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Summary
Legionella pneumophilas a gram-negative, opportunistic pathogen thaurafly parasitizes

environmental amoeba, but can also infect humaeoédv macrophages, thus causing a severe
and potentially lethal pneumonia called “Legioneairdisease’L. pneumophilas an obligate
aerobe organism that prefers amino acids as maitsof carbon and energy. Nevertheless, the
genome ofLegionellaencodes complete pathways that are needed fooloattate catabolism,
making it possible that more substrates besidea@atids are used for nutrition by the bacteria.
In this study a novel growth medium was designed ased to investigate the metabolism of
glycerol and inositol by.. pneumophilaPrevious studies of the transcriptomd.opneumophila
growing inside macrophages revealed that the esimesof glycerol kinaselggl414 and
glycerol-3-phosphate dehydrogenag#plD) was highly upregulated compared to extracellular
growing bacteria (Fauchest al, 2011). In line with this study, we found that ggyol did not
enhance extracellular growth &f pneumophila However, glycerol did promote intracellular
growth in Acanthamoeba castellarsind macrophages inghpD-dependent manner, andybpD
deletion mutant had a severe growth disadvantaggared to wild-type bacteria. Isotopologue
profiling experiments with [U°Cs]glycerol, [U+°Cg]glucose or [U**Cslserine as precursors
revealed that all three carbon sources were metaiobyL. pneumophilaGlycerol and glucose
were mainly used to synthesize mannose and histiguhich proved that gluconeogenesis and
the PPP are active In pneumophilawhile serine was mainly used in the glycolyti¢hveay and

the TCA cycle for energy generation. This work ided that.. pneumophilamploys a bipartite
metabolism, where serine is used for energy geperatvhile glucose and glycerol are
exclusively used for anabolic purposes. This mdiabooncept seems also to apply for
intracellularly growing.. pneumophilaand other intracellular pathogens.

Furthermore, the genome bf pneumophileharbors a cluster of genes with homologies to gene
implicated in inositol metabolism in other prokatg® These genes were also shown to be
upregulated upon infection of macrophages (Fauehat, 2011). In this work, the first protein
of this cluster, Lpgl653, was identified as indsttansporter, as it enabldd pneumophilao
transport**C-inositol. The transporter was termed IolT, acomydo inositol transporters in other
bacteria. Similar to glycerol, inositol did not emtte extracellular growth in different media, but
promoted intracellular growth df. pneumophilan A. castellaniiand murine macrophages, and

therefore might also be used as an intracelluldbarasource. Interestingly, the expression of
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iolT was regulated by RpoS, a central regulator ofedbffitiation and virulence genes of
L. pneumophila

Taken together, the work outlined in this thesipamded the understanding laf pneumophila
metabolism and proved that the bacteria can metabglycerol and inositol. The concept of a
bipartite metabolism that was shown here mightniygortant to understand the intimate relations
and interactions between intracellular pathogens their host cells. These insights might in

consequence help to find new therapied fqugneumophilaand other intracellular pathogens.
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Zusammenfassung
Legionella pneumophilaist ein Gram-negatives, opportunistisches Pathogemlches

natirlicherweise Amdben in der freien Natur pamdit aber auch in der Lage ist,
Alveolarmakrophagen zu infizieren und dadurch aicievere und potentiell tédliche Pneumonie,
die sogenannte Legionarskrankheit, auslosen kanmpneumophilaist ein obligat aerobes
Bakterium, das Aminosauren als bevorzugte Kohldéfistand Energiequelle nutzt. Es ist
allerdings moglich, dass weitere Substrate nebenindsduren den Bakterien als
Nahrungsgrundlage dienen, da im Genom der Legiemalffenbar komplette Stoffwechselwege
fur den Kohlenhydratmetabolismus kodiert sind.

In dieser Arbeit wurde ein neuartiges Wachstumsuoradiir Legionellen entwickelt und dazu
benutzt, den Glyzerin- und Inositolstoffwechsel wompneumophilazu untersuchen. Vorgangige
Transkriptomstudien von Legionellen, die intrazéliun Makrophagen wuchsen, zeigten, dass
verglichen mit extrazellular wachsenden Bakterdia,Expression der Glyzerinkinadpg1414

und der Glyzerin-3-Phosphat Dehydrogenagel¥), stark hochreguliert war (Fauchet al,
2011). Damit Ubereinstimmend zeigten wir in derliegenden Studie, dass Glyzerin keinen
Einfluss auf das extrazellulare Wachstum Janpneumophilahat, jedoch das intrazelluléare
Wachstum inAcanthamoeba castellanind Makrophagen fordert. Dies war abhangig vorDGlp
und eineglpD Deletionsmutante hatte einen schweren Wachstursahbon direkten Vergleich
mit Wildtypbakterien. Isotopologisches Profiling tmiU-'*C3]Glyzerin, [U-*C¢]Glukose oder
[U-13C;]Serin als Ausgangssubstanzen zeigte, dasspneumophila alle drei Substrate
verstoffwechseln kann. Glyzerin und Glukose wurdiezu benutzt, Mannose und Histidin zu
synthetisieren, wodurch bewiesen wurde, dass dikddkeogenese und der Pentosephosphatweg
in L. pneumophilaablaufen. Serin anderseits wurde in der Glykolysel im TCA-Zyklus
verwendet, um Energie zu gewinnen. Es konnte dadyeezeigt werden, dass Legionellen einen
zweigeteilten Stoffwechsel betreiben, in dem Seun Energiegewinnung und Glukose sowie
Glyzerin ausschlief3lich zu anabolen Zwecken verwenderden. Dieses Stoffwechselkonzept
scheint auch auf intrazellular wachsende Legionellsnd andere intrazellulare Pathogene
anwendbar zu sein.

Das Genom von Legionellen enthalt eine Gruppe ane@edie grofie Homologien zu Genen
zeigen, welche in anderen Prokaryoten mit dem ®affisel von Inositol assoziiert sind.
Transkriptomstudien zeigten, dass die Expressieredi Clusters in Makrophagen hochreguliert

war (Faucheet al, 2011). In der vorliegenden Arbeit wurde das ePtetein dieses Clusters,

XVi



Lpgl653, als Inositoltransporter identifiziert, @s L. pneumophilaerlaubte**C-Inositol zu
transportieren. In Anlehnung an die Namensgeburanderen Bakterien wurde das Protein lolT
genannt. Ahnlich wie Glyzerin, hatte Inositol kainEinfluss auf das extrazellulare Wachstum
vonL. pneumophilaverbesserte aber wiederum das intrazellulare ¥aohinA. castellaniiund
Makrophagen. Inositol konnte deshalb als intrak@&les Kohlenstoff- und Energiequelle
verwendet werden. Interessanterweise wurde die dSgmn voniolT durch RpoS gesteuert,
einem der zentralen Regulatoren der Genexpressionpneumophila

Zusammenfassend lasst sich sagen, dass die vodiegérbeit das Verstandnis des
Stoffwechsels vorl. pneumophilaerweitert und nachweist, dass die Bakterien Glgzand
Inositol verstoffwechseln kdnnen. Das Konzept enasigeteilten Metabolismus tragt zu einem
verbesserten Verstandnis der Beziehungen zwisch@azellularen Pathogenen und ihren
Wirtszellen bei. Diese Einsichten konnten nitzligein, um neue Therapien gegen

L. pneumophilaund andere intrazellulare Pathogene zu finden.
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Je mehr man kennt, desto mehr man weif3,
erkennt man: alles dreht im Kreis.”

Johann Wolfgang von Goethe
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1. Introduction

1. Introduction

1.1Legionella pneumophila

1.1.1 Discovery, Epidemiology and Ecology

Legionella pneumophil#s a flagellated, rod-shaped obligate aerobe baatebelonging to the
family of Legionellaceaewithin the -proteobacteria (Brenneat al, 1979).L. pneumophilais
furthermore the causative agent of Legionnaireseaée, a severe and atypical pneumonia with a
relatively high mortality rate of 15%.. pneumophilavas first isolated in 1943 from guinea pigs
and described as “Rickettsia-like” (Tatlock, 1944hother strain was isolated in 1953 from soil
samples, showing the ability to infect free-livinghoeba (Drozanski, 1956). These strains were
subsequently classified as members of the géeg®nellain 1996 (Hookeyet al, 1996). The
bacterium gained first attention as a human path@ge convention of the American Legion in
1976, where over 180 people were infected and dped symptoms of pneumonia. 29 people
died in consequence of the infection. The diseases wermed Legionnaires’ disease in
accordance to this outbreak, and the soon idedtifecterium causing the outbreak was named
Legionella pneumophil@Fraseret al, 1977; McDadeet al, 1977). Following the identification

of the bacterium, also other unsolved outbreaksespiratory illness could be traced back to
L. pneumophilashowing the epidemiological relevance of this baam (Thackeret al, 1978).
Patients infected with.. pneumophilado not necessarily develop pneumonia but mighy onl
suffer from the milder flu-like form of Legionnasedisease termed Pontiac fever (Glekal,
1978) or might not show any symptoms at all (Boséunet al, 2001). There are more than 50
Legionellaspecies described todal. pneumophilaandL. longbeachaare responsible for most
of the clinical cases, although more than half lbfdascribed species can be associated with
human disease (Newtat al, 2010; Hilbiet al, 2011a). Several genome sequences are available
including the sequences bbf pneumophilaandL. longbeacha€Chienet al, 2004; Cazalett al,
2010).

Infection withLegionellaspp. normally occurs via the inhalation of contaated aerosols. Man-
made artificial water sources like household watgstems, water towers, air conditioners and
also whirlpools are common reservoirs for the batFields, 1996; Nguyeet al, 2006). Of
special interest in the epidemiology bf pneumophilaare nosocomial infections. The main

problem here is that the bacteria impact high gebups — elderly, ill or immunocompromised
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1. Introduction

persons — and are frequently underdiagnosed, adasiations are often non-specific and require
specialized testing (Sabria and Yu, 2002). Withher urbanization, demographic changes and
the rising number of people suffering from autoinmauwdisorders or immune deficiencies, the
impact of Legionellosis on the population will foer rise.

The bacteria are naturally found as parasites e@e-living protozoa (Rowbotham, 1980) and
associated with complex aquatic biofilms formedspgcies such @&seudomonas aeruginosa
Klebsiella pneumoniaéMurga et al, 2001; Mampelet al, 2006; Abdel-Nouret al, 2013).
Protozoan predators like amoeba are also partesktbommunities and feed on bacteria residing
within these biofilms (Abdel-Nouet al, 2013) (Figure 1.1 A)L. pneumophilds able to infect
and replicate within a broad range of natural ogegrhosts includinghcanthamoeba castellanii
(Holden et al, 1984), Hartmannella vermiformis(Fields et al, 1993) or Dictyostelium
discoideum(H&geleet al, 2000; Solomon and Isberg, 2000). Furthermbrggneumophilacan
infect and replicate in human epithelial cells ahdeolar macrophages, which were identified as
the bacterial targets in human disease (Natshl, 1984). Notably, there is no indication that
L. pneumophilacan be transmitted from person to person, showhay humans are an
evolutionary dead end for the pathogen (Ensmieget, 2012).

The processes involved in bacterial survival withaturally occurring protozoa or macrophages
are very similar and seem to be evolutionarily eowsd as a result of the selection for virulence
factors that support growth within a wide rangdos$t cells (Briiggemanet al, 2006; Hoffmann

et al, 2014b). Although it is believed that pneumophilds not able to replicate independently
of a host cell in natural water sources (Decler2@10), the bacteria can persist in many
extracellular niches. The optimal conditions tar pneumophilaare at 35°C with neutral or
slightly acidic pH (Fieldset al, 2002). Neverthelesd,egionellaceaehave been isolated from
physically challenging habitats such as extremeigli@ environments (Sheehat al, 2005; Hao

et al, 2010), Antarctic freshwater lakes (Carvalébal, 2008) and from water sources with
temperatures over 60°C. Although, under such heghperatures the bacteria are only able to

survive in association with thermotolerant amoébaylor et al, 2009).

1.1.2 Life Cycle and Developmental Forms dfegionella pneumophila
As described earlierL. pneumophilacan exist in extracellular niches as part of lofi
communities but can also replicate intracellulasiighin a great number of eukaryotic hosts.

Early studies showed that. pneumophilabacteria do alternate between at least two
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morphologically distinct forms, differing in motyi, shape and energy-rich polymers
(Rowbotham, 1986). Based on these observationsdelnfiar theL. pneumophildife cycle was
proposed that consists of two phases: replicatimoh ttansmission. The bacteria do alternate
between a transmissive and a replicative form spoase to environmental and metabolic stimuli
(Molofsky and Swanson, 2004). While the transmis$orm is motile, resistant to environmental
stresses like UV light, heat, osmotic pressureyientt limitation and is also infectious, the
replicative form lacks all these traits, but iseabd replicate intracellularly (Rowbotham, 1986;
Molofsky and Swanson, 2004; Briggemagtnal, 2006). In its simplest form the life cycle is
therefore biphasic (Figure 1.1 A): transmissivetbaa are taken up by a host cell and establish
an intracellular niche that provides protectiomirtysosomal degradation (see section 1.1.3 for
details). Availability of nutrients and other favable factors then lead to the repression of
transmissive traits and activate replicative trtitg allow the bacteria to multiply intracelluharl
When nutrients become limiting, a regulatory casdaeds to the downregulation of replicative
traits and the bacteria switch back to the transinesform (Molofsky and Swanson, 2004). At
this point the bacteria also exhibit pore-formirgiaty that allows lysis and escape from the
spent host cell (Alliet al, 2000). As the developmental state Lof pneumophiladetermines
successful intracellular replication, the switchvireen transmission and replication has to be
strictly regulated. Key players to facilitate ttawitch are, among others, the global regulator
CsrA (Molofsky and Swanson, 2003), the second nmggseguanosine 3°,5 -bispyrophosphate
(ppGpp) (Dalebrouxt al, 2010), the stringent response enzymes RelA aod fpalebrouxet

al., 2009), the alternative sigma factor RpoS (Haled &human, 1999b) and several two
component systems, all of which will be describedétail in section 1.2.4.

Favourable foiin vitro studies is the fact that the biphasic life cydd.opneumophilacan be
modelled in broth cultures, where the bacteriadwitetween an exponential phase form (EPF),
resembling the replicative fornm vivo, and a stationary phase form (SPF), resembling the
transmissive fornn vivo, which is motile and virulent (Molofsky and Swans@004; Robertson
et al, 2014). Indeed, many features bf pneumophila like regulation through nutrients,
virulence and motility, are mimicked in the brotloael (Molofsky and Swanson, 2004) (Figure
1.1 B), while others, like the requirement of amdacpH for successful intracellular replication
in macrophages (Sturgill-Koszycki and Swanson, 208 not. This cycle presumably not only
happens in artificial culture media, but allegedgsembles growth in biofilm communities,

where L. pneumophilacould feed on dead microorganisms (Temmerneanal, 2006) or
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metabolise nutrients released by other bacteriad@Waky and Yee, 1985; Tison, 1987) (Figure
1.1A).
A Switch to
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Figure 1.1: The life cycle and developmental formef L. pneumophila InfectiousL. pneumphilgMIF ) are taken
up by amoeba or other phagocytes and establistpleaton-permissive compartment. Availability ofitnents
triggers the switch to the replicative phase foR®PIF) and bacteria divide intracellularly. When nutteibecome
limiting, the bacteria switch back to the transiviegorm, and virulent and motile bacteria leave $pent host cell.
L. pneumophilaalso colonizes multispecies biofilms, where thetéida alter between an exponential phase form
(EPF) and a stationary phase fori®@RF) that is infective. When contaminated aerosolsigaled by humans, the
bacteria can infect human alveolar macrophagessimgua severe pneumoniA)( (adapted from (Molofsky and
Swanson, 2004)). The switch between replicative tasasmissive form in response to nutrients cambdelled in
broth, which is believed to resemble growth in ibn$ in nature B). The developmental forms &f pneumophila
are interconnected by a complex network. In additm forms that resembie vivo phenomenaRPF, MIF ) and
forms that resemblim vitro phenomenaEPF, SPF), bacteria can develop into a filamentous foff)( especially
in response to stress and into a spore like fAfBINCC) that can persist in water environments, both bictv are
virulent against eukaryotic cell€) (adapted from (Robertsat al, 2014)).
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Besides the two previously described EPFs and Skkse developmental forms of
L. pneumophilahave been found to date, all of which might bergsdanected by a complex
network (Al-Banaet al, 2014; Robertsoret al, 2014). These other forms include mature
infectious forms (MIFs), replicative phase form®$f), flamentous forms (FFs), viable but not
culturable cells (VBNCCs) and many intermediaterfer(Figure 1.1 C). MIFs and RPFs are the
in vivo counterparts of exponential phase (EPFs) and statijo phase (SPFs) bacteria,
respectively, in broth. While EPFs and RPFs arkeatt morphologically indifferent from one
another (Faulkner and Garduno, 2002), MIFs difiemf SPFs in the regard that MIFs are
metabolically inert and loaded with inclusions ably3-hydroxybutyrate, more resistant to
antibiotics and in general more infectious than SEFarduncet al, 2002). MIFs represent the
transmissive form ok. pneumophilahat exits a spent host cell after intracellulaovgih, while
SPFs are most likely produced within biofilms irtura (Robertsoret al, 2014) (Figure 1.1 A).
The filamentous form of. pneumophilas believed to develop in response to stress fikeent
limitation (Warren and Miller, 1979), high tempers¢ (Piaoet al, 2006) or UV light
(Charpentieet al, 2011). FFs are found in broth, in water environtae&and infected lung tissue
(Prasharet al, 2012) and are known to be infectious to macropha@rashaet al, 2013).
Interestingly, as a consequence of FF uptake byropheages, the filamentous cells undergo
fragmentation and differentiate into RPFs (Pragtaal, 2013), a process also occurringvitro

in broth cultures where they differentiate into ERPiaoet al, 2006). At lastL. pneumophila
exhibits a VBNCC state that is developed extratally in response to stress (Al-Baeé al,
2014) and can be produced from EPFs, SPFs and (@Ifsoet al, 2003; Al-Baneet al, 2014).
VBNCCs can persist in water environments for exéehgeriods of time, until they receive a
signal to wake up (Roberts@t al, 2014). That signal can be the uptake of VBNCCaropeba,
upon which the bacteria differentiate into replicgtcells and grow inside the host cell (Al-Bana
et al, 2014). The fact that these different formd.opneumophilacan develop from each other
and also the observation that pneumophilareaches different developmental endpoints in
different host cells (Gardunet al, 2002; Abdelhady and Garduno, 2013), shows that th
Legionellalife cycle could indeed be more complex than thigh&sic model would suggest
(Figure 1.1 C).
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1.1.3 Virulence and Intracellular Replication

The key component fdr. pneumophilavirulence and successful intracellular replicatisrthe
Icm/Dot (intracellular multiplication/defective argelle trafficking) type IV secretion system
(T4SS) consisting of 27 proteins forming two subptexes that span the inner and outer
bacterial membrane (Burns, 2003; Segfahl, 2005; Vincentt al, 2006). The main function of
the Icm/Dot T4SS is the delivery of a vast numidezftector proteins into the host cell, of which
currently over 300 have been identified. The higimher of these effectors often results in
functional redundancy and is considered to be dumst diversity (O'Connaet al, 2011). Many

of these effectors target central cell processéschwultimately leads to the formation of an
ER-derived compartment called thkegionellacontaining vacuole (LCV) that enables
L. pneumophilao replicate intracellularly (Shin and Roy, 200Bukaryotic pathways targeted
by these effectors include endocytic, secretoryetnograde trafficking, and the bacteria exploit
small GTPases, phosphoinositide lipids as welllaquitinylation and apoptosis factors to form
the LCV (Hubber and Roy, 2010; Rolando and Buckrie2012; Haneburger and Hilbi, 2013;
Hoffmannet al, 2014a; Horenkampt al, 2014; Finsel and Hilbi, 2015). The importanceodf
Icm/Dot secretion system is reflected by the faett tmutants lacking the T4SS are not able to
replicate intracellularly, but are rapidly degradedhe lysosomal pathway upon uptake by the
host cell (Roy and Isberg, 1997; Ziakal, 2002).

In addition to the Ilcm/Dot T4SE. pneumophilalso possesses the Lvh T4SS, a type V secretion
system, an Lss type | secretion system and anylpgplt secretion system (T2SS). The T2SS was
shown to be essential for intracellular growthLofpneumophilan amoeba and macrophages
(Hales and Shuman, 1999a; Lilesal, 1999). Interestingly, the possibility that thenL¥4SS
protein VirD4 is able to complement the virulencefatt of adotA mutant was reported
(Bandyopadhyayet al, 2007; Bandyopadhyagt al, 2013), indicating a role of this additional
T4SS for the virulence df. pneumophilaFunctionality of the Lss type | secretion systeas
also recently shown, since lsBDmutant, lacking the inner membrane transporteBlasd the
periplasmic membrane fusion protein LssD, showeahgty attenuated virulence (Fuckeal,
2015).

The intracellular replication cycle &f pneumophilébasically consists of four phases: adhesion
and uptake, formation of the LCV, replication amkafly exit from the spent host cell (Figure
1.2). The Icm/Dot T4SS is important for bacterigltake asL. pneumophilacan actively
stimulate macropinocytotic internalisation, and /bt mutants are less efficiently taken up by

24



1. Introduction

amoeba and HL-60 cells (Hilbet al, 2001; Wataraiet al, 2001; Lu and Clarke, 2005).
L. pneumophileRtxA is a homologue of LapA d?seudomonas putitavhich was shown to act
as adhesin involved in cell-cell interactions (lRriet al, 2001). RtxA is also a substrate of the
L. pneumophilaLss T1SS, and mutants lacking RtxA or the T1SS waefective for entry into
host cells (Cirilloet al, 2001; Fuchet al, 2015).

(Iv) (V)

Lysosome O \ i

O Nucleus
(@

Golgi O

Figure 1.2: Intracellular infection and replication cycle of L. pneumophila The bacteria bind to host cell
receptors and promote their uptake by type-l apeé-1/ secreted effectors)( After uptake, fusion with lysosomes
is blocked (1), the LCV merges with ER exit site vesicles, andoohondria associate with the LCVII().
Ribosomes and membranes derived from the roughuB® With the LCV and Ptdins@)specifically accumulates
in the LCV membranelY{). The bacteria switch to their replicative forgrden) and replicate in a compartment
resembling the ER\). At the end of their replication cycle the baiteswitch back to the transmissive forned)

and escape from their spent host cell)( L. pneumophilavirulence factors and effector proteins are shawred,
see text for details.

Other factors relevant for effective adhesioropneumophilao host cells include the integrin
analogue LaiA (Changt al, 2005), the collagen-like protein Lcl binding toet extracellular

matrix of host cells and supporting infectionAincastellanii(Duncanet al, 2011; Abdel-Nouet
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al., 2014) and the major outer membrane proteins (MEMRat are targets of the complement
system of the innate immune system, facilitatingdbig to macrophage complement receptors
(Bellinger-Kawahara and Horwitz, 1990).

Host cell factors and effector proteins involvedfanmation of the LCV are numerous and will
not all be discussed in detail here (for a revieferto Finsel and Hilbi, 2015). Interference with
the endocytic pathway and therefore evasion of plyagsome fusion is the essential first step
after uptake. The effector protein VipA was foura directly bind actin and polymerize
microfilaments, thus altering organelle traffickimgthe host cell (Francet al, 2012). VipD is a
phospholipase that binds the activated GTPase Rab&nhdosomes eventually blocking their
fusion with the LCV (Gaspar and Machner, 2014).dAlacidification of the phagosome is
inhibited byL. pneumophilaThe Icm/Dot substrate SidK prevents acidificatadrthe LCV by
targeting the host cell V-ATPase subunit VatA andréfore inhibiting ATP hydrolysis, proton
translocation and ultimately vacuole acidificatiPtu et al, 2010). Communication with the
endocytic pathway is not completely inhibited asrkea of late endosomes/lysosomes were
found to be present on the LCV (Urwylketral, 2009).

Simultaneously with the avoidance of lysosomal ddgtion,L. pneumophilanodifies the LCV

to a compartment that resembles the endoplasmauah (ER) and allows replication of the
bacteria (Tilneyet al, 2001). As an initial step, mitochondria and srhoBR exit site vesicles
associate with the LCV shortly after uptake inte tiost cell (Horwitz, 1983; Kagan and Roy,
2002). However, the frequency of mitochondria amibath vesicles decreases again after a few
hours and ribosomes associate with the LCV (Horvili883; Swanson and Isberg, 1995). Also,
ER-specific enzymes, like glucose-6-phosphataseh@rchaperone calnexin (Kagan and Roy,
2002; Robinson and Roy, 2006) localize with the L.&uggesting that the ribosomes do not
originate from the cytoplasm but rather from thseidn of rough ER membranes with the LCV
(Robinson and Roy, 2006).

An important factor for LCV formation is the exjiktion of the host cell phosphoinositide (PI)
metabolism. PI lipids control the identity of orgdles and vesicle trafficking pathways by
providing binding sites for host regulatory protifDi Paolo and De Camilli, 2006).
L. pneumophilgperturbs and exploits the Pl pattern of the LC\atehor Icm/Dot substrates to
the vacuole (Hilbiet al, 2011b). Several lcm/Dot effectors might activelyich the levels of
PtdIns(4p in the LCV membrane, including LpnE, which is asated with the PtdIns(4,B)-5-
phosphatase OCRL and the Ptdins-4-kinase{PlI4KIll ) of the host cell (Webest al, 2009).
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The effectors LecE and LpdA recruit protein kinagethe LCV, which subsequently might bind
P14KIll  (Viner et al, 2012). Finally, the effector SidF, a phosphatitysitol polyphosphate-3-
phosphatase might directly enrich PtdIn®(4h the LCV membrane (Hset al, 2012). Another
effector, LppA, was shown to hydrolyse phosphoedaPlsin vitro, although it did not affect the
Pl pattern of LCVdn vivo. LppA acts as a hexakisphosphate inositol (phytattesphatase and
might promote intracellular replication by removirthe iron chelator phytate from the
intracellular milieu (Webeet al, 2014a). Overall, Ptdins®)represents an LCV lipid marker
that steadily accumulates on the membrane of ttlegan compartment in the course of 2 h post
infection (Webelet al, 2014b), acts as binding target for several Icrh&fectors and may also
contribute to the acquisition of ER vesicles (Wedteal, 2006).

GTPases are key regulators of vesicle transpottitit@act with downstream proteins and can
switch between an inactive, GDP-bound, and an ectTP-bound, conformation (Stenmark,
2009).L. pneumophilaalso exploits small GTPases; an especially walllisd example is Rab1.
Rabl is localized to the LCV by several Icm/Dot susites (Kagaret al, 2004). The effector
protein SidM, also known as DrrA, binds to PtdInB(4and acts as a guanine nucleotide
exchange factor that activates Rabl (Brombadteal, 2009; Schoebeét al, 2009). LidA
interacts with activated Rabl, keeping the GTPasksiactive state (Neunuebet al, 2012).
Another Icm/Dot substrate, AnkX, was also shownirtteract with Rabl. The effector can
modify inactive Rabl by phosphocholination, whielads to the incorporation of Rabl into the
LCV membrane, where it is dephosphocholinated by3 €Mukherjeect al, 2011; Goodyet al,
2012). Activated Rabl ultimately leads to the réorant of ER exit site vesicles (Kaga al,
2004; Arasaket al, 2012). Besides Rabl also other small GTPasdsedrab family have been
found in the proteome of purified LCVs from macragks and also seem to be involved in
formation of the replication-permissive compartménbffmannet al, 2014a). Interaction with
ER exit site vesicles is believed to prepare thé/UGr interaction with rough ER vesicles,
converting the LCV from a plasma membrane-derivacuwle to a compartment resembling the
host ER, where the bacteria will replicate withcalbling time of about 2 h (Tilnegt al, 2001).
Other studies report that ER recruitment is noerisal to trigger replication df. pneumophila
as mutants defective for the acquisition of ER memés were not impaired in initial replication
(Weberet al, 2014b).

