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Résumé de la these

Caractérisation des modifications post-transcriptionnelles des ARN non codants chez
Staphylococcus aureus en réponse a divers stress environnementaux : analyse dynamique
et fonctionnelle

Introduction :

Les ARN non codants jouent un role essentiel pour la cellule, notamment lors de la traduction. En
effet, les ribosomes sont constitués essentiellement d’ARN ribosomiques (ARNr) et les ARN de
transfert (ARNt) assurent le décodage des ARN messagers (ARNm). Le processus de traduction des
ARNmM en protéines peut étre régulé par d’autres ARN non codants appelés petits ARN régulateurs
(sARN).

Les modifications post-transcriptionnelles influencent la structure de I'ARN et les propriétés
chimiques des nucléosides. Les ARNt et les ARNr présentent le plus grand nombre de modifications,
qui par conséquent jouent un role prépondérant pour leurs fonctions, pour I'efficacité et pour la
vitesse de la traduction. Par exemple, la modification en position 34 (la base « wobble ») des ARNt
est indispensable tant pour le décodage de différents codons correspondant a un méme acide aminé
que pour la discrimination de codons proches’. Pour les bactéries pathogénes, ces modifications
post-transcriptionnelles sont impliquées dans I'adaptation a I'’environnement, dans I'expression de
geénes de virulence’ et dans les interactions avec I’hdte lors d’infections. La présence de modification
en position 34 des ARNt est liée a la virulence chez Streptococcus pyogenes®. Par ailleurs, la présence
ou l'absence d’'une modification sur les ARNr peut conférer une résistance aux antibiotiques ciblant
le ribosome®”.

Dans ce contexte, cette étude a porté sur Staphylococcus aureus, une bactérie commensale de
I"'Homme présente chez 1 individu sur 3 et aussi un pathogene opportuniste responsable d’infections
nosocomiales et communautaires >. L’émergence de souches multi-résistantes aux antibiotiques est
un véritable probléeme de santé publique, notamment dans le milieu hospitalier. En tant
gu’opportuniste, S. aureus possede une grande capacité d’adaptation en réponse aux changements
environnementaux. Cette capacité lui permet, via la régulation tres fine de I'expression des facteurs
de virulence, d’étre a I'origine de nombreuses infections pouvant étre trés graves. A ce jour, le role
des modifications post-transcriptionnelles dans les processus adaptatifs et I'infection par S. aureus
reste encore inconnu.

A l'aide d’analyses de spectrométrie de masse associées a différentes méthodes de séquencage a
haut débit des ARN (RNA-Seq), cette étude consiste a établir une cartographie des modifications
post-transcriptionnelles des ARN non codant chez S. aureus. Elle vise ensuite a déterminer leurs
potentielles variations en fonction de conditions de stress mimant I'environnement durant une
infection afin de mieux comprendre leur impact sur la croissance bactérienne, les réponses aux stress
et dans la virulence.



Résultats :
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spectrométrie de masse dans les ARNt de S. aureus étant partielle, elle a été complétée et confirmée
par différentes méthodes de RNA-Seq telles que le Psi-Seq, le RiboMethSeq et I’Alkaniline-Seq®, en
collaboration avec le Pr Yuri Motorin et la Dr Virginie Marchand de la plateforme
Epitranscriptomique et Séquencage (EpiRNA-Seq) de Nancy. Les données RNA-Seq ont également
permis d’obtenir des informations sur les modifications présentes sur les ARNr (Figure 1). Celles
détectées dans les ARNt de S. aureus sont tres proches de celles caractérisées chez d’autres bactéries
a Gram positif tel que Lactococcus lactis’. De fagon inattendue, mon étude a également révélé des
éléments uniques aux ARNt de S. aureus. Précisément, les ARNt de la glycine qui en plus d’étre
impliqués dans la traduction des protéines, participent également a la formation du pont
pentaglycine présent dans la paroi cellulaire des Staphylocoques. Les ARNt responsables du transport
de la glycine vers la paroi ont été analysés et ne possedent pas les modifications spécifiques des
ARNt impliqués dans l'incorporation des glycines dans les protéines, specifiquement au niveau de
leurs anticodons. De plus, la présence d’une modification dont la masse ne correspond a aucune
modification connue a ce jour a pu étre détectée en position 37 de I’ARNt de la lysine. Ces résultats
ont conduit a un nouveau projet d’étude dans le laboratoire pris en charge par un chercheur post-
doctorant afin de déterminer le réle des modifications (ou leur absence) dans la discrimination des
ARNtg),.

Une fois la cartographie établie en condition normale de croissance en laboratoire, différentes
conditions de stress mimant ceux rencontrés lors de l'infection et les interactions avec I'hote
(augmentation de la température, privation de nutriments, hypoxie, stress oxydant ou nitrique et
présence d’antibiotiques) ont été réalisés. Plusieurs de ces conditions, montrent des variations
flagrantes dans le profil de migration des ARNt sur gel de polyacrylamide qui peut résulter de
changements dans les modifications (Figure 2A). Dans certaines conditions, tel que le stress induit
par I'oxyde nitrique (NO), une analyse compléte de spectrométrie de masse ainsi que de RNA-Seq de
chaque ARNt sera nécessaire pour déterminer si un changement a lieu. Cependant, une condition
spécifique qui a montré clairement une variation de migration d’ARNt est le stress oxydant induit par
I’addition de méthylviologen entrainant la formation d’espéces réactives de I'oxygéne (ROS). La
production de ROS est une des défenses principales du systeme immunitaire contre les infections.
Les macrophages produisent des anions superoxydes, du peroxyde d’hydrogene ainsi que des oxydes
nitriques en réponse a la phagocytose de bactéries. De plus, ces espéces réactives de I'oxygéne et de



I’azote sont impliquées dans I'inflammation et les lésions tissulaires qui sont également hypoxiques™.
Dans ce contexte, j’ai donc décidé d’étudier I'impact du stress oxydant induit par le méthylviologen
sur les modifications des ARNt ainsi que les conséquences qu’une modification différentielle peut
avoir sur le processus de traduction.

L’analyse des modifications des ARNt par UPLC-MS/MS montre un clivage par la RNase T1 de
I’ARNtr,.cua en 3’ de la queuosine en position 34 qui n’a pas lieu en absence de I'agent oxydant
(Figure 2A). Cet effet suggere que la queuosine, modification complexe et importante impliquée dans
le décodage de ’ARNm lors de la traduction, est absente en condition de stress oxydant. L’absence
de queuosine dans les bactéries cultivées en en condition de stress oxydant a été confirmée dans les
quatre ARNt (ARNt Tyr, His, Asp et Asn) contenant cette modification par électrophorese d’affinité au
boronate et par analyse UPLC-MS/MS des ARNt purifiés. Pour I'électrophorése d’affinité, des ARN
totaux provenant d’une souche de S. aureus n’exprimant pas I'enzyme Tgt, responsable du transfert
de l'intermédiaire preQ1 sur I’ARNt ont été également utilisés (Figure 2B). Grace a cette méthode,
j’ai également montré qu’il était possible de restaurer la présence de queuosine par I'ajout du preQl
dans le milieu de culture des bactéries soumises au stress oxydant (Figure 2B) indiquant une possible
inactivation d’'une des enzymes impliquées dans la voie de biosynthése du preQ1 lors du stress.
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Figure 2. A. Analyse des ARNt dans différentes conditions de stress environnementaux, a gauche : gel de polyacrylamide
(12,5%, 8 M urée) des ARNt de S. aureus cultivés en conditions normales (no stress), a 42°C (augmentation de la
température), en milieu MHB (Mueller-Hinton Broth : privation de nutriments) ou stress oxydant (MV : méthylviologen). Les
ARN présents dans chaque bande ont été identifiés par UPLC-MS/MS. A droite : chromatogrammes obtenus a partir des
bandes encadrées en rouge contenant I’ARNt"™ gua, encerclés en rouge les pics correspondants aux anticodons, non clivé
par la RNase T1 pour ’ARNt issu de la culture non stressée, clivé pour celui issu de la culture soumise au stress oxydant. Q:
queuosine; +: N6-isopentyl Adénosine. B. Electrophorése d’affinité au boronate, ligne du haut : profil de migration des 4
ARNt contenant la queuosine de la souche WT en condition normale et en condition de stress oxydant et de ces ARNt sans
queuosine provenant de la souche n’exprimant pas le gene tgt. Ligne du bas : profil de migrations des ARNt en conditions
de stress oxydant et apres addition de I'intermédiaire de la queuosine preQl. C. Volcano plot représentant la transcription
différentielle de plusieurs types de génes tels que les facteurs de virulence, ceux impliqués dans le repliement des
protéines et dans les fonctions des ARNt en conditions de stress oxydant. D. Impact de I’absence de queuosine de ARNt™"
sur la traduction. A gauche : taux de pause des deux codons UAC et UAU de la tyrosine montrant un décodage plus lent du
codon UAU en condition de stress oxydant. A droite: diagramme de Venn indiquant les génes sous exprimés en
protéomique pour lesquels le niveau de transcription ne change pas, voire augmente et dont les ARNm sont riches en
codons UAU.



Une altération de la queuosine en position 34 implique d’inévitables conséquences au niveau de
I’efficacité de la traduction. L'absence de cette modification peut impacter la vitesse et la finesse de
la reconnaissance des codons par I’ARNt, ainsi que la fidélité d’incorporation des acides aminés,
entrainant la production de protéines anormales. Afin d’étudier les possibles causes et conséquences
de I'anomalie de queuosine en position 34, des analyses protéomiques et transcriptomiques ont été
réalisées montrant d’importantes variations dans |'expression des genes marqueurs du stress
oxydant mais également de nombreux facteurs de virulence impliqués dans la dissémination et la
protection contre le systéme immunitaire (Figure 2C). Ces résultats sont a corréler avec une analyse
de « high resolution ribosome profiling » (hRibo-seq) pour étudier la vitesse de traduction codon par
codon. Les résultats préliminaires obtenus, montrent que durant le stress oxydant, les codons UAU

™" pour étre décodés efficacement. En effet,

nécessitent la présence de la queuosine en 34 de I’ARNt
ils présentent une diminution importante de leur vitesse de décodage, tandis que celle des codons
UAC ne semble pas étre impactée par I'absence de queuosine (Figure 2D). De maniére remarquable,
I’'analyse protéomique en condition de stress oxydant révele une dérégulation de la traduction pour
de nombreux génes alors que les niveaux d’ARNm demeurent inchangés, voire augmentent. Certains
de ces ARNm présentent une composition particulierement riche en codon UAU. L’analyse de hRibo-
seq a été répétée en condition de stress oxydant mais aussi en présence de preQl pour discriminer
plus clairement les effets exclusivement dus a I'absence de queuosine sur les 4 ARNt concernés.

Cette étude est actuellement en cours.

Conclusions et perspectives :

La mise en place de L'UPLC-MS/MS en association avec les méthodes de RNA-Seq a permis d’établir
les cartographies partielles des modifications présentes dans les ARN non codants de S. aureus afin
d’étudier leurs variations, en particulier dans les ARNt lors de stress environnementaux mimant les
conditions rencontrées lors de l'infection. J’ai ainsi mis en évidence, d’une part une altération de la
queuosine des 4 ARNt possédant cette modification en position wobble de I'anticodon et d’autre
part étudié I'impact sur la traduction de I'absence de cette modification. L’expérience de hRibo-Seq
complete est en cours afin d’élucider la fonction de la queuosine sur le décodage de I'ensemble des
codons nécessitant cette modification. Cette étude est réalisée en paralléle avec une analyse de la
composition en nucléosides modifiés des ARNt afin de déterminer I'impact du stress oxydant sur les
autres modifications post-transcriptionnelles présentes sur les ARNt totaux. Les données d’analyses
de RNA-Seq de ribosomes provenant de bactéries soumises au stress oxydant induit par le
méthylviologen sont en cours d’analyse. L'étude structurale de l'impact des variations de
modifications des ARNt et ARNr sur I'ensemble de la machinerie traductionnelle se déroule en
collaboration avec Roberto Bahena, qui est actuellement en premiére année de these.

Pour compléter I'étude de I"épitranscriptome de S. aureus, 4 sARN régulateurs (RsaA, C, G et |) ont
également été analysés par RNA-Seq. Cependant, les résultats n’ont pas montré la présence de
modifications post-transcriptionnelles. Des analyses UPLC-MS/MS seront nécessaires afin de
confirmer I"absence de modifications dans ces sARN.

Cette approche que jai mise en place pour I'étude des variations des modifications des ARN en
réponse au stress oxydant et de leur impact traductionnel, pourra étre appliquée a I'adaptation de la
bactérie a d’autres conditions environnementales rencontrées lors de l'infection pour lesquelles des
profils différents de migration des ARNt ont été observés.
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Liste des Abbreviations

Acides nucléiques :

ADN : acide désoxyribonucléique
ARN : acide ribonucléique

ARNmM : ARN messager

ARNT : ARN ribosomique

ARNt : ARN de transfert

Composés chimiques et milieux de

cultures

NO : oxyde nitrique
ROS : especes réactives de I'oxygene

APB : Acide phénylboronique

BHI : Brain heart infusion : infusion coeur

cerveau
MV : Méthylviologen
TEA-Cl :

chlorure de tetraéthyl

ammonium.

Bactéries

S. aureus : Staphylococcus aureus
B. subtilis : Bacillus subtilis

L. lactis : Lactococcus lactis

E. coli : Escherichia coli

MRSA : Methicillin Resistant S. aureus

(résistante a la méthicilline)

Protéines et facteurs de virulence :

Ahp : Alkyl hydroperoxyde réductase
CIf: Clumping factor (facteur

d’agglutinement)

Efb: Extracellular fibrinogen binding
protéine (protéine de liaison au

fibrinogéne extracellulaire)

Fnbp: Fibronectin  binding  protein

(Protéine de liaison a la fibronectine)

Isd : Iron-Regulated Surface Determinant
MSCRAMM : microbial surface
components recognizing adhesive matrix
molecules (composants de la surface
microbienne reconnaissant les molécules

adhésives de la matrice)

PSM : Phenol Soluble Modulins
Sod : Superoxyde dismutase
SpA : Staphylococcal protein A (protéine

staphylococcique A)

TSST : Toxic shock syndrome toxin (toxine

du syndrome de choc toxique)
Techniques
LC : chromatographie liquide

MS : Spectrométrie de masse
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. Introduction

1. Role des modifications post-transcriptionnelles chez bactéries pathogénes

Les modifications post-transcriptionnelles des ARN sont impliquées dans de nombreux
processus biologiques et sont présentes dans toutes les classes d’ARN. Ces modifications
sont constitutives ou modulées en réponse a des processus adaptatifs. Elles remplissent de
nombreuses fonctions puisqu’elles peuvent impacter I'appariement des bases, Ia
reconnaissance par les protéines, le décodage ainsi que la structure et la stabilité des ARN.
Cependant, leurs réles dans les adaptations aux stress environnementaux ainsi que durant
les infections causées par des bactéries pathogenes commencent juste a étre appréciées.
Avec le développement de technologies modernes de spectrométrie de masse et de
séquencage, des exemples récents de modifications régulant les interactions hote-
pathogene ont été étudiés. Ils révelent comment les modifications des ARN peuvent réguler
la réponse immunitaire, la résistance aux antibiotiques, I'expression des génes de virulence
et la persistance bactérienne. Dans la revue suivante, écrite avec I'aide de Roberto Bahena,
Stefano Marzi, Pascale Romby, ainsi que 3 étudiants de master, nous illustrons quelques-
unes de ces découvertes et soulignons les stratégies utilisées pour caractériser les
modifications des ARN et leur potentiel pour de nouvelles applications thérapeutiques. La
revue sera soumise a Genes pour le numéro spécial “Functions and Dynamics of RNA

Modifications”.
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Abstract (200 words max: 138 words):

RNA modifications are involved in numerous biological processes and are present in all classes of
RNA. These modifications are constitutive or modulated in response to adaptive processes. RNA
modifications play multiple functions since they can impact RNA basepairings, recognition by
proteins, decoding, as well as RNA structure and stability. However, their roles in stress,
environmental adaptation and during infections caused by pathogenic bacteria have just started to be
appreciated. With the development of modern technologies in mass spectrometry and deep
sequencing, recent examples of modifications regulating host-pathogen interactions have been
demonstrated. They show how RNA modifications can regulate immune responses, antibiotic
resistance, expression of virulence genes, and bacterial persistence. Here, we illustrate some of these
findings, and highlight the strategies used to characterize RNA modifications, and their potential for

new therapeutic applications.

Keywords: RNA modifications 1; pathogenic bacteria 2; host-adaptation 3; stress adaptation 4;
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1. Introduction

Bacteria are remarkably versatile organisms, which can survive and grow in numerous
environmental niches on the planet. They modulate the expression of their genes to respond and
adapt their growth to environmental stress such as temperature and pH shifts, nutrient availability,
antimicrobials or dangerous chemical reactive species. This is particularly the case for pathogenic
bacteria, which must adapt their metabolism to the host environment and ensure their survival facing
the human/animal immune systems and antibiotic therapies. Bacteria can sense the environment
directly via the effect that physical and chemical stresses might have on different macromolecules, or
via signaling systems, very often two-component systems (TCS), transducing the stress signal from a
specific sensor histidine kinase to a corresponding response regulator [1]. The responses are aimed at
eliminating the stressor or its effects, at repairing damages or at inducing the escape from the stress,
but sometime the external stimuli are signals for switching to programmed life-style changes. They
produce profound changes in cell physiology and behaviors, and affect gene expression at
transcriptional, post-transcriptional, translational, and post-translational levels. In these processes, an
interplay between various TCS, transcriptional protein regulators, and regulatory RNAs orchestrates
complex regulatory networks in order to link metabolism adaptation and virulence [2]. Because
RNAs, occupy a central position in translation (tRNAs, rRNAs, mRNAs), they actively contribute to
these regulatory networks.

In bacteria, the rate of translation is modulated by multiple signals present in mRNAs affecting
translation initiation, elongation, termination, and ribosome recycling [3-6]. The mRNA translation
initiation signals can be masked or liberated by the binding of proteins or small regulatory RNAs
(sRNAs), or by structural rearrangements occurring in response to metabolite binding or to physical
cues changes, which also directly affect transcription and RNA folding [7-12]. Besides, codon usage
specific for each gene (codon bias) is used in relation to variation of the tRNA pool to fine tune gene
expression [13]. Moreover, many studies have emphasized the physiological importance of ribosome
heterogeneity to rapid modulation of selective gene expression in response to environmental
conditions [14, 15]. These mechanisms are influenced by base or ribose modifications present in RNAs
[16] adding another sophisticated layer of regulation. In fact, stresses can alter RNA modification
states of various RNA species (i.e., IRNA, tRNA, sRNA and mRNA) with effect on translation rates,
on RNA regulatory properties, or on codon recoding.

The number of newly detected modifications enhances at a constant pace [17]. They can be very
simple like methylation or deamination, or be more complicated. Some of them require the

consecutive action of several modification enzymes and cofactors [18]. These modifications modulate
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the chemical and physical properties of the nucleotides and in turn the RNA functions (for a review
see [19]). They might change any of the nucleotide interacting edges, which can potentially affect
Watson-Crick base-pairing and non-canonical interactions [20]. For example, the A-form RNA helix,
favored by C3'-endo sugar pucker, is stabilized by 2-OH methylation of ribose [21, 22] while
dihydrouridine (D) significantly destabilizes the C3'-endo sugar conformation, providing structure
flexibility [23]. Interestingly, D is predominantly found in psychrophile bacteria and archaea [23].
Methylation on the bases can influence hydrogen-bonding and stacking interactions [24].
Pseudouridine (W) can shift between syn/anti conformations with relatively greater ease [25]. The
dynamic nature and the regulatory functions of some of these RNA modifications [26] have generated
a new field referred to ‘epitranscriptomics’ [27]. The detection of the bacterial epitranscriptome relies
on cutting edge methodologies involving combination of mass spectroscopy (LC/MSMS) and RNA-
seq based methodologies. Nevertheless, identification of the epitranscriptome of pathogenic bacteria
and its modulation upon stress and during the infection process is only in its infancy.

In this review, we illustrate several examples of the involvement of RNA modifications on the
expression of virulence genes and in stress responses of different pathogenic bacteria. Even though
these studies provide mechanistic explanations for only few cases, they already reveal a multitude of
strategies developed by pathogenic bacteria to survive, persist, and fight against host immune

defenses based upon the modulation of RNA modifications.

2. Technological advances: Detecting RNA modifications

A prerequisite to analyze the functions of RNA modifications is obviously to be able to detect the
modified nucleosides, to quantify them, to map their localization within specific RNA. A detailed
description of the available methods is outside the scope of the review. We will give here a summary
of the most employed approaches with their limits and advantages (Table 1), and details will be
found in more specific articles.

Mapping of post-transcriptional RNA modifications using mass spectrometry (MS) existed for
over 30 years [28]. The precise measurement of molecular masses (less than 1 Da) provided the
possibility to characterize known modified residues in tRNAs using liquid chromatography coupled
to mass spectrometry (LC/MSMS). Two complementary MS approaches are routinely used to get a
complete repertoire of modified nucleosides obtained either from tRNA extracts in a single
experiment [29-31], or from tRNA fragments produced from specific endoribonuclease digestion to
determine both the nature of modifications and their location in the tRNA sequence [32, 33]. The
analysis of a pure RNA or a class of RNAs hydrolyzed into nucleosides allows precise characterization

and quantification of modifications, while oligonucleotide analysis allows precise localization of
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modified sites on sequence, but no quantification can be achieved. Moreover, the method does not
allow complete sequence coverage and the use of RNases with different sequence specificity can
increase it. Capillary electrophoresis coupled to MS (CE/MSMS) allows precise analysis of a wide
range of molecules (reviewed in [34]), and can also be used for the characterization of tRNA
modifications with the two approaches. Because capillary electrophoresis allows analysis of small
oligonucleotide fragments, the combination of LC/MSMS and CE/MSMS leads to a better sequence
coverage on pure tRNAs [35]. Nevertheless, one of the major limitations of these MS methods is the
detection of W, which is an isomer of uridine and for this reason is a mass-silent modification. The MS
analysis of W can be done because they can be selectively modified by 1-cyclohexyl-(2-
morpholinoethyl)carbodiimide metho-p-toluene sulfonate (CMCT) [36]. The carbodiimide (CMC)
moiety of CMCT modifies the N1 of guanosine, the N3 of uridine, and the N1 and N3 of W, but
alkaline treatment at pH 10.3 easily removes it from them, with the exception of the N3 of WV, therefore
producing a detectable mass increment of 252 Da [37]. More recently, pseudouridines have been also
detected directly in RNA fragments by pseudo-MS? (MS/MS/MS) analysis [38] thanks to the specific
signature ion at m/z 207.041 for double dehydrated W [39].

Various high throughput sequencing methods are often used to characterize specific
modifications by Reverse Transcriptase (RT) signatures after chemical treatment. These methods do
not need to purify the RNA prior to the analysis but they need bioinformatics data treatment and
statistical evaluation of errors. NGS-based methods are often not quantitative, have high false-positive
rates [40] and require multiple ligation steps and extensive polymerase chain reaction amplification
during the library preparation, introducing undesired biases in the sequencing data [41]. Currently,
customized protocols must be optimized for each RNA modification type, leading to experimental
designs in which the RNA modification type to be studied is chosen beforehand, limiting the ability to
characterize the plasticity of the epitranscriptome in a systematic and unbiased manner. A recent
review described in details the RNAseq based approaches [42]. We will just mention here the very
recent development of single molecule direct RNA sequencing methods developed by Oxford
Nanopore Technologies (ONT), which are promising for the analysis of modification landscape on a
specific RNA sequence [43-46].

Combination of these highly complementary methods allows a precise localization and
characterization of post-transcriptional modifications and their dynamics, a prerequisite to a better

understanding of the roles of RNA modification in bacterial adaptation.
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Modifications e . Genome Positional
Methods detected Quantification wide information Remarks (Pros/Cons)
X-ray Cristallography Difficult to obtain crystals
structure Cryo Electron Microsco Al X/ X v Heterogeneous resolution
determination Y Py modifications g
Nuclear Magnetic Resonance Size limit
Fragmentation pattern and
Known retention time of
Nucleoside DMRM [28] modifications v v X modifications must be
analysis known
Various NLS is less suitable for
NLS [28] modifications v v X quantification than DMRM
With a reference Known Relative quantification can
LC/MSMS (SILNAS/CARD/SILCARD) modifications N X v be assessed with reference
[47, 48] in vitro RNA
Fragme_nt Determination of base
analysis composition and
Without reference Known % x v localization by comparing
(RNase digests) [33] modifications mass-spectrometry results
with expected RNase
fragments
To be accompanied by DNA
A-to-I [49] v v sequencing to distinguish
RNA deep-sequencing direct method editing events from SNPs
Methylations Based on RT stops or
X X . :
[50] missincorporations
Based on the use of
Nanopore RNA sequencing [51, 52] to-l, W and v v v
others presence of RNA
modifications. Software is
still in development
ICE-Seq [53, 54] A-to-1 No need of DNA seq
Bisulfite-Seq [55] m°C
Riboxi-Seq [56]
. Nm
RiboMethSeq[57, 58]
Indirect Pseudo-Seq[59]
methods:
NGS-based ; W-Seq v v
chemical PSI-Seql60] Y v
methods treatments 9
HydraPsi-Seq [61]
SLAM-Seq[62] s'U
1 3
m'A, m°C,
ARM-Seq[63] mlG
TRAC-Seq[64] m’G
AlkAniline-Seq[65] m’G, m*C, D
miCLIP[66] Methylation
m°A-Seq[67]
meRIP-Seq[68] m°A
Indirect 6
m°A-LAIC-Seq[69
methods: al6e] v v
IP - -
Nm-Seq / 20Me Nm
Seq(70]
acRIP-Seq[71] ac’c
NAD capture-Seq[72] 5'-NAD cap
APM treatment (Acrylo-
Mercury-sulfur affinity[73] s°U, s'U x? X X aminophenylmercuric
chloride)
Affinity gel (A ATB ltrea‘tmer;]t |
electrophoresis NAD- or FAD- ;;{s:i:?clir:;.pf;:y
Boronate affinity[74] modified v v X ; ! )
RNAs screening (easy and quick);

quantification possible as
per intensity of bands

Table 1. Summary of main techniques for the detection of RNA modifications.
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3. Impact of RNA Modifications on Pathogenic Bacteria Stress Responses and Host Adaptation
3.1. rRNA Modifications

The ribosome is a powerful molecular machine and a huge ribonucleoprotein complex
(2.3 MDa in bacteria), which performs the crucial task of translating the genetic information into
proteins. The ribosome is also a ribozyme with its catalytic centers made by RNAs [75]. To carry out
translation, the ribosome needs to balance between speed and accuracy and rRNA base modifications
participate to fine tune ribosome structure and function. Indeed, in vitro reconstituted E. coli ribosomes
lacking rRNA modifications were severely defective in catalytic activity [76] and the ribosome
assembly was also altered (Ofengand’s lab). Numerous studies showed that the loss of rRNA
modifications perturbs the active site structures [77, 78], and causes altered rates and accuracy of
translation [79]. In bacterial ribosomes, there are three major types of rRNA modifications: W,
methylation of the 2’-hydroxyl group of riboses (Nm), and methylation of base (mN) [80]. Even if
specific role for several of these modifications was not yet attributed, they confer specific properties to
the nucleotides. For instance, they can induce enhanced (V) or decreased (D) base stacking, structure
rigidity (W and Nm) or flexibility (mN) to both single- and double-stranded regions with possible
altered hydrogen-bonding [25, 81]. These modifications are clustered in highly conserved areas
devoted to decoding, peptidyl transfer, binding sites of A- and P- tRNAs, the peptide exit tunnel, and
inter-subunit bridges [82, 83](Fig. 1A and 1B).

Bacterial rRNA modifications have been investigated by Mass Spectrometry (MS), Reverse
Transcriptase extension (RT), RNAseq, and structure analysis. Several high-resolution structures of
70S ribosomes have been achieved both by cryo-EM and X-ray studies. However, cryo-EM structures
can be non-uniform in local resolution and confident assignment of modifications is often possible on
their most structurally stable core. Assignment of 35 modifications on bacterial rRNAs was first
obtained on the cryo-EM structure of E. coli 70S-EF-Tu-tRNA complex solved at 2.65-2.9 A resolution
[84]. This study provides clues on their roles in fine-tuning ribosome structure and function and in
modulating the action of antibiotics. In this structure, the methyl group of nucleosides could be clearly
visualized as extra densities, as well as the non-planar dihydrouridine at position 2449 of 235 rRNA,
while Ws were identified indirectly by polar residues within hydrogen-bonding distance of the N1
position. Besides, the rIRNA modifications were unambiguously identified in the T. thermophilus and E.
coli crystal structures at 2.3-2.5-A resolution, respectively [85, 86]. More recently, sub-stoichiometric
modified nucleotides, like m’G527 and mSA1519 of the 16S rRNA, could be assigned on the structure
of E. coli 70S solved at 2 A resolution, and some antibiotic resistance mechanisms could be proposed
[82] (Fig. 1A). In the past three years, cryo-EM analyses of 70S [83] and 50S [87] from S. aureus allowed
the placing of 10 rRNA modifications (Fig. 1B).
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Because the literature about the functions of rRNA modifications is very rich, we have chosen
specific examples in different bacteria, which illustrate the variety of their functional impact. For
clarity, we refer to the E. coli numbering of the 16S and 23S rRNA sequences. In the decoding region of
the small 30S subunit, several modified nucleotides contact tRNA or mRNA, or are close to positions
known to be important for translation, contributing to the building of the decoding site. For example,
the E. coli m2G966 contacts the P-site tRNA through stacking with nucleotide at position 34 of the
tRNA [88]. Particularly, they stabilize the binding of initiator fMet-tRNAMet to the 30S pre-initiation
complex prior to start codon recognition [89]. The correct folding of the 165 rRNA around the initiator
tRNA helps to discriminate the initiator tRNA against other tRNAs. In this context, m?G966, m%A1518
and m®A1519 monitor the characteristic presence of the three consecutive GC pairs of the anticodon
stem of the initiator tRNA [90]. In addition, m*Cm1402 and m3U1498 contact the P-site mRNA codon
and play a role in fine-tuning the shape and function of the P-site [82] to increase initiation decoding
fidelity [91]. In S. aureus, the m*Cm1402 modifications are important for infection since rsm! and rsmH
genes encoding the two methylases of C1402 protect S. aureus from oxidative stress and restore
translational fidelity [92].

On the large ribosomal subunit, E. coli Gm2251 and Um2552 are located in the P- and A-
loops, respectively, to establish interactions with the CCA end of tRNAs in P- and A- sites. Gm2251 is
conserved in all three kingdoms of life [93], whereas Um2552 is present in many bacteria except that in
some Bacillus species, like B. subtilis and B. stearothermophilus, methylation at the neighboring G2553
was observed [94]. Absence of Um2552 modification (rlmE-deficient mutant) increases the flexibility of
the nucleotides next to it, and induces 50S maturation delay, slower subunit association, and slower
translocation rate [95]. Surprisingly, translation with unmethylated U2552 appears to be more accurate
suggesting that a certain degree of recoding provided by methylation of this residue is important for
cell physiology [96].

The ribosome and more generally the translation apparatus are main targets of antibacterial
therapies [97-100]. However, bacteria are continuously evolving resistance mechanisms for antibiotics.
Acquisition of additional rRNA modifications is one of the most direct marks of antibiotic resistance.
For example, aminoglycosides target the 30S subunit to prevent translocation and A-site tRNA
binding, and promotes miscoding (Fig. 1C), while macrolides bind to the nascent peptide exit tunnel
on the 50S subunit to prevent peptide bond formation and translocation [101, 102] (Fig. 1D).
Methylation of their rRNA target sites inhibits antibiotics binding [103]. Interestingly, the modification
enzymes responsible for the resistance are often inducible and only synthetized when necessary for
survival. For example, in S. aureus sub-inhibitory concentrations of the macrolide erythromycin (Fig.

1D) stall ribosomes on the leader peptide for the methylase (ermC) responsible for the dimethylation
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of A2058 at the ribosomal peptide exit tunnel of the 50S subunit [104] (Fig. 1D). This pausing induces
the transcript to form a structure in which the Shine and Dalgarno sequence for ermC is exposed,
allowing translation of ermC [104]. ErmC induced-dimethylation of A2058 prevents erythromycin
binding (Fig. 1D), but also results in inefficient translation of selected polypeptides [104]. It is
interesting to note that, S. aureus strains bearing m%A2058 are not only erythromycin-resistant, but
can also better escape host immune system, avoiding recognition by specific Toll-like receptors [105].
Other mechanisms of modifications inducing resistance but compromising bacterial fitness involve
methylations of G1405 and A1408 in 16S rRNA, which are required for aminoglycoside resistance in
Gram-negative bacteria (Fig. 1C). In fact, these additional modifications interfere with the natural
methylation at the neighboring C1407 residue (m°C1407) and decrease translation accuracy [106].
Conversely, antibiotic resistance could also arise from the lack of modifications at naturally occurring
sites. Indeed, mutation of the ksgA gene encoding methyltransferase, causes a defect of modifications
at A1518 and A1519 in the 165 rRNA, and induces kasugamycin resistance [107] accompanied by
assembly defects and a cold sensitive phenotype [108]. Similarly, loss of methylation at m’G527, which
is located near the mRNA decoding site has been shown to confer low-level streptomycin and
neomycin resistance [109, 110].

Finally, induction of rRNA modifications has been reported to be a key step in the ribosome
reactivation during resuscitation of persistence state [111]. Indeed, antibiotic stresses together with a
myriad of other stresses, are sometimes inducing the differentiation of a subpopulation of cells, which
become dormant and multi-stress tolerant (persisters) [112]. This transient phenotype, which does not
involve genetic changes, can be reverted via different mechanisms to re-activate ribosomes [113-115].
For instance, it has been recently shown by single-cell studies, that in E. coli cells resuscitate and
ribosome activity is resumed by the action of the RluD enzyme, which is responsible of 23S rRNA

pseudouridine (5-ribosyl-uracil) modification at positions 1911, 1915, and 1917 [111].

3.1. tRNA Modifications

tRNAs are key molecules in translational process, their main purpose is to participate to protein
synthesis by decoding the mRNA codons into the corresponding amino acids. They contain the largest
number of modifications and the widest chemical diversity. Their modifications are known to
improve tRNA decoding capacity, to decrease codon sensitivity, and to dictate codon choice and the
maintenance of reading frame. Their localization concentrates in two hotspots - the anticodon loop
and the tRNA core region, where the D- and TW -loops interact with each other (Fig. 2) (reviewed in
[116, 117]).
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Modifications in the tRNA core are important for the stability of tRNA structure and can
contribute to temperature adaptation in thermophilic as well as in psychrophilic organisms [118].
Because they are involved in the tertiary interactions maintaining the L-shape, they are also expected
to influence the binding of several proteins to the tRNA (i.e. EF-Tu, aminoacyl-tRNA synthetases, and
anticodon modification enzymes) [119-121]. Different mutagenesis studies have demonstrated the role
of these modifications in tRNA structure stabilization and their consequences on bacterial physiology
during stress adaptation and on pathophysiology. The 2'-O methylation of Gm18, present on several
tRNAs and common to all Gram-negative bacteria, is lacking in most Gram-positive species despite
the presence of putative frmH-like genes. Methylation of the ribose stabilizes G18 in its C3"-endo form
increasing its rigidity [122, 123] and promotes Gm18-W55 base pairing (Fig. 2). The 5-methylation of
U54 and the isomerization of U55 into W55 enhance base stacking and stabilize the tRNA [124-126]. In
the mesophilic E. coli, lack of the modification enzymes coded by the genes trmH (Gm18), trmA
(m>U54) and truB (W55), reduces growth rate particularly at high temperature [127]. In the
thermophilic T. thermophilus, adaptation to low temperature requires maintaining a sufficient
flexibility of tRNAs. In this condition, methylation of the ribose of G18 is prevented but only if W55 is
present [128]. Moreover, the lack of some of these modifications induces changes in decoding and
modulates frameshifting. In the pathogenic bacteria Shigella flexneri, W55 is linked to the expression of
several virulence factors, which are responsible of shigellosis, an intestinal infection causing diarrhea.
Deletions of trmH, trmA, and truB genes in S. flexneri are associated with a reduction of the hemolytic
activity and a decrease of the secretion system expression [127]. Furthermore, Gm18 is known to be
responsible for TLR-7 dependent suppression of the immune response of dendritic cells, allowing a
better tolerance of several enterobacteria by the host immune system [129-131].

The anticodon loop (ASL) is the other hotspot for modifications, which affect the geometry and
physicochemical determinants governing the decoding process [132, 133]. The anticodon regions of all
tRNAs bind to their cognate mRNA codons on the ribosome with similar affinities, despite diverse
codon-anticodon pairings that should exhibit differences in basepairing strengths [134]. The
modifications in the tRNA anticodon loop compensate for potential binding differences and ensures
uniform affinities of all tRNAs to their cognate codons [135]. Perturbations of these modifications
selectively alter the spectrum of proteins during adaptation via rare codon usage and translational
frameshifting [136]. Specifically, modifications of nucleotide at position 37 and at the position 34
(wobble) have a strong impact on maintaining the reading frame [136, 137]. Modifications at positions
32 and 38, the first and last nucleotides of the loop, have also important consequences in modulating
the affinity for specific codons, by inducing 32-38 basepairing and reducing the size of the loop [138].

This interaction is coordinated with the identity of codons. Strong GC-rich codon-anticodon
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interactions are always balanced by a weaker 32-38 pairing and conversely, a weak AU-rich
codon-anticodon interaction is coupled with a stronger 32-38 pairing [138]. Several studies have
analyzed the link between modifications of anticodon loop residues and gene expression regulation.
For example, the introduction of queuosine (Q) in the tRNATcua, tRNAAGuu, tRNAAPcuc and
tRNAMiscuc at the wobble position (G34) in Eukaryotes and Bacteria, permits efficient recognition of
both NAC and NAU codons. This Q modification allows fine-tuning of translation and has been
correlated with low-level translation of Shigella virulence factors, including the main transcriptional
regulator VirF [139]. Its efficient translation depends on the presence of Q34 and 2-methylthio-N6-
isopentenyladenosine (ms’°A37) tRNA modifications. Deletion of either tgt (tRNA-guanine
transglycosylase, for Q) or miaA (tRNA dimethylallyltransferase, for ms?fA) genes leads to a less
efficient synthesis of VirF in S. flexneri and reduces its pathogenicity [139]. In E. coli, it has been shown
that ms?i°A is important for translation of RpoS, the general stress response alternative sigma factor,
which is particularly rich in UUX-Leu codons over CUX-Leu codons [140]. Similarly, S. flexneri virF
contains a high proportion of UUX-Leu codons [141]. Although the mechanism by which Q induces
virF translation is not known, it is noticeable that putrescine or a combination of methionine and
arginine metabolically related to putrescine, restore VirF expression of S. flexneri tgt mutant [142].
Since polyamine like putrescine can modulate translational fidelity and maintenance of reading frame
[143, 144], it is possible that translation misreading of virF could occur in absence of Q.

Studies on U34 hypermodifications reveal the central role of wobble U modifications and
associated enzymes in bacterial adaptation to environmental conditions and virulence in pathogens.
Even if the precise mechanism remains unclear, in the absence of modifications, frameshift occurs
resulting in the expression of alternate proteins [136, 145]. Deletion of gidA and mnmE, encoding two
enzymes of the 5-methylaminomethyl-2-thiouridine (mnm?®s?U34) modification pathway, was shown
to significantly reduce the colonization of Salmonella Typhimurium in liver and spleen, accompanied by
decreased invasion of epithelial cells and compromised ability to survive and replicate inside
macrophages [146]. This effect can be explained in part by the fact that several colonization genes
important for host cell invasion, including the T3SS genes invAEG, spaPQ, and prgH] were
downregulated in the attenuated mutants [147]. In addition, in this strains it has been also observed
the repression of several other proteins as the oxidoreductase Ygh, and the thiol peroxidase Tpx,
which promote the survival of S. Typhimurium under the stressful conditions experienced within host
macrophages [148]. The modified nucleotide mnm®s?U34 is also important for virulence in other
bacteria. In Streptococcus species, Gram-positive bacteria responsible for a wide range of infections
from skin infection to sepsis, GidA/MnmE modification enzymes are essential for acid stress and high

temperature adaptation [149], for pathogenicity [150], reduced ability of adhesion and invasion in
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epithelial cells, and increased sensitivity to phagocytosis [151]. Transposon mutagenesis in GidA gene
is leading to sensitivity to acidic conditions also in Cronobacter sakazakii, an opportunist pathogen
causing neonatal meningitis, enterocolitis, septicemia, bloody diarrhea and brain abscesses, decreasing
its ability to growth in host digestive system [152]. One of the best-characterized example of host
adaptation via the induction of specific tRNA modification at U34 to selectively translate codon-biased
mRNAs for persistence genes, has been described for Mycobacterium bovis [153]. When mycobacteria
species infect host lungs, they are phagocytized by alveolar macrophages, which are unable to kill and
digest them. Consequently, the bacteria multiply and promote the formation of granulomas, which are
symptomatic of chronic infections. Human granulomas lacking endothelial and blood vessel are
highly hypoxic [154], and mycobacteria enter a quiescent state in which cell replication is halted or
slowed [155]. In this condition, DosR, the master regulator of hypoxic bacteriostasis, mediates the
expression of approximately 50 genes necessary for dormancy survival [156]. Translation activation of
DosR requires shifting from mo°U, presents at U34 in tRNA™wcu in aerobic conditions, to cmo°U and
mcmo°U. This change of modification type, facilitates decoding of ACG codons, particularly abundant
in dosR transcript [153]. The rationale for this decoding has been described by structural analysis [157].
The presence of cmo’U34 induces a classical Watson-Crick base-pairing geometry involving the
wobble position, which allows better stacking between U34 and purine 35, and as a consequence
increases the stability of the codon-anticodon interaction.

In addition to wobble position, 2-O-methylations of A, C, and U at position 32 by
methyltransferases of the Trm family, have been shown to confer resistance to oxidative stress in P.
aeruginosa, allowing its survival during infection [158]. Hypomethylation of the 2'-O-ribose moiety at
position 32, linked to reduced catalase activity, perturbs codon-anticodon interaction and results in
translation insufficiency and transcript misreading [159, 160]. Thiolation of cytidine at position 32
catalyzed by TtcA, a [Fe-S] cluster enzyme, has been shown to play a role in the response to oxidative
stress during infections caused by P aeruginosa [161].

Finally, modifications of nucleotides in the variable loop have been shown to contribute to host
adaptation. For example, m’G46 catalyzed by tRNA guanine-N7-methyltransferase (trmB) is
important for decoding efficiency of tRNA4scuc and tRNAPecaa. In P. aeruginosa, loss of trmB has a
strong negative effect on the translation of Phe- and Asp-enriched mRNAs, including those coding for
the major peroxide detoxifying enzymes, the catalases KatA and KatB, resulting in oxidative stress-
sensitive phenotype [162]. Using tRNA-seq and mass spectrometry performed on Vibrio cholera
revealed specific modifications in various tRNAs that were not described in E. coli tRNAs [163]. These
modifications include an acetylated acpU at either position 20 in the D-loop and at positions 46 or 47

in the variable loop. More interestingly, an editing process C-to- ¥ was for the first time identified at
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position 32 of the anticodon loop of tRNAT". Although the physiological consequences of these
specific features have to be defined, it is tempting to propose that RNA modifications contribute to the

speciation of the bacteria and to the adaption of the organism to its specific niches.

3.1. sSRNA Modifications

Small trans-acting regulatory RNAs (sRNAs) belong to a very heterogeneous class of RNAs
regulating several processes including virulence gene expression, stress adaptation, and quorum
sensing [164]. They exert their functions through specific interactions with diverse targets such as
mRNAs, sRNAs, tRNA precursors, proteins or even with the ribosome [165]. The sRNAs are very
different in length, sequence, structure and regulate gene expression using various mechanisms. So far
only few examples of RNA modifications have been reported in bacterial SRNAs [166].

