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n’aurait jamais été fini sans toi et nos séances (intensive) de coworking #HUBSY. Je
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Un immense merci à Amélie, par votre travail, votre patience, ensemble nous avons
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ABSTRACT

Legionella pneumophila est la bactérie responsable de la légionellose, une pneumonie

grave chez l’Homme. C’est un problème de santé publique en raison d’un taux de

léthalité d’environ 10%, même lorsque le patient est pris en charge à temps avec

le bon traitement antibiotique. Les souches pathogènes de Legionella émergent de

l’environnement après leur multiplication intracellulaire dans leurs hôtes environnemen-

taux, comme les amibes. Les légionnelles peuvent être disséminées par de fines particules

d’eau en suspension appelées aérosols, qui sont formés par des technologies humaines

telles que les fontaines ou les tours aéroréfrigérantes. Lorsqu’ils sont inhalés, ces aérosols

permettent aux bactéries d’atteindre les voies respiratoires basses, où des cellules im-

munitaires comme des macrophages alvéolaires sont présentes. Pour survivre alors à

la phagocytose, un système de sécrétion Dot/Icm de type 4 (SST4) et la sécrétion

d’environ 300 protéines, appelés effecteurs, sont absolument nécessaires.

Cette thèse, menée au sein de l’équipe LegioPath (INSERM U1111-CNRS UM5308), a

permis de contribuer à une meilleure compréhension d’un effecteur de Legionella appelé

LegK4, en combinant différentes approches expérimentales. Dans un premier temps,

nous avons identifié sa localisation par microscopie confocale via l’expression ectopique

de LegK4 associé à la GFP. Nous nous sommes ensuite focalisés en deuxième partie sur

l’identification des interactants et des substrats de LegK4 par co-immunoprécipitation,

création d’une lignée cellulaire stable exprimant LegK4, western blot et spectrométrie

de masse. Enfin, la troisième partie concerne le rôle de LegK4 ainsi que son impact sur
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les cellules infectées. Nous avons cherché à identifier un défaut de réplication en mettant

en concurrence des souches de Legionella fluorescentes possédant ou non le gène legK4.

Nous avons ensuite vérifié si l’activité de phosphorylation de LegK4 pouvait avoir un

impact sur le profil d’expression génique de l’hôte.

L’introduction est composée de quatre chapitres qui définissent le contexte de ce travail.

Le premier chapitre donne des renseignements importants sur la légionellose, ainsi que

le modèle de notre étude Legionella pneumophila. Le deuxième chapitre est une descrip-

tion des principaux facteurs de virulence de L. pneumophila, et plus particulièrement,

le rôle des effecteurs de système de sécrétion de type IV. Un troisième chapitre est dédié

à LegK4, ayant été auparavant caractérisé comme impactant la voie de résolution du

stress du réticulum (UPR), en interagissant avec les protéines chaperonne de la famille

HSP70. Enfin, le dernier chapitre concerne le noyau, le contrôle épigénétique ainsi que

les nucléomodulines chez L. pneumophila, étant donné que ce travail a démontré que

LegK4 pourrait être nucléaire et moduler la transcription du gène hôte.
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ABSTRACT

Legionella pneumophila is the bacteria responsible for legionellosis, a severe pneu-

monia in humans. It is a public health issue due to a 10% mortality rate, even with

the proper antibiotic therapy. Pathogenic strains of Legionella emerge from the envi-

ronment after intracellular multiplication in amoebae. Bacteria can be disseminated by

small water particles called aerosols formed by human technologies, such as ornamental

fountains. When inhaled, these aerosols allow bacteria to reach the lower respiratory

tract, where alveolar macrophages are present. To survive phagocytosis, a functional

Dot/Icm type 4 secretion system (T4SS) and the secretion of approximately 300 pro-

teins, called effectors, are absolutely required.

The objective of this thesis, conducted in the LegioPath team (INSERM U1111-CNRS

UM5308) is to contribute to a better understanding of a Legionella effector called LegK4

by combining different experimental approaches. In the first step, we aimed mainly at

identifying its localization using ectopic expression of GFP-tagged LegK4 and confocal

microscopy. The second part focuses on the identification of LegK4 interactants and

substrates using a co-immunoprecipitatiton assay, creation of a stable cell-line express-

ing LegK4, western blot and mass spectrometry. Finally, the third part concerns the

LegK4 role and its impact on the infected cells. We aimed to find a different phenotype

using competition between fluorescent Legionella with or without legK4 gene. Then,

we checked if the phosphorylation activity of LegK4 could impact the host gene tran-

scription.
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The introduction is composed of four chapters that set the context of this work. The

first chapter gives important information about Legionella and legionellosis. The second

chapter is a review of the major virulence factors of L. pneumophila, and more par-

ticularly, the role of type IV secretion system effectors. Because LegK4 was previously

characterized as interacting with the endoplasmic reticulum chaperone from the HSP70

family and impacting the unfolded protein response (UPR), a third chapter is dedi-

cated to these points. Finally, the last chapter concerns the nucleus, epigenetic control

and nucleomodulin because this work demonstrated that LegK4 could be nuclear and

modulate host gene transcription.
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Chapter 1

Legionella pneumophila

1.1 Legionnaires’ disease history and symptoms

The first outbreak of Legionnaires’ disease occurred in July 1976 during the Amer-

ican Legion 58th annual convention, Philadelphia, Pennsylvania. Of the 182 infected

patients, 29 died from a severe form of pneumonia, even though under antibiotic ther-

apy [1]. A few months later, the outbreak agent was isolated and identified: it was

caused by a bacterium that had never been described. The analysis led to naming this

brand-new bacterial genus Legionella and the new species, Legionella pneumophila[2, 3].

After being exposed to the bacteria, this illness usually develops quickly within two

to five days, but in some cases, illness can take longer, around two weeks. Legionnaires’

disease frequently begins with headache, muscles aches and high fever, over 40◦C. After

two or three days, the patient rapidly develops a strong cough, with or without mucus

and blood, chest pain, shortness of breath, gastrointestinal symptoms such as diarrhea

and nausea, and confusion. Even though this disease primarily affects the lungs, it can,

on occasion, cause infection in other parts of the body.

2
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A mild form of Legionella-related illness known as ‘Pontiac Fever’ was first identified

in 1968 in Pontiac, Michigan. Pontiac fever is considered a non-lethal disease described

by flu-like symptoms that heal after a few days without any sort of treatment [4]. That

is why the disease is rarely diagnosed even in case of an outbreak, like, for example, the

1976’s outbreak in Philadelphia when public health authorities were able to prove that

the same bacteria caused both diseases [5].

1.2 The causative agent of Legionnaires’ disease

To date, 65 Legionella species have been described [3], but interestingly, 90% of

legionellosis are due to species L. pneumophila. Amongst them, there are 16 serogroups

(Sg) based on the LPS (lipopolysaccharide) structure. For an unknown reason, among

all Legionella Sg, the Sg-1 is mainly found associated with legionellosis cases [6].

Belonging to Legionellales order, L. pneumophila is an aerobic, Gram-negative coc-

cobacillus phylogenetically close to the Coxiella and Rickettsiella genera [7, 8].

The L. pneumophila size ranges between 0.3 and 0.4 μm width and between 2 and

4 μm in length [9, 2] (Figure 1 A). In particular conditions such as axenic culture,

bacteria can be found in a filamentous state with a length close to 50 μm [10]. Unable

to produce endospores [2], the bacterium possesses one or several flagella for motility

and fimbriae that seem to be not expressed during the infection [11].
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Figure 1: Legionella and protozoa relationship
A.Legionella under transmission electron microscopy (TEM) [5].
B. Legionella inside Acanthamoeba spp under SEM [12].

In the environment, L. pneumophila is found in freshwater ecosystems, present in

both planktonic and biofilm form (Figure 2).

L. pneumophila is known to be mostly found associated with protozoa, such as amoeba

or ciliate (Figure 1 B). Protozoa provide Legionella with a suitable environment for

survival and replication, playing a crucial role in the lifestyle of the latter.

Present in biofilm, several protozoan species have been found associated with L.

pneumophila [13]. Protozoa, such as amoeba, often graze on bacteria present in biofilm

to feed. L. pneumophila exploits this phenomenon to replicate, although it is capable

of growing off the debris from dead amoebae. Interestingly, by an unknown mechanism,

the amoeba Willaertia magna C2c maky are able to phagocyte and eliminate L. pneu-

mophila. In addition to replication, protozoa provide protection from environmental

stressors, such as temperature or biocides used in hydric systems [14]. L. pneumophila

uses this last as a barrier to protect from hostile environments such as temperature

and antibiotics and as a replication niche. Putative coevolution between Legionella and

the latter has led to the acquisition of various effective defense strategies to bypass the

pathway of phagosomal maturation [15].
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Figure 2: Legionella’s lifestyle in the environment (This study)
Legionella can be found in a planktonic form or associated in a biofilm with another
bacteria or protozoa. After phagocytosis by an amoeba, Legionella is able to survive and
replicate into its host. When the nutrients are insufficient, Legionella will be released
in the environment via a fine genetic regulation and can infect another host. Modified
from [12] and [5].

These strategies allow Legionella to create a permissive niche, the Legionella contain-

ing vacuole (LCV), in its environmental host or an accidental host, human macrophages,

allowing their propagation and survival.

1.3 Human infection, disease diagnosis and treat-

ment

Legionella is also able to thrive through association with biofilms and amoebae in

manufactured environments such as hydric systems that have temperatures ranging

from 25◦C to 45◦C [16]. Legionella’s ability to form biofilms and replicate in amoebae

presents a challenge for tackling and destroying it [17].
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Figure 3: Infection by Legionella due to contaminated man-made devices
(This study)

Legionella can also be found in man-made hydric systems such as cooling towers where
aerosols are created, enabling the infection. The inhalation of aerosols contaminated
by Legionella can travel to the lower respiratory tract, where many immune cells are
present [18]. In the lungs, Legionella is phagocyted by macrophages but can survive and
replicate similarly to how it replicates in amoebae [18]. Importantly, humans constitute
a dead-end route for Legionella, because even infected casualties cannot expel bacteria.

To prevent Legionella pneumophila contamination, the hot water distribution sys-

tems must be maintained at 60◦C, and cold water distribution networks should be

kept below 25◦C [19]. Moreover, the addition of copper-silver ions and monochloramine

have also proven to be efficient measures [20]. The greatest challenge comes from air-

borne water aerosols formed by devices such as air conditioning systems and cooling

towers (Figure 3) [21]. The inhalation of aerosols contaminated by Legionella allows

bacteria to travel to the lower respiratory tract, where many immune cells, particularly

macrophages, are present [18, 17]. Macrophages, like amoeba, are phagocytic cells; as is

the case with protozoa, Legionella can infect and replicate inside of these cells, eventu-
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ally lysing them (Figure 1). Anecdotally, one putative case of inter-human transmission

was described in a study from Portugal [22], although aerosol inhalation seems to be

the only mechanism of human infection.

Legionnaires’ disease is usually diagnosed via chest X-ray [23] and the presence in

the patient’s urine of Legionella specific antigens (LPS), which are detectable from 1-2

days after the onset of the first clinical signs [24]. This test is particularly sensitive

to L. pneumophila Serogroup-1 (Sg-1), which is predominant in clinical cases [25]. A

serogroup (Sg) represents bacteria with the same LPS structure. To date, there is no

explanation for the predominance of L. pneumophila Sg-1 in clinical cases but not in

the environment, although it may result from higher infectivity or more efficient intra-

cellular growth [26, 27]. In France, this serogroup is responsible for 95% of legionellosis

cases but represents only 28% of environmental isolates [28].

In Australia and New Zealand, L. pneumophila and L. longbeachae have similar preva-

lences and represent between third and half of the community-acquired cases of Legion-

naires’ disease [7].

Depending on its the severity, Legionnaires’ disease is treated with antibiotics by

a macrolide monotherapy or a combination of fluoroquinolones and macrolides [29].

However, treatment failures, defined by the absence of clinical improvement and by

the persistence of L. pneumophila despite appropriate antibiotic therapy, are regularly

reported, particularly in immunosuppressed patients [30]. In vitro, Legionella is sen-

sitive to these two antibiotics, although some strains of L. pneumophila Sg-1 isolated

from patients exhibit a resistance to fluoroquinolones [30]. Currently, no explanation

for treatment failures has been reported, but a patient’s genetic background or the

presence of bacterial resistance to antibiotics may be involved [31, 32].



CHAPTER 1. LEGIONELLA PNEUMOPHILA 8

The average mortality rate is approximately 10%, even with early and appropri-

ate antibiotic treatment. Studies showed that certain factors such as sex, age, smoking

habits, or immunodeficiency also impact on patients: being a man, older than 50 years,

or a smoker significantly increases the chance of being infected and developing legionel-

losis [25, 29].

Figure 4: Evolution of reported legionellosis cases in France from 1988 to
2020 (from ‘Santé Publique France’)

[33]

In France, legionellosis has been a reportable disease since 1987, and approximately

1,600 cases are recorded every year (Figure 4). Le Centre National de Référence pour

Legionella (CNRL) supervises the typing and detection of all environmental samples

and samples collected during an outbreak.

The Institut de Veille Sanitaire is responsible for the surveillance of all legionellosis

cases. This public institution publishes the results in the ‘Bulletin Epidémiologique
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Hebdomadaire’[34] every year.

1.4 Legionella life cycle in amoeba and macrophages

During Legionella human lung infection, the primary infection reservoir could be

macrophages and neutrophils until all these cells are lysed [35]. Then, Legionella can

infect alveolar epithelial cells that represent the secondary infection reservoir, allowing

bacteria to escape the immune system [36]. The intracellular life cycle of L. pneumophila

is highly similar both in its environmental host amoebae and its accidental host human

macrophages (Figure 5). This is due to the many cellular pathways that are conserved

in both amoebae and macrophages [35].

1.4.1 Adhesion to eukaryotic cell

L. pneumophila flagella allow it to move in the environment until it meets a host to

infect [37] (Figure 5). Complement component C1 and C3 receptors were first described

to be involved in phagocytosis of L. pneumophila in primary monocytes [38].
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Figure 5: Legionella pneumophila infectious cycle and LCV biogenesis
(This study)

1○ L. pneumophila finds a eukaryotic host and via several proteins attached to it.
2○ Bacteria are internalized within the host cell and reside in a phagosome. 3○ Vir-
ulent strains inject more than 300 effector proteins via their T4SS to control LCV
biogenesis and host defenses. 4○ Many organelles, such as mitochondria and smooth
ER-derived vesicles, are recruited around LCV to escape endocytosis degradation, cre-
ating a replicative niche. 5○ Later on, L. pneumophila recruits ribosomes on the LCV
surface and replicates itself efficiently within this ER-like vacuole. 6○ When nutrients
dwindle, L. pneumophila expressed its virulence factors, such as flagella, to exit the
LCV and so on its host.
L. pneumophila avirulent strains, such as those deficient for Dot/Icm T4SS, lose the
ability to recruit organelles and are rapidly cleared via the classical endosomal pathway.
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The bacterial protein Momp, localized at the Legionella surface, binds complement

Component C1 and C3 on the eukaryotic cell, facilitating the entry of bacteria [39]. Via

its Type 2 secretion system (T2SS), Legionella secretes Lcl (Legionella collagen-like

protein) at its surface that interacts with complement component C1q receptor. This

interaction promotes the entry of bacteria into monocyte-derived macrophages (U937)

and pneumocytes (A549) [40]. Repeats in toxin (RtxA) and EnhC bacterial proteins

are believed to be involved in bacterial adhesion to laryngeal epithelial cells (Hep-2,

human epithelial cell type 2) and monocyte-derived macrophages (THP-1)[41].

LpnE (L. pneumophila entry) is another crucial protein for adhesion of bacteria

to monocyte-derived macrophages (THP-1) and pneumocytes (A549) [42]. Other bac-

terial proteins whose cell targets are not identified are involved in the adhesion of L.

pneumophila. Interestingly, some of these proteins are not present into non-pneumophila

species and could explain the difference in virulence observed between Legionella species

[43, 44, 45].

Finally, type IV pili have a role in the adhesion of bacteria to epithelial cells (HeLa,

Henrietta Lacks), monocyte-derived macrophages (U937), and amoeba Acanthamoeba

polyphaga [43].

1.4.2 Entry of Legionella

Once bacteria are attached to a eukaryotic cell, they will be uptaken inside the

host inside a phagosome. L. pneumophila’s uptake in phagocytic cells such as mouse

macrophages and Dictyostelium amoebae seems to take place mainly through the

macropinocytosis [46] (Figure 5). Macropinocytosis is known to be used as a classi-

cal uptake mechanism for many pathogens, such as Mycobacteria, Salmonella [47] and

HIV-1 [48] in non-phagocytic and phagocytic cells. Moreover, experiments using drugs
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inhibiting endocytosis suggested the entry of Legionella could be possibly mediated by

clathrin [49, 50].

1.4.3 Intracellular lifestyle and phase transition

L. pneumophila adopts a biphasic life cycle: when the bacterium is free in the envi-

ronment and infects a new host to form its replicative vacuole, it is in the transmissive

form (Figure 5). Next, in the replicative form, a phase transition allows the bacteria

to multiply actively inside the vacuole [51, 52]. While little is known about the mecha-

nisms involved in the transition from the transmissive to the replicative forms, a notable

change is the tolerance of bacteria to acidification. Indeed, at early stage of infection,

bacteria inhibit the acidification of LCV and its fusion with lysosomes. However, when

the bacteria begin to replicate, the LCV acidifies and acquires lysosomal proteases

[51, 52]. Interaction with the endocytic degradation pathway allows bacteria to obtain

the nutrients and energy necessary for bacterial replication [53]. The replicative phase

also corresponds to the stimulated expression of genes involved in metabolic, energy,

and cell-division pathways [52]. Deficiencies of nutrients such as amino acids or fatty

acids can serve as signals for bacteria to regain the characteristics of the transmissive

form [51, 52] such as flagella and T4SS. Quorum sensing, which allows bacteria to adapt

their physiology to the density of the bacterial population, is also involved in this phase

transition and in the expression of some Dot/Icm substrates [54, 55]. //
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1.5 Genome and Legionella strains

Since the first outbreak in 1976, many other Legionella species have been discovered,

and to date, 65 Legionella species have been characterized. Another species that also

provokes legionellosis, prevalent in the Australian and New Zealand soil, is Legionella

longbeachae.

Genomic sequences available from a vast number of Legionella species showed a broad

diversity in terms of genome size and virulence-associated protein genes [56]. Sg1

Philadelphia-1, Paris, and Lens strains were the first to be sequenced. The Philadel-

phia strain genome was totally sequenced in 2004, 28 years after the first outbreak [57].

The Paris strain genome was wrongly named “Paris” because it was considered to be

endemic to the Paris region according to a ten-year study [58]. Between 1987 and 1997,

this strain was responsible for a third of legionellosis cases. This strain was later found

in another French region and then globally [59, 60]. The Lens strain was identified after

the outbreak from November 2003 to January 2004 in Lens city, France. The investi-

gation brought to light that contaminated water droplets could be transported in the

atmosphere over a long distance (over 12 kilometers). This had never been reported

before [61].

Comparison of the Paris and Lens strain genomes revealed a high degree of genetic

variability: 14% of genes from Paris strain were not found in Lens strain, and 10% of

Lens strain genes were found exclusively in this strain [62].

Finally, a comparative genomic analysis using several L. pneumophila Sg-1s was per-

formed to identify genetic diversity. These strains were the clinical strain Corby, UK

[63, 64]; Alcoy strain, Spain [65]; the 130b strain, USA [44]; Lorraine strain, France

[66, 67]; and the French environmental strain HL 0604 1035 [68]. Each of the sequenced
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strains has a circular chromosome with a size between 3.3 and 3.6 million base pairs,

representing about 3,000 genes. Each strain also has a GC (guanine-cytosine) percent

of 38% [68]. Each of these strains presents up to 11% specific genes, confirming the

genetic diversity within the L. pneumophila sg-1 [69].





Chapter 2

Type IV Secretion System Dot/Icm

and Effectors

Type IV secretion systems (T4SS) plays a crucial role in the pathogenesis of many

Gram-negative bacteria. The system looks like a needle allowing the injection of pro-

teins, called effectors, and nucleic acids inside the host. Two different types of T4SSs

can be distinguished: a T4ASS that is important for conjugative plasmid transfer and

a T4BSS that transfers both proteins and nucleic acids [70]. T4BSS is more complex

as it is made up of 27 components versus 12 for T4ASS.

In Legionella, T4BSS is also called Dot/Icm T4SS and was discovered by two dif-

ferent teams at the same time. Mutants of dot genes (defective in organelle traffick-

ing/intracellular replication) found by the first team are enabled to bypass the phago-

somal maturation pathway [71], and icm genes (Intracellular multiplication) mutants

identified by the other team are unable to replicate inside macrophages [72].

The ΔdotA defective mutant, a component of the secretion system whose function is

still undescribed, is unable to replicate in phagocytic cells and is usually used as an avir-

16
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ulence control. Experiments using mutants from a mini-Tn10::kan bank and TUNEL

assays have shown that the Dot/Icm T4SS secretion system is essential for induction

of macrophage apoptosis [73]. Nine Dot/Icm secretion system mutants were isolated

and were severely affected in apoptosis induction. In these mutants, an introduction of

wild-type gene on a plasmid recovered the wild-type phenotype.

In Legionella, T4BSS, also called “Dot/Icm T4SS,’,’ is localized at the bacterium

pole, and this particular localization is necessary for Legionella virulence and so for

LCV biogenesis. Dot/Icm T4SS allows the secretion of more than 300 effectors in the

host cytoplasm, which is crucial for bacterial replication in the host cell [74]. Dot/Icm

T4SS is the main virulence factor for Legionella, and deletion of one of the T4SS-related

genes often led to a complete avirulence.

2.1 Structure of Dot/Icm T4SS

In 2017, a team described the first in situ structure of L. pneumophila Dot/Icm

T4SS [75]. Dot/Icm T4SS is encoded by 27 dot/icm genes localized in two pathogenic

islands. The 27 proteins forming the Dot/Icm T4SS apparatus include several inner and

outer membrane components that span the LCV membrane [75].

Two different protein complexes exist in Legionella’s Dot/Icm T4SS that are crucial

for effector translocation: the core transmembrane complex composed of DotC, DotD,

DotH, DotF and DotG; and the coupling protein subcomplex: DotL, DotM, DotN,

IcmSW and IcmS-LvgA (Figure 6). Many other proteins such as DotA have an essen-

tial role in effector translocation, although their function is not yet clear.
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Figure 6: Architectural model and Legionella Dot/Icm T4BSS protein
composition (This study)

2.1.1 Core-transmembrane subcomplex

Dot/Icm T4SS system genomic and biochemical analysis led to the discovery of

a major subassembly called the core-transmembrane subcomplex (Figure 6), which is

composed of five proteins: DotC, DotD (IcmF), DotF (IcmG), DotG (IcmE), and DotH

(IcmK) [75].

Polar targeting of this subcomplex is mediated by two proteins DotU and IcmF (UF),

alongside two other Dot/Icm proteins that can pole localize by themselves. Both were

described as being crucial for the core-transmembrane subcomplex initial step assem-

bly. The UF proteins are homologs of TssL and TssM, two components of the Type VI
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secretion system (T6SS) membrane complex [75]. DotF, DotG and DotH are localized

to the bacterial pole due to UF [76]. Even though the DotC role is poorly charac-

terized, it does interact with DotH and can form a periplasmic subcomplex made of

DotC/DotD/DotH [75]. DotD is a lipoprotein attached to the outer membrane and has

been proposed to be Xanthomonas citri VirB7 homolog; both share an N0 secretin do-

main [77]. This domain is known to be present in the Type II secretion system (T2SS)

and functions as an outer membrane channel enabling the passage of folded proteins

from the periplasm into the extracellular medium [78]. DotD localization is not well

characterized because there is no Dot/Icm T4SS particle formation in a ΔdotD mutant

[79]. It has been reported that DotF interacts with several Dot/Icm substrates, but

these interactions, which were identified using a yeast two-hybrid screen, have to be

confirmed [80].

DotF was finally suggested to interact with and regulate the activity of DotG in the

inner membrane [81, 82]. Because it is a VirB10 homolog from Agrobacterium tume-

faciens, DotF is present in both T4ASS and Dot/Icm T4SS and presents similarly in

their C-termini [83]. VirB10 transduces energy from the inner membrane to the outer

membrane via TonB action [84]. A homolog of VirB9 is DotH forming a ring just below

the outer membrane with DotC, even though it is not a lipoprotein [79].

2.1.2 Coupling protein subcomplex

In addition to the core-transmembrane complex, another subcomplex exists in Dot/Icm

T4SS, the coupling protein subcomplex (Figure 6), composed of DotL (IcmO), DotM

(IcmP), DotN (IcmJ), IcmS, IcmW and LvgA [85, 75].
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Coupling proteins are considered crucial elements in Dot/Icm T4SS because they are

thought to play two essential roles in substrate secretion. They constitute an inner mem-

brane receptor that links substrates to the secretion machinery and provides energy for

substrate translocation from the ATP hydrolysis [86]. Interestingly, DotL contains a

nucleotide-binding motif and shows sequence similarity to the conjugal transfer protein

TrbC [87] and ATPases named T4SS coupling proteins (T4CPs), such as VirD4 from A.

tumefaciens [88]. DotL has been proposed to function as the T4CP for Dot/Icm secre-

tion system and may likely perform a critical role. It has been proposed that T4CPs act

like molecular pumps secreting effectors via ATP hydrolysis [89]. This kind of ATPase

forms a hexameric ring like a channel where substrates come through during translo-

cation. The opening and closing of this channel are dependent on ATP fixation and

release [90].

In the bacterium inner membrane, DotL interacts with DotM, and DotN stabilizes

DotL [91]. The DotL/DotM/DotN complex then interacts with IcmS/IcmW to better

stabilize DotL. IcmS and IcmW form a chaperone complex necessary for the transloca-

tion of specific effectors into the host cell and function as a Type III secretion chaperone

[92]. The IcmSW complex interacts with a wide variety of Dot/Icm substrates, such as

SdeA, SidA, SidB, SidC, SidD, SidE, SidG and SidH, and is required for their export

via the T4BSS [93]. IcmS and icmW defective mutants can replicate to some extent,

but eventually, their LCVs will fuse with lysosomes [94]. This indicates that the effector

chaperoned by IcmS/IcmW may be necessary for avoiding lysosomal fusion. IcmS was

also characterized as interacting with LvgA to form the IcmS/LvgA complex, and it

can also interact with a various range of effectors like lcmSW [95].
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2.1.3 Cytoplasmic components

IcmS, IcmW, LvgA, IcmQ and IcmR are T4SS Dot/Icm components are well-

characterized proteins that are localized in the cytoplasm [96]. They can interact with

each other and act as a chaperone complex where IcmR is the chaperone and IcmQ its

substrate [97, 98]. In oligomeric form, IcmQ can insert into lipid membranes forming

pores up to 26Å [97]. IcmR/IcmQ interaction inhibits the formation of IcmQ oligomeric

form and prevents it from being found associated with the membrane [97, 99]. DotB

and DotO are ATPases essential to effector translocation and belong to the same classes

as VirB/D4 systems [80].

2.1.4 Proteins with unknown function

Among the Dot/Icm T4SS components, many proteins do not yet have a character-

ized function, such as IcmX. IcmX is the only soluble periplasmic protein of the Dot/Icm

T4SS and has been found well conserved throughout the Legionellaceae family, in (L.

pneumophila, L. micdadei, L. bozemanii, L. gratiana) and in Coxiella [94, 100]. During

L. pneumophila culture, a fragment of IcmX ( 165-466) is secreted into culture super-

natant depending on T4BSS. However, the secretion of this fragment into the eukaryotic

cytoplasm has not been detected [100]. ΔicmX mutants were found unable to replicate

in neither human (U937) or A/J-derived mice macrophages even though T4BSS was

still well-assembled [100]. IcmX seems to play an essential role in the regulation of L.

pneumophila phagosome trafficking, a crucial step for replicative niche establishment

[101].
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2.2 The 300 Dot/Icm effectors

T4SS Dot/Icm translocates a massive number of over 300 bacterial proteins, called

effectors, into the host cell cytosol. Unfortunately, only around 60 have a described

function during the infection (Annexe Table 1). Effectors are crucial for many steps

of Legionella infection, and their expression is regulated at the transcriptional level:

Dot/Icm effectors are produced before contact with the host cell.

Effectors from Legionella have been identified using different techniques: in silico searches

for genes encoding eukaryotic-like domains [45], altered growth viability [102], the pres-

ence of a C-terminal secretion signal [103], interaction with the Dot/Icm components

[104, 92], yeast genetic assays [105, 106] and a machine-learning approach [107].

Comparative analysis of five Legionella’s species (L. pneumophila, L. longbeachae, L.

micdadei, L. hackeliae and L. fallonii) have highlighted the presence of more than 400

proteins with a putative eukaryotic origin. Phylogenetic reconstruction clearly showed

that among these proteins, 40 had been acquired through horizontal gene transfer from

eukaryotes [108, 56]. Interestingly, L. longbeachae and L. fallonii possessed around two

times more proteins with EMs than any other genomes. This could be easily explained

by their larger genome size (4.1 Mb for L. longbeachae versus 3.5 Mb for L. pneumophila

Paris strain) [108]. Among the 300 effectors secreted by L. pneumophila, several do share

functional redundancy. The deletion of a single gene effector or a group does not usu-

ally have an impact on the fate of an LCV. This suggests that some effectors target the

same cellular pathway [109, 110]. Due to this redundancy, classical genetic approaches

have not been very successful, and to date, only around fifty effectors are functionally

characterized.
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Overall, T4SS effectors are involved at each step of L. pneumophila’s infection and

target the host cellular pathway to hijack the cell, creating a permissive replicative

niche. For example, they allow bacteria to escape from phagosomal degradation, rear-

range the actin cytoskeleton, or even change the host gene expression to its advantage.

The effector translocation from bacterial cytoplasm to host cytoplasm requires the

recognition of a secretion signal located at the C-terminal region [111, 112]. Although

this secretion signal is very different between effectors, it is characterized by a 35-amino-

acid, negatively charged Glu-rich signal at the C-terminal important for the recognition

by Dot/Icm system [113]. A recent study showed that the timely delivery of Dot/Icm

substrates was c-di-GMP-signaling-dependent and not dependent on the chaperones

picking up [96]. Below, we will provide an overview of L. pneumophila effector roles

during infection.

2.2.1 Endosomal-lysosomal pathway escape

The main trait of the L. pneumophila infection cycle is to avoid the degradation by

the endosomal pathway and create an ER-derived replicative niche.

The endosomal-lysosomal pathway comprises a set of intracellular membranous com-

partments that dynamically interact with each other, including early and late endo-

somes and lysosomes. After phagocytosis, bacteria are contained in a phagosome that

will mature following interaction in a specific order with endocytic pathway organelles.

The phagosome maturation consists of the rearrangement of its membrane composition

and a drastic change in its content, becoming more acidic and oxidative. At the end of

phagosome maturation, all the optimal conditions are present to degrade internalized
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bacteria.

First, the phagosome will fuse with early endosomes and so will expose specific patterns

of the early endosome at its surface. The fusion with early phagosome causes enrichment

of phosphatidylinositol-3-phosphate (PtdIns(3)P), Rab5 and EEA1 (early endosomal

antigen 1) proteins. EEA1 is anchored on the phagosome membrane via its interaction

with PtdIns(3)P, allowing it to interact with Rab5. The change in membrane composi-

tion seems to be involved in the attachment with other vesicles, such as multivesicular

body or late endosome. The early phagosome presents a weak hydrolytic activity and a

pH between 6.1 and 6.5 driven by the acquisition of proton pump sets called vacuolar

ATPases (V-ATPases). V-ATPases are protein complexes that catalyze ATP hydrolysis

using released energy to import hydrogen ions (H+) through the phagosome membrane.

After fusion with late endosomes, the phagosome will present LAMP (lysosomal-associated

membrane proteins) and Rab7 on its surface. These are late-endosome-specific proteins.

Rab7 is known to control trafficking between phagosome and lysosomes as it can re-

cruit specific proteins on the phagosome membrane, such as RILP (RAB-interacting

lysosomal protein). RILP interacts with dynein or dynactin molecular motors that are

associated with microtubules promoting migration of phagosome to lysosomes.

Finally, the phagosome and lysosomes fuse, creating a phagolysosome. At this step, the

phagolysosome becomes more acid (pH 4.5) by recruiting other proton pumps. This

leads to the inhibition of bacterial growth and an increase of hydrolytic enzymes.

By modifying LCV composition with ER markers, such as PtdIns(4)P, and recruiting

small GTPases, L. pneumophila inhibits recruitment of early endosomes and spatially

moves the LCV away from the endocytic degradation pathway. In addition, L. pneu-

mophila prevents the fusion of an LCV with endosomes and lysosomes, while at the

same time limiting its acidification [114].
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Legionella can also interfere with phagosome acidification. Indeed, SidK, via its N-

terminal domain, interacts specifically with VatA, a subunit of the v-ATPase proton

pump, leading to its inactivation [114]. During the early stages of infection, the LCV’s

acidification inhibition prevents the degradation of bacteria. Interestingly, it has been

shown that SidK’s expression in macrophages prevents degradation of non-pathogenic

Escherichia coli by inhibiting phagosome acidification [115].

2.2.1.1 LCV lipidic composition modulation

In eukaryotic cells, cellular compartments are mainly characterized by their lipid

composition, notably, phosphoinositides [116]. Phosphoinositides are lipids derived from

phosphatidylinositol (PtdIns) that can be phosphorylated/dephosphorylated via cellu-

lar kinases/phosphatases.

Early stages of LCV formation consist of modulation of lipidic membrane composition

and recruitment of particular proteins on its surface. Within 1 min of bacterial uptake,

the LCV is composed by PtdIns(4, 5)P2 (phosphatidylinositol-4,5-bisphosphate) and

PtdIns(3, 4, 5)P3 (phosphatidylinositol-3,4,5-triphosphate) that are a set of specific pat-

terns of internalization by phagocytosis/macropinocytosis and PtdIns(4)P (phosphatidylinositol-

4-phosphate) derived from the plasma membrane [117, 116]. During phagosome matura-

tion, PtdIns(3, 4, 5)P3 and PtdIns(4)P are normally modified to PtdIns(3)P (phosphatidylinositol-

3-phosphate), a crucial element for the recruitment of EEA1 or SNX1 that together

promote endosomal fusion [117, 116].

Dot/Icm secretion is essential to avoid PtdIns(3)P accumulation and so on endocytic

pathway activation, as an ΔicmT defective mutant cannot avoid [118]. Instead of Pt-
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dIns(3)P, the LCV will present PtdIns(4)P, a lipid mainly found in the Golgi apparatus

and the ER [116]. PtdIns(4)P accumulation allows the LCV to recruit and fuse with

ER vesicles to escape endocytic degradation, increasing the LCV’s size [119] (Figure 7).

Several effectors contribute to the LCV lipidic composition, such as LepB. This effector

is a bifunctional protein possessing PtdIns 4 kinase (PI4K) activity at the N-terminal

region [120] and RabGAP activity at the C-terminal [121].

3D structure analysis and biochemical investigation led to identifying that LepB N-

terminal domain (LepB NTD) possesses a catalytic motif similar to PI4K [120]. This

domain converts PtdIns(3)P from the LCV into PtdIns(3, 4)P2, and it was found to

be functional in eukaryotic cells. LepB NTD’s ectopic expression in HeLa cells was re-

ported to cause total disruption of Golgi-related structures [120].

SidF is one of the first effectors discovered to modify the phagosome phosphoinositides

composition (Figure 7). It possesses PtdIns polyphosphate 3-phosphatase activity, hy-

drolyzing PtdIns(3, 4)P2 and PtdIns(3, 4, 5)P3. It is anchored on the LCV via trans-

membrane domains. SidF phosphatase activity causes PtdIns(4)P accumulation on the

LCV, necessary for endocytic pathway evasion. It also facilitates PtdIns(4)P-binding

effectors anchoring to the LCV [122]. With a similar mechanism, SidP uses its PtdIns

polyphosphate 3-phosphatase activity to decrease vacuolar PtdIns(3)P accumulation

[123].