For replication, the bacteria undergo a major ttepsonal switch that alters the expression of
almost half the genome, representing the repliegtivase (Briggemaret al, 2006; Faucheet
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al., 2011). Nutrients are the key factor for this sWitEspecially, genes involved in amino acid
synthesis as well as uptake (Wielagtdal, 2005; Faucheet al, 2011) and iron uptake systems
(Cianciotto, 2007) are upregulated and importannittate replication. Also, the availability and
uptake of nucleosides was shown to be importantiftvacellular replication (Fonseca al,
2014).

The limitation of nutrients is also a key factor &witching back to the transmissive phase at the
end of the intracellular replication cycle bf pneumophilawhere virulence traits such as the
flagellar machinery and Icm/Dot substrates are gydeged (Briiggemanmt al, 2006). The
intracellular replication cycle is closed by lysisthe host and the release of flagellated, virulen
L. pneumophilacells to the environment. Several processes haen ldescribed that might
facilitate host cell lysis. Haemolytic proteins buas legiolysin (Rdeset al, 1991) and Msp
(Szeto and Shuman, 1990; Possal, 2012) as well as several phospholipases (Beetat,
2009; Langet al, 2012; Aurasset al, 2013) might actively lyse the host cell. The efte
proteins LepA and LepB have been shown to pronf@enonlytic egress from protozoa (Chetn
al., 2004), and also induction of apoptosis in maceges (Mulleret al, 1996) has been

discussed as possible exit strategy.gbneumophila
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1.2 Metabolism ofLegionella pneumophila

1.2.1 Amino Acid Metabolism

L. pneumphilais an obligate aerobe organism (Warren and Mill&79). Early studies of the
metabolism ofL. pneumophilashowed the preference for amino acids as mairceanfr carbon
and energy (Pinet al, 1979; Georget al, 1980; Ristroptet al, 1981; Tesh and Miller, 1981,
Teshet al, 1983). Cell growth in chemically defined mediagaled auxotrophies for the amino
acids arginine, cysteine, isoleucine, leucine, methe, threonine and valine (Georgé¢ al,
1980; Tesh and Miller, 1981). Serine as well asdhine were discussed as major carbon sources
for L. pneumophilgGeorgeet al, 1980). This need for amino acids is reflectethsngenome of

L. pneumophilawhere around 12 classes of ATP binding cassedtesporters, amino acid
permeases and proteases are found, which are Iikgljcated in amino acid uptake (Cazaddt
al., 2004; Chieret al, 2004). The absence of biosynthetic pathwaysdaiam amino acids in the
genomes of severdl. pneumophilastrains (Cazale¢t al, 2004; Chieret al, 2004; Steineret

al., 2007; D'Auriaet al, 2010; Schroedest al, 2010) and.. longbeachadCazaletet al, 2010;
Kozaket al, 2010) corresponds to amino acid auxotrophieswea¢ investigated and confirmed
in defined mediaL. pneumophilaemploys several well-studied systems to cope whtse
auxotrophies, some of which will be described below

L. pneumphilalacks enzymes that allow the synthesis of argirfmmen glutamate, as the
conversion of glutamate to N-acetylglutamate ditl accur in chemically defined medium and
activity of the N-acetylglutamate synthetase wasmeasurable in bacterial cell extracts (Tesh
and Miller, 1983). Supplementation of the mediunthwarginine or ornithine and citrulline,
which are precursors of arginine emerging in lateps of the synthesis from glutamate, restored
growth (Tesh and Miller, 1983). Availability of amgne might also function as a regulatory
switch during intracellular growth, as mutants lagkthe arginine repressor ArgR were unable to
replicate inside host cells (Hovel-Minet al, 2010). Several genes, including parts of the
Icm/Dot T4SS and translocated effector proteingewifferentially expressed iargR deletion
mutants compared to wild-type bacteria (Hovel-Mieeral, 2010). In addition, the eukaryotic
arginine transporter SLC7A2 was upregulated inatgeé macrophages (Portiet al, 2015) and

is supposedly incorporated in the membrane of LCNGsffmann et al, 2014a), which might
facilitate the uptake of arginine into the LCV.

The common solid growth medium for pneumophilas buffered charcoal yeast extract (BCYE)

agar, supplemented with L-cysteine and ferric plogphate (Feeleyet al, 1979).
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L. pneumophildacks the key cysteine biosynthetic enzymes sexaetyltransferase and cysteine
synthase, and no activity of these enzymes wasteeten cell extracts (Chieat al, 2004;
Ewann and Hoffman, 2006l.. pneumophilas therefore auxotroph for cysteine and employs at
least two energy-dependent cysteine transportetexelstingly, the amount of cysteine in BCYE
agar is much higher than what is required for badtgrowth, as the main part of cysteine is
rapidly oxidized to cystine within the medium, whic. pneumophilacannot utilize (Ewann and
Hoffman, 2006).

The phagosomal transporter A (PhtA) was identifisdan important factor for replication and
differentiation in macrophages (Sawetral, 2005) (Figure 1.3). PhtA is a threonine transgort
and mutants lackinghtA did not grow in chemically defined medium, but e/eescued by
excess tryptone or dipeptides containing threorimdicating that PhtA is not the only threonine
uptake system ih. pneumophilaSaueret al, 2005). Like ArgR mutants (Hovel-Mineat al,
2010), bacteria lacking the PhtA transporter wereatble to replicate inside macrophages, due to
their inability to differentiate from the transmias to the replicative state. Also PhtJ, a valine
transporter, was needed for successful differeatiaand replication within macrophages (Sauer
et al, 2005; Cheret al, 2008), proving the importance of these transpsrémd the availability
of certain amino acids as key regulators lfopneumphiladifferentiation. The Pht-family also
includes thehtC-phtDlocus (Cheret al, 2008). Expression gthtCin E. colistrains, lacking all
known nucleoside transporters, allowed these &rantransport pyrimidines. PhtC and PhtD
function as thymidine transporters required forliogpion in macrophages and survival of
thymidine deprivation (Fonsee al, 2014). A recent study also demonstrated the itapoe of
the shikimate pathway for intracellular replication macrophages. The aromatic amino acids
phenylalanine, tryptophan and tyrosine are syntieelsby this pathway, and mutants lacking key
enzymes were not able to replicate within macropbagvhich are auxotrophic for tryptophan
and phenylalanine. The mutant bacteria were i @ replicate normally i\canthamoeba
spp., which synthesize aromatic amino acids, irisigathat aromatic amino acids can also be
taken up from the host cell (Jonetsal, 2015).

Already in early studies, serine was discussed asa@r carbon source fdr. pneumophila
(Georgeet al, 1980). Using the method of isotopologue profilinghich is based on the
incorporation of precursors labelled with stabletepes into key metabolites such as protein-
derived amino acids or storage compounds (Zambbuil, 2009), it was shown that serine is

indeed taken up in large amountslbypneumophilaggrowing in broth (Eyleret al, 2010). Serine
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was incorporated directly into proteins, but alsedito synthesize other amino acids and poly-3-
hydroxybutyrate (Eyleret al, 2010), proving its role as an effective and intgotr carbon and

energy source fdr. pneumophila.

Figure 1.3: Intracellular metabolism of L. pneumophila Several host cell glucose transporteyeén and amino
acid transportersofange) are presumably located in the LCV membrane anifitite nutrient uptake. The genome
of L. pneumophilaencodes several ABC transporters, permeases ansptnders belonging to the phagosomal
transporter Pht) family (violet), which are used to take up amino acids. Iron egdufactors HGA-melanin) and
the siderophoréegiobactin, together with iron transporters likeeoAB, are used to take up iron. Several type-l|
secreted effector proteins, like the chitin&d@A, the endoglucanaseelA or the glycoamylas&amA, degrade
polysaccharides. Finally, lcm/Dot effector protes® used to interfere with host protein synthébsgtl, Lgt2,
Lgt3), build up a pool of free amino acids by employthg host proteasom@rfkB), act as a phytasé&gpA) or
function as an iron transporter in the LCV membr@avN). L. pneumophilaffector proteins are shown in red.
Abbreviations: Lpn, Legionella pneumophild.CV, Legionellacontaining vacuolegEF1A, eukaryotic elongation
factor 1A;SCF1, ubiquitin ligase complex.

To take up and utilize amino acids, pneumophilaalso relies on and exploits host metabolic
functions. The eukaryotic neutral amino acid tramsgy SLC1A5 is upregulated in macrophages
infected with L. pneumophila and depletion of this transporter by RNA integfeze or
competitive pharmacological inhibition abolishesacellular growth of the bacteria (Wielaet

al., 2005). Proteomic analysis of LCVs isolated fronfected macrophages suggested that

31



1. Introduction

SLC1A5, together with other amino acid transport¢® C7A5, SLC3A2) and glucose
transporters (SLC2A1, SLC2A6), is located in thevL@embrane and might facilitate uptake of
nutrients into the LCV lumen (Hoffmaret al, 2014a) (Figure 1.3).

Also, Icm/Dot-translocated effector proteins arediso modulate host cell metabolic functions
(Figure 1.3). Several effectors were identified tthaectly block host protein translation. Among
them are the glycosyltransferases Lgtl, Lgt2 an Lipat modify eukaryotic elongation factor
eEF1A, which leads to the inhibition of protein gysis and ultimately to the death of the host
cell (Belyi et al, 2011). Another effector, AnkB, leads to increakaabls of free amino acids in
the host cell by utilizing the host cell proteasofRaceet al, 2011). AnkB can interact with the
host SCF1 ubiquitin ligase complex via an F-box domharbours two ANK domains, which
mediate protein-protein interactions in eukaryotasd a CaaX motive that is modified by
farnesylation (Priceet al, 2009; Ensminger and Isberg, 2010; Lometaal, 2010; Priceet al,
2010; Price and Kwaik, 2010). AnkB is farnesylaieside the host cell and thus anchored to the
LCV membrane. Polyubiquitinated proteins generdigdAnkB are then degraded by the host

proteasome generating a pool of free amino acidsgBt al, 2011).

1.2.2 Carbohydrate Metabolism

The genomes dof. pneumophilgCazaletet al, 2004; Chieret al, 2004; Steineret al, 2007;
D'Auria et al, 2010; Schroedest al, 2010) and.. longbeachadCazaletet al, 2010; Kozaket

al., 2010) encode a complete glycolytic pathway, then&r-Doudoroff (ED) pathway, as well as
an incomplete pentose phosphate pathway (PPP).estigg the capacity of carbohydrate
catabolism. Indeed, studies witfC-radio-labelled substrates indicated that glucpseuvate,
glycerol and acetate are metabolizedLbyneumophilaPineet al, 1979; Weisst al, 1980;
Teshet al, 1983). Glucose was not rapidly metabolized upmwth in a chemically defined
medium, and the catabolic route of glucose metabolremained unclear, although it was
suggested that glucose metabolism occurs via tmtogpe phosphate pathway and the ED
pathway, rather than by the glycolytic pathway (¥geit al, 1980; Teslet al, 1983). Consistent
with the notion that glycerol might be metabolizgdlL. pneumophilait was observed that genes
required for glycerol catabolism were highly upreged during infection of macrophages,
compared to growth in broth (Faucletral, 2011). Also, genes associated with the ED pathway
as well as a glucokinase and a glucoamylase weregulated upon growth iA. castellanii

(Bruggemanret al, 2006). The ED pathway was meanwhile identifiedhesroute of glucose

32



1. Introduction

catabolismin L. pneumophilalsotopologue profiling revealed the uptake-i-labelled glucose

by L. pneumophilagrowing in broth, and carbon flow from glucoseoigtownstream metabolites
was dependent on tlmwvf gene encoding the glucose-6-phosphate dehydrogéaatertet al,
2010). Mutants lacking other genes of the ED pathware also not able to metabolize glucose
anymore and were defective for intracellular growth Acanthamoeba culbertsonand
mammalian cells (Haradet al, 2010). Besides the simple sugar glucose, alsgspotharides
are metabolized bi. pneumophilaand several T2SS substrates involved in the dagom of
complex carbohydrates have been described. Theerimctecrete a chitinase (ChiA), an
endoglucanase (CelA) that was indeed found to degcellulose, as well as a glucoamylase
(GamA) that degraded carboxymethyl cellulose, giygro and starch (DebRogt al, 2006;
Pearce and Cianciotto, 2009; Herrmaginal, 2011) (Figure 1.3). The T2SS is essential for
intracellular growth ot.. pneumophilan amoebae and macrophages (Hales and Shumarg;1999
Liles et al, 1999) and although neither ChiA, CelA nor GamAreveequired for successful
intracellular growth, complex carbohydrates migleilvibe used as a source of carbon and energy
inside a host. At last, the polyamine spermidinedenately favoured intracellular replication of
L. pneumophilgNasrallahet al, 2011) and mutants lacking PotD, a spermidine{hmgrotein,
were not able to initiate intracellular replicatiqiNasrallah et al, 2014), suggesting the

possibility of polyamines as carbon source or raguy components.

1.2.3 Micronutrient Requirements

Microorganisms require metals as cofactors for mamgymesL. pneumophilds no exception,
especially as it is an intracellular pathogen amitdtion of certain metal ions is a key
component of host immunity against pathogens. lcalcium, magnesium and zinc were shown
to stimulate extracellular growth &f pneumophilan chemically defined medium (Reevetsal,
1981), and accordingly, iron is an essential corepoofL. pneumophilsstandard growth media
(Feeleyet al, 1979) and chemically defined media (Reegesal, 1981; Ristrophet al, 1981).
Calcium and magnesium might also be important fofillm formation, as they were shown to
enhance the adherencelofpneumophilao surfaces (Koubaat al, 2013).

Iron is essential for most, if not all bacteria,itais cofactor for many enzymes within prosthetic
groups like heme or iron-sulfur clusters (Ratledge Dover, 2000; Andreiret al, 2008). Iron
exists in two forms, ferrous (£9 and ferric (F&) iron, the latter of which is insoluble. The form

predominantly present is mostly dependent on theamHavailability of oxygen (Williams, 2012;
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Becker and Skaar, 2014). Iron limitation is also iemportant factor of immunity against
pathogens, and reduction of available ferric irenimportant to restrict bacterial growth. In
eukaryotic cells, iron is either bound in prostbedroups or complexed in the storage protein
ferritin to make it unavailable for intracellulaagmogens and to prevent iron toxicity (Recaleati
al., 2008).

L. pneumophilagrown under iron-limiting conditions showed reddicgrulence and was unable
to survive within host cells (James al, 1995). Also, host cells treated with iron chelatdid
not support growth of. pneumophilaeanymore (Gebraet al, 1994; Byrd and Horwitz, 2000),
highlighting the importance of iron availabilityrf&. pneumophila in vivoNot surprisingly, the
bacteria therefore employ many systems for ironucgdn, complexation and transport.
L. pneumophilahas at least two ferric reductases devoted tadisemilation of iron within the
bacterial cell (Johnsoet al, 1991; Poch and Johnson, 1993) and at least ametsd factor
necessary for iron reduction, called homogentisid 8HGA) (Chatfield and Cianciotto, 2007).
HGA is produced in the course of phenylalanine gnalsine metabolism df. pneumophilaand
can be polymerized to HGA-melanin (Flydatl al, 2012). HGA and HGA-melanin can restore
bacterial growth under iron-limiting conditions,h@mce the uptake of iron and release ferrous
iron from transferrin and ferritin, two major irachelators of mammalian cells (Zheeg al,
2013). Also Icm/Dot substrates might facilitate @equisition of iron (Figure 1.3). LppA is a
type IV-secreted phytase bf pneumophiladhat might help to counteract iron-limiting condits
within natural hosts of. pneumophilasuch ad. discoideumandA. castellanii Phytate is not
only an abundant phosphor storage compound ,boitaagtrong iron chelator that could be used
to limit intracellular iron for pathogens (Webet al, 2014a). Another type IV-secreted effector
protein, called MavN, was identified as a mediatbiron acquisition inL. pneumophilaMavN

is inserted into the LCV membrane, binds iron arespmably is an iron transporter, facilitating
the uptake of iron into the LCV (Isaat al, 2015). MavN, also known as IroT, was found to be
highly induced under iron-limiting conditions andutants lacking the transporter were highly
impaired for growth irA. castellaniiand human macrophages (Porgeal, 2015). (Figure 1.3).

L. pneumophilaproduces the high-affinity iron siderophore legiotin, used to chelate and
transport iron (Lileset al, 2000; Starkenburgt al, 2004). Important for synthesis and function
of legiobactin are at least four proteins: The plaesmic LbtA, which is a siderophore synthetase,
LbtB the inner-membrane efflux transporter of ldwgiotin, LbtU located in the outer-membrane

and acting as receptor of ferrilegiobactin andlf§nabtC which is predicted to be the transporter
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of ferrilegiobactin located in the inner membraddlard et al, 2006; Chatfieldet al, 2011,
Chatfield et al, 2012). The structure of legiobactin was receellycidated and constitutes a
polycarboxylate identical in structure to rhizoferra siderophore made by funghi (Burnsite
al., 2015). Legiobactin is also very importantvivo, asIbtA mutant strains of. pneumophila
showed reduced ability to infect lungs of A/J m{édlard et al, 2009). Other iron transporters
have also been identified In pneumophilaincluding the FeoAB system, a homologue of the
well-characterizedE. coli system, which is also important fan vivo growth (Robey and
Cianciotto, 2002) (Figure 1.3).

1.2.4 Regulation of Differentiation and Virulence ly Metabolism

The availability of certain nutrients is essentfal the switch between transmission and
replication, as seen for example tarpneumophilanutants lacking the arginine transcriptional
regulator ArgR or the threonine transporter PhtAjolh are no longer able to switch from the
transmissive to the replicative form inside hoslscgsee section 1.2.1). As amino acids represent
the main carbon and energy sourcelfopneumophilait is not surprising that they are also main
regulatory factors for the phenotypic switch (Byared Swanson, 1998; Sauwadral, 2005). The
network of factors that mediate this switch is cterpand will be dissected in the following
paragraphs (Figure 1.4).

The second messenger guanosine-3°,5 -bispyrophtesgbpGpp) is central for the switch
between the replicative/non-motile to the virulemdtile form ofL. pneumophilan response to
amino acid or nutrient limitation (Hammer and Swansl999; Dalebrouet al, 2010). ppGpp is
the trigger of the so-called stringent response altets the preference of RNA polymerase for
certain sigma factors, thus facilitating changesg@me expression profiles (Dalebroexk al,
2010). The alarmone ppGpp is synthesized by twgraas inL. pneumophilaRelA and SpoT.
RelA is a ribosome-associated enzyme that is aetivwhen uncharged tRNAs accumulate at the
ribosome as a consequence of low amino acid lenetise cell (Dalebrowet al, 2009). SpoT
interacts with the acyl-carrier protein ACP andaddivated by the reduction in the rate of fatty
acid biosynthesis or increased levels of shortrchatty acids (Edwardet al, 2009). The
enzyme therefore synthesizes ppGpp, not in responssy amino acid levels but by monitoring
fatty acid biosynthesis. Furthermore, during expia¢ growth SpoT acts as a ppGpp-hydrolase,
which keeps the concentration of the alarmone withie cell low to assure that transmissive

traits are not expressed during replication (Dalaket al, 2009).
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Figure 1.4: Regulation of replicative and transmiswe traits by L. pneumophila As long as nutrients are
available, the global regulator CsrA prevents tkgression of virulence traits and promotes expoessf replicative
traits. Also, SpoT hydrolases ppGpp, blocking thevdstream regulatory cascade. When nutrients bedionitang,
ppGpp is synthesized by RelA and SpoT, leadingréalyction of the alternative sigma factor RpoS, ahhin turn
regulates the two component systems CpxRA, PmrARBAS, the integration host factor IHF and thegionella
guorum sensing system Lgs. CsrA is silenced bytweregulatory RNAs RsmY and RsmZ, which leadshe t
swtich from replicative to transmissive phase anthe expression of virulence traits, motility dioch/Dot effector
proteins (model adapted from (Manske and Hilbi,2p.1

High levels of ppGpp lead to an increase in stigbdind activity of RpoS, the alternative sigma

factor %

S that acts as the central regulator of differeftiain theL. pneumophildife-cycle
(Bachman and Swanson, 2001; Zusnetral, 2002). RpoS regulates 208 genes in exponential
and 571 genes in stationary growth phase includjages required for central metabolism
(Hovel-Miner et al, 2009), small regulatory RNAs, two component syste ArgR and the
quorum sensing regulator LgsR (see below). rdoS mutant ofL. pneumophiladoes grow

normally in broth, but is not able to replicateraaellularly in amoeba (Hales and Shuman,
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1999b), highlighting its role as a central regulatd the L. pneumophildife-cycle. Another
factor that might be important for activation of d%is the ribosome-binding protein DksA.
Deletion mutants lackingksAstill produce ppGpp but are defective for flagetiane expression
and macrophage cytotoxicity, and DksA is believed¢aoperate with ppGpp (Dalebroex al,
2010). However, it is not known whether DksA alsfiuences the expression of RpoS as shown
for E. coli, where deletion oflksAresults in significantly lower levels of RpoS, avehen
ppGpp is produced (Browat al, 2002). Furthermore, there also exists a regulateedback
loop between RpoS and SpoT that negatively regulkexeression apoTto prevent hydrolytic
degradation of ppGpp. Mutants gfoS showed decreased levels of ppGpp and failed toced
the stringent response upon growth in water (Trejwl, 2015).

Downstream of RpoS are at least three two compasystems and one quorum sensing system
influencing the virulence of. pneumophila The CpxRA system, consisting of the response
regulator CpxR and the cognate sensor kinase Cme&, the first two component system in
L. pneumophilathat was shown to regulate @nvdot virulence gene (Gal-Mor and Segal,
2003a). Until now several othemm/dotgenes and several Icm/Dot-translocated substhates
been found to be regulated by CpxR, establishingRZpas an important regulator of the
Icm/Dot T4SS (Altman and Segal, 2008). Also, therRhtwo component system is known to
be regulated by RpoS (Hovel-Minet al, 2009) and acts itself as a regulator of severalDot
substrates (Zusmaet al, 2007). Mutants lackingmrABare severely attenuated for intracellular
growth and differentially express a large numbemehes, including metabolic genes and the
flagellar machine (Al-Khodoet al, 2009). FurthermorepmrAB mutants exhibit significantly
lower levels of another important regulatory protghe “carbon storage regulator” CsrA (Al-
Khodoret al, 2009), and the two component system is therefegral part of the link between
metabolism and virulence (see below). The third t@mponent system is the LetAS system that
acts as an inducer of transmissive traits (Hametexl, 2002). In mutants lacking the response
regulator LetA severatm/dotgenes were differentially expressed (Gal-Mor angage2003b),
and also expression opoS was reduced, demonstrating that RpoS is also enfled by
downstream two component systems (Lyettal, 2003). The induction of transmissive traits is
facilitated in an indirect fashion, as LetAS actsarepressor of CsrA (Saht al, 2009) by
inducing the expression of two small RNAsmY andrsmZ (Rasis and Segal, 2009). CsrA is a
RNA-binding protein that blocks translation of tsanipts encoding stationary phase and

transmissive trait proteins in exponentially grogvicells, and therefore, acts as an antagonist for
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the stringent response. WheamY and rsmZ are expressed, they bind to CsrA, allowing
translation of previously blocked transmissive t;apromoting the switch from replicative to
transmissive phase (Rasis and Segal, 2009). Attledtegionellaquorum sensindds) cluster is
also involved in this regulatory cascade. The Lgsesn consists of the autoinducer synthase
LgsA producing the -hydroxyketone signaling molecule LAI-1 (Spireg al, 2008), the sensor
kinases LgsS (Tiadeat al, 2010) and LgsT (Kesslest al, 2013) and the response regulator
LgsR (Tiaderet al, 2007). Expression dfisRis growth-phase dependent and regulated by RpoS
and to a lesser extent by LetA (Tiadenal, 2007). In a mutant lacking the whdtgs cluster,
genes involved in protein production, amino acidl ararbohydrate metabolism and other
replicative traits were upregulated, whereas gemesociated with transmissive traits were
downregulated, suggesting that also Lgs acts agwator of the life-style switch (Tiadest al,
2008). Finally, the integration host factor (IHE)a DNA-binding protein that is important for the
differentiation of replicativeL. pneumophilato transmissive bacteria (Moragt al, 2009).
Expression of IHF is positively regulated by Rp@®d IHF itself also auto-regulates its own
expression (Zhaet al, 2007). Regulation through IHF and the LetAS twoponent system is
intertwined, as LetA negatively regulates IHF esgren but IHF also cooperates with LetA to
induce transcription asmYandrsmZ(Zhaoet al, 2007).
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1.3 Central Carbon Metabolism, Amino Acid Biosynthais and Inositol

Metabolism

1.3.1 Central Carbon Metabolism and Amino Acid Biognthesis

Central carbon metabolism describes the enzymatictions that degrade different nutrients to
produce precursor molecules for biosynthesis paghvea well as for energy storage (Csete and
Doyle, 2004). Central metabolism includes severatatolic pathways like the glycolytic
pathway, the PPP and the tricarbolic acid (TCA)ley®onachie and Begg, 1970; Konopka,
1984). The glycolytic pathway converts glucose wom tmolecules pyruvate and delivers two
molecules ATP; pyruvate then being fed into the T&y&le, which again delivers ATP as well as
NAD(P)H/H" and precursors for several biosynthesis pathwagkiding fatty acid biosynthesis.
The PPP is central for the interconversion of ghbecor fructose into £, Cs- and G-sugars,
which are important for many biosynthesis pathwdike cell wall synthesis or purine
metabolism. The pathway consists of an oxidative fizat delivers NADPH/H and a non-
oxidative part that catalyzes the interconversidncarbohydrates, resulting in fructose-6-
phosphate and glyceraldehyde-3-phosphate as indeatas of the glycolytic pathway. Some
bacteria have an additional pathway, the ED paththay can be used to metabolize glucose.
Here, glucose is catabolized to the specific intstiate of the ED pathway, 2-keto-3-deoxy-6-
phosphogluconate (KDPG) that is then cleaved tm fglyceraldehyde-3-phosphate and pyruvate
(Entner and Doudoroff, 1952). In absence of usahigars, intermediates of the glycolytic
pathway as well as glucose can be made in the ghagenic pathway that is closely related to
the glycolytic pathway, but not its exact revers{@mderson and Cooper, 1969). Another reason
why these pathways are so central for metabolisttmeigact that many nutrients besides glucose,
enter these central pathways at some point of ttegabolism, as for example seen for inositol
(Kréger and Fuchs, 2009) or glycerol (Joseplal, 2008).L. pneumophilaalso possesses these
central metabolic pathways, including the ED patphwvibe glycolytic pathway, the TCA cycle
and a PPP which, however, lacks the transaldolasewal as the 6-phosphogluconate
dehydrogenase (Chiest al, 2004).
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Figure 1.5: Central carbon metabolism and amino ad synthesis byL. pneumophila The central carbon
metabolism ofL. pneumophilaconsists of the Entner-DoudorofED) pathway, the glycolytic pathway, the citric
acid cycle TCA) and the pentose phosphate pathwByPR) that delivers intermediates and precursors for
biosynthesis of e.g. fatty acids or storage comgsu@-HBA, PHB). Amino acids are also synthesized from
intermediates of this central metabolism and aceiged into five biosynthesis families: 3-phosphoghate group
(blue), pyruvate groupdreen), -ketoglutarate groupotange), oxaloacetate group/€llow) and aromatic group
(purple). Histidin is derived from intermediates of the PPRed). Amino acids are shown in 3-letter code and
essential amino acids far pneumophilaare shown in red.

Abbreviations: 6-PG, 6-phosphogluconateKDPG, 2-keto-3-desoxy-phosphogluconatshi, shikimate; Cho,
chorismate; DAP, diaminopimelic acid; -KGA, -Ketoglutarate; 3-HBA, 3-hydroxybutyrate; PHB,
polyhydroxybutyrate.