The best examples of regulatory RNAs, where modifications have been identified, are tmRNA
and Y RNA, both mimicking the tRNA structure (Fig. 3). The tmRNA together with the small protein
B (SmpB) is involved in trans-translation, the major and ubiquitous ribosome rescue system in bacteria
[4]. This mechanism is taking place when ribosomes and tRNAs are stalled on problematic and often
truncated mRNAs, which can lead to reduced translation [167]. Ribosome halting resulted from i)
chemical mRNA damages produced by environmental stresses, ii) rare codons or problematic
polypeptide stretches, iii) drugs inducing translational misreading, non-programmed frameshifting,
or stop codons readthrough, and from iv) spurious RNase activity or cleavage of the mRNA in the A-
site by RelE in response to starvation stress [168-172]. In these situations, trans-translation operates to
liberate the ribosome, and simultaneously to degrade the nascent truncated peptide [4]. A vacant
ribosomal A-site is the signal recognized by tmRNA/SmpB complex, which is delivered to the
ribosome by the translation elongation factor EF-Tu. The tmRNA is characterized by two functional
domains embedded into a conserved and complex structure, which are a tRNA-like domain (TLD)
specifically aminoacylated with alanine and a mRNA-like domain (MLD) encoding a peptide tag
targeting proteolysis [173, 174]. TLD presents a typical tRNA TW-loop with two Ws and one m®U
[175]. These modifications most probably enhance tRNA structural mimicry and its use in translation
as a canonical tRNA (Fig. 3). Most probably that m°U54 in tmRNA is introduced by the SAM-
dependent methyltransferase TrmA as it is for the tRNAs [176]. Although tmRNA has been shown to
be essential for the expression of virulence factors during S. Typhimurium infection [177], to our
knowledge no studies have been conducted to establish the role of its modifications in bacterial
adaptation or infection.

The non-coding Y RNAs are present in both eukaryotes and in several bacteria including some

pathogens [178]. Bacterial Y RNA, known as YrlA (Y RNA-like A) RNA, is a modular RNA of variable
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length (between 90 and 150 nucleotides) characterized by a large stem involving pairings between
nucleotides at the 5 and 3’ ends (Fig. 3) and a tRNA-like domain [179]. This domain shows high
similarities to the D, TW and acceptor arms of tRNA (Fig. 3). Due to this structure similarity, YrlA is a
substrate for two tRNA modification enzymes DusA and TruB, which introduce a dihydrouridine and
a WV in the D and TW loops, respectively [180]. The basal stem of YrlA tethers the monomeric ring Rsr
protein similar to eukaryotic Ro60 protein, while the effector tRNA-like domain binds the ring-shaped
3" to 5' exoribonuclease polynucleotide phosphorylase (PNPase), forming a double-ringed RNA
degradation machine called RYPER [179]. Although the functions and mechanism of RYPER are still
under investigation, Rsr and YrlA have been shown to alter PNPase substrate specificity to
preferentially direct the degradation of structured RNAs (including rRNAs) [179, 181]. By altering the
levels of specific RNA populations, RYPER has been proposed to be involved in stress responses, such
as UV irradiation or prolonged stationary phase [182, 183]. In Salmonella enterica, expression of YrlA
appears to be confined to certain infection stages [184]. Surprisingly, it was reported that lupus
autoimmunity might be triggered and sustained by commensal bacteria expressing Rsr RNPs [185].
Noteworthy, in some bacteria including S. Typhimurium, rsr and Y RNA genes are located within an
“RNA repair” operon together with the rfcA encoding RNA cyclase and rtcB encoding RNA ligase
[179], which transcription is activated by tRNA fragments resulting from the SOS response to DNA
damage [186]. tRNA fragments also accumulate when tRNAs are hypomodified, such as in AtruA
strain where W at positions 38, 39, and 40 in the anticodon arm of some tRNAs cannot be introduced
anymore [187]. Since tRNA fragments are both natural substrates of PNPase and of RtcB religation, it
is possible that assembly of RYPER protects them from degradation and that the expression of RtcB
could restore tRNAs from halves and translation [186]. Interestingly, in E. coli RtcB re-ligates a 16S
rRNA 3’ fragment containing the anti-Shine-Dalgarno sequence cleaved by the MazF toxin [188]. This
indicates a tight link between RNA modification levels, translation regulation, and RNA metabolism
in response to stress.

Another example of sSRNA modification in pathogenic bacteria derives from a transcriptome-
wide profiling of m°A distribution in Pseudomonas aeruginosa. Methylation sites were found present in
two major sRNAs, RsmY and RsmZ [189], which sequester the regulatory protein RsmA to control its
activity which is associated with acute and chronic virulence phenotypes [12, 190]. The involvement of
these modifications in the regulatory mechanisms of RsmY/Z has not been studied yet.

Recently, one of the best characterized sRNA in S. aureus, an opportunistic pathogen causing a
large variety of infections, has been shown to contain at its 5’end a peculiar modification which is co-
transcriptionally introduced [191]. The expression of RNAIII is under the control of a two-component

system, which senses bacterial cell density, to orchestrate the regulation of virulence gene expression
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[192, 193]. This dual RNA codes for the cytotoxic d-hemolysin peptide, while its 5" and 3" UTRs act as
antisense RNA to regulate at the post-transcriptional level the expression of virulence genes associated
with infectious diseases [193]. Hence, through basepairing interactions with its target mRNAs, it
represses several cell wall associated proteins involved in adhesion and tissue colonization, and the
transcriptional repressor of toxins Rot while it activates directly or indirectly the synthesis of many
secreted proteins and toxins required for infection dissemination. A new RNAseq based approach has
been developed to detect the incorporation of NAD, the nicotinamide-adenine dinucleotide, at the 5
ends of RNA transcripts [194]. This study found only few S. aureus transcripts containing this 5’ cap,
including RNAIIL In Gram-negative bacteria, NAD has been reported to have a stabilization effect
protecting the RNA from the 5" processing enzyme RppH, which produces monophosphate at the end
of RNAs that are substrates of RNase E [194]. In Bacillus subtilis, NAD protects RNAs from the
exonucleolytic activity of RNase J1/J2 [195]. In S. aureus, the presence of NAD in RNAIII does not
induce its stabilization nor affects its structure, but it has important consequences on pathophysiology.
By a yet unknown mechanism, the NAD modified RNAIII leads to a decreased expression of d-

hemolysin and reduced cytotoxicity [191].

3.1. mRNA Modifications

Besides the classical 5'-cap m’G modification of eukaryotic mRNAs, other modifications have
been described, including the 6-methyladenosine (mfA), the 5-methylcytosine (m°C), inosine (I)
derived from adenine deamination and pseudouridine (W¥). These modifications, which are present
within 5'- and 3'-untranslated regions (UTRs) and the coding sequences of mRNAs, contribute to fine
tune gene regulation [196-202]. In bacteria, the presence and the roles of mRNA modifications is
relatively unexploited in pathogenic bacteria. In bacterial mRNAs, the presence of non-canonical 5’
ends has recently been reported for a subset of mRNAs. As described above, co-transcriptionally
introduced 5 NAD cap has also been detected in some E. coli mRNAs and is thought to modulate
mRNA stability and translation efficiency [194, 203]. Recently, NAD cap has been found in mRNAs
expressed in B. subtilis spores, a dormant state developed in response to different stresses [204]. Its
role in these mRNAs remains to be analyzed. Other studies have shown additional types of 5’ capping
directly incorporated into mRNAs during transcription initiation, which might increase mRNA
stability. For example, dinucleoside tetraphosphates, very often Np4A, have been reported in E. coli
[205]. Interestingly, the incorporation of such dinucleosides depends on their cellular concentration,
which increases in some stress conditions such as heat shock [206] and oxidative stress [207].

Bacterial mRNAs can also contain post-transcriptional modifications. In E. coli, Ws have been

detected in some mRNAs. They can be located at specific codons and as a consequence they alter
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translation speed or mRNA decoding [208], and at stop codons to induce nonsense suppression [209,
210]. Ws have been proposed to influence the kinetics of RNase E-directed degradation in Gram-
negative bacteria [211]. Another abundant mRNA modification is méA, which has been detected in
genes involved in energy metabolism in Gram-negative bacteria, including pathogenic P. aeruginosa
[189]. Very recently, it has been shown that m°A reduces both sense and stop codon reading accuracy
[212, 213]. The molecular explanation for this decoding perturbation could be due to the formation of
less stable codon-anticodon interactions with cognate tRNAs [212]. Indeed, when compared with
unmodified A, m°A forms less stable basepairing with uridine (U) and destabilizes local RNA
structures and short duplexes [214, 215]. It remains to be studied whether these modifications in
mRNAs vary significantly in response to metabolic changes or stress.

Adenosine deamination is most probably the major modification in mRNAs, which can directly
influence the activity of the synthesized protein. Adenosine-to-inosine (A-to-I) mRNA editing is
catalyzed by the tRNA adenosine deaminase enzyme TadA, which recognizes stem-loop structures
resembling the anticodon arm of tRNAAs [216]. Because inosine (I) is recognized as guanosine (G) by
the translational machinery, A-to-I editing expands the decoding rules resulting in protein
diversification. In E. coli and in the two pathogenic bacteria Klebsiella pneumonia and Yersinia
enterocolitica, recoding tyrosine (UAC) to cysteine (UGC) has been reported in mRNAs encoding self-
killing toxins like HokB, increasing its toxicity [216]. HokB induces cellular growth arrest in response
to starvation as a function of cellular density, via membrane depolarization. By doing so, it was found
to mediate antibiotic tolerance leading to persistence [217]. Since bacteria persistence is characterized
by the existence of sub-populations of bacteria that are tolerant to an antibiotic treatment with a fitness
cost [218], the heterogeneous RNA editing levels of hokB mRNA could promote non-genetic cell
heterogeneity [219].
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3.2. Figures and Table

A E. coli 70S cryo-EM analysis at 1.98 A B S. aureus 70S cryo-EM analysis 3.20 A
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Figure 1. Natural ribosomal RNA modifications and additionally modification implicated in
antibiotic resistance mechanisms as indicated by structural analyses. (A) Cryo-EM structure at 1.98
A of E. coli 70S ribosome (pdb file 7K00). 11 and 24 RNA modifications (red spheres) could be
visualized in the 30S (16S rRNA) and 50S (23S rRNA) subunits, respectively [82]. (B) Cryo-EM
structure at 3.20 A of S. aureus 70S ribosome (pdb file 6YEF). The limited resolution allowed the
visualization of 4 RNA modifications in the 165 rRNA and 6 in 23S rRNA [83]. PTC, Peptidyl
Transferase Center on the large 50S subunit. (C) Mechanism of aminoglycoside (Par, paromomycin)
resistance induced by methylation of A1408 (pdb file 5ZE] [220]). The presence of the methyl group
directly perturbs antibiotic interaction. (D) Mechanism of macrolide (Ery, erythromycin) resistance
induced by dimethylation of A2058 (pdb file 6XHV [221]). The two methyl groups on A2058 prevent

the coordination of a water molecule with G2505, which stabilizes erythromycin binding.
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Figure 2. Pathogenic bacteria tRNA modifications involved in virulence and stress adaptation. (A)

Secondary structure of tRNA. The nucleotides in the loops, where the majority of modifications

accumulate, are colored as follow: D loop in green, anticodon loop in pink, variable loop in orange,

and TV loop in light blue. The nucleotides for which the modifications are associated with a specific

phenotype specified in the figure are in red. (B) Tertiary L-shape structure of tRNA. The 3D model

corresponded to the crystal structure of Saccharomyces cerevisiae tRNAPrecaa (pdb file 1IEHZ [222]). The

same color code is used for the secondary (A) and tertiary (B) tRNA structures. The core domain of the

tRNA comprises the D-, TW- and variable loops.
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EF-Tu —tRNA EF-Tu—tmRNA —SmpB Y RNA

Figure 3. The structures of tmRNA and Y RNA mimic part of the tRNA structure. (A) The structure
of EF-Tu-tRNAPhe complex (with GDPNP, GTP analog) from Thermus aquaticus (pdb file 1TTT [223]).
Each domain of the tRNA is colored: acceptor am in grey, TY-arm in light blue, the variable region in
orange, the D-arm in green, and the anticodon-arm in pink. EF-Tu structure is represented in light
pink. (B) The structure of the tmRNA fragment in complex with EF-Tu (with GDP and kirromycin
antibiotic, in light pink) and SmpB (in light grey) from Thermus thermophilus (pdb file 4V8Q [224]). The
regions of tmRNA mimicking tRNA are shown with the same color code as for the tRNA. (C)
Salmonella Typhimurium Y RNA (YrlA, pdb file 6CU1 [225]). The regions of YrlA mimicking tRNA are

shown with the same color code as for the tRNA.
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4. Conclusion and perspectives

The review presented several examples, which unveiled the diversity of functions of RNA
modifications in translation and RNA degradation in bacterial pathogens. Because technologies are
constantly improving, it is expected that the whole set of modifications will be mapped in RNA
molecules as well as their quantifications. This will be the prerequisite to better study their dynamics
upon stress or during bacterial infection. Further works correlating the modifications with the
characterization of their protein co-factors (referred as writers, readers, and erasers) will be another
step necessary to get an in-depth overview of their functions and the physiological consequences on
bacterial pathogens. Many questions still remain to be addressed: what is the extent of chemical
modifications diversity and complexity among evolutionary distant bacteria? Are there specific classes
of bacterial SRNAs and mRNAs that could be modified extensively as it is for tRNAs and rRNAs?
What are the consequences of RNA modification defects on bacterial physiology and pathogenesis?
Some of the data suggested that some tRNA modifications are species-specific. Hence, it is expected
that modifications might contain some metabolites issued from specific metabolic pathways resulting
from the bacterial adaption to its ecological niches. Meanwhile during the infection process, the
pathogens have to face metabolic burden and should counteract the host defenses mechanisms. It
would not be so surprising that some of the modifications might be acquired or disrupted during the
infection process with consequences on the bacterial proteome. The functional studies of the
modification enzymes might also led to biotechnological applications, to design gene reprogramming
or new tools for RNA studies, or to select novel anti-microbial strategies. Many of these studies will
require the development of more simple technologies, such as the direct RNA sequencing
methodologies, to facilitate the mapping and the discovery of RNA modifications among bacterial
species. Although many studies have been done on tRNA and rRNA modifications, we are still far to
fully appreciate the impact of modifications on RNA functions. We are only at the beginning of the tip

of the iceberg.
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2. Staphylococcus aureus

Les Staphylocoques sont des coques a Gram positif commensales de I'Homme, dont
plusieurs especes sont des pathogénes opportunistes. Parmi elles, Staphylococcus aureus
représente I'espéce la plus virulente, responsable d’un grand nombre d’infections de gravité
variable et touchant un large éventail de tissus, allant des infections cutanées bénignes a la
pneumonie, I'endocardite, voire la septicémie. S. aureus est aussi capable de s’adapter pour
persister a la surface et a l'intérieur de tissus humains. Elle est présente sur la peau et dans
le nez chez environ 30% de la population (Wertheim et al., 2005). La colonisation de la peau
inclus I'implantation de la bactérie a sa surface en tant que constituant du microbiome (Oh
et al., 2016). Mais également l'insertion entre les couches de I'épiderme (Nakatsuji et al.,
2013), la modulation de la réponse immunitaire et la persistance dans les cellules
immunitaires, endothéliales et épithéliales (Soong et al., 2015). Cette internalisation lui

permet d’échapper complétement aux défenses immunitaires de celui-ci.

L’émergence de souches multi résistantes aux antibiotiques est une préoccupation majeure
de santé publique, particulierement en milieu hospitalier, les souches MRSA (S. aureus
résistante a la méthicilline) provoquant des infections nosocomiales graves et difficiles a
traiter. La diversité des symptomes cliniques provoqués et les mécanismes de résistance aux
traitements dépendent de I'expression de nombreux facteurs de virulence et des voies de

réponse au stress.
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Figure 1: Schéma représentant les étapes de l'infection de S. aureus. La colonisation des tissus amorce
I'infection grace aux adhésines permettant aux bactéries de se fixer sur différents types cellulaires. Au sein des
tissus, les bactéries sont confrontées aux défenses immunitaires de I’h6te. Elles doivent donc échapper aux
cellules immunitaires, former des colonies et entrer dans une phase de croissance grace a la formation du
biofilm les protégeant des stress environnementaux. Lorsque les colonies sont assez grandes, la phase de
dissémination est déclenchée par la production de toxines et exoprotéines (nucléases et protéases) entrainant
la rupture du biofilm et conduisant a une infection aigué ou un choc toxique. En cas de phagocytose, la bactérie
est capable de résister au stress généré dans les phagosomes grace aux systémes de détoxification et de
réparation, elle va ainsi survivre sous forme quiescente. Les fleches annotées « QS » présentent des transitions
entre les étapes du cycle d’infection qui sont réalisées sous le controle du Quorum Sensing, systeme a deux
composants permettant a la bactérie de détecter la densité cellulaire et moduler I'expression de nombreux
facteurs de virulences grace a I’ARNIIIl. Cet ARN régulateur permettant simultanément de réprimer les facteurs
impliqués dans I'adhérence et la colonisation et activer I'expression des toxines et exoprotéines

Le cycle de I'infection par S. aureus est assez précisément établi. A chaque étape du cycle, la
bactérie va s’adapter grace a la production d’un arsenal de facteurs de virulence dont

I’expression est coordonnée en fonction de son environnement (Fig. 1).

Lors de I'adhérence et l'invasion tissulaire, I’étape initiatrice fondamentale a I'infection, des

protéines de la famille des MSCRAMM (microbial surface components recognizing adhesive
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matrix molecules) sont produites. Parmi elles, les protéines de liaison a la fibronectine
(FnbpA et FnbpB) ou les facteurs de liaisons au fibrinogéne, les Clumping factor A et B (CIfA
et CIfB) permettent a la bactérie de se fixer sur différents types cellulaires de I’hote (Eidhin
et al., 1998; Heilmann et al., 2004). De plus, la protéine SpA (Staphylococcal protein A) lui
permet non seulement de se lier aux immunoglobulines mais également d’échapper aux

défenses immunitaires de I’h6te (Falugi et al., 2013).

Afin de se protéger de la phagocytose, S. aureus est capable de produire une capsule de
polysaccharides (Luong and Lee, 2002). La production de protéases telles que la Staphopain
B et I’Aureolysine lui permet de dégrader I'élastine de I’'h6te et entrainer la mort des
monocytes (Shaw et al., 2004; Smagur et al., 2009; Elmwall et al., 2017). Les CHIPS
(chemotaxis inhibitory proteins of S.aureus) et Efb (extracellular fibrinogen binding protein)
sont également sécrétées afin d’empécher le recrutement de neutrophiles et I'activation du

systeme du complément (Postma et al., 2004; Rooijakkers et al., 2006).

Pour assurer la prolifération de la bactérie dans les tissus, une structure de protection est
produite sous forme de biofilm. Cette structure permet aux cellules de résister aux
antibiotiques, d’échapper aux défenses immunitaires de I’hote et ainsi devenir persistantes

en diminuant leur métabolisme. (Arciola et al., 2015; Otto, 2018)

La dissémination de la bactérie est facilitée par la production de toxines et d’exoprotéines
(nucléases, lipases et protéases) entrainant la dispersion du biofilm. Ces toxines induisant la
lyse des cellules ciblées, telles que les hémolysines (Jarry et al., 2008; Berube and
Wardenburg, 2013), les leucocidines (Spaan et al., 2017) et les PSM (phenol soluble
modulins) permettent également la propagation de I'infection a d’autres tissus (Periasamy et
al., 2012). Elles stimulent la libération de cytokines pro-inflammatoires (IL-18) des
kératinocytes et sont indispensables a I'induction de I'inflammation de la peau (Syed et al.,
2015). Les cytokines pro-inflammatoires sont importantes pour maintenir les macrophages
dans leur rbole de nettoyage des pathogenes avec une production d’oxyde nitrique et
d’espéces réactives de I'oxygéne importante (Pidwill et al., 2021). Ces toxines sont
responsables d’infections aigués, les entérotoxines par exemple causent des intoxications
alimentaires et les TSST-1 (Toxic shock syndrome toxin-1) causent les chocs toxiques

Staphylococciques. Il existe une dualité claire entre la production de toxines (infection aigué)
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et la tolérance de I'h6te (infection chronique) durant laquelle S. aureus évite de stimuler les

processus inflammatoires.

L'expression de I'ensemble de ces facteurs de virulence est orchestrée en réponse a de
nombreux signaux environnementaux tels que la densité cellulaire, la disponibilité des
nutriments ainsi que les stress imposées par les mécanismes de défense de I’'h6te. Des
systemes de quorum sensing, codés notamment par le gene agr (accessory gene regulator)
chez S. aureus permettent cette régulation fine de la virulence de la bactérie (Wang and

Muir, 2016).

3. L'oxydation comme défense contre les pathogénes

La production d’espéces réactives de I'oxygene (ROS) tel que les superoxydes (O, ) et les
peroxydes (H,0,) fait partie de la premiére ligne de défense mise en place par I’"hote pour
lutter contre les bactéries pathogenes. Les ROS sont produits au sein des neutrophiles et des
macrophages grace au complexe de la phagocyte NADPH oxidase (Fang, 2004). Les
superoxydes et les peroxydes entrainent la libération d’'un atome de fer des metalloenzymes
contenant un cluster [4Fe-4S] catalytique, entrainant la destruction du cluster et
I'inactivation de I'enzyme (Imlay, 2006). Ces enzymes a cluster [4Fe-4S] sont impliquées dans
un grand nombre de mécanismes indispensables pour tous les organismes, notamment les

modifications post-transcriptionnelles.
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Figure 2 : Schéma de la formation des radicaux hydroxyles induite par la destruction de centres [4Fe-4S] en
présence de peroxyde. L'ion ferreux libéré va réagir avec le peroxyde produit par les neutrophiles et
macrophages entrainant la formation du HO., encadré en rouge, par une réaction de Fenton.

Les radicaux hydroxyles (HO.) créés par des réactions de Fenton, sont fortement réactifs et
interagissent avec toutes les molécules biologiques a proximité en causant des dommages
parfois irréversibles. Les molécules les plus spécifiqguement touchées sont les acides
nucléiques, entrainant des mutations sur I’ADN (Keyer and Imlay, 1996). Les protéines sont
également des cibles majeures des ROS, qui peuvent subir des modifications entrainant la
formation d’agrégats (Davies, 2005, 2016). Les acides aminés contenant un groupement thiol
(méthionine et cystéine) sont particulierement sensibles a I'oxydation pouvant entrainer

I'inactivation des protéines les contenant (Dean et al., 1997; Grimaud et al., 2001).

4. S. aureus et son adaptation au stress oxydant

S. aureus posséde de nombreuses défenses pour s’adapter aux ROS, parmi lesquelles le
pigment staphyloxanthine, responsable de sa couleur dorée caractéristique. Présents chez
une grande partie des souches de S. aureus provenant d’infections humaines, ces pigments

caroténoides sont connus pour désactiver les singulets d’oxygéne. De par leur nombreuses
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double-liaisons conjuguées, les caroténoides sont des molécules importantes pour la
détoxification des ROS. La présence de staphyloxanthine confére ainsi une résistance aux

ROS et améliore la survie de la bactérie lors d’infections (Liu et al., 2005).

D’autres systemes sont également connus pour réduire la concentration de ROS. Les
superoxyde dismutases (SOD) sont des metalloenzymes de détoxification des ROS qui
catalysent la dismutation du 02" en oxygene et H,0,, qui sera ensuite réduit en H,0 par des
catalases ou I'alkyl hydroperoxyde reductase (Clements et al., 1999; Cosgrove et al., 2007). S.
aureus posseéde deux genes codant pour des SOD, sodA et sodM. L'enzyme SOD majeure
SodA dépend strictement du manganése Mn?*, tandis que l'enzyme alternative SodM est

active lorsqu'elle est chargée en Mn?* ou en Fe®* (Treffon et al., 2020).

L’homéostasie des ions métalliques, plus spécifiguement celle du fer, occupe donc une place
importante dans la réponse des bactéries aux conditions oxydantes. De nombreux facteurs
liégs a I'apport du fer indispensable pour la survie de la cellule, sont mobilisés durant
I'infection. Chez I'héte, les ions Fe®* sont séquestrés au sein de complexes moléculaires les
rendant trés peu disponibles pour les pathogenes qui doivent mettre en place des stratégies

afin de pouvoir acquérir le fer nécessaire a leur survie.

Chez S. aureus, les protéines du systéme Isd (Iron-Regulated Surface Determinant) sont des
protéines exprimées lors d’un déficit de fer, ces protéines permettent l'utilisation du fer
provenant de '"héme de I’h6te. (Clarke et al., 2004; Muryoi et al., 2008). Le systeme Isd est
constitué de 10 protéines, permettant de capter ’"hémoglobine et I'haptoglobine avec les
recepteurs IsdB et IsdH (Dryla et al., 2003; Torres et al., 2006). L’heme est ensuite transféré a
travers la paroi cellulaire via IspA et IspC (Liu et al., 2008; Zhu et al., 2008) vers le
transporteur IsdDEF permettant son internalisation dans le cytoplasme. IsdDEF est un abc
transporteur dans lequel IsdE est une lipoprotéine se liant a I’'heme, I1sdD est une ATPase et
IsdF est une perméase. Enfin, la porphyrine est dégradée par IsdG ou Isdl qui sont des
oxygénases produisant la staphylobiline (Skaar et al., 2004; Reniere et al., 2010). En plus de
ce systeme Isd, la bactérie produit des staphyloferrines qui sont des sidérophores capables
d’extraire le fer de la ferritine, les staphyloferrines A sont codés par les opérons sfaABCD
(Beasley et al., 2009) et les staphyloferrines B par sbnABCDEFGHI (Park et al., 2005; Cheung
et al., 2009)
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Les systémes de réparation de I’ADN tels que le systeme SOS est activé par la protéine RecA,
impliquée dans la reconnaissance et la recombinaison de I’ADN simple brin qui est elle-
méme réprimée par la fixation de la protéine LexA. Lors de dommage sur I’ADN, LexA va étre
clivé, et permettre l'activation du systéme SOS (Cirz et al., 2007; Butala et al., 2009).
L'opéron rexBA fait également partie de la réponse SOS également mis en place par la
bactérie afin de survivre aux attaques des ROS produits par les défenses de I'hbte. Les
protéines RexAB font partie de la famille des protéines AddAB hélicases-nucléases et sont
indispensables pour la survie de la bactérie lors de I'infection. Elles sont impliquées dans la

réparation des cassures du double brin (Chang et al., 2006; Ha et al., 2020b).

5. Objectifs de la these

La cartographie des modifications post-transcriptionnelles dans les ARN non codants de S.
aureus reste encore peu connue ainsi que leurs implications dans I'adaptation de la bactérie

a son environnement, notamment lors de I'infection.

Cette étude a pour but principal dans un premier temps d’établir une cartographie des
modifications présentes dans les ARN non codants, plus spécifiguement dans les ARNt de S.
aureus. Pour cela, une méthode d’analyse permettant de les isoler un a un et de caractériser
les modifications présentes doit étre mise en place et adaptée aux moyens matériels

disponibles ainsi qu’a I’organisme étudié.

Dans un second temps, la cartographie établie pourra permettre une étude dynamique des
modifications en adaptation a différentes conditions environnementales rencontrées par la
bactérie durant les interactions avec I’'hGte, plus spécifiqguement les stress rencontrés durant

I'infection.

Enfin, I'étude des causes et des conséquences traductionnelles des changements observés
pourra étre réalisée afin de déterminer le potentiel role des modifications post-

transcriptionnelles dans I'adaptation aux stress
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Il. Résultats :

1. Mise en place de la méthode d’analyse des ARN par gel en 2 dimensions et NanoLC-

MS/MS

Le chapitre de Methods in molecular biology présente un protocole détaillé pour isoler les
ARNt bactériens un a un par gel de polyacrylamide en 2 dimensions ainsi que l'identification
des ARNt et la caractérisation des modifications post-trancriptionelles par I'analyse LC-
MS/MS. Ce protocole mis en place au sein de l'unité pour I'analyse des ARNt de E. coli sera

également appliqué sans modifications majeures a cette étude sur les ARNt de S.aureus.



Chapter 8
updates

Mapping of Postiranscriptional tRNA Modifications by
Two-Dimensional Gel Electrophoresis Mass Spectrometry

Laura Antoine and Philippe Wolff

Abstract

RNA modification mapping by mass spectrometry (MS) is based on the use of specific ribonucleases
(RNases) that generate short oligonucleotide digestion products which are further separated by nano-
liquid chromatography and analyzed by MS and MS/MS. Recent developments in MS instrumentation
allow the possibility to deeply explore posttranscriptional modifications. Notably, development of nano-
liquid chromatography and nano-electrospray drastically increases the detection sensitivity and allows the
identfication and sequencing of RNA digested fragments separated and extracted from two-dimensional
polyacrylamide gels, as long as the mapping and characterization of ribonucleotide modifications.

Key words 2D Gel isolation, Posttranscriptional tRNA modifications, Nano-LC-MS/MS

1 Introduction

RNA modification mapping recently experienced a renewed inter-
est because of the development of new sensitive detection technol-
ogies and implication of RNA modifications in the deciphering of
gene expression regulation or antibiotic resistance [1, 2]. In this
chapter, we provide a detailed protocol for E. coli tRNA modifica-
tion mapping. We present the sequencing by mass spectrometry of
two tRNAs, tRNA Ser GCU and tRNA Leu CAG. To obtain the
largest sequence coverage, three different nucleotide-specific
RNases are used: RNase T1 (cleaves at 3’ end of G), RNase A
(cleaves at 3" end of U and C), and RNase U2 (cleaves at 3’ end
of purine but preferably at 3’ end of A). The RNA modification
mapping and data analysis workflow are shown in Fig. 1. This
protocol had been applied successfully to different organisms such
as bacteria, archaea, and cukaryotes.

The MS analysis procedure presents several caveats. First, as
different tRNAs share similar sequences, it may be difficult to

Véronique Arluison and Frank Wien (eds.), RNA Spectroscopy: Methods and Protocols, Methods in Melecular Biclogy, vol. 2113,
https://doi.org/10.1007/978-1-0716-0278-2_8, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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Fig. 1 Workflow for posttranscriptional tRNA modifications mapping by
two-dimensional gel electrophoresis followed by mass spectrometry analysis.
tRNA is separated by 2D gel electrophoresis. Individual tRNA spots are sliced out
and in-gel digested by nucleoside-specific RNases. RNase digests are
sequenced by LC-MS/MS in order to identify tRNA and to localize modifications

unambiguously attribute such sequences to a single tRNA. Addi-
tionally, different sequences can have the same mass (same nuclco-
tide composition) or similar mass (there is a difference of only 1 Da
between cytosine and uridine). In those cases, there is often an
isotopic pattern overlay, and it can be very difficult to sequence
correctly MS/MS spectra. In order to simplify MS /MS analysis and
tRNA identification, two-dimensional polyacrylamide gels
(2D gels) were used to separate tRNAs (Fig. 2) [ 3, 4].

After “in-gel RNase digestion,” oligonucleotide products (pas-
sively eluted from the gel) are separated by nano-ion-pair reversed-
phase high-performance liquid chromatography (nano-IP-RP-
HPLC) [5]. Eluted digests are directly injected in the spectrometer
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spot
S02
S03
505
508
S08

511
510
S10
509
509
507
507
506
506
S06
$13
S03
514

tRNA
Ser GCU
Leu CAG
Leu CAA
lle GAU
Asp GUC
Asn GUU
Glu UucC
Gln UUG
Gin CUG
Pro CGG
Ala UGC
Val UAC
Gly GCC
His GUG
Arg ACG
ProUGG
Leu UAG
Ser GGA
Tyr GUA

— - > 1 st

5SS rRNA

=V
2 nd

Fig. 2 2D polyacrylamide gel (20%) of E. cofi total tRNA. 10 pg of total tRNA from E. cofi were loaded; tRNA
spots are revealed by ethidium bromide staining. The spots containing tRNA identified by MS/MS sequencing
are indicated (black circles) and annotated in the table on the left

via a commercial NanoLockSpray ionization source to provide
exact mass measurement. All oligonucleotides are fragmented by
collision-induced dissociation (CID) and produce preferential frag-
ments from y and ¢ series for RNA sequencing [6]. Sequencing
results are compared to genomic sequence in order to identity
tRNA and to map RNA modifications in the sequence.

2 Materials

2.1 Instruments
and Equipment

1. Polyacrylamide gel eclectrophoresis (PAGE) apparatus for
50 cm glass plates, 1 mm spacers (first dimension).

2. Polyacrylamide gel electrophoresis (PAGE) apparatus for
30 cm glass plates, 1 mm spacers (second dimension).

. Electrophoresis power supply.

. UV transilluminator and UV safety glasscs.
. Sterile surgical blades.

. SpeedVac vacuum concentrator.

. NanoAcquity UPLC system (Waters, Manchester, UK).

~N O U e W
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8.

10.

Synapt G2-S mass spectrometer equipped with NanoLock-
Spray ionization source (Waters, Manchester, UK).

. MassLynx mass spectrometry software with MaxEnt3 module

(Waters, Manchester, UK).

Acquity UPLC peptide BEH C18 column (130 A, 1.7 pm,
75 pm x 200 mm) (Waters, Manchester, UK).

11. Basic laboratory materials (vortex, thermoblock, etc.)
2.2 Two- 1. Total tRNA from E. coli used in this study was prepared by
Dimensional Gel Gérard Keith (personal gift), but it is also commercially
Electrophoresis available.
2. 12.5% Acrylamide /bis-acrylamide (19:1), 8 M urea, 1x Tris-
Borat-EDTA (TBE) (first dimension).
3. 20% Acrylamide/bis-acrylamide (19:1), 4 M urea, 1x TBE
(second dimension).
4. Ethidium bromide (EtBr).
2.3 In-Gel Digestion 1. RNase T1 and A (Thermo Fischer Scientific).
of Separated tRNA 2. RNase U2 was homemade prepared as described [7].
3. Ammonium acetate 100 mM.
4. ZIP Tip C18 (Millipore).
2.4 Nano-liquid 1. Mobile phase A.
Chromatography — 200 mM Hexafluoropropanol (HFIP).
— 7 mM Triethylamine (TEA).
— 7.5 mM Tricthylamine acctate (TEAA) pH 7.5.
2. Mobile phase B.
- 100% Mecthanol LC-MS grade.
3 Methods
3.1 Two- 1. Cast the first-dimensional, 12.5% acrylamide/bis-acrylamide,
Dimensional Gel 8 M urea.
Electrophoresis (See 2. Pre-run the gel in 1 x TBE bufter for 30 min at 30 W (constant
Note 1) power).
3.1.1 First Dimension 3. Load 10 pg per well of E. colz total tRNA in a minimum volume

(Denaturing Conditions)

(less than 10 pL),

4. Run the gel for 7 h at 30 W (constant power).

(oA

. Stain the gel with an EtBr solution (10 pg,/L) for 10 min.



3.1.2  Second Dimension
(Semi-denaturing
Condition)

3.2 In-Gel RNase
Digestion

3.3 RNA Digest
Product Desalting

3.4 LC-MS/MS

34.1  Nano-liquid
Chromatography
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6. Visualize the bands containing tRNAs under UV light
(302 nm). Beware of wearing appropriate protections for
handling gel containing EtBr and manipulation under UV
light.

7. Excise the gel fragments containing tRNAs with a clean razor
blade.

1. Put the excised gel lanes on the top of the second polyacryl-
amide gel, and cast the second-dimensional gel 20%
acrylamide /bis-acrylamide, 4 M urea. The excised gel frag-
ment from the first clectrophoresis should be embedded in
the gel.

2. Run the gel for 24 h at 6 W (constant power).
3. Stain the gel with an EtBr solution (10 pg/L) for 10 min.

4. Using UV transilluminator, excise the spots containing tRNAs
(Fig. 2). Beware of wearing appropriate protections for
handling gel containing EtBr and manipulation under UV
light.

5. Dry gel spots in Eppendorf tubes under vacuum for 10 min
without heating.

Rehydrate excised gel fragments with 20 pL of RNase T1 (1 U /pL)
solution or 20 pL of RNase A (0.01 U/pL) solution in 100 mM
ammonium acetate (pH is not adjusted), and incubate at 50 °C for
3 h, followed by 12 h at 37 °C.

For RNase U2 digestion, rehydrate gel fragments with 50 pL of
RNase U2 at 0.3 ng pL ! in 100 mM ammonium acetate (pH is
adjusted to 5.3), and incubate at 37 °C for 1 h.

1. Prepare ZipTip C18 with 50% acctonitrile in water
(3 x 10 uL).

2. Equilibrate the ZipTip for sample binding with 200 mM
ammonium acetate (1 x 10 pL).

3. Bind the digested sample, and wash oligonucleotides with
200 mM ammonium acetate (5 x 10 pL).

4. Elute oligonucleotides with 10 pL of 50% acetonitrile in water.

5. Dry under vacuum for 20 min without heating.

Nano-LC is performed at a 0.3 pL/min flow rate for 1 h. RNase
digestion products are cluted using a gradient from 15% to 35% B in
2 min followed by an increase of B to 50% in 20 min and then
returning to 15% B in 25 min.
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Table 1
List of natural and modified nucleotides identified in this study

Short Nucleotide [M-H]- [M-H] Neutral

Name name Symbol mass (Da) Np(Da) N> p(Da) loss (Da)
Guanosine G G 345 362 344

Cytidine C C 305 322 304

Uridine U u 306 323 305

Adenosine A A 329 346 328
2'-O-Methylguanosine Gm # 359 376 358
1-Methylguanosine mlG K 359 376 359
2'-O-Methylcytidine Cm B 319 336 318
5-Methyluridine msU T 320 337 319

Dihydrouridine D D 308 325 307
N6-Threonylcarbamoyladenosine® t6A 6 329 346 328 145

A full list of modified nucleosides is available in the Modomics database (http://modomics.genesilico.pl/modifications /)
“Due to the neutral loss of threonylcarbamoyl, nucleotide mass fragmentation of t6A corresponds to the mass without
modification. This modification occurs exclusively at position 37 in the anticodon loop

34.2 Mass Spectrometry  All experiments are performed in negative mode. The eluted RNase

Analysis digests are injected on line into the mass spectrometer via Nano-
LockSpray. Capillary voltage is set to 2.6 kV and sample cone to
30 V. Source is heated to 130 °C. For MS, a mass range from 500 to
1500 (m/2) is used, followed by collision-induced dissociation
(CID) fragmentation of most intense signals using fast data
directed acquisition (FastDDA) mode with a #/z detection range
of fragments from 50 to 2000. A collision energy ramp (18-28 Vat
m/z 500 and 28-38 Vat m,/z1500) is applied in the trap collision
cell to provide the maximum fragment ions.

3.5 Data Analysis All the fragment spectra are manually sequenced (sec Note 2).

1. Deconvolute CID spectra by using MaxEnt3 software (see

Note 3).

2. Using Table 1, listing the masses of the most common natural
and modified nucleotides, reconstruct the sequence by follow-
ing the y and/or ¢ series (see Note 4). Three sequencing
cxamples are shown in Fig. 3. Additionally, Fig. 4 gives a list
of all the different masses obtained by nano-LC-MS/MS and
the corresponding sequences.

3. Note that pseudouridine, an isomer of uridine, is a silent mass
and cannot be detected by this method (see Note 5).
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Fig. 3 Typical MS/MS spectra of RNase digested tRNA fragments. Only series y and ¢ have been sequenced.
(a) MS/MS sequencing spectrum of CUtBAAG=p after RNase T1 digestion. In the case of t6A modification,
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theoretical observed theoretical observed
mfz m/z z molecular mass (Da) sequence TRNA myfz m/z z molecular mass (Da)} seguence TRNA
RiNase TL
R78,62 B7863 -2 1758,3 CUBAG=p Ser GCU 947,11 947,10 -2 1895,2 CUUCAG>p Lau CAG
946,62 946,62 -2 1894,2 CAUCCG=p Ser GCU 956,11 956,10 -2 1913,2 CUUCAGR Leu CAG
955,62 955,62 -2 1912,2 CAUCCGp Ser GCU 966,12 966,09 -2 1933,2 TUCAAG=p Leu CAG
1135,15° 113513 -2 22713 UCAAAAG>D Ser GCU 975,13 975,10 -2 19512 TUCAAGPR Leu CAG
114416 114433 -2 22893 LICAAAAGR Ser GCU 988,14 988,13 -2 1977,3 AADDHG=p Leu CAG
1240,14 12401 -2 2481,2 CUCCCCUGSp Ser GCU 997,15 997,13 -2 19953 AADDHGp Leu CAG
124915 124912 -2 2499,2 cuccccuGp Ser GCU 1252,64 125260 -2 2506,2 UCCUUACG>p Leu CAG
125166 125163 -2 2504,3 CCUCACCG=p Ser GCU 1261,65 1261,62 -2 2524,2 UCCUUACGR Leu CAG
126366 126364 -2 25283 AALICCCCG>p Ser GCU 1233,15 1233,11 -3 3701,3 UCCCCCCCCUCG=p Leu CAG
1272,67 127263 -2 2546,3 AAUCCCCGp Ser GCU 1239,15 1239,10 -3 3719,3 UCCCCCCCCUCGp  Leu CAG
RMase A
858,11 858,11 -2 17172 GGGGTP Ser GCU 662,09 662,09 -2 13252 AGACD Leu CAG
991,15 981,16 -2 1983.3 AAAAGCp Ser GCU 1326,18 1326,17 -1 1326,2 AAGUp Leu CAG
1007,14 1007,15 -2 2015,3 GAAGGCp Ser GCU 836,12 83612 2 1673,2 GGAADp Leu CAG
117966 117969 -2 2360,3 GAGAGGCp Ser GCU 981,13 981,14 -2 1963,3 GGAADD>p Leu CAG
1417.20 141718 -2 28354 BAGGGAGUp Ser GCU 1007,63 1007.64 -2 2016,3 GAAGGUp Leu CAG
1046,47 104645 -3 3141,5 LUBAGGGAGUp Ser GCU 1030,64 103064 -2 2062,3 GGGGGTp Leu CAG
RiNase U2
706,10 06,1 2 1413,2 CUBA>p Ser GCU 823,61 823,63 -2 1648,3 ADDHG>p Leu CAG
807,11 807,11 -2 1615,2 CDGAA>p Ser GcU 865,60 265,59 -2 1732,2 PECGAA>D Leu CAG
915,15 915,15 -2 18313 CCGCCA Ser GCU 927,60 927,60 -2 1856,2 UCCUUA>p Leu CAG
966,62 966,62 -2 1934,2 GCUGCA>p Ser GCU 977,63 977,64 -2 1956,3 DDHGDA>p Leu CAG
1240,14  1240,14 -2 24813 CUCCCCUG>p Ser GCU 1142,16 1142,17 -2 232853 ADDHGDA>p Leu CAG
1388,19 138821 -2 27774 CUBAGGGA>R Ser GCU 1147,13 114733 -2 22953 GRUGUUA=p Leu CAG
127315 127316 -3 38215 GGCGCUCCCCUG>p Ser GCU 142566 142567 -2 28523 GUGUCCUUA=p Leu CAG
147921 147920 -2 29504 ADDHGDAGA®p  LeuCAG
1233,15 123317 -3 3701,5 UCCCCCCCCUCGp Leu CAG

IRNA Ser GCU

PGGUGAGGUGGCCGAGAGGCDGAAGGCGCUCCCCUGCUBAGGGAGUAUGCGGUCAALMAGCUGCAUCCGGEETUCGAAL CCCCGCCUCACCGLCA
Sequence coverage 77%

IRNA Leu CAG

pECGAAGGUGGCGEAADDRGDAGACGCGCUAGCUUCAGKUGUUAGUGUCCUUACGGACGUGGGGETUCAAGUCCCCC CCCUCGCACCA
Sequence coverage 52%

Fig. 4 List of all digested products experimentally observed for tRNA Ser GCU and Leu CAG, after individual
digestion with RNases T1, A, and U2. The MS/MS sequenced products are indicated in red in the full tRNA
sequences below the table. Although sequence coverage is close to 100%, some parts of the sequences are
still missing. Thus, in the case of uncharacterized tRNA, modifications existing in vivo may be missed

4. For methyl groups, it is not possible to localize the group on
the base and /or the ribose with this technique (see Note 6).

5. When a digested tRNA fragment is sequenced, the parent ion
and the fragments’ masses have to be checked using Mongo
Oligo mass calculator (https://mods.rna.albany.cdu,/mas
spec/Mongo-Oligo). A maximum tolerance of 0.05 Da
between the measured and calculated mass is routinely
tolerated.

6. Comparison of the resulting sequences with E. coli genomic
sequences  (http://gtrnadb.ucsc.edu) identfics tRNA  (see
Note 7).

Pl
<

Fig. 3 (continued) collision-induced dissociation (CID) fragmentation leads to a neutral loss of 145 Da
corresponding to the leaving of the threonylcarbamoyl group. s« corresponds to the location of the neutral
loss. (b) MS/MS sequencing spectra of GGAADD >p after RNase A digestion. (¢) MS/MS sequencing spectra of
Gm1GUGUUA>p after RNase A digestion
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. Map modifications on the tRNA sequence. Figure 4 shows a list

of all digested tRNA fragments sequenced by MS/MS.

4 Notes

. In the first-dimension electrophoresis, tRNAs are completely

heat denatured due to the dual action of gel temperature
(70 °C) and urca (8 M) and are separated by their length. In
the second dimension, urea concentration was decreased to
4 M, and the gel is run at room temperature. Under these
conditions, tRNAs are partially refolded, and the separation is
based on the partial secondary conformation.