A cysteine phytase, LppA, was demonstrated to have PtdIns phosphatase activity. Anal-

ysis of the LppA catalytic site (HCRGGKGRT) showed a high similarity with human

PtdIns 3-phosphatase PTEN (phosphatase and tensin homolog) (HCR/KAGKGRT)

and PtdIns phosphatase MptpB (HCFAGKDRT) from Mycobacteria. LppA was de-

scribed as dephosphorylating in vitro PtdIns(3, 4)P2 and PtdIns(4, 5)P2 very efficiently

and PtdIns(3, 4, 5)P3 and PtdIns(3, 5)P2 with less efficiency [124] [47](Figure 7). Dur-
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ing Dictyostelium discoideum infection, LppA is translocated into infected cells but

seems not to play a major role in PtdIns(4)P accumulation. Within 1 h or 2 h postin-

fection and compared to a wild-type strain, an lppA defective mutant accumulates the

same amount of LCV PtdIns(4)P, suggesting other effectors participate in PtdIns(4)P

accumulation [125]. In addition to its phosphatase activity, LppA possesses a phytase

activity, degrading phytate into inositol and orthophosphates. Phytate can chelate mi-

cronutrients such as iron [124], which is an essential nutrient [126, 127]. With phytate

secretion, Legionella could probably release and uptake the host’s iron [47]. Together,

the syngestic actions of LepB, SidF, SidP and LppA led to LCV PtdIns(4)P enrichment

(Figure 7).

Some of the L. pneumophila effectors are unable to directly modify phosphoinosi-

tides but need to recruit host enzymes to modify LCV lipidic composition.

RalF is localized and anchored to the LCV via its C-terminal capping domain. This ef-

fector has a GEF activity enabling recruitment and activation of ARF1 host trafficking

small GTPase [128] (Figure 7). ARF1, like other members of the ARF family, regulates

PtdIns(4, 5)P2 synthesis in Golgi apparatuses [129, 130]. PtdIns(4, 5)P2 is required for

many cell signaling aspects, such as endocytosis/exocytosis and reorganizing cytoskele-

ton. It can also act as a substrate for generating lipid-derived second messengers. ARF1

is also known to recruit different coat proteins to form transport vesicles leading to con-

trol of protein transport between organelles [131]. As an example, ARF1 can recruits

coatomers, a soluble macromolecular complex. It is involved in membrane trafficking

through the Golgi apparatus and in COPI (Coat protein I) vesicle formation, mediating

protein transport from the Golgi apparatus to the ER [132, 133]. ARF family members

have been shown to activate phospholipase D (PLD) that degrades phospholipids such

as phosphatidylcholine (PC) or PtdIns [129]. They can also act as cellular process sec-
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ond messengers, such as vesicle trafficking. ARF1 can recruit PI4KIIIβ and may lead

to LCV PtdIns(4)P accumulation [134, 135].

Present on the LCV membrane, the combined action of LpdA and LecE activity could

contribute to LCV PtdIns(4)P enrichment, converting PC to DAG (diacylglycerol)

[136, 137] (Figure 7). After secretion, LpdA will be post-translationally modified us-

ing host palmitoylation activity to anchor it on the LCV surface. LpdA induces the

Golgi apparatus disruption and seems to contribute to L. pneumophila’s virulence in

permissive mice. Via its phospholipase activity, LpdA hydrolyzes PC in phosphatidic

acid (PA), then LecE probably via a host phosphatase that converts PA into DAG.

Accumulation of higher LCV DAG levels allows the recruitment of PKC and PKD on

the LCV surface, leading to PtdIns(4)P accumulation via LCV PI4KIII β recruitment

[136, 138].

LpnE can recruit a host PtdIns-metabolizing enzyme such as OCRL1 (oculocerebrore-

nal syndrome of Lowe 1), which is a PtdIns 5-phosphatase [139, 42, 140] (Figure 7).

Localized on the LCV membrane, OCRL1 is implicated in several cellular processes,

such as phagocytosis, endocytosis and endosome–trans-Golgi apparatus retrotraffick-

ing [140, 141, 142]. They both convert PtdIns(4, 5)P2 and PtdIns(3, 4, 5)P3 into Pt-

dIns(4)P and PtdIns(3, 4)P2, respectively. This will lead to PtdIns(4)P increase, mak-

ing it available for SidC or SidM anchoring.
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Figure 7: LCV phosphatidylinositol composition modulation (This study)
These lipidic modifications of the LCV are essential to help bacteria avoid the host
endosomal degradation pathway. Legionella secretes effectors that can either modify
PtdIns composition via their activity or recruit cellular proteins to do so.

VipD (VPS inhibitor protein D) is a phospholipase whose activation is dependent

on Rab5 or Rab22 endosomal GTPases binding [143] (Figure 7). This catalytic activity

does participate in decreasing endosome’s PtdIns(3)P level and leads to recruitment

inhibition of crucial proteins for membrane fusion such as EEA1 [143, 144]. VipD dis-

rupts the endocytic degradation pathway, allowing the LCV to avoid fusion with early

endosomes [145].

LtpD (Legionella translocated protein) binds PtdIns(3)P present on early endosomes,

late endosomes, lysosomes and also on the LCV surface [146] (Figure 7). LtpD in-
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teracts with eukaryotic IMPA1 (inositol monophosphatase), a phosphatase producing

myo-inositol, a precursor of PtdIns and, therefore, has an impact on endosomal traf-

ficking disorganization [146].

2.2.1.2 Host small GTPases recruitment and modification

GTPases are molecular switches organized mainly in two protein families: Rab (RAS

(rat sarcoma) analog in the brain) and ARF (ADP (adenosine diphosphate)-ribosylation

factor) GTPases. The activity of these proteins is modulated by GDI (guanosine disso-

ciation inhibitor), GDF (GDI dissociation factor), GEF (guanine nucleotide exchange

factor), and GAP (GTPase-activating protein) activities [147]. Using effectors target-

ing host GTPases, Legionella can modulate at its benefit the host vesicle trafficking

dynamic to its own benefit (Figure 8).

• Rab1 GTPase

Rab1 is known to be a crucial protein for Legionella or other intracellular pathogens

during infection. In addition to interacting with ARF1 on the LCV, Legionella effectors

can recruit other host small GTPases. This interaction allows fusion between the LCV

and ER vesicles to expand its vacuole and escape to endocytic degradation (Figure 8).

SidM/DrrA was the first bacterial effector found to recruit and activate host cellular

Rab1 GTPase, known to be involved in trafficking regulation between the ER and Golgi

apparatuses [148]. SidM is anchored on the LCV via its interaction with PtdIns(4)P,

where SidM can recruit and activate PtdIns(4)P via its GEF activity [148, 149]. Due

to its adenylyltransferase activity, SidM can also activate Rab1 by modifying it with

AMP. Rab1 AMPylation blocks GAP action and inhibits GDI, leading to a permanent
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activation status [150, 151, 152].

LidA (lowered viability in the presence of dotA) potentiates the SidM/DrrA effect.

LidA is anchored to the LCV due to its PtdIns(3)P and PtdIns(4)P interaction domain

[153, 148]. It can stabilize Rab1 in the activated/AMPylated form and may participate

in its LCV sequestration [154]. Moreover, LidA could also act as an adaptor interacting

with Rab1 or the LCV [155]. By an unknown mechanism, LidA can also interact with

other small GTPases such as Rab6, Rab8, Rab14 and Rab18 found in Golgi apparatuses

and also on the LCV surface [156, 157, 158, 149]. Rab6 and Rab8 can interact with cel-

lular OCRL1 and may participate in PtdIns(4)P accumulation on the LCV surface [159].
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Figure 8: Host small GTPase recruitment and modification by effectors
(This study)

Effectors can modify host GTPase from the Rab family or others to finely inhibit the
endosomal degradation pathway for its own benefit. Effectors modify host GTPases by
glycosylation, AMPylation, ubiquitination or phosphocholation, allowing bacteria to
control the LCV’s future.

When ER vesicles are closed to the LCV, SidM boosts membrane fusion due to host

SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) [160].

This could be explained by the presence of STX (syntaxin) proteins derived from the

plasma membrane on the LCV and Sec22b found on ER vesicles [161].

A third effector, AnkX, targets Rab1 GTPase catalyzing another post-translational

modification (PTM), called phosphocholination, without SidM action [162]. In infected

cells, Rab1 can be found in both AMPylated or phosphocholinated form, and the
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LidA effector could probably participate in the stabilization of both modified states

[155, 152]. Furthermore, AnkX can also modify Rab35, which is involved in the plasma

membrane and endosome vesicles trafficking [157]. Whereas Rab1 phosphocholination

moderately decreases SidM GEF activity, phosphocholinated Rab35 inhibits its acti-

vation by the connecdenn (denn (differentially expressed in neoplastic versus normal

cells) domain-containing protein) cellular protein [163]. Even though the precise role

of Rab35 phosphocholination is not clearly characterized, this modification on Rab1

is known to participate in the LCV, avoiding fusion with late endosome by inhibiting

microtubule vesicles trafficking [162].

Rab1 AMPylation or phosphocholination does not have an impact on cellular GAP ac-

tivity but, interestingly, inhibits LepB activity [150, 163]. Importantly, Rab1 can be de-

AMPylated by SidD and de-phosphocholinated by Lem3, two other effectors [164, 165].

Then, the LepB GAP activity can also inhibit other small GTPases such as Rab3,

Rab8, Rab13 and Rab35 at the LCV surface, suggesting a broad activity spectrum

[166] and, thus, contributing to a fine temporal activation of Rab1. Rab35, like Rab1,

is regulated by SidM AMPylation, which will activate it, de-AMPylated by SidD and

finally inactivated by LepB [166, 167]. At the same time, Sac1 (suppressor of actin) is

a host phosphatase that decreases PtdIns(4)P concentration on the LCV surface [168].

This will lead to effectors like SidM, which is involved in early LCV maturation, to be

released from the LCV. Together, those interactions participate in temporal modulation

of the L. pneumophila effectors.

Many other effectors, such as SidE family members, are known to modify Rab1 GT-

Pase and modulate its activity, suggesting a fine temporal control of Dot/Icm effector

secretion [169].

• Other GTPases
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Due to its C-terminal domain, VipD binds to small GTPases present on early en-

dosomes such as Rab5 and Rab22. These interactions would prevent Rab5 and Rab22

from binding to substrates such as EEA1, Rabaptin-5 or Rabenosyn-5, blocking endo-

somal trafficking and lysosomal degradation [170, 143] (Figure 8).

Lpg0393 (L. pneumophila Philadelphia-1 gene) is an effector that contains a Vsp0-like

domain that is very similar to the human Rabex-5 catalytic core, suggesting that it can

also activate Rab5, Rab21 and Rab22 by its GEF activity [171]. Even though its role is

not yet determined, Rab5 and Rab22 activation by Lpg0393 could participate in VipD

endosome targeting and inhibit early endosome recruitment on the LCV surface [171].

SetA (subversion of eukaryotic traffic) binds to PtdIns(3)P and can be found on early

endosomes, late endosomes, and lysosomes alongside the LCV surface [172, 106]. It is a

multidomain protein that possesses glucosyltransferase activity at its N-terminal and is

anchored at early endosomes via its C-terminal PtdIns(3)P-binding domain. Although

its role is not yet identified, its N-terminal domain presents a homology to Clostridium

difficile’s AB toxins [173]. These enzymes are known to inactivate small GTPases from

the Rho family through glycosylation and could participate in the endocytic degrada-

tion pathway’s disorganization [173].

Ceg19 can be found on late endosomes surfaces and would play a role in transport be-

tween Golgi apparatuses, late endosomes, and lysosomes [106]. Ceg19 is also recruited

on the LCV surface and interacts with several Rab GTPases involved in the ER, Golgi

apparatuses and endosomes trafficking. Even though these Rab GTPases may locate on

the LCV where they have various activities, we cannot rule out that this effector may

also disrupt vesicular trafficking [106].
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2.2.2 Nutrition and energy

Within its replicative niche, L. pneumophila must obtain nutrients to multiply ef-

ficiently. Some Dot/Icm effectors specifically target and hijack host pathways, such as

the proteasome, to compete with the cell for nutrient acquisition.

Protein ubiquitination is considered as a eukaryote-specific post-translational modifica-

tion critical for regulation of numerous cellular processes, such as cell homeostasis [174],

immune response [175], cell cycle progression [176], DNA repair [177] and vesicular traf-

ficking [178]. Ubiquitination is mediated by the sequential action of three enzymes: E1

ubiquitin-activating, E2 ubiquitin-conjugating and E3 ubiquitin-protein ligase. At the

start of the ubiquitin cascade, the E1 enzyme activates ubiquitin using ATP-Mg2+,

leading to its binding to an E1 cysteine residue in the thioester bond. Then, acti-

vated ubiquitin in the E1-ubiquitin complex is transferred to an active site of the E2

ubiquitin-carrier protein on a cysteine residue. The last step is mediated by ubiquitin-

protein ligase or E3 enzyme, consisting of the transfer of ubiquitin from the E2-ubiquitin

complex to the substrate protein lysine residue. As many host cellular pathways, the

ubiquitin machinery is hijacked by L. pneumophila to monitor the activity of its effec-

tors, cellular proteins, or obtain nutrients.

At the beginning of the infection, upon the first contact between host and Legionella,

host-mediated farnesylation and ubiquitination machinery are recruited on the plasma

membrane. This recruitment is dependent on Dot/Icm system and exclusively localized

at the bacterial attachment site [179].

Legionella can hijack host farnesylation machinery and, in particular, RCE1 (RAS con-

verting CAAX endopeptidase) to the anchored effector on the LCV, such as AnkB

[180]. There, it can recruit and interact with the SCF complex that ubiquitinates many

proteins on the LCV’s lysine 48 residue [179]. AnkB can be poly-ubiquitinated on the
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lysine 11 residue by host TRIM21 (tripartite motif-containing protein) via its E3 ubiq-

uitin ligase activity. Surprisingly, this modification does not affect its stability, but its

role is not yet characterized [180]. AnkB is colocalized with host ParvB, suggesting

their interaction and decreasing ParvB ubiquitination level. This protein is known to

be involved in actin cytoskeleton dynamic and cell survival [181] [182] [183].

Mainly known to interfere with autophagy, RavZ was shown to be able to interfere

with ubiquitin recruitment of Salmonella-containing vacuoles [184]. This observation

suggests a putative role in ubiquitin deconjugation and probably a similar role in Le-

gionella.

LegU1 interacts with host SKP1, leading to host BAT3 chaperone’s ubiquitination, and

could increase cell resistance to ER stress [182]. Lpg2160, AnkB/LegAU13 and LicA

can also interact with SKP1, regulating other substrate functions through ubiquitina-

tion [182] [183].

SdeA/LaiA, SdeB, SdeC and SidE are members of the SidE family and are involved

in ER- and LCV-associated small GTPases’ ubiquitination, such as Rab1 and Rab33.

However, their roles are not yet clear. Interestingly, SdeA ubiquitinates Rab33b, Rab1,

Rab6a and Rab30 without the help of host E1 and E2 [185]. Moreover, SdeA also might

add an ADP-ribolysed ubiquitin to these proteins, although this function has not yet

been described [186, 187].

SidC and SdcA are localized to the LCV and can interact with PtdIns(4)P in vitro

[81, 188]. They both can ubiquitinate Rab1 via their ubiquitin ligase activity. Even

though their role is not yet precisely characterized, they may be involved in the regula-

tion of Rab1 during recruitment of the LCV and ER vesicles [189, 190, 188]. Moreover,

these effectors also possessed a de-ubiquitination domain essential to finely control the

balance between ubiquitination and de-ubiquitination mediated by Legionella [191].

WipB is a serine/threonine phosphatase related to the eukaryotic phospho-protein phos-
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phatase (PPP) family. It localizes to the lysosomal compartment to dephosphorylate

lysosomal LAMTOR1 and two subunits of the v-ATPase [192]. These two proteins,

whose activities are dependent on phosphorylation, are members of the lysosomal nu-

trient sensing (LYNUS) apparatus. They control the mammalian target of rapamycin

(mTORC1) kinase complex [192]. During L. pneumophila’s infection, WipB targets

lysosomal phosphoprotein to modulate host nutrient sensing for its own benefit.

Iron (Fe2+) is an essential metal for microbial growth, and intracellular pathogens have

developed many sophisticated strategies to uptake and minimizing host cell iron stor-

age. At the same time, hosts have also developed mechanisms to reduce iron acquisition

by pathogens to limit infection [193].

MavN was first characterized as an iron transporter localized to LCVs, but a recent

study demonstrated that MavN could also transport other divalent ions such as Mn2+,

Co2+ or Zn2+ [194, 195]. Consistent with these observations, a ΔmavN mutant exhibits

a transcriptional iron-starvation signature and an intracellular growth defect that can

be rescued only by the addition of iron excess. Interestingly, even though MavN was

also described as transporting other metals, the addition of other metals in the culture

medium did not rescue intracellular growth defects during infection. All these findings

show that MavN plays a crucial role in iron uptake during Legionella’s infection.

LncP (Legionella nucleotide carrier protein) is a highly hydrophobic protein that can

be anchored on the mitochondrial inner membrane [196]. This protein may be involved

in ATP transport outside mitochondria to provide bacteria energy [196].
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2.2.3 Vesicular trafficking modulation

2.2.3.1 Actin cytoskeleton

Actin exists in two different forms in eukaryotic cells: globular (G-actin) and fil-

amentous form (F-actin), composed of polymerized G-actin. Arranged into filaments,

the actin cytoskeleton plays a major role in various cellular processes such as mobility,

phagocytosis and vesicular trafficking [197]. This is probably why actin is targeted by

many intracellular pathogens such as Listeria, and L. pneumophila is not an exception

to the rule; at least five Dot/Icm effectors target this pathway (Figure 9).

VipA was identified by yeast screening and shown to inhibit lysosomal trafficking [170].

Localized on early endosome surfaces, VipA interacts in vitro with actin and promotes

actin nucleation [198]. VipA was proposed to impact endosomal trafficking due to its

interaction with actin [198, 199]. Another effector, SidL (substrate of Icm dot trans-

porter/coregulated with effector genes)/Ceg14, does the opposite, inhibiting sponta-

neous actin polymerization and, therefore, its arrangement [200].

LegK2 is translocated during infection on the LCV and phosphorylates host ARPC1B

and ARP3 subunits from the ARP2/3 actin nucleator. Consequently, it inhibits actin

polymerization, preventing LCV and late endosome/lysosome association [201]. LegK2

importantly contributes to bacterial endosomal degradation escape and LCV remod-

eling into a replicative niche by ER recruitment. WipA (IcmW-interacting protein A)

is a tyrosine phosphatase inhibiting actin polymerization [202]. It can dephosphory-

late many actin-associated proteins such as N-WASP and ARP2/3 [203]. WipA phos-

phatase activity leads to actin polymerization disturbance by reducing the F/G-actin

ratio, which is a marker of actin polymerization status. Infection experiments using

a defective ΔwipA mutant showed in cells a significantly higher ratio than those in-



CHAPTER 2. TYPE IV SECRETION SYSTEM DOT/ICM AND EFFECTORS 39

fected with the wild-type strain. Because LegK2 and WipA both negatively affect actin

polymerization, the authors investigated the potential synergistic effect of these two

effectors, constructing a double knockout strain ΔwipA/ΔlegK2. In macrophages, this

double mutant has a significant intracellular defect compared to a single mutant but is

complemented using only wipA [203]. Both LegK2 and VipA act to reduce actin poly-

merization and host trafficking.

Finally, RavK targets the host cytoskeleton and reduces actin filament abundance in

mammalian cells [204]. RavK is a protease that cleaves actin between the T351 and

F352 residues, preventing actin polymerization. In cellula experiments, overexpressing

a non-cleavable form of actin (actin F352A) suppressed RavK-induced phenotype [204],

suggesting RavK has a role in actin modulation.

2.2.3.2 Microtubules

Microtubules are highly dynamic structures made of α β-tubulin that are an es-

sential component of the eukaryotic cell cytoskeleton, mitotic spindle, and flagella and

serve as tracks for intracellular trafficking [205].

The effector LegG1, also called PieG, manipulates microtubules by promoting the ac-

tivation of the small GTPase Ran (RAS-related nuclear protein) and is involved in

many cellular processes such as nuclear transport [206] or microtubule nucleation [207].

LegG1 displays a homology sequence with host Ran GEF (guanine nucleotide-exchange

factor) RCC1 (regulator of chromosome condensation 1) and contains a tetrapeptide

CAAX motif at the C-terminal that will be prenylated, leading to its anchoring on the

LCV [208, 209]. Thus, LegG1 might activate Ran by its GEF activity, leading to the

recruitment on the LCV of RanBP1 (RAN binding protein 1), promoting microtubule
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polymerization and stability [208, 210]. LCV motility on the microtubule network could

be useful when removing phagosomes from the plasma membrane and moving closer to

the ER.

Another effector RidL inhibits retrograde trafficking, thus playing a central role in en-

dosomal trafficking. The retromer-mediated transport involved cargo protein delivery

from endosomes back to the trans-Golgi network (TGN) and endosomal transmem-

brane proteins recycling to the cell surface [211]. This transport pathway is crucial for

organelle identity, lipid homeostasis and many other cellular functions. During the in-

fection, RidL interacts with PtdIns(3)P on the LCV and also with Vps29 [212], one of

the components of retromer cargo recognition subcomplex Vps26-Vps35-Vps29 [213].

In vivo, RidL acts like a competitor for host Vps29 regulators: the Rab 7 GTPase-

activating protein TBC1d5 (Tre-2/Bub2/Cdc16 domain family member 5) or VARP

[214].

LtpM was found to block microtubule-related endosome movements. LtpM localized on

Rab5- and Rab7-containing endosomes, where it reduces microtubule motility due to

its glucosyltransferase activity [215]. During infection, LtpM was also found localized

to the LCV and may have a role in an endosomal pathway or LCV movement. More-

over, the authors showed that LtpM overexpression in mammalian cells does not affect

retromer-mediated retrograde transport but has a strong impact on endosome mobility

related to LtpM’s glucosyltransferase activity [215].

2.2.3.3 Other mechanisms

L. pneumophila globally disrupts the host trafficking pathway by the secretion of a

large number of effectors by its Dot/Icm T4SS.
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LegC2 (YlfB), LegC3 and LegC7 (YlfA) can disrupt the endolysosomal trafficking

pathway in yeast and could participate to avoid the fusion between the LCV and lyso-

somes [216]. In vitro, LegC3 inhibits SNARE- and Rab GTPase-dependent membrane

fusion in yeast [216]. This suggests that LegC3 could inhibit endosomal degradation

by inhibiting LCV’s fusion with lysosomes. LegC7/YlfA are effectors that disrupt the

delivery of both biosynthetic and endocytic cargo to the yeast vacuole [109].

LpdA, already mentioned for its phospholipase activity, is also found on the plasma

membrane, early endosomes and Golgi surface. Phosphatidic acid produced by this

phospholipase disturbs Golgi apparatus integrity and could disrupt plasma membrane

vesicular trafficking [137].

Legionella uses host farnesylation machinery to anchor LseA (Legionella SNARE effec-

tor) to the Golgi membrane. Even though its role is not well known, this effector would

act as a SNARE protein and would, therefore, be involved in regulating membrane

fusion at the Golgi apparatus level [217].
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Figure 9: Impact of Legionella’s effectors on vesicle migration and LCV
mobility (This study)

RavD binds to phosphatidylinositol-3-phosphate on the LCV and could be a part of

the molecular mechanism that steers the LCV away from the endolysosomal maturation

pathway [218].

Ceg9 disrupts trafficking occurring between the ER and Golgi apparatuses [219].

Based on sequence homology, VipF possesses a putative N-acetyltransferase [170, 220].

Moreover, it also has a strong similarity level with GCN5-related N-acetyltransferases

(GNAT), enzymes that use acetyl coenzyme A (CoA) to transfer an acetyl group to

many substrates, such as histones or antibiotics [221]. This modification is well known
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to have a role in metabolism and chromatin remodeling and to be used by bacteria to

inactivate antibiotics. Interestingly, chloramphenicol, an antibiotic produced by Strep-

tomyces venezuelae, is a VipF substrate [220]. Even though it is not yet clarified, VipF

could participate in the inactivation/activation of eukaryotic proteins or antibiotics.

2.2.4 Autophagy

Intracellular bacteria such as Shigella or Listeria target host cellular mechanisms

such as autophagy and nutrition sensors to their own benefit. This allows bacteria to

escape the host defenses and participating bacteria to uptake nutrients [222]. Legionella

is generally thought to inhibit host cell autophagy, notably using three Dot/Icm effec-

tors.

RavZ has been characterized as the first bacterial effector inhibiting host autophagy

[223]. It specially binds to high-curvature membranes present in large numbers on Pt-

dIns(3)P, such as phagophores and autophagosomes [224]. RavZ functions as a cys-

teine protease and irreversibly deconjugates host Atg8/LC3 proteins coupled to phos-

phatidylethanolamine (PE) on autophagosomal membranes [223, 225]. Host ATG4,

which is also a cysteine protease, plays the same role as RavZ but in a reversible way.

Interestingly, RavZ’s lipid-binding site shows a similar folding to yeast phospholipid

transfer proteins (Sec14 family) [226]. During infection, using a ravZ defective mutant,

autophagosomes are still not recruited to the LCV, suggesting that other effectors hi-

jack the autophagy pathway [223].

L. pneumophila Philadelphia-1’s effector Lpg1137 has been experimentally charac-

terized as a serine protease able to block autophagy and apoptosis [227]. It has been
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shown that Lpg1137 presents a high identity with mitochondrial carrier proteins SLC25

(solute carrier family 25) and can cleave human STX17 (syntaxin 17) on mitochondria-

associated ER membranes (MAM) and mitochondria [227, 228].

LegS2 (Legionella pneumophila S1P-Lyase)/LpSL is able to restrain autophagy by dras-

tically reducing LC3, a marker of autophagy, in human macrophages [229].

2.2.5 Apoptosis, cell cycle and death

In addition to hijacking many vesicular traffic pathways, L. pneumophila finely

regulates the survival of its host as well. Indeed, the bacterium first keeps its host alive

to establish its replicative vacuole and then multiply. When replication is complete, the

bacteria then trigger the death of their host to be released into the environment and

thus infect new cells. Multiple Dot/Icm effectors have been characterized as regulating

host cell death, although the overall mechanism remains poorly understood (Figure 11)

[230, 231, 232].

2.2.5.1 Apoptosis

Apoptosis is one mechanisms of cell death used by eukaryotic cells. It is an active,

programmed, and autonomous process of cellular dismantling without activation of in-

flammation [233]. This mechanism can be initiated by two distinct signaling pathways:

the extrinsic pathway, triggered by the attachment of pro-apoptotic ligands to death

receptors; and the intrinsic pathway, which is brought on by intracellular stress. Mi-

tochondria play an important role in the intrinsic pathway, notably via the release of

cytochrome c [234] .

Apoptosis also involves specific proteases, called caspases, which can be divided into two

groups: the so-called initiating caspases (caspases 2, 8, 9 and 10) activate the effector
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caspases (caspases 3, 6 and 7) [233].
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Figure 10: Apoptotic pathways (This study)
In the extrinsic apoptotic pathway, an extracellular ligand binds to death receptors
such as FAS, which can activate initiator caspases (caspase 8 and caspase 10) through
their dimerization, mediated by adaptor proteins such as FAS-associated death domain
protein (FADD). Active caspase 8 and caspase 10 then cleave and activate the effec-
tors caspase 3 and caspase 7, leading to apoptosis. The intrinsic pathway of apoptosis
requires mitochondrial outer membrane permeabilization (MOMP). Cell stresses en-
gage BCL-2 homology domain 3 (BH3)-only protein activation, leading to BAK and
BAX activity that triggers MOMP. Anti-apoptotic proteins such as BCL-2 or MCL1
counteract this. Following MOMP, mitochondrial intermembrane space proteins, such
as second mitochondria-derived activator of caspases (SMAC) and cytochrome c, are
released into the cytosol. Cytochrome c interacts with apoptotic protease activating
factor 1 (APAF1), triggering apoptosome assembly, which then activates caspase 9.
Active caspase 9, in turn, activates caspase 3 and caspase 7, leading to apoptosis. Mi-
tochondrial release of SMAC facilitates apoptosis by blocking the caspase inhibitor
X-linked inhibitor of apoptosis protein (XIAP). Caspase 8 cleavage of the BH3-only
protein BH3-interacting death domain agonist (BID) enables crosstalk between the ex-
trinsic and intrinsic apoptotic pathways. (ER: endoplasmic reticulum; MCL1: myeloid
cell leukaemia 1; tBID: truncated BID).
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The latter cleave different substrates, resulting in cell fractionation. Cellular dis-

mantling causes characteristic and specific morphological changes with nuclear and

cytoplasmic condensation, as well as the formation of apoptotic bodies [235].

Although L. pneumophila triggers the activation of caspase 3 during the early stages

of infection, apoptosis is only eventually induced in the late stages [236]. This delay in

the activation of the cell death via apoptosis is due to the implementation of an anti-

apoptotic balance by Legionella through various strategies (Figure 11). The SidF ef-

fector inactivates BCL-Rambo and BNIP3, two members of the pro-apoptotic BCL-2

family [237].

The interaction between SidF and these two proteins thus increases apoptotic resis-

tance, although the deletion of the sidF gene has shown that it is necessary only late

during infection [238]. Another way for Legionella to stop apoptosis is through indirect

activation of the expression of anti-apoptotic genes via the NF-κB transcription factor

[239].

Once the NF-κB pathway has been activated, IKK (IκB kinases) phosphoryle inhibitory

proteins of the IκB family, leading to the release of the NF-κB factor and its translo-

cation into the cell nucleus [233]. The LnaB bacterial effector strongly induces this cell

pathway, but its mode of action has not yet been identified [240]. Unlike LnaB, the

mechanism of activation of the NF-κB pathway by the Dot/Icm LegK1 substrate has

been elucidated. LegK1 is a kinase that mimics host IKK and phosphorylates IκB, lead-

ing to the activation of the canonical NF-κB pathway [241, 240]. Interestingly, LegK1

can also induce a non-canonical NF-κB pathway by phosphorylating p100, leading to

its cleavage into p52 [241]. Like many effectors, LegK1 is not essential for bacterial

replication but activates the NF-κB pathway in macrophages or during Acanthamoeba
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castellanii infection. The activation of host NF-κB signaling likely plays an essential

role in the modulation of macrophage defenses, such as by preventing cytokine release

by other cells.

The effectors Lgt1, Lgt2, Lgt3, SidI and SidL are also known to target this path-

way by inhibiting the host’s translation machinery, thereby decreasing IκB production

[242, 243]. Notably, the inhibition of translation is due in part to the glycosylation of

the elongation factor eEF1A [244] It has been shown that another post-translational

modification may alter the expression of immune genes: the methylation of histone H3

by RomA/ LegAS4 [245, 246]. In addition, the SdhA effector contributes to maintain-

ing of the integrity of the LCV and is involved in the prevention of cell death [247]. In

the absence of sdhA, bacterial phospholipase PlaA is no longer regulated, causes earlier

release of bacteria into the cytoplasm of host cells, thus triggering immune responses

of caspase types and cell death by pyroptosis [248, 249].

Finally, L. pneumophila stimulates apoptosis via various effectors, thus promoting its

exit from the host cell. It seems that these bacteria proceed in two stages: first, they

break the membrane of the LCV and enter the cytoplasm of the cell. They then continue

to multiply before acquiring the virulence traits of the transmissive phase and being

released into the external environment [250]. Electron microscopy observations reveal

that the end of the infectious cycle is characterized by a condensation of the chromatin

in the cells, indicating cell death by apoptosis [251].

A screening of Legionella effectors that activated the caspase 3 has led to the identifica-

tion of Ceg18, Lpg0716, Lem12, LegS2, and VipD [230]. Most of the identified effectors

are localized in the mitochondria, but only VipD has had its mechanism for activat-
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ing caspase 3 finely detailed. VipD destabilizes the mitochondrial membrane with its

phospholipase A activity, releasing cytochrome c, which activates the apoptotic path-

way [252]. L. pneumophila thus finely modulates cell apoptosis, either inhibiting or

activating it, following the stage of the infectious cycle (Figure 11).

Figure 11: Legionella effector having an impact on autophagy or cell death
(This study)

2.2.5.2 Cell cycle and bacterial egress

It has been previously demonstrated that the S phase of the cell cycle provides a

hostile environment for bacterial replication, while cells at G1 and G2/M phases are
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more permissive for L. pneumophila replication [253]. The translocation of five known

translation inhibitors, Lgt1, Lgt2, Lgt3, SidI and SidL, during the G1 phase is required

to induce cell cycle arrest [254].

It is also accepted that L. pneumophila could lyse its host cells using secreted pro-

teins. It also has been proposed that the bacteria actively destroy the LCV membrane

and plasma membrane through pore formation [118]. The discovery of mutants un-

able to lyse their host, being trapped in the cytoplasm after effective multiplication,

strongly supports this hypothesis [255]. The cytolytic activity of Legionella is believed

to be derived from various secreted proteins such as phospholipases [256]). As an exam-

ple, phospholipase PlcC, hydrolyses a wide range of lipid membrane compounds which,

during infection, could likely destabilize the different cell membranes [252]. However,

this model of pore formation lysis is quite controversial since one study found that the

release in cytoplasm was not dependent on this mechanism and that plasma membrane

lysis would only involve apoptosis [250]. Finally, L. pneumophila could exit its proto-

zoan hosts through a non-lytic process where the LCV membrane would fuse with the

plasma membrane [257]. It has been proposed that LepA and LepB effectors be involved

in this phenomenon, due to their similarity to SNARE membrane fusion proteins. How-

ever, the molecular mechanism put in place remains to be elucidated, particularly the

role of LepB, already known to target the small GTPase Rab1 [164].

2.2.6 Host gene expression control

Host gene expression modulation allows L. pneumophila to establish proper con-

ditions for its replication. L. pneumophila’s ability to reduce innate immunity gene
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expression and also to induce proinflammatory gene response demonstrates its abil-

ity to manipulate the host depending on the intracellular life cycle step. Some effec-

tors have been described as controlling host transcription or translation machinery via

post-translational modification (PTM). Some effectors can migrate to the nucleus (Fig-

ure 12).

Figure 12: Legionella effectors involved in host gene expression (This
study)
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2.2.6.1 Transcription

To modulate the eukaryotic gene transcription, epigenetic controls by histone post-

translational modification (HPTM), such as methylation, acetylation and phosphory-

lation, can be used by L. pneumophila. These post-translational modifications have

an impact on chromatin supercoiling, allowing or preventing access to DNA for tran-

scription initiation machinery. L. pneumophila secretes several Dot/Icm effectors that

contribute to these modifications, such as HPTM, thus triggering epigenetic control of

host gene expression, most likely to its benefit (Figure 12).

RomA is a methyltransferase present in the Paris strain that migrated to the host

nucleus, where it trimethylates H3 histone on the lysine 14 residue. Methylation pre-

vents subsequent acetylation on this residue. T his leads to a repression of host gene

expression, mainly innate immune-related genes [246]. During the infection, RomA can

also methylate non-histone proteins that contain a G-K-X-(PA) sequence [258], such as

AROS (Active regulator of SIRT1), whose participating in ribosome biogenesis helps

to maintain protein synthesis at the maximal rate [259].

LegAS4, the RomA homolog in the Philadelphia-1 strain, is also a methyltransferase

localized in nucleoli. There, it methylates histone H3 on the lysine 4 residue, leading

to ribosomic RNA (rRNA) transcript increase [260]. For an unknown reason, L. pneu-

mophila recruits ribosomes on its LCV, and LegAS4 could participate in producing

more ribosomes [260]. Surprisingly, LegAS4 and RomA display more than 90% of iden-

tity and share a common SET domain, despite their different enzymatic activities and

physiological effects [246, 261, 260].

