB expression results in less aconitase leading
to the accumulation of citrate (12) and Figure S7). This increase amount of citrate is
expected to activate CcpE and consequently citB transcription, leading to a paradoxical
situation where ¢/tB downregulation could lead via CcpE to its activation. In iron-
starved conditions, by targeting both ¢/tBand ccpf mRNAs, IsrR prevents this loophole
and maintains metabolic homeostasis. The regulatory pathway in which a three-node
graph of the form A (IsrR) affects B (CcpE) and C (CitB) and B affects C is defined as a
feedforward loop (Figure S8). This organization for gene control is frequent with the
advantage to provide an additional input on the final regulation. As IsrR downregulates
citB expression and of its transcriptional activator gene (ccpf), the loop is defined as
coherent and of type 2 (55). Mathematical modeling indicates that if A is regulatory

RNA as for IsrR rather than a transcriptional factor, the response to signal (accumulation
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of IsrR upon iron starvation) is stronger and faster with minimized fluctuations in target
protein concentrations (aconitase) (56). These properties gained with a sRNA-
controlled feedforward loop are likely critical for S. aureus adaption to low iron growth

conditions as those encountered within the host.

A third element contributing to aconitase regulation is the aconitase protein itself,
which is highly conserved across species. Aconitase serves as an electron transfer donor
through its [4Fe-4S] clusters, which are sensitive to iron starvation and oxidative
damage. Both stress conditions can inactivate aconitase by disrupting these clusters.
Oxidation of one of the [4Fe-4S] cluster into a [3Fe-4S] cluster leads to the formation
of an enzymatically inactive aconitase, which is more prone to cluster disassembly, and
therefore complete disappearing of the cluster (9,57). In the absence of iron, aconitase
becomes an RNA-binding protein with regulatory capabilities. Mutations in the
putative aconitase RBP site (CitBrsp) impair ¢/tB mRNA downregulation, as well as the
citZ-citC operon, mirroring observations in £ coli and B. subtilis (9,44,47). Indeed,
aconitase deficiency results in the absence of isocitrate production for the TCA cycle,
rendering the synthesis of isocitrate dehydrogenase (CitC) and citrate synthase (CitZ)

unnecessary.

The TCA cycle contributes to biosynthetic processes, with some of its products serving
as precursors for various metabolic pathways. Anaplerotic reactions are essential for
replenishing depleted elements in the TCA cycle, and among these, PycA emerges as a
significant enzyme, facilitating the production of oxaloacetate (58). In addition to be a
key metabolite of the TCA cycle, oxaloacetate is required for diverse biochemical
pathways, including the glyoxylate cycle and amino acid synthesis. Disruptions in the
levels of CitZ, CitB, and CitC adversely impact TCA-dependent oxaloacetate production.
Our findings indicate that apo-aconitase plays a role in stabilizing pycA mRNA through
a yet undiscovered mechanism. This stabilization is associated with an anticipated
increase in pyruvate carboxylase activity and subsequent oxaloacetate production.

Therefore, it appears that apo-aconitase, through its modulation of pycA mRNA
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stability, contributes to the maintenance of the oxaloacetate pool for supporting

various essential biochemical processes.

Apo-aconitase has been shown to bind to IREs which are stem-loop sequences with
the conserved CAGUGN sequence inside the loop (9,43,46). Such a structure has not
been detected in the above-mentioned main apo-aconitase substrates; their S. aureus

equivalent remained to be found.

Our results demonstrate that S. aureus uses multifaceted mechanisms to adapt to iron-
starved environments highlighting a complex interplay between post-transcriptional

regulatory elements and metabolic pathways (Figure 8).

112



REFERENCES

10.

11.

12.

13.

14.

15.

16.

Murdoch, C.C. and Skaar, E.P. (2022) Nutritional immunity: the battle for nutrient
metals at the host-pathogen interface. Nat Rev Microbiol, 20, 657-670.

Troxell, B. and Hassan, H.M. (2013) Transcriptional regulation by Ferric Uptake
Regulator (Fur) in pathogenic bacteria. Front Cell Infect Microbiol, 3, 59.
Pinochet-Barros, A. and Helmann, J.D. (2018) Redox Sensing by Fe(2+) in Bacterial Fur
Family Metalloregulators. Antioxid Redox Signal, 29, 1858-1871.

Dutta, T. and Srivastava, S. (2018) Small RNA-mediated regulation in bacteria: A
growing palette of diverse mechanisms. Gene, 656, 60-72.

Chareyre, S. and Mandin, P. (2018) Bacterial iron homeostasis regulation by sRNAs.
Microbiol Spectr, 6.

Coronel-Tellez, R.H., Pospiech, M., Barrault, M., Liu, W., Bordeau, V., Vasnier, C.,
Felden, B., Sargueil, B. and Bouloc, P. (2022) sRNA-controlled iron sparing response in
Staphylococci. Nucleic Acids Research, 50, 8529-8546.

Mader, U., Nicolas, P., Depke, M., Pane-Farre, J., Debarbouille, M., van der Kooi-Pol,
M.M., Guerin, C., Derozier, S., Hiron, A., Jarmer, H. et al. (2016) Staphylococcus aureus
transcriptome architecture: from laboratory to infection-mimicking conditions. PLoS
Genet, 12, e1005962.

Walden, W.E. (2002) From bacteria to mitochondria: aconitase yields surprises. Proc
Natl Acad Sci U S A, 99, 4138-4140.

Pechter, K.B., Meyer, F.M., Serio, A.W., Stulke, J. and Sonenshein, A.L. (2013) Two roles
for aconitase in the regulation of tricarboxylic acid branch gene expression in Bacillus
subtilis. J Bacteriol, 195, 1525-1537.

Tang, Y. and Guest, J.R. (1999) Direct evidence for mRNA binding and post-
transcriptional regulation by Escherichia coli aconitases. Microbiology (Reading), 145
(Pt 11), 3069-3079.

Chen, J., Shang, F., Wang, L., Zou, L., Bu, T., Jin, L., Dong, Y., Ha, N.C., Quan, C., Nam,
K.H. et al. (2018) Structural and Biochemical Analysis of the Citrate-Responsive
Mechanism of the Regulatory Domain of Catabolite Control Protein E from
Staphylococcus aureus. Biochemistry, 57, 6054-6060.

Hartmann, T., Baronian, G., Nippe, N., Voss, M., Schulthess, B., Wolz, C., Eisenbeis, J.,
Schmidt-Hohagen, K., Gaupp, R., Sunderkotter, C. et al. (2014) The catabolite control
protein E (CcpE) affects virulence determinant production and pathogenesis of
Staphylococcus aureus. J Biol Chem, 289, 29701-29711.

Herbert, S., Ziebandt, A.K., Ohlsen, K., Schafer, T., Hecker, M., Albrecht, D., Novick, R.
and Gotz, F. (2010) Repair of global regulators in Staphylococcus aureus 8325 and
comparative analysis with other clinical isolates. Infect Immun, 78, 2877-2889.

Fuchs, S., Mehlan, H., Bernhardt, J., Hennig, A., Michalik, S., Surmann, K., Pane-Farre,
J., Giese, A., Weiss, S., Backert, L. et al. (2018) AureoWiki the repository of the
Staphylococcus aureus research and annotation community. International Journal of
Medical Microbiology, 308, 558-568.

Gibson, D.G. (2011) Enzymatic assembly of overlapping DNA fragments. Methods in
Enzymology, 498, 349-361.

Monk, I.R., Tree, J.J., Howden, B.P., Stinear, T.P. and Foster, T.J. (2015) Complete
bypass of restriction systems for major Staphylococcus aureus lineages. MBio, 6,
e€00308-00315.

113



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Le Lam, T.N., Morvan, C,, Liu, W., Bohn, C., Jaszczyszyn, Y. and Bouloc, P. (2017) Finding
sRNA-associated phenotypes by competition assays: An example with Staphylococcus
aureus. Methods, 117, 21-27.

Mann, M., Wright, P.R. and Backofen, R. (2017) IntaRNA 2.0: enhanced and
customizable prediction of RNA-RNA interactions. Nucleic Acids Research, 45, W435-
W439.

Prados, J., Linder, P. and Redder, P. (2016) TSS-EMOTE, a refined protocol for a more
complete and less biased global mapping of transcription start sites in bacterial
pathogens. BMC Genomics, 17, 849.

de Jong, N.W., van der Horst, T., van Strijp, J.A. and Nijland, R. (2017) Fluorescent
reporters for markerless genomic integration in Staphylococcus aureus. Sci Rep, 7,
43889.

Oh, E.T. and So, J.S. (2003) A rapid method for RNA preparation from Gram-positive
bacteria. J Microbiol Methods, 52, 395-398.

Koster, J. and Rahmann, S. (2018) Snakemake-a scalable bioinformatics workflow
engine. Bioinformatics, 34, 3600.

Langmead, B. and Salzberg, S.L. (2012) Fast gapped-read alignment with Bowtie 2. Nat
Methods, 9, 357-359.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis,
G. and Durbin, R. (2009) The Sequence Alignment/Map format and SAMtools.
Bioinformatics, 25, 2078-2079.

Liao, Y., Smyth, G.K. and Shi, W. (2014) featureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformatics, 30, 923-
930.

Liu, W., Rochat, T., Toffano-Nioche, C., Le Lam, T.N., Bouloc, P. and Morvan, C. (2018)
Assessment of Bona Fide sRNAs in Staphylococcus aureus. Frontiers in Microbiology, 9,
228.

Danecek, P., Bonfield, J.K., Liddle, J., Marshall, J., Ohan, V., Pollard, M.O., Whitwham,
A., Keane, T., McCarthy, S.A., Davies, R.M. et al. (2021) Twelve years of SAMtools and
BCFtools. Gigascience, 10.

Love, M.I., Huber, W. and Anders, S. (2014) Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biology, 15.

Goedhart, J. and Luijsterburg, M.S. (2020) VolcaNoseR is a web app for creating,
exploring, labeling and sharing volcano plots. Sci Rep, 10, 20560.

Le Huyen, K.B., Gonzalez, C.D., Pascreau, G., Bordeau, V., Cattoir, V., Liu, W., Bouloc,
P., Felden, B. and Chabelskaya, S. (2021) A small regulatory RNA alters Staphylococcus
aureus virulence by titrating RNAIII activity. Nucleic Acids Research, 49, 10644-10656.
Somerville, G.A., Chaussee, M.S., Morgan, C.l., Fitzgerald, J.R., Dorward, D.W., Reitzer,
LJ. and Musser, J.M. (2002) Staphylococcus aureus aconitase inactivation
unexpectedly inhibits post-exponential-phase growth and enhances stationary-phase
survival. Infect Immun, 70, 6373-6382.

Krom, B.P., Warner, J.B., Konings, W.N. and Lolkema, J.S. (2000) Complementary metal
ion specificity of the metal-citrate transporters CitM and CitH of Bacillus subtilis. J
Bacteriol, 182, 6374-6381.

Hartmann, T., Zhang, B., Baronian, G., Schulthess, B., Homerova, D., Grubmuller, S.,
Kutzner, E., Gaupp, R., Bertram, R., Powers, R. et al. (2013) Catabolite control protein
E (CcpE) is a LysR-type transcriptional regulator of tricarboxylic acid cycle activity in

114



34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

48.

49.

Staphylococcus aureus. J Biol Chem, 288, 36116-36128.

Chao, Y., Li, L., Girodat, D., Forstner, K.U., Said, N., Corcoran, C., Smiga, M., Papenfort,
K., Reinhardt, R., Wieden, H.J. et al. (2017) In vivo cleavage map illuminates the central
role of RNase E in coding and non-coding RNA pathways. Mol Cell, 65, 39-51.

Bohn, C., Rigoulay, C., Chabelskaya, S., Sharma, C.M., Marchais, A., Skorski, P., Borezee-
Durant, E., Barbet, R., Jacquet, E., Jacq, A. et al. (2010) Experimental discovery of small
RNAs in Staphylococcus aureus reveals a riboregulator of central metabolism. Nucleic
Acids Res, 38, 6620-6636.

Barrault, M., Leclair, E. and Bouloc, P. (2023) Staphylococcal sRNA IsrR down-regulates
methylthiotransferase MiaB  under iron-deficient  conditions. bioRxiv,
2023.2011.2009.566390.

Bonnin, R.A. and Bouloc, P. (2015) RNA Degradation in Staphylococcus aureus:
Diversity of Ribonucleases and Their Impact. International Journal of Genomics, 2015,
395753.

Rochat, T., Bohn, C., Morvan, C., Le Lam, T.N., Razvi, F., Pain, A., Toffano-Nioche, C.,
Ponien, P., Jacq, A., Jacquet, E. et al. (2018) The conserved regulatory RNA RsaE down-
regulates the arginine degradation pathway in Staphylococcus aureus. Nucleic Acids
Res, 46, 8803-8816.

Ding, X., Robbe-Masselot, C., Fu, X., Leonard, R., Marsac, B., Dauriat, C.J.G., Lepissier,
A., Rytter, H.,, Ramond, E., Dupuis, M. et al. (2023) Airway environment drives the
selection of quorum sensing mutants and promote Staphylococcus aureus chronic
lifestyle. Nat Commun, 14, 8135.

Kalivoda, K.A., Steenbergen, S.M., Vimr, E.R. and Plumbridge, J. (2003) Regulation of
sialic acid catabolism by the DNA binding protein NanR in Escherichia coli. J Bacteriol,
185, 4806-4815.

Olson, M.E., King, J.M., Yahr, T.L. and Horswill, A.R. (2013) Sialic acid catabolism in
Staphylococcus aureus. J Bacteriol, 195, 1779-1788.

Sohanpal, B.K., El-Labany, S., Lahooti, M., Plumbridge, J.A. and Blomfield, I.C. (2004)
Integrated regulatory responses of fimB to N-acetylneuraminic (sialic) acid and GIcNAc
in Escherichia coli K-12. Proc Natl Acad Sci U S A, 101, 16322-16327.

Hirling, H., Henderson, B.R. and Kuhn, L.C. (1994) Mutational analysis of the [4Fe-4S]-
cluster converting iron regulatory factor from its RNA-binding form to cytoplasmic
aconitase. EMBO J, 13, 453-461.

Gao, W., Dai, S., Liu, Q., Xu, H., Bai, Y. and Qiao, M. (2010) Effect of site-directed
mutagenesis of citB on the expression and activity of Bacillus subtilis aconitase.
Mikrobiologiia, 79, 774-778.

Craig, J.E., Ford, M.J., Blaydon, D.C. and Sonenshein, A.L. (1997) A null mutation in the
Bacillus subtilis aconitase gene causes a block in SpoOA-phosphate-dependent gene
expression. J Bacteriol, 179, 7351-7359.

Tang, Y. and Guest, J.R. (1999) Direct evidence for mRNA binding and post-
transcriptional regulation by Escherichia coli aconitases. Microbiology, 145 ( Pt 11),
3069-3079.

Benjamin, J.A. and Masse, E. (2014) The iron-sensing aconitase B binds its own mRNA
to prevent sRNA-induced mRNA cleavage. Nucleic Acids Research, 42, 10023-10036.
Masse, E. and Gottesman, S. (2002) A small RNA regulates the expression of genes
involved in iron metabolism in Escherichia coli. Proc Nat!/ Acad Sci US A, 99, 4620-4625.
Wilderman, P.J.,, Sowa, N.A,, FitzGerald, D.J., FitzGerald, P.C., Gottesman, S., Ochsner,

115



50.

51.

52.

53.

54.

55.

56.

57.

58.

U.A. and Vasil, M.L. (2004) Identification of tandem duplicate regulatory small RNAs in
Pseudomonas aeruginosa involved in iron homeostasis. Proc Natl Acad Sci U S A, 101,
9792-9797.

Gerrick, E.R., Barbier, T., Chase, M.R., Xu, R., Francois, J., Lin, V.H., Szucs, M.J., Rock,
J.M., Ahmad, R., Tjaden, B. et al. (2018) Small RNA profiling in Mycobacterium
tuberculosis identifies Mrsl as necessary for an anticipatory iron sparing response. Proc
Natl Acad Sci U S A, 115, 6464-6469.

Georg, J., Kostova, G., Vuorijoki, L., Schon, V., Kadowaki, T., Huokko, T., Baumgartner,
D., Muller, M., Klahn, S., Allahverdiyeva, Y. et al. (2017) Acclimation of oxygenic
photosynthesis to iron starvation is controlled by the sRNA IsaR1. Curr Biol, 27, 1425-
1436 e1427.

Smaldone, G.T., Antelmann, H., Gaballa, A. and Helmann, J.D. (2012) The FsrA sRNA
and FbpB protein mediate the iron-dependent induction of the Bacillus subtilis lutABC
iron-sulfur-containing oxidases. Journal of Bacteriology, 194, 2586-2593.