. Software have been developed for interpretation and annota-

tion of MS/MS data (Ariadne [8], RoboOligo [9]), but to
obtain unambiguous localization of modifications, manual
interpretation of MS/MS spectra is still required.

. Electrospray spectrum produces multiple charged ions. Typi-

cally, RNase digest products are two or three times charged.
Spectrum deconvolution allows to simplify spectrum reading
by transforming multiple charges spectrum (#2/z) to mono
charge spectrum (mass).

. Generally, the most intense series are y and c. Mongo Oligo

online calculator (https: //mods.rna.albany.edu/masspec/
Mongo-Oligo) could be helpful to find and/or check ion

serics.

. Pseudouridine may be specifically derivatized using N-cyclo-

hexyl- N'-(2-morpholinoethyl )carbodiimide metho-p-toluene-
sulfonate (CMCT) in order to be detectable [ 10].

. LC-MS/MS of digestion products allows the localization of

methylation in the correct nucleotide but does not allow the
localization on the ribose and/or on the base. Using known
tRNA modification sequences, it could be possible to predict
the type of methylation. Modomics tRNA database (http://
modomics.genesilico.pl /sequences/list /tRNA /) [11] pro-
vides a large collection of modified tRNA sequences. Further-
more, based on phylogenetic conservation of modification
locations, tRNAmodviz (http://genesilico.pl/trnamodviz/)
[12], an online software tool, allows the visualization of modi-
ficadon pattern in tRNAs.

. As with protecomics strategy, RNase digestion generates a set of

oligonucleotides, specific to a unique tRNA. tRNA identifica-
tion is possible by using a genomic tRNA database.
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2. Cartographie des modifications post-transcriptionnelles des ARNt de S.aureus

La spectrométrie de masse est un outil puissant pour la caractérisation des modifications
post-transcriptionnelles des ARN. La méthode de purification et d’analyse par NanolLC-
MS/MS mise en place a ainsi permis d’établir une cartographie partielle des modifications
présentes dans 40 ARNt de S. aureus. Les modifications spécifiques des bactéries a gram
positives telles que le mo®U présente notamment dans les ARNt de B. subtilis a été localisé
en position 34 des ARNt de S. aureus. La cartographie des ARNt établie permet I'étude
dynamique des modifications des ARNt en réponse aux conditions environnementales

rencontrées durant I'infection.
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RNA modifications are involved in numerous biological processes. These modifications are constitutive or
modulated in response to adaptive processes and can impact RNA base-pairing formation, protein
recognition, RNA structure and s@bility. tRNAs are the most abundantly modified RNA molecules.
Analysis of the roles of their modifications in response to stress, environmental changes, and infections
caused by pathogens, has fueled new research areas. Nevertheless, the detection of modified nucleotides

Kapwonisy. =, in RNAs is still a challenging task. We present here a reliable method to identify and localize tRNA
Post-transcriptional tRNA modifications : . : o s 7

nanoLCIMSMS modifications, which was applied to the human pathogenic bacteria, Staphyloccocus aureus. The method
Staphylococcus aureus is based on a separation of tRNA species on a two-dimensional polyacrylamide gel electrophoresis fol-
D gell isolation lowed by nano liquid chromatography-mass spectrometry. We provided a list of modifications mapped

on 25 out of the 40 tRNA species {one isoacceptor for each amino acid). This method can be easily used to
monitor the dynamics of tRNA modifications in S. aureus in response to stress adaptation and during

infection of the host, a relatively unexplored field.
© 2019 Elsevier B.V. and Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). All rights

reserved.

1. Introduction
1.1. A brief tour on the roles of tRNA modifications in bacteria

RNA modifications alter the chemical and physical properties of
nucleotides and the biological functions of RNA. They are involved
in numerous biological processes because they can impact RNA
base-pairing formation, the structure of specific RNA motifs, pro-
tein recognition, translation and decoding properties, and RNA
stability (for a review see Ref. [ 1]). RNA modifications can be pre-
sent in many RNA species, but abundant noncoding RNAs such as
tRNAs, rRNAs, and spliceosomal RNAs are the most heavily modi-
fied ones and depend on the modifications for their biogenesis and
function. Today more than 170 modifications have been identified,
primarily in tRNAs and rRNAs (http://modomics.genesilico.pl/
modifications/) [2], and numerous RNA-modifying enzymes have
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been characterized [3—8]. The expression and activity of these
enzymes can be modulated in response to environmental stresses,
adding another layer of complexity in gene regulation. For example,
in bacteria, deregulations of meodifications in ribosomal RNAs
(rRNA) can promote antibiotic resistance [9-11]. In tRNAs, modi-
fications are central for folding, quality control, and efficient and
accurate decoding. Also, they control gene expression during stress
adaptation [12] and modulate interaction with human host [13].
tRNAs contain the largest number of modifications and the
widest chemical diversity [2]. The complexity of tRNA modifica-
tions ranges from simple methylations on the base or the ribose to
rather complex and large base hypermodifications, the synthesis
of which generally depend on a cascade of enzymatic reactions
[14]. Modifications have been shown to contribute to the highly
conserved L-shaped structure, which is crucial for the interaction
with a variety of proteins, the ribosome, and mRNAs. Interestingly,
the distribution of the modified nucleotides along the tRNA
molecule is conserved across evolution and reflects their two
major functions in maintaining the tRNA structure and, ultimately,
in decoding. Modified nucleotides concentrate in two hotspots -
the anticodon loop and the tRNA core region, where the D- and

0300-9084/¢ 219 Elsevier BV, and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved
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Abbreviations

LC Liquid Chromatography
MS Mass Spectrometry

BHI Brain Heart Infusion
EtBr Ethidium Bromide

TBE Tris Borate EDTA

HFIP Hexafluoro Isopropanol
TEA Triethylamine

TEAA Triethylamine Acetate

TW-loops interact with each other (reviewed in Refs. [ 15,16]). tRNA
modifications of the core are important for the stability of the
tRNA structure. In this context, it was shown that they affect
temperature adaptation in thermophilic as well as in psychrophilic
organisms [17]. The modifications of the core region are also
thought te be important for EF-Tu binding (U to T change at po-
sition 54 in the T¥ loop) [18] and since they are involved in the
tertiary interactions maintaining the L-shape, they are expected to
influence the binding of several proteins to the tRNA (ie. amino-
acyl tRNA synthetases and anticodon modification enzymes)
[19,20]. tRNA modifications also facilitate tRNA-mediated tran-
scriptional control through T-box riboswitches to sense intracel-
lular availability of amino acids [21] and participate in quality
control of tRNA integrity [22,23]. More recently, it was demon-
strated that hypomodification of tRNAs in Vibrio cholerae induces
their rapid decay mediated by the degradosome, demonstrating a
new quality control mechanism [24].

Their major role in translation is due to their direct or indirect
influence on the decoding process and fidelity of translation (i.e.,
[25]). Because the genetic code is degenerated, the 20 natural
amino acids are encoded by 61 triplets that are recognized by
22-46 distinct tRNAs depending on the organism. Therefore,
several tRNAs recognize more than one synonymous codon (ie., the
tRNA isoacceptors carry the same amino acid). The first nucleotide
at position 34 of the anticodon (wobble base) can potentially form
pairs non-complementary in the Watson-Crick sense (for a review
see Refs. [ 26,27]). Detailed structural, physicochemical and kinetic
studies of bacterial ribosomes associated with mRNA and
aminoacyl-tRNAs have shown that the decoding center of the
ribosome imposes specific constraints for the selection of a given
codon by its cognate aminoacyl-tRNA by strongly favoring Watson-
Crick pairs [25,28-34]. In miscoding induced by GU pairs, these
pairs are in a Watson—Crick-like state promoted by tautomeriza-
tion [27—-29]. Interestingly, post-transcriptional modifications of
nucleotide 34 can change the physicochemical behavior of the base
(frequency of tautomerism), the spatial preference of the nucleo-
tide (syn/anti, puckering of the ribose), the stability of codon-
anticodon base-pairing and the structure of the anticodon loop it-
self, all contributing to the fidelity of the decoding process
[25,35-40]. Atypical example is given by tRNATyrgua, tRNAASDG L,
tRNAAspcuc and tRNAHisguc, which can recognize both NAU and
NAC codons, allowing G-C Watson-Crick base-pair with NAC codons
and wobble G-U pair with NAU codons. These tRNAs (collectively
harboring GUN anticodons), in eukaryotes and bacteria, present the
Queuosine (Q) hypermodification on G34 [41]. Recently, Tuorto and
colleagues [42 ] have demonstrated that, in mammals, the presence
of Q affected translation speed. In the absence of Q modification,
ribosomes pause on NAU codons, while NAC codons are much less
affected [42]. Protein aggregation was observed for those genes
enriched in NAU codons. This phenomenon seems to be species-
specific since Q-modification in tRNAs in S. pombe has been

shown to improve translation increasing the decoding speed of C-
ending codons relative to U-ending codons [43]. Although not yet
investigated, such deregulation based on mRNA codon content in
response to the tRNA anticodon modification states, might take
place in bacteria which display distinct codon usage bias (GtRNAdDb
[44]). Because tRNA maodifications including the anticodon loop
modifications can be modulated by various environmental changes,
the proteome is expected to vary during adaptation [12]. To date,
perturbations of tRNA modifications following physiological stress
such as oxidation, temperature, pH, salinity, and nutrient starvation
are well established in eukaryotes, but less well studied in bacteria
|45 ,486].

1.2. Roles of tRNA modifications in pathogenic bacteria

During infection, pathogenic bacteria must adapt to the host
environment, which is often scarce in nutrients and oxygen, and
fastened with toxic metabolites and enzymes. They express viru-
lence genes to interact with host tissues, to compete with the
commensal flora, to avoid detection of the bacteria by the host
immune system or to fight against it. Thus, pathogenic bacteria
rapidly adapt to continuously changing environmental conditions
and often regulate virulence gene expression at both the tran-
scriptional and post-transcriptional levels. The analysis of the
impact of RNA modifications in pathogenic bacteria during growth
adaptation and infection has just started to be appreciated [47].
Recent studies in Gram-negative bacteria, have demonstrated that
deletion of genes encoding RNA meoedification enzymes leaded to
infection attenuation in mice, reduced colonization, decreased
levels of the pro-inflammatory cytokines, reduced bacterial
motility, replication in macrophages, and invasion of epithelial cells
([48] and references therein). For example, the deletion of the tRNA
guanine transglycosylase gene ( tgt) responsible for Q modifications
reduces the translation of VirF, the transcription factor orches-
trating Shigella flexneri virulence [49]. Moreover, tRNA modifica-
tions in pathogenic bacteria have been shown to modulate
interaction with human host [13], or to regulate the expression of
genes involved in the protection from oxidative stress, one of the
main challenges that pathogenic bacteria must cope with during
infection [50]. In mycobacteria, hypoxia modulates tRNA modifi-
cation state to selectively translate codon-biased mRMNAs for
persistence genes [51]. In numerous Gram-negative (Escherichia
coli, Salmonella enterica, Aeromonas hydrophila, Pseudomonas fluo-
rescens, P aeruginosa and P syringae) and some Gram-positive
pathogens (Streptococcus pyogenes and S. suis), the GidA/MnmE
tRNA modification pathway, which leads to methylation of U34 in
different tRNAs, has been implicated in the regulation of bacterial
virulence [52]. Even if the precise mechanism remains unclear, an
increased frequency of two-base frameshift has been reported [53].
Although these examples illustrate how the dynamic nature of
tRNA modifications regulates virulence in various pathogenic bac-
teria, the roles of RNA modifications in Staphylococcus aureus have
not been yet studied.

S. aureus is a Gram-positive opportunistic pathogen that is
present in a third of the population on skin and in nostrils [54] as
commensal bacteria, but is also responsible for a wide range of
infections from minor skin abscesses to life-threatening diseases
such as septicemia or toxic shock syndrome [55]. 5. aureus repre-
sents a major health problem due to the insurgence of antibiotic
multi-resistant strains in the hospital and community settings.
Given the importance of tRNA modifications in several aspects of
bacterial life, we decided toimplement a rapid and easy method for
their detection in S. aureus tRNAs for which little knowledge
existed.
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1.3. Analysis of tRNA modifications by mass spectrometry
approaches

Mapping of post-transcriptional RNA modifications using mass
spectrometry (MS) has existed for over 30 years [56]. The ability to
get precise measure of molecular masses (less than 1 Da) provided
the possibility to characterize modified residues in tRNAs using
liquid chromatography coupled to mass spectrometry (LC/MSMS).
Two complementary MS approaches have been developed. The first
one implies total digest of tRNAs into nucleosides in order to
identify the whole repertoire of modified nucleosides in one
experiment [57]. The resulting nucleosides are thereby separated
by reversed-phase high-performance liquid chromatography
[HPLC) [58] and modifications detected using spectroscopy (e.g.,
UV) or by mass spectrometry [59]. The comparison of the HPLC
chromatogram with known standard profiles and the characteristic
measured mass-to-charge ratio (m/z) of the ionized nucleosides are
contributing to the precise nucleoside identification. Atomic
composition is finally obtained via collision induced dissociation
(CID) tandem mass spectrometry (MSMS), providing a sensitive
method for obtaining a survey of modified nucleosides in the tRNA
sample, The second method is based on the generation of tRNA
fragments produced from specific endoribonuclease digestion (e.g.,
RNase T1 cleaves every guanosine at their 3" side). The generated
oligonucleotides with known 5 and 3'-nucleotide identity [60] are
then separated by HPLC and detected by MS. Fragments along the
phosphodiester backbone by CID MSMS can be manually inter-
preted to localize the modification to a specific nucleotide. Thus,
the mass and the sequence of each oligonucleotide is precisely
identified by LC/MSMS allowing determination of the nature of
each modification and their location in the tRNA sequence [G1].

These two complementary methods have provided the firstin-
sights into tRNA madification dynamics following various stresses
|56,62,63]. For nucleoside analysis, an ensemble of tRNAs can be
studied to follow easily the changes of their modification patterns
upen growth conditions while the LC/MSMS analysis of oligonu-
cleotides requires purification of specific tRNA prior to digestion.
This is usually done by affinity chromatography with a comple-
mentary DNA oligonucleotide linked to a solid resin or bead [63].
The recent development of Ultra-Performance LC (nanolC) permits
the careful separation of RNA fragments prior to the mass spec-
trometry analysis at very slow flow rates ( hundreds of nL/min) in a
column with a reduced resin diameter (<2 pum). This method re-
quires smaller sample amounts, generates less chromatographic
dilution and higher sensitivity. Because it is possible to detect very
small amounts of tRNA-derived oligonucleotides, a two-
dimensional gel electrophoresis (2D-PAGE) can be used to frac-
tionate each tRNA species from bulk RNA extracts.

Here, we describe the use of this method and its application to
the analysis of post-transcriptional modifications in S. aureus
tRMAs. We also provide here for the first time a map of 5. aureus
tRNA modifications present in 26 out of the 40 tRNAs with different
sequences, including at least one isoacceptor tRNA for each amino
acid. We will also discuss applications to better address the roles of
tRNA modifications in the physiopathology of S. aureus.

2. Material and methods
2.1. Bacterial growth

S. aureus HGOO1 strain, a derivative of RN1 (NCT8325) strain
with restored rbsU (a positive activator of SigB), was used for tRNA
isolation. The strain still contains a mutation at tcaR, a transcrip-
tional regulator involved in teicoplanin susceptibility and biofilm
|64]. S. aureus strain was manipulated under a specific hood in a

dedicated room for manipulating class Il pathogens. Stock culture
in glycerol 25%, conserved at —80 °C were plated on a blood-agar
Petri dish and grown at 37 °C overnight in Memmert model 100
incubator. One single clone was picked and grown in 2 mL Brain
Heart Infusion (BHI from Sigma-Aldrich), incubated at 37 “C with a
180 rpm agitation overnight in a Stuart” orbital incubator $S1600C.
A preculture (100pul) was added in 10mL BHI medium
(ODspgnm = 0.05), the bacterial growth was regularly checked until
it reached an ODgoonm = 3 with a Thermospectronic Genesys 20
spectrophotometer (~4 h of culture at 37 °C stirring at 180 rpm).

2.2. Cell lysis and total RNA extraction

Cells were pelleted by centrifugation at 3750 rpm (3000 g) for
15 min at 4°Cin a Beckman Coulter Allegra X12-R centrifuge with a
SX4750A rotor. Supernatant was carefully removed and the pellet
(200 mg) was resuspended in 1 mL of RNAPro® Solution (MP Bio-
medicals, CA). Cells lysis was performed using a FastPrep®-24 with
the 24 = 2 mL holder at 6 m/s speed in 2 mL FastPrep® tubes con-
taining 0.1 mm zirconium silicate beads from FastRNA® pro blue kit
(MP biomedicals, CA).

Total RNA purification followed the procedure described for the
FastRNA Pro Blue Kit (MP Biomedicals, CA). RNA was further puri-
fied by adding 1/2 volume of chloroform:isoamyl alcohol (19:1),
vortexed 10 s before precipitation of the RNA in the aqueous phase
obtained by adding 3 vol of cold absolute ethanol {1.2 mL) in 2 mL
Eppendorf tubes at —20°C overnight. RNA was precipitated by
centrifugation at 13000rpm (18000 g) for 15 minat 4 °C using an
Eppendorf 5417R centrifuge with a F45-30-11 rotor. The RNA pellet
was washed with 500 uL of 80% cold ethanol and dried 20 min
under vacuum in a Speed Vac® from Savant, before being resus-
pended in 200 pL of milliQ water. RNA concentration was deter-
mined by measuring absorbance at 260 nm with a Nanodrop ND-
1000 spectrophotometer. Total RNA concentration was adjusted
to 2 pg/ul. For phenol or chloreform extraction, work has to be
done under a fume hood. Eppendorf tubes, tips, and buffers were
RNase-free.

2.3. tRNA purification, 1st dimension PAGE

The first dimension gel electrophoresis was performed under
denaturing conditions using 15% polyacrylamide gel (15% acryl-
amide:bisacrylamide 19:1 solution frem Roth, 8 M urea, 1 = TBE
buffer from Euromedex™) (Fig. 1A}, Before loading the RNA sample,
the gel was pre-run at 900V for 20 min. One volume of urea-blue
solution (urea 8 M, bromophenol blue and xylen cyanol 0.025%)
was added to 5 puL containing 10 pg of total RNA. The sample was
heated at 90 °C during 2 min before loading on the gel. After 15h
migration at 500V at 20 °C, the gel was stained with 0.5 pg/mL EtBr
solution {from Sigma-Aldrich) by soaking the gel during 5 min, then
washed with milliQ water and visualized on a High performance
2UV™ transilluminator from UVP. The gel slice containing 55 rRNA
and tRNAs was cut to perform the second dimension gel.

24. Individual tRNA purification, 2nd dimension PAGE

The second dimension was performed under semi-denaturing
conditions. The first dimensional gel slice (see & 2.3) was first
placed horizontally at the top and between two glass plates
(20 = 20 c¢cm). Then a solution containing 20% polyacrylamide
{polyacrylamide-bisacrylamide 19:1), 4 M urea, 1X TBE and 0.06% of
ammeonium persulfate and TEMED was poured between the plates.
Once polymerized, the gel was run at 6 W (200V) for 24 hat 20°C
using BioRad Protean [1 xi Cell. The gel was stained with EtBr as
described in paragraph § 2.3 before UV visualization (Fig. 1B). Gel
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Fig. 1. Complete protocol for nanoLC/MSMS analysis of S aureus tRNAs from isolation to modification mapping. The five main steps of the protocol are as follow. A First-
dimension PAGE. Total RNA was migrated on the fist-dimension gel electrophoresis (denaturing 15% PACGE with 8M Urea). The gel slice containing “tRNA-size”
(25000-150000 Da) RNA species migrating close to 55 rRNA, was cut. Arrow 1 indicates the direction of gel migration. The gel slice containing the tRMAs is deposited on the top of
the second-dimension gel. In parallel, the 21 visible bands {colored by Ethidium Bromide and named from o to ) were cut individually, digested wath RMase T1 and analyzed by
nanoLC{MSMS to determine which tRMAs are present m each band (see at the end of the legend). B. Second-dimension PAGE. Separation of the tRNAs from the first-dimension gel
slice in the second-di ion gel electrop { uring 20% PAGE with 4 M Urea). Arrow 2 indicates the direction of migration. After staining, the gel was divided into
three large areas to be analyzed by the Ce! Doc™ EZ imager. Here only the middle (left) and bottom {right) parts are reported but the two pieces are coming from the same
experiment, No spclrswele\nsible on theupper part of the gel (not shown). Each of the 23 spots (numbered from 1 to 23 was cut and wsed for the following steps. The identity of
these spots, as ok d from the compl lysis is given at the end of the legend. C. RNases in gel digestion. The spots were subjected to RNase T1 or RNase A digestion, desalted,

and used for the liquid chromatography separation of the fragments, D. nane LC (Ultra-Performant Liguid Chromatography ) and MS analysis. The RMase derived fragments from each
2D spot are separated on the BEH C18 column with a 300 nL/min flow rate. An example from spot 17 (tRNAValjac 1.2 ;)dlgesl:ed with RNase'I 1is given. Each peak is subjected to MS
(insert) and MSMS (E) to del:ermme its sequence and the presence of modifications, £ MSMS analysis. Electros ion Collision-Induced Dissociation (ESI CID) spectrum
obtained for the *CCUSUAC = AGp™ oligonucleotide (mfz = 972,87 triple charged (-3H")) from the 5. aureus tRMAValyacy.2.3. The profile obtained from the MSMS (fragmentation )
analysis is shown with its sequence given from its 5 nucleotide (sequence in green, ¢ ‘iun series) or from its phosphorylated 3' nucleotide (sequence in red, y ions series). The
localization of a NE-mE:hyIadenDsine(m"A) is showed with its symbol * = *. 1D bands: a: tRNASer;caa: b: 55 rRNA ragment + tRNASercqy; ¢ 55 rRNA fragment + tRNASEr;ca; d:
IRNATYT cuan; e tRNALEUpac: fi ERNALEU A 20 27 ERNALEUcas: fiz IRNAHIScuG) 20 12 IRNATRRc 29 + IRNAHIScouc 20 2 IRNAATE accy o + tRNAMetca: ko ERNAG cocy 2y (pro-
teinogenic): It t(RNAASPGucy.a.34 + tRNAllegayy2: m: IRNAMetcaw; 7t IRNAValyaci .30 00 IRNAValyacy 2.3 + IRNAGIUpyey: pr IRNAPTOuce )2 + IRNAALayce .20 g ERNAALayce
1+ tRNAPhega: 1 (RNAG o2y + tRNAASTIGU 2.0 + RNALYSyimpa; 81 ERNAGINy G 2 + tRNATPoca: B ERNAGIV) oey a0 (nOn-proteinogenic ). 2D spots: 10 tRNASen; 4: 2: 55
rRNA fragment; 3: tRNASercq,: 41 tRNASErpcay: 50 IRNATYGuan; 62 t(RNALeUyag; 70 LRNALEU .25 B tRNALBUCA,; 91 tRNAHISquG -2 100 ERNAANRE a2 111 tRNAThIpgyy 235 121
IRNAMeteayy; 130 t(RNAGIYCccp2; 140 tRNAASPGicy.2-3-45 150 IRMNATTeG x5 .27 167 IRNAMety i 17 tRNAValyacy 2.3: 180 tRNAGIg sz 19 tRNAProges 121 200 tRNAAaycey29: 210
tRNAPhecas : 220 tRNAGHY ey (proteinogenic }; 23: ERNAASNG 2.7 241 t(RNALYS .92 250 tRNATrpecs: 261 tRNAGIN 6y 20 27: tRMAGIY ey a0 (non-proteinogenic). 10 bands
and 20 spots are also summarized in Table 1.

pictures were taken with a Gel Doc™ EZ imager with its corre- and dried under vacuum for 10 min (Speed Vac™). Digestion of the
sponding 16 = 12 cm UV tray. tRMNAs with specific RNase was carried out directly on the gel
fragments. The gel spots were incubated with 20 uL of 1U/uL of
RNase T1 from Thermo Fisher Scientific (cleavage at G residues)in
ammonium acetate 100 mM (pH 6.8) and incubated at 50 °C for 3 h
followed by a 37°C overnight incubation under 300 rpm constant

2.5, In gel RNase digestion

Gel spots containing tRMNAs were excised with a blade scalpel
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agitation. Alternatively, 20 pL of 0.01 U/uL of RNase A from Thermo
Fisher Scientific (cleavages at C and U residues) in ammonium ac-
etate 100 mM were added to the gel spots and the samples were
incubated at 60°C during 3 h, followed by a 37 °C overnight incu-
bation under 300 rpm constant agitation, The samples were stored
at —20°C or immediately desalted, after removal of the gels by
centrifugation (10 min, at 18000g, at 4 °C), using ZipTIP C18 (Mil-
lipore) prewet with acetonitrile 50% in milliQ water (3 = 10 uL) and
200 mM ammonium acetate (3 x 10 pL). The supernatant contain-
ing the digested tRNA fragments passively eluted from the gel, was
loaded on the column, which was then washed with 200mM
ammonium acetate (7 = 10 uL) followed by milliQ water (5 = 10uL).
Finally, the fragments were eluted with 10 pL of 50% acetonitrile in
milliQ water and dried for 25 min under vacuum (Speed Vac®)
(Fig. 1C).

2.6, nanoLC/MSMS of RNA eligonucleotides

The pellet containing the oligonucleotides is resuspended in
3 pL of milliQ water, The oligonucleotides were then separated on
nanoLC Acquity UPLC peptide BEH C18 column (130A, 1.7um,
75 pm x> 200 mm) using a nanoAcquity UPLC system (Waters ). The
column was pre-equilibrated in Buffer A (200mM HFIP (Hexa-
fluoroisopropanol), 7 mM TEA (Triethylammonium}, 7.5 mM TEAA
(Triethylammonium acetate, pH 7.5) at a flow rate of 300 nL{min.
After loading on the column, the RNase digestion products were
eluted using a step gradient with two segments. The first consists of
agradient 15—-35% of solution B ( 100% methanol (MeOH)) for 2 min,
followed by the second step where the solution B reaches 50%
(during 20 min at the same flow rate). Finally, the MeOH solution is
decreased to 15% during 25 min. The column is then re-equilibrated
in Buffer A during 20 min (Fig, 1D).

MS and MSMS analysis were performed using a SYNAPT G2-S
HDMS from Waters equipped with a NanoLockSpray-ESI source in
negative sensitivity mode with a capillary voltage set to 2.6 kV and
sample cone to 30 V. Source was heated to 130°C. For MS analysis, a
mass range from 550 to 1500 (m/z) was used followed by Collision
Induced Decay (CID) fragmentation of most intense signals with a
m|z detection range of fragments from 50 to 2000 with 1s scans
(Fig. 1E).

2.7. Data analysis

Chromatograms and spectra were processed using the Masslynx
software from Waters (V4.1). CID fragment spectra were deconvo-
luted by MaxEnt3 tool to convert the m/z measured from multi-
charged ions into singly charged ones. Spectra were then manu-
ally sequenced using oligonucleotide fragmentation ion nomen-
clature [65]. Sequences are deduced by calculating mass difference
between consecutive fragment ions singly charged. Typically, the
most intense ion series (y and c¢) were used. Correct manual
annotation was checked using MongoOligo online calculator
(http://mods,rna.albany.edu/masspec/Mongo-0ligo), with a
maximum tolerance of 0.05 Da between the calculated mass and
the measured mass for parent and fragment ions. The tRNA
genomic sequences were obtained from the HG0O01 genome [66].

3. Results and discussion
3.1. A global view of S. aureus tRNA modifications
The above protocol is fast and easily implementable. Briefly, the

pool of tRNAs extracted from S. aureus cultures was isolated by
collecting RNA species of sizes smaller than the 55 rRNA (118

nucleotides), which are clearly visible on a denaturing (8 M Urea)
1D gel (Fig, 1A). The tRNA samples were loaded on two different
lanes on 1D gel. One lane was used for direct nanoLC/MSMS anal-
ysis and the other one was deposited on top of semi-denaturing gel
for the second-dimension. The bands from the 1D gel were cut and
analyzed by nanoLC/MSMS method to assign each tRNA (Fig. 1A).
Several bands contained different RNA species (i.e., band b contains
both a 55 fragment and tRNASergqy; and band j contains both
tRNAArgacgi -2 and tRNAMetcyq ). To assign unambiguously frag-
ments to the different tRNAs, we then proceeded to a further pu-
rification step using the second-dimension gel electrophoresis
under semi-denaturing conditions (4M urea) (Fig. 1B). The 1D
bands gave rise to several spots where tRNAs are migrating indi-
vidually (i.e. band b was resolved into spots 2 and 3 containing 55
rRMA and tRMNASergcy, respectively; and band j was resolved into
spots 10 and 12 corresponding to tRNAArg scgq1 2 and tRNAMeteag,
respectively). Each spot was subjected to the in-gel RNase T1
digestion (Fig. 1C) followed by nanoLC/MSMS analysis (Fig. 1D—E),
which provided information on the sequences and on the presence
of modifications.

Sixty-one tRNA genes are present in S. aureus HG001 [63]. They
are transcribed from eleven loci as single genes (tRNASerucai,
tRNAArgecs, tRNAArgqy and tRNAGIngugs) or organized into
seven operons (1 to VII, Fig. 2) sometimes together with rRNAs. The
number of isoacceptor tRNAs varies between one (Cys, Trp and
elongator tRNAMets) to seven (tRNAGly) (Fig. 2). With the exclu-
sion of the non-proteinogenic tRNAGly and the tRNACys, we could
determine fragments belonging to 25 different tRNAs (Table 1)
representing 46 tRNA genes, at least one isoacceptor for each tRNA.
Some isoacceptors have identical sequences and cannot be distin-
guished in our analysis (the three tRNAAlayce, the two tRNAArgace,
the three tRNAAsngyy, the four tRNAAspauc, two of the three
RNAGInuG, the two tRNAGlycee the two proteinogenic tRNA-
Glyuce, two of the three non-proteinogenic tRNAGlyycr, the two
tRNAllecau, the two tRNALeuyas, the two tRNAProuce, the three
tRNAThrycy and the three tRNAValyac). For the other tRNAs, we
could determine exactly from which gene they were transcribed.
Only fourteen tRNAs could not be detected (indicated with blue
dots in Fig. 2; tRNAGlupycz and tRNAGluyycs are identical and
therefore counted as single species). Three of them are transcribed
from a single gene while the others belong to operons from which
other tRNAs were isolated in our analysis. Since the most intense
spots on the 2D-gel were all analyzed, it is possible that they are
less abundant (less transcribed or more rapidly degraded) and
more difficult to be detected. To complete the S. aureus tRNA
analysis, it would be necessary to purify them individually using
biotinylated oligonucleotides, which could specifically fish them
from total RNA extracts [63].

Several modifications were detected on the tRNA fragments
(Fig. 3) deriving from the core region (D and TW stem-loops), the
variable region, and the anticodon loop. Modifications at nucleo-
tides in the core region and variable loop include dihydrouridine
(D), 1-methyladenosine (m'A), 7-methylguanosine (m’G), and
thymidine (T). A high diversity of modifications was found in the
anticodon loop and ten of them concentrate at positions 34 and 37
(Table 1, Fig. 3). Using the present strategy, pseudouridine (W)
cannot be detected since its mass is indistinguishable from that of
uridine. In order to trace them, we use N-cyclohexyl-N'-fi-(4-
methylmorpholinium) ethylcarbodiimide p-tosylate (CMC) deriva-
tization which modified only W under alkaline conditions (at pH
above 10} [67]. Although such modification can be visualized by
mass spectrometry [68,69], we unfortunately lost it during the
MSMS fragmentation step preventing the detection of any W. This
technical issue could be solved by the use of acrylonitrile, which is
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Fig. 2. Staphylococcus aureus HGOO1 tRNA operons organization. The sixty-one genes present in 5. ourens HGO01 [66] were placed on a dreular genome representation using
DMNAPlotter [96], The tRNA genes are expressed from eleven lod sometimes as single gene, and more often as operons, which also contain rRNA genes. tRNAs which were not
detected in the present study are marked with a blue dot. tRNA genes on the positive and negative strands are represented as long blue and green tracks, respectively, rRNA genes on
the positive and negative strands are represented as yellow and pink tracks, respectively. Coding sequences on the positive and negative strands are represented as red and cyan
tracks, respectively. Mean centered GC% plot is represented in mustard {above-mean) and violet (below mean).

more resistant to the fragmentation [70].

Table 1 shows the regions that were probed for each analyzed
tRNA. Four tRNAs are almost complete (coverage > 70% for the
tRNASerycas, the tRNAProyggi-z, the tRNALysyyuz-z and the
tRMNAGIuyyc ). On average almost 60% of the tRNA sequences were
analyzed and, for most of the tRMAs, the core region and the anti-
codon loop were covered with the exception of tRNALeupaat-z and
tRNATrpecy, for which we could not cover any nucleotide of the
anticodon loop, and tRNAArgacc1-2 and tRNAGInyuc1-2, for which
we could not detect fragments including their anticodons (nucle-
otides 34—36). In this study, we used RNase T1 and RNase A since
they are highly active enzymes able to hydrolyze RNA in the gel
RNase T1 cleaves specifically at guanosines while RNase A cleaves at
pyrimidine residues, To enhance the coverage, we tested other
RMases. We first used RNase MC1, which cleaves at the 5" of uridine
and pseudouridine [ 71] but no significant gel digestion of the tRNAs
could be obtained (data not shown). We finally adapted RNase U2,
which cleaves at purines with a slight specificity to adenosine [72],
and preliminary data revealed that RNase U2 is able to digest RNAs
contained in gel. By using multiple RMases with different base
specificity, oligonucleotide fingerprints can be overlapped to pro-
vide full sequence coverage and to complete the mapping of tRNA
modifications.

Overall, 5. aureus tRNA modification types and their localization
are similarly found in other Gram-positive bacteria such as Bacillus
subtilis [2] and Lactococcus lactis [73] (Fig. S1). S. aureus specific
features are discussed thereafter.

3.2, Individual tRNA modification maps

All modifications that were detected in the analyzed S. aureus
tRNAs are detailed in Table 1. As expected, most of them were
localized in the core regions and in the anticodon loops. In general,
the modifications were also conserved in many other bacteria.

Our work highlights the possible roles of the modifications at
position 34 and 37 in tRNA anticodons for fidelity maintenance,
codon selection and discrimination in S. aureus. For instance, Q at
position 34 of tRNATyrgys was proposed to efficiently discriminate
tyrosine codons (UAU and UAC) from stop codon during translation
in eukaryotes (review in Ref. [14]) and to increase affinity for UAU
codons [42] in bacteria. As expected, we could detect Q34 in
tRNATYIcuaz, but also in tRNAAsngyyi3, tRMAASpcuci.a and
tRNAHisG 6.2

Modification at U34 is regularly found in tRNAs that read split
codon-box families where the synonymous A- and G-ending co-
dons encode a different amino acid than the U- and C-ending co-
dons. We detected three major modifications at U34 (Table 1). The
mo°U (5-methoxyuridine (5)) [74] was present in eight S. aureus
tRNAs. This modification is only found in Gram-positive bacteria
and is believed to enhance translational fidelity by the ribosome
[27,39,75). We found crnnm®s?U ( 5-carboxymethylaminomethyl-2-
thiouridine ($)) in the S aureus tRNALysyyyz.a. This hyper-
maodification is ubiquitous in all bacteria and is usually detected in
several tRNAs (Lysuuu, Glngue, Glugue Trpuca or Leuyaa ). Finally,
mnm?s2U (5-methylaminomethyl-2-thiouridine (S)) was observed
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Table 1

Characterization of RNA modifications in 26 Staphylococcus aureus tRNAs, Sequences of characterized tRNAs are re ported with their respective coverage percentages. In the
sequences the color code is as follow: red nucleotides indicate oligonucleotides fragments obtained by RNase T1 digestion, green nucleatides indicate oligonucleotides
fragments obtained by RNase Adigestion {overlapping sequences are in red) while black nucleotides represent regions that could not be analyzed. The various regions of the
tRNAs are visualized by colors according to the tRNA database http://tmabiomnfuni-leipzigde/as follow: sequences highlighted in orange are for the two complementary
strands of the anticodon arm; sequences highlighted in green are for the two complementary strands of the D-stem; sequences highlighted in blue are for the two com-
plementary strands of the acce ptor-stem; sequences highlighted in pink are for the two complementary strands of the T-stem; sequences highlighted in light blue are for the

CCA at the 3'. Modifications are indicated with symbols described in Fig. 3B,
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in tRNACGIuyye and tRNALysuy as shown in several Gram-negative
bacteria like Escherichia coli. The hypermodifications (S and $) at
U34 are primarily observed on tRNAs carrying U34 and U35
(Table 1). In fact, these two uridines are essential recognition de-
terminants for the enzyme MnmA, which catalyzes the thiolation at
position 2 of U34 [76]. Intriguingly, S. aureus tRNALySyui-3 pre-
sented both “$" and "S" modifications at U34 (Fig. S2). Such het-
erogeneity was also observed at position 37 where t°A (N6-
threonylcarbamoyladenosine (6)) was present on the same frag-
ment presenting S at U34, while an unknown adenosine hyper-
modification (for a total mass of 530 Da for the nucleotide) was
observed for the fragment containing $34. To estimate the relative
abundance of the two different modification patterns of tRNALy-
syuuz-a, the area of the peaks of the two distinct oligonucleotides in
the mass chromatogram was determined (Figs. S2E—F). The com-
parison reveals that the oligonucleotide containing the anticodon
with unknown modified adenosine (H) represents 34.6% of the total
tRNALysyyya.3. Further analysis will be required to identify this
novel modification, to carefully quantify its abundance and to un-
derstand the functional consequences of such heterogeneity in
tRNALys.

The modification contents were also analyzed on the unique
elongator tRNAMetcay and one initiator tRNAMet;jcayy species. The
important determinants of the initiator tRNA in all bacteria are the
absence of a Watson—Crick base pair between positions 1 and 72 in
the acceptor stem and the presence of three conserved consecutive
G:C base pairs in the anticodon stem [77]. The peculiarity of the

acceptor stem accounts for the high specificity of the methionyl-
tRNAMet transformylase (FMT) for methionylated tRNAs over other
aminoacylated species [78,79], while the anticodon stem-loop is
important for IF3 discrimination of non-initiator tRNAs in the 308
translation initiation complex [80-83]. In addition, formylation of
the methionine prevents misrecognition of the initiator tRNA by
EF-Tu [84,85]. No modification could be detected in the anticodon
of the initiator tRNAMet (Table 1). A search in the Modomics
database (http://modomics.genesilico.pl [2,86]) shows that the
absence of modification in the anticodon is a trait common to other
bacterial initiator tRNAs (e.g. Lactococcus lactis and Streptomyces
griseus), except that a methylation on the ribose at (32 was
observed in Thermus thermophilus and in E coli. The absence of
modification for the initiator tRNA anticodon could be another
peculiarity of the translation initiation complex in which decoding
is monitored at level of the 30S subunit bound to the initiation
factors IF1, IF2 and IF3 [87].

For the elongator tRNAMet -, we identified a Nd-acetylcytidine
(M) at position 34 and a N6-methyladenosine (=) at position 37.
Modifications at €34 and A37 are present in most of the bacterial
elongator tRNAMet and believed to be important to maintain fi-
delity. For instance, the M34 modification in E. coli elongator
tRNAMet was shown to prevent misreading of the AUA isoleucine
codon [88]. Indeed, the NAU anticodons are particular because
besides the tRNAMet, one tRMAlle isoacceptor also carries the
anticodon CAU (Fig. 2). In addition, 5. aureus encode two other
tRNAlle isoacceptors with the CGAU anticodons. In various
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Fig. 3. Atlas of modifications characterized on §. aureus tRNAs. A The different modifications ohserved on 5. aureus tRNAs are reported on the typical cloverleaf two-dimensional
structure of a tRNA. The acceptor stem, the variable region, the D, TW and anticodon loops are indicated. The nuclestide positions where the modifications were found are
highlighted by light blue filled circles, B Table summarizing the modifications with their abbreviations, the tRNAs for which each modification was found and its nucleotide position.

organisms, there are some variations in the tRNAlle content.
Indeed, only in some bacteria, some tRNAlle have the UAU antico-
dons, common also in eukaryotes, Most eukaryotes have two iso-
acceptor tRNAlle, one with the anticodon IAU (I = inosine), which
reads all three isoleucine codons (AUU, AUC and AUA) [89], while
the other, with the anticodon WAW, is thought to read only AUA
[90]. In bacteria, tRNAllegay reads two of the isoleucine codons
(AUU and AUC) and carries a t°A modification at position 37, as it is
also in S aureus (Table 1). The other tRNAllecay reads the third
isoleucine codon AUA and usually carries a lysidine residue (Lysine
modified C at position 34). The enzyme TilS, responsible for this
modification, is not only essential for the correct recognition of the
AUA codon but also for the amino-acid specificity from methionine
to isoleucine [91,92]. This modification enzyme is also present in
the S aureus genome suggesting that the lysidine modification is
most likely present in tRNAllecay to maintain fidelity. Purification
of this isoacceptor tRMAlle will be necessary to assert this
hypothesis.

3.3, tRNA modification dynamics under different stress conditions

The protocol presented here can be easily applied to analyze
specific stress conditions that might alter the modification state or
the nature of modifications in tRNAs. The possibility to probe
several tRNAs in one single experiment using 2D-gel isolation
procedure, without the need of biotinylated probes to capture
(single) tRNA, has removed one of the major bottlenecks for the LC/
MSMS analyses. The recent advances in mass spectrometry tech-
nologies and software [93,94] now enable the routine sequence
mapping of modifications from much less material than in the past.
Prior to medification mapping on individual tRNAs, a complete
nucleoside profile of total tRNAs would be complementary to
screen for modification changes taking place under specific con-
ditions. The analysis of the dynamics of tRNA modifications upon
stress encountered during infection in S aureus might reveal

unexpected strategies developed by the pathogen to survive,
persist, and fight against host immune defenses, The increase in the
sensitivity of nanoLC/MSMS methodologies and the new develop-
ment of high throughput RNA sequencing analysis [95] are prom-
ising developments amenable to gain a full picture of RNA
modifications, opening new areas in the field of RNA regulatory
functions in bacteria.
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Figure S1. nanoLC/MSMS analysis of spot n°24 containing Lys-tRNAyyy,.; after RNase T1 digestion. A. Elution
profile of the nanoLC of spot n°24 containing Lys-tRNAyy,-3 after T1 digestion. The different fragments are as
follow: a acceptor stem (sequence *CUACACCA® from position 70 to 76); b acceptor stem (sequence
5'CAUCUGpa' from position 25 to 30); ¢ acceptor stem (sequence 5'CCAUUApr from position 4 to 10); d TW loop
and stem (sequence 5'AAUCCUCUAUGpg' from position 57 to 68); e anticodon loop (sequence
*ACUUUUAAUCAG® from position 31 to 42). B. MS spectrum of the peak e of the nanoLC chromatogram
corresponding to the anticodon loop. The two main ions have been selected for further fragmentation. C. MSMS
spectrum of anticodon loop corresponding to the sequence 5'ACUSUUA*AUCApr with the 145 Da neutral loos
specific of the t6A. A* is present at position 37, carrying the t6A modification. Measured m/z : 1340,19 (-3H").
The specific bonds that fragment most often are the 5’ P-O inter-nucleotide bond. Fragment ions where the
charge is retained on the 5'-fragment are denoted as c-type fragment ions, and fragment ions where the charge
is retained on the 3'-fragment are denoted as y-type fragment ions {McLuckey, 1992 #79}. D. MS/MS spectrum
of anticodon loop corresponding to the sequence 5'ACU$UUHAUCAGp3' without neutral loss. Measured m/z :

1373,50 (-3H").
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3. Analyse de RNA-Seq des ARN non codants de S.aureus

Afin de compléter la cartographie des modifications des ARNt (et ARNr), réalisée par
NanoLC-MS/MS, des approaches complémentaires basées sur le RNA-Seq ont été combinées
(Fig 3.). Les trois techniques qui ont été utilisées permettent de détecter les W, m’G, m®C, D
et 2’-0O methylations. Les analyses RNA-Seq telles que I'HydraPsi-Seq (Marchand et al.,
2020), I'AlkAniline-Seq (Marchand et al., 2018) et le RiboMeth-Seq (Marchand et al., 2016;
Ayadi et al., 2018) ont été réalisées en collaboration avec le Pr. Yuri Motorin et la Dr. Virginie
Marchand de la plateforme Epitranscriptomique et Séquencage (EpiRNA-Seq) de Nancy. Ces
analyses ont été réalisées sur les ARNt totaux et sur les ARNr. Les résultats d’HydraPsi-Seq
révelent la présence de pseudouridines en position 13, 32 et 55 des ARNt et également en
position 524, 634, 717 et 1282 de I’ARNr 16S. L’AlkAniline-Seq spécifique des m’G, m*C et D,
a confirmé la présence de modifications caractérisées pas NanoLC-MS/MS telles que les
dihydrouridines localisées dans la boucle D et le m’G en position 46 dans la boucle variable
de 'ARNt " gs. Cette méthode a également permis la caractérisation d’un m’G en 534 de
’ARNr 16S. Le RiboMeth-Seq a confirmé la présence d’un 2’0-méthyl en position 34 de
I’ ARNt"*can mais a également révélé la présence d’un Gm en position 45 de ’ARNt"?'yc ainsi

que la présence d’'un Cm en position 1411 de ’ARNr 16S.