LegK7 mimicks mammalian Hippo kinase MST1 activity, triggering a signaling cascade

resulting in degradation of TAZ and YAP1, two transcriptional regulators. Transcrip-

tomic analysis showed that LegK7-mediated phosphorylation alters the transcriptional
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profile of macrophages. This contributes to rendering macrophages more permissive to

L. pneumophila’s intracellular growth [262].

SnpL is an effector localized in the host cell nucleus during infection. Immunopre-

cipitation experiments followed by mass spectrometry led to the identification of the

SnpL eukaryotic partner SUPT5H, a transcription elongation factor. SUPT5H is a part

of a protein complex that regulates mRNA (messenger RNA) processing dependent on

RNA polymerase activity. SnpL ectopic expression leads to a global host gene expres-

sion upregulation and cell death [263].

2.2.6.2 Translation

During L. pneumophila infection, inhibition of host protein synthesis is essential to

block the innate immune response. To date, six effectors have been described as inhibit-

ing host translation machinery (Figure 12).

Lgt1, Lgt2 and Lgt3 are glycosyltransferases that can glycosylate host eEF1A (eukary-

otic translation elongation factor) on the serine 53 residue [264, 172, 265]. Glycosylation

on this residue, close to the GTP fixation site, leads to the inhibition of protein syn-

thesis.

Lgt1 and Lgt3 were found in every sequenced strain; however, Lgt2 seems to be re-

stricted to the Philadelphia-1 strain [264]. Lgt1, Lgt2 and Lgt3 are secreted at different

infection times: while Lgt3 is secreted during the early step of Acanthamoeba castel-

lanii infection, Lgt1 is secreted later [172]. The different secretion timing suggests that

each effector has a role dependent on the infection step. Moreover, Lgt1 and Lgt2 are

involved in inhibiting ER stress, which is also called the UPR. UPR is activated by the

host cell after a stressful event [231].
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As Lgt proteins, SidI especially targets eEF1A and eEF1Bγ, two proteins crucial for

eukaryotic translation [243]. SidI expression leads to the inhibition of protein synthesis

and cell death. Interestingly, mutations of only two specific residues suppressed SidI

toxicity, but those mutations did not suppress the interaction with eEF1A and eEF1Bγ

[243].

As previously described, SidL is an actin polymerization inhibitor, but it can also re-

duce protein translation by an unknown mechanism in vitro [266].

LegK4’s 3D structure [267] and biochemistry analysis [268] showed that LegK4 is a ser-

ine/threonine kinase. A recent study using the Philadelphia strain showed that LegK4

inhibited global host translation through Hsp70 chaperone family phosphorylation [269].

In vitro, LegK4 phosphorylated-Hsp70 showed a reduced ATPase and refolding activ-

ity. In transfected cells, LegK4 seemed to impact host global protein synthesis through

Hsc70 phosphorylation. The increase of the amount of Hsc70 associated with translat-

ing polysomes by LegK4’s phosphorylation could explain the inhibition of translational

machinery. Moreover, LegK4 ectopic expression in HEK-293T cells showed a significant

decrease in the UPR sensor’s BiP. The authors suggested that the reduced quantity of

BiP leads to inhibition of UPR and cellular stress. This study uncovered Hsp70’s role

in protein synthesis and its link to the cellular translational machinery [269].

These six effectors strongly impact host global translation and could be related to a

decrease of IκB (inhibitor of κB) production that activates the effector trigged response

(ETR) and the NF-κB pathway.

2.2.7 Metaeffectors

A metaeffector is a particular category of effector that regulates the activity of other

effectors during the infection in a synergetic or antagonistic way. Regulation of other
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effector activity or function by metaeffectors is a crucial component of the L. pneu-

mophila virulence strategy and to date, a dozen metaeffectors have been discovered

[270, 271].

LubX (Legionella U-box protein)/LegU2 and GobX (Golgi-localized U-box E3 lig-

ase) both have an E3 ubiquitin ligase activity. LubX acts as a metaeffector regulating

the function of other effectors, such as SidH [272]. By its E3 ligase activity, LubX will

polyubiquitinate SidH, leading to its degradation by the proteasome [273]. LubX is cru-

cial for the temporal regulation and fine-tunes control of SidH function during infection.

LubX can also target cellular host proteins such as CLK1 (Cdc2-like kinase) involved

in the RNA splicing and could impact target genes’ expression [274].

GobX’s role during infection is not yet clear; it possesses an E3 ubiquitin ligase activ-

ity mediated by a mammalian U-box domain [275]. It can mainly be localized to the

Golgi apparatus by exploiting cellular S-palmitoylation activity, where it could proba-

bly ubiquitinate many cellular proteins [275].

LupA (Legionella ubiquitin-specific protease A) inactivates the LegC3 effector by re-

moving ubiquitin, which suggests that LegC3 activity could depend on an endogenous

E3-ligase [270].

SidP, previously described as a PtdIns(3)P phosphatase, can also inactivate the ATP

hydrolysis activity of the MavQ effector whose function is unknown [270].

SidJ is known to be a metaeffector participating in the temporal effector regulation,

eliminating SdeA or other SidE family members from the LCV [169, 276].

By its interaction and binding with RavJ, LegL1 blocks and inhibits the RavJ active

site [270].

SusF (suppressor of SidI)/MesI (metaeffector of SidI) bind and regulate SidI-mediated

translation inhibition by decreasing its GDP-dependent glycosyltransferase activity
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[277, 278, 279]. SidI interacts with the host eEF1A and inhibits eukaryotic protein

translation by an unknown mechanism, but SusF does not hinder SidI-eEF1A because

these proteins bind to distinct regions of SidI [277].





Chapter 3

The endoplasmic reticulum and L.

pneumophila

3.1 The endoplasmic reticulum

The ER is the larger organelle in the eukaryotic cell representing around 50% of

the total cell membrane. This large and dynamic structure plays many roles, including

calcium storage, lipid metabolism, protein synthesis, folding, and transport [280]. It rep-

resents the entry point into the secretory pathway where nascent proteins are released in

a specialized environment for their folding and maturation. ER quality control (ERQC)

is the ER surveillance system that ensures the handling of misfolded or misassembled

proteins [281]. Right after their detection in the ER, these proteins are retrotranslo-

cated back into the cytosol to be ubiquitinated and degraded by a proteasome using

ERAD (ER-associated degradation) [282] or via ERQC-autophagy for ERAD-resistant

proteins [283]. It is known that half of the proteins that pass through the ER failed and

are eliminated via ERAD [284].

In mammals, ERAD pathways are highly complex, but in yeast, three ERAD mech-

58
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anisms exist [285]. ERAD-L checks soluble proteins in the ER light, ERAD-M checks

the transmembrane proteins, and the ERAD-C mechanism verifies cytosolic domains

of membrane proteins. If a “defect” of folding is detected, proteins will be translocated

to the cytosol, ubiquitinated, and eventually eliminated by the proteasome.

Chaperones present in the ER play a key role in protein folding and also ensure quality

control. Several stresses, such as infection by L. pneumophila, misfolded protein build-

up, increased calcium concentration, or heat shocks lead to a UPR or ERS physiological

response. The accumulation of misfolded proteins will be detected by the ER-resident

protein, BiP/Grp78. UPR will first slow down global translation through protein inter-

actions and phosphorylation events. Then, UPR will activate the production of chaper-

ones, such as foldase, to drastically reduce the quantity of unfolded proteins. Another

mechanism leading to the same result is the identification and degradation of these

proteins through the proteasome. If all the above steps failed, UPR would activate

apoptosis. The ER is where the calcium concentration is higher in the cell. The typical

Ca2+ cytosolic concentration is around 100 mM, while the concentration in the ER lu-

men is between 100 μM–800 μM, and the extracellular concentration is approximately 2

mM [286, 280]. Ca2+ ions are stringently excluded from cytosol because they can bind

water less efficiently than other divalent ions like Mg2+ and precipitate phosphate.

Several calcium channels are used to concentrate Ca2+ in the ER. Calcium is a crucial

signaling molecule that has an impact on diverse processes such as the association of

proteins, organelles or nucleic acids.

The ER is also the place of lipid synthesis, such as cholesterol biogenesis. The ER lu-

men is a highly oxidative place enabling the formation of disulfide bonds and other

modifications. Numerous chaperones help to fold nascent proteins.
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3.2 HSP70 family chaperones

When subjected to rapid change in their environment, organisms exhibit homeostatic-

like responses. The ability to successfully adapt or acclimate to a new environment is

critical to an organism’s survival. The most studied response to sudden adverse envi-

ronmental changes is the so-called heat shock or stress response. When confronted with

relevant temperature increases, cells respond by quickly increasing the synthesis of a

particular type of protein, the heat shock proteins (HSPs). Despite their designation as

HSPs, studies showed almost all these proteins are, in fact, produced in unstressed cells

(constitutive) and after metabolic insults (induced). HSPs are molecular chaperones

that facilitate the early stages of folding and assembly of proteins, stabilize maturing

polypeptides, and reduce incorrect folding or aggregation (Figure 13) [287]. They are

traditionally divided into “families” based upon their molecular weight and sequence

conservation [288].

The HSP70 family members or Hsc70s are constitutively expressed chaperones (An-

nexe Table 2). Present in organisms from archaebacteria to mammals, proteins of the

HSP70 family are among the most conserved proteins during evolution [289, 290]. In-

terestingly, HSP70 proteins from different organisms can share low identity but have

the same functions.

As an example, Hsp72 and its prokaryotic analog DnaK share around 50% amino acid

identity and possess the same activity. The ectopic expression of Hsp70 protein from

Drosophila in human cells can protect those cells from various stresses. Interestingly,

compared to most prokaryotes, all eukaryotes possess multiple genes encoding HSP70.



CHAPTER 3. THE ENDOPLASMIC RETICULUM AND L. PNEUMOPHILA 61

Figure 13: HSP70s folding cycle (This study)
Through cycles of substrates binding and release, HSP70s guarantee the proper folding
of proteins via ATP binding and hydrolysis. HSP70s are made of two domains: an N-
terminal ATPase domain and a C-terminal substrate-binding (SB) domain. Numerous
cochaperones, such as Hsp40, are crucial components and help HSP70s in the folding
process. HSP40 binds straight to HSP70s and stimulates its ATPase activity, stabilizing
the HSP70s-substrate interaction. Other cochaperones such as Hip can modulate the
HSP70s reaction cycle by binding to its ATPase domain, stabilizing the ADP-bound
state and leading to better stabilization of HSP70 with the substrate. Nucleotide ex-
change factors (NEF), such as Bag-1, can also bind to the HSP70s ATPase domain,
releasing bound ADP. HSP70 ATP in the bound state releases a properly folded sub-
strate, completing the cycle. In the case of protein aggregation and misfolding, the
cochaperone CHIP promotes ubiquitination leading to the proteasomal degradation of
failed proteins.

In a cell, deregulation of chaperone balance or elevated levels have been linked

with various cancers and diseases [291, 292]. Interestingly, the deletion of one HSP70

is compensated for by the high number of cytosolic HSP70 proteins, suggesting these
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proteins present both overlapping and divergent functions. Every HSP70s possesses two

essentially different domains, the nucleotide-binding domain (NBD) and the substrate-

binding domain (SBD).

3.2.1 Hsc70

Hsc70 (heat shock cognate 71 kDa protein)/HSPA8 is a member of the heat shock

protein 70 family (HSP70). Unlike some other chaperones, Hsc70 is a constitutively

expressed chaperone protein involved in diverse cellular processes from protein folding

to protein degradation [293]. With the help of other proteins, Hsc70 binds in an ATP-

dependent manner to short hydrophobic stretches of nascent or unfolded polypeptides

via its SBD. ATP hydrolysis leads its conformational change to induce protein folding

and then release the substrate. An exchange of ADP for ATP with the help of nu-

cleotide exchange factors allows Hsc70 to bind to new substrates [293]. Hsc70 also plays

a role in substrate transport from the nucleus to the cytoplasm by shuttling across the

nuclear membrane. Hsc70 helps in the export and recycling of import receptors in an

ATP-dependent manner [294].

Hsc70 can recognize misfolded or denatured substrates during chaperone-mediated au-

tophagy and targets them to the lysosome with the help of various chaperones. Then,

substrates are translocated across the lysosomal membrane for degradation [295].

Finally, Hsc70 can also play a role in the disassembly of clathrin-coated vesicles with

the help of auxilin during transport of membrane components through the cell [296].
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3.2.2 Hsp70

In addition to its role as a molecular chaperone, Hsp70 protects cells from a broad

range of apoptosis-inducing stresses [297]. Interestingly, Hsp70 inhibits several intrinsic

apoptotic pathways, such as the apoptosome formation or the activation of stress-

induced kinase ASK1, JNK, or P38 [298]. Likewise, Hsp70 may also boost the RNA

activity of IRE1α, enhancing IRE1α/XBP1, showing a physical interaction between

cytosolic chaperones and UPR [297].

Hsp70 is also a chaperokine and describes the dual role of an extracellular heat shock

protein as both a chaperone and a cytokine [299]. Hsp70 can be found out of the cell,

where it is called eHsp70 and may be the result of a passive (cell death) or active

(exocytosis) release. Extracellular Hsp70 binds with high affinity to a broad range of

receptors present on the plasma membrane of antigen-presenting cells, such as TLR2

(toll-like receptor 2), TRL4, CD40, or CD36 [300]. The binding between Hsp70 and the

receptor elicits a rapid calcium ion flux, activating NF-κB, leading to an upregulation

of the pro-inflammatory cytokine expression, such as TNF-α, interleukin-1 beta (IL-1β)

and IL-6 [301].

3.2.3 Grp75

The human mitochondrial Hsp70/Grp75, also called mortalin, is a constitutively

expressed chaperone mainly present in the mitochondria [302]. In the mitochondrial

matrix, Grp75 plays a crucial role in importing mitochondrial proteins through the

mitochondrial membrane, oxidative stress response, regulation of mitochondrial mem-

brane potential, energy generation, immune response, and protection against apoptosis

[303, 304].
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3.2.4 BiP

In mammalian cells, BiP is an abundant protein that exists in monomeric and

oligomeric forms. However, its expression is overstimulated under stressful conditions,

such as in the presence of an accumulation of unfolded polypeptides in the ER [305].

Like many members of the HSP70 family, BiP is an ATP-dependent chaperone and is

assisted with its task by cochaperones like ERdjs (ER-localized DnaJ family members),

Grp94 from the HSP90 family or calnexin [306, 307]. In the ER lumen, BiP acts as

a general chaperone thanks to its ability to recognize a wide variety of polypeptides

[308]. BiP’s substrates share no obvious sequence similarity, but they can efficiently

discriminate properly folded proteins from the unfolded structure.

In addition to its chaperone activity, BiP acts as the major monitor and transducer of

ERS [309]. In non-stressed cells, BiP binds and inhibits PERK, IRE1, and AFT6 from

activating the UPR. In the case of ERS, BiP will bind preferentially to unfolded or mis-

folded proteins leading to UPR activation and biological changes to restore homeostasis.

BiP can be post-translationally modified by phosphorylation and by ADP ribosyla-

tion [310, 311]. All these modifications may be crucial in the regulation of the synthesis

and polypeptide binding activity. Inhibition of protein synthesis mediated by cyclohex-

imide or rapamycin induces BiP phosphorylation [312], but unfortunately, little is known

about how these modifications affect the basal BiP’s ATPase activity or its propensity

to oligomerize. However, ERS causes an increase in the number of monomeric species

and a decrease in the extent of BiP modification. Only monomeric and unmodified BiP

molecules are found in interaction with unfolded or misfolded polypeptides [313]. Mod-

ification of BiP seems to provide a storage pool of BiP that can be recruited back to
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the “active form” in the case of ERS.

3.3 Unfolded Protein Response

The unfolded protein response (UPR) is a master regulator in many inflammatory

diseases and is an essential adaptive response. This mechanism provides protein trans-

lation and folding homeostasis, regulates immune responses to various stimuli such as

pathogens, and eventually serves as a decision point of fight-or-die response [314]. Ma-

nipulation of ER chaperone activity to control the protein folding and avoid protein

aggregation has been used by many pathogens, including Legionella, to prevent UPR

activation.

To create its replicative niche, Legionella picks up ER membranes and mitochondria

and these stressful events for the host should, in theory, activate the UPR, but it is not

the case [231]. While UPR has a critical role in various molecular events, its purpose

and how its dysregulation contributes to the Legionella pathogenesis remains unclear.

However, a recent study suggested L. pneumophila could, thanks to LegK4, target BiP

and downregulate UPR activity and ERS [269].

3.3.1 UPR signaling pathways

The ER is in charge and ensures the release of adequately folded proteins, while

misfolded proteins are degraded through ER-associated degradation (ERAD) or au-

tophagy [280]. ER tasks are primary the biosynthesis, trafficking, and posttranslational

modification of secreted and transmembrane proteins. Upon Legionella infection by ER

recruitment on the LCV, its homeostasis can be disturbed, resulting in significant stress
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that could lead to a series of adaptive mechanisms termed the UPR, which restores pro-

tein folding homeostasis [231].

In the ER lumen, three transmembrane proteins exist to detect stressful events: the pro-

tein kinase RNA-like endoplasmic reticulum kinase (PERK), the activating transcrip-

tion factor 6α (ATF6α), and the inositol-requiring protein 1α (IRE1α). All these pro-

teins physically interact with the chaperone immunoglobulin binding protein (BiP)/Grp78/HSPA5

and act as sensors of ERS. The UPR is triggered right after ERS is detected to restore

protein folding homeostasis by monitoring protein translation, increasing folding capac-

ity, or eventually activating ERAD [315]. In the worst-case scenario, apoptosis could be

triggered to remove stressed cells and avoid the harmful effects of misfolded proteins

(Figure 14).

3.3.1.1 UPR activation

It was originally believed that during ERS, the BiP dissociation from ER trans-

membrane sensors initiates the UPR (Figure 14). Nonetheless, BiP seems to be not

the only chaperone starting the UPR for all ER transmembrane sensors, and unfolded

proteins can bind straight to either IRE1α or PERK [316]. The interaction between ER

transmembrane sensors and peptides from unfolded protein luminal domains induces

conformational changes initiating the UPR. Finally, a third model of UPR activation

exists and proposes that both BiP dissociation and binding of unfolded proteins cause

the UPR activation [317]. This model seems to be a more reliable and efficient way of

handling a broad range of unfolded/misfolded proteins. The model suggests two different

pathways for UPR exist: a translational pathway involving PERK and a transcriptional

pathway that involves AFT6 and IRE1α.
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Figure 14: Unfolded protein response (UPR) signaling pathway (This
study)

. Upon ER stress, such as a misfolded protein accumulation, ER-resident chaperon BiP
dissociates from the ER membrane sensor to bind with misfolded or unfolded proteins
present in the ER. BiP dissociation activates UPR to correct the protein folding or lead
to cell death. Activation of the UPR is mainly due to three primary ER sensors: pro-
tein kinase RNA-like endoplasmic reticulum kinase (PERK), activating transcription
factor 6α (ATF6α), and inositol-requiring protein 1α (IREα). The UPR could attenuate
protein translation, increase the misfolded protein degradation (ER-associated degra-
dation), increase protein folding, induce various inflammatory responses, and if the
problem remains unresolved, the UPR could trigger autophagy and cell apoptosis with
as an example the activation of the intrinsic apoptotic pathway by CHOP.
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• The translational pathway/PERK Signaling

PERK is a type I ER transmembrane protein whose activation is dependent on the

recognition of misfolded proteins inside the ER. PERK activation leads in its oligomer-

ization and autophosphorylation, triggering phosphorylation of eukaryotic initiation

factor 2α (eIF2α), leading to an attenuation of protein translation by controlling the

protein load of the ER [318] (Figure 14). EIF2α also activates eIF2α-activating tran-

scription factor 4 (ATF4) translation that, in turn, activates several UPR-related gene

transcriptions, which include ERAD leading to apoptosis, autophagy and redox home-

ostasis [319].

• The transcriptional pathway

- ATF6 signaling

ATF6 is a type II ER transmembrane leucine zipper protein. Inside the ER, the

accumulation of misfolded proteins leads to BiP dissociation from ATF6, allowing it to

interact with the misfolded proteins [320]. Then, ATF6 translocates consequently into

the Golgi apparatus and is cleaved by S1P and S2P proteases, leading to the release

of its N-terminal domain. The latter can migrate to the nucleus to induce UPR-related

genes transcription, which includes acute phase response (APR)-associated genes [321]

(Figure 14).

- IRE1α signaling

The third arm of the UPR pathway, IRE1, is a type I ER transmembrane protein

that is activated by the dissociation of BiP from its luminal domain. Accumulation

of misfolded proteins in the ER results in IRE1α oligomerization, kinase domain au-

tophosphorylation, and activation of the RNase domain (Figure 14). The latter induces
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splicing of X-box binding protein 1 (XBP1) mRNA to express transcriptional factors

and upregulates UPR-related genes to protein folding, protein secretion, and ERAD

[320]. In the case of chronic persistence of the stress, activated IRE1 will interact with

tumor necrosis factor receptor-associated factor 2 (TRAF2). The latter will lead to the

activation of the apoptosis signal-regulating kinase 1 (ASK1)-c-Jun N-terminal kinase

(JNK) signaling pathway, triggering inflammation or apoptosis [322].

3.3.2 Legionella and UPR

Bacterial pathogens are well-known for hijacking many cellular pathways to survive

and replicate. Depending on the pathogen or under certain conditions, the UPR will be

inhibited or activated to the benefit of the bacteria [323]. The UPR is initiated by the

host cell to fight against ERS, which can be induced by the accumulation of abnormal

proteins. Activation of the UPR can have many consequences, including the initiation

of the innate immune response, apoptosis, proinflammatory programs, the inhibition

of global protein synthesis, and upregulation of ERS proteins protein such as BiP and

CHOP [324]. The consequences of activating the UPR include the inhibition of global

protein synthesis, upregulation of the production of ER stress proteins (e.g., luminal

chaperone BiP), and the initiation of apoptotic (e.g., through induction of CHOP) and

proinflammatory (e.g., activation of NF-kB) programs.

Some pathogens may manipulate the UPR as a requirement for establishing an intra-

cellular niche. Some might exploit the UPR to take advantage of its particular function

(i.e., lipid biosynthesis, increasing of protein folding capacity and release of amino acids

after ERAD). In contrast, others block specific pathways among UPR to prevent host

defense activation, such as innate immunity or apoptosis.

During the infection, L. pneumophila creates a replicative vacuole using ER-like vesi-
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cles that is a very stressful event for the host cell. To cope with ERS and initiation of

the UPR, Legionella uses different proteins to inhibit UPR by targeting different UPR

pathways.

Lgt1 and Lgt2, previously described as inhibiting global protein translation, are also

two effectors inhibiting the UPR by targeting IRE1 [231]. A wild strain of Legionella

reduces the amount of spliced XBP1 by IRE1, causing a lack of ER- related transcrip-

tion factor, inhibiting the UPR.

Genomic deletion of the five proteins involved in host translation inhibition (Lgt1, Lgt2,

Lgt3, SidI and SidL) or for the T4SS restored host-cell-splicing activity will affect UPR

activity [242].

Moreover, the wild phenotype can be restored in these mutants by lgt2 or lgt3 plasmidic

complementation.

In addition to phosphorylating Hsp70s family-related proteins and decreasing cytosolic

ER sensor BiP, LegK4 was also described as inhibiting the UPR [269].





Chapter 4

New Target of Legionella : The

Nucleus

The nucleus is the largest organelle inside eukaryotic cells and represents about a

tenth of the entire cell volume. It contains genetic material and serves to maintain

cellular integrity.

The nucleus is an essential organelle controlling many vital cellular processes, such

as transcription, DNA replication, division, and growth. It stores all the genetic infor-

mation of the cell and is responsible for gene expression and cell integrity. Having a

central role in eukaryotic cells, the nucleus is the new target of bacterial protein, called

nucleomodulin. These proteins usually change the host transcription gene primarily by

epigenetic control.

4.1 Levels of epigenetic control

William Bateson defined genetics as the science of hereditary trait transmission in

1905 [325]. In comparison, the term “epigenetics” was first used in 1942 by the British

72
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embryologist Conrad Hal Waddington to define what is literally “above genetics” [326].

After the discovery of the DNA double helix structure and genetic code, it was thought

that all the information required for life, whatever species, was included in DNA se-

quence and, more precisely, in genes.

Later in the late 70s, it became clearer that genes alone could not explain everything. In

1990, epigenetics was characterized by Holliday as “the study of the mechanisms that

impart temporal and spatial control on the activities of all those genes required for the

development of a complex organism” [327]. The term “epigenetic” is now usually used

to describe how other DNA sequences influence gene expression.

To date, three levels of epigenetic control that understood as being correlated to DNA

level organization among chromosomes: DNA methylation and RNA and histones mod-

ification .

The human genome is composed of 23 chromosome pairs present in every cell. In vivo,

the double helix DNA structure is finely organized, compacted in the nucleus and rep-

resents more than 10% of cell space. To fit in, DNA must be supercoiled. Supercoiled

DNA is associated with essential proteins called histones, leading to chromatin forma-

tion.

4.1.1 DNA methylation

DNA methylation was the first epigenetic mark discovered to have an impact on

gene expression. This modification is the reversible addition of a methyl (CH3) group

to DNA. In the 70s, DNA methylation was proposed as a mark that could regulate gene

expression and, in particular, the female X-chromosome inactivation [328]. Because it

prevents translocations of repeated or transposable sequences, this modification con-

tributes to genome stability and seems to play a role in development [329]. Interestingly,
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it does not alter the DNA nucleotide sequence and cannot be detected by conventional

sequencing techniques. However, bisulfite/bisulphite sequencing [330] or methylation-

sensitive restriction endonucleases allows determine of DNA methylation patterns [331].

In vertebrates, DNA methylation usually occurs on cytosine, giving a 5-methyl-cytosine

(5mC) within a cytosine-guanine dinucleotide (CpG). Methylation could occur else-

where in plants and embryonic stem cells [332]. There are around 28 million CpG in

the human genome, where over 60% are always methylated. These methylations mostly

take place in gene regulatory sequences or in repeated sequences. Over 50% of genes

possess dense CpG stretches called CpG island (CGI) in their promoter regions. DNA

methylation’s role in these regions is considered a stable epigenetic mark of suppressed

gene expression. Interestingly, these modifications are maintained through mitosis and

meiosis [333]. In 2008, Metivier [334] reported that promoters may be actively methy-

lated and demethylated using as a model trefoil factor 1 (TFF1) from breast cancer

cells. Many methyltransferases, such as MeCP2, SWI/SNF, DNMT1 and DNMT3a/b,

are recruited to the TFF1 promoter, resulting in its methylation and, from there, to its

inhibition [335, 336]. DNA methylation has two impacts: preventing DNA recognition

from proteins such as transcription factors that are DNA-state sensitive or promot-

ing methyl-binding proteins (MBP) that will inhibit gene transcription. This reversible

modification, which has a substantial impact on gene expression, is finely controlled by

cells. Indeed, it has been proposed there is a balance between DNA methylation from

DNA methyltransferase and demethylation. Surprisingly, demethylation can be done

passively during DNA replication or by spontaneous or enzymatic transformation of

5mC into uracil. The latter is a molecule not found in DNA that will be recognized

by the repair enzymes system as a DNA sequence error, modifying uracil into cytosine.

Experiments to disrupt methylation have shown that this epigenetic mark is essential

during the embryonic development of the vertebrates such as zebrafish. In mouse em-
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bryos, knock-out of DNMT3a/b methyltransferase leads to a premature death [337].

4.1.2 Non-coding RNA

The second epigenetic mechanism uses the interaction properties of non-coding

RNAs (ncRNAs). High-throughput sequencing approaches show that while 90% of our

genome’s DNA is transcribed into RNAs, less than 5% of the transcribed mRNAs are

translated into proteins [338]. The ncRNA family consists of molecules with very dif-

ferent functions, such as rRNA and tRNA (transfer RNA), essential for translating

mRNA into proteins and regulatory RNAs. The small ncRNAs, about 20 nucleotides

long, and the miRNAs (micro RNA) act on mRNAs to destabilize or inhibit them and

thus control the level of a protein in the cell. Other ncRNAs act directly on the DNA,

targeting regions of the genome of the same sequence and creating an environment that

suppresses gene expression [339]. Finally, much larger ncRNAs, consisting of thousands

of nucleotides, such as Xist (X inactive specific transcript) RNA, cover the DNA en-

tirely and inactivate the activity of one of the two X chromosomes of female mammals

[340].

4.1.3 Histone modifications

Histones are nucleoproteins only found in eukaryotic cells. Mainly found in the cell

nucleus, they have an important role in DNA stabilization and packing, enabling it

to order into nucleosomes. Histone post-translational modifications (PTM), also called

histone modifications, are covalent modifications well known to impact chromatin super-

coiling levels. The main changes in histones are acetylation, methylation, ubiquitinoyla-

tion and phosphorylation. These modifications affect various cellular mechanisms such
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as replication, transcription or DNA repair process but can also affect gene expression

by altering chromatin structure or by recruiting histone modifier enzymes, responsible

for the addition or removal of these groups. Their activity changes the chemical na-

ture of histones, interactions with their partners, their position, and the composition of

nucleosides. These enzymes, also referred to as “writers,” are therefore involved in the

remodeling of chromatin, and recruited proteins are referred to as “readers” [341]. In

2001, a “histone code” was proposed, and genomic mapping of the different chromatin

states allows the prediction of whether a gene is active or not based on changes in the

histones present in its regulatory sequences [342]. Among all the histones, modification

of histone H3 is the best described. As an example, trimethylation of histone H3 lysine

9 residue is associated with DNA compaction and transcription suppression [343]. In

contrast, trimethylation of the same histone H3 on its lysine 4 residue is related to

transcription activation [344].

4.1.4 Histone H3

Histone H3 is a basic 15 kDa protein that exists in humans as six different variants.

They can be part of a conventional nucleosome, such as H3.3 [345], incorporated into

centromeric nucleosomes, such as CENPA [346] or found at DNA damage sites like

ASF1A [347]. Two are well-described and present in conventional nucleosomes, H3.1

and H3.3, but are components of different histone assembly complexes [345, 348]. H3.1

and H3.3 are remarkably similar in amino acid sequence but different in their expres-

sion patterns or modes of deposition [349]. H3.1 is replication-dependent because it is

expressed during DNA synthesis, and H3.3 is replication-independent and expressed

throughout the cell cycle.
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• H3 Acetylation/Deacetylation

Hyperacetylation of histone H3 is generally associated with chromatin decondensa-

tion, allowing DNA accessibility to proteins increasing and increasing the area’s tran-

scriptional activity [350, 351]. For instance, acetylation on lysine 16 (K16ac) was proved

to hinder the formation of 30 nm chromatin fiber [352], and K9ac/K14ac were frequently

found in the transcriptional permissive region [353]. As expected, histone hypoacetyla-

tion is associated with chromatin condensation and, therefore, on transcriptional repres-

sion [354]. One mechanism to increase H3 acetylation is to inhibit histone deacetylases

(HDACs), allowing histone acetyltransferase (HAT) to modify histone. Together, HATs

and HDCAs control the delicate balance on the H3 acetylation level, playing an essen-

tial role in transcription activation or repression.

• H3 Methylation/Demethylation

The methylation of lysine 9 from H3 (H3K9me) plays a significant role in tran-

scriptional silencing. Proteins from the SUV39H1 family are histone methyltransferases

specific to H3K9me and are required both inDrosophila and Schizosaccharomyces pombe

for gene silencing near the centromere [355]. In addition, H3K9me is present in transcrip-

tional inactive areas, such as pericentric heterochromatin, sexual-type silent locus in S.

pombe [343] or the silent region adjacent to the chicken’s β-globin locus [356]. On the

contrary, H3K4me, H3K4me2, H3K4me3 are associated with transcription activation

[344]. Indeed, methyltransferases responsible for H3K4me are usually transcriptional

activators, such as SET1 or ASH1 [357], or are associated with co-activators [358]. Un-

fortunately, the H3K4me molecular consequence is not yet known well but is believed

to promote the recruitment of activating factors or, in contrast, inhibit the interaction

of a repressive complex [359]. At euchromatic sites, H3K9me, H3K9me2, H3K9me3,
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H3K27me and H3K27me3 mediate heterochromatin formation participating in silenc-

ing gene expression; therefore, they constitute repressive marks [360].

• H3 Ubiquitination

Histone mono-ubiquitination plays a crucial role in DNA damage repair (DDR)

[361, 362]. Knock-out of CUL4 from the ubiquitin ligase complex CUL4-DDB-ROC1

weakens the interaction between DNA and histone, facilitating the recruitment of repair

proteins to the DNA damaged site [363]. H3 ubiquitination also plays a role in tumor

formation and glycolysis because H3K23/K36/37Ub mediated by NEDD4 is linked to

transcriptional activation of tumor-related genes IL1α, IL1β and GGLM [364].

• H3 Phosphorylation

Upon activation of many cellular pathways, such as ERK or p38 MAPK, H3 phos-

phorylation plays the role of the intermediate step in the chain of events leading to

the target gene induction [365]. Moreover, it is now suggested that H3 phosphorylation

is a crucial element linking the MAPK signaling cascade with chromatin remodeling.

Stimulation of MAPK by EGF results in elevated levels of H3S10ph, which are found by

CHIP-seq in mouse fibroblasts, linked with promoter regions of immediate early genes,

such as c-jun, c-fos and c-myc [366]. Moreover, H3S10ph caused changes in HP1γ dis-

placement and Brg1 recruitment, as well as RNA polymerase II [367].
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4.2 The new era of nucleomodulins

Bacterial proteins can access the eukaryotic cell cytoplasm in different ways: (i)

injection by a type III or IV secretion system; (ii) self-transport, like toxins; (iii) secre-

tion by free bacteria into the cytoplasm. Nucleomodulins are secreted bacterial proteins

that have an impact on the host cell nucleus [368, 369]. The nucleomodulins’ effect can

be indirect (through a chain reaction starting in the cytoplasm but eventually hav-

ing an impact on nucleus activity) or direct (if the nucleomodulin can migrate to the

nucleus). We are going to focus on the second possibility in this thesis. The nucleo-

cytoplasmic transport of nucleomodulin is carried out using the host import machinery

system [368]. Proteins must cross through the nuclear membrane double lipid layer via

a nuclear pore to access the nucleus. Nuclear import of nucleomodulin is subjected to

the same constraint as eukaryotic protein nuclear import.

4.2.1 Protein nuclear import

4.2.1.1 Nuclear pore structure

The migration of large proteins from the cytoplasm to the nucleus is tightly con-

trolled by nuclear pore complexes (NPCs). The number of NPCs differs from one species

to another: around 200 NPCs per nucleus in yeast cells compared to around 5× 103

to 5× 107 NPCs per nucleus in human cells [370]. This structure comprises 50 nu-

cleoporins called Nups, organized in a central channel composed of a central ring, a

nuclear basket and cytoplasmic filaments. The central channel comprises nucleoporins

that contain an abundant and highly repeated region of phenylalanine (F) and glycine

(G). This hydrophobic amino acid region, named FG Nups, leads to a tight, hydropho-

bic barrier [371]. This channel is made of two rings, one around 150 nm in diameter and
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one around 45 nm in diameter, forming a central channel. This particular architecture

is complemented by eight cytoplasmic and nucleoplasmic fibrils converging to make a

basket-shaped structure called a nuclear basket.

4.2.1.2 Protein import through the nuclear pore

Not all proteins can cross the nuclear membrane because nuclear import is a selec-

tive mechanism depending on the molecular weight of the cargo protein. Many studies

sought to determine the maximum molecular weight a protein can have to migrate by

passive diffusion. Depending on the plasmid construction, the authors concluded that

if smaller than 60 kDa, a protein can cross the nuclear membrane without using host

machinery [372]. Import of higher-weight proteins requires a specific protein carrier, im-

portins, which recognize specific amino acid sequences in the cargo protein, the nuclear

localization signal [373].

4.2.1.3 Key to the nucleus: Nuclear localization signal

To have access to the nucleus, high molecular weight proteins require a specific

peptidic sequence called a nuclear localization signal (NLS). This sequence is specifically

recognized by the importin system, in particular the importin α [374]. Many NLSs have

been discovered, but unfortunately, there is no true consensus about a specific patterned

sequence. However, two types of NLS are well described: classical NLS (cNLS) [374] and

non-classical NLS (ncNLS) [375].

