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Résumé : Staphylococcus aureus est un pathogéne
opportuniste responsable d’infections difficiles a
traiter dues a l'inefficacité des antibiotiques actuels.
En 2019, cette bactérie a causé le taux de mortalité
mondial le plus élevé. La nécessité de recherche de
nouveaux antibiotiques a permis de développer de
nouvelles molécules inhibant la synthése des acides
gras de type Il (FASIl). Cependant, ces molécules
anti-FASII présentent une faiblesse: S. aureus et les
pathogenes Firmicutes sont capables de contourner
I'inhibition de FASII par incorporation d'acides gras
environnementaux présents dans I'hote (eFA).

L'objectif de ma thése est d'élucider et comprendre
comment le contournement des anti-FASII
permettent un regain de développement bactérien.
Ceci a permis d'identifier les points faibles de
I'adaptation de S. agureus aux anti-FASIl afin de
développer des traitements en bi-thérapie associant
d'autres molécules. Deux principales pistes sont
développées.

I. Une approche protéomique couplée aux études
physiologiques ont permis de mettre en évidence
que l'anti-FASII provoque une résistance accrue au
stress oxydant associée a une baisse de la virulence
via une reprogrammation des  fonctions
bactériennes. Les données in vitro sont confirmées
in vivo dans un modele d'insecte montrant que la
mortalité des bactéries adaptées a l'anti-FASIl est
plus lente que les bactéries non traitées. Un pré-
traitement par H20. avant l'ajout des anti-FASII
accéléererait I'adaptation. Par ailleurs, il a été montré
qu'un tel traitement active I'efflux des antibiotiques.
Ce prétraitement stimulerait l'incorporation des eFA
permettant une adaptation rapide a I'anti-FASII. En
réponse a l'infection les cellules hoéte se défendent
en produisant du H202 suggérant que les bactéries
adaptées a l'anti-FASIl pourrait présenter un
avantage sélectif dans de tels biotopes engendrant
un état de persistance des bactéries.

Il. Les analyses des données protéomiques ont
révélé que UgtP, enzyme impliquée dans Ila
synthése de l'acide lipotéichoique (LTA), n'était
plus produite dans les bactéries adaptées a l'anti-
FASII. Aprés son adaptation a I'anti-FASII, le LTA
n‘est plus détectable par immunoprécipitation. Ce
phénomene est indépendant de la nature des
acides gras présents dans les phospholipides
membranaires. Les fonctions du LTA dans la
division et la croissance sont décrites comme
essentielles, comment la bactérie prolifére en son
absence ?  Contrairement au LTA, [l'acide
teichoique pariétal (WTA) et la cardiolipine sont
surproduits. L'une ou l'autre molécule peut
compenser la perte d'expression du LTA.
L'absence simultanée du LTA et du WTA est létale
pour la bactérie. Ainsi la synergie d'un anti-FASII
couplé a un inhibiteur de la synthese du WTA (le
targocil) a été étudiée.

Tous ces résultats montrent que les bactéries
adaptées a un anti-FASIl sont moins virulentes et
plus résistantes au stress oxydatif. Un lien entre le
stress oxydatif et l'incorporation des acides gras
est pour la premiére fois démontré. Un élément
du métabolisme des acides gras (FASII) impacte la
synthése du LTA. Ce travail souligne I'importance
des lipides membranaires dans la pathogénie de S.
aureus et ouvre de nouvelles perspectives de
traitements en bi-thérapie.
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Abstract: Staphylococcus aureus is a common
opportunist pathogen causing infections that are
notoriously difficult to treat due to antibiotic failure.
In 2019, S. aureus caused the highest mortality among
pathogens. The need for new treatments spurred the
development of a novel pipeline class of antibiotics
targeting the fatty acid synthesis (FASIl) pathway.
However, the use of FASII antibiotics has an inherent
flaw: S. aureus, and several Firmicute pathogens, are
able to compensate FASII inhibition by incorporating
environmental fatty acids (eFAs) as present in the

host.

The aim of my thesis project is to elucidate the factors
contributing to this FASII antibiotic adaptation and to
analyze the consequences on bacterial fitness. This
information will be used to identify the weak points of
anti-FASIl-adapted S. aureus, and to develop a bi-
therapy treatment coupled with anti-FASIl. Two main
findings are reported.

. Using combined omics and

approaches, we show that anti-FASII

physiological

adaptation
reprograms S. aureus to be more oxidative stress
resistant, but less virulent. These in vitro results were
in accordance with studies in an insect model,
showing that anti-FASll-adapted S. aureus killed
insects slowly compared to non-treated S. aureus.
Priming S. aureus with H2O: accelerated FASII-
antibiotic adaptation. Previously, H202 priming was
reported to stimulate antibiotic efflux. In contrast,
H20: priming stimulates fatty acid (FA) incorporation,
thereby accelerating anti-FASIl adaptation via a
unique mechanism. As the host produces H202 as part
FASII-

antibiotic-adapted S. aureus may have a fitness

of its antibacterial defense mechanism,

advantage in some host biotopes.

Collectively, reduced virulence and greater
oxidative stress resistance may provide S. aureus a
means to escape detection and persist in the host.
Noted, this is the first report showing the link

between oxidative stress and FA incorporation.

[l. Our proteomics analyses revealed that a
lipoteichoic acid (LTA) synthesis enzyme, “UgtP”,
in anti-FASII-treated bacteria.

Remarkably, after S. aureus adapts to anti-FASII,

was turned off

LTA was nearly non-detectable. This loss was
observed regardless of the phospholipid FA
composition. In view of LTA reported essentiality
for S. aureus cell division and growth, we then
questioned how S. aureus compensates LTA
depletion. In contrast to LTA, wall teichoic acid
(WTA) and cardiolipin (CL) pools increased in anti-
FASIl-adapted bacteria. This suggests that WTA
and/ or CL might compensate LTA depletion and
enable S. aureus to grow. Simultaneous removal of
both TAs is reportedly lethal. Consequently, the
LTA depletion observed in anti-FASIl-adapted
bacteria enabled us to demonstrate synergistic
inhibition between anti-FASIl and the WTA
inhibitor, targocil, in S. aureus.

Our work reveals that anti-FASIl-adapted bacteria
produce less virulence factors and are more
oxidative stress-resistant. These findings reveal a
link and FA
incorporation. They further suggest that an

between  oxidative  stress

element of the FASII pathway exerts control on
LTA synthesis. Altogether this work underlines the
importance of membrane lipids in S. aureus
pathogenesis  and for

opens  perspectives

designing bi-therapy treatments.
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BEFORE READING THE TEXT

In this section, | would like to explain how | have constructed the thesis to make it easy to
follow. The thesis begins with an introduction of my work; Chapters 1-4. This part is made up
of four chapters: Staphylococcus aureus, S. aureus as an effective pathogen, fatty acid and
lipid metabolism in S. aureus, and lipoteichoic acid: an essential bacterial structure?,
respectively. Subsequently, there will be the result of my thesis work, which will be separated
into two sections for Chapters 5 and 6. In Chapter 5, | will describe the global proteomic
changes upon exposure to the FASII inhibitor, in particular virulence factors and oxidative
stress. In Chapter 6, | will show the main changes in bacterial envelope structure after
adaptation to anti-FASII. These two parts will be presented in manuscript form. | will then

conclude my work and my perspectives in Chapter 7.

In addition, | have also attached my side work that | carried out in collaboration with an M2
student, Milya Palmier, in the Annex. This work will focus on AplsX suppressors that allow the

plsX mutant to grow without fatty acid supplementation.

At the end of the thesis, | will also attach my varolization of the thesis; grant and awards,

conferences, and courses during my PhD.

Lastly, | hope you enjoy reading my thesis and see how passionate I've been over the last

three years and three months
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CHAPTER 1

Staphylococcus aureus

1.1 Introduction

Staphylococcus aureus is a Gram-positive opportunist pathogen that was first described
by the Scottish surgeon Alexander Ogston in a surgical abscess in 1881, and classified as a
“micrococcus”. According to its morphology and its appearance, he later named it
Staphylococcus, derived from Greek words (Greek staphyle, “a bunch of grapes”; kokkos,
“grain or berry”) (Ogston, 1881). In 1884, S. aureus was isolated and cultured by German
physician Friedrich Rosenbach from humans and due to its characteristics, produced golden
or yellowish colonies, it was assigned the species -aureus (from Latin aurum, “gold”) (for
review, (Rasheed, Hussein, Region, Polytechnic, & Region, 2021)). S. aureus belongs to the
phylum Firmicutes, class Bacilli order Bacillales, family Staphylococcaceae, and genus

Staphylococcus (Staphylococcus aureus subsp. aureus (gbif.org) access August 2023).

S. aureus both colonizes and infects its hosts. Around 20% of the human population
are persistent carriers, while 30% and 50% are intermittent carriers and noncarriers,
respectively (Belkum et al., 2009). This carriage may constitute a reservoir that increases risk
of disease or transmission to other individuals. S. aureus infections range from mild to life-
threatening, and the severity of disease is multifactorial (for review, (Salgado-Pabon &
Schlievert, 2014)). S. aureus infections are of primary concern to both the healthcare sector
and community.

We point out three features of S. aureus that may contribute to its success as a
pathogen: 1- it encodes toxins and numerous secreted and surface factors enabling host
infection (see Chapter 2) (review (Clarke & Foster, 2006; Heilmann, 2011; Otto, 2014; Rasheed
et al, 2021)); 2- It is adaptable to different biotopes, both in non-animal and host
environments, e.g., high salinity environments (Tsai et al., 2011), human skin (Burian et al.,
2021) and host serum (Kénanian et al., 2019), which will be discuss in Chapter 3; 3- it can
acquire antibiotic resistance, and is currently a primary cause of untreatable bacterial
infections in hospitals. In view of the present antibiotic treatment crisis, the studies we will
present will use a methicillin-resistant S. aureus (MRSA) isolated from a jailed patient called
"USA300" (Fey et al., 2013). Before going into the detailed, we will discuss the general

information and importance of S. aureus in this chapter.
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1.2 Morphology and Habitat of S. aureus

S. aureus is spherical in shape with a diameter between 0.5 -1.5 um. It is non-motile
and non-spore-forming and is seen microscopically as a single coccus, diplococcus, or in
grape-like clusters (Fig. 1). S. aureus obtains energy for growth by aerobic or anaerobic
respiration, or fermentation, with an optimal growth range between 18-40 °C (review

(Rasheed et al., 2021)).

Figure 1. S. aureus morphology under scanning electron microscopy (SEM). S. aureus can grow as
a cluster or as individual cells. Scanning microscopy MIMA2 platform (T. Meylheuc).

S. aureus is described as having numerous natural habitats and is often viewed as a
colonizer of the moist squamous epithelium in the anterior nares (review (Foster &
Geoghegan, 2015; Williams, 1963)). However, S. aureus is also found in the posterior nasal
cavity which involves different attachment mechanisms, which correspond to different
epithelial cell types (Krismer, Weidenmaier, Zipperer, & Peschel, 2017). To colonize, S. aureus
uses different cell wall adhesins to bind to host surface cells including adhesin clumping
factor B (CIfB), iron-regulated surface determinant A (IsdA), serine-aspartate repeat-
containing protein D (SdrD) and wall teichoic acid (WTA) (Krismer et al,, 2017).

In addition S. aureus also colonizes numerous other body parts, both in the absence
or presence of disease, including various skin surfaces (atopic dermatitis) (for review, (Byrd,
Belkaid, & Segre, 2018; Geoghegan, Irvine, & Foster, 2018)), perineum (Dancer & Noble,
1991; Ridley, 1959), axillary (Dancer & Noble, 1991)), vagina (Chiaruzzi et al., 2020) and
intestine (for review (Acton, Plat-sinnige, Wamel, Groot, & Belkum, 2009)). Moreover, the skin
is a non-homogenous surface, having variations in moisture and oiliness, which may require
specialized bacterial features for development (Grice & Segre, 2011). Nevertheless, S. aureus

can colonize various ecological niches of the human body.
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1.3 S. aureus as a Major Cause of Infections

S. aureus can cause a mild disease to life threatening such as toxic shock syndrome,
pneumonia, sepsis and endocarditis (for review, (Keim & Horswill, 2023; Salgado-Pabén &
Schlievert, 2014)) (Fig. 2). These infections can lead to substantial morbidity and mortality,
and high healthcare costs (for review, (Lowy, 1998; Rasigade & Vandenesch, 2014; Salgado-
Pabon & Schlievert, 2014)). Indeed, S. aureus remains a dominant cause of mortal infections
in humans (for review, (Lowy, 1998)), attributed to its capacity to elude treatment by
commonly used antimicrobial agents (penicillins, macrolides, aminoglycosides, tetracyclines)

(for review, (Foster, 2017)).
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Figure 2. Infection in humans caused by S. aureus. S. aureus can cause a wide range of diseases in
humans from mild disease to life threatening such as pneumonia, sepsis, osteomyelitis and skin
infection from (Keim & Horswill, 2023).

While some recent studies report that in some regions, the incidence of
staphylococcal infection has decreased, S. aureus still poses a serious clinical threat, with high
morbidity and mortality, especially antimicrobial resistance bacteria (for review, (Turner et al.,
2019)). Methicillin-resistant S. aureus, MRSA, is a main type of antimicrobial resistance.
Resistance is mediated by a chromosomally carried mecA gene, which encodes the penicillin-
binding protein 2a (PBP2a), and is acquired by horizontal transfer of a mobile genetic

element designated staphylococcal cassette chromosome mec (SCCmec). PBP2a mediates
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peptidoglycan crosslinking. Mutation in mecA causes a low affinity of PBP2a for B-lactams,
and resulting in resistance to this entire class of antibiotics such as penicillin, methicillin, and
oxacillin. (for review, (Turner et al., 2019; Uehara, 2022)). In 2019, MRSA are listed as serious
threats due to antibiotic resistance by the CDC (Centers for Disease Control and Prevention)

(Biggest Threats and Data | Antibiotic/Antimicrobial Resistance | CDC). In 2022, a study on

global mortality associated with 33 bacterial pathogens showed that S. aureus caused the
highest mortality in 2019 among 33 inventoried pathogens (GBD 2019 Antimicrobial
Resistance Collaborators, 2022) (Fig. 3). Altogether, this information alerted researchers

about the urgent need for novel treatments against S. aureus infection.
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Figure 3. S. aureus is a leading cause of human deaths in 2019 among 33 major bacterial
pathogens. Column shows total number of deaths for each pathogen, with error bars showing 95%
confidence intervals, with the bars segmented into infectious syndromes. LRI=lower respiratory
infection. iNTS=invasive non-typhoidal Salmonella. Salmonella Typhi=Salmonella enterica serotype
Typhi. Salmonella Paratyphi=Salmonella enterica serotype Paratyphi. UTI=urinary tract infection. From
GBD 2019 Antimicrobial Resistance Collaborators, 2022.
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S. aureus as a Successful Pathogen
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CHAPTER 2

S. aureus as a Successful Pathogen

2.1 Introduction

In this section, we will discuss the mechanisms that make S. aureus an effective
pathogen, focusing on 1- virulence factors, which S. aureus uses to adhere to and damage
the host tissue, and 2- adaptability to the host environment, which enables bacteria to remain

or persist in the host conditions.

2.2 Staphylococcal Virulence Factors

Here, we define “virulence factors” by factors that facilitate the ability of a pathogen
to either infect or damage host tissues. S. aureus contains a plethora of virulence factors,
which contribute to its success as a pathogen (Fig. 4). These virulence factors may mediate
colonization, or allow the bacterium to evade the host immune system. Among such factors

are 1) cell surface adhesins, 2) secreted factors, and 3) others, which will be discussed below.

Repertoire of factors contributing to S. aureus colonization and pathogenesis
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Figure 4. S. aureus virulence factors. Examples of S. aureus virulence factors include surface adhesins,
toxins and secreted proteins, which help mediate infection (from (Keim & Horswill, 2023)).

These virulence factors undergo complex control via numerous regulator functions. A
major characterized regulator is called Agr (for accessory gene regulator; (Recsei et al., 1986)),
which is a global regulator of staphylococcal virulence. The Agr system involves a quorum

sensing peptide, auto inducing peptide (AIP) that regulates a large number of virulence-
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related factors and regulators including secreted virulence factors and surface proteins (Fig.
5). Overall, Agr assures that adhesion factors expressed during exponential phase growth are
repressed during the transition to stationary phase, and that secreted toxins and virulence
factors are then activated (Traber et al,, 2008). Note that numerous regulatory systems have
been characterized since the discovery of Agr, which are outside the scope of this study.

In this chapter, virulence factors produced by S. aureus, which confer bacteria with the
capacity to enter and to evade its host, are categorized into three groups: 1- adhesins that
mediate bacterial binding to host tissue, 2- secreted toxins that cause tissue damage and

interfere with host immunity, and 3- others (Nikolic & Mudgil, 2023)
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Figure 5. S. aureus accessory gene regulatory Agr system. This system comprises two divergent
transcription units, RNAIl and RNAIIl driven by promoters P2 and P3, respectively. The P2 promoter
produces components of a quorum-sensing system (AgrBDCA), whereas expression from P3 produces
the agr effector molecule RNAIIl. The P2 operon encodes a two-component signalling module AgrA
and AgrC, where AgrC is the histidine kinase receptor and AgrA is the response regulator. The P2
operon also encodes two proteins, AgrB, an integral membrane endopeptidase and AgrD, precursor of
autoinducing peptide (AIP). AgrB converts the precursor AIP to mature AIP and exports it outside the
cell. AIP is recognized by histidine kinase AgrC, which subsequently phosphorylates AgrA in the
cytosol. AgrA activates transcription from its own promoter and from the P3 promoter, which drives
RNAIIl synthesis. RNAIIl is responsible for posttranscriptional regulation of several virulence factors,
mediating the shift from expression of cell-surface associated proteins to the production of secreted
toxins and & -haemolysin. From (Painter, Krishna, Wigneshweraraj, & Edwards, 2014).
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2.2.1 Surface adhesins

S. aureus surface adhesins bind to human extracellular matrix components and serum
proteins, as needed for host colonization and subsequent dissemination (Clarke & Foster,
2006; Heilmann, 2011). Many, but not all cell surface adhesins are covalently bound to the
cell-wall peptidoglycan by sortase SrtA, and are also known as cell wall-anchored proteins
(CWAs) (Table. 1) (Clarke & Foster, 2006; Heilmann, 2011). S. aureus can express up to 24
CWAs (McCarthy & Lindsay, 2010).

CWAs are required during the process of infection and abscess formation. This was
shown by genetic experiments where adhesin attachment to bacterial peptidoglycan was
disabled by inactivating srtA. The srtA defective mutant showed lower bacterial burden and a
significantly lessened pathology compared to the wild-type strain in a murine skin infection
model (Kwiecinski, Jin, & Josefsson, 2014), and also led to reduced virulence in a murine
kidney abscess model (Mazmanian, Liu, Jensen, Lenoy, & Schneewind, 2000).

Among the CWA proteins, the MSCRAMM (microbial surface components recognizing
adhesive matrix molecule) family contributes to S. aureus infection and colonization.
MSCRAMMSs comprise two tandemly arrayed IgG-like folded domains that bind to the host in
initial steps of colonization and infection. The best characterized MSCRAMMs are clumping
factor A (CIfA) and clumping factor B (CIfB) (for review, (Foster, 2019; Foster, Geoghegan,
Ganesh, & Hook, 2014; Foster & Hook, 1998)). Both CIfA and CIfB bind fibrinogen, but to
different chains: CIfB reacts with the a- and p-chains of fibrinogen whereas CIfA binds
exclusively to the y-chain in Western ligand blots (Eldhin et al., 1998; Mcdevitt et al.,, 1997).
Besides, CIfB reportedly binds to cytokeratin 10 and loricrin of nasal epithelial cell, indicating
a role in colonization (Mulcahy et al., 2012; O'Brien, Walsh, Massey, Peacock, & Foster, 2002).
In in vivo studies, both clfA and clfB mutants are attenuated in endocarditis, skin, and soft
tissue infection models (Entenza et al., 2000; Lacey et al, 2019, Moreillon et al., 1995). CIfB
was recently reported as being required for S. aureus virulence in a sepsis model (Dyzenhaus
et al., 2023).

As may be expected, CWA proteins are also implicated in biofilm formation e.g., CIfB
(under calcium depleted conditions) (Abraham & Jefferson, 2012), SdrC (Barbu, Mackenzie,
Foster, & HOook, 2014), IsdA (Corrigan, Miajlovic, & Foster, 2009), and protein A (spA) (Merino
et al,, 2009). These above examples illustrate the important roles of surface adhesin proteins

for S. aureus colonization and pathogenesis.
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Table 1. Cell surface adhesins of S. aureus. Factors were ordered as covalently-linked

surface proteins and non-covalently-linked surface-associated proteins (from (Heilmann,

2011)).

Gene

Product Ligand specificity/Function

Covalently-linked surface proteins

bbp
bap

clfA

clfB

cna
fitbA

fnbB

isdA
isdB

isdC
isdH
sasA (sraP)
sasB
sasC
sasD
sasF
sasG
saskK

sasH
sdrC

sdrD

sdrE
spa

pls

Bbp Bone sialoprotein

Bap Attachment to polystyrene; intercellular adhesion; prevents binding to Fg, Fn,
and host tissue and internalization

CIfA Fg: platelet aggregation

CIfB Fg, cytokeratin 10, desquamated nasal epithelial cells; platelet aggregation

Cna collagen

FnBPA Fn, Fg. elastin: intercellular adhesion

FnBPB Fn, elastin; intercellular adhesion

IsdA Fg, Fn, fetuin, haemoglobin, transferrin, haemin, desquamated nasal
epithelial cells

IsdB haemoglobin, haemin, platelet integrin GPIIb/IIIa

IsdC Haemin

IsdH Haptoglobulin, haptoglobulin-hacmoglobin complex

SasA (SraP) Binding to platelets

SasB unknown

SasC Autachment to polystyrene; intercellular adhesion

SasD unknown

SasF unknown

SasG Binding to nasal epithelial cells: intercellular adhesion: prevents binding to
Fg, Fn, cytokeratin 10, 1gG

SasK unknown

SasH unknown

SdrC Binding to nasal epithelial cells and f-neurexin

SdrD Binding to nasal epithelial cells

SdrE Platelet aggregation

Protein A IgG, IgM, von Willebrand Factor, platelet receptor gCIqR:

(Spa) bacterial cell aggregation
Pls Promotes binding to nasal epithelial cells, glycolipids; intercellular adhesion;

prevents binding to IgG and Fn and internalization

Non covalently-linked surface-associated proteins

atl
aada
eap

emp
ebh
ebps

Al Attachment to polystyrene, Fg. Fn, Vn, endothelial cells

Aaa Fg. Fn, Vn

Eap (Map, Fg, Fn, Vn, collagen, ICAM-1, eukaryotic cell surfaces, staphylococcal cells:
P70) promotes uptake of S. aureus by eukaryotic cells

Emp Fg, Fn, Vn, collagen

Ebh Fn

Ebps Elastin

2.2.2 Secreted virulence factors

The apparent primary roles of many secreted virulence factors are to manipulate the

host innate and adaptive immune responses such as a-toxin, lipases and exfoliative toxins

(for review, (Nikolic & Mudagil, 2023; Otto, 2014; Tam & Torres, 2019)) (Figure 6).
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Figure 6. Secreted virulence factors of S. aureus. Principal secreted virulence factors produced by S.
aureus include cytotoxins, superantigens, co-factors and enzymes such as nuclease (Nuc) and lipase.
Their main functions are schematized in the outer ring of the diagram. ET: exfoliative toxins; PSM:
phenol soluble modulins; SAgs: T cell superantigens; Spa: staphylococcal protein A; Coa: coagulase;
vWbp: von Willebrand factor binding protein; Sak: staphylokinase; FAME: fatty acid-modifying
enzyme; Nuc: nuclease; Spl: serine protease-like proteins A; SspA: V8 protease; Aur: aureolysin. From
(Tam & Torres, 2019).

Secreted toxins or exotoxins represent about 10% of the total secretome (for review,
(Kusch & Engelmann, 2014)). Several of them are highly inflammatory and can cause
leukocyte cell death by cytolysis or clonal deletion (removal of immature lymphocytes that
interact with antigens by apoptosis). These exotoxins are categorized into three main groups

due to their functions: cytotoxins, superantigens, and enzymes (Table 2).
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Exotoxin(s)

Function(s)

Table 2. Major exotoxins produced by S. aureus. From (Tam & Torres, 2019).

a-Toxin hla Pore-forming toxin ]

PVL (LukSF-PV) (UkS, lukF Pore-forming toxin

HIgAB hlgA, hlgB Pore-forming toxin

HlgCB hlgC, hlgB Pore-forming toxin

LukeD luKE, lukD Pore-forming toxin

LukAB/HG ukA/H, lukB/G Pore-forming toxin Cytotoxins
LukMF’ (ukM, lukF' Pore-forming toxin

LukPQ lukP, lukQ Pore-forming toxin

PSMal to PSMa4
PSMB1, PSMB2

psmal to psma 4
psmp1, psmB2

Phenol soluble modulins
Phenol soluble modulins

8-Toxin hld Phenol soluble modulins
PSM-mec psm-mec Phenol soluble modulins
e-Toxin cytE Cytotoxin —
SEA to SEE, SEG sea to see, seg Enterotoxins, T cell
B Superantigens
SE-lH to SE-lY selh to sely T cell superantigens
TSST-1 tst T cell superantigen
SpA spa B cell superantigen _J
B-Toxin hib Sphingomyelinase, biofilm |
ligase Cytotoxic
Exfoliative toxin A eta Serine protease enzymes
Exfoliative toxin B etb Serine protease ]

The main roles of cytotoxins secreted by S. aureus is to lyse host cells, presumably for
nutrient acquisition. Indeed, the different secreted toxins can lyse various cell types. The most
well-known cytotoxins are a-toxin/ a-hemolysin (Hla) and leukocidins, which can lyse several
types of cells including erythrocytes, platelets, endothelial cells, epithelial cells, and
leukocytes (for review, (Vandenesch, Lina, & Henry, 2012)). Superantigens produced by S.
aureus can cause T and B cell expansions, which lead to clonal deletion and massive cytokine
production, as occurs in response to toxic shock syndrome toxins and enterotoxins. Other
staphylococcal enzymes, such as B-toxin and exfoliative toxins can also damage the host.
Some enzymes mediate degradation of host proteins (for review, (Tam & Torres, 2019)); for
example, the secreted nuclease was proposed to degrade neutrophil DNA traps meant to
limit bacterial dissemination (Berends et al., 2010; Brinkmann et al., 2004)

2.2.3 Other virulence factors

In addition to surface adhesins and secreted virulence factors, there are other
structures that contribute to S. aureus virulence. Here, we discuss membrane-associated
structures involved in staphylococcal infection, including staphyloxanthine (S. aureus
pigment), and lipoproteins (Lpps). Most S. aureus produce the carotenoid ‘golden’ pigment
known as staphyloxanthin, including USA300, whose biosynthesis genes are encoded by the
crtOPQMN operon (Pelz et al. 2005). Staphyloxanthin reportedly protects S. aureus from

oxidative stress and neutrophil killing (Clauditz et al. 2006; Liu et al. 2005). Disruption of this
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pigment led to reduced virulence in a mouse subcutaneous abscess model (Liu et al. 2005).
Increased staphyloxanthin production also raised cell membrane rigidity and reduce bacterial
susceptibility to cationic peptides (Mishra et al. 2011). There are also Lpps that contribute to
virulence of S. aureus, which will be discussed in Chapter 4. Then, we have a type VIl
secretion system (T7SS), which mediates the secretion of two small proteins; EsxA (6 kDa) and
EsxB (10 kDa). These products are involved in S. aureus abscess formation during infection,
and are implicated in bacterial persistence (for review, (Bowman & Palmer, 2021)).
Interestingly, the T7SS is induced by environmental fatty acids (Lopez et al, 2017). The
proteins secreted by T7SS are implicated in assuring membrane integrity from lipid stress,
although these mechanisms remain to be elucidated (Kengmo Tchoupa et al., 2020).
Altogether, These show that S. aureus contains several virulence factors, which confers
S. aureus during host infection. Here we illustrated that successful S. aureus infection involves
expression of surface adhesins that bind host cells for colonization, of secreted virulence
factors that provide access to nutrients and/or prevent destruction by the host immune
system, and others (e.g. Lpps and Staphyloxanthin), which contribute to S. aureus virulence.
Coordinated expression of these factors is essential for infection. This information relates to
the results of our research work (Chapter 5) showing that alterations in expression of
virulence, as occurs during bypass of the fatty acid synthesis pathway, leads to altered

infection dynamics.

2.3 Staphylococcal Adaptability in the Host: Importance of Lipid

Homeostasis

The capacity of S. aureus to cause a wide variety of diseases depends not only on the
controlled expression of virulence factors, but also on the pathogen’s ability to adapt to
distinct and changing environmental niches during infection. In view of the numerous niches
colonized by S. aureus, we speculate that expression of various factors is needed according to
bacterial localization in different host environments, which help adaptation and/or prevent
bacterial elimination. Major stress factors encountered in the host include metal starvation
(called "nutritional immunity”) (for review, (van Dijk, de Kruijff, & Hagedoorn, 2022)), oxidative
and pH stress (for review, (Beavers & Skaar, 2016; C. Zhou & Fey, 2020)), and lipid-related
stresses. Here, we describe mainly adaptation related to lipid-rich host environments, as

relevant to the thesis project.
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The animal host is rich in lipids, which are found to different extents in all S. aureus
sites of infection. The lipid-rich environment varies according to i- the site on the host (ie.,
organs and fluids differ in lipid composition), ii- individual differences (e.g., genetics, diet, and
drug use). As lipids can be toxic (Chen & Alonzo, 2019) as discussed below, bacterial
adaption involves the capacity to avoid toxicity. In this part, we will discuss separately for

each condition.

1- Skin and fatty acid efflux: Commensal and pathogenic S. aureus can colonize human skin
even though the healthy human epidermis provides physical protection and is impenetrable
for pathogenic microbes. S. aureus that colonize the skin produce lower levels of virulence
factors, while surface adhesins increase upon initial contact with skin (Burian et al., 2021).
Moreover, during colonization and infection S. aureus are exposed to some antimicrobial
fatty acids (FAs) such as palmitoleic acids (C16:1), linoleic (C18:2), and arachidonic (C20:4),
however, the main FAs found in host during normal or abscess periods are palmitic (C16),
oleic (C18:1) and linoleic (C18:2), which is not exclusively toxic FAs (Shryock & Kapral, 1992).
S. aureus possess mechanisms conferring FA resistance by increased expression of farE (FA
resistance), which encodes a pump that effluxes linoleic acids (Alnaseri et al., 2015).
Additionally, bacterial surface structures, such as wall teichoic acid (WTA) (Parsons, Yao,
Frank, Jackson, & Rock, 2012) and surface protein IsdA (Clarke et al., 2007) also show to
protect S. aureus from FAs toxicity as the mutation in these gene makes the bacteria more

sensitive to FAs.

2- Host immune system and bacterial lipases: S. aureus might escape from, or defend itself
against, the host immune system. For example, lipases may give S. aureus access to free FAs
and contribute to disruption of lipid barriers from host. Interestingly, bacterial Geh lipase
masks bacteria from host immune recognition by inactivating bacterial lipoproteins (Lpps)

(Chen & Alonzo, 2019).

Overall, this chapter demonstrated different strategies used by S. aureus to overcome
the host during infection, either by producing virulence factors such as adhesins and secreted
virulence factors, or by adapting to host environmental stresses and/or escaping from the

host immune system.
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Thinking Box 1

To date, S. aureus infections are still difficult to treat even though antibiotics are
available, due largely to antimicrobial resistance to available drugs. In addition, S. aureus

produces a wide range of virulence factors and is capable of surviving in numerous host

biotopes. The bacterial flexibility could cause severe infection, especially in a

compromised host, if existing treatments fail. Consequently, novel treatments are

urgently required for killing S. aureus.