Acceptor stem nanolC/MSMS
W-Seq

AlkAniline-Seq
RiboMeth-Seqg

# Variable
region

3 miG > A o Y
cmnm®s?U 3 ":‘A .
mnm?stU A w34 ¢ |
ac’c Anticodon | I*A )

B loop
B

Figure 3 : Modifications cartographiées par différentes méthodes de NanoLC-MS/MS et RNA-Seq dans les ARNt
a gauche et ’ARNr 16S de S. aureus a droite
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4. Réponse au stress oxydant :

Apres avoir caractérisé de nombreuses modifications sur des ARNt de S. aureus, leur
dynamique en réponse a des conditions mimant les stress rencontrés pendant l'infection
reste a déterminer. La production par les macrophages et les neutrophiles de ROS générant
un stress oxydant est une des lignes de défense du systéeme immunitaire. Tout d’abord, des
analyses de transcriptomique différentielle et de protéomique sont réalisées afin de
caractériser I'adaptation globale de la bactérie au stress oxydant avant de suivre les

changements de modification des ARNt.

L'induction des ROS dans les cultures de S. aureus est réalisée par I'ajout de I'herbicide
Méthylviologen (MV ; N,-N’-dimethyl-4,-4'-bipyridinium dichloride ; aussi appelé Paraquat).
Le MV est une molécule communément utilisée pour étudier le stress oxydant chez les
bactéries et les plantes. La réaction entre le radical du MV et le dioxygene (O;) génere les

especes toxiques : le radical superoxyde (O;) et le peroxyde d’hydrogéne (Hassan, 1984).
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i.  Analyse transcriptomique et protéomique
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Figure 4 : A) Volcano plot représentant I'analyse transcriptomique différentielle de cultures de S.aureus HG001
soumises a un stress oxydant (Annexe 1.). Pyr et Pur représentent les voies de biosynthése des
désoxynucléotides et NR représente la voie de réduction des nitrites et des nitrates. B) Extraits du volcano plot.

L'analyse transcriptomique différentielle de cultures de S. aureus HGOO1 cultivées en
conditions normales ou soumises au stress oxydant généré par le méthylviologen est réalisée
en collaboration avec la plateforme EpiRNA-Seq. Ces résultats montrent une surexpression
de génes codants pour des protéines phagiques et des enzymes de détoxification. De méme,
des protéines impliquées dans les voies de synthése des acides nucléiques (purines et
surtout pyrimidines), de la réparation de I’ADN ainsi que de la réduction des nitrites et des
nitrates sont plus exprimées chez les bactéries stressées (Fig. 4A.) La plupart des facteurs de
virulence sont sous exprimés, notament cap8A impliqués dans la synthese de la capsule, la
staphopain, la triacylglycerol lipase (lip2) et les toxines (I'alpha-hemolysin hly, la delta-
hemolysin hld présente dans I’ARNII, les gamma-hemolysins hIgABC et les peptides PSM).
Tandis que I’hémolysine B, le clumping factor B, la protéine A sont surexprimés en condition

oxydante. Le niveau de tRNA semble également légérement plus faible chez les bactéries
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stressées, spécifiquement I'ARNt™". Les protéines chaperonnes semblent & Iinverse

légerement plus exprimées durant le stress (Fig. 4B.).
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Figure 5 : Volcano plot représentant I'expression différentielle des protéines de cultures de S.aureus HG001
soumises a un stress oxydant (Annexe 2.).

Les données de protéomique ont été obtenues par analyse LC-MS/MS d’extraits de
protéines totales issues de bactéries HGOO1 cultivées ou non en présence de MV, cette
analyse est réalisée en collaboration avec la plateforme protéomique de I'Esplanade de
Strasbourg. Cette analyse montre une activation de I'expression des genes phagiques ainsi
gu’une forte augmentation de 'expression de genes codant pour des protéines de réponse
générale au stress (Dps) ainsi que des sous unités C et F de I'alkyl hydroperoxide reductase
(AhpC et AhpF). Plusieurs protéines impliquées dans I'import de fer provenant du milieu
(YfiY, YfmC_2) ou de I'hote (Isdl) sont également surexprimées lors du stress oxydant. De
méme, une protéine dont I'expression est influencée par la disponibilité du fer (IsdA) semble
légérement plus présente dans les bactéries stressées. La protéine de réparation de ’ADN
RecA ainsi que des protéines impliquées dans le métabolisme des acides nucléiques, plus
spécifiguement des pyrimidines sont surexprimées lors du stress oxydant alors que
I’expression de la Xanthine phosphoribosyltransferase codée par le géne xpt est inhibée (Fig.

5.).
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ii. Dynamique des modifications des ARNt en réponse au stress oxydant

L'effet du stress oxydant sur les ARNt peut étre caractérisé en analysant leur migration sur
gel de polyacrylamide puis en analysant les modifications présentes par NanoLC-MS/MS.
Différentes souches ont été utilisées, la souche de laboratoire HGO01 mais aussi la souche
cliniqgue USA300 et une souche avec un géne tgt inactivé (Fey et al., 2013) et ne présentant

pas la queuosine.
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Figure 6 : A) Profil de migration sur gel (polyacrylamide 12%, 8M urée) des ARNt des souches HG0O1 (souche
contrdle), USA300 (souche clinique) et NE1885 (souche possédant le géne tgt inactivé) de S. aureus. Les fleches
rouges indiquent les positions sur le gel des ARNt connus pour posséder une Q en position 34 et correspondant
aux bandes présentant un changement de comportement électrophorétique. B) Chromatogrammes obtenus a
partir des bandes contenant I’ARNtT‘”GUA issus de S. aureus HGOO1. Encerclés en rouge les pics d’élutions
correspondants aux anticodons, non clivé par la RNase T1 pour I’ARNt issus de la culture non stressée, clivé
pour celui issus de la culture soumise au stress oxydant. C) Northern blot sur gel de polyacrylamide et acide
phénylboronique des 4 ARNt contenant une Q34 issus de cultures en présence (MV) ou en absence (ctrl) de
stress oxydant.

Les profils électrophorétiques des ARNt issus de la souche de laboratoire HGOO1 sont
similaires a ceux des ARNt de la souche clinique USA300. Les ARNt provenant de cellules

soumises a un stress oxydant présentent 3 bandes shiftées correspondantes aux profils de
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migration de I’ARNt de la Tyrosine, de |'Histidine ainsi que les ARNt de I’Aspartate et
I’Asparagine (Antoine et al., 2019). La souche NE1885 provenant de la Nebraska collection
est dérivée de la souche USA300 avec le géne tgt impliqué dans la voie de biosynthése de la
Q inactivé (Fey et al., 2013). Les ARNt extraits de cette souche montrent un profil de
migration similaire a ceux issus des souches HG001 et USA300 soumises au stress oxydant
(Fig. 6A). L'analyse LC-MS/MS de la bande présentant un changement de migration flagrant

T révele le clivage de I'anticodon par

provenant de la culture de S. aureus, contenant I’ARNt
la RNase T1 en 3’ de la Q34 de cet ARNt issus de la culture stressée. Ce clivage n’a pas lieu
dans ARNt™ issus de la culture non stressée, d( a la présence de la modification,
empéchant sa reconnaissance par la RNAse T1 (Fig. 6B). Les gels d’affinité contenant de
I'acide phénylboronique (APB) qui interagit spécifiquement avec la queuosine, ralentissent la
migration des ARNt modifiés (Igloi and Kossel, 1985). Le Northern blot des gels avec APB
montre que les ARNt ne possédant pas de Q34 (NE1885) ont migré plus rapidement que les
ARNt issus de cultures non stressées qui contiennent une Q34. La migration des ARNt issus

des cultures stressées semble plus rapide, comparable a la migration des ARNt ne contenant

pas de Q34 (Fig. 6C).

iii.  Analyse des ARNt contenant la Q34 issus de cultures stressées

Chacun des ARNt contenant une Q34 a été purifié par hybridation avec une sonde d’ADN
biotinylée spécifique. L’analyse par LC-MS/MS apres digestion avec la RNase U2 révéle la
présence d’'un G non modifié en position 34 pour 3 des 4 ARNt concernés. Les autres
modifications telles que les dihydrouridines dans la boucle D, le m7G dans la boucle variable,
la thymidine dans la boucle TW ainsi que les modifications en position 37 de I'anticodon (t°A,

m'G et i°A) ne semblent pas impactées par le stress oxydant.

| Amino Acid |Anticodon] ] Acc-stem | _|D-stem| _ Ddocp | D-stem | JAc-stem| Acloop |Ac-stem| Voregion | T-stem | T-loop | T-stem | Acc-stem | |CCA|

Asp GUC - GGUCUCG UA GUGU AGCGGDDA ACAC G BCUGEC| CUGUCAC BCAGG AGAUC GCGGG TUCGGUU CCCGU CGAGACC G CCA
Asn GUU - UCCACAG UA GCUC AGUGGDA GAGC U AUEGE CUGUUGA CEGAU CG7UC GUAGG TUCGAGU CCUAC CUGUGGA G CCA
His GUG G GCGGCUG UG GUGA AGUGGDDA AmCAC A UCGGA UUGUGKU UECGA CAUUC GAGGG UUCGAUC CCCUU CAGCCGC C CCA
Tyr GUA - GGAGGGG UA GCGA AGUGGCUAA ACGC G BEGGA cucua+a BBEGE UCCUUCGGGUUC BGCAG TUCGAAU CUGCC CCCCUCC A CCA

Tableau 1 : Séquences des ARNt contenants une Q34 issus d’une culture de S. aureus HGOO1 soumise au stress
oxydant. En bleu sont présentés les fragments séquencés par MS/MS aprés digestion avec la RNase U2.
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iv. Le précurseur preQl restaure la queuosine dans les 4 ARNt contenant la Q34

A partir des données d’analyses de protéomique et de transcriptomique, aucune des 8
enzymes (Fig. 7A) de la voie de synthése de la queuosine ne présente de changement dans
son expression. Cependant, le stress oxydant peut affecter directement l'activité des
protéines. Afin de comprendre quelles enzymes sont susceptibles d’étre inactivées, les
cultures soumises au stress oxydant ont été supplémentées avec le précurseur de la
gueuosine preQl. La cinétique d’incorporation de la queuosine a ensuite été vérifiée par

électrophorese d’affinité a I’APB. (Fig. 7B).
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Figure 7 : A) Voie de biosynthése de la queuosine (adapté de (Dowling et al., 2016). En rouge sont encadrées
les étapes catalysées par des enzymes a cluster [4Fe-4S], en bleu I'étape catalysée par la QueF convertissant
lepreQg en preQ;. B) Northern blot de gels APB des ARNt contenant une Q34 issus de S.aureus HG0O1 cultivées
en condition oxydante. A ToMV, le stress oxydant est appliqué a la culture et a TopreQ,, 60min apres |'ajout de
MV, I'intermédiaire preQ; est ajouté au milieu. La culture ctrl est la culture non stressée, sans ajout de preQ;, la
culture MV est la culture stressée sans ajout de preQ;.
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Les ARNt issus de cultures stressées présentent des profils de migration semblant indiquer
une proportion plus importante d’ARNt ne possédant plus de Q34 au court du stress
oxydant. 30 min aprées I'ajout du précurseur de la queuosine preQs, les ARNt présentent de
nouveau un profil électrophorétique similaire a ceux provenant de cellules cultivées en
conditions normales. Ce profil se maintient a TpreQ;+60 min et suggére une restauration de

la voie de biosynthese de la queuosine.

IIl. Discussion

1. Mise en place de la méthode et cartographie des modifications

i. Limites et méthodes complémentaires : le pouvoir de la coopération

La méthode de NanoLC-MS/MS choisie pour cette étude bénéficie d’'une grande sensibilité
et précision de mesure, permettant de détecter et localiser sur la séquence tous types de
modifications connues. Cependant, elle présente plusieurs limites, principalement les
informations fragmentaires obtenues ne permettant pas d’établir une cartographie

compléte des modifications présentes sur 'ensemble des ARNt.

L'utilisation de plusieurs RNases spécifiques permet d’améliorer par recoupement le
recouvrement de séquence des ARNt. Cependant, seules les RNases T1 et A sont capables de
digérer les ARNt directement a l'intérieur du gel de polyacrylamide. L'utilisation des RNases
MC1 ou U2 par exemple, nécessite d’adapter la méthode de purification des ARNt. Pour cela,
la purification d’un ARNt spécifique par hybridation avec un oligodésoxynucléotide biotinylé,
suivie d’'une chromatographie d’affinité peut permettre d’isoler un ARN ciblé qui n’a pas été
détecté a la révélation du gel de polyacrylamide en 2D (cf § Il. 4. iii.). La séparation des
fragments d’ARNt digérés peut également étre optimisée grace a [utilisation de
I’électrophorése capillaire afin de pouvoir détecter les fragments plus courts (Lechner et al.,

2020).

La pseudouridine est une modification de masse silencieuse et n’est pas détectable

directement par cette méthode. Un traitement chimique au CMCT est possible mais lors des
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tests réalisés, les pseudouridines n‘ont pas pu étre localisées sur les séquences suite au
décrochage du groupement CMC lors de la fragmentation. Une altérnative possible est
d’utiliser I'acrylonitrile qui semble plus stable en MS/MS (Mengel-Jgrgensen and Kirpekar,

2002).

L'analyse par spectrométrie de masse des nucléosides issus de la digestion complete des
ARNt suivi de la déphosphorylation des nucléotides fournit la composition globale en
modifications des ARNt. Cette méthode ne nécessite pas de séparation ou de purification
préalable des ARNt mais ne fournit pas d’informations concernant la position ou la séquence
et permet la quantification relative entre différentes conditions des modifications présentes
(Helm and Motorin, 2017; Galvanin et al., 2020). Il est également possible comme
alternative, d’utiliser I'approche de marquage SIL-IS in vivo en cultivant les bactéries avec du
13C-glucose comme source majeure de carbone pour faciliter la comparaison relative des
modifications par LC-MS/MS (Kellner, Ochel, et al., 2014). En dehors de la spectrométrie de
masse, les différentes méthodes de RNA-Seq permettent de localiser certaines modifications
spécifiques en fonction du traitement appliqué lors de la préparation des librairies. Les

analyses quantitatives sont également possibles avec cette méthode.

Les analyses par des méthodes complémentaires permettent de compléter la cartographie
des modifications établie et confirmer les résultats obtenus. La combinaison de différentes
méthodes citées apporte une caractérisation plus robuste des modifications des ARNt et de

la dynamique de celles-ci.

ii.  Cartographie des modifications des ARN non codants de S. aureus

Les données de RNA-Seq (HydraPsi-Seq, AlkAniline-Seq et RiboMethSeq) ont permis de
confirmer la présence de modifications sur les ARNt de S. aureus et de compléter la carte
partielle avec les pseudouridines. Les modifications présentes dans les ARNt de S. aureus
different peu des modifications présentes dans d’autres bactéries a gram positif telles que B.
subtilis ou L. lactis pour lesquels des cartographies existent (Vold, 1976; Puri, Wetzel, Saffert,

W.Gaston, et al., 2014; de Crécy-Lagard et al., 2020). La cartographie des modifications des
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ARNt de S. aureus demeure encore partielle. Afin de la compléter, une analyse des

nucléosides présents sur les ARNt sera réalisée.

La présence de particularités des ARNt de S.aureus a été mise en évidence. Plus précisément,
la présence d’ARNt isoaccepteurs de la glycine spécifiques impliqués dans la synthese de la
paroi cellulaire. Ces ARNt interviennent dans la constitution du pont pentapeptide spécifique
du peptidoglycane des Staphylocoques via les complexe de proteines FemXAB (facteurs
essentiels pour la méthicilline (Giannouli et al., 2009; Rietmeyer et al., 2021) (Fig. 8A). Ces
ARNt®Y, dits non protéinogéniques, présentent une séquence différente des ARNt®Y
intervenants dans la traduction (protéinogéniques) et j’ai pu déterminer qu’ils ne possedent
pas la modification 5-méthoxyuridine (mo°U) en 34 permettant le décodage des ARNm. Ils
présentent également une boucle T particuliere avec un G en position 55, L’absence de la
W55 peu inflencer la présence d’autres modifications, comme c’est le cas notamment dans

S ont été

’ARNt™™ de Saccharomyces cerevisiae (Barraud et al., 2019). Chacun de ces ARNt
purifiés et analysé par spectrométrie de masse (Fig. 8B), confirmant I'absence de
modifications dans les régions analysées. Une investigation compléete est en cours a ce jour
au laboratoire pour déterminer le réle des modifications dans la discrimination de la
machinerie traductionnelle et la redirection de ces ARNt vers la voie de biosynthése

correspondante.
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Gly P1 GCC - IGCAGAAG UA GUUC AGCGGUA GAAU A [EAACE  UUGCCAA GGUUG GGGUC GCGGG UUCGAAU CCCGU CUUCUGC U ccA
Gly P2 ucc - GCGGGUG UA GUUU AAUGGCA AAAC C UCAGC CUSCCAA BGCUGA UGUU GUGGG UUCGAUU CCCAU CACCCGC U ccAa
Gly NP1 ucc - GCGGGAG UA GUUC AACUUUUA GAAC A EGUUE| CUUCCCG GAACG|AGGU AUAGG UGCAAAU CCUAU CUUCCGC U CCA
Gly NP2 ucc - BCGGGAG UA GUUC AACUUUUA GAAC A ECGUUC|CUUCCCG GAACG AGGU AUAGG UGUAAAU CCUAU CUUCCGC U CCA
Gly NP3 ucc - GCGGGAG UA UUUC AACUUUUA GAAU A [CAUUEC|CUUCCUG GAAUG| AGGU AUAGG UGUAAAU CCUAU CUUCCGC U CCA

Figure 8 : Séquences des ARNt®" de S. aureus adapté de (Giannouli et al., 2009). A) P1 et P2 sont les
isoaccepteurs protéinogéniques, ’ARNt P2 UCC posséde un mo°U en position 34 encadré en rouge. Les ARNt
NP123 sont des ARNt non protéinogéniques, encadré en rouge la différence de séquence dans la boucle T. B)
Da a leur forte identité de séquence, il est difficile de les identifier spécifiquement un par un. NP1 et NP2 sont
alors confondu dans nos analyses. Cependant, aucune modification n’a été détectée dans ces ARNt.

La présence d’une modification de masse inconnue a été établie dans I’ARNt de la Lysine (cf
§ Il. 3. Fig. S1). Cependant, la caractérisation compléete afin d’identifier cette nouvelle
modification nécessite de plus amples investigations. Il est en effet possible de cultiver les
bactéries en présence d’isotopes afin de déteminer la formule brute de la modification

(Kellner, Neumann, et al., 2014).

Il n"existe pas de cartographie globale des modifications présentes sur I'ensemble du
ribosome de S. aureus a ce jour. Seulement 10 modifications ont pu étre assignées pas la
structure Cryo-EM du ribosome 70S (Golubev et al., 2020). Les données de RNA-Seq des
modifications dans les ARNr sont en cours de traitement par Roberto Bahena qui est
doctorant au sein de I'équipe. Les résultats obtenus par cette méthode sur les ARNr sont en
cours de confirmation par extension d’amorce (Motorin et al.,, 2007). Pour caractériser
certaines régions spécifiques des ARNr, une adaptation de la NanoLC-MS/MS peut étre
développée (cf § V. 3. Fig. 13). L'ARNr 16S a été tres partiellement analysé par les différentes

techniques mises en place (spectrométrie de masse et RNA-Seq), ce qui a permis de localiser
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les modifications situées au niveau du site de décodage impliquant des interactions avec les

ARNt et TARNm.

2. Réponse globale de S. aureus au stress oxydant

La transcriptomique différentielle et les analyses protéomiques ont permis d’établir une
représentation globale de I'expression des génes en condition de stress. Ci-apres, Les
changements observés seront discutés selon les voies métaboliques impliquées (Annexe 1).
Il a été mentionné qu’une analyse de transcriptome sur micropuce de la réponse cellulaire
de S. aureus (NCTC 8325) a déja été rapportée (Chang et al., 2006). L'étude a été conduite en
début de phase exponentielle dans un milieu pauvre, ce qui differe de notre étude réalisée
en milieu riche et plus tard dans la phase de croissance de la bactérie. Cependant, les génes
de la réponse SOS et des mécanismes de réparation de 'ADN ont été retrouvés activés
également. D’autres genes, notamment de nombreux facteurs de virulence pour lesquels

nous avons observé des variations significatives, n’ont pas été détectés dans ce rapport.

i.  Systéme SOS de réparation de I’ADN et génes phagiques

Parmi les ROS, le radical hydroxyle hautement réactif (HOe) réagit avec I’ADN produisant
environ 20 produits majeurs d’oxydation des bases ou des sucres de I’ADN, des clivages du
brin, et des crosslinks d’ADN et protéines (Cadet and Wagner, 2013). Les dommages sur
I’ADN alterent la réplication et la transcription, causant la mort cellulaire et peut mener a
des mutations. Lorsque la DNA polymérase est bloquée sur une lésion, I’hélicase continue de
dérouler I’ADN, générant des régions d’ADN simple brin étendues qui vont étre ciblées par
les protéines du systéeme SOS (Podlesek and Zgur Bertok, 2020). La réponse SOS entraine
I'induction de multiples protéines qui renforcent I'intégrité de I’ADN. Cette réponse inclus
également des facteurs qui sont des sources d’erreurs, ils vont permettre d’améliorer la
survie et la continuité de la réplication en présence de dommages étendus de I’ADN, mais au
prix d’'une mutagénése élevée. DU a son potentiel mutagene, le systéme de réponse SOS est

sujet a une régulation complexe (Maslowska et al., 2019). L’activation du systeme SOS de
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réparation de I’ADN est lié a I'inhibition du répresseur LexA qui va générer |'expression de
nombreux genes, notamment la surexpression de la protéine RecA (Ha et al., 2020b) qui est
observé dans nos analyses avec un FoldChange . La protéine RecA est connue pour stimuler
I'autoclivage de LexA eu ainsi augmenter I'expression (Bisognano et al., 2004). Nous avons
également observé une augmentation de I'expression de uvrB, codant pour un facteur requis
pendant les étapes précoces de la réparation par excision des nucléotides qui va former un
complexe ADN-protéine au niveau du site endommagé permettant I'incision (Gordienko and
Rupp, 1997). De plus, de nombreuses protéines impliquées dans la synthése des purines et

des pyrimidines semblent confirmer la mise en place de réparation des acides nucléiques.

L’activation de I'expression de génes prophagiques suite au stress oxydant était attendue,
leur expression étant activée suite au déclenchement du systéme SOS de réparation de
I’ADN (Maiques et al., 2006). Les protéines prophagiques favorisent le transfert horizontal de
I’ADN et peuvent entrainer 'acquisition par la bactérie de résistances. Ce transfert génétique
entre les bactéries est habituellemnet induit par des stresseurs, comme les antibiotiques
(Beaber et al., 2004; Jutkina et al., 2016), les métaux et biocides (Seier-Petersen et al., 2014)
et plus généralement par la réponse SOS (Andersson and Hughes, 2014). De plus il a été
récemment observé que la diffusion chez E. coli de génes de résistance via la conjugaison et
aussi stimulée par le stress oxydant généré par les radiations UV (Chen et al., 2019). Puisque
la transduction conditionnée par les bacteriophages est considérée comme un des facteurs
principaux des transferts de génes horizontaux chez les Staphylocoques (Xia and Wolz, 2014;
Stanczak-Mrozek et al., 2015), il est possible que chez S. aureus le stress oxydant stimule le

transfert de genes via la transduction.

ii. Détoxification des espéces réactives de I’oxygene

Les protéines AhpCF de détoxification des ROS sont trés largement surexprimées,
cependant, les analyses protéomiques réalisées n’ont pas montré de surexpression
détectable des protéines Sod alors que I'analyse transcriptomique indique une surexpression
de sodM dont I'expression est activée lors d’'un manque de manganése dans le milieu sans

lien avec les conditions oxydantes rencontrées (Karavolos et al., 2003; Garcia et al., 2017). La
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catalase KatA est légerement surexprimée au niveau protéique alors que la transcription
reste inchangée, suggérant une régulation au niveau traductionnel de son expression.
L’expérience de ribosome profiling a haute résolution pourrait nous permettre de mieux

comprendre s’il y a une différence d’efficacité de la traduction du gene katA.

iii. Métabolisme des acides aminés

L'enzyme MetE impliguée dans la biosynthése de novo de la méthionine a partir
d’homocystéine ainsi que la sulfite réductase codée par le géne cys/ impliqué dans la
biosynthése de la cystéine sont surexprimées. L’expression de la thioredoxine permettant la
réduction des thiols dans le cytoplasme est inchangée alors que la protéine régulatrice Spx,
nécessaire a son expression est sous exprimée au niveau protéomique malgré une

surexpression en transcriptomique.

iv. Homéostasie du fer

De nombreuses protéines responsables de |'apport du fer sont largement surexprimées,
illustrant I'importance vitale de celui-ci pour la survie de la bactérie en conditions oxydantes.
Les staphyloferrines et les protéines Isd permettant I'import de celui-ci provenant de son
environnement, ou des cellules de I’"h6te. Dans un contexte d’infection, la production de ces
protéines permettant l'internalisation par la cellule du fer présent dans I’héme ou la
transferrine de I’hote peut permettre a la bactérie de survivre a I'oxydation du Fer induit par

les ROS.

v. Lavoie de respiration en anaérobie

Les protéines impliquées dans la respiration anaérobie codées par les opérons narGHWX et
nasDEF sont surexprimées au niveau transcriptionnel alors qu’elles sont moins exprimées en
protéomique durant le stress oxydant. L'inhibition de I'expression de ses protéines peut

s’expliquer par une absence de traduction des ARNm transcrits ou une traduction altérée qui
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entrainerait la production de protéines instables et ainsi la dégradation de celles-ci. La
surexpression de protéines chaperonnes impliquées dans le repliement semble corroborer la
deuxieme hypothese. Cependant, La transcription de ces opérons depend de la présence ou
non d’oxygéne. En effet, la protéine NreB, qui est codé par I'opéron narGHWX et fait partie
du régulon NreABC, est une kinase a cluster [4Fe-4S] qui va avoir un réle de capteur de
I'oxygéne. En absence de O, le cluster est intact et I'enzyme est active, elle va
s’autophosphoryler et transférer le phospore a NreC qui va pouvoir se lier a ’ADN pour
activer I'expression des deux opérons le la voie de réduction du nitrate et du nitrite (Fedtke
et al., 2002; Nilkens et al., 2014). En présence d’oxygéne, le cluster [4Fe-4S] est dégradé et
I’enzyme est inactivée. Dans nos conditions expérimentales de stress oxydant, NreC doit étre
inactive ce qui suggere que la transcription de I'opéron est activée par un autre facteur qui
n’est pas caractérisé et qui n’entraine pas la production de protéines fonctionnelles. Ces
résultats indiquent qu’il existe un systéeme de régulation plus complexe de I'expression des

opérons de la chaine de respiration anaérobie en lien avec le stress oxydant

vi. Limplication des ARNt et des enzymes de modifications

Les enzymes de modifications des ARNt sont, bien que plus legérement impactées,
également surexprimés en transcriptomique et moins exprimées en protéomique. Les ARNt,

plus spécifiquement ’ARNt™"

sont moins exprimés pendant le stress oxydant. Chez E. coli, le
stress induit par le H,O, en milieu minimal entraine une diminution globale de la quantité de
ARNt due a leur dégradation et engendrant I'inhibition de I’élongation de la traduction

(Zhong et al., 2015). Alors que I’exposition au MV ne touche que ' ARNt®Y

, altérant le
décodage des codons (Leiva et al., 2020). Chez E. coli, I'expression des ARNt peuvent
moduler la réponse au stress oxydant. Il est possible que chez S. aureus, méme si le niveau
global d’ARNt n’est pas fortement impacté, des changements au niveau de leurs

modifications puissent participer au contréle traductionnel et a la réponse au stress oxydant.
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vii. La persistance de la bactérie privilégiée au détriment de la dissémination et de

I'infection aigué

Les mécanismes de survie et de réparation des dommages causés par les ROS sont privilégiés
durant le stress oxydant au détriment de la production de toxines cytolytiques responsables
d’infections aiglies telles que les PSM ou les CHIPS. Dans le contexte d’une infection, cela est
habituellement observé durant la colonisation des tissus dans lesquels S. aureus établit de
nouvelles colonies grace aux adhésines exprimées telles que la protéine SpA et le clumping
factor B. D’un autre co6té, le stress oxydant est habituellement rencontré lorsque S. aureus
est internalisé dans les neutrophiles et les macrophages. S. aureus a été reconnue comme
persistant a l'intérieur des phagocytes ou des cellules endothéliales sur des périodes
prolongées (Hamill et al., 1986). Dans ces conditions confinées, le systtme de quorum
sensing Agr devrait normalement augmenter I'expression des toxins et exoprotéines (Carnes
et al., 2010). Cependant, chez les bactéries internalisées, il a été démontré que I'inactivation
du régulateur Agr empéchant I'expression des facteurs de virulence dépendant du quorum
sensing leur permet et persister sous forme de Small Colony Variants (SCV). Ces variants se
développent plus lentement mais présentent une plus grande résistance aux antibiotiques,
provoquant des infections chroniques (Sendi and Proctor, 2009; Young et al., 2017). Lorsque
Les conditions seront plus favorables ou la densité de cellules suffisante, les toxines seront
produites afin de disséminer les bactéries et diffuser I'infection (Surewaard et al., 2013;

Bojer et al., 2018).

3. Modifications des ARNt et stress oxydant

i.  Dynamique des modifications des ARNt durant le stress

En condition de stress oxydant, le profil de migration des ARNt sur gel de polyacrylamide est
modifié pour la souche de laboratoire HGO01 comme pour la souche clinique de S.aureus
USA300. La migration des ARNt indique un changement dans I'état de modification de

certains ARNt. L’absence de queuosine suggérée par le clivage par la RNAse T1 dans I’ARNt""
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est confirmée par les profils de migration sur gel d’APB des 4 ARNt concernés. Les ARNt
contenant une Q34 migrent a la méme vitesse en condition de stress oxydant que les ARNt
provenant d’une souche ne possédant pas de queuosine. Les analyses de 3 des ARNt purifiés
par chromatographie d’affinité digérés par la RNase U2 montrent la présence de G34 non

modifiés pour ces ARNt provenant de cultures stressées.

L’analyse par RNA-Seq en triplicats d’ARNt totaux issus de cultures stressées ou non est a ce
jour en cours afin de déterminer si d’autres modifications sont affectées. Les enzymes de
modification des ARN, plus spécifiqguement les méthyltransférases, font partie des
métalloenzymes a centre [4Fe-4S]. La présence de ROS peut donc entrainer leur inactivation
et ainsi une diminution des méthylations des ARNt. Cependant aucun résultat obtenu lors de
cette étude ne permet de le démontrer. Les 2’OMe présents en position 32 qui sont
impliqués dans la réponse au stress oxydant chez P. aeruginosa n’ont pas été détectés par
NanoLC-MS/MS chez S. aureus. De méme, les m’G en position 46 ont été détectés dans peu
d’ARNt, ne permettant pas de réaliser d’analyses sur de potentiels changements lors du

stress.

ii. Causes de I'absence de queuosine

L'analyse transcriptomique semble montrer une légere surexpression des enzymes
impliquées dans la voie de biosynthese de la queuosine malgré I'absence de celle-ci dans les
ARNt. Ces résultats peuvent indiquer la chute de l'activité enzymatique des protéines
produites. Les plus susceptibles d’étre inactivées sont les enzymes contenant un cluster
[4Fe-4S], il y en a 3 impliquées dans la synthése de la queuosine : QueE, QueG et QueH. La 7-
carboxy-7-deazaguanine synthase (QueE) utilise la SAM et catalyse la synthése du CDG a
partir du CPH4 (Fig. 7A, étape 3) (McCarty et al., 2013). S. aureus possede deux
époxyqueuosine réductases (Fig. 7, étape8), QueG utilisant la cobalamine (Dowling et al.,

2016) et QueH qui semble étre indépendante de la cobalamine (Zallot et al., 2017).

L'ajout d’un intermédiaire de cette voie, le preQl permet de restaurer la présence de la
gueuosine sur les ARNt indiquant une possible inactivation d’une ou plusieurs enzymes en

amont de cet intermédiaire. La réduction de I'époxyqueuosine (0Q) ne semble donc pas étre
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I’étape impactée par la présence des ROS. Comme deux enzymes sont capables de catalyser
cette réaction, deux possibilités se présentent : soit les deux clusters ne sont pas sensibles
aux ROS, soit leurs activités peuvent se compenser en cas d’inactivation de l'une des deux
enzymes. L'enzyme QuekE est potentiellement sensible a I'oxydation par les ROS, le fer apical
(non coordiné par une cystéine du motif CXXXCXXC) du cluster peut étre protégé de

I'oxygene s’il est coordiné par un ligand ou a un autre acide aminé situé a proximité.

Cependant, cela ne semble pas étre le cas pour QueE, le fer apical des enzymes a SAM doit
étre accessible pour permettre la coordination du SAM. Par exemple, I'enzyme QueE de B.

subtilis, proche de celle de celle de S.aureus présente un fer tres accessible (Fig. 9).

S. aureus QueE model B. subtilis QueE structure

Figure 9. Comparaison structurelle entre la QueE de S. aureus modélisée par homologie est la structure
obtenue par rayon X de B. subtilis (fichier pdb 5TH5; Bruender et al., 2017). Le motif spécifique pour la
coordination du cluster [4Fe-4S] (en orange et jaune) est conservé. Il est composé de 3 résidus cystéine. Chez B.
subtilis, cys 38 et cys 41 (chez S. aureus, cys 37 and cys 40 correspondants) sont assez proches our pouvoir
former un pont disulfure si ils sont oxydés. Le 4eme fer du cluster interagit avec I'a-amino et I'a- carboxylate du
SAM.
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L’enzyme catalysant la synthese du preQ; a partir du preQp, QueF (7-cyano-7-déazaguanine
réductase NADPH dépendante) (Fig. 7, étape 5) posséde une cystéine catalytique en position

57 chez S. aureus (Fig. 10).

S. aureus QueF model non oxidated state B. subtilis QueF structure oxidated state
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Figure 10 : Comparaison structurale entre le modéle de QueF de S. aureus obtenu par homologie avec la
structure aux rayons X de QueF de B.subtilis en état oxydé (pdb file 5UDG; Mohammad et al., 2017). La Cys 55
de B. subtilis (correspondant a la Cys 57 chez S. aureus) se lie au substrat preQo, formant un intermédiaire
thiomide. Ce résidu catalytique est sensible a I'oxydation et peut former un pont disulfure avec la Cys 99 (Cys
101 chez S. aureus). Le preQq ne peut plus se fixer a QueF si la Cys 57 est oxydée, empéchant la formation de la
queuosine.

Cette cystéine peut étre protégée en conditions oxydantes par la formation d’un pont
disulfure avec une deuxieme cystéine se situant a proximité (Mohammad et al., 2017). Des
analyses de LC-MS/MS ont été réalisées en alkylant les protéines avant la réduction des
ponts disulfures mais les cystéines concernées n‘ont pas pu étre visualisées di a la trop
faible abondance de la protéine d’intérét. La séparation préalable sur SDS-PAGE n’a pas
permis d’éliminer suffisamment les protéines contaminantes. Afin d’enrichir I’échantillon
pour l'analyse LC-MS/MS de QueF, il est possible d’exprimer la protéine portant une
étiquette (flag-tag) avant purification par chromatographie d’affinité de type co-
immunoprécipitation. Aprés élimination du MV par centrifugation des bactéries, aucune
restauration de la queuosine n’a été observée sur gel de polyacrylamide, ce qui semble
invalider I’hypotheése de linactivation réversible de QueF. De maniere identique a preQy,
I'ajout du substrat de QueF, preQg au milieu de culture des bactéries cultivées en conditions

oxydantes est en cours au laboratoire afin de tenter de restaurer la présence de queuosine.
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iii. Conséquences traductionnelles de I'absence de Q34

La queuosine est présente en position 34 des ARNt, la position wobble qui est impliquée
dans le décodage des ARNm. L’altération de cette modification peut impacter la vitesse et la
précision de la traduction des protéines contenant les 4 acides aminés dont I'incorporation

dépend des ARNt qui ont perdu la queuosine.

La légere surexpression observée dans I'analyse transcriptomique des genes de chaperonnes
impliquées dans le repliement des protéines peut indiquer un probléme d’agrégation des

protéines dli a des variations de vitesse de traduction.

Afin d’étudier la vitesse de décodage des ARNm codon par codon, une expérience de
ribosome profiling a haute résolution (hRibo-Seq) permet de révéler les sites de pause du
ribosome. Un protocole établi pour E. coli (Mohammad et al., 2019) a été adapté a I'étude
de S. aureus au sein du laboratoire. Cette méthode consiste a immobiliser les ribosomes en
cours de traduction grace a la congélation directe des bactéries dans I'azote liquide en
présence d’une concentration élevée de sels de magnésium. Aprés purification des
polysomes, les portions d’ARNm qui ne sont pas protégés par la présence du ribosome sont
digérées par une RNase spécifique (MNase) permettant de générer des fragments d’ARNm
en cours de décodage. Le séquencage des fragments d’ARNm en cours de traduction permet
de déterminer d’une par les genes traduits spécifiquement durant les conditions données

mais également d’obtenir un taux d’occupation des ribosomes le long des ARNm.

L'étape de digestion des ARNm est cruciale pour déterminer précisément les codons
particuliers pour lesquels la vitesse de décodage est altérée. En effet, la digestion par la
RNAse doit générer des fragments de longueur adaptée, correspondant a la position exacte

du ribosome et permettant d’assigner un codon spécifique au site de décodage.

L’étude de I'impact des queuosines sur le décodage des ARNm chez les eucaryotes met en
évidence des conséquences différentes de I'absence de queuosine sur la vitesse de
décodage des codons contenants un C ou un U en 3’ dépendant de l'organisme. La
gueuosine contribuant ainsi a I’harmonisation de la vitesse de la traduction de maniére

générale (Tuorto et al., 2018; Miiller et al., 2019).
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Les données préliminaires obtenues durant les tests réalisés au laboratoire semblent

™' I’absence de Q34, entraine une

indiquer que chez S. aureus, spécialement pour I’ARNt
perte de vitesse de décodage des codons UAU durant le stress oxydant alors que la vitesse

de décodage des codons UAC n’est pas impactée (Fig. 11).

Preliminary codon pause scores in normal and oxidative stress condition
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Figure 11. Score de pause des codons dans le site A par analyse préliminaire de hRibo-seq en condition
normale (WT, en vert) et stress oxydant (MV, en rouge). Les scores de pauses ont été calculées selon
Mohammad et al., 2019. Des variations ont été obsérvées pour les codons synonymes des Cys (C), Asp (D), Gly
(G), His (H), Asn (N), Arg (R), Val (V) et Tyr (Y). Les codons Asp (D), Asn (N) et Tyr (Y), et His (H) correspondent
aux ARNt contenant une Q34 en condition normale et un G34 en stress oxydant. Parmis eux, les différences les
plus importantes sont observées pour I’ARNt™" qui montre un décodage plus lent pour le codon UAU durant le
stress oxydant.

Le protocole utilisé restreint le volume de culture qui peut étre utilisé et dans les conditions
de notre analyse, réalisée en fin de phase exponentielle (lorsque la traduction est déja
réduite), nous n’avons pas pu obtenir assez de fragments d’ARNm pour réaliser une analyse
correcte et compléte. Afin d’obtenir suffisamment d’ARNm en cours de traduction, les
cellules doivent étre en phase exponentielle et contenir un grand nombre de ribosomes
matures et actifs. Cela implique pour nous d’induire le stress plus tot dans la phase de
croissance des bactéries et d’arréter la culture plus tot car dans les conditions présentées
dans cette étude, de nombreux ribosomes se sont révélés étre immatures ou inactifs. Un
autre aspect qui peut étre amélioré pour obtenir une meilleure résolution pour nos

expériences de hRibo-seq est le choix de la RNase utilisée pour produire les fragments
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d’ARNm protégés par le ribosome. L'utilisation de la MNase ne semble pas adaptée pour
cette étude chez S. aureus, car la taille des fragments obtenus indique une dégradation non
spécifique des extrémités des ARNm protégés par le ribosome. Cette étape de digestion est
réalisée avec la RNase | pour les analyses de ribosome profiling chez les eucaryotes, cette

procédure a été testées avec succes et sera donc mise en place au sein du laboratoire

Des perturbations dans la vitesse de traduction des protéines peut impacter le repliement de
celles-ci et ainsi leur stabilité. Le décodage de certains ARNm, selon leur composition en
codons spécifiques, peut donc participer a la régulation de I'expression de certaines
protéines au niveau de la traduction. Cette analyse permettra d’étudier I'impact sur la
vitesse de décodage de I'absence de la queuosine sur les 4 ARNt concernés et ainsi d’établir

le role de cette modification dans I'adaptation de la bactérie au stress oxydant.

IV. Conclusions

J’ai participé a la mise en place de la méthode d’UPLC-MS/MS qui, en association avec les
méthodes de RNA-Seq, a permis d’établir les cartographies partielles des modifications
présentes dans les ARN non codants de S. aureus. L’amélioration de cartographie est en
cours avec l'utilisation de méthodes complémentaires permettant de la compléter et
d’étendre cette analyse a d’autres ARN tels que les ARN régulateurs pour lesquels aucune

modification n’a été caractérisée chez S. aureus

Cette cartographie m’a permis d’étudier leurs variations, en particulier dans les ARNt, lors du
stress oxydant mimant la production de ROS par les cellules du systéme immunitaire lors de
I'infection. J'ai ainsi pu mettre en évidence une altération de la queuosine des 4 ARNt
possédant cette modification en position wobble de I'anticodon. De plus, I'ajout d’un
intermédiaire de la voie de biosynthése restaure la présence de la queuosine, apportant une

indication sur la cause possible de I'absence de la modification

Ces résultats ont conduit a la mise en place de la méthode de ribosome profiling a haute

résolution et son adaptation pour I'’étude de S.aureus. Les premieres analyses de I'impact sur

Tyr

la traduction de I’absence de cette modification sur les ARNt'" ont montré des résultats
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encourageants. L'expérience de hRibo-Seq complete peut étre réalisée afin d’élucider la
fonction de la queuosine sur le décodage de I'ensemble des codons nécessitant cette
modification. Les cultures contenant du preQp ont été réalisées et peuvent étre analysées

afin de souligner une potentielle inactivation de I'’enzyme QueF lors du stress oxydant.

La cartographie des modifications sur les ARN ribosomiques est en cours de réalisation, les
données de RNA-Seq de ribosomes et d’ARNt provenant de bactéries soumises ou non au
stress oxydant sont en cours d’analyse. Le projet se poursuit avec |'étude structurale de
I'impact des variations des modifications des ARNt et ARNr sur I’ensemble de la machinerie
traductionnelle qui est réalisée par Roberto Bahena, qui est actuellement en thése.

L’analyse des modifications des ARNt®"

non protéinogéniques ne possédant pas de
modifications a mené a la création d’un nouveau projet de recherche. L'étude structurale
des différents isoaccepteurs de la glycine ainsi que de leurs interactions avec la machinerie
traductionnelle (EFTU) ou la machinerie responsable du transfert des ARNt vers la paroi
cellulaire telles que les protéines Fem (facteurs essentiels pour la résistance a la méthicilline)

est en cours avec Hiroki Kanazawa actuellement en contrat post doctoral.

Cette approche mise en place pour I'étude des variations des modifications des ARN en
réponse au stress oxydant et de leur impact traductionnel, pourra étre appliquée a d’autres
conditions environnementales rencontrées lors de [linfection. La combinaison des
informations apportées par I'étude de la réponse du pathogéne aux différents stress

permettra d’améliorer notre compréhension du role des modifications durant I'infection.
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V. Matériels et méthodes

1. Produits et sondes utilisés

Les produits chimiques et milieux de culture utilisés proviennent de Sigma-Aldrich. Les

enzymes utilisées proviennent de ThermoFischer Scientific.