How nucleomodulins enter into the nucleus is not clear because they generally lack a

classical NLS. However, some possess an ncNLS or can be transported via an unknown

host nuclear pathway.
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• cNLS

The most common and first type of NLS discovered, cNLS, mainly consists of basic

residue stretch, like arginine and/or lysine (K and/or R). It is considered monopartite

if a basic amino acid sequence is present once, like the NLS from SV40 large T anti-

gen (126 PKKKRRV 132) or bipartite if present twice, like nucleophosmin NLS (155

KRPAATKKAGQAKKKK 170). The gap between the two sequences is set between 10

to 100 amino acids. The NLS is recognized by the adaptor protein importin α, which

directly binds to the NLS, which in turn contains its own bipartite NLS recognized by

importin β (karyopherin β or p97) [376].

• ncNLS

Interestingly, many nuclear proteins do not possess a cNLS but contain ncNLS,

whose import is mediated by the direct binding to a protein from the importin β

family. Compared to the cNLS case, these proteins do not depend on importing an α

adapter, but by the straight interaction with ncNLS from the cargo protein and facilitate

crossing through the NPC [377]. To date, four classes of ncNLSs exist: the acidic M9

domain of hnRNPA1 [378], the complex signals of U snRNPs [379], the KIPIK sequence

of the yeast transcription repressor Matα2 [380] and proline-tyrosine-NLS (PY-NLS)

[381] [382].

Among ncNLSs, proline-tyrosine-NLS or PY-NLS is the best described [381]. The

peptitic signal is around 15–100 residues long and usually follows three rules: a struc-

tural disorder, overall positive charge, and poorly conserved sequence motifs made of

a hydrophobic or basic residue on the N-terminal and a C-terminal R/K/H-X2-5P-Y
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motif recognized by importin β2 (karyopherin-β2 or transportin-1).

• Case of nucleolar proteins

Inside the nucleus, nucleoli were discovered by Oscar Miller using electron mi-

croscopy. They are crucial places dedicated to ribosome synthesis and assembly [383].

Nucleoli are very dynamic places, resulting from the equilibrium between the level of

rDNA expression, rDNA processing and transport of ribosomal proteins (40S and 60S)

toward the cytoplasm.

Three hypotheses about how proteins can migrate to the nucleolus exist: the presence

of a nucleolar localization sequence (NoLS), a nucleolar detention sequence (NODS) or

the interaction with nucleolar proteins. To date, little is known.

- Nucleolar Localization Sequence

The characterization of a NoLS is still an issue, as most nucleolar localization sig-

nals are usually made of a random series of basic residues. Over the years, many motifs

mostly composed of arginine and lysine residues have been identified (Annexe Table 3).

Some nucleolar proteins are much larger than the size exclusion limit of the NPC and

also require an NLS to cross the nuclear pore [384].

- Nucleolar Detention Sequence

In contrast, a NoDS is better characterized by a consensus sequence consisting of a

minimum of one arginine motif RR(I/L) and at least two hydrophobic triplets Lψ(V/L)

(ψ represents a hydrophobic residue) [385]. An In silico analysis and photobleaching

experiment led to the discovery of around 20 proteins containing an NoDS called NoDP.

NoDPs have various functions in protein folding, proteosomal degradation, ubiquitina-

tion, and DNA replication showing they may control many cellular pathways [386, 387].
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They are sequestered in the nucleolus and undergo a stimuli [388, 385], demonstrating

nucleolar detention as a form of post-translational regulation.

- Interaction with nucleolar protein

Nucleolar proteins lacking a nucleolar sequence signal (NoLS or NoDS) can also be

localized to the nucleolus thanks to their interaction with the protein that contains

it. As an example, PP1, a nucleolar protein, does not contain a NoLS/NoDS but is

localized in the nucleolus thanks to its interaction with NOM1 and its NoLS [389]. This

method of transport is often targeted by viral proteins such as the groundnut rosette

virus (GRV) that use host fibrillarin for viral ribonucleoprotein formation [390].

4.2.1.4 Import of the cargo protein mechanism

Active transport of protein is a finely regulated mechanism mediated by the karyo-

pherin (KAP) family, which includes small protein G Ran and importins. Amongst

them, the importin β-1 (karyopherin β-1) binds via an adaptor protein (importin α) to

the NLS containing the cargo protein. Importins recognize and have a strong affinity

to protein cargo NLS. They also possess binding sites to nucleoporins via the FG Nups

basic repeats. These interactions lead to the cargo protein transporting from the cyto-

plasm to the nucleoplasm.

The importin “α” is first bound to the cargo protein NLS and acts as an adaptor

to the importin β (Figure 15). The complex cargo protein-importin α-importin β is

translocated through nuclear pores due to the importin-pore interaction.
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Figure 15: Nuclear import mechanism and recycling of essential transport
components (This study)

1○ Formation of the cargo-importin α-importin β complex in the cytoplasm. 2○ The
complex translocases through the nuclear pore. 3○ The complex is dissociated by the
CAS exportin and Ran-GTP releasing the cargo protein in the nucleoplasm. 4○ Im-
portin α-CAS-Ran-GTP and importin β-Ran-GTP complexes cross the nuclear pore.
5○ Hydrolysis of Ran-GTP to Ran-GDP and releasing of importins α and β in the cyto-
plasm. 6○ CAS and Ran-GDP return to the nucleus where Ran GEF (GTP Exchange
Factor) activity allows GDP-GTP exchange.

In the nucleoplasm, Ran-GTP and Ran-GTP linked to cellular apoptosis susceptibil-
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ity protein (CAS) exportin tapped importin β and α, respectively. These protein-protein

interactions lead to the release of the cargo protein in the nucleoplasm. Both importin

β-Ran-GTP and importin α-CAS-Ran-GTP complexes migrate through the nuclear

pore and return to the cytoplasm. Cytoplasmic GAPs (GTPase activating proteins)

enhance spontaneous hydrolysis of GTP linked to Ran. The hydrolysis of GTP to GDP

changes the molecular conformation of Ran and leads to the release of importins α and

β. Importins are now available and can take charge of another cargo protein.

4.2.2 Nucleomodulins

Through co-evolution with their hosts, bacteria have established proteins capable

of mimicking the functions of eukaryotic proteins [391]. Although many translocated

effectors localize to the Legionella replicative vacuole, other effectors can affect remote

intracellular sites. Interestingly, some of these eukaryotic-like proteins affect the func-

tions of the host nucleus [246, 263].

Through different molecular mechanisms, the activity of these proteins, called nucleo-

modulins, allows the bacterium to directly or indirectly control the expression of genes

in the host. For intracellular bacteria, the purpose of this control is usually to escape

the host defenses while looting its resources. Extracellular bacteria aim to lyse the cell

to release nutrients essential for bacterial growth.

Since their discovery about ten years ago, nucleomodulins have been considered major

virulence factors for their essential role in the development of the infectious process and

are an emerging axis of research.

Immediately after migration to the nucleus, there are mainly two different types of

nucleomodulin targets: DNA and proteins such as histones or transcription factors.

Moreover, in rare cases, nucleomodulins may target the nucleolar sub-compartment,
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targeting the nucleolus.

Three nucleomodulins exist in L.pneumophila: RomA, LegAS4 and SnpL.

4.2.2.1 RomA

RomA is a methyltransferase that presents in the Paris strain. After secretion,

RomA migrates in the host nucleus, where it trimethylates H3 histone on lysine 14

(K14) residue. Histone post-translational modifications control eukaryotic gene expres-

sion and regulate many biological processes, including immunity. Methylation on this

residue prevents subsequent post-translational modification, such as acetylation. This

methylation leads to global repression of host gene expression, mainly innate immune-

related genes [246]. RomA can also methylate other proteins during the infection, but

those proteins must contain a G-K-X-(PA) sequence [258], such as AROS (active regula-

tor of SIRT1). AROS participates in ribosome biogenesis and helps to maintain protein

synthesis at the maximal rate [259].

4.2.2.2 LegAS4

LegAS4 is the RomA homolog in the Philadelphia-1 strain. It is also a methyltrans-

ferase. Unlike RomA, LegAS4 localizes in nucleoli. There, it methylates histone H3 on

the lysine 4 (K4) residue, leading to ribosomic RNA (rRNA) transcript increase [260].

For an unknown reason, L. pneumophila recruits ribosomes on its LCV and LegAS4,

which could participate in producing more ribosomes [260].
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4.2.2.3 SnpL

During the infection, SnpL localizes in the nucleus of mammalian cells. SnpL ectopic

expression leads to a global host gene expression upregulation and cell death [263]. Co-

immunoprecipitation assay followed by mass spectrometry led to the identification of

SUPT5H, a eukaryotic partner of SnpL. SUPT5H is a transcription elongation factor,

part of a protein complex that regulates mRNA processing dependent on RNA poly-

merase activity.
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INTRODUCTION

Legionella pneumophila is the etiological agent of legionellosis, a severe pneumonia

in humans.

Pathogenic strains of Legionella appear from the environment after intracellular

multiplication in amoebae. These bacteria can be disseminated by water aerosols due

to human technologies, such as cooling towers. When inhaled, contaminated aerosols

lead bacteria into the lungs to the lower respiratory track where alveolar macrophages

are present.

Several studies revealed that the Dot/Icm type 4 secretion system (T4SS) and the

secretion of approximately 300 proteins, called effectors, are required for Legionella to

survive lysis [392, 204].

Within environmental phagocytic cells and human macrophages, this secretion of pro-

teins allows Legionella to reroute its phagosome and trigger the biogenesis of an LCV.

For many years, significant investigative efforts have aimed to decipher the individual

contributions of effectors to the Legionella intracellular lifestyle. Due to a high func-

tional redundancy between effectors, single-gene deletions usually result in the absence

of phenotype. Unfortunately, to date, only a few T4SS effectors have been functionally

characterized (Annexe Table 1).

Among the Dot/Icm effectors secreted by Legionella, some display distinctive eu-

karyotic motifs or domains such as protein kinase domains. In silico analysis of effector

sequences and in vitro phosphorylation assays with purified proteins led to the identi-

fication of four secreted kinases. The endemic Legionella Paris strain can secrete five

kinases, designated LegK1–4 and LegK7 [268] [262].

To date, the roles and functions of LegK1, LegK2, and LegK3 are partly character-
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ized, but very little is known about LegK4.

LegK4 is a well-conserved protein found in five Legionella strains: Paris (lpp0267 ),

Lens (lpl0283 ), Philadelphia (lpg0208 ), Alcoy (lpa0386 ) and Corby (lpc0283 ) (Fig-

ure 17).

We mainly studied LegK4 from the Paris strain because it is a recent French strain

isolated from a clinical sample [60].

In this thesis, we aimed to decipher the precise role of LegK4 Paris and its phos-

phorylation activity through three axes.

First, we aimed to localize LegK4 Paris in human infected cells, then to find its

eukaryotic interactants and substrates and finally better understand its impact on Le-

gionella and on human cells.
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1 Localization of LegK4

To better understand the role of LegK4 Paris, we first aimed to determine where

LegK4 Paris localized in transfected HeLa cells, then when it was secreted in human

macrophages and finally where it localizes in infected human cells.

1.1 LegK4 Paris localized in the nucleus of transfected HeLa

cells

To determine the localization of LegK4 Paris, we have transiently expressed the

fusion protein eGFP-LegK4 from Paris or the negative control eGFPc (emerald green

fluorescent protein) in HeLa cells for 24 h.

We used the GFP direct fluorescence to detect the protein of interest, and we used

4,6-diamidino-2-phenylindole (DAPI) to stain the nucleus and immunostained nucleolin,

a specific nucleolar marker.

As expected in confocal microscopy, eGFPc was localized in the cytosol and the

nucleus of transfected cells. However, eGFP-LegK4 Paris was nucleolar in 90% of the

cells with a strong colocalization within nucleoli (Figure 16A and B).

In HeLa cells, eGFP-LegK4 Paris localized specifically in nucleoli. However, this

result was not consistent with the 2019 study by Moss and collaborators about LegK4

Philadelphia [269]. They determined that the localization of LegK4 from the Philadel-

phia strain was cytosolic but not nucleolar in transfected HeLa cells.
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Figure 16: LegK4 localization depending on Legionella strain
A. HeLa cells were transiently transfected with different eGFP-tagged LegK4 constructs
to determine LegK4 localization. Nuclei were stained blue with DAPI, and nucleoli were
detected with an anti-C23 (nucleolin) and immunostained using an anti-IgG Dylight
594 antibody (red).
B. The amount of GFP-positive cells in the cytosol or the nucleus was quantified by
counting 100 cells per experimental condition. Each condition was done in triplicate.
Error bars represent the standard error of the mean (SEM).
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1.2 LegK4 Philadelphia localized into the cytosol of trans-

fected HeLa cells

Because the result we obtained was different from the result described by Moss et

al., we aimed to understand this difference. Therefore, we recreated the same experi-

ment as Moss et al.. We made a plasmid to produce the fusion protein eGFP-LegK4

from Philadelphia and identified its localization in transfected HeLa cells.

We used GFP direct fluorescence to detect the protein of interest, and we used DAPI

to stain the nucleus and immunostained nucleolin, a specific nucleolar marker.

Using confocal microscopy, eGFP-LegK4 Philadelphia was localized in 99% of trans-

fected cells in the cytosol (Figure 16A and B).

This last result was consistent with the results obtained by Moss et al., although they

used an anti-GFP antibody to detect eGFP-LegK4 Philadelphia instead of the GFP

direct fluorescence [269].

We considered the amino acid sequence of the two proteins to understand this difference

of localization of LegK4 between the Paris and Philadelphia strains of L. pneumophila.

For this purpose, we compared the protein sequence of all LegK4s found in the National

Center for Biotechnology Information (NCBI) database.

The sequence of five LegK4 proteins, including LegK4 Paris and LegK4 from other

strains, shared a high identity level between 96% to 98% (Figure 17). However, LegK4

Philadelphia is the only one to possess a 58-amino-acid extension in the N-terminal

region. Moreover, LegK4 Philadelphia possesses a “TTG” start codon compared to the

usual “ATG” start codon found in other LegK4 sequences.

This extension could be responsible for LegK4 Philadelphia’s localization in the cy-

tosol.
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Figure 17: Identity level of LegK4 between the different strains
LegK4 is present in five different strain of L. pneumophila and a high identity level
between the sequences is observed. In the Philadelphia strain, the red square represents
a 58-amino-acid extension found only in this strain (aa: amino acid position).

To understand the impact of this extension on LegK4 Philadelphia localization, we

expressed eGFP-LegK4 Philadelphia without the extension (eGFP-LegK4 Philadelphia

Δ1–58) and added the additional sequence to LegK4 Paris (eGFP-LegK4 Paris + 1–58

Philadelphia). Then, we identified the localization of these protein fusions in transfected

HeLa cells by confocal microscopy.

In HeLa cells, eGFP-LegK4 Philadelphia without its first 58 amino acids (eGFP-

LegK4 Philadelphia Δ1–58) localized like eGFP-LegK4 Paris in the nucleolus (Fig-

ure 16A). Furthermore, the addition of these 58 amino acids to the eGFP-LegK4 Paris

sequence led to a cytoplasmic localization in HeLa cells like LegK4 Philadelphia (Fig-

ure 16A). Moreover, we also identified the localization of LegK4 Lens that does not

possess the extension found in LegK4 Philadelphia. Interestingly, this protein localized

like LegK4 Paris in the nucleolus, as did LegK4 Paris.

The results we obtained suggested that the difference of localization between LegK4

Philadelphia and the other LegK4 proteins could be due to the additional 1–58 residues

present in the N-terminal region of the protein.
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1.3 LegK4 Philadelphia is wrongly annotated in databases

To better understand the role of this additional sequence in LegK4 Philadelphia,

we considered the sequence of the protein for the first time. We verified whether this

extension of the protein was due to a mistake of annotation. Indeed, LegK4’s genomic

organization in Philadelphia and in the other strains was quite different (Figure 18A).

Unlike legK4 Paris, legK4 Philadelphia started with a TTG start codon.

To determine whether the TTG was the effective start codon of legK4 Philadel-

phia, we constructed two plasmids: one containing the first 112 amino acids of LegK4

Philadelphia fused with superfolder-GFP (plegK4 -ATG-sfGFP), the other harboring a

mutation on the ATG (plegK4 -GCG-sfGFP) (Figure 18B).

In both plasmids, a putative promoter region of legK4 Philadelphia (500 base pairs)

was placed upstream to the TTG codon. A ΔlegK4 defective mutant from the Paris

strain was transformed with each plasmid. Finally, fluorescence was observed, and the

protein weight was determined by western blot.

The plegK4 -ATG-sfGFP condition was considered as a positive control. If the TTG was

not the start codon, the ATG downstream led to a fluorescent protein (sfGFP-LegK4)

(Figure 18C). For both plasmids, two independent clones were used to determine the

presence of fluorescence.

After transformation, bacteria were observed using an epifluorescence microscope,

but we could not detect any fluorescence in either case.

We identified and validated by PCR the presence of legK4 and sfGFP gene in trans-

formed bacteria.

In both conditions, we added a putative promoter region of legK4 Philadelphia, but we

did not know what signal triggers LegK4 production.
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To determine whether the concentration of bacteria could have an impact, we incubated

them overnight in an AYE medium.

Only very few bacteria containing plegK4 -ATG-sfGFP exhibited fluorescence by epiflu-

orescence microscopy. At the same time, however, bacteria transformed with plegK4 -

GCG-sfGFP were not fluorescent.
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Figure 18: LegK4 Philadelphia is wrongly annotated in database
A. Genetic environment of legK4 in Philadelphia and Paris strain.
B. plegK4 -ATG-sfGFP was constructed using 500 bp before legK4 Philadelphia and a
part of legK4 were fused with sfGFP. plegK4 -GCG-sfGFP was a plegK4 -ATG-sfGFP
with a mutation on the ATG.
C. After transformation with plegK4 -ATG-sfGFP or plegK4 -GCG-sfGFP, bacteria were
put in contact with Acanthamoeba castellanii for 2 h. The fluorescence from sfGFP was
followed by epifluorescence.
D. After transformation with plegK4 -ATG-sfGFP or plegK4 -GCG-sfGFP, two clones
were incubated overnight in AYE medium and lysed with Laemmlli buffer. After deter-
mining the difference in molecular weight, the samples were examined by western blot
using anti-GFP antibody. Numbers represent protein molecular weights (MW) in kDa.
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To increase the signal and the number of bacteria expressing sfGFP, we then placed

bacteria in contact with polylysine-coated plates or with Acanthamoeba castellanii. We

hoped that the presence of a host or a surface to adhere would improve the quantity of

sfGFP-LegK4 and, thus, the fluorescence.

Interestingly, these conditions successfully increased the fluorescence emitted by

bacteria transformed with plegK4 -ATG-sfGFP (Figure 18C). Moreover, in these con-

ditions, no fluorescence could be detected in the case of the bacteria transformed with

plegK4 -GCG-sfGFP (Figure 18C).

All these results suggested that the TTG codon found in legK4 Philadelphia could not

be considered as a start codon.

Interestingly, these results showed also that LegK4 expression was induced by contact

with surfaces or with amoebae.

The absence of fluorescence could also be due to a wrongly folded protein. We then

investigated the presence and molecular weight of sfGFP-LegK4 by western blot using

an anti-GFP antibody. Transformed bacteria were incubated overnight in AYE medium

and then lysed with Laemmlli buffer.

The two clones containing the plegK4 -ATG-sfGFP expressed a chimeric protein

characterized by a molecular weight between 25 and 35 kDa (Figure 18D). In the plas-

mid, if the ATG was the start codon, the protein would be 32.9 kDa, but if the TTG

was the start codon, sfGFP-LegK4 would be a 40-kDa protein. This result showed that

the ATG was the start codon and not the TTG. Moreover, no sfGFP was detected in

clones transformed with the plegK4 -GCG-sfGFP (Figure 18D) because the absence of

ATG led to the absence of sfGFP-LegK4 production.
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Together, these results showed that the genome annotation of LegK4 Philadelphia

was incorrect and could lead to mistakes.

We demonstrated that the TTG found in legK4 Philadelphia was not the start codon.

In Paris and Philadelphia strains, the start codon for legK4 is a classical ATG codon.

Our results revealed that the differences in localization observed between LegK4 Paris

and LegK4 Philadelphia were due to the additional presence of 58 amino acids (Fig-

ure 16A and B), and, in this work, we demonstrated that these 58 amino acids were

not produced in bacteria.

This annotation mistake could lead to many consequences, such as the use of a protein

with the wrong size, thus a wrong localization (Figure 16A eGFP-LegK4 Philadelphia).

LegK4 Philadelphia did not localize in the cytoplasm but in the nucleus like LegK4

Paris and Lens (Figure 16A eGFP-LegK4 PhiladelphiaΔ1–58).

1.4 Determination of the nuclear localization signal (NLS) of

LegK4 Paris

To migrate from the cytosol to the nucleus LegK4, Paris must possess a nuclear lo-

calization signal (NLS). Indeed, it is known that proteins over 40 kDa cannot go through

nuclear pores by passive diffusion and must have an NLS to migrate to the nucleus. Usu-

ally, an NLS is made of a stretch of basic amino acid, also called a classical NLS (cNLS).

Using bioinformatic software, we investigated whether LegK4 Paris exhibited a

cNLS. NLStradamus is online software that can predict the presence of a cNLS. This

software uses a hidden Markov model (HMM) to compare the protein of interest se-
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quence to a database of known NLSs and determine the presence of basic amino acids

[393].

Using NLStradamus, no NLS was clearly detected in LegK4 Paris, but three small

peaks under the NLStradamus threshold were present. These peaks represented se-

quences with several basic amino acids but not enough to be characterized as an NLS

by the software (Figure 19).

Using a smaller cutoff, three putative NLSs could be then found: 30–KGIRKLIK-

SANGK–42, 569–NPSKVKKGE–577 and 602–RGREGKP–608 (Figure 19).

Figure 19: LegK4 Paris NLS prediction made with NLStradamus
Number represents amino acid position, and the red line represents the prediction cutoff.

Given this information, we conducted protein truncation experiments and looked

for GFP-fused protein localization by confocal microscopy.

We previously demonstrated that LegK4 Paris (LegK4 1–910) is localized in the

nucleus of HeLa cells.

The expression of the first 445 amino acids from LegK4 Paris (LegK4 1–445) did not

change its nucleolar localization (Figure 20A and B).

Then, we expressed the same construct without the first 54 amino acids, representing

the Cap domain and containing the first putative NLS found by NLStradamus (30-

KGIRKLIKSANGK-42). In this last condition, LegK4 was no longer able to migrate to

the nucleus and was restricted to the cytosol (Figure 20A and B).

This result suggested that the Cap domain could contain a peptidic signal triggering

LegK4 migration from the cytosol to the nucleus.
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Figure 20: LegK4 Paris possesses an atypical NLS in its Cap domain
A. HeLa cells were transiently transfected with different eGFP-tagged LegK4 constructs
to identify LegK4 NLS. LegK4 1–910: LegK4 full length. LegK4 1–445: Part of LegK4
used for the 3D structure ([267]). LegK4 Cap: LegK4 1–54. LegK4 ΔCap: LegK4 54–910.
LegK4 NLS: LegK4 30–42. LegK4 ΔNLS: LegK4 without residues 30–42. Nuclei were
stained blue with DAPI, and nucleoli were immunostained with an anti-C23 (nucleolin)
antibody.
B. Amount of GFP-positive cells in the cytosol or the nucleus was quantified by count-
ing 100 eGFPc positive cells per experimental condition. Each condition was done in
triplicate. Error bars represent SEM.
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Based on this analysis and to verify this hypothesis, we expressed only the Cap

domain fused to eGFPc and, surprisingly, eGFP-Cap co-localized with DAPI staining

(Figure 20A and B).

This result indicated that the Cap domain could play an important role in LegK4

nuclear localization.

The Cap domain is made of 4 α helix, but only α helix 2 and 3 are required to

lead eGFP-LegK4 into the nucleus. These helices contain a small basic amino acid

enrichment made of arginine and lysine residues, as in classical NLS.

In a second experiment, we used the first sequence identified with NLStradamus to

construct peGFP-legK4 30–42. This plasmid expressed LegK4 Paris from 30 to 42 fused to

the eGFPc (eGFP-KGIRKLIKSANGK). We determined its localization in transfected

HeLa cells.

The expression of this small sequence led to the accumulation of eGFPc in the

nucleus, showing that it was crucial for LegK4 nuclear targeting (Figure 20A and B).

Finally, to prove that this sequence was essential to LegK4 nuclear localization, we

constructed and expressed LegK4 without the amino acids 30–42, also called LegK4Δ

NLS.

As expected, eGFP-LegK4 was no longer detected in the nucleus but only in the

cytosol (Figure 20B). In addition, the single or multiple mutagenesis of this atypical

NLS into alanine did not change the localization of the LegK4 (data not shown).

The particular localization of LegK4 Paris in the nucleus was due to the presence

of an NLS between the amino acid 30 to 42, found in the Cap domain. The presence of

this sequence was essential to the migration of LegK4 from the cytosol to the nucleus.

Because the NLS from all LegK4s protein is well conserved, we hypothesize that LegK4

Corby and LegK4 Alcoy could also migrate to the nucleus.
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1.5 Migration of LegK4 Paris to the nucleus

LegK4 is a high molecular weight protein over 100 kDa and cannot migrate to the

nucleus by passive diffusion. Comparison with previously found NLSs from eukaryotic

and prokaryotic proteins revealed that LegK4 exhibited an atypical NLS because it did

not look like any of them.

Like any other NLS, this sequence is recognized by eukaryotic machinery before the

migration to the nucleus.

Because LegK4 does not possess a classical NLS, we do not know how the migration

mechanism of this protein. Three migration paths are commonly described: the com-

mon importin α/β pathway, importin β pathway or another unknown pathway.

We used two different strategies to answer this question: drugs inhibiting proteins

involved in nuclear migration and mutated yeasts deleted for specific importins.

Two different drugs were used, ivermectin that inhibits the importin α/β-mediated

nuclear import and importazole that inhibits the importin β-mediated nuclear import.

HeLa cells expressing eGFP-LegK4 or eGFPc were transfected, and 24 h after transfec-

tion, they were treated for 1 h with 25 μM of ivermectin or 100 μM of importazole or

DMSO as a negative control. We then investigated whether the drug changed LegK4

localization by confocal microscopy.

Cells treated with the drug and expressing LegK4 Paris were all dead (data not

shown). Surprisingly, we did not see this phenomenon with cells that expressed the

eGFPc. Even using various concentrations of both inhibitors, these experiments were

not conclusive, probably due to the impact of LegK4 combined with the drug effect.
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The other strategy was to determine LegK4 Paris localization in a mutant of Sac-

charomyces cerevisiae BY4742 deleted for some importin (α/β or β).

We constructed plasmids encoding eGFP-LegK4 or eGFPc as a negative control.

The protein of interest was placed under a constitutive promoter (pMet-YC) or in an

inducible way with galactose (pBT3N) to monitor LegK4 cytotoxicity.

Yeasts were then transformed with the different plasmids and selected on a synthetic

dextrose (SD) plate without methionine.

Unfortunately, no transformants were found with the constitutive expression plas-

mid demonstrating the LegK4 cytotoxicity again in eukaryotic cells.

Yeast transformed with the inducible plasmid were observed by epifluorescence mi-

croscopy to confirm the absence of basal fluorescence. Then they were cultured in YP

(yeast extract peptone) medium in the presence of galactose to induce LegK4 expres-

sion.

After 24 h of culture, we verified by epifluorescence microscopy the presence of eGFPc

and eGFP-LegK4. We could detect fluorescence in both conditions, but the eGFPc and

eGFP-LegK4 were both present in the cytosol and nucleus of yeast (Figure 21).

Figure 21: eGFPc and eGFP-LegK4 localization in yeast cells
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Plasmid extraction followed by PCR and restriction enzyme digestion were then

conducted in parallel to verify the presence of legK4, GFP and the methionine auxotro-

phy gene.

For the eGFP-legK4 plasmid, all the clones had lost legK4 but still possessed GFP and

the methionine auxotrophy gene. The green fluorescence in yeast transformed by the

eGFP-legK4 plasmids was therefore due to the eGFPc and not eGFP-LegK4.

This experiment using S. cerevisiae demonstrated that LegK4 was toxic to yeast cells

and in this condition was not an appropriate model for our study.

1.6 Translocation of LegK4 Paris into infected cells

Before this study, a translocation assay of LegK4 into the cytosol of infected macrophages

was conducted to obtain insight into LegK4’s role during Legionella infection.

A translocation assay was conducted in infected human macrophages using β-

lactamase fused protein and CCF4-AM [394]. This technique allows determining pre-

cisely when the effectors are secreted. Moreover, the secretion timing could help to

localize LegK4 during the infection of human cells.

Prior to the infection, macrophages were treated with CCF4-AM, a fluorescence

resonance energy transfer (FRET) substrate. Macrophages were then infected with a

strain of L. pneumophila that expressed LegK4 fused with β-lactamase (BlaM-LegK4).

The release of BlaM-LegK4 into the cytoplasm was detected and quantified based on

the extent of cleavage of CFF4-AM loaded into cells.

The CFF4-AM consists of the fluorescence donor (coumarin, blue emission) and accep-

tor (fluorescein, green emission) moieties joined by the cephalosporin linker.
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Due to the FRET between the donor and the acceptor, uncleaved substrate excited at

400 nm (to excite coumarin) emits in green at 528 nm . Cleavage of the cephalosporin

linker present in CCF4-AM by BlaM-LegK4 in the cytosol resulted in the loss of FRET

and a blue shift (460 nm) in the emission spectrum.

The extent of fusion was thus readily measured as the ratio of fluorescence intensities

at 460 nm and 528 nm, using a TECAN® micro-plate reader [394].

LegK4 was secreted early during L. pneumophila infection in macrophages, around

15 min after contact (internal laboratory data).

This result may suggest that LegK4 could probably have an early role during the

infection. To localize LegK4 during the infection of human cells, we should verify it

after 15 min.

1.7 Localization of LegK4 Paris during the infection of human

cells

LegK4 localization during the infection could have been easily followed using eGFP-

LegK4. Unfortunately, it is well known that substrates of T4SS are not secreted when

fused with GFP or any other fluorescent protein in Legionella [395].

Moreover, the use of a chimeric protein with a tag could sometimes change protein

conformation, thus localization. To avoid that and to be in the most physiological con-

ditions possible, we aimed to detect LegK4 without any associated tag and planned to

detect LegK4 by immunofluorescence and by western blot.

For this, we overexpressed and purified 6His-LegK4 from E.coli to make polyclonal

anti-LegK4 antibodies.
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Experiments of infection using wild-type Paris strain and a ΔlegK4 mutant as the

negative controls were then performed.

We infected U937 macrophages, A549 pneumocytes and HeLa epithelial cells and tried

to detect LegK4 from 15 min to 24 h post-contact (post-infection).

Moreover, we changed the number of bacteria, called multiplicity of infection (MOI),

from 10 to 500.

Even with 500 times more bacteria than human cells (MOI 500), we could not detect

LegK4 by immunofluorescence with an anti-LegK4 antibody (data not shown). LegK4

endogenic level may be too low to be detected by microscopy.

To amplify the signal in immunofluorescence, we transformed L. pneumophila with

a multicopy plasmid (pXDC50-legK4 ) that allowed the expression of legK4 and the

mCherry in an inducible way. Indeed, the legK4 and mCherry gene were under a tac

promotor that induced the expression of LegK4 and the mCherry with IPTG.

Prior to the infection, LegK4 was induced by two different methods: overnight on plate

CYE + IPTG or overnight in liquid medium AYE + IPTG to reduce the formation of

filamentous bacteria. Indeed, Legionella can be found filamentous when stressed, and

these bacteria were observed to be less infectious (internal data lab).

We infected macrophages and other cells with induced bacteria as previously described

and verified the presence of LegK4 by immunofluorescence.

Unfortunately, we were not able to detect LegK4 in all these conditions even if

LegK4 was overexpressed (Figure 22).

These results suggested that the sensitivity of the anti-LegK4 antibody was not

enough to detect LegK4 in microscopy during the infection.
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Figure 22: Determination of LegK4 localization during macrophages
infection

U937 macrophages were infected at 500 MOI with a ΔlegK4 Legionella containing
pXDC50-legK4 from 1 h 30 min to 24 h in RPMI medium supplemented with IPTG.
Nuclei were stained blue with DAPI, LegK4 was immunostained with an anti-LegK4,
and anti-rabbit IgG was conjugated with DyLight 488 (green). mCherry represents
bacteria.

Because the anti-LegK4 antibody could not be used for immunofluorescence, we

considered using it to detect LegK4 by western blot after cell fractionation. We infected

human macrophages or pneumocytes with a strain of L. pneumophila transformed with

pXDC50-legK4 at high MOI (MOI 500) as previously described. After 24 h, cells were

collected, lysed to release the nucleus and centrifuged to separate LCVs that contained

bacteria from the nucleus.

Several times and speeds of centrifugation were tested, but we were not able to



110

separate the LCV from the nucleus (data not shown).

In parallel, we generated an isogenic ΔlegK4 strain of L. pneumophila transformed

with p4HA-legK4. This vector encoded LegK4-tagged with four human influenza hemag-

glutinins (4HA) that were placed under an inducible tac promotor.

We infected HeLa cells, human macrophages and pneumocytes from MOI 1 to 500 from

15 min to 24 h postinfection. We then verified the localization of LegK4 by immunoflu-

orescence using an anti-HA antibody this time.

In these experiments, we could detect 4HA-LegK4 inside bacteria but not in human

cells during the infection. 4HA-LegK4 seemed to be expressed and accumulated by L.

pneumophila and not secreted by bacteria.

To understand why we could not detect LegK4 during the infection of human cells,

we analyzed the transcription of legK4.

We used data from a transcriptome of L. pneumophila Paris during the infection of

macrophages made by X. Charpentier (INSERM U1111) and collaborators (data not

published).

In macrophages infected by L. pneumophila Paris, we observed that the LegK4

mRNA was transcribed at a low rate.

This suggested that LegK4 could be secreted in low quantity during the infection

and might be difficult to detect. Furthermore, a study by Allombert and collaborators

(2019) explained that the secretion level of T4SS substrate was not correlated to pro-

tein production. Legionella finely regulates the secretion of effectors during the infection

[96], so overexpressing LegK4 did not mean that it will be secreted.

In host-pathogen relationship studies, it is usually difficult to localize a bacterial
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effector during the infection of human cells, and LegK4 was no exception to the rule.

The absence of detection usually depends on many factors, such as secretion timing,

the cell line used or the quantity of the protein of interest. In this study, we tried to

change the timing of infection and the cell line and also tried to overexpress LegK4 but

still could not detect LegK4 during the infection.

LegK4 was found well conserved in five strains of L. pneumophila. Our experi-

ments showed that LegK4 from the Paris strain localized in the nucleus of transfected

HeLa cells. However, this result contradicted those from Moss et al. concerning LegK4

Philadelphia [269]. They demonstrated that LegK4 Philadelphia localized in the cytosol

and not in the nucleus. Even if the peptitic sequence of LegK4s is very similar, LegK4

Philadelphia possesses a 58-amino-acid extension at the N-terminal region. We then

determined that extension was responsible for the accumulation of LegK4 Philadelphia

into the cytosol. LegK4 Philadelphia without this extension migrated to the nucleus like

LegK4 Paris. However, we proved that this extension was never produced by Legionella;

thus, LegK4 Philadelphia, like LegK4 Paris, was nuclear.

We aimed to find in the LegK4 sequence an NLS that is an essential element for

the nuclear localization of the protein. An NLS never described before was present in

the LegK4 Cap domain. This NLS was found to be very conserved and presented in

the other strains of Legionella, suggesting that LegK4 Alcoy and LegK4 Corby could

migrate to the nucleus as well. Unfortunately, we observed that LegK4 has a strong

impact on eukaryotic cells, which did not help to characterize which mechanism LegK4

used to migrate to the nucleus.

Finally, we aimed to understand when LegK4 was secreted by Legionella and where

it localized during the infection of human cells. A translocation assay in infected
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macrophages was conducted to identify when LegK4 was secreted. LegK4 was secreted

early during the infection, around 15 min postinfection. This result showed that LegK4

could have a role at the beginning of a Legionella infection. The production and secre-

tion of LegK4 are finely regulated by Legionella; this regulation could be why we could

not localize it during the infection of human cells.
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2 LegK4 interactant and substrate

To better understand the role of LegK4, we aimed to identify its eukaryotic in-

teractants and substrates. This investigation started with a yeast two-hybrid screen

approach. Then we determined the interactants by co-immunopurification and the sub-

strates by western blot and mass spectrometry.