Amino acids are the building blocks of proteins @ad be synthesized in several fundamentally
different biosynthesis pathways, which will not Bescribed in detail here. Nevertheless, all

amino acids share one common feature. The backtoamino acids is derived from different
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intermediates of central carbon metabolism, anchamacids can be, depending on their initial
precursor, grouped into five biosynthetic familidse 3-phsophoglycerate group comprising Ser,
Cys and Gly; the pyruvate group containing Ala, ¥ald Leu; the -ketoglutarate group with
Glu, GIn, Pro and Ala; the oxaloacetate group caesimpy Asp, Asn, Thr, lle, Met and Lys (as
intermediate between pyruvate and oxaloacetatepyrand finally the group of aromatic amino
acids with Phe, Tyr and Trp that are derived frov@ shikimate pathway. Histidine is a special
case, as it is standing aside of the other amimisand is being derived from the PPP with
ribose-5-phosphate as precursor (Figure 1.5). Nairganisms can synthesize all amino acids
themselves, which defines the term essential amaich This means that these amino acids have
to be taken up from the environment, making theanigm auxotrophic for a given amino acid.
L. pneumophilas auxotrophic for several amino acids, includ@ys, Val, Leu, Met, Thr, lle and

Arg (see section 1.2.1) (Figure 1.5).

1.3.2 Inositol Metabolism

Inositol is a polyol, a sugar alcohol, which existsiine stereocisomeric forms, withycinositol
(MI) being the most abundant stereoisomer (Tumteal, 2002). MI is abundant in soil and
aquatic environments and normally exists in varistages of phosphorylation with between one
and six phosphate groups (Turreral, 2002; Maoet al, 2009). The most common form of
inositol in soil is the six-fold phosphorylated siwl hexakisphosphate, also known as phytic
acid or phytate, which serves as a major phosplsiarage compound in plants and seeds (Sakai
et al, 2015) and makes up for more than 80% of orgahasphate in soil (Turneat al, 2002).
Phytate is highly negatively charged and can coraleariety of ions, including iron, and is also
highly resistant to enzymatic hydrolysis, which htigccount for its accumulation in the ground
(Turneret al, 2002). A special group of enzymes, so-called gbgs, are used to catalyze the
stepwise removal of phosphate from phytate @tal, 2013), a crucial step for recycling organic
phosphate. Ml is furthermore the key componenthafgphoinositide lipids that are important for
the definition of subcellular compartments and meanb dynamics in eukaryotic cells
(Haneburger and Hilbi, 2013). The biosynthesis mdsitol proceeds through a conserved
metabolic pathway in eukaryotes and archaea thagists of two steps, the isomerization of
glucose-6-phosphate to inositol-3-phosphate by itolosynthase enzymes, followed by the
dephosphorylation to inositol by inositol monophuatases (Fischbaatt al, 2006). Moreover,

environmental inositol or inositol-3-phosphate t@nused directly for the synthesis of phytate or
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its differentially phosphorylated intermediatesg.eby D. discoideum(Stephens and Irvine,
1990).

As Ml is naturally occurring in many ecosystemssihot surprising that also a large number of
microorganisms can grow on Ml as sole source dia@aiand energy, includingacillus subtilis
(Yoshidaet al, 2008),Lactobacillus casei (Yebra et al., 20031 Salmonella entericgKroger
and Fuchs, 2009). The molecular genetics of batteti catabolism have been best described in
B. subtilis where two operonsiolABCDEFGHIJ and iolRS as well as the gen®IT, are
responsible for MI degradation (Yoshigd al, 2008). lolT and lolF have been identified as
inositol transporters belonging to the major faatbr superfamily, but only 1oIT is essential, as
mutants lackingolT did show major growth defects (Yoshida al, 2002). Another central
component of inositol catabolism is the regulatoot@n IolR that, in the absence of inositol,
binds to the operator sites within tieé operon (Yoshideet al, 1999). In the presence of M,
2-deoxy-5-keto-D-gluconic-acid-6-phosphate, a @ntintermediate of MI catabolism,
antagonizes the repressor IolR and allows expresditheiol operon (Yoshid&t al, 1997). The
degradation of MI then finally results in dihydr@cetone phosphate, acetyl-CoA and,GO
end products (Kroger and Fuchs, 2009) (Figure JAGhough the genetic organization wmfl
genes can differ from organism to organism and mashecessarily consist of all genes found in
the genome oB. subtilis the principal reactions seem to be conserved camgist of seven
stepwise reactions (Yoshi@ al, 2008; Kréger and Fuchs, 2009).
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Figure 1.6: Schematic pathway ofmyc-inositol catabolism.Myo-inositol is transported across the cell membrane
by lolT and then degraded in several enzymaticsstepdihydroxyacetone phosphate and acetyl-CoA hvkien
enter the central carbon metabolism (model ad&pboea (Yoshidaet al, 2008; Kréger and Fuchs, 2009)).

After import of MI by IolT, the first reaction idhé dehydrogenation of Ml to 2-ketoyainositol
catalyzed by lolG, followed by dehydration to 3/ f#hydroxycyclohexane, catalyzed by IolE.
The next reaction, catalyzed by the hydrolase Idli2aks the hexane ring, yielding 5-deoxy-
glucuronic acid, which is then isomerized by lotB2a-deoxy-5-keto-D-gluconic acid. The next
step is the ATP-dependent phosphorylation of thepmund, catalyzed by IolC, which yields the
central intermediate 2-deoxy-5-keto-D-gluconic-agiphosphate, subsequently cleaved by the
bisphosphate aldolase lolJ into dihydroxyacetonesphate and malonate semialdehyde. The
latter is then finally converted into acetyl-CoA andehydrogenase reaction catalyzed by IolA,
which releases COThe endproducts dihydroxyacetone phosphate agtylaCoA can then be

channeled into the central metabolism (Figure 1.6).
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1.4 Aims of the Thesis

L. pneumophilacolonizes a variety of extra- and intracellularn@s and is therefore exposed to a
plethora of different possible carbon and energyc®s. Nevertheless, not much is known about
the nutrition ofL. pneumophila The bacteria are auxotrophic for different amamds, and
serine is believed to be the major carbon substriate pneumophilgGeorgeet al, 1980). Yet,
the genome of.. pneumophilaeveals the possibility of other nutrients as carBources, and
complete pathways for carbohydrate metabolism a&@ded (Chienet al, 2004). Indeed,
glucose was found to be metabolized lby pneumophila(Eylert et al, 2010), but the full
metabolic capacities af. pneumophilare still not explored.

The aim of this thesis was the investigation of gjigcerol and inositol metabolism of
L. pneumophilaand its relevance for extra- and intracellularvgio of the bacteria. This was
done by constructing defined deletion mutants lagkhe glycerol-3-phosphate dehydrogenase
GIlpD, the putative inositol transporter Lpg1653tloe putative inositol dehydrogenase 10lG and
by performing different extra- and intracellulaogith assays with these mutants. To this end, a
newly developed_egionella minimal growth medium was employed. Using the teghe of
isotopologue profiling the metabolism of glycerohsvinvestigated in detail and also compared
with the catabolism of the known carbon substrafesose and serine. The putative inositol
degradation clustdpgl1653Ipg1649of L. pneumophilavas identified by sequence homology,
and the function of Lpg1653 as inositol transpowes tested using radioactit&-inositol. The
expression ofolT and the whole inositol degradation cluster wabdaested with an unstable
GFP variant in different. pneumophiladeletion mutants. Finally, the accessibility oé thCV

for carbon substrates was investigated using adteent glucose analogue.

44



2. Materials and Methods

2. Materials and Methods

2.1 Materials
2.1.1 Laboratory Equipment
Item Model Manufacturer
Amix-Viewer softwar v 3.9.2: Bruker Biospin (Rheinstette
Autoclave Sterimaque Maquet (Rastat
Autoclave Varioklav classic H+P (Oberschleissheil

Cell homogenize¢
Benchtop centrifug
Centrifuge
Centrifuge

Centrifuge

CGO;incubato

Colony counte
Confocal microscog

Cryogenic freezer b

Culture microscop
Diaphragm vacuum pur
Electrophoresis chamb
Electroporation devic
Freez-dryer

Gas chromatograph / Ma
spectrometer

GC / MS analysis softwa

Gel imaging syster

5417R
3-30K
581(

Heraeus Megafuge 4C

Heraeus HeraCell 24

Countermat flas
TCS SPt

Mr. Frosty'™ freezing
container

Axiovert 25

Mz 2C
Mini-Subcell G
GenePulser Xce
Alpha Zz-4 LD plus

QP2010 Pl

Lab Solution Softwal

GelDoc EC

Isobiotec (Heidelber:
Eppendorf (Hamburt
Sigme-Aldrich (St. Louis
Eppendori(Hamburg

Thermo Fisher Scientifi
(Waltham)

Thermo Fisher Scientifi
(Waltham)

IUL (Barcelona

Leica (Mannheirr

Thermo Fisher Scientific
(Waltham)

Zeiss (Oberkoche
Vacuubrand (Wertheir
Bio-Rad (Munich
Bio-Rad (Munich
Christ (Osterrode

Shimadzu (Kyotc

Shimadzu (Kyotc

Bio-Rad (Munich
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Hot plate magnetic stirr
Ice machine
Incubation cabine

Incubation cabine

Incubato

Incubator

Incubator

Incubato
Incubato

Ligquid scintilation anc
luminescence counter

Microplate eade
Mixer

NMR spectromett
PCR «clet

pH meter

Pipettes

Pipettor

Power supph
Precision balanc
Precision balanc
Ribolyse
Spectrophotomete
Spectrophotomete

Suspension mixi

RCT basic
AF30
Multitron Prc

Forma Orbital Shake

BF 40(

Heraeus BR60(

Heraeus Function Lin

IPP40(
IPP500

Trilux 1450 Micro Bet:

Fluostar Optim
Vortex-Genie 2
AVANCE-II 600
T3

Level 1
Pipetmal
Pipetus
PAC100
BP61-S

PG200-S

Helios Epsilor
NanoDrop NIL-1000

CMV

IKA (Staufen
Scotsman (Vernon Hill
Infors HT (Sulzemoo:

ThermoFisher Scientific
(Waltham)

Binder (Tuttlingen

Thermo Fisher Scientifi
(Waltham)

Thermo Fisher Scientifi
(Waltham)

Memmert (Schwabac
Memmert (Schwabac

Perkin Elmer (Walthan

BMG Labtech (Ortenber
IKA (Staufen

Bruker Biospin(Rheinstetter
Biometra (Goettingel
inoLab (Weilheim

Gilson (Middleton
Hirschmann (Eberstac
Bio-Rad (Munich
Sartorius(Goettingen
Mettler-Toledo (Greifense
Hybaid (Cambridge
Thermo (Walthan
PeqgLab (Erlange

Frobel (Lindau
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Thermal mixel

UV -transilluminatol

Water batt

Thermomixer comfor

Wasserbad 10C

Eppendorf (Hamburt
Bachofer (Reutlingel

GFL (Burgwedel

Standard laboratory equipment was used in additidhe listed items.

2.1.2 Chemicals and Consumables

Item

Supplier

1 kb plus DNA adder

1.5 mL reaction tub

2-NBDG

4 mL scintillation vial:

5 mm glass tubes -50C

13 mL plastic tube

15 mL reaction tub

50 mL reaction tub

6-well plate:

24-well plate:

96-well plate:

96-well plates black, clear bottc
ACES

Acetonitrile

Activated charcoal powdt
Agat

Agarose

Amiloride hydrochloride hydra
Bacteriological eptone

Bacto proteoseeptone

Bacto yeastxtract

Life Technologies (Grand Islar
Eppendorf (Hamburt
Sigme-Aldrich (St. Louis
Perkin Elmer (Walthan

Norell (Marion

Sarstedt (Nurnbrect

Greiner (Frickenhause
Greiner (Frickenhause

TPP (Trasadinge

TPP (Trasadinge

TPP (Trasadinge

Perkin Elmer (Walthan
AppliChem (Darmstad
SigmeAldrich (St. Louis

Fluka (Buchs

BD Biosciences (Franklin Lake
Biozym (Hessisch Oldendo
Sigme-Aldrich (St. Louis

Oxoid (Wesel

BD Biosciences (Franklin Lake

BD Biosciences (Franklin Lake
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BBL yeast xtract
CaC,x 2 H,0
Cell culture flask

Celluloseacetate membrane filter disks (pt
size 0.2 um)

Cellulosenitrate membrane filter disks (pc
size 0.45 um)

Chloroquine diphosphe

Cryogenic freezig tube:

Cuvette

Cytochalasin |

D,O

D(+)-glucose ronohydrate
D(+)-glucose-6-phosphate sodium s
DMSCQC

DNA purification kit

dNTP mi>

DreamTaq green PCR masteix (2x)
EcoLume scintillation cockt

EDTA (disodium sal

EGTA

Electroporation cuvette ~ 4 mm gap
Ethano

FCS

Filtropur 0.2 um filter unit

FeNsOy X 9 H,O
Fe-pyrophosphathydrate (F40,1Ps)
Glycero

Glycine

HCI

BD Biosciences (Franklin Lake
Roth (Karlsruhe
TPP (Trasadinge

Roth (Karlsruhe)

Roth (Karlsruhe

Sigme-Aldrich (St. Louis
Thermo (Waltharn

Brand GmbH (Werthein
Sigme-Aldrich (St. Louis
Eurisc-Top (S-Aubin)

Fluka (Buchs

Sigma Aldrich (St. Louis
Merck (Darmstad
Machere-Nagel (Duerer
ThermoFisher Scientifi(Waltham
ThermoFisher Scientifi(Waltham
MP Biomedicals (Santa Ar
Sigme-Aldrich (St. Louis

Roth (Karlsruhe

Bio-Rad (Munich

Roth (Karlsruhe

Life Technologies (Grand Islar
Sarstedt (Nurnbrect
Sigmra-Aldrich (St. Louis
Sigme-Aldrich (St. Louis

Roth (Karlsruhe

MP Biomedicals (Eschwec

Roth (Karlsruhe
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HEPES

Inositol

KH,PC,
L-arginine
L-aspartat

LB agarLenno»
LB broth taseLenno»
L-cysteine
L-glutamat
L-glutamine
L-histidine
L-isoleucint
L-leucine
L-lysine
L-methionine
LoFlo
L-phenylalanin
L-proline

L-serine
L-threonin
L-tryptophan
L-tyrosine

Luer lock syringe
L-valine
Methano

MgCl, x 6 H,0
MgSC, x 7 H,0
Millex 0.2 um filters

N-methy-N-[trimethylsilyl]-trifluoroacetamid

Roth (Karlsruhe

Roth (Karlsruhe

Fluka (Buchs

Merck (Darmstadi
Sigme-Aldrich (St. Louis
Invitrogen (Carlsbar
Invitrogen (Carlsbar
Sigme-Aldrich (St. Louis
Sigme-Aldrich (St. Louis
Life Technologies (Granlsland
Roth (Karlsruhe

Merck (Darmstad

Roth (Karlsruhe
Sigme-Aldrich (St. Louis
Merck (Darmstad
ForMedium (Norfolk
Roth (Karlsruhe

Roth (Karlsruhe

Roth (Karlsruhe

Roth (Karlsruhe
Sigme-Aldrich (St. Louis
AppliChem (Darmstad
Hartenstein (Wirzbur
Roth (Karlsruhe

Roth (Karlsruhe

Roth (Karlsruhe

Merck (Darmstad
Milipore (Billerica)
Sigme-Aldrich (St. Louis
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N-[tert-butyldimethy-silyl]-N-methy-

trifluoroacetamide Sigma-Aldrich (St. Louis)

NH,CI Fluka (Buchs

NaCl Roth (Karlsruhe

Na,HPC, Fluka (Buchs

NaOF Roth (Karlsruhe

PFA SigmeAldrich (St. Louis
Poly-L-lysine Sigme-Aldrich (St. Louis

Phusion polymeras ThermoFisher Scientifi(Waltham
Rapid flow filter unit: Hartensteir(Wurzburg

Restriction enzyme Thermc Fisher Scientifi (Waltham
RPMI 1640 Life Technologies (Grand Islar
Saponil Sigma Aldrich (St. Louis
Sodiumcitrate x 2 F,0 Fluka (Buchs

Sucros Roth (Karlsruhe

T4 DNA ligase New England Biolab(lpswich]
Terl-butyl-dimethy-silylchlorid Sigme-Aldrich (St. Louis
Trimethylsilyl propanoic aci Sigme-Aldrich (St. Louis
Tryptone / peptone fromaseir Roth (Karlsruhe

[U-*¥Cg]glucost Sigme-Aldrich (St. Louis
[U-*¥C;]glycerol Sigme-Aldrich (St.Louis)
[U-*¥C;]serine Sigme-Aldrich (St. Louis
[U-YCglinositol American Radiolabeled Chemicals (St. Lo
Vectashield mounting medit Vector Laboratories (Cambridgesh
Whatman glass microfiber filt GE HealthcareLittle Chalfon)
Yeast extrat BD Biosciences (Franklin Lake

Standard laboratory materials and reagents weckinssldition to the listed items.
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2.1.3 Media and Buffers
Deionised, distilled KD was used in all recipes and protocols.

2.1.3.1Legionella pneumophila
Charcoal Yeast Extract (CYE) Agar (Feeleyet al, 1979)

Component Amount/Litre Supplier

ACES 10g AppliChem

Bacto yeast extract 10g BD Biosciences
,;\;:::;/zted charcoal powder p.a.2 Fluka

Agar 159 BD Biosciences
L-cysteine 0.4gin 10 mlj© Sigma

FeN;Og X 9 H,O 0.25gin 10 ml KD Sigma

Antibiotic

Chloramphenicol 5 mg Roth

Kanamycin 10 mg Roth

Dissolve ACES and yeast extract in 950 mOHadjust pH to 6.9 using 10 M KOH and then fill
up to 1 | with HO. Weigh out charcoal and agar into a Schott hdtileowed by the ACES/yeast
extract solution. Add a stirbar and autoclavertteglium. After sterilisation, let the solution cool
down to 50°C. Add filter-sterilized L-cysteine atiekn the Fe(Ng)s solution (10 ml each per 1 |
agar). This has to be done dropwise to prevenigitaton. Add antibiotic solutions as required.
Distribute the homogenised mixture into standartti mishes. Let the plates dry for 1 day at

room temperature. Store at 4°C in the dark.

ACES Yeast Extract (AYE) Medium (Horwitz and Maxfield, 1984)

Component Amount/Litre Supplier

ACES 10g AppliChem

Bacto yeast extract 10g BD Biosciences
L-cysteine 0.4gin10 ml Sigma

FeN;Og X 9 H,O 0.25gin 10 ml KD Sigma
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Antibiotic

Chloramphenicol

Kanamycin

5mg
50 mg

Roth
Roth

Dissolve ACES and yeast extract in 950 mOHDissolve L-cysteine and Fe(N@in 10 ml HO
each separately. Now dropwise add the cysteinetisoluvhile stirring, followed by the iron
solution. Adjust pH to 6.9 using 10 M KOH, thenl filp to 1 | with HO. If necessary add

antibiotics at the indicated concentrations. Fillee medium through a layer of 7 glass fiber

filters and repeat the procedure once. At lastilisee the medium using a 0.2 um filter cartouche

and store it at 4°C in the dark.

Chemically Defined Medium (CDM) adapted from (Ristropét al, 1981)

Component Amount/Litre Supplier
ACES 10g AppliChem
L-arginine 350 mg Merck
L-cysteine 400 mg Sigma
L-isoleucine 470 mg Merck
L-leucine 640 mg Roth
L-methionine 200 mg Merck
L-threonine 330 mg Roth
L-valine 480 mg Roth
L-serine 650 mg Roth
L-proline 115 mg Roth
L-phenylalanine 350 mg Roth
L-aspartate 510 mg Sigma
L-glutamate 600 mg Sigma
L-histidine 150 mg Roth
L-lysine 650 mg Sigma
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L-tryptophane 100 mg Sigma
L-tyrosine 400 mg AppliChem
NH,CI 315 mg Fluka

NacCl 50 mg Roth

CaCL x2 HO 25 mg Roth
KH,PO, 1180 mg Fluka
MgSQ, x 7 H,O 70 mg Merck
Fe-pyrophosphate hydrate 250 mg Sigma

Weigh out all components, except Fe-pyrophosplaatd,dissolve them in 950 ml,&. Adjust
pH to 6.5 using 10 M KOH. Now dissolve Fe-pyrophuse, fill up to 1 | with HO, filter
sterilise and store at 4°C in the dark. The medtambe stored for up to 3 weeks.

Minimal Defined Medium (MDM)

Component Amount/Litre Supplier
ACES 10g AppliChem
L-arginine 350 mg Merck
L-cysteine 400 mg Sigma
L-isoleucine 470 mg Merck
L-leucine 640 mg Roth
L-methionine 200 mg Merck
L-threonine 330 mg Roth
L-valine 480 mg Roth
L-serine 650 mg Roth
L-proline 115 mg Roth
L-phenylalanine 350 mg Roth
NH,CI 315 mg Fluka
NaCl 50 mg Roth
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CaCL x 2 H,O 25 mg Roth
KH,PO, 1180 mg Fluka
MgSQ, x 7 H,O 70 mg Merck
Fe-pyrophosphate hydrate 250 mg Sigma

Weigh out all components, except Fe-pyrophosplzatd,dissolve them in 950 ml,&. Adjust
pH to 6.5 using 10 M KOH. Now dissolve Fe-pyrophuee, fill up to 1 | with HO, filter
sterilise and store at 4°C in the dark. The medtambe stored for up to 3 weeks.

Carbon Enriched Minimal Defined Medium (CE MDM)

The recipe is identical to MDM but additionally 496(= 3.7 ml) glycerol and 1.98 g D-glucose
monohydrate are added. All components, except Fepppsphate are dissolved in 950 miCH
Adjust pH to 6.5 using 10 M KOH. Now dissolve Fergyhosphate, filter sterilise and store at
4°C in the dark. The medium can be stored for up weeks.

2.1.3.2Escherichia coli
Luria-Bertani (LB) Agar

Component Amount/Litre Supplier
LB agar Lennox 329 Invitrogen
Antibiotic

Ampicillin 100 mg Roth
Chloramphenicol 30 mg Roth
Kanamycin 30 mg Roth

Dissolve LB agar in 1 | kD, autoclave and let cool down to 50°C before pauplates. Add
antibiotics at indicated concentrations if necegdaet plates dry for 1 day and store at 4°C in the
dark.
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Luria-Bertani (LB) Medium

Component Amount/Litre Supplier

Luria Bertani broth base

20 Invitrogen
Lennox g 9

Dissolve LB broth base in 1 |0, autoclave and let cool down to 50°C. Add antibs at

indicated concentrations as for LB agar. Stor@airr temperature.

Transformation Buffer 1 (TFB1) for Chemically Competent E. coli

Component Amount/Litre Supplier
Potassium acetate 2.82 g (30 mM) Roth
KClI 7.46 g (100 mM) Roth
CaCLx2 H0 1.48 g (10 mM) Roth
MnCI 6.3 g (50 mM) Roth
Glycerol 150 ml (15%) Roth

Dissolve all components in 950 mb®l and adjust pH to 5.8 using 0.2 M acetic acid. upl to
1 | and filter sterilise the buffer. Store 40 nibalbts at -20°C.

Transformation Buffer 2 (TFB2) for Chemically Competent E. coli

Component Amount/Litre Supplier
MOPS 0.42 g (10 mMm). Roth
CaCL x2 H0 1.11 g (75 mM) Roth
KCl 0.074 g (10 mM) Roth
Glycerol 15 ml (15%) Roth

Dissolve all components in 950 mb®l and adjust pH to 6.5 using KOH. Fill up to 1 bdiiter

sterilise the buffer. Store 4 ml aliquots at -20°C.
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2.1.3.3Dictyostelium discoideum
HL5 medium (Watts and Ashworth, 1970)

Component Amount/Litre Supplier
D(+)-glucose monohydrate 119 Fluka

BBL yeast extract 59 BD Biosciences
Bacto proteose peptone 59 BD Biosciences
Bacteriological peptone 59 Oxoid

NaHPO, 0.355 g (2.5 mM) Fluka

KH,PO, 0.34 g (2.5 mM) Fluka

Weigh out all components in 950 mb®l and adjust pH to 6.5 with 1 M KOH or 1 M HCI. IFil
up to 1 |, autoclave and store at 4°C.

SorC Buffer (Malchowet al, 1972)

Component Amount/Litre Supplier
NaHPO, 0.28 g (2 mM) Fluka
KH,PO, 2.04 g (15 mM) Fluka
CaChx 2 H,0 7.35 mg (50 uM) Roth

Dissolve NaHPO, and KHPO, in 950 ml HO and adjust pH to 6.0 using 1 M KOH. Then add
CaCb x 2 K0, fill up to 1 | with HO, autoclave and store at 4°C.

Homogenisation buffer(Derre and Isberg, 2004)

Component Amount/Litre Supplier
HEPES 4.77 g (20 mM) Roth
Sucrose 85.58 g (250 mM) Roth
EGTA 0.19 g (0.5 mM) Roth

Dissolve all components in 950 mb®), adjust pH to 7.2 with 1 M HCI or 1 M NaOH, filp to
1 | with HyO, filter sterilise the buffer and store at 4°C.
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2.1.3.4Acanthamoeba castellanii
PYG Medium (Moffat and Tompkins, 1992)

Component Amount/Litre Supplier

Bacto proteose peptone 20 g BD BioSciences
BBL yeast extract 1lg BD BioSciences
MgSQO, x 7 H,O 10 ml (of a 0.4 M stock) Roth

CaChx 2 H,0 8 ml (of a 0.05 M stock) Roth

Sodium citrate x 2 kD 3.4 ml (of a 1 M stock) Roth

Fe(NHy)2 x 7 HO 20 mg Roth

NaHPO, 10 ml (of a 0.25 M stock) Roth

KH,PO, 10 ml (of a 0.25 M stock) Fluka
D(+)-glucose monohydrate 19.8¢ Fluka

Dissolve proteose peptone and yeast extract inn30B,0. Prepare and sterilise stocks of all
other components and add the indicated amountsiséthe pH to 6.5 with 1 M HCI, then add
50 ml of a 2 M glucose solution (= 19.8 g glucosenohydrate in 50 ml D). Fill up to 1 I.
Filter the medium through a layer of 7 glass fibkers and repeat the procedure once. At last,

sterilise the medium using a 0.2 um filter cartaiahd store it at 4°C.

LoFlo Medium
Component Amount/Litre Supplier
LoFlo base 16.8 g ForMedium

Dissolve LoFlo base in water, autoclave and stbre@m temperature.

Ac Buffer (Moffat and Tompkins, 1992)

Component Amount/Litre Supplier
MgSO, x 7 HO 985.9 mg (4 mM) Oxoid
CaCb 44 mg (0.4 mM) BD
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Sodium citrate x 2 fD
NaHPO, x 7 H,O
KH,PO,

NH,CI

FeSQ

999 mg (3.4 mM)
86 mg (0.05 mM)
2.5 mg (2.5 mM)

2.6 mg (0.05 mM)

7.55 mg (0.05 mM)

AppliChem
Fluka
Fluka
Fluka

Merck

Dissolve all components in 950 mb®, adjust pH to 6.5 using 1 M HCI, fill up to lautoclave

and store at 4°C.

2.1.3.5 RAW 264.7 Macrophages
Phosphate-Buffered Saline (PBS) (10 x stock solutip

Component Amount/Litre Supplier
MgSO, x 7 HO 80 ¢ AppliChenr
CaCb 29 Fluka
Sodium citrate x 2 kD 1424 Fluke
249 Fluke

NaHPO, x 7 H,O

Dissolve all components in 950 mb®l, adjust pH to 7.4 with 1 M NaOH or 1 M HCI, filp to
11, autoclave and store at room temperature.