Sondes utilisées :

probe for single tRNA purification probe for Northern blotting
tRNAASpGuc /5BiosG/GATCTCCTGCGTGACAGGCAGGCGTGTTAACCGCTACAC GATCTCCTGCGTGACAGGCAGGCGTGTTAACCGCTACAC
tRNAAsnGUU /5BiosG/GACCGATCGGTTAACAGCCGATAGCTCTACCACTGAGC GACCGATCGGTTAACAGCCGATAGCTCTACCACTGAGC
tRNAH‘VsGUG /5BiosG/GAATGTCGGAACCACAATCCGATGTGTTAACCACTTCAC GAATGTCGGAACCACAATCCGATGTGTTAACCACTTCAC
tRNATyrGUA /5BiosG/CGAAGGAGCGGATTTACAGTCCGCCGCGTTTAGCCACTTCGC CGAAGGAGCGGATTTACAGTCCGCCGCGTTTAGCCACTTCGC
tRNAGly P2 /5Biosg/ATC AGC TTG GAA GGC TGA GGT TTT GCC ATT AAA CTA /
tRNAGly NP1+NP2 /5Biosg/TCG TTC CGG GAA GGA ACG TGT TCT AAA AGT TGA ACT A /
tRNAGly NP3 /5Biosg/TCA TTC CAG GAA GGA ATG TAT TCT AAG AGT TGA AAT A /
rRNA pos oligonucleotide for rRNA modifications MS analysis
1202-1241 C GTGTGTAGCCCAAATCATAAGGGGCATGATGATTTGACG
1395-1440 GGTGTTACAAACTCTCGTGG TGTGACGGGC GGTGTGTACAGACCC
1497-1542 TCCAGCCGCACCTTCCGATACGGCTACCTTGTTACGACTTCACCCC

Tableau 2 : Oligonucléotides utilisés pour la purification des ARNt, les Northern blot et I’Analyse par NanoLC-
MS/MS des modifications de I’ARNr 16S

2. Souches bactériennes et conditions de culture

i. Souches

La souche principalement utilisée pour cette étude est la souche S. aureus HGOO01 de
laboratoire, dérivée de la souche NCTC8325 contenant le géne rsbU restauré (Herbert et al.,
2010). La souche clinique MRSA (methicillin resistant S.aureus) S. aureus USA300 (Tenover
and Goering, 2009) ainsi que la souche NE1885 provenant de la collection Nebraska qui en
est dérivée seront également utilisées. La souche NE1885 possede un transposon contenant
plusieurs codons stop en position 9 du gene tgt entrainant une absence de queuosine (Bose

etal., 2013).
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ii. Conditions de culture

Les cultures de bactéries non stressées sont réalisées dans les conditions publiées
précédemment (cf § Il. 2). Brievement, une préculture sur la nuit est diluée a DO(600nm) =
0,05 dans 20 mL de BHI et est incubée a 37°C sous agitation a 180rpm durant 4h jusqu’a une
DO(600nM)finale = 3.

Les cultures soumises au stress oxydant sont cultivées comme les bactéries non stressées
pendant 120 min. A t= 120 min, 10mM final de méthylviologen est ajouté a la culture, les
bactéries sont ensuite cultivées dans les conditions de température et d’agitation

inchangées pendant 120 min jusqu’a atteindre une DO(600nM)finaie = 2,5-3.

Pour lI'étude de l'effet de l'intermédiaire preQy, le stress est appliqué par I'ajout de
méthylviologen au milieu de culture aprés 90min d’incubation. Aprés 1h de croissance en
condition de stress oxydant, le preQ; est ajouté a une concentration finale de 1uM, les

cellules sont ensuite incubées dans les mémes conditions de température et d’agitation.
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Figure 12 : Courbe de croissance des cultures de S. aureus HGOO1 cultivées en condition oxydante dont la
gueuosine est réstaurée par I'ajout de preQ.
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3. Analyse par NanoLC-MS/MS de I’ARNr 16S

rRNA DNA
5 /’——\_\__/3”,—\__/;
Hybridization l} 7.
RNase T1 digestion l, -
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Figure 13 : Adaptation de la méthode NanoLC-MS/MS a I'analyse des ARNr. Brievement, une partie ciblée de
I’ARN est protégée par hybridation d’un oligodésoxynucléotide puis digérée avec la RNAse T1. Le duplexe ARN-
ADN est ensuite séparé sur gel de polyacrylamide dénaturant avant une seconde digestion a la RNaseT1 et
analyse NanoLC-MS/MS.

L'analyse est réalisée a partir d’ARNt totaux, préparés comme publié précédemment (cf § II.
2). 10 pug d’ARN totaux sont dénaturés en présence de I'oligonucléotide (tableau 2)dans un
tampon cacodylate 10 mM ; 50 mM NaCl ; 25 mM KCl a 90°C pendant 5 min puis renaturés
avec l'oligonucléotide d’ADN dans la glace pendant 30 min. L’ARN non protégé est ensuite
digéré avec la RNase T1 a 37°C pendant 2h (100 mM Acétate d’'ammonium). Les échantillons
sont ensuite déposés sur gel de polyacrylamide 10%, 8M urée et migrés dans le TBE pendant

2h al0W constants.

Les ARN sont révélés par bromure d’éthidium, les bandes de gel sont découpées puis les
ARN sont digérés en gel et analysés par NanoLC-MS/MS comme publié précédemment ((cf §

Il 1).
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4. Analyse transcriptomique

Les triplicats d’ARN totaux sont extraits suivant les protocoles publiés précédemment (cf § Il
2.). Brievement, les cultures sont centrifugées a 3750 rpm et 4°C pendant 15min puis les
cellules sont resuspendues dans 1mL de solution RNA Pro (MP biomedicals) et lysées
mécaniquement au fastprep (MP biomedical) 2 fois 40s a vitesse maximale. Les ARN totaux
sont extraits au chloroforme, puis précipités a I’éthanol et traités avec 1U de DNase | par pg
d’acides nucléiques (estimés par mesure de I'absorbance a 260nm) pendant 45min a 37°C
sans agitation. La DNase est éliminée par wune nouvelle extraction au
phénol/chloroforme/alcool isoamylique et les ARN sont précipités a [I'éthanol. La
concentration et la pureté des acides nucléiques sont mesurées par nanodrop avant la
préparation des librairies et séquencage par la plateforme EpiRNA-Seq de Nancy. Les
données sont traitées avec Galaxy comme détaillé dans (Lalaouna et al.,, 2018) pour
I’élimination des séquences des adaptateurs, le seuil de qualité, I'alignement sur le génome
et le comptage des reads par feature annotée. Pour |'analyse différentielle, Deseq2 est

utilisé.

5. Analyse protéomique

Les triplicats de protéines totales sont extraits de cellules resuspendues dans le tampon 50
mM Tris pH 8, 50 mM NaCl, 1% triton x 100 et lysée 40s au fastprep. Le dosage des protéines
est réalisé par Bradford, les protéines (5 ug) sont précipitées au méthanol contenant 0,1 M
d’acétate d’ammonium, puis réduites et alkylées (5 mM DTT, 10 mM iodoacetamide). Les
protéines sont ensuite digérées a la trypsine puis les peptides (1ug) sont analysées par
NanoLC-MS/MS sur un systéme NanoLC-2DPlus system couplé a un spectromeétre de masse

TripleTOF 5600 (ABSciex) (Chicher et al., 2015).
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6. Gel d’acide phénylboronique et Northern blot

Les gels de polyacrylamide contenant de I'acide phénylboronique ont été réalisées suivant
les protocoles établis (Matuszek and Pan, 2019). Les ARN totaux (2ug) préalablement
déacylés sont séparés sur gel de polyacrylamide, 12%, 8M urée, 0,5% APB pendant 3h30 a
13W constant. Les ARN sont ensuite transférés sur membrane de nitrocellulose Hybond N+
(GE Healthcare Life Sciences) par transfert semi-sec pendant 45 min a 10V (Trans-Blot semi-
dry transfert cell, Biorad) et fixés par crosslink UV (Stratalinker 1800, Statagene). Les ARNt
sont révélés par hybridation d’une sonde marquée au 32P (Tableau 2) et visualisés par

autoradiographie.

7. Purification des ARNt

Les ARNt sont obtenus a partir d’extraits d’ARN totaux par filtration sur centricons 50 kDa
(Amicon Ultra 0,5 mL, Millipore), 20 ug d’ARN total est déposé sur la membrane puis
centrifugé 10 min, a 9000 rpm et température ambiante. Le filtrat est immédiatement
d’ammonium. Apres centrifugation 10 min a 13000 rpm et 4°C, le culot est rincé, séché puis
repris dans 50 plL d’eau milliQ. 200 pL de résine streptavidine-sépharose sont préalablement
incubée avec 400 uL de sonde spécifique biotinylée (7.5 uM) durant 30min a température
ambiante puis rincée avec 400 pL de tampon (10mM Tris, HCl pH 7.5). Les ARNt sont incubés
avec la résine streptavidine-sonde en présence de 900 mM de TEA-Cl et 0,1 mM d’EDTA
pendant 5 min a 37°C. La résine est ensuite rincée 3 fois avec 400 pL de tampon. L’ARNt
hybridé a la sonde est élué par chauffage a 60°C pendant 5 min suivi d’'une centrifugation
rapide (10 s, 13000 rpm, température ambiante). L'ARNt purifié est ensuite concentré par

précipitation a I’éthanol (Yokogawa et al., 2010).
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8. Digestion a la RNAse U2 des ARNt purifiés.

La digestion des ARNt a la RNase U2 a été réalisée selon une adaptation de la méthode
préalablement publiée (Wolff et al., 2020). Brievement, 20 ng d’ARNt purifié sont digérés
avec 6 ng de RNase U2 produite au laboratoire dans 20 plL d’acétate d’ammonium 100mM a

37°C pendant 2h.

9. Modelisation des structures de QueE et QueF de S. aureus

QueE et QueF de S. aureus ont été modélisées par homologie a I'aide du serveur tRosetta
(Yang et al., 2020). L’alignement sur les modéles est amélioré par la réalisation d’alignement
de séquence multiples (MSA : Multiple Sequence Alignment) utilisant les 1500 séquences
disponibles pour chacune des deux protéines. Elles ont toutes deux été estimées comme
étant de trés haute confiance, avec des TM scores estimés de 0,91 pour QueE et 0,849 pour
QueF. Le TM-score est une mesure permettant d’évaluer la similarité topologique des
structures de protéines. Les valeurs de TM-score se situent entre 0 et 1, ou 1 indique une
parfaite correspondance entre deux structures. Les structures utilisées pour modéliser QueE
sont les fichiers pdb 5TH5 (B. subtilis), 6NHL (E. coli), 4NJJ et 4NJH (Burkholderia
multivorans). Celles utilisées pour modeliser QueF sont les fichiers pdb 4FGC, 4F8B et 5UDG
(B. subtilis), 3519 et 3UXI (Vibrio cholerae).

10. Ribosome profiling a haute résolution

Les bactéries sont cultivées comme décrit précédemment. Les cultures (30 mL) sont
congelées directement dans I'azote liquide avec le tampon de lyse (20mM Tris, HCl pHS8 ;
150mM MgCl;; 100 mM NH4Cl; 5 mM CaCl,; 0,1% NP40; 0,4%triton X100; 100 U de
DNasel/mL de culture). Les billes de cellules congelées sont ensuite lysées au Fastprep 5 x
40s a vitesse maximale en présence de billes en acier. Les lysats sont ensuite décongelés 1 h
a température ambiante et directement centrifugés 20 min a 3750 rpm, 4°C. Le surnageant

est clarifié par une deuxieme centrifugation, a 8000rpm, 4°C pendant 20 min avant d’étre
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déposé sur 4mL de coussin de sucrose (20 mM Tris HCI, pH8 ; 10 mM MgCl,; 0.5 M NH4CI;
0,5 mM EDTA ; 1,1M sucrose), puis ultracentrifugé 45000 rpm, 4°C, 3h30. Le culot est repris
dans un tampon de resuspension (20 mM Tris HCl pH8; 10 mM MgCl,; 5 mM CacCl,; 0,1%
NP40, 0,4% triton X100 ; 1 mM chloramphénicol) avant la digestion, ici a la MNase : 25 mM
CacCl, ; 1000U MNase ; incubation a 25°C, 1 h, 1400 rpm. La digestion est arrétée par I'ajout
d’EGTA puis I'échantillon est déposé sur gradient de sucrose (5-50% ; 20 mM Tris, HCL
pH7,5; 100mM NH4Cl; 10 mM MgCl,; 1mM DTT) et ultracentrifugé a 39000 rpm 4°C
pendant 2h46. Les ribosomes 70S sont récupérés, les ARN sont extraits par phénol chaud,
précipités puis déposés sur gel de polyacrylamide afin de purifier sur gel les fragments
correspondant a une taille d’environ 28 nt et les séquencer. En parallele, une partie de la
culture est gardée pour réaliser I'analyse transcriptomique. Le traitement informatique des
données de séquencage est réalisé en collaboration avec Béatrice Chane-Woon-Ming suivant

la pipeline développée par Mohammad en 2019 (Mohammad and Buskirk, 2019).
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Annexes

Annexe 1 : Tableau de la transcription différentielle durant le stress oxydant

Seuls les adjp<0,05 ont été conservés



UP regulated genes from the differencial transcriptomics analysis In oxidative stress

id gene
HGOD]_01893 -
HGOD1_01054 carB
HGODL_01052 pyrC
HGOOL_ (11894 -
HGOD1_011055 pyrf
HGOD1_01053 card
HGOD1_(1903 -
HGODL_01051 pyrB
HEGOD1_01904 -
HGOO1_01891 -
HGOD1_01895 -
HGODL (1898 -
HGOD1_01902 -
HGOO1_(1887 -
HGOD1_01885 -
HGOD_(188E8 -
HGODL_01056 pyrE
HGOD1_(1886 -
HGODL_ 01889 draC_2
HGOD1_D1884 -
HGODT_01883 -
HGODL_0r900 -
HEGOD1_(01890 -
HGOOL_02016 -
HGOD1_01896 -
HGOD]_(11901 -
HGOD1_01050 pyrP
HGOD1_(1E875 -
HGOD1_01868 -
HGOD1_01880 -
HGOO_(1881 -
HGODL_(E70 -
HGOD1_01876 -
HGOD1_01882 -
HGOOD_(01869 -
HGOD]_(11899 -
HGOD1_01873 -
HGOD1_01878 -
HGOD1_02037 -
HGOD_(2032 -
HGOD1_01874 -
HGOOD_ (1383 -
HGOO1_02034 -
HGOD1_02036 -
HGOD1_01877 -
HGOO_02727 glpE_3
HGOOL_02433 narH
HGOD1_02432 nar
HGOD1_01897 -
HGOD_01866 -
HGOD1_02033 -
HGOD1_01867 -
HGOO1_01871 -
HGOD1_01865 -
HGOD1_01863 -
HGOD1_02023 -
HGODL_01222 dinB_1
HGODL_ 01858 -
HGOD1_02031 -
HGOO_02029 -
HGOD1_02025 -
HGOD1_01861 -
HGOD1_02017 -
HGOD1_02028 -
HGOD1_01386 -
HGOO1_02024 -
HGODL_01860
HGOD1_ 00085 decD
HGODD_02026 -
HGOD1_02434 narlG
HGOO1_01859 -
HGOD1_01862 -
HGOD1_01872 -
HGOD1_00308 -
HGOD1_02027 -
HGOO1_01057 -

product
single-strand DNA-binding protein, phage
Carbamoyl-phosphate synthase large chain
Dihydroorotase
Phage protein
Oratidine 5'-phosphate decarborylase
Carbamoyl-phosphate synthase small chain
Puzative phage protein
Aspartate carbamoyltransferase
Putative phage regulatory protein
Purative phage replication protein
Bacteriophage Mu Gam like protein
Phage protein
Phage antirepressor protein KIAC domain protein
Phage protein
Phage protein
Puzative phage protein
Crotate phosphoribosyltransferase
Phage protein
Replicative DNA hellcase
Putative phage regulatory protein; Helix-turn-helix domain protein
Phage protein; PYL ORF-50-like family protein
Phage protein
Phage protein
Phage protein
Phage protein
Putative phage protein
Uracil permease
Transcriptional activator RinB (phage}
Putative phage protein
Purative phage protein
Phage protein
Phage portal proteintn2C 5PP1 Gpé-like
Phage protein
Phage protein
Phage Mu protein F like protein
Phage protein
Transcriptional activator, phage-associated
Putalive phage protein
Putative phage regulatory protein
Phage protein
Phage protein
Phage protein
AntAANLE antirepressor
Putative phage regulatory protein
Phage protein
Thigsulfate sulfurtransferase GIpE
Respiratory nitrate reductase 1 beta chain
putative nitrate reductase malybdenum cofactor assembly chaperone Nard
Phage protein
Phage capsid family protein
Phage antirepressor protein KilAC domain pratein
Purative phage head protein
Phage Lerminase large subunit
Phage protein
Putative phage protein
Putative phage nuclease
DMA polymerase [V
Phage protein
Putative phage protein
Phage protein
Phage protein
Purative phage protein
Putative phage protein
Fhage protein
Phage protein; PYL orf 52-like protein;
Puzative phage ssDNA binding protein
Phage majar tail protein 2
Purine nucleoside phosphorylase Deal-type
Putative phage protein
Respiratory nitrate reductase 1 alpha chain
Fhage protein
Phage protein
Terminzse small subunit
HTH-type transcriptional regulator
Phage protein
hypothetical protein; same operon as pyrP-pyrB-pyrC-carA-carB-pyrF-pyrE

Phage phi 11 orf23 protein homolog

locus_tag_MCTCE325 gene_MNCTCB325 log2FoldChange

SADUHSC_02071
SADUHSC_01170
SAOUHSC_01168
SADUHSC_02072
SADUHSC_01171
SADUHSC_01169
SADUHSC_02081
SADUHSC_01166
SAQUHSC_ 02083
SADUHSC_02069
SADUHSC_02073
SADUHSC_02078
SADUMSC_02080
SADUHSC_02065
SADUHSC_D2063
SADUHSC_D2066
SADUHSC_01172
SAOUHSC_02064
SADUHSC_ 02067
SADUHSE_02062
SADUHSC_D2061
SADUHSC_02078
SAOUMSC_02068
SADUHSC_02213
SADUHSC_02074
SADUHSC_02079
SADUHSC_01165
SAOUHSC_02053
SAQUHSC_02046
SADUHSC_02058
SADUHSC_02059
SADUHSC_02048
SAOUHSC_02054
SADUHSE_02060
SADUHSC_02047
SADUHSC_D2077
SADUHSC_02051
SADUHSC_02056
SADUHSC_02234
SADUHSC_02228
SADUHSC_02052
SADUHSC_01550
SAQUHSC_02229
SADUHSC 02233
SADUHSC_02055
SADUHSC_03029
SADUHSC_02680
SAOUHSC_02679
SADUHSC_02075
SAOLHSC_p2043
SADUHSC_02229
SAOUHSC_02044
SAQUHSC_02045
SADUHSC_02042
SADUHSC_D2040
SAOUHSC_02219
SADUHSC_01363
SAOUHSC_02034
SADUHSC_02237
SADUHSC_02225
SADUHSC_02221
SADUHSC_02037
SAQUHSC 02214
SADUHSC_02224
SADUHSC_01553
SADUHSC_02220
SADUHSC_02036
SAOUHSC_00097
SADUHSC_02222
SADUHSC_02681
SADUHSC_02035
SAOUHSC_02038
SAOUHSC_02050
SADUHSE_00347
SADUHSC_02223
SADUHSC_01173

card
pyre

ByrB

5424
5412
5,305
5302

5,29
5,282
5257
5174
5132
5128
5122
5,035
5,024
5,004
4,979
4979

4,597

4,486
4457
447
4,412
4,402
4,382
4379
4,351
4,276
4,264
4,223
4,199
4,185
4,145

4,14

4,118
4,065

4,037

3,98
3978
3977
3,951
3,051
3,883
3,848
3,847
3,831
3,821
3,814
3,813
3,796
3,769
3,765
3,652
3,647
3,634
3,505

padj
2,51F-104
9,50E-104
1,73E-65
3,256-106
3,08E-126
6,93E-63
5,13E-84
1,60E-52
151E-76
7,8E-104
1,86E-101
5,50E-64
1,44E-91
2,056-51
1,25E-122
1,64E-111
1,356-105
3,02E-104
1,18E-111
3,62E-52

8,31E-112
3,92E-79
2,326-83
9,07E-01
2,16E-83
4, 16E-70
4,05E-75
5,03E-104
841E-68
3,05E-86
3,B7E-T2
1,19E-87
4,32E-96
1,58E-52
4,396-51
3,08E-83
1,95E-57
1,60E-83
1,636-61
4,87E-53
9 34E-51
1,186-53
5,11E-85
1,46E-55
5,B6E-61
1,83F-46
4,57E-80
6,11E-88
1,04E-58
2,85E-46
6,04E-45
2,70E-63
7,83E-62
7,0BE-B4
5,29E-33
2,07E-65
2,96E-40
1,37E-55
3,25E-54
1,14E-36
5,13F-32
5,40F-53
8,10E-45
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HGOD1_01200 -
HGOO1_02435 nask
HGOD1_02020 -
HGOD1_02436 nast
HGODT_01343 -
HGOO1_01214 parC
HGO01_02246 aldC_1
HGOD1_02437 nash
HGOD1_02431 narX
HGO01_01911 queE_2
HGOD1_01856 -
HGOO1_01857 -
HGOD1_01855 -
HGOD1_02018 -
HGOD1_0201% dnaC_3
HGO01_00086 nard_2
HEO01_01521 der_3
HGOD1_02629 pyrD
HGOD1_01213 park
HGOOT_00807 argH1
HGOD1_0242% nreB
HGOO1_02609 isah
HE001_01522 goh_2
HGOD1_01854 -
HGOD 02014 -
HGO01 02166 dps
HGOD1_01384 -
HGOD1_02483 -
HGOD1_02015 -
HGOD1_01520 arok
HGOD1_02669 clfg
HGOO1_01206 shoC
HGOD1_01518 padD
HGOD1_02247 alss
HGOD1_01250 yhes 1
HGOD1_01519 yhby

hypothetical protein
Uroporphyrinogen-lil C-methyltransferase
Phage protein

Assimilatery nitrite reductase [NAD(P)H] small subunit
Ferredaxin

DNA topoisemerase 4 suunit A
Alpha-acetolactate decarboxylase

Mitrite reductase [NAD(PIH]

Mitrate reductase-like protein Nar)
F-carboxy-7-deazaguanine synthase
Phage tail protein

hypothetical protein

Prophage endopeptidase tail

hypathetical protein

DA replication pratein DnaC

Quinplone resistance protein NorB
GTPase Der

Dikydroorotate dehydrogenase (quinane)
DMA topoisemerase 4 subunit B
Argininosuccinate lyase 1

Owygen sensor histidine kinase NreB
putative transglycosylase [sah precursor
Phosphoglycolate phosphatase
hypothetical protein

PAL ORF-50-ike family protein

General stress protein 20U

hypothetical protein

UDP-glucose 4-epimerase

hypothetical protein

Shikimate dehydrogenase

Clumping factor B precurscr

Muclease SbcCD subunit ©

putative nicotinate-nucleotide adenylyltransferase
Acetalactate synthase

putative ABC transporter ATP-binding protein Yhes
RMA-binding protein Yhby

HGOD1_02438 shfC (nirR) Sirohydrochlorin ferrochelatase

HGOD1_00937 wthi
HGOD1_02430 -
HGOD1_00670 nrdF
HGOD1_02428 nreC
HGDD1_02340 hpxO
HGOO01_011853 -
HGOD1_02654 -
HGOD1_02108 -
HGOD1_01682 biok_1
HGOO1_02013 -
HGOD1_02657 p2d
HGOD1_00491 azal
HGOD1_02655 nrdD
HGOD1_02154 pyrG
HGOD1_01107 rpsB
HEO01_02006 -
HGOD1_Q0082 sodh
HGOD1_01850 -
HGO01_01523 mink
HGOO1_01517 -
HEO01_01925 cobQ
HGOD1_01852 -
HGOD1_01002 rpls
HGOD1_02041 xer_3
HGOD1_02042 hib_2
HGOO1_01215 alsT_2
HGOD1_00139 pisG_1
HGDOL_00019 purh
HGO01_01765 hemy
HGOO1_01766 hemH
HGOD1_01941 -
HGOO1_01851 -
HGOD1_01137 rech
HGOD1_01939 perd
HGOO1_02012 -
HGOO01_ 00951 ydeV
HGOD1_02145 priA
HGOO1_02424 narT
HGOD1 00808 argd
HGOD1_02005 -
HGOD1_01910 serC_2
HGOO1_00512 -

Putative cytochrome bd menaquinel oxidase subunit 1|
hypothetical protein

Ribonucleoside-diphosphate reductase subunit beta
Owygen regulatory protein Nred

FaAD-dependent urate hydrosylase

hypathetical protein

anaerobic ribonudlentide reductase-activating protein
putative DEAD-bax ATP-dependent RNA helicase
Biotin synthase

hypothetical protein

Precorrin-2 dehydrogenase

FMN-dependent NADPH-azoreductase

Anaerabic ri oside-tri e reductase
CTP synthase

305 ribosomal protein 52

hypathetical protein

Superaxide dismutase [Mn/Fe] 2

hypothetical protein

5'-methy /S omocysteine nudeosidase

putative nicotinate-nueleotide adenylyltransferase
Cabwyric acid synthase

hypothetical protein

505 ribesomal protein 119

Tyrosine recombinase XerC

Phosphalipase C precursor

Amino-acid carrier protein AlsT

PTS system glucose-specific EICBA companent
Adenylosuccinate synthetase
Protoparghyrinogen oxidase

Ferrachelatase

Trp reprassar protein

hypathetical protein

Protein Hech

ATP-dependent DNA helicase Pora

Yop¥ protein

Inner membrane ABC transparter permease protein Ydcl
Peptide chain releass factor 1

putative nitrate transporter NarT
Argininosuccinate synthase

Transcriptional activator RinB

Tyrosine recombinase XerC

hypothetical protein

SADUHSC_01334
SADUHSC_02682
SADUHSC 02217
SADUHSE_07683
SAQUHSC_01504
SAOUHSC_01352
SADUHSC_02487
SADUHSC_02684
SAOUHSC_02678
SAQUHSC_02090
SADQUHSC_02031
SADUMSC_02033
SADUMSC 02030
SADUHSC 02215
SADUHSC_02216
SAQUHSC_00099
SAOUHSC_01700
SAOUHSC_02909
SAOUHSC 01351
SAQUHSC 00898
SADUHSC_02676
SADUMSC 02887
SAOUHSC 01701
SAOUHSE_(2029
SADUHSC_02211
SADUHSC_02381
SADUHSC_01551
SADUHSC 02737
SAOUHSC 02212
SADUHSC_01699
SADUHSC_02953
SADUHSC 01343
SADUHSE_01697
SADUHSC_02468
SADUHSC_01392
SAOUHSC_01698
SADUMSC_02685
SAOUHSC_01032
SADUHSE_02677
SADUHSC_00743
SADUHSC_02675
SADUHSE_02579
SAQUHSE_02028
SADUHSC_07941
SADUHSC_02316
SACQUHSC_01877
SADUHSC 02210
SAQUHSC_02945
SAOUHSC_00543
SAOUHSC_02942
SADUHSC_02368

SAOUHSC,_02203
SADUHSC_00093
SADUHSC_02025
SADUHSC_01702
SAOUMSC_01696
SAOUHSE_ 02106
SAOUHSC_02027
SADUHSC_01211
SADUHSC 02239

SAOLIHSC_01354
SADUHSC 00155
SAQUHSC_00019
SAOUHSC_01960
SAOUHSC_01961
SADUHSC_02125
SADUHSC_02026
SADUHSC_01262
SADUHSC_02123
SADUHSE_ 02200
SAOLHSC 01048
SADQUHSC_02359
SADUHSC_02671
SAOUHSC 00899
SAOUHSC_02202
SADUHSC_02089
SADUHSC_00567

pyrG

34
3,396
3,323
3,321
3,316
3,261

3,201

2,831

2,308
2,297
2,297
2,281
2273

227
2,253
2,248
2,233
2207

1,30E-23
5,44E-37
820654
1,65E-29
6,98E-40
8,08E-45
1,69E-21
1,42E-25
3,52E-36
6,19E-61
1,69E-41
1,86E-38
4,30E-43
2,24E-22
7,15E-45
7,19E-23
2,85E-48
6,09E-08
2,91E-15
2,126-24
7,06112E-32
2,63E-30
2,29E-45
392638
1,256-27
1,86E-35
291622
831E-35

2,07E-30
3,49581E-19
6,591E-23
5,64 788E-26
5,81E-22
1,59E-30
2,42E-33
1,176-27
2,99E-23
6,34E-27
348E-34
B 25E-18
1,75E-18
519E-17
8 69E-18
8050E-22
203E-27
TO1E-22
1,32E-34
1, 71E-19
3,00E-29
1,82E-24
1,16E-29
6,85E-22
5,73E-24
9,53E-19
6,98E-20
1,10E-25
2,96E-05
4,52562E-15
157E-18
2.42E-24
2,38E-13
1,41E-12
1,32E-20
7,32E-27
1,58E-10
1,256-14
1,46E-22
0,000554689
TIE12
1,46E-08
5,78E-15
243E-16
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HGO01_00659 recd_1
HGOD1_02008 -
HEOD1_02144 prmC
HGODL (12009 -
HEO01_02004 -
HGOD1_00002 dnah
HGO01_02256 truf
HGOD1_01957 -
HGO01_02123 scel
HGOD1_02003 -
HGOD1_02007 -
HGOD1_02658 cysl
HGOO1_ (2411 -
HGOD1_01184 nucH
HEOD1_00878 -
HGOD1_00959 typa
HEOD1_00005 gy
HGOD1_01938 ligh
HGO01_00060 spa
HGOD1_02155 rpoE
HEO01_02253 rpsl
HGO01_01574 mrel
HGO01_02750 rsmG
HGOD1 01933 patd 2
HGODT_01515 tyinl
HGO01_02090 -
HGOD1 02388 emrd_1
HGOD1_02751 mamG
HEOO1_00411 -
HGOD1_0z010 -
HGO01_01203 -
HGOD1_01048 rluD_2
HEOD1_ 01790 ey 1
HGOD1_01047 lspa
HGOD1_01995 -
HGOD1_01560 apt
HGO01_01791 anQ
HGO01_01479 2nul
HEO01_00324 ahpc
HGOD1_00057 shnC
HGOO1 Q0008 hutH
HEOD1_01942 purd
HEGOO1_(0372 mecB
HGOD1_012257 ecfT
HGOD1_01992 -
HGO01_02389 emrk
HGOD1_01330 -
HGOD1_02120 thiD
HGO01_02453 -
HGOD1_00468 rpld
HEO01_01070 stp
HGOO1_01571 -
HGO01_02754 rpmH
HGOD1_01849 atl_3
HGO01_01571 -
HGO01_00351 hsdhd
HGOD1_01311 poand
HGOD1_(01461 gevT
HGOD1_01481 nfo
HGOD1_00323 ahpF
HEO01_00712 cpgh
HEOD1_00363 yeiC_1
HEGOO1_ 01691 ribE
HGOD1_02156 bitD_2
HGOD1_02243 meph_2
HEOD_02282 rply
HGO01_00408 yofH
HEOO1_01764 ydat
HGOD1_02443 2inT
HGOD1_02022 -
HGO01 01634 -
HGOD1_01451 cfiB_2
HEGOD1_ 01934 gatd
HGOO1_01142 karB
HEGOD1_02352 yifk
HEOD1_01572 rplld
HGO01_01382 -
HGOD1_02586 pksG
HGOD1_02280 rplP

ATP-dependent DNA helicase RecQ)

duTPase

Release factor glutamine methyltransferase

hypathetical protein

hypothetical protein

DA polymerase || subunit beta

tRNA pseudouridine synthase A

Yolb-like protein

putative transglycasylase Scel precursor

hypothetical proteln

hypathetical protein

Sulfite reductase [NADPH] flavoprotein alpha-camponent
hypothetical protein

Thermonuclease precursor

hypathetical protein

GTP-binding protein Typa/Bipa

DNA gyrase subunit B

ONA ligase

Immunoglobulin G-binding protein A precursar

putative DNA-directed RNA polymerase subunit delta
305 ribosomal protein 59

Cell shape-determining protein MreC precurser
Ribosomal RNA small subunit methyltransferase G
Aspartyl/glutamyl-tRMNALAsR/GIn) amidatransferase subunit B
dTDP-3-amino-3%2Ce-dideomy-alpha-D-glucopyranose NF2CN-dimethyltransferase
Protein Spri-like protein

Multidrug export protein EmrB

RNA uridine S-carbaxymethylaminomethyl modification enzyme MnmG
hypathetical protein

hypathetical protein

hypothetical protein

Ribosemal large subunit pseudouridine synthase
L-cystine import ATP-binding protein TeyC

Lipoprotein signal peptidase

Phage capsid family protein

Adenine phosphoribosyltransferase

Arginine transport system permease protein ArtQ
High-affinity zine uptake systerm membrane protein Znuls
Alkyl hydroperoxide reductase subunit C

Staphyloferrin B synthase

Histidine ammeonia-lyase

Adenylosuccinate lyase

Cystathionine gamma-lyase

Energy-toupling factor transporter transmembrane protein EcfT
Phage head-tail joining protein

putative multidrug resistance protein Emrk
Glucosaminate ammaonia-lpase
Hydroxymethylpyrimidine,/ phosphomethylpyrimidine kinase
hypothetical protein

505 ribosomal protein L1

Sering/threonine phosphatase sip

rod shape-determining protein MreD

505 ribosomal protein L3d

Bifunctional autelysin precursar

hypothetical protein

Type | restricticn enryme Ecokl M protein
Penicilin-binding protein 14718

Aminomethyltransferase

putative endonuclease 4

Alkyl hydroperoxide reductase subunic F

Central glycolytic genes regulator

Putative metal chaperone YeiC

Riboflavin synthase

Sparmina/spermidine acetyltransferase

Burein DD-endopeptidase Mephd

505 ribosormal protein L22

putative deoxyribonuciease YofH

Putative hydrolase Ydei

Metal-binding pratein ZinT precursar

hypothetical protein

hypothetical protein

2-oxoglutarate carboxylase small subunit
Glutamyl-tRNA(GIN amidotransferase subunit A
2-oxoglutarate oxidoreductase subunit KorB

putative transport protein Yifk

505 riposomal protein L21

Transcriptional activator RinB

Polyketide biosynthesis 3-hydroxy-3-methylglutand-ACF synthase FksG
505 ribosomal protein L16

SADUHSC_00730
SACUHSC_02205
SADUHSC_02358
SADUHSC 02206

SADUHSC_00002
SACDUHSC_02480
SADUHSC 02144
SADLHSC_02333
SADUHSC_02200
SADUHSC_02204
SADUMHSC_02947
SADUHSC 02656
SADUHSC 01316
SACQUHSC_00964
SADUHSC_01058
SACUHSC_00005
SADUHSC_02122
SAOUHSE, 00069
SADUHSC_02369
SADUHSC_02477
SADUMHSC_01759
SADUHSC_03051
SADUHSC_02116
SAQUHSC_01694
SAQUHSC_02296
SAQUHSC 02629
SADUHSC_03052
SADUHSC 0065
SADUHSC_02207
SADUHSC_01338
5A0UMSC 01163
SADUHSC 01990
SADUHSC_ 01162
SAQUHSC_02191
SAOUHSC_01743
SAQUHSC_01991
SADUHSC 01656
SADUHSC_00385
SADUHSC_00077
SADUHSC_ 00008
SADUMHSC_02126
SADUHSC_00422
SADUHSC_02481
SACDUHSC_02188
SA0UHSC_02630
SADUHSC_01499
SAOUHSC 02330
SADUHSC_02702
SADUHSC_00519
SADUHSC_01186
SAOUMHSC_01758
SADUHSC_03055
SAQUHSC 02033
SADUHSC_01756
SADUHSC_00397
SADUHSC_ 01467
SADUHSC_01634
SADUHSC_01658
SADUHSC_00364
SADUMHSC_00794
SADUMSC_00410
SAOUHSC 01888
SADUHSC_02370
SADUHSC_02454
SADUHSC_02507
SADUHSC_00462
SADUHSC 01958
SADUHSC_02690

SAOUHSC 01823
SAOLHSE 01623
SAOLHSE_ 02117
SAOUHSC_D1267
SAOUHSC_02590
SAOUHSC_D1757
SAOUHSE 01549
SAOUHSC_02860
SAQUHSC_02505

rpsl

gidB
gath

gidA

IspA

Ispy

rpla

rpmH

recl
govT

rplv

gatA
rplu

rplp

2,104
2,103
2,058

1,859
1,941

1,94
1,936
1,932
1,827
1,925
1919
1913

1,51
1,898
1,854
1,888
1,886
1,882
1,875
1874
1,869
1,865
1864
1,855

2,26E-10
558131E-18
1,63E-17
5,45E-17
1,936-18
5,02E-14
2,86E-15
542238615
6,45E-15
2,29E-16
4,65E-09
3,226-19
1,57E-12
1,31E-13
2,04E-10
6.91E-18
1,16E-14
1,44E-13
1,87E-12
4,00E-18
9,94E-15
1,39E6-14
7,85E-17
1,02E-11
277617
715617
2,46E-12
2,05E-11
131609
1,48E-12
1,58E-17
2,26E-15
4,29E-15
217611
8,57E-19
1,56E-06
8,68E-16
2,22E-14
4,02E-11
3,52E-09
742613
4,01E-16
2,86E-06
1,22E-14
3,186-13

114



HGOD1_01848 -
HGOD1_02446 hdbD
HGOD1_02420 gitT
HGOO1_02287 rplC
HGOD1_01689 ribH
HGOD1_02358 ecfal
HGOD1_00475 rpiGE
HEO01_01846 -
HGOO1_ 01478 zur
HGOD1_01926 murk_2
HGOO1_00352 -
HEOD1_02284 rplk
HEO01_ 02285 rpl
HGOD1_01831 -
HGOD_00941 def
HGOD1_011535 yhbll_1
HGOD1_00073 sbnl
HEOD1_ 02283 rpss
HEOO1_(12266 rplD
HGOO1_01096 suct
HGOD1_00949 poth
HGOO1_02091 rpsh 2
HGOO1_02752 mnmE
HEO01_01690 rbBA
HGOD1_02635 panD
HGOO1_01337 cmic
HGOD1_01338 ansA
HGOD1_01631 ackh
HGOOL_01564 1pt
HGOO1_02652 gloB_2
HGOD1_01516 rsfs
HGOO1 00936 ythA
HGOD1_0a773 -
HGOD1_01683 rsmH_2
HGOD1_00061 sars
HGOO1_01937 -
HGOD1_00496 folE2
HGEOD1_G0407 metd
HGOD1_00467 rplk
HGOO1_02560 catk 2
HGOD1_00071 sknG
HEO01_02279 rpmC
HEO01_00647 uwrh
HGOD1_01735 -
HGOD1_00879 -
HGOO1_01158 -
HEOO1_ 00460 -
HGODL_02244 -
HGOOL_(0068 shnD
HGOO1_02109 murk
HGOD1_02278 rpsi
HGOO1_02423 -
HGOO1_00497 msh
HGOD1_01499 rpsU
HGOD1_02355 -
HGO01_02148 -
HEO01_00867 pric
HEDOL_02439 yim|
HGOO1_01767 hemE
HGOO1_00072 shnH
HGOD1_00066 sbnB
HGOD1_00265 -
HGOO1_02119 thitd
HEO01_01544 -
HGOO1_01792 -
HGOD1_01984 -
HGOD_02291 topB
HEO01_014905 immR_1
HGOD1_00069 shnE
HGOD1_02288 rps
HGOD1_02636 panc
HGOOL_01151 glpk
HGOD1_02157 coaW
HGOD1_01071 priC
HGOO1_01514 comEA
HG0D01_01310 recl
HGOD1 Q0811 spsb 1
HGOD1_02277 rpii
HGOD)_02682 -

hypothetical protein

Disulfide bond fermation protein D precurser
Proton/sadium-glutamate sympart protein

508 ribosomal protein L3
B¥%2CT-dimethyl-8-ribityllumazine synthase
Energy-coupling factor transporter ATP-hinding protein EcfA2
Ribosome-associated protein L7Ae-like protein
Bacteriophage holin

Zinc-specific metallo-regulatory protein
UDP-N-acetylmuramoyl-L-alamd-D-glutamate--2%2C6-diaminopimelate ligase
Type | restriction modification RNA specificity domain protein
505 ribosornal protein L2

508 ribosomal protein L23

Putative multidrug export ATR-binding/permease protein
Peptide deformylase

putative protease Yhbl precursor

L-serine kinase

305 ribosornal protein 519

505 ribosornal protein L4

Succinyl-Cod ligase [ADP-forming] subunit beta
Spermidine/putrescine import ATP-binding protein Potd
305 ribosornal protein 51

tRNA madification GTPase MimE

Ribaflavin biosynthesis protein RibBA

Aspariate 1-decarboxylase precursor

Cytidylate kinase

putative L-asparaginase

Acetate kinase

Queuine tRNA-ribosyltranslerase
Hydroxyacylglutathione hydrolase

Ribosomal silencing factor RsfS

Putative cytochrome bd menaguinol oxidase subunit |
hypothetical protein

Ribosomal RNA small subunit methyltransferase H
HTH-type transcriptional regulator Sars

Cams sex pheromone cAM3T3 precursor

GTP eyclehydrolase FolE2

Methicnine-tRNA ligase

505 ribosomal protein L11

Catechol-2%:2C3-dioxygenase

Citrate synthase

505 ribosamal protein L29

UnrABC system protein A

Ecokl restriction-modification system protein HsdS

CAMX amino terminal protease self- immunity
methicning gamma-lyase

L10_leader

putative hydrolase

Staphyloferrin B export protain
UDP-N-acetylmuramoyl-tripeptide—D-alanyl-D-alanine ligase
305 ribosormal protein 517

Acid shock protein

10-myo-inositol 2-acetamide-2-deony-alpha-D-glucopyranoside deacetylase
305 ribosomal protein 521

L13_leader

hypathetical protein

Peptide chaln release factor 3

putative N-acetyltransferase Ytml

Uroporphyrinogen dacarbogylase
2-[iL-alanin-3-ylcarbamoyl)methyl]-2-hydrosybutanedioate decarboxylase
M-{(25)-2-amino-Z-carboxyethyl]-L-glutamate dehydrogenase
alpha/beta hydrolase Told protein

Hydroxyethylthizzole kinase

putative sapT prophage toxin

Phosphotransterase systemS:2C EIIC

hypathetical protein

DOMA opoisomerase 3

HTH-type transcriptional regulatar Immf
L-2,3-diaminoprapanaate--citrate ligase

305 ribosomal protein 510

Pantothenate synthetase

Glyceral kinase

Type || pantothenate kinase

Serine/threonine-protein kinase PricC

ComE operon protein 1

Holliday junction resolvase Recl

Signal peptidase 1B

505 ribosomal protein L14

ABC-2 family transporter protein

SADUHSC_D2022
SADUHSC_02654
SADUHSC_02667
SADUHSC 02512
SADUHSC_ 01886
SADUHSC_02482
SADUHSC_00526
SADUHSC 02020
SADUHSC 01655
SADUHSC_02107
SADUHSC_D0398
SADUHSC_02508
SADUHSC_02510
SADUHSC_02003
SACUHSC 01038
SADUHSC_01716
SAQUHSC_00083
SADUHSEC_02508
SADUHSC_p2511
SADUHSC_01216
SADUHSC_01048
SADUHSC_02297
SADUHSC_03053
SADUHSC_01887
SAQUHSC 02916
SADUHSC_D1496
SADUHSC_D1497
SADUHSC_01820
SAQUHSC_01748
SADUHSC_02936
SADUHSC_01695
SADUHSC 01031
SADUHSC_00862
SADUHSC_D1878
SADUHSC_00070
SAOUHSC_02121
SAQUHSC_D0549
SADUHSC_00461
SADUHSC 00518
SADUHSC_ 02828
SADUHSC_C0081
SADUHSC_02504
SADUHSC_ 00780
SADUHSC_01932
SADUHSC_00965
SADUHSC_01284

SAOUHSC_ 02465
SADUHSE_00078
SAOUHSE_02317
SAOUHSC_02503
SAQUMSE_02670
SAOUHSE_ 00550
SAQUHSE_01678

SADUHSC_02362
SAOUHSE_ 00956
SADUHSC_ 02686
SADUHSC_01962
SADUHSC_00082
SADUHSE_00076
SADUHSE_ 00301
SADUHSC_02329
SAQUHSC_02018
SADUHSC_01992
SADUHSC_02190
SADUHSC_02517
SAOUHSC_ 02084
SADUHSC_00079
SADUHSC_02512a
SADUHSC_02918
SADUHSE_ 01276
SADUHSC_ 02371
SADUHSC_01187
SADUHSC_01693
SADUHSC_01466
SADUHSC 00902
SADUHSC_072502
SADUHSC_02978