2.1 Yeast two-hybrid screening

The yeast two-hybrid screen is a sensitive way to test the direct interaction between

two targeted proteins. The protein of interest can also be used as a bait to screen

libraries of proteins fragments prepared from the desired cell types, tissues or entire

organisms.

Two fusions, also called “hybrids,” are constructed between each protein and either the

DNA binding domain (DBD) or the activation domain (AD) of a transcription factor.

The protein fused to the DBD is referred to as the “bait,” and the protein fused to the

AD as the “prey.”

Upon interaction between the bait and the prey, the DBD and AD are brought close

enough to activate the transcription of a reporter gene.

The identity of the interacting partners is then obtained by sequencing the correspond-

ing plasmids in the selected yeast colonies.

The screening was set up in the yeast S. cerevisiae by the company Hybrigenics®.

They fused the AD of LexA or Gal4 transcription factor to LegK4 and used proteins

from a cDNA library of human macrophages fused with the DBD of LexA or Gal4 as
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prey. A S. cerevisiae strain harboring an auxotrophy for histidine was transformed with

a plasmid that can express the bait and the prey. If there is an interaction between the

prey and the bait, S. cerevisiae produces histidine and can grow on a plate without

histidine.

The expression of LegK4 in S. cerevisiae was reported by Hybrigenics® to be cyto-

toxic because yeast rapidly died during the test, delaying the results.

Once again, LegK4 expression seemed to have a strong impact on yeast cells. To limit

this cytotoxicity, Hybrigenics used LegK4D195N , a mutated version of LegK4, also called

a kinase-dead mutant. The absence of the kinase activity of LegK4 increased the yeast

cell viability.

Finally, five eukaryotic interactants candidates were found: TOX4, SP140, RBBP4,

PTEN and BiP. TOX4, SP140, and RBBP4 are known to be involved in chromatin

remodeling and participate in the epigenetic control of eukaryotic gene expression.

- TOX4 (TOX high mobility group box family member 4) is a component of the

PTW/PP1 phosphatase complex that plays a role in the control of chromatin structure

and cell cycle progression during the transition from mitosis into interphase [396].

- SP140 is a component of the nuclear body and may play a role in chromatin-mediated

regulation of gene expression [397].

- RBBP4 (retinoblastoma binding protein 4) is a component of several complexes that

regulate chromatin metabolism and may target chromatin assembly factors, chromatin

remodeling factors and histone deacetylases [398].

- PTEN activity is critical for tumor suppression and is involved in cell cycle progression

and cell survival [399].

- BiP acts as a chaperone protein in the ER and is a crucial sensor of the ER stress-
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inducing the UPR. By recruiting ER vesicles on its LCV, L. pneumophila should ac-

tivate the UPR. However, it was admitted that several Legionella effectors interfere

with the different UPR pathways to inhibit it [231]. TOX4, SP140, RBBP4 and PTEN

retained our attention because of their nuclear localization.

The yeast two-hybrid screen showed that many other proteins interacted with LegK4,

such as H3 histone. However, they were eliminated by Hybrigenics® because they were

considered as part of the contaminant repository for affinity purification (CRAPome).

These proteins interacted with low affinity with too many proteins and are usually re-

moved from yeast two-hybrid screen results. We decided to add H3 histone to the list

of potential interactants because two out of three nucleomodulins from L. pneumophila

also interact with H3 histone [246, 245].

Consequently, we retained six candidates: the nuclear proteins TOX4, SP140, RBBP4,

PTEN, H3 histone and the cytosolic protein BiP.

2.2 Validation of the interactants

The interaction partner found with the yeast two-hybrid screen must be validated

with another technique. We decided to perform a co-immunopurification assay in trans-

fected HeLa cells to validate these interactions.

For this, we used the GFP-Trap® technology that allows the purification of a GFP-

tagged protein and its interactants. GFP-Trap® is an easy-to-use technology based

on a particular domain VHH of antibody against GFP derived from Camelids, such as

alpacas. This technology can be used to specifically purified GFP-fused proteins and



116

their interacting factors in animals [400], viruses [401] or plants [402].

To validate our candidates, we transiently transfected HeLa cells with the differ-

ent constructs: eGFP-LegK4 Paris, eGFP-LegK4D195N Paris catalytic mutant, eGFPc

alone and eGFP-LegK2 as negative controls. eGFP-LegK2 could be considered as a

control for LegK4 specificity.

We also determined whether the interaction was strain-dependent using eGFP-LegK4

Philadelphia and eGFP-LegK4 Δ1–58 Philadelphia.

Finally, using specific antibodies, we verified the presence of TOX4, SP140, BiP, RBBP4,

PTEN and H3 after their interaction with LegK4 or the controls.

Unfortunately, TOX4, SP140, RBBP4 and PTEN were always present in the cell

lysate (input) but were not present after interaction with LegK4 (elution) from any con-

ditions (data not shown). We detected a strong signal, even after short exposure, corre-

sponding to an interaction between H3 histone and LegK4 (Paris and Δ1–58 Philadel-

phia) or with its catalytic mutant.

However, we could not detect an interaction between H3 and LegK4 Philadelphia,

LegK2 and eGFPc, showing that the interaction between H3 and LegK4 was very spe-

cific.

BiP was the only protein found after long exposure to interact with LegK4D195N (Fig-

ure 23). The absence of the kinase activity of LegK4 could help to stabilize the interac-

tion. The low transfection rate of eGFP-LegK4 and a labile interaction between LegK4

and BiP could explain why there was no signal with LegK4 that possessed a kinase

activity. The interaction with LegK4 and BiP was very specific because we could not

detect BiP in the controls.

These results showed that the interactions between H3 and LegK4 and BiP and

LegK4 were highly specific (Figure 23). H3 was also detected, after a longer time ex-
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posure, in the eGFP-LegK4 Philadelphia condition. However, the signal was very weak

compared to eGFP-LegK4 Paris or eGFP-Δ1–58 Philadelphia. This result showed again

that the 58-amino-acid extension found in LegK4 Philadelphia seemed not to be present.

From the yeast two-hybrid screen candidates, BiP was the only protein localized in the

cytosol. However, BiP was reported to be also nuclear and can cross-link with DNA to

suppress DNA-damaged induced apoptosis [403].

Figure 23: H3 and BiP interact with LegK4 in HeLa cells
Co-immunoprecipitation assay from HeLa cells expressing eGFP-LegK4D195N (LegK4
Paris catalytic mutant), eGFP-LegK4 (LegK4 Paris WT), eGFP-LegK4 Phila (LegK4
Philadelphia), eGFP-LegK4 ΔPhila (LegK4 Δ1–58 Philadelphia), eGFP-LegK2 or
eGFPc. eGFP-LegK2, another Legionella kinase and eGFPc were used as a specificity
control. Input (I) represented whole cell lysate, and Elution (E) represented the result
of the interaction. Each condition was revealed using an anti-H3 antibody or anti-BiP.
Short (Left) and Long (Right) exposure.
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2.3 In vitro validation of LegK4 substrates

We showed previously that LegK4 specifically interacts with H3 and BiP.

However, it was important to verify whether these proteins could be phosphorylated in

vitro by LegK4 and thus could be considered as substrates.

2.3.1 H3 Histone

To determine if H3 histone was a LegK4 substrate, we conducted an in vitro phos-

phorylation assay. We mixed purified 6His-LegK4 with commercial nucleosome, a mix-

ture of histones (H1, H2A, H2B, H3, and H4) isolated from calf thymus or two isoforms

of histone H3 (H3.1 and H3.3). Then we used an anti-phosphothreonine to reveal the

phosphorylated proteins. As a negative control, experiments were also conducted with

the kinase-dead mutant 6His-LegK4D195N .

Two signals were detected in all the conditions tested with 6His-LegK4 except for

the nucleosome. They represented phosphorylated proteins, one around 100 kDa and

another one around 15 kDa. The signal around 100 kDa was due to the LegK4 au-

tophosphorylation as previously observed by Flayhan et al.[267].

According to the protein size around 15 kDa, the second phosphorylated protein might

be H3 histone (Figure 24A). In the conditions using isoforms of H3 histone, we could

detect a phosphorylation signal at 15 kDa that represented phosphorylated H3 (Fig-

ure 24A).
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2.3.2 Identification of the H3 phosphorylated residue by LegK4

To determine which residue of H3 was phosphorylated, we then sent our samples

from the in vitro phosphorylation assay (Figure 24A Well 3 and 5) to the mass spec-

trometry facility platform.

As expected, according to the molecular weight, H3 histone was found phosphory-

lated and, more precisely, on the threonine 32 (T32) residue.

We then revealed our in vitro phosphorylation assay samples using an anti-H3pT32

antibody to detect the phosphorylation of H3 histone on threonine 32 residue.

We were able to detect this phosphorylation in the histone mix, H3.1, and H3.3

when mixed with 6His-LegK4.

These results showed that LegK4 phosphorylated specifically H3 on T32 residue.

In our phosphorylation assay, we could detect almost the same signal when we used

H3.1 and H3.3. There are small amino acid differences between H3.1 and H3.3, but

T32 is present in both. Unfortunately, we could not detect a signal in the condition

using purified nucleosomes. This result suggested that in the nucleosome, H3 histone

was probably not accessible for phosphorylation by LegK4.

We then determined whether the single mutation on the H3 T32 phosphorylation

site was sufficient to abrogate LegK4-mediated phosphorylation. We mutated T32 from

H3 into non-phosphorylable alanine (T32A). To do another in vitro phosphorylation

assay, we first overexpressed in E. coli H3 and H3 T32A. E. coli were transformed

with pGEX-H3 or pGEX-H3T32A that allowed the expression of GST-H3 and GST-

H3 T32A, respectively. Bacteria were lysed, and GST-tagged proteins were purified

using glutathione magnetic beads. GST is known to be phosphorylated by kinase, so
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we cleaved it with PreScission Protease to avoid its phosphorylation by LegK4 [404].

Finally, we mixed purified H3 or H3 T32A with 6His-LegK4 or as a negative control

6His-LegK4D195N .

As previously observed using an anti-phosphothreonine antibody, we detected the

autophosphorylation of LegK4 around 100 kDa. However, we could detect a signal

corresponding to phosphorylated H3 only when we used H3, not when we used the

mutated H3 T32A protein.

This result revealed that this single mutation was sufficient to abrogate LegK4-

mediated phosphorylation, suggesting a high specificity for a single site of phosphory-

lation (Figure 24B).
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Figure 24: H3 and BiP are host proteins targeted by LegK4
A. In vitro phosphorylation assay of the histone mix (H1, H2A, H2B, H3, and H4), H3.1
or H3.3 or nucleosome with 6His-LegK4 or the catalytic mutant 6His-LegK4D195N . The
results were revealed by western blot using an anti-phosphothreonine or anti-H3pT32
antibody.
B. In vitro phosphorylation assay of H3 histone or non phosphorylable H3 (H3T32A)
with 6His-LegK4 or 6His-LegK4D195N . The gel loading control was done by Ponceau S
staining (right after transfer), and the results were revealed by western blot using an
anti-phosphothreonine or anti-H3pT32 antibodies.
C. Co-immunoprecipitation (co-IP) assay using GFP-Trap® (co-IP:GFP) from cells
expressing eGFP-LegK4, eGFP-LegK4D195N or eGFP. The co-IPs were revealed using
an anti-H3, anti-phosphothreonine or anti-H3pT32 antibody.
D. In vitro phosphorylation assay mixing BiP with 6His-LegK4 or 6His-LegK4D195N .
The results were revealed by western blot using an anti-phosphothreonine antibody.
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2.3.3 BiP

To determine whether BiP was also a LegK4 substrate, we conducted an in vitro

phosphorylation assay using BiP.

Purified BiP was incubated with 6His-LegK4 or the kinase-dead mutant 6His-

LegK4D195N . Proteins were separated by SDS-PAGE and probed with an anti-phosphothreonine

antibody.

BiP was phosphorylated in vitro by 6His-LegK4, while no or weak phosphorylation

was observed with the kinase-dead mutant (Figure 24D).

2.3.4 Identification of the BiP phosphorylated residue by LegK4

To determine which residue of BiP was phosphorylated, we then sent our sample

produced during the in vitro phosphorylation assay to the mass spectrometry facility

platform.

Surprisingly, the mass spectrometry could not detect either BiP or a phosphopep-

tide.

Moss et al. showed in 2019 that LegK4 from Philadelphia strain was able to phos-

phorylate BiP on T518 residue [269]. However, to date, there is no other article about

the BiP phosphorylation on this residue, but its phosphorylation could impact the UPR

eMoss2019. Moreover, no antibody against BiP T518P was available to detect this mod-

ification by western blot or flow cytometry.
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2.4 Validation of LegK4 substrates in transfected cells

Finally, we aimed to determine whether H3 and BiP were phosphorylated by LegK4

in transfected HeLa cells. H3 and BiP are both described as being phosphorylated on

serine/threonine residues by cellular kinase [405, 269].

2.4.1 H3

To determine whether H3 was phosphorylated in HeLa cells, we used the elution

fraction obtained from the co-immunopurification by GFP-Trap® with eGFP-LegK4,

eGFP-LegK4D195N and eGFPc. We used an anti-H3 antibody to detect H3 histone,

an anti-phosphothreonine antibody to detect all the phosphorylated proteins, and, fi-

nally, an anti-H3T32 antibody to detect the phosphorylation of H3 on T32 residue

(Figure 24C).

As expected, we could detect a signal corresponding to H3 in the well with eGFP-

LegK4 and eGFP-LegK4D195N (Figure 24C Well 1 and 2) but not with eGFPc (Fig-

ure 24C Well 3). Using an anti-phosphothreonine antibody, we detected a phospho-

rylated protein around 15 kDa that was phosphorylated H3 (Figure 24C Well 4 and

5). Using ImageJ software, we measured and compared the band intensity of H3 ver-

sus phosphorylated H3. For LegK4, the ratio intensity of phosphorylated H3/H3 was

1.16 compared to 0.34 for the catalytic mutant LegK4D195N . Finally, using an anti-H3

T32P antibody, we confirmed that H3 was phosphorylated by LegK4 on the threonine

32 residue (Figure 24C Well 7).

H3 was phosphorylated on the threonine 32 residue by LegK4 in HeLa cells. These

results were consistent with the mass spectrometry result from the in vitro phosphory-
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lation assay.

2.4.2 BiP

To determine whether BiP was phosphorylated in HeLa cells, we used the elution

fraction from the co-immunopurification by GFP-Trap® (Figure 24C Well 4, 5 and 6).

Because an anti-BiP T518P antibody or another tool was not available, we only inves-

tigated the presence of phosphorylated BiP with an anti-phosphothreonine antibody

(Figure 24C Well 4).

We detected many signals but, unfortunately, no phosphorylated protein around 70

kDa, corresponding to BiP. Fewer signals were detected in the elution fraction with

LegK4D195N because it does not have kinase activity. The anti-phosphothreonine anti-

body might not be sensitive enough, or there might not have been enough phosphory-

lated BiP in our sample.

We sent samples from the interaction test to the mass spectrometry to detect the

presence of phosphorylated BiP. Surprisingly, the mass spectrometry could not detect

either BiP or a phosphopeptide, probably due to the same reason as the in vitro phos-

phorylation.

We could not determine if BiP was phosphorylated by LegK4 in HeLa cells, and

the lack of available tools to detect any phosphorylation was a handicap. However, by

changing the treatment protocol of our samples before the mass spectrometry, we could

validate that BiP was phosphorylated on threonine 518.
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2.4.3 Identification of new substrates

The interaction test followed by a western blot using an anti-phosphothreonine an-

tibody led to the identification of H3 histone as a substrate of LegK4. However, several

others phosphorylated proteins were also observed (Figure 24C Well 4).

To identify these new substrates of LegK4, we sent the elution fraction from the

interaction test with LegK4 or LegK4D195N to mass spectrometry.

We discovered new interactants of LegK4, but only six proteins were phosphorylated

by LegK4 (Annexe 4). All these proteins are known to be nuclear proteins, which was

consistent with our previous results. Moreover, many of them are known to be phos-

phorylated and involved in the cell cycle or transcription/translation (Annexe 4).

Heterogeneous nuclear ribonucleoprotein U (HNRNPU) and heterogeneous nuclear

ribonucleoproteins A2/B1 (HNRNPA2B1) are both RNA-binding proteins that com-

plex with heterogeneous nuclear RNA (hnRNA). These proteins are associated with

pre-mRNAs in the nucleus and appear to influence pre-mRNA processing and other

aspects of mRNA metabolism and transport. While all the hnRNPs are present in the

nucleus, some seem to shuttle between the nucleus and the cytoplasm. Mass spectrom-

etry revealed that LegK4 phosphorylated HNRNPU on serine 4 (Ser4) and serine 271

(Ser271) residues and HNRNPA2B1 on serine 189 (S189) residue. HNRNPU is phos-

phorylated by cellular kinase during mitosis [406].

Histone lysine acetyltransferase 7 (KAT7) is a histone acetyltransferase from HBO1

complexes that specifically mediate acetylation of histone H3 on lysine 14 residues

(H3K14ac), thereby regulating various processes, such as gene transcription, protein
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ubiquitination and immune regulation [407, 408]. Mass spectrometry revealed that

LegK4 phosphorylated this protein on threonine 88 (T88). Phosphorylation by CDK1

on T88 is associated with mitosis [409].

Nucleolin (NCL) is a nucleolar phosphoprotein involved in the synthesis and matu-

ration of ribosomes. It is located mainly in dense fibrillar regions of the nucleolus [410].

NCL is the major nucleolar protein of growing eukaryotic cells. It induces chromatin

decondensation by binding to histone H1. It is thought to play a role in pre-rRNA

transcription and ribosome assembly. Mass spectrometry revealed that NCL was phos-

phorylated by LegK4 on serine 67 residue (Ser67). NCL is known to be phosphorylated

by cellular CDK2 on Ser67 during mitosis [410].

Nucleophosphomin (NPM1) possesses a bipartite NLS and a nucleolar localization

signal at the C-terminal region. Mass spectrometry revealed that NPM1 was phospho-

rylated by LegK4 on the serine 4 residue (Ser4). When phosphorylated on Ser4, NPM1

is known to mediate the mitotic function of polo-like kinase triggering centriole dupli-

cation [411]. The centriole duplication occurs at the end of the G1 phase of the cell

cycle. Together, this information could indicate that LegK4 might have a role in the

G1 to S transition of the cell cycle.

Zinc finger protein 546 (ZNF546) is a potential nucleic acid-binding protein and

transcriptional regulator. Mass spectrometry revealed ZNF546 was phosphorylated by

LegK4 on the serine 373 (Ser373) residue; however, ZNF546 was not described as being

phosphorylated on this residue by cellular kinase.
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Our experiments showed that LegK4 interacted specifically with many nuclear pro-

teins such as H3 histone or NPM1.

We validated that H3 histone was phosphorylated by LegK4 on the T32 residue in vitro

and in transfected HeLa cells and confirmed that this protein is a substrate of LegK4.

Unfortunately, very little is known about H3 T32P.

BiP was also validated to interact specifically with LegK4 in transfected HeLa cells

and a LegK4 substrate in vitro. However, we could not validate that it was a substrate

in HeLa cells, probably due to a technical problem with the mass spectrometry.

Thanks to mass spectrometry, we were able to find new interactants and substrates

of LegK4. Surprisingly, all these proteins were nuclear and possessed activity related to

the cell cycle.
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3 Role of LegK4 Paris

The identification of LegK4 substrates was not enough to completely decipher its

impact on Legionella and human cells. To better understand its role, we first determined

whether LegK4 could have an impact on Legionella replication during the infection of

macrophages. Then, to investigate the role of this kinase in the eukaryotic cell, we

aimed to create a biologic tool consisting of stable cell lines that expressed LegK4 after

induction. As seven of eight substrates of LegK4 were related to transcription, we also

determined whether LegK4 could modulate the transcription of infected macrophages.

Finally, we considered the role of LegK4 on the last substrate, BiP.

3.1 LegK4 does not have an impact on Legionella intracellular

replication

To determine whether the absence of LegK4 could have an impact on L. pneu-

mophila Paris, we created a ΔlegK4 strain and compared its intracellular replication

to a wild-type strain of Legionella.

We also created another strain that expressed the inactive catalytic form of LegK4

(LegK4D195N), also called D195N, to see the impact of the kinase activity of LegK4.

Finally, a ΔdotA strain was created as a negative control of infection. Indeed, the dele-

tion of this protein from the Dot/Icm T4SS was known to induce complete avirulence

[412]. We then transformed all these strains with a plasmid (pXDC50) that allowed

the expression of the mCherry. Prior to the infection, we first investigated whether all

the strains created could grow in an axenic medium with the same efficiency. For the
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infection assays, we used the L. pneumophila environmental host A. castellanii (data

not shown) or U937 human macrophages. Bacterial multiplication was monitored with

a TECAN® plate reader by measuring the fluorescence emitted by the mCherry.

As expected, the ΔdotA mutant was avirulent and, thus, was not able to infect

or replicate into either macrophages or amoebae. On the other hand, all the other

strains could replicate both in macrophages and amoebae with the same efficiency as

the wild-type strain (Figure 25).

These results showed that LegK4 might not have a role in L. pneumophila intracel-

lular replication in amoebae or macrophages.

Figure 25: Intracellular growth of L. pneumophila in U937 macrophages
Cells were infected at an MOI of 10 with L. pneumophila expressing the mCherry gene
on pDXC50. Bacterial multiplication was monitored with TECAN® by measuring the
fluorescence of mCherry at an excitation of 587 nm and an emission of 610 nm every 2 h
for 60 h. Fluorescence data were subjected to background subtractions using uninfected
cells as a blank. We compared the intracellular replication of Paris wild type (Paris), a
ΔdotA strain (dotA), a ΔlegK4 strain (ΔlegK4 ) and a legK4D195N strain that expressed
the kinase-dead mutant of LegK4 (D195N).
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Because of functional redundancy, the deletion of one effector usually has no impact

on Legionella’s intracellular cell growth.

To try to detect a small difference in Legionella replication, we decided to do a

competition between a wild-type Paris strain versus a ΔlegK4 at very low MOI. For

this, these strains were tagged with two different fluorescent markers. By natural trans-

formation and homologous recombination, we created bacteria that possessed in their

chromosome either the sYFP (“super” yellow fluorescent protein) gene or the dTomato

gene that allowed the production of two fluorescent proteins. These genes were inserted

in a region known to have no impact on Legionella growth (internal laboratory data by

E. Kay).
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Figure 26: Intracellular growth of fluorescent L. pneumophila in U937
macrophages

Macrophages were infected with a mix of L. pneumophila expressing dTomato and
SYFP both at MOI 0.005 (final MOI at 0.01). Bacterial multiplication was monitored
with TECAN® by measuring the fluorescence every 20 min for 6 days. Fluorescence
data were subjected to background subtractions using uninfected cells as a blank.

The strategy was to mix one SYFP strain with another dTomato at the same MOI,

to infect macrophages and to monitor the fluorescence emitted by the SYFP and the

dTomato with a TECAN® plate reader.

First, we determined whether the integration of these genes in the L. pneumophila

genome affected the intracellular replication of the bacteria of the wild-type or the

ΔlegK4 mutant strains (Figure 26 WT dTomato VS WT SYFP and ΔlegK4 dTomato

VS ΔlegK4 SYFP). Then, we compared the intracellular replication of a wild-type

strain (dTomato or SYFP) versus a ΔlegK4 (SYFP or dTomato) and could not detect
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any significant differences.

In these conditions, even at a very low MOI (0.01), the strains behaved the same

way in macrophages (Figure 26). These results suggested that LegK4 was not essential

to infect human macrophages.

3.2 Impact of LegK4 on human cells

Because LegK4 targeted eukaryotic proteins such as H3 histone or BiP, our goal was

to better understand LegK4 impact on human cells. For this, we created a biological tool

that expressed LegK4 on demand. Then, we investigated whether LegK4 could change

the gene expression of infected macrophages. Finally, we aimed to better characterize

the relationship of LegK4 with another substrate BiP, using a siRNA approach.

3.2.1 Creation of LegK4 stable cell lines

Experiments to find LegK4 localization highlighted crucial problems that compli-

cated the search of LegK4 function in eukaryotic cells. The transfection rate of a plas-

mid that allowed the expression of LegK4 was always very low, around 20%. We tried

to change the cell lines, the plasmids and the transfection technique to increase the

transfection rate without success. Moreover, the expression of LegK4 was showed to be

cytotoxic in eukaryotic cells many times (internal lab data). The creation of stable cell

lines was conducted to improve LegK4 expression in mammalian cells, reduce cytotox-

icity, and thus help us to better understand the LegK4 role.
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3.2.1.1 Construction of lentiviral vector

To create a stable cell line expressing LegK4, we decided to use lentivirus because

they lead to a random stable integration in the eukaryotic genome of the transgene to

be expressed [413]. Moreover, the expression of LegK4 would be induced using doxycy-

cline to try to reduce its cytotoxicity.

The first step was to construct three lentiviral vectors derived from HIV-1, each crucial

for lentivirus production. The plasmid psPAX2 vector allowed the expression of HIV

gag-pol proteins, the plasmid V138, and the G protein of the VSV (vesicular stomatitis

virus), and the plasmid pINDUCER expressed the gene of interest with HA tag. We

created two different pINDUCERs: pINDUCER-legK4 that contained legK4 gene and

pINDUCER-legK4D195N that expressed LegK4 without its kinase activity (kinase-dead

mutant) (Figure 27).

HEK293T cells were then co-transfected with the three plasmids to produce the lentivirus

(Figure 27). We used this specific cell line because of the presence of the SV40 T-

antigen in the cells that rendered them more efficient for vector production. In addi-

tion, HEK293T cells showed a better cell growth and transfection efficiency than other

cells. Only HEK293T cells transfected with the three plasmids could produce virions

because each plasmid possessed an essential element to lentivirus production. Virions

were produced 72 h post-transfection. They were collected and purified on a sucrose

gradient.
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Figure 27: Creation of a stable cell lineage
In HEK293T cells, the V138 plasmid allows the production of the VS G protein; psPAX2
allows the production of the proteins necessary for the nucleocapsid, reverse transcrip-
tion and integration; and finally, pINDUCER allows the production of an mRNA en-
coding HA-LegK4 and GFP. After production of viral proteins and RNA, virions can
assemble 1○. Only cells with all three plasmids can produce virions 2○ that will be
released and collected in culture medium 3○. Virions were used to infect HeLa cells
or THP1 monocytes. VSV G proteins on the surface of viruses allow their adhesion
to the G protein-coupled receptor (GPCR) family of transmembrane proteins 4○ and
their fusion with the plasma membrane 5○. Viral RNA was released into the cytoplasm
where it was retro-transcripted into cDNA 6○ and then randomly integrated into the
genome 7○ thanks to an integrase. Under induction with doxycycline, integrated genes
were transcripted 8○, and the protein of interest was produced 9○.

3.3.1.2 Transduction and selection

We infected HeLa cells and THP-1 monocytes with lentivirus because these cells

are the primary cells targeted by Legionella thanks to a collaboration with T. Henry’s

team (CIRI, Inserm U1111, CNRS UMR5308, UCBL, ENSL). Transduced cells were
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then cultivated and sorted with fluorescence-activated cell sorting (BioAster, France).

We collected only cells that expressed the GFP and, therefore, had integrated legK4

(Figure 28A). Indeed, every cell that integrated the gene of interest expressed consti-

tutively the GFP contained in the pINDUCER.

After sorting, an average of 70,000 HeLa cells and 4,000 THP-1 cells were harvested

(Figure 28A). Nonadherent cells like THP-1 are usually harder to transduce than ad-

herent cells like HeLa cells, which could explain the difference in transduction rate.

Independently of the cell type, a much smaller number of cells integrated the legK4

gene encoding a functional kinase, compared to the mutated gene legK4D195N (Fig-

ure 28A).

3.3.1.3 Expression of LegK4 in stable cell lines

We observed cells that have integrated legK4 revealed a lower capacity for division

and growth (internal lab data). LegK4 was probably expressed at low concentration,

even without induction. Moreover, transducted THP-1 monocytes rapidly died after 24

h. For the rest of the experiment, we used HeLa cells that expressed HA-LegK4D195N

because it was the only condition under which the cells did not die.

The first step was to determine the optimal concentration of the inducer, the doxy-

cycline, to express LegK4. The optimal concentration was the lower concentration of

doxycycline, which allowed the expression of HA-LegK4D195N without inducing exces-

sive cytotoxicity.

HeLa cells were incubated with 0 to 0.1 μg/mL of doxycycline for 16 h (Figure 28B).

Then, cells were lysed, and proteins were separated by SDS-PAGE followed by a western
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blot. To identify the optimal concentration of doxycycline, an anti-HA antibody was

used to detect HA-LegK4D195N . We also used an anti-actin antibody to detect actin as

a loading control (Figure 28B). This control showed that the same amount of protein

was loaded into each well.

In these conditions, we could not detect HA-LegK4D195N (109 kDa). Supplementary

tests were also conducted with a new batch of doxycycline to verify whether the lack

of detection was related to a failure of induction by the drug that was no longer active.

Unfortunately, this did not change the result.

The transduced cells used were a polyclonal population sorted based on their GFP

expression. The lack of signal could be due to an insufficient number of cells that

expressed HA-LegK4D195N . The level of expression of the gene of interest could vary

for many reasons. As an example, the number of inserts integrated into the genome

and the site of integration of the transgene may have an impact on the gene of interest

expression. Cells that efficiently expressed HA-LegK4D195N could be in the minority:

these cells could be mixed with a large number of cells that expressed it at a lower level.

To identify the optimal concentration of doxycycline, we then determine the expres-

sion of HA-LegK4D195N cell by cell using immunofluorescence.
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Figure 28: HA-LegK4D195N induction with doxycycline
A. HeLa cells and THP1 monocytes were sorted and collected if they expressed the GFP
and thus contained the transgene (represented by the red box). Cell debris and clus-
ters were removed. WT: pINDUCER21-legK4 WT; Cata: pINDUCER21-legK4D195N ;
Blank: pINDUCER21.
B. Western blot after 16 h of induction with 0 to 0.1 μg/mL of doxycycline. Samples
were revealed with an anti-α-actin as a loading control (40 kDa) and an anti-HA an-
tibody to detect HA-LegK4 (100 kDa). C. Immunofluorescence after 16 h of induction
with 0 to 0.1 μg/mL of doxycycline. Nuclei were stained with DAPI (in blue) and
HA-LegK4D195N with a primary anti-HA antibody and a secondary antibody Dylight
594-conjugated (in red).
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Cells were treated as previously described with 0 to 0.1 μg/mL of doxycycline for

16 h, and the expression of HA-LegK4D195N was observed by confocal microscopy (Fig-

ure 28C). As expected, all the cells expressed the GFP, and this confirmed the inte-

gration of the vector into their genome. Moreover, these cells exhibited different levels

of green fluorescence, due probably to a difference in the GFP expression (Figure 28A

and C). However, in our conditions, no signal was detected for HA-LegK4D195N (Fig-

ure 28C).

This absence of signal in western blot and immunofluorescence could be due to a

failure to induce the expression of HA-LegK4D195N or the absence of legK4 in trans-

duced cells. We could increase the concentration of doxycycline and incubate cells even

longer. Unfortunately, over 0.1 μg/mL of doxycycline, cells died very quickly. Finally,

to confirm the presence of legK4, we could consider sequencing the genome of the trans-

duced cells.

3.2.2 Impact on gene expression

LegK4 nuclear localization and its substrates suggested a putative function in the

modulation of the transcription by epigenetic control. RNA sequencing was performed

during infection to determine if LegK4 could impact the gene transcription of infected

macrophages.

To be in the most physiological experimental condition possible, we decided to

examine the infection at low MOI (MOI 10). Macrophages were infected by the wild-

type Paris strain (WT), the ΔlegK4 strain and the legK4D195N that expressed the

kinase-dead mutant of LegK4 (LegK4D195N). All the infections were done in triplicate.
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Because LegK4 was secreted around 15 min, we chose arbitrarily to do the RNA

extraction at 45 min postinfection to give LegK4 enough time to migrate to the nucleus.

RNAm purification and RNA sequencing were done by France génomique (Strasbourg,

France). Finally, we compared the results between each condition and kept only tran-

scripts with a p-value lower than 0.05. Data sorting and analysis were done thanks to

an pipeline made by T. Ohlmann (CIRI, INSERM U1111, ENS Lyon) and the help of

C. Ginevra (INSERM U1111, CNRS, UM5308). We compared the conditions ΔlegK4

versus legK4D195N , WT versus ΔlegK4 and WT versus legK4D195N .

When we compared the results for ΔlegK4 versus legK4D195N , many transcripts

presented exactly the same change fold. These results showed clearly that the ki-

nase activity of LegK4 was responsible for the modulation of transcription in infected

macrophages.

We then compared the results from ΔlegK4 versus WT and, as expected, many

genes were impacted.

The results showed that 289 genes were up-regulated more than two times, 193 were

downregulated less than 0.5 times, and 20,972 were unchanged. Unfortunately, more

than half of the transcripts found upregulated were lncRNA or ncRNA.

lncRNAs are a type of RNA defined as transcripts with lengths exceeding 200 nu-

cleotides that are not translated into protein-like ncRNA. Unfortunately, to date, the

role of these particular ncRNAs is not well known.

LegK4 seemed to impact many genes, so we focused on transcripts related to specific

cellular pathways. We first inspected the transcripts related to the UPR because LegK4

could impact the UPR according to Moss et al. [269]. We also examined those related to

apoptosis because LegK4 was observed to have a cytotoxic impact on eukaryotic cells,
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and finally, arbitrarily, we examined those related to glycolysis.

3.3.2.1 UPR:

Overall, LegK4 did not have a critical impact on UPR-related transcripts: among

79 transcripts, only five were affected (Annexe 5). It negatively affected four of them:

EXOSC8, KDELR3, SYVN1 and DDIT3 with a fold-change of 0.54, 0.49, 0.46 and 0.6,

respectively. However, the transcript for the gene SERP1 was found to be expressed

1.76 more times in the wild-type strain than in ΔlegK4. SERP1 is known to protect

unfolded target proteins against degradation during ER stress. It could help to decrease

the ER stress provoked by the Legionella infection.

EXOSC8 encodes a 3’-5’ exoribonuclease that specifically interacts with mRNAs

containing AU-rich elements. This protein is part of the exosome complex that is im-

portant for the degradation of numerous RNA species.

KDELR3 encodes a member of the KDEL (Lys-Asp-Glu-Leu) ER protein retention

receptor family. The retention of resident soluble proteins in the lumen of the ER is

achieved by their continual retrieval from a cis-Golgi or a pre-Golgi compartment.

SYVN1 encodes a protein involved in ER-associated degradation. This protein re-

moves unfolded proteins accumulated during ER stress by retrograde transport to the

cytosol from the ER. It also uses the ubiquitin-proteasome system for additional degra-

dation of unfolded proteins.

DDIT3 encodes a member of the CCAAT/enhancer-binding protein (C/EBP) fam-

ily of transcription factors. It acts as a dominant-negative inhibitor by forming het-

erodimers with other C/EBP members, such as C/EBP and LAP (liver activator pro-

tein), and preventing their DNA binding activity. DIIT3 is activated by ERS and pro-

motes apoptosis. Inhibiting the expression of DIIT3 could help Legionella to inhibit
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apoptosis.

3.3.2.2 Apoptosis:

Legionella was described as negatively affecting apoptosis [241]. Indeed, LegK1 ac-

tivates the host NF-κB signaling and plays important roles in modulating macrophage

defense and inflammatory responses. Reducing apoptosis could be a strategy to keep

infected cells alive as long as possible (Annexe 7).

NFKBIA, also called NFKB inhibitor alpha, was found 0.47 times less in the wild-

type strain than in ΔlegK4. NFKBIA inhibits the activity of dimeric NF-kappa-B/REL

complexes by masking the REL nuclear localization signal. Moreover, CD55/DAF (de-

cay acceleration factor) transcript was found 0.32 times less when LegK4 was expressed.