2.1.4 Strains, Plasmids, Oligonucleotides and Antdaies

Strain Relevant properties* Reference
E. coli
TOPL( Invitroger

L. pneumophila
JR3:

GS3011 (icmT)
CMO1 ( glpD)
CMO2 ( iolT)

Virulent L. pneumophil serogroup 1 strai
Philadelphia

L. pneumophil JR32icmT301::Km

L. pneumophil JR32glpD::Km

L. pneumophil JR32Ipgl165%::Km

(Sadosk et al, 1993

(Segal and Shuman, 19
This stud:
This stud:
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CMO03 ( iolG) L. pneumophil JR32Ipg165Z:Km This stud:

AKO1 ( IgsT) L. pneumophil JR32IgsT::Km (Kessle et al, 2013
AKO2 ( IgsSs IgsT) L. pneumophil JR32IgsSIgsT::Km (Kessle et al, 2013

NTO2 ( IgsA) L. pneumophil JR32IgsA::Km (Tiaderet al, 2010

NTO3 ( IgsF) L. pneumophil JR32IgsF::Km (Tiader et al, 2007
NTO5 ( Igs9) L. pneumophil JR32IgsS:Km (Tiaderet al, 2010
LM1376 ( rpoS) L. pneumophiledJR32rpoH4::Tn903dGer (Hales and Shuman, 199

A. castellanii ATCC 3023:

D. discoideum

Ax3 (Zhot et al, 1995
RAW 264.7 Murine macrophage cell lii ATCC TIB-71
* Abbreviations: Km, kanamycin.
Plasmids Description* Reference
pCMO00: pLAW344,i0lT::Km This stud:
pCMO00< pMMB207C-gfp(ASV) This stud:
pCMO00Q7 pMMB207C-piol T-gfp(ASV) This stud:
pCMO1¢ pLAW344, glpD::Km This study
pCM02( pCR3:-M45-i0lT This stud:
pCMO021 pCR3:-M45-glpD This stud:
pCMO02z pLAW344,i0lG::Km This stud:
pCRO3! Legionelle expression vector,mob/, RBS, (Webe et al., 2006
M45-(Gly)5, Cm (=pMMB207C-RBS-M45)
pJBA13: pUC1E-luxXR-Pyy-RBS-gfp(ASV) (Andersel et al, 2001
pLAW344 oriT (RK2), oriR (ColE1),sacE, Cm, Af (Wiatel et al, 1994b
pMMB207C Legionelle expression vetor, mob/, -RBS, (Webe et al, 2006
Cm
pNTO02¢ pMMB207C,gfg (constitutive (Tiader et al, 2007
pSWO0O: pMMB207C-RBS-dsrec(constitutivedsred) (Mampe et al, 2006
pUC4K oriR (pBR322), Ap, MCS::Kr Amershar

*Abbreviations: Ap, ampicillin; Cm. chlorampheni¢cédm, kanamycin
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Oligonucleotide

Sequnce (5' - 3)*

Description

glpD-BamHl-ser-
Kompl
glpD-Sall-ani-
Kompl
glpD-LB-Xbal-ser
glpD-LB-Sall-an
glpD-RB-Sall-ser
glpD-RB-Xbal-ant
iol-66C-ser-Sec
iol-1347-ser-Se(
iol-205%-ser-Sec
iol-274<4-ser-Se(
iol-345¢-ser-Sec
iol-704z-ani-Sec
iol-6351-ani-Sec
iol-565E5-ani-Sec
iol-494z-ani-Se(
iol-424%-ani-Sec
i0lG-1400uf-ser
iolG-511-ser
iolG-451-ser
iolG-301-an
iolG-1400dowt-ant
i0lG-850by-ug
i0lG-850bf-dowr
iolG-LB-Xbal-ser
iolG-LB-Sallant

iolG-RB-Sall-ser

GGAGATGGATCCATGGATCAGGTTTTTGATC
TTGATGGTCGACTTAGTGAAATACGAGCTC
TATGCTTCTAGAAAACTGGTTTATCACCTGTATT
gﬁECTAGTCGACGCTATTGACCAGGGAACAAG
CAGCATGTCGACTTGTTGCGCCAATTCTTTTA
CAAAAA TCTAGAGAATCAGGTGGGTTGGTGT(
TACTGGGGAGTAGTTTGTGTG(
TCAGTGGTACTTTGATCGC/
CATCTCGAACAAATTATTACAGCG
GATGGACTACAAGCCTTGCC
TATGCGATTTGATTGTTGGC
GAAGTCGTAAGCAATTCGGC
CCCAATCCCTCTGCGTAC

AAAGCCCATTTGGAAGCTGT

TTTTTGTTTGGCATAGGCC

AAAATAAATTTTCGTTTTCCGTTTC
ATGAACAAGGGAATGAAC
ATATTTATGGACATGTCT
CGAATTACTTCTCGTGAT
TATCTCTTCTTCATTCAA
GTCTAACTCAAGCATATTAGA
CCGCTGGATAATGATTAA
GATTTTGCCTGTAATAGA
GGCCACTCTAGAATAATATTCAGCAGGAATTG
TTTCATGTCGACTCCATAATTAAATTAAATTTTG

Cc
AGTTGAGTCGACTATGAAACAGTTTCCCGC

glpD for
complementation
glpD for
complementation
50C bp 5'-flanking
region ofglpD
50C bp 5'-flanking
region ofglpD
50C bp 3-flanking
region ofglpD
50C bp 3-flanking
region ofglpD
seq. primer oiolT

seq. primer oiolT

seq. primer oiolT

seq. primer oiolT

seq. primer oiolT

seq. primer oiolT

seq. primer oiolT

seq. primer oiolT

seq. primer oiolT

seq. primer oiolT

seq. primer 0iolG

seq. primer 0iolG

seq. primer 0iolG

seq. primer 0iolG

seq. primer 0iolG

seq. primer 0iolG

seq. primer 0iolG
80C bp 5'-flanking
region ofiolG
80C bp 5'-flanking
region ofiolG
80C bp 3*-flanking
region ofiolG
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iolG-RB-Xbal-ant
iolT-400bg-Xbal-ant
iolT-BamHI-ser-

Kompl
iolT-Sall-an-Kompl

CGAGCATCTAGATCTCCTAATTTAACAAC 80C bp 5-flanking
region ofiolG

TCCCTTICTAGAGTAACTATCTGTCCCTAATC Por 400 bp for
pCMO007

ACAGATGGATCCATGAACAAGGGAATGAAC iolT for

complementation
TCTTTTGTCGACTTAATCCATAATTAAATTAAAT  iolT for

TTTGC complementation

iolT-LB-Xbal-ser AATATGTCTAGACAATTGTCTTTGGCAGCAGA 50C bp 5-flanking
region ofiolT

iolT-LB-Sall-ant CTGTTCGTCGACGATGTTATCACGGCCAGGT" 50C bp 5-flanking
region ofiolT

iolT-RB-Sall-ser TCGAATGTCGACAGTAGGTGCGGGAAGAATTC  50C bp 3-flanking
region ofiolT

iolT-RB-Xbal-ant TCAAGGTCTAGATATTGAGGTTTTGCGCCATC 50C bp 3-flanking
region ofiolT

* Restriction sites are underlined

Antibody Origin Label Supplier

anti-SidC rabbi none affinity-purified (Webe et al, 2006
ant-rabbit IgC  donke) DYLight65Q Abcam (Cambridge

ant-rabbit IgC  bovine Rhodamin SantsCruz (Dallas
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2.2 Methods

2.2.1Legionella pneumophila

2.2.1.1 Cultivation ofLegionella pneumophila

Bacterial strains are listed in section 2.1.4.pneumophilastrains were grown from glycerol
stocks for 2-3 days on CYE agar plates. Bacterieeveeispended from CYE agar plates to a
starting ORg of 0.1 in AYE broth using a 13 ml plastic tube ahe&n grown at 37°C on a
turning wheel. Bacteria reached infectious stateradpproximately 21-22 h at Q@ of 3.0.
Cells were checked for motility and homogeneitglodpe with an inverted light microscope (40x
objective).

For growth experiments in chemically defined medig@DM), minimal defined medium
(MDM) or carbon enriched minimal defined medium (GMM), bacteria were resuspended
from CYE agar plates to a starting gpof 0.1 in CDM and grown at 37°C on a turning whieel

a maximum Olgy of 1.0. Cultures were diluted to @fgof 0.1 in CDM, MDM or CE MDM and
further incubated for 48 h at 37°C on a turning gthe

Cultures and agar plates were supplemented witbramiphenicol (Cm, 5 pg/ml) or kanamycin
(Km, 50 pug/ml in broth or 10 pg/ml in agar plate$)yjecessary. See section 2.1.3.1 for media

recipes.

2.2.1.2Legionella pneumophileGlycerol Stocks
L. pneumophildiquid cultures were grown approximately 18 h @@, mixed 1:2 with sterile

50% glycerol in cryo tubes, frozen in liquid nitergand stored at -80°C.

2.2.1.3 Preparing Electrocompetent.egionella pneumophila

L. pneumophilawas resuspended from AYE agar plates to a staf@bgy of 0.1 in AYE
medium and grown at 37°C to prestationary growthseh 1 ml of that culture was added to
30 ml AYE in a baffled flask. The culture was grotenan ORyo between 0.3 and 0.5, cooled on
ice, then washed three times with sterile, ice-ctddo glycerol (10 ml, 2.5 ml, and 160 pl).

Aliquots of 25 pl were frozen in liquid nitrogendatored at -80°C until use.
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2.2.1.4 Transformation ofLegionella pneumophileby Electroporation

25 ul electro-competert. pneumophilgsection 2.2.1.3) were thawed on ice, mixed wib fhg

of plasmid and incubated on ice for 2 min. The éaatwere transferred into a 2 mm gap
electroporation cuvette and electroporation occlate2.5 kv, 200 and 25 pF. Bacteria were
washed out of the cuvette with 600 ul AYE, givetoia 1.5 ml reaction tube and incubated at
37°C and 800 rpm in a shaking incubator. After 6elis were plated on selective CYE agar

plates.

2.2.2Escherichia coli

2.2.2.1 Inoculation, Growth and Storage

E. coli strains were grown from glycerol stocks on LB apgkates at 37°C overnight. Liquid
cultures were made in LB liquid medium and incubade37°C on a turning wheel. Agar plates
and medium were supplemented with chlorampheni€h,( 30 pg/ml, kanamycin (Km,

30 png/ml) or ampicilin (Ap, 100 pg/ml) if require8ee section 2.1.3.2 for media recipies.

2.2.2.2 Glycerol Stocks oEscherichia coli
A mature liquid culture oE. coliwas mixed 1:2 with sterile 50% glycerol in crydés, frozen

in liquid nitrogen and stored at -80°C.

2.2.2.3 Preparation of ChemocompeteriEscherichia coli

1 ml of a late-exponential culture Bf coli strain TOP10 was added to a baffled flask conmagini
100 ml LB medium. The flask was incubated at 37A@ &80 rpm in an incubation cabinet, until
the culture reached an @9 of 0.5. Cells were cooled on ice and centrifuge@X00 x g for
10 min at 4°C. The pellet was resuspended in 4@eitold TFB1 (section 2.1.3.2) and again
centrifuged. The pellet was then resuspended ih ida¥cold TFB2 (section 2.1.3.2), aliquots of

50 ul were made, frozen in liquid nitrogen and etoat -80°C.

2.2.2.4 Transformation of Competent Cells by Heat®ck
Chemocompetertt. coli cells (section 2.2.2.3) were thawed on ice, mmth with 50-100 ng

plasmid and incubated on ice for 20 min. The bacteere then incubated at 42°C for 1 min,
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placed on ice shortly and mixed with 800 pl LB madi After incubating the cells at 37°C and

800 rpm in a shaking incubator for 1 h, bacteriaen®ated onto selective LB agar.

2.2.3Dictyostelium discoideum

2.2.3.1 Cultivation ofDictyostelium discoideum

D. discoideumwas grown axenically at 23°C in HL5 medium (sett®1.3.3). 1 x 1Dcells/ml
were seeded into 75 éntissue culture flasks containing 10 ml HL5 mediukfter 2-3 days at
23°C or when cells reached 80% confluence, cellsewsibcultured by removing the old
medium, adding 10 ml new HL5 medium and tappingtlo& cells. Cells were diluted 1:100 in

10 ml HL5, transferred to a new cell culture flasid again incubated at 23°C.

2.2.3.2 Storage obDictyostelium discoideum

D. discoideumwas grown to 80% confluence in one 75*amll culture flask. Old medium was
removed and cells were resuspended in 9 ml freemedjum consisting of 80% HL5, 10% FCS
and 10% DMSO. Aliquots of 1 ml were distributedoirdryo tubes and placed in a cryogenic
freezer box filled with isopropanol, which was meled for 1 h at 4°C. Cells were frozen
at -80°C overnight in this box and subsequentlyestan liquid nitrogen. When removing cells
from cryogenic storage, the aliquots were rapitignted and immediately transferred to 9 ml
HL5 in a 15 ml reaction tube. Cells were centrifdgace at 500 x g for 10 min and resuspended
in 10 ml HL5 to remove DMSO. The cells were transfd to a cell culture flask and incubated at
23°C.

2.2.4Acanthamoeba castellanii

2.2.4.1 Cultivation of Acanthamoeba castellanii

A. castellaniicells were cultivated in 10 ml PYG medium (sect®h.3.4) in 75 crhcell culture
flasks. When cells reached 80% confluence, celle weabcultured by removing the old medium,
adding 10 ml new PYG medium and tapping off thdscelells were diluted 1:100 in 10 ml
PYG, transferred to a new cell culture flask andigncubated at 23°C.

2.2.4.2 Storage oAcanthamoeba castellanii

A.castellaniiwas grown to 80% confluence in one 75°arell culture flask. Old medium was

removed and cells were resuspended in 9 ml freemedjum consisting of 80% PYG, 10% FCS
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and 10% DMSO. Aliquots of 1 ml were distributedoirdryo tubes and placed in a cryogenic
freezer box filled with isopropanol, which was meled for 1 h at 4°C. Cells were frozen
at -80°C overnight in this box and subsequentlyestan liquid nitrogen. When removing cells
from cryogenic storage, the aliquots were rapitiigwted and immediately transferred to 9 ml
PYG in a 15 ml reaction tube. Cells were centrifigace at 500 x g for 10 min and resuspended
in 10 ml PYG to remove DMSO. The cells were trarrsi@ to a cell culture flask and incubated
at 23°C.

2.2.5 RAW 264.7 Macrophages

2.2.5.1 Cultivation of RAW 264.7 Macrophages

Murine RAW 264.7 macrophages were grown in 10 mMRER640 medium containing 2 mM
L-glutamine and 10% heat-inactivated FCS in a 75 @ali culture flask at 37°C in a humidified
atmosphere containing 5% GQWVhen cells reached 90% confluence, old mediumream®ved,
10 ml new RPMI 1640 medium was added and cells wear®ved mechanically from the culture
flask with a cell scraper. Cells were diluted 1ia@0 ml RPMI 1640 medium, transferred to a
new cell culture flask and further incubated at@ahd 5% CQ@

2.2.5.1 Storage of RAW 264.7 Macrophages

Murine RAW 264.7 macrophages were grown to 90% loente in one 75 chcell culture
flask. Old medium was removed and cells were resmudpd in 9 ml freezing medium consisting
of 70% RPMI 1640, 20% FCS and 10% DMSO. Aliquotd ofil were distributed into cryo tubes
and placed in a cryogenic freezer box filled wislogropanol, which was precooled for 1 h at
4°C. Cells were frozen at -80°C overnight in thisx land subsequently stored in liquid nitrogen.
When removing cells from cryogenic storage, thgqualts were rapidly thawed and immediately
transferred to 9 ml RPMI 1640 medium in a 15 mktem tube. Cells were centrifuged once at
500 x g for 10 min and resuspended in 10 ml RPMIOLéedium to remove DMSO. The cells
were transferred to a cell culture flask and intebaat 37°C in a humidified atmosphere
containing 5% CQ
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2.2.6 Construction of Vectors for Allelic Exchange Gene Expression and GFP-Reporter
Assays

Standard protocols were used for cloning regar@6&, restriction digest and ligation. Plasmids
were isolated using kits from Macherey-Nagel. AR fragments and plasmids were sequenced
(GATC, Konstanz). Primer and plasmids are listedgdation 2.1.4.

The allelic exchange vectors pCM003, pCM018 and pZ2iwere constructed in a four-way
ligation using 0.5-0.8 kB of 5’ and 0.5-0.8 kB df feanking regions ofiolT (pCMO003),glpD
(pPCMO018) andolG (pCMO022), respectively, and a Km resistance cts$eim vector pUC4K.
For flanking regions oiolT, primer pairdolT-LB-Xbal-sen,iolT-LB-Sall-ant andolT-RB-Sall-
sen andolT-RB-Xbal-ant were used. For flanking regionsgtfD, primer pairsglpD-LB-Xbal-
sen,glpD-LB-Sall-ant andylpD-RB-Sall-sen glpD-RB-Xbal-ant were used. For flanking regions
of i0lG, primer pairdolG-LB-Xbal-sen,iolG-LB-Sall-ant andolG-RB-Sall-senjolG-RB-Xbal-
ant were used. Amplified PCR products of thesekilagn regions were digested using the
restriction enzymes Sall and Xbal. Plasmid pUC4ks wlggested with Sall yielding a 1.4 kB
fragment containing the Km resistance cassettesnitth pLAW344 was digested using the
restriction enzyme Xbal. Corresponding flankingioeg and the Km resistance cassette were
cloned into vector pLAW344 in a four-way ligationdatransformed int&. coli TOP10. Cells
were plated on LB agar containing Km to selectthe Km resistance cassette. Plasmids were
reisolated from single colonies, analysed by retstm digestion and sequenced.

Vectors pCM020 and pCM021 for complementation ef ttutant strainsiolT and glpD were
constructed using primer pairsIT-BamHI-sen-Kompl,iolT-Sall-ant-Kompl orglpD-BamHI-
sen-Kompl,glpD-Sall-ant-Kompl, respectively. PCR products wergedied using BamHI and
Sall, cloned into pCR033 and transformed iitocoli TOP10. Cells were plated on LB agar
plates containing Cm, plasmids were reisolated fsingle colonies, analysed by restriction
digestion and sequenced.

For the construction of plasmid pCM004, an instdblken of GFP, GFP(ASV), was used. For
that, plasmid pJBA132 was digested using Xbal amadH, yielding a 0.75 kB fragment
containinggfp(ASV). This was cloned into plasmid pMMB207C andnsformed intcE. coli
TOP10. Cells were plated on LB agar plates contgi@m, plasmids were reisolated from single
colonies, analysed by restriction digestion andusaqged. The 400 bp promotor regioni@ifl
was amplified using primeaolT-400bp-Sacl-sen andlT-400bp-Xbal-ant. The PCR product and
plasmid pCM004 were digested using Sacl and Xigdtdd and transformed inE coli TOP10.

66



2. Materials and Methods

Cells were plated on LB agar plates containing @aasmids were reisolated from single

colonies, analysed by restriction digestion anduisaged.

2.2.7 Construction of Chromosomal Deletion Mutant 8ains CM01, CM02 and CM03

Allelic exchange by double homologous recombinatising counter-selection on sucrose was
performed as described (Wiatetr al, 1994a; Tiaderet al, 2007). To construct mutants CM01
( glpD), CM02 ( iolT) and CMO3 (iolG), L. pneumophilaJR32 was transformed with
pCMO018, pCMO003 or pCMO022, respectively. Cells wptated on CYE plates containing Km
and incubated for 5 days at 30°C. Kaolonies were selected and grown overnight in A&h
containing Km (50 pg/ml). Cells were spotted on CMEtes with Km (10 pg/ml), CYE plates
with Km (10 pg/ml) and 2% sucrose and CYE plateshv@m (5 pg/ml) and grown at 30°C to
select for CiYKm™/Su€ colonies. Double-cross-over events and thus deletiutants were

confirmed by PCR and sequenced.

2.2.8 Extracellular Growth Assays

To investigate the influence of different carbonures on extracellular growing bacteria,
L. pneumophilawild-type and mutants glpD, iolT or iolG were resuspended from CYE agar
plates. Overnight cultures were inoculated withtaatsig ODyoo of 0.1 in CDM and grown at
37°C to an Olgy of maximum 1.0. Cultures were then diluted tog@> 0.1 in CDM or MDM.
Glycerol or inositol at specific concentrations e@dded and cultures were further incubated for
48 h at 37°C. The optical density was assessedfiaed intervals.

2.2.9 Intracellular Replication of Legionella pneumophila

Intracellular replication of.. pneumophilavas assessed using fluorescence-based single round
assays and by determining the cfu. For single rassdys a previously published protocol was
used (Harrisoret al, 2013). In brief:A. castellaniiwere grown in PYG medium and seeded out
in 96-well plates such that 4 x “1@ells were present in each well. Plates were inmuba
overnight at 23°C to allow replication and resulteda cell number of 8 x f0cells per well.

PYG medium was then exchanged with LoFlo medilumpneumophilastrains harbouring
plasmid pNT28 and constantly expressing GFP wesespgended from AYE plates to a starting
ODggo of 0.1 in AYE/Cm (5pg/ml) and grown overnight at°8 to an Olgy of 3. Bacteria were

diluted in LoFlo medium (ForMedium), and amoeba evenfected withL. pneumophila
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(MOI 20). Infections were synchronised by centrdtign at 500 x g for 10 min. Glycerol,
inositol or serine were added 4 h post infectioncéstain wells, and infected amoeba were
incubated at 30°C. GFP fluorescence was measured plate spectrophotometer at specific
intervals.

Murine RAW 264.7 macrophages were grown in RPMI imadcontaining 5% FCS at 37°C/5%
CO.. Infections were performed as described for assails A. castellanij but bacteria were
diluted in RPMI medium prior to infection, and @atwere incubated at 37°C/5% £@s the
culture media used for these assays do not sugpmsith of L. pneumophilaGFP fluorescence
did only reflect intracellular replication.

Intracellular growth ofL. pneumophilavas also assessed by determining the cfu. Spaltyfic
A. castellanii or RAW 264.7 macrophages were suspended in PYGRBMI medium,
respectively. 2 x 1Dcells per well were seeded into 96-well plates amlibated at 23°C
(A. castellanij or 37°C and 5% CO(RAW 264.7 macrophages) overnight, such that 4% 1
cells per well were present the next day. PYG madias exchanged with AC buffer and RPMI
medium was exchanged with fresh RPMI 1640 mediurallsCwere then infected with
L. pneumophila(MOI 0.1) and infection was synchronized by cdagation at 500 x g for
10 min. Cells were further incubated for 1 h, tivesshed with AC buffer or RPMI medium.
Glyceroal, inositol or serine was added 4 h postatibn to certain wells. For complementation of
the glpD phenotype, mutant glpD harbouring plasmid pCM021 was grown overnight with
1 mM IPTG to induce expression glipD. Infection and further treatment followed as dissxt
above. After 48 h (RAW 264.7 macrophages) or 72A.Icéstellani), cells were lysed with 0.8%

saponin and appropriate dilutions were plated o @Yar plates to determine the cfu.

2.2.10 Intracellular Growth of Legionella pneumophilan Coinfection Assays

L. pneumophilawild-type and mutant strains to be tested werasgsnded from CYE plates in

AYE broth to a starting O§3p of 0.1 and incubated at 37°C untill the cultureached an O

of 3. Prior to infectiorA. castellaniicells were seeded in a 96-well plate in AC buféerch that

each well contained 5 x i@ells. The plate was incubated for at least 1 B0&€.A. castellanii

was then infected at a 1:1 ratio withpneumophilawvild-type and mutant strainglpD, iolT or
I0lG respectively (MOI 0.01 each). Infection was symcised by centrifugation at 500 x g for

10 min, and the plate was incubated at 37°C for AGbuffer was changed and the plate further

incubated at 37°C for three days. After three degsh amoeba were seeded into a new 96-well
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plate (5 x 16 cells per well) and incubated at 30°C for 1 h. Snptant from the old 96-well
plate was harvested and remaining cells in theswedire lysed with 0.8% saponin. Supernatant
and lysate was combined, diluted 1:1000 and usexdféot the fresh amoeba (50 pl per 200 pl
amoeba culture). Aliquots of combined supernataudt Igsate were plated on CYE agar plates
and plates containing Km in parallel to determifie @and to distinguish between wild-type and
Km-resistant mutant bacteria. The freshly infecB&dwell plate was further incubated at 37°C
for another three days, then lysis and reinfecti@s repeated. Five rounds of infection were

performed in total.

2.2.11 Isotopologue Profiling of Extracellularly Giowing Legionella pneumophila

L. pneumophilawild-type or mutant glpD were resuspended from CYE agar plates, diluted in
CDM to a starting Okyo of 0.1 and grown overnight at 37°C such that thigcal density was not
higher than 1.0 the next day. Bacteria were théuedl to an Olgy of 0.1 in 100 ml MDM
containing 50 mM [U**C;]glycerol and incubated in an incubation cabineBZtC and 180 rpm
for 48 h. An aliquot was then plated on CYE agaatgd and cells were harvested by
centrifugation at 3500 x g and 4°C for 15 min. Thsulting cell pellet was washed twice with
50 ml ice-cold AC buffer and once with 1 ml ice@ohC-buffer, autoclaved at 120°C for
20 min, freeze-dried and then stored at -20°C amidlysis.

For time course experiments with different carbaoibssratesl. pneumophilawild-type was
grown overnight in CDM with a starting QByof 0.1. The bacteria were then diluted to a stgrtin
ODggo of 0.1 in CE MDM that contained either 50 mM {€Gs]glycerol, 11 mM [U*3Cg]glucose

or 6 mM [U-*Cg]serine as labelled precursor and then cultivateghiincubation cabinet at 37°C
and 180 rpm. After 12, 24, 36 and 48 h, 30 ml sasiphere taken, optical density was
determined at 600 nm and an aliquot was plated ¥iE @gar plates. Samples were then

centrifuged, washed, autoclaved, freeze-dried &oreéd as described above.

2.2.12 Isotopologue Profiling of Legionella pneumophila Growing in Acanthamoeba
castellanii

For every bacterial strain to be testéd castellaniiwas grown in PYG medium in eight 75 tm
cell culture flasks to 80% confluence (~2 x’ X&lls per flask)L. pneumophilawild-type or
mutant glpD were grown in AYE to infectious staté. castellaniiwas then infected at an

MOI 50 with either wild-type or glpD, and infection was synchronised by centrifugatiorihef
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cell culture flasks at 500 x g for 10 min. Flasksrevincubated at 37°C for 1 h, then cells were
washed once with 10 ml pre-warmed AC buffer to reenextracellular bacteria, overlaid with
10 ml fresh AC buffer and further incubated at 378D mM [U**Cs]glycerol, 11 mM
[U-*Cg]glucose or 6 mM [UXCs]serine was added to the flasks 5 h post infectioh cells were
further incubated at 37°C for another 10 h.

Cells were then released from the flasks usindlasceper, transferred to 50 ml reaction tubes,
frozen at -80°C for 30 min and then thawed to rdemperature to lyse the host cells. To harvest
the eukaryotic fraction F1, the suspension wasrifegéd at 200 x g and 4°C for 10 min. The
supernatant was transferred to new 50 ml reactibest and the pellet, representing F1, was
washed twice with 50 ml and once with 1 ml ice-cAld buffer. The supernatant harvested after
the first centrifugation was then centrifuged ad@%x g and 4°C for 15 min. The emerging cell
pellet contained.. pneumophilabacteria and represented fraction 2 (F2). The reapent was
again harvested and transferred to new 50 ml @attibes. The cell pellet of F2 was washed
twice with 50 ml and once with 1 ml ice-cold AC trf Supernatant of F2 was filtered through
0.22 um pore filters to remove remaining bactemased with TCA to a final concentration of
10% and then incubated on ice for 1 h. The suspengas then centrifuged at 4600 x g and 4°C
for 30 min. The supernatant was taken off, and rémilting pellet (F3) contained cytosolic
proteins ofA. castellanii Pellets of F1, F2 and F3 were autoclaved at 126f@0 min, freeze-
dried and stored at -20°C until analysis. Sampfdsloand F2 were subjected to microscopy and

aliquots were plated on CYE agar plates.

2.2.13 Sample Preparation of Protein-Derived Amind\cids, DAP and PHB for GC/MS

Sample preparations and GC/MS measurements foopsloigue profiling (sections 2.2.13-
2.2.16) were performed by Ina Hauslein in the labmy of Prof. Dr. Wolfgang Eisenreich (TU
Minchen) and evaluated by Christian Manske andH&aslein at the Max von Pettenkofer-
Institute (LMU Minchen).