Smaldone, G.T., Revelles, O., Gaballa, A., Sauer, U., Antelmann, H. and Helmann, J.D.
(2012) A global investigation of the Bacillus subtilis iron-sparing response identifies
major changes in metabolism. J Bacteriol, 194, 2594-2605.

Ding, Y., Liu, X., Chen, F., Di, H., Xu, B., Zhou, L., Deng, X., Wu, M., Yang, C.G. and Lan,
L. (2014) Metabolic sensor governing bacterial virulence in Staphylococcus aureus.
Proc Natl Acad Sci US A, 111, E4981-4990.

Alon, U. (2007) Network motifs: theory and experimental approaches. Nat Rev Genet,
8, 450-461.

Tej, S., Gaurav, K. and Mukheriji, S. (2019) Small RNA driven feed-forward loop: critical
role of sSRNA in noise filtering. Phys Biol, 16, 046008.

Imlay, J.A. (2006) Iron-sulphur clusters and the problem with oxygen. Mol Microbiol,
59, 1073-1082.

Owen, O.E., Kalhan, S.C. and Hanson, R.W. (2002) The key role of anaplerosis and
cataplerosis for citric acid cycle function. J Biol Chem, 277, 30409-30412.

116



SUPPLEMENTARY DATA
Supplementary Data are available online.
ACKNOWLEDGEMENT

We thank our lab colleagues for helpful discussions, technical help, and Edel Weiss for
warm support. We acknowledge the sequencing and bioinformatics expertise of the
I2BC High-throughput sequencing facility, supported by France Génomique (funded
by the French National Program "Investissement d'Avenir" ANR-10-INBS-09).

FUNDING

The research was supported by the “Agence National pour la Recherche” [ANR-19-
CE12-0006-01 (sRNA-RRARE)]. MB was the recipient of a scholarship from the ‘SDSV
(Structure et dynamique des systémes vivants) doctoral school. RH.C.T. was the
recipient of a scholarship from the ‘Consejo Nacional de Ciencia y Tecnologia’

(CONACyT).

CONFLICT OF INTEREST

The authors declare no competing interests.
AUTHOR CONTRIBUTIONS

PB conceived the project. MB, SC, RHCT, CTN and PB designed experiments and
interpreted the data. MB and PB wrote the manuscript. MB, RHCT, SC, CTN, and PB

edited the paper.

AVAILABILITY

Strains and plasmids are available from the corresponding author on request.

117



FIGURES

A
18 35 Energy:
[ | -12,7 kcal/mol
citB 5'-RDAG..UAURA AUCARA CAUUBAUGAUG. . GAC-3"'
ARAUGU GGGGGAU
AN LU Hybridization
UUUGCA CCCCCUA Energy:
IsSTrR 3'-UGU..CUUGC ACACC CAAGA..GUU-5' -15,9 kcal/mol
I CRR1 |
48 31
3 46 Energy:
| | -10,8 kcal/mol
citB 5'-AA AAUAU AARUGUAUCA CAUU UG..GRAC-3"'
GGCAUAUA AR AGGGGGAU ARAUGGC
FITTTTT I FITTETT AERERN Hybridization
CCGUAUAU uu UCCCCUUA UUUACUG Energy:
IsrR 3'-UGU..GC UARAACU GU..GUU-5" 20,8 kcal/mol
I CRR2 |
95 €5
B
49 55 Energy:
| | -11,8 kcal/mol
CcCcpE 5'-AAC..AUUUA AMAUUAUG. .UUA-3'
UGGGGGG
RN Hybridization
Acccecc Energy:
IsTR 3'-UGU..GCAAC CUACA. .GUU-5" 14,7 kcal/mol
| CRR1I
40 34
C
citB citBmut ccpE ccpEmut
IsrR*-citB mRNA IsrR*-ccpE mRNA -
< - - e
complex complex

IsrR*

-
- IsrR¥ _, "".‘-

Figure 1: Computer prediction of IsrR pairing with c/tBand ccpf mRNAs

IntaRNA (18) pairing prediction A) between IsrR and ¢/tB mRNA, and B) between IsrR
and ccpE mRNA. Blue sequences, SD; red sequences, CRRs; bold characters, AUG start
codon. C: Gel retardation assay using radiolabeled IsrR (IsrR*) with ¢/itBmRNA (left) and
ccpE mRNA (right). RNA sequences used for gel retardation are indicated in Figure S1.
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Figure 2: IsrR downregulates the production of CitB and CcpE

A) Upper part: schematic representation of the CitB-Flag reporter fusion. Green, 3’ end
of ¢/tB ORF; red, Flag sequence; blue, native stop codon, grey, first nts of mRNA 3'UTR.
Below left: western-blot experiment with anti-Flag antibodies. Genotypes and growth
conditions are indicated. 100 kDa, signals corresponding to CitB-Flag; 75 kDa, non-
specific signal present in all samples including Flag-less strains. The 75 kDa signal was
used as a loading control for normalization. Below right: Histograms, ratios of c/itB
reporter fusion production between HGO03 and AisrR strains each one being
normalized to loading control bands. ***, P-value= 0.0003 B) Upper part: schematic
representation of the CcpE-Flag reporter fusion as in A, except green corresponds to
the 3" end of cppE ORF. Below left: Western-blot experiment showing the production

of the CcpE-Flag as in A) except that the CcpE-Flag band is at 35 kDa. Note a weak
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non-specific signal at 35kDa is also present in Flag-less strains. Below right: Histograms,
ratios of ccpf£ reporter fusion production between HG003 and A/srR determined as in

A). *** P-value= 0.0002.
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Figure 3: RNAs significantly affected by the absence of IsrR

A) Experimental workflow: Schematic representation of the transcriptomic experiments.
HGO003 and its A/srR derivative were cultured overnight, followed by resuspension in
fresh BHI medium supplemented with DIP. Samples were collected at an ODeoo of 1 and
RNA was extracted. Subsequently, Illumina RNA sequencing was performed, and the
resulting data were analyzed using DEseqg2 software. B) Volcano plot depicting
significant differences in gene expression between the HGO0O03 strain and its A/srR
derivative during iron starvation. Genes with reduced expression in the A/srR strain are
shown in blue, while those with increased expression are displayed in red. Colored
spots correspond to genes with a fold-change < 0.5 or >2, a significance level with a

P-adjusted value below 0.005. The analysis includes the genes with a minimum of 20
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Figure 4: Translational repression of c¢itB and ccpE reporter by IsrR

A) citB-mAm expression on BHI and BHI supplemented with DIP plates. The relevant
genotypes are indicated. B) c/tB-mAm reporter gene expression was quantified by
growing overnight HGO03 and A/srR derivative harboring the fusion in BHI and BHI
supplemented with DIP broths, washing them, and measuring their fluorescence on a
microplate reader. Results are normalized to ODeoo = 1 (n = 3). P-value = 1.62 107. C)
The translational activity of the ccpE-mAm reporter gene was quantified by growing
overnight HGO03 and its A/srR derivative harboring the fusion in BHI and BHI
supplemented with DIP 0.5, washing them, and measuring their fluorescence on a
microplate reader. Results are normalized to ODeoo = 1 (n = 3). P-value = 4.7 10 The

fluorescence of CcpE-mAm reporter fusions was not visible on plates.
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Figure 5: IsrR CRRs required for the translational repression of citB and ccpE

reporters

A) The AisrR strain harboring the citB-mAm reporter fusion was transformed with
plasmids expressing different versions of IsrR and cultured in plates (left) or in liquid
(right) in BHI supplemented with DIP. The translational activity of the citB-mAm
reporter fusion was quantified by measuring the fluorescence of each strain on a
microplate reader. Results (n=3) are normalized to ODeoo=1. P-value=1.1 10°®. B) The
AisrR strain harboring the ccpE-mAm reporter fusion was transformed with plasmids
expressing different versions of IsrR and cultured overnight in BHI supplemented with
DIP. The translational activity of the ccpE-mAm reporter fusion was quantified by
measuring the fluorescence of each strain on a microplate reader. Results (n=3) are

normalized to ODeoo=1. P-value=4.3 10,
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Figure 6: RNAs significantly affected by aconitase RBP activity

A) Volcano plot showing the relevant differences in gene expression between HG003
and c/tBrep derivative upon iron starvation. The experimental design is the same as in
Figure 3A except that the A/srR allele is replaced by c/tBrer. Blue dots, genes whose
expression is decreased in citBrep- strain; red dots, genes whose expression is increased
in c/tBrep- strain. For significant thresholds and fold changes, see Figure 3 (n=3). B)
Metabolic regulations mediated by apo-CitB according to transcriptomic data. Red
arrows, genes downregulated by apo-CitB; blue arrow, gene activated by apo-CitB; PEP,

phosphoenolpyruvate; Asp, aspartate; Lys, lysine; Asn, asparagine; Thr, threonine.
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Figure 7: CitB RBP activity and IsrR-dependent citB regulation

Western-blot experiment with anti-Flag antibodies. Genotypes and growth conditions
are indicated. 75 kDa, signals corresponding to CitB-Flag; 100 kDa, non-specific signal
present in samples including Flag-less strains. The 75 kDa signal was used as a loading
control for normalization. Histograms, ratios of reporter fusion production between

HGOO03 and its 4/srR derivative, each one being normalized to loading control bands.

P-values < 0.01.
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Figure 8: IsrR and apo-CitB controlled citrate metabolism upon iron starvation

Under iron-replete conditions, the transcription of /srR is repressed by Fur bound by
Fe?* or Fe-S clusters. Iron starvation leads to the alleviation of Fur repression, resulting
in the expression of /srR. IsrR exerts its regulatory control on citrate metabolism by
downregulating c/tB expression. This downregulation occurs through two distinct
mechanisms: direct inhibition of ¢/itB mRNA translation and indirectly via inhibition of
ccpE mRNA translation, CcpE being a transcriptional activator of ¢/itB and over a
hundred other genes. Concomitantly, as iron becomes scarce, aconitase undergoes a
transition from its Fe-S cluster-bound form to apo-CitB, a regulatory RNA-binding
protein. Apo-CitB plays a pivotal role in the modulation of citrate metabolism, leading
to the downregulation of citZ-citC mRNA levels and its own mRNA expression, while
simultaneously promoting an increase in pycA mRNA levels, encoding pyruvate

carboxylase.
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Strain Genotype Construction/ Reference

HGO003 rsbU and tcaR repaired, MSSA, Agr+ (2)

JE2 JE2 = USA300 cured from all plasmids (2)

NE861 USA300 citB::Bursa (2)

NE1560 USA300 ccpE::Bursa (2)

SAPhB1231 | as HGOO3 AisrR::tag135

SAPhB1755 | as HGOO03 P1sa_5'UTRcitB::mAm (integrated down- | HGOO3 + pRN112-5'citB
stream of sqr)

SAPhB1759 | as HG0O03 P1sa_5'UTRccpe::mAm (integrated down- | HGOO3 + pRN112-5'ccpE
stream of sqr)

SAPhB1761 | as HGOO03 AisrR::tag135 Plsra_5'UTRcitB::mAm (inte- | SAPhB1231 +p RN112-5'citB
grated downstream of sqr)

SAPhB1765 | as HG0OO03 AisrR::tag135 P1lsa_5'UTRccpe::mAm (in- | SAPhB1231 + pRN112-5'ccpE
tegrated downstream of sqr)

SAPhB1767 | as HG0OO03 AisrR::tag135 Plsa_5'UTRcitB::mAm (inte- | SAPhB1761 + pRMC2AR
grated downstream of sqr) pPRMC2AR

SAPhB1769 | as HGOO3 AisrR::tag135 citB-mAm pRMC2AR-IsrR SAPhB1761 + pRMC2AR-IsrR

SAPhB1771 | as HGOO03 AisrR::tag135 P1lsra_5'UTRcitB::mAm (inte- | SAPhB1761 + pRMC2AR-IsrRAC1
grated downstream of sqr) pPRMC2AR-IsrRAC1

SAPhB1773 | as HGOO03 AisrR::tag135 P1lsra_5'UTRcitB::mAm (inte- | SAPhB1761 + pRMC2AR-IsrRAC2
grated downstream of sqr) pRMC2AR-IsrRAC2

SAPhB1775 | as HGO03 AisrR::tag135 Plsra_5'UTRcitB::mAm (inte- | SAPhB1761 + pRMC2AR-IsrRAC3
grated downstream of sqr) pPRMC2AR-IsSrRAC3

SAPhB1900 | as HG003 AisrR::tag135 Plsma_5'UTRccpe::mAm (in- | SAPhB1765 + pRMC2AR
tegrated downstream of sqr) pPRMC2AR

SAPhB1902 | as HGO03 AisrR::tag135 Plsa_5'UTRccpe::mAm (in- | SAPhB_1765 + pRMC2AR-IsrR
tegrated downstream of sqr) pPRMC2AR-IsrR

SAPhB1904 | as HGO03 AisrR::tag135 Plsma_5'UTRccpe::mAm (in- | SAPhB1765 + pRMC2AR-IsrRAC1
tegrated downstream of sqr) pPRMC2AR-IsrRAC1

SAPhB1906 | as HG003 AisrR::tag135 Plsma_5'UTRccpe::mAm (in- | SAPhB1765 + pRMC2AR-IsrRAC2
tegrated downstream of sqr) pPRMC2AR-IsrRAC2

SAPhB1908 | as HGO03 AisrR::tag135 Plsm_5'UTRccpe::mAm (in- | SAPhB_1765 + pRMC2AR-

tegrated downstream of sqr) pPRMC2AR-IsrRAC3

IsrRAC3
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SAPhB1964 | as HG003 AisrR::tag135 Plsra_5'UTRcitB::mAm (inte- | SAPhB1761 + pRMC2AR-
grated downstream of sqr) pPRMC2AR-IsrRAC1C2 IsrRAC1C2

SAPhB2039 | as HG003 P1..a_5'UTRcitB::mAm (integrated down- | SAPhB1231 + pRMC2AR-
stream of sqr) pRMC2AR-IsrRAC1C3 IsrRAC1C3

SAPhB2041 | as HG003 P1..a_5'UTRcitB::mAm (integrated down- | SAPhB1231 + pRMC2AR-
stream of sqr) pPRMC2AR-IsrRAC2C3 IsrRAC2C3

SAPhB2043 | as HG003 P1.a_5'UTRcitB::mAm (integrated down- | SAPhB1231 + pRMC2AR-
stream of sqr) pRMC2AR-IsrRAC1C2C3 IsSrRAC1C2C3

SAPhB2054 | as HGOO3 AisrR::tag135 citB-flag SAPhB1231 + plMcitBflag

SAPhB2062 | as HGOO03 AisrR::tag135 ccpE-flag SAPhB1231 + plMccpEflag

SAPhB2075 | as HGOO3 citB-flag HGO003 + pIMcitBflag

SAPhB2077 | as HGOO03 ccpE-flag HGO003 + plMccpEflag

SAPhB2130 | as HGOO3 citB::Bursa HGO003 + P80 lysate from NE861

SAPhB2133 | as HGOO03 ccpE::Bursa HGO003 + P80 lysate from

NE1560

SAPhB2158 | as HGOO03 AisrR::tagl35 citBgsp SAPhB1231 + plMcitB-RBP

SAPhB2166 | as HGOO3 citBen; SAPhB153 + pIMcitB-ENZ

SAPhB2167 | as HGOO3 citBgap SAPhB153 + pIMcitB-RBP

SAPhB2181 | as HGOO3 AisrR::tag135 citBrser-flag SAPhB2054 + plMcitB-RBP-flag

SAPhB2185 | as HGOO3 citB-flag citBgrse SAPhB2075 +plMcitB-RBP-flag

SAPhB2365 | as HG003 AisrR::tag135 Plsra_5'UTRcitB::mAm (inte- | SAPhB1765 + pRMC2AR-

grated downstream of sqr) pPRMC2AR-IsrRAC1+2+3

IsrRAC1C2C3
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Table S2. Plasmids

Plasmids

Properties

Construction / reference

PRN112

pJB28-NWMN29-30 + SarA_P1-mAmetrine-Term

(3)

pRN112-5'citB

Chromosomal integration of the PsarA-5'citB-mAm gene
fusion between SAOUHSC_00037 and SAOUHSC_00039

2600/2683 on pRN112 +
2684/2685 on HGOO3

pRN112-5'miaB

Chromosomal integration of the PsarA-5'ccpE-mAm gene
fusion between SAOUHSC_00037 and SAOUHSC_00039

2600/2683 on pRN112 +
2690/2691 on HGOO3

pIMAY Shuttle rep(Ts) vector in S. aureus (Monk et al. 2015)
pIMcitBflag For insertion of a Flag sequence in C-ter of citB 1536/1537 on pIMAY +
primers 2841/2842 and
2843/2844 on HGOO3
plMccpEflag For insertion of a Flag sequence in C-ter of ccpE 1536/1537 on pIMAY +
primers 2849/2850 and
2851/2852 on HGOO3
PRMC2AR PRMC2 derivative with a tetR deletion for constitutive ex- | (4)

pression

pRMC2AR-IsrR

(4)