1,691
1,688
1,683
1,68
1,678
1,674
1,666
1,665
1,662
1,66
1,66

1,649

1,639

1,456

1,483
1,482
1,478
1477

1,471

1,451

1,431

1426
1,425
1,424
1424

1,24E-10

5,45E-13

5,41E-10
2,04E-08
2,34E-09
2T1E-DB
1,72E-12
9,24E-12
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HGOO1_00819 -
HGOO01_01653 ths
HGOD1_01591 clpX
HGOO1_00197 tagF
HEOD1_01635 thil
HEOD1_01482 cshB
HEO01_01736 -
HGOO1 01091 trmD
HBOO1_ 01645 ptsG_4
HGOD1_00950 potd
HGOD1_02275 rplE
HGOD1 00155 azoR
HGOD1_01204 -
HGOD1_ 00517 -
HGOD1_01993 -
HGOD1_02276 rplx
HGOD1_01582 tig
HEOD1_ 01940 pord
HEOO1_01085 sme
HGOD1_01141 kard
HGO01_01205 sbel
HGOD1_ 01561 rec)
HGOD1_00669 nrdt2
HEO01_02011 -
HEOD1_00871 kirg_1
HGOD1_01565 qued
HGOD1_ 02320 fhub_2
HGOO1 01562 secD
HGOD1_ 00658 yijik
HGOD1_02121 tend
HGOD1_00993 muts2
HGOD1_ 02038 lexA_3
HGOD1_02274 rpshL
HGOD1_02375 mra
HGOO1_01500 leph
HGOD1_00473 rpoi
HGOD1_00377 -
HEGOD1_02142 pips
HGOD1_00070 shnF
HGOD1_01997 -
HEO01_01907 -
HGOD1_01480 znuC_2
HGOD1_00490 ywpl L
HGOO1_011439 -
HGOD1_01829 hemi2
HE001_00790 -
HED01_01024 yinB
HGOO1_01788 trml
HGOD1_01110 fre
HGOD1_01534 udk
HGOD1_01847 -
HEOD1 00001 dnah
HGDO1_02390 phuG
HGEOD1_01991 -
HGOO1_00801 -
HEO01_00656 kipA_1
HE001 01781 liaR
HGOOL 00654 -
HEDD1_ 02733 mph
HGOD1_00499 nagB_t
HEOD1_ 01090 rimi
HGOD1_01996 -
HGDO1_00943 pdha
HGOD1_01089 rpsP
HGOD1_02382 fni
HEGOD1_01208 opuD_1
HEGOD1_ 01288 -
HGOD1_01988 -
HGOO1_02174 cacD_2
HEO001_02293 gleU_2
HGOD1_00027 yikn_1
HGOD1_00028 rlmH
HGOO1_ 02143 ywlC_2
HGOD1_02642 davT
HGOD1_01484 trmk
HE001 02210 -
HE001_ 02272 rplF
HGOO1_00137 yecD
HEGOD1_00498 -

hypathetical protein

Formate-tetrahydrofolate ligase

ATP-dependent Clp pratease ATP-binding subunit CipX
COP-glyceralpalyiglycerophosphate] glyceraphosphotransferase
putative tRMA sulfurtransferase

DEAD-box ATP-dependent RMA helicase CshB

putative type | restriction enzymepP M protein

TRNA (guanine-n1)-)-methyltransferase

PTS system glucose-specific ENCBA companent
Spermidine/putrescing transport system permease protein Pote
505 ribosomal protein L5

FMN-dependent NADH-azareductase

hypathetical protein

putative heme peroxidase

Phage gpé-like head-tail connector protein

305 ribosomal protein L24

Trigger factor

Heptaprenylglyceryl phosphate synthase

Chromosome partition pratein Sme

Z-oxoglutarate axidoreductase subunit Kord

Nuclease ShcCD subunit D

Single-stranded-DNA-specific exonuclease Recl
Ribenucleoside-diphasphate reductase subunit alpha 2
hypothetical protein

Kir system potassium uptake protein B
S-adenosylmethionine:tANA ribosyliransferase-isomerase
Iran{3+}-hydroxamate-binding protein Fhulr precursor
Protein translocase subunit SecD

putative ABC transparter ATP-binding protein Yjjk
Putative thiaminase-2

Endonuclease MuiS2

LexA repressor

305 ribosormal protein 514

Aldose 1-epimerase precursor

Elongation factor 4

DONA-directed RMA polymerase subunit beta

hypothetical protein

Low malecular welght protein-tyrasine-phosphatase PrpB

SACUHSC_00910
SAOUHSC_01845
SACUHSC_01778
SAQUHSC_00223
SAOUHSC_01824
SAQUHSC_01659
SAOUHSC_01933
SAOUHSC_01210
SAQUHSC 01836
SACUHSC_01047
SACQUHSC_02500
SACQUHSC 00173
SACUHSC_01340
SACQUHSC_00573
SAOUHSC 02189
SACQUHSC_02501
SACQUHSC_01779
SAQUHSC_ 02124
SACUHSC_01204
SAQUHSC 01266
SACUHSC_ 01341
SACQUHSC_01744
SACUHSC 00742
SAOUHSC_02208
SAOUHSC_ 00950
SACQUHSC_01749
SACQUHSC_02554
SAOUHSC_ 01746
SADUHSC_00729
SAQUHSC_02331
SACQUHSC_01099
SACQUHSC 02235
SACQUHSC (2499
SAOUHSC_02614
SAOUHSC_01688
SACUHSC_00524
SAQUHSC_ 00428
SAOUHSC_ 02356

2-[iL-alanin-3-ylcarbamoyljmethyl]-3-(2-aminpethylcarbamayl |- 2-hydroxypropancate synt SADUHSC_00080

Phage portal protein

hypothetical protein

High-affinity zinc uptake systern ATP-binding proein Znul
Putative phasphatase Yipl

hypothetical protein

Glutamate-1-semialdenyde 2%2C1-aminomutase 2
Na+/H+ antiporter family protein

Putative HAD-hydrolase Yink

TRMA (cytidine(34}-2°-0)-methyltransferase
Ribosome-recycling factor

Uridine kinase

hypothetical protein

Chramosamal replication initiatar protein Dnad
Guanine/hypexanihine permease PbuG
hypothetical protein

Putative peptidyl-prolyl cis-trans isomerase

Kipl antagonist

Transcriptional regulatory protein Uak
hypathetical protein

Ribonuclease P protein component
Glucosamine-&-phosphate deaminase

Ribosome maturation factor Rimi

Caudovirus prohead protease

Pyruvate dehydrogenase E1 component suburit 2lpha
305 ribosomal protein 516
Isepentenyl-diphosphate delta-isomerase

Glycine betaine transporter Opul

hypothetical protein

hypathetical protein

Cadmium%2C cobalt and zing/H{+)-K(+] antiporter
putative glucose uptake protein Glold

Trifuncticnal nucleotide phosphoesterase pratein YikN precursor
Ribosomal RNA large subunit methyliransferase H
Threonylearbamayl-AMP synthase
S-aminovalerate aminotransterase DavT

tRMA {adenine|22)-N(1)}-methyltransferase
hypothetical protein

505 ribosormal protein LB

Isechorismatase family protein YecD

hypothetical protein

SAOUHSE_02194
SAQUHSE_02086
SAGUHSE_01657
SACUHSC_00542
SAQUHSC_01610
SAOUHSE_02000
5A0UHSL_00880
SAQUHSE_01137
SAOUHSC_01988
SAOUHSE_01236
SAOUHSC_01715
SAOUHSE 02021
SAQUHSE_00001
SACUHSC_02516
SAQUHSC_02187
5A0UHSE_00891
SAQUHSE_00727
SAQUHSE_01980
SAQUHSC_00724
5A0UHSE_03054
SAOUHSE_00552
SAOUHSE_01209
SAQUHSE_02193
SAQUHSC_01040
SAGUHSC_01208
SAOUHSC_02623
SAQUHSE_D1346
5AOUHSE_01436
SAQUHSC_02184
SAOUHSE_02380
5AOUHSE_02520
SAOUHSE_00025
SAOUMSE_00027
SAOUHSE_02357
SAOUHSE_02924
SAOUHSC_01661
SAOUHSE_02425
SAOUMSE_ 02496
SAOUHSE_00152
SAOUHSE_00551

rpsh

rpoB

mp

rim

PSP

1,386

2,89E-12
1,14E-09
4,4BE-12
2,296-11
1,036-11
2,29E-11
3,196-09
2,36E-10
2,85E-07
1,026-06
2,21E-11
1,59€-10
1,01E-08
2,01E-11
0,002756727
1,75€-10
9,40E-11
3,78E-08
4,58E-11
3,356-06
2,58E-07
2,50E-12
7,99E-08
0,600139633
9,756-10
1,96E-08
9,456-11
9,47E-09
B,B0E-10
3,226-11
1,2BE-10
7,53€-11
2,96E-08

1,34E-09
746E-O7
0,001002013
4,53E-10
5,23E-10
2,DEE-08

0,000131259
5,80E-08
2,41E-07
6,87E-07
2,756-08
1,726-07
6,63E-06
3,25E-09
6,23E-06
2,08E-09
2,28E-06
1,89E-06
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HGOD1_00138 ipdC
HGOD1_00417 prs_1
HEO01_02273 rpsH
HGOOL_01146 -
HEO01_00812 spsi_2
HGOD1_00310 ssh_1
HGOD1_01449 -
HGOD1_02559 -
HGO01_003299 metE
HGOD1_02585 mvad
HEO01_00944 pdhi
HGODL_ 01446 -
HGODL_02207 -
HGODL_01452 acck_1
HGOD1_02030 -
HGOD1_01906 -
HEO01_01109 pyrH
HGOD1 01712 metk
HGOD1_01681 mdtH
HGOD1_01132 phal
HGOD1_02421 -
HGODL_02208 -
HGOD1_ 01950 -
HGOOL_01235 femB
HGOD1_02372 lyray
HGOO1_01989 -
HGOD1_01912 -
HGOD1_00065 sbnA
HEGOOL_01460 pevFA
HGOO1_00004. reck
HGOO1_02383 corA
HEO0_02203 yixH
HEOO1_ 00118 aldA
HGOD1_01692 ribD
HGOD1_01334 gpsA
HGOO1_0211& thiE
HGOD1_01059 -
HEOD1_01620 acch
HEOO1_00476 rpsl
HGOD1_01759 -
HGOD1_ 00821 clpB_1
HGODL_01145 -
HGOD1_02607 oath_2
HGOD1_01447 xse
HEO01_00326 1cyP
HGO01_02270 rpsE
HGODL_ 01448 wnsed
HGODL_006d1 corc
HGOO1_01639 rpsD
HGOO1_01095 rrhE
HGOD1_02748 -
HE001_01636 iscs_2
HGOOL_00870 -
HGOD1_01843 -
HGOD1_01391 -
HGOD1_00992 palX
HEOD1_01069 rlmN
HGOO1_00655 kipl_1
HGOD1_00428 ftsH
HGDO1_02526 -
HEG001_ 01983 -
HEOO1_ 02068 -
HGOO1_ 02296 femy
HGOD1_01140 -
HGODL_00424 diviC
HGOO1_02147 rpmE2
HEO01_01300 der_1
HGOO1_00772 liph_L
HGOD1_01044 iles
HGOO1_02449 tcyC 2
HGODL_ 01315 asns
HGOO1_01413 Int-Tn
HGOD1_ 01475 rpmG2_2
HGOD1_00399 tmk
HEO01_00305 ykuT
HGOD1_007E0 patA_1
HGODL_02749 nac
HGOO1_01607 coak
HGODL_01953 rutB

Indale-3-pyruvate decarboxylase
Ribose-phosphate pyrophosghokinase

308 ribosamal protein 58

Thiamine-precursor transporter protein (Thiv)
signal peptidase |B

Single-stranded DNA-binding protein ssb
hypothetical protein

Acetyltransferase (GNAT) family protein

S-methyltetrahydropterayliriglutamate--homacysteine mathyltransferase

3-hydroxy-3-methylglutaryl-coenzyme A reductase
Pyruvate dehydrogenase E1 component subunit beta
Farnesyl diphosghate synthase

Haemolysin-lll related

Bintin carboxyl carrier protein of acetyl-Cod carboxylase
hypothetical protein

hypothetical protein

Uridylate kinase

S-adenosyimethionine synthase

Multidrug resistance protein MdtH

Acetoacetyl-Col reductase

hypothetical protein

putative uridylyltransferase

hypothetical pratein

Aminoacyltranslerase Femt

Lysostaphin resistance protein A

Bacterial Ig-like domain [group 2]

putative acyl-Cod thioester hydrolase

putative sideraphore biosynthests protein Shnd
putative glycine dehydrogenzse [decarboxylating] subunit 1
DA replication and repair protein Reck

Magnesium transport pratein Cord

Flagellum site-deterrmining protein YlxH

Putative aldehyde dehydrogenase AldA

Riboflavin biasynthesis protein RibD
Glyceral-3-phosphate dehydrogenase [NAD(P)+]
Thiamine-phosphate synthase

hypethetica! protein

Acetyl-coenzyme A carboxylase carboxyl translerase subunit 2lpha

305 ribosomal protein 512

Bacterial ABC transporter protein EcsB
Chaperone protein ClpB

hypothetical protein

Cracetyltransferase Osth,
Exndeoxyribonuciease 7 small subunit
L-cystine uptake protein ToyP

305 ribosomal protein 53
Expdecwyribonuciease 7 large subunit
Magnesium and cobalt efflux protein CorC
305 ribosomal protein 54

Ribonuctease HIl

hypothetical protein

Cysteine desulfurase

Serine protease HurA-like protein

putative phage protein 2 of sapT operon
hypothatical protein

DMA palymerase/35' exenuclease Pol)
putative dual-specificity RNA methyltransferase Rlmb
Kinase A inhibitor

ATP-dependent zinc metallopratease FrsH
putative lipoprotein precursar
hypothetical protein

putative Inner membrane pratein

Lipid [:glysine glyeyltransferase
Calcineurin-like phosphossterase

Cell division protein Divic

505 ribosomal protein L31 type B

GTPase Der

Lipoyl synthase

Iscleucine—-tRMNA ligase

L-cystine import ATP-binding protein ToyC
Asparagine-LRMA ligase

Transposase from transposon Tn916

505 ribosomal protein L33 2

Thymidylate kinase

putative Msc5 family protein YkuT
Peptidoglycan O-acetyltransferase
Nutleaid occlusien protein
Dephospho-Cof kinase
Peroxyureidoacrylaie/ureidoacrylate amidohydrolase Rut

SAQUHSC_00153
SADUHSC_00472
SADUHSC 02498
SAOUHSC_01271
SAQUHSC_00903
SADUHSC_00349
SAQUHSC_01621
SADUMSC_D2827
SADUHSC_ 00338
SADUHSC_D2859
SAQUHSC_D1041
SAQUHSC_ 01618
SAQUHSC_02422
SADUHSC_D1624
SADUHSC_02226
SAOUHSC_D2085
SAOQUHSC_D1235
SADUHSC_ 018905
SADUHSC_01876
SAOUHSC_01257
SADUHSC_D2668
SADUHSC_D2423
SAQUHSC_ 02186
SACUHSC 01374
SADUHSC_02611
SADUHSC_D2185
SAQUHSC_D2091
SADUHSC_00075
SADUHSC_D1633
SADUHSC_00004
SAOUHSC_D2624
SADUHSC_ 02417
SADUHSC_D0132
SACUHSC_01889
SADUHSC_01491
SAQUHSC_02328
SADUHSC_D1175
SADUHSC_01808
SADUHSC_ 00527
SADUHSC_D1966
SAQUHSC_00912
SADUHSC_01270
SADUHSC_02885
SACQUHSC_01619
SADUHSC_D0367
SADUHSC_D2494
SADUHSC 01620
SADUHSC_00711
SADUHSC_01829
SADUHSC_D1215
SAQUHSC_D3048
SADUHSC_01825
SADUHSC 00958
SAGUHSC_02017
SADUHSC_D1558
SADUHSC_ 01098
SAOQUHSC_D1185
SAQUHSC 00726
SADUHSC_00486
SADUHSC_D2789
SADUHSC_D2178
SADUHSC_ 02272
SADUHSC_D2527
SAQUHSC_D1265
SAOUHSC_00452
SADUHSC_D2361
SADUHSC_D1455
SADUHSE 00861
SADUHSC_D1159
SADUHSC_02697
SACQUHSC_D1471
SAOUHSC_01582
SADUHSC_D1651
SADUHSC_D0451
SADUHSC_D0344
SADUHSC_DOET0
SAQUHSC_ 03049
SADUHSC_ 01795
SADUHSC_02139

1,185
1,185
1,184
1,179
1,174
1,173
1,172

117

117
1,168

3,85E-06
1,206-07
4,01E-09
1,836-08
6,64E-08
7,79E-08
&07E-08
3,61E-06
1,596-07
2,10F-08
3,51E-07
4,99E-07
6,17E-09
1,70E-08
5,52E-05
1,62E-06
7,156-06
4,50E-08
1,09E-07
2,67E-D6
1,63E-05
1,206-07
0,00182997
2,25E-07
9,52E-08
6,286-07
5,82E-08
0,000501837
1,59E-05
6,04E-09
2,66E-07
1,85E-07
1,55E-06
1,76E-06
3,006-06
2,1BE-05
1,08E-07
1,21E-07
847E-06
1,35E-06
5,03E-07
2,04E-08
3,37E-06
9,35E-05
875E-08
7,69E-09
5,09E-09
4,05E-0
1,56E-08
1,30E-06
6,74E-DF
1,38E-05
3,52E-05
2,82E-06
0,000846604
2,71E-08
4,036-07
1,75E-07
1,57E-07
6,92E-05
0,000787174
5,34E-05
8,84E-07
4,57E-D6
5,13E-06
1,51E-07
1,46E-05
4,80E-08
0,000184868
4,12E-06
1,61E-05
2,88E-06
0,000111302
4,06E-06
2,21E-05
3,B1E-06
9,40E-07
1,39E-06
1,24E-05
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HGOD1_00474 rpaC
HGOD1_00311 rpsk
HED01_00146 -
HGOD1_011536 yhbl_2
HGOO1_01102 trmFo
HGO1_01715 -
HGODL_02038 -
HEO01_02630 -
HEOO1_02310 -
HGOOL_ 015596 rpml
HGOD1_00393 dnaX_1
HGODL_02117 yidC
HGODL,_02527 srmB
HGOD1_011342 -
HGOO1_02315 madA
HGO01_01124 rpsO
HE001_ 00510 ung
HE001_01299 ypeP
HGOO1_ 01629 ald2
HGOD1_(12450 tcy8
HGOOL_02481 -
HEOD1_02306 maab
HGOOL_ 01045 pyrk
HGOD1_01144 miab
HEO01_00675 -
HGOD1_01097 sucD
HGOD1_01908 -
HEO01_03450 -
HGOOL_01913 peps
HEOD1_00771 yikh_3
HGOOL_03566 ruvB

DMA-directed RMA polymerase subunit beta’

306 ribosomal protein 518

hypothetical protein

putative protease YhbU precursor
Methylenstetrahydrofolate—tRMA-(uracil-5- - methyltransferase TrmFO
Transposase 15200 like protein

hypothetical protein

hypothetical protein

tRNA-GIN(tg)

505 ribosomal protein L35

OMA polymerase |l subunit tay

mMembrane protein insertase Yidc precursor
ATP-dependent RNA helicase SrmB

hypathetical protein

Molybdate-binding periplasmic protein precursor
306 ribosamal protein 515

Uracil-DN4 glycosylase

53" exonuclease

Alanine dehydrogenase 2

L-cystine transport system permease proteln ToyB
hypothetical protein

Molybdopterin synthase sulfur carrier subunit
Bifunctional protein PyrR

{Bimethylallyl)adenasine (RNA methylthictransferase Mis
CHY zinc fingar

Succingl-Cod ligase |ADP-torming] subunit alpha
hypethetical protein

hypothetical protein

Aminopeptidase Peps

Trifunctional nucleatide phosphoesterase protein YikN precursor
Halliday junction ATP-dependent DNA helicase RuvB

SADUHSC_00525
SADUHSC_00350
SADUHSC_00163
SADUHSC_ 01717
SAQUHSC_01223
SADUHSC_01911
SADUHSC_02237
SADUHSC 02910

SADUHSC_01785
SADUHSC_00442
SAQUHSC_02327
SADUHSC_ 02790
SAOUHSC_01503
SADUHSC_02549
SAQUHSC_01250
SADUHSC_00564
SADUHSC 01454
SAQUHSC_ 01818
SADUHSC_02698
SADUHSC_02733
SADUHSC_02538
SADUHSC 01164
SADUHSC_01269
SAQUHSC_00751
SACUHSC_01218
SADUHSC_ 02087
SADUHSC 01622
SADUHSC 02092
SADUHSC_00860
SADUHSC_01750

ruvh

1,053

1,006
1,003
1,003
1,002
1,001

3,59E-06
1,58E-05
6,37E-05
2,20E-07
3,65E-06
1,69E-06
4,26E-05
0,001620305
0002666821
2,31E-07
4,83E-07
104E-05
3,15E-05
7,79E-05
6,61E-07
2,79E-06
0,000840362
6,35E-05
1,41E-06
0,000167666
4,27E-06
6,B4E-05
0,000496863
6,46E-06
6,49E-06
6,24E-06
1,32E-06
3, B4E-06
1,30E-05
1,76E-06
2,72E-05
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DOWN regulated genes from the differencial transcriptomics analysis in oxidative stress

id gene
HEGO01_01009 hly
HEO01_00100 capla_1
HGO01_00099 adhE
HGO01_ 00101 ywgD_1
HGOO1_01030 ftsL
HGOO1_02245 -
HGOO1_00102 ywoE_1
HGOO1_00570 psak
HGO01_00103 pelF
MGO01_02045 dapE
HGO01_00209 bala
HGOO01_01028 mrad
HGOO1_00264 lip2
HGO01_00206 Irgl
HGO01_00358 |pl2
HGO01_00331 xpt
HGO01_00544 adh
HGOO1_01680 -
HGOD1_02709 liph_2
HEOD1_00571 mats
HGOO1_02640 1dh2
HGO01_00710 -
HGO01_00104 capD
HGOO1_01029 rsmH_1
HGOO1_00a55 -
HGOO1_02756 -
HGOO1_01172 -
HGO01_00318 -
HGOD1_01548 -
HGOO1_ 00359 -
HGOD1_01297 tdcB
HGOO1_00106 whpl
HGOO01_02103 kdpC
HGO001_00107 vatD
HGO01_00105 fol
HGO01_00827 -
HGOO01_01684 rot
HGOO1_02221 -
HGOO1_00561 mrpA
HGOO1_01296 steT
HGOO1_02181 glms
HGO01_02105 kph
HGOO1_00241 -
HGOD1_00274 -
HGO01_02104 kdpB
HGO01_01630 -
HGOO1_01610 -
HGOO1_02514 ahpD
HGOO1_00273 ulak
HGO01_00562 mrpB
HGO01_00360 -
HGO01_00556 sard
HGO001_02040 -
HGO01_02107 kdpE
HGOO1_02677 isaB
HGO01_00899 sspA
HGOO1_00847 -
HGOO01_01412 -
HG001_00725 -
HG001_02494 -
HEO01_02359 malP
HGOO1_01744 -
HGO01_00120 -
HGDO1_00108 -
HGO01_01075 rpmB
HGO01_02398 -

product
Alpha-hemalysin precursor
Capsular polysaccharide type 8 biosynthesis protein capBa
Aldehyde-alcohal dehydrogenase
Tyrosine-protein kinase YwgD
Cell division pretein Fisk
&5 kDa membrane protein precursor
Tyrosine-protein phosphatase Ywge
Manganese ABC transporter substrate-binding lipoprotein precursor
UDP-N-acelyl-alpha-D-glucosamine C6 dehydratase
putative succinyl-diaminopimelate desuccinylase
Aryl-phospho-beta-D-glucosidase Bgla
Protein MraZ
Lipase 2 precursor
Antiholin-like protein Lrgh
putative lipspratein precursar
Hanthine phasphaoribosyltransferase
Alcohol dehydrogenase
T-hox
Lipase 1 precursar
Manganese transport systerm membrane protein Mntl
L-lactate dehydrogenase 2
RsaH
UDP-glucose 4-epimerase
Ribosomal RNA small subunit methyliransferase H
Cleate hydratase
RsaG
hypothetical protein
Transglycosylase associated protein
hypothetical protein
hypothetical protein
L-threonine dehydratase catabolic TdeB
UDP-2%2C3-dizcetamido-2%2C3-dideoxy-D-glucuronate 2-epimerase
Potassium-Lransporting ATPase C chain
Streptogramin A acetyltransferase
GODP-L-fucose synthase
65 kDa membrane protein precursor
HTH-type transcriptional regulator rot
Transpasase DOE domain protein
Mal+)/H{+) antiparter subunit A
serine/threanine exchanger SteT
Glutamine--fructose-6-phosghate aminotransferase [isomerizing)
Patassium-transporting ATFase A chain
hypothetical protein
PTS system ascorbate-specific transporter subunits 11C8
Potassium-transporting ATPase B chain
Putative universal stress protein
hypothetical protein
Alkyl hydroperoxide reductase AhpD
Ascorbate-specific permease |IC component Ulad
Nal(+)/H{+) antiporter subunit B
hypothetical protein
Transcriptional regulator SarA
hypothetical protein
KDP operon transcriptional regulatory protein KdpE
immunadominant staphylococeal antigen B precursor
Glutamyl endopeptidase precursor
RszE
hypathetical protein
hypathetical protein
hypothetical protein
PTS system maltose-specific EIICB component
hypothetical protein
hypothetical protein
hypathetical protein
505 ribosomal protein L28
FtsX-like permease family protein

HGO01_00564 mnhD1_1 Na(+}/H{+) antiporter subunit 01

HGO01_00275 cmts
HGOO1_00898 sspB
HEGO01_02337 -
HGO01_00563 mrpC
HGO01_02182 -
HGOD1_00724 -

Mannitel-specific cryptic phosphotransferase enzyme (1A component
Staphapain B precursor

hypothetical protein

Mal+)/H{+) antiperter subunit €

glms

hypothetical protein

locus_tag NCTCB325 gene_MCTCB325 log2FoldChange

SADUHSC_01121
SAQLHSC_00114
SADUHSC 00113
SAQUHSC 00115
SAQUHSC_01144

SAQUHSC_00118
SADUHSC (10634
SADUHSC_00117
SAQUHSC_02244
SAQOUHSC_00236
SAOUHSC_01142
SAQUHSC_00300
SAOUHSC 00233
SAQUHSC_00405
SAQUHSC_00372
SAQUHSC_00E08

SA0LUHSC_03006
SAOUHSC_00636
SAQUHSC_02922

SAOUHSC_00118
SAQUHSC_01143
SAOUHSC 00061

SAQUHSC_01303
SAOUHSC_00358
SAQUHSC_01729
SAQUHSC_00406
SAQUHSC 01451
SAQUHSC 00120
SAQUHSC_02310
SAOUHSC 00121
SAQUHSC 00118

SADUHSC_01879
SAQUHSC_02437
SAQUHSC_00625
SADUHSC_01450
SADUHSC_02399
SAOUHSC_02312
SADUHSC_00272
SADUHSC_00311
SADUHSC_02311
SAOUHSC_01818
SAOUHSC_01798
SAQUHSC_02774
SAOUHSC_00310
SADUHSC_00626
SAQUHSE_00407
SAQUHSC_00620
SAQUHSC_02238
SAQUHSC_02315
SAQUHSC_02972
SAQUHSC_00088

SADUHSC_01580
SAQUHSC_00808
SAQUHSC_02753
SAOUHSC_02597
SAQUHSC_01945
SAOUHSC_00134
SAQUHSC_00122
SAOUHSC_011591
SAQUHSC_02641
SAQUHSC_00628
SAQUHSC_00312
SAQUHSC_00387
SAOLIHSC 02575
SAQUHSC_00627

5A0UHSC_00806

ulas

4,933
4,313
-3,885
-3,82
-3,572
-3,498
-3,459
3,302
32
-3,008
-3,079
-3,059
-2,999
2,985
2,962
-2,96
-2,958
-2,95
2,917
2,507
-2,845
=2,802
-2,8
-2,787
-2,771
2,762
-2,745
2721
-2,659
-2,659
-2,654
2,572
-2,54
-2,527
-2,525
-2,514
-2,499
-2.477
2,462
=2,455
-2,402
<24
-2,382
-2,378
2,371
2237
-2,361
-2,352
-2,348
-2,342
2,331
2,31
-2,32
-2,315
-2,292
-2,286
2,284
-2,282
-2,258
-2,239
-2,234
-2,233
-2,232
2,231
-2,228
-2,222
-2;22
-2,216
-2,208
-2,199
-2,185
=2,182
-2,175

pa]

7,31E-a5
1,48E-50
1,6RE-54
4,93E-46
1,08E-52
7,36E-32
4,356-38
4,90E-40
1,95E-38
4,16E-35
3,93E-22
8,47E-48
3,65E-33
5,26E-07
3,BBE-41
5,B7E-31
9,55E-47
4,37E-37
2,96E-27
3,21E-40
9,55E-43
6,38E-21
1,10E-29
5,63E-50
9,85E-37
2,92E-18
2,42E-21
5,70E-41
4,62E-48
1,15E-29
1,59€-22
4,156-30
1,77E-27
2,76E-23
1,10E-29
9,B5E-28
2,49E-25
1,78E-19
8,59E-28
1,71E-2%
3,78E-28
1,65E-22
5,63E-20
7.71E-22
3,10E-18
262631
1,04E-22
2,77€-23
3,96E-23
4,97E-17
B,BSE-24
2,30E-20
6,72E.25
2,96E-18
2,65E-22
1,08E-22
2,58E-06
5,01E-24
B,01E-20
5,45E-25
2,B8E-26
2,77E-16
4,58E-20
3,18E-21
1,21E-23
1,28E-18
1,74E-24
3,56E-20
4,30E-17
3,98E-20
7,06E-20
1,02E-14
5,66E-22
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HGOD1_00545 -
HGO01_01340 ebps
HGO01_00573 ideR
HGOD1_00897 sspC
HGOO1_02588 clpl.
HGOD1_02057 -
HGO01_01958 -
HGOD1_02125 -
HGOO1_032737 -
HGOO1_00248 -
HGOO1_00482 heha
HGOO1_01747 -
HGOD1_01772 -
HGO01_0088Y -
HGOD1_01064 -
HGOD1_01978 sak
HGOO1_02232 -
HGO01_01237 -
HGO01_ 00316 -
HGOOL_00046 ple
HGOD1_02062 agrA
HGOO1_02060 -
HGOO1_00740 -
HGOD1_02225 opub_2
HGO01_01065 -
HGO01 00361 -
HGOD1_01746 yxiF_2
HGO01_01298 aldl
HGO01_02330 sarR
HGOO01_02601 criM
HGOOL_02347 -
HGO01_01612 phaP
HGO01_02458 higl
HGOD1_01445 argR_1
HGOD1_00565 mrpE
HGOO1_00744 -
HGOO1_01495 ybeZ
HGOO1_00567 mrpG
HGO01_01955 alkH
HGO01_00058 -
HGOO1_02397 hrta_2
HGOD1_01216 gleT
HGO0L 01364 -
HGOO01_00109 -
HGO01_00227 esxh
HGOD1_00566 mrpF
HGOOL_02365 yghA
HGOD1_00169 pilE
HGOO1_01751 gdmA
HGO01_ 02303 sary
HGO01_02106 kdpD
HGOO01_00330 -
HGO01_01032 mra¥
HGOO1_003902 slyA_2
HGOO1_00759 -
HGOOL_00560 xerD_2
HGOD1_01704 tal
HGOD1_01173 -
HGO01_02061 dpiB
HGOO1_02223 -
HGOO1_02059 agrB
HGON1_01363 -
HGO01_02495 ybblL
HGOD1_00414 yabl
HGOO01_00110 -
HGO01_01174 -
HGOD1_02627 -
HGOO1_01031 pbpB
HGOOL_01581 -
HGO01_00728 clfs
HGO01_00572 znuC_1
HGOD1_02332 -
HGOD1_01802 -
HGOO1_02112 -
HGO01_02195 -

hypothetical protein

Elastin-binding protein Ebps

Iren-dependent repressor |deft

Staphostatin B

ATP-dependent Clp protease ATP-binding subunit Clpl
RMANI

hypothetical proteln

hypathetical protein

hypathetical protein

hypathetical protein

Maolecular chaperane Hsp3l and glyoxalase 3
Thermaphilic serine proteinase precursor
hypathetical protein

hypathetical pretein

hypathetical protein

Staphylokinase precursar

Alkaline shock protein 23

hypathetical protein

Peptidase propeptide and YPEB domain protein
L-phosphatidylinesitol phosphodiesterase precursor
Accessory gene regulator protein A
Staphylococcal AgrD protein

hypathetical protein

Glycine betaine transporter Opul

Th2 domain protein

hypothetical protein

putative ABC transporter ATP-binding protein ¥xlF
Alanine dehydrogenase 1

HTH-type transcriptional regulator SarR
Dehydrosgualene desaturase

Rsa0G

Alkaline phosphatase synthesis transcriptional regulatery protein PhoP

Gamma-hemalysin component C precursor
Arginine repressor

Nal+)/H{+) antiporter subunit E
hypathetical protein

PhoH-like protein

Ma(+)/Hi+) antiperter subunit G

Aldehyde dehydrogenase

hypothetical protein

Putative hemin import ATP-binding protein Hrtd
GleA/gleB genes antiterminator
hypathetical protein

hypathetical protein

Mirulence factor Esxd

Na(+}/H{+) antiporter subunit F

putative oxidoreductase Ygha

Formate acetyltransferase

Lantibiatic gallidermin precursor

HTH-type transcriptional regulator Sarl
Sensor protein KdpD

Purine
Phosphe-N-acetylmuramoyl-pentapeptide-transferase
Transcriptional regulator SlyA

CsbD-like protein

Tyrosine recombinase XerD

Transaldolase

hypathetical protein

Sensor histidine kinase DpiB

hypathetical protein

Accessory gene regulator proein B
hypathetical protein

putative ABC transporter ATP-binding protein YhbL
Enamine/imine deaminase

hypathetical protein

hypathetical protein

hypathetical protein

Penicillin-binding protein 28

T-box

Clumping facter & precurser

High-affinity zinc uptake system ATP-binding protein ZnuC
hypathetical protein

TRNA-Tyr(gta)

hypathetical protein

TRNA-Tyr{gra)

SAQUHSC_00605
SACUHSC_01501
SAOUHSC_00638
SAOUHSC_00986
SAOUHSC 02862
SAOQUHSC_02260
SAOUHSC_02145
SA0UHSC_02335
SAOUHSC_03035
SAQUHSC_00280
SAOUHSC_00533
SAOUHSC_01949
SAOUHSC_01968
SAQUHSC_00977
SAQUHSC_01180
SAOUHSC_02171
SAOUHSC_02441
SAQUHSC_01376
SAQUHSC_00356
SAOUHSC_00051
SAOUHSC 02265
SAOUHSC_02262
SAOUHSC_00825
SAQUHSC_02444
SAQUHSC_01181
SAOUHSC_00408
SAOUHSC_01948
SAOUHSC_01452
SAOUHSC_02566
SAQUHSC_02877
SAQUHSC_01800
SAQUHSC_0270%
SAOUHSC_01617
SAQUHSC_00629
SAOLHSC_00830
SAOUHSC 01673
SAOUHSC_00632
SAQOUHSC_02142
SAOUHSC_00065
SAQLHSC_02640
SAQUHSC_01356
SAQUHSC 01527
SA0UHSC_00123
SAOUMHSC_00257
SAOUHSC_00632
SAQUHSC_02604
SAOUHSC_00187
SAQUHSC 01953
SAQUHSC_02532
SAOUHSC_02314

SAOUHSC_01146
SAOUHSC_00992
SAOUHSC_00845
SAQUHSC_00624
SAQLHSC_01501
SAQUMSC_01304
SAQUHSC_02264
SACUHSC_02442
SAQUHSE_02261
SAQUHSC_01526
SAQUHSC_02754
SAQUHSC_00468
SAQUHSC_00124
SAOUHSC_01305
SAQUHSE_02907
SAQUHSE_01145

SAQUHSC_00812
SAQUHSC_00637
SAQUHSC_02569
SAQUHSC_TOA057
SAQUHSC_(02320
SAQUHSC_TO00S8

-2,173 0,000132078

2,155
2,129
2,128
2,125
2,116

211
-2,009
-2,098
-2,007
2,073
-2,085

2,06
2,002
2,012
-2,003

-LELE

-1,804
-1,799
-1,797
-1,786
1,785
1,783
1,782
-1,781

1,78
1,779
1,778
1,767
-1,764
1,758
-1,755
-1,753
1,751
1,737
1,736
1,731
1,726
1,718
-1,709

3,66E-22
8,63E-19
5,00E-17
2,50E-18
3,718-27
2,54E-23
1,646-14
1,87E-19
4,44E-17
643821
1,07€-15
5,73F-24
1,156-14
9,93E-13
2,33E-19
9,356-17
1,206-22
1,358-15
2,796-21
1,75E-14
6,81E-14
2,73E-16
1,986-17
389616
1,56€-15
4,04E-14
5,01E-13
2,59€-13
8.97E-18
1,068-12
1,98E-20
6,49E-19
4,66E-16
9,276-16
4,89E-10
1,726-19
7,48E-16
2,51E-15
4,25E-19
B,24E-11
3,05E-15
3,52E-09
9.54E-17
1,526-17
2,38E-13
3,51E-16
9,01E-16
2,24E-13
1,02E-10
2,026-16
4,68E-05
2,57E-19
1,236-11
89121
323616
582613
4,776-10
1,04€-09
3,356-15
262€-12
2,76E-06
545617
5.40E-18
5,056-13
6,4DE-08
7,586-07
1,136-15
1,14£-13
4,366-13
1,756-12
3,386-13
871509
431613
1,71E08
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HGOOL_02626 -
HGDO1_00929 -
HGOOL_01729 -
HGOO1_02379 yhal
HGOO1_01952 pfbA
HGOO1_01544 yrrB
HGO01_00111 cap5L
HGO0L_00174 fadA
HGOO1_01917 -
HGOOL_01043 -
HGOD1_00267 limB_1
HGOD1_01287 thyh
HGOO1_01361 -
HGO01 02507 nika
HGO01_02603 criQ
HGO01_0032% -
HGO01_02697 -
HGOO1_00709 -
HEO01_02410 -
HGO01_02459 high
HGO01_00184 |dhl
HGO01_00625 mgrd
HGO01_00617 -
HGOD1_02399 hssk
HGOO1_00175 fadn
HGO01_01444 rech
HGO01_00214 degh
HGO01_02093 rsbw
HGO01_00503 proP
HGO01_01841 -
HGOO1_01731 -
HGO01_00130 psf-1
HGO01_02545 -
HGOOL_01745 -
HGO01_02520 -
HGOO1_01730 -
HGOO1_00074 -
HGOOL_ 00741 -
HGOOL_01175 -
HGO01_02415 sack
HGDO1_01414 -
HGOOL_02406 -
HGO01_01362 -
HEO01_00415 spoVG
HGOO1_ 00678 -
HGOOL_00738
HGOO1_00303 -
HGOO1_02734 -
HGO01_00726 -
HGOO1_01659 -
HGOO01_00707 -
HGO01_00176 acdA
HGOOL_02326 urek
HGOO1_00663 -
HGODL_00607 sarxk
HGOO1_ 01654 acsh_1
HGOOL_02368 hutl
HGO01_00828 -
HGOO1_02404 |ctP_2
HGOO01_00890 ywyD
HGOO1_02735 nixA
HGOO1_01927 ftnA
HGO01_00528 -
HGO0L_02367 hutl
HGO01 01428 proC
HGO01_01711 -
HGOO1_01171 -
HGOD1_02162 -
HGOOL_00736 -
HGO01_00047 -
HGOO1_00618 -
HGO01_01336 rpsh_1
HGOO1_01004 -
HEO01_00332 puck
HGO01_02544 ywaC

hypathetical protein

hypothetical protein

hypothetical protein

Inner membrane protein Yhal

Plasmin and fibranectin-binding protein A precursar
TPR repeat-containing protein Yrrg
putative glycosyl transferase
3-ketoacyl-CoA thiolase

hypothetical protein

T-hox

Limonene 1%:2C2-monooxygenase
Thymidylate synthase

Phage tail protein

Nickel-binding periplasmic protein precursor
AM2C4' -diaponeurasporencate glycosyltransferase
hypothetical protein

hypothetical protein

Epimerase family protein
Ferredoxin--NADP reductase
Gamma-hemalysin component B precursor
Llactate dehydrogenase 1

HTH-type transcripticnal regulator Mgra
hypathetical protein

Heme respanse regulator HssR

putative 3-hydroxyacyl-CoA dehydrogenase
DMNA repair protein Rech

HTH-type transcriptional regulator Degh
Serine-protein kinase RsbW
Proline/betaine transporter

hypothesical protein

Transposase

A'-phosphopantetheinyl transferase psf-1
hypothetical protein

ABC-2 family transporter protein
hypothetical protein

hypothetical protein

hypathetical protein

hypothetical protein

hypothetical protein

Negative regulator of SacY activity
hypothetical protein

putative lipopratein precursar
Glyeyl-glycine endopeptidase ALE-1 precursor
Putative septation protein SpoVa
hypathetical protein

hypothetical protein

T-box

hypothetical protein

hypothetical protein

hypothetical protein

1RMA-Arglceg)

Acyl-Cod dehydrogenase

Urease accessory protein Ure

Putative 53')-deoxyribonuclectidase
HTH-type transcriptional regulator Sarx
Acetyl-caenzyme A synthetase
Uracanate hydratase

hypothetical protein

L-lactate permease

Putative sigma-54 madulation protein
High-affinity nickel-transport protein Mixd
Ferritin

hypothetical protein
Imidazclonepropionase
Pyrroline-5-carboxylate reductase
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

putative lipoprotein precurser
Acetyltransferase (GNAT) family protein
305 ribosomal protein 51

hypothetical protein

Uric acid permease Puck

GTP pyrophosphokinase YwaC

SAQUHSC_02806
SAQUHSC_01024
SAOUHSC_01825
SAQUHSC_02620
SAOUHSC_02138
SAQUHSC_01724
SAQUHSC_00125
SAQUMSC_00185
SAQUHSC_02097

SAQUHSC_00304
SAQUHSC_01435
SAOUHSC_ 01524
SAQUHSC 02767
SAOUHSC_02880
SAOUHSC_00371
SAOUHSC_029%4
SAOUHSC_00732
SAOUHSC_ 02654
SAOUHSC 02710
SAOUHSC 00206
SAOUHSC_00624
SA0UHSC_00686
SAQUHSC_02643
SAOUHSC_00196
SAOUHSC 01615
SAOUHSC_00242
SAOUHSC 02259
SADUHSC_00556
SACQUHSC_02014
SACUHSC_01928
SAOUHSC 00145
SAOUHSC_02812
SAOUHSC_01947
SAOUHSC_02781
SAOUHSC_ (01926
SADUHSC_00084
SAQUHSC_00826
SAOUHSC_01306
SAOUHSC_02661
SAOUHSC_01583
SAQUHSC_02650
SAOUHSC_01525
SAOUHSC 00465
SAOUHSC_00754
SAQUHSC_00823

SAOUHSC_03032
SAOUHSC_00810
SAOUHSC_01854
SAOUHSC_TO005
SAQOUHSC_00187
SAOUHSC_02562
SAOUHSC_00734
SAOUHSC_00674
SAOUHSC_ 01846
SADUHSC_02607
SAOUHSC_00819
SADOUHSC_02648
SAOUHSC_00767
SAQUHSC_03033
SAQUHSC_02108
SAQUHSC 00586
SADOUHSC_02606
SAOUHSC 01587
SAOUHSC_01908
SAOUHSC_01301
SAOUHSC_02376
SAOUHSC_00821
SAQUHSC_00052
SAOUHSC_00687
SAOUHSC 014983
SAQUHSC 01113
SAQUHSC_00373
SAOUHSC 02811

1,707
1,703
-1,702
-1,699
-1,689
-1,689
1,68
1,676
1,675
-1,666
-1,663
-1,66
-1,659
1,658
1,657
-1,652
-1,651
-1,651
1,649
1,643
-1,643
-1,638
-1,635
1,63
1,63
-1.618
“1,616
-1,61
-1,608
-1,606
-1,605
-1,599
-1,589
-1,592
-1.591
-1,589
-1,585
-1,584
1,58
-1,573
-1,562
-1.56
-1,558
-1,553
1,546
-1,536
-1,514
-1,513
<151
-1,506
1,503
-15
-1,499
-1,495
-1,492
-1,488
1,484
1,48
-1,468
-1,463
-1,46
1,45
1,45
1,45
-1,448
-1,447
-1,445
1,044
1,442
~1441
-1,439
-1,438
1,431
-1,029
-1,424