DAF inhibits early complement activation by accelerating the degradation of C3

convertase, which is a central molecule that regulates the complement cascade. In ad-

dition, DAF prevents the assembly of C3 convertase, inhibiting complement activation.

To sum, CD55 regulates both innate and adaptive immune responses [414]. LegK4

could, like LegK1, activate NF-κB signaling or inhibit complement activation to better

modulate the macrophage defense and reduce inflammatory responses.

PIK3R3 (phosphatidylinositol 3-kinase regulatory subunit γ) was found 1.7 more

times while PIK3CD (phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit

Δ) was reduced by 0.49.

PI3K phosphorylates phosphatidylinositol to produce PtdIns(3)P and similar com-

pounds that then serve as second messengers in growth signaling pathways. Moreover,

PI3K plays an important role in the regulation of cellular lipid metabolism. Increasing

the production of PtdIns(3)P could be favorable for Legionella growth by improving the

accessibility of particular lipids. However, PtdIns(3)P was also shown to be a crucial
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element for the phagolysosomal pathway.

LegK4 could participate in the decrease of the endosome PtdIns(3)P level and lead

to the recruitment inhibition of crucial proteins for membrane fusion such as EEA1

[143, 144].

3.3.2.3 Carbohydrate metabolism:

Finally, we determined if the expression of genes related to carbohydrate metabolism

was modulated by LegK4 (Annexe 6).

We found that the 6-phosphofructo-2-kinase/ fructose-2,6-biphosphatase 2 (PFKFB2)

and the glucosidase α (GANC) encoding genes were up-regulated with a fold change of

3.43 and 2.99, respectively. PFKFB2 is involved in both the synthesis and degradation

of fructose-2,6-bisphosphate. The fructose-2,6-biphosphate is a regulatory molecule that

controls glycolysis in eukaryotes.

GANC is a key enzyme in glycogen metabolism. It hydrolyzes the glycosidic bond

between two or more carbohydrates or between a carbohydrate and a non-carbohydrate

moiety. This enzyme hydrolyses terminal, non-reducing 1,4-linked α-D-glucose residues

and releases α-D-glucose.

At the same time, ALDOA (aldolase, fructose-bisphosphate A), LDHA (lactate de-

hydrogenase A) and LDHB (lactate dehydrogenase B) transcripts were found to be half

their initial level. ALDOA is a glycolytic enzyme that catalyzes the reversible conver-

sion of fructose-1,6-bisphosphate to glyceraldehyde 3-phosphate and dihydroxyacetone

phosphate.

LDHA and LDHB are both lactate dehydrogenases (LDH) and catalyze the con-

version of L-lactate and NAD to pyruvate and NADH in the final step of anaerobic

glycolysis. Moreover, LDH enhances the production of the proinflammatory cytokine
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IL-6 (interleukin 6) and TNFα by J774.1 murine macrophages [415]. LegK4 could re-

duce the activation of the inflammatory response and apoptosis by reducing the release

of proinflammatory cytokines.

3.2.3 Relationship between LegK4 and BiP

We previously demonstrated that LegK4 and BiP interacted in HeLa cells and aimed

to better understand the impact of BiP on LegK4.

We transiently expressed the eGFP-LegK4 or the eGFPc in HeLa cells as a negative

control. Then, we verified the presence of BiP by immunofluorescence.

Surprisingly, BiP vanished in cells expressing eGFP-LegK4 but was present in cells

expressing the eGFPc and non-transfected cells (Figure 29A). These results showed

that LegK4 seemed to have a strong impact on BiP.

Using confocal microscopy images and ImageJ software, we aimed to understand if

BiP really vanished or was relocalized elsewhere. We quantified cytosolic and nuclear

BiP using the Basic Intensity Quantification function of ImageJ (Figure 29B).

In non-transfected cells and those expressing the eGFPc, the same quantity of BiP

was present in cells. However, the total quantity of BiP in cells expressing eGFP-LegK4

was significantly lower compared to the other conditions (Figure 29B). More precisely,

it was the cytosolic and not nuclear BiP that was impacted by the presence of LegK4.
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Figure 29: Relationship between LegK4 and BiP
A. HeLa cells were transiently transfected to produce eGFPc or eGFP-LegK4. Nuclei
were stained blue with DAPI, and BiP was immunostained with an anti-BiP antibody
(red).
B. Quantification using ImageJ of BiP fluorescence level in HeLa. BiP was quantified
in the cytosol or the nucleus from 200 eGFPc-positive cells or non-transfected cells for
the negative control. Each condition was done in triplicate. Error bars represent SEM.
**** represents a highly significant difference (p ¡ 0.001) .
C. HeLa cells were first transiently transfected to produce eGFPc or eGFP-LegK4 and
then treated with siRNA anti-BiP. Nuclei were stained blue with DAPI, and BiP was
detected with an anti-BiP antibody and immunostained using anti-IgG Dylight 594
(red).

These experiments showed that the expression of LegK4 has a strong impact only on

the cytosolic BiP level but not on the nuclear BiP. Moreover, the expression of LegK4
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did not have an impact on BiP mRNA during the infection of macrophages (Annexe 5).

This result suggested that the BiP disappearance was not due to a lower transcription

of BiP but rather a post-transcriptional mechanism induced by LegK4.

Interestingly, a protein without an NLS can migrate to the nucleus simply by inter-

acting with another protein that has an NLS. BiP can be found in the cytosol and the

nucleus, so we investigated whether LegK4 localization was related to BiP presence.

HeLa cells were treated with siRNA that targeted BiP mRNA (BiP siRNA) to

substantially reduced BiP transcription on its intracellular level. As a negative control,

we treated HeLa with a siRNA control that did not impact BiP. We then determined

that the quantity of BiP was indeed decreased when treated with BiP siRNA by western

blot. Finally, we transfected these cells with peGFP-legK4 or peGFP as a negative

control and determined LegK4 localization by confocal microscopy.

As expected, the BiP siRNA treatment had an impact on BiP quantity but did not

change LegK4 localization in HeLa cells (Figure 29C). Even with a low concentration

of BiP, LegK4 migrated to the nucleus with the same efficiency.

These results showed that BiP could not be responsible for LegK4 nuclear import.

We proved that LegK4 was not essential for Legionella’s growth and intracellular

replication in amoebae or macrophages. Indeed, the deletion of the legK4 gene into the

Legionella genome did not impact its ability to infect human macrophages or amoebae.

Then, we created human monocytes and HeLa cells to express LegK4 under induc-

tion with doxycycline. Unfortunately, our stable cell line either died due to the LegK4

cytotoxicity or did not express LegK4. Until these cell lines are validated, we are unable

to use them to better understand the impact of LegK4 on human cells.
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By interacting and phosphorylating its substrates, LegK4 changed the gene expres-

sion of infected macrophages. Indeed, 289 genes were up-regulated more than two times,

193 were downregulated less than 0.5 times, 20.972 were unchanged, but many tran-

scripts did not have a characterized function.

However, Legionella seemed to modulate the gene expression to its own benefit by in-

hibiting host defenses such as apoptosis and inflammation and by boosting the host

metabolism to improve the production of nutrients.
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Discussion and Conclusion
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Localization of LegK4

LegK4 is a kinase secreted by the pathogen L. pneumophila. This protein was found

well conserved in five strains of L. pneumophila: Paris, Philadelphia, Lens, Corby and

Alcoy. Here, we have demonstrated that LegK4 was addressed to the nucleolus of

transfected mammalian cells. However, this result contradicted those from Moss et

al. concerning LegK4 Philadelphia [269]. They demonstrated that LegK4 Philadelphia

localized in the cytosol and not in the nucleus. Even though the peptitic sequences of

LegK4s are very similar, LegK4 Philadelphia possesses a 58-amino-acid extension at

the N-terminal region. We then determined that this extension was responsible for the

accumulation of LegK4 Philadelphia into the cytosol. Without this extension, LegK4

Philadelphia migrated to the nucleus like LegK4 Paris. However, we proved that this

extension was never produced by Legionella; thus, LegK4 Philadelphia as LegK4 Paris

was nuclear. LegK4 is the fourth L. pneumophila effector to be localized in the nucleus

and the second localizing to the nucleolus. Other nucleomodulins from L. pneumophila

RomA and LegAS4 are histone methylases, and SnpL targets RNA polymerase. These

proteins did not present sequence homology with LegK4 and do not yet have a charac-

terized NLS.

The N-terminal Cap domain of LegK4 contained the following NLS KVLGNKGI

RKLIKSANGK. This peptide sequence allowed LegK4 to be addressed to the nucleus.

The expression of LegK4 without this NLS led to a change in its localization: instead

of being localized in the nucleus, LegK4 was cytosolic. Unfortunately, the direct mu-

tagenesis of one or all the basic amino acids presented in the NLS did not change the

LegK4 localization.

Interestingly, this NLS allowed LegK4 to be nuclear but not nucleolar. Using bioin-
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formatic softwares, such as NLStradamus [416] or NOD [417] (nucleolar localization

sequence detector), no nucleolar localization signal (NoLS) could be found. However,

LegK4 localization could probably be explained by the interaction and the phospho-

rylation of nucleolar substrates, allowing its nucleolar detention [418]. As an example,

PP1, a nucleolar protein, does not contain a NoLS/NoDS localized in the nucleolus

thanks to its interaction with NOM1 and its NoLS [389].

Many experiments were conducted to learn more about the migration of LegK4 to

the nucleus. We inhibited the nuclear import machinery with drugs or used yeast mu-

tants deleted for importins. Globally, these experiments were not conclusive, probably

due to the highly cytotoxic effect of LegK4 expression in eukaryotic cells. This toxicity

was also observed at the beginning of this project by Hybrigenics® during the yeast

hybrid screening.

As Cassany et al.[419], we could consider reconstituting the nuclear import mechanism

in permeabilized cells to determine how LegK4 migrates to the nucleus.

In permeabilized NRK (normal rat kidney epithelial) cells, we could add some ele-

ment of the nuclear transport such as purified importin α and/or β, Ran and eGFP-

LegK4. Then, we could monitor LegK4 migration and localization by confocal mi-

croscopy. This experiment could provide the means to characterize the molecular mech-

anisms of LegK4 nuclear or nucleolar import.

LegK4 is known to be a dimeric, Hanks-like kinase able to dimerize and autophos-

phorylate [267]. Some nuclear proteins do not exhibit a cNLS, but their dimerization

or the autophosphorylation allows their migration to the nucleus [420].

To determine whether LegK4 autophosphorylation is crucial for its localization, we

could mutate the amino acids responsible for the dimerization and autophosphoryla-
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tion. The catalytic mutant of LegK4, LegK4D195N , did not migrate to the nucleus with

the same efficiency as LegK4. In transfected HeLa cells, eGFP-LegK4D195N could be

localized in the nucleus, in the cytosol or in both. This could be a clue about the im-

plication of the LegK4 kinase activity on its localization.

To complete LegK4 localization, we tried to establish it during the infection of hu-

man macrophages, pneumocytes and amoebae.

For this, we tried to detect LegK4 during the infection by immunofluorescence or west-

ern blot using an anti-LegK4 antibody we made. The identification of LegK4 localization

by confocal microscopy during infection of human macrophages, pneumocytes or amoe-

bae was not conclusive, probably due to the low sensitivity of the anti-LegK4 antibody.

To increase the signal, we transformed L. pneumophila with a plasmid to produce more

LegK4 protein, but that transformation did not change the result.

We also built a strain of L. pneumophila transformed with an inducible plasmid that

expressed 4HA-tagged LegK4. After the infection of amoebae or macrophages, we could

not detect LegK4 by immunofluorescence using an anti-HA antibody. To localize LegK4

during the infection of human cells, changing the timing of infection or the MOI was

not successful. Identification of LegK4 localization by western blot was not conclusive

because, when using a conventional centrifuge, the LCV containing bacteria and the

nucleus pelleted at the same rotation speed, polluting our result.

To prove the nuclear localization of LegK4 during the infectious process, we could infect

a consistent number of cells, then do a cellular fractionation followed by a western blot.

If available, we could use ultracentrifugation to better separate the LCV from nuclei.

Another option could be to lyse infected cells, collect them and catch LCVs using anti-

LCV antibody on magnetic beads [421].
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Before this study, a translocation assay determined that LegK4 was secreted around 15

min postinfection. Even though we knew when LegK4 was secreted, we did not know

how long it would take for LegK4 to migrate to the nucleus.

Until we have more answers about the timing of infection, it will be challenging to do

more experiments about LegK4 localization during the infection.

LegK4 interactants and substrates

We demonstrated by co-immunoprecipitation that LegK4 could interact and phos-

phorylate BiP, a chaperon from the HSP70 family involved in the UPR. These results

were consistent with those described by Moss et al. [269].

To go further, we investigated which residue of BiP was phosphorylated by LegK4. For

this, we sent BiP from an in vitro phosphorylation assay and from the interaction test

by GFP-Trap® to mass spectrometry. Surprisingly, even in the in vitro phosphorylation

assay sample that contained purified BiP, we could not detect either a phosphopeptide

or BiP. The treatment before the mass spectrometry probably led to a bad protein

coverage, thus making it unable to detect BiP.

We must change the enzymatic treatment to produce larger peptides that could be

detected by mass spectrometry.

In parallel, Moss et al. identified that BiP was phosphorylated by LegK4 on threonine

518 (T518) [269]. No antibody against this modification on BiP was available, but we

could produce one like in Moss’ et al. study [269].
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In HeLa cells, we demonstrated that the expression of LegK4 has a strong impact on

the BiP quantity in cells. When LegK4 was expressed in HeLa cells, the total quantity

of BiP decreased significantly. More precisely, the cytosolic fraction of BiP vanished.

Using ImageJ software, we determined that it was not a relocalization of BiP in the

nucleus. In HeLa cells, the same quantity of nuclear BiP was detected when LegK4 was

present or absent.

We also expressed the dead-kinase mutant of LegK4, LegK4D195N , in HeLa cells.

LegK4D195N exhibited a hybrid localization and could be detected in the cytosol and

in the nucleus. When nuclear LegK4D195N was found, we detected a lower quantity

of cytosolic BiP. However, when LegK4D195N was found in the cytosol, BiP quantity

did not change. This was proof that the catalytic activity of LegK4 seemed not to be

responsible for the disappearance of BiP. More precisely, the localization of LegK4 or

its interaction with BiP was related, to a certain extent, to BiP disappearance.

A comparison of the transcriptome from infected macrophages with a wild-type Le-

gionella versus a ΔlegK4 was conducted. The sequencing of mRNA proved that the

BiP mRNA level did not change between these two conditions.

BiP disappearance was not due to transcriptional control by LegK4. It was more prob-

ably a post-transcriptional control caused by LegK4. Interaction tests in HeLa cells

proved that LegK4 and BiP could interact. It would be interesting to decipher whether

LegK4 interacted with the cytosolic or nuclear fraction of BiP. After cell fractionation,

we could try to co-immunoprecipitate cytosolic or nuclear BiP with eGFP-LegK4.

To date, there are no known differences in terms of amino acids sequence between cy-

tosolic and nuclear BiP. LegK4 is secreted straight to the host cytoplasm, where it could

interact and phosphorylate cytosolic BiP before it migrates to the nucleus.

BiP is known to be a major ER stress sensor involved in the UPR. However, two
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other proteins named CHOP and XBP1 are crucial for UPR. In this study, we showed

that the transcription of these proteins was not impacted by the presence of LegK4 in

infected macrophages. However, it could be interesting to follow the post-translational

role of LegK4 on these proteins during the infection. After infection of macrophages

with L. pneumophila WT and a ΔlegK4, we could extract proteins for a western blot

analysis. Compared to the RNAseq, we could easily change many parameters, such as

the MOI or the timing of infection.

We demonstrated that LegK4 could interact with H3 histone using co-immunoprecipitation.

We sent our sample to mass spectrometry to identify the phosphorylation site on H3

histone after its interaction with LegK4. Samples were treated with trypsin that cleaved

the peptide chain at the carboxyl side of the amino acids lysine or arginine. Histones are

basic proteins that contain many lysine residues. The treatment with trypsin produced

many small peptides and decreased the protein coverage. The presence of too many

small peptides led to the impossibility to detect a phosphopeptide

Then, an in vitro phosphorylation assay using purified H3 histone and 6His-LegK4 was

conducted. By western blot, a phosphorylation signal was detected when H3 was mixed

with LegK4. This phosphorylation was due to the kinase activity of LegK4 because no

signal was detected with the kinase-dead LegK4 (LegK4D195N).

We sent a sample of H3 histone after its phosphorylation with LegK4 to mass spec-

trometry. This time, we changed the treatment protocol to produce larger fragments

using chymotrypsin, thus increased protein coverage.

H3 histone was phosphorylated on threonine 32 residue (H3 T32P) by LegK4. Using

an anti-H3 T32P antibody, a signal corresponding to a phosphorylated protein around

15 kDa was detected in the H3 phosphorylation assay samples.

Moreover, we also detected H3 T32P in the interaction test using eGFP-LegK4. No
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signal was detected in the condition using eGFPc or eGFP-LegK4D195N .

To determine whether the phosphorylation signal we observed was only due to the thre-

onine 32 residue, we mutated it into a non-phosphorylable alanine (H3 T32A). We then

overexpressed H3 and H3 T32A in E.coli and did a phosphorylation assay.

As expected, a signal was detected for H3using an anti-phosphothreonine antibody.

However, no signal was detected when we used the mutated H3 T32A.

These different results suggest that the T32 residue seems to be the only residue phos-

phorylated by LegK4.

Finally, to complete this last result, we aimed to detect this phosphorylation in macrophages

infected by Legionella.

Using confocal microscopy, no significant difference was observed between cells infected

with a wild-type strain versus a ΔlegK4. The same result was observed by western blot.

A very little is known about H3 T32P, but it occurs during mitosis and meiosis in plants

[405] and animals [422].

In addition to BiP and H3, we also found six new substrates of LegK4 by interaction

test in HeLa cells.

Interestingly, these substrates were all nuclear proteins and related to transcription or

RNA processing. They could be phosphorylated by LegK4 like they are by eukaryotic

kinase.

Heterogeneous nuclear ribonucleoprotein U (HNRNPU) and heterogeneous nuclear

ribonucleoproteins A2/B1 (HNRNPA2B1) are RNA-binding proteins that interact with

heterogeneous nuclear RNA (hnRNA). HNRNPU and HNRNPA2AB1 are associated

with pre-mRNAs in the nucleus and appear to influence pre-mRNA processing and

other aspects of mRNA metabolism and transport. The mass spectrometry analysis

revealed that LegK4 phosphorylated HNRNPU on the serine 4 (Ser4) and serine 271
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(Ser271) residues and HNRNPA2B1 on the serine 189 (S189) residue. HNRNPU is

phosphorylated by cellular kinase during mitosis [406].

Histone lysine acetyltransferase 7 (KAT7) is a histone acetyltransferase from HBO1

complexes that specifically mediate acetylation of histone H3 on lysine 14 residues

(H3K14ac), thereby regulating processes such as gene transcription, protein ubiquiti-

nation, immune regulation [407, 408]. Mass spectrometry revealed that LegK4 phos-

phorylated this protein on threonine 88 (T88). Phosphorylation by CDK1 on T88 is

associated with mitosis [409].

Nucleolin (NCL) is the major nucleolar protein in eukaryotic cells nucleolar and is

involved in the synthesis and maturation of ribosomes [410]. It is thought to play a role

in pre-rRNA transcription and ribosome assembly. Mass spectrometry analysis revealed

that NCL was phosphorylated by LegK4 on the serine 67 residue (Ser67). NCL is known

to be phosphorylated by cellular CDK2 on Ser67 during mitosis [410].

Nucleophosphomin (NPM1) possesses a bipartite NLS and a nucleolar localization

signal at the C-terminal region. Mass spectrometry revealed that NPM1 was phospho-

rylated by LegK4 on the serine 4 residue (Ser4). When phosphorylated on Ser4, NPM1

is known to mediate the mitotic function of polo-like kinase, triggering centriole du-

plication [411]. The centriole duplication occurs at the end of the G1 phase of the cell

cycle. Altogether, this information could indicate that LegK4 might have a role in the

G1-to-S transition of the cell cycle.

Zinc finger protein 546 (ZNF546) is a potential nucleic acid-binding protein and tran-

scriptional regulator. Mass spectrometry revealed that ZNF546 was phosphorylated by
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LegK4 on the serine 373 (Ser373) residue; however, ZNF546 was not described as being

phosphorylated on this residue by cellular kinase.

The LegK4 and MavR relationship

We created a ΔlegK4 mutant to better characterize the role of LegK4 in the infec-

tious cycle of L. pneumophila. Unfortunately, the intracellular replication in macrophages

or amoebae of Legionella was not impacted by the lack of legK4.

In the case of Legionella, traditional genetic approaches usually do not work because

of functional redundancy. The simple deletion of an effector gene usually did not affect

the Legionella infectious cycle.

Interestingly, the genomic organization of legK4 could be a crucial clue to determine

LegK4 function. The legK4 gene (lpp0267 ) is located immediately upstream of another

gene, mavR (lpp0268 ). Both are under the same promotor, forming an operon. MavR is

an unknown protein with no described catalytic activity, but it possesses a high degree

of similarity (around 41% of identity) with the C-terminal region of LegK4 (323 to 910

residue) (Figure 30).

Figure 30: Comparison between LegK4 and MavR

Moreover, this genetic organization was found present in the five sequenced strains
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of L. pneumophila Sg1. We infected macrophages and amoebae with ΔlegK4, ΔmavR

or the double mutant ΔlegK4ΔmavR.

While a single ΔlegK4 and ΔmavR mutant had an intracellular replication similar to

the wild-type strain, the ΔlegK4ΔmavR showed a significant replication delay (Fig-

ure 31).

These results were compared to the controls represented by the avirulent ΔdotA mutant

and the Paris wild-type strain. The phenotype exhibited by ΔlegK4ΔmavR was partic-

ularly interesting considering the high functional redundancy between L. pneumophila

effectors and the low probability of observable phenotype for an effector mutant. This

could mean that the legK4-mavR region would play a major role in the virulence of L.

pneumophila during the infection.

Figure 31: Intracellular growth of L. pneumophila in U937 macrophages
Cells were infected at an MOI of 10 by L. pneumophila expressing the mCherry gene
on a plasmid. Bacterial multiplication was automatically monitored with TECAN® by
measuring the fluorescence of mCherry at an excitation of 587 nm and an emission of
610 nm every 2 h for 60 h. Fluorescence data were subjected to background subtractions
(uninfected cells).
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To determine the relationship between LegK4 and MavR, transfection assays were

performed to localize these proteins in HeLa cells. While LegK4 was localized to the

nucleolus, MavR stayed in the cytoplasm.

We also performed interaction tests between LegK4 and MavR, but they were unsuc-

cessful. Even though they shared 41% of identity, MavR and LegK4 did not interact in

vitro with each other.

Finally, the precise relationship between LegK4 and MavR could contribute to the repli-

cation of L. pneumophila in eukaryotic cells, but this remained to be established.

It would be interesting to determine precisely which stage of the Legionella infectious

cycle is controlled by LegK4 and MavR. As an example, we could follow the entry of

bacteria, the LCV biogenesis, the endocytic pathway escape or the bacterial egress.

Moreover, the potential role of the LegK4/MavR tandem in UPR inhibition could also

be investigated, given the interaction of LegK4 with BiP.

Impact of LegK4 on human cells

To better understand the role of LegK4, we created HeLa cells and THP1 monocytes

that expressed LegK4 on demand. Unfortunately, we could not validate whether these

cells could produce LegK4.

The infection efficiency of the lentiviral used to express HA-LegK4 protein was cell-

dependent, with much less transduced THP-1 than HeLa cells. Moreover, consistent

with our previous results, the number of cells transduced by a vector expressing legK4

was lower than those expressing the kinase-dead LegK4D195N . This was probably due

to the cytotoxicity effect of the functional kinase, even in the absence of induction.

Similarly, the growth of cells expressing LegK4 was considerably reduced compared to

those expressing the catalytic mutant.
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The lack of signal could be due to a problem of revealation with the anti- HA antibody.

However, we have previously validated the efficacy of our anti-HA using another HA-

tagged protein.

Our protein may also lack the HA tag due to a shift in the reading frame during

cloning. The input plasmid pENTRY1A-legK4 was verified by sequencing; however,

the final vector pINDUCER21-legK4 was not. It was conceivable that a shift in the

reading frame did not allow LegK4 to be tagged during the recombination reaction.

Finally, the absence of a signal might not be related to the lack of LegK4 but to a high

instability of LegK4 or its mRNA. LegK4 could be degraded as soon as it was expressed

after induction in mammalian cells.

During the induction assays of HA-LegK4D195N , we observed that all the cells ex-

pressed the GFP. However, they exhibited variable levels of fluorescence. These differ-

ences could be explained by the number of copies of the insert and thus of the GFP

gene that cells have integrated during transduction. Surprisingly, we failed to induce

the production of the catalytic mutant of LegK4 in our preliminary trials. It should be

noted that the expression of LegK4 in mammalian cells resulted in high cytotoxicity. In

particular, LegK4 induced significant deformations of the nucleus forming many lobes

(internal lab data). This phenotype appeared to be highly dependent on the nucleolar

location of LegK4 and its kinase activity. The cytotoxicity due to LegK4 expression and

its impact on the eventual initiation of apoptosis or the cell cycle must be characterized.

Considering the nuclear localization of LegK4 and its ability to phosphorylate pro-

teins involved in gene transcription, it was conceivable that LegK4 could control the

host transcription. It should be noted that LegAS4, another nucleomodulin from L.

pneumophila, activates rDNA transcription when expressed in mammalian cells [245].

Unfortunately, after the RNA extraction, we discarded the rRNA. We only focused on
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mRNA in our conditions, but it could be interesting to investigate other types of RNAs.

The transcriptomic analysis of infected cell by L. pneumophila or a ΔlegK4 gave us

new information about LegK4 function.

First, LegK4 negatively impacted the expression of DDIT3, a protein involved in apop-

tosis. This protein is activated during ERS and can induce apoptosis and autophagy

[423].

Second, LegK4 increased the transcription of SERP1. SERP1 protects unfolded pro-

teins from degradation after ERS.

To create a replicative niche, Legionella recruits membranes from the ER and mito-

chondria on the LCV.

This phenomenon could be a stress event triggering the UPR, thus apoptosis. To survive

and replicate, Legionella must inhibit the activation of both UPR and apoptosis. By

inhibiting the expression of DDIT3 and increasing SERP1 expression, LegK4 could help

Legionella to reduce ERS and inactivate apoptosis. It should be noted that between 5

and 79 genes related to the UPR were affected by LegK4.

Finally, some transcripts related to glycolysis or nutrition were upregulated. At the end

of the Legionella cell cycle, the lack of nutrients and, in particular, the lack of amino

acids is detected by bacteria [424].

Nutrient starvation induces the activation of the stringent response and morphological

changes. Bacteria express transmissive traits such as motility (flagella) and become cy-

totoxic. These infectious bacteria can lyse the vacuolar membrane and are released in

the extracellular environment. LegK4 could boost the metabolism of carbohydrates or

lipids to avoid starvation, thus killing its host precociously.

LegK4 was secreted around 15 min postinfection; therefore, it could have a role

early during macrophages infection. To create a replicative niche and thrive, Legionella

must inhibit the host’s defense, especially apoptosis. The secretion of LegK4 could help
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reduce stress and inflammation at the beginning of the infection. Moreover, Legionella

could modulate the host metabolism to improve the production of nutrients such as

lipids or carbohydrates.

LegK4 is part of a group of effectors called nucleomodulins, which is a very active

emerging research axis. A significant proportion of these proteins exhibit enzymatic

activity that modifies nuclear targets, impacting the transcription of host genes. Since

their discovery about ten years ago, they have been considered major virulence fac-

tors. They have a crucial role in the development of the infectious process of many

pathogenic bacteria, such as Salmonella and L. pneumophila. This study led to a bet-

ter characterization of the serine-threonine kinase LegK4, which is the first kinase from

L. pneumophila to be identified as a nucleomodulin . Moreover, this study contributes

to a better understanding of nucleomodulin and the molecular mechanism of the L.

pneumophila infection.
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Table 3: List of characterized NoLS

Protein name NoLS sequence Ref.

Angiogenin IMRRRGL [465]

ApLLP MAKSIRSKHRRQMRMMKRE [466]

ARF QLRRPRHSHPTRARRCP [467]

B23 QDLWQWRKSL [468]

DEDD KRPARGRATLGSQPKRRKSV [469]

DNA topo I NKKKKPKKE [470]

DRIM KKKMKKHKNKSEAKKRK [471]

FGF2 RSRKYTSWYVALKR [472]

FGF3 GKGVQPRRRRQKQSPDNLEP [473]

FXR2P RPQRRNRSRRRRNR [474]

G2E3 RKHDDCPNKYGEKKTKEK [475]

GGNNVα RRRANNRRR [476]

GNL3 KRPKLKKASKRMTCHKRYKIQKKVREHHRKLRLEAKKQGHKKPRK [477]

GNL3L MMKLRHKNKKPGEGSKGHKKISWPYPQPAKQNGKKATSKVPSAPHFVHPN [478]

HIC p40 GRCRRLANFGPRKRRRRRR [479]

HIV-1 REV RRNRRRRWRERQRQI [480]

HIV-1 TAT RKKRRQRRRAHQ [481]

hLa QESLNKWKSKGRRFKGKGKGNKAAQPGSGKGK [482]

HSP70 FKRKHKKDISQNKRAVRR [483]

HSV type 1 γ(1)34.5 MARRRRHRGPRRPRPP [472]

HSV ORF57 KRPR and RRPSRPFRKP [484]

hTERT MPRAPRCRAVRSLLR [485]

I14L MSRRNKRSRRRRKKPLNTIQ [486]

IBV N protein WRRQARFK [487]

ING1b DKPNSKRSRRQRNNENR and TPKEKKAKTSKKKKRSKAKA [477]

Inh3 HRKGRRR [488]

LA QESLNKWKSKGRRFKGKGKGNKAAQPGSGKGK [482]

LIMK2 KKRTLRKNDRKKR [420]

L1 ORF2 RLKIKGQRKIYQANGKQKK [489]

LYRIC KSKKKKKKKKKQGE and KQIKKKKKARRET [490]

MDM2 KKLKKRNK [491]

MDV MEQ protein RRRKRNRDARRRRRKQ [492]

MIDN QQKRLRRKARRDARGPYHWSPSRKAGRS [493]

MLF-1 MAPRGRRRPRPHRSEGARRSKNTLERTHS [494]

NIK RKKRKKK [495]

NOLP KEKIQAIIDSCRRQFPEYQERAR [496]
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NOM1 1 to 269 [389]

Nop25 KRKHPRRAQDSKKPPRAPRTSKAQRRR [497]

NRG1 MSERKEGRGKGKGKKKERGSGKK [498]

Nuclear VCP-like protein KRKGKLKNKGSKRKK [499]

Nucleolin RGGGGGGGDFKPQGKKTKFR [500]

Nucleostemin KRPKLKKASKRMTCHKRYKIQKKVREHHRKLRLEAKKQGHKKPRK [501]

p120 SKRLSSRARKRAAKRRLG [502]

P14ARF RRGAQLRRPRHSHPTRARRCP [503]

PAPA-1 HGHGVHKKKHKKHKKKHKKKHH [504]

Parafibromin RRAATENIPVVRRPDRK and KKQGCQRENETLIQRRK [505]

PI4KA230 SKKTNRGSQLHKYYMKRRTL [477]

PML DRPLVFFDLKIDN [506]

PPP1R11 HRKGRRR [477]

PRRSV N protein PGKKNKKKNPEKPHFPLATEDDVRHHFTPSER [507]

PTHrP GKKKKGKPGKRREQEKKKRRT [508]

PRV RRRRGGRGGRAAR [384]

RECQL4 KQAWKQKWRKK [509]

RELA EQPKQRGMRFRYKCEGRSAGSIPGER [510]

Rex PKTRRRPRRSQRKRP [511]

RPS7 RRILPKPTRKSRTKNKQKRPR [512]

RRP9 GQEHRLGRWWRIKEARNSVCIIPLRRVPVPPAAGS [477]

RPP29 RHKRKEKKKKAKGLSARQtextbfRRELR [513]

RPP38 KIKKLIPNPNKIRKPPKSKKATPK [513]

SAP30L RRYKRHYK [514]

STT3-B KQKYLSKKTTKRKRGYIKNKLVFKKGKKISKKTV [515]

Survivin MQRKPTIRRKNLRLRRK [516]

TCOF1 KRKKDKEKKEKKKKAKKASTKDSESPSQKKKKKKKKTAEQTV [517]

U3-55K GQEHRLGRWWRIKEARNSVCIIPLRRVPVPPAAGS [518]

Werner VSRYNKFMKICALTKKGRNWLHKANTES [519]

ZNF330 MPKKKTGARKKAENRREREKQLRASRSTIDLAK [520]

Letter in bold and underlined letters represent respectively basic amino acid and succession of two or more basic

residue.
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Table 5: Modulation of UPR-related genes

Gene Identifier Name p value Fold-change

ACADVL acyl-CoA dehydrogenase, very long chain 0,562353964 0,859069803

ADD1 adducin 1 (α) 0,643981545 0,913129449

ARFGAP1 ADP-ribosylation factor GTPase activating protein 1 0,778214192 0,900021835

ASNS asparagine synthetase (glutamine-hydrolyzing) 0,240620862 0,69911795

ATF3 activating transcription factor 3 0,243564472 1,418035087

ATF4 activating transcription factor 4 0,362910987 0,777533305

ATF6 activating transcription factor 6 0,511455688 1,202897249

ATP6V0D1 ATPase, H+ transporting, lysosomal 38kDa, V0 subunit d1 0,54325404 1,257796432

CALR calreticulin 0,133244222 0,773186294

CCL2 chemokine (C-C motif) ligand 2 0,695279167 1,108323322

CTDSP2 CTD (carboxy-terminal domain) small phosphatase 2 0,114764576 1,759672222

CUL7 cullin 7 0,899832371 0,973830756

CXXC1 CXXC finger protein 1 0,936706935 1,030895867

DCP2 decapping mRNA 2 0,527980015 0,787373737

DCTN1 dynactin 1 0,213802607 0,622429412

DDIT3 DNA-damage-inducible transcript 3 0,005422048 0,610552256

DDX11 DEAD/H (Asp-Glu-Ala-Asp/His) box helicase 11 0,661517272 0,879625912

DIS3 DIS3 exosome endoribonuclease and 3’-5’ exoribonuclease 0,134890211 0,786539204

DNAJB11 DnaJ (Hsp40) homolog, subfamily B, member 11 0,571245374 0,841384721

DNAJB9 DnaJ (Hsp40) homolog, subfamily B, member 9 0,384600025 0,723298093

DNAJC3 DnaJ (Hsp40) homolog, subfamily C, member 3 0,486962095 1,255931799

EDEM1 ER degradation enhancer, mannosidase α-like 1 0,625562905 1,197506998

EIF2AK3 eukaryotic translation initiation factor 2-α kinase 3 0,535979035 1,256837532

EIF2S1 eukaryotic translation initiation factor 2, subunit 1 α, 35kDa 0,361037613 0,759507319

ERN1 endoplasmic reticulum to nucleus signaling 1 0,570407441 1,20896575

EXOSC1 exosome component 1 0,986467786 0,994072287

EXOSC2 exosome component 2 0,67651671 0,853888589

EXOSC3 exosome component 3 0,184094199 0,703353469

EXOSC4 exosome component 4 0,793241073 0,952000501

EXOSC5 exosome component 5 0,435827493 0,778271059

EXOSC6 exosome component 6 0,961279535 0,987451512

EXOSC7 exosome component 7 0,531755565 0,793736761

EXOSC8 exosome component 8 0,000912531 0,540665162

EXOSC9 exosome component 9 0,632447603 0,92136244

EXTL3 exostosin-like glycosyltransferase 3 0,647207773 1,179601988

FKBP14 FK506 binding protein 14, 22 kDa 0,571758653 1,191143407
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GFPT1 glutamine-fructose-6-phosphate transaminase 1 0,9029824 0,956960448