(4)

pRMC2AR-IsrRAC1 PRMC2AR derivative. Constitutive expression of IsrRAC1 (4)
pRMC2AR-IsrRAC2 PRMC2AR derivative. Constitutive expression of IsrRAC2 (4)
PRMC2AR-IsrRAC3 PRMC2AR derivative. Constitutive expression of IsrRAC3 (4)
PRMC2AR-IsrRAC1AC2 | PRMC2AR derivative. Constitutive expression of (4)

IsrRAC1C2
PRMC2AR-IsrRAC1AC3 | PRMC2AR derivative. Constitutive expression of 2667/2668 on

IsrRAC1C3

pRMC2AR-IsrRAC1 + Gib-
son assembly

PRMC2AR-IsrRAC2AC3

PRMC2AR derivative. Constitutive expression of
IsrRAC2C3

2789/2790 on
pRMC2AR-IsrRAC2 + Gib-
son assembly

pRMC2AR- PRMC2AR derivative. Constitutive expression of 2789/2790 on
IsrRAC1AC2AC3 IsrRAC1C2C3 pRMC2AR-IsrRAC1C2 +
Gibson assembly
pIMcitB-ENZ For insertion of the C450S mutation to inactivate enzy- 1536/1537 on pIMAY +
matic activity of CitB 3010/3011 and
3012/3013 on HG0OO3
pIMcitB-RBP For insertion of the R724E and Q738E mutations to inac- 1536/1537 on pIMAY +

tivate RNA-binding activity of CitB

3006/3007 and
3008/3009 on HGOO3
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pIMcitB-RBP-flag

For insertion of the R724E and Q738E mutations to inac-
tivate RNA-binding activity of CitB-Flag

3038/3039 on pl-
MAY_CitB_RBP

pJET1.2 Cloning vector: only recombinant plasmids are able to Thermo Scientific
propagate
pJET-T7isrR Plasmid with template for T7 production of IsrR RNA 2770/2771 on HGOO3

and ligation into pJET1.2

pJET-T7isrR3Cmut

Plasmid with template for T7 production of IsrR RNA mu-
tated in all Cs

Ligation of gBlock 3225
into pJET1.2

pJET-T7isrRC1mut

Plasmid with template for T7 production of IsrR RNA mu-
tated in C1

Ligation of gBlock 3226
into pJET1.2

pJET-T7citB

Plasmid with template for T7 production of citB RNA

3221/3222 on HG0OO3
and ligation into pJET1.2

PJET-T7citBmut

Plasmid with template for T7 production of citB RNA with
mutations complementary with IsrR3Cmut

Ligation of gBlock 3227
into pJET1.2

PJET-T7ccpE

Plasmid with template for T7 production of ccpE RNA

3223/3224 on HGOO3
and ligation into pJET1.2

pPJET-T7ccpEmut

Plasmid with template for T7 production of ccpE RNA
with mutations complementary with IsrRC1mut

Ligation of gBlock 3228
into pJET1.2
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Table S3. Primers

Name Sequence
1536 GGTACCCAGCTTTTGTTCCCTTTAGTGAGG
1537 GAGCTCCAATTCGCCCTATAGTGAGTCG
1538 TACATGTCAAGAATAAACTGCCAAAGC
1539 AATACCTGTGACGGAAGATCACTTCG
2501 AGAAAATACCGCATCAGGCG
2502 CCCCTTCTAAAGGGCAAAAGTG
2529 CAGGTCGACGGTATCGATAACT
2600 TTAGTTAATTATAACTAATTAAAAATGAGAAGTAAAC
2666 CCTTCACCTTCACCACGAACTGA
2667 CCCTTTTATATGGTAAAAGACAATATACGTTATAACAACG
2668 ATTGTCTTTTACCATATAAAAGGGGAATATTTGAAAATGA
2669 ATGGAAATGAAGGCGAGGTG
2670 CACCAACACCCCATCCTAGT
2673 TTTGACAAAATGCAGGCACA
2674 TCTGGCAAGATTGTAACACCT
2683 GTTTCAAAAGGTGAAGAATTATTTACA
2684 TTCTCATTTTTAATTAGTTATAATTAACTAAAAGGCATATAAATATAAAAATGTATCAAG
2685 GTAAATAATTCTTCACCTTTTGAAACGTCAAAATGTTTTTTTGATTGCT
2690 TTCTCATTTTTAATTAGTTATAATTAACTAAAACTCATGAATGCTTGTAGC
2691 GTAAATAATTCTTCACCTTTTGAAACTAATGTTATTAGTAAACGATAGTCTTC
2692 GGAGGATGATTATTTTAGGTTTCAAAAGGTGAAGAATTATTTAC
2693 TTCACCTTTTGAAACCTAAAATAATCATCCTCCTAAGGTAC
2701 CACCACCGCATCATTTTGCACAA
2705 AACGAAACGTTGTGGGGGGG
2706 GTTATAACGTATATTGTCTTTTACGGG
2752 GGATCCACTAGTTCTAGAGCGG
2753 GGCTGCAGGAATTCGATATCAA
2754 GATATCGAATTCCTGCAGCCATCGTCTGCACCGTAATCAAGC
2755 GCTCTAGAACTAGTGGATCCGGCGACCAAATTGACAATGCAA
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2756 TCGAGGTCGACGGTATCGATAA

2757 CGACTCACTATAGGGCGAATTGG

2770 TAATACGACTCACTATAGTTGAAAATGATTATCAATACCACATAG

2771 ACAAAAGCAGTAAACCTAAAGTG

2789 GATTGGTCATTTTCAAATATTTTTTATATGGTAAAAGACAATATACGTTATAACAACG
2790 GTTGTTATAACGTATATTGTCTTTTACCATATAAAAAATATTTGAAAATGACCAATCC
2830 CCTTACGACACTTTATTTTTTACTATTTGGTACCG

2831 CCAAATAGTAAAAAATAAAGTGTCGTAAGGGTTTA

2841 CCTCACTAAAGGGAACAAAAGCTGGGTACCTGGAACGGTTGATATTGATTTA
2842 CTTGTCGTCATCGTCTTTGTAGTCTTGCGCTAATTTATTTCTTAAA

2843 GACTACAAAGACGATGACGACAAGTAAAAAATAGATATCACAGTAAAATTTT
2844 CGACTCACTATAGGGCGAATTGGAGCTCATGAAATTTCTTATTCCACAAAATA
2849 CCTCACTAAAGGGAACAAAAGCTGGGTACCCAACAACAAAAGAAAAACTAAG
2850 CTTGTCGTCATCGTCTTTGTAGTCCGCCTTTGGTTGTTCAACAAAGCTC
2851 GACTACAAAGACGATGACGACAAGTAGTTTTAGACTAATTTAAGGTTTGTAT
2852 CGACTCACTATAGGGCGAATTGGAGCTCTTGTCCAATGTGTAATAAAATAAAT
2900 CACCTTACCTGTATGATAAGTTTTGC

2901 GTAAGATATGGTGGCGAATTCCAAC

2904 GTAAATCGTACTGCCTCTGATGTG

2905 CACCTGTCCTGCTAACATCATATAGA

2926 CCATCGTTCAAATTTAGTTATG

2927 CATAATTCCCGTGATAAATTAC

2930 CGATAATTTAGAACAAGATTACC

2931 GAAACATATTAGCAACAAAGAG

2941 GGATCCCCTCGAGTTCATGAAAA

2942 AGTGAATTCGAGCTCAGATCTGTT

2943 AACAGATCTGAGCTCGAATTCACT

2944 TTTTCATGAACTCGAGGGGATCC

2945 TTTATATGCGCCTAAAAGAGAATATACGTTATAACAACGTT

2967 CCTGTACATAACCTTCGGGCATG

2968 GCTTCCAAGGAGCTAAAGAGGTC

2969 GTACCAGCCGTAGTTGATTTAGCTTC
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2970 CCTTGCTTAGGGGCAATGATTTTAGG

2971 CGAAAACGTTACGTAAAGCGGCTG

2980 CGAAGTGATTCGTAAGGACGTCTTG

2981 ACCTTTTCCAATGACATCTGCAACAG

2982 AGACATTAGATGTCTTACAAGAAATCGTTAAAGGC

3006 CTAAAGGGAACAAAAGCTGGGTACCTCTAACCCTTATGTAATGTTAGGTGC
3007 CTGGCGCTAATTCGTTTTTAATTTCTATATTAGCAAACGTACCTCGAACC
3008 GTACGTTTGCTAATATAGAAATTAAAAACGAATTAGCGCCAGGTACTGAAGG
3009 ACTATAGGGCGAATTGGAGCTCTCAGTCACAGGTGAAATGATTCC

3010 CTAAAGGGAACAAAAGCTGGGTACCGTTTTTAAATTGGGCAACGAAAGC
3011 GATGTATTTGTTGATGATGTAATTGCTGCTATTGCAATATC

3012 GCAGCAATTACATCATCAACAAATACATCTAACCCTTATGTAATG

3013 ACTATAGGGCGAATTGGAGCTCTACCACGTCTTGAACCATATGAATT

3036 GAGTATGGAGCAACTTGCGGATTC

3037 ACCATCTAGACCAAGAGAATCAGCTG

3038 GACTACAAAGACGATGACGACAAGTAAAAAATAGATATCACAGTAAAATTTTAATCGG
3039 CTTGTCGTCATCGTCTTTGTAGTCTTGCGCTAATTTATTTCTTAAAACCA
3040 GGTTCGTTTTGACTCACTTGTTG

3041 CAAAGGTTTTGAACCGACCTATTATATC

3046 CTAAAGGGAACAAAAGCTGGGTACCTGTATATGACAATCTAGTAAAAAC
3047 CTAAAATGCCTAAAATCAAATCAAAATAACTAAGCTTTCATTAATTTTTCAAAAGCG
3048 CGCTTTTGAAAAATTAATGAAAGCTTAGTTATTTTGATTTGATTTTAGGCATTTTAGATT
3049 CACTATAGGGCGAATTGGAGCTCCATCCTATGCTAAGAAAAAGACA

3050 CGGTATGTTTAGCAACGCTGATTTAG

3051 TGGTGTTGTTGTCATTTAATCACCCATTTTCA

3052 GGTGTAGATATGACAACACCTGAA

3053 CTTAAATATCCAGATGGCGATTTCTG

3062 TGAAAATGGGTGATTAAATGACAACAACACCA

3221 TAATACGACTCACTATAGAAGGCATATAAATATAAAAATGTATC

3222 AAACTTTAGTAATACCTTGCTCTTCTAC

3223 TAATACGACTCACTATAGAACTCATGAATGCTTGTAGCC

3224 AGGTTGAGATATATATAAAATTTCAGCCGCT
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3225

TAATACGACTCACTATAGTTGAAAATGATTATCAATACCACATAGAACATCGGGGGCACAAC-
GTTTCGTTCTTGTTGGATTGGTCATTTTCAAATATTGGGGTTTTATATGGGGGTAAAAGACAAT
ATACGTTATAACAACGTTTTATAAAAGCAGTAAACCCTTACGACAC-
TTTAGGTTTACTGCTTTTGT

3226

TAATACGACTCACTATAGTTGAAAATGATTATCAATACCACATAGAACATCGGGGGCACAAC-
GTTTCGTTCTTGTTGGATTGGTCATTTTCAAATATTCCCCTTTTATATGCCCGTAAAAGACAAT
ATACGTTATAACAACGTTTTATAAAAGCAGTAAACCCTTACGACAC-
TTTAGGTTTACTGCTTTTGT

3227

TAATACGACTCACTATAGAAGGCATATAAA-
TATAAAAATGTATCAACCCCCATCATTAAATGGCTGCAAATTTTAAAGAGCAATCAAAAAAACA
TTTTGACTTGAATGGCCAAAGTTATACTTACTATGATTTAAAAGCTGTAGAAGAG-
CAAGGTATTACTAAAGTTT

3228

TAATACGACTCACTATAGAACTCATGAATGCTTGTAGCCATGAAAGTTCAATAATTGAA-
TAATTTATCCCCCCAAATTATGAAGATTGAAGACTATCGTTTACTAATAACATTAGACGAAACG
AAAACGTTACGTAAAGCGGCTGAAATTTTATATATATCTCAACCT
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Table S4. HG003 AisrR vs HG003 transcriptomic analysis in iron starved growth condition

Id FoldChange padj gene Product

IsrR 0,03 1,05E-89 | isrR SRNA
SAOUHSC_02400 0,329 1,20E-04 | mtIF | PTS system mannitol-specific protein
SAOUHSC_02825 5 4,21E-03 | mhgD hypothetical protein

Padj; p-value adjusted, Yellow; genes overexpressed in 4disrR, Blue; genes underexpressed in
AisrR. Only the genes having a fold-change < 0.5 or >2 and a p-value <0.005 as well as at
least 20 reads in all conditions are represented.
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Table S5. HG003 citBgrep vs HG003 transcriptomic analysis in iron starved growth condition

Id FoldChange | padj gene product

SAOUHSC 01801 | 3,11 9,6E-87 citC isocitrate dehydrogenase
SAOUHSC_01347 | 4,253 1,5E-86 citB aconitate hydratase
SAOUHSC_01064 | 0,265 2,6E-56 pycA pyruvate carboxylase

SAOUHSC 01802 2,731 1,2E-36 citZ citrate synthase

SAQUHSC_02729 | 2,491 4,3E-17 ABC transporter-like protein
SAOUHSC_03000 0,363 5,4E-13 caplA |capsular polysaccharide biosynthesis
SAOUHSC_03016 (0,417 2,3E-12 hypothetical protein
SAOUHSC_004150,161 3,2E-10 transmembrane hypothetical protein
SAOUHSC_02025 | 2,221 7,1E-07 phi SLT orf 99-like protein
SAOUHSC_00560 | 0,492 1,9E-05 hypothetical protein

SAOUHSC _02400|0,324 2,1E-05 mtlF PTS system mannitol-specific protein
SAOUHSC_00962 (0,194 3,1E-05 hypothetical protein
SAOUHSC_01708 | 2,046 3,2E-05 PXPA LamB/YcsF family protein

SAOUHSC 01144|0,477 5,2E-05 ftsL cell division protein
SAOUHSC_02992 (0,334 7,8E-05 hypothetical protein
SAOQOUHSC_02641|0,43 8,2E-05 hrtB permease domain-containing protein
SAOUHSC_02832 (0,256 9,1E-05 hypothetical protein

SAOUHSC 01324 0,475 9,9E-05 hypothetical protein

S414 0,292 1,2E-04 SRNA

SAOUHSC_01315 0,266 1,8E-04 hypothetical protein

SAQUHSC 02973 0,48 1,8E-04 hypothetical protein

SAQUHSC 01850(2,18 2,0E-04 CCPA catabolite control protein A
SAOUHSC 01944 (0,458 2,1E-04 hypothetical protein

SAOQOUHSC 00825 (0,31 2,4E-04 hypothetical protein
SAOUHSC_00465 | 0,396 2,5E-04 veg hypothetical protein

SAOUHSC 00295 | 2,551 2,9E-04 nanA N-acetylneuraminate lyase
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SAOUHSC 01180|0,409 3,1E-04 hypothetical protein
SAOUHSC_00556 | 0,452 3,1E-04 proP proline/betaine transporter
SAOUHSC_02993 (0,367 5,0E-04 hypothetical protein
SAOUHSC_00923 (0,376 5,3E-04 opp-3B | hypothetical protein
SAOUHSC_01394 (0,334 7,0E-04 lysC aspartate kinase
SAOUHSC_01853 0,471 7,0E-04 hypothetical protein
SAOUHSC _01142|0,422 7,0E-04 mraZ | cell division protein
SAOUHSC_02923 0,361 8,2E-04 bcaP hypothetical protein
SAOUHSC_01103 0,383 8,2E-04 sdhC succinate dehydrogenase subunit
SAOUHSC_00843 0,46 9,5E-04 metP | hypothetical protein
SAOUHSC_01569 | 3,209 1,1E-03 hypothetical protein
SAOUHSC_00064 | 0,461 1,4E-03 norG hypothetical protein
SAOUHSC_00924 | 0,355 1,8E-03 opp3C | hypothetical protein
SAOUHSC_01641 (0,342 2,0E-03 comGB | hypothetical protein
SAOUHSC_02424 0,382 2,0E-03 hypothetical protein
SAOUHSC 01331 (0,154 2,6E-03 hypothetical protein
SAOUHSC 00232 (0,094 2,8E-03 IrgA murein hydrolase regulator
SAOUHSC_00347 | 0,447 2,9E-03 hypothetical protein
SAOUHSC_00316 (0,398 3,1E-03 mepB | hypothetical protein
SAOUHSC_00437 0,492 4,5E-03 treP hypothetical protein
SAOUHSC 01292 (0,387 4,9E-03 hypothetical protein