In Chapter 3 we will discuss a much-considered antimicrobial target for use in
S. aureus, enzymes in the fatty acid synthesis (FASII) pathway. The consequences of anti-

FASII adaptation with related to virulence and stress is also the subject of Chapter 5.
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CHAPTER 3

Fatty Acid and Lipid Metabolism in S. aureus
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CHAPTER 3

Fatty Acid and Lipid Metabolism in S. aureus

3.1 Introduction

Membrane biogenesis is a vital aspect of bacterial physiology, as bacterial survival
depends on the capacity of bacteria to adapt their lipid composition to changing
environments (for review (Albanesi, Arabolaza, Gramajo, & Mendoza, 2020)). Fatty acid (FA)
metabolism is expectedly a crucial step in membrane homeostasis, as the biophysical
properties of membranes are largely determined by the composition of FAs. FA availability is
thought to rely on de novo synthesis (for review, (Albanesi et al., 2020; Y. M. Zhang & Rock,
2008)). Added to this, bacteria are often subject to abrupt changes in their extracellular
environment, requiring the modification of existing FAs to rapidly adjust to new conditions (J.
E. Cronan & Gelmann, 1975). While the enzymology of fatty acid synthesis (FAS) has been
under study for over 70 years, the ways that enzymes interact, and how they impact cell
physiology are still under study.

FAS is classified into two types. While the components of both FAS pathways share
common features, there are considerable differences between bacterial (FASII) and eukaryotic
(FASI) systems (Fig. 7). The FASII system is commonly found in bacteria, but is also present in
specialized eukaryotic organelles such as mitochondria and plastids in plants (for review, (A.
P. Brown, Slabas, & Rafferty, 2009; Hiltunen et al., 2010)). FASII comprises discrete enzymes,
each of which is encoded by a different gene and exists as a soluble monofunctional protein.
Conversely, FASI is typically found in fungi and animal cells. In those cases, one or two large
proteins integrate all catalytic steps (for review (Albanesi et al., 2020)). Thanks to these
differences, unique target sites can be considered for selective bacterial inhibition by
antimicrobials (for review, (Marrakchi, Zhang, & Rock, 2002)), as will also be discussed. FASII
has therefore long been an attractive target for drug development for prospective treatment
of infections due to bacterial pathogens. In this study, we will focus on the effects of anti-

FASII against the major pathogen S. aureus, which is related to our results (Chapter 5 & 6).
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Figure 7. Schematics of FASI and FASII synthesis, as generally found in eukaryotes and bacteria.
FASI notably utilizes a long single multifunctional enzyme (left), whereas each reaction of FASII is
performed by a separate enzyme (right). Green box represents the genes utilized in each FAS. Diagram
source is from KEGG pathway: KEGG PATHWAY: Fatty acid biosynthesis - Staphylococcus aureus subsp.
aureus USA300 FPR3757 (CA-MRSA). Note that there are exceptions to this general rule. For example,
Bifidobacterium seems to encode a single polypeptide that assures FAS functions (KEGG PATHWAY:

Fatty acid biosynthesis - Bifidobacterium animalis subsp. lactis BLC1 (genome.jp)). Mycoplasma and
some lactobacilli lack a fully functional FASII pathway and rely on exogenous lipids for growth
(Boekhorst et al., 2004; Himmelreich et al., 1996).

3.2 FASII and Phospholipid Synthesis Pathways in S. aureus

Most known bacteria synthesize their own FAs, which are used to produce membrane
phospholipids. To our knowledge, saturated straight chain FAs are always synthesized. To
counterbalance membrane rigidity, some bacteria (e.g., streptococci) also synthesize
unsaturated FAs (UFAs) (for review, (Lambert, Poyart, Gruss, & Fouet, 2022)), while others
(e.g.. S. aureus, Listeria, and Bacilli) synthesize branched chain saturated FAs (H. Oku &
Kaneda, 1988; Sun & O'Riordan, 2010). In addition, some bacteria (e.g., Bacilus subtilis),
encode a desaturase that generates UFAs from the saturated FAs in membrane phospholipids
(Aguilar, Cronan, & De Mendoza, 1998). Finally, species such as mycoplasma and some
lactobacilli lack an intact FASII pathway, and rely on exogenous FAs (eFAs) to produce their
membranes (Boekhorst et al.,, 2004; Himmelreich et al., 1996). These differences illustrate the
variability of how bacteria produce their membranes. Here, we will focus on FASII as studied

in S. aureus, which will be shown below.
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In S. aureus, FASII begins from acetyl-CoA and branched-chain amino acids (BCAAs),
which are substrates for producing the building blocks used for phospholipid synthesis. FA
products are then used for membrane lipid formation in the next step, as discussed below
(Marrakchi et al, 2002). A key component of the FASII pathway is the acyl carrier protein
(ACP), which in its activated form carries all steps of FASIl pathway intermediates from
enzyme to enzyme (Prescott & Vagelos, 1972). Recent studies suggest that the affinity of ACP
intermediates for FASII enzymes varies according to the FA features and the enzyme. These
differences, as shown for FabF, likely affect the dynamics of FASII activity (Mindrebo, Misson,
Johnson, Noel, & Burkart, 2020). It is notable that in S. aureus, phospholipid FAs differ in
chain lengths usually between 14 and 20 carbons. They are all saturated FAs, that are either
straight chain, or which contain iso (i) or anteiso (ai) methyl branches (branched chain FAs;
BCFA) (Table 3). In addition to S. aureus, Listeria and Bacillus sp., also synthesize BCFAs as
major FA components of membrane phospholipids (H. Oku & Kaneda, 1988; Sun &
O'Riordan, 2010). BCFAs in bacteria are synthesized from branched-chain a-keto acids
derived from valine, leucine, and isoleucine substrates. The BCFA products exist in either
anteiso or iso forms (Kaneda, 1991; Zhu, Bayles, Xiong, Jayaswal, & Wilkinson, 2005).
Interestingly, the S. aureus FabH enzyme shows preferred substrate preferences, with
isobutyryl- > hexanoyl- > butyryl- > isovaleryl- >> acetyl-CoA, leading to synthesis
respectively of iso> anteiso - straight-chain FAs (SCFAs) (Qiu et al., 2005). The substrate
preference differs from that of E. coli, where FabH preferentially uses acetyl-CoA to synthesize
SCFA. Another means of synthesizing BCFA is by using branched short-chain carboxylic acids
as substrates, which are exogenously supplied; these are used by a small proportion of
bacteria, including ruminal bacteria and mutants of Bacillus subtilis that need branched short-
chain carboxylic acids for growth (Kaneda, 1991). In S. aureus, the main FA is ai15:0 (Morvan
et al, 2016; O'Donnell, Nahaie, Goodfellow, Minnikin, & Hajek, 1985). The steps of FA

synthesis is shown below.
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a. FA initiation

Acetyl-CoA is a "hub” substrate for numerous reactions, including the Krebs cycle,

pigment formation, and FASII synthesis (Khemici et al., 2020; Tiwari, Gatto, & Wilkinson, 2018)

(Fig. 8). It is carboxylated to form malonyl-CoA by the first dedicated FASII enzyme, acetyl-

CoA carboxylase (ACC). ACC contains four subunits encoded by four genes, accA, accB, accC

and accD. Malonyl-CoA is then transferred to ACP by the malonyl-CoA:ACP transacylase

(FabD) to form malonyl-ACP (Fig. 9).

Glucose

!

B-oxidation Pyruvate

of fatty acids l

Acetyl-CoA

x Krebs cycle

Staphyloxanthin Fatty acid
synthesis

Figure 8. Acetyl-CoA in S. aureus is at the crossroads of different reactions. Acetyl-CoA is a

substrate for many reactions, including the Krebs cycle (for energy production), pigment formation

(staphyloxanthin), and fatty acid synthesis (FASII).

Table 3. Structures of two major FAs present in membrane phospholipids of S. aureus.

From (Sen et al., 2016).

Anteiso C15:0 )\/”\/\/\/\/’ﬁ/“
BCFA
Iso C15:0 )\/\/\/\/\/\)L
. . . 0
SCFA C18:0 (Stearic acid) /\/\/\/\/\/\N\)LOH

b. FA elongation

FabH condenses an acyl-CoA with malonyl-ACP to generate B-ketoacyl-ACP, which

primes the elongation cycle. FA elongation is then catalyzed by four enzymes to synthesize

the acyl-ACP end-product. Each turn adds two carbons to the growing chain (John E. Cronan

& Thomas, 2009) (Fig. 9). FabF or FabH provides the priming FA to be elongated to produce
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B-ketoacyl-ACP, which then undergoes NADPH-dependent reduction to B-hydroxyacyl-ACP
by B-ketoacyl-ACP reductase (FabG). The B-hydroxyacyl-ACP product is dehydrated to trans-
2-enoyl-ACP which is catalyzed by B-hydroxyacyl-ACP dehydratase (FabZ) in S. aureus.
Interestingly, some bacteria produce a FabZ analogue, FabA, or alternatively FabM, both of
which mediate UFA synthesis; these enzymes are lacking in S. aureus (Richard J. Heath &
Rock, 1996; Marrakchi et al., 2002). Importantly, dehydratases are readily reversible, and
cycles of elongation must be driven to completion by an enoyl-ACP reductase (Fabl) (R. J.
Heath & Rock, 1995). Unlike other bacterial species that have multiple isoforms of enoyl-ACP
reductase (Fabl/K/L/V), S. aureus encodes only Fabl, which may explain the considerable
interest in using this enzyme as antibiotic target (Schiebel et al., 2012).

According to the fatty acyl chain length, and possibly other factors affecting the
bacterial state, the acyl-ACP may have limited access to FabF, and may then be utilized by the

acyltransferase module to generate phosphatidic acid (PA).

c. Phosphatidic acid formation

The initial step in membrane lipid formation involves the transfer of FAs from the acyl-
ACP FASII product to the glycerol-3-phosphate (G3P) backbone. PIsX, a glycerol-3-phosphate
acyltransferase, is a conditionally membrane-associated protein that catalyzes formation of
acyl-PO4 (Sastre et al., 2020). This product is used by PIsY, an integral plasma-membrane
protein (Y. J. Lu, Zhang, Grimes, Lee, & Rock, 2007), to acylate the 1-position of glycerol-3-P,
thereby forming lysophosphatidic acid (Lyso-PA). Lyso-PA is a substrate for PIsC (1-acyl-sn-
glycerol-3-phosphate acyltransferase), a membrane-associated protein that acylates the 2-
position of Lyso-PA to form PA (Fig. 11), a universal precursor of phospholipid species. Of
note, PIsC of E. coli uses either acyl-ACP or acyl-CoA as acyl donors, but the PIsC of Gram-

positive bacteria uses only acyl-ACP as substrate (Y. J. Lu et al., 2006).
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Figure 9. Fatty acid synthesis pathway in S. aureus. Three steps for synthesizing FAs and PA; (a)
initiation of FASII (AccBCDA, FabD, FabH), (b) FA elongation (FabG, FabZ, Fabl and FabF) and (c)
phosphatidic acid (PIsXYC). From (Schiebel et al., 2012).

3.3 FASII Regulation in S. aureus

Gram-positive bacterial regulation seems to be distinguished into two groups,

feedback based on a FabT-like repressor (for streptococcacae), and feedforward based on a

FapR-like repressor (for staphylococci, bacilli, and listeria sp) (for review, (Albanesi & de

Mendoza, 2016; Lambert et al., 2022)). In the first group, FabT repression is activated by eFAs,

so that FASII is turned off and exogenous FAs are incorporated. In the second group, FapR

repression is alleviated when FASII precursors (malonyl-CoA, and malonyl-ACP) accumulate,

which activates FASII pathway and PA synthesis genes (Albanesi et al., 2013). Interestingly,

FapR regulates many but not all the FASII genes, and also regulates PIsX directly, and PIsC

indirectly (Pathania et al., 2021). Since FASII bypass requires PlsX and PIsC activity, FapR status

may also affect the outcome of this process (Kénanian et al., 2019; Morvan et al.,, 2016).
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3.4 Utilization of Exogenous Fatty Acids in S. aureus for Energy and

for FASII Bypass.

To our knowledge, all cell types are capable of incorporating environmental FAs
(eFAs), even when they synthesize their own. FA synthesis by FASII is energetically and
materially costly; thus, incorporation of eFAs, which are abundant in animal and food
environments, makes sense. For example, synthesis of the 16 carbon, saturated palmitoyl-
CoA needs 8 acetyl-CoA molecules, 14 NADPH reducing equivalents, and the hydrolysis of 7
ATP molecules (for review, (Yao & Rock, 2017)).

eFAs can be used in two different ways by bacteria:

i- as an energy source via FAD, the FA degradation pathway. FAD was characterized in
different species (Fujita, Matsuoka, & Hirooka, 2007). A fad operon is present on the S. aureus
genome (fadXE,D,B,A), but was reported to be inactive (Parsons, Frank, Subramanian,
Saenkham, & Rock, 2011). However, recent studies, and omics analyses, give evidence that
Fad is indeed active, likely in growth-limiting conditions (Kuiack et al., 2023; Mader et al.,
2016).

ii- for direct FA incorporation in phospholipids: eFA incorporation into cell membrane
phospholipids is well documented. The enzymes responsible for eFA incorporation in
phospholipids were more recently identified as FA kinase (Fak), a conserved system that
comprises FakA, FakB1 and FakB2 in S. aureus (Parsons, Broussard, et al., 2014; Parsons, Frank,
Jackson, Subramanian, & Rock, 2014). Fak generates an acyl-PO4 molecule, which is also the
product of PIsX (Parsons, Broussard, et al., 2014).

The Fak system in S. aureus relies on the FakA kinase (originally named VfrB, and
shown to be implicated in protease and hemolytic activity (Bose, Daly, Hall, & Bayles, 2014)).
FakA is associated with an FA binding protein (FakB). S. aureus encodes two such proteins:
FakB1 is reportedly selective for SCFAs, whereas FakB2 prefers UFAs (Parsons, Broussard, et
al., 2014). Recently, this view was revised by evidence that FakB1 also catalyzes uptake of
C18:2 from tri- and di-glycerides (B. Zhou et al.,, 2023). The underlying S. aureus Fak functions
were uncovered in a plsX knockout mutant (Parsons, Frank, et al., 2014). Inactivation of plsX
leads to FA auxotrophy, but also requires de novo FASII synthesis for growth. In a plsX
mutant, eFAs only incorporated into the 1-position, and endogenous acyl groups were
channeled into the 2-position of PA. Moreover, eFAs were not elongated, as their

incorporation was disconnected from FASII. Extracts from the AplsX strain exhibited ATP-
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dependent Fak activity. Moreover, when purified PlsX was added, the acyl-PO, was converted
to acyl-ACP, adding evidence for the reverse activity of PIsX. These data, which identified the
enzyme complex involved in eFA incorporation into S. aureus phospholipids, were
instrumental in characterizing the shift from FASII to eFA utilization (Parsons, Frank, et al,

2014) (Fig. 10).
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Figure 10. Utilization of eFAs in S. aureus. (A) eFAs are flipped to the inner leaflet and interact with
FakB. This is then phosphorylated by FakA to form acyl-PO4 (green), which can be used by either PlsY
or converted by PIsX to generate acyl-ACP, which can be used by PIsC or elongation. In plsX
inactivation of S. aureus, the bacteria need both eFAs and de novo synthesis, which rule out the
existence of an acyl-ACP synthetase (Aas, red). From Parsons, Frank, et al. (2014).

3.5 FASII Enzymes as Targets for Staphylococcal Antibiotic

Development

Increasing drug resistance amongst major human pathogens has led to an urgent call
for new types of antibiotic treatments. As FASIl was considered as an essential pathway, its
enzymes were proposed as priority targets for drug discovery, specifically against S. aureus
infection (Balemans et al., 2010; Marrakchi et al., 2002) (for review, (Foster, 2017)). Numerous
anti-FASII drugs targeting Fabl or FabF have been proposed, but with limited proof of
efficacy in host conditions, which will discussed below (Balemans et al., 2010; Bibens, Becker,
Dassonville-Klimpt, & Sonnet, 2023; Escaich et al., 2011; Parsons & Rock, 2011; Wang et al.,
2006). Several other inhibitors of FASII targets were reported, but generally not developed
(summarized in Fig. 11) (Morvan et al., 2017).

Fabl is functionally unique in only some bacteria, notably in S. aureus ; for example, B.
subtilis contains the enoyl-ACP reductase FabL in addition to a Fabl (Richard J. Heath, Su,
Murphy, & Rock, 2000). It was therefore considered a good narrow spectrum target for
antibiotic development, which would not disturb the gut microbiome during treatment
(Karlowsky, Kaplan, Hafkin, Hoban, & Zhanel, 2009; Tsuji, Harigaya, Lesse, Forrest, & Ngo,

2013; Yao & Rock, 2016).
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Triclosan is the first described Fabl inhibitor, which is specific at low concentrations; at
high concentrations, triclosan has nonspecific killing effects on cells including those lacking
Fabl, explaining its widespread use as a biocide (McMurry, Oethinger, & Levy, 1998). Triclosan
was shown more recently to damage host cells and is implicated in tumor formation and
muscle cell damage (Yueh et al, 2014). In the context of bacterial growth, a complicating
factor in triclosan use as a broadly used biocide is that S. aureus undergoes mutations and/or
acquired genes to become resistant triclosan. Mutations mapped to fabl, indicating that
triclosan no longer inhibited its target (Grandgirard et al, 2015). A novel resistance
mechanism was linked to the acquisition of an sh-fabl allele derived from Staphylococcus
haemolyticus via horizontal gene transfer, indicating that this biocide could exert selective
pressure that may drive the spread of a resistance determinant in a human pathogen (Ciusa
et al,, 2012).

A new class of anti-Fabl was developed, whose basic structures differ from that of
triclosan (Fig. 12). The most developed example is AFN-1252, whose reported minimal
inhibitory concentration (MIC) against S. aureus is 0.004-0.008 pg/ml (Banevicius, Kaplan,
Hafkin, & Nicolau, 2013). Unlike triclosan, AFN-1252 (AFN) shows high specificity for Fabl,
and low toxicity in pharmacological tests (Hunt, Kaplan, & Hafkin, 2016). AFN-1252 was
therefore proposed as an effective treatment to treat staphylococcal infections. During the

thesis work, both anti-Fabl were used for experiments.
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Figure 11. FASII inhibitors. Inhibitors of FASII were developed to target enzymes in FASII pathway.

Some chemicals target at the initial steps of FASII; Acc, FabD and some target the elongation step;
FabF or Fabl. (See, (Morvan et al.,, 2017), for review). Adapted from (Kénanian et al., 2019).
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Figure 12. Structures of Fabl inhibitors triclosan and AFN-1252.

3.6 FASII Bypass in Lipid-Rich Conditions Compromises Anti-FASII

Use to Treat Firmicute Pathogen Infection

The use of anti-FASIl as antibiotic was questioned when numerous Firmicute
pathogens, as shown for streptococci, enterococci, and staphylococci, were shown to totally
bypass inhibitions when external FA sources were available, including those supplied in
human fluids (Brinster et al., 2009; Gloux et al, 2017; Kénanian et al., 2019; Morvan et al,,
2016, 2017). These findings challenged early reports of FASII efficacy (Wang et al., 2006),
which could be understood in retrospect: 1- many in vitro efficacy tests were conducted in
the absence of eFAs, failing to take into account lipid-richness of the host. 2- in numerous in
vivo anti-FASII challenge tests, the antibiotic was injected shortly (within 30 minutes to a few
hours) after bacterial infection, ie., before the pathogen could reach its niche and adapt to
environmental FAs (Brinster et al., 2009; Kénanian et al., 2019).

In depth analyses of FASII bypass in S. aureus revealed three strategies by which

bacteria adapt to anti-FASII treatment, shown below.
a. Acquired mutations affecting the Fabl target

Anti-FASII-resistant S. aureus strains were first identified using triclosan, correlating
with a mutation in fabl, FA elongation (Brenwald & Fraise, 2003). Fabl enzyme was shown to
be the direct target of triclosan (McMurry et al., 1998). Moreover, screening of hospital strains
revealed that mutations in fabl genes were common, suggesting that selective pressure was

established due to widespread triclosan use in hygiene products (Brenwald & Fraise, 2003).
b. Acquired mutations in FASII initiation enzymes promote FASII bypass

Laboratory selection in the presence of anti-FASIl and exogenous FAs led to
emergence of fabD point mutants that also grew in non-supplemented medium (Morvan et

al., 2016). Similarly, naturally occurring fabD polymorphisms were identified among S. aureus
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hospital isolates (Gloux et al, 2017; Morvan et al., 2016). The fabD mutants showed cross-
resistance to other FASII inhibitors and were infectious in mice (Morvan et al, 2016).
Mutations mapping to acc showed similar phenotypes, indicating that disturbance of FASII
initiation functions enabled eFA incorporation (Gloux et al., 2017; Morvan et al., 2016; Parsons

et al, 2011) (Fig. 13).

S. aureus

+
OH Cl
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Triclosan: a widespread anti-FASI|

Low FA High FA
Resistance mechanism diversity

Fabl variants

shFabl acquisition fabD, accDA, accBC variants

; FASII bypass
FASII active Auxotroph or Conditional
Biotope-specific FAincorporationin PL
Endogenous PL Adaptive membrane composition

Figure 13. Diversity of anti-FASII resistance in S. aureus upon fatty acid (FA) medium. (Left) Poor
eFA availability led to emergence of triclosan-resistant fabl variants, and FASIlI was active. (Right) In
contrast, high-FA environments select for diverse resistance mechanisms, including those that require
eFAs; in this condition, mutations in fabD and/or accDA accBC facilitated FASII bypass. From Gloux et
al. (2017).

c. S. aureus adapts to anti-FASIlI without mutation in low-stress lipid
containing environments
S. aureus are able to adapt to anti-FASII by a non-mutational adaptation mechanism
involving incorporation of eFAs (Fig. 14). In this condition FASII enzymes are dispensable for
growth as long as FAs are available (Brinster et al., 2009; Kénanian et al., 2019). Anti-FASII-
adaptation likely occurs in the host, where numerous lipid sources are available (Kénanian et

al, 2019). FA binding to serum, and notably albumin (~5% of total serum protein), decreases
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FA toxicity, and facilitates anti-FASII adaptation (Fig. 15) within ~8 h post-treatment,
followed by robust growth (Fig. 16). Growth of anti-FASII-treated S. aureus relies on
incorporation of available eFAs. Results showed that anti-FASII reaches its target but does not
efficiently kill S. aureus (Kénanian et al., 2019).

S. aureus encodes numerous lipases, which liberate FAs attached to complex lipids as
produced by the host (Delekta et al. 2018; Zhou et al. 2023). Notably S. aureus encodes Sal1
and Geh (which respectively hydrolyze short- and long-chain FAs from tri- or di-glycerides
and from low-density-lipoprotein), and HIlb (a sphingomyelinase that releases mainly
saturated FAs) (Delekta, Shook, Lydic, Mulks, & Hammer, 2018; Hines et al., 2020; B. Zhou et
al., 2023)
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Figure 14. FASII bypass in S. aureus when eFAS are available. (Left) S. aureus bypasses anti-FASII
inhibition (red cross-bar) by incorporating eFAs available in host environments. Fatty acid kinase (Fak)
phosphorylates entering eFAs. PIsY assures FA placement at position 1 of glycerophosphate backbone;
bidirectionality of PlsX allows FA to also occupy position 2 to complete phospholipid synthesis. (Right)
FA profiles from phospholipid extractions. The most abundant FASII product in S. aureus is usually
ai15 (upper arrow, self-made FAs). Upon eFA addition, the FA profile contains both endogenous and
exogenous FAs (eFA in green). During anti-FASII treatment, S. aureus incorporate available eFAs; here,
C14, C16 and C18:1, (respectively numbered 1, 2, and 3) were added. Adapted from (Brinster et al.,
2009; Gloux et al., 2017; Kénanian et al.,, 2019; Morvan et al., 2016; Pathania et al., 2021).
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Figure 15. Model for the protective role of serum for S. aureus adaptation to FASII antibiotics.
(A) The membrane stress state impacts eFA and ACP intracellular pools and dictates FASII antibiotic
adaptation. Without serum, free eFAs permeabilize membranes. FA efflux via FarE, and ACP leakage
(Alnaseri et al., 2015) lead to depletion of FASII-bypass substrates. (B) Serum binds eFAs (yellow disk),
which reduces their toxicity, improves membrane integrity, and favors eFA uptake. Higher intracellular
ACP and/or eFA-PO4 pools in this condition drive PlsX reversal to produce eFA-ACP. eFA-ACP and
endogenous acyl-ACP (if not blocked by anti-FASIl) compete for phospholipid synthesis at the 2-
position via PIsC. eFAs occupy both phospholipid positions even without FASII antibiotics. eFA (green)
and ACP (blue) abundance is represented by font size; phospholipids are shown as ‘pi’-form shapes;
thick arrows, favored reactions; thin arrows, decreased reactions. Gray dashed circle, permeable
membrane; gray solid circle, intact membrane. From (Kénanian et al.,, 2019).
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Figure 16. Positive effect of serum on anti-FASIlI adaptation in S. aureus USA 300. Growth
(measuring ODsoo) was compared in media containing or not an anti-FASII (Triclosan). Line in black, BHI
medium. In red, bacteria grown in medium containing free FAs without triclosan (dashed lines), or with
triclosan (solid lines). In green, bacteria grown in medium containing eFAs and supplemented with 10%
serum, without triclosan (dashed lines), or with triclosan (solid lines). Adaptation to anti-FASII in the
presence of serum occurs within 6 to 8 hours; the duration depends on the state of bacteria prior to
anti-FASII treatment. Similar results were obtained using AFN-1252 as anti-FASII. From (Kénanian et al.,
2019).

Thinking Box 2

FASII bypass enables S. aureus growth when eFAs are available in the
environment. This indicates that single treatments using antibiotics targeting FASII
would not be sufficient to stop S. aureus growth in vivo. Understanding the
mechanisms of S. aureus FASIl bypass, and consequences after adaptation could
reveal bacterial weaknesses during anti-FASII adaptation. Such studies could uncover

strategies for killing S. aureus by a combinatorial approach, which is the objective of
this thesis.

Changes in FA composition may also impact phospholipid synthesis. In the

next part, we will discuss phospholipid synthesis in S. aureus.
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3.7 Phospholipid Species in S. aureus

a. Phospholipids species found in S. aureus

Phospholipids are major components of most bacterial membranes, which protect
bacteria from the surrounding environment (n.b. some bacteria produce sulfolipids in
phosphate-limiting conditions (Van Mooy, Rocap, Fredricks, Evans, & Devol, 2006) (for review
(Lopez-Lara & Geiger, 2017)). Bacterial Firmicutes use phosphatidic (PA), the PIsX, PlsY, PIsC
product, to produce phosphatidyl glycerol (PG), phosphatidylethanolamine, or
phosphatidylcholine (Hines et al., 2020).

However, S. aureus only synthesizes PG, and its derivatives (Nahaie, Goodfellow,
Minnikin, & Hajek, 1984), which we consider below (Fig. 17). The derivatives include three
main phospholipids, phosphatidyl glycerol (PG), cardiolipin (CL) and lysl-phosphatidylglycerol
(lysyl-PG), as well as two membrane-linked structures; lipoprotein (Lpp) and lipoteichoic acid
(LTA). Since all these structures contain FAs, changing the FA composition may impact their

production and/or their properties.
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Figure 17. Chemical structures of major staphylococcal phospholipids and membrane-associated
structures. Adapted from (Kuhn, Slavetinsky, & Peschel, 2015; M. T. Nguyen & Gotz, 2016).
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b. Lipid synthesis enzymes and lipid functions

PA, the first phospholipid synthesized by S. aureus, is produced by PIsX and PlsY
enzymes, which catalyze synthesis of the lysophosphatidic acid (Lyso-PA) intermediate, and
PIsC, which uses Lyso-PA and acyl-ACP to produce PA. Three lipid intermediates generated
from PA lead to synthesis of PG, which is negatively charged (Fig. 18). PG itself is the "hub”
for synthesis of the major phospholipid-derived species. CL, lysyl-PG, Lpp, and LTA (Fig. 17).
Each phospholipid species may vary in its FA composition (for review, (Werner Fischer, 1994));
this variability may help modulate bacterial responses to different environmental conditions.

CL is produced by cardiolipin synthases Cls1 and Cls2, which catalyze joining of two
PG molecules, with the release of glycerol. The CL head group is negatively charged (Short &
White, 1972) (Fig. 17). Cls2 is the major CL synthase under ‘normal’ growth conditions,
whereas Cls1 is used for CL synthesis under stress conditions (Ohniwa, Kitabayashi, &
Morikawa, 2013; Tsai et al., 2011). CLs are implicated in membrane curvature (Renner &
Weibel, 2011) and cell division (Labajova et al., 2021) (for review, (Arias-Cartin, Grimaldi,
Arnoux, Guigliarelli, & Magalon, 2012)). S. aureus CL pools are higher in stationary phase than
in exponential phase cells (Tsai et al, 2011), and are also known to increase upon treatment
with a cell well antibiotic (Kariyama, 1982). CL-rich domains were also suggested as targets
for S. aureus antibiotics (Sautrey et al., 2016). While cls genes are not essential for S. aureus
growth, they are reportedly required for long-term survival under high-salt conditions, and
also for L-form bacteria (Tsai et al., 2011). A cls double mutant is impaired for virulence (Yeo,
Dyzenhaus, Torres, Brinsmade, & Bae, 2023).

PG can be also aminoacylated with an L-lysine group from a lysyl-tRNA to generate
Lysyl-PG by the "multiple peptide resistance factor” MprF (Peschel et al., 2001; Staubitz,
Neumann, Schneider, Wiedemann, & Peschel, 2004) (Fig. 17). An mprF mutant, which fails to
produce Lysyl-PG, displays greater sensitivity to host defense peptides, and is less virulent in
vivo (Peschel et al., 2001; Weidenmaier et al., 2005). The lysyl group; therefore, confers S.
aureus resistance to cationic antimicrobials produced as part of host defense systems. In
addition, the mprF mutation has been shown to reduce sensitivity to daptomycin, but the
mechanism involved remains to be investigated (Friedman, Alder, & Silverman, 2006; Jones et

al., 2008).
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PG provides the lipid moiety required for synthesis of Lpps, which are directly
implicated in virulence (for review, (M. T. Nguyen & Go6tz, 2016)). There are 67 Lpps found in
S. aureus USA300, which are distinguished by their N-terminal lipid moiety used for
anchoring in the outer leaflet of the cytoplasmic membrane. Triacylated Lpp are also
produced in S. aureus, and are produced via a supplementary acylation via LnsAB enzymes
(Gardiner et al., 2020) (for review, (Mohammad et al., 2022; M. T. Nguyen, Matsuo, Niemann,
Herrmann, & Go6tz, 2020)) (Fig. 17). Compared to diacylated Lpp, the triacylated molecules
stimulate TLR2 (Toll-like receptor) more weakly than diacylated Lpp, which suggests that they
are important for staphylococci pathogens to escape TLR2 immune surveillance (Gardiner et
al., 2020) (for review, (M. T. Nguyen & Go6tz, 2016)). Approximately 40% of S. aureus USA300
Lpp proteins are transporters of molecules such as iron, cations, anions, and amino acids.
Several of them, particularly those involved in iron acquisition (i.e.,, FhuD1, FhuD2, SirA and
IsdE) are important for infection (Shahmirzadi, Nguyen, & Go6tz, 2016). Strains defective for
Lpp maturation are impaired for growth, immune activation, and virulence (Shahmirzadi et al.,
2016; Stoll, Dengjel, Nerz, & Gotz, 2005). Lpps and lipoprotein-like (Lpl) have also been
proposed as potential candidates for a vaccine against S. aureus as many of them share a
highly conserved core region of amino acids such as Lpl-1, Lpl-2 and CsalA. A vaccine
targeting this domain would therefore interact with several antigens. Moreover, tandem Lpps
are also highly present only in S. aureus (Shahmirzadi et al., 2016), suggesting a narrow
target. Overall, Lpp make up a significant part of the membrane lipid identity in S. aureus, and
are crucial for virulence.