GOSR2 golgi SNAP receptor complex member 2 0,973609065 0,994034229

GSK3A glycogen synthase kinase 3 α 0,491738893 0,836690294

HDGF hepatoma-derived growth factor 0,3001073 0,754000878

HERPUD1 homocysteine-inducible, endoplasmic reticulum stress-inducible,

ubiquitin-like domain member 1

0,74473197 0,882735091

HSP90B1 heat shock protein 90kDa β (Grp94), member 1 0,959132615 0,988902302

HSPA5 heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) 0,643981545 0,913129449

HYOU1 hypoxia up-regulated 1 0,647742679 1,189482856

IGFBP1 insulin-like growth factor binding protein 1 NA NA

IL27 myeloid-derived growth factor 0,136179464 0,572344315

IL8 chemokine (C-X-C motif) ligand 8 0,92702641 1,017159852

KDELR3 KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum pro-

tein retention receptor 3

0,000945612 0,490990847

KHSRP KH-type splicing regulatory protein 0,22262546 0,686978562

KLHDC3 kelch domain containing 3 0,328936263 0,690290412

LMNA lamin A/C 0,712497303 1,108423368

MBTPS1 membrane-bound transcription factor peptidase, site 1 0,574672466 0,825115592

MBTPS2 membrane-bound transcription factor peptidase, site 2 0,932758529 0,972956724

NFYA nuclear transcription factor Y, α 0,247222228 1,250930133

NFYB nuclear transcription factor Y, β 0,918748582 0,961724266

NFYC nuclear transcription factor Y, γ 0,504656889 1,290342678

PARN poly(A)-specific ribonuclease 0,807071919 1,09763229

PDIA5 protein disulfide isomerase family A, member 5 0,970747426 0,988129458

PDIA6 protein disulfide isomerase family A, member 6 0,878001314 0,959579973

PLA2G4B phospholipase A2, group IVB (cytosolic) NA NA

PPP2R5B protein phosphatase 2, regulatory subunit B’, β NA NA

PREB prolactin regulatory element binding 0,486651528 0,766660896

SEC31A SEC31 homolog A (S. cerevisiae) 0,536621305 1,251488277

SERP1 stress-associated endoplasmic reticulum protein 1 0,010468141 1,759188674

SHC1 SHC (Src homology 2 domain containing) transforming protein

1

0,835736521 1,076165982

SRPR signal recognition particle receptor (docking protein) 0,179714209 1,254264698

SRPRB signal recognition particle receptor, B subunit 0,74366347 0,882517384

SSR1 signal sequence receptor, α 0,738019377 1,099940099

SULT1A3 sulfotransferase family, cytosolic, 1A, phenol-preferring, member

3

NA NA

SYVN1 synovial apoptosis inhibitor 1, synoviolin 0,000156233 0,462722605
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TATDN2 TatD DNase domain containing 2 0,271651394 1,282328416

TLN1 talin 1 0,712085779 0,893726271

TPP1 tripeptidyl peptidase I 0,441866837 0,785001493

TSPYL2 TSPY-like 2 0,801144685 1,063595847

WFS1 Wolfram syndrome 1 (wolframin) 0,973609065 0,994034229

WIPI1 WD repeat domain, phosphoinositide interacting 1 0,345776812 1,23639039

XBP1 X-box binding protein 1 0,631289884 1,160436279

YIF1A Yip1 interacting factor homolog A 0,500827683 0,779915276

ZBTB17 zinc finger and BTB domain containing 17 0,911280242 1,043436274

Gene expression with a significant fold-change (p-value < 0.05) are represented in bold
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Table 6: Modulation of Glycolysis-related genes

Gene Identifier Name p value Fold-change

ACSS1 Acyl-CoA Synthetase Short Chain Family Member 1 0,256519913 1,489876639

ACSS2 Acyl-CoA Synthetase Short Chain Family Member 2 0,449742452 1,266688063

ADH1A Alcohol Dehydrogenase 1A (Class I), α Polypeptide NA NA

ADH1B Alcohol Dehydrogenase 1A (Class I), β Polypeptide NA NA

ADH1C Alcohol Dehydrogenase 1A (Class I), γ Polypeptide NA NA

ADH4 Alcohol Dehydrogenase 4 (Class II), Pi Polypeptide NA NA

ADH5 Alcohol Dehydrogenase 5 (Class III), Chi Polypeptide 0,924535841 1,036956376

ADH6 Alcohol Dehydrogenase 6 (Class V) 0,517852205 0,847576165

ADH7 Alcohol Dehydrogenase 7 (Class IV), Mu Or Sigma Polypeptide NA NA

ADPGK ADP Dependent Glucokinase 0,646082339 1,122903249

AKR1A1 Aldo-Keto Reductase Family 1 Member A1 0,176563972 0,615132198

ALDH1A3 Aldehyde Dehydrogenase 1 Family Member A3 0,172569932 1,678445022

ALDH1B1 Aldo-Keto Reductase Family 1 Member B 0,97437948 0,991405664

ALDH2 Aldehyde Dehydrogenase 2 Family Member 0,63869946 0,91858333

ALDH3A1 Aldehyde Dehydrogenase 3 Family Member A1 NA NA

ALDH3A2 Aldehyde Dehydrogenase 3 Family Member A2 0,973609065 0,994034229

ALDH3B1 Aldehyde Dehydrogenase 3 Family Member B1 0,68023377 1,170579102

ALDH3B2 Aldehyde Dehydrogenase 3 Family Member B2 0,973609065 0,994034229

ALDH7A1 Aldehyde Dehydrogenase 7 Family Member A1 NA NA

ALDH9A1 Aldehyde Dehydrogenase 9 Family Member A1 NA NA

ALDOA Aldolase, Fructose-Bisphosphate A 0,03399129 0,593636434

ALDOB Aldolase, Fructose-Bisphosphate B 0,506428062 1,2571072

ALDOC Aldolase, Fructose-Bisphosphate C 0,696626141 0,899130436

BPGM Bisphosphoglycerate Mutase 0,716123288 0,876243219

DLAT Dihydrolipoamide S-Acetyltransferase 0,68124522 0,884388435

DLD Dihydrolipoamide Dehydrogenase 0,991065626 0,99601258

ENO1 Enolase 1 0,185877028 0,739393682

ENO2 Enolase 2 0,686688105 1,075682538

ENO3 Enolase 3 0,184348743 0,689225166

FBP1 Fructose-Bisphosphatase 1 0,853122582 1,034052833

FBP2 Fructose-Bisphosphatase 2 NA NA

G6PC1 Glucose-6-Phosphatase Catalytic Subunit 1 NA NA

G6PC2 Glucose-6-Phosphatase Catalytic Subunit 2 NA NA

GALM Galactose Mutarotase 0,059658222 0,487064558

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase 0,054381996 0,62533619

GAPDHS Glyceraldehyde-3-Phosphate Dehydrogenase, Spermatogenic 0,593490751 1,177244668
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GCK Glucokinase 0,532857657 1,249186739

GPI Glucose-6-Phosphate Isomerase 0,831304962 0,933207437

HK1 Hexokinase 1 0,591572794 1,148836044

HK2 Hexokinase 2 0,114030196 0,627460004

HK3 Hexokinase 3 0,466917453 0,776502954

HKDC1 Hexokinase Domain Containing 1 0,973609065 0,994034229

LDHA Lactate Dehydrogenase A 0,01477692 0,486288772

LDHAL6A Lactate Dehydrogenase A Like 6A 0,92937402 0,966631435

LDHAL6B Lactate Dehydrogenase A Like 6B 0,01994434 1,971526432

LDHB Lactate Dehydrogenase B 0,00649496 0,46097376

LDHC Lactate Dehydrogenase C 0,853122582 1,034052833

PANK1 Pantothenate Kinase 1 0,698018242 0,901029684

PCK1 Phosphoenolpyruvate Carboxykinase 1 NA NA

PCK2 Phosphoenolpyruvate Carboxykinase 2, Mitochondrial 0,929230109 1,03456083

PDHA1 Pyruvate Dehydrogenase E1 Subunit α 1 0,782957989 0,93934376

PDHA2 Pyruvate Dehydrogenase E1 Subunit α 2 NA NA

PDHB Pyruvate Dehydrogenase E1 Subunit β 0,374621795 0,874852214

PFKFB1 6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 1 NA NA

PFKFB2 6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 2 1,25E-05 3,430422203

PFKFB3 6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 3 0,30722001 1,478430003

PFKFB4 6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 4 0,518479163 0,805786678

PFKL Phosphofructokinase, Liver Type 0,299049645 0,680856989

PFKM Phosphofructokinase, Muscle 0,26951517 1,448236813

PFKP Phosphofructokinase, Muscle 0,50501332 0,824149815

PGAM1 Phosphoglycerate Mutase 1 0,250807361 0,64997372

PGAM2 Phosphoglycerate Mutase 2 0,328717036 1,379190149

PGAM4 Phosphoglycerate Mutase Family Member 4 NA NA

PGK1 Phosphoglycerate Kinase 1 0,513743119 1,254509508

PGK2 Phosphoglycerate Kinase 2 NA NA

PGM1 Phosphoglucomutase 1 0,133241902 0,564135805

PGM2 Phosphoglucomutase 2 0,663724045 0,857083844

PKLR Pyruvate Kinase L/R NA NA

PKM Pyruvate Kinase M1/2 0,287013207 0,812611286

SLC2A2 Solute Carrier Family 2 Member 2 NA NA

TPI1 Triosephosphate Isomerase 1 0,941820314 1,025247097

Gene expression with a significant fold-change (p-value < 0.05) are represented in bold
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Table 7: Modulation of apoptosis-related genes

Gene Identifier Name p value Fold-change

AIFM1 apoptosis-inducing factor, mitochondrion-associated, 1 0,199362328 0,639449303

AKT1 v-akt murine thymoma viral oncogene homolog 1 0,903326174 1,045649301

AKT2 v-akt murine thymoma viral oncogene homolog 2 0,112855784 1,821651378

AKT3 v-akt murine thymoma viral oncogene homolog 3 0,117804516 0,6797718

APAF1 apoptotic peptidase activating factor 1 0,769889443 0,902560231

ATM ATM serine/threonine kinase 0,511187665 1,277774245

BAD BCL2-associated agonist of cell death 0,286118299 0,689757837

BAX BCL2-associated X protein 0,830420541 0,924623448

BCL2 B-cell CLL/lymphoma 2 0,839741507 0,941174

BCL2L1 BCL2-like 1 0,566707941 0,802924421

BID BH3 interacting domain death agonist 0,384302331 0,829104049

BIRC2 baculoviral IAP repeat containing 2 0,437575137 0,744767992

BIRC3 baculoviral IAP repeat containing 3 0,400114784 0,768869328

CAPN1 calpain 1, (mu/I) large subunit 0,833694816 0,932174964

CAPN2 calpain 2, (m/II) large subunit 0,225296094 1,317461714

CASP10 caspase 10, apoptosis-related cysteine peptidase 0,971011931 0,992892787

CASP3 caspase 3, apoptosis-related cysteine peptidase 0,713346177 1,144247914

CASP6 caspase 6, apoptosis-related cysteine peptidase 0,661580935 1,162712082

CASP7 caspase 7, apoptosis-related cysteine peptidase 0,285262781 0,685107988

CASP8 caspase 8, apoptosis-related cysteine peptidase 0,668819826 1,149371757

CASP9 caspase 9, apoptosis-related cysteine peptidase 0,862854141 0,938388547

CFLAR CASP8 and FADD-like apoptosis regulator 0,843239772 1,058259527

CHUK conserved helix-loop-helix ubiquitous kinase 0,428063305 0,741342948

CSF2RB colony stimulating factor 2 receptor, β, low-affinity (granulocyte-

macrophage)

0,776224604 1,109411913

CYCS cytochrome c, somatic 0,719716149 0,88635877

DFFA DNA fragmentation factor, 45kDa, α polypeptide 0,462816558 1,298604793

DFFB DNA fragmentation factor, 40kDa, β polypeptide (caspase-

activated DNase)

0,701154449 1,131184516

ENDOG endonuclease G 0,152357688 0,6478517

FADD Fas (TNFRSF6)-associated via death domain 0,397813339 1,369562809

FAS Fas cell surface death receptor 0,865235105 1,057710651

FASLG Fas ligand (TNF superfamily, member 6) 0,973609065 0,994034229

IKBKB inhibitor of kappa light polypeptide gene enhancer in B-cells,

kinase β

0,095095502 0,530223183



181

IKBKG inhibitor of kappa light polypeptide gene enhancer in B-cells,

kinase γ

0,441894618 1,251377445

IL1A interleukin 1, α 0,711906163 1,127682815

IL1B interleukin 1, β 0,495063417 0,808574454

IL1R1 interleukin 1 receptor, type I 0,970461484 0,992641039

IL1RAP interleukin 1 receptor accessory protein 0,329273601 1,288384035

IL3 interleukin 3 0,973609065 0,994034229

IL3RA interleukin 3 receptor, α (low affinity) NA NA

IRAK1 interleukin-1 receptor-associated kinase 1 0,837999596 0,924814635

IRAK2 interleukin-1 receptor-associated kinase 2 0,342780884 0,698998743

IRAK3 interleukin-1 receptor-associated kinase 3 0,159467763 1,631177653

IRAK4 interleukin-1 receptor-associated kinase 4 0,06213433 0,592806803

MAP3K14 mitogen-activated protein kinase kinase kinase 14 0,096472862 1,87260327

MYD88 myeloid differentiation primary response 88 0,681172738 1,16223696

NFKB1 nuclear factor of kappa light polypeptide gene enhancer in B-cells

1

0,343896474 1,436331212

NFKB2 nuclear factor of kappa light polypeptide gene enhancer in B-cells

2 (p49/p100)

0,501010256 0,791468983

NFKBIA nuclear factor of kappa light polypeptide gene enhancer

in B-cells inhibitor, α

0,005436491 0,46509131

NTRK1 neurotrophic tyrosine kinase, receptor, type 1 0,973609065 0,994034229

PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic sub-

unit α

0,67631771 0,90505911

PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic sub-

unit β

0,385833499 0,719863814

PIK3CD phosphatidylinositol-4,5-bisphosphate 3-kinase, cat-

alytic subunit Δ

0,003686668 0,489329294

PIK3CG phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic sub-

unit γ

0,797625658 1,062819232

PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (α) 0,563889245 1,244823714

PIK3R2 phosphoinositide-3-kinase, regulatory subunit 2 (β) 0,929504446 1,034370431

PIK3R3 phosphoinositide-3-kinase, regulatory subunit 3 (γ) 0,026179842 1,7

PIK3R5 phosphoinositide-3-kinase, regulatory subunit 5 0,631900239 0,84227374

PPP3CA protein phosphatase 3, catalytic subunit, α isozyme 0,419452095 1,362032333

PPP3CB protein phosphatase 3, catalytic subunit, β isozyme 0,824791962 0,9187095

PPP3CC protein phosphatase 3, catalytic subunit, γ isozyme 0,844255245 1,057924772

PPP3R1 protein phosphatase 3, regulatory subunit B, α 0,596861336 0,895383811

PPP3R2 protein phosphatase 3, regulatory subunit B, β 0,598350247 1,194020511
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PRKACA protein kinase, cAMP-dependent, catalytic, α 0,357147556 1,395403713

PRKACB protein kinase, cAMP-dependent, catalytic, β NA NA

PRKACG protein kinase, cAMP-dependent, catalytic, γ NA NA

PRKAR1A protein kinase, cAMP-dependent, regulatory, type I, α 0,844314868 1,064447347

PRKAR1B protein kinase, cAMP-dependent, regulatory, type I, β 0,368720741 1,396584565

PRKAR2A protein kinase, cAMP-dependent, regulatory, type II, α 0,655175022 1,181994531

PRKAR2B protein kinase, cAMP-dependent, regulatory, type II, β 0,19097457 0,621829009

RELA v-rel avian reticuloendotheliosis viral oncogene homolog A 0,353293688 0,788962533

RIPK1 receptor (TNFRSF)-interacting serine-threonine kinase 1 0,09829423 0,533611587

TNF tumor necrosis factor 0,937429777 0,977638217

TNFRSF10A tumor necrosis factor receptor superfamily, member 10a 0,973609065 0,994034229

TNFRSF10B tumor necrosis factor receptor superfamily, member 10b 0,7894674 0,961831425

TNFRSF10C tumor necrosis factor receptor superfamily, member 10c NA NA

TNFRSF10D tumor necrosis factor receptor superfamily, member 10d 0,375784319 1,394687092

TNFRSF1A tumor necrosis factor receptor superfamily, member 1A 0,534048139 0,797867305

TNFSF10 tumor necrosis factor (ligand) superfamily, member 10 0,701968935 1,149350836

TP53 tumor protein p53 0,596464012 1,188908967

TRADD TNFRSF1A-associated via death domain 0,778666734 1,103323869

TRAF2 TNF receptor-associated factor 2 0,878319658 1,056791317

Gene expression with a significant fold-change (p-value < 0.05) are represented in bold
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Strains

Strains Genotype Ref.
Acanthamoeba castellanii

Environmental isolate
Cell line

HeLa Epithelial cells INSERM U1111
THP-1 Monocytes INSERM U1111
U937 Monocytes INSERM U1111
HEK293T Embryonic kidney cells INSERM U1111
A549 Pneumocytes INSERM U1111
Saccharomyces cerevisiae
BY4742 MATα; his3D1; leu2D0; lys2D0; ura3D0 INSERM U1111

Escherichia coli
DH5α fhuA2Δ(argF-lacZ)U169 phoA glnV44

φ80 Δ(lacZ)M15 gyrA96 recA1 relA1
endA1 thi-1 hsdR17

New Eng-
land Biolabs
(C2987H)

XL1-Blue endA1 gyrA96(nalR) thi-1 recA1 relA1
lac glnV44 F’ [::Tn10 proAB+ lacIq
Δ(lacZ)M15] hsdR17 (rK - mK+)

Stratagene

BL21 (DE3) (pREP4-
groESL)

F- ompT gal dcm lon hsdSB(rB- mb-)
λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7
nin5 ])

[521]

Legionella pneumophila
Paris Clinical isolate INSERM U1111
Paris ΔdotA Paris strain without dotA INSERM U1111
Paris ΔlegK4 Paris strain without lpp0267 This study
Paris ΔlegK4 + legK4 Paris ΔlegK4 complemented with legK4 This study
Paris ΔlegK4 + legK4 cat-
alytic mutant

Paris ΔlegK4 complemented with cat-
alytic mutant of LegK4 ( legK4D195N)

This study

Paris ΔmavR Paris Δlpp0268 INSERM U1111
Paris SYFP Paris with syfg insertion in one tRNA gene INSERM U1111
Paris dTomato Paris with dTomato insertion in one tRNA

gene
INSERM U1111

Paris ΔllegK4 ΔmavR Paris without legK4 and mavR INSERM U1111
Paris ΔllegK4 ΔmavR +
legK4 mavR

Paris ΔlegK4 ΔmavR complemented with
lpp0267 and lpp0268

This study

CIP 108286 Lens Clinical isolate [63]
Philadelphia-1 Clinical isolate CIRI

Table 8: List of strains
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Plasmids

Plasmid Description Ref.
Donor vector

pDONRTM207 Gateway donor vector Invitrogen
pDONRTM207-
legK4

Gateway donor vector with legK4 insertion This study

pDONRTM207-
legK4D195N

Gateway donor vector with legK4 catalytic
mutant gene insertion

This study

pDONRTM207-
legK4Cap

Gateway donor vector with insertion of the
first 162 bp of legK4 (Cap domain)

This study

pDONRTM207-
legK4 lpp0267 ΔCap

Gateway donor vector with deletion of the
first 162 bp of legK4

This study

pDONRTM207-
legK4NLS

Gateway donor vector with LegK4 NLS This study

pENTR™1A Donor vector INSERM
U1111

pENTR™1A-legK4 Gateway donor vector with LegK4 This study
pENTR™1A-
legK4D195N

Gateway donor vector with LegK4D195N This study

Expression vector
peGFPc Mammal cells expression vector for protein

fusion with the eGFP (at C-terminal)
INSERM
U1111

peGFP-legK4 peGFP with legK4 insertion producing
eGFP-LegK4

This study

peGFP-legK4D195N peGFP with legK4 insertion producing
eGFP-LegK4D195N

This study

peGFP-legK4 1−445 Expression of eGFP-LegK41−445 (from amino
acid 1 to 445)

This study

peGFP-legK4 1−54 Expression of eGFP-LegK41−54 This study
peGFP-legK454−455 Expression of eGFP-LegK454−445 This study
peGFP-NLS Expression of eGFP- KVLGNKGIRKLKIK-

SANGK
This study

peGFP-legK4Δ NLS Expression of eGFP-LegK4 without NLS se-
quence

This study

peGFP-NLSmut1 Expression of eGFP-
AVLGNKGIRKLKIKSANGK

This study

peGFP-NLSmut2 Expression of eGFP-
KVLGNAGIRKLKIKSANGK

This study

peGFP-NLSmut3 Expression of eGFP- KVL-
GNKGIAKLKIKSANGK

This study
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Plasmid Description Ref.
peGFP-NLSmut4 Expression of eGFP- KVLGNK-

GIRALKIKSANGK
This study

peGFP-NLSmut5 Expression of eGFP- KVLGNK-
GIRKLAIKSANGK

This study

peGFP-NLSmut6 Expression of eGFP- KVLGNKGIRK-
LKIASANGK

This study

peGFP-legK4NLSmut7 Expression of eGFP- KVLGNKGIRK-
LKIKSANGA

This study

peGFP-legK4NLSmut8 Expression of eGFP-
AVLGNAGIAALAIRASANGA

This study

peGFP-legK4
Philadelphia

Expression of eGFP-LegK4 Philadelphia This study

peGFP-legK4Δ 1-58
Philadelphia

Expression of eGFP-LegK4 Philadelphia
without the first 58 amino acids

This study

peGFP-legK4 + 1-58
Philadelphia

Expression of eGFP-LegK4 Paris with the
first 58 amino acids of LegK4 Philadelphia

This study

peGFP-legK4 Lens Expression of eGFP-LegK4 Lens This study
pDEST27 Mammal cells expression vector for pro-

tein fusion with the GST (at C-terminal)
Invitrogen

pDEST27-legK4 Expression of GST-LegK4 INSERM U1111
pCl-Neo3Flag Mammal cells expression vector for pro-

tein fusion with 3Flag Tag (at C-terminal)
INSERM U1111

pCl-Neo3Flag-legK4 Expression of 3Flag-LegK4 This study
pINDUCER21 Gateway expression vector for HA-tagged

protein
INSERM U1111

pINDUCER21-legK4 Expression of HA-LegK4 under doxycy-
cline induction

This study

pINDUCER21-
legK4D195N

Expression of HA-LegK4D195N under
doxycycline induction

This study

Protein overexpression
E.coli

pQE30 Overexpression of 6His fused protein by
IPTG induction

Invitrogen

pQE30-legK4 Overexpression of 6His-LegK4 of This study
peGFPc-legK4D195N Overexpression of 6His-LegK4D195N This study
pGEX-6P-3 Overexpression of GST GE Healthcare
pGEX-6P-3-mavR Overexpression of GST-MavR This study
pGEX-6P-1-H3.1 Overexpression of GST-H3.1 GE Healthcare
pGEX-6P-1-H3.1T32A Overexpression of GST-H3.1T32A This study
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Plasmid Description Ref.
Yeast

pBT3N Two-hybrid screen yeast vector INSERM U1111
pBT3N-yGFPc Modified vector expressing yGFPc under

galactose induction
This study

pBT3N-yGFPc-legK4 Modified vector expressing yGFP-LegK4
under galactose induction

This study

pMet-YC Yeast expression vector INSERM U1111
pMet-YC-yGFPc Constituve expression of yGFPc This study
pMet-YC-yGFPc-
legK4

Constituve expression of yGFP-LegK4 This study

L. pneumophila
pMMB207-4HA Modified pXDC61 with 4HA tag [196]
pMMB207-4HA-
legK4

Expression of 4HA-LegK4 under IPTG in-
duction

This study

pMMB207-4HA-
legK4D195N

Expression of 4HA-LegK4D195N under
IPTG induction

This study

pMMB207-4HA-legK4
mavR

Expression of 4HA-LegK4 and MavR un-
der IPTG induction

This study

pXDC50 Expression of a protein of interest and
mCherry fluorescent protein under IPTG
induction

INSERM U1111

pXDC50-legK4 Expression of LegK4 and mCherry under
IPTG induction

This study

pXDC50-legK4 Expression of LegK4 and mCherry under
legK4 promoter

This study

pXDC50-legK4 mavR Expression of LegK4, MavR and mCherry
under legK4 promoter

This study

Table 9: List of plasmids
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Antibodies

Primary antibody Ref. Dilution for
Western-blot Immunofluorescence

Mouse anti-C23 (D6) SC-17827 (Santa
Cruz)

- 1/100

Rabbit anti-BiP Ab32618 (Abcam) 1/200 -
Rabbit anti-RBBP4 Ab79416 (Abcam) 1/50 000 -
Rabbit anti-PTEN (138G6) 9559 (Cell Signal-

ing)
1/1 000 -

Mouse Anti-GST 13-6700 (Invitro-
gen)

1/3000 -

Mouse Anti-Flag F1804 Sigma 1/1 000 1/100
Mouse Anti-phosphothreonine P6623 (Sigma) 1/500 -
Rabbit Anti-phosphothreonine 9381S (Cell Sig-

nalling)
1/5 000 -

Rabbit Anti-HA 3724S (Cell Sig-
nalling)

1/1000 1/1 600

Rabbit Anti-Histone H3 4499S (Cell Sig-
nalling)

1/2 000 1/400

Rabbit Anti-GFP INSERM U1111 1/5 000 -
Rabbit Anti-Histone H3 phos-
pho T32 (H3T32)

ab4076 (Abcam) 1/1 000 -

Rabbit Anti-BiP 3177S (Cell signal-
ing)

1/1 000 1/400

Rabbit Anti-CHOP 2895S (Cell signal-
ing)

1/1 000 -

Rabbit Anti-β actin A2228 (Sigma) 1/5 000

Secondary antibody Ref. Dilution for
Western-blot Immunofluorescence

Peroxydase Goat anti-Mouse
IgG

A0545 (Sigma) 1/5 000 -

Peroxydase Goat anti-Rabbit A0163 (Sigma) 1/5 000 -
Goat anti-Rabbit IgG Dylight
594

115-115-003 (Jack-
son Immunore-
search)

- 1/500

Goat anti-IgG de Rabbit Dy-
light 594

115-515-003 (Jack-
son Immunore-
search)

- 1/250

Table 10: List of antibodies
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Primers

Name Sequence
legK4 -BamHI ataggatccaaattgcttcggtttcatgaatt
legK4 -SalI cgcgtcgacgttctggtgctaaatagcttgcg
legK4 -SalI cgcgtcgacctgccacatcaagtcccctc
legK4 ggttcatgatttgcaaccatctaatgctttctcgtccatgcc
5-KpnI-legK4 cggggtaccatgaaattgcttcggtttcatg
5-EcoRI-legK4 atagaattctatgaaattgcttcggtttcatg
3-SalI-legK4 atagtcgacttaatatggcaaaatgatgacg
5-legK4-nt650 cagttcttcggataaagaacc
5-legK4-nt1300 cagctaaaatgatggcagcg
3-XhoI legK4 ccatactcgagtaatatggcaaaatgatgacgttgc
α3 f gttttctaatgcctttgccaacttttttgtacaaacttgtttgagctcg
α3 r caaaaaagttggcaaaggcattagaaaactaataaaatctgccaacggc
Δ α1 f aattgcttcggaaatcattgccaggcatggacgagaaagc
Δ α1 r tggcaatgatttccgaagcaatttcatgccaacttttttgtac
Δ α2 f ttgccaggcatggacaacaaaggcattagaaaactaataaaatctgcc
Δ α2 r tctaatgcctttgttgtccatgcctggcaatgattttaattcatgaaaccg
Δ α3 f gttttaggcaactctgccaacggcaagcctatctcacgcgaaataatg
Δ α3 r tgccgttggcagagttgcctaaaacctttatcaacaattctaatgc
Δ α23 f ttgccaggcatggactctgccaacggcaagcctatctcacgcgaaataatg
Δ α23 r tgccgttggcagagtccatgcctggcaatgattttaattcatgaaaccg
α 2 3 f ttctaatgctttctcgccaacttttttgtacaaacttgtttgagctcg
α 2 3 r caaaaaagttggcgagaaagcattagaattgttgataaaggttttaggc
NLS f caaaaaagttggcaaggttttaggcaacaaaccgtaatcttttc
NLS r gcctaaaaccttgccaacttttttgtacaaacttgtttgagctcg
Δ NLS f gaattgttgatacctatctcacgcgaaataatgattcatgagttttgaacc
Δ NLS r ttcgcgtgagataggtatcaacaattctaatgctttctcgtccatgcc
R33G f gttggcagattttattagttttccaatgcctttgttgcc
R33G r ggcaacaaaggcattggaaaactaataaaatctgccacc
R33A f gccgttggcagattttattagttttgcaatgcctttgttgcc
R33A r ggcaacaaaggcattgcaaaactaataaaatctgccaacggc
K25A f gcctttgttgcctaaaaccgcgttgcccaattctaatgc
K25A r gcattagaattgggcaacgcggttttaggcaacaaaggc
K30A f tattagttttctaatgcctgcgttgcctaaaacctttatc
K30A r gataaaggttttaggcaacgcaggcattagaaaactaata
K34A f gttggcagattttattagtgctctaatgcctttgttgc
K34A r gcaacaaaggcattagagcactaataaaatctgccaac
K37A f gcttgccgttggcagatgctattagttttctaatgcctttgttg
K37A r caacaaaggcattagaaaactaatagcatctgccaacggcaagc
K42A f ctaataaaatctgccaacggcgcgcttatctcacgcgaaataatg
K42A r cattatttcgcgtgagataagcgcgccgttggctgattttattag
R33A K34A f ggcagattttattagtgctccaatgcctttgttgcctaaaacc
R33A K34A r ggttttaggcaacaaaggcattggagcactaataaaatctgcc
K25A K30A R33A K34A f attagaattgttgatagcggttttaggcaacgcaggcattgcagcac
K25A K30A R33A K34A r tgctgcaatgcctgcgttgcctaaaaccgctctcaacaattctaatg
NLS to Alanine f agcactaatagcatctgccaacggcgcgcttatctcacgcg
NLS to Alanine r ttcgcgtgagataggcgcgccgttggcagatgctattagtgcgt
Delta 1-58 phila f aaaaaagttggcatgaaattgcttcggtttcatgaattaaaatc
Delta 1-58 phil ra gaagcaatttcatgccaacttttttgtacaaacttgtttgagctgc
1-58 phila into Paris f aaacaagtttgtacaaaaaagttggcttgtgcaatcattctcttaatgagcccc
1-58 phila into Paris r atgaaaccgaagcaatttcataaggaacctcacatatttac
P1-lpp0267 tgaccattcctgtcactctac
P2-lpp0267 ggcccaattcgccctatagtgagtcgtaatgctttctcgtccatgcc
P3-lpp0267 gggtttgctcgggtcggtggcatatggatggttgcaaatcatgaacc
P4-lpp0267 tttcactcacctggtgttctc
P5-lpp0267 ggttcatgatttgcaaccatctaatgctttctcgtccatgcc
P6-lpp0267 ggcatggacgagaaagcattagatggttgcaaatcatgaacc

Table 11: List of primers
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Culture condition and medium

Bacteria

Legionella pneumophila

L. pneumophila Paris strain was provided by the Legionella Reference National Center (CNR), Lyon, France. L.

pneumophila Philadelphia-1 strain was kindly provided by X. Charpentier, International Center for Infectiology Research

(CIRI), Lyon, France. Philadelphia-1 strain used in this study had five single nucleotide polymorphisms compared to

sequenced genome (NC 002942.5): G688274A, T816562G, GT820457/58CG, del1355972T.

Legionella pneumophila strains used for this study were stored in cryovial at −80◦C freezer (TS/80-MX). Frozen bacteria

were then plated 3 days at 37◦C on CYE (charcoal yeast extract agar) plates containing : ACES 10g/L (acid N-(2-

acetamido)-2-aminoethanesulfonic) (Roth, 9138.2), yeast extract 10 g/L (Merck, 1.03753.0500), bacterial agar 15 g/L

(Roth, 5210.4) and charcoal 2 g/L (Sigma, C9157) diluted in commercial water (Roth, 3478.4), pH was adjusted to 6.9

by potassium hydroxide addition (Roth, 0995.2) then the mix was sterilized by autoclave 20 minutes at 120◦C.

Medium was supplemented with 0.4 g/L of L-cysteine (Roth, 1693.2) and 0.25 g/L of iron nitrate (Sigma, 216828).

Finally, bacteria from the freezer were plated 3 days at 37◦C. In liquid medium, bacteria were grown in AYE medium

(ACES-buffered yeast extract) containing : 0.3 g/L of iron pyrophosphate (Sigma, P6526), 0.1 g of cysteine (Roth, 1693),

10 g of ACES (Roth, 9138.2) and 12 g of yeast extract (BD, 212750) diluted in commercial water, pH was adjusted to 6.9

by potassium hydroxide addition and sterilized by filtration (0.2 μm). Bacteria are cultivated at 37◦C under strirring (200

rpm) in aerobic condition during the appropriated time. If necessary, 2 mM of isopropyl β-D-1-thiogalactopyranoside

(IPTG) (Roth, 2316.1) or/and 5 μg/mL and/or chloramphenicol (Roth, 3886.1) were added.

E.coli

E.coli strains used in this study are stored in −80◦C freezer in a mix of LB medium (Luria-Bertani) and 15

% glycerol. Bacteria from freezer are cultivated on LB plate containing 20 g/L of bacterial agar and then incubated

overnight at 37◦C.

Liquid culture were performed in aerobic condition at 37◦C in LB medium, overnight at 200 rpm (rotation per minute)

Eukaryotic cells

In this study, HeLa human epithelial cell line , U937 macrophages derived cell from human monocytes, A. castellanii

amoebae and S. cerevisiae have been used (Table 8).
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Human HeLa epithelial cells, HEK293T, U937 and THP-1 monocytes

HeLa epithelial cells, HEK293T, U937 and THP-1 monocytes was nitrogen-frozen in FBS (Fetal Bovine Serum)

(Gibco, 10270-106) containing 10 % DMSO (dimethyl sulfoxide) (AppliChem, A3672). HeLa epithelial and HEK293T

cell lines maintenance is done in DMEM (Dulbecco’s modified Eagle medium) (Gibco, 41966) supplemented with 10 %

FBS and as well 100 units/mL penicillin and 100 μg/mL streptomycin. The cells are incubated at 37◦C in a 5 % CO2

containing atmosphere and used from passage 5 to 15. A passage is achieved when removing supernatant and cells are

then washed with PBS (phosphate buffered saline) (Gibco, 14190). Cells were then detached using 0.05 % trypsin-EDTA

(Gibco, 253004) at 37◦C for 5 minutes. The cells are then placed in culture medium whose FBS which inhibits trypsin

activity and centrifuged for 3 minutes at 300g. The cell pellet is diluted at the appropriate concentration in brand-new

cell culture medium.

Maintenance of the U937 and THP-1 monocytes cell line was performed in RPMI 1640 (Roswell park memorial institute

medium) (Gibco, 61870) supplemented with 10 %FBS, 100 units/mL of penicillin and 100μg/mL streptomycin. The

cells are incubated at 37◦C in a 5 % CO2 containing atmosphere and used from passage 5 to 15. The passage of

these non-adherent cells is done by counting cells in a Malassez cell after a 1/2 dilution in trypan blue and with cell

culture medium. Trypan blue penetrates only in dead cells with permeabilized membrane, appearing blue. Since the

U937 are non-adherent, dead cells are not eliminated during cell passage, so it is essential to exclude them. To plate and

differentiate these monocytes into macrophages, the cells are centrifuged for 3 minutes at 300g and then plated in RPMI

supplemented with 10 %FBS and 50 ng/mL PMA (phorbol 12-myristate 13-acetate) (Sigma P8139) for 3 days at 37◦C

in an atmosphere containing 5 % CO2.