Padj; p-value adjusted, Pink; genes overexpressed in CitBgsp, Blue; genes underexpressed in
CitBrsp. Only the genes having a fold-change < 0.5 or >2 and a p-value <0.005 as well as at
least 20 reads in one condition are presented.
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Figure S1. RNA sequences used for gel retardation

IsrR:

UUGAAAAUGAUUAUCAAUACCACAUAGAACAUCCCCCCCACAACGUUUCGUUCUUGUUGGAU-
UGGUCAUUUUCAAAUAUUCCCCUUUUAUAUGCCCGUAAAAGACAAUAUACGUUAUAACAACGUUUUAU
AAAAGCAGUAAACCCUUACGACACUUUAGGUUUACUGCUUUUGU

citB:

AAGGCAUAUAAAUAUAAAAAUGUAUCAAGGGGGAUCAUUAAAUGGCUGCAAAUUUUAAAGAG—
CAAUCAAAAAAACAUUUUGAC

ccpE:

AACUCAUGAAUGCUUGUAGCCAUGAAAGUUCAAUAAUUGAAUAAUUUAUGGGGGGAAAU-
UAUGAAGAUUGAAGACUAUCGUUUACUAAUAACAUUA

citBmut:

AACCGAUAUAAAUAUAAAAAUCUAUCAACCCCCAUCAUUAAAUCGGUGCAAAUUUUAAAGAG—
CAAUCAAAAAAACAUUUUGAC

ccpEmut:

AACUCAUGAAUGCUUGUAGCCAUGAAAGUUCAAUAAUUGAAUAAUUUAUCCCCCCAAAU-
UAUGAAGAUUGAAGACUAUCGUUUACUAAUAACAUUA

RNA sequences used for gel retardation assays. Red, modified nucleotides.
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Figure S2: Growth in BHI of HG003 and HG003 AisrR with citB* and citB-flag alleles
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Overnight cultures were diluted 100 times and grown in rich medium (BHI) at 37°C under agi-
tation in a microplate (Vol=200 L) for 24 hours. Incubation and measurement of OD600 were
obtained using a Clariostar microplate reader. The citB::Bursa strain serve as a control for a
non-functional CitB. The error bars were calculated using the standard deviation of three in-
dependent biological replicates (n=3).
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Figure S3. Chromosomal reporter fusions for detection of IsrR activity

SAOUHSC_00037 SAOUHSC_00039

CitB AAGGCATATAAATATAAAAATGTATCAAGGGGGATCATTAA ATG GCT GCA AAT TTT AARA GAG CAA TCA AAA AAA CAT TTT GAC

CCPE  AACTCATGAATGCTTGTAGCCATGARAGTTCAATAATTGAATAATTTATGGGGGGARATT ATG AAG ATT GBRA GAC TAT CGT TTA CTA ATA ACA TTA

The reporter fusion consists in a region containing the 5" UTR of each target (in blue) contain-
ing the predicted interaction region (underlined) fused in frame with the CDS of a fluorescent
protein, mAmetrine (in green). This fusion is under the control of a constitutive promoter
(PsarA, in orange) that allows for a strong expression of the fusion, and a strong promoter (in
grey). The reporter fusions were inserted on S. aureus chromosome at a neutral locus between
genes SAOUHSC_00037 and SAOUHSC_00039 using integrative plasmid pRN112 (3).
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Figure S4. IntaRNA pairing predictions

A
3 46
5'—AA‘ AAUAU AAAUGUAUCA CAUU lUGCAA. .GAC- E=-11 kcal/mol
,
IsrR- ’ GGCAUAUA AR AGGGGGAU ARAUGGC
AC1 CCcURUAD OO UCSCCIUA  UUUACUS
3'-UGU. .ARUGC UARACU GUUAG. . GUU~- HE=-20,9
" | | kcal/mol
88 58
18 ‘ I35 E=-12,8
IsrR. 5'-AAG. .UAUAZ—\AAAUGUAUCAAGGGGGAUCAUUA. .GAC-3 kcal/mol
[HEREE [(RRRREE
AC2 3'-UGU. .CUUGCUUUGCAACACCCCCCCUACAAGA. .GUU-5" HE=-15,9
is ' kcal/mol
e > E=-12,7
._ 3
TR 5'-AAG. .UAUAAAAAUGUAUCAAGGGGGAUCAUUA. .GAC-3 kcal/mol
[EREE [RRRREE
Ac3 3'-UGU. .CUUGCUUUGCAACACCCCCCCUACAAGA. .GUU-5" HE=-15,9
" ' kcal/mol
B
52 68
5'-AAC. .UAUGG‘ AUUA ‘UGAAG. .UUA-3"' E= -6,5 kcaI/moI
IsrR- GGGGAA UGAAGAU
[HEREE I
Acl 3'-UGU. .AUUUUCCCCUUAUAAACUUUUACUGGU. .GUU-5" HE=-13,8
- o kcal/mol
49 55
5'-AAC. .AUUUA‘ ‘AAAUU. .UUA-3" E= -11,9 kcaI/moI
IsrR- UGGGGGG
FEETTT
AC2 3'-UGU. .GCAACACCCCCCCUACA. .GUU-5" HE=-14,7
40‘ ‘34 kcaI/moI
49 55
5'-AAC. .AUUUA‘ ‘AAAUU. .UUA-3"' E=-11,8 kcal/m0|
IsrR- UGGGGGG
I
AC3 31-UGU. .GCAACACCCCCCCUACA. .GUU-5" HE=-14,6
40‘ ‘34 kcaI/moI

IntaRNA predictions (5) for pairings between IsrR and citB mRNA (A) or ccoE mRNA (B). Blue
sequences, SD; red sequences, Cs; E, Energy; HE, Hybridization energy.
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Figure S5. Enzymatic and RBP aconitase sites

A
Homo sapiens K-TFIYDNTEFTLAHGSVVIAAITSCTNTSNPSVMLGAGLLAKKAVDAGLNVMPY IKTSL 451
Escherichia coli PVDYVMNGHQYQLPDGAVVIAAITSCTNTSNPSVLMAAGLLAKKAVTLGLKROPWVKASL 469
Staphylococcus aureus AEINFKDGSKATMKTGDIAIAAITSCTNTSNPYVMLGAGLVAKKAVEKGLKVPEYVKTSL 477
Bacillus subtilis IKFKLLNGEETVMKTGAIAIAAITSCTNTSNPYVLIGAGLVAKKAVELGLKVPNYVKTSL 471
. . . * :'*******‘k‘k‘k*** *::'***:***** **: ::*:**
Homo sapiens RRGNDAVMARGTFANIRLLNRFLNK-QAPQTIHLPSGEILDVFDAAERYQOAGLPLIVLA 750
Escherichia coli RRGNHEVMMRGTFANIRIRNEMVPGVEGGMTRHLPDSDVVSIYDAAMRYKQEQTPLAVIA 768
Staphylococcus aureus RRGNHEVMVRGTFANIRIKNQLAPGTEGGFTTYWPTNEVMPIFDAAMKYKEDGTGLVVLA 777
Bacillus subtilis RRGNHEVMMRGTFANIRIKNQIAPGTEGGFTTYWPTGEVTSIYDACMKYKEDKTGLVVLA 771
- ****. * % *‘k‘k‘k‘k‘k‘k*: *.: s, * : * Lo ::‘k*_ :*:: * *:*
B

C
CitB A I T S C T N T S
CitB GCA ATT ACA TCA TGT ACA AAT ACA TCT
CitBenz A I T S S T N T S
CitBenz GCA ATT ACA TCA TCA ACA AAT ACA TCT
CitB N I R I K N Q L A
CitB AAT ATA CGT ATT AAA AAC GAA TTA GCG
CitBrer N I E I K N E L A
CitBrgp AAT ATA GAA ATT AAA AAC GAA TTA GCG

A) Clustal alignment of aconitases sequences from H. sapiens, E. coli, S. aureus and B subtilis (se-
lected regions). Red, amino acids that were changed. B) Alphafold structures from S. aureus (left) and
B. subtilis aconitases (right). The arginine and glutamine required for the RBP activity are shown in
red. C) protein and DNA sequences of CitB/citB and mutated CitB/citB (selected region). Upper panel
CitBenz/citBenz, lower panel CitBrsp/citBrep.
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Figure S6. Growth in BHI of HG003 and citB mutant derivatives
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Overnight cultures were diluted 100 times and grown in rich medium (BHI) at 37°C under agi-
tation in a microplate (Vol=200 pL) for 24 hours. Incubation and measurement of OD600 were
obtained using a Clariostar microplate reader. The citB::Bursa strain serve as a control for a
non-functional CitB. The error bars were calculated using the standard deviation of three in-
dependent biological replicates (n=3).
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Figure S7. Intracellular citrate concentration in HG003 and citB mutant derivatives
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Figure S8: IsrR regulation of aconitase as a feedforward loop
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ABSTRACT

Staphylococcus aureus is a major contributor to bacterial-associated mortality, owing
to its exceptional adaptability across diverse environments. Iron, vital for most
organisms, poses toxicity risks in excess. To manage iron, S. aureus, like many
pathogens, employs intricate systems. We have recently identified IsrR as a key
regulatory RNA induced during iron starvation. Its role is to curtail the synthesis of non-
essential iron-containing proteins under iron-depleted conditions. In this study, we
unveil IsrR's regulatory action on MiaB, an enzyme responsible for methylthio group
addition to specific sites on transfer RNAs (tRNAs). We use predictive tools and
reporter fusion assays to demonstrate IsrR's binding to the Shine-Dalgarno sequence
of miaB RNA, thereby impeding its translation. The effectiveness of IsrR hinges on the
integrity of a specific C-rich region. As MiaB is non-essential and contains two [4Fe-
4S] clusters, IsrR induction spares iron by downregulating miaB. This likely enhances

S. aureus fitness and aids in navigating the host's nutritional immune defenses.

IMPORTANCE

In numerous biotopes, including those found within an infected host, bacteria confront
the challenge of iron deficiency. They employ various strategies to adapt to this scarcity
of nutrients, one of which involves the regulation of iron-containing proteins through
the action of small regulatory RNAs. In our study, we demonstrate how IsrR, a small
RNA from S. aureus, inhibits the translation of MiaB, a tRNA-modifying enzyme
containing [Fe-S] clusters. Through this illustration, we shed light on a novel substrate
for a small RNA sparing iron, thereby unveiling a way by which bacteria conserve their

iron resource.
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INTRODUCTION

Staphylococcus aureus is the leading cause of bacteria-associated mortality worldwide
(1). Its pathogenicity is due to its adaptability across various biotopes and the
expression of multiple virulence determinants. Iron is a trace element universally
required for growth, but toxic in excess. S. aureus, akin to other pathogens, possesses
elaborate systems for maintaining its intracellular iron homeostasis to match

environmental conditions (2).

We recently identified and characterized IsrR, a regulatory RNA of S. aureus,
contributing to an adaptive response to iron scarcity (3). By restricting non-essential
iron-containing protein synthesis, IsrR spares iron for indispensable functions. isrR
expression is repressed by the ferric uptake regulator (Fur) which is active in iron-rich
environments. Induced during iron deficiency, IsrR targets Shine-Dalgarno motifs on
MRNAs coding for iron-containing proteins, notably restraining translation of specific
MRNAs (fdhA, narG, nasD, and gltB2) linked to nitrate respiration and encoding [Fe-
S] cluster-dependent enzymes. Given the limited iron demands, fermentative pathways
gain favor under limited iron conditions. ISrR is a functional analog from E. coli RyhB
(4) and of other sRNAs found in diverse bacterial species (reviewed in (5, 6)) sharing
targets and iron regulation. These similarities highlight a common evolutionary
pressure, although IsrR is not an ortholog of these sRNAs, hinting at convergent

evolution.

Hosts prevent pathogen growth through an arsenal of defense mechanisms, one of
which, known as nutritional immunity, is the sequestration of nutrients such as iron (7).
We reported that IsrR deficiency results in reduced virulence of S. aureus in a murine
infection model, highlighting the role of IsrR in facilitating optimal spread of S. aureus

in the host environment, probably critical for evasion of nutritional immunity (3).

Here, we demonstrate that IsrR downregulates miaB encoding a non-essential protein
containing [Fe-S] clusters. This new example shows that IsrR is a central player in the

maintenance of iron homeostasis in S. aureus.
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MATERIALS AND METHODS
Bacterial strains, plasmids and growth conditions

Bacterial strains, plasmids and primers used for this study are described in Table 1.
Plasmids were engineered by Gibson assembly (8) in Escherichia coli IMO8B (9) as
described (Table 1), using the indicated appropriate primers for PCR amplification.

Plasmids were verified by DNA sequencing and then transferred into S. aureus.

S. aureus strains were grown aerobically in Brain Heart Infusion (BHI) broth at 37°C.
E. coli strains were grown aerobically in Luria-Bertani (LB) broth at 37°C. Antibiotics
were added to media as needed: ampicillin 100 ug/ml and chloramphenicol 20 pg/ml
for E. coli; chloramphenicol 5 pg/ml and kanamycin 60 pg/ml for S. aureus. Iron-
depleted media was obtained by the addition of DIP (2,2’-dipyridyl) 0.5 mM incubated

for 30 min prior to any use.
Biocomputing analysis

Pairing predictions between IsrR and the mRNA targets were made using IntaRNA
(10) set with default parameters except for suboptimal interaction overlap set to “can
overlap in both”. The sequences used for IsrR and mMRNA targets were extracted from
the S. aureus NCTC8325 strain (NCBI RefSeq NC_007795.1). For the mRNA targets,
the sequences used started at the TSS when known (e.g., EMOTES (11) or were
arbitrarily made to start at nucleotide -60 with respect to the +1 of translation. The
sequences contain the 5 UTR and the 17 first codons of the CDS. Statistical analysis
were made using a t-test. Error bars represent the 95% confidence interval following a
Student’s test.

Western blot analysis

The chromosomal miaB-flag reporter gene was constructed as described (Table 1).
Strains were grown overnight with and without DIP. Protein extracts were prepared as
follows: 4 mL of the bacterial culture were harvested by centrifugation at 4°C and 4500
RPM for 5 minutes. The resulting pellet was resuspended in 400 pL of 50 mM Tris-
HCI. Cell disruption was achieved using a Fast-Prep homogenizer (MP Biomedicals).
After disruption, protein extracts were obtained by centrifugation at 4°C and 15000
RPM for 15 minutes. The protein concentration of each extract was determined using
the Bradford protein assay method. Ten pug of each protein extract were loaded onto a
NUuPAGE 4%-12% Bis-Tris gel. Electrophoresis was carried out at 150V for 45 minutes.
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Proteins were transferred from the gel to a PVDF membrane using the iBind system
(Invitrogen). Immunolabeling was performed overnight with a rabbit anti-Flag antibody.
After incubation with the primary antibody, an anti-rabbit IgG HRP-conjugated antibody
(Promega) was used for detection. The iBlot system (Invitrogen) was employed for
antibody incubation. Images of the immunolabeled membrane were acquired using a

ChemiDoc MP imaging system (Bio-Rad).
Fluorescent translational reporter assay

A miaB translational reporter (Psara-5’miaB-mAm) was inserted between genes
SAOUHSC_00037 and SAOUHSC_00039 in HG003 and HGO03 AisrR::tag135 using
pRN112-5miaB (Table 1), a pRN112 derivative, as described (12). Notably, the
mAmetrine reporter gene (mAm) was placed in-frame and downstream miaB 18t
codon with the miaB 5’UTR placed under the control of the P1 promoter of sarA
(P1sara). Subsequently, the strains carrying the reporter fusion were transformed with
plasmids expressing isrR, along with its various derivatives featuring CRR deletions.
These plasmids are pRMC2AR-IsrR, pRMC2AR-ISfRAC1, pRMC2AR-ISrRAC?2,
pRMC2AR-ISTRAC3, pRMC2AR-ISrRAC1C2, pRMC2AR-ISTRAC1C3, pRMC2AR-
IsrRAC2C3, and pRMC2AR-ISrRAC1C2C3. For fluorescence measurements, the
transformed strains were cultured overnight in BHI medium supplemented with
chloramphenicol and DIP. Subsequently, cultures were washed three times with 1x
phosphate-buffered saline (PBS). Fluorescence levels were quantified using a
microplate reader (CLARIOstar) with excitation at 425 nm and emission at 525 nm. To
ensure accuracy, fluorescence measurements were normalized by subtracting the
auto-fluorescence of the HG0O03 strain (lacking the reporter construct), and all cultures

were adjusted to an optical density at 600 nm (ODeoo) of 1.
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RESULTS
MiaB is a putative IsrR-target

We used CopraRNA (13), a software designed for predicting targets of bacterial SRNAs
across diverse species, to unveil potential targets of IsrR. Given its conservation
throughout the Staphylococcus genus, CopraRNA emerged as an efficient tool for IsrR
target prediction, resulting in the successful validation of four of its targets as reported
(3). Among the predicted targets, was the miaB messenger RNA (3, 14). The latter
encodes MiaB, a methylthiotransferase catalyzing the addition of a methylthio group
(ms?) to isopentenyl adenine (i°A) at position 37 (ms?i®A-37) of transfer RNA (tRNA)
anticodons (15). This modification present in most tRNAs reading codons starting with
a U is conserved from bacteria to human (16) contributing to stabilizes the codon—

anticodon interaction (17) and affects translational accuracy (18).