LTA is also produced using PG, which provides the scaffold, and the multiple GroP
units that make up the PG head group (Percy & Griindling, 2014). Features of LTA will be

discussed more fully in the Chapter 4, as this molecule is affected by FASII bypass.
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Figure 18. Enzymes and reactions of staphylococcal lipid biosynthesis and anchored-membrane
structures. Schematics of major products of lipid synthesis and lipid-anchored structures in S. aureus.
Enzymes are in blue. Boxed shaded pathways are involved in producing different lipid types; pink,
lipoprotein (Lpp); green, fatty acid synthesis (FASII); yellow, lipid synthesis; purple, LTA. Staphylococcal
phospholipid synthesis starts with the acylation of glycerol-3-phosphate (G3P) with fatty acids (using
acyl-ACP from FASII) to first generate phosphatic acid (PA) by using PlIsX PIsY and PIsC. eFAs (blue
circle) are phosphorylated by Fak. The main S. aureus membrane lipid is phosphatidyl glycerol (PG),
which is produced from phosphatidic acid (PA) in 3 consecutive steps involving CdsA, PgsA and PgpP,
as illustrated. PG is the "hub” lipid substrate for synthesizing lipoproteins (Lpp), cardiolipin (CL), lysyl-
PG, and lipoteichoic acid (LTA), which will be described in Chapter 4. This schematic summarizes
known information gathered from articles specialized in each lipid product (Gardiner et al., 2020;
Grundling & Schneewind, 2007b, 2007a; Morvan et al., 2016; Parsons, Broussard, et al., 2014; Peschel et
al., 2001; Sastre et al., 2020; Short & White, 1972; Staubitz et al., 2004; Stoll et al., 2005) (for review,
(Kuhn et al., 2015; M. T. Nguyen & G&tz, 2016; Percy & Griindling, 2014; Short & White, 1972; Staubitz
et al., 2004)).
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3.8 Link Between Membrane FA Composition and S. aureus

Physiology and Virulence

Adjustment of membrane composition according to growth conditions appears to
contribute to bacterial adaptation. For example, bacterial phospholipids produce greater
proportions of rigidifying FAs in response to acid or high temperature stress, upon transition
to stationary phase or when in biofilms (Dubois-Brissonnet, Trotier, & Briandet, 2016) (for
review, (Denich, Beaudette, Lee, & Trevors, 2003)). More rigid membranes appear to protect
bacteria from daptomycin, a membrane targeting antibiotic (Boudjemaa et al., 2018).

However, the question of how changes in membrane FAs affect S. aureus metabolism
or fitness has received little attention. One study examined the changes in bacterial
transcription in response to addition of free oleic or linoleic FAs, which were toxic to bacteria
(Kenny et al., 2009). The first result (Chapter 5) of the thesis work aims to define how a major
shift in membrane composition impacts S. aureus protein expression, which to our
knowledge, has not been previously examined. Using eFAs has additional energetic
advantages (Kénanian et al., 2019; Morvan et al, 2016; Tiwari et al., 2018), but the overall
consequences may be double-edged, as suggested by the following examples:

1- Some eFAs are toxic for S. aureus and other pathogens, and are considered to
contribute to host skin defense against infection (e.g. C18:2 and C20:4) (for review, (Wille &
Kydonieus, 2003)). Their incorporation contributes to toxicity (B. Zhou et al., 2023);

2- Incorporation of C18:2 into Lpp can disequilibrate the innate immune-stimulation
activity due to elevated proinflammatory cytokine production, which is dependent on Toll-
like receptor 2 (TLR2) (M. T. Nguyen, Hanzelmann, Hartner, Peschel, & Gotz, 2015).

3- Supplementation with eFA activates expression of the type VIl secretion system
(T7SS), which exports virulence factors. Functional T7SS promotes bacterial survival and long-
term persistence in abscesses (Lopez et al., 2017). A strain defective for T7SS is more sensitive
to C18:2, and produces more ROS compared to its wild type strain (Kengmo Tchoupa et al.,
2020). Nevertheless, T7SS is not induced by eFA in the presence of serum, which reduces
toxicity (Kénanian et al., 2019); this may suggest that membrane perturbation by eFA leads to
T7SS induction.

4- Culturing S. aureus in the presence of various UFAs lowers expression of the two-
component system SaeR SaeS, thus turning down expression of virulence factors (n.b., this

appeared to occur independently of eFA incorporation in phospholipids, and was suggested
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to involve FA inhibition of SaeS (DeMars et al.,, 2021; Ericson, Subramanian, Frank, & Rock,
2017)). Nevertheless, decreased virulence might favor bacterial persistence in the host
(Tuchscherr, Loffler, Buzzola, & Sordelli, 2010).

Altogether, the outcome of eFA supplementation is complex, and depends on the site
of infection, and the lipid biotope. These various effects could alter staphylococcal
pathogenicity during bacterial host infection. We will examine in depth the consequences of

altering membrane eFA composition in the course of this thesis work.

3.9 Relevance to Thesis Work: Membrane Phospholipid Flexibility

and the Link to S. aureus Fitness and Virulence

The compiled work in the introduction illustrate how membrane dynamics may have
major roles in S. aureus physiology and virulence. This may reflect direct roles of lipids or
lipid-linked products e.g., Lpp and LTA, or also staphyloxanthin, which contains a FA chain
(Fig. 17). Membrane lipid composition may also have indirect roles, by altering the activities
of membrane-bound proteins affecting virulence.

This will be also discuss in the Chapter 5, S. aureus depends on eFAs during
adaptation to FASII inhibitors. Phospholipid composition shifts from endo- to totally
exogenous FAs.

Numerous studies in the lab prior to starting my thesis project led to the hypothesis
that production of membrane proteins or membrane-linked structures would be impacted by
altering membrane FAs after S. aureus adaptation to FASII inhibitor. The aims of the thesis
project were to explore the links between membrane FA composition, which is altered by

anti-FASII-adaptation, and how S. aureus fitness and virulence are affected.
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CHAPTER 4

Lipoteichoic Acid:

An Essential Bacterial Structure?

This chapter will be included as part of a Review Article to

be submitted for publication.
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CHAPTER 4

Lipoteichoic Acid: An Essential Bacterial Structure?

4.1 Abstract

Lipoteichoic acid (LTA) is a major cell wall glycopolymer (CWG) present in most Gram-
positive bacteria. LTA is reportedly indispensable in the opportunist pathogen Staphylococcus
aureus, making this structure an attractive target for vaccines and antibiotic drug
development, particularly for the methicillin-resistant S. aureus (MRSA). In this review, we
discuss the known roles of LTA, with a focus on conditions that allow S. aureus to survive
without LTA. A main finding of our work is that LTA depletion is a consequence of anti-FASII

use (Chapter 6).

Keywords Bacterial cell wall, cell wall glycopolymers (CWGs), teichoic acid (TA), lipoteichoic

acid (LTA), wall teichoic acid (WTA)

4.2 Introduction

The bacterial cell envelope acts as a barrier that maintains cell shape and intracellular
turgor pressure, and also negociates all transactions between the cytoplasm and the envi-
ronment. In Gram-positive bacteria, such as S. aureus, the envelope comprises the cytoplas-
mic membrane and a thick peptidoglycan layer that is decorated with numerous proteins and
polymers important for viability and virulence (A. L. Koch, 2006). Cell wall glycopolymers
(CWG), particularly teichoic acids (TA; from the Greek teichos, for “wall”), are major cell enve-
lope components (A. R. Archibald, Armstrong, Baddiley, & Hay, 1961; A. L. Koch, 2006). The
TA refers to all glycerolphosphate (GroP)- or ribitolphosphate (RhoP)-containing polymers in
the cell wall, membrane, and capsule of bacteria (for review, (Baddiley, 1989; Percy &
Grindling, 2014)). Their phosphate-rich composition accounts for approximately 40% of total
phosphorus in S. aureus (for review, (Werner Fischer, 1994)).

Firmicute bacteria usually have two types of TAs based on their subcellular localization
(Figure 19, Left, edited from (Xia, Kohler, & Peschel, 2010)): 1- Wall TA (WTA) is covalently
linked to the peptidoglycan by phosphodiester bonds between N-acetylmuramic acid [Mur-

NAc] and a disaccharide (often N-acetylglucosamine [GIuNAc] and N-acetylmannosamine
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[ManNAc]). WTA usually contains a glycerol or ribitol group. 2- Lipoteichoic acid (LTA), the
focus of this review, is anchored in the cytoplasmic membrane via a glycolipid anchor (diglu-
cosyl-diacylglycerol; DG-DAG). LTA polymers are generally formed by glycerolphosphate
(GroP) repeating units.

In S. aureus, the enzymes responsible for WTA and LTA synthesis involve distinct
pathways. However, they share a modification in common, which is D-alanylation. The WTA
polymer of S. aureus is made up of RboP repeats, whereas LTA contains GroP repeats
(Grundling & Schneewind, 2007b; Meredith, Swoboda, & Walker, 2008) (Figure 19, Right). In
some bacteria, such as Streptococcus pneumoniae, LTA and WTA have the same repeating
unit (RboP) (Brown, Santa Maria, & Walker, 2013; Fischer, et al., 1993). Other species, such as
Bacillus subtilis, may express three or four different TA types (Schirner, Marles-Wright, Lewis,
& Errington, 2009).

Though TAs have been studied for decades, their exact functions are still being ex-
plored. LTA is reportedly indispensable for cell viability in S. aureus, making it an attractive
target for antimicrobial development to kill S. aureus (Chee Wezen et al., 2022; Fedtke et al,
2007; Grundling & Schneewind, 2007b; Oku et al., 2009), and for antibody-based treatments
(A. Kumar, Ray, Kanwar, Sharma, & Varma, 2005). Remarkably, there are growth conditions
and mutations that make LTA, and/or the entire cell wall, dispensable for S. aureus growth
and survival, raising questions about the LTA requirement during infection (Baek et al., 2016;
Corrigan et al., 2011; Karinou et al., 2019; Kawai et al., 2015; Leaver er al., 2009). In this review,
we summarize the main known roles of LTA, growth conditions, and compensatory mutations
that allow bacteria to grow without LTA, particularly in S. aureus, a major pathogen and first
cause of death due to antimicrobial resistance (GBD 2019 Antimicrobial Resistance
Collaborators, 2022). The choice of LTA as an antibiotic target is discussed in view of these

considerations.
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Figure 19. Cartoon of TA localization and structures in S. aureus. Left: S. aureus produces two types
of TA, LTA and WTA. Right: LTA is membrane bound via a glycolipid anchor (DG-DAG) with a glycerol-
phosphate (GroP) repeat unit. WTA is and peptidoglycan-linked via the 'WTA linkage unit’, with a
ribitol-phosphate (RboP) repeat unit. Figure is made using BioRender.

4.3 Composition and localization of LTA

LTA is composed of a repeat units attached on the bacterial surface by a cytoplasmic
membrane anchor, DG-DAG. Both the polymer and the anchors may differ according to the
species, leading to LTA classification into five groups having different chemical structures
(Types 1-V) (for review, (W. Fischer, 1988; Percy & Griindling, 2014; Schneewind & Missiakas,
2019). S. aureus, B. subtilis, and Listeria monocytogenes express are Type | LTA, which contains
simple unbranched 1-3 linked GroP repeat units, and is the best characterized LTA class (for
review (Percy & Griindling, 2014)). Three main enzymes are needed for LTA synthesis in S.
aureus; UgtP/YpfP, LtaA and LtaS (discussed below). LtaS is preferentially localized at the cell
division site while UgtP and LtaA are distributed throughout the bacterial membrane
(Reichmann et al., 2014) (Fig. 20). The LTA polymer is suggested not to be surface polymer;
using immunofluorescence, it can be detected only when peptidoglycan is digested

(Reichmann et al., 2014).
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Figure 20. Model of LTA synthesis machinery localization in S. aureus. YpfP and LtaA are located
throughout the membrane, whereas LtaS is accumulated at the cell division site. From (Reichmann et
al., 2014).

4.4 LTA Synthesis in S. aureus

Here, we focus on Type | LTA synthesis, which is the best characterized and found in
most Gram-positive bacteria belonging to the phylum Firmicutes (H. U. Koch, Haas, & Fischer,
1984). We separated enzymes for LTA synthesis into two parts; i-LTA synthesis; glycolipid
anchor (PgcA, GtaB, UgtP), glycolipid flipping (LtaA and CozE), and LTA polymerization (LtaS
and MprF), and ii-Lipid recycling (DgkB, CdsA, PgsA and PgpB); Fig. 21.

a. Glycolipid anchor (DG-DAG)

The DG-DAG lipid anchor for LTA is synthesized on the inner membrane leaflet by the
sequential action of three enzymes. UDP-GIc (uridine diphosphate glucose) is generated by
the phosphoglucose mutase PgcA and the UTP-glucose-1-phosphate uridylyltransferase
GtaB. The glucosyltransferase UgtP (also called YpfP), then generates the lipid anchor by
sequencially joining two UDP glucose molecules to diacylglycerol (DAG), which is located in
the bacterial membrane (Grindling & Schneewind, 2007a; Jorasch, Wolter, Zahringer, &
Heinz, 1998; Michael Y Kiriukhin, Debabov, Shinabarger, & Neuhaus, 2001) (Fig. 21).
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b. Glycolipid flipping to the outer leaflet membrane

S. aureus lipid anchor is translocated from inner to outer leaflet membrane via the
LtaA flippase (Griindling & Schneewind, 2007b; B. Zhang et al., 2020) (Fig. 21). LtaA is
reported to be a proton-coupled antiporter-flippase that is essential for S. aureus survival
under acidic stress. Authors suggest LtaA as an antimicrobial target for treating S. aureus
infection (B. Zhang et al., 2020). Interestingly, the recent research shows that CozE, which is
membrane proteins related to cell division regulates the flipping activity of glycolipid by LtaA
in vitro. Inactivation of LtaA in double mutant of CozEa and CozEb is also alleviated the

growth (Barbuti et al., 2023), suggesting the relationship between CozE and LTA synthesis.

Noted* S. aureus mutants in which (taA or ugtP is inactivated display an abnormal shape; in
both cases, LTA is still detected, but with higher molecular weight in SEJ1 (a derivative of
RN4220 strain), RN4220, and USA300 (Griindling & Schneewind, 2007a; Hesser, Matano, et
al., 2020), except ugtP in SA113, which is shorter chain compared to parental strain (Fedtke et
al., 2007). This LTA polymer is polymerized on DAG instead of DG-DAG as described by using
mass spectrometry and nuclear magnetic (Fedtke et al, 2007) or by thin-layer
chromatography and MALDI-TOF mass spectrometry (Grindling & Schneewind, 2007a).
However, the recent research also shows that LTA polymer of ugtP mutant can polymerize on
PG by using proteoliposomes system containing different types of lipids (Hesser, Schaefer,

Lee, & Walker, 2020).

c. LTA polymerization and lipid turn over

S. aureus encodes a unique LTA synthase LtaS, which hydrolyzes GroP from PG and
then polymerizes it on the glycolipid anchor, leaving DAG as a byproduct (Grindling &
Schneewind, 2007b). This contrasts with other Firmicutes that encode more than one LTA
synthase, but with varying repeat units; L. monocytogenes encodes two LTA synthases (LtaP
and LtaS) (Webb, Karatsa-dodgson, & Grindling, 2009), and B. subtilis contains four LTA
synthase (LtaS, Yfnl, YvgJ, and YqgS) (Woérmann, Corrigan, Simpson, Matthews, & Griindling,
2011). The extracellular LtaS moiety, called eLtaS, mediates GroP hydrolysis from PG; the full
LtaS mediates polymerization on the glycolipid anchor (Grindling & Schneewind, 2007b; D.
Lu et al., 2009). A recent report implicates MprF, which is required for Lysyl-PG synthesis of
both B. subtilis and S. aureus (SA113 strain), in LTA production. MprF was proposed to be

involved in anchoring, capping, and potentially localizing the LTA repeat structure (Guyet,
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Alofi, & Daniel, 2023). In S. aureus, deletion of mprF led to faster LTA migration (Low
molecular weight) as based on results of immunoblotting using antibody specific of LTA
(Guyet et al,, 2023). In S. aureus, the average GroP length is 25 residues, with some variation
for individual molecular species. GroP is linked to the C-6 position of the nonreducing
glycosyl of the glycolipid (for review, (Werner Fischer, 1994; Schneewind & Missiakas, 2019)).
The DAG liberated during PG hydrolysis by LtaS is recycled to re-synthesize PG via
diacylglycerol kinase (DgkB), CDP-diacylglycerol (CdsA), and phosphatidyl glycerophosphate
(PgsA) and possibly PgpB (Staphylococcus aureus aureus NCTC 8325 pgpB (biocyc.org)),

which could restore PG in the inner membrane leaflet in S. aureus (Jerga, Lu, Schujman,
Mendoza, & Rock, 2007; Miller, Jerga, Rock, & White, 2008; Tong et al, 2016) (Fig. 21).
However, recent research shows that in {taS mutant, DAG is still detectable ranging from
approximately 20% to the same level of wild type, which suggests that DAG production might
be partially disconnected from LTA synthesis (Hesser, Matano, et al., 2020).

Of note, LTA synthesis is energetically costly. Considering that one LTA requires 25
units of GroP, 25 DAGs must be regenerated to 25 PGs per LTA molecule [DGDG + 25 PG >
LTA (25 GroP) + 25 DAG]. To resynthesize PG from DAG and GroP, bacteria need to spend a
high energy [25DAG + 25 GroP + 75ATP - 25PG +75ADP +75Pi] (for review, (Werner Fischer,
1994)). Moreover, to synthesize LTA, the PG pool has to be turned over three times (H. U.
Koch et al., 1984). This suggests that LTA may have an important role in membrane function.
Indeed, an [(taS knockout is lethal at 37°C, unless bacteria are cultured in high-osmolarity
growth medium (Oku et al., 2009). This phenotype correlates with the absence of detectable
LTA (Grundling & Schneewind, 2007b). We will see below that while LTA appears to be

essential or nearly so, some genetic backgrounds tolerate, and even select for {taS mutations.
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Figure 21. LTA synthesis and recycling of DAG in S. aureus. S. aureus synthesizes the simple type |
LTA. In an early step of LTA synthesis, bacteria synthesize UDP glucose via PgcA and GtaB. The
glycolipid anchor (DG-DAG) produced by UgtP/YpfP is then transported to the outer leaflet via LtaA.
The LtaS enzyme hydrolyzes GroP from PG in the outer leaflet and then polymerizes it on the DG-DAG
glycolipid anchor. Simultaneously, DAG generated by LtaS hydrolysis for GroP liberation is recycled to
PG via DgkB, CdsA, PgsA, and possibly PgpB. DAG is then used as the substrate for producing the
glycolipid anchor. LTA synthesis proteins are represented in red, and lipid recycling enzymes for LTA
synthesis are in green. The '?" indicates that unknown functions are involved. Proteins CozE and MprF
(in purple) were recently implicated in LtaA activity and GroP anchoring and capping respectively
(Barbuti et al., 2023; Guyet et al, 2023). The Figure is mainly based on (Griindling & Schneewind,
2007a, 2007b) and made using BioRender.

4.5 Decoration of LTA with D-alanine

LTA is modified with D-alanine residues, as first elucidated by Neuhaus and coworkers
in Lactobacillus casei, which expresses a Type IV LTA (Childs & Neuhaus, 1980) to make LTA
zwitterionic polymers. Deficiency of this decoration causes increased susceptibility to host
defense molecules and cationic antimicrobial peptides (Collins et al., 2002; Peschel et al.,
1999). D-alanylation of TAs is mediated by the dltABCD operon (M. Y. Kiriukhin & Neuhaus,
2001). This process begins from the cytoplasmic D-alanine-D-alanyl carrier protein ligase DItA
activates D-alanine by using ATP to generate a high-energy D-alanyl-AMP intermediate. The
D-alanyl moiety is then transferred to the D-alanine carrier protein of DItC (Lee et al., 2022;
Perego et al, 1995) (for review, (Percy & Grindling, 2014)) (Fig. 22). Of note, the DItC

sequence and structure are similar to those of acyl carrier protein (ACP), which is required for
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fatty acid biosynthesis (FASII) (Volkman et al., 2001). Moreover, both ACP and DItC are
abundant, and are pantotheinylated by AcpS (Elovson & Vagelos, 1968; Nikolopoulos et al.,
2022), possibly suggesting competition during their activation step. For the next step of D-
alanylation, two models were proposed for the role of DItB and DItD; I) Fischer model (Perego
et al, 1995) and Il) Neuhaus and Baddiley model (Debabov, Kiriukhin, & Neuhaus, 2000) (Fig.
22). Recent work supports the Fischer model, in which DItC does not cross the bacterial
membrane, and DItD is anchored outside the cell, thus differing from the model proposed by
Neuhaus and Baddiley model (Reichmann, Cassona, & Grindling, 2013) (Fig. 22a).
Interestingly, WTA isolated from an LTA-negative S. aureus strain reveals a drastic decrease in
D-alanine, suggesting that LTA is important for D-alanylation of WTA (Reichmann et al.,
2013). This result fits with previous work suggesting that LTA-alanine is the donor for WTA
alanine (Haas, Koch, & Fischer, 1984).
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Figure 22. Models of D-alanine substitution of LTA. (a) Fischer model: D-alanine (small green circle)
is ligated by DItA onto the carrier protein DItC. D-alanine is then transferred from DItC to undecaprenyl
phosphate (C55-P) and traverses the membrane via DItB; the existence of a membrane-linked
intermediate remains to be demonstrated. In the final step, DItD facilitates D-alanine transfer to LTA on
the outside of the cell. (b) Neuhaus and Baddiley model: DItD functions intracellularly to enhance the
efficiency of DItA-mediated ligation of D-alanine to DItC. The charged DItC protein then crosses the
membrane assist by DItB and then D-alanine is transferred onto LTA. From (Reichmann et al., 2013).

4.6 Roles of LTA

CWGs are essential for Gram-positive cell envelope homeostasis (for review,
(Weidenmaier & Peschel, 2008)). Interestingly, WTA and LTA play partially redundant roles in
cell envelope integrity and cannot be inactivated simultaneously (Oku et al., 2009; Santa

Maria et al., 2014; Schirner et al., 2009). However, while S. aureus can grow under standard
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laboratory conditions without WTA (Elia et al., 2006), cells lacking LtaS are non-viable and
rapidly acquire suppressor mutations. These defective mutants give insight into the roles of

LTA, as discussed below (Fig. 25).

Cell division: Mutations in LTA enzymes are responsible for cell morphology defects (Hesser,
Matano, et al., 2020; Michael Y Kiriukhin et al., 2001; Matsuoka et al., 2011) (Fig. 23).
Inactivation of enzymes required for glycolipid anchor, UgtP, synthesis led to distended and
bent shapes in B. subtilis: bacteria showed decreased MreB protein. They suggest that
glucolipids play a role in MreB isoforms to mediate discrete MreB dots and shape bacteria
into straight rods, which need to be defined (Matsuoka et al., 2011). Mutations in ugtP or ltaA
lead to glycolipid anchor depletion; in this case, LTA is still produced in RN4220 strain
(Grundling & Schneewind, 2007a; Hesser, Schaefer, et al, 2020), but not in ugtP SA113
(Fedtke et al., 2007). However, these phenotypes were corrected by mutations in [taS that
reduce polymer length (Hesser, Matano, et al., 2020). LtaS appears to be indispensable for S.
aureus growth and cell division, as suggested by a requirement for LtaS and its preferred
localization at the septum (Reichmann et al., 2014). Moreover, enzymes involved in LTA
synthesis interact with numerous peptidoglycan synthesis and cell division proteins such as
EzrA, FtsA, DiviB and PBP (Reichmann et al., 2014). Both the localization of LTA, and the LtaS
enzyme interactants point to a role for LTA in cell division and cell growth. Nevertheless, we

will give evidence that LtaS, but not LTA, may be required for these functions (Chapter 6).
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Figure 23. Defective cell shape in LTA mutants. Left, a ugtP mutant, defective in glycolipid anchor

)

o 0.

synthesis in B. subtilis demonstrates distended and bent bacterial cell shapes. From (Matsuoka et al.,
2011) (left). TEM of S. aureus mutants defective for LTA synthesis, showing abnormal morphology; ugtP
and [taA of RN4220 strains (upper right); from (Hesser, Matano, et al., 2020), {taS + IPTG of 3h and 6h;
(ANG499; RN4220 with IPTG-inducible [taS expression, Erm") (bottom right); from (Grindling &
Schneewind, 2007b).
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A role for LTA in bacterial integrity during cell division was suggested based on
physical properties of LTA and WTA (Erickson, 2021). Negatively-charged LTA and WTA were
proposed to interact to make a stiff repulsive brush, creating a barrier that maintains turgor
pressure on the cell exterior. One might speculate that the high negatively charged
components are held together by cations. This barrier would protect bacteria from the

potentially high internal pressure, particularly during the division process (Erickson, 2021)

(Fig. 24).
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Figure 24. Model by Erickson 2021 for the roles of LTA and WTA in generating a periplasmic
space and maintaining turgor pressure outside the cell cytoplasm. Peptidoglycan, PG green;
cytoplasmic membrane, CM, yellow; LTA, WTA, red. Different scenarios are schematized to show WTA
or LTA structures according to the available supports (PG and/or membrane are present). Notably, in
(C), Erickson depicts the gram-positive cell envelope, where LTA and WTA interact to form a periplasm,
and “"compress each other until their electrostatic repulsion matches the turgor pressure of the
cytoplasm”. (D) If LTA is lost, Erickson suggests that "WTA facing the CM can still support a periplasm”.
(E,F) The presence of LTA alone might lead to a reduced (E) or totally squashed (F) periplasm.

Autolysis: Three independent studies led to the suggestion that autolysin activity is linked to
LTA. 1- a ugtP mutant displayed strongly reduced autolytic activity, while autolytic enzyme
levels were at wild-type levels (Fedtke et al, 2007). 2- An [taS mutant showed decreased
autolysis in the cell wall fraction. Activity was restored by complementation with an [(taS
expression plasmid (Oku et al., 2009). 3- Similarly, (taS suppressors found in gdpP show lower

amounts of cell wall-associated hydrolytic enzymes, which is restored by complementation
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with [taS expression plasmid, as shown by zymogram assays. LTA was also restored in these

strains when [taS complementation was introduced (Corrigan et al., 2011).

These results led to the suggestion that LTA has a role in maintaining autolysin levels
on the bacterial cell envelope, which may be linked to cell division. Interestingly, early studies
in S. pneumoniae indicated that LTA binds autolysin, and could inhibit activity when added
exogenously. Authors evoked the possibility that LTA decoration with phosphocholine
residues could be involved in autolysin inhibition by LTA (Holtje & Tomasz, 1975). A parallel
may be drawn with S. aureus, where autolysis was related to alanine decoration of LTA: Using
LTAs with different molar ratios of alanine/phosphorus, it was shown that increased alanine
ester substitution correlates with a decreased inhibitory effect of LTA on S. aureus autolysins;
here, LTA charge could be important for autolytic activity (Werner Fischer, Rosel, & Koch,
1981). It is notable that in addition to LTA, cardiolipin, which is negatively charged, also

reportedly binds autolysins ((Suginaka, Shimatani, Ohno, & Yano, 1979); see Chapter 6).

Cation homeostasis: TAs have a reported affinity for bivalent cations; they were shown to
scavenge Mg?*, and were proposed as an Mg®* ion-storage strategy, as studied in S. aureus
(Heptinstall, Archibald, & Baddiley, 1970). Membrane-bound Mg**-requiring enzymes include
those required to synthesize envelope components (e.g., membrane, peptidoglycan, capsule
and wall polysaccharides, glycolipids and TAs), and also oxidative phosphorylation for energy
generation (Brooks & Baddiley, 1969; Chatterjee & Park, 1964; Heptinstall et al., 1970). The
bivalent cations stocked in the membrane might thus satisfy the requirements of these
enzymes. Of note, Mg?* scavenging by TAs is reportedly decreased by high levels of alanine

ester substituents (A. Ronald Archibald, Baddiley, & Heptinstall, 1973).

Biofilm: Bacterial surface hydrophobicity varies according to envelope component properties
and conditions. For example, the loss of LTA (87%) in an S. aureus ugtP mutant increases
hydrophobicity, which reduces the ability to form biofilms on plastic, but not glass (Fedtke et
al, 2007). In Streptococcus mutans, the loss of LTA D-alanylation correlates with impaired
adhesion capacity and reduced biofilm formation (Wu et al.,, 2022). Overall, altering the net

charge of LTA could affect adhesion and biofilm formation.
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Antimicrobial resistance: Decoration of the LTA backbone with D-alanine protects bacteria
against cationic antimicrobial peptides, likely by reducing the negative charge to the LTA
structure (Collins et al., 2002; Peschel et al., 1999; Weidenmaier & Peschel, 2008). LTA length
may also contribute to antibiotic sensitivity: in the methicillin-resistant S. aureus (MRSA) COL
strain, increased LTA chain length in [taA and ugtP COL strains, show 8-fold and 64-fold
greater sensitivity to the B-lactam antibiotic oxacillin than their parental strain, respectively
(Hesser, Matano, et al., 2020). The impact of LTA structure on antimicrobial resistance thus
varies according to decoration and chain length; the mechanisms driving these effects

deserve further study.

Virulence: The LTA glycolipid anchor is implicated in in vivo infection. Indeed, infection by S.
aureus lacking [taA (encoding the DG-DAG flippase) results in a 2-log reduction in CFU in
lung and kidney tissues of mice compared to the parental strain, while in vitro growth of
these strains is equivalent (Grindling & Schneewind, 2007a). Moreover, the nature of LTA
membrane-anchoring also affects host cell binding of S. aureus, as inactivation of DG-DAG
synthesis reduces the ability of S. aureus to penetrate the blood-brain barrier (human brain
microvascular endothelial cells) (Sheen et al, 2010), although LTA should nonetheless be
envelope bound via DAG or PG, as above (Fedtke et al., 2007; Griindling & Schneewind,
2007a; Hesser, Schaefer, et al., 2020)). Intradermal injections of LTA in mice reveals that LTA is
sufficient to damage the mice skin barrier (Brauweiler, Goleva, & Leung, 2019). The above
studies suggest that LTA is implicated in virulence and antimicrobial resistance, but that the
way in which LTA is attached to bacteria, as well as the length and modifications of LTA, all

modulate its different functions.

Immune evasion and stimulation: A first line of defense against bacterial infection involves
stimulation of host inflammatory responses (Beutler, 2004). Toll-like receptors (TLRs) are a
central point in early immune recognition of the pathogen as part of the host defense system
(Abreu & Arditi, 2004; H. Kumar, Kawai, & Akira, 2009). LTA was reportedly sensed by TLR2 in
S. aureus (Schwandner et al., 1999; Seo, Michalek, & Nahm, 2008). However, subsequent
studies showed that this stimulatory effect was attributed to lipoproteins that contaminated
LTA preparations, and not LTA itself (Hashimoto et al., 2007, 2006; M.-T. Nguyen, Peisl,
Barletta, Lugman, & Go6tz, 2018). LTA was also suggested to act as an anti-inflammatory
molecule on keratinocytes by suppressing TLR-3-mediated responses due to skin injury; TLR-

3 mediates activation of the inflammation pathway (Lai et al., 2009).
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A host-protective effect of LTA was also observed: Specialized liver macrophages
known as Kupffer cells express a Complement Receptor of Immunoglobulin superfamily
(CRIg) for pathogen capture. CRIg directly recognizes Gram-positive bacteria via LTA, which
the host uses for clearance of circulating bacteria (Zeng et al., 2016). The absence of LTA

might thus allow bacteria to evade clearance by the Kupffer cells.
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Figure 25. Summary of the physiological roles of S. aureus LTA. The zwitterionic LTA is shown by
negatively charged phosphates; this charge is lowered by the presence of alanines The roles of LTA are
illustrated. This is made by BioRender.