Acanthamoeba castellanii amoebae

A. castellanii are frozen at -80◦C in PYG (peptone yeast glucose) containing: 20 g/L peptone proteose (Difco

211684), 1 g/L yeast extract, 16 mM MgSO4, 7H2O (Roth, P027.2), 0.4 mM CaCl2 (Acros, 423525000), 3.4 mM sodium

citrate (Roth, 3580.1), 0.05 mM (NH4)2Fe(SO4)2, 6H2O (Sigma, F3754), 2.5 mM Na2HPO4, 2H2O (Euromedex, 1309), 2.

5mM KH2PO4 (Roth, 3904) and 0.1 M glucose (Euromedex UG3050) in water, adjusted 6.5 pH with potassium hydroxide

and supplemented with 10 %DMSO, 100 units/mL penicillin and 100 μg/mL streptomycin (Gibco, 15140122). Amoeba

are maintained in PYG supplemented with 100 units/mL penicillin and 100 μg/mL streptomycin at 30◦C. Amoebae used

for infections are cultured in the same medium for 4 days to induce nutrient deficiency. These cells are then detached

by incubation for 10 minutes at 4◦C and then centrifuged for 3 minutes at 300g. After being count with a Malassez cell,

amoebae are plated at the necessary concentration in PY (PYG medium without glucose).

Saccharomyces cerevisiae

BY4742 strain was cultured in YPD (Yeast extract, peptone, Dextrose) rich medium containing: 1% yeast extract, 2

% peptone, 2 % glucose and 0.004 % adenine or in Synthetic Dextrose (SD) medium containing 1.7 g/L of yeast nitrogen

base, 5 g/L (NH4)2SO4. SD medium require to add specific amino acids depending on the experiment. These two liquid

mediums can be use as plate by addition of agar. Before use, YPD and SD were sterilized 20 minutes at 120◦C and

amino acid complement are filtred.
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Molecular biology

Genomic DNA Extraction of L. pneumophila

After 3 days at 37◦C on CYE plate, approximately 10 μL of bacteria are mixed in 1.5 mL NTE buffer made

of: 100 mM NaCl (Roth, 3957.1), 20 mM Tris (trishydroxymethylaminomethane) (Roth, 5429.3) and 1 mM EDTA

(Ethylenediaminetetraacetic acid) (Euromedex, EU0007-B) diluted in commercial water, pH was adjusted to 7.4 with

hydrochloric acid solution (Roth, 9277.1). After a centrifugation step at 10 000g for 10 minutes, pellet containing bacteria

was resuspended in 780 μL of NTE buffer then 20μL of 10 % SDS (sodium dodecyl sulfate) (Euromedex 1012.D) and 2

μL of proteinase K (20mg/mL) (Thermo EO0491) to lyse cells. The mix was incubated 1 hour at 37◦C under stirring.

To eliminate RNA, the mix was incubated 1 more hour with 1 μL (100mg/mL) of ribonuclease (Qiagen, 19101). To

eliminate proteins, 800 μL of a phenol/chloroform/isoamyl alcohol mix (25/24/1) (Roth, A156.2) was added to the

solution. After several minutes of stirring, the tubes were centrifuged 5 minutes at 10 000g until white pellet containing

proteins is totally separated from supernatant. Supernatant which contained nucleic acids was kept and mixed with 700

μL of chloroform (Roth 6340.1)/isoamyl alcohol (Prolabo 20798.295) (24/1) to eliminate remaining phenol and proteins.

After stirring, the mix was centrifugated 5 minutes at 10 000g until pellet is well separated from supernatant. Aqueous

phase containing DNA was mixed with 1.4 mL of ice-cold absolute ethanol (AnalaR NORMAPUR, 20821.310) and 72

μL of a solution containing 5 M potassium acetate (Roth, T874.2) and 11.5 % of ice-cold acetic acid (Roth, 3738.1).

Chromosomic DNA precipitate was picked with a platinium loop, dried and resuspended in 100 μL of ultra-pure water.

Plasmid extraction

Plasmidic DNA used for mammalian cells transfection or bacterial transformation have been extracted depending on

sample size thank to Qiagen purification kit: Qiaprep Spin Miniprep Kit (27106) or Qiagen Plasmid Midi Kit (Q12145).

These kits are absed on DNA fixation on silica matrix avoiding in sample phenol contamination.

Plasmid construct

L. pneumophila genes mutants generation

• Homologous recombination cassette construction

To obtained clean deletion mutant in Legionella chromosome, the first step was to make a Homologous Recombina-

tion (HR) cassette called HR1 which will be integrated in bacteria genome and then exchange by a second HR cassette

(HR2) (Figure 32). HR1 cassette was made by joint PCR and contained a mazF toxic cassette squeezed between up-

stream and downstream region of the gene of interest, allowing homologous recombination. MazF cassette is made of

mazF gene under the control of lacI promotor and allow kanamycine resistance (Figure 32). Unlike HR1, RH2 is only

made of upstream and down region of the gene of interest. Each DNA fragment was amplified by PrimeSTAR® DNA
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Polymerase. Upstream region was amplified from genomic DNA of Legionella Paris strain with P1/P2 primers for HR1

cassette and P1/P5 for HR2 cassette. On the other hand, downstream region was amplified with P3/P4 for RH1 cassette

and P6/P4 for HR2 cassette.

MazF cassette was amplified from pGEM-mazF with MazFk7-F/MazFk7-R primers provided by X. Charpentier.

Size of each amplicons were verified by electrophoresis on 1% agarose gel. Then, gels were cut and purified using

Quiagen® kit, according to manufacturer’s instructions. Finally, two other PCRs were necessary to joint each fragment

together and made HR cassettes. Once again, the size of the cassette was determined and checked on agarose gel and

purified.

• Natural transformation and Homologous recombination

After 3 days at 37◦C on CYE plate, bacteria were spotted on a brand new CYE plate for 24 hours in the same

condition. Bacteria were resuspended in AYE medium at OD600nm 0.0124, 0.025 or 0.05 for 16 hours at 37◦C under

stirring. When one of the three conditions reach an OD600nm between 1.1 and 1.5, tubes were centrifuged at 4500 rpm

during 5 minutes at room temperature. Half of the supernatant was discarded and bacterial pellet was resuspended. 500

ng of the HR cassette was added to the bacteria and incubated without stirring at 30◦C for 16 to 24 hours.
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Figure 32: Creation of scar free deletion in Legionella genome

• Natural transformation and Homologous recombination

- Homologous recombination 1: Bacteria that have integrated HR1 cassette became kanamycin resistant and IPTG sensi-

ble. Indeed, under IPTG induction LacI repressor activity is suppressed and MazF toxin is expressed and killed bacteria.

These selections allow us to distinguish modified bacteria which contained HR1 cassette from wild type bacteria. Bacteria

were plated on two CYE Kan15 (15μg/mL kanamycine) with respectively 100μL and the rest of the culture and were

incubated 4 days at 37◦C. Positive clones were patched on a new CYE Kan15 containing 0.5M of IPTG. Presence or

absence of the HR cassette was verified by colony PCR using DreamTaq® DNA Polymerase.

- Homologous recombination 2: Clone from HR1 recombination were then transformed in the same condition but

using HR2 cassette. Bacteria were plated on CYE IPTG for 4 days at 37◦C and positive mutants were then plated
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on a new CYE IPTG and on CYE Kan15. Mutants possessing HR2 are kanamycin sensitive because HR2 do not give

kanamycin resistance and IPTG resistance. Absence (scar free mutation) was verified by colony PCR using DreamTaq®

DNA Polymerase.

Checking

To check if every strain created during this project do not have growth issue, bacteria were plated 3 days on CYE

plate at 37◦C, then 24 hours on a new CYE plate. Finally, bacteria were incubated at OD 0.1 in AYE medium in 96

well plate (Greiner bioone, 655090) and OD was measured using a plate reader (TECAN, Infinite 200pro). The plate

was incubated at 37◦C and OD was measured every 30 minutes right after 30 seconds stirring, for 30 hours.

Transformation of bacteria and yeast cells

E.coli transformation

Chemically competent cell

E.coli competent cells have been prepared by calcium chloride (CaCl2) treatment. Among all the competent cell

preparation protocols, it is the most efficient technique to increase bacterial cell’s ability to incorporate plasmid DNA.

Addition of CaCl2 to the cell suspension allows the binding of plasmid DNA to LPS. Then, negatively charged DNA

backbone and LPS come together, and when heat shock is provided, plasmid DNA passes into the bacterial cell.

After an overnight culture, one loop of bacteria (DH5α or BL21) has been diluted in new LB medium then incubated

at 37◦C until OD600nm= 0.6. Then, culture were centrifuged at 7000 rpm during 10 minute and the bacterial pellet

was resuspended in half the volume of the culture with ice-cold CaCl2 (50 mM). Samples were incubated on ice for

40 minutes and then centrifuged. Bacterial pellet was resuspended with ice-cold solution of 50 mM CaCl2 and 20 %

glycerol. 150 μL samples were alicoted and immediately store in -80◦C freezer.

Transformation

One tube from the last step was thawed on ice and mix with 15 μL of ligature mix or 2 μL of plasmide and incubated

at least 20 minutes on ice. Then, samples was incubated in a 37◦C water-bath to do the thermal shock for 3 minutes

and put on ice for 5 more minutes. 1 mL of warm LB was added to all samples and were incubated at least 1 hour at

37◦C. Finally, bacteria were plated on the appropriated medium allow discrimination between bacteria with or without

gene of interest.

50 μ of ultracompetent cell XL1-Blue were thawed on ice and add to 1 μL of Gateway mix on ice for 30 minutes.

Then, tubes were put in a water-bath at 42◦C for 30 secondes, put back on ice for 5 minutes and then 950 μL of LB was
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added. Tubes were incubated at 37◦C for 1 hour and then plated on the appropriated medium.

L.pneumophila transformation

Electrocompetent cells

Three days prior the experiment, Legionella strains were plated on CYE plate and incubated at 37◦C. From these

plates, a bacterial suspension was made in 200 mL of ice-cold ultrapure water and centrifuged 20 min at 4500 rpm at

4◦C. This washing step was done three times and finally the bacterial pellet was resuspended in 1 mL of ice-cold 30 %

glycerol. Suspension was split in 100 μL samples and were then store in -80◦C freezer until electroporation.

Electroporation

A tube of electrocompetent cells were slowy thawed on ice , then 2 μL of plamid was added. The mix was put in

an ice-cold electroporation chamber and susbject to an electric field about 2.3 kV, 200 Ω and 25 μF. Then, 1 mL of

warm AYE was added and all this was incubated at least 1 hour at 37◦C. Finally, bacterial suspension was plated on

appropriated medium and incubated at 37◦C for 5 days.

S.cerevisiae transformation

Competent cell

From on overnight culture of S.cerevisiae, yeast were seeded at OD600nm= 0.2 in 50 mL of YPD medium and

incubated at 30◦C until OD600nm= 0.7. Cells were centrifuged three minutes at 1300g, washed with 10 mL of sterile

water and centrifuged again. Yeast pellet was resuspended in 5 mL of LiAc/TE (100 mM LiAc, 1 mM EDTA, 10 mM

Tris HCL pH 7.5) and then centrifuged 3 minutes at 1300g. Finally, the pellet was resuspended with 1 mL of 1 mM

LiAc.

Transformation

80 μL of competent cells were mixed to 5 μL of denatured fragmented salmon sperm DNA, 4 μL of vector (1 to 2

μg), 6 μL of DMSO and 300 μL of LiAc/TE/PEG (LiAc/Te, 40% PEG 4000). After mixing by slowy turning the tube

over, tubes were incubated at 30◦C for 30 minutes and at 42◦C for 15 minutes. Finally, yeast were plated on SD medium

supplemented with the appropriated amino acids and incubated at 30◦C for 3 days.
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Mammalian cells transfection

Plasmidic DNA

The day before transfection, HeLa cells were seeded at 150 000 cells in 6-well plate in 2 mL of DMEM (Gibco, 41966)

supplemented with 10 % SVF and 100 units/mL penicillin and 100 μg/mL streptomycin. The cells were then incubated

for 24 hours at 37◦C in a 5 % CO2 atmosphere. The day of transfection, 2 μg of plasmid and 200 μL of jetPRIME®

buffer (Polyplus, 114-07) were mixed, vortex for 10 seconds and spin down. Then 4 μL jetPRIME® reagent (Polyplus,

114-07) was added to the mix, vortex 1 second, spin down and incubated for 10 minutes at room temperature. Finally

all the mix was added to the cells, incubated for 4 hours at 37◦C in a 5 % CO2 atmosphere, then medium was changed

with 2 mL of DMEM and put back for 20 more hours.

siRNA

The day before transfection, HeLa cells were seeded at 150 000 cells in 6-well plate in 2mL of DMEM (Gibco,

41966) supplemented with 10 % SVF and 100 units/mL penicillin and 100 μg/mL streptomycin. The cells were then

incubated for 24 hours at 37◦C in a 5 % CO2 atmosphere. The day of transfection, 110 pmoles (1524 ng) of siRNA (BiP

or control (Thermo, AM16708)) and 200 μL of jetPRIME® buffer (Polyplus, 114-07) were mixed, vortex for 10 seconds

and spin down. Then 4 μL jetPRIME® reagent (Polyplus, 114-07) was added to the mix, vortex 1 second, spin down

and incubated for 10 minutes at room temperature. Finally all the mix was added to the cells and incubated for 48 hours

at 37◦C in a 5 % CO2 atmosphere. 48 hours after transfection, a portion of the cells is analysed by Western-Blot to

check the absence/presence of the target protein.

LegK4 Stable and inducible cell line

Construction of expression vectors

Amplification of legK4 and legK4D195N genes is performed by PCR using the 5-KpnI and 3-XhoI-legK4 primers.

The two amplicons are digested by XhoI and KpnI (Biolabs), purified and then ligated to obtain two Gateway® input

vectors: pENTR™1A-legK4 and pENTR™1A- legK4D195N . Both plasmids were amplified in the CaCl2 chemiocompetent

E.coli DH5α. Presence/absence of the insert was verified by PCR, restriction digestion and sequencing. The transfer of

the insert from the input vector to the destination vector, pINDUCER21 (donated by T. Henri, CIRI, Lyon) was done by

recombination reaction ‘LR’ with Gateway® LR Clonase® Enzyme Mix or Gateway® LR Clonase™ II Enzyme Mix

according to the supplier’s recommendations (Invitrogen). This reaction was then used to transform, by thermal shock,

ultra-competent E.coli DH5α cells (BioLabs C2987H). The expression vectors, pINDUCER21-legK4 and pINDUCER21-

legK4D195N , obtained are purified with the QIAfilter Plasmid Midi kit (Qiagen) and then verified by PCR and restriction
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digestion. The expression vectors pINDUCER21-legK4 and pINDUCER21-legK4D195N make it possible to obtain an

HA tagged protein whose sequence contains the viral integration sequence ψ.

Lentivirus production

HEK 293T cells were transfected with the three following plasmids: p8.9 (gag-pol expressor), pMDG (VSV-G ex-

pressor) and pINDUCER21-legK4 or pINDUCER21-legK4D195N or pINDUCER21 in OptiMEM medium and polyethyl-

lenimine (PEI) for 4h and then cells were washed with 1X PBS. Virions produced were collected after 48 hours and 72

hours post-transfection by filtering the supernatant with a 0.45 μ m low binding protein filter (SLHP033RS, Merk). In

ultracentrifugation tubes containing the filtered culture supernatant, a 20 % sucrose solution was gently added to the

bottom of each tube to create a sucrose gradient and collect only virions after centrifugation at 28000 rpm for 1 hour

and half. Finally, virions were resuspended in PBS 1 % glycerol during 2 hours at room temperature.

Transduction

50 μL of pure or diluted lentivirus solution at the 10th, 100th and 1000th and 8 μM Polybrene® (ThermoFisher)

were added to 10 000 HeLa and THP-1 cells in 24-well plates. Plates were then centrifuged at 1500 rpm for 1 hour 40

to do spinoculation. GFP positive cells were sorted in 1X PBS and 1 % SVF medium with the BD FACSAria II sorter

to collect only transducted cells.

Optimal doxycycline concentration for LegK4 induction

Doxycycline was added at 0, 0.02, 0.04, 0.08 and 0.1 μg/mL for 16 hours, or 24 hours at 0, 0.006, 0.012, 0.025,

0.05, 0.1, 0.2, 0.39, 0.78, 1.56, 3.12, 6.25, 12.5 , 25, 50 or 100 μg / mL to 100 000 HeLa cells to induce the expression of

more or less LegK4D195N -HA. The presence of LegK4-HA was verified by Western-Blot using an anti-HA and anti-actin

antibody. The optimal concentration corresponds to the concentration allowing to obtain living cells which LegK4 is

detected.

Biochemistry

Overexpression and purification of GST-tagged protein

Bacterial culture and Overexpression

BL21 (pREP4-groESL) bacteria that contain a plasmid derived from pGEX-6P-3 allow the overproduction of re-

combinant proteins containing a N-terminal GST tag. They also overproduce the chaperone proteins GroES and GroEL
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helping to fold overproduced proteins.

A loop of bacteria were used to inoculate 5 mL of LB medium containing ampicillin (pGEX selection) and kanamycin

(pREP4groESL selection). After an overnight incubation at 37◦C under stirring, the preculture was used to inoculate

1/50 of 100 mL of LB medium with ampicillin and kanamycin. The culture was incabed at 37◦C under stirring until

bacterial exponential growth phase (OD600nm = 0.7). Around 3.108 bacteria was taken (Uninduced protein extract),

centrifuged at 12,000 rpm for 5 minutes and pellet was resuspended with 40 μL of SDS-PAGE 2X deposition buffer (125

mM Tris pH 6.8, 2 % SDS, 20 % glycerol , 0.005 % bromophenol blue, 0.1 M β-mercaptoethanol) and stored at room

temperature until futher analysis by SDS-PAGE.

The overproduction of the target protein was induced by addiction of 1 mM IPTG to the culture and the latter was

incubated under agitation for 4 h at 20◦C. After 4 hours, 3.108 bacteria were collected and treated as before (Induced

protein extract), remaining cells were centrifuged at 6000 g for 10 minutes at 4◦C. Cell pellet was washed with 10 mL

of ice-cold ultrapure water, resuspended in ice-cold PBS and finally lysed twice in a French Press. Samples were then

centrifuged 30 minutes at 14 000 g at 4◦C and the supernatant was kept. To evaluate the solubility of the recombinant

protein, 10 μL of supernatant (Lysate) can be taken and added to 10 μL of SDS-PAGE 2X deposition buffer and store

at room temperature until analysis by SDS-PAGE.

GST purification

Purification was done incubating the protein extract for 4 hours at 4◦C with a glutathione-agarose-4B (Macherey-

Nagel, 745500.10) resin previously equilibrated with ice-cold PBS. Proteins which have not interact with the matrix

were removed by three washes of PBS (kept for analysis). Finally beads were resuspended in PBS and put in a regular

column.

Elution, GST cleavage and check

Elution of the protein of interest was done by cleaved the GST tag using PreScission Protease (Merck, GE27-

0843-01). 160 units of PreScission Protease and 920 μL of PreScission cleavage buffer were added into the column and

incubated overnight at 4◦C. Elution will contain only the protein of interest and no GST which still bind to the matrix

and PreScission Protease.

The different fractions of the purification (lysate, washes and elution) were analysed by SDS-PAGE (10μL of each

fraction with 10 μL of SDS-PAGE 2X deposition buffer), to evaluate quality of the purification. Fractions containing the

protein of interest were then dialysed using a membrane (Spectra/por® Cellulose Ester cut-off: 5000-Spectrum) against

1000 volumes of dialysis buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 10 % glycerol) overnight at 4◦C.
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Overexpression and purification of 6His-tagged protein

BL21 (pREP4groESL) bacteria containing pQE30 allow the overproduction of recombinant proteins containing a

N-terminal 6-histidine (6His). The protein and protein extract shall be prepared according to the protocol in section III.

6His purification

The bacterial pellet was resuspended in A buffer A (50 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM β-mercaptoethanol,

1 mM EDTA, 10 % glycerol, 0.1 % NP40). Purification was done incubating the bacterial lysate for 4 hours with Nickel

Magnetic Beads (PureProteome Nickel Magnetic Beads, Millipore, LSKMAGH02), previously equilibrated with A buffer.

Proteins which have not interact with the matrix were removed by three washes of A Buffer supplemented with 10 mM

imidazole (kept for analysis). Protein of interest was eluted three times using 150 μL of A buffer supplemented with

150mM imidazole. The different fractions were analysed by SDS-PAGE. The eluted proteins are then dialysed against

1000 volumes of dialysis buffer, as described above.

Cell lysate

For in vitro interaction test

HeLa or U937 cells were lysed with RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.5 % sodium deoxycholate)

supplemented with 250U of Benzonase® DNAse (70746, Millipore), 2.5 mM of MgCl2, and protease inhibitor cocktail.

Cells were then incubated for 1 hour at 4◦C with stirring, followed by 15 min at room temperature. After centrifugation

at maximum speed, the supernatant was kept, stored on ice and use immediately.

For GFP-Trap® interaction test

A day after transfection, HeLa cells were washed twice with ice-cold PBS, scrapped and collected. After centrifuga-

tion, cells pellet was resuspended in 200 μL of ice-cold lysis buffer made of 10 mM Tris HCl pH 7.5, 150 mM NaCl, 0.5 %

NP40, 0.5 mM EDTA,supplemented with 1 μL of Benzonase® DNAse, 2.5 mM MgCl2, protease inhibitors cocktail and

1 mM PMSF (PMSF-RO, Roche). Tubes were then placed on ice for 1 hour and half with extensively pipetting every 15

min. After centrifugation at 20.000 g for 10 min at 4◦C, the supernatant was kept, stored on ice and use immediately.

In vitro Phosphorylation test

In this study, phosphorylation tests were based on Western-Blot analysis using an anti-phosphothreonine antibody

to detect the presence of phosphorylated threonine residues.
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Phosphorylation tests were performed in a phosphorylation medium containing 25 mM Tris HCl pH 7.0, 5 mM

MnCl2, 1 mM EDTA, 5 mM DTT, 50 μM ATP, 2 μg of overproduced protein kinase 6His-LegK4 or 6His-LegK4D195N

and 10 μg of the target protein. Samples were incubated for 30min at 37◦C and reaction was stopped by addition of 2X

SDS-PAGE buffer.

Interaction test

GST pull-down

Based on the capture of a GST labelled protein bait by a glutathione-agarose resin, GST-pull down is a technique

for studying protein protein interactions from a cell lysate. Also called partners, proteins interacting with the bait can

be then identified by SDS-PAGE and/or Western-blot.

100 μg of GST-purified protein were mixed with 1 mL of total HeLa or U937 cell extract 1 hour at 4◦C under gentle

agitation, then 3 hours at 4◦C after addition of gluthation beads. Then, beads were washed three times with PBS to

remove all unbound proteins. Elution of the GST fusion protein and any proteins bound to it was done adding 50 μL of

20 mM reduced glutathione in 50 mM Tris-HCl pH 8.0 to the beads.

6His Pull-down

100 μg of 6His-purified protein (6His-LegK4 or 6His-LegK4D195N ) were mixed with 1 mL of total HeLa or U937

cell extract 1 hour at 4◦C under gentle agitation, then 3 hours at 4◦C after addition of Nickel magnetic beads. The

beads are then washed three times with A buffer containing 10 mM imidazole to remove all unbound proteins. Elution

was performed by adding 100 μL of 150 mM imidazole and collected in a new tube containing 25 μL of 5X SDS-PAGE

buffer.

GFP-Trap®

Cell extract was diluted in 300 μL of dilution buffer which composition is similar to lysis buffer without NP40 and

EDTA. 50 μL of diluted lysate was kept as our imput control. In the meantime, 25 μL of GFP-Trap® agarose beads were

equilibrated three times with dilution buffer and then add to cell extract. Tubes tumble end-over-end vertically for 1 hour

at 4◦C then 30 minutes horizontally. Three washes were performed using 500 μL of ice-cold dilution buffer. Interactants

were eluted from the beads with 100 μL of 2X SDS-PAGE buffer. SDS-PAGE and Western-Blot were performed using

both cell lysate and elution.
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RNA extraction

Bacteria were prepared to macrophages infection at MOI 10 as written in III. After 45 minutes post-infection, RNA

were extracted according to the Direct-zol RNA Miniprep (R2051, Zymo®))protocol: The medium was removed and

Trizol® was added to lysis the cells for 5 minutes at room temperature. Then, cells were centrifuged for 2 minutes at 10

000 rpm to remove particulate matter. Supernatant were pour into a 2 mL eppendorf and absolute ethanol was added.

Mixture was added into a column placed in a collecting tube and centrifuge at maximum speed 30 secondes. Direct-zol

RNA PreWash was added to the column and centrifuge at maximum speed 30 secondes twice. Then, RNA Wash Buffer

was added into the column, centrifuge for 1 minutes and again for 2 minutes. Finally, 40 μL of DNAse/RNAse-Free

Water was put directly to the center of the column to elute RNAs.

Genomic DNA was digested and eliminate thanks to DNAse activity and RNA was purified other time following the

same process.

Protein analysis

Proteins concentration was determined using spectrophotometry (Nanodrop 2000 (Thermo) at OD280nm.

Polyacrylamide gel electrophoresis SDS-PAGE

Under an electric field, the constant negative charges provided by the SDS and reduction of disulfide bridges in the

presence of β-mercaptoethanol allow proteins to be electrophoretically mobile towards the anode and inverse function of

their molecular weight. The polyacrylamide gel consists of a stacking gel 10 % acrylamide/disacrylamide (Roth,3029.1),

0.125 M Tris-HCl pH 6.8, 0.1 %, 0.1 % ammonium persulfate (Roth, 9592.3), 0.1 % TEMED (Roth, 2367.3)) and a

separation gel (identical composition except for the acrylamide/bisacrylamide (30/0.8) concentration from 8 to 12 %

and the 0.375M Tris-HCl buffer at pH 8.8). 10 μL of SDS-PAGE 2X deposition buffer (Laemmli, 1970) is added to 10

μL of protein sample to be analyzed. The proteins are then denatured by heating for 5 minutes at 100◦C and put in the

electrophoresis gel. The molecular weight marker used is the PageRuler Prestained Protein Ladder (Fermentas, 26617).

The electrophoresis is conducted in migration buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS) at 35 mA until proteins

pass through the separation gel and at 45 mA for 1 hour at room temperature.

Coomassie Blue staining

Depending the experiment, the proteins can be stained on the gel by immersing it for 20 min under gentle agitation

in a colouring solution (10 % acetic acid, 40 % ethanol, 0.04 % Coomassie Brilliant Blue R250). The gel is then destained

30 min to 1 hour under gentle agitation in a solution made of 10 % acetic acid and 5 % ethanol.
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Protein transfer on membrane

After SDS-PAGE, proteins can be transferred to a nitrocellulose membrane (Amersham™ Protran®, GE10600118).

The membrane as well as Whatman papers were soaked with Bjerrum and Schafer-Nielsen Transfer Buffer made of 40

mM Glycine, 48 mM Tris base, 130 μM SDS and 20 % ethanol.

Then, the following sandwich was made with Whatman 3M paper:

Cathode (-)

———— Three pre-soaked Whatman sheets

———— SDS-PAGE electrophoresis gel

———— pre-soaked nitrocellulose membrane

———— Three pre-soaked Whatman sheets

Anode (+)

Proteins were transfered in a Trans-Blot® TurboTM (BioRad) semi-dry chamber, at constant intensity for 30 min

(25V-1.0A). Transferred proteins on nitrocellulose can then be revealed using specific antibodies.

Red Ponceau staining

Red Ponceau staining is a quick and reversible staining method used to detect protein bands on nitrocellulose

membranes. Red Ponceau is negatively charged allowing it to binds to the positively charged functional groups of the

protein and non-polar regions of the protein.

After the electotransfert, the blot was put in plastic box and rinse it with water three times, five minutes each.

Then, it was stained with Red Ponceau (Interchim, 050260) for 30 seconds to 1 minute. Finally, to reveal protein bands

the blot was destained with several changes of water for 30 seconds to 1 minute each.

Immunorevelation of proteins (Western Blot)

After the electotransfert, the blot was blocked for 1 hour under rotation in TBS (100 mM Tris pH 8, 150 mM

NaCl) supplemented with 5 % BSA. After three 5 minutes washes in 0.1% Tween20 (Sigma, P9416) TBS, the blot was

incubated at 4◦C overnight under agitation in a 0.1% Tween20 0.5 % BSA TBS solution containing the primary antibody

(Table 10). Then, the blot was washed again three times with 0.1% Tween20 TBS. The membrane was then incubated

for 1 hour under agitation at room temperature in 0.1% Tween20 0.5 % BSA TBS in the presence of the secondary

antibody conjugated to peroxidase and then rinsed three times with 0.1% Tween20 TBS. Revelation was performed

using the SuperSignal West Pico Chemiluminescent Substrate kit (34579, Pierce). Signals were then detected by direct

reading on ChemiStart 5000 (Fisher Bioblock Scientific).
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Caracterization of LegK4 function

Localization by immunofluorescence

Cells were seeded on glass coverslips and transfected. 24 hours post-transfection, Cells were washed twice in PBS,

fixed for 20 minutes at room temperature with 4% paraformaldehyde diluted in PBS and washed again three times

with PBS. A blocking step of the free aldehyde groups was performed by incubating coverslips twice for 10 minutes in

PBS-0.1 % glycine and washed twice. Then, cells were permeabilized with PBS-0.1 % X100 Triton for 5 minutes at room

temperature. After a washing step with PBS, the non-specific sites are blocked for 1 hour with PBS-1 % BSA. Coverslips

were incubated with the primary antibodies in PBS-1 % BSA for 1 hour in a wet chamber, washed three times and

incubated with secondary antibody coupled with the appropriate fluorochrome and 1/100 DAPI to stain the nuclei for

30 minutes. Observations were made on an inverted confocal microscope (Axiovert 200M; Zeiss, Thornwood, USA).

Phenotype

• U937

After counting cell with a Mallasez cell, cell concentration was adjusted and plated 24 hours before infection

depending on the experiment.

U937 cells, 2.5 μL of PMA per 50 mL of cell suspension was added away from any light for 72 hours.

• HeLa or A549

HeLa or A549 have been plated 24 hours prior the infection.

3 days prior infection, bacterial strains were plated on CYE plates and again on new CYE supplemented with

IPTG for 24 hours. From this plate, bacterial suspension were made in RPMI supplemented with or without IPTG or

anitbiotics, OD was measured to calibrate the experiment. Tubes were at 37◦C without any agitation for 2 hours to

stress bacteria.

Finally, 100 μL of bacterial suspension were added in each well, plates were centrifuged at 1500 rpm for 5 minutes

at 25◦C and incubated at 37◦C in CO2 incubator for the desired infection time.
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[11] G. A. Hébert, C. S. Callaway, E. P. Ewing, and Jr, “Comparison of Legionella pneumophila, L. micdadei, L.

bozemanii, and L. dumoffii by transmission electron microscopy.,” Journal of clinical microbiology, vol. 19, pp. 116–

121, feb 1984.

[12] R. H Doust, M. Mobarez, H. Bagheri, and N. Khoramabadi, “Interaction of legionellae and free-living amoebae

within hospital water supplies,” Research Journal of Parasitology, vol. 3, pp. 104–113, 03 2008.

[13] M. Taylor, K. Ross, and R. Bentham, “Legionella, protozoa, and biofilms: interactions within complex microbial

systems,” Microbial ecology, vol. 58, no. 3, pp. 538–547, 2009.

[14] V. Thomas, T. Bouchez, V. Nicolas, S. Robert, J. Loret, and Y. Levi, “Amoebae in domestic water systems:

resistance to disinfection treatments and implication in legionella persistence,” Journal of applied microbiology,

vol. 97, no. 5, pp. 950–963, 2004.

[15] S. Mondino, S. Schmidt, and C. Buchrieser, “Molecular mimicry: a paradigm of host-microbe coevolution illustrated

by legionella,” Mbio, vol. 11, no. 5, pp. e01201–20, 2020.

[16] WHO, “Légionellose ”https://www.who.int/fr/news-room/fact-sheets/detail/legionellosis”.”

[17] M. Shaheen, C. Scott, and N. J. Ashbolt, “Long-term persistence of infectious legionella with free-living amoebae in

drinking water biofilms,” International journal of hygiene and environmental health, vol. 222, no. 4, pp. 678–686,

2019.

[18] B. A. Cunha, A. Burillo, and E. Bouza, “Legionnaires’ disease,” The Lancet, vol. 387, no. 10016, pp. 376–385,

2016.
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[96] J. Allombert, C. Jaboulay, C. Michard, C. Andréa, X. Charpentier, A. Vianney, and P. Doublet, “Orchestrated

delivery of Legionella effectors by the Icm/Dot secretion system,” bioRxiv, p. 754762, sep 2019.

[97] G. Duménil, T. P. Montminy, M. Tang, and R. R. Isberg, “IcmR-regulated Membrane Insertion and Efflux by the

Legionella pneumophila IcmQ Protein,” Journal of Biological Chemistry, vol. 279, pp. 4686–4695, feb 2004.

[98] S. Raychaudhury, J. D. Farelli, T. P. Montminy, M. Matthews, J.-F. Ménétret, G. Duménil, C. R. Roy, J. F.

Head, R. R. Isberg, and C. W. Akey, “Structure and function of interacting IcmR-IcmQ domains from a type IVb

secretion system in Legionella pneumophila.,” Structure (London, England : 1993), vol. 17, pp. 590–601, apr 2009.

[99] G. Dumenil and R. R. Isberg, “The Legionella pneumophila IcmR protein exhibits chaperone activity for IcmQ by

preventing its participation in high-molecular-weight complexes,” Molecular Microbiology, vol. 40, pp. 1113–1127,

jun 2001.

[100] M. Matthews and C. R. Roy, “Identification and subcellular localization of the Legionella pneumophila IcmX

protein: a factor essential for establishment of a replicative organelle in eukaryotic host cells.,” Infection and

immunity, vol. 68, pp. 3971–3982, jul 2000.

[101] G. Segal, M. Feldman, and T. Zusman, “The icm/dot type-iv secretion systems of legionella pneumophila and

coxiella burnetii,” FEMS microbiology reviews, vol. 29, no. 1, pp. 65–81, 2005.

[102] R. K. Laguna, E. A. Creasey, Z. Li, N. Valtz, and R. R. Isberg, “A legionella pneumophila-translocated substrate

that is required for growth within macrophages and protection from host cell death,” Proceedings of the National

Academy of Sciences, vol. 103, no. 49, pp. 18745–18750, 2006.

[103] Z. Lifshitz, D. Burstein, M. Peeri, T. Zusman, K. Schwartz, H. A. Shuman, T. Pupko, and G. Segal, “Computational

modeling and experimental validation of the Legionella and Coxiella virulence-related type-IVB secretion signal.,”

Proceedings of the National Academy of Sciences of the United States of America, vol. 110, pp. E707–15, feb 2013.

[104] J. P. Bardill, J. L. Miller, and J. P. Vogel, “IcmS-dependent translocation of SdeA into macrophages by the

Legionella pneumophila type IV secretion system,” Molecular Microbiology, vol. 56, pp. 90–103, feb 2005.

[105] E. M. Campodonico, L. Chesnel, and C. R. Roy, “A yeast genetic system for the identification and characterization

of substrate proteins transferred into host cells by the Legionella pneumophila Dot/Icm system.,” Molecular

microbiology, vol. 56, pp. 918–33, may 2005.

[106] M. Heidtman, E. J. Chen, M. Y. Moy, and R. R. Isberg, “Large-scale identification of Legionella pneumophila

Dot/Icm substrates that modulate host cell vesicle trafficking pathways,” Cellular Microbiology, vol. 11, no. 2,

pp. 230–248, 2009.



REFERENCES 216

[107] D. Burstein, T. Zusman, E. Degtyar, R. Viner, G. Segal, and T. Pupko, “Genome-scale identification of Legionella

pneumophila effectors using a machine learning approach.,” PLoS pathogens, vol. 5, pp. e1000508–e1000508, jul

2009.

[108] L. Gomez-Valero, C. Rusniok, M. Rolando, M. Neou, D. Dervins-Ravault, J. Demirtas, Z. Rouy, R. J. Moore,

H. Chen, N. K. Petty, S. Jarraud, J. Etienne, M. Steinert, K. Heuner, S. Gribaldo, C. Médigue, G. Glöckner, E. L.
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