To substantiate the proposed interaction between IsrR and miaB mRNA, we use the
IntaRNA software (10). Our inputs were the complete IsrR sequence and the miaB 5'
untranslated region (UTR) with 25 codons. IsrR is characterized by three single-
stranded C-rich regions, denoted as CRR1, CCR1, and CRR3 (3). These sequences
are common features among Firmicutes' regulatory RNAs binding to mRNAs (19).
IntaRNA analysis indicated the potential pairing of IsrR with the Shine-Dalgarno
sequence of the miaB RNA (Figure 1). The pairing involves 55 nucleotides, a significant
energy of a predicted RNA-RNA score of -22.33 kcal/mol and the GCCCG of CCR3

being likely the seed motif of the interaction.
IsrR-dependent reduction of MiaB expression

To explore the potential influence of IsrR on miaB expression, a gene fusion was
constructed wherein the native miaB gene was replaced by a copy harboring the
complete miaB open reading frames extended with a C-terminal Flag sequence (Figure
2A). The resulting MiaB-Flag fusion protein was detectable through anti-Flag
antibodies, thereby serving as a quantifiable surrogate for wild-type gene expression
levels. This reporter fusion was integrated into the chromosomes of both HG003 and
its corresponding AisrR::tag135 isogenic derivative. Western blot analyses conducted
on HGOO03 cultures cultivated under nutrient-rich conditions unveiled an unaltered
MiaB-Flag abundance, irrespective of the presence or absence of isrR. This status quo

was in line with the known Fur-mediated repression of isrR under iron-replete
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conditions. However, introducing the iron chelator 2,2’-dipyridyl (DIP) into the growth
medium elicits a release from Fur repression, consequently inducing ISrR expression
(3). Remarkably, under DIP-induced conditions, no MiaB-Flag was detected regardless
of the isrR background (Figure 2B). This result is interpreted as iron depletion leading
to apo-MiaB being unstable. To overcome this issue, a fur:tet allele (20) was
introduced by phage-mediated transduction in the miaB-flag and AisrR miaB-flag
strains rendering isrR constitutively expressed (3). Expectedly, in this genetic
background, MiaB-Flag was barely visible in the fur strain as opposed to its fur AisrR
derivative (Figure 2C).

IsrR-mediated post-transcriptional regulation of miaB expression

In the absence of Fur, isrR is expressed and miaB is downregulated; the observation
is explained by the base pairing interaction between IsrR and miaB RNA, putatively
inhibiting miaB RNA translation. To examine this hypothesis, a genetic reporter
system, based on pRN112 (12), was constructed wherein the 5' untranslated region
(5'UTR) of miaB, along with an additional 54 nucleotides, was cloned under the
transcriptional control of the P1 sarA promoter (Plsara) (Figure 3A). Furthermore, to
monitor the translation from this leader sequence, the mAmetrine gene (mAm) was
inserted in-frame downstream of this sequence. The resulting fluorescence served as
a proxy for miaB expression levels independently of its transcriptional regulation. To
mitigate  concerns associated with  multi-copy reporter plasmids, the
PlsaramiaB_5’UTRmMAmM construct was integrated into the chromosome of both HG003
strain and its isrR::tag135 derivative. As for the endogenous miaB, the 5’UTRmiaB-
mAm reporter exhibited significant downregulation under iron-starved conditions in an
IsrR-dependent manner, while its transcription was driven from Plsara (Figure 3B). Our
experimental findings conclusively demonstrate that IsrR exerts its regulatory influence

at the translational level.

The C-rich region 3 (CRR3) of IsrR plays a pivotal role in the downregulation of
miaB mRNA.

Pairing interactions between sRNAs and their targets are initiated by a kissing complex
between single-stranded regions, which then propagates within both partners (21).
SRNAs can have multiple seed regions, usually C-rich in S. aureus (19), specific to
given targets as exemplified by RNAIII (review in (22)) or with redundant activities as

in RsaE (23). To determine specific regions of IsrR responsible for its regulatory activity
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against miaB mRNA, experiments using the HG003 AisrR::tag135 strain, harboring the
5’'UTR miaB fluorescent reporter were conducted. Plasmids expressing various IsrR
derivatives, including wild-type IsrR, IsrR lacking CRR1, CRR2, CRR3, or all three
CRRs were used. isrR was placed under the control of the tet promoter (Ptt) in the
absence of the Tet repressor (TetR), although it should be noted that a Fur binding site
is present within the transcribed sequence (3). Consequently, we supplemented the

growth media with DIP to prevent a Fur repression on isrR expression.

The presence of a plasmid expressing IsrR markedly diminished the fluorescence of
the reporter fusion when compared to a control plasmid or a plasmid expressing IsrR
with no CRR motif. In contrast, the deletion of CRR3 resulted in a significant increase
in mAmetrine fluorescence. However, the deletion of CRR1 and CRR2 in isolation had
no substantial impact on IsrR's activity against the miaB 5’UTR reporter (Figure 3C).
This observation suggests that these two motifs may either be dispensable for the

regulatory activity or possess redundant functions with respect to the miaB 5’UTR.

To discern between these possibilities, we introduced into the AisrR::tagl135 strain
plasmids expressing different isrR derivatives with deletions of two CRRs. As
expected, strains carrying alleles with the CRR3 deletion (isrRAC1C3 and isrTRAC2C3)
failed to complement the AisrR allele. In contrast, isTRAC1C2 was still capable of
downregulating the fluorescence of the PsaramiaB_5’UTRmAm reporter (Figure 3C).
These findings align with the results obtained from IntaRNA analysis, which indicates
that the IsrR/miaB mRNA pairing energy remains substantial as long as CRR3 and its

surrounding region remain intact (Figure 1).

It is worth noting that the requirement for CRRs in ISrR activity appears to be contingent
upon its target mMRNA (Figure 4). For instance, the absence of CRR3 does not impede
the downregulation of gltB2 and fdhA mRNAs (3). Conversely, for the latter mRNAS,
the integrity of both CRR1 and CRR2 is indispensable, presenting a contrast to miaB
MRNA regulation. This observation suggests that the acquisition of multiple CRRs,
together with their adjacent regions, confers on regulatory RNAs the ability to control
a wider range of target mMRNAs. sRNAs likely evolve by acquiring new domains to
interact with different targets (e.g. miaB RNA vs gltB2 mRNA). At the same time,
MRNAs may evolve to adapt to the sSRNA motifs that are available (e.g. gltB2 RNA vs
fdhA mRNA).
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DISCUSSION

The relationship between iron metabolism and the MiaB enzyme has been a subject
of scientific interest for several decades. As far back as the 1960s, researchers noted
the absence of certain tRNA modifications in E. coli cultured in iron-free media,
underscoring the connection between iron availability and tRNA modifications (24).
Subsequent investigations revealed that the miaB gene encodes the tRNA
methylthiotransferase responsible for these modifications, and mutations in miaB were
found to reduce decoding efficiencies under specific conditions (15). Notably, MiaB
contains two [4Fe-4S] clusters, and under iron-starved conditions, these clusters
become depleted, rendering MiaB inactive (25). Furthermore, as shown here, in iron-
starved condition, MiaB-Flag was not detectable suggesting that in the absence of iron

cluster, MiaB is degraded.

In E. coli, MiaB's influence extends to the regulation of Fur through a distinctive
mechanism (26). The fur gene is preceded by uof, an open reading frame located
“‘upstream of fur”, and the translation of fur is tightly coupled to that of uof. An intriguing
aspect of this regulatory relationship is the presence of a codon UCA, decoded by a
MiaB-dependent tRNASe", Consequently, efficient uof/fur translation relies on functional
MiaB. When iron-starvation conditions prevail, MiaB becomes inactive, impairing tRNA
methylthiolation. This, in turn, leads to reduced uof/fur translation, ultimately favoring
the expression of iron uptake genes. However, this regulation is not conserved in S.

aureus since no uof-like sequence was observed.

In standard laboratory conditions, Enterobacteria appear to be resilient to the absence
of MiaB (27). Despite limited knowledge regarding MiaB in staphylococci, similar trends
are observed in other bacterial species, where MiaB is not essential (28).
Consequently, inhibiting MiaB synthesis is likely to have minimal or no discernible
consequences in various growth conditions. Since MiaB relies on [Fe-S] clusters as
cofactors, suppressing its synthesis in iron-starved environments spares iron, allowing

it to be redirected toward essential cellular processes.

This iron conservation strategy is exemplified by IsrR in S. aureus, which prevents
miaB translation upon induction in iron-depleted conditions, thus likely contributing to
improved bacterial fitness. Surprisingly, in E. coli, RyhB does not target miaB mRNA
presumably because is function is critical to some cellular functions in this organism

(29). Notably, inhibition of miaB RNA translation by a SRNA associated with the iron-
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sparing response is a novel feature that has not been reported in other organisms than

S. aureus to date.
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Table 1; Strains, plasmids, and DNA primers used in this study.

Strains

Name Background/genotype Reference or construction

HGO003 as NCTC8325 rsbU and tcaR repaired (30)

SAPhB1231 as HGO0O03 AisrR::tag135 3)

SAPhB1542 As HGO0O03 fur::tet 3)

SAPhB2338 as HGO003 Plsaa 5’UTR miaB::mAm (integrated HGO003 + pRN112-5'miaB
downstream of sqr)

SAPhB2339 as HGO003 Plsara_5’'UTR miaB::mAm (integrated SAPhB1231+ pRN112-5'miaB
downstream of sqr) AisrR::tag135

SAPhB2351 as HG003 Plsara_ 5’'UTR miaB::mAm (integrated SAPhB2339 + pPRMC2AR-IsrR
downstream of sqr) AisrR::tag135
pRMC2AR-IsrR

SAPhB2352 as HG003 Plsara 5’'UTR miaB::mAm (integrated SAPhB2339 + pRMC2AR-
downstream of sqr) AisrR::tag135 IsrRAC1C2C3
pRMC2AR-IsrRAC1C2C3

SAPhB2353 as HGO003 Plsaa_5’UTR miaB::mAm (integrated SAPhB2339 + pRMC2AR-ISrRAC1
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC1

SAPhB2354 as HGO003 Plsara_ 5’UTR miaB::mAm (integrated SAPhB2339 + pRMC2AR-IsrRAC2
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC2

SAPhB2355 as HGO003 Plsara 5’UTR miaB::mAm (integrated SAPhB2339 + pRMC2AR-IsrRAC3
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC3

SAPhB2356 as HGO003 Plsara_5’UTR miaB:mAm (integrated SAPhB2339 + pPRMC2AR-IsrRAC1C2
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC1C2

SAPhB2357 as HG003 Plsaa_5’'UTR miaB::mAm (integrated SAPhB2339 + pPRMC2AR-ISrRAC1C3
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC1C3

SAPhB2358 as HG003 Plsaa 5’'UTR miaB::mAm (integrated SAPhB2339 + pPRMC2AR-ISrRAC2C3
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC2C3

SAPhB2366 as HG003 miaB-flag HGO003 + pIMmiaBflag

SAPhB2367 as HG003 miaB-flag, AisrR::tag135 SAPhB1231+ pIMmiaBflag

SAPhB2374 as HG003 miaB-flag, fur::tet SAPhB2366 + $80 on SAPhB1542

SAPhB2376 as HG003 miaB-flag, fur::tet, AisrR::tag135 SAPhB2367+ $80 on SAPhB1542

Plasmids

Name Relevant properties Reference or construction*

pRN112 pJB28-NWMN29-30 + P1sara-mAmetrine (12)

pRN112-5'miaB

Chromosomal integration of the Plsaa- 2600/2906 on
between

5miaB-mAm gene fusion
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pIMAY
pIMmiaBflag

PRMC2AR

pRMC2AR-IsrRAC1
pRMC2AR-IsrRAC2
pRMC2AR-IsrRAC3
pRMC2AR-ISTRAC1C2
pRMC2AR-IsSrRAC2C3

pRMC2AR-IsrRAC1C3

pRMC2AR-IsrRAC1C2C3

SAOUHSC_00037 and SAOUHSC_00039
Chromosome engineering

miaB gene replacement with miaB-flag

pRMC2 derivative with a tetR deletion.

Constitutive expression from Pret
Constitutive expression of isTrRAC1
Constitutive expression of isrRAC2
Constitutive expression of isTRAC3
Constitutive expression of isTRAC1C2

Constitutive expression of isTRAC2C3

Constitutive expression of isTRAC1C3

Constitutive expression of isrRAC1C2C3

3189/3190 on HGO03

9)

1536/1537 on  pIMAY  +
3229/3230 and 3231/3232 on
HGO003

(Coronel-Tellez, et al., 2022

©)
©)
©)
©)

2789/2790 on
pRMC2AR-IsrRAC2

2667/2668 on
pRMC2AR-IsrRAC1

2789/2790 on
PRMC2AR-IsrRAC1C2

Primers

Name Sequence

1536 GGTACCCAGCTTTTGTTCCCTTTAGTGAGG

1537 GAGCTCCAATTCGCCCTATAGTGAGTCG

2600 TTAGTTAATTATAACTAATTAAAAATGAGAAGTAAAC

2667 CCCTTTTATATGGTAAAAGACAATATACGTTATAACAACG

2668 ATTGTCTTTTACCATATAAAAGGGGAATATTTGAAAATGA

2789 GATTGGTCATTTTCAAATATTTTTTATATGGTAAAAGACAATATACGTTATAACAACG
2790 GTTGTTATAACGTATATTGTCTTTTACCATATAAAAAATATTTGAAAATGACCAATCC
2906 GTTTCAAAAGGTGAAGAATTATTTAC

3189 TTCTCATTTTTAATTAGTTATAATTAACTAAAATGATACGGGCAAATAGAAAGGAT
3190 AATAATTCTTCACCTTTTGAAACATCTCTCTCAGCTAAAACATCTACAG

3229 CTAAAGGGAACAAAAGCTGGGTACCATGGTTGTTGAAGTATGGTCTA

3230 CTTGTCGTCATCGTCTTTGTAGTCTTGAATCACCATTTCCGGCT

3231 GACTACAAAGACGATGACGACAAGTAAATGTATAATAAAGATGACGTGTTGAAC
3232 CTCACTATAGGGCGAATTGGAGCTCTGTCAATAGCATGTTTAGAATTAAATTAAA

* Plasmids were constructed by isothermal assembly with the indicated PCR product(s)
(8). Numbers (#/#) are primer pairs used for PCR amplifications on the indicated
substrate. For primer sequences, see Table 1 bottom part.
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FIGURE LEGENDS
Figure 1: Computer prediction of IsrR and mutated ISrR pairing with miaB mRNA

IntaRNA (10) pairing prediction of IsrR and IsrR derivatives deleted for CRR1, CRR2
or CRR3 with miaB mRNA. Blue sequences, SD; red sequences, CRRs; bold underline

characters, GUG start codon; E, energy; HE, hybridization energy.

Figure 2: MiaB-Flag reporter detection

A) Schematic representation of the MiaB-Flag reporter fusion. Green, 3’ end of miaB
OREF; pink, flag sequence; blue, native stop codon; grey, first nts of miaB 3’ UTR. B)
Western blot experiment with anti-Flag antibodies in present or absence of iron
chelators (n=4). Genotypes and growth conditions are indicated. 75 kDa, non-specific
signal present in all samples including Flag-less strain. 60 kDa, signals corresponding
to MiaB-Flag. C) Western blot experiment with anti-Flag antibodies with fur and fur::tet

strains (n=4) as explained in Figure 2B.

Figure 3: Translational repression of miaB reporter fusion by IsrR

A) Chromosomal reporter fusion for detection of IsrR activity. Red nt; transcription start
site, blue bold nts; RBS, black bold nts; start codon, underlined nts; nts in interaction
with IsrR as predicted by IntaRNA. B) The translational activity of the miaB-mAm
reporter fusion was quantified by growing strains HG0O03 and AisrR HG003 harboring
the fusion on BHI and BHI supplemented with DIP. Results (n=3) are normalized to
ODe00=1. C) The AisrR strain harboring the miaB-mAm reporter fusion was
transformed with plasmids expressing different versions of IsrR and cultured in BHI
supplemented with DIP. The translational activity of the reporter fusion was quantified
by measuring the fluorescence. Results (n=3) are normalized to ODsoo=1. **, P-value
< 0.01; *** P-value < 0.001.