4.7 When is LTA not Essential for Growth?

LTA is crucial for staphylococcal survival, and depletion of this polymer leads to
mispositioning of cell division septa and even cell lysis (Griindling & Schneewind, 2007a,
2007b). These features led to the proposed use of LTA as a target for antimicrobial
development. (Chee Wezen et al,, 2022; Fedtke et al., 2007; Griindling & Schneewind, 2007b;
Oku et al, 2009). However, in recent years, mutants without LTA have become available,
which elucidated LTA functions, and also the conditions where LTA is dispensable. Here we
summarize the conditions in which LTA is not needed for S. aureus growth (Fig. 26). To
facilitate reading, we separated conditions of LTA absence into two groups; I) mutational

changes and Il) environmental changes.
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I. LTA absence by mutational changes

Generally, LTA-negative strains are unable to grow in standard laboratory medium
unless bacteria acquire suppressors. Several compensatory mutations in S. aureus were
recently reported, which enable bacteria to grow in the absence of LTA (using (taS mutants).
We note that LTA rescue by mutations might complicate its use as a target for antimicrobial

development. Here we discuss compensatory mutations allowing for [taS survival.

a- gdpP: An lta$ deletion strain is compensated by a mutation in gdpP, a cyclic diadenosine
monophosphate (c-di-AMP) phosphodiesterase (Corrigan et al., 2011). In S. aureus, c-di-AMP
is produced by the S. aureus DacA protein (Corrigan et al., 2011; Tosi et al, 2019). Both a
gdpP mutant, and the [(taS gdpP suppressor, produced high levels of c-di-AMP. Increased c-
di-AMP pools may have two consequences in the cell: first, it leads to lower intracellular
potassium, an important ion in osmotic homeostasis (Bai et al., 2014; Corrigan et al., 2013;
Schuster et al., 2016). Second, increased c-di-AMP in the gdpP mutant correlates with
increased amounts of cross-linked peptidoglycan with slightly decreased hydrolytic enzymes
from zymogram assays (Corrigan et al.,, 2011). Altogether, lower Intracellular potassium, and
increased peptidoglycan cross-linking could respectively adjust turgor pressure (Erickson,
2021) and peptidoglycan rigidity to compensate the (taS mutation and allow S. aureus

survival.

b- clpX: Inactivation of clpX results in a drastic growth defect at 30°C. However, clpX mutant
lethality is suppressed by (taS mutations, which restore growth at low temperature (Baek et
al, 2016). Noted, LTA is reported to be essential for S. aureus growth at 37°C, not at 30°C
unless a high osmolarity medium is used (Oku et al., 2009). Surprisingly, clpX [taS double
mutants also survive at 37°C, but not at 44°C (Baek et al., 2016). Moreover, the absence of
ClpX partly improved the septum placement defects of an LTA-depleted strain (Baek et al,
2016). Moreover, clpX [taS double mutants showed reduced autolytic activity compared to
clpX mutant. In a reciprocil study starting with an [taS mutant, the suppressor allowing
growth mapped to clpX (Karinou et al.,, 2019). The above studies led to the suggestion that
[taS and clpX are intimately linked in their roles in cell division as mutation in clpX improves

the misplaced septum of [ta$ strain.

c- sgtB: The growth defect of an (taS mutant is suppressed by a secondary mutation in sgtB,

encoding a glycosyltransferase. Inactivation of SgtB results in increased peptidoglycan cross-
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linking. This phenotype may compensate a decrease in cross-linking in the [(taS (i.e., LTA-
defective) strain (Karinou et al., 2019). This interaction might suggest a role for autolysin

modulation by LTA (see above) as being a cause for cell growth arrest when [ta$ is mutated.

d- vraT: Growth deficiency of the (taS mutant was suppressed by a mutation in vraT (Karinou
et al, 2019), encoding a membrane protein (VraT) that positively regulates what is described
as a VraTSR three-component regulatory system. VraSR is implicated in tolerance to cell wall
antibiotics including methicillin; VraT inactivation resensitizes bacteria to methicillin (Boyle-
Vavra, Yin, Jo, Montgomery, & Daum, 2013). While the vraT mutant suppressor improves
growth of (ta$, the strain remains sensitive to Congo red, an LtaS inhibitor (Karinou et al,
2019). This led authors to suggest that vraT is not a true suppressor. This is surprising, as the

initial strain is [taS minus, possibly suggesting that the (taS negative phenotype was reverted.

e- mazE: MazE is an antitoxin component of a type Il toxin-antitoxin system, where the MazF
toxin is an RNAse (Schuster et al., 2015). The mazE suppressor mutation seemed to improve
positioning of the septum and resistance to Congo red (Karinou et al,, 2019). A mazE mazF
deletion mutant shows greater B-lactam sensitivity (Schuster et al., 2015). However, no
phenotype for a mazE single mutation was characterized, and its impact on MazE/MazF
expression is unclear. Nevertheless, the Pma.e promoter upstream of mazEF is reported to
respond to environmental and antibiotic stresses by controlling expression of the alternative
sigma factor gene sigB (Donegan & Cheung, 2009). How mazE rescues [taS strain is still

unclear, but might be, like other suppressors, linked to effects on cell wall integrity.

f- cshA : A cshA mutant (dead box helicase) cannot grow at low temperature (25°C) in the
absence of secondary mutations, one of which is in [taS$, resulting in the loss of LTA (Khemici
et al., 2020). LTA may play a role in bacterial membrane rigidity and its loss may contribute to
fluidifying the membrane at low temperature (Khemici et al., 2020). This interpretation is in

accordance with findings that LTA is not required at 30°C (Oku et al., 2009).

g- pgl: A S. aureus pgl encoding 6-phosphogluconolactonase mutant was recently shown to
abolish LTA synthesis, and grows normally. This mutant demonstrated a smaller cell size, but
thicker cell wall compared to wild type, and a greater resistance to B-lactam antibiotics when
glucose is present (Zeden et al., 2023). However, LtaS seems to be continuously produced, as

suggested by pgl sensitivity to Congo Red, which is similar to vraT (Karinou et al, 2019;
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Zeden et al, 2023). It is possible that a substrate for LtaS is limiting or rerouted in this
mutant. Alleviation of the LTA requirement could relate to the smaller cell size and thicker cell

envelope reported in the pgl mutant.

h- fabD: We will show below (Chapter 6) that inactivation of malonyl CoA-acyl carrier

protein transacylase fabD, a FASII initiation enzyme, fails to produce LTA.

Collectively, we described several mutants that compensate for an LTA deficiency,
implying that inhibition of LTA production alone may not be sufficient as an antimicrobial
target. Several mutant suppressors implicate their roles in regulating autolysin; interestingly,
this goes back to studies of Tomasz and colleagues showing that LTA inhibits autolysin
activity (Holtje & Tomasz, 1975).

Interestingly, these (taS-suppressor mutants are expected to be more resistant to
Congo red, an anti-LtaS (Vickery et al, 2018); however, some mutants (vraT and pgl) are
susceptible to Congo red. This raises the possibility that LtaS may be required in some cases

independently of LTA production, which still remains in question.

Il. LTA depletion by environmental changes

In addition to suppressor mutations, two growth conditions allow the LTA-deficient
strain to grow without detectable genetic changes. These examples further question the

efficacy of LTA inhibitors in stopping S. aureus infection.

a- High osmolarity: The S. aureus LtaS requirement was alleviated in high osmolarity growth
medium (7.5% NaCl or 40% glucose) at 37°C or below, but not at higher temperatures (43°C)
(Oku et al. 2009). Although this condition allows the [taS mutant to grow, cells still show
morphological defaults, aberrant cell division septa, increased cell size, and clumping (Oku et
al, 2009). Interestingly, at low temperature (30°C) allows (taS mutant growth without highly
osmotically protective medium. However, bacteria still display abnormal cell division as well
as decreased autolysis and levels of peptidoglycan hydrolases. These persisting defects could
favor the choice of LtaS as an antibiotic target, although subsequent suppressor mutants

might lead to bacterial persistence.

b- FASII antibiotic-adapted bacteria: A second condition where LTA is not required will be

revealed in the research project. Briefly, FASIl bypass conditions alleviate the LTA
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requirement, while bacterial growth is robust. The phenotypes and consequences of LTA

depletion will be discussed (Chapter 6).

c- Balance between LTA and WTA: LTA and WTA were proposed to play overlapping roles
in the regulation of cell division and cell envelope homeostasis (Erickson, 2021; Hesser,
Matano, et al., 2020; Santa Maria et al, 2014). Both polymers also have the same negative
charge on the bacterial cell envelope, which are both described as “continuum of negative
charge”. (Neuhaus & Baddiley, 2003). Oku et al. (2009) has shown that (taS mutant could
grow at 30°C, but double mutant of both (taS (no LTA) and tagO (no WTA) leads to mortality
at 30°C. Simultaneous inactivation of both LTA and WTA, S. aureus lacks ability to form Z ring
and leads to stop of cell division (Santa Maria et al., 2014), which indicates that LTA and WTA
have at least partially redundant roles. Furthermore, pools of WTA are enhanced in the (taS
suppressor while amounts of LTA are significantly reduced, suggesting compensation
between the two structures. (Hesser, Matano, et al., 2020). Altogether, these results suggest
that WTA could compensate the loss of LTA. Combination inhibition of both these structures

are suggested to effectively kill S. aureus (Santa Maria et al., 2014).

Overall, these results highlight compensatory mutations that could allow S. aureus to
survive in specific conditions in the absence of LTA. It suggests a dialog between the need for
LTA and the membrane and cell wall states. The ability of bacteria to survive without LTA

raises questions on the use of LTA as a mono-therapeutic treatment against S. aureus.
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Figure 26. Conditions in which LTA is not crucial for S. aureus growth and survival. Mutations in
the genes surrounding ‘LTA loss’ (center) alleviate the requirement for LTA or more specifically, for
LtaS. Outside gene names in black indicate functional roles of the indicated genes. Inner information in
red indicates the consequences of mutating these genes. The blue box below shows conditions in
which LTA depletion is tolerated by S. aureus.

4.8 Conclusion

LTA is related to several physiological functions, and importantly in cell division. This makes
LTA, or LTA synthesis enzymes as potential antimicrobial targets. On the other hand, several
studies have shown that bacteria do not need LTA when a compensatory mutations occurs
(Baek et al., 2016; Corrigan et al., 2011; Karinou et al., 2019; Khemici et al.,, 2020; Zeden et al.,
2023) or when cultivating bacteria in specific conditions like high osmotic conditions or at
low temperature (Baek et al., 2016; Oku et al., 2009). It might also be of interest to try
introducing a gene overexpression library in an [taS mutant strain to identify other functions
that compensate for growth in the absence of LtaS. In conditions of FASII bypass, bacteria

survive with little detectable LTA, possibly by increased production of WTA (Chapter 6).
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RESULTS

This chapter will be included as part of a Research Article.
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Abstract

Antibiotics inhibiting the fatty acid synthesis (FASIl) pathway of the major pathogen
Staphylococcus aureus reach their enzyme targets, but bacteria continue growth by using
environmental fatty acids (eFAs) to produce phospholipids. We assessed how extreme changes
in membrane phospholipids provoked by FASIl-antibiotics affect global S. aureus physiology.
Anti-FASIl provoked massive lasting expression changes without genomic rearrangements.
Several regulators, rather than one master switch, contributed to the timing of anti-FASII
adaptation. Numerous virulence and adhesion factors showed decreased levels and/or activity.
Conversely, stress response protein levels increased, and correlated with greater tolerance to
peroxides. Notably, peroxide priming stimulated eFA incorporation efficiency and facilitated
adaptation to FASII inhibition. These findings establish a link between oxidative stress and FA
incorporation. Consistent with major shift in protein expression, anti-FASIl-adapted S. aureus
killed an insect host more slowly but continued multiplying. Thus, while anti-FASIl-adapted
populations are less equipped to damage the host, they may be better fit for long term survival,

and could constitute a reservoir for re-infection.
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Introduction

Staphylococcus aureus is a Gram-positive opportunistic bacterium that remains a major cause
of disease and mortality in humans and animals. The unsolved crisis of non-treatable infections
due to multidrug-resistance notably methicillin-resistant S. aureus (MRSA) underlines the need
for alternative treatments, especially in compromised patients (Lowy, 1998, Rasigade and
Vandenesch, 2014, Lakhundi and Zhang, 2018, Cusumano et al., 2020).

Enzymes of the fatty acid (FA) synthesis pathway (FASII) are longtime candidate targets for
drug development against S. aureus infections (Wang et al., 2006, Wright and Reynolds, 2007).
Fabl, enoyl-ACP reductase, was a preferred target as a narrow spectrum inhibitor that would
not disrupt the gut microbiome during treatment (Karlowsky et al., 2009). However, while anti-
FASIl drugs targeting Fabl effectively reached their targets in S. aureus, bacterial growth
continued in in vitro or mouse bacteremia models; this is because bacteria incorporate
environmental FAs (eFAs), which are abundant in host biotopes and are used directly to
produce bacterial membrane phospholipids; the process is termed FASII bypass (Brinster et al.,
2009, Gloux et al., 2017, Kenanian et al., 2019, Morvan et al., 2016) (Fig. S1 schematizes FASII
and FASII bypass pathways). Exposure to host lipids during septicemic infection thus favors S.
aureus adaptation to anti-FASII treatment (Kenanian et al., 2019). Despite these limitations of
FASII antibiotics in treating streptococcal, enterococcal, and staphylococcal infections, new
anti-FASII drugs are in development (Pishchany et al., 2018, Yao and Rock, 2016, Fage et al.,
2020, Parker et al., 2022). Characterizing the anti-FASIl-adapted S. aureus populations that
might persist in the host after treatment is thus crucial for future use.

We report here that anti-FASII treatment results in the emergence of a novel S. aureus
fitness state. Anti-FASII-adapted bacteria produce less virulence factors. In contrast, stress
responses are activated, and adapted bacteria show greater peroxide tolerance. Pre-exposure
to peroxides accelerates anti-FASIl adaptation by enhancing fatty acid incorporation, thus

identifying a new strategy by which peroxide priming facilitates antibiotic survival. These
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findings elucidate the state of anti-FASIl-adapted bacteria that persist in the host after anti-
FASII treatment.

Results

Anti-FASIl treatment leads to long-term S. aureus adaptation without detectable
chromosomal rearrangements. Our previous studies ruled out a role for point mutations or
indels in S. aureus adaptation to anti-FASIl in serum-containing medium; studies were
performed using either of two potent Fabl inhibitors, triclosan (McMurry et al., 1998) or AFN-
1252, a pipeline antimicrobial with high Fabl specificity (Karlowsky et al., 2009), giving equivalent
results (Kenanian et al., 2019). As large chromosomal rearrangements are not detected by mi-
Seq (Kenanian et al., 2019), we resorted to nanopore sequencing of four anti-FASII-adapted
cultures. Tests were performed using AFN-1252 and two non-treated cultures. No
rearrangements specific to anti-FASII adaptation were detected, showing that anti-FASII-
adaptation occurs in the absence of chromosomal rearrangements or mutations. Once adapted
to anti-FASII, growth was robust in SerFA liquid medium (BHI supplemented with serum and
fatty acids); however, bacteria grew poorly in FA-free medium (Fig. S2). These results indicated
that phenotypic alterations were responsible for anti-FASII adaptation.

Anti-FASII adaptation involves massive protein reprogramming. A proteomics approach was
used to elucidate changes occurring during anti-FASII adaptation. FASII inhibition is overcome
by eFAs provided in the presence of serum. Serum protects bacteria from toxic free FAs, and
promotes FASII bypass (Kenanian et al., 2019). A complete kinetics study on S. aureus USA300
used the anti-FASII triclosan, both without and with added serum, at 2, 4, 6, 8, and 10 h post-
anti-FASII addition (Fig. 1A, B, C respectively show strategy, growth kinetics, and proteome
results; Table S1, tabs 1 and 2, give complete results according to cluster analyses). As
expected, protein abundance was mainly lower in triclosan medium (FA-Tric) without serum,
where adaptation occurs by mutation emergence (Morvan et al., 2016). In contrast, massive

protein level changes in adaptation (SerFA-Tric) medium suggest metabolic activity in latency
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93 phase prior to full outgrowth, with transient or lasting expression differences compared to non-
94 treated bacteria (compare SerFA and SerFA-Tric, Fig. 1C).
95 We first exploited the data to screen for proteins whose levels selectively increased in the
96 presence of specific signals related to FAs and/or anti-FASII (Fig. S3). Highest expression of
97 several Type 7 secretion system proteins (comprised between SAUSA300_0278 and
98 SAUSA300_0289) occurred in FA conditions, as reported (Lopez et al., 2017). The FarE fatty acid
99 efflux pump was also up-regulated, presumably to avoid accumulation and toxicity of free FAs
100 (Alnaseri et al., 2015); as reported, induction was alleviated in serum, which lowers toxicity
101 (Kenanian et al., 2019). Overall, serum markedly affects S. aureus responses to anti-FASII, thus
102 highlighting its crucial role in adaptation.
103 Proteins related to FASIl and phospholipid metabolism showed striking differences
104 according to conditions (Fig. $4). Levels of most FASII- and phospholipid-related enzymes
105 increased in SerFA-Tric as compared to those in all other conditions, including FA-Tric without
106 serum. Notably, PIsC (1-acyl-sn-glycerol-3-phosphate acyltransferase), is required for
107 phospholipid synthesis and anti-FASI| adaptation. After an initial decrease, PIsC levels are then
108 restored during adaptation outgrowth, in accordance with results using a reporter fusion
109 (Pathania et al., 2021). This result highlights the importance of serum in enabling FASII bypass.
110 We focus below on the changes occurring in serum-supplemented medium containing anti-
111 FASII (SerFA), in which FASII bypass occurs without genetic modification. Three categories of
112 proteins, regulators, stress response proteins, and virulence factors, are analyzed.
113 Anti-FASII adaptation triggers shifts in regulatory protein expression and phosphorylation.
114 Regulatory proteins are likely implicated in the massive changes caused by anti-FASII
115 treatment. Proteomics revealed 22 hypothetical or confirmed proteins implicated in regulation
116 whose expression decreased (9) or increased (13) during anti-FASIl adaptation; they affect
117 stress response, virulence, nutritional immunity and metabolism, or combinations of these
118 factors (Fig. 2A). As phosphorylation is a frequent post-translational modification that alters
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119 functions of numerous regulatory proteins (Garcia-Garcia et al., 2016, Mijakovic et al., 2016,
120 Derouiche et al., 2013), we performed a phosphoproteomics analysis, focusing here on
121 regulatory proteins. Five regulators showed altered phosphorylation patterns during transition
122 or upon adaptation to anti-FASII (Fig. 2B and Fig. S5; Table S2 for full results). Altogether, we
123 selected CcpE, CshA, HrcA, Rot, and XdrA as showing high expression and/or phosphorylation
124 changes at or just prior to adaptation outgrowth (8-10 h) (Fig. 2A and B) for further study.
125 To determine how these regulators affected anti-FASIl adaptation, we compared growth
126 kinetics of USA300 and the corresponding mutant strains (Fey et al., 2013) (Fig. 2C). The
127 absence of cshA led to ~2 h delays in anti-FASII adaptation time. CshA controls the supply of
128 acetyl-CoA,; its interruption results in phospholipids enriched in saturated FAs (Khemici et al.,
129 2020). We propose that this membrane alteration might interfere with eFA incorporation.
130 The xdrA mutant also showed a 2 h delay in adaptation. Both the amounts and
131 phosphorylation of XdrA decreased during anti-FASIlI treatment. The putative fatty acid
132 degradation gene fadX is reportedly upregulated when XdrA pools are lower (McCallum et al.,
133 2010), which might transiently compete for eFAs and limit their availability for FASII bypass.
134 Alternatively, XdrA DNA binding activity reportedly overlaps that of the CodY regulator (Lei and
135 Lee, 2018). We recently showed that a codY mutant is delayed in adaptation, which we
136 proposed relates to a positive regulatory effect of CodY on Acc expression (Pathania et al.,,
137 2021). The delay in anti-FASII adaptation of the xdrA mutant might relate to a coordinate role
138 between XdrA and CodY. hrcA and ccpE mutants showed minor changes in anti-FASII
139 adaptation kinetics, while rot had no detectable change (Fig. 2C).

140 Thus, while regulatory mutants individually affect anti-FASII-adaptation efficacy, no single
141 tested regulator acted as a master controller. In Escherichia coli, stress response regulators
142 respond to discrete extracytoplasmic signals, each of which independently contributes to stress
143 adaptation (Bury-Mone et al., 2009). Similarly, differentially expressed regulators may each
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144 respond to different stimuli consequent to membrane perturbation by anti-FASII, which
145 cooperatively promote adaptation.

146 Reduced levels and activities of virulence factors in anti-FASII-adapted S. aureus. Levels of 10
147 out of 16 detected virulence-related proteins decreased transiently or durably during anti-FASII
148 adaptation compared to non-treated S. aureus cultures (Fig. 3A). Levels of several adhesins
149 were markedly decreased, including CIfB, which is required for virulence (Dyzenhaus et al.,
150 2022); iron receptor protein and toxin levels were also overall reduced. In contrast, two
151 peptidoglycan hydrolases, Atl and IsaA, showed increased levels. Hydrolases are implicated in
152 housekeeping, and also in virulence (Stapleton et al., 2007); their increased expression upon
153 adaptation outgrowth might resolve cell wall thickening in the latency phase (PW, AG, JAM, in
154 preparation). We asked whether decreased amounts of adhesion factors SdrD, SdrE, EbpS, and
155 CIfB in anti-FASIl-adapted S. aureus might impact adhesion to host cells. Anti-FASIl-adapted S.
156 aureus (using AFN-1252) adhered poorly to human THP-1 macrophages compared to non-
157 adapted bacteria (20% versus 44%, p < 0.01; Fig. 3B). We also evaluated major secreted
158 virulence factors not detected by proteomics: lipase, nuclease, protease, and hemolysin in non-
159 treated versus anti-FASIl-adapted S. aureus cultures (Fig. 3C). Activities of these exoproteins
160 were visibly lower in anti-FASIl adapted cultures obtained using triclosan or AFN-1252.
161 Altogether these results indicated that anti-FASIl-adapted S. aureus populations may be less fit
162 for virulence.

163

164 Anti-FASll-adapted S. aureus produce increased levels of stress response proteins and show
165 increased resistance to an oxidative stress. Levels of 26 out of 28 assessed stress response
166 proteins showed transient or lasting increases in anti-FASIl-adapted S. aureus compared to the
167 non-treated control. Among them, 18 were pronounced in during adaptation outgrowth.
168 Proteins are implicated in pH, oxidative, osmotic, and unfolded protein responses (Fig. 4A).
169 Host production of reactive oxidative species (ROS) is a documented response to infection
170 as a means to eliminate the pathogen (Liu et al., 2005). We asked whether increased levels of
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171 stress-related factors in anti-FASIl-adapted S. aureus affected bacterial tolerance to ROS. This
172 was tested by challenging non-treated and anti-FASII-adapted cultures with 0.5 mM H,0, for 5
173 h, followed by survival assessments by colony forming unit (CFU) determinations. Anti-FASII-
174 adapted S. aureus CFUs were ~20-fold higher than for non-treated bacteria (p <0.01; Fig. 4B).
175 Greater peroxide tolerance might thus confer a survival advantage to the anti-FASIl-adapted,
176 oxidative stress-resistant populations.

177 Priming with peroxides prior to anti-FASII challenge stimulates adaptation by enhancing eFA
178 incorporation, and requires PerR. Stress response induction by anti-FASII led us to ask the
179 contrary, whether stress priming would stimulate anti-FASII bypass. A ROS priming effect
180 reportedly increased resistance to various antibiotics in E. coli, including oxolinic acid,
181 ampicillin, kanamycin (Mosel et al., 2013), and fluoroquinolones (Gerstel et al., 2020). The
182 effects of ROS priming on anti-FASI| adaptation in S. aureus were tested by subjecting cultures
183 to overnight priming with sub-lethal concentrations of H,O, (0.5 mM) or phenazine-
184 methosulfate (PMS, a redox cycling compound; 20-50 uM (Gerstel et al., 2020)). Cultures were
185 diluted, and kinetics of anti-FASII (AFN-1252) adaptation was followed. H>0> or PMS priming
186 shortened the time of S. aureus adaptation to FASII antibiotics by 1.5—1.7 h compared to non-
187 primed WT cultures (Fig. 4C upper, Table 1). A katA mutant lacks catalase and would
188 accumulate H,0,; anti-FASII adaptation in katA was ~1 h shorter than in the WT parental strain.
189 Priming katA with H,0, as above further shortened the adaptation time by ~2 h as compared
190 to WT without peroxide (Table 1). Conversely, treating the WT strain with reducing agents (Na
191 citrate 10 mM, or vitamin C 5.7 mM) retarded adaptation by 3.5 and 1.7 h respectively (Table
192 1). S. aureus oxidation state is thus implicated in anti-FASII adaptation.

193 ROS priming induces antibiotic efflux in E. coli, leading to antibiotic tolerance (Gerstel et al.,
194 2020, Mosel et al., 2013, Wu et al., 2012). Induction of the E. coli Fe-S repair system Suf matures
195 the SoxR regulator, which in turn activates the AcrAB efflux pump to eliminate
196 fluoroquinolones (Gerstel et al., 2020). We asked whether peroxide similarly induces an efflux
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197 mechanism that would accelerate anti-FASIl adaptation. If this were the case, FASII activity
198 would be restored, and bacteria would be anti-FASII-sensitive. However, examination of FA
199 profiles revealed the contrary: at 6 h post anti-FASII treatment (using AFN-1252), i.e., during
200 the latency phase, H,O, priming resulted in more efficient eFA incorporation compared to that
201 in non-primed cultures (respectively 82% versus 54% eFAs; Fig. 4C). Moreover, a transposon
202 insertion inactivating the suf homolog in S. aureus (Roberts et al., 2017) did not abolish the
203 H,0, priming effect (Table 1). These results show that stimulated eFA incorporation and hence
204 more rapid adaptation, rather than anti-FASII efflux, explains the priming effects of peroxide
205 on anti-FASII adaptation.

206 PerR (SAUSA300_1842) is a conserved highly sensitive metal-dependent peroxide sensor
207 and regulator protein (Ji et al., 2015). PerR was not detected in proteomics of anti-FASII
208 adaptation (Table S1). However, as PerR senses H,0,, we examined its implication in H,0,-
209 accelerated anti-FASIl adaptation. Unlike the USA300 parent, perR mutant adaptation time and
210 FA incorporation efficiency were unaffected by peroxide (proportions of eFA incorporation at
211 6 h were 52% and 51%, with and without H,O, priming; Fig. 4C). Altogether these results
212 indicate the existence of a unique H,0, priming system that requires PerR. They reveal a novel
213 link between peroxide and FA incorporation that facilitates adaptation to the FASII class of
214 antibiotics independently of antibiotic efflux.

215 Anti-FASIl-adapted S. aureus are less virulent, yet persist in a Galleria mellonella infection
216 model. Lower virulence factor production but greater stress resistance due to anti-FASII
217 adaptation raises questions on the outcome of anti-FASIl-adapted S. aureus infection. We
218 compared anti-FASIl-adapted versus non-treated S. aureus in an insect G. mellonella model,
219 which allows the use of a large cohort. Moreover, larval hemocoel, like blood serum, is lipid-
220 rich (Kazek et al., 2021). AFN-1252, as chosen for this study, was pharmacologically vetted for
221 non-toxicity in the host (Hunt et al., 2016, Parsons et al., 2011); we showed previously that
222 AFN-1252 treatment did not stop infection in a mouse model (Kenanian et al., 2019). Non-
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223 treated and AFN-1252-adapted S. aureus USA300 showed equivalent growth kinetics in SerFA
224 in vitro (Fig. S2). Insects infected by 10° anti-FASIl-adapted bacteria were killed more slowly
225 than those infected by equivalent CFUs of untreated bacteria, as monitored over 72 h post-
226 infection (Fig. 5A). At Tas, 95% of insects were killed by untreated S. aureus, compared to 30%
227 killing with anti-FASII-adapted S. aureus. At T7,, when all larvae infected by untreated S. aureus
228 were dead, anti-FASIl-adapted S. aureus killed over 60% of the insects. Thus, killing by anti-
229 FASIl-adapted S. aureus was delayed but not stopped.

230 Bacterial CFUs determined from infected insects at 24 h were about 3-fold lower in those
231 infected by anti-FASIl-adapted compared to non-treated bacteria, and then decreased in
232 surviving insects (Fig. 5B left). In contrast, CFUs in dead larvae at Tss were comparable for both
233 groups, indicating that anti-FASIl-adapted bacteria multiplied as well as non-treated bacteria
234 in the insects they killed (Fig. 5B right).

235 To determine whether anti-FASIl-adapted bacteria remained adapted during infection, CFU
236 platings as above were done in parallel on SerFA and SerFA-AFN solid media. Only anti-FASII-
237 adapted bacteria formed colonies on SerFA-AFN solid medium (Table S3). Among surviving
238 insects infected with adapted bacteria, only one contained bacteria that returned to the non-
239 adapted state at 72 h; this indicates that bacteria remained mainly adapted during insect
240 infection. Altogether, these results show that anti-FASIl-adapted S. aureus are less virulent,
241 while populations still multiply in the insect host. Greater stress resistance capacity may help
242 withstand host conditions and can explain bacterial persistence in the insect host.

243

244 Discussion

245 eFA incorporation during FASIl-antibiotic-induced bypass redesigns S. gureus membrane
246 phospholipids, leading to massive shifts in protein expression, and a prolonged adaptation
247 state without detectable genomic rearrangements or mutations (summarized in Fig. 6 model).
248 These changes, which begin before bacterial outgrowth, alter the S. aureus fitness state
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249 towards less damage to the host, and more tolerance to host-generated toxicity. Peroxide
250 priming accelerates adaptation and eFA incorporation, establishing a link between ROS and
251 FASII bypass. The in vitro phenotypes deduced from proteomic and in vitro findings are
252 consistent with the differences observed in insect infection kinetics between non-treated and
253 anti-FASII-treated S. aureus.

254 Regulator changes during anti-FASII treatment. Various regulators appear to be implicated in
255 anti-FASII adaptation, e.g., XdrA or CshA, and to lesser extents HrcA or CcpE. However, no single
256 regulator was found to have a “master” role. In addition to alterations in protein abundance
257 and phosphorylation levels as assessed here, we hypothesize that membrane perturbations, as
258 caused by anti-FASII, alter the intracellular environment, to liberate signaling lipids that
259 modulate regulator activities (Fig. 6). For example, FAs and cardiolipin reportedly affect
260 activities of the S. aureus two-component system SaeRS (Schurig-Briccio et al., 2020, Yeo et al.,
261 2023). Virulence factor activity may be blocked by FA binding as shown in Vibrio cholerae
262 (Lowden et al., 2010). Interaction of regulators with lipid species released during anti-FASII
263 treatment may be a rapid means to adjust regulator functions for FASII bypass.

264 Link between FASII-antibiotic adaptation and S. aureus fitness against peroxide stress. We
265 showed that ROS priming stimulates FASII bypass by increasing eFA incorporation (Fig. 4). To
266 our knowledge, this is the first report establishing a connection between oxidative stress and
267 stimulation of FASII antibiotic adaptation, and defines a novel paradigm. This mechanism
268 contrasts to that described in E. coli, where ROS priming either lowered proton-motive-force-
269 mediated antibiotic entry and/or induced efflux pump expression, via a Suf-controlled Fe-S
270 repair system (Gerstel et al., 2020). In contrast, the H,0,-stimulated anti-FASII adaptation is
271 mediated by greater, rather than less, eFA incorporation and precocious adaptation, ruling out
272 a role for efflux. A suf mutant remained sensitive to peroxide activation, further distinguishing
273 the two mechanisms.
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274 We hypothesize that H,0, has a direct role in stimulating FASII bypass: H,O,—mediated
275 oxidation of FASII initiation enzymes could diminish competition with the FASII bypass system
276 (Fig. 6). We show here that a katA mutant, which presumably accumulates H,0,, shortens
277 adaptation time, while a perR mutant, which activates KatA to degrade H,0,, lengthens
278 adaptation time. Direct or indirect targets of H,0, could be involved in disabling FASII to favor
279 FASII bypass; this hypothesis is currently under study.

280 Host macrophages and neutrophils generate peroxides presumably as a means to control
281 infection (Cole et al., 2014, Mayer-Scholl et al., 2004). S. aureus adaptation to anti-FASII is
282 potentiated in these same conditions, which needs to be considered for future use of FASII
283 antibiotics.

284 Potential advantages of a fitness reset in FASII-antibiotic-adapted S. aureus. Lower virulence,
285 greater stress response, and exclusive eFA utilization may be advantageous to S. aureus
286 lifestyle. We note that streptococci and enterococci use FASII bypass even without antibiotics,
287 favoring eFA incorporation during infection (Brinster et al., 2009, Lambert et al., 2023).
288 Although these species employ distinct FASII regulation system from that of S. aureus (feedback
289 versus feedforward in S. aureus (Lambert et al., 2022, Albanesi et al., 2013)) and differ in their
290 in vivo lifestyles, they have common infection biotopes, raising the possibility that FASII bypass
291 is advantageous in the course of infection.

292 Parallels also exist between anti-FASIl-adapted S. aureus, and small colony variants (SCVs):
293 both emerge more efficiently in oxidative stress (Peyrusson et al., 2022, Painter et al., 2015),
294 and both produce less virulence factors (Tuchscherr et al., 2020, Sendi and Proctor, 2009),
295 which might facilitate bacterial escape from host immune surveillance. In both cases,
296 uneradicated reservoirs of these bacteria might be sources of chronic infection (Fig. 6).

297 Potential applications of FASII antibiotics. Although anti-FASII do not eliminate S. aureus when
298 compensatory eFAs are available, the present study demonstrates that it reduces S. aureus
299 virulence factor production. Anti-FASII synergy with other treatments that prevent adaptation
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300 may potentiate its efficacy (Pathania et al., 2021). Here, anti-oxidants delayed anti-FASII
301 adaptation, which may offer perspectives for a bi-therapy approach to eliminate S. aureus with
302 reduced virulence.