9,64E-08
1,77E-15
7.03E-05
7,78E-15
1,21E-14
6,62E-11
1,13E-15
9,15E-07
2,90E-13
1,53E-11
5,78E-14
1,91E-14
1,82E-09
5,40E-12
9,B4E-12
2,45E-13
3,15E-14
3,78E-13
1,266-13
4,60E-15
4 A4GE-0%
1,53E-12
4,47E-12
1,25E-12
2,10E-06
5,B4E-16
4,49E-12
B,53E-13
7,80E-14
3,35E-09
1,71E-11
1,64E-12
3,25E-12
5,42E-10
7.96E-13
4,45E-12
3,81E-10
2,B6E-11
0,00276172
0,24E-14
7,43E-12
1,91E-11
B,74E-16
3,096-13
B,31E-12
1,36E-05
1,16E-06
3,76E-09
3,14E-09
9,226-12
0,031150464
4,30E-06
8,19E-10
1,34E-09
6,69E-10
1,86E-09
4 G5E-00
1,87E-11
2,76E-08
2,90E-11
2,10E-11
7,51E-13
49,08E-09
1,31E-07
3,98E-10
1,50E-11
0,007144881
1,50E-11
2,25E-08
7.53E-08
3,28E-08
9,56E-13
2,16E-08
5,%2E-06
3,25E-11
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HGOOL_ 01740 splC
HGOOL 01974 scn_3
HGOO1_00986 -
HGOOL_02543 zntR
HGOOL_00131 yagl!
HGO01_00362 -
HGO01_02172 yhik
HGO01_01728 -
HGOO1_02324 ured
HGO01_01524 -
HGOD1_02163 pdp
HGOD1_02094 rsbv
HE001_00553 -
HGOO1_02418 ydaG
HGO01_00126 -
HGOD1_00247 -
HGOD1_01255 dapB
HGODT_01163 -
HGODL_01787 nagh_2
HGOD1_01611 phok
HGO01_00743 argd
HGOO1_00634 teth_2
HGOO1_01256 dapH
HGOD1_00605 -
HGOD1_011186 -
HGO01_00990 zaph
HGOO1_00835 oppF_L
HGOD1_02164 deal?
HGODL_02666 -
HGO01 01129 phnF
HGOOL_02676 aur
HGO01_00516 -
HGOO1_02408 -
HGOO1_02407 paif
HGOO1_02363 -
HGOO1_00850 yibl
HGO01_00891 -
HGO01_01660 -
HGOD1_01152 -
HGOD1_00170 pfl4
HGOD1_00249 foch
HGOOL 00568 nhak 1
HGOOL_01834 -
HGEO01_00606 melk_1
HGO0L_02325 ured
HGOOL_01360 -
HGOO1_00954 -
HGOO1_00554 -
HGOO1_00802 yugl_2
HGOO1_01223 -
HGOO1_02678 -
HGOO1_02351 ybbH_3
HGOO1_00183 hmp
HGODL_01909 -
HGOOL_00836 dppk
HGOO1_02732 yils
HGOD1_01033 murD
HGO01_00704 arok_1
HGOD1_00112 epsl
HGOD1_01756 -
HGOOL_00178 ydif
HGO01_0012% gred
HGO01_01333 hup
HGO01_01971 -
HGO01_02680 manP
HGOD1_02719 -
HGOD1_02600 dapl
HGOOL 01164 -
HGOD1_02124 ssh_2
HGO01_01007 -
HGOO1_00113 galE
HGODL_01347 -
HGODL_01415 -
HGOOL_01542 -
HGO01_00528 -

Serine protease SplC precursor
Staphylecoccal complement inhibitor precursor
T-box
HTH-type transcriptional regulator ZntR
Inner membrane protein Yagl
hypothetical protein
putative sugar epimerase Yhik
hypothetical protein
Urease subunit beta
hypathetical protein
Pyrimidine-nuclecside phasphorylase
Anti-sigma-B factor antagonist
hypathetical protein
General stress protein 26
hypothetical protein
hypothetical protein
4-hydroxy-tetrahydradipicolinate reductase
hypathetical protein

-6-phosphate
Alkaline phesphatase synthesis sensor protein PhoR
Arginine exporter protein Argd
Tetracycline resistance protein®e2C class B

3%AC3NICAHICStetrahydropyridine- 2%2Ca-dicarboxylate M-acetyltransferase

inhibitor of apoptosis-pramoting Baxl
hypothetical protein

Cell division protein ZapA

Oligopeptide transpert ATP-binding protein OppF
Deoxyribose-phasphate aldolase 2

hypothetical protein

putative transcriptional regulatar PhnF

Zine meatalloproteinase aurealysin precursar
Rsah

Acetyltransferase [GNAT) family protein

Protease synthase and sperulation negative regulatory protein PAI 1

SAM

Group 2 truncated hemaglabin ¥jol
Acatyltransferase (GNAT) family protein
hypathetical protein

hypathetical protein

Pyruvate farmate-lyase-activating enzyme
putative formate transporter 1

Sodium¥%2C potassium®2C lithium and rubidium/H(+] antiporter

hypathetical protein

Meliblose operon regulatory protein
Urease subunit alpha

Prophage endopeptidase tail

hypathetical protein

hypathetical protein

General strass pratain 13

prephenate dehydrogenase

hypothetical protein

putative HTH-type transcriptional regulater YbbH
Flavohemoprotein

hypothetical protein

Dipeptide-binding protein DppE precursar
Putative malate transporter YAS
UDP-N-acetylmuramoylalanine--D-glutamate ligase
Shikimate kinase

putative sugar transferase EpsL
tRNA-Ser(pEa)

Acetate CoA-transferase YdiF

Gramicidin 5 synthase 2

DOMA-binding protein HU

65 kDa membrane protein precursor

PTS system mannose-specific EIIBCA component
Polysaccharide deacetylase
L-diaminapimelate aminatransferase
hypathetical protein

Single-stranded DNA-binding protein ssh
hypothetical protein

UDP-glucose 4-epimerase

hypothetical protein

hypathetical protein

T-baox

hypathetical protein

SAOUHSC_ 01935
SAOUHSC_ 02167

SAQUHSC_02810
SAQUHSC_D0146
SAOUHSC_00409
SAOUHSC_02387
SAQUHSC_01923
SAQUHSC_02559
SAQUHSC_01704
SAQUHSC_02377
SAQUHSC_02300
SAOUHSC_00B17
SAQUHSC_02665
SAOUHSC_00141
SAOUHSC_00279
SAOUHSC_01397
SAGUHSC 01200
SAQUHSC_01987
SAOUHSC_0179%
SAQUMSC_00828
SAQUHSC_00703
SAQUHSC_01398
SAQUHSC_00672
SAQUHSC_01318
SAOUHSC_01096
SAOUHSC_00926
SAOUHSC_02379

SAOQUHSC_01254
SAQUHSC_02471

SADUHSC_02653
SADUHSC_02651

SAOUHSC_00939%
SAQUHSC_00979
SAQUHSC_01855
SAQUHSC_01324
SADUHSC_00188
SAOUHSC_00281
SADUHSC_00633
SAQUHSC 02006
SAQUMSC_00673
SADUHSC_02561
SAOUMSC_01523
SAOUHSC_01051
SAOUHSC_00618
SAOUHSC_00892
SAOUHSC_01364
SAOUHSC_02873
SAOUMSC_0258%
SADUHSC_00204
SADUHSC_d2088
SAQUHSC_00927
SADUHSC_03030
SAQUHSC_01147
SAQUHSC_00787
SAOUHSC_00126
SAOUHSC_TO0050
SAQUHSC 00199
SAOUHSC_00144
SAQUHSC_01450
SAOUHSC_02160
SAOUHSC_02975
SAQUHSC_03016
SAQUHSC_02876
SAQUHSC_01252
SAQUHSC_ 02334
SAOUHSC_0111%
SADUHSC_00127
SAQUHSC_01510
SAOUHSC_01584

SAQUHSC_00587

- -1419 2,47E-06
- 1,417 7.20E-08
- -1,414 1,11E-09
* -4 2,68E-12
E 1,409 9,97E-13
= -1,403 4,73E-07

-1,40L 4,58E-10
. -1,401 7,46E-08
ure -1,398 7,41E-07
- -1,397 0,004196363
- -1,393 1,15€-10
- -1,39 1,11E-10
* 1,389 1,30E-09

1,385 3,81E-10

1,384 3,63E-10
- 1383 1,05E-08
- -1,381 7.81E-10
= -1,38 0,004802171
+ 1,379 4,97E-11

1,376 4,07E-11

1,373 1,21E-06
- -137L 5,57E-10
- -1,367 1,20E-09
- -1,365 1,33E-09
« -1,365 1,56E-08
- -1,363 1,51E-07
- -1,359 2,6BE-Q7
- -1,357 B,55E-13
= -1,356 1,27E-09
= -1,353 4,60E-09
- -1,348 1,89€-07
- -1,346 6,30E-09

-1,346 0,000139451

-1,344 4,64E-08
- -1,344 8,50E-08
- 1,34 1,68E-10
B 1,339 2,03E-06
- -1,336 1.87E-11

-1,335 6,0%E-07

-1,334 B,75E-07
= -1,334 1,31E-05
= -1,332 3,61E-11
- 41,33 2,35E-11
- -1,329 1,23E-09
urel -1,329 9,64E-08

-1,324 1,76E-07
- 1,321 1,726-07
- -1,32 7,25E-09
- -1,318 4,37E-09
- 41,317 5,00E-09
s 41,317 8,46E-09

1,314 1,04E-07
- 21,312 1,40E-05
- 1,309 G.8GE-06
- 1,309 1,006-05
- -1,306 6,81E-12
frurD -1,306 1,01E-08

1,306 1,426-08

-1,304 4,39E-08
- 1,294 0,00428582
- -1,291 3,53E-05
- -1,287 4,56E-08
3 1,286 1,02E-08

-1,284 5,92E-06
- 1,283 8,48E-09
- -1,281 9,40E-07
- -1,276 3,98E-09
- 41275 0,01572951

-1,273 2,08E-06

-1,266 4,66E-05
- -1,265 5,66E-09
- -1,264 0,004493515
- -1,259 1,47E-06
« -1,256 4,686-05
« -1,254 1,17E-06
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HGOOL_01254 daph
HGO01 02331 -
HGOD1_02506 nikB_2
HGO01_01759 -
HGOO1_01786 -
HGOO1_02354 -
HGO01_01295 norB_4
HGOOL_00953 -
HGOD1_01556 -
HGO01_00834 oppD_1
HGO01_01665 yipP
HGO01_01742 splA
HGOO1_01365 -
HGOOL_00048 -
HGOO1_02292 -
HGOO1_02489 opuCA
HGOD1_00864 ugtP
HGO01_02044 -
HGODL_01018 -
HGOO01_01260 -
HGOO1_01238 nikE
HGO01_00268 govH_1
HGOD1_01332 -
HGOO1_01494 yhaY
HGOO0L_00952 potD
HGOD1_01463 arok_2
HGODL 02371 hutG
HGO01_00059 IetP_1
HGOO1_02364 -
HGO01_00021 -
HEO01_011553 -
HGO01_00826 -
HGOOL_02327 uref
HGOD1_01211 -
HGOO1_02525 -
HEO01_00708 clpP
HGOD1_01455 -
HGO01_01657 cepa
HGO01_01757 -
HGOD1_01826 perR
HGOD1_01694 -
HGOOL_01762 -
HGOO1_00261 ybbH_2
HGO0L_01602 -
HGO01_00647 -
HGOO1_01808 -
HGOO1_0Z197 -
HGOD1_01737 splF
HGOOL_00706 whis
HE001_01202 tht
HGOOL_02572 -
HGO01 01436 pepT 2
HGOOL_01650 mrcA
HGO01_02353 -
HGOD1_00439 -
HGOO1_01805 -
HGO01_00985 -
HGOO1_02422 sarZ
HGOD1_01221 -
HGOO1_00868 -
HGOOL_01498 -
HGOOL_00679 -
HGOD1_01165 -
MGO01_01627 gloB_1
HGOO1_02688 seca_2
HGOD1_01750 -
HGOD1_01453 efp
HGO01_01253 asd
HGOOL_0003% fecl
HGO01 00163 -
HGO01_00502 gph_1
HGOD1_00806 glpQl_1
HEOOT_00994 tred_2
HGO01_01249 culB
HGOO1_01426 -

A-hydraxy-tetrahydradipicolinate synthase
hypathetical protein

Nickel transport system permease pretein NikB
1RMA-Gly(tce)

hypathetical protein

hypothetical protein

Quinclone resistance protein Norb

hypothetical protein

T-box

Oligopeptide transport ATP-binding protein OppD
Thioredoxin-like protein YtpP

Serine protease Splf precursor

Bacterial lg-like domain (group 2]

putative lipepratein precursar

hypathetical protein

Carnitine transport ATP-binding protein OpuCA
Processive dizcylglycerol beta-glucosyliransferase
putative leukacidin-like protein 2 precursor
hypothetical protein

hypathetical protelin

Nickel import ATP-binding protein NikE

Glycine cleavage system H protein

Heptapreny! diphasphate synthase {HEPPP synthase) subunit 1
Endoribonuclease YoeY
Spermidine/putrescine-binding periplasmic protein precursor
Shikimate kinase

Formimidoylglutamase

L-lactate permease

hypothetical protein

1RMA-Asplptc)

&5

putative kinase inhibiter

Urease accessory protein Uref

iren-sulphur cluster biosynthesis

hypothetical protein

ATP-dependent Clp protease proteclytic subunit
hiypothetical protein

Catabaolite cantrol protein A

1RMA-Glu(tte)

Peroxide-responsive repressor Perf

hypothetical protein

tRMA-Asplatc)

putative HTH-type transcriptional regulator YbbH
T-box

Electron transfer DM13

tRMA-Asplgtc)

1RMA-Gluftic)

Serine protease Splf precursor

Putative sporulation transcription regulatar Whis
Transketolase

hypathetical protein

Peptidase T

Penicillin-binding protein 14

hypothetical protein

TRMA-Glyigee)

1RMA-Asplgic)

Putative TrmH family tRNA/FRMA methyltransferase
HTH-type transcriptional regulator Sarz

putative tautomerase

wyhP-yko¥

hypathetical protein

hypathetical protein

hypathetical protein

Hydroxyacylglutathicne hydrolase

Protein translocase subunit SecA

hypathetical protein

Elongation factor P

Aspartate-samialdehyde dehydrogenase

sulfide dehydrogenase [flavocytochrome ¢f lavopratein chain precursar
Hylose lsomerase-like TIM barral
Phosphoglycolate phosphatase

putative glycerophosphoryl diester phosphodiesterase 1
Thiaredoxin

Conserved virulence factor 8

hypothetical protein

SAOUHSC_01356
SAOUHSC 02568
SAOUHSC_02766
SAOUHSC_T00022
SAOUHSC_01986
SAOUHSC_02552
SAOUHSC_01448
SAOUHSC_01050

SAOUHSC_00925
SAQUHSC_01860
SAQUHSC_01942
SAQUHSC_01528
SADOUHSC_00053
SAOUHSC_02518
SAOUHSC_02744
SAOUHSC_00953
SAQUHSC_02243
SAOUHSC_01131
SAOUHSC 01402
SADUHSC_01377
SAOUHSC_00305
SAOUHSC_01488
SAOUHSC_01672
SAOUHSC_01048
SAOUHSC_01635
SAOUHSC 02610
SAOUHSC_00067
SAOUHSC_02603
SAOUHSC_TO0011

SAQUHSC_00917
SAQUMSC_02563
SAOUHSC_01349
SAOUHSC_02005
SADUHSC_00790
SAOUHSC_01627
SAQUHSC_01850
SAOUMSC_T00019
SAOUHSC_01997
SADUHSC_01880
SAQUHSC_T0012
SAOUHSE_00297
SAQUHSC_0178%
SAQUHSC_00717
SAQUHSC_T00D14
SAQUHSC_T00020
SADUHSC_01935
SAQUHSC_00789
SAOUHSC_01337
SAQUHSC_02842
SAQUHSC_01606
SAOUHSC_01840
SAOUHSC_02591
SAQUHSC_TO0021
SAQUMSC_TO0013
SAOUMSC_01091
SAOUHSC_02669
SADUHSC_01362

SAQUHSC_01677
SAOUHSC_00755
SAQUHSC 01253
SAOUHSC_01815
SAOUHSC_02985
SAOUHSC_01952
SADUHSC_01625
SAOUHSC_01355
SAOUHSC_00037
SAOUHSC 00181
SAOUHSC_00555
SAOUHSC_00897
SAQUHSC_01100
SAOUHSC 01351
SAOUHSC_01555

-1,253

-1,243

-1,234

= -1,225
- -1,212
- 1,212
- 1,21
1,208

-1,208

=+ -1,208
= -1,207
- 1,207
- 1,185
-1,192

1,19

-1,188

- -1,186
= 1,186
R 1,184
-1,184

-1,182

~1,173

- -1,179
- -1,175
- 1,173
1,168

1,162

-1,162

E -1,158
= -1,158
- -1,155
-1,155

urek -1,14
-1,14

- -1,139
clpP 1,137
= 1,136
<1134

-1,134

-1,132

- =113
= <1128
E 1,128
1127

<1124

-1,123

-1,121

- -1,119
& -1,115
- -1,114
1,113

1,112

-1,11

- -1,108
4 -1,103
- -1,102
1,089

1,089

-1,085

=+ -1,095
= 1,003
= -1,083
1,053

-1,088

azl -1,086
- -1,086
= 1,084
- 1,082
-1,082

1,082

-1,082

-1,0739

- -1,078
- -1,076
- 1,074

2,90E-08
1,44E-08
1,11E-05
0,000540677
3,05E-08
2,81E-06
6,49E-06
2,62E-08
1,06E-05
2,34E-05
2,01E-09
0,000610276
2,05E-06
1,21E-06
5,11E-07
5,16E-06
1,09E-08
2,83E-06
0,000125426
0,013374835
4,276.07
2,04E-06
3,226-06
9,41E-09
3,67E-08
5,44E-07
2,41E-08
1,45E-06
6,53E-06
0,000389585
0,000116541
0,000367906
1,55E-06
8,82E-06
0,001100864
5,17E-08
0,000103352
4,30E-07
0,006684315
1,18E-06
1,77€6-07
0,000404503
3,10E-07
B,79E-07
1,27E-05
0,000512416
0,0067847
0,000404393
453607
1,46E-07
0012071358
1,226-06
3,48E-05
5,68E-07
0,000712167
0,000698607
3,49E-07
1,11E-05
1,27€-06
0,004142821
1,75E-08
2,12E-07
0,046553567
9,83E-07
5,76E-07
2,88E-06
3,07E-08
5,106-07
1,33E-05
3,25E-05
0,000428418
7,50E-06
9,11E-07
1,07E-06
0,013872178
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HGOOL_ 02574 liph_2
HGOO1_01258 alr2
HGOO1_01824 -
HGOO1_01456 -
HGOO1_00758 metQ_2
HGOOL_00485 tagk 2
HGOO1_02647 hrmoB
HGOO1_02343 -
HGOOL_02226 -
HGOO1_00114 whpa
HGOOL_00321 -
HGODL_00694 yibR
HGDO1_01811 -
HGOOL_02419 -
HGOD1_00401 dnaX_2
HGOOL 01977 -
HGOO1_00958 -
HGOO1_00182 -
HGOOL_ 02686 g1f2
HGOOL_00340 gor
HGOO1 02087 mazk
HGOOL_02604 crif
HGOO1_00727 -
HGOD1_02530 -
HGOM1_01814 -
HGOOL_00626 yeiC_2
HGOO1_00357 -
HGOO1_00436 -
HGOO1_01578 comC
HGOO1_02236 lach
HGOOL 01820 -
HGOO1_00621 -
HGOO1_01366 -
HGOO1_01749 nisc
HGOO1_00443 -
HGO01_01647 hird
HGODL_00520 galk_1
HGO0L_01017 -
HGOOL_00210 rebM
HGOOL_00437 -
HGOO1_00507 -
HGOO1_00824 ywiC_1
HGOD1_01284 ebh_1
HGOOL 01359 -
HGOOL_ 01699 -
HGOO1_02088 -
HGOO1_00253 hrta_L
HGOO1_01738 splE
HGOOL_ 01251 -

Putative acetyl-hydrolase LipA precursar
Alanine racemase 2

tRMNA-le(gat)

hypathetical protein

Methionine-binding lipoprotein Met precursar
putative polylglyceral-phosphate] alpha-glucasyltranslerase
Heme-degrading menooxygenase HmoB
hypothetical protein

Zinc-type alcohel dehydrogenase-like protein
UDP-N-acetyl-D-glucosamine b-dehydrogenase
hypathetical protein

S-deoxynuclestidasa YibR

1RMA-Met|cat)

hypathetical proteln

DNA pelymerase (I subunit tau

Bacterial 5H3 domain protein

hypathetical protein

hypathetical protein
Glycasyltransferase-stabilizing pratein Gif2
Quinone oxidereductase 2

Antitoxin MazE

Diapelycopenes oxygenase

hypathetical protein

hypathetical protein

tRMA-Argiacg]

Putative metal chaperone YoiC

putative lipoprotein precursar

TRMNA-Val(tac)

Type 4 prepilin-like proteins leader peptide-processing enzyme
Lactase phosphotransferase system repressor
1RMA-Val(tac)

hypathetical proteln

Phage major tail protein

Nisin biosynthesis protein MisC

tRMA-Ala(tge)

Serine protease Do-like HirA

Galactakinase

hypathetical protein
Demethylrebeccarmycin-D-glucose O-methyltransferase
tRMA-Thr(tgt)

hypathetical protein

Threenylcarbamaoyl-AMP synthase

Extracellular matrix-binding protein ebh precursor
Frypathetical proteln

hypothetical protein

TRMA-GlyiLce)

Putative hemin import ATP-binding protein Hretd
Serine protease SplF precursor

Lysine

SAOUHSC 02844
SAOUHSC_01400
SAOUHSC_TO0028
SAOUHSC_01628
SAOUHSC_00844
SAOUHSC_00548
SAQUHSC_02930
SAOUHSC_02581
SAOUHSC_02445
SAOUHSC_00128
SAOUHSC_00362
SAOUHSC_00774
SAOUHSC_Ta004a1
SADUHSC_02666
SAQUHSC_00454
SAOUHSC 02170
SAQUHSC_01055a
SAOUHSC_00203
SAQUHSC_ 02083
SAQUHSC_00382
SAOUHSC 02304
SADUHSC_02881
SAOUHSC_00811
SAOUHSC_ 02794
SAQUHSC_T0007
SAOUHSC 00695
SAOLHSC_00404
SAOUHSC_TO0059
SAOUHSC_01764
SAOUHSC_02456
SAOUHSC_T0060
SAQUHSC_00650
SAOUHSC_0152%
SAOUHSC_01951
SAQUHSC_T0001
SADUHSC_01838
SADUHSC_00577
SAOUHSC_01130
SAOUHSC_00237
SAOUHSC_TO0053
SAOUHSC_00560
SAOUHSC_00915
SAOUHSC_01447
SAQUHSC_ 01522
SAQUHSC_01896
SAQUHSC_TO0025
SAQUHSC_00287
SAOLHSC_01936

5,83E-07
1,81E-05
0002328113
0,001185038
0,000103352
216807
2,75E-07
6,29E-05
1,206-07
831607
1,426-06
9,136-06
0,002973751
2,45E-05
8,05E-06
0,000180039
1,44E-05
4,52E-05
5,88E-05
9,37E-06
4,06E-06
1,54€-05
0,000125921
0,00222342
0,007388761
3,156-05
£,000831451
0,002443889
0,03007429
4,936-06
0,002914398
2,56E-06
5,07E-05
0,000168582
0,001977909
5,59E-06
1,07E-05
1,256-06
0,002756727
0,005170704
0,008070658
0,011835025
1,21E-06
0,007891537
7,34E-05
0002847856
1,03E-05
0,010082431
2,326-05
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Annexe 2 : Tableau de I'expression différentielle des protéines durant le stress oxydant :

Liste de tous les génes activés ou inhibés durant le stress oxydant.



UP regulated genas from the differencial proteomics analysis in oxidative stress

 accession . _ description

HGO01 01897 HGDO1 01897 |gene NOME|hypothetical protein

HGO01_01902 HGOO1_01802 |gens_NONE|Phage antirepressor protein KilAC domain protein
HGO01_00066 HGOO1_00066 |gene_ala|Alanine dehydrogenase

HGO01_018%4 HGOO1_01854|gene_NONE| hypothetical protein

HGOO1_00070 HGO01_00070]gene_iucC_2 | Aerobactin synthase

HGO01 01895 HGDO1_01895|gene_NOME|Bacteriophage Mu Gam like protein
HGO01_018%% HGO01_01839|gene_NONE| hypothetical protein

HGO01_00299 HGOO01_00299|gene_metE|5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase

HGO01_00071 HGOO1_00071|gene_parl|5-keto-4-deoxy-D-glucarate aldolase

HGOD1_01880 HGOO1_01880|gene_NOME|hypothetical pratein

HGO01_00072 HGOD1_00072|gene_btrk|L-glutamyl-[Btrl acyl-carrier protein] decarboxylase
HGO01_0187% HGOO1_01879|gene_dut_2| Deoxyuridine 5'-triphosphate nuclectidohydrolase
HGO01_01893 HGO01_01893 | gene_NONE|hypothetical protein

HGO01_01867 HGOOL_01867 |gene NONE|hypothetical protein

HGO01_00068 HGDOL_00069 | gene_iuch_1|N(2)-citryl-N{b}-acetyl-N(B)-hydroxylysine synthase
HGOO01 01873 HGOO1_01873|gene_NONE|hypothetical protein

HGO01_00073 HGDO1_00073|gene_NONE|ParB-like nuclease domain protein

HGOD1_01900 HGOO1_01300|gene_NOME | hypothetical protein

HGO01_00067 HGOO1_00067 |gene_iucC_1|Aerobactin synthase

HGO01 00218 HGDO1_00218|gene NONE|Penicillin acylase precursor

HGOO1_01891 HGOO1_01891 |gene_NONE | hypothetical protein

HGO01 01232 HGOO1_01232|gene_trpB | Tryptophan synthase beta chain

HG001_01883 HGOO1_01883|gene_NONE|PVL ORF-50-like family protein

HGO01_01866 HGOO1_01866|gene_NONE|Phage capsid family protein

HGOO01_00064 HGOD1_00064 |gene_yfiY| putative siderophare-binding lipoprotein YfiY precursor
HGO01_01855 HGOO01_01859|gene_NONE|Phage protein

HGO01_01886 HGO01_01886|gene_NONE | hypothetical protein

HGO01 01824 HGOO1_01884|gene_NONE|Helix-turn-helix domain protein

HGO01_02384 HGOO1_02384 |gene_ledH | L-carnitine dehydrogenase

HGO01_00977 HGDO1_00977 |gene_isdB | Iron-regulated surface determinant protein B precursor
HGOD1_02135 HGOD1_02135|gene_atpE | ATP synthase subunit

HGO01_02215 HGDO1_02215|gene_NONE| Alanine racemase

HGO01_00300 HGOD1_00300|gene_yit)| Bifunctional homocysteine S-methyltransferase/5,10-methylenetetrahydrofolate reductas

HGO01_00263 HGOO1_00269|gene_ymdB|O-acetyl-ADP-ribose deacetylase

HGOO01_01860 HGOO1_01860|gene_NONE|Phage major tail protein 2

HGO01_01877 HGOO1_01877|gene_NOME| hypothetical protein

HGOO1_02727 HGD01_02727|gene_glpE_3| Thiosulfate sulfurtransferase GlpE

HGOO01_00979 HGDO1_00979|gene_isdC|Iron-regulated surface determinant protein C precursor
HGO01 02367 HGDO1_ 02367 |gene_hutl|Imidazolonepropionase

HGO01_02216 HGDO1_02216]gene_iucA_2 |N{2)-citryl-N{6}-acetyl-N{G)-hydroxylysine synthase
HGO01_01865 HGOD1_01865|gene_NONE| hypothetical protein

HGO01_00365 HGDO1_00365|gene_NONE| hypothetical protein

HGOO1_00302 HGO01_00302 |gene_metl | Cystathionine gamma-synthase/0-acetylhamoserine (thiol)-lyase
HGO01_00065 HGOO1_00065 |gene_sbnd |putative siderophore biosynthesis protein Sbnd
HGO01_0176% HGOO01_01769|gene_NONE|Bacterial ABC transporter protein EcsB

HGOO01_01837 HGOOL_01887 |gene_NONE|hypothetical protein

HGO01_01890 HGOOL_01890|gene_NONE|hypothetical protein

HGOD1_01049 HGO01_01049|gene_pyrR | Bifunctional protein PyrR

HGO01_02166 HGOO1_02166|gene_dps|General stress protein 20U

HGOD01_02214 HGOD1_02214|gene_yfmC_2 |Fe(3+)-citrate-binding protein YfmC precursor
HGOO1_01910 HGOO1_01910|gene_xerC_2 | Tyrosine recombinase XerC

HGO01_02629 HGOD1_02629|gene_pyrC| Dihydroorotate dehydrogenase (quinone)
HGO01_00586 HGOO01_00586|gene_yusV_1|putative siderophare transport system ATP-binding protein YusY
HGO01_02658 HGOO1_02658|gene_cys) | Sulfite reductase [MADPH] flavoprotein alpha-component
HGO01_00116 HGOD1_00116|gene_isdl| Heme axygenase {staphylobilin-praducing) 2
HGOO1_01901 HGO01_01901|gene_NONE| hypothetical protein

HGO01_01227 HGO01_01227|gene_trpE | Anthranilate synthase component 1

HGOO01 01579 HGOOL_01579|gene_fas|Folylpolyglutamate synthase

HGOD1_02668 HGO01_02668|gene_NONE|S-formylglutathione hydrolase

HGO01_02600 HGOO1_02600|gene_dapl | LL-diaminopimelate aminotransferase

HGO001_01945 HGOO1_01949|gene_nos| Nitric oxide synthase oxygenase

HGO01_02029 HGOO1_02029|gene_NONE|hypothetical protein

HGOO01_02034 HGOO1_02034|gene NONE|AntA/AntB antirepressor

HGO001_02352 HGDO1_02352 | gene_yifK | putative transport protein Yiflk

HGO01_02409 HGOO1_02409|gene_NONE| Acetyltransferase (GNAT) family protein

adjp

1,95E-43
5, 76E-54
562E-28
8,10E-24
3,27E-19
2,61E-18
7 52E-17
7,63E-12
1,54E-12
1,47E-08
7,21E-08
6,65E-07
2,24E-29
6,87E-06
1,37E-05
2,76E-05
2,76E-05
1,17E-D4
2,32E-04
4,70E-04
9,83E-04
2,09E-03
8,53E-03
1,64E-02
8,34E-81
3,18E-02
3,18E-02
6,59E-02
6,50E-02
f,59E-02
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
2 44E-09
2,32E-01
2,32E-01
2,32E-01
2,32E-01
2,32E-01
2,32E-01
2,32E-1
2,32E-01
2,32E-01
2,32E-01
4,52E-09
1,02E-27
4,81E-52
1,19€-01
6,96E-12
6,82E-02
1,30E-11
5,34E-05
4 11E-01
4, 11E-01
4, 11E-01
4,11E-01
4, 11E-01
4 11E-01
4, 11E-01
4,11E-01
4, 11E-01
4, 11E-01
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HGOO01_01870 HGOD1_01870|gene_NONE | Phage partal protein, SPP1 Gpé-like

HGOO01_00984 HGOD1_00984 |gene_isdG |Heme axygenase [staphylobilin-producing) 1
HGOO1_01015 HGOD1_01015|gene_argF |Ornithine carbamaoyltransferase

HGOO01_01200 HGOD1_01200|gene_NONE | hypothetical protein

HGOO01_02420 HGO01_02420|gene_gltT|Protan/sodium-glutamate symport protein
HGO01_01903 HGODI_01303 |gene_NONE | hypothetical protein

HGOO1_02024 HGDO1_02024 |gene_NONE | hypothetical protein

HGO01_02731 HGOD1_02731|gene_NONE|DinB superfamily protein

HGOO1_00277 HGOD1_00277 [gene_slyA_1|Transcriptional regulator SlyA

HGOO01_01177 HGOO1_01177 |gene_NONE | hypothetical protein

HGOO1_00525 HGOO1_00525 |gene_NOME | Transcriptional regulator

HGO01_02639 HGO01_0263%|gene_aldC_2 | Alpha-acetolactate decarboxylase

HGOD1_02423 HGOO1_02423 |gene_NONE | Acid shock protein

HGOO1_00981 HGDD1_00981 |gene_isdE | High-affinity heme uptake system protein IsdE precursor
HGOO1 00324 HGOO1_00324|gene_ahpC| Alkyl hydroperoxide reductase subunit €

HGO01 00799 HGOO1_00799|gens_mnhAl| Nal+)/H{+) antiporter subunit A1

HGOO1_0260% HGOO1_02609|gene_isaA | putative transglycosylase [saA precursor

HGOO01_00323 HGOD1_00323|gene_ahpF | Alkyl hydroperoxide reductase subunit F
HGOO1_02123 HGOO1_02123|gene_sceD|putative transglycosylase Scel precursar
HGO01_01025 HGOD1_01025|gene_NONE | putative N-acetyltransferase

HGOO01_02597 HGOO1_02597 |gene_coph| Copper-exporting P-type ATPase A

HGO01_00752 HGO0D1_00752 |gene_NONE|hypothetical protein

HGOO1_00978 HGOO1_00978|gene_isdA |Iron-regulated surface determinant protein A precursor
HGO01_00375 HGOD1_00375 |gene_metQ_1|putative D-methionine-binding lipoprotein MetQ precursor
HGOO1_00927 HGOO1_00927 |gene_ykoE | Putative HMP/thiamine permease protein YkaE

HGOO1 02507 HGOD1_02507 |gene_nika|Nickel-binding periplasmic protein precursor
HGO01_01912 HGOOD1_01912|gene_NONE | putative acyl-CoA thicester hydrolase

HGO01_02673 HGOD1_02673|gene_arcB|Ornithine carbamoyltransferase, catabolic
HGO01_00674 HGO01_00674 |gene_yclQ | putative ABC transporter solute-hinding protein YclQ precursor
HGO01_00696 HGOO1 00696 |gene_uvrB |UvrABC system protein B

HGO01_00298 HGOO1_00298|gene_kynB | Kynurenine formamidase

HGO01_01024 HGOD1_01024|gene_yfnB|Putative HAD-hydrolase YfnB

HGO01_00186 HGOD1_00186|gene_rihA|Pyrimidine-specific ribonucleoside hydrolase RihA
HGOO1_00712 HGOD1 00712 |gene_cgeR|Central glycolytic genes regulator

HGOO01_00747 HGOD1_00747 |gene_fbiB|Coenzyme F420:L-glutamate ligase

HGOO1_01137 HGOD1_01137|gene_rech |Pratein RecA

HGOO1 02247 HGOO1_02247 |gene_alsS|Acetolactate synthase

HGO01_00490 HGOD1_00490|gene_ywpl_1| Putative phosphatase Ywpl

HGOO1_02276 HGOD1_02276|gena_rplX | 505 ribosomal protein L24

HGOO1_02246 HGOD1_02246|gene_aldC_1|Alpha-acetolactate decarboxylase

HGOO1_01052 HGO01_01052 |gene_pyrC|Dihydroorotase

HGOD1_02320 HGOO1_02320|gene_fhub_2|lron{3+}-hydroxamate-binding protein Fhul precursor
HGOO1_01119 HGOO1_01119|gene_rplGA | putative ribosomal protein YixQ

HG001_00328 HGOD1_00328 |gene_NONE | hypothetical protein

HGO01_00476 HGOO1_00476|gene_rpsl| 305 ribosomal protein 512

HGO01_00491 HGOD1_00491 |gene_azol | FMN-dependent NADPH-azoreductase

HGOO01_00761 HGOD1_00761 |gene_yurY |Vegetative protein 296

HGOO01_01499 HGOO1_01499|gene_rpsU| 305 ribosomal protein 521

HGO01_02752 HGO0D1_02752|gene_mnmE |tRNA madification GTPase MnmE

HGO01_02228 HGODI_02228|gene_NONE | hypothetical protein

HGODO1_02190 HGOD1_02190|gene_disA|DNA integrity scanning protein DisA

HGOO1_00411 HGO01_00411 |gene_MNONE | hypothetical protein

HGOO1_02643 HGOO1_02649|gene_betA | Oxygen-dependent choline dehydrogenase
HGO01_0037% HGOO1_00379|gene_bltD_1|Spermine/spermidine acetyltransferase
HGOO1_02259 HGOD1_02259|gene_ecfAl|Energy-coupling factor transporter ATP-binding protein EcfAL
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4 11E-01

4 11E-01

4,11E-01
4,11E-01
4,11E-01
4 11E-01
4,11E-01
4,11E-01
4, 11E-01
4,11E-01
4, 11E-01
4 11E-01
4,11E-01
4, 11E-01
4,00E-77
2,99E-01
5 26E-02
3,84E-51
4,36E-02
1,46E-01
1,46E-01
1,53E-02
1,01E-04
1,23E-01
2,12E-01
1,48E-02
4,35E-01
4,35E-01
5,00E-15
2 47E-02
3,54E-01
3,54E-01
2,99E-01
2,99E-01
2,46E-01
5 99E-05
3,80E-06
8,12E-05
1,38E-04
6,63E-10
8,22E-09
2,08E-09
4,09E-01
4,56E-01
2,66E-03
6,55E-04
6,61E-06
1,27E-03
2,12E-01
6,28E-01
6,28E-01
6,28E-01
6,28E-01
6,28E-01
6,28E-01
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DOWN regulated genes from the differencial proteomics analysis in oxidative stress

accession description
HGOO01_ 00725 HGOO1_ 00725 |gene_NOME |hypothetical protein
HGO01_02120 HGO01_02120|gene_thil | Hydroxymethylpyrimidine/phosphomethylpyrimidine kinase
HGOO01_00734 HGOO1 00734 |gene_cspA_1|Cold shock protein Cspa
HGOO1_00291 HGOO01_00291 |gene_NONE | hypothetical protein
HGOO1_02681 HGOO1_02681 |gene_ywyl | Putative mannose-6-phosphate isomerase Yuyl
HGO01_01211 HGOO1_01211 |gene_NOME |Iren-sulphur cluster biosynthesis
HGOO1_D0BO3 HGOO1_00BO3 |gene_NONE |NADH axidase
HGO01_01144 HGO01_01144 |gene_miaB|{Dimethylallyl)adenosine tRMA methylthiotransferase MiaB
HGOO1_02534 HGOOL_02534|gene_sasG| Surface protein G precursor
HGO01_02529 HGOO1_0252%|gene_pgch | Phosphoglucomutase
HGOO1_01115 HGO01_01115|gene_palC_1|DNA polymerase Il PolC-type
HGO01_00422 HGOO01_00422 |gene_mazG | Nucleoside triphosphate pyraphosphohydrolase/pyrophosphatase MazG
HGO01_00774 HGO01_00774 |gena_NONE | hypothetical protein
HGO001_01953 HGO01_01953 |gene_rutB | Peroxyureidoacrylate/ureidoacrylate amidohydrolase RutB
HGOO1_02343 HGOO1_02343 | gene_NONE | hypothetical protein
HG001_00480 HGOO1_00480|gene_yxeP_2 | putative hydrolase YxeP
HG001_00923 HGOO01_00923 | gene_purH| Bifunctional purine biosynthesis protein PurH
HGOO1 00163 HGOO1 00163 |gene_NOME|Xylose isomerase-like TIM barrel
HGO01_00223 HGO01_00223 |gene_NONE | hypothetical protein
HGOO01_ 01432 HGOO1_ 01432 |gene_mall|Oligo-1,6-glucosidase
HGOO1_00170 HGOO1_00170|gene_pflA | Pyruvate formate-lyase-activating enzyme
HGOO1_01129 HGOO1_01129|gene_phnF| putative transcriptional regulator PhnF
HGOO1_ 00317 HGOO1_ 00317 |gene_MNONE |hypothetical protein
HGO01_02432 HGOO1_02432 |gene_narW | putative nitrate reductase malybdenum cofactor assembly chaperone Nariy
HGO01_01917 HGOO1_01917 |gene_NONE | hypothetical protein
HGOO1_02540 HGOO1_02540|gene_gntT|High-affinity gluconate transpaorter
HGO01_00161 HGO01_00161 |gene_ycjS_1|putative oxidoreductase Yejs
HGO01_02150 HGOO1_02150|gene_yodB| HTH-type transcriptional regulator YodB
HGOO1_00694 HGO01_00694 | gene_yfbR | 5'-deoxynuclectidase YFoR
HE001_01034 HGOO1_01034 |gene_diviB| Cell division protein Divig
HGOO01_01645 HGOO1_01645 |gene_ptsG_4|PTS system glucose-specific EINCBA companent
HGOO01_02344 HGOO1_02344 |gene_NONE | Putative formate debydrogenase
HGOO1_01549 HGO01_01549|gene_NONE |CshD-like protein
HE001_00768 HGOO1_ 00768 | gene_NOME | Nitronate monocoxygenase
HGOO1 00999 HGOO1 009293 |gene_murl|Glutamate racemase
HG001_00598 HGOO1_00598 |gene_graR_1|Respense regulator protein GraR
HG001_01028 HGOO01_01028 |gene_mraZ | Protein MraZ
HGO001_00180 HGOO01_00180|gene_gsiB | Glutathione-binding protein GsiB precursar
HGO01_00142 HGOO1_00142 |gene_NONE | PTS system EIBC component
HGOO01_02625 HGOO1_02625 |gene_NONME | hypothetical protein
HGOO01_01255 HGOO1_01255|gene_dapB|4-hydroxy-tetrahydrodipicolinate reductase
HGOO1_ 01150 HGO01_01150|gene_glpF|Glycerol uptake facilitator protein
HGO01_02424 HGOO1_02424 |gene_narT | putative nitrate transporter NarT
HGOO1_01724 HGOO1_01724|gene_NONE | Telomeric repeat-binding factor 2
HGOO01_02099 HGOO01_02099 |gene_acps| Holo-[acyl-carrier-protein] synthase
HGOO1_01612 HGOO1_01612 |gene_phoP | Alkaline phosphatase synthesis transcriptional regulatory protein Phop
HGOO01_00216 HGOO1_00216 | gene_purC| Phosphoribosylaminoimidazole-succinocarboxamide synthase
HGO01_D0O826 HGOO01_00826|gene_NONE | putative kinase inhibitor
HGO01_01319 HGO01_0131%|gene_pimB | GDP-mannose-dependent alpha-{1-6)-phosphatidylinesital menomannoside mannasy
HGOO01_00724 HGOO1_00724 | gena_NONE |hypothetical protein
HGO01_01351 HGO01_01351 |gene_NONE | hypothetical protein
HGOOL 00449 HGOO1 00443 |gene_pdxT|Glutamine amidotransferase subunit PdxT
HGOO1_00793 HGOO1_00793 |gene_mnhGL|Na{+)/H{+) antiporter subunit G1
HGO001_00206 HGO01_00206 |gene_lrgB|Antiholin-like protein LrgB
HGO01_00392 HGO01_00392 |gene_NONE | Acetyltransferase (GNAT) family protein
HGOO1_01537 HGOO1_ 01537 |gene_ NONE | Putative D-methyltransferase/MSMEI_4947
HGO01_02483 HGO01_02483 |gene_NONE|UDP-glucose 4-epimerase
HG001_01079 HGO01_01079|gene_fapR | Transcription factor FapR
HGO01_01666 HGO01_01666|gena_pepd_2|Glutamyl aminopeptidase
HGOO01_ 02592 HGOO1_02592 |gene_ydfl|Membrane protein Ydf)
HGOO1_00395 HGOO1_003%5 |gene_reck | Recombination protein RecR
HGOO01_01694 HGO01 01694 |gene_NOME |hypothetical protein
HGOO1_00274 HGOO1_00274 |gene_NOME | PTS system ascorbate-specific transporter subunits 1ICB
HGO01_0191% HGOO01_01519 |gene_vraS | Sensar protein Yras

LogFC (MVIWT)
712
-5,83
5,71
-5,56
5,40
-5,22
5,13
-5,02
-4.91
4,79
4,79
-4.79
4,79
-4,66
-4,56
-4,51
-4,51
-451
-4,51
-4,35
-4,35
-4,35
417
-417

adjp

1,82E-14
5,64E-06
4,91E-04
4,83E-05
1,34E-04
3,90E-04
B,61E-04
1,32E-03
2,09E-03
3,37E-03
3,37E-03
3,37E-03
3,37E-03
5,75E-03
4,13E-08
0,85E-03
9,85E-03
9,85E-03
9,85E-03
1,64E-02
1,64E-02
1,64E-02
2,68E-02
2,68E-02
2,68E-02
2,68E-02
4,63E-02
4,63E-02
4 G3E-02
4,63E-02
4,63E-02
1,23E-21
1,17E-04
7,39E-02
7,39E-02
7,39E-02
7,39E-02
7,39E-02
7,39E-02
7,39E-02
7,39E-02
7,39E-02
7,39E-02
7,39E-02
7,39E-02
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
1,23E-01
2,68E-05
6,71E-08
2,00E-01
2,00E-01
2,00E-01
2, 00E-01