Figure 4. Contribution of CRRs to downregulate different mRNA targets

Negative arrows starting for either CRR1, 2 or 3 and pointing to mRNA targets indicate

CRRs required for IsrR activity toward the corresponding targets. Data from in vivo
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results with fluorescent reporters in (3) and this work.
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Table 1; Strains, plasmids, and DNA primers used in this study.

Strains

Name Background/genotype Reference or construction

HGO003 as NCTC8325 rsbU and tcaR repaired (Herbert, et al., 2010)

SAPhB1231 as HGO003 AisrR::tag135 (Coronel-Tellez, et al., 2022)

SAPhB1542 As HGOO03 fur::tet (Coronel-Tellez, et al., 2022)

SAPhB2338 as HGO003 Plsara_5’'UTR miaB::mAm (integrated HGO003 + pRN112-5'miaB
downstream of sqr)

SAPhB2339 as HGO003 Plsaa 5’UTR miaB:mAm (integrated SAPhB1231+ pRN112-5'miaB
downstream of sqr) AisrR::tag135

SAPhB2351 as HG003 Plsaa_5'UTR miaB::mAm (integrated SAPhB2339 + pRMC2AR-IsrR
downstream of sqr) AisrR::tag135
pRMC2AR-IsrR

SAPhB2352 as HG003 Plsaa_5UTR miaB::mAm (integrated SAPhB2339 + pRMC2AR-
downstream of sqr) AisrR::tag135 IsrRAC1C2C3
pRMC2AR-IsrRAC1C2C3

SAPhB2353 as HG003 Plsaa_5'UTR miaB::mAm (integrated SAPhB2339 + pRMC2AR-IsrRAC1
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC1

SAPhB2354 as HGO003 Plsaa_5UTR miaB::mAm (integrated SAPhB2339 + pRMC2AR-IsrRAC2
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC2

SAPhB2355 as HG003 Plsaa_ 5’UTR miaB::mAm (integrated SAPhB2339 + pPRMC2AR-ISrRAC3
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC3

SAPhB2356 as HG003 Plsaa_ 5’'UTR miaB::mAm (integrated SAPhB2339 + pPRMC2AR-ISrRAC1C2
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC1C2

SAPhB2357 as HG003 Plsaa_5UTR miaB::mAm (integrated SAPhB2339 + pPRMC2AR-IsTRAC1C3
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC1C3

SAPhB2358 as HG003 Plsaa_5UTR miaB::mAm (integrated SAPhB2339 + pPRMC2AR-IsTRAC2C3
downstream of sqr) AisrR::tag135
pRMC2AR-IsrRAC2C3

SAPhB2366 as HG003 miaB-flag HGO003 + pIMmiaBflag

SAPhB2367 as HG003 miaB-flag, AisrR::tag135 SAPhB1231+ pIMmiaBflag

SAPhB2374 as HG003 miaB-flag, fur::tet SAPhB2366 + ¢80 on SAPhB1542

SAPhB2376 as HG003 miaB-flag, fur::tet, AisrR::tag135 SAPhB2367+ ¢80 on SAPhB1542

Plasmids

Name Relevant properties Reference or construction*

pRN112 pJB28-NWMN29-30 + P1sara-mAmetrine (de Jong, et al., 2017)
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pRN112-5'miaB

pIMAY
plMmiaBflag

PRMC2AR

pRMC2AR-IsrRAC1
pRMC2AR-ISrRAC2
pRMC2AR-IsrRAC3
pRMC2AR-IsrRAC1C2
pRMC2AR-IsrRAC2C3

pRMC2AR-IsrRAC1C3

pRMC2AR-IsrRAC1C2C3

Chromosomal integration of the Plsaa- 2600/2906 on pRN112 +
5miaB-mAm gene fusion between 3189/3190 on HG003

SAOUHSC_00037 and SAOUHSC_00039
Chromosome engineering

miaB gene replacement with miaB-flag

pRMC2 derivative with a tetR deletion.
Constitutive expression from Pret

Constitutive expression of isTrRAC1
Constitutive expression of isrRAC2
Constitutive expression of isTRAC3
Constitutive expression of isTRAC1C2

Constitutive expression of isTRAC2C3

Constitutive expression of isSTRAC1C3

Constitutive expression of isrRAC1C2C3

(Monk, et al., 2015)

1536/1537 on  pIMAY  +
3229/3230 and 3231/3232 on
HGO003

(Coronel-Tellez, et al., 2022

(Coronel-Tellez, et al., 2022)
(Coronel-Tellez, et al., 2022)
(Coronel-Tellez, et al., 2022)
(Coronel-Tellez, et al., 2022)

2789/2790 on
pRMC2AR-IsrRAC2

2667/2668 on
pRMC2AR-IsrRAC1

2789/2790 on
pRMC2AR-IsrRAC1C2

Primers

Name Sequence

1536 GGTACCCAGCTTTTGTTCCCTTTAGTGAGG

1537 GAGCTCCAATTCGCCCTATAGTGAGTCG

2600 TTAGTTAATTATAACTAATTAAAAATGAGAAGTAAAC

2667 CCCTTTTATATGGTAAAAGACAATATACGTTATAACAACG

2668 ATTGTCTTTTACCATATAAAAGGGGAATATTTGAAAATGA

2789 GATTGGTCATTTTCAAATATTTTTTATATGGTAAAAGACAATATACGTTATAACAACG
2790 GTTGTTATAACGTATATTGTCTTTTACCATATAAAAAATATTTGAAAATGACCAATCC
2906 GTTTCAAAAGGTGAAGAATTATTTAC

3189 TTCTCATTTTTAATTAGTTATAATTAACTAAAATGATACGGGCAAATAGAAAGGAT
3190 AATAATTCTTCACCTTTTGAAACATCTCTCTCAGCTAAAACATCTACAG

3229 ctaaagggaacaaaagctgggtaccATGGTTGTTGAAGTATGGTCTA

3230 CTTGTCGTCATCGTCTTTGTAGTCTTGAATCACCATTTCCGGCT

3231 GACTACAAAGACGATGACGACAAGTAAATGTATAATAAAGATGACGTGTTGAAC
3232 ctcactatagggcgaattggagctcTGTCAATAGCATGTTTAGAATTAAATTAAA

* Plasmids were constructed by isothermal assembly with the indicated PCR product(s)
(Gibson, 2011). Numbers (#/#) are primer pairs used for PCR amplifications on the
indicated substrate. For primer sequences, see Table 1 bottom part.
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Figure 1. Computer prediction of IsrR and mutated IsrR pairing with miaB mRNA

IntaRNA (10) pairing prediction of IsrR and IsrR derivatives deleted for CRR1, CRR2
or CRR3 with miaB mRNA. Blue sequences, SD; red sequences, CRRs; bold underline

characters, GUG start codon; E, energy; HE, hybridization energy.
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Figure 2: MiaB-Flag reporter detection

A) Schematic representation of the MiaB-Flag reporter fusion. Green, 3’ end of miaB
OREF; pink, flag sequence; blue, native stop codon; grey, first nts of miaB 3’ UTR. B)
Western blot experiment with anti-Flag antibodies in present or absence of iron
chelators (n=4). Genotypes and growth conditions are indicated. 75 kDa, non-specific
signal present in all samples including Flag-less strain. 60 kDa, signals corresponding
to MiaB-Flag. C) Western blot experiment with anti-Flag antibodies with fur and fur::tet

strains (n=4) as explained in Figure 2B.

169



A
— >|. miaB | 17c | mAmetrine > T K SAOUHSC_00039
7 ~
v ~
7 - o~ ~< -
e N
7 >~
g ~
P T~
~

K

AATGATACGGGCAAATAGAAAGGATTTTGTAAA GTG AAC GAA

~.

GAA CAA AGA AAA GCA AGT TCT GTA GAT GTT TTA GCT GAG AGA GAT

HGO003 P1  _miaB-mAm
sarA

50000

40000

30000

Fluorescence

20000

10000

0
isrR

DIP

+

Q

= O

c

_% (]

O

(%)

+ 0

o

o]

=

L
A + A
+ +

HGO03 P1_  miaB-mAm AisrR + plasmid

30000

25000

20000

15000

10000

5000

0

((\Q’d \‘)8\

B}

il

8

Figure 3: Translational repression of miaB reporter fusion by IsrR
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A) Chromosomal reporter fusion for detection of IsrR activity. Red nt; transcription start

site, blue bold nts; RBS, black bold nts; start codon, underlined nts; nts in interaction

with IsrR as predicted by IntaRNA. B) The translational activity of the miaB-mAm

reporter fusion was quantified by growing strains HG003 and AisrR HG003 harboring

the fusion on BHI and BHI supplemented with DIP. Results (n=3) are normalized to

ODe00=1. C) The AisrR strain harboring the miaB-mAm reporter fusion was

transformed with plasmids expressing different versions of IsrR and cultured in BHI

supplemented with DIP. The translational activity of the reporter fusion was quantified

by measuring the fluorescence. Results (n=3) are normalized to ODsoo=1. **, P-value
< 0.01; *** P-value < 0.001.
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Figure 4: Contribution of CRRs to downregulate different mRNA targets

Negative arrows starting for either CRR1, 2 or 3 and pointing to mRNA targets indicate
CRRs required for IsrR activity toward the corresponding targets. Data from in vivo

results with fluorescent reporters in (3) and this work.
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H: Additional discussion

Pathogenic bacteria, such as S. aureus, have evolved to adapt to a plethora of
environments, which differs in terms of physico-chemical conditions. During infection
of a host, bacteria must face multiple stresses. One of them is the nutritional immunity,
which consists in the sequestration of essential nutrients, such as iron, to prevent
bacterial growth. In response to that, most of the bacterial pathogens have developed
systems that allows them to circumvent this process by reprogramming gene
expression and changing their metabolism. Most of these modifications are associated
with the activity of transcriptional regulators. Thus, during iron starvation, Fur
repression is released to activate a set of genes allowing an adaptation this stress
condition. Among them are genes encoding iron uptake systems. In addition, In many
bacteria, it was shown that Fur controls the expression of SRNA, providing an additional
layer of gene regulation (Chareyre and Mandin 2018).

Recently, our lab discovered IsrR, a sRNA of S. aureus involved in the adaptive
response to iron starvation (Coronel-Tellez et al. 2022). Notably, IsrR represses the
translation of nitrate respiration genes. As nitrate respiration is not essential and
requires iron, it is assumed that the general function of IsrR is to prevent the expression
of non-essential genes leading to iron utilization. Thus, the spare iron can be directed
to essential systems.

The use of a sSRNA to regulate gene expression upon iron starvation is not
specific to S. aureus. The first and most documented example of this mechanism is the
sRNA RyhB in £. coli(Massé and Gottesman 2002). Since then, several SRNAs mediating
the response to iron starvation have been discovered in several pathogens, but many
differ in terms of their sequences, seed motifs, synteny, and targets, highlighting that
this regulation, in many cases, did not emerge from horizontal transfer but is rather the
result of an evolutionary convergence responding to an essential need.

We elucidated the secondary structure of IsrR alone or in interaction with fdhA
and g/tB mRNAs using Selective 2’ Hydroxyl Acylation analyzed by Primer Extension
(SHAPE). We used 1-methyl-7-nitroisatoic anhydride (1M7) as a probing agent in order
to detect nucleotides located on unpaired regions of the RNA and obtain an image of
its secondary structure by bioinformatics after sequencing. The advantage of using
SHAPE instead of other probing techniques such as DMS or RNase probing is that the
reagent used (1M7) does not have any preference for base cleavage. Our results
showed that part of the nucleotides predicted to be on unpaired regions by
bioinformatics predictions were showing high reactivities, thus confirming their
localization. However, some of the nucleotides predicted to be on single-stranded
regions, including CRRs, did not show any reactivity on SHAPE. These results could be
explained by the existence of a ternary structure within IsrR itself and during the
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interactions with the mRNA targets. Indeed, the bioinformatics predictions which serve
as constraints for the mapping of nucleotide reactivities do not take into account the
possibilities of a third player in the interaction, which could be for example an RNA
chaperon. One way to bypass these limitations is to realize an in vivo SHAPE study
(SHAPE-MaP), This method, which has already been used in £ co/i(McGinnis et al. 2015)
could be applied to S. aureus in order to obtain a global view of the RNA secondary
structure and possibly discover putative seed motifs for SRNAs.

To characterize the functioning of IsrR, we looked for a potential RNA chaperone
that might be required for its activity. Indeed the RNA chaperon Hfq is a RyhB partner
to induce target degradations (Lalaouna et al. 2021). Furthermore, IsrR has stem-loop
sequences which are surprisingly highly conserved between distantly related bacteria
(Coronel-Tellez et al. 2022) that are a possible protein binding site. Hfq is present in S.
aureus, however, its activity remains elusive and IsrR activity did not require Hfq on the
tested substrates (Bohn, Rigoulay, and Bouloc 2007)(Coronel-Tellez et al. 2022). To find
IsrR-interacting proteins, we used the MS2 affinity purification approach (Slobodin and
Gerst 2010), with IsrR as bait. No proteins were enriched, leaving the question open
(data not shown).

Bioinformatic predictions suggested three IsrR targets related to citrate
metabolism, c¢itM, ccpf, and citB mRNAs encoding a citrate transporter, a citrate-
responsive regulator, and the aconitase, respectively. Citrate, and the enzymes assuring
its metabolization, are part of the TCA cycle, which provides energy and amino acids
essential for the functioning of the cell. However, several of the enzymes that compose
it contain [Fe-S] clusters, which makes them particularly sensitive to iron starvation and
oxidative stress, two conditions that the bacteria has to face during infection. As a
result, these enzymes are known targets of several SRNAs expressed in these conditions
(Massé, Vanderpool, and Gottesman 2005; Smaldone et al. 2012). Therefore, it seemed
reasonable to assume that ¢/itBwould be a target of IsrR. The analysis of the interaction
predictions between IsrR, ¢/itB and ccpE mRNAs revealed a potential post-
transcriptional regulation in which IsrR would bind on the RBS and prevent mRNA
translation. This mode of action is quite common in S. aureus, where sRNAs have C-
rich regions (CRRs). Indeed, S. aureus has a very low GC content (approximately 33%).
Therefore, G-rich regions, which are often RBS, are easily recognized and bound by the
CRRs of sRNAs. The result for the interaction with ccpf mRNA was indicating an
interaction between CRR1 and the RBS. In the case of ¢/tB mRNA, however, the
predictions indicate two alternative pairings with the RBS, involving either CRR1 or
CRR2/CRR3. This result is not surprising and has already been observed for other IsrR
targets. However, all CRRs are necessary to get the IsrR response on all its targets.

We tested if a transcriptomic approach could be used to uncover IsrR targets.
Indeed, in Gram-negative bacteria, most sRNA-mediated post-transcriptional
regulation seem associated with a modification of mRNA stability with often a
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degradation of target mRNAs by the action of RNases (Saramago et al. 2014). In £ col;,
the pairing of RyhB on mRNA targets is commonly associated with an inhibition of
translation and the recruitment of RNase E degrading both RyhB and its mRNA targets
(Massé, Escorcia, and Gottesman 2003) (10.1101/gad.1330405). In B. subtilis, the iron-
sparing response RNA FsrA prevents translation and provoke degradation of its mMRNA
targets, but the RNases involved are still unknown. In S. aureus, both systems seems to
be present. Indeed, RNase IIl seems to be involved in the sSRNA-associated degradation
of mMRNAs, such as with RNAIII (Boisset et al. 2007; Le Scornet and Redder 2019).
However, our results obtained using a rifampicin assay showed that in the case of IsrR,
blocking translation was not associated with mRNA degradation on two substrates
(Coronel-Tellez et al. 2022). Transcriptomic data comparing WT and A/srR strains
indicate that IsrR do not affect mRNA quantity and therefore stability. This result
illustrate the particular mode of action of IsrR. As a result, in the particular case of IsrR,
the use of proteomics is particularly adapted for finding targets.

Assessment of CitB and CcpE quantities by western-blot showed a decrease in
CitB and CcpE quantities upon iron starvation in the WT strain but not in the A/srR, thus
confirming the role of IsrR in their regulation. The advantage of using this technique is
that we are able to see the effects of IsrR at the final level, but the main drawback is
that we are potentially affected by other potential regulations, such as for example
transcriptional regulators. Previous experiments in S. aureus highlighted the fact that
Ccpt is a transcriptional activator of ¢/tB sensitive to citrate concentration, like CcpC in
B. subtilis (Kim, Jourlin-Castelli, et al. 2003). Therefore, inactivation of CcpE by IsrR
should indirectly lead to a decrease in citB expression, which could explain western-
blot results. However, transcriptomic results did not show c¢/tBas regulated by IsrR. This
result raises a question on the effective role of CcpE regulation. Indeed, in addition to
CcpE, aconitase is regulated indirectly by CcpA, which prevents CcpC expression in
presence of glucose. Therefore, citB expression is probably activated by CcpE in late
exponential phase when glucose starts to be exhausted. In B. subtilis, expression of ¢itB
is also regulated by CodY, a transcriptional regulator which mediates the transition
from exponential to stationary phase (Kim, Kim, et al. 2003). Taken together, these
results highlight a complex regulation of the aconitase in which its activation and more
globally the activation of genes involved in the TCA cycle is a metabolic switch during
the transition from exponential to stationary phase. Since RNA extracts were taken at
ODeoo= 1 (meaning in exponential phase), it is possible that the effects of ccpF
inactivation on citB expression could not have been seen and that the ¢/t mRNA levels
are corresponding to its basal expression.