1 mg of bacterial cell pellet (section 2.2.11) omg of the fractions F1 and F2 (section 2.2.12)
were resuspended in 0.5 ml 6 M hydrochloric acid imcubated at 105°C for 24 h. The samples
were dried under a stream of nitrogen and the wesigellet was dissolved in 200 ul acetic acid.
A cation exchange column of Dowex 50Wx8 (H+ for@02400 mesh, 5 x 10 mm) was washed
with 1 ml methanol and 1 ml ultrapure water andhtbsed to purify the samples. To this end, the

column was developed with 2 ml distilled water,utéag in eluate 1, and then with 1 ml 4 M
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ammonium hydroxide, resulting in eluate 2. The &sawere then dried under a stream of
nitrogen at 70°C.

Eluate 1 was dissolved in 100 pl N-methyl-N-(trimgsilyl)-trifluoroacetamide and incubated at
40°C and 110 rpm in a shaking incubator for 30 niinis procedure resulted in trimethylsilyl
(TMS) derivatives of 3-hydroxybutyric acid derivédm polyhydroxybutyrate (PHB) that were
used for GC/MS analysis.

The dried residual sample of eluate 2 was dissoinesD pil dry acetonitrile and 50 pl N-(tert-
butyldimethyl-silyl)-N-methyl-trifluoroacetamide otaining 1% tert-butyl-dimethyl-silylchlorid
and incubated at 70°C for 30 min. The resulting tomix of tert-butyl-dimethylsilyl derivates
(TBDMS) of amino acids and DAP was used for furtt@C/MS analysis. Due to acid
degradation, the amino acids tryptophan and cysteould not be detected with this method.
Furthermore, the hydrolysis condition led to thenearsion of glutamine and asparagine to

glutamate and aspartate.

2.2.14 Sample Preparation of Methanol-Soluble Metallites for GC/MS

5 mg freeze-dried bacterial pellet (section 2.2\a&¥ resuspended in 1 ml cold methanol, and
0.8 g of 0.25-0.5 mm glass beeds were added. The were lysed mechanically using a
ribolyser. The lysate was centrifuged at 2300 »rgl0 min, and the supernatant was transferred
to a new reaction tube and then dried under amtianitrogen. The residual sample was then
dissolved in 50 pul dry acetonitriie and 50 pl NrAdeutyldimethyl-silyl)-N-methyl-
trifluoroacetamide containing 1% tert-butyl-dimetisytylchlorid and kept at 70°C for 30 min.
This procedure resulted in a mixture of tert-budiyhethylsilyl (TBDMS) derivatives of polar

metabolites and fatty acids that were subject€d@dMS analysis.

2.2.15 Sample Preparation of Mannose for GC/MS

5 mg freeze-dried bacterial pellet (section 2.24r1) mg of fraction F1 or fraction F2 (section
2.2.12) were dissolved in 0.5 ml 3 M methanolic Hi@ld incubated at 80°C overnight. The
solution was cooled to room temperature; the sigtanm was transferred to a new reaction tube
and then dried under a stream of nitrogen. Theluesisample was then dissolved in a mixture of
1 ml acetone and 20 pl concentratess8, and incubated at room temperature for 1 h. Theth 2 m
saturated NacCl solution and 2 ml saturatedQ@ were added and the mixture was extracted

two times with 3 ml ethyl acetate. The organic @sasere harvested and dried under a stream of
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nitrogen. The residue was dissolved in a mixturel@® pl ethyl acetate and 100 pl acetic
anhydride and incubated overnight at 60°C. The $am@s again dried under a stream of
nitrogen and finally dissolved in 100 ul anhydroeihyl acetate. The resulting mixture of

diisopropylidene/acetate derivatives was usedudhér GC/MS analysis

2.2.16 Gas Chromatography/Mass Spectrometry and Isgpologue Analysis

Samples from sections 2.2.13-2.2.15 were analyzaedS8/MS using a QP2010 Plus gas
chromatograph/mass spectrometer equipped withra Bihg and 0.25 mm wide silica capillary
column with 0.25 pm film thickness and a quadrupdétector working with 70 eV electron
impact ionization. 0.1 to 6 pl of sample was ingectin 1:5 split mode with an helium inlet
pressure of 70 kPa , an interface temperature @fQ@&nd a sampling rate of 0.5 s. All samples
were measured three times (technical replicates).

To analyse amino acids (section 2.2.13) the sdadamn was held at 150°C for 3 min and then
developed with an upward gradient of 7°C/min taralftemperature of 280°C that again was
held for 3 min. The following amino acids with cesponding retention times in brackets were
detected and isotopologue calculations were peddrwith m/z [M-57] or m/z [M-85]: alanine
(6.7 min), glycine (7.0 min), valine (8.5 min), @oe (9.1 min), isoleucine (9.5 min), proline
(10.1 min), serine (13.2 min), phenylalanine (1#ik), aspartate (15.4 min), glutamate
(16.8 min), lysine (18.1 min), histidine (20.4 mam)d tyrosine (21.0 min).

To detect diaminopimelic acid (DAP) (section 2.2.1% column was held at 280°C for 3 min
and then with an upward temperature gradient o€aifn to a final temperature of 300°C that
was again held for 3 min. The TBDMS-derivative oAP was detected at a retention time of
6.2 min and isotopologue calculations were perfarmigh m/z [M-577.

To analyse 3-hydroxybutyric acid derived from paglgtoxybutyrate (PHB) (section 2.2.13), the
column was held at 70°C for 3 min and then devealopith a first upward temperature gradient
of 10°C/min to a nal temperature of 150°C and eftards with a second upward temperature
gradient of 50°C min to a nal temperature of 280°C that was held fom&. The TMS-
derivative of 3-hydroxybutyric acid, was detect¢a@ aetention time of 9.1 min, and isotopologue
calculations were performed with m/z [M-15]

For the analysis of methanol-soluble metabolitest(sn 2.2.14) the column was heated at 100°C
for 2 min and then developed with a first upwarthperature gradient of 3°C/min to a nal

temperature of 234°C, a second upward temperatac@amt of 1°C/min to a nal temperature of
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237°C, and a third upward temperature gradient°@/r@in to a nal temperature of 260°C.
TBDMS-derivatives of lactate with retention times brackets were detected and isotopologue
calculations were performed with m/z [M-57]lactate (17.8 min), 3-hydroxybutyric acid
(21.6 min), succinic acid (27.5 min), fumaric a¢8.7 min), malic acid (39.1 min), palmitic acid
(44.0 min), stearic acid (49.4 min) and citric a(58.25 min).

For diisopropylidene/acetate derivatives of sugaection 2.2.15) the column was heated at
150°C for 3 min and then developed with a first pemature gradient of 10°C/min to a final
temperature of 220°C, and with a second tempergadient of 50°C/mito a final temperature
of 280°C that was held for 3 min. Isotopologue gkittons were performed with m/z 287
[M-15]", a fragment which still contained all C-atoms afrmose.

Data was collected and analysed using LabSolutioftware. The analysis involved the
determination of unlabeled derivatized metabolitktermination of isotopologue distributions
of labelled metabolites and correction*8E-incorporation with regard to the natural abun@snc
of 13C-isotopes in the derivatized metabolites. Retentiimes and mass fragments of derivatized
metabolites that were used for all isotopologuewdations are documented in Supplementary
Table 5.1.

With the isotopologue profiling method it is podsilio reconstruct the reaction pathways of
certain substrates, as different metabolic pathwéigs lead to the same intermediates of central
metabolism, e.g. pyruvate, acetyl-CoA, glyceraldkh@-phosphate and so on. Metabolic
intermediates, derived from fully**C-labelled substrates have definddC-patterns or
isotopologue profiles depending on the metabolitwpay they are derived from. Pyruvate for
example, a compound with three carbon atoms, caa bae, two or threE'C-labelled C-atoms.
The mass of pyruvate would change with edd®-atom making it heavier than unlabeled
pyruvate. The method of MS does not allow detemgnihe exact position of these labelled
C-atoms but can draw conclusions regarding the rurnob labelled C-atoms in a compound
depending on the mass of the compound. Pyruvatextample could have a mass with one, two
or three more nucleons depending on the numbet®®flabelled atoms, which would be
annotated M+1, M+2 or M+3 in the isotopologue geofiFrom the percentage of these mass

fragments the overall enrichment in a compoundbEaastimated.
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2.2.17 Radioactive Labelling ot_egionella pneumophila

L. pneumophilaJR32, iolT or iolG were grown in AYE broth to an Qg of 2.8. For
complementation of iolT the mutant was grown in AYE broth with 1 mM IPTG allow
expression ofolT. The cultures were then supplemented with 10 mdsitol that was spiked
with 1% of a 1:10 dilution [U“Cglinositol (specific activity of 300 mCi/mmol). Theells were
then further incubated at 37°C with gentle shakarg] 200 pl samples were taken after O, 10, 20,
30, 60 and 90 minutes. The samples were filtereslitih cellulose acetate (CA) filter disks (pore
size 0.25 um), and filters were washed three timés PBS. Filter-associated radioactivity was
determined in a liquid scintillation counter witled_ume scintillation cocktail.

In another experimental setup, pneumophilaJR32 and rpoS were grown in AYE broth.
200 pl samples were taken at §gof 0.5, 1.0, 2.0 and 3.0. Cells were then incutbhatéh

10 mM inositol spiked with 1% of a 1:10 dilution [&J-*CgJinositol for 30 min and then filtered,
washed and measured as described above.

For determining protein-associated radioactivity,pneumophilaJR32, iolT or iolG were
grown in AYE broth to an OF of 2.0. Cultures were then supplemented with 10 mdéitol
spiked with 1% of a 1:10 dilution of [&fCginositol and further incubated at 37°C with gentle
shaking. 200 pl samples were taken after 0, 2, 4né 8 hours, mixed with 1 ml 50%
trichloroacetic acid and incubated on ice for 1Samples were then filtered through cellulose
nitrate filter disks (pore size: 0.45 um) and fétevere washed three times with PBS. Filter-
associated radioactivity was determined in a liq@icntillation counter with EcoLume

scintillation cocktail.

2.2.18 GFP Reporter Experiments

L. pneumophilaJR32, rpoS or Igs mutant strains, harbouring plasmid pCMO007 werenmgro
overnight in AYE/Cm broth to an Qf of 1.5-2.0. Bacteria were then diluted in AYE/Conain
initial ODggp Of 0.1 in a black 96-well clear bottom plate, &@JdmM inositol or 6 mM serine was
added to assigned wells. The plate was then inedbet a shaking incubator at 37°C and
600 rpm for 24 h. Every hour the optical densithdaFP fluorescence was measured using a

microtitre plate reader.
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2.2.19 Uptake of 2-NBDG and (Immuno-) Fluorescendexperiments
2.5 x 106 cells of D. discoideunin 0.5 ml HL5 medium were seeded onto poly-L-lgsioated
sterile coverslips in a 24-well plate and incubateernight at 23°C, such that around 5 X 10
cells were present on each coverslip. Cells weexiad withL. pneumophilawild-type, iolT,
iolG or icmT harbouring plasmid pSWO001 (constitutidsRedexpression) at a MOI of 10.
Infection was synchronized by centrifugation at %0 for 10 min. Cells were incubated for 1 h
at 25°C, then supernatant was taken off and 0.SonC Q. discoideum per well was added.
After that, 20 uM 2-Deoxy-2[(7-nitro-2,1,3-benzoxazbl-4-yl)amino]-D-glucose (2-NBDG), a
fluorescent glucose analog, was added and cells fuether incubated at 25°C for 30 min. The
cells were washed with SorC or PBS, and cover slipse then mounted on glass slides using
Vectashield supplemented with 1 pg/ml DAPI to staMA. The samples were analyzed using a
Leica TCS SP5 confocal microscope (HCX PLAPO C$ealve 63x/1.4-0.60 oil).
When homogenisation of infected cells was necesgarymmuno-fluorescence microscopy,
cells were treated as follws: 8.5 x°ID. discoideuncells per well were seeded in a 6-well plate,
grown overnight and infected with the desired stetian MOI of 25. For each strain, three wells
were used. Infection was performed at 25°C for Xhlen cells were washed with SorC and
20 uM 2-NBDG was added. Cells were further incuthdte 30 min at 25°C, washed with SorC,
suspended in homogenisation buffer (section 2.1ah8 lysed by nine passages through a cell
homogeniser using an exclusion size of 8 um. Tieip was performed on ice. The homogenate
was then centrifuged onto poly-L-lysine coated calgps, followed by an antibody stain against
SidC. To this end, coverslips were incubated wltdtking solution (5% calf serum in SorC) for
1 h and then incubated with 30 pl of an antibodwirgt SidC (diluted 1:100 in blocking
solution) for 1 h at room temperature. Cover sigse washed three times with SorC, and then
30 pul of appropriate secondary antibodies coupddyl ight650 or Rhodamine (diluted 1:200 in
blocking solution) were added and incubated forn@@ with the samples. Cover slips were

washed with SorC and then mounted onto glass dlisieg Vectashield.
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3. Results

3.1 Designing a New Chemically Definebdegionella Growth Medium

One goal of this thesis was the examination of itnobsand glycerol as carbon sources for
L. pneumophileby applying different growth assays and isotopo®grofiling. For this purpose

a new Legionella growth medium was developed based on a chemia®lined medium
(Ristroph et al, 1981) with minor adjustments (Eyleet al, 2010) (see section 2.1.3.1 for
composition). The aim was to reduce the availablea acids to an extent that growth was still
feasible butde novaosynthesis of several amino acids by the bacteoialdvbe necessary to allow
protein synthesis. The growth bf pneumophiladepends on certain essential amino acids like
arginine, cysteine, isoleucine, leucine, methionthesonine and valine, while serine is believed
to be the major carbon substrate fopneumophilaluring extracellular growth (Tesh and Miller,
1981; Eylertet al, 2010). This is in line with our findings, showinigat a medium that only
contained these essential amino acids or chemidalipyed medium (CDM) without serine did
not sustain growth df. pneumophilaand the bacteria did not replicate within thersewf 48 h
(Figure 3.1 A). Interestingly, the addition of serito the essential amino acid medium did also
not restore growth, showing that even if serinthé&smajor carbon substratelafpneumophilait

is not sufficient as a sole source of carbon aret@n(Figure 3.1 A). Subsequently, single non-
essential amino acids were depleted from the medindh it was observed that leaving out
histidine, lysine, proline, tryptophan or aspartdi¢ not alter growth compared to CDM after
48 h (Figure 3.1. B). Furthermore, in media with@spartate and histidine or aspartate and
tryptophan the bacteria did reach optical densit@m®parable to growth in CDM, but depletion
of lysine or proline in addition to aspartate sfgaintly reduced growth (Figure 3.1 B). As a next
step, a medium was used that lacked all amino aeileh had no significant growth altering
effect in the previous experiments, namely hisediaspartate, tryptophan, lysine and glutamate.
This medium (DM) did not allow the bacteria to reaptical densities as high as in CDM after
72 h of growth (Figure 3.1 C), but it still alloweeplication efficient enough for the bacteria to
produce the brown pigment and apparently reactirémsmissive state as judged by shape and

motility of the cells (data not shown).
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Figure 3.1: Designing a new.egionellagrowth medium. L. pneumophilawild-type was grown, in all experiments,
at 37°C with a starting Ofg, of 0.1. Growth in CDM, CDM without serine, a meatiwnly containing essential
amino acids (Ess) or additional serine (Ess + ®@g assessed after 484)(Defined media lacking single amino
acids or pairs of amino acids were compared, aedoftical density was measured after 48 h of gro{@h
Comparison of optical densities after 72 h of gtowt CDM and defined medium (DM) lacking His, Lyssp, Trp
and Glu C). Growth curve comparison &f pneumophilavild-type grown in DM and DM lacking Tyr, Phe oh®
and Tyr D). Amino acids are shown in three letter code (&athfrom Hauslein, Mansket al,, 2015).

Finally, the impact of aromatic amino acids lonpneumophilagrowth was assessed. A medium
without tyrosine supported growth comparable towghoin DM over the course of 72 h.
Depletion of phenylalanine and phenylalanine amdsiyie on the other side significantly reduced
growth (Figure 3.1 D). Phenylalanine seems to beemmportant forL. pneumophilathan
tyrosine, as this amino acid can also be diregthttesized from phenylalanine in the reaction
catalyzed by phenylalanine hydroxylagehtA. This is why the final new defined medium
contained phenylalanine, but not tyrosine. Salt position and iron concentration was not
altered compared to CDM, but the new medium wadetlegh of aspartate, glutamate, histidine,
lysine, tryptophan and tyrosine in the end. Thisv needium was named minimal defined

medium (MDM) (for composition see section 2.1.3.1).
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3.2 Analysis of the Glycerol Metabolism of.egionella pneumophila

3.2.1 Glycerol Promotes Intracellular Growth ofLegionella pneumophila

Early studies using radiolabeled glycerol and b@tgrown in defined medium suggested that
glycerol might be metabolized bi. pneumophila(Tesh et al, 1983). Furthermore, the
transcriptome ot.. pneumophilagrowing inside human macrophages showed that theession

of glycerol kinaselpgl1414 and glycerol-3-phosphate dehydrogenagp¥) was 2- or almost
4-fold upregulated compared to bacteria growingrioth, indicating that glycerol might play a
role during intracellular growth df. pneumophilgFaucheret al, 2011).

Figure 3.2: Glycerol has no influence on extracellarly growing L. pneumophila Extracellular growth of
L. pneumophilawild-type (WT) and glpD in CDM (A) or MDM (B) with and without 50 mM glycerol. Bacteria
were diluted to a starting QR of 0.1, glycerol was added at the beginning ofd@kperiment and optical density at
600 nm was determined at the time points indica@@phs are representatives of three independemariexents.
Shown are mean and SD of triplicates (adapted fidnslein, Mansket al., 2015).
Using defined media, glycerol had no influence atrazellularly growingLegionella (Figure
3.2). The addition of 50 mM glycerol o pneumophilawild-type or glpD growing in CDM
(Figure 3.2 A) or MDM (Figure 3.2 B) did not lead &ltered growth compared to untreated
bacteria. In AYE broth, growth of wild-type and rant glpD was indistinguishable (data not
shown), but the mutant did grow slower in MDM andhibited a longer lag phase than the wild-
type although it did reach optical densities corapke to wild-type bacteria after 48 h of growth
(Figure 3.2 B). As for wild-type, the addition 00 5nM glycerol did not influence growth of
glpD.
The impact of glycerol on intracellularly growingj. pneumophilawas assessed using
fluorescence-based assays, colony-forming unitg) @hd coinfection experiments (see sections
2.2.9 and 2.2.10). The glycerol-3-phosphate delgesirase GlpD is not essential for successful
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replication of L. pneumophila,as the mutant strain glpD did grow like wild-type in all
intracellular replication assays (Figure 3.3 A-G)hen glycerol was added to infected
macrophages 4 h post infection, higher cell numienre obtained for wild-typk. pneumophila

in stationary growth phase indicated by higher fisoence levels (Figure 3.3 A) and a greater
number of cfu after 48 h of intracellular growthdie 3.3 B).

Figure 3.3: Glycerol promotes intracellular growth of L. pneumophila Murine macrophages were infected
(MOI 20) with L. pneumophilawild-type (WT) or glpD harboring plasmid pNT28 (constitutive GFP expraspi
50 mM glycerol was added 4 h post infection andicapion was determined by fluorescen®d.(For cfu-assays,
murine macrophages were infected (MOI 0.1) withpneumophilawild-type (WT), glpD or glpD harbouring
plasmid pCM021 (expression gfpD). 50 mM glycerol was added 4 h post infection)scelere lysed 48 h post
infection and cfu were determined (1 way ANOVA testh Dunett's multiple comparison test: p* < 0.@B8**

< 0.0001) B). A. castellaniiwas infected (MOI 20) witi.. pneumophilawild-type (WT) or glpD harbouring
pNT28. Glycerol was added 4 h post infection arglication was determined by fluorescen€.(For coinfection
assaysA. castellaniiwere infected with.. pneumophilawild-type (WT) and glpD at a 1:1 ratio (MOI 0.01 each).
Cells were lysed three days post infection and dsectwere used to infect fresh amoeba. Cell numbene
determined by cful}). Data in A)-(D) are representatives of three independent expatetm&lean and SD of
triplicates are shown (adapted from Hauslein, Mamslal., 2015).

When comparing the intracellular growth curves dtiwype bacteria with and without glycerol,
it was evident that the addition of glycerol did tead to faster intracellular growth, as the lsvel
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of fluorescence were comparable with and withoytejlol (Figure 3.3 A). However, it rather
seemed that glycerol might be used in later stafjestracellular growth, as fluorescence and
therefore the number of intracellular bacteria éased in the late exponential growth phase
leading to higher cell numbers in the stationargwgh phase (Figure 3.3 A). This positive
growth effect of glycerol was dependent on GlpDtagas not observed in theglpD mutant and
the phenotype could be complemented by providilgP on a plasmid (Figure 3.3 B). The
influence of glycerol on intracellular growing pneumophilawas also analyzed in infected
A. castellanii Previous studies of thé. pneumophilatranscriptome during intracellular
replication inA. castellaniishowed the upregulation gfpD andlpg1414in a similar way than
during growth in macrophages (Briggemaan al, 2006), although not as pronounced.
Nevertheless, addition of 50 mM glycerol to infectamoeba 4 h post infection promoted growth
of L. pneumophiladependent oglpD (Figure 3.3 C). These results indicate that glgichas a
growth stimulating effect oh. pneumophilagrowing in different host cells. Lastly, coinfemts

of A. castellaniiwith wild-type and mutant glpD showed that the mutant had a replication
disadvantage compared to wild-type bacteria ag# sutcompeted within 6 days (Figure 3.3 D),
although it had no growth defect in all other iotbular assays. Glycerol might therefore be not
essential for intracellular growth, but the metadl of glycerol seems to provide a certain

growth advantage tb. pneumophila

3.2.2 Deciphering the Metabolism of Glycerain vitro

Although glycerol had no apparent effect on extitata growing bacteria (section 3.2.1),
analyzed glycerol metabolism lhy pneumophilausing isotopologue profiling, a method based
on the incorporation ofC-atoms derived from labelled precursors, e.g.*¥Ctglycerol

(U meaning that all C-atoms in glycerol dre&-labelled). Metabolism of these precursors leads
to **C-enrichment in amino acids and intermediates aitraé metabolism, allowing the
determination of the overall enrichment and isotogoe composition in these metabolites by
GC/MS (see section 2.2.16 for details, especiadgarding the evaluation of different mass
fragments in the isotopologue profiles). THE-excess of a metabolite indicates how much of
that metabolite in the bacterial cell wd€-labelled. The isotopologue profile, on the othand,
describes the relative fraction of isotopologuethinithat'*C-labelled metabolite population and
specifies how many C-atoms of a metabolite wk@-labelled. The first experiments with

L. pneumophilagrown in AYE or CDM did not result in significafC-enrichment in any

80



3. Results

metabolite measured (data not shown). MDM (sedmeftl) was therefore used in all further
isotopologue experimentk. pneumophilavild-type and mutant glpD were grown in MDM in
presence of 50 mM [W3C;]glycerol as precursor for isotopologue profilinthe bacteria were
grown for 48 h, so that they reached the statiogaoyth phase, as determined in extracellular
growth experiments (Figure 3.2 B). Cells were hatee and the overdifC-enrichment in amino

acids, PHB, lactate, fatty acids, intermediatethefTCA cycle and mannose was measured.

Figure 3.4: Glycerol metabolism ofL. pneumophila in vitro L. pneumophilawild-type (WT) and glpD were
grown in MDM containing 50 mM [U3C;]glycerol and incubated at 37°C for 48 h. Cells evharvested, and the
13C-excess (in mol% as color map) of protein-derigetno acids, diaminopimelic acid (DAP), polyhydroxyyrate
(PHB), methanol-soluble metabolites and mannoseguasitified by GC/MSA). The relative fractions (in %) of
13C.isotopologues (M+1 to M+6) of histidine, mannamed lactate fromi. pneumophilaWT and glpD were
determind B). Amino acids are shown in three letter code. Maad SD from three independent experiments is
shown. For numerical values refer to Supplemerifables 5.2 and 5.3 (Published in Hauslein, Maretla, 2015).
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Growth in MDM indeed showed that glycerol was meteded byL. pneumophilan a glpD-
dependent manner (Figure 3.4 A). Significant lafbelre defined as EC-excess greater than
0.5%) was detected in lactate (0.97%), DAP (0.74%@)ljc acid (0.70%), 3-hydroxybutyric acid
(0.61%), stearic acid (0.60%) and glutamate (0.55¢@wever, the highest enrichment was
found in histidine (3.01%) and in mannose (5.75%b)ich allowed certain conclusions regarding
the metabolism of glycerol (Figure 3.4 A). Fructaseather fructose-6-phosphate and fructose-
1,6-bisphosphate are central metabolites of glung@eesis. Mannose or mannose-6-phosphate,
which were measured here, are synthesized fromtokaes-phosphate in the reaction of
mannose-6-phosphate isomerakeg4374 (only mannose could be detected here, as sample
preparation for isotopologue profiling resulted dephosphorylation of sugars, see section
2.2.15). The isotopologue profile of mannose maufiplayed M+3 (~ 46%) and to a minor
extent M+6 (~ 8.6%), reflecting how fully labellé¥C-glycerol entered central metabolism at the
stage of dihydroxyacetone-phosphate/glyceraldel®yghoesphate, then being converted to
fructose-1,6-bisphosphate in the reverse reactibrfruxtose-1,6-bisphosphate aldolase and
further on to fructose-6-phosphate and finally mes@6-phosphate (Figure 3.4 B). M+3 label in
mannose is therefore derived from the fusion of doly labeled and one unlabeled
glyceraldehyde-3-phosphate molecule and M+6 acaglylivia the conversion of two fully
labeled molecules.

Histidine is synthesized from ribose-5-phosphatéhiwithe PPP. The enrichment in histidine
(Figure 3.4 A) shows that glycerol was first shediflinto gluconeogenesis and then into the PPP,
where histidine was derived from. As pneumophiladoes not have a 6-phosphogluconate-
dehydrogenase, only the non-oxidative parts oPfRE can take place. Hence, the key metabolite
for entry into the PPP would not be glucose-6-phasp but rather fructose-6-phosphate. This is
in line with the observed isotopologue pattern wdtiline (Figure 3.4 B). The isotopologue
profile of histidine showed a large M+2 fraction46%) and a large M+3 fraction (~ 25%), both
derived from transketolase reactions between giydehyde-3-phosphate and fructose-6-
phosphate (Figure 3.4 B). Section 4.2, Figure 4itlires detailed information of carbon flow
towards mannose and histidine, and provides exfitarsafor the observed isotopologue profiles
of these metabolites.

No significant incorporation of*C-label into any of the metabolites mentioned aboss
measured for thglpD mutant. This demonstrated that the metabolismlyfegol was entirely
dependent on GIpD. Interestingly, only lactate samificantly **C-enriched (0.71%, Figure
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3.4 A) in the mutant strain, and the isotopologugfile of lactate was identical for both wild-
type and the mutant, showing only completely M+®eleed lactate (Figure 3.4 B). No
enrichment was measurable in essential amino &t&d eu, Ser, Val), alanine as derivative of
pyruvate, amino acids derived from the TCA cyclsgALys, Pro) and generally in intermediates
of the TCA cycle (succinic, fumaric and citric acidr wild-type or the mutant strain (Figure
3.4 A). Taken together, these results showed tlyaepl was predominantly metabolized in the
gluconeogenic pathway and the PPALbpneumophilaThe numerical values 6fC-excess and

isotopologue profiles are shown in Supplementdnieta5.2 and 5.3 respectively.