303

304 Materials and Methods

305 Strains, media, and growth conditions. Experiments were performed using S. aureus
306 SAUSA300_FPR3757 JE2 strain, referred to as USA300, and transposon insertion derivative
307 strains from the Nebraska mutant library ((Fey et al., 2013); generously supplied by BEI
308 Resources NIAID, NIH, USA). All strains were confirmed for transposon insertion by PCR (see
309 Table S4 for strains and primers used). Cultures were grown aerobically at 37°C. Solid and liquid
310 growth media were based on BHI as follows: no additives (BHI), containing 0.5 mM FAs (BHI-
311 FA, with an equimolar mixture of 0.17 mM each C14, C16, C18:1 [Larodan, Sweden]), and BHI-
312 FA containing 10% newborn calf serum (Ser-FA; Eurobio Scientific, France [Fr]). Where
313 specified, the anti-FASII triclosan (McMurry et al., 1998) was added at 0.25 pg/ml in media
314 without serum, and at 0.5 pug/ml in media containing serum, to respectively give BHI-Tric, FA-
315 Tric, or SerFA-Tric, as described (Morvan et al., 2017, Kenanian et al., 2019, Morvan et al.,,
316 2016). H,0, (0.5 mM final concentration) was added to SerFA precultures when indicated. The
317 anti-FASII AFN-1252 (Karlowsky et al., 2009) was used in SerFA at 0.5 ug/ml (SerFA-AFN) as
318 described (Kenanian et al., 2019). For most experiments, S. aureus USA300 was streaked on
319 solid BHI medium, and independent colonies were used to inoculate overnight BHI pre-
320 cultures. For proteomic and phosphoproteomic studies, cultures were inoculated at a starting
321 ODgoo = 0.1.

322 Nanopore sequencing. Six single colonies of USAOO were resuspended in SerFA and grown
323 overnight. Cultures were then diluted in SerFA, SerFA-AFN-1252, 10% mouse serum, or 10%
324 mouse serum containing AFN-1252, and grown to ODgoo = 1. Whole chromosomal DNA was
325 prepared from the independent cultures as described, and outsourced for nanopore
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326 sequencing (Eurofins, Germany). Whole genome DNA sequences were presented as
327 circularized genomes, and entered in the Mendeley database doi:10.17632/grt4htck9k.1.
328 Sequences were compared by performing full genome alignments
329 https://dgenies.toulouse.inra.fr/ 09/02/2023.

330 Proteomics preparation. Adaptation to anti-FASII varies with growth media: BHI-Tric-grown
331 and FA-Tric-grown S. aureus do not adapt in the time periods tested, (high frequency adaptive
332 mutations arise with a delay in FA-Tric; (Morvan et al., 2016)), whereas SerFA-Tric-grown S.
333 aureus adapt without mutation after an initial latency period (6-8 hours, depending on growth
334 conditions) (Kenanian et al., 2019). Kinetics experiments were performed on USA300 to
335 determine the protein changes associated with FA-Tric and SerFA-Tric anti-FASII adaptation.
336 Cultures for each condition were prepared as independent quadruplicates. For each sample,
337 BHI precultures were diluted and shifted to the specified medium starting cultures at ODggo =
338 0.1. Control cultures in BHI, BHI-FA and BHI-SerFA were grown to ODggo = ~1. BHI-Tric cultures
339 (no added FAs) were collected at 6 h. USA300 samples grown in FA-Tric and SerFA-Tric were
340 collected at 2, 4, 6, 8 and 10 h post-antibiotic addition (see Fig. 1A and Table S1 for growth
341 conditions and complete data). For each sample, 20 ODgyo units culture equivalent was
342 collected and centrifuged for 10 min at 4°C at 8000 rpm. Pellets were washed twice in Tris
343 10mM pH7.0 containing 0.02% TritonX-100, and Halt™ Protease & Phosphatase Inhibitor
344 Cocktail (100X) (Thermo Scientific, Fr). Pellets were then resuspended in 650 pl washing buffer,
345 mixed with 0.1 mm silica beads and subjected to 3 cycles of vigorous shaking (Fast-Prep-24,
346 MP-Bio, Fr). After 10 min centrifugation at 10000 rpm, supernatants were recovered and stored
347 at -80°C prior to analyses.

348 Protein extractions, LC-MS/MS analyses, and bioinformatics, and statistical data analyses
349 were done as described in detail (Bednarz et al., 2021). The reference genome GenBank
350 Nucleotide accession code NC_007793.1 was used for protein annotation. The bioinformatic
351 tools used for proteomics analysis (X!TandemPipeline C++, MassChroQ, MCQR) are open and
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352 free resources available in the following repository: https://forgemia.inrae.fr/pappso. The
353 mass spectrometry proteomics data was deposited to the ProteomeXchange Consortium
354 (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository with the
355 dataset identifier PPXD034256.

356 Proteome data analyses. Protein abundance differences were detected by ANOVA tests for all
357 methods used (spectral counting, SC; extracted ion chromatograms, XIC; and peak counting,
358 PC). The abundance of a protein was considered significantly variable when the adjusted p-
359 value was <0.05. Proteins showing significant statistical abundance differences were
360 represented on heat maps normalized by using GraphPad Prism 9.5.1 (Bednarz et al., 2021). K-
361 means clustering analysis was performed using RStudio. Proteins whose abundancies were
362 significantly different in one or more conditions were manually curated and classified according
363 to functional groups.

364 Phosphoproteome preparation. USA300 cultures were prepared in BHI and SerFA and
365 harvested at ODegoo = ~1. SerFA-Tric cultures were harvested at 6h and 10 h post-treatment.
366 Samples were prepared independently from those in the proteomics study, as independent
367 biological triplicates, and treated as in proteomics studies, except that we collected the
368 equivalent of 50 ODeoo units. Bacteria were processed as for proteome extraction except that
369 Tris was replaced by triethylammonium bicarbonate (50 mM; n.b. Tris interferes with dimethyl
370 tag labelling) containing antiprotease and antiphosphatase at the recommended
371 concentrations. Lysed bacteria after Fast-Prep were centrifuged 15 min at 12000 rpm
372 supernatants containing soluble proteins were kept at -80°C before use. Protein concentrations
373 were determined by the Bradford method.

374 One mg protein samples were evaporated and resuspended in 1 ml 5 % formic acid and
375 dimethyl-tag labeled as described (Boersema et al., 2009). Briefly, differential on-column
376 labeling of peptide amine groups (NH,) created dimethyl labels leading to mass shifts of
377 +28.0313 Da for the peptides from SerFA 3 h samples, +32.0564 Da for the peptides from SerFA-
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378 Tric 6 h samples and +36.0757 for the peptides from SerFA-Tric 10 h samples respectively. The
379 three samples were mixed and then submitted to six rounds of phosphopeptide enrichment
380 with 5mg TiO, beads/mg of protein (Titansphere Phos-TiO, GL Sciences Inc., Netherlands) as
381 described (Soufi et al., 2018).

382 LC-MS/MS analyses of samples were done using an Ultimate 3000 nano-RSLC coupled on
383 line with a Q Exactive HF mass spectrometer (Thermo Scientific, San Jose California). 1 pL of
384 each sample was loaded on a C18 Acclaim PepMap100 trap-column 300 um inner diameter (ID)
385 X 5 mm, 5 um, 100A, (Thermo Scientific) for 3.0 minutes at 20 uL/min with 2% acetonitrile
386 (ACN), 0.05% TFA in H,O and then separated on a C18 Acclaim Pepmap100 nano-column, 50
387 cm x 75 pum ID, 2 pum, 100 A (Thermo Scientific) with a 100 minute linear gradient from 3.2% to
388 20% buffer B (A: 0.1% FA in H;0, B: 0.1% FA in ACN), from 20 to 32% of B in 20 min and then
389 from 32 to 90% of B in 2 min, hold for 10 min and returned to the initial conditions. The flow
390 rate was 300 nL/min.

391 Labeled peptides were analyzed with top15 higher energy collisional dissociation (HCD)
392 method: MS data were acquired in a data dependent strategy selecting the fragmentation
393 events based on the 15 most abundant precursor ions in the survey scan (m/z range from 350
394 to 1650). The resolution of the survey scan was 120,000 at m/z 200 Th and for MS/MS scan the
395 resolution was set to 15,000 at m/z 200 Th. For HCD acquisition, the collision energy = 27 and
396 the isolation width is of 1.4 m/z. The precursors with unknown charge state, charge state of 1
397 and 5 or greater than 5 were excluded. Peptides selected for MS/MS acquisition were then
398 placed on an exclusion list for 20 s using the dynamic exclusion mode to limit duplicate spectra.
399 The mass spectrometry proteomics data have been deposited to the Center for Computational
400 Mass Spectrometry repository (University of California, San Diego) via the MassIVE tool with
401 the dataset identifier MassIVE MSV000089781 (accessible at
402 http://massive.ucsd.edu/ProteoSAFe/status.jsp?task=db3f5002e32e4a47a71996358bcbae8c
403 ).
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404 Phosphoproteome data analyses. Proteins were identified by database searching using
405 SequestHT with Proteome Discoverer 2.5 software (Thermo Scientific, Fr) against the Uniprot
406 S. aureus USA300 database (2020-01 release, 2607 sequences). Precursor mass tolerance was
407 set at 10 ppm and fragment mass tolerance was set at 0.02 Da, and up to 2 missed cleavages
408 were allowed. Oxidation (M), acetylation (Protein N-terminus), and phosphorylation (S, T, Y)
409 were set as variable modifications. The differentially dimethyl-labeled peptides in primary
410 amino groups K and N-ter (see above), and carbamidomethylation (C) were set as fixed
411 modifications. Peptides and proteins were filtered with a false discovery rate (FDR) at 1% using
412 the Percolator tool (The et al., 2016). Protein quantitation was performed with precursor ions
413 quantifier node in Proteome Discoverer 2.5 software, peptide and protein quantitation based
414 on pairwise ratios and t-test statistical validation.

415 Macrophage adhesion. Confluent cell lawns of THP-1 macrophages were prepared as
416 described to obtain confluent cell lawns of 3x10° cells per well (Bourrel et al., 2022). S. aureus
417 was pre-cultured in SerFA medium and then subcultured overnight in SerFA medium without
418 or with AFN-1252. The next day, bacteria were subcultured in the same corresponding fresh
419 media to ODeggo =1-2. Bacteria were then washed twice with PBS buffer, and diluted in RPMI
420 GluMax (Gibco, France) to obtain an MOI = 1. One ml of the dilution was added in each well in
421 24-well plates. Plates were centrifuged at 1000 rpm for 5 minutes to sediment bacteria, and
422 then incubated at 4°C for 1h. After incubation, wells were washed 3 times with PBS, then 1ml
423 of sterile cold water was added to each well and left for 5Smin at room temperature. Finally, the
424 cells and bacteria were scraped from the surface and CFU were determined on SerFA agar
425 plates. Controls without macrophage were done in parallel. Results are derived from 5
426 biological replicates, and are presented as the mean * standard error of the mean (SEM) using
427 GraphPad Prism 9.5.1 (San Diego, Ca). CFU counts were compared by paired t-test (P<0.05).
428 Exoprotein activity assays. SerFA day precultures were diluted into SerFA without or with
429 either triclosan (SerFA-Tric) and AFN-1252 (SerFA-AFN). Solid medium as prepared for
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430 exoprotein detection were then spotted with resulting overnight saturated cultures or culture
431 supernatants as indicated. For nuclease detection, DNase agar (Oxoid, Thermo Scientific, Fr)
432 containing toluidine blue O 0.05 g/L (Sigma, Fr) was prepared as described (Zierdt and Golde,
433 1970). Culture supernatants from test samples were heated to 80°C for 10 m, and then spotted
434 (10 pl) on plates. Photographs were taken after overnight incubation at 37°C. Contrast was
435 uniformly enhanced by Photoshop to visualize pink halos indicating nuclease activity. To
436 measure protease activity, powdered skim milk 50 g/L was added to autoclaved 1% non-
437 nutrient agar (Invitrogen) as described (Park et al., 2012). Cultures were spotted (10 pl) on
438 plates and allowed to dry, then incubated at 37°C for 72 h and photographed. Lipase activity
439 was assayed in medium comprising 1% non-nutrient agar (Invitrogen) to which was added 2.5%
440 olive oil and 0.001% Rhodamine B (starting from a Rhodamine B stock solution of 1 mg per ml
441 in water; Sigma-Aldrich, Fr) as described (Araiza-Villanueva et al., 2019). To improve olive oil
442 emulsification, NaCl was added to medium (1M final concentration), followed by vigorous
443 shaking just prior to plate preparation. Supernatants from overnight cultures were sterile-
444 filtered through a 0.2 um membrane syringe filter (Pall Corporation, Michigan). Supernatants
445 (10 pl) were deposited in holes pierced in solid medium. After 24 h incubation at 37°C plates
446 were visualized under UV light at 312 nm and photographed. Hemolytic activity was assayed
447 on S. aureus sterile-filtered supernatants that were prepared from overnight cultures. Aliquots
448 (10 pl) were spotted on 5% sheep blood agar plates (BioMérieux SA, Fr). After drying, plates
449 were incubated at 37°C overnight, and photographed.

450 H:0; resistance of non-treated and anti-FASIl-adapted S. aureus. S. aureus non-treated or
451 AFN-adapted cells (see above) were diluted to ODegoo= 0.005 in SerFA and grown for 1 h at 37°C,
452 after which H,0, (0.5mM final concentration) was added or not to cultures, and allowed to
453 grow for 5 h. Growth kinetics was followed by ODsy determinations, and CFUs were
454 determined at the final time point. Plates were photographed after overnight incubation at
455 37°C.
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456 H,0, and PMS pre-treatment. For pre-adaptation in hydrogen peroxide or in PMS, S. aureus
457 were precultured in SerFA and then subcultured in SerFA containing or not 0.5 mM H,0: (final
458 concentration) or PMS (20-50 uM) for 16 h at 37°C. Cultures were diluted to ODgoo= 0.1 in SerFA
459 or SerFA medium containing AFN-1252 (SerFA-AFN), and growth was monitored.

460 G. mellonella infection by anti-FASIl-adapted and untreated S. aureus. Killing capacities and
461 CFUs of anti-FASll-adapted and untreated S. aureus USA300 were compared in the G.
462 mellonella insect model (Sheehan et al., 2019). G. mellonella |arvae were reared on beeswax
463 and pollen in sealed containers with a wire mesh lid permitting aeration. The rearing container
464 was stored at 27°C temperature in a humidified incubator in our laboratory facilities. Fifth
465 instar larvae weighing ~250 mg were subjected to starvation for 24 h at 27°C and 1-2 h at 37°C
466 prior to infection. S. aureus SerFA cultures were subcultured in SerFA, and SerFA plus AFN-1252
467 (0.5 pg/ml; SerFA-AFN) for overnight growth. Resulting cultures were then diluted to 0.1 and
468 grown in respective media to ODeoo = 1. Based on previous CFU determinations, each culture
469 was pelleted, washed once in PBS, and then resuspended in PBS to obtain 10® CFU/ml. Ten pl
470 (10° CFUs) was administered by injection in the fourth proleg. To follow larvae mortality
471 following S. aureus infection, 20 larvae were inoculated using 3 independent cultures per
472 culture condition (totaling 60 insects injected with SerFA, and 60 with SerFA-AFN), and 20
473 larvae were inoculated with PBS buffer for the control. Surviving larvae were counted every 24
474 h for 72 hours. To monitor S. aureus bacterial counts post-infection, the experiment above was
475 repeated, and surviving larvae (9 total per condition, treated in 3 groups from independent
476 biological replicates) were sacrificed until there were no surviving larvae left. CFUs were also
477 determined from newly-dead larvae. To determine S. aureus CFUs, surviving larvae were chilled
478 in ice for 30 min, and then crushed in 1 ml sterile deionized water. The resulting content was
479 vortexed for ~30 sec. Five pul of 10-fold dilutions were prepared in sterile water and spotted on
480 SerFA and SerFA-AFN solid media. CFUs were determined after overnight incubation at 37°C.
481 The detection threshold was 10% CFU per insect. Results of the 3 biologically independent
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482 experiments were pooled for presentation of insect mortality, and similarly for CFUs as done
483 in the second independent experiment. Results are presented as the mean * standard
484 deviation (SD) using GraphPad Prism 9.5.1 (San Diego, Ca). CFU counts were compared by
485 nonparametric t-test (Mann-Whitney U) (P<0.05). Note that G. mellonella naturally harbor
486 enterococci (Allonsius et al., 2019). In contrast to S. aureus, enterococci are catalase-negative
487 on routine plate tests (n.b., some enterococci produce catalase upon heme addition). S. aureus
488 were thus differentiated from enterococci on plates used for CFU enumeration by their
489 catalase-positive response (i.e., bubble formation) upon application of a 3% hydrogen peroxide
490 solution. Enterococci did not produce bubbles.

491
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Table 1. Pre-treatments with ROS-generating versus reducing agents respectively accelerate
and retard adaptation to anti-FASII.
Strain Additive Time A anti-FASII exit N
. i (h) (h) compared to
to WT (SD) €
exit
WT - 8 - 8
WT H.0; 6.3 +1.68 (+0.45) 8
WT PMS 6.5 +1.50 (%0.35) 5
katA - 7 +1.00 (+0.00) 3
katA H,0, 5.8 +2.17 (+0.58) 3
perR - 9 -1.00 (0.00) 3
perR H,0, 9 -1.00 (+0.00) 3
sufD* - 7.3 +0.75 (+0.50) 4
sufD* H,0, 6.7 +1.25 (+0.29) 4
WT Na 11.5 -3.50 (+0.71) 2
citrate
WT Vit C 9.8 -1.75 (%0.35) 2

2 Strains USA300 (WT) or mutant derivatives katA SAUSA300_1232, perR SAUSA300_1842, or
sufD* intergenic between sufC (SAUSA300_0818) and sufD (SAUSA300_0819), at position
898566 (Fey et al., 2013, Roberts et al., 2017), are used. ® Oxidizing agents were added only to
precultures: H,0,, 0.5 mM; phenazine-methosulfate (PMS), 20 (n=2), 30 (n=1), 40 (n=1), 50 (n=1)
ug/ml, gave equivalent results. Reducing agents were added at the same time as anti-FASII, here
AFN-1252: sodium citrate, 10 mM; vitamin C (VitC), 5.7 mM. ¢ Bacterial outgrowth for USA300 in
SerFA-AFN is observed at 8 h, and is used as reference. Differences (A) in time of outgrowth are
relative to that of the WT. +, early exit from latency (h); -, delayed exit (h). SD, standard
deviation; N, number of independent experiments.
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Fig. 1. Proteomic kinetics and global expression changes related to S. aureus USA300 strain
adaptation to anti-FASII. A. Schematics of sample preparation. Samples (4 biological replicates)
were grown and prepared in conditions and harvesting times (or OD, for controls) as indicated
below flasks. B. Sample growth. Means and standard deviations are indicated. Points correspond to
sampling times. See Table S1 for details. Dashed blue line represents typical growth in SerFA
medium determined separately. S. aureus adapts to anti-FASII within 10h on SerFA-Tric, but not on
FA-Tric, after a latency period (double arrow). C. Heat map of proteins showing altered levels in at
least 1 condition relative to other samples. All sample conditions are shown. Sampling times (h)
above steps correspond to 2, 4, 6, 8, and 10 h for FA-Tric and SerFA-Tric. The heat map shows global
protein changes, and is determined relative to weighted value for each protein, as on scale at left
(navy, down-represented; yellow, up-represented).
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Fig. 2. Anti-FASII affects pools and phosphorylation status of regulatory proteins. A. Expression
of known or putative regulators that differ in at least one time point during anti-FASII
adaptation (SerFA-Tric) compared to non-treated (NT) SerFA sample. Changes in putative
regulatory protein levels are shown in anti-FASII adaptation SerFA medium (see Table S1 for all
test conditions). Gene loci and names are at right. Times (h) of sampling are indicated above
green steps. Heat map (scale at left) is determined relative to weighted value for each protein
(navy, down-represented; yellow, up-represented). B. Phosphorylated regulatory proteins with
altered expression during anti-FASIl adaptation. Peptides showing differential phosphorylation
at 10 h post anti-FASI| adaptation are indicated (see Table S2 for complete information). 2 Peptide
positions in respective protein sequences are indicated. Phosphorylated amino acids are in bold
red or in bold black when there is an ambiguity. C. Effects of regulator gene inactivation on anti-
FASII adaptation. Kinetics of anti-FASIl-adaptation of USA300 (WT) and insertional mutants,
based on regulators with altered protein and/or phosphorylation levels (A and/or B; selected loci
in bold), were compared to that of the parental strain. Cultures were grown without (squares)
and with anti-FASII AFN-1252 (circles). Growth curves and standard deviations are based on
biological triplicates.
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Fig. 3. Expression changes during anti-FASIl treatment. A. Heat maps of known or putative
virulence factors. Samples shown are in anti-FASIl adaptation medium (SerFA; see Table S1 for
results in all test conditions). Kinetics (in h) of sampling is indicated above green steps. Gene loci,
protein names, and functional categories are at right. Correspondence between color and
expression in heat map (scale at left) is determined relative to weighted value for each protein
(navy, down-represented; yellow, up-represented). B. Differential NT and anti-FASII-adapted S.
aureus adhesion to macrophage. Non-treated (NT) or AFN-1252-treated S. aureus USA300
(3x10°) were added to of THP-1 macrophage monolayers (3x10° cells per well), and incubated for
1 h at 4° C. Colony forming units (CFU) of bacteria that adhered to macrophage were determined
on five independent bacterial samples (P= 0.003; see Materials and Methods). C. Secreted
virulence factor activities. Non-treated (NT) and anti-FASIl-adapted cultures treated with triclosan
(Tric-ad) or AFN-1252 (AFN-ad) were grown overnight, and reached similar ODg,, values (= 13, 9
and 9 respectively for NT, Tric-ad, and AFN-ad). Cultures (for protease detection) and culture
supernatants (lipase, nuclease, and hemolysin detection) were prepared (see Materials and
Methods) and spotted on appropriate detection medium. Representative results of 3 biologically
independent replicates are shown.
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Fig. 4. Anti-FASII adaptation confers oxidative stress resistance, and is accelerated by prior exposure
to peroxide stress. A. Stress response heatmap. Results are shown for anti-FASIl adaptation medium
(SerFA; see Table S1 for all test conditions). Sampling times (h) are indicated above green steps. Gene
names and functional categories are at right. Heat map (scale at left) is determined relative to weighted
value for each protein (navy, down-represented; yellow, up-represented). B. S. aureus anti-FASII
adaptation confers increased H,0, resistance. USA300 non-treated (NT, orange bar) and AFN-1252-
adapted overnight cultures (green bar) were challenged with 0.5 mM H,0, for 5 h, and CFUs were
determined. **, p< 0.01. C. Priming S. aureus with H,0, accelerates anti-FASIl adaptation and
requires PerR. Upper: USA300 (WT) and perR (SAUSA300_1842) mutant SerFA cultures were grown
overnight without or with 0.5 mM H,0,. Cultures were diluted (ODgy, = 0.1) in SerFA without or with
0.5 pg/ml AFN-1252, and growth was monitored. Results are shown for biological triplicates. H,0, —
primed samples, without or with AFN addition at TO are as indicated. Lower: FA profiles of indicated
strains harvested after 6 h anti-FASII treatment (arrow in ‘C’). In green, FA profile of fully adapted H,0,-
pretreated cultures at 10 h, shown here for perR and non-distinguishable from WT. 1, 2, and 3, eFAs
present in SerFA medium (respectively C14, C16, and C18:1). At left of each profile, proportion of
incorporated eFAs (%) are the average of two independent measurements (<3% difference between
replicates).
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Fig 5. Comparison of untreated and anti-FASII-treated S. aureus in a G. mellonella infection
model. Insects were injected with 106 CFU S. aureus USA300 that were either non-treated (NT) or
preadapted to anti-FASII (anti-FASII adapted) (see Materials and Methods). A. Insect mortality in
NT and anti-FASIl-adapted S. aureus. Data was analyzed using Kaplan-Meier with pooled values of
biologically independent triplicates (60 insects per condition). Results excluding PBS controls
(insects injected with equivalent volumes of PBS, black line) were analyzed by Mantel-Cox, and
showed a significance value of p <0.0001. B. Bacterial CFUs in surviving insects. Insects were
infected as in ‘A’. 1, no surviving insects. C. Bacterial CFUs in dead infected insects at 48 h. ‘B’ and
‘C’ analyses were done using the non-parametric Mann Whitney test (Graphpad prism software).

*, p = 0.02; ns, non-significant.
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Fig 6. Summary model of anti-FASII adaptation and S. aureus fitness. S. aureus synthesizes fatty
acids (FAs) to produce membrane phospholipids (upper left, FAs in orange). Anti-FASII treatment
in SerFA medium promotes FASIl bypass, during which exogenous FAs (eFAs, in green) are
incorporated and constitute the membrane phospholipid FAs (Kenanian et al., 2019). FASII bypass
is accelerated by H,0, priming, which requires PerR, but is lower if KatA is present. Anti-FASI|
adaptation is accompanied by massive changes in protein expression. Membrane perturbation in
the new phospholipid environment is proposed to signal protein reprogramming; as reported,
membrane FAs or phospholipids may shed internally and bind to regulatory proteins to modulate
their function (Schurig-Briccio et al., 2020, Yeo et al., 2023, Lowden et al., 2010, Huang et al.,
2022). Decreased virulence factor production may help bacteria escape host immune surveillance
(Tuchscherr et al., 2020). Up-regulation of stress response protein levels confers greater ROS
tolerance, and could facilitate survival during infection (DeCoursey, 2004). Peroxide priming
accelerates FA incorporation and anti-FASIl adaptation by a novel process. Anti-FASII treatment
would favor emergence of S. aureus populations that are at least transiently less infectious, but
that may persist in the host.
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Abstract

Staphylococcus aureus is a Gram-positive pathogenic bacterium causing a high mortality rate,
as mainly attributed to multi-antibiotic-resistance emergence. Enzymes of the fatty acid
synthesis (FASII) pathway are proposed as essential targets. However, the use of FASII
antibiotics is flawed, as S. aureus compensates FASIl inhibition by incorporating
environmental fatty acids (eFAs) and reprogramming its expression. We report that
lipoteichoic acid (LTA), a main structural surface factor, is nearly non-detectable in anti-FASII-
adapted S. aureus. LTA is depleted regardless of the eFAs supplied for growth. Wall teichoic
acid (WTA) and cardiolipin (CL) pools are increased in anti-FASII-adapted bacteria, suggesting
WTA and/or CL may compensate for LTA depletion and allow S. aureus to grow. Inactivation
of both LTA and WTA is lethal. Consequently, LTA depletion in anti-FASII-adapted bacteria
led to synergistic inhibition between anti-FASII and an anti-WTA, here targocil, against S.
aureus. We conclude that depletion of LTA by anti-FASII treatment leads to increases in

cardiolipin and WTA, and suggest strategies of bi-therapy against a major pathogen.
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Introduction

The Gram-positive pathogen Staphylococcus aureus is a major cause of human
mortality mainly due to resistance to antibiotics, and mainly to methicillin (GBD 2019
Antimicrobial Resistance Collaborators, 2022; Lowy, 1998). The high rate of treatment failure
has underlined the need for novel therapies.

The fatty acid (FA) synthesis pathway (FASII) has been considered as essential, and
FASII enzymes have been primary drug development targets to treat S. aureus infection
(Foster, 2017; Y. Wang & Ma, 2013). The recursive FASIl pathway comprises four enzymes:
FabF (B-ketoacyl-ACP synthase), FabG (3-oxoacyl-acyl-carrier-protein (ACP) reductase), FabZ
((3R)-hydroxymyristoyl-ACP dehydratase), and Fabl (enoyl-ACP reductase)), all of which were
considered as potential antibiotic targets (Wright & Reynolds, 2007); An inhibitor of FabH (3-
oxoacyl-(acyl carrier protein) synthase Ill), a FASII initiation enzyme was also reported
(Pishchany et al., 2018). Among them, Fabl is a target of choice, as the enzyme is not present
or not unique in the majority of bacteria of the intestinal microbiota, making inhibitors
“narrow host range” such as triclosan and AFN-1252 (AFN) (Karlowsky, Kaplan, Hafkin, Hoban,
& Zhanel, 2009; McMurry, Oethinger, & Levy, 1998). Other anti-FASII that received wide
attention targeted FabF (platencin, platensimycin and fasamycins A and B) (Feng,
Chakraborty, Dewell, Reddy, & Brady, 2012; J. Wang et al., 2007, 2006).

Nevertheless, although anti-FASII drugs effectively reached their targets, bacterial
growth is not stopped: S. aureus bypasses a FASII block by utilizing exogenous FAs (eFAs),
which compensate de novo synthesis (Brinster et al., 2009; Gloux et al., 2017; Kénanian et al.,
2019; Morvan et al., 2016) (Fig. S1). This bypass occurs without detectable mutations
(Kénanian et al,, 2019; Wongdontree et al., 2023). Human biotopes are rich in FAs, which
explains anti-FASII treatment failure in vivo (Delekta, Shook, Lydic, Mulks, & Hammer, 2018;
Kénanian et al., 2019; Teoh, Chen, Laczkovich, & Alonzo, 2021). In vitro, S. aureus adapts to
anti-FASII within about 6-8 h, with marked changes in expression in the presence of FAs
(Kénanian et al,, 2019; Wongdontree et al., 2023). Mutations in initiation enzymes acc and
fabD further accelerate FASII bypass, and were identified in clinical isolates (Gloux et al., 2017;
Morvan et al,, 2016).

Our objectives are to elucidate S. aureus fitness changes upon adaptation to anti-
FASII. Our recent proteomics study revealed that this adaptation improved oxidative stress
survival, but lowered virulence factor production (Wongdontree et al., 2023). Here we report
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that lipoteichoic acid (LTA), a membrane-anchored surface structure involved in cell division

and virulence (Grindling & Schneewind, 2007b, 2007a), is strongly depleted in anti-FASII-

adapted S. aureus. Compensatory increased expression of cardiolipin (CL) and wall teichoic

acid

(WTA) point to strategies for combination treatments using anti-FASIl. Our

characterization of this phenotype reveals a novel link showing that FASII activity dictates LTA

production.

Results

1.

Anti-FASII induces S. aureus cell envelope changes during adaptation. S. aureus
undergoes an adaptive process when exposed to FASII inhibitors that involve FA
incorporation. After a first latent phase (~6 to 8 h), bacteria proliferate exponentially
without detectable mutation as verified by whole genome mi-Seq and nanopore
sequencing (Kénanian et al, 2019; Wongdontree et al, 2023). Membrane
phospholipids comprise solely eFAs (Kénanian et al., 2019). We investigated the
changes in bacterial morphology during anti-FASII treatment, by transmission
electron microscopy (TEM). Cultures of S. aureus USA300 were prepared in SerFA
(BHI+10%serum + three eFAs; Materials and Methods) as a control, and the same
medium supplemented with anti-FASII; SerFA-AFN (AFN-1252) or SerFA-Tric
(triclosan). Samples were analyzed during latency (6 hours) and adaptation outgrowth
(10 hours) stages (Materials and Methods). Distinct morphological changes were
observed during anti-FASII adaptation (Fig. 1). During latency, bacteria were mainly in
tetrads and septa were often incomplete as reported (Kénanian et al, 2019). Cell
envelopes appeared thicker (black arrow in Fig. 1B), suggesting that anti-FASII
treatment induces substantial alterations in the cell envelope during latency. Upon
outgrowth, bacterial envelopes remained thicker compared to the control group, but
overall appeared as diploids, in keeping with resumed cell division. Overall, cell
envelope thickening during the latency phase and even after adaptation suggests a
significant impact of anti-FASII treatment on bacterial envelope structure, potentially

contributing to the adaptive response of S. aureus.
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2.

Figure 1. Cell envelope changes of S. aureus during anti-FASIl treatment. Bacteria are

visualized in the following conditions: (A) non-treated exponential growth (in SerFA [SFA] at
3h; (B) SerFA-AFN (SFAA) during latency period at 6h. Black arrow, region of cell envelope
thickening and incomplete septum; (C) SerFA-AFN (SFAA) during outgrowth at 10h.