We confirmed the direct interaction between IsrR and its mRNA targets using
translational reporter fusions. These fusions were under the control of a constitutive
promoter to bypass potential regulations that could affect ¢/tB or ccpf expression.
Therefore, the observed IsrR-dependent regulations should be only post-
transcriptional. Reporter genes are often used to detect gene regulation, however in S.
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aureus most of them are located on plasmids. As a result, reporter fusions are generally
more expressed than necessary due to plasmid copy number. To prevent these side
effects that could affect results interpretation, the reporter fusions were inserted on the
chromosome. The other advantage of using gene fusions inserted on the chromosome
is that it could allow for direct visualization of the gene expression /n vivo in animal
models. To date, some plasmids are stabilized and can be kept in S. aureus cells
infecting animals for up to 6 days (Rodriguez et al. 2017) but by using integrated
fusions, the fluorescence could be kept as long as the cells are alive. In our case, we
could imagine infecting animal models with an /isrR-mAmetrine fusion and look where
the fusion is expressed, thus indicating organs more prone to exert iron starvation.

Native IsrR expression, by DIP addition in the media, led to a decrease in the
fluorescence of the citB:mAmetrine and ccpE::mAmetrine reporter fusions, thus
confirming the results obtained by western blot and indicating that down-regulation
of citBviaIsrR happens directly and indirectly via down-regulation of its activator CcpE.
To investigate the role of the CRRs, we used different versions of IsrR in which one or
several CRRs were deleted. CRR1 only was important for the interaction with ccpf
MRNA. For citBmRNA, the use of versions of IsrR deleted for two or three CRRs showed
that CRR1 and CRR2 were independently active on ¢/itB mRNA, which is in accordance
with the bioinformatics predictions. Interestingly, it is important to note that in the case
of IsrR, bioinformatics predictions were so far always in accordance with the
experimental results, which comforts us in the use of bioinformatics to predict novel
IsrR targets in the future.

Using transcriptomics, we confirmed that S. aureus aconitase was autoregulated
by its moonlighting activity upon iron starvation. They suggest that apo-aconitase
remodels S. aureus metabolism by shutting off TCA cycle and promoting the formation
of oxaloacetate through the pyruvate carboxylase. The moonlighting activity of
aconitase is widely conserved through Eukaryotes and Prokaryotes, which is revealing
of its essential role in the response to iron starvation. Our results showed that apo-CitB
represses the first three steps of the TCA cycle, by decreasing citZ citB, and citC mRNA
quantity. Finding three adjacent enzymes involved in the TCA cycle and all repressed
by apo-CitB is very unlikely to happen randomly and is rather the sign of a necessity of
shutting down this metabolic pathway upon iron starvation, probably because of its
high consumption of iron through [Fe-S] clusters. We also observed an increase in the
pycA mRNA quantities when CitB had a functional RNA-binding activity. pycA encodes
for the pyruvate carboxylase, which catalyzes the formation of oxaloacetate, which is
part of the TCA cycle but also numerous metabolic pathways such as neoglucogenesis,
urea cycle, fatty acids synthesis etc. By putting together the obtained results, we
propose that upon iron starvation, apo-CitB acts as a metabolic switch to redirect
metabolism by shutting off TCA cycle and favoring other pathways that are less iron
consuming. In the past few years, numerous studies have highlighted the role of
moonlighting proteins in metabolism regulation. In particular, while several studies
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focused on aconitase, recent results suggest that other metabolic enzymes could also
possess an RNA-binding activity (Gerovac et al. 2020). Therefore, this work is only a
first step in the understanding of the roles of RBPs in the responses to environmental
stresses.

We showed that the RNA-binding activity of apo-CitB on its own mRNA was
independent of the IsrR regulation. Indeed, in £ coli, the apo-aconitase protects its
own mRNA from RyhB-induced degradation by binding on the cleavage site (Benjamin
and Massé 2014). However, we never observed any modification of the target mRNA
stability caused by IsrR, and we observed no change in any mRNA quantities during
the transcriptomics study, which indicates that IsrR solely represses the translation of
its targets and that therefore, the autoregulation of CitB is independent of that. This
result is another argument highlighting the differences between IsrR and RyhB

We used two reporter systems that failed to detect ¢/itM expression. The results
align with S aureus transcriptomic data in 44 grow conditions as well as our
transcriptomic study showing that ¢/tM is poorly expressed (Mader et al. 2016). citM
encodes a putative citrate transporter from the CitHMS family, and indeed, B. subtilis
CitM (sharing 31% sequence similarity of S. aureus CitM) imports citrate and isocitrate
complexed with divalent metal ions into the cell (Krom et al. 2000). B. subtilis, CitM is
required for growth when using citrate as the sole carbon source, and ¢/tM expression
is triggered by the presence of 5 mM trisodium citrate or DL-isocitrate in growth media
(Warner and Lolkema 2002). Despite using a growth media supplemented with
trisodium citrate, we could not detect the expression of a CitM reporter fusion protein
(data not shown), possibly because the proper conditions for ¢itM expression were not
tested. In B. subtilis, citM expression is subject to carbon catabolite repression, and
therefore citMis strongly repressed in presence of glucose (Warner and Lolkema 2002),
which could explain the absence of c/itM expression without using a specific media
containing citrate as the sole carbon source (Warner and Lolkema 2002). The predicted
pairing between IsrR and ¢/tM mRNA is on a G-rich region located before the RBS of
the gene, which is unusual since all the targets confirmed up to this date had a pairing
located on the RBS. In £ coli, RyhB is known to promote the expression of sh/4, a gene
encoding a shikimate permease which is a siderophore precursor (Prévost et al. 2007).
By homology, since citM encodes for a citrate transporter and that citrate is a precursor
of the two S. aureus siderophores (staphyloferrin A and B), we hypothesized that ¢/tM
could be positively regulated by IsrR in order to stimulate siderophore production.
Finding the right conditions for c¢itM expression will be a necessary step to elucidate its
potential regulation by IsrR and its role in siderophore production.

Additional work concluded that IsrR was preventing the translation of a new
target not related to citrate metabolism: m/aB mRNA. miaB encodes for a
methylthiotransferase containing a [Fe-S] cluster responsible for the addition of a
methylthiol group on tRNAs that reads codons starting with a U to improves the
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decoding efficiency. In £ coli MiaB is rapidly inactivated upon iron starvation by the
loss of its [Fe-S] cluster, causing a stalling of ribosomes on the wof-fur mRNA, thus
preventing Fur production. This phenomenon allows for a longer repression of RyhB
and thus a better survival of the bacteria during iron starvation. In S. aureus, furis in
operon with nudF and xerD, but so far, no experiment has shown that these two genes
could exert a role on Fur production, and there is no voflike gene. Therefore, we
propose that the repression of mi/aB by IsrR is only due to the fact that this enzyme
possesses a [Fe-S] cluster.

These studies enlarge the panel of genes regulated by IsrR. However, they also
bring new evidences for the hypothesis of an evolutionary convergence of sRNAs
responding to iron starvation in bacteria. Indeed, while the regulation of aconitase by
IsrR is not uncommon, as it is also found in other species (RyhB in £ cofj FsrA in B.
subtilis), we also uncovered that its mode of action consists in a repression of
translation but is not associated with modification of mRNA stability. However, there
are still probably several targets of IsrR which remains to be identified in order to
understand the extent of its regulatory network.

Furthermore, we assessed for the first time the role of apo-aconitase in the response
to iron starvation in S. aureus. We provide transcriptomic data which suggest that apo-
aconitase serve as another layer in the adaptation of the cell in response to iron
starvation. The experimental confirmation of this transcriptomic data should provide
exciting insights on the modification of S. aureus metabolism upon infection.
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J: Résumeé substantiel en francais

Introduction:

Le fer est un des éléments chimiques les plus abondants présents sur Terre, en
effet il représente pres de 6,3% de sa masse totale. C'est un métal de transition qui
existe sous différents niveaux d'oxydation, mais la tres grande majorité du fer trouveé
dans I'environnement se trouve sous la forme de fer ferreux (Fe2*) ou de fer ferrique
(Fe3*). Le fer ferreux, soluble, est retrouvé principalement dans les environnements
anaérobies tandis que le fer ferrique, insoluble, est retrouvé principalement en
présence d'oxygene. Cette capacité du fer a passer de I'état ferreux a I'état ferrique en
fait un cofacteur particulierement intéressant en biologie. Ainsi, le fer est retrouvé dans
plusieurs protéines impliquées dans de nombreuses voies métaboliques (Réparation
de I'ADN, modification de I'ARN, respiration, cycle de Krebs etc.) sous forme de noyaux
Fer-Soufre. Par conséquent, le fer est un élément essentiel pour quasiment tous les
microorganismes (a quelques exceptions pres, telles que Borrelia burgdorfer
Treponema pallidum par exemple).

Puisque le fer est un élément essentiel pour la croissance microbienne, une des
premieres actions mise en place par I'h6te lors d'une infection consiste a séquestrer le
fer (via des protéines telles que les transferrines ou les lactoferrines) afin de le rendre
indisponible pour les microorganismes, c'est le phénomene d'immunité nutritionnelle.
En réponse a cela, les microorganismes ont développé plusieurs mécanismes de
captation du fer. Le principal étant la synthése de siderophores, des molécules
sécrétées dans le milieu qui vont aller capter le fer pour qu'il soit ensuite réincorporé
et utilisé par les bactéries.

L'organisme modele sur lequel les travaux présentés ici ont été réalisés est la
bactérie Staphylococcus aureus. 1l s'agit d'une bactérie Gram-positive commensale
mais également pathogene opportuniste en faveur d'une immunodépression. Les
infections par S. aureus représentent un enjeu majeur de santé publique de par
I'apparition ces derniéres années de nombreuses souches multirésistantes aux
antibiotiques. La pathogénicité de S. aureus est principalement due a sa capacité
d'adaptation lui permettant de croitre dans de nombreux environnements, y compris
dans des milieux carencés en fer grace a la présence de plusieurs mécanismes
d'acquisition de ce dernier.

Néanmoins, méme si l'acquisition du fer est un processus nécessaire pour la
croissance de S. aureus, la concentration en fer intracellulaire doit étre extrémement
régulée. En effet, si une concentration trop faible en fer ne permet pas la croissance,
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une concentration trop élevée est quant a elle toxique pour la bactérie car elle méne a
la production d'espéces réactives de l'oxygene via la réaction de Fenton. Par
conséquent, la concentration en fer intracellulaire résulte d'un équilibre entre son
acquisition et son utilisation dans la cellule.

Chez la plupart des bactéries, les genes permettant I'acquisition du fer sont sous
le contréle du régulateur transcriptionnel Fur (Ferric Uptake Regulator). En présence de
fer dans le milieu, Fur s'apparie sur des séquences spécifiques (Fur box) se trouvant en
5" de certains génes. La formation de ce complexe empéche I'appariement de I'ARN
polymérase et par conséquent réprime la transcription de ces genes. En absence en fer,
Fur devient inactif et ne peut plus s'apparier sur les Fur box, ce qui active donc la
transcription des genes impliqués dans I'acquisition du fer.

Au sein de notre laboratoire, nous nous intéressons a un autre type de
régulateur qui sont les ARNs régulateurs. Récemment, nous avons identifié un ARN
régulateur impliqué dans la réponse a la carence en fer et la virulence de S. aureus que
nous avons nommeé IsrR (pour Iron-Sparing Response Regulator) (Coronel-Tellez et al.
2022). IsrR est largement conservé au sein du genre Staphylococcus et son expression
est régulée par Fur. IsrR possede trois régions riches en C (CRRs) (figure 1) qui lui
permettent d'interagir avec le RBS de ses ARNs messagers cibles, ce qui donne lieu a
une répression de leur traduction. En étudiant la liste des 23 cibles les plus probables
d'IsrR, on retrouve sept ARNs messagers codant pour des protéines contenant des
noyaux fer-Soufre, ce qui suggere donc qu’en conditions de carence en fer, IsrR
réprimerait la production de certaines protéines contenant des noyaux Fer-Soufre,
probablement dans le but de conserver le peu de fer présent pour des fonctions
essentielles uniquement.
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Structure secondaire d’IsrR

La structure secondaire d'isrR a été obtenue par SHAPE. La couleur des bases reflete leur réactivité. Gris :
Non déterminé ; Blanc : faible ; jaune : modérée ; rouge : haute. Les CRRs sont encadrées en noir.

Contenu de la these

Le concept d'utilisation d’ARNs régulateurs comme mécanismes pour surmonter
la carence en fer est bien décrit chez les bactéries (Chareyre and Mandin 2018). L'idée
est que lorsque la bactérie est confrontée a une carence en fer, les ARN régulateurs
répriment les genes non essentiels codant pour des protéines qui contiennent du fer
(par exemple sous forme de noyaux Fer-soufre) afin de conserver le fer restant pour le
redistribuer vers des processus essentiels, tels que la respiration ou la synthese de
I'ADN. Ce phénomene a été tres étudié chez £ colj avec la description de RyhB.
Cependant, jusqu'a récemment, l'adaptation de S. aureus a des conditions de
croissance sans fer n'était associée a aucun ARN régulateur (Price and Boyd 2020).
Grace a une méthode développée au sein de notre laboratoire afin d'identifier les
phénotypes associés aux ARNs régulateurs (Le Lam et al. 2017), IsrR, un ARN régulateur
requis pour la croissance dans des milieux carencés en fer, a été découvert. Cet
homologue fonctionnel, mais non orthologue de RyhB chez S. aureus est exprimé
uniquement en conditions de carence en fer et est également impliqué dans la
virulence.

Au cours de ma premiere année de thése, j'ai eu I'occasion de participer a la
caractérisation d'IsrR. En particulier, j'ai contribué a I'obtention de la structure
secondaire d'IsrR seul et en interaction avec les ARNm 7dhA et g/tB par SHAPE. J'ai
également contribué a des expériences /n vitro confirmant les interactions d'IsrR avec
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ses ARNs messagers cibles par retard de gel. Ces résultats figurent dans une publication
que j'ai cosignée ((Coronel-Tellez et al. 2022), chapitre E).

Il a été démontré qu'IsrR réprime de nombreuses enzymes impliquées dans la
respiration du nitrate, mais les données de bio-informatique suggerent qu'lsrR a de
nombreuses autres cibles et qu'il est certainement associé a la régulation de plusieurs
autres voies métaboliques. J'ai poursuivi la caractérisation d'IsrR en identifiant de
nouvelles cibles. J'ai notamment découvert qu'IsrR régulait le métabolisme du citrate
en réprimant simultanément l'aconitase et son activateur transcriptionnel (chapitre F).
Nous avons également confirmé que l'aconitase de S. aureus possédait une activité
RNA binding en conditions de carence en fer et nous avons mis au jour plusieurs genes
régulés par cette derniere, complexifiant ainsi I'étendue du réseau de régulation de la
réponse a la carence en fer chez S. aureus.

MiaB est une protéine contenant deux noyaux Fer-Soufre. C'est une enzyme de
modification des ARNt qui permet d’augmenter la fidélité de la traduction. Avec Elise
Leclair, une étudiante en Master que j'ai co-encadrée, nous avons montré que
I'expression de miaB est réprimée par IsrR (chapitre G). Ce travail met en évidence le
role d'isrR dans la répression des protéines a noyaux fer-Soufre et souligne également
le rOle essentiel de ses CRRs pour son activité.
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Régulation de l'expression de |'aconitase en
conditions de carence en fer chez S. aureus:
Controle par un ARN régulateur et activité
moonlight

Le métabolisme du citrate est régulé par IsrR en conditions de carence en fer :

Le logiciel CopraRNA a révélé plusieurs cibles putatives d'IsrR, dont trois liées
au métabolisme du citrate : 'ARNm ¢/tB (codant pour |'aconitase), 'ARNm ¢/itM (codant
pour un transporteur de citrate putatif) et cgpf (codant pour un activateur
transcriptionnel de c¢itB). Ces cibles, conservées dans diverses espéces du genre
Staphylococcus, soulignent le role potentiel du citrate dans I'adaptation de S. aureus
aux milieux carencés en fer. Le logiciel IntaRNA prédit un appariement d'IsrR avec les
régions 5' non traduites de ces ARNm, ce qui indique une potentielle régulation
négative de I'expression de citB et ccpE. Des expériences de gel retard ont confirmeé
I'appariement d'IsrR aux ARNm c¢/tB et ccpE. Un mutant d’IsrR dans lesquels les CRRs
impliquées dans l'interaction ont été mutées ne provoque pas de retard sur gel, ce qui
suggere que l'interaction entre IsrR et les ARNm impliqués dans le métabolisme du
citrate impliquent les CRRs.