3.2.3 Time-dependent Glycerol Metabolism in Compasion to Other Carbon Substrates

The metabolism of glycerol was assessed in reldtiasther carbon sources. As it is known that
serine and glucose are metabolized lbypneumophila in vitro(Eylert et al, 2010), the
metabolism of these carbon sources was chosendorbpared to glycerol. The newly developed
MDM contains 6 mM serine as an essential amino.alidthe following experiments, the
medium was further enriched by adding 11 mM glucasd 50 mM glycerol. One of these
carbon sources, serine, glucose or glycerol, wag@ds-C-labelled compound and cells were
harvested after 12 h, 24 h, 36 h or 48 h. Basedhenfindings from extracellular growth
experiments in MDM, these time points were choserepresent early exponential (12 h),
exponential (24 h), late exponential (36 h) andistary (48 h) growth phase (compare section
3.2.1). The**C-enrichment in protein derived amino acids, DAPIBP polar metabolites and
mannose was determined for all substrates usedn@Weadjusted medium was termed “carbon

enriched minimal defined medium” (CE MDM).
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Figure 3.5: *C-excess (in mol%) in amino acids, polar metaboliteand mannose of.. pneumophilawild-type
grown in CE MDM . L. pneumophilawild-type was grown in CE MDM with either 50 mM {8C;]glycerol (A),

11 mM[U-2Cg]glucose B) or 6 mM [U-3C;]serine C) as precursor. After 12 h, 24 h, 36 h and 48 mpées were
taken and incorporation ¢fC-label into protein derived amino acids, DAP aBR(A-C) for all time points was
determined. Incorporation of label into methandlibte metabolites and mannose was determined ditely 48 h of
growth @). Color map correlates to mean and SD of threepaddent experiments. For numerical values refer to
Supplementary Tables 5.4, 5.5 and 5.6 (Publishéthiumslein, Mansket al,, 2015).

As in thein vitro experiments in MDM with*C-glycerol as carbon source, growth in CE MDM
resulted in incorporation dfC-label into histidine (3.00% after 48 h) and mase¢4.51% after
48 h) (Figure 3.5 A, D). Histidine and mannose weaydar the highest labelled metabolites with
13c-glycerol as precursor. To a minor extéfi€-label was also found in lactate (1.44%), DAP
(0.80%), glutamate (0.77%), alanine (0.61%), maba (0.55%), PHB (0.52%) and aspartate
(0.49%) after 48 h of growth (Figure 3.5 A, D). Sigcant label in any metabolite was only
found after 36 h and 48 h of growth with glycersllabelled precursor, indicating that glycerol
was only used in late exponential and stationapwtt phase. The isotopologue patterns for
histidine, lactate and mannose were determinedu(€i@.6). Similar to growth in MDM, the
pattern of lactate was completely M+3. The isotogak pattern of histidine showed a large M+3
fraction (31.66%), and large M+1 (22.48%) and M+3rtipns (35.70%). The largest

isotopologue in mannose was also M+3 (40.59%)ectfig how glycerol was directly used to
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make fructose and then mannose. The large M+1 arifidctions in histidine are again derived

from transketolase reactions with glyceraldehydeéi8sphate and fructose-6-phosphate as
precursor (Figure 3.6). In summary, also in thespnee of glucose as additional carbon source,
glycerol was metabolized bl. pneumophilain the gluconeogenic pathway and the PPP to

produce histidine and mannose.

Figure 3.6: Isotopologue profiles of metabolites fim experiments with [U**C;]glycerol as precursor. Patterns
of metabolites from growth experiments withpneumophilawild-type in CE MDM with 50 mM [U*Cg]glycerol
as precursor that showed significant enrichmergraf8 h are shown. A minimum of 1.00%C-enrichment was
chosen as threshold here. Columns indicate théuwelaction (in %) of isotopologues (M+1 to M+18pm three
technical replicates. For numerical values referStqpplementary Tables 5.7 and 5.8 (Adapted fromsldiy
Manskeet al., 2015).

Glucose as precursor rendered the highest labhklsiidine (20.72%) and mannose (31.88%)
after 48 h of growth (Figure 3.5 B, D). Additiongllseveral other metabolites were also
significantly labelled with'*C-glucose as precursor; the threshold here waetefas 1%

incorporation. After 48 h of growth, alanine (4.25%spartate (2,61%), glutamate (2.36%),
lysine (2.73%), proline (1.43%), DAP (3.64%), PHRB.64%), 3-hydroxybutyric (1.45%),

succinic (1.46%), fumaric (1.50%), malic (2.16%aglmitic (1.38%) and stearic acid (1.52%)
were significantly**C-labelled (Figure 3.5 B, D). Significantly laballenetabolites were already
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found after 12 h of growth, especially histidinesnaready highly labelled at early stages of
growth (9.16% after 12 h) and th¥C-excess was constantly rising over time (FiguteB. The
isotopologue pattern of mannose revealed the r@fuggucose catabolism. The largest portion of
mannose was M+3 (30.20%) and M+6 (31.50%) labeligdile histidine was, like in the
experiments with glycerol, mainly M+2 (37.25%) ahtk3 (21.61%) labelled with a greater
portion of M+5 (14.62%) (Figure 3.7).

Figure 3.7: Isotopologue profiles of metabolites im experiments with [U**Cg]glucose as precursorPatterns
of metabolites from growth experiments withpneumophilavild-type in CE MDM with 11 mM [U**Cg]glucose as
precursor that showed significant enrichment afgeh are shown. A minimum of 1.00%€-enrichment was chosen
as threshold here. Columns indicate the relatiaetion (in %) of isotopologues (M+1 to M+18) frohrée technical
replicates. For numerical values refer to Supplaargrirables 5.7 and 5.8 (Adapted from Hausleinnskaet al.,
2015).

The major route of glucose metabolism farpneumophilais the ED pathway (Eylerét al,

2010; Haradaet al, 2010), where glucose enters central metabolismthen stages of
glyceraldehyde-3-phosphate and pyruvate, two C3esodMannose is then derived from
gluconeogenesis with fructose-6-phosphate as wec(M+3 and M+6), and labelled fructose-

6-phosphate is also used for the reactions of B¢ Where histidine is derived from. The M+5
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isotopologue in histidine is the result of the geegortion of fully labelled fructose, of which
fully labelled ribose-5-phosphate, the precurserhiistidine, is derived from. The main flow of
carbon from glucose is directed to mannose anddhist but to a small amount also in the
direction of the TCA cycle, as seen by tfié-enrichment in TCA intermediates and amino acids
(Figure 3.5 B, D). Intermediates of the TCA (suazifiumaric and malic acid) and amino acids
derived from the TCA cycle (Asp and Glu) were mgill+1 and M+2 labelled (Figure 3.7). The
latter derived from fully labeled acetyl-CoA entegithe TCA cycle, while the single label could
be a result of a decarboxylation reaction éetoglutarate dehydrogenase or multiple rounds of
TCA cycle, where unlabeled acetyl-CoA was transi@mmnto labelled oxaloacetate. Glucose was
used in part also for fatty acid synthesis (1.38%mitic and 1.52% stearic acid labelled) (Figure
3.5 D), but the isotopologue pattern of these fattigls was mainly M+2 (74.65% and 59.60%,
respectively), showing the minor carbon flow fronuapse to acetyl-CoA, the metabolic
precursor for fatty acid synthesis (Figure 3.7)afihe, as a direct derivative of pyruvate, was
consequentially mainly M+3 (59.89%) labelled (Figus.7). In summary, glucose was, like
glycerol, predominantly used for gluconeogenesis BRP, but to a small amount also fed into
the TCA cycle and fatty acid synthesis.

Serine was the carbon source that was used mestieéfly byL. pneumophilaWhen fed with
[U-'3Cj]serine as precursof’C-enrichment could be detected in the same metabddis in the

time series experiments with labelled glucose (FEdu5 C, D).
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Figure 3.8: Isotopologue profiles of metabolites fim experiments with [U**C;]serine as precursor.Patterns of
metabolites from growth experiments with pneumophilawild-type in CE MDM with 6 mM [U¥Cg]serine as
precursor that showed significant enrichment afgeh are shown. A minimum of 1.00%C-enrichment was chosen
as threshold here. Columns indicate the relatiaetion (in %) of isotopologues (M+1 to M+18) frohrée technical
replicates. For numerical values refer to Suppleargnirables 5.7 and 5.8 (Adapted from Hausleinhskaet al,
2015).

Additionally, glycine, proline and of course serinere'*C-labelled. The overall excess in all
metabolites measured was much higher than in erpets with glycerol or glucose as
precursors, confirming the central role of serine @rbon source foL. pneumophila
Interestingly, the enrichment in all metaboliteaked at 24 h and dropped steadily afterwards
(Figure 3.5 C). Significantly labelled metaboliteter 24 h of growth were serine (91.61%),
alanine (74.60%), histidine (62.05%), DAP (55.02%8jne (50.22%), PHB (39.16%), aspartate
(34.34%), glutamate (29.00%) and glycine (28.58%djer 48 h also polar metabolites and
mannose were found to be highfic-enriched, ranging between 3.53% enrichment irigic
acid and 40.40% in mannose (Figure 3.5 D). Theomubgue pattern of mannose was
comparable with that derived from experiments wit-glucose and showed large M+3
(28.34%) and M+6 (29.67%) labelled portions (FigBr8). Furthermore, histidine was highly
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13C-enriched, and the pattern was comparable to ftbat experiments with glucose, which
shows that carbon flow from serine did also ocatw gluconeogenesis and the PPP (Figure 3.8).
However, the overwhelming part of label was foundrietabolites derived from the lower parts
of glycolysis and the TCA cycle, which illustratdéew serine was preferably used by
L. pneumophila

Glycine, as a direct derivative of serine, was atmmmpletely M+2 (95.02%) labelled, which
shows its direct synthesis from serine in the 1react catalyzed by serine
hydroxymethyltransferaseglfyA) (Figure 3.8). Alanine is again mainly M+3 labellé81.43%),
as it is synthesized from pyruvate (Figure 3.8)ut@&hate was highl{’C-enriched (29.00% after
24 h), and the pattern reflects high flux from sernnto acetyl-CoA, which then enters the TCA
cycle. In addition to M+1 (27.39%) and M+2 (37.11%id like in experiments with glucose as
precursor, also M+3 (18.62%), M+4 (11.16%) and M@E71%) label was measured in
glutamate (Figure 3.8), indicating thatketoglutarate, the precursor of glutamate, hadbdo
enriched with a more complex isotopologue pattermall. This is only possible, when a higher
flux of labelled metabolites is directed into th&€A cycle. Proline is made directly from
glutamate, and consistently, the isotopologue patié proline was almost identical to that of
glutamate (Figure 3.8). Label in proline was ordurid after 36 h and 48 h of growth, but not in
earlier stages (Figure 3.5 C). As part of the ghomiedium, proline was apparently taken up and
used efficiently byL. pneumophilaand was only then synthesizeéd novoafter it was consumed
from the medium.

Aspartate is made from oxaloacetate, which is a@erimediate of the TCA cycle, or directly
synthesized from pyruvate in the reaction catalyzaegdyruvate carboxylas¢p@0469. The M+3
(24.48%) isotopologue that was measured for agpaigahe result of the direct synthesis from
pyruvate, while the M+1 (28.29%), M+2 (35.03%) aid@4 (12.44%) families are the result of
one or more rounds of TCA cycle, resulting in difetially labelled oxaloacetate (Figure 3.8).
DAP is synthesized from aspartate and pyruvatetheoM+3 (32.48%) fraction in DAP was
presumably again derived from fully labelled pyrievaAll other isotopologue fractions resulted
from differentially labelled pyruvate and aspart@gure 3.8). Lysine is then made from DAP in
a decarboxylation reaction, so all fractions exdept7 were also found in the isotopologue
pattern of lysine (Figure 3.8).

The aforementioned high flux of serine into ac&@A and the TCA cycle is also reflected in the

isotopologue profile of the fatty acids palmiticdastearic acid, which mainly showed M+2,
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M+4, M+6, M+8, M+10 and M+12 labelling (Figure 3.8)cetyl-CoA is the precursor of the
C2-building blocks of fatty acids, and the fractbmprofile therefore is the result of a large
number of fully labelled acetyl-CoA molecules. Thias different from the results obtained with
13C-glucose as precursor, where mostly M+2 label etected in the fatty acids, proving a low
flow of labelled acetyl-CoA into fatty acid biosymsis (Figure 3.7). Taken together, serine was,
compared to glycerol and glucose, used as the effisient carbon substrate and catabolized
most efficiently in the lower parts of glycolysiacathe TCA cycle. The numerical values of
13C-excess and isotopologue profiles of all time seuexperiments are shown in Supplementary
Tables 5.4-5.6 and 5.7-5.8, respectively.

3.2.4 Phosphorylated Metabolites are Preferred Subsites for Legionella pneumophila

As CE MDM contained glycerol and glucose as cardmurces in addition to serine, which could
not be omitted as an essential amino acid, it wated if glycerol and glucose influenced each
others metabolism. To that end, time course exmarisnwithL. pneumophilavild-type growing

in MDM with 50 mM [U-"*C3]glycerol or 50 mM [U**C;]glycerol and 11 mM glucose (Figure
3.9 A) and also experiments in MDM containing 11 mM-'°C¢]glucose or 11 mM
[U-'3Cg]glucose and 50 mM glycerol (Figure 3.9 B) werefpened. Cells were cultured for
48 h, samples were taken after 12 h, 24 h, 36 h4aént, and*C-excess was determined. As
histidine was always the highest labelled amind &Tiprevious experiments, only thi€-excess

in histidine was compared here.

In experiments with**C-glycerol, the addition of glucose led to a drop 20-25% in
13C-enrichment in histidine (Figure 3.9 A). Signifitdabel in histidine was again only measured
after 36 h of growth. This showed that glycerol a0 metabolized in the presence of glucose,
but that glucose had an influence on the metabotiEglycerol. In labelling experiments with
13C-glucose, the addition of glycerol did not leadsignificant changes i*C-excess in histidine
(Figure 3.9 B). Therefore, glycerol and glucosensde be co-metabolized independently by

L. pneumophilawith glucose as the preferred carbon substrate.
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Figure 3.9: Co-metabolism of glycerol and glucoseytl. pneumophilaand phosphorylated sugars as preferred
substrates. L. pneumophilawild-type was grown in MDM with either 50 mM [&fC;]glycerol (°C-Glyc) or

50 mM [U-2Cgglycerol and 11 mM glucoseG{c) (A), 11 mM [U*3Cgglucose ¥C-Glc) or 11 mM
[U-*Cg]glucose and 50 mM glyceroiGlyc) (B) or 11 mM [U*3Cg]glucose and 11 mM glucose-6-phosphate
(Glc-6P) (C). After 12 h, 24 h, 36 h and 48 h samples werertand incorporation dfC-label into histidine4-C)

for all time points was determined. Shown are maach SD of three technical replicates. For numeneales refer

to Supplementary Table 5.9.

An interesting observation was made, when growth & mM*3C-glucose alone was compared
to growth with 11 mM*C-glucose and 11 mM unlabeled glucose-6-phosphasept in the
medium at the same time. The addition of phosphtedl glucose led to a significant drop in
3C-enrichment in histidine over the time course l# experiment (Figure 3.9 CY¥C-excess
dropped over 50% compared to experiments with latbgjlucose alone, while the extracellular
growth per sewas not affected. This observation allows the keion that phosphorylated
carbohydrates might be the better substratesLfopneumophila The numerical values of

13C-excess of co-metabolism experiments are shov@upplementary Table 5.9.
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3.2.5 Metabolism of Glycerol, Glucose and Serine Restricted to Certain Pathways

For a better overview of the time-dependent metafmobf glycerol, glucose and serine, four
metabolites were chosen that were not present inVICBM medium and therefore had to be
synthesizedde novoby L. pneumophila Furthermore, the four metabolites were chosen to
represent different metabolic pathways and/or mégliates. Alanine, with pyruvate as precursor,
histidine, derived from the PPP, diaminopimelicda@@®AP), synthesized through the TCA and
from pyruvate, as well as PHB, with acetyl-CoA asaprsor, were chosen, amC-excess in
these metabolites was followed over 48 h. The valg graphs are based on the data obtained in
section 3.2.3 from time-series experiments in CE NUvith **C-glycerol, **C-glucose or

3C-serine as precursors.

Figure 3.10 Analysis of carbon flux from differentsubstrates into metabolic markers.The **C-enrichment in
alanine, histidine, DAP and PHB over time bbf pneumophilawild-type grown in CE MDM with 50 mM
[U-Y¥Cj]glycerol (A), 11 mM [U3Cg]glucose B) or 6 mM [U+3C;]serine C) as precursor was compared. The ratio
of 13C-excess in histidine t&C-excess in alanine withC-glycerol,*C-glucose or*C-serine as substrate reveals
carbon fluxes into gluconeogenesis/PPP or the T@#ecD). For numerical values refer to Supplementary &abl
5.10 (Published in Hauslein, Mansieal., 2015).
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Histidine was the highest labelled metabolite, wiyeswing with*C-glycerol as precursor and
label was only detected after 36 h and 48 h of gnofrigure 3.10 A). Glycerol was therefore
only used in later stages bf pneumophilagrowth. With**C-glucose as precursor, histidine was
also the highest labelled metabolite that was noosit here. However, incorporation’d€-label
into histidine did occur already at early time geifll2 h) and increased continuously over time.
The overall enrichment in all metabolites was alsgher compared to experiments with
13¢c-glycerol (Figure 3.10 B):*C-enrichment in all metabolites from experimentthvfC-serine

as precursor peaked already after 24 h and drogigedily afterwards. Alanine was the highest
labelled metabolite, and the overall excess imatabolites was much higher compared to the
experiments with*C-glycerol and**C-glucose (Figure 3.10 C). Serine was thereforel asethe
most effective carbon source here, which was méraabduring all growth phases. Glycerol, on
the other hand, is obviously only used in the statry growth phase, while glucose is used
continuously, but mainly as precursor for histidayathesis.

To illustrate how a carbon substrate was preferaldgd byL. pneumophila the ratio of
13C-excess in histidine artdC-excess in alanine was plotted against time (Eigut0 D). A high
ratio indicated that carbon flux was mainly directowards the PPP, while a small value
indicated flow towards the lower parts of glycosjsas alanine is made from pyruvate, and into
the TCA cycle. Serine as precursor yielded a rtditad stayed below 1 throughout the course of
the experiment, indicating that carbon flow frommirse was mainly directed towards the TCA.
The complete opposite was observed for carbon flem glucose. Here, the ratio was high,
indicating a preferred flow into the PPP towardstitline. The ratio was dropping slightly after
36 h, when glycerol was also used as a carbonrsidsAlso here the ratio was high, indicating
that the carbon flow from glycerol was also maidisected towards the PPP. The low ratio that
was observed for glycerol at 12 h and 24 h wasaltref the low overall enrichments in alanine
and histidine and does not indicate that the cartmn was directed towards the TCA, as
significant enrichments with’C-glycerol as precursor were only obtained afteth3sf growth
(Figure 3.10 D). These results clearly showed giaterol and glucose were not as efficiently
used as a carbon sourcelbypneumophilaas serine and that the flow from these substragess
mainly restricted towards gluconeogenesis and tR®,Pwhile the flow from serine was

preferentially directed towards the TCA cycle.
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3.2.6In vivo Metabolism of Glycerol Leads to the Synthesis of Bhnose

The role that glycerol and other substrates play fioe intracellular metabolism of
L. pneumophilawas examined in infectedl. castellanii Previous studies already showed that
L. pneumophilamported labeled amino acids frof castellaniifed with **C-glucose prior to
infection (Schundeet al, 2014). One goal of present study was to test,if possible that a
carbon substrate added to infected cells mightdael wirectly by intracellulat. pneumophila

To this end,A. castellaniiwas infected with eithek. pneumophilawild-type or glpD (see
section 2.2.12). [U3Cs]glycerol, [U-*C¢]glucose or [U¥Cs]serine was added to the infected
amoebae 5 h post infection. After 15 h the cellsewgsed and a protocol was used to separate
the bacteria from eukaryotic cell debris (Schunderal, 2014). This protocol yielded three
fractions: one with eukaryotic cell debris/compaisefi-1), one containingy. pneumophilaF2)
and one comprised of soluble proteins/factors (FBE *C-excess and isotopologue patterns of
protein-derived amino acids, DAP, PHB and mannoseewetermined for all fractions, but since
F1 and F3 yielded identical results, only F1 wasswtered here. All amino acids that had been
measured in previous experiments were also analymedor the sake of simplicity, only amino
acids that yielded significant enrichments are sh@da, Asp, Glu, Gly, Ser). Fatty acids and
TCA intermediates could not be monitored, as thas¢abolites would have required sample
sizes (bacterial cell mass) that were not obtagalithin vivo assays. Samples were subjected to
microscopy and aliquots were plated on CYE agaeplto check for bacterial contaminations of
F1 as well as purity of F2. Additionally, the amobwoh DAP, as a compound specific for bacteria,
was monitored in F1. DAP never exceeded 10%, s@stconcluded that bacterial contamination
in this fraction was below that value. All infeat®were performed in AC buffer, which does not
contain any nutrients, so the used precursors ter@nly available carbon substrates in these
assays. To check if the infection with pneumophilawould influence the metabolism of
A. castellanij uninfected amoebae were used and fed wiB-glycerol, **C-glucose or
3c-serine.
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Figure 3.11: **C-excess in amino acids, DAP, PHB and mannose bf pneumophilagrown in A. castellanii
Amoeba were infected (MOI 50) with. pneumophilawild-type (WT), mutant glpD or used uninfected. 50 mM
[U-¥Cj]glycerol (A), 11 mM [U3C]glucose B) or 6 mM [U**Cj]serine €C) was added 5 h post infection. Cells
were lysed 15 h post infection and eukaryotic cgbris £1) and L. pneumophilacells F2) were separated.
13C-excess (in mol%) of Ala, Asp, Glu, Gly, Ser, DAPHB and mannose was analyzed. Data shown corrésgon
mean and SD of two independent experiments. Forenigal values refer to Supplementary Table 5.1blBlued in
Hauslein, Mansket al.,, 2015).

Glycerol seems to be a favoured carbon substrat. foastellanij as the amoeba did incorporate
3C-label from glycerol effectively into all amino ids measured, alanine (17.83%) and
glutamate (10.65%) being the examples with the dsgh°C-enrichment (Figure 3.11 A).
Intriguingly, upon infection with_. pneumophilawild-type or mutant glpD, the incorporation
dropped so drastically that no significant enrichine any amino acid in F1 was detectable
anymore. Furthermore, no label in the amino aciéssured was detectable in fractions F2 of
wild-type and glpD infected A. castellanii (Figure 3.11 A). Uninfected amoeba fed with
3C-glucose did incorporate significant amounts *#&-label into alanine (5.98%), aspartate
(2.33%) and glutamate (3.09%) (Figure 3.11 B). Agaipon infection withL. pneumophila

there was a significant drop C-incorporation in F1, but under these conditioteniae
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(2.06%), glutamate (1.28 %), DAP (5.18%) and PHBE1%0) were found to be enriched in
3C-label in fraction F2. With 5.18%C-excess DAP was the highest labelled metabolifiof
wild-type infected amoeba (Figure 3.11 B). Serinaswnot as efficiently metabolized by
A. castellaniias for example glycerol (Figure 3.11 C). The anaoeid take upg>C-serine, but it
was apparently used directly for protein synthésisthe most part and not metabolized. The
highest**C-enrichment was found in protein-derived serin2.§3%) and its direct derivative
glycine (5.43%). When infected, significant highemrichment was observed in fraction F1,
especially in alanine (6.85%), aspartate (1.36%) glatamate (2.66%), while the incorporation
levels into serine stayed at the same level asifarfected amoeba (12.52%) (Figure 3.11 C).
High **C-enrichments were also detected in F2 of wild-tiffected amoeba fed with serine.
Under these conditions, DAP, PHB and serine eaabhed levels over 30.00 %. Serine was,
similar to resultsn vitro, used for synthesis of amino acids, as Hfifhincorporation did occur
into all amino acids measured, especially alaninth M7.90% enrichment. In alin vivo
experiments, no label occurred in histidine in dnypneumophilacontaining fractions (F2),
suggesting that this amino acid is intracellulartt synthesizede novo,but taken up from the

host cell.

Figure 3.12: Analysis of mannose frormL. pneumophilagrown in A. castellanii Amoebae were infected (MOI
50) with L. pneumophilawild-type (WT) or glpD. 50 mM [U+3C;]glycerol (A), 11 mM [U+3C;]glucose B) or

6 mM [U-*CgJserine C) was added 5 h post infection. Cells were lysechigost infection and eukaryotic cell
debris £1) andL. pneumopbhilacells F2) were separated®C-excess of mannose in F1 and F2 was analyzed. Mean
and SD of two independent experiments are shown.nonerical values refer to Supplementary Tablel 5.1
(Published in Hauslein, Manske al., 2015).
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Anyway, the most interesting conclusions were drésem analyzing mannose. Fraction F2 of
wild-type infected amoeba fed witl’C-glycerol resulted in a significant label in masao
(Figure 3.12 A). Significantly less label was dégekcin fraction F1. Furthermore, almost no label
in mannose was measured in F1 and F2gpD infected amoeba, showing that enrichment in
wild-type F2 was dependent on GIpD (Figure 3.12 A¥o0, the eukaryotic fraction F1 of wild-
type infectedA. castellaniifed with **C-glucose did not yield significant label in maneps
whereas mannose in fraction F2 was highly enriddetir%) (Figure 3.12 B). Experiments with
3C-serine as precursor resulted in no incorporatitmmannose, neither in F1 nor in F2 (Figure
3.12 C).

Figure 3.13: Isotopologue pattern of mannose froni. pneumophilawild-type grown in A. castellanii The
isotopologue pattern of mannose framegionella containing fractions F2 of wild-type infectedl castellaniifed
with [U-3Cj]glycerol (A) or [U-*Cg]glucose B) are shown. Columns indicate the relative fraction %) of
13C.isotopologues (M+1 to M+6). Data shown represeman and SD of two independent experiments. For
numerical values refer to Supplementary Table §tdapted from Hauslein, Manslet al, 2015).

The isotopologue pattern of mannose frimvivo experiments with*C-glycerol as precursor
revealed that the sugar was mostly M+3 (~ 68%)lllethesuggesting that glycerol was directly
used for gluconeogenesis to make fructose and gquesdy mannose (Figure 3.13 A). The
pattern reflected that of mannose framvitro experiments relatively well (compare Figure
3.4 B). Furthermore, the lack of significant labeimannose with.. pneumophila glpD proved
that *C-incorporation into mannose was a result of dirgatake of glycerol into the LCV and

direct synthesis of mannose from glycerollbypneumophilgFigure 3.12 A). The isotopologue
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pattern of mannose from vivo experiments with*C-glucose was also almost identical to that of
L. pneumophilagrown in CE MDM (compare Figure 3.7), displayinginly M+3 (~ 30%) and
M+6 (~ 38%) (Figure 3.13 B). Furthermore, as nooimporation in F1 was detectable here
(Figure 3.12 B), it was concluded that also gluceses taken up directly from the host cell
(M+6) and metabolized by the bacteria (M+3). Themertical values of**C-excess and
isotopologue profiles of aih vivo experiments are documented in Supplementary Tdblels
and 5.12, respectively.

Taken together, it was shown that glycerol alseeintracellularly as a carbon substrate and is
used exclusively for anabolic reactions lbypneumophilasimilar to results obtaineih vitro.
Glycerol and glucose can reach the bacteria in$ideLCV without being metabolized by the
amoeba, expanding the intracellular diet_ofpneumophildrom only amino acids to sugars as
additional carbon source. The absence of labeldnnose, when fed with'C-serine, suggests
that, similar to growthn vitro, flow of carbon from different substrates might greferentially

directed to certain pathways by intracellular gmogii. pneumophila
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3.3 Analysis of the Inositol Metabolism ot.egionella pneumophila

3.3.1 A Putative Inositol Degradation Cluster in tle Genome ol egionella pneumophila
Myo-inositol (here referred to as “inositol”) is usaslthe sole source of carbon by many bacteria,
including Bacillus subtilis (Yoshida et al, 2008), Lactococcus casefColas et al, 2015) or
Salmonella enterica(Kroger and Fuchs, 2009). Genes involved in imbsdatabolism are
organized in operons in these organisms (see gett®?2 for details). Interestingly, also the
genome ofL. pneumophilaharbors a group of genes putatively involved iositol metabolism
(Figure 3.14).