Anti-FASII alters cell envelope synthesis protein levels. We used a recent inventory
of protein and phosphorylation modifications during anti-FASII adaptation of the
USA300 JE2 strain (Wongdontree et al., 2023) to focus on proteins related to cell en-
velope biogenesis whose expression is altered during adaptation in SerFA-Tric (Mate-
rials and Methods) (Fig. 2). UgtP (YpfP) (diacylglycerol glucosyltransferase;
SAUSA300_0918), which mediates a step in glycolipid anchor synthesis , which serves
as the base for glycerolphosphate (GroP) polymerization (Griindling & Schneewind,
2007a; Kiriukhin, Debabov, Shinabarger, & Neuhaus, 2001), was turned off in anti-
FASIIL. In contrast, proteins associated with wall teichoic acid (WTA), and peptidogly-
can (PDG) were overall increased. These differences show that FASII antibiotic treat-

ment induces cell envelope changes in the adapted population.
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Figure 2. Kinetic heatmap of cell envelope proteins induced in anti-FASII adapted S.
aureus USA300 JE2 strain. Changes in levels of proteins related to cell wall metabolism
during anti-FASII treatment are highlighted. The conditions shown are SerFA for non-treated S.
aureus (NT) and during the anti-FASII treatment in SerFA-Tric containing triclosan. Sampling
times (h) above steps correspond to 2, 4, 6, 8, and 10 h for anti-FASII-treated S. aureus. The
heat map shows global protein changes, and is determined relative to weighted values for
each protein, as on scale at left (navy, down-represented; yellow, up-represented). This
heatmap represents results from four biological replicates (peptide e value= 0.01). Data is
derived from (Wongdontree et al.,, 2023).

FASII inhibitors provoke LTA depletion. The disappearance of UgtP upon anti-FASII
treatment of USA300 prompted us to examine LTA expression. Immunoblotting was
performed using LTA-directed antibodies (Clone55; (Reichmann et al.,, 2014)), on both
non-treated (NT) and anti-FASII-adapted S. aureus (AD) samples. For this, whole-cell
samples of USA300 S. aureus were collected from cultures in SerFA + FASII inhibitor,
here using the anti-Fabl; AFN1252 (SerFA-AFN). We also tested the effects of the FabF

inhibitor platensimycin (SerFA-Plat) (see Materials and Methods). Remarkably, LTA
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was nearly non-detectable or undetectable in S. aureus USA300 after adaptation to
both FASII inhibitors compared to the control without inhibitors (Fig. 3). This pheno-
type, as tested with AFN-1252, persisted even after prolonged adaptation (Supple-
mentary, Fig. S2). Similar results were obtained in RN4220-R and HG1-R, which unlike
USA300, are 8325 derivatives (tested with AFN-1252; Fig. S3). We conclude that inhi-
bition of FASII causes LTA depletion.
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Figure 3. LTA detection in different FASII inhibitors. LTA was detected by immunoblotting
with anti-LTA antibody between non-treated S. aureus in SerFA (SFA) and anti-FASII-adapted S.
aureus. S. aureus adapted to anti-Fabl, AFN-1252 (SerFA-AFN; SFAA) and to anti-FabF,
platensimycin (SerFA-Plat; SFAP) compared to control (SerFA; SFA) are shown. This result is
representative of three biological replicates.

. LtaS is required for anti-FASIl adaptation, but its overproduction does not re-
store LTA. The loss of LTA in anti-FASII-adapted bacteria led us to ask whether LTA
would be restored by overexpressing the LTA biosynthetic enzyme LtaS. This enzyme
polymerizes GroP on the LTA anchor. To test this, an IPTG-inducible (ta$S (iltaS) LAC
strain (ANG2505; kindly provided by Dr. A. Grindling, Imperial College, UK) was used.
Bacteria were precultured in SerFA with IPTG for (taS induction and then subcultured
in SerFA with IPTG, and without or with AFN for overnight growth. The next day, both
cultures were subcultured in fresh SerFA-AFN medium in the presence or absence of
IPTG, and assessed for growth and LTA production (see Materials and Methods). Poor
or no growth in cultures without IPTG in all tested conditions suggested that LtaS is
still essential as reported (Griindling & Schneewind, 2007b), even after anti-FASII ad-
aptation. Addition of IPTG restored normal growth for both cultures (Fig. 4A). Re-
markably, however, LtaS induction did not restore LTA to the antibiotic-adapted strain
(Fig. 4B). This observation indicates that factors other than LtaS are responsible for

LTA loss in AFN-treated S. aureus.
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To further investigate the LTA-defective phenotype, we compared NT and AD
S. aureus growth on medium containing Congo red, an inhibitor of LTA synthase
(LtaS) (Vickery et al., 2018). AD S. aureus strain exhibited ~10-fold increased resistance
to Congo red compared to the NT bacteria (Fig. 5). This information supports the
notion that the LtaS requirement is lower in anti-FASII-adapted S. aureus. However, it
seems to be in contradiction with the need for LtaS for growth Fig. 4A. Thus, while
these results suggest that LtaS has an essential function aside from LTA
polymerization, the precise roles of LtaS need to be explored.

Congo red is also used to detect exopolysaccharide production, detected as a
black color surrounding bacteria (Ferreira, Souza Tette, Santos Mendonca, De Souza
Soares, & De Carvalho, 2015; Freeman, Falkiner, & Patrick, 1989). A pronounced black
zone surrounded AD, but not NT bacteria, suggesting that anti-FASIl-adapted S.

aureus may produce increased amounts of exopolysaccharide (Fig. 5).
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Figure 4. Growth curves and LTA detection between non-treated and anti-FASIl-adapted
iltaS S. aureus. (A) Growth curves of non-treated (NT) and anti-FASIl-adapted (AD) [taS (IPTG-
inducible expression of [taS) without (dash line) or with IPTG (straight line). Bacteria were
grown in SerFA, or the same medium containing anti-FASI (AFN-1252; AFN). Results were
generated by Graphpad, and show means + SD for three biological replicates. (B) LTA
immuno-detection with anti-LTA antibody between NT and AD in WT USA300 and [ta$S with

IPTG (iltaS) compared to parental strain. Results are representative of biological triplicate
experiments.
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Figure 5. Congo red resistance. Spot test dilution of non-treated (NT) and anti-FASII adapted
(AD) cultures are shown. Solid medium contains SerFA, without (left), or with (right) 2.5mg/ml
Congo red (an LtaS inhibitor (Vickery et al., 2018)). The black stain on the Congo red plate
presumably indicates the production of exopolysaccharide. Results shown are representative
of biological triplicate experiments.

. Variations in membrane phospholipid FAs do not trigger LTA loss. S. aureus anti-
FASII adaptation can lead to efficient incorporation of numerous different FAs in
membrane phospholipids (Kénanian et al., 2019). Our initial studies showing LTA loss
were performed using a three-FA mixture (C14:0, C16:0, and C18:1) (e.g., Fig. 6, lower).
These FAs differ from the predominant FA found in S. aureus, anteiso 15 (ai15), which
is also a component of LTA (Fischer, 1994; O'Donnell, Nahaie, Goodfellow, Minnikin, &
Hajek, 1985). We, therefore, conducted the same experiment using a proportionately
balanced mixture of FAs synthesized by S. aureus (C14, ai15, C16:0, C18:0, and C20:0;
called 'Natural FA mix’, see Materials and Methods). LTA pools were significantly de-
creased in AD S. aureus even in these FAs (Fig. 6, bottom). Thus, supplementation
with ai15 or other specific FAs are insufficient to compensate LTA loss. These results

seem to rule out a major role for membrane FA composition as causing this pheno-

type.

110



NT AD

17kDa_{ —
- 3 FAs

10kDa—

17kDa_-. ' - Natural
FA mix

10kDa—-

Figure 6. Western blotting of LTA detection between non-treated and anti-FASII adapted
S. aureus USA300 JE2 strain with different FAs. LTA immuno-detection with anti-LTA
antibody. Upper, in SerFA medium containing 3 FAs; Lower the “natural FA mix", whose FA
composition and proportions are similar to those synthesized by S. aureus (prepared in
delipidated serum). Cells are non-treated (NT) or anti-FASII-adapted (AD). Cultures were grown
overnight + anti-FASII AFN-1252, and then subcultured in same medium until ODeopo=~4.
Results are representative of biological triplicate experiments.

. FASII inactivation is a signal for LTA depletion. Above results indicate that LTA de-
pletion is not related to membrane FA composition. We then asked whether LTA de-
pletion is instead linked to FASII pathway inhibition. Since phospholipids are essential
precursors for LTA synthesis (Percy & Griindling, 2014), we considered that FASII inac-
tivation could transmit a signal for LTA synthesis arrest. To test this, we used two
means of making S. aureus rely on eFAs for growth. As above, FASII inhibition via
Fabl- or FabF-targeted antibiotics led to diminished LTA (Fig. 3). We then used a de-
letion mutant of fabD (constructed by V. Leguillier, in preparation), which encodes a
malonyl CoA-acyl carrier protein transacylase that mediates FASII initiation (Fig. S1).
fabD inactivation leads to FA auxotrophy (Morvan et al., 2016; Leguillier et al., in
preparation). No LTA was detected in the fabD mutant when supplemented with dif-
ferent eFAs at ODsoo = ~3 (Fig. 7A). We conclude that FASII inactivation by various
means and in conditions of eFA utilization leads to LTA depletion.

A means of generating an S. aureus FA auxotroph while leaving FASII intact is
by inactivating plsX (encoding a glycerol-3-phosphate acyltransferase). PIsX uses the
FASII product, acyl-ACP, to produce acyl-PO4, which is then used as substrate for
lysophosphatidic acid (PA) synthesis (i.e, FA joined at the 1 position of
glycerolphosphate) (Sastre et al., 2020). plsX inactivation leads to FA auxotrophy in S.
aureus (Parsons, Frank, Jackson, Subramanian, & Rock, 2014). Thus, both AfabD and
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AplsX mutants require eFA supplementation for growth. We constructed a plsX
deletion mutant in the USA300 background. NT, AplsX, AfabD, and AD S. aureus
USA300 were grown in medium supplemented with ai15, and then performed FA and
LTA determinations. In the tested condition, FA profiles of AplsX, AfabD, and AD
strains were nearly identical (Fig. 7A). In sharp contrast, while LTA pools in AfabD AD
were not detectable, the AplsX mutant produced abundant LTA, like the NT WT at
ODe¢oo = ~3 (Fig. 7B). These observations further exclude a role of FA composition as
affecting LTA pools (Fig. 6). We conclude that phospholipid composition changes are
not responsible for LTA depletion. However, blocking the FASII pathway is a main
factor leading to LTA depletion. These findings lead us to propose that metabolites

whose levels are altered by FASII bypass might interfere with LTA production.
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Figure 7. FA profiles do not predict LTA detection. (A) FA profiles of anti-FASIl-adapted
(AD), AfabD, AplsX, and non-treated (NT) S. aureus grown to ODeoo = ~3 in delipidated serum
containing ai15. Strains are USA300 or derivatives as indicated. (B) LTA immuno-detection with
anti-LTA antibody, of extracts from AD, AfabD, AplsX, and NT S. aureus cultures grown as in
(A). Note that the NT ai15 sample at right was analyzed on the same gel, and shown with the
same exposure as the other samples.

. LTA depletion increases membrane permeability in stationary phase cultures. We
asked whether LTA loss contributes to changes in bacterial fitness during anti-FASII-
adaptation. As LTA is an abundant membrane-anchored molecule (via diglucosyl-
diacylglycerol; DG-DAG) (Grindling & Schneewind, 2007a), it was possible that LTA
depletion could affect membrane fluidity and/ or permeability. These possibilities
were assessed using Laurdan dye for membrane fluidity (Scheinpflug, Krylova, &
Strahl, 2017), and propidium iodide for permeability (Albaayit, Maharjan, Abdullah, &
Noor, 2022). No difference of membrane fluidity was found between NT and AD S.
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aureus, when tested on both exponential and stationary phase cultures (Supplemen-
tary, Fig. S4). In contrast, membrane permeability was greater in AD S. aureus com-
pared to NT S. aureus in stationary phase; this difference was not observed in expo-
nential phase (Fig. 8A). To evaluate a possible contribution of LTA in permeability, we
compared behavior of the iltaS strain ANG2505 in the absence and presence of its in-
ducer. Without IPTG, the iltaS strain showed greater membrane permeability than in
the presence of IPTG, supporting a role for LTA in membrane integrity (Fig. 8B). These
results suggest, but do not prove, that LTA may be implicated in the greater mem-

brane permeability of anti-FASII-adapted S. aureus in the stationary phase.
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Figure 827. Stationary-phase cell membrane permeability is higher in anti-FASII-
adapted cultures than in untreated cultures. (A) Membrane permeability of non-treated
(NT) and anti-FASIl-adapted (AD) S. aureus. (B) Membrane permeability of inducible (taS +
IPTG. RFU = relative fluorescence unit. Figures were prepared using Graphpad.
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8. Greater cardiolipin and reduced LTA glycolipid pools in anti-FAll-adapted
S. aureus. As anti-FASIl-adapted S. aureus are depleted for both UgtP enzyme and
LTA, we asked whether the UgtP product DG-DAG, and possibly other lipid pools,
would be altered. Lipid analyses were performed on NT and AD S. aureus. Three FA
conditions, namely ‘Natural FA mix’, ai15 (the main S. aureus FA), and ai15+C18:0
(main S. aureus FAs and predominant moieties of LTA), were compared in NT and AD
conditions. The main identified S. aureus lipids were phosphatidylglycerol (PG), DG-
DAG, and cardiolipin (CL). Proportions of PG were similar between NT and AD in all
three FA-supplemented conditions (Fig. 9A). DG-DAG pools were lower in AD
S. aureus, in keeping with the absence of detectable UgtP (Fig. 9B). In contrast, AD
bacteria showed higher proportions of CL (Fig. 9C). Both trends were observed across
the tested FA conditions, suggesting a possible link between DG-DAG loss and con-
comitant increases in CL. The most pronounced effects were seen in cultures supple-
mented with only ai15, the shortest FA used in experiments. Previous work showed
that CL is increased to 53.9% of total lipids in Newman S. aureus L-form, wall-less bac-
teria, compared to 22.5% in normal bacteria (Hayami, Okabe, Kariyama, Abe, &
Kanemasa, 1979). This suggested that CL may contribute to osmotic stability of the
L-form. We speculate that similarly, greater CL production in anti-FASIl-adapted

S. aureus may improve membrane integrity to compensate the loss of LTA.
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Figure 9. Proportion of lipid species in non-treated and anti-FASIl adapted S. aureus
cultured with different FAs. (A) phosphatidylglycerol (PG), (B) diglucosyl-diacylglycerol (DG-
DAG) and (C) cardiolipin (CL). Data represents the mean + SD of two biological replicates. NT =
non-treated S. aureus, AD = anti-FASII adapted S. aureus. Generated by Graphpad.

. Cell envelope thickening upon FASII bypass does not correspond to peptidogly-
can (PDG) changes. The increased size and thicker cell envelope of staphylococci
during adaptation to anti-FASII led us to question whether other envelope changes
might compensate the loss of LTA (Fig. 1). Proteomic data (Wongdontree et al.,, 2023)
showed upregulation of proteins involved in PDG synthesis during adaptation (Fig. 2).
Amounts of PDG in NT, AD, and anti-FASII-treated (prior to outgrowth) S. aureus were
evaluated by flow cytometry using HADA dye, which specifically labels PDG in live
bacteria (Kuru et al., 2013). AD and latency samples appeared to produce higher PDG
levels compared to NT (Fig. 10A). However, cell sizes varied among samples, likely
due to increased cell clumping in anti-FASII conditions (Kénanian et al., 2019) (Fig.

10B). With this consideration, the corrected value indicated that the PDG to cell size
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ratios were actually lower in AD and latency cells (Fig. 10C). These findings indicate
that increased cell envelope thickness during and after anti-FASII adaptation (Fig. 1) is
not primarily due to increased PDG content. Other factors or structural changes were
therefore searched to reconcile the observed alterations in cell morphology and

greater envelope thickness of the anti-FASII-treated S. aureus.
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Figure 10. Detection of peptidoglycan (PDG) in S. aureus NT, AD, and anti-FASII-treated
bacteria at 6 h. PDG was evaluated by staining with HADA (Weihs et al.,, 2018) and performing
flow cytometry. Events were counted for each measurement by flow cytometry. (A)
Fluorescence intensity reflects HADA incorporation. (B) Bacterial size (FSC-A). (C) Ratio of PDG
intensity over bacterial size. Graphs (generated by Graphpad) represent the means + standard
mean error and maximum and minimum of each data group. Orange =non-treated S. aureus
(NT); dark green = anti-FASII-adapted S. aureus (AD); light green = anti-FASII treated S. aureus
6h post-treatment, in latency period prior to outgrowth (Latency).

10. WTA is increased in anti-FASIl-adapted S. aureus. The observed LTA depletion in
AD S. aureus raised the question of whether other structures compensate the absence
of this key structure, if not PDG. Specifically, PDG-bound WTA is required when LTA is
absent (Hesser et al., 2020; Santa Maria et al., 2014). We asked whether WTA compen-
sates LTA loss in adaptation. WTA was prepared from NT or AD S. aureus. The WTA
extracts were loaded onto a native polyacrylamide gel electrophoresis (PAGE) gel and
then visualized using the alcian blue and silver staining technique. AD S. aureus
showed greater amounts of WTA compared to NT S. aureus (Fig. 11). We speculate
that increased WTA contributes to S. aureus survival during anti-FASII treatment by

compensating for the loss of LTA.
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Taken together with above results, AD bacteria show three cell envelope shifts:
loss of LTA with a concomitant decrease in the lipid anchor, DG-DAG, increased CL,

and increased WTA.
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Figure 11. Detection of WTA in non-treated and anti-FASIl adapted S. aureus. WTA in
non-treated (NT) and anti-FASIl-adapted (AD) S. aureus was compared using the alcian blue
and silver nitrate staining technique on native-PAGE gel (n=6). (A) Representative result. (B)
Mean and standard deviation of 6 independent samples tested as in (A). Generated by

Graphpad.

11.Bi-therapy using combinations of FASII and envelope inhibitors act synergisti-
cally to eliminate S. aureus. Increased cardiolipin in AD membranes (Fig. 9) is ex-
pected to confer a negative charge to membranes. We asked whether a positively
charged membrane-active antimicrobial would thus have increased toxicity if com-
bined with an anti-FASII (here AFN-1252). Nisin (net +4 charge) forms pores and
binds lipid Il to inhibit cell wall synthesis (Breukink & Kruij, 1999; Wiedemann, Benz, &
Sahl, 2004). We therefore tested whether nisin synergizes with anti-FASIl AFN-1252.
At the tested concentrations (0.1, 0.25, and 0.5 pg/ml), nisin alone did not prevent
USA300 growth. However, a synergistic effect was observed in the presence of AFN-
1252 (Fig. 12). This synergy is consistent with a role for cardiolipin in permitting ac-

cess to nisin, although this remains to be formally demonstrated.

Interestingly, inactivation of both teichoic acid structures is reportedly lethal in
S. aureus (Santa Maria et al., 2014). Since anti-FASII induces LTA depletion, we tested
whether it would be synergistic with an antibiotic targeting WTA synthesis. Our results
indicate that co-administration of AFN-1252 as anti-FASII, and targocil as anti-WTA,

has a biostatic effect (Fig. 13).
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Figure 12. Bi-therapy of anti-FASII and a cationic membrane disrupter. USA300 was
grown in SerFA without (solid bars) and with an anti-FASII (0.5ug/ml AFN-1252; AFN, hatched
bars) for 24h. NO, NO0.25, NO.5 indicates in pg/ml the amount of nisin added in samples.
Cultures were incubated 24 h and ODeoo were determined. Experiments show results of three
biological replicates (mean = SD). Note that no growth was observed even after 40 h of
incubation in bi-therapy treatments including 0.5 pg/ml nisin and higher.
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Figure 13. Synergy between an anti-FASIl (AFN-1252) and anti-WTA (targocil). Left, a
SerFA (SFA) USA300 culture was used as inoculum: CFUs correspond to the culture at 0 h.
Right, after inoculation, cultures were grown 15 h in the indicated conditions. Dilutions of
cultures grown in the indicated media were then spotted on solid SerFA medium. SerFA media
contained: T5= 5ug/ml targocil, T10= 10ug/ml targocil, T15= 15ug/ml targocil. AFN (A)= 0.5
pg/ml AFN-1252. Bi-therapy treatments used AFN (A) at 0.5 pg/ml. Plates are representative of

three biological replicates.
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Discussion

1. Is LTA required for S. aureus growth?

LTA was shown to be indispensable for S. aureus growth and division (Grindling &
Schneewind, 2007b). Nevertheless, exceptions are reported (see Chapter 4). Notably, specific
conditions including high osmotic medium and low temperature allow S. aureus survival
without LTA (Oku et al., 2009). These results may suggest that LTA might not be essential as
previously proposed. Moreover, growth defects of (taS mutants are suppressed by secondary
mutations (e.g. in gdpP, clpX, and sgtB) (Bak et al., 2016; Corrigan, Abbott, Burhenne, Kaever,
& Grundling, 2011; Karinou, Schuster, Pazos, Vollmer, & Grindling, 2019).; a growth defect of
cshA is suppressed by the loss of LTA (Khemici et al., 2020); and a pgl mutation leads to low
LTA pools (Zeden et al., 2023).

Previous studies showed that cell wall antibiotic treatment of S. aureus provoked loss of LTA.
However, bacteria did not survive such treatment (Kariyama, 1982). Here we showed that
FASII antibiotics provoke the loss of LTA, but in this case bacteria grow vigorously. This effect
is independent of bacterial mutations. Thus, an intimate link is established between FASII
bypass and the capacity to withstand LTA loss, which occurs independently of membrane FA
composition. These findings showing that bacteria depleted for LTA can continue growth

raises questions on the use of LTA as a candidate target for drug development.
2. Why is LTA lost after anti-FASII treatment?

A change in membrane phospholipid composition is ruled out as a cause for LTA loss: two
different strategies of phospholipid manipulation led to comparable FA profiles, but widely
different LTA pools (Fig. 7B). We conclude that FASII activity is a requisite for full LTA
presence. To explain this, we hypothesize that a shift in metabolites in anti-FASI|-treated S.
aureus could account for LTA loss. Notably, LTA synthesis is energetically costly. Bacteria
spend 75 ATP to resynthesize PG from DAG and glycerol phosphate (GroP) after LTA
polymerization, if one considers that one LTA comprises 25 units of GroP (Fischer, 1994).
Interestingly, we observed an increase in membrane permeability in anti-FASII adapted cells,
which is visible particularly in late growth phase (Fig. 8A). It is tempting to speculate that
depleted ATP pools due to leakage from anti-FASII-adapted membranes would slow down

LTA synthesis compared to synthesis of the other PG products (Fig. 14). Thus, a slight shift in
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ATP balance could favor synthesis of CL over LTA. Metabolite leakage might occur in

numerous situations, and could be driving factors in cell homeostasis in different conditions.

Another possibility is that intermediates of FASII and phospholipid synthesis, or of LTA, in
anti-FASIl-adapted bacteria could inhibit steps leading to LTA synthesis. An acyl-glycerol,
dodecylglycerol (DDG), provoked increased accumulation of Lyso-PA, PA, and CL, and
inhibited LTA production in Streptococcus mutans (Brissette et al., (1986) . We found that a
fabD mutant, which bypasses FASII directly, accumulates long-chain acyl-ACP (Morvan et al,
2016); since acyl-ACP and lyso-PA are both substrates of PIsC, one can speculate that both
substrates accumulate, and that PIsC activity is slowed. In this case, a consequence of lyso-PA
accumulation, or slowed PIsC activity, would alter membrane dynamics and be responsible

for reducing LTA synthesis (Fig. 14).

A third possibility is based on the observation that expression of UgtP was turned off by anti-
FASII treatment (Fig. 2), which might disable LTA synthesis. However, LTA depletion in ugtP
mutants occurs in some but not all S. aureus backgrounds (Fedtke et al., 2007); note that
USA300 ugtP mutant continues to produce LTA with a higher molecular weight (Hesser et al.,

2020), making this hypothesis less likely.

The above hypotheses to explain LTA loss in anti-FASII-adaptation conditions have to be

explored and constitute one of the perspectives of this study.
3. What compensates LTA depletion?

We found that CL and WTA were increased in anti-FASII-adapted S. aureus. Since LTA plays a
role in both membrane and periplasmic homeostasis, both these molecules may be needed

to compensate LTA depletion.

CL reportedly shares common properties and/or functions with LTA: Like LTA, CL adds
negative charged head groups on the membrane. Both structures are implicated in binding
autolysin, and might compensate for each other in regulating bacterial lysis (Suginaka,
Shimatani, Ohno, & Yano, 1979). The increased production of CL could replace this role of
LTA, and also contribute to structuring the membrane by reducing membrane leakage and
thereby reducing sensitivity to antimicrobial peptides (Hernandez-villa et al., 2018; Rocha-Roa

et al, 2021). Increasing CL also decreases lipid headgroup spacing (Hernandez-villa et al.,
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2018), suggesting greater membrane rigidity. These features could contribute to bacterial

fitness in the absence of LTA.

Previous studies suggested that LTA and WTA structures play redundant roles for cell division
and cell viability, and may at least partially compensate for each other (Hesser et al., 2020;
Oku et al,, 2009; Santa Maria et al,, 2014). WTA and LTA are both described as “continuum of
negative charge” (Neuhaus & Baddiley, 2003). Studies on bacterial turgor pressure suggest
that the intertwining LTA and WTA head groups may help maintain envelope integrity with a
stiff negatively charged "brush” barrier separating membrane and peptidoglycan; the loss of
LTA might be at least partially compensated by WTA (Erickson, 2021). In addition, similarly to
LTA, WTA possesses cation binding functions, and is involved in cell elongation and division
and also biofilm formation and host tissue adhesion (Swoboda, Campbell, Meredith, &
Walker, 2010). Simultaneous inactivation of both LTA and WTA structures is lethal (Santa
Maria et al., 2014), which motivated our use of combinatorial treatment between anti-FASII
(to eliminate LTA), and anti-WTA (to eliminate WTA). Compensation of LTA with WTA

supports the hypothesis that these two structures have some overlapping roles.

4. Is anti-FASII a feasible choice for bi-therapy in view of our findings?

Anti-FASII as a single-treatment antibiotic does not kill bacteria (Kénanian et al., 2019). While
the surviving populations show diminished virulence, the presence of persisting adapted
bacteria runs the risk of chronic infections, especially as adapted bacteria show tolerance to
oxidative stress (Wongdontree et al.,, 2023). Bi-therapy treatments based on synergistic drugs
could be a promising strategy for S. aureus elimination (Pathania et al., 2021). Anti-FASII,
coupled to a cationic membrane disrupter, or to an anti-WTA, as shown here using
respectively nisin or targocil (Figs. 12 and 13) may be promising strategies for treating

infection.
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Figure 14. Schematic diagram for phospholipid synthesis and proposed role for lipid
intermediates in decreased LTA. The diagram is adapted from Chapter 3 Fig. 28. It schematizes the
enzymes and reactions of staphylococcal lipid biosynthesis and anchored-membrane structures.
Enzymes are in blue. Boxed shaded pathways are involved in producing different lipid types. See Fig.
18 legend p. 47 for detailed descriptions based on articles specialized in each lipid product (Gardiner
et al,, 2020; Grindling & Schneewind, 2007b, 2007a; Kuhn, Slavetinsky, & Peschel, 2015; Morvan et al.,
2016; Nguyen & Gotz, 2016; Parsons, Broussard, et al., 2014; Percy & Griindling, 2014; Peschel et al.,
2001; Sastre et al.,, 2020; Short & White, 1972; Staubitz, Neumann, Schneider, Wiedemann, & Peschel,
2004; Stoll, Dengjel, Nerz, & Go6tz, 2005)). We hypothesize that intermediates in the FASII or LTA
synthesis pathways such as lysylphosphatidylglycerol (Lyso-PG), phosphatidic acid (PA) or diacyglycerol
(DAG) may inhibit LTA production. This remains to be proven. Red arrow = result based on the present
work; gray arrow = expected. Notably, DAG intermediates might increase due to UgtP decrease and
potentially due to lower ATP pools. CDP-DAG = cytidine diphosphate diacylglycerol. PGP
=phosphatidyl glycerolphosphate. Lpp= lipoprotein. Lysyl-PG = lysylphosphatidylglycerol. DG-DAG =
diglucosyl diacylglycerol. UDP-Glc = uridine diphosphate glucose.
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Figure 15. Consequences of anti-FASII adapted S. aureus. This schematic diagram illustrates
consequences of FASII antibiotic adaptation on S. aureus envelope structures. Anti-FASIl-adapted S.
aureus rely on exogenous fatty acids (eFAs) for growth. As reported here, adaptation leads to strongly
reduced amounts of lipoteichoic acids (LTA), whereas amount of wall teichoic acid (WTA) and
cardiolipin (CL) are increased. Peptidoglycan may be slightly decreased in anti-FASIl-adapted S. aureus
as determined by flow cytometry. These indicated that interruption of bacterial membrane
consequences to the alteration of bacterial envelope.
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Materials and Methods

Strains, media, and growth conditions. Community-associated methicillin-resistant S.
aureus (CA-MRSA), specifically the S. aureus SAUSA300_FPR3757 JE2 strain, referred to as
USA300, was used in this work as a wild-type strain. A mutant strain of fabD, malonyl CoA-
ACP transacylase inactivation, was constructed in our laboratory and referred to as a FASII
bypass strain (Vincent Leguillier and AG, in preparation). The LAC strain with isopropyl-D-
thiogalactopyranoside (IPTG)-inducible expression of [taS (ANG2505) was kindly provided by
Dr. Angelika Grindling Imperial College London, UK. All cultures were grown aerobically at
37°C and 200 rpm. Liquid or agar growth media were based on BHI (Brain-heart infusion
medium) and SerFA, which contained BHI with 10% newborn calf serum (Eurobio Scientific,
France) and 0.5 mM FA. The main FAs used in this work were a 0.5 mM final concentration of
a mixture of three FAs (0.17 mM each of C14:0, C16:0, C18:1 [Larodan, Sweden]), referred as
SerFA, and a natural FA mix contained (C14:0, ai15, C16:0, C18:0, and C20:0). Specific FA
mixes were used, such as ai15 and C18:0, or a single FA alone in some experiments. To test
the FASII bypass in S. aureus, AFN-1252 (anti-Fabl) (Karlowsky et al., 2009) or platensimycin
(anti-FabF) (J. Wang et al., 2006) was added at 0.5 pg/ml in SerFA as described and called
SerFA+AFN and SerFA+Plat, respectively (Kénanian et al., 2019). For most experiments, S.
aureus USA300 was streaked on solid BHI medium, and independent colonies were used to
inoculate overnight SerFA pre-cultures. The bacteria cultured in SerFA were referred to non-
treated (NT) bacteria, while the bacteria that exited from SerFA containing anti-FASII (AFN-

1252 or platensimycin) were referred to as anti-FASII adapted bacteria (AD).

Electron microscopy. Bacteria were fixed with 2% glutaraldehyde in 0.1 M Na cacodylate
buffer pH 7.2, for 3 hours at room temperature. Samples were then contrasted with Oolong
Tea Extract (OTE) 0.2% in cacodylate buffer, postfixed with 1% osmium tetroxide containing
1.5% potassium cyanoferrate, gradually dehydrated in ethanol (30% to 100%) and substituted
gradually in mix of ethanol-epon and embedded in Epon. (Delta microscopie —France). Thin
sections (70 nm) were collected onto 200 mesh copper grids, and conterstained with lead
citrate. Grids were examined with Hitachi HT7700 electron microscope operated at 80kV

(Elexience — France), and images were acquired with a charge-coupled device camera (AMT).
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LTA detection by Western blotting. LTA was evaluated in S. aureus USA300, and iltaS was
evaluated in the absence and presence of anti-FASII agents, AFN-1252 or platensimycin, in
SerFA (control) or SerFA+AFN. Cultures were inoculated in SerFA and then subcultured
overnight in SerFA with or without anti-FASIl. The following day, each culture was
subsequently changed to fresh medium with or without anti-FASII until it reached an ODggo of
approximately 1 or in the early of exponential phase (OD, optical density). The cultures were
collected at 10 units of ODeoo for each condition to check the LTA levels. Bacteria were spun
at 8000 rpm for 5 minutes and then washed with buffer (phosphate-buffered saline (PBS)
with 0.02% Triton) once, using the same speed and time of spinning, to eliminate the SFA,
and then washed twice with PBS. Pellets were stored at -80 °C until use. FastPrep (program 2;
6.5 m/s, 50s x 3) was applied to all samples before performing the Bradford protein assay to
determine the protein amount. 10 pg of protein were used for loading in 15%
polyacrylamide-SDS gels. The proteins on the gels were then transferred to a PVDF
membrane (BIO-RAD) using a power blot cassette (Thermo Scientific) and the "medium”
setting molecular weight program for 7 minutes. PVDF-Membranes were subsequently
incubated with specific primary antibodies against LTA (clone 55; HyCult Biotechnology) and
horseradish peroxidase-linked anti-mouse secondary antibody with dilutions of 1:2,500 and
1:5,000, respectively. The anti-LTA antibodies reportedly detect polyglycerolphosphate of LTA
(Grundling & Schneewind, 2007a). Finally, immunoreactive LTA species were detected by
enhanced chemiluminescence and analyzed using Image Lab 5.0 program. Experiments were
independently performed more than 10 times for LTA detection in wild-type USA300 in NT

and AD S. aureus, and 3 times independently in the mutant strains.