HGOO01_ 01216 HGO01_0D1216|gene_glcT|GlcA/plcB genes antiterminator

HGOO1_004%4 HGOO1_00494 |gene_tagk_1|putative poly(glycerol-phosphate) alpha-glucosyltransferase
HGOO01_02500 HGOO1_02500|gene_gltB_2 |Glutamate synthase [NADPH] large chain precursor
HGOO1_00262 HGOO1_00262 |gene_nank | Putative N-acetylmannosamine-6-phosphate 2-epimerase
HGOO1_01908 HGO01_01908 |gene_NONE | hypothetical protein

HGO01_01164 HGOO1_01164 |gene_NONE | hypothetical protein

HGOO1_ 02308 HGOO1_02308 |gene_mobB| Molybdopterin-guanine dinucleotide biosynthesis adapter protein
HGOO01_01066 HGOO1_01066|gene_defl |Peptide deformylase 1

HGOO01_01299 HGOO1_01299 |gene_ypcP |5'-3' exonuclease

HGOO1_01501 HG0O1_01501 |gene_mtaB_2 | Threonylcarbamayladenosine tRNA methylthiotransferase Mtag
HGOO1_00784 HGO01_00784 |gene_NONE | hypothetical protein

HGO01_00162 HGO01_00162 |gene_ycjS_2 |putative oxidoreductase YejS

HGO01_00921 HGO01_00921 |gene_purh| Phosphoribosylformylglycinamidine cyclo-ligase
HGO01_02576 HGOO1_02576 |gene_NONE | hypothetical protein

HGO01 02442 HE001 02442 |gene NONE|hypothetical protein

HGO01_0D0885 HG001_00885 |gene_NONE | hypothetical protein

HGOO1_02634 HGOO1_02634 |gene_cock |Cocaine esterase

HGOO1_ 00736 HG001_00736|gene_NONE|hypothetical protein

HGOO01_ 01470 HGOO1_01470|gene_NONE | putative metallo-hydrolase

HGO01_01087 HGOO1_01087 |gene_NONE| putative DNA-binding protein

HGO01_00627 HGOO1_00627 |gene_ydhF | Oxidoreductase YdhF

HGOO01_01674 HGO01_01674 |gene_rsuh |Ribosomal small subunit pseudouridine synthase A
HGOO01 02126 HGOO1 02126|gene_fabZ |3-hydroxyacyl-[acyl-carnier-protein] dehydratase FabZ
HGOO01_01697 HGO01_01697 |gene_arsC2 | Arsenate-mycothiol transferase ArsC2
HGOO01_02680 HGOO1_D2680|gene_manP | PTS system mannose-specific EIIBCA component
HGOO1_00940 HGOO1_00940|gene_NONE | hypothetical pratein

HGOO1_00541 HGOO1_00541 |gene_mshD_1 | Mycothiol acetyltransferase

HGO01_00331 HGO01_00331 |gene_xpt| Xanthine phosphaoribosyltransferase

HGO01_00410 HGO01_00410|gene_rsma | Ribosomal RNA small subunit methyltransferase A
HGOO01_00118 HGOO1_00118 |gene_aldA|Putative aldehyde dehydrogenase AldA

HGOO01 01513 HGOO1_01513 |gene_tadA_2|tRNA-specific adenasine deaminase

HGO01_01905 HGOO01 01905 |gene_immR_1|HTH-type transcriptional regulator ImmR
HGOO1_00420 HGO01_00420|gene_mfd | Transcription-repair-coupling factor

HGO01_01661 HGOO1 01661 |gene_murC|UDP-N-acetylmuramate—L-alanine ligase
HGOO1_00145 HGOO01_00145 |gene_hsdR | Type-1 restriction enzyme R protein

HGO01_02434 HG001_02434 |gene_narG |Respiratory nitrate reductase 1 alpha chain
HGOO1_02038 HGO01_02038 |gene_lexA_3 | LexA repressor

HGO01_00032 HGO01 00032 |gene_csoR_1|Copper-sensing transcriptional reprassor CsoR
HGOO1_01551 HGO01_01551 |gene_rarA|Replication-associated recombination protein A
HG001_020%0 HGOO01_02030 |gene_NONE| Protein Spri-like protein

HGOO1_02542 HGO01_02542 |gene_ydfH |putative HTH-type transcriptional regulator YdfH
HGOO01_01298 HGO01_01298 |gene_aldl|Alanine dehydrogenase 1

HGOO1_02487 HGOO1_D2487 |gene_opuCC|Carnitine transport hinding protein OpuCC precursor
HGO01_01961 HGOO1_01961|gene_NONE|hypothetical protein

HGOO01_01132 HGO01_01132 |gene_phbB|Acetoacetyl-Cod reductase

HGOO1_00406 HGOO1_D0406 |gena_rsml | Ribosomal RMNA small subunit methyltransferase |
HGOO1_00228 HGOO1_D0228 |gene_NONE | hypothetical protein

HGOO1_00029 HGOO1_00029|gene_NONE | hypathetical protein

HGO01_01136 HGO01_01136|gene_cinA |Putative competence-damage inducible protein
HGOO1_01145 HGOOL_01145 |gene_NONE | hypothetical protein

HGOO01_00914 HGOOL_00914 |gene_purE | NS-carbaxyaminaimidazole ribonucleatide mutase
HGOO1 02178 HGO01 02178 |gene_NONE|SAP domain protein

HGO001_00609 HGO01 00609 |gene_MNONE | hypothetical protein

HGO01_02686 HGOO01_02686|gene_gtf2 | Glycosyltransferase-stabilizing protein Gtf2

HGOO1_ 01931 HE001 01931 |gene_ NONE|putative RNA methyltransferase

HGO01_00568 HGOO01 00568 |gene_nhak_1|Sodium, potassium, lithium and rubidium/H{+) antiporter
HGO01_01163 HG001_01163 |gene_MNONE | hypothetical protein

HGOO01_01676 HGOO1_01676|gene_NONE | Ferredoxin—NADP reductase

HGOO01_ 00504 HGOO1_ 00904 |gene_yicF | putative N-acetyltransferase YjcF

HGO01_02141 HGO01_02141 |gene_NONE | hypothetical protein

HGO01_ 01833 HG001_01833 |gene_yfhQ|putative A/G-specific adenine glycosylase YfhQ
HGOO01_00767 HGO01_0D0767 |gene_tlyC | Hemalysin C

HGOO1_00915 HGOO1_00913 |gene_purl | Phospharibasylformylglycinamidine synthase 2
HGOO1_02545 HGOO1_0D2545 |gene_NONE | hypothetical protein

HGO01_00175 HGOO1_00175 |gene_fadN | putative 3-hydroxyacyl-CoA dehydrogenase
HGO01_00616 HGO01_00616 |gene_NONE | hypothetical pratein
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HGOO1_D0746 HGO01_00746|gene_arcoD|3-dehydroquinate dehydratase
HGOO1_01669 HGO01_01669|gene_trmB|tRNA [guanine-N{7)-}-methyltransferase
HGOO1_01543 HGO01_01543 |gene_recD2 | ATP-dependent RecD-like DNA helicase

HGOO1_00540 HGO01_00540 | gene_ywqN_2 | Putative NAD{P)H-dependent FMN-containing oxidoreductase Ywgh

HGOO1_00185 HGOO1 00185 |gene_ptsG_2 | PTS system glucose-specific EIICBA component
HGOO1_00926 HGO01_00926 | gene_ykoD_1|Putative HMP/thiamine import ATP-binding protein YkoD
HGOO01_D0633

HGOO1_D0378 HEO001_00378|gene_nudC|NADH pyrophasphatase

HGOO1_01664 HGO01_01664 |gene_NONE | hypothetical protein

HGO01_00305 HGOO1_00305 |gene_ykuT | putative MscS family protein YkuT

HGO01_02429 HGOD1_0242%|gene_nreB|Oxygen sensor histidine kinase NreB

HGOO1_01682 HGOD1 01682 |gene_bioB_1|Biotin synthase

HGO0L1 00811 HGOO1 00811|gene spsB_1]Signal peptidase IB

HGOO1_00377 HGOD1_00377|gene_MONE| hypothetical protein

HGOO1 01217 HGO0L_01217|gene_tqsA|Al-2 transport protein TgsA

HGO001_01842 HGOO1_01842 |gene_NONE| putative phage protein 3 of sapT operon
HGOO1_02480 HGOO01_02480|gene_nhak_2 |Sodium, potassium, lithium and rubidium/H{+) antiporter
HGO001_01040 HGO01_01040|gene_MNONE|YGGT family protein

HGOO1_02035 HGD01_02035|gene_NONE| hypothetical protein

HGOO1_00120 HGOO1_00120|gene_NONE| hypothetical protein

HGO01_01667 HGOO1_ 01667 |gene_NONE|Peptidase propeptide and YPEB domain protein
HGO01_00125 HGOD1_00125 | gene_NONE | hypothetical protein

HGOO1_D0660 HGO01_00660|gene_cpuBA|Choline transport ATP-binding protein OpuBA
HGOD1_01478 HGOO1_01478|gene_zur | Zinc-specific metallo-regulatory protein

HGOO1_01069 HGOO1_01069 |gene_rlmN | putative dual-specificity RNA methyltransferase RlmM
HGOO1_02183 HGOO1_02183 |gene_mtlA| PTS system mannitol-specific ENCB component
HGOO1_D0387 HGOO1_ 00387 |gene_tred| Trehalose-6-phosphate hydrolase

HGOO1_01449 HGOO1_01449 | gene_NONE| hypothetical pratein

HGOO1 00358 HGOOL1_ 00358 |gene_|pl2 | putative lipoprotein precursar

HGOO1_00579 HGOO1_00579|gene_tag | Putative glycosyltransferase TagX

HGO01_01788 HGOO1_01788 |gene_trmL|tRNA (cytidine(34)-2'-0)-methyltransferase
HGO01_01495 HGO01 01495 |gene_ybeZ | PhoH-like protein

HGOO1_02433 HG001_02433 | gene_narH |Respiratory nitrate reductase 1 beta chain
HGO01_00018 HGO01 00018 |gene_dnaC_l|Replicative DNA helicase

HGO01_00819 HGOO1_ 00819 |gene_NONE|hypothetical protein

HGO01_01827 HGOO1_01827 |gene_ghrB_2 | Glyoxylate/hydroxypyruvate reductase B

HGO01 00412 HGOOL 00412 |gene_ispE|4-diphosphocytidyl-2-C-methyl-D-erythritol kinase
HGOO1_00857 HGOO1_00857 |gene_kefC | Glutathione-regulated potassium-efflux systern protein KefC
HGOO1_01091 HGOO1_01091|gene_trmD|tRNA [guanine-N{1)-}-methyltransferase
HGOO1_005%4 HGOO1 00594 |gene_aes|Acetyl esterase

HGOO01_00402 HGOO1_00402 |gene_NONE| hypothetical protein

HGOO1_00865 HGOO1_00865 |gene_rurkt_1 |UDP-N-acetylmuramoyl-L-alanyl-D-glutamate--L-lysine ligase
HGOO1_01775 HGOO1_01775 | gene_yhah | 3'-5' exaribonuclease Yhahd

HGOO1_01118 HGOO1_01118|gene_NONE|hypothetical protein

HGOO1_D0576 HGEO01_00576|gene_tagH_L | Teichoic acids export ATP-binding protein TagH
HGOO1_01783 HGOO1_01783 |gene_rlub_3| Ribosomal large subunit pseudauridine synthase D
HGOO1_02683 HGO01_02653 |gene_sraP|Serine-rich adhesin for platelets precursor
HGOO1_02588 HGO01_02588 |gene_clpL| ATP-dependent Clp protease ATP-binding subunit ClplL
HGOO1_D0849 HGOO1_00849 | gene_NONE| hypothetical pratein

HGOO1_01643 HGO01_01643 |gene_serA|D-3-phosphoglycerate dehydrogenase

HGOO1_00084 HGO01_00084 |gene_treR_1|Trehalase operon transcriptional repressor
HGO01_02238 HGOO1_ 02238 |gene_NONE|hypothetical protein

HGO001_01967 HGO01_01967 |gene_ytrB_2| ABC transporter ATP-binding protein YtrB
HGO001_01030 HGOO1_01030|gene_ftsL|Cell division protein FtsL

HGO001_02185 HGO01_ 02185 |gene_mtlF | Mannitol-specific phosphotransferase enzyme IlA component
HGOO1 00709 HGOOL 00709 |gene MONE|Epimerase family protein

HGO001_01308 HGOO1_01308|gene_NONE|hypothetical protein

HGOO1_01675 HGO01_D1675|gene_ytgP_2 | putative cell division protein YtgP

HGOO1_02541 HGOO1_02541 | gene_xylB| Xylulose kinase

HGOO1_00653 HGO01_00653 |gene_pabB|Aminodeoxychorismate synthase component 1
HGOO1_02304 HGO01_02304|gene_moad | Cyclic pyranopterin monophosphate synthase
HGOO1_01158 HGO01_01158 |gene_NONE | methionine gamma-lyase

HGOO1_01520 HGO01_01520|gene_arok | Shikimate dehydrogenase

HGOD1_01642 HG001_01642 |gene_NONE| Soluble hydrogenase 42 kDa subunit

HGOO1_01159 HGOO1_01159|gene_ginR | HTH-type transcriptional regulator GInR
HGOO1_02258 HGOO1_02258 |gene_ecfA2 | Energy-coupling factor transporter ATP-binding protein Ecfaz
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HGOO1_02521 HGOO1_02521|gene_NONE | putative lipoprotein precursor

HGOO01_01654 HGO01_01654|gene_acsA_1|Acetyl-coenzyme A synthetase

HGOO1_00447 HGO01_00447| gene_gabR | HTH-type transcriptional regulatory protein GabR
HGOO1_01944 HGOO1_01944|gene_NONE |Staphostatin A

HGOOL_01770 HGOO1_01770|gene_ecsA| ABC-type transporter ATP-binding protein EcsA
HGOO01_02377 HGOO1_02377|gense_NONE | ABC-2 family transporter protein

HGOO1_00744 HGOO1_00744|gene_NONE | hypothetical protein

HGOO0L_02485 HGOO1 02495 |gene_ybbl |putative ABC transporter ATP-binding protein YbbL
HGOO1_D0844 HGOO1_00844|gene_mech | Adapter protein Mech

HGOO01_01326 HGO01_01326|gene_aroB|3-dehydroquinate synthase

HGOML_00052 HGOO1_00052 | gene_yxeP_1|putative hydrolase YxeP

HGOO1_D2570 HGOO1_02570|gene_sdhB|L-serine dehydratase, beta chain

HGOO01_02359 HGO01_0235%|gene_malP | PTS system maltose-specific EIICB companent
HGOO1_00092 HG001_00092|gene_phnD|Phesphate-import protein PhnD precursor

HGOOL 01410 HG001_01410|gene NOME [hypothetical protein

HGOO1_00522 HGO001_00522 | gene_galk_2|Galactokinase

HGOO01_01176 HGOO1_01176|gene_|tak |Low specificity L-threonine aldolase

HGOO0L1 01530 HG00L1_01530|gene_accB_2|Biotin carboxyl carrier protein of acetyl-CoA carboxylase
HGOO1_01945 HG001_01945|gene_NONE [hypothetical protein

HGOO1_02485 HGO01_02485|gene_norB_5 |Quinolone resistance protein NorB
HGOO1_01037 HGOO1_01037|gene_NONE |Laccase domain protein

HGOO01_00656 HGOO1_00656|gene_kipA_1|Kipl antagonist

HGO01_02422 HGOD1_02422|gene_sarZ | HTH-type transcriptional regulator SarZ
HGOO1_01011 HGOO1_01011|gene_NONE | hypothetical protein

HGOO1_00718 HGOO1_00718|gene_WONE |hypothetical protein

HGOO01_00554 HGOO1_00554 | gene_NONE |hypothetical protein

HGO01_01608 HGO01_01608|gene_mutM | Formamidopyrimidine-DNA glycosylase
HGOO01_01095 HGOO1_01095|gene_rnhB | Ribonuclease HI

HGOO1_D0972 HGOO1_00972 |gene_rsmD| Ribosomal RNA small subunit methyltransferase D
HGOO1_02157 HGO01_02157 | gene_coaW|Type |l pantothenate kinase

HGOO1_01084 HGOO1_01084|gene_rnc|Ribonuclease 3

HGOO1_D0025 HGOO1_00025|gene_yycl| Two-component system YycFG regulatory protein
HGD01_01365 HGOO1_01365|gene_NONE | Bacterial Ig-like domain {group 2)

HGO01_01540 HGO01_01540|gene NONE|hypothetical protein

HGOO1_D2628 HGOO1_02628|gene_NONE | Fructosamine kinase

HGOO1 01604 HGO01_01604|gene_dnaB|Replication initiation and membrane attachment protein
HGDO1_00806 HGOO1_00806|gene_glpQl_1|putative glyceraphosphoryl diester phosphodiesterase 1
HGOO1_01782 HGO01_01792|gene_NOME | Phosphotransferase system, ENC

HGDO01_02063 HGO01_02063|gene_iolC|5-dehydro-2-deoxygluconokinase

HGOO1_00461 HGOO1_00461|gene_mrC| Mini-ribonuclease 3

HGOO1_00854 HGOO1_00834|gene_menD | 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase

HGOO1_00520 HGOO1_00520|gene_galk_1|Galactokinase

HGOO01_01218 HGO01_01218|gene_mprF | Phasphatidylglycerol lysyltransferase

HGOO1_01536 HGOO1_01536|gene_yhbU_2 |putative protease YhblU precursor

HGOO01_01518 HGOO1_01518|gene_nadD|putative nicotinate-nucleotide adenylyltransferase
HGOO1_D0989 HGOO1_00989|gene_rnhC|Ribanuclease HIll

HGOO01_00027 HGOO1_00027 | gene_yfkN_1| Trifunctional nucleotide phosphoesterase protein YfkN precursor
HGOO1_01297 HGOO1_01297 | gene_tdcB|L-threanine dehydratase catabalic TdcB

HGOO1_02611 HGOO1_02611|gene_NONE | DNA-binding transcriptional regulator EnvR
HGOO1_01135 HGO01_01135|gene_pgsA|CDP-diacylghyceral-glyceral-3-phasphate 3-phosphatidyltransferase
HGOO01_02101 HGO01_02101|gene_NONE |Bacterial membrane flanked domain protein
HGO01_00564 HGOO1_00564|gene_mnhD1_1|Na(+)/H{+) antiporter subunit D1

HGOO01_02616 HE001_02616|gene_NONE | hypothetical protein

HGOO1_00054 HGO01 00054 |gene NOME | Na+/Pi-cotransporter

HGOO01_DD610 HGO01_D0610|gene_NONE |hypothetical protein

HGOO1_0D1831 HG001_01831|gene NONE | Putative multidrug export ATP-binding/permease protein
HGOO1_ 00780 HG001_00780|gene_patA_1|Peptidoglycan O-acetyltransferase

HGOO01_01262 HGO01_01262|gene_NOME [hypothetical protein

HGOO01_02383 HGO01_02383|gene_corA|Magnesium transport protein CorA

HGOO1_01207 HGOO1_01207|gene_mscl|Large-conductance mechanosensitive channel
HGO01_02599 HGO01_02593|gene_|dhD_2 | D-lactate dehydrogenase

HGOO1_00247 HGOD1_00247 | gene_NONE | hypothetical protein

HGO01_01535 HGO01_01535 | gene_yhbl_1|putative protease Yhbl precursor

HGO01_02608 HGOD1_02608|gene_NONE | Acetyltransferase (GNAT) family protein

HGOO1_00099 HGOO1_00099 | gene_adhE | Aldehyde-alcohol dehydrogenase

HGOO1_01032 HG001_01032|gene_mraY | Phospho-N-acetylmuramayl-pentapeptide-transferase
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HGO01_02726 HGO01_02726|gene_NOME|Lactonase drp35

HGOO1_02593 HGOO1_02593|gene_NONE|hypothetical protein

HGOO1_00974 HGO01_00974|gene_NONE | hypothetical protein

HG001_01480 HGO01_01480]gene_znuC_2 | High-affinity zinc uptake system ATP-binding protein ZnuC
HGOO1_00664 HGOO1_00664 | gene_NONE| Putative lipid kinase

HGO01 00553 HGOO1 00553 |gene_NONE|hypothetical protein

HGOO1_00967 HGOO1_D0967 | gene_NONE|Cysteine-rich secretory protein family protein
HGO01_02489 HGOO1_02489|gene_opuCA | Carnitine transpart ATP-binding protein OpuCA
HGOO1_02115 HGOO1_02115|gene_cls_2 | Cardiolipin synthase

HGO01_00668 HGO01_00668|gene_nrdl| Pratein Nrdl

HGO01_01063 HGOO1_01063 |gene_priA| Primosomal protein N'

HGO01_02326 HGO0L1_02326|gene_ureE | Urease accessory protein Urek

HGO01_02319 HGO01_0231%|gene_rihB | Pyrimidine-specific ribonucleaside hydrolase RihB
HGO01_02373 HG001_02373|gene_rpid|Ribose-5-phosphate isomerase A

HG001_00304 HGO0L1_00304|gene_spo0C|Chromosome-partitioning protein Spo0)
HGO01_02631 HGO0L1_02631|gene_NONE|hypothetical protein

HGO01_01424 HGO01_01424|gene_nudF|ADP-ribose pyrophosphatase

HGO01 00686 HGO0L 00686|gene yipZ |IMPACT family member YigZ

HGO01_00818 HG001_00818|gene_yidA|Sugar phosphatase YidA

HG001_00705 HGOO1_00705|gene_NONE|Gluconeogenesis factor

HGO001_01237 HGO001_01237|gene_NOMNE| hypothetical protein

HG001_00463 HGO01_00463|gene_NONE|YacP-like NYN domain protein

HG001_02615 HGO01_02615|gene_azoB |NAD{P)H azoreductase

HG001_01085 HGOO01_01085|gene_smc | Chromasome partition protein Smc
HGOO1_00022 HGOO1_00022 | gene_walR | Transcriptional regulatory protein WalR
HGOO1_01279 HGOO1_01279| gene_NONE| Acetyltransferase (GNAT) family protein
HGOO1_00319 HGOO1_0031%|gene_gpmA_1|2,3-bisphosphoglycerate-dependent phosphoglycerate mutase
HGOO1_02062 HGO01_02062|gene_agrA|Accessory gene regulator protein A
HGOO1_01407 HGO01_01407|gene_lexA_2 | LexA repressar

HGO01_01959 HGOO1_01959|gena_NONE| Acyl-coenzyme A:6-aminopenicillanic acid acyl-transferase
HGO01_00453 HGO01_00493 |gene_sdrD|Serine-aspartate repeat-containing protein D precursor
HGO001_01116 HGOOL_01116|gene_rimP |Ribosome maturation factor RimP

HGO01_01939 HGOO1_01938|gene_pcrA| ATP-dependent DNA helicase PerA
HGO001_02527 HGE001_02527|gene_srmB|ATP-dependent RMA helicase SrmB
HGO01_00366 HE001_00366|gene_NONE|hypothetical protein

HGO01_00181 HGO01_00181|gene_NONE|hypothetical protein

HG001_02125 HGO01_02125|gene_NONE|hypothetical protein

HG001_01419 HG001_01419|gene_scpB|Segregation and condensation protein B
HGOO1_01837 HG001_01837|gene_NONE|hypothetical protein

HG001_01606 HGO01_01606|gene_gapi2|Glyceraldehyde-3-phosphate dehydrogenase 2
HGO01_01257 HGO001_01257 |gene_yxeP_3|putative hydrolase YxeP

HGO01_01268 HGO01_01268|gene_cobT|Aerobic cobaltochelatase subunit CobT
HG001_01448 HGOO1_01448|gene_xsed | Exodeoxyribonuclease 7 large subunit
HGOO1_01074 HGO01_01074|gene_thiN | Thiamine pyrophasphokinase

HGOO1_01219 HGOO01_01219|gene_msrAl|Peptide methionine sulfoxide reductase Msr& 1
HGOO1_00252 HGOO1_00252 | gene_NONE| FtsX-like permease family protein
HG001_02446 HGOO1_02446|gene_bdbD | Disulfide bond formation protein D precursor
HGOO1_00359 HGOO1_00359|gene_NONE | hypothetical protein

HGOO1_01585 HGOO1_01585|gene_hemB| Delta-aminolevulinic acid dehydratase
HGOO1_00843 HGOO01_D0843 | gene_spxA | Regulatory protein Spx

HGOO1_01587 HGOO1_01587|gene_hem(|Porphobilinogen deaminase

HGO01_00867 HGOOL_D0867|gene_prfC| Peptide chain release factor 3

HG001_02121 HGOO01_02121|gene_tenA |Putative thiaminase-2

HGO01_02408 HGO01_02408|gene_yhiP|Putative guinone oxidoreductase Yhip
HG001_00640 HGE001_00640|gene_nagh |N-acetylglucosamine-6-phosphate deacetylase
HG001_00641 HG001_00641|gene_corC|Magnesium and cobalt efflux protein CorC
HG001_00238 HGO01_00238|gene_yerG_1|putative antitoxin YezG

HGO01_00782 HG001_00782|gene_MNONME|DItD central region

HG001_01451 HG001_01451|gene_cfiB_2|2-oxoglutarate carboxylase small subunit
HG001_ 02189 HG001_0218%|gene NONE|YbbR-like protein

HGO01_01332 HGO001_01332|gene_NONE|Heptaprenyl diphosphate synthase {HEPPP synthase) subunit 1
HGO01_D0836 HGOO1_00836|gene_dppE | Dipeptide-binding protein DppE precursor
HGOO1_02667 HGO01_02667 |gene_slyA_3 | Transcriptional regulatar SlyA

HG001_02382 HGO01_02382|gene_fni|lsopentenyl-diphosphate delta-isomerase -1,19

HGOO1_02095 HGO01_02095|gene_rsbl | Phosphaserine phosphatase RsbU =T AT
HGO01_02537 HGOO1_02537|gene_gtaB|UTP--glucose-1-phosphate uridylyltransferase 1147
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HGOO1_01950 HGOO1_01950|gene_pheh|P-protein

HGOO1_00211 HGOO1_00211 | gene_rbsk | Ribokinase

HGO01_00639 HGO01_00699| gene_lgt | Prolipoprotein diacylglyceryl transferase

HGOO1_D0781 HGOO1_00781 | gene_diC| D-alanine--poly(phosphoribitol) ligase subunit 2
HGO01_01254 HGOOL_01254|gene_dapA| 4-hydroxy-tetrahydrodipicolinate synthase

HGO01_00183 HGOO1_00183 | gene_hmp |Flavahemoprotein

HGOO1_02428 HGOO1_02428|gene_nrel | Oxygen regulatary protein Nre

HGOO1_00931 HGO01_ 00931 | gene_rlml| Ribosomal RNA large subunit methyltransferase |
HG001_02551 HGOOL_02551|gena_yxIF_5|putative ABC transporter ATP-binding protein YxlF
HGO01_00432 HGO0L_00432 |gene_fol& | Dihydroneopterin aldolase

HG001_ 01128 HGO0L1_01128|gene_ftsk| DNA translocase FtskK

HGOO01_01280 HGO01_01280|gene_NONE | putative CtpA-like serine protease

HGO001_00199 HGOO1_00199|gene_gutB: 2 |Sorbitol dehydrogenase

HGO01_01776 HGOO01_01776|gene_NONE |Leucine-rich repeats of kinetochare pratein Cenp-F/LEKL
HGO01_01714 HGOO1_01714|gene_pcka|Phosphoenolpyruvate carboxykinase [ATP]

HGOO0L1_ 00679 HGOO1 0067%|gene_NONE|hypothetical protein

HG001_01603 HGOO1_01603|gene_dnal |Primosemal protein Dnal

HGO001_01452 HGO01_01452|gene_accB_1|Bictin carboxyl carrier protein of acetyl-Coh carboxylase
HGO01_02646 HGO01_02646|gena_acsA_2 | Acetyl-coenzyme A synthetase

HGO01_02118 HGO01_02118|gene_thik| Thiamine-phosphate synthase

HG001_00544 HGOO1_00544|gene_adh|Alcchol dehydrogenase

HGO01_01624 HGO01_01624|gene_nrnA_2|Bifunctional oligoribonuclease and PAP phosphatase NrnA
HGOO1_005%8 HGO01_00998 | gene_frdB | Fumarate reductase ron-sulfur subunit

HGO01_01261 HGO01_01261|gene_cspA_2| Cold shock protein Cspé

HGOO1_01031 HGOO1_01031|gene_pbpB|Penicillin-binding protein 28

HGOO01_02436 HGOO1_02436|gene_nask | Assimilatory nitrite reductase [NAD{P)H] small subunit
HGOO1_01148 HGOO01_01148|gene_mutl | ONA mismatch repair protein Mutl

HGOO1_02614 HGOOL_02614 | gene_NONE |Glyoxalase-like domain protain

HGOO1_01779 HGOO01_01779|gene_NONE [hypothetical protein

HGOO01_02045 HGO01_02045| gene_dapE| putative succinyl-diaminopimelate desuccinylase
HG001_01692 HGOO1_01692 |gene_ribD| Riboflavin biosynthesis protein RibD

HGOO0L1_01473 HGOO1 01473 |gene_gluP|Rhambeid protease GluP

HGOO1_D0515 HGO01_00515 | gene_NONE | hypothetical protein

HGO01_01539 HGOO1_0153%|gene_yrrK|Putative Holliday junction resolvase

HGO001_01058 HGOO1_01058|gene_ NONE|3-demethylubiguinone-9 3-methyltransierase
HGOO01_01197 HGOO1_01197|gene_guaC|GMP reductase

HGOO01 00352 HGOO1 00352 |gene NONE|Type | restriction modification DNA specificity domain protein
HGO01_02346 HGO01_02346|gene_suhB_2|Inositol-1-monophosphatase

HGO01_02430 HGOO1_02430|gene_NONE | hypothetical protein

HGOO1_00851 HGO01_00851|gene NONE|CYTH domain protein

HGO01_02421 HGO01_02421|gene_NONE | hypothetical protein

HGOO1_01206 HGOO1_01206|gene_shcC | Nuclease SheCD subunit ©

HGOO1_00575 HGOO1_00575 | gene_tagA | Putative N-acetylmannosaminyltransferase

HGOO1_02745 HGO01_02745 | gene_cspLA | Cold shock-like pratein CspLA

HGO01_00542 HGO01_00542 |gene_WONE|HD domain protein

HGOO01_020584 HGOO1_02094 | gene_rsbV | Anti-sigma-B factor antagonist

HGOO1_00872 HGOO1_00&72 | gene_yfkN_4 | Trifunctional nucleatide phosphoesterase protein YfkN precursor
HGOO1_00243 HGOO1_00243|gene_yezG_3|putative antitoxin YezG

HGOO1_DD386 HGOO1_00386|gene_treB | PTS system trehalose-specific EIIBC compaonent
HG001_01487 HGOO1_01487 |gene_ygflL|Putative pyruvate, phosphate dikinase regulatory protein
HGO01_00376 HGOOL_00376|gene_slel_1|N-acetylmuramoyl-L-alanine amidase slel precursar
HGOO1_D0E3E HGOO1_00698 | gene_hprk |HPr kinase/phosphorylase

HG001_00728 HGO01_00728|gene_clfA] Clumping factor A precursor

HG001_02181 HGO01_02181|gene_glmS | Glutamine--fructose-6-phosphate aminotransterase [isomerizing)
HGO01_02021 HGOO1_02021|gene_NONE | hypothetical protein

HGO01_01918 HGOO1_01918|gene_vraR |Response regulator protein VraR
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Annexe 3 : Tableau de I'expression différentielle selon les voies métaboliques impliquées.



[ deowyrib de nova Diff. Transcriptomics MV/ctr Jl  Diff, Proteamics MV/fctr
id gene product locus_tag MCTCB325 gena_MCTCA325 log2FoldChange padj
HGOO1_01054  card Carbamoyl-phosphate sypthase large chain SACUHSC_01170 card 7, 76E-0L
HEOD1_01052  pyics Dihydraoratase SAQUHSC 01168 pyrC B22E09
HGOO1_01055  pyrf Orotidine 5 phosphate decarboxylase SAOUHSC 01171 - ZATE-OL
HGOO01_ 01053 card Carharmayl-phisphate synthase small chain SAOUHSC_01169 - 1,04E-01
HEO01_ 01051 pyré Aspartate carbamoyltransferase SADUHSE 01166  pyrB 9,09E-01
HEO01_ 01056 pyre Oratate phaspharibasyitransterase SAQUHSC. 01172 pyrE 9,18E-02
HGOO1_01050  pyre Uracil permaase SAQUHSC_01165 - 377E-M
HGOO1_01057 - hypothetical protein; same operan as pyrP-pyrB-pyrC-carf-carB-pyrF-pyrf SADUHSC 01173 - ND
HGOO1_00393  tmk Thymidylate kinase SAOUHSC_ 00451 tmk 8 BOE-OL
HGOO1_00669  nrdE2 Ribonucleaside-diphosphate reductase subunit alpha 2 SAQUHSC 00742 nrd) B71ED2
HGOO1 00670 nrdF Ribonucleaside-diphosphate reductase subunit beta SAOUHSC_00743 nrdF 213602
HE001_01049  pryr Bifunctional pratein PyrR SAOUHSC 01164 - A,52E-09
HE001 01103 pyrd Uridytate kinase SAOUHSC 01235  pyrH 235601
HE001 01337 emkc Cytidylate kinase SAOUHSC 01436 cmk B52EDL
HG001_01534  udk Uridine kinase SAQUHSC 01715 - GASEDL
HGOO1_ 02154 pyiG CTP synthase SAOUHMSC 02368  pyrG 337601
HEO01_02629 pyiD Dihydrooratate dehydrogenase (quinone) SAOUHSC_ 02908 - 6,96E-12
[ Purine leotides de novo Diff. Transcriptomics MV/ctr B Diff. Proteomics MV/ctr
id gene product locus_tag_MNCTCE325 gene_MNCTC8325 8 log2FoldChange padj log2FoldChange padj
HGOO1_00085 dech Purine nuclecside phospharyfase Deol-ype SAOUHSC_00097 - 5298338 ND ND
HGO01_00019  purd Adenylosuccinate synthetase ‘SAOLHSC_00Ms - 4,52562E-15 0,05 9,57E01
HGOO1_01560 apt denine phasphoribosyltransferase SADUHSC_01743 558131618 037 7.86E-01
HGOO1_ 01942 purd Adarwﬁwnﬁmli Iyase. SAQUHSE_ 02126 6,42238E-15 0,34 23260
HGDO1 02655 mrd  Anseroble SACLHSC (2942 8,69131E-18 0,27 B6OE-OL
Phage genes Diff. Transcriptomics MV/cir [l Diff. Prateomics MV fctr
product locus_tag_MCTCE325 gule MNCTCE325 IogZFoldChin;& padj IugZFnIdChange padj
Phage protein B,1DE.24
Putative phage protein - 411601
Putative phage regulatory protein - ND
Putative phage replication protein 983604
Bacteriophage Mu Gam [ke protein = 2,61E-18
Phage protein - N
Phage antirepressar pmmh KilAL domain pmun- = 5,76E-54
Phage protein = 232601
Putative phage pratein - ND
Phage protein - ND
-Phueegan - 318602
Putatiy L tin; Helix-turn-helix domain pratein = B,59E-02
Mesfm MW—SNIB&WN‘ pratein - B53E03
= 1,17E-04
Phage protein - 232801
HBO01_02016 - Phage protein . N
HGOD1_01856 - Phage protein - ND
Putathve phage protein - 411601
'mns:ﬂpﬁwn:hmr RinB (phage) HO
Putative phage pratein . N
Putative phage pratein . 14TE08
Phage protein - ND
Phage portal proteint2C SPP1 Gpé-fike. = 4,11E01
Phage protein = ND
3 otel = ND
- ND
= 7,52E-17
= 2,76E-05
= ND
Pmatfv! ph@_se regulatory protein - ND
Phage protein - ND
Phage protein N
thamte{n ND
AntAAnTE antirepressar - 411601
Putative phage regulatory protein ND
Phage protein ' 1,236-01
Phage protein - 1,96E-43
Phqwapnld v‘nmihr grmin - 1,64E-02
= - ND
= BETE-D6
- N
x 232601
= MO
- ND
- ND
- ND
W - 4,11E01
HGOD1 01861 - = ND
HBD01_02025 - ND
HE001_02017 - ND
HGOO1_02028 - 5 D
H001_01386 - - ND
HGO01 02024 - - 4,11E01
HGOOL_01860 i Ph-;msjurml pm’win 2 - 1,236-01

135



2,07E-65 @ ND ND
1,37E-55 3,18E-02
3256528 ND N
1,14E-36 B ND D
5.40E-53 8 ND MDY
2,20E-54 I ND ND

Diff, Transcriptomics MV/fctr B Diff, Proteamics MV fctr
leg2FoldChange padj

ND ND

ND ND

) 1,08E-01
ND
2.R3E-01
BASE-DL
ND
B,18E-01
7,86E-01
3,26E-01
442601
5,99E-05
ND

2,00E-01
572802

[ Tiirate and Minite reduction, Porfirines biosisnihesis, anaerobic respiratory chain Ditt, Prateamics MV/fctr
i Bene praduct leg2FoldChange pady

C ND ND
4,19E-01
1,46E-01
5,51E-01

147613
2,56E-04
268602
ND
582601
2.99E01
442601

113621
413608

TI9E-02

[ Tegulation of respiratory chain ) cript Wt Diff. Pratesmics MV/ctr
i Eene locus_tag_MCTCE325 pene_NCTCE325 Ilog2FoldChange padj
HGO01 02428 Bret 1 regulatary protein NreC. SAODUHSC D2675 442601
HGOD1 02069 rex N, pricnal ; SADUHSC 02273 - | 0,05 9,53E-01

Protein Folding

Diff Proteamics MV/ctr
leg2FoldChange padj
0,01 4.85E-01
0,09 8,73E-01
-0,31 5, 20E-01
0,23 442801
41103
5,36E-05

Diff. Prateamics MV et
leg2FoldChange pad)

b 244E-08
5,04E-01
TA7E-D
5,36E-02
2,12E-01
261601
4.98E-01
2ATE-DL
505801
7,39E-02
B,25E-01
933601
1,326-03
393801
513601
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0001185038 FND ND
0023934541 BND NO
4426-m
N
6,84E-01
551E-01
9,76E-01
1,238
442601
ND
3,56E-01
9,856-01

0,33
-0,10
0,39
0,04

[ Fermentation Diff, Transcriptomics My/ctr [ Diff, Prateomics MV /ctr
id gene product Iocus_tag_NCTCB325 gene_NCTC8325 8 log2FoldChange padij log2FoldChange padj
HGOO1 02246 aldC 1 Alpha-acetolactate decarboxylase SMOUHSC_ 02467 - 1,696-21 6,63E-10

Detaxifying enzymes

Diff, Transcriptamics MV/ctr [l Diff. Proteomics MV/ctr

Ing2FoldChange padj

2 ; -0,18 7,14E-01

0,47 0,05143833 351601

-0,499 0,052458991 3 3,55E-04

0,445 0051341102 6,156-01
8 1,93E-18 92 A4,00E-77

3,84E51
258601
297603

ND
6ASE-01

3076
031 2,998-01

530605 |
|

4,11E-0
2,086-09
ND
6,45E-011
7,415-01

327819
1,54E-12
121E-08
2.76E-05
5,48E-01
97160

WD
94702

Electron transport chain Diff. Transcriptomics MVfetr [l Diff, Prateomics MV/fetr
Iocus_tag NCTCEI2S gene NCTCB325 [ log2FoldChange pad) leg2FoldChange pad)
ulinic acid debydratase CSAQUHSC 01771 - 0579 0019809775 299600

Diff, Transcriptomics MV/ctr [l Diff, Proteamics MV /ctr
log2FoldChange padj leg2FeldChange pad)
| 691602
3.44E-01
933801

: 442601
6,69E-1008 2,86E-01
1,02E-10@ND ND
2,596-13 2,00E-01
2,308-20/ 2,99E-01

ranscription regulator

[ Ethanol degradation T8 it Transcriptomics MV/etr [l Diff, Prateomics MV/ctr




id gene product locus_tag MCTCBIZS gene_ NCTCE325
HGOD1_00118  aldA Putative aldehyde debydrogenase AldA SAOUHSC 00132 -
HGOO1_00099  adhE Aldebyde-alcohal dehydrogenase SAQUHSE 00113 -
HGOO1_00544  adh Alcohol detydrogenase SAQUHSC_DOBDE adha
HGO01 01654  acsh_ 1 Acetyl-coenzyme A synthetase SACQUHSE (1845 =
HEOO01_01955 - alkH Aldehyde dehydrogenase SAOUHSC 02142
| TAIA charging
] gene product Tocus_tag_MCTCB325 gene_NCICB325
HEGOD1_00407  metG Methionine—tRANA ligase SACUHSC 00461 -
HGOO1_01315  asnS Asparagine—tRMA ligase SAQUHSE (471 asnt
HEOO1_01044  jles. Isoleucine—tRNA ligase SAQUHSC 01259 iles
HGOOT_01679  feus Leucine—tANA ligase SAOUHSC 01875 leus
HGOD1_00434 S Lysine—tRNA ligase SADUHSE_D0493 lyss
HE001_00547  args Arginine--tRMA ligase SAOUHSC_ 00611 argh
HGOO1_01114  praS Proline—tRMA ligase SAOUHSC 01240 -
HGOO1_ 00457 git Glutamate-1ANA |igase SADUHSC 00508 gltx
HGOO1_01601  thrs Threonine-—tRMA ligase SAOUHSC 01788 thrs
HGO01_01555  hiss Histidine--tRNA ligase SAQUHSC_01738 hiss
HEOO01_00010 - sers Serine—-1RNA lgase SAQUHSC_00009 -
HGOO1_00842  trps Tryptophan--tANA ligase SADUMSC 00933

log2FaldChange pad)

155433606
1 BEATHE-54
454629847
185733600
251113615

Diff, Transcriptomics MV/ctr
log2FaldChange padj

1,42641E-11
1,607436-05
0,000184868
0,000434718
0,004966781
0,007836657
0,000847558
0,055358849
0061656411
0011301763
0000780321
B,54628E.05

138

log2FoldChange padj
s 333602
| 442E-01
| 242604
L7 401
-0.31 4,11E-D1

Diff, Pratecmics MV e
Ig2FoldChange padj

0,10
0,32
007
022
0,30
0,12
0,23
002
0,24
051
0,08
0,54

739E-01
00RE1312
06020900
0,1775016]
00657212
03623763
0,2029304
0,9704 106
0,3307554
0,1148211
06029672
00255249
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Caractérisation des modifications post-transcriptionnelles des ARN non
codants chez Staphylococcus aureus en réponse a divers stress
environnementaux : analyse dynamique et fonctionnelle

Les modifications post-transcriptionnelles des ARN sont impliquées dans de nombreux
processus biologiques. Elles sont constitutives ou modulées en réponse a des processus
adaptatifs et remplissent de nombreuses fonctions. La cartographie des modifications dans
les ARN du pathogéne S. aureus, responsable d’'un grand nombre d’infections de gravité
variable et touchant un large éventail de tissus, reste encore peu connue ainsi que leurs
implications dans |'adaptation de la bactérie a son environnement, notamment lors de
I'infection.

Cette étude a pour but principal dans un premier temps d’établir une cartographie des
modifications présentes dans les ARN non codants, plus spécifiguement dans les ARNt de S.
aureus puis de révéler la dynamique des modifications en adaptation a différentes
conditions environnementales rencontrées par la bactérie lors de I'infection.

Enfin, I'étude des causes ainsi que des conséquences traductionnelles des changements
observés pourra étre réalisée afin de déterminer le potentiel role des modifications post-
transcriptionnelles dans I'adaptation aux stress

Mots clés: Modifications post-transcriptionnelles, Staphylococcus aureus, adaptation au
stress

RNA post-transcriptionnal modifications are involved in numerous biological processes. They
are constitutive or modulated in response to adaptive processes and play multiple functions.
The mapping of RNA modifications on the pathogen S. aureus, responsible for several
infections of variable severity and targeting several tissues, is still poorly known, as well as
their involvement in the host adaptation processes.

This study aims to produce a first map of modifications that are present on S. aureus non
coding RNAs, especially S.aureus tRNA and to reveal the dynamics of some of these
modifications in a stress condition encountered during the infection.

Finally, the mechanisms promoting different modification levels and the impact that these
variations might have on the translation processes could be studied.

Keywords : Post-transcriptionnal modifications, Staphylococcus aureus, stress adaptation.