Figure 3.14: Thelpg1653- Ipgl64®peron ofL. pneumophila The gene cluster contains five genes predictédmbto
involved in inositol metabolism, including the piiva inositol transporter Lpgl1653, and the inositakabolism
proteins lolG, 1oICB, IolD and IolE.

The gene cluster of interest is located in a 7 &igé region on the. pneumophilachromosome
and contains five genelpg1653-pg1649The genes are organized in an operon as predigted
the DOOR database of prokaryotic operons (Mab al, 2009) and the prokaryotic operon
database (http://operons.ibt.unam.mx/OperonPrad)ctoth a predicted promoter in the 400 bp
region between the genkg1653andlipgl654 The proteins in this operon are annotated as 10IG
(Ipgl652, a myacinositol-2-dehydrogenase, [0lCBIpg165), a combined 5-dehydro-2-
deoxygluconokinase and 5-deoxy-glucuronate isoreemstein, lolD lpgl165Q, an inositol
catabolism hydrolase protein and loligg1649, an inosose dehydratase. These proteins show
sequence identities between 30% and 50% with theegonding proteins dB. subtilis and

S. enterica The first gene in thdpgl653Ipgl1649 operon is annotated as D-xylose proton
symporter and shares some homology to the inosaakporter proteins lolT dB. subtilisand

S. enterica(Figure 3.14). The operon is found in sevelalpneumophilastrains including
Philadelphia 1, Paris, Lens, Corby and Alcoy andalso present in the genome of
L. longbeachaeThereforelegionellaspp. are probably able to metabolize inositol.

The only proteins missing in the genomd_opneumophildhat were described to be involved in
inositol metabolism in other organisms, are theplsphate aldolase lolJ and the malonate-

semialdehyde-dehydrogenase IolA (see section 1.Bi@®restingly, also no homologue of the
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major regulator protein IoIR is found by sequenoenblogy in the genome @f. pneumophila
Thus, the expression of thel operon seems to be regulated differently tharB.insubtilis
(Yoshidaet al, 2008) orS. entericgKréger and Fuchs, 2009).

3.3.2 Characterization of Lpg1653 as an Inositol Tansporter and Utilization of Inositol by
Legionella pneumophila

To test whetherL. pneumophilacan metabolize inositol, the role of the putativesitol
degradation cluster was assessed using differewtlgrassays. To this end, mutant strains
lacking lpg1653 the putative inositol transporter, or lackinglG (Ipgl652, the inositol
dehydrogenase, were constructed. Growth of thegantsuwas monitored in different media in
presence or absence of inositol. In AYE broth, drowf wild-type, Ipgl653or iolG was
indistinguishable, and the addition of 10 mM inokiid not alter growth of any strain tested
(data not shown). Thegl653mutant grew like wild-type bacteria in CDM and MDavid again,
the addition of 10 mM inositol did not influenceetigrowth of either strain (Figure 3.15 A, B).
Even though inositol did not have a growth-stimualgiteffect in all media tested, it was analyzed
whetherL. pnumophilacan take up and utilize inositol. To this end, blaeteria were grown to
late exponential growth phase and then incubaté nailiolabelled“C-inositol. Cells were spun
onto filter disks, washed, and cell-associatedaactivity on the filters was determined using a
liquid scintillation counter. Indeed, wild-type heada did take up*“C-inositol; cell associated
radioactivity was maximum after 30 min (Figure 3@h On the other hand, no cell-associated
radioactivity was measured for thegl653 mutant. This uptake defect was complemented by
expressindpgl1653from a plasmid (pCMO020) (Figure 3.15 C). Thus, 1853 was identified as
an inositol transporter, and the protein was terrno¢@ in reference to the described inositol
transporters fronB. subtilisandS. entericgYoshidaet al, 2008; Krdgeret al, 2010).
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Figure 3.15: Characterization of L. pneumophila lolT as an inositol transporter. Extracellular growth of
L. pneumophilawild-type (WT) and mutant iolT ( Ipg1653 in CDM (A) or MDM (B) with and without 10 mM
inositol. Optical density at 600 nm was determiaéthe time points indicatet. pneumophilaNT, iolT or iolT
harbouring plasmid pCM020o(T under control of B) were grown to late exponential growth phase, 1@ m
inositol mixed with 1% [U¥'Cglinositol was added, and cells were further incabatfter 0, 10, 20, 30, 60 and 90
minutes, samples were taken, cells were spun @thadase acetate filter disks, and cell-associasetioactivity was
measured using a liquid scintillation count&).(L. pneumphilaWT or mutant iolT were grown to exponential
growth phase, 10 mM inositol mixed with 1% [¢Gs]inositol was added, and cells were further incatlatfter 0,
2, 4, 6 and 8 h samples were taken and mixed v@i#h Bichloroacetic acid. Samples were incubatedterfor 1 h,
spun onto cellulose nitrate filter disks, washeul] #ilter-associated radioactivity was determineinhg a liquid
scintillation counter ). Data in A)-(D) are representatives of three independent expatem&lean and SD of
triplicates are showrA)-(C).

To test, whether inositol was catabolized and ipomated into cell matter bl. pneumophila
radioactive inositol was used. To this end, exptaty growing L. pneumophilavere incubated
with *“C-inositol for several hours. Every two hours, skmpwere taken and mixed with
trichloroacetic acid to precipitate proteins. Tramples were then spun onto cellulose nitrate
filter disks, and incorporation of radioactivitytanthe acid-insoluble fraction was measured using

a liquid scintillation counter. For wild-type badte radioactivity was rising steadily over time,
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indicating that inositol was also used as precuigomacromolecules, while no radioactivity was

detectable in the acid-insoluble fractions of@i mutant (Figure 3.15 D).

Figure 3.16: Inositol metabolism of L. pneumophila in dependence of lolG. Extracellular growth of
L. pneumophilawild-type (WT) and mutant iolG in CDM (A) or MDM (B) with and without 10 mM inositol.
Optical density at 600 nm was determined at the fooints indicated.. pneumophilaNT or iolG were grown to
late exponential growth phase, 10 mM inositol mixgith 1% [U-*Cglinositol was added and cells were further
incubated. After 0, 10, 20, 30, 60 and 90 minusesnples were taken. Cells were spun onto celllidoséate filter
disks and cell-associated radioactivity was meakusing a liquid scintillation counte€j. L. pneumphilaN'T or

iolG were grown to exponential growth phase, 10 mMitobmixed with 1% [U3*Cglinositol was added and cells
were further incubated. After 0, 2, 4, 6 and 8 mglas were taken and mixed with 50% trichloroaceitid.
Samples were incubated on ice for 1 h, spun ontlulese nitrate filter disks, washed, and filtesasiated
radioactivity was determined using a liquid sclatibn counter D). Data in A)-(D) are representatives of three
independent experiments. Mean and SD of triplicatesshownA&)-(B).

An L. pneumophila iolG mutant strain was characterized in the same wayd§ by growth in
different media and determination of uptake andyasst'“C-inositol. Again, the mutant lacking
the inositol dehydrogenase lolG grew like wild-typacteria in CDM and MDM, and the
addition of 10 mM inositol did not alter growth tfe bacteria (Figure 3.16 A, B). By using
C-inositol, it was shown that thelG mutant was able to transport inositol (Figure 32)6but

was not able to use inositol as precursor for nraotecules, as no radioactivity was detected in
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the acid insoluble fractions ofiolG (Figure 3.16 D). The mutant strain was therefdske @o
transport inositol, but could not metabolize it.

In summary, we showed thiat pneumophilgpossesses a gene clustpg1653-Ipg1648 which

is used to metabolize inositol, and IoIT (Lpgl65®s identified as an inositol transporter.
Inositol did not stimulate growth oL. pneumophila, but was used as precursor for

macromolecules.

3.3.3 Expression ofolT is Regulated by RpoS and the Availability of Seria

In B. subtilis the expression of all genes linked to inositoltabelism is regulated by IolR,
which represses the expressioniaf genes in absence of inositol (Yoshidial, 2008). No
homologue for IolR was found in the genomeLofpneumophilaso the expression of thel
gene cluster has to be regulated differently. Asotiwer promotor as thelT promotor is
predicted within the operon (see section 3.3.1)eporter plasmid was constructed with an
unstable GFP variant (ASV) under control @ifRpCMO007). This reporter was used to test the
expression oifolT and hence the wholel operon under different conditions.

The addition of 10 mM inositol did not alter thepeassion ofiolT as measured by GFP
fluorescence levels in wild-type bacteria (Figurgé73A). Therefore, the expressioniolT seems
not to be regulated by the availability of inositbiterestingly, the addition of 6 mM serine to
AYE broth did result in higher expression levelsaT, shifting the expression maximum from
around 14 h to around 16 h of growth (Figure 3.)7The highest expression levelsiolfT were
therefore obtained in the late exponential growtase ol. pneumophila

The Lgs system is known to be part of the statipipdrase regulatory network bf pneumophila
(Tiaden et al, 2007). To assess whether the Lgs system regulh&e®xpression of thel
operon, the expression @lT was also tested in a mutant strain lacking thpaese regulator
LgsR. Here, no differences compared to wild-typetdrza were detectable and again, addition of
inositol had no influence on the expressiomdF, while 6 mM serine did enhance the expression
(Figure 3.17 B). This was also analyzed in othsmutants, but the same results as for wild-type
were obtained for IgsA IgsS IgsT and 1gsS- IgsT mutants (Figure 3.18). Therefore, the

expression ofolT is not regulated by tHgs system oL.. pneumophila
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Figure 3.17: Expression ofiolT is regulated by RpoS and the availability of seria. Exponentially growing
cultures ofL. pneumophilavild-type (WT) @A), IgqsR(B) or rpoS(C) harboring plasmid pCM007 (unstable GFP
(ASV) under control of By) were diluted to a starting QE of 0.1 in AYE broth. Cells were grown at 37°C with
10 mM inositol, 6 mM serine or without the additiohadditional nutrientsX)-(C). Optical density at 600 nm and
GFP fluorescence was measured every hour for Zhresults were plotted with RFU as a function @fs6 over
time (A)-(C). L. pneumophildaVT or mutant rpoSwere grown to an Ofg, of 0.5, 1.0, 2.0 and 3.0. At that points,
samples were taken and 10 mM inositol mixed with [L94“CgJinositol was added and the bacteria were further
incubated for 30 min. Cells were spun onto cellelasetate filter disks, washed and filter-assodiagelioactivity
was determined in a liquid scintillation countdd)( Data in A)-(D) are representatives of three independent
experiments. Mean and SD of triplicates are shown.

The sigma factor RpoS is a central regulator ofaggllular replication and differentiation in
L. pneumophilaand regulates many genes in stationary growth plidsemanet al, 2002;
Hovel-Miner et al, 2009). To test whether RpoS controls the expoassf theiol operon, the
Poir reporter construct was transformed inth. gopneumophila rpoS mutant strain. Expression
levels ofiolT in therpoS mutant strain were significantly lower comparednvitd-type bacteria.
Also, the addition of serine had no influence oer #xpression ofolT in the rpoS strain
anymore (Figure 3.17 C). Therefore]T seems to be regulated by RpoS. This finding was
confirmed in experiments measuring the uptake ‘&&-inositol at different stages of
L. pneumophilagrowth. At an Olgyy of 0.5 (early exponential growth phase), wild-tyged

rpoSdid not transport inositol, as no cell-associatatioactivity was measured for either strain
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(Figure 3.17 D). However, while for wild-type bacgteincreased radioactivity was detectable at
ODggp Of 1.0 (exponential growth phase), 2.0 (late exgodial growth phase) and 3.0 (stationary
growth phase), no cell-associated radioactivity wmassured for rpoSat all time points (Figure
3.17 D). In summary, these results show that tbevtir phase- and serine-dependent expression
of iolT is regulated by RpoS. Highest levels iofT expression were obtained in the late
exponential growth phase, but pneumophilawas able to transport inositol already at earlier

stages of its growth cycle.

Figure 3.18:Expression ofiolT is not regulated bylgs genes.Exponentially growing cultures df. pneumophila
wild-type (WT) @A), lgsA(B), IgsS(C), IgsT (D) or IgsS- IgsT (E) harboring plasmid pCMO007 (unstable GFP
(ASV) under control of Rt) were diluted to a starting QE of 0.1 in AYE broth. Cells were grown at 37°C with
10 mM inositol, 6 mM serine or without additionaltrients A)-(E). Optical density at 600 nm and GFP
fluorescence was measured every hour for 24 hyesuts were plotted with RFU as a function of gg@ver time
(A)-(E). Data are representatives of three independgmrgments. Mean and SD of triplicates are shown.
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3.3.4 Inositol Promotes Intracellular Growth of Legionella pneumophila
Similar to genes involved in glycerol metabolismegsection 3.2.1), the expression of genes of
the iol cluster was upregulated upon intracellular grovath L. pneumophilain human
macrophages (Fauchet al, 2011). The genes, except the inositol transpaotér were 2-fold
upregulated showing that also inositol might playrade during intracellular growth of
L. pneumophilaMoreover, the 10IBC genes, encoding the combinadsfierase kinase protein of
L. pneumophilavere also almost 2-fold upregulated in post-exptiaegrowth phase compared
to exponential growth phase.
The impact of inositol on intracellular growth af pneumophilawas assessed using colony
forming units (cfu), fluorescence based assaysyallsas co-infection assays (see sections 2.2.9
and 2.2.10). Addition of 20 mM inositol concomitamth infection or 2 h or 4 h post infection to
infected A. castellanii cells, yielded higher bacterial cell numbers based increased
fluorescence levels (Figure 3.19 A-C). This wasetgent onolT, and addition of inositol to
iolT did not result in higher fluorescence levels, et mutant grew like wild-type (Figure 3.19
A-C). Inositol did not lead to faster growth of exm@ntially growing bacteria, but did lead to
higher cell numbers after 24 h and at later timatsoof infection, suggesting that inositol might,
like glycerol, only be used in later stages of atien (Figure 3.19 A-C). Addition of 20 mM
inositol toL. pneumophilawild-type growing inA. castellaniior murine macrophages did also
result in a greater number of cfu after 72 or 48 mtracellular growth, respectively (Figure 3.19
D, E). This positive growth effect was not obserf@dtheiolT mutant, although the mutant was
not impaired in intracellular growtper se(Figure 3.19 D, E). However, the mutant was slowly
outcompeted by wild-type bacteria in co-infecti@says within 15 days, indicating that {b&r
mutant had a fitness disadvantage compared to fltetype strain, althougholT was not

essential for intracellular growth (Figure 3.19 F).
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Figure 3.19: Inositol promotes intracellular growth of L. pneumophiladependent oniolT. A. castellaniiwas
infected (MOI 20) withL. pneumophilawild-type (WT) or iolT harbouring plasmid pNT28 (constitutive GFP
expression). 20 mM inositol was added concomitaith wifection @A), 2 h B) or 4 h post infection), and
intracellular replication was determined by fluarsce A. castellanii(D) or murine macrophageEk) were infected
(MOI 0.1) with L. pneumophildVT or mutant strain iolT. 20 mM inositol was added 4 h post infection, celere
lysed 72 hD) or 48 h E) post infection, and cfu were determined by platiut appropriate dilutions on CYE agar
plates (Student’s t-test *p < 0.05). For co-infectassaysA. castellaniiwas infected witi.. pneumophildaVT and

iolT at a 1:1 ratio (MOI 0.01 each). Cells were lyde@é¢ days post infection and bacteria were us@ddot fresh
amoeba. Cell numbers were determined by &l pata in A)-(F) are representatives of three independent
experiments. Mean and SD of triplicates are shown.
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Figure 3.20: Inositol promotes intracellular growth of L. pneumophiladependent oniolG. A. castellaniiwas
infected (MOI 20) withL. pneumophilawild-type (WT) or iolG harbouring plasmid pNT28 (constitutive GFP
expression). 50 mM inositol was added 4 h postctida and replication was determined by fluoresee().

A. castellaniiwas infected (MOI 0.1) with.. pneumophilaVT or mutant strain iolG. 20 mM inositol was added
4 h post infection, cells were lysed 72 h postdtitm and cfu were determined by plating out appete dilutions
on CYE agar platesB| (Student’s t-test ***p < 0.001). For co-infecti@ssaysA. castellaniiwas infected with
L. pneumophilaNT and iolG at a 1:1 ratio (MOI 0.01 each). Cells were lyde@¢ days post infection and bacteria
were used to infect fresh amoeba. Cell numbers wetermined by cfu®). Data in A)-(C) are representatives of
three independent experiments. Mean and SD ofdaitgls are shown.

The intracellular growth of. pneumophilan presence or absence of inositol was also tested
the iolG mutant strain. While the addition of inositol talawtype bacteria resulted in higher
fluorescence levels (Figure 3.20 A) and higher mfumbers (Figure 3.20 B), the addition of
inositol to i0lG did not. The mutant did intracellularly grow likeld-type but was outcompeted
by the wild-type strain within 6 days in co-infemti assays (Figure 3.20 C). In summary, inositol
had a positive effect on intracellular growthLofpneumophilaresulting in higher cell numbers.
The observed phenotype was dependent on the ihds#onsporter lolT or the inositol

dehydrogenase lolG, and the mutant strains wereooyieted by wild-type bacteria. Therefore,
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inositol is likely a carbon source &f pneumophiladuring intracellular growth in different host

cells.

3.3.5 Analysis of Substrate Uptake into LCVs of Irécted Host Cells

As inositol had a positive effect on intracelluignowth of L. pneumophilathe question was
whether this was a result of the direct metaboligsnmositol by the bacteria or an indirect effect,
where the host cells metabolized inositol and taetdria then benefited from more available
metabolites like amino acids. One prerequisitettier direct metabolism of inositol or any other
substrate by.. pneumophilavould be the accessibility of the LCV for substgasupplied from
the outside to infected host cells.

To test whether substrates reach the LCV, we add#dorescent glucose analogue, 2-(N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglseo (2-NBDG) to infected. discoideum
cells 1 h post infection. Subsequently, we mondolgy fluorescence microscopy whether
2-NBDG can reach the bacteria inside the LCV or lmateed, whe. discoideunwas infected
with either wild-type, or iolT or iolG mutant bacteria, the amoeba did take up 2-NBDG and
the glucose analogue was found in close proxinaitthe intracellular bacteria as seen by green
fluorescence surrounding the bacteria (Figure 2R21This was quantified by counting 2-NBDG
positive LCVs in whole infected amoeba, and it i@snd that around 60% of all LCVs were
positive for the fluorescent glucose analogue. Mi@reénce between wild-type,iolT or iolG
was observed (Figure 3.21 B). The LCV was therefareessible for the substrate added to
infected cells. WheD. discoideunwas infected with anicmT mutant and 2-NBDG was added
1 h post infection, significantly less 2-NBDG-pogi#t LCVs were found. Only around 30% of all
Legionellacontaining compartments that were counted wereBP®@-positive, showing that
uptake of 2-NBDG was in part dependent on a funeli@4SsS.

These findings were also confirmed by monitoringsGn homogenates fro®. discoideum
infected with wild-typeL. pneumophilaThe infected cells were homogenized after indobat
with 2-NBDG, washed thoroughly and then stainedS@C, aL. pneumophilaeffector protein
specifically found on LCV membranes. Again, a higimber of 2-NBDG-positive LCVs was
determined (Figure 3.22). As the samples were whd®veral times in the course of the
experiments, the observed fluorescence had to sideinmembrane-confined compartments,

confirming that 2-NBDG was taken up into the LCM3rdected host cells.
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Figure 3.21: Accumulation of 2-NBDG in LCVs within D. discoideum D. discoideumwas infected (MOI 10)
with L. pneumophilgLpn) wild-type (WT), icmT, iolT or iolG harbouring plasmid pSW001 (constitutigsred
expression) for 1 h. Cells were washed and incabati¢h 20 uM 2-NBDG for 30 min. After that, cellsene
washed, fixed with PFA, stained with DAPI and sabge to fluorescence microscopy. 2-NBDG-positivevsGare
marked with white arrows; scale bars 5 p#v).(The number of 2-NBDG-positive LCVs was quantifizom three
independent experiments. At least 50 LCVs were wmliper experimenB(). The pictures shown are representatives
of at least three independent experiments.

Abbreviations: Lpn, Legionella pneumophila 2-NBDG, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-

deoxyglucose.
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In summary, the LCV is accessible for substratésr ahfection, suggesting that inositol and
other substrates can reach the bacteria insidectimpartment and can subsequently be
metabolized directly by.. pneumophila This notion is in agreement with the finding thiaé
observed positive growth effect inside differensthoells was dependent on 1olT and 10IG (see
section 3.3.4). The fact that the vacuole contgitiie icmT mutant did not take up 2-NBDG as
efficiently as the other strains tested indicaked the acquisition of substrates from the hodt cel
might be dependent on the T4SS-induced communicatith the endosomal network of the host
cell. This might occur through macropinocytotic ggeses and vesicle fusion events and/or

through host cell transporters that could faciitdéte uptake of different substrates into the LCV.

Figure 3.22: 2-NBDG-positive LCVs in homogenates &m L. pneumophilainfected amoebaD. discoideunwas
infected (MOI 10) withL. pneumophilawild-type (WT) harbouring plasmid pSWO001 (condiite dsred
expression) for 1 h. Cells were washed and furitheubated with 20 uM 2-NBDG for 30 min. Cells wewashed
and homogenized using a ball homogenizer with 8epotusion size. Samples were then fixed with PFApoly-L-
lysine coated coverslips and stained for SidC. Jesnwere subjected to fluorescence microscopy. &Vaiitows
indicate 2-NBDG-positive LCVs. Scale bars: 5 um.

Abbreviations: Lpn, Legionella pneumophila 2-NBDG, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-
deoxyglucose.
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4. Discussion

The knowledge about the metabolism Lof pneumophilawas restricted for some time to the
preference of amino acids for nutrition. In park&cu it was neglected what possibilities the
intracellular milieu could offer for the bacterinchhow metabolism could influence the course of
the infection. This study now documents thapneumophilanetabolizes glycerol and inositol
vitro as well asn vivo. Furthermore it shows that amino acids like seanéd carbohydrates like
glucose and glycerol have particular metabolicSatdhen being metabolized by the bacteria, a
principle that also seems to be employed by othieacellular pathogens like. monocytogenes

or M. tuberculosigo ensure effective and successful intracellidatication.

4.1 The Metabolism of Inositol bylLegionella pneumophilaand its Regulation

The genome ot. pneumophilaharbors a cluster of genes associated with thabohsm of
inositol, which are organized in an operon (seeti@ec3.3.1). However, no gene for the
bisphosphate aldolaselJ and the malonate semialdehyde dehydrogeimd&eare found within
the operon or elsewhere in the genome. The Kyotoy@opedia of Genes and Genomes
(KEGG) predicts that MmsA (Lpg0129) catalyzes tlaation of lolA inL. pneumophila
(http://www.genome.jp/kegg/kegg2.html). IolA noryabonverts malonate semialdehyde into
acetyl-CoA, releasing CQOand producing one molecule NADH/HNn the course. However,
MmsA is annotated as a methylmalonate semialdehg@fydrogenase that oxidizes
methylmalonate semialdehyde to propionyl-CoA, puidg one molecule NADH/H in the
process. Whether the inositol catabolism Lin pneumophilaproduces methylmalonate or
malonate semialdehyde is not known. However, theyme corresponding to MmsA in
B. subtiliswas found to catalyze both reactions with methybmate semialdehyde and malonate
semialdehyde as substrates, producing propiony-aaetyl-CoA, respectively (Stines-Chaumeil
et al, 2006; Talfournieret al, 2011).L. pneumophilaMmsA shares some homologies with
B. subtilis MmsA, and it is possible that theegionella enzyme also has a wider substrate
spectrum than just methylmalonate semialdehyde.

A substitution for the missing lolJ on the othentias harder to find. lolJ catalyzes the aldolase
reaction with 2-deoxy-5-keto-D-gluconate-6-phosphas$ substrate, which yields one molecule
dihydroxyacetone phosphate and the aforementiorsddnaite semialdehyd8. entericaalso has

no homologue oiolJ in its genome, but other than pneumophilacan grow on inositol as sole
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source of carbon and energy (Kroger and Fuchs,)2@@2his point, it is not possible to propose
multi-substrate specificities of other aldolaseatthould make up for the missing lolJ. It is
possible thatL. pneumophilaemploys a novel inositol catabolic pathway as shofer
Thermotoga maritimgRodionovaet al, 2013). However, this is not likely as all othezgmes

in theiol cluster resemble enzymes that were describdgl. isubtilisandS. enterica Indeed,

L. pneumophilaseems to metabolize inositol as suggested in swpets performed with
radioactive**C-inositol (see section 3.3.2). While the additafrinositol did not have a growth
stimulating effect in different chemically definededia, upon incubation of the bacteria with
C-inositol, radioactivity was efficiently incorpaeal into the acid-insoluble fraction of the cell
indicating that inositol is used as a precursomfi@cromolecules. As this was dependent on loIT
and lolG one can assume that this was by virtuenasitol metabolism (see section 3.3.2).
Further investigations on the fate of inositol ire tbacterial cell would help to elucidate the
mechanisms of inositol metabolism and could alswifgi, if and how inositol contributes the
bipartite metabolism df. pneumophilgsee section 4.3).

The inositol metabolism in other bacteria liBe subtilis S. entericaor L. caseiis regulated by
the repressor protein IolR (Yebed al, 2007; Yoshidaet al, 2008; Krogeret al, 2010). In the
absence of inositol, IolIR binds to the operatoessiof regulated genes and blocks their
transcription. If inositol is available, a catalesolntermediate of inositol metabolism acts as a
derepressor of IolR. The regulator detaches froenojerator sites, thus allowing expression of
inositol metabolism genes and the transporter gelife(Yoshidaet al, 1997; Yoshideet al,
2008). No homologue of IoIR is found in the genoofid.. pneumophilaand accordingly, the
addition of inositol had no influence on the expres ofiolT (see section 3.3.3). However, the
expression ofolT was up-regulated by the addition of serine andrdoygulated in a rpoS
mutant (see section 3.3.3).

Availability of nutrients, especially amino acidsonstitutes an important factor for
L. pneumophildor the regulation of the phenotypic switch betweeplication and transmission
and vice versa. As long as amino acids are availaxpression of virulence traits is repressed
(Byrne and Swanson, 1998), and only when nutrivat®me limiting the bacteria will undergo a
transcriptional switch and express virulence trggee also section 1.2.4). Transporters of the Pht
family, like the threonine transporter PhtA or thaline transporter PhtJ, were shown to be
essential for the intracellular differentiation ttee replicative form (Sauest al, 2005; Cheret

al., 2008). Furthermore, arginine is important for #vatch to replication inside the host. The
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availability of arginine allows the expression @ngs that are repressed by the regulator ArgR in
absence of the amino acid. The regulator is cruielmaximal intracellular replication in
A. castellanii(Hovel-Mineret al, 2010).

It is currently not known, whether serine also amtsregulatory proteins and how it influences
gene expression patternslofpneumophilabut as the amino acid is a major carbon source fo
the bacteria, a role for serine in the regulatatwork ofLegionellais likely. The effect of serine
on gene expression might also be indirect and dirikethe overall metabolic state of the bacterial
cell. As long as amino acids are not limiting, {y@Gpp-synthase RelA is not activated. The
second ppGpp-synthase bf pneumophila SpoT, senses the metabolic condition of the cell
through the state of fatty acid biosynthesis aractszated by a reduction in the rate of fatty acid
biosynthesis. As long as this is not the case, Smt3 as a ppGpp-hydrolase and assures that the
transmissive phenotype is not expressed and bactan replicate (Dalebrougt al, 2009;
Edwardset al, 2009). Isotopologue profiling witl’C-serine as precursor showed high carbon
flux from serine into fatty acids, and therefordyigh rate of fatty acid biosynthesis occurs when
serine was present (see section 3.2.3). This irsemprence would lead to ppGpp-hydrolase
activity of SpoT, which could also influence theceed regulator of inositol metabolism, the
alternative sigma factor RpoS.