FA extraction. One unit of optical density at 600nm (ODsoo) of bacterial culture was collected
in SerFA with or without anti-FASII. The cultures were then centrifuged at 8,000 rpm for 5
minutes and washed once in 0.9% NaCl containing 0.02% Triton X-100, followed by two
additional washes in 0.9% NaCl at the same speed and time. The cell pellets were then
subjected to extraction of the membrane lipid as previously described, using sodium
methoxide in methanol and heptane with methyl-10-undecenoate (Kénanian et al., 2019). Gas
chromatography was performed in a split-splitless injection mode on an AutoSystem XL Gas
Chromatograph (Perkin-Elmer) equipped with a ZB-Wax capillary column (30 m x 0.25 mm x
0.25 mm; Phenomenex, France). Data were recorded and analyzed by TotalChrom

Workstation program (Perkin-Elmer). Fatty acid peaks of S. aureus were determined between
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12 and 32 minutes of elution and identified based on their retention times compared to

purified esterified fatty acid standards.

Membrane fluidity. S. aureus USA300 were inoculated in SerFA during the day at 37°C, and
then subcultured overnight in the fresh media SerFA + AFN-1252 to obtain non-treated and
anti-FASII adapted S. aureus (after regrowth). The next day, both cultures were subcultured
again in fresh medium and grown until ODeoo =1. 0.5 ml of bacterial culture was collected as
the exponential phase culture, centrifuged, and resuspended in PBS. Overnight cultures were
also collected. Bacterial membrane fluidity was assessed using Laurdan, a fluorescent probe
that intercalates into the membrane bilayer. Dye was added at a final concentration of 10 yM
and incubated at 30°C for 10 min (see (Wenzel, 2018) for protocol). Samples were then
washed 4 times in pre-warmed Laurdan buffer (30°C). Next, 200 pl of ODgoo= 0.4 culture was
transferred to a pre-warmed black 96-well plate (30°C) and subsequently the fluorescence
was measured using a Tecan Spark plate reader (Tecan, France). Then, the generalized
polarization (GP) was calculated according to the formula: GP = (1460 - 1500)/ (1460 + 1500) to

compare the membrane fluidity.Three independent replicates were performed.

Membrane permeability. S. aureus USA300 was precultured in SerFA and then transferred
to the fresh SerFA with or without AFN-1252 overnight. The next day, bacterial samples of
non-treated and anti-FASIl adapted bacteria were collected to measure membrane
permeability during stationary phase. Simultaneously, both overnight culture with or without
AFN-1252 were subcultured again to obtain samples from exponential phase (ODggo=1). 0.5
unit of ODsgo were collected for each sample and then washed twice with PBS buffer. Then,
100 pl of each washed sample was transferred to a black 96-well plate, and 1-10 pl of
ethidium bromide (1 pg/ml) was added. Membrane permeability was monitored by Tecan at
37°C for 1 hour. In addition, ANG2505 (IPTG-inducible [taS expression) was also used to
access membrane permeability. The iltaS was cultured with or without IPTG for 2h, and the

membrane permeability was monitored (N=3 for each condition).

Lipid extraction and profile. The bacteria were grown until ODepo= ~3, and 100 units ODso
was collected for lipid extraction. The bacterial cells were washed as described. The samples
were weighed (wet weight) using pre-weighed empty tubes to calculate the concentration
later. Subsequently, the bacterial pellets were dried by lyophilization overnight and weighed

again (dry weight). The samples were stored at -80°C before lipid extraction. For lipid
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extraction, all processes were performed in glass tubes to avoid contamination from plastic.
The freeze-dried pellet was extracted with 4.75 ml of extraction buffer (chloroform, methanol,
and 0.3% NaCl (0.9% NaCl stock solution) in a ratio of 1:2:0.8) without shaking at 80°C for 15
minutes, followed by vortexing for 1 hour (repeat this step, but vortex only for 30 minutes for
second time). Then, 2.5 ml each of chloroform and 0.3% NaCl were added, and phase
separation was achieved by centrifugation at 4000 rpm for 15 minutes. The lower phase was
collected, and then was evaporated in the next step under nitrogen gas. The samples were
stored at -20°C. The treated samples were then injected into a mass spectrometer for
analysis. The data were analyzed using Thermo Xcalibur Qual Browser, and each lipid type
was identified based on their respective standard peaks. The data were analyzed by using
three main lipids found in this work; PG, DGDG and CL. The proportion of each lipid was

shown by mean * SD of two replicates using GraphPad Prism 9.5.1.

Measurement of peptidoglycan. The bacteria were precultured in erSFA and then
subcultured overnight in the medium with/ without AFN-1252 to obtain non-treated and
anti-FASII adapted S. aureus. On the subsequent day, all the cultures were subcultured into
fresh medium with/ without AFN-1252, supplemented with 25uM HADA dye (7-
hydroxycoumarin-3-carboxylic acid-amino-D-alanine), which stains the peptidoglycan in live
bacteria (Weihs et al, 2018). Non-treated and anti-FASII adapted S. aureus were grown with
HADA for 2h, whereas the latency phase grown for 4-6h. The latency phase was subcultured
from SerFA overnight and then added AFN-1252 during the day. One unit of cultures (ODesoo=
1) were spun at 6000 rpm for 5 min and washed once with PBS before measuring the amount

of peptidoglycan using flow cytometry.

WTA detection by Alcian blue and silver staining. Non-treated and anti-FASII adapted S.
aureus USA300 were grown until ODey reached approximately 2-3. Sixty or 120 units of
bacterial cultures were collected for WTA extraction and processed as previous described
(Covas, Vaz, Henriques, Pinho, & Filipe, 2016) by loading the samples onto a 15% native
polyacrylamide gel electrophoresis (PAGE) gel and visualizing using Alcian blue and

silver nitrate staining.

Combinatorial approaches between anti-FASIl and identified candidates. Anti-FASII
(0.5pg/ml AFN-1252) was combined with two potential candidates: there are a positively
charged agent, nisin (0.1, 0.25 and 0.5ug/ml), and a WTA inhibitor (5, 10, and 15 pg/ml
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targocil). For anti-WTA, the combination was tested in USA300 at starting ODeoo= 0.05 or 0.1
and bacterial growth was monitored. The bi-therapy using AFN-1252 and targocil was
incubated for 15h in liquid SerFA, and 10-fold dilutions were spotted (5ul/ spot) on SerFA
plates. Plates were incubated at 37°C overnight before determining the colony forming units
(CFUs). Treatment of S. aureus by AFN-1252 and nisin was done as follows: USA300 was
precultured in SerFA, and then diluted to a starting ODsgo= 0.005 in SerFA containing or not
different antibiotics as described in Fig. 12. Cultures were incubated for 24 h and ODego

values were recorded.

Resistance to Congo red and targocil. Non-treated and anti-FASII adapted S. aureus
USA300 were grown until ODesoo ~2 and then adjusted to ODepo=1 to initiate the spot test
dilution (undiluted=UD). For each dilution, 5ul of bacteria were spotted onto SFA, SFA+2.5
mg/ml Congo red and/or SFA+10ug/ml targocil plates. These plates were then left overnight

at 37°C before being photographing.
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Figure S1. Inhibitors of FASII. The FASII pathway enzymes and known inhibitors are indicated. FASII
inhibitors may target initiation enzymes ACC and FabD, or elongation enzymes, particularly FabF or
Fabl. (See, (Morvan et al., 2017), for review). Adapted from (Kénanian et al., 2019). Note that the fatty
acid kinase complex (Fak) is required for phosphorylation of eFAs (Parsons, Broussard, et al., 2014),
which may then be extended by FASII, and/or be used in FASII bypass to produce phospholipids.
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Figure S2. LTA depletion after prolonged anti-FASII adaptation. LTA production in USA300 JE2 was
detected by immunoblotting with anti-LTA antibodies. Samples were taken in SerFA (SFA) medium,
and in SerFA-AFN-1252 (SerFAA) medium during latency period around (ODeoo = 0.4), upon outgrowth
at ODeoo =1 (AD) and after subculturing (1:100 dilution) in the same medium until ODeoo =1 (AD?).
Results are representative of 3 independent experiments.
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Figure S3. LTA detection in different strain backgrounds. LTA production was detected by

immunoblotting with anti-LTA antibodies, comparing non-treated (NT) in SerFA (SFA) and anti-FASII-
adapted (AD) in SerFA-AFN-1252 (SFAA). (Right) LTA was detected in the RN4220-R strain and in HG1-
R strain. Both these strains derive from 8325 lineage and were repaired to obtain an intact fakB7 gene
(Pathania et al., 2021). Presented immunoblot is representative of three biological replicates. HG1-R

LTA samples were run and detected from the same gel.
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Figure S4. Membrane fluidity. Membrane fluidity was measured using Laurdan dye (see Materials
and Methods). No differences were observed between non-treated (NT) and anti-FASIl-adapted (AD) S.
aureus USA300 strain, as tested in exponential (expo) and stationary phase (stat) cultures, and also

latency period during anti-FASII treatment. The graph summarizes results of three biological replicates.
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CHAPTER 7

Discussions and Perspectives

Environmental FAs enable S. aureus to bypass FASII inhibitors without genetic changes
(Kénanian et al. (2019) and this work). The transition from endogenous to totally exogenous
FAs in phospholipids contents by treatment with antibiotics targeting FASII (anti-FASII)
induces massive changes in protein expression, particularly stress response and virulence
factors, which affect the kinetics of in vivo infection in the insect model. In addition to overall
reprogramming in response to anti-FASII, oxidative stress conditions actually favor anti-FASII
adaptation by faster FA incorporation (Chapter 5). Remarkably, bacteria adapted to FASII
antibiotics showed a major loss in an important cell surface structure, lipoteichoic acid (LTA).
As a possible compensation, other cell envelope components were increased, notably
cardiolipin (CL) and wall teichoic acid (WTA) (Chapter 6). We propose that the increases in
these two pools contribute to normal growth of anti-FASII-adapted S. aureus in the presence
of serum, so that they remain overall competitive for growth. We uncovered a link between
FASII and LTA synthesis; indeed, LTA is drastically depleted when FASII activity is blocked
despite availability of phospholipid precursors. Finally, using a positive selection, we showed
that an "essential” function involved in phospholipid synthesis (encoded by plsX) can be
compensated by specific point mutations in two different enzymes: FabF, which is required
for FA elongation, and FadM, which encodes an acyl-CoA thioesterase. For both these
enzymes, it appears that their mutated forms may liberate FAs that are then used to
overcome the absence of PIsX (see Annex).

Open questions for future work:

The present work leads to questions about how bacteria adjust their metabolism to FASII

synthesis arrest, and what insights can be gained about bacterial lifestyle.

1- What is the effect of oxidative stress on FA incorporation? We showed that oxidative prim-
ing stress promotes faster FA incorporation, and consequently faster adaptation to anti-FASII
(Chapter 5). We hypothesized that oxidation might impact FASII gene transcription, or inacti-
vate proteins involved in FASII. In a previous study, a short-term (10 or 20 min) exposure to
H.0, led to decreased transcription of genes involved in S. aureus FA and phospholipid me-

tabolism (e.g. accC, accB, plsC and fabH) (Chang, Small, Toghrol, & Bentley, 2006). Lower ex-
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pression of initiation functions (encoded by acc) might favor FA incorporation (Gloux et al.,
2017; Morvan et al., 2017; Parsons et al., 2011). Proof of oxygen sensitivity of FASII enzymes

would be best addressed by a biochemical approach.

2- What triggers LTA loss in anti-FASII-adapted S. aureus? We would like to test our hypothe-
ses (Chapter 6) that a metabolite or an accumulated intermediate actually blocks LTA synthe-
sis. To this end, we could try to overproduce plsC as a means of reducing pools of intermedi-
ates (i.e., acyl-ACP or lysophoshatidic acid), which might restore LTA pools. Alternatively, we
could add a lyso-PA intermediate (Brissette, Cabacungan, & Pieringer, 1986) to test whether
this addition would provoke LTA loss. We also considered it possible that anti-FASII leads to
lower cytoplasmic ATP pools, which in turn would lower LTA synthesis due to its need for
large ATP pools (Werner Fischer, 1994). This could be tested by comparing ATP pools under

the different growth conditions.

3- What compensates LTA loss in anti-FASIl-adapted S. aureus? Two candidate functions
might separately or jointly compensate LTA loss: WTA, and/or CL. We showed that targocil
blocks growth in anti-FASII-adapted bacteria, indicating that WTA is required for growth in
this condition (Chapter 6). As CL pools are increased, and CL, like LTA, is negatively charged,
it is possible that CL compensates LTA depletion. A CL requirement after anti-FASII adapta-
tion may be tested in double mutants of cls1 cls2 (encoding cardiolipin synthases), or by us-

ing an agent that alters amounts of CL, while verifying pools of LTA.

Possible applications to develop based on our findings:

Anti-FASII alone does not inhibit S. aureus growth when eFAs are present (Kénanian et al,
2019; Morvan et al., 2016). However, this work revealed that anti-FASII-adapted S. aureus
populations display reduced virulence both in vivo and in vitro, giving some promise for
using anti-FASIl. We considered that combinations of anti-FASII with other treatments could
prevent S. aureus adaptation and potentiate its efficacy. Pathania et al. (2021) showed that an
anti-FASII (triclosan or AFN-1252) and a (p)ppGpp inducer (mupirocin) blocks S. aureus
growth. In this work, we demonstrate or suggest other couples that would act in synergy with

anti-FASII.
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1- We gave evidence that antioxidants delayed anti-FASII adaptation, which evokes the
possibility of using antioxidants to favor elimination of anti-FASIl-adapted populations
(Chapter 5). While administering large doses of antioxidants might not be a feasible bi-
therapy treatment, supplementing the diet with vitamin C could favor elimination of
remaining bacterial anti-FASIl-adapted populations if a second bi-therapy treatment is

identified.

2- Suppression of both TAs is lethal (Santa Maria et al., 2014). The anti-FASII (AFN-1252),
which reduces LTA production, proved synergistic with the anti-WTA, targocil, in eliminating
S. aureus (Chapter 6). On the other hand, our and others’ results may suggest that S. aureus
can survive when LTA is inhibited, thus questioning the choice of LTA for treatment of S.

aureus infection.

3- We observed an increase in CL in anti-FASII-adapted S. aureus, but did not determine
whether CL is required for growth in adapted conditions. Increased CL in anti-FASII-adapted
S. aureus might lead to greater bacterial sensitivity to cationic antibiotics. Indeed, the
potential synergy between nisin, a cationic antimicrobial, and anti-FASII was demonstrated

(Chapter 6, Fig. 12). A role for CL in synergistic killing by nisin remains to be proven.

4- Based on the present results, we suggest two other targets whose inhibitors could work

synergistically with anti-FASII:

a- FakA: while to date no inhibitor exists, it would be a choice combination with anti-
FASII, as such an inhibitor would block FA incorporation, and entirely stop FA me-
tabolism as we observed in fakA inactivated strain where no bypass was possible
(unpublished result). Such molecule will probably work in combination with anti-
FASII and will stop growth of S. aureus, and FASII by-pass in vitro. However, FakA is
not a narrow target as it is present in almost all bacteria in the microbiota with a
homology between 56% to 84% (ncbi blast) to S. aureus FakA

b- PIsX: no inhibitor exists against this target. We demonstrated that a AplsX S. aureus
mutant cannot grow in anti-FASII, even if FA is available (Annex). A PIsX inhibitor in

combination with anti-FASII would also stop FA metabolism.

To pursue development based on the proposed targets, we would use bioinformatics

approaches based on ligand predictions and 3-D protein structures.
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Abstract

PlsX is a reversible enzyme that converts acyl-acyl carrier protein (acyl-ACP) to acyl-POs. This
enzyme was considered essential for phospholipid synthesis in the major pathogen
Staphylococcus aureus. However, growth of a plsX deletion strain was rescued by adding
exogenous fatty acids (eFAs), which are phosphorylated to acyl-PO4 by the Fak fatty acid
kinase. Here, we generated plsX deletion mutants in two S. aureus backgrounds. As expected,
both AplsX strains failed to grow in non-FA-containing medium. However, we discovered two
classes of suppressor mutants of the AplsX strain that emerged on solid medium lacking FAs:

FAT"%8 mutant. Second, several mutations

First, a specific point mutation in fabF encoded a Fab
mapped to a putative acyl-CoA thioesterase (named FadM). Membrane FAs derived from
FabFA"" were shorter, whereas those from fadM suppressor strains were similar to those of
the parental strains. The AplsX suppressor strains both grew more slowly than an RN4220-
derivative parent, but grew normally in a USA300-JE2 background. Evidence is given that
both FabF and FadM suppressor loci lead to the release of FA from acyl-ACP substrates, by
different mechanisms, ie., respectively leaky activity and greater substrate permissivity. We
hypothesize that FAs are released by leaky activities of the AplsX suppressor loci, and are
then phosphorylated by Fak to produce acyl-PO,, the PIsX product. Unlike the WT parents,

neither the AplsX strain, nor its suppressors grew in the presence of an anti-FASII, indicating

that FASII activity is essential in the AplsX background.
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Introduction

PlsX, a glycerol-3-phosphate acyltransferase, is the first dedicated enzyme of the phospholip-
id synthesis pathway in Firmicute bacteria. This membrane-associated enzyme produces acyl-
phosphate (Acyl-PO,) from acyl-acyl carrier protein (acyl-ACP), thus linking FASII to phospho-
lipid synthesis. Acyl-POs is used by the integral membrane protein PIsY to attach the acyl
group to the glycerophosphate backbone at “position 1". But being a reversible enzyme, PlsX
also produces acyl-ACP from an acyl-POs. This “backwards” reaction is useful, for example, in
conditions where exogenous fatty acids (eFAs) are available, as in the lipid-rich host. eFAs are
phosphorylated by the fatty acid kinase (Fak) to produce an acyl-PO4 (Parsons et al.,, 2014a).
This product could then be used by PIsY for phospholipid synthesis as above, or it could be a
substrate for the reverse PlsX reaction to produce acyl-ACP, which then may either reenter
the FASII pathway, or be used by PIsC to complete synthesis of phosphatidic acid (Fig. 1).
These complex events rely on PIsX activity (Fig. 1). Interestingly, studies of PIsX in Bacillus
subtilis indicate that it is a conditionally membrane-bound protein, which may contribute to
its reversibility (Sastre et al., 2020).

Previous studies in S. aureus showed that despite its importance, PIsX can be deleted
when eFAs are supplied. In this case, acyl-PO4 is produced from eFAs by Fak, which compen-
sates the absence of PIsX (Parsons et al.,, 2014a; Parsons et al., 2014b). In Streptococcus pneu-
moniae, plsX deletion is achieved without adding eFAs, thanks to the presence of TesS (or
FatA; SP1408), an acyl-ACP thioesterase that liberates FAs, which are then phosphorylated by
Fak (Parsons et al.,, 2015). Since S. aureus did not encode an acyl-ACP thioesterase to liberate
FAs, the source of FAs had to be exogenous (Parsons et al., 2014b).

Using positive genetic selections is a powerful means of uncovering genetic links, or
of revealing secondary gain-of-function mutations that compensate genetic loss. Such selec-
tions reveal novel networks, as well as previously unknown repurposing capacities of known
genes. In the context of our studies on fatty acid metabolism, we constructed plsX deletion
mutants in two S. aureus backgrounds. We show that growth of the AplsX mutants on solid
medium lacking eFAs gives rise to suppressors. The suppressor loci are identified and map to
2 alternative genes, each unrelated to PIsX. Suppressor phenotypes are characterized, and
models are presented to explain their compensatory roles. Both appear to liberate free FAs at

different steps, which would then be phosphorylated by Fak to compensate plsX deletion.
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Acetyl-CoA
| AccBCDA
FabZ FabG Malonyl-CoA
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FASII  “———— Malonyl-ACP

. FabH
* Fabl FabF
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lex
Phospholipid A
A——
PisC synthesis AF0s Fa ¢
PlsY

PA
Fig. 1: Dual functional role of PIsX, a reversible enzyme, in phospholipid synthesis.

PIsX (in blue) uses acyl-ACP (FA-ACP) as a substrate to produce acyl-POas, which in turn is a substrate
for PIsY to join the acyl group to a glycerol phosphate backbone in position 1. This product, called
lysophosphatidic acid, is a substrate for PIsC, which then uses FA-ACP to add an acyl group at position
2, generating phosphatidic acid (PA). In the presence of eFAs (in green), PIsX can display reverse activi-
ty: eFA phosphorylated by Fak produces FA-ACP. In the presence of a FASII inhibitor (dashed red T),
eFA is the sole source of FAs, and FA-PO4 is used i- as a substrate for PIsY, and ii- as a substrate for
reverse PIsX activity, to produce PA. Note: in a plsX mutant, FASII remains active, but charging FAs on
position 1 and position 2 for PA synthesis are dissociated.

Materials and methods

Strains and plasmids. The S. aureus strains used in this work are USA300_FPR3757
(designated JE2; (Fey et al., 2013)) and RN4220-R (called here RN-R; (Pathania et al., 2021)).
RN-R is a readily transformable strain derived from RN4220, of the NCTC 8325 line (Herbert
et al, 2010). It was repaired to restore a functional fakB1 gene, which is defective in the entire
NCTC 8325 lineage (Pathania et al., 2021)). AplsX mutants were grown on BHI medium
containing C18:1 fatty acid at a concentration of 0.25 mM (Larodan, Sweden). Parental strains
and AplsX-suppressor mutants were grown in BHI medium (Brain Heart Infusion; Gibco,

France) at 37°C with shaking.

plsX mutant construction. The AplsX mutants were constructed in RN-R (RN4220 repaired
for a defective fakB1 gene in the NCTC8325 lineage; (Pathania et al., 2021), and USA300 JE2
backgrounds. The preparatory plasmid for plsX deletion was constructed using the Gibson
assembly method to insert DNA segments flanking the plsX orf into Sma1-linearized pMAD, a
thermosensitive plasmid (Arnaud et al., 2004; Biswas et al, 1993). Oligos for AplsX

construction are in Table S1. Constructions were verified by DNA sequencing of PCR-
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amplified fragments. The double cross-over gene replacements were obtained as described
in RN-R and JE2 strains. The resultant strains were submitted to whole genome sequencing

(Eurofins, Germany). Sequences will be submitted to the EBI database.

Cloning and complementation of the AplsX mutant in RN-R and JE2 strains. To confirm
that strain characteristics were due to the plsX deletion, the intact plsX gene was cloned on a
multicopy plasmid (pIMAY derivative kindly provided by P. Bouloc, I2BC, France (Coronel-
Tellez et al., 2022) Cloning was performed by Gibson assembly (Table S1).

Table S1. Oligonucleotides used for chromosomal and plasmid constructions*.

Plasmid for AplsX construction on pMAD linearized by Smal
Oligonucleotides sequence 5'to 3'

pMAD_FapR_F TCTATCGATGCATGCCATGGTACCCCTTCATCACAGACCATGAACTAAGC FapR fragment
FapR_FabD_R CGGAAAAATAATTGCTGTTTTACTCATAATTTTATCCTCGCTTATCATAAAAC
FapR_FabD_F GTTTTATGATAAGCGAGGATAAAATTATGAGTAAAACAGCAATTATTTTTCCG FabD fragment
FabD_pMAD_R GCAGAAGCTTCTAGAATTCGAGCTCCCTGTGACCTGAAACAACAATTTGACC

Verifications for pMAD constructions
pMAD_forward oligo GTTACGTTACACATTAACTAGACAG
pMAD_reverse oligo TGGACAGCATGGCCTGCAACGC

Cloning plsX on pIMAY-derived locus1 plasmid (kindly provided by P. Bouloc, lab collection)
Oligonucleotides sequence 5'to 3'

pIMAY_FapR_F AGTTTGTGGTTTAATGGGGTTGACACTTGAACTATTTAAA FapR fragment
FapR_plsX_R TCAATTGCTAATTTAACCATTTTTTAGTACCTAGTCTTAA

FapR_plsX_F TTAAGACTAGGTACTAAAAAATGGTTAAATTAGCAATTGA plsX fragment
plsX_pIMAY_R TTGTTGCTATAATGAAATGCGTTCTTACTCATTTGATTCACCTA

pIMAY_FapR_R TTTAAATAGTTCAAGTGTCAACCCCATTAAACCACAAACT pIMAY linearized by
plsX_pIMAY_F TAGGTGAATCAAATGAGTAAGAACGCATTTCATTATAGCAACAA reverse PCR

* Chromosomal mutations and plasmids were established in RN-R and USA300 JE2 strains.

Isolation of suppressor mutants. JE2 AplsX and RN-R AplsX strains were first streaked on
solid BHI medium containing C18:1, an FA that promotes growth. For each strain, a single
colony was then used to inoculate a liquid culture (in BHI+C18:1). When the culture reached
exponential phase, it was diluted to ODsoo = 0.1. Serial dilutions were plated on solid medium
to obtain ~10° to ~10” colony forming units per plate on solid BHI medium without FAs. Col-
onies were scored after two or more days of incubation at 37°C, and selected at random for
restreaking on solid BHI medium. Liquid cultures were prepared in BHI, and glycerol was
added at a final concentration of 20% for storage at -70°C. The stored mutant clones were
analyzed by DNA sequencing to identify mutated loci.

PCR amplification and whole genome sequencing. Selected candidate colonies were sus-

pended in 100 pL of 0.9% NaCl with 1 pL of lysostaphin from a 5 mg/mL stock. Tubes con-
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taining suspensions are shaken for 45 min at 37°C. Glass beads are then added and samples
are shaken at high speed for 1 min using FastPrep (FP120; MP Biomedical). Primers ((reverse
and forward respectively) used for PCR amplification of 1- fabF DNA: 5 GGAATCAGCTAGA-
GAACGC 3' and 5' CATTTTTCAACCCACAAGAGG 3'; 2- SAUSA300_0150 (designated 0150): 5'
GGTCCTTGTCGATACCTATCA 3" and 5' TTGGCAGTAATTGACTGAAC 3'; 3- csalA DNA: 5' GAT-
TATCCTGAGCTACTTCG 3' and 5 CGTGGCCTGGATATGATGAT 3'; 4- thioesterase gene
(SAUSA_1247 or SAOUHSC_01348): 5' ATCTTCACGCTAATTACATT 3" and 5' AATCGGTATTT-
GAGGCAC 3'. PCR reactions were carried out in a SimpliAmp Thermal Cycler (ThermoFisher
Scientific, France) as follows: 30 s at 98°C, 30 cycles consisting of 10 s at 98°C, 30 s at 48°C, 1
min 30 s at 72°C, and 4 min at 72°C. PCR products were analyzed on a 0.8% agarose gel pre-
pared in Tris (0.02M) EDTA (0.5 mM) acetate (0.01M) containing 0.5 pg/mL ethidium bromide.
Gels were run at 100 V for 33 min in an electrophoresis chamber (Mupid ONE; Dutscher,
France), and photographed under UV light using the EBOX VX5 imaging system (Vilber
Lourmat, France). PCR samples were purified using the NucleoSpin® Gel and PCR Clean-up
kit (Macherey-Nagel, France). Samples were then sent for DNA sequencing (Eurofins Ge-
nomics, France).

Genomic DNA preparation for whole genome sequencing. Bacterial cell pellets, prepared
from 3 mL liquid exponential phase cultures, were centrifuged at 8,000 rpm for 5 min. Pellets
were re-suspended in 800 uL TE buffer (10 mM Tris- HC1, pH 8.0/1T mM EDTA) plus 20 uL
lysostaphin 5 mg/mL, and incubated for 45 min at 37°C. We then added 2.7 pyL RNAse (40
mg/mL stock) and samples were incubated again at 37°C for 1 hr. 34 yL 20% SDS and 4.3 yL
proteinase K were added, and tubes were incubated 1 h at 55°C. 150 pyL of 5 M NaCl is then
added and gently mixed, followed by addition of 130 pyL of CTAB/NaCl (from a stock pre-
pared as 10 g cetrimonium bromide and 4.09 g NaCl in 100 mL H,0). Tubes were then incu-
bated in a water bath for 20 min at 65°C. 1.14 mL of chloroform:isoamyl alcohol (24:1) was
added and the solution was mixed, and then centrifuged 30 min at room temperature. The
upper phase was recovered, and 850 pL isopropanol was added. The tube was inverted sev-
eral times for gentle mixing, and the solution was centrifuged at 13,000 g for 30 min at 4°C.
The supernatant is discarded and 100 pL of 10 mM Tris buffer pH 7 was added to resuspend
the DNA pellet.
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Growth kinetics. 3 mL precultures were prepared in BHI for parental and suppressor strains,
or in BHI containing 7.5 pL C18:1 for AplsX strains. After overnight growth, ODeyo measure-
ments were determined, and cultures were diluted in BHI medium + C18:1 to start growth at
ODe¢oo = 0.05. Growth was monitored by ODsoo measurements every two hours.
Determination of fatty acid composition. The equivalent of ODey = 2 of bacterial cultures
was used for extractions. Bacterial cultures were centrifuged, and pellets were washed once in
700 pL of 0.02% Triton in 0.9% NaCl, then twice with 700 pL of 0.9% NaCl. FA extractions were
performed as described (Kenanian et al., 2019). Briefly, esterification was performed using
sodium methanolate at 0.3% NaCl. Extracts were analyzed by gas chromatography (AutoSys-
tem XL gas chromatograph; Perkin-Elmer) with a ZB-Wax capillary column (30 m x 0.25 mm x
0.25 mm; Phenomenex, France) in split-splitless injection mode. The program used to record
and process the data was TotalChrom Workstation (Perkin-Elmer). S. aureus FA peaks were
identified using purified esterified FA standards.

Detection of acyl carrier protein (ACP). Pellets from ODgoo=10 equivalent of bacterial
cultures were collected by centrifugation (8000 rpm for 5 min). They were then washed twice
with 0.1% PBS (Phosphate Buffer Saline)-Triton X100, then washed once with PBS. The pellets
are then re-suspended in 600 uL PBS supplemented with 6 uL antiprotease (100X), 50 ug/mL
lysostaphin and 50 pg/mL DNAse. Samples were then shaken for 25 min at 37°C. Protein
concentrations were determined as described (Bradford, 1976).

Protein extracts (10 pg) were loaded onto non-denaturing gels containing 2.5 M urea
and 17% acrylamide gel prepared as described (Morvan et al.,, 2016). The separated proteins
were transferred to a PVDF membrane (Biorad, France) by electroblotting using a power
blotter semi-dry transfer system (Invitrogen, France). The primary anti-ACP antibody (Morvan
et al., 2016) was used at 1:500 dilution and secondary anti-rabbit IgG conjugated with
peroxidase at a 1:5000 dilution (Covalabs). Revelation of ACP-reactive bands was done using
the ECF substrate (Perkin Elmer, France) and the fluorescent signal recorded using a
ChemiDoc (Biorad, France). Protein transfer is realized using a current of 25 V and 1.3 A
Power Blotting Station (Invitrogen) during 7 min. The membrane is incubated with 1/1500
anti-ACP antibody then with goat anti-rabbit IgG coupled to horseradish peroxidase
(Invitrogen). The membrane is impregnated for 1 min in luminescence reagent (Western
Lightning Pro, Chemiluminescent Substrate, Perkin Elmer). Membranes were photographed

using ChemiDoc (Biorad) and analyzed using Image Lab 5.0 program.
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FASII bypass growth experiments. Strains are grown overnight in liquid SerFA medium
(SerFA, BHI containing 10 % newborn calf serum and a mixture of free fatty acids, an equimo-
lar mixture of 0.17 mM each C14, C16, C18:1 [Larodan, Sweden]). Cultures are then diluted to
ODs00=0.05 in SerFA supplemented or not with the anti-FASII AFN-1252 (here called AFN;
(Karlowsky et al., 2009); MedChemExpress, France). Growth was monitored after 16h by ODsno

measurements.