IsrR réprime la production d’aconitase et de CcpE :

Afin de comprendre le role d'IsrR sur I'expression de citB et ccpF, nous avons
créé des fusions de genes en ajoutant une étiquette FLAG en C-ter des séquences
codantes des protéines CitB et CcpE dans une souche sauvage et une souche 4isrR. La
production des protéines peut ainsi étre visualisée par western-blot en utilisant des
anticorps anti-FLAG. En présence d'un milieu riche, les niveaux d'expression des
protéines CitB-FLAG et CcpE-FLAG sont similaires entre la souche sauvage et la souche
AisrR. En revanche, lors d'une croissance dans un milieu carencé en fer (par I'ajout de
2,2'-dipyridyl (DIP), un chélateur du fer) qui conduit a I'induction d'IsrR, une diminution
significative des quantités de CitB-FLAG et CcpE-FLAG ont été observées dans la
souche sauvage mais pas dans la souche A4/srR. Ainsi, I'expression d'IsrR est associée a
une diminution de la production de CitB et de CcpE.
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IsrR n’agit pas sur les quantités d’ARNm

Afin d'étudier le mode d'action d'IsrR et d'identifier de potentielles nouvelles
cibles, une analyse transcriptomique a été réalisée en comparant une souche sauvage
et une souche 4isrR en conditions de carence en fer. De maniére surprenante, seul le
gene /srR semble significativement moins exprimé chez la souche A4isrR (ce qui est
attendu puisque le gene y est délété). Deux autres genes, mt/F et mhqgD, ont montré
une expression différentielle significative, mais |'analyse bioinformatique n'a pas
confirmé d'appariement direct entre IsrR et ces ARNm. Ces résultats, qui sous-
entendent que IsrR a seulement un effet sur la traduction des ARNs messager et non
sur leur stabilité, contrastent avec le mode d'action des ARNs régulateurs des bactéries
Gram-négatives, ou l'action d'un ARN régulateur entraine généralement une
diminution de la stabilité des ARNs messagers. Ces résultats remettent en question les
dogmes actuels sur la régulation médiée par les ARNs régulateurs, par I'observation de
mécanismes de régulation uniques chez les bactéries Gram-positives, en particulier
dans le cas d'IsrR.

IsrR cible les régions 5° UTR de citB et ccpE

Les données de bioinformatique suggérent que la régulation de citB et ccpf par
IsrR se déroule au niveau post-transcriptionnel, par une diminution de la traduction
dle a I'appariement d'IsrR sur la région 5" UTR des ARNs messagers. Afin de confirmer
cela, les régions 5'UTR de ccpf et citB ont été fusionnées a la protéine fluorescente
mAmetrine et placées sous le controle du promoteur constitutif Psar1 avant d'étre
insérées au chromosome d’'une souche sauvage ou 4/srR de S. aureus. En présence
d'un milieu riche, des niveaux de fluorescence similaires ont été observés entre les
souches sauvage et A4/srR. Cependant, en présence d'un milieu carencé en fer, la
fluorescence des deux fusions rapportrices a significativement diminué dans la souche
sauvage mais pas dans la souche AisrR Ces résultats soutiennent fortement
I'hypothése d'une régulation post-transcriptionnelle de ccpf et citB par IsrR, mettant
en évidence une interaction directe entre IsrR et les régions 5" UTR de c¢/tB et ccpkE.

Les CRRs d’IsrR sont requises pour la régulation traductionnelle des ARNm de citB
et ccpE

Afin d'identifier les régions d'IsrR essentielles pour son activité contre les ARNm
de cgpf et citB nous avons transformé les souches AisrR contenant les fusions
rapportrices avec des plasmides contenant différentes versions d’IsrR sauvage ou
mutées pour une ou plusieurs CRRs. Pour la fusion citB-mAmetrine, la présence d'IsrR
sauvage a significativement réduit la fluorescence, et la délétion de CRR1 ou CRR2 n'a
pas eu d'impact significatif, ce qui suggere leur interchangeabilité potentielle. En
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revanche, la délétion de CRR3 seul ou en combinaison avec d'autres CRRs réduit
modérément l'activité d'IsrR, et la suppression de CRR1 et CRR2 entraine une forte
fluorescence de la mAmetrine. Ces résultats impliquent que la répression de la
traduction de 'ARNm citB par IsrR implique la CRR1 ou la CRR2. Pour la fusion ccpE-
mAmetrine, la délétion de la CRR1 de IsrR le rend inactif, tandis que la délétion de CRR2
ou CRR3 n'a pas d'effet, ce qui est cohérent avec les prédictions bioinformatiques
indiquant un appariement avec CCR1.

L'aconitase de S.aureus est autorégulée par son activité moonlight

L'aconitase, responsable de la conversion du citrate en isocitrate, peut acquérir
une activité de liaison a I'’ARN (RBP) en conditions de carence en fer et est capable de
réguler I'expression de certains genes. Pour étudier le réle de l'activité RBP de
I'aconitase de S. aureus et son role en tant que régulateur en conditions de carence en
fer, nous avons généré des mutants de l'aconitase déficients soit pour son activité
enzymatique (CitBenz) soit pour son activité RBP (CitBrep). Nous avons ensuite réalisé
une analyse transcriptomique entre une souche suavage et une souche CitBRBP en
conditions de carence en fer afin d'identifier d'éventuels genes dont |'expression serait
modifiée par l'apo-aconitase. L'analyse transcriptomique a révélé une augmentation
significative des ARNm c¢i/tB et citZ-citC chez CitBrsp par rapport a la souche sauvage,
ce qui indique que l'apo-aconitase sauvage réprime ces ARNm en conditions de
carence en fer. Les résultats ont également mis en évidence une diminution de I'ARNm
pycA chez CitBrsp par rapport a la souche sauvage, suggérant donc que I'apo-aconitase
stabilise 'ARNm pycA pendant la carence en fer. Par conséquent, lors d'une carence en
fer, I'apo-aconitase ferme le cycle de Krebs tout en promouvant la formation
d’'oxaloacetate par pycA.

La régulation de citB par IsrR est indépendante de l'activité moonlight de
I'aconitase

Chez E. coli RyhB, un homologue fonctionnel de IsrR, cible également |'aconitase
encodée sur le gene acnB afin de réprimer sa traduction et déstabiliser I'ARNm.
Cependant, l'apo-aconitase, exprimée dans les mémes conditions que RyhB, est
capable de s'apparier sur son propre ARNm et d’'empécher sa dégradation induite par
RyhB. Afin de vérifier si I'activité RBP de I'aconitase de S. aureus jouait un role dans la
régulation de ¢/tB par IsrR, nous avons introduit la mutation CitBRBP dans les souches
sauvage et AisrR contenant la fusion citB:flag. Des expériences de Western blot avec
anti-Flag ont démontré que IsrR régule de fagon similaire citB:flag et citBrsr::flag,
suggérant que la régulation de citB par IsrR est indépendante de |'activité RBP de CitB.
Cependant, en conditions de carence en fer, la protéine CitBrep-FLAG s'accumule plus
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que la protéine CitB-FLAG, ce qui est cohérent avec I'hypothese selon laquelle
l'incapacité de de la protéine apo-CitBrep a réprimer son propre transcrit entraine
I'accumulation de sa protéine. Ces résultats suggerent un effet additif d'IsrR et de I'apo-
CitB contre 'ARNm c¢itB.

L'ARN regulateur IsrR  réprime la
méthylthiotransférase MiaB en conditions de
carence en fer chez S. aureus

MiaB est une cible putative de IsrR

En utilisant CopraRNA, un logiciel congu pour prédire les cibles des ARNs
régulateurs bactériens, nous avons pu obtenir une liste de cibles potentielles d'IsrR, un
ARN régulateur impliqué dans la réponse a la carence en fer et conservé dans le genre
Staphylococcus. Parmi les cibles prédites se trouvait 'ARN messager miaB, qui code
pour une méthylthiotransférase contenant deux noyaux Fer-Soufre et qui modifie
certains ARNs de transfert afin d'augmenter la fidélité de la traduction.

Par la suite, le logiciel IntaRNA a été utilisé pour prédire bioinformatiquement
l'interaction entre IsrR et 'ARNm miaB. En entrant la séquence compléte d'IsrR et la
région 5' non traduite de miaB, I'analyse a révélé un appariement potentiel impliquant
55 nucléotides et une énergie de -22,33 kcal/mol, ce qui est significatif. L'analyse des
prédictions d'IntaRNA montre que IsrR s'apparierait sur la séquence de Shine-Dalgarno
de MiaB via la région CRR3, ce qui devrait avoir pour effet de réprimer sa traduction.

La réduction de MiaB est dépendante d’IsrR

Pour étudier I'impact potentiel d'IsrR sur I'expression de miaB, une fusion de
genes a été créée en ajoutant au chromosome une étiquette Flag en C-ter de la
séquence codante du gene miaB. La protéine MiaB-Flag a ainsi pu servir d'indicateur
des niveaux d'expression du géne miaB dans les souches HG0O03 sauvage et AisrR. En
milieu riche, la quantité de protéine MiaB-FLAG est la méme indépendamment de la
présence ou de I'absence d'isrR, ce qui est cohérent puisque IsrR est réprimé par Fur
en présence de fer dans le milieu. Cependant, I'ajout d'un chélateur du fer dans le
milieu de culture, le 2,2'-dipyridyl (DIP), inactivant Fur et induisant |'expression d'IsrR,
a entrainé l'absence de détection de MiaB-Flag, ce qui suggere que la protéine apo-
MiaB (qui ne possede plus de noyaux Fer-Soufre) est instable en conditions de carence

208



en fer. Pour résoudre ce probleme, la mutation fur:tet a été introduite dans les souches
sauvage et AisrR contenant la fusion miaB-flag afin d'exprimer IsrR de maniére
constitutive sans pour autant entrainer la perte des noyaux Fer-Soufre de MiaB. Dans
ce contexte génétique, MiaB-Flag était a peine visible dans la souche fur:tet mais
présente en grande quantité dans la souche fur:tet AisrR, ce qui confirme le role d'IsrR
dans la diminution de la quantité de MiaB-Flag.

La réqulation de l'expression de miaB par IsrR se déroule au niveau post-
transcriptionnel

En I'absence de Fur, IsrR est exprimé et miaB est réprimé. Cette observation
s'explique par un appariement entre IsrR et I'ARN messager de miaB au niveau de son
RBS, qui inhiberait donc sa traduction. Pour examiner cette hypothese, un systeme de
rapporteur génétique, basé sur pRN112, a été construit dans lequel la région 5' non
traduite (5'UTR) de miaB, ainsi que les 54 premiers nucléotides de la séquence codante,
ont été clonés sous le controle transcriptionnel du promoteur constitutif P1 sarA
(P1sara). De plus, afin de pouvoir visualiser la traduction de cette séquence, le gene
codant pour la protéine fluorescente mAmetrine (mAm) a été inséré en aval de cette
derniére. La fluorescence a ainsi pu servir d'indicateur de l'expression de miaB
indépendamment de sa régulation transcriptionnelle. Pour éviter les problemes
éventuels associés a l'utilisation de plasmides, la construction P1sararmiaB_5'UTRmAm a
été intégrée au chromosome de la souche HG0O3 et de son dérivé /srR.tag735. La
fluorescence de la fusion rapportrice a significativement diminué dans des conditions
de carence en fer d'une maniere dépendante de IsrR, alors que sa transcription était
pilotée par Plsara. Nos résultats expérimentaux démontrent donc de maniere
concluante que IsrR exerce sa régulation au niveau de la traduction.

La région riche en C numéro 3 (CRR3) d'IsrR joue un réle crucial dans la régulation
de miaB

L'initiation d'un appariement entre un ARN régulateur et sa cible implique la
formation d'un complexe entre deux régions simple-brin. En général, chez S. aureus,
les ARNs régulateurs possedent des régions riches en C qui sont nécessaire pour
I'interaction avec leurs cibles. En utilisant la souche AisrR possédant le systeme
rapporteur fluorescent décrit auparavant et en la complémentant avec des dérivés
d'IsrR dans lesquels une ou plusieurs CRR ont été supprimées, nous avons cherché a
savoir la ou les CRRs importantes pour l'interaction avec I'ARNm mjaB. Alors que la
présence d'IsrR sauvage diminue significativement la fluorescence, la délétion de la
CRR3 n’entraine aucune diminution, ce qui suggere une perte de I'activité d'IsrR envers
la fusion. Il est intéressant de noter que CRR1 et CRR2 semblent dispensables ou
redondants pour la régulation de m/aB. D'autres analyses avec des délétions doubles
de CRRs confirment ces observations. La dépendance a I'égard d'une ou plusieurs CRRs
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varie en fonction de I'ARNm cible, comme démontré précédemment (Coronel-Tellez et
al. 2022). Cela suggere que l'acquisition de plusieurs CRRs confere a IsrR une
polyvalence lui permettant de controler une gamme plus large d'’ARNm cibles.

Conclusion

IsrR est un ARN régulateur controlant différents aspects du métabolisme de S.
aureus afin de favoriser son adaptation et donc sa survie dans des conditions de
carence en fer, classiquement retrouvées lors d'une infection suite aux mécanismes
d'immunité nutritionnelle mis en place par I'h6te. IsrR agit sur ses ARNs messagers
cibles selon un mode d'action tres particulier. En effet, il exerce une répression
traductionnelle qui n'est pas associée a une dégradation des ARNs messagers,
contrairement a son homologue chez £. coliRyhB. L'activité d'IsrR est intrinsequement
liée a ses trois régions riches en C (CRR). Nous avons pu montrer que chaque CRR était
importante et que chacune avait un set de cibles définies.

Des travaux réalisés précédemment au sein du laboratoire ont montré que IsrR
permettait d'inhiber la voie de dégradation du nitrate, une voie métabolique tres
énergivore en terme de Fer, en conditions d'anaérobie. Les travaux présentés dans le
cadre de cette these montrent que IsrR réprime également l'aconitase ainsi que son
activateur transcriptionnel CcpE d'une maniére simultanée (feedforward loop) afin
d'assurer un blocage du cycle de Krebs. IsrR réprime également la production de la
méthylthiotransférase MiaB, une enzyme contenant deux noyaux Fe-S. IsrR semble
donc étre un régulateur central du métabolisme de S. aureus en conditions de carence
en fer, ayant pour but d'économiser le fer présent dans le milieu et de le redistribuer
uniquement vers des fonctions essentielles pour la bactérie.

Cependant, les travaux présentés ici ont également montré que l'aconitase de S.
aureus possede également un role clé dans la réponse a la carence en fer. En effet,
nous avons montré qu’en conditions de carence en fer, I'aconitase de S. aureus était
une protéine moonlight et devenait une protéine se liant a 'ARN (apo-aconitase) qui
est capable elle aussi d'effectuer une régulation métabolique. En effet, nous avons
montré qu’en conditions de carence en fer, I'apo-aconitase réprimait I'expression de
plusieurs genes impliqués dans le cycle de Krebs tout en favorisant I'expression de la
pyruvate carboxylase. Ces résultats ouvrent un nouvel axe de recherche sur la réponse
a la carence en fer de S. aureus, mais également sur le réle des protéines moonlight
dans I'adaptation bactérienne.
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Figure 33: La réqulation du métabolisme de S. aureus en conditions de carence en fer

IsrR, qui est régulé par Fur, réprime plusieurs génes codant pour des protéines contenant
des noyaux Fer-Soufre. Il réprime notamment plusieurs génes impliqués dans le métabo-
lisme du nitrate en conditions d’anaérobiose (Coronel-Tellez et al. 2022), mais également
la méthylthiotrasnférase MiaB, I'aconitase CitB et son activateur transcriptionnel CcpkE,
qui en plus d'activer la production d'aconitase régule aussi I'expression d'une centaine
d'autres genes. En parallele de I'action d’'IsrR, la carence en fer cause également la perte
du noyau Fer-Soufre de CitB, qui passe alors d’'une activité enzymatique a une activité de
liaison a I'ARN (apo-CitB). La protéine Apo-CitB va alors réguler négativement plusieurs
genes impliqués dans le cycle de Krebs, a savoir son propre ARNm ainsi que |I'opéron
citZ-citC (contenant les génes codant pour la citrate synthase et |'isocitrate déhydrogé-
nase). En paralléle, Apo-CitB va également stabiliser 'ARNm du géne pycA, codant pour
la pyruvate carboxylase.
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