In aL. pneumophilapoSdeletion mutant, the expressioniafl was drastically reduced and also
serine did not enhance the expression anymoresgsion 3.3.3). In line with these results is the
finding of Trigui et al. who observed the downregulation @lG in an rpoS mutant upon
extracellular growth in water (Trigwgt al, 2015). InE. coli RpoS is believed to be the central
stress sigma factor agpoSmutants of. coliare much more sensitive to stress (Hengge-Aronis,
1993; 2002). ArL. pneumophila rpoSmutant, on the other hand, retains stress resistdmt is
not able to replicate inside protozoan hosts angniidales and Shuman, 1999b; Hovel-Miegr
al., 2009). Therefore, RpoS is believed to be a kguletor of genes associated with intracellular
multiplication inL. pneumophilgHovel-Miner et al, 2009). RpoS regulates a plethora of genes
including lcm/Dot-translocated effector proteingnadl regulatory RNAs as well as two
component systems, and is mainly associated withevice related genes. However, RpoS was
also shown to positively regulate genes associavétl carbohydrate metabolism during
exponential growth (Hovel-Mineet al, 2009), and inositol transport was also highest in
exponential growth phase (see section 3.3.3). &tt plint the ppGpp concentration in the cell is

low due to the availability of nutrients (e.g. &) and the resulting ppGpp-hydrolase activity of
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SpoT. When nutrients become limiting and ppGpp eatrations rise, the stability and activity
of RpoS will change and the expression profile st to the transmissive pattern (Zusreain
al., 2002; Hovel-Mineret al, 2009). This link might explain the observed iptay of serine and
RpoS in the regulation of inositol metabolism ie #xponential growth phase lof pneumophila
Regulatory proteins downstream of RpoS could aisoelsponsible for the regulation of inositol
metabolism. RpoS controls the expression of thénigug repressor ArgR. The expression of
argR was twelve-fold upregulated inrpoS and thus, the intracellular growth defect apoS
might be due to the inability of the bacteria tgp®eess thearg regulon upon infection (Hovel-
Miner et al, 2009; Hovel-Mineret al, 2010). ArgR does not regulate th@ operon of

L. pneumophila(Hovel-Miner et al, 2010), but the observed downregulationi@dT in rpoS
could be due to the disturbed expression of oreeweral other regulators downstream of RpoS.
The Legionellaqguorum sensing system (Lgs) might be one of tmegalators, as it was shown
that the expression ®IG was two-fold upregulated in a mutant lacking twe sensor kinases
LgsS and LgsT in stationary growth phase (Kessteal, 2013). Moreover, thégs system is
regulated by RpoS (Tiadert al, 2007) and could therefore be responsible for the
downregulation of thel operon in stationary growth phase.

The overall picture of regulatory processes regagrdnositol metabolism is still vague, but the
involvement of RpoS suggests that the carbohydratéd be used as an intracellular carbon
source byL. pneumophilalndeed, inositol promoted intracellular growttpdadent on lolT and
I0lG in A. castellaniiand murine macrophages (see section 3.3.4). Farthie, mutants lacking
the inositol transporter IoIT or the inositol dehygenase 10lG had a severe fitness disadvantage
compared to wild-type bacteria, without being innpdi for intracellular growtlper se(see
section 3.3.4). The catabolism of inositol is tiiere not essential for intracellular growth of
L. pneumophilabut provides the bacteria with certain fithesedfits. As the observed positive
growth effect of inositol was dependent on the itbsransporter 1olT and also on 1olG, one can
assume that it was due to the direct metabolisinaditol inside the host cell and not due to a
secondary effect, where inositol was metabolizedhgyhost and the bacteria would then profit
from host metabolites, such as amino acids or gleicalso, the transcriptome bf pneumophila
growing in macrophages suggests that inositol &lwss a carbon source by the bacteria, since
the expression ofolG andiolCB was over two-fold upregulated compared to expaakynt
growing bacteria (Fauchet al, 2011). Inositol might therefore serve the inttiadar nutrition

of L. pneumophilaThe LCV is likely accessible for inositol post eéation, as the compound
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promoted intracellular growth when added to thedtdd cells several hours after the infection
(see section 4.4).

Other intracellular pathogens also utilize inositokcontext with infectionMycobacteriumspp.
use inositol to synthesize mycothiol that servesiynfunctions including detoxification and
protection from oxidative damage. The compoundsgeastial for the bacteria and is discussed as
an antitubercular drug target (Movahedzadshal, 2004; Nilewar and Kathiravan, 2014).
However, it is unclear whether the bacteria impoasitol intracellularly or if they rely owle
novosynthesis, although inositol transporter actiig been proven féd. smegmatiat leasin
vitro (Movahedzadelet al, 2004; Newtoret al, 2006).S. entericauses inositol as a source of
carbon and energy, and it was shown that the mktabof inositol is regulated by IoIR and the
availability of inositol (Kroger and Fuchs, 200%).addition, bicarbonate/CCacts as a positive
regulator of inositol catabolism genesSalmonellawhich is believed to be an adaption to a life
in the gut, where bicarbonate concentrations exdbede that were sufficient to initiate
transcription of inositol genes. The interplay be#w IolR and bicarbonate/GGupposedly
assures that inositol concentrations are high eéméefore gene expression is initiated (Kroger
al., 2011). It is not known to date whetl&rentericaalso metabolizes inositol upon intracellular
growth or just uses the carbohydrate as an extuaetarbon and energy source.

Taken together, available evidence indicates thasiiol is metabolized by. pneumophila
preferably during intracellular growth, althouglrs@lextracellular uptake and metabolism of
inositol was shown. These results extend the pronetabolic capacities df. pneumophileby
another carbon source and help to understand tingiom of Legionellaspp. particularly inside

host cells.

4.2 The Metabolism of Glycerol byl egionella pneumophila

A definedL. pneumophiladeletion mutant lacking the glycerol-3-phosphatbydirogenase GlpD
was constructed in this study and used to analygartetabolism of glycerol under extra- and
intracellular conditions. As predicted by transtoipe data (Fauchest al, 2011), glycerol had
no influence on the extracellular growth of wilgsgyor glpD similar to inositol (see section
4.1). TheglpD mutant exhibited a somewhat longer lag-phase thdg-type bacteria, but
reached similar optical densities after 48 h growttdifferent chemically defined media (see
section 3.2.1). The reason for that might be audistd energy balance and/or a disturbed

phospholipid biosynthesis within the cell. GlyceBsphosphate is a precursor for the

116



4. Discussion

biosynthesis of phospholipids. TiggpD mutant could still produce glycerol-3-phosphatentr
glycerol in the reaction catalyzed by glycerol lWealpgl414, which is an ATP consuming
reaction. InE. coli it was shown that GIpD is a central enzyme atjtimetion of respiration,
glycolysis and phospholipid biosynthesis and imgatrfor the energy homeostasis of the cell, as
it is an integral part of the electron transporaiohin the inner membrane &f coli (Yeh et al,
2008). The conversion of glycerol-3-phosphate thydioxyacetone phosphate is not only
important for glycolysis, but also delivers FARFbr the respiratory chain. The longer lag-phase
of L. pneumophila glpD might therefore also reflect a disturbed energgnéostasis, which
would require certain adaptions to allow efficiel growth and division. Nothing is known
about membrane association and regulation of GlpD. ipneumophilaso far. Intracellularly,
glycerol promoted growth of wild-typel. pneumophilain murine macrophages and
A. castellanij which was dependent on GIpD. In competition expents, the mutant had a
significant growth disadvantage compared to wildetyalthough the mutant was not impaired in
intracellular growthper se(see section 3.2.1). This suggested that glyaerght preferentially

be used as an intracellular carbon sourcé.lgyneumophilabut isotopologue profiling showed
that glycerol was used in later growth phases atsdroth, although it did not enhance
extracellular growth (see section 3.2.1, 3.2.2 22d3).

The genomes df. pneumophilgCazaletet al, 2004; Chieret al, 2004; Steineret al, 2007)
andL. longbeachadCazaletet al, 2010; Kozaket al, 2010) encode a complete glycolytic and
ED pathway, as well as an incomplete PPP lackipidsphogluconate dehydrogenase and the
transaldolase. Glucose was already described asbarc substrate fot. pneumophilaand is
preferentially metabolized via the ED pathway (Ey&t al, 2010; Harad&t al, 2010). The data
presented in this thesis now prove activity of gheconeogenic pathway as well as the PPP, as
3C-incorporation from labelled glycerol, glucosesarine occurred into mannose and histidine
(see section 3.2.2 and 3.2.3). Mannose or rathanas@-6-phosphate is derived from fructose-6-
phosphate in the reaction catalyzed by the manGqdesophate isomerase RfbA, and therefore,
depends on the gluconeogenic production of frueéepbosphate, at least with serine and
glycerol as precursors. An integral enzyme of ghemmenesis is fructose-1,6-bisphosphatase
that converts fructose-1,6-bisphosphate to fruepbosphate, which serves as precursor in
mannose biosynthesis. An enzyme with homology wknfructose-1,6-bisphosphatases is not
found in the genomes afegionellaspp., and only phosphofructokinase, the enzymalyzang

the forward reaction, is annotated (Cazaleal, 2004; Chieret al, 2004; Cazalegt al, 2010).
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Yet, the flow of**C-label into mannose, especially from serine aydegbl as substrate, and the
fact that mannose was mainly M+3 and M+6 labelle@ll isotopologue experiments indicates
activity of the gluconeogenic pathway. An earlierdy also described that the enzymatic activity
of fructose-1,6-bisphophatase lin pneumophilacell extracts was ten-fold higher than that of
phosphofructokinase, clearly indicating that carbfliow is favorably directed towards
gluconeogenesis rather than glycolysis (Keen antintém, 1984). Also, when analyzing the
phosphofructokinase &f. pneumophilaencoded bypgl1913(aliaspfkA), it becomes evident that
PfkA of L. pneumophilabears homology to eukaryotic and bacterial Pfk&yemes that use
pyrophosphate rather than ATP as cofactor and remefore reversible (Arimotet al, 2002;
Costa dos Santost al, 2003). Taken together, the available data suggdst PfkA of

L. pneumophilamight also function as an enzyme catalyzing thevéod (glycolytic) as well as
the reverse (gluconeogenic) reaction between fsgephosphate and fructose-1,6-
bisphosphate.

Fructose-6-phosphate, together with glyeraldehyg&dsphate, is then the central metabolite for
entry into the PPP, ds pneumophiladoes not have a 6-phosphogluconate-deghydrogeaase,
essential enzyme for the oxidative part of the PtRce histidine was found to B&C-enriched

in all in vitro isotopologue experiments, the non-oxidative pathe PPP is active, as histidine is
derived from ribose-5-phosphate. Another enzymesimisin the genome dfegionellaspp. is
the transaldolase enzyme (Cazaetl, 2004; Chieret al, 2004; Cazaleet al, 2010). Figure
4.1 shows the essential reactions of the “incorspl&PP ofL. pneumophilaand illustrates

where'®C-label in mannose and histidine was presumabliyelfrom.
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Figure 4.1: The PPP ofL. pneumophilaand occurrence of*3C-label in mannose and histidine.Shown are
transketolase reactiongréen rectangle} between fructose-6-phosphate and glyceraldehyglee3phate for the
interconversion of sugars for cell wall biosyntlseand histidine synthesi§’C-label in mannose-6-phosphate and
histidine is depicted by colored bars dependingttan position and the precursor, th€-label was presumably

derived from.
Genes: rfbA, mannose-6-phosphate isomerageg, ribulose-5-phosphate epimeraspiA, ribulose-5-phosphate
isomerasetktA, transketolase.

The transketolase TktA transfers af€agment from fructose-6-phosphate onto glycefayde-
3-phosphate, resulting in erythrose-4- and xyluegehosphate. In another transketolase reaction
a G-fragment from xylulose-5-phosphate is transferoedo ribose-5-phosphate, resulting in
seduheptulose-7-phosphate and glyceraldehyde-3phates (Figure 4.1). As ribose-5-phosphate

cannot be made from glucose-6-phosphate Lin pneumophila because of the missing
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6-phosphogluconate-dehydrogenase, it is presunsplthesized from xylulose-5-phosphate in
the reactions of ribulose-5-phosphate epimerase)(Bpd isomerase (RpiA). This non-oxidative
branch of the PPP is sufficient for the intercosi@r of sugars that are needed for the synthesis
of cell wall components, purines and pyrimidinest annot provide NADPH/H However, as

L. pneumophileemploys the ED pathway for glucose catabolism Byt al, 2010; Haradaet

al., 2010), the bacteria can synthesize NADPH/H this pathway.

In all isotopologue profiling experiments, at leasith *C-glycerol and**C-glucose as
precursors, histidine was mainly M+2 and M+3 laégllindicating that either two or three
C-atoms were labelled (see section 3.2.2. and)3.2Z8a lesser extent also a fraction of M+5
labelled histidine appeared. Figure 4.1 shows wileese entities of labelled histidines were
derived from. With**C-glycerol as precursor, a part of the intracetipi@ol of glyceraldehyde-3-
phosphate will be fully labelled (M+3). Fructosesbesphate might be unlabeled, or M+3 or
M+6 labelled, depending on the label of glyceraldbh3-phosphate and dihydroxyacetone
phosphate. M+3-label in histidine is then presumalelrived from fully labelled glyceraldehyde-
3-phosphate and unlabeled fructose-6-phosphataltings in three labelled carbon atoms in
ribose-5-phosphate (Figure 4.1, red line). M+2 lladehistidine is derived from unlabeled
glyceraldehyde-3-phosphate and fructose-6-phosphealtéch has been M+3-labelled at the
C-atoms that are transferred in the reaction of tthesketolase and further onto ribose-5-
phosphate in the reactions of the ribulose-5-phatgpbpimerase and isomerase (Figure 4.1, blue
line). The fraction of M+5 labelled histidine theis a combination of fully labelled
glyceraldehyde-3-phosphate and M+3 labelled friee®phosphate (Figure 4.1). Mannose was
mainly M+3 and M+6 labelled in all isotopologue filing experiments. The label is simply
derived from M+3 or M+6 labelled fructose-6-phosighavhich is converted to mannose-6-
phosphate by RfbA (Figure 4.1).

When theglpD mutant was growin vitro with **C-glycerol as substrate, the only metabolite that
was found to be significantly enriched was lactésee section 3.2.2). This effect was
independent of GIpD, as neither histidine nor maenchat were botl¥C-enriched in the wild-
type, nor were any other metabolites enriched émtiatant. A possible explanation for this might
be the formation of methylglyoxal from glycerol. IEnterobacteriaceae two glycerol
assimilatory pathways exist (Subeeli al, 2008). One that involves the phosphorylation of
glycerol to glycerol-3-phosphate by a glycerol lseafollowed by the conversion of glycerol-3-
phosphate to dihydroxyacetone phosphate catalygedgbycerol-3-phosphate dehydrogenase. In
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L. pneumophildhese reactions are catalyzedlpgl414andglpD respectively (Figure 4.2). The
second pathway consists of the glycerol dehydroggei@dA that forms dihydroxyacetone from
glycerol, which is then phosphorylated to dihydraggtone phosphate in a kinase reaction.
Furthermore, dihydroxyacetone can be convertedemaymatically to methylglyoxal within the
cell (Subediet al, 2008). Methylglyoxal is a byproduct of differemetabolic pathways and can
also be generated non-enzymatically from glycetalde-3-phosphate or dihydroxyacetone
phosphate (Riddle and Lorenz, 1973; Cooper, 1984).

Figure 4.2: Proposed metabolism of methylglyoxal by. pneumophila Methylglyoxal is a toxic metabolite that
can be derived non-enzymatically from dihydroxyaoet phosphate, glyceraldehyde-3-phosphate or
dihydroxyacetone. To detoxify methylglyoxal the quund is converted to lactate by the glyoxalasgesy. In

L. pneumophila glpD, methylglyoxal could be derived from dihydroxyame¢ directly made from glycerol,
catalyzed by a glycerol dehydrogenase (suppodpdB250 (Published in Hauslein, Manske al., 2015).
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As methylglyoxal is toxic, it is converted to lamtaby the glyoxalase system (Figure 4.2)
(Cooper, 1984). The protein Lpg2250lofpneumophilas annotated as alcohol dehydrogenase
with 27% identity to E. coli GIdA and might be responsible for the formation of
dihydroxyacetone in glpD. Also, genes for both enzymes of the glyoxalastesy ¢loA and
[pg1295 are present in the genome lof pneumophila which would explain the flow from
glycerol into lactate in theglpD mutant (Figure 4.2).

4.3 The Bipartite Metabolism ofLegionella pneumophila

The metabolism of glycerol was also compared to ¢hather carbon sources, namely glucose
and serine unddn vitro growth conditions. Earlier studies already indéchthat serine is the
preferred carbon substrate for pneumophila(Georgeet al, 1980; Eylertet al, 2010), which
was also confirmed in this work. The amount *3€-incorporation from**C-serine was the
highest in all experiments compared to experimemts *C-glycerol and**C-glucose (see
section 3.2.3), which showed the preference fas darbon source. Also, glucose was readily
used as a carbon sourcelbypneumophilabut glycerol was only used in later growth stages
incorporation of**C-label was only found after 36 h and 48 h extlati growth (see section
3.2.2 and 3.2.3). Under extracellular growth cdndg, glycerol seems to play only a minor role
for L. pneumophilanetabolism, while glucose and especially serieepaeferred carbon sources.
The ratio of*C-excess in histidine as marker of the PPP andrelaas marker of the energy-
generating lower part of glycolysis and the flowointhe TCA cycle was calculated (see section
3.2.5), and it was found that glycerol and glucasee predominantly used as carbon sources for
gluconeogenesis and the PPP, while carbon flow erme was mainly restricted to the lower
parts of glycolysis and the TCA cycle. These figdinndicate that the metabolic fate of certain
carbon sources is restricted to certain pathwayslltieg in a bipartite metabolism of
L. pneumophilgFigure 4.3).
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Figure 4.3: The bipartite metabolism ofL. pneumophila The metabolism of. pneumophilds divided into two
modules. Module 1 containing the ED pathway, gleogenesis and the PPRd/blue rectangle and module 2
containing the TCA cyclegfeen cyclg, amino acid AA) and fatty acid KA) synthesis. The thick colored arrows
represent the main routes of carbon flow from ghecélue), glycerol ¢ed) and serinedreen). The flow from
glucose and glycerol is mainly restricted to theeamppart of metabolism in module 1, while serinen&inly used in
the lower energy-generating parts of metabolisnmimdule 2. Glucose and serine do also play a mimor ip
module 2 ¢lotted blue arrow) or module 1 dotted green arrow), respectively (Published in Hauslein, Manske
al., 2015).

Abbreviations: 6-PG, 6-phosphogluconatd{DPG, 2-keto-3-desoxy-phosphogluconafPP, pentose phosphate
pathway; PHB, poly-hydroxybutyrate; TCA, tricarbolic acid pathway; -KGA, -ketoglutaric acid; DAP,
diaminopimelic acid.

Genes tktA, transketolaserpe, ribulose-5-phosphate-epimeraspiA, ribulose-5-phosphate-isomeradpgl414
glycerol kinaseglpD, glycerol-3-phosphate dehydrogenase.
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According to this model, the central carbon metsibolof L. pneumophilacan be divided into
two modules, of which module 1 comprises the Ehwal, the PPP and gluconeogenesis. This
module provides NADPH/H from reactions of the ED pathway, as well as prems for
anabolic reactions, essential for the synthesisetifwall components, nucleotides, histidine and
aromatic amino acids. Module 2 comprises the lopaet of the glycolytic pathway, as well as
the TCA cycle and provides precursors for aliphatiino acids as well as fatty acids and lipids.
Importantly, module 2 is the major energy-genempart of metabolism. ATP is synthesized by
substrate  phosphorylation in the dehydration of celgldehyde-3-phosphate to
3-phosphoglycerate and in the reaction of pyrukatase resulting in pyruvate. Furthermore, the
TCA cycle supplies the cell with NADH/Hand FADH, which are used to synthesize ATP by
oxidative phosphorylation via aerobic respiratidwwcordingly, module 2 is the major energy
providing part of metabolism, while module 1 is nigienergy-consuming, but essential for cell
wall biosynthesis and hence cell division and pecdition. The experimental data presented here
indicate that glucose and glycerol mainly serve atedL, while carbon flow from serine is
mainly restricted to module 2 (Figure 4.3). Althbudis model is mainly based on data obtained
from in vitro growth assaysin vivo data also support a bipartite intracellular melisbo of

L. pneumophilgsee section 3.2.6). Addition biC-glycerol to infected?\. castellaniiresulted in

a GlpD-dependent incorporation dfC-label into mannose. The same was observed with
13C-glucose as precursor, but not wittt-serine, where incorporation biC-label occurred into
amino acids, DAP and PHB but not into mannose. @liieslings indicate that the concept of a
bipartite metabolism might also apply for intraakdrly growingL. pneumophila

At this point, it can only be speculated whethed &ow inositol fits into this model. Since
13C-inositol is commercially not available, isotopgi® profiling experiments could not be
performed. Inositol presumably would enter centcarbon metabolism at the stages of
dihydroxyacetone-phosphate and acetyl-CoA, whicluld/dhave been shuffled into the TCA
cycle and used for fatty acid synthesis. Dihydra@efane-phosphate could be used both for
gluconeogenesis, but also for energy generation.

The concept of a modular metabolism seems to apegtl for extracellular and intracellular
growing L. pneumophilaAccordingly, glycerol might then also vivo be used in later stages of
intracellular growth, based on results obtainednfrim vitro experiments. At late stages of
infection, the bacteria will switch from the regltove to the transmissive growth phase, lyse the
LCV and eventually the host cell. The disintegnatmf host cell membranes through secreted

124



4. Discussion

phospholipases might then also be the source @celtular glycerol (Lang and Flieger, 2011).
Other possible intracellular sources of glycerdl e discussed in section 4.4.

Noteworthy, a modular metabolism is also employgdther intracellular bacterial pathogens
(Figure 4.4).L. pneumophilauses serine for energy generation in the lowerspafriglycolysis
and the TCA cycle, while glycerol and glucose amplyed for gluconeogenesis and the PPP
(Figure 4.4 A).Listeria monocytogenesn intracellular pathogen that dwells in the hoesit
cytoplasmgcan grow on different nutrients as sole sourceadb@n and energy vitro, including
glucose and glycerol (Schneebeli and Egli, 2013)monocytogenesan import amino acids
from the host cell, but only uses them directlygootein synthesis (Grubmiillet al, 2014). The
major carbon sources for intracellularly growihgsteria seem to be glycerol and glucose-6-
phosphate, with glycerol being used mainly in thedr parts of glycolysis and the TCA cycle
for energy generation and glucose-6-phosphate ynairthe PPP. Glucose, if at all, is only used
to a minor extent, and glucose-6-phosphate is teéfeped carbon substrate lofmonocytogenes
(Grubmdlleret al, 2014) (Figure 4.4 B). Similar tibegionellg Listeria also exhibits a bipartite
metabolism, but this example also shows how a cadadstrate might be metabolized by
different modules depending on the microorganism.

M. tuberculosisthe causative agent of tuberculosis, also exh#inodular metabolisrim vitro
studies showed that co-catabolism of different sab=ss occurs and that depending on the
substrate combination the metabolic fate of thagaemts is defined (de Carvallet al, 2010).

M. tuberculosignetabolizes glucose, glycerol and acetate at leadrin vitro conditions. When
fed with glucose and acetate, glucose is prefaiintinetabolized in the PPP and early steps of
the glycolytic pathway, while acetate is mainly fiatlo the TCA cycle. The metabolic fate of
glycerol, on the other hand, is dependent on itgient partner. When co-catabolized with
glucose, the flow of carbon from glycerol is mainlyected towards the TCA cycle. However,
when metabolized together with acetate, the flowlirected towards gluconeogenesis and the
PPP (de Carvalhet al, 2010) (Figure 4.4 C). The major carbon sourcangumtracellular
growth is a G-body, which presumably is acetate or acetyl-Codvjiveed from -oxidation of
host lipids (Besteet al, 2013). Furthermore, glycolyticz&ompounds were shown to be carbon

sources foM. tuberculosis
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Figure 4.4. The modular metabolism of
different intracellular pathogens. Comparison
of central carbon metabolism bf pneumophila
(A), L. monocytogene@) and M. tuberculosis
(C). Preferential flow of glucosélue), glycerol
(red), serine green) and acetated@rk blue)
into distinct pathways is indicated by thick
colored arrows.

Abbreviations: PPP, pentose phosphate
pathway;TCA, tricarbolic acid pathway.
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These G-compounds could be derived from amino acids ingabftom the host cell, but also
glycerol or glycerol-3-phosphate were discusseg@atential carbon sourcés vivo. Similar to
extracellular growth, co-metabolism of differentbstrates is also occurringn vivo with
preferential use of different carbon sources fotase pathways (Bestet al, 2013).

Another pathogenS. enterica was also found to exploit a large number of défé¢ host
nutrients in parallel in infected tissues with giyal being the major carbon source forvivo
based on proteomic analysis (Stexthal, 2013). Furthermore, also during intracellularvgfig

the bacteria seem to access and rely on sevetarcaources for parallel exploitation (Stestb
al., 2013). Currently, no detailed flux analysis fatracellular growingS. entericais available,
and it is not known, whether these carbon sourcesised for fixed metabolic pathways or not.
Taking together all these findings, the concepa ehodular metabolism appears to be a general
concept for pathogens when replicating within tieist cells.

It is striking that glucose or glucose-6-phosplateays seems to be used preferentially through
the PPP bylLegionella and Listeria as well as byMycobacterium For L. pneumophila a
metabolic strategy, which relies on amino acidswdsstrates for energy generation and that uses
carbohydrates like glucose mainly for anabolic psgs might put less nutritional stress on the
host cell, thus allowing successful and prolongddation compared to bacteria that would rely
on glucose as substrate for energy generation.a8ore for this might be that the intracellular
level of glucose is a regulator for apoptosis ikayotes (Zhaoet al, 2008). Apoptosis is
initiated through two primary pathways: the mitogtoal, also called intrinsic, pathway and the
death receptor, also called extrinsic, pathway (&8leand Korsmeyer, 2004). Glucose was found
to directly affect the intrinsic pathway of apopto§&Zhaoet al, 2008). As long as intracellular
levels of glucose are normal, anti-apoptotic prigedf the Bcl-2 family prevent cell death. If the
intracellular levels of glucose are disturbed, ltheels of Bcl-2 regulators decrease (Ahatsal,
2006; Zhacet al, 2007) and pro-apoptotic proteins are activatea €T al, 2000). Apparently,
the status of glucose metabolism also changes foricell death (Zhaet al, 2008). The usage of
glucose by intracellular pathogens in large amowvitsild therefore counteract the goal of a
successful and prolonged infection of the host @dlis notion is supported by experimental data:
L. monocytogenesnd enteroinvasivi. coli both replicate inside the host cell cytoplasm, use
glucose for anabolic reactiond..( monocytogengsor as main substrate for intracellular
replication E. coli). Interestingly, E. coli kills the same host cell much faster then
L. monocytogenegGotz et al, 2010; Grubmiulleret al, 2014). The strategy of a bipartite
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metabolism seems therefore to be a good adaptidn pheumophilaand other intracellular

pathogens to an intracellular life-style.

4.4 Substrate Uptake into LCVs

It was shown in this study that pneumophilas able to metabolise glycerol and inositolitro
andin vivo, and it was already known that the bacteria usm@macids, especially serine, and
glucose as carbon sources (Eyletrtal, 2010; Haradat al, 2010; Schundeet al, 2014). The
prerequisite for thén vivo metabolism of different substrates is the accdsyiloif the LCV for
nutrients from the host cell cytoplasm, but alsodabstrates added from the outside to the host.
L. pneumophileexploits eukaryotic amino acid transporters tolf@ate amino acid uptake into
the LCV (Wielandet al, 2005). The transporter SLC1A5, which transpoetsng (Colaset al,
2015), together with solute carrier proteins of 8leC7 family, are found in the proteome of
purified LCVs and might facilitate the uptake ofrise and other amino acids into the LCV
lumen (Hoffmannet al, 2014a). Upon intracellular growth &f pneumophilamany different
amino acids are taken up from the host (Schuetiat, 2014), which are then imported into the
bacterial cell by one of the various amino acichsgorters (see section 1.2.1). In particular,
serine is transported into the bacterial cell lgyttansporter SdaC (Figure 