Results and Discussion

1-Construction and phenotypic confirmation of a AplsX in-frame mutant. p/sX is the
second gene in a multicistronic operon (Fig. S1). We constructed an in-frame AplsX mutant,
which was established in RN-R (an RN4220 strain repaired for a defective fakB71 gene in the
8325 lineage; (Pathania et al.,, 2021), and in the USA300 JE2 strain. Both AplsX mutants were
confirmed by full genome sequencing.

To confirm that strain characteristics were due to the plsX deletion, the intact plsX
gene fused upstream to the fapR promoter was cloned on a multicopy plasmid (Materials and
Methods), and established in RN-R and JE2. The complemented strain displayed normal

growth on medium lacking eFAs.

- f - - =

fakB1 fabH fabB/F fabl fakA fapR plsX fabD  fabG acpP plsY
NCTC8325 SAOUHSC_# 00764 00920 00921 00947 01193 011961001201 01350
USA_FPR3757 SAUSA300_# 0733 0885 0886 0912 1119 1121t0 1125 1249
two copies accBC
NCTC8325 SAOUHSC_# 017091001710
USA_FPR3757 SAUSA300_# 1563 t0 1564
fakB2 accC accB accA  accD pisC fabZ murA
NCTC8325 SAOUHSC_# 01433 01623t0 01624 0180810 01809 01837 02336
USA_FPR3757 SAUSA300_# 1318 147510 1476 1646to 1647 1673 2054

Fig. S1. Organization of genes involved in FASII and FASII bypass. Dark green FASII initiation; red,
FASII elongation; orange, acyl carrier protein (acpP) involved in all processes; blue, phospholipid
synthesis; light green, FASII bypass fatty acid kinase; pink, regulatory. Strain names and corresponding
loci for the given functions are indicated.

2-FA auxotrophy of S. aureus AplsX mutants is suppressed by secondary mutations.
During phenotypic characterizations of the purified confirmed mutants derived from the
USA300 parental strain, we noted the emergence of colonies on BHI medium without FA.

Colonies were reisolated and stocked. Three suppressors (designated Sup 1, Sup2, and Sup3)

were characterized by whole genome sequencing. Results confirmed the in-frame deletion of
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the entire plsX gene. In addition, point mutations were found in each of the suppressor
strains (Table S1). Sup 1 and Sup 2 each had a different mutation in fabF (SAUSA300_0886)
encoding the 3-oxoacyl-(acyl-carrier-protein) synthase 1l (FabF) protein of the FASII
elongation cycle (Fig. 1, Fig. S1). These led to FabF*''*f (alanine to glutamic acid) and
FabFP2%% (aspartic acid to alanine) substitutions. However, the latter mutant (Sup2) could not
be recovered from the initial stocked suppressor strain, and was excluded from this study. We
noted that Sup1 and Sup2 also carried the same point mutation in csalA (SAUSA300_0100),
encoding a tandem lipoprotein. Suppressor 3 carried a mutation in the SAUSA300_0150
gene, which is annotated as encoding a transposase, but is not conserved among S. aureus
strains. This mutation was not further studied.

To identify which loci were relevant to AplsX suppression, we isolated 31 other AplsX
suppressors, starting from AplsX constructs in both RN-R and USA300 JE2 backgrounds. We
selected 16 and 15 suppressors, respectively, and screened for those carrying fabF mutations
by PCR and DNA sequence analyses (Table S1). Of the 31 suppressors sequenced (16 RN-R
and 15 JE2), overall, 14 carried fabF mutations that all mapped to the same nucleotide

FAT®E alteration as in Sup1. Alanine is a neutral

(genome position 972590), resulting in a Fab
to positive amino acid, and glutamic acid adds a negative charge. This protein modification
may impact its interactions with its acyl-ACP substrates.

The remaining 17 suppressors carried a wild-type (WT) fabF sequence, suggesting that

mutations conferring growth on BHI occurred elsewhere.

3-Whole genome sequencing identifies a second AplsX target. Four strains were random-
ly selected among the AplsX suppressors that were not mutated in fabF (two derived from JE2
AplsX and two from RN-R AplsX). Genomic DNA sequencing identified a single common gene
target when compared to the sequence of the reference strains (using the respective AplsX
strains): SAUSA300_1247, which encodes a putative 155 amino acid acyl-CoA thioesterase,
was mutated in every suppressor whose complete genome was sequenced (Table S1). We
noted that a 99% identical S. aureus protein was previously crystallized, and assigned the
name FadM (PBD database protein 6FDG_A; the name derives from a 39% homologous FadM
protein from E. coli). Following this result, the S. aureus fadM gene was sequenced in all the
other suppressors lacking mutations in fabF. All of them carried mutations in fadM. Three

discrete FadM mutations were observed among the JE2 AplsX suppressors (FadM™®,
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FadM", and FadM"'*¥f), and a single mutation (FadM"%) was identified in the four isolates
selected from RN-R AplsX (Table S1; Table S1a and S1b).
Table S1. Compilation of mutations found in AplsX suppressors. The red X' indicates that the

mutation is present in the tested isolate. NT, not tested. Suppressors identified from total genome
sequencing are in bold. The green letter of each strain name is used for following the growth curve.

Mutation
SAUSA300_0886 SAUSA300_0150 SAUSA300_0100 SAUSA300_1247 (Acyl-CoA thioesterase) FadM
Strain name FabF FabF 0150 CsalA FadM FadM FadM
AT19E D266A P71S K185Q Y133F 138T YOOF
RN4220 5.1 X NT NT NT NT
RN4220 5.2 X NT NT NT NT
RN4220 5.3 X NT NT NT NT
RN4220 5.4 X NT NT NT NT
RN4220 5.5 X NT NT NT NT
RN4220 5.6 NT X
RN4220 5.7
RN4220 5.8 NT X
RN4220 6.1 X NT NT NT NT
RN4220 6.2 X NT NT NT NT
RN4220 6.3 X NT NT NT NT
RN4220 6.4 X NT NT NT NT
RN4220 6.5 X NT NT NT NT
RN4220 6.6 X NT NT NT NT
RN4220 6.7 X
RN4220 6.8 X NT NT NT NT
JE2 7.1 NT X
JE27.2 NT X
JE27.3 NT X
JE27.4 NT X
JE2 7.5
JE2 7.7 X NT NT NT NT
JE2 7.8 X NT NT NT NT
JE2 8.1 NT X
JE2 8.2 NT X
JE2 8.3 NT X
JE2 84 NT X
JE2 8.5 NT X
JE2 8.6 NT X
JE2 8.7
JE2 8.8 NT
JE2 Sup 1 X
JE2 Sup 2 X
JE2 Sup 3 X
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Table S1A. Incidence of fabF mutations among AplsX suppressors.

RN-R Total Mutated in fabF Not mutated in fabF
Number of isolates 16 12 4
Percent of total 100 75 25
USA300_FPR3757 JE2 Total Mutated in fabF Not mutated in fabF
Number of isolates 15 2 13
Percent of total 100 13 87

Table S1B. AplsX suppressors mapping in thioesterase gene, SAUSA300_1247 (fadM).

PCR sequencing of SAUSA300_1247 (fadM) was done on 17 AplsX suppressors grown on BHI, which
were not mutated in fabF. These include 4 RN-R AplsX and 13 JE2 AplsX isolates. All carried a fadM
mutation.

Mutation Mutation Mutation
strains
Total 38T Y90F* Y133F
RN-R AplsX 4 - 4 -
JE2 AplsX 13 8 3 2
Number of isolated 17 8 7 2
Percent total 100 47 41 12

* All 4 RN-R AplsX isolated carry the YOOF mutation.

4-Impact of AplsX suppressors on bacterial growth. Growth of representative AplsX sup-
pressors was determined in the RN-R and JE2 strain backgrounds (Fig. 2). As expected the
AplsX deletion strain failed to grow in BHI medium in both RN-R and JE2 backgrounds. How-
ever, while the fabF and fadM suppressor mutations were identical in the two strains, the
growth phenotypes differed according to strain backgrounds: In the RN-R background,
growth of both suppressors was intermediate between the WT strain and the AplsX mutant.
In contrast, all suppressors in the JE2 background grew in BHI essentially as the WT. Thus, the

suppressor mutations, whether in fabF or in fadM, restore normal growth to JE2 AplsX, where-
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as in RN-R, these same mutations only partially restore growth. Other bacterial factors may
contribute to restoring growth, which distinguish the two background strains used here. For
example, JE2, but not RN-R (derived from RN4220), produces staphyloxanthin pigment, which
comprises an acyl moiety (ai15) (Pelz et al., 2005). Staphyloxanthin production in AplsX mu-
tant suppressor strains might contribute to growth and fitness. This hypothesis remains to be

tested.

RN-R, AplsX and suppressors in BHI Fig. 2. Growth of S. aureus WT, AplsX and
AplsX suppressors in the RN-R and JE2
backgrounds. Upper: Strain RN-R AplsX 6.4
is representative of 12 isolates whose
mutations led to a FabFA""*f modification.

Strain RN-R AplsX 5.6 is representative of 4
MYQOF

ODsg0
o

isolates with an Fad modification.
0.05 Lower: The JE2 AplsX 7.8 strain is
representative of 2 isolates carrying the a

Time (h)

RN4220-R AplsX 5.6 ex FadM YSOF —e=RN4220-R AplsX 6.4 ex FabF A119E FabFAT"t  mutation. JE2 AplsX 83 is
—RNAZ20-RWT ——RN4220-R AplsX representative of 8 isolates with a FadM'8"
mutation.  Strain  JE2  AplsX 7.1 s
. | representative of 3 isolates that possess a
5 8 FadM"% mutation. Strain JE2 AplsX 8.8 is
representative of 2 isolates carrying a

USA300 (JE2), AplsX and suppressors in BHI

05 - FadMY33F mutation. Growth curves are the

ODggo

mean and range of  biologically

0.05 4 independent duplicates. See Table S1 for

_— strain designations.

~e—]E2 AplsX 7.1 ex FadM Y9OF =e=JE2 AplsX 7.8 ex FabF A119E
=—e—]E2 AplsX 8.3 ex FadM 38T JE2 AplsX 8.8 ex FadM F133Y
——JE2 WT —e—JE2 AplsX

5-Impact of AplsX suppressors on membrane FA composition. We assessed membrane
FA composition, comparing WT, AplsX, and AplsX fabF and AplsX fadM suppressor mutants in
both RN-R and USA300 JE2 backgrounds. We note that the suppressors show two distinct FA
profiles. The fabF suppressor strains produce membrane FAs of shorter overall length than
both wild-type RN-R and USA300 JE2 parents. The longest FA significantly detected in the
fabF suppressor was ai17 (anteiso17). Neither C18:0 nor C20:0, which are straight-chain FAs
commonly produced in the WT background, were detected in the fabF suppressor strain. This

FA‘I 19E

could be explained if the mutated Fab suppressor allele is partially defective for

elongating the acyl-ACP substrate.
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FA profiles in fadM suppressor strains were closer to parental profiles than those in
the fabF suppressor strain. Of note however, both RN-R and USA300 JE2 fadM suppressors
produced proportionately less C18:0 and C20:0. The differences between the FA profiles

between the two suppressor loci underline the differences between their modes of action.

RN-R USA300 JE2
e ails
WT WT
C18:0
J ai19 C20:0 C20:0
0 I O D IO | _L_LJ_ALLL_L
AplsX suppré6.4 ail7  AplsX suppr7.8
ail7 FabpA119e C16:0 FabpAL1E
C16:0! | Ll
A O Y lm |
AplsX suppr5.8 ! AplsX suppr 8.3
FadMYooF FadM'38T
C18:0 ail9
[ a_ i a_o__J 4 I. 1l A J_/J
T T T _‘1 T _{1 T ; T l T T T T I T T T T l T 1 T T I T T
12 14 16 18 20 2 4 10 15 20 25

Fig. 3. FA profiles of AplsX suppressors in RN-R (left column) and JE2 (right column) grown on
BHI. The suppressor identities are indicated directly in the figure. ai represents anteiso: ai15 is the
main FA synthesized by S. aureus. Note that the FA lengths in fabF suppressors are globally shorter
than those in the WT parental strain. Noted, AplsX doesn't elongate C18:1.

6-ACP distribution in JE2 WT, AplsX, and AplsX suppressors. ACP accompanies all FA in-
termediates of the FASII cycle, and is also involved in reverse PIsX activity (Fig. 2). We per-
formed immunoblots on gels run under non-denaturing conditions (Cronan and Thomas,

2009) to follow the distribution of FA intermediates linked to ACP in the JE2 parental strain,

AplsX, and AplsX suppressors (Fig. 4).
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Fig. 4. ACP species in S.aureus JE2, AplsX, and
AplsX suppressor strains.The indicated strains were
grown in BHI. The AplsX mutant was first grown in
BHI+C18:1 medium, and then shifted for 2h in BHI
prior to harvesting. JE2 7.5 and 8.7 strains respectively
containing FadM"8T or FadM"'*Ff (encoded by
- : : SAUSA300_1247). JE2 7.7 carries FabFA""% (encoded
® . & S . ]'Eijfo;?ﬁffé‘;‘ by SAUSA300.0886). On this non-denaturing

acrylamide gel, acyl-ACP species migrate faster with

JE2WT

JE2 AplsX

JE2 7.5 FadMPs"

JE2 8.7 FadMY133
JE2 7.7 FabFA'1oF

longer acyl moieties (attributed to tighter protein
folding; (Cronan and Thomas, 2009)). The AplsX strain
accumulates long acyl-ACP (left arrow) as reported
- -_—" - j|VI,ong chain (Parsons et al., 2014b). This species likely corresponds

Q P acyl-ACP

to a pileup of intermediates that cannot be used by
PIsC at position 2 until position 1 is filled (Fig. 1). In
contrast, the long acyl-ACP species is absent in the
WT strain and the 3 suppressors. The immunoblot is
representative of biological duplicates.

The AplsX mutant was distinguished by the presence of a fast-migrating band, corresponding
to ACP bound to long-chain FAs. Its presence only in the AplsX sample, indicates that FASII is
active, and produces long-chain FAs that accumulate that are not used to produce
phosphatidic acid. This is expected, because the PIsC substrate (lysophosphatidic acid) is
unavailable until position 1 is filled by PIsX; in the AplsX strain, this reaction cannot occur (Fig.
1; (Parsons et al.,, 2014b)).

In AplsX fabF or fadM suppressor strains, the absence of the long acyl-ACP species,
and good growth suggest that FA is released from the acyl-ACP intermediate, and is then
processed to occupy position 1. We propose that FabF and FadM mutations facilitate
hydrolysis of the acyl-ACP species. Subsequent phosphorylation of the released FA to acyl-
PO, would require coordination with Fak. FadM suppressor mutants showed lower detectable
pools of free and/or malonyl-ACP to WT levels.
7-0plsX suppressors do not restore S. aureus ability to bypass the FASIlI pathway. We
asked whether the suppressor strains also complemented the reverse PlsX activity (i.e., to
form acyl-ACP from acyl-PO.) (Fig. 2). To test this, we grew WT, AplsX, and AplsX fabF and
AplsX fadM suppressor strains in SerFA medium (containing eFA) and AFN-1252, a FASII in-
hibitor. All strains grew to equivalent densities in the absence of anti-FASII in this eFA-
supplemented medium (SerFA). In contrast, only the JE2 WT strain grew in the presence of

AFN-1252, as reported (Kenanian et al., 2019), while the AplsX mutant and AplsX suppressor
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strains failed to grow. We conclude that AplsX and its suppressor strains lack the ability to
bypass anti-FASII inhibitor in the presence of eFA, indicating that an active FASII pathway is
required for their growth. We conclude that the reverse reaction catalyzed by PIsX is not

compensated by suppressor mutations.

10.00
1.00
&
5 o010
0.01
WT AplsX AplsX fabF AplsX fadM WT +AFN AplsX+AFN AplsX fabF AplsX fadM
+AFN +AFN

Fig. 5. Effects of anti-FASII treatment on JE2, AplsX, and AplsX suppressor strain growth in eFA-
supplemented medium. The strains indicated above were precultured in SerFA (Materials and
Methods), and then grown overnight (15 h) in SerFA without (yellow) or with (pink) addition of anti-
FASII AFN-1252 (AFN). ODeoo values after overnight growth are presented. fabF sup, FabFA'1%t
suppressor; fadM sup, FadMY'*3F (SAUSA300_1247) suppressor. In the presence of AFN, WT S. aureus
uses eFA to constitute membrane phospholipids, thus bypassing inhibition. Since AplsX and its
suppressors cannot catalyze the reverse reaction needed for FASII bypass, they remain sensitive to

anti-FASII. Results represent independent triplicates.

8-Model for FabF*''%t suppressor rescue of AplsX. We propose a working hypothesis to

explain FabFA"™

suppressor rescue of AplsX, based on a previously published structure-
function study of FabF (Mindrebo et al., 2020). Native FabF catalyzes a 2-step reaction in
which its acyl-ACP substrate undergoes cleavage of ACP. The free FA is then joined to malo-
nyl-ACP, which adds two carbons to the intermediate. We propose that FabFA'"*® correctly

FATE mutant

positions acyl-ACP and catalyzes release of the ACP moiety. However, the Fab
releases part of its FA cargo at this stage, before malonyl-ACP addition (Fig. 6 upper;
(Mindrebo et al., 2020)). The released FA would then be phosphorylated by Fak to rescue
AplsX, and acyl-PO4 can then be used by PIsY to initiate phosphatidic acid synthesis (Fig. 6

lower).
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Fig. 6. Upper: Model of molecular interactions between FabF (B-acetoacyl-ACP synthase) and its
acyl-ACP substrate, which produces a free FA intermediate (from Mindrebo et al., 2020, as
modeled for the E. coli enzyme). Upper: The first steps of FabF interactions with its acyl-ACP
substrate are schematized (from (Mindrebo et al., 2020)). Acyl-ACP enters the cavity (b) and undergoes
a conformational shift (c), which leads to hydrolysis and release of the ACP moiety and the presence of
free FA in the cavity (d). The red circle in (d) indicates the FA just before it is bound to entering
malonyl-ACP. Lower: Model for FabFA''%t suppression of the AplsX mutant. We propose that
FabFAT'E releases FA after acyl-ACP cleavage reaction due to a defect in the subsequent step of
malonyl-ACP attachment. The free FA is then phosphorylated by the fatty acid kinase (Fak; (Parsons et
al, 2014a)), thus restoring the PIsX product. Phospholipid synthesis can then proceed. The fabF
(FabFAT'%E) suppressor compensates the PlsX forward reaction, but not the reverse reaction.

9-Model for the impact of acyl-CoA thioesterase mutations on PIsX compensation. The
ability of fadM mutants to suppress AplsX raises the question of how this mechanism works.
We hypothesize that the amino acid changes in FadM suppressor mutants may increase
enzyme substrate permissiveness. While FadM is predicted to hydrolyze acyl-CoA, we suggest
that altered structure due to point mutations might facilitate cleavage of acyl-ACP. This
hypothesis remains to be proven. However, an E. coli thioesterase (TesA) of the "SGNH"
family preferentially hydrolyses acyl-CoA, but also has a 3-4-log lower activity on acyl-ACP
(Spencer et al., 1978). Further supporting this possibility, FadM shares weak amino acid
homology with the S. pneumoniae acyl-ACP thioesterase TesS (or FatA; SP1408; (Parsons et
al, 2015)), and appears to share structural features (Fig. 7 upper). The FadM mutants are

thus proposed to cleave acyl-ACP (the products of FASII), to liberate FA. As with the fabF
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suppressors, the free FAs would be phosphorylated by Fak and utilized by PIsY to initiate

phosphatic acid synthesis (Fig. 7 lower). This hypothesis remains to be proven.

FadM 155aa
@
FadM -MIYSITEIEARYAETDKMGVIYHGNYATWFEVARLDYISKLGFS-YADMEKQGIISEVT
Tess MGLTYQMKMKIPFDMADMNGHIKLPDVILLSLQVSGMQSIELGVSDKAILEDYNLVWIIA
FadM DLNVNYKKSIFYPEKVKVKTWVEKYSRLRSVYKYEIFNEKGELATTGSTELICIKEDT—
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Fig. 7. Upper: Similarities between S. aureus FadM a putative acyl-CoA thioesterase, and S.
pneumoniae TesS, the S. pneumonaie acyl-ACP and acyl-CoA thioesterase. Left, Amino acid
homologies using ClustalW. Amino acids in red point out identities. Right, Alphafold representations of
FadM and TesS suggest structural similarities between the FadM and the N-terminal part of TesS. The
circled “1” represents the N-terminal methionine positions. Lower: Model for AplsX suppression by
fadM mutations. We propose that point mutations in the putative acyl-CoA thioesterase (FadM®'P,
SAUSA300_1247 in USA300 JE2) leads to greater substrate permissiveness, and acyl-ACP cleavage. Free
FAs are then phosphorylated by Fak to rescue AplsX growth. As for fabF suppressors, the fadM mutants
compensate the PlsX forward reaction, but not the reverse reaction.

Conclusions
We identified S. aureus gain-of-function mutations that restore growth when plsX, a gene

considered essential for phospholipid synthesis and bacterial growth, is deleted. PlsX-
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deficient S. aureus strains were shown previously to have a strict requirement for eFAs (Khun
et al, 2015). The suppressors identified here allow growth without eFA supplementation.
These findings underline a remarkable enzyme flexibility, which is revealed by selective pres-
sure for their emergence.

The two suppressor loci are distinct, and not directly implicated in phospholipid syn-
thesis: FabF is a FASII elongation enzyme, while FadM is a putative acyl-CoA thioesterase. The
activity of each mutated enzyme is proposed to provide free FAs, which are substrates for Fak
phosphorylation. Consistently, the long chain acyl-ACP intermediate detected in the AplsX
mutant is absent in suppressor strains, and is likely used to restart phospholipid synthesis.

FA119E

An explanation for the suppressor function of Fab is based on the reported

mechanism of FabF activity (Mindrebo et al, 2020): as free FAs are briefly generated from

FAT% mutant fumbles the FA inter-

ACP hydrolysis in the FabF cavity, we suggest that the Fab
mediate, so that the next FabF step, malonyl-ACP joining, is inefficient. Fak would phosphory-
late the FAs released by FabF*'", thus providing acyl-POs in the absence of PlsX. Less effi-
cient FabFA'"E activity would impair FASII activity, explaining why this strain produces shorter
chain FAs in membrane phospholipids (Fig. 6).

In the case of suppressors mapping to FadM acyl-CoA thioesterase, we hypothesize
that the mutations would reduce FadM specificity to include acyl-ACP as a substrate. Weak
amino acid homology and structural similarities between the S. aureus acyl-CoA thioesterase
FadM and the S. pneumoniae acyl-ACP thioesterase TesS (SP1048; (Parsons et al., 2014b) give
some support for this model. Consistent with this model, fadM mutant suppressors compen-
sate the plsX defect without greatly altering FA composition, compared to fabF suppressors
(Fig. 7).

Growth restoration of both suppressor classes was partial in the RN-R (RN4220) back-
ground, but quasi-complete in JE2 (Fig. 2). Possibly, full growth of suppressors in JE2 could
reflect production of other molecules that might stabilize the membrane. For instance, staph-
yloxanthin is not produced in the RN-R strain, but could contribute to membrane homeosta-
sis and fitness of JE2 mutants.

FASII and phospholipid synthesis proteins were proposed as potential targets for new
antibiotic inhibitors. The present study argues against the use of PIsX as a single target for
antibiotic development: first, growth is restored by FAs as commonly found in the host. Sec-
ond, suppressors readily appear in PlsX-depleted conditions (e.g., by PlsX-inhibition), which

promote outgrowth. However, in vitro experiments (Fig. 5) indicate that PIsX-depleted strains
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would not survive in the presence of an anti-FASII, suggesting that PIsX could be used as a
second target in combination with an anti-FASII. Indeed, even when suppressor mutations

emerge, they would not allow S. aureus outgrowth in the presence of an anti-FASII.

Perspectives

Proof that suppressor activity is due to fabF and fadM alleles.

The presence of fabF or thioesterase mutations in all the suppressor strains (31 screened)
gives evidence that these specific mutations are responsible for the suppressor phenotypes.
This could be further confirmed by introducing the mutated fabF locus into the AplsX mutant,
or possibly, by expressing the mutated or unmutated fabF gene on a plasmid. We cloned
both versions of the gene onto a plasmid (pCM11). After initial cloning in Escherichia coli,

constructions were established in S. aureus strains RN-R and USA300 JE2.
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Résumé de thése en francais

Ma thése s'intitule "Adaptation de Staphylococcus aureus aux antibiotiques ciblant FASII dans I'héte et
stratégies de potentialisation des activités antibiotiques “. Les infections a S. aureus vont de modérées
a mortelles, et sont l'une des principales causes de décés associés a des pathogenes bactériens
résistants a de multiples antibiotiques. Il est donc nécessaire de trouver de nouvelles stratégies
thérapeutiques pour arréter la croissance de S. aureus. La voie de synthése des acides gras (FASII) est
une voie dite essentielle pour S. aureus. En bloguant cette voie, on s'attendait a ce que la croissance de
la bactérie soit stoppée. Cependant, il a été démontré que les antibiotiques inhibant FASII (anti-FASII)
atteignent effectivement leur site cible mais ne peuvent pas tuer S. aureus, car ce dernier est capable
d'incorporer les acides gras environnementaux pour compenser l'inhibition du FASII. Dans cette étude,
nous visons a élucider les facteurs contribuant a cette adaptation aux antibiotiques du FASII et a
analyser les conséquences sur l'aptitude bactérienne. Ces informations sont ensuite utilisées pour
identifier les points faibles du S. aureus adapté a I'anti-FASII et pour mettre au point un traitement bi-
thérapeutique associé a I'anti-FASII. Les principales techniques que j'ai utilisées au cours de mes
travaux sont: I'analyse protéomique, des suivis de la physiologie bactérienne, le Western blotting,
I'extraction d'acides gras et le développement des stratégies de la bi-thérapie pour éliminer S. aureus.
Les résultats de mon travail de thése sont présentés en trois chapitres, sous forme de manuscrits ; les
deux premiers résultats sont directement liés a mon objectif, et le troisieme s'agit d'un projet plus
fondamental, concernant la fléxibilité génétique de S. aureus pour le métabolisme des acides gras. Le

résumé de chaque manuscrit est présenté ci-dessous.

Manuscript | : Le stress oxydatif est intrinseque a l'adaptation des staphylocoques aux

antibiotiques de synthése des acides gras

Les antibiotiques inhibant la voie de synthése des acides gras (FASII) du principal agent pathogéne
Staphylococcus aureus atteignent leurs cibles enzymatiques, mais les bactéries poursuivent leur
croissance en utilisant les acides gras environnementaux (AGE) pour produire des phospholipides.
Nous avons évalué comment les changements extrémes dans les phospholipides membranaires
provoqués par les antibiotiques FASII affectent la physiologie globale de S. aureus. L'anti-FASII a
engendré des changements massifs et durables de I'expression sans rémaniements génomiques.
Plusieurs régulateurs, plutdt qu'un seul régulateur, contribuent a la synchronisation de 'adaptation a
I'anti-FASIl. De nombreux facteurs de virulence et d'adhésion ont vu leur niveau et/ou leur activité
diminuer. A l'inverse, les niveaux des protéines de réponse au stress ont augmenté et sont corrélés
avec une plus grande tolérance aux peroxydes. Notamment, I'amorcage par les peroxydes a stimulé
I'efficacité de l'incorporation des AGE et a facilité I'adaptation a l'inhibition du FASII. Ces résultats

établissent un lien entre le stress oxydatif et I'incorporation des AG. Conformément au changement
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majeur dans |'expression des protéines, les S. aureus adaptés a I'anti-FASII tue un insecte hote plus
lentement, mais ont continué a se multiplier. Ainsi, si les populations adaptées a I'anti-FASII sont moins
aptes a endommager I'h6te, elles sont peut-étre mieux adaptées a la survie a long terme et pourraient

constituer un réservoir pour la réinfection.

Manuscript Il : L'arrét de la synthése des acides gras provoque une diminution du niveau de

I'acide lipoteichoique chez Staphylococcus aureus

Staphylococcus aureus est une bactérie pathogéne a Gram positif qui entraine un taux de mortalité
élevé, principalement di a I'émergence d'une multi-résistance aux antibiotiques. Les enzymes de la
voie de synthese des acides gras (FASII) sont proposées comme cibles essentielles. Cependant, des
antibiotiques inhibant la voie FASIl est contournée: S. aureus compense l'inhibition de FASII en
incorporant des acides gras environnementaux (AGE) et en reprogrammant son expression. Nous
démontrons que l'acide lipotéichoique (LTA), un facteur de surface structurel principal, est presque
indétectable lorsque les bactéries s'adaptent a I'anti-FASII. Le LTA est diminué indépendamment des
AGEs fournis pour la croissance. En revanche, les pools d'acide teichoique de paroi (WTA) et de
cardiolipine (CL) sont augmentés dans les bactéries adaptées a I'anti-FASII, ce qui suggere que le WTA
et/ou la CL peuvent compenser |'appauvrissement en LTA et permettre a S. aureus de se développer.
L'inactivation simultanée de la synthése du LTA et du WTA est létale. Par conséquent, nous avons
observé un effet inhibiteur synergique entre I'anti-FASII, qui épuise le LTA, et un anti-WTA, ici le
targocil, contre S. aureus. Nous concluons que la déplétion de LTA par un traitement anti-FASII conduit
a des augmentations de CL et WTA chez S. aureus, et suggérons des stratégies de bi-thérapie contre

ce pathogene majeur.

Manuscript lll : Des mutations dans les génes codant FabF ou acyl-CoA thioestérase permettent

de rétablir la croissance des mutants de délétion plsX de Staphylococcus aureus.

PIsX catalyze la conversion de la protéine porteuse d'acyle (acyl-ACP) en acyl-PO4 dans une réaction
réversible. Cette enzyme a été considérée comme essentielle pour la synthése des phospholipides chez
des Firmicutes tels que Staphylococcus aureus. Cependant, une souche délétée pour le gene plsX est
viable lorsque des acides gras exogénes (AGE) sont disponibles ; dans cette condition, la kinase d'acide
gras Fak assure la phosphorylation des AGE en acyl-PO4. Des mutants de délétion plsX ont été générés
dans deux fonds génétiques de S. aureus. Comme prévu, les deux souches AplsX n'ont pas réussi a se
développer dans un milieu ne contenant pas d'acide gras, en cohérence avec son auxotrophie pour les
acides gras. Néanmoins, nous avons découvert deux classes de mutants suppresseurs de la souche
AplsX qui ont émergé sur un milieu solide dépourvu d'AGE : 1- une mutation ponctuelle spécifique

dans fabF code un mutant FabFA'"t; 2- plusieurs mutations sont associées a une acyl-CoA
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thioestérase putative (nommée FadM). Les AG membranaires dérivés de FabFAT'*t étaient plus courts,
tandis que ceux des souches suppressives fadM étaient similaires a ceux du sauvage. Les souches
suppresseurs AplsX ont toutes deux une croissance plus lente qu'un parent dérivé de la souche
RN4220, mais une croissance normale sur un fond génétique USA300-JE2. Nos résultats indiquent que
les deux mutants permettant la croissance de la souche AplsX (mutés dans fabF et fadM) conduisent
tous deux a la libération d'AG a partir de I'acyl-ACP, par des mécanismes différents. La FabF mutée
aurait une activité de fuite qui libere I'AG libre ; la FabM mutée aurait une plus grande permissivité du
substrat. Nous supposons que les AG ainsi libérés sont ensuite phosphorylés par Fak pour produire de
I'acyl-PQOs4, le produit de PIsX. Contrairement aux souches parentales WT, ni la souche AplsX, ni ses
suppresseurs ne se développent en présence d'un anti-FASII, ce qui indique que l'activité FASII est

essentielle dans le contexte AplsX.

En résumé, la membrane bactérienne joue un réle important dans de nombreuses fonctions telles que
la physiologie bactérienne, I'altération de I'enveloppe cellulaire, I'aptitude bactérienne a l'infection. Par
conséquent, I'étude de la membrane bactérienne pourrait ouvrir de nouvelles perspectives, non
seulement en termes d'informations fondamentales, mais aussi en termes de recherche appliquée pour

le traitement des infections provoquées par S. aureus ou par d‘autres Firmicutes pathogénes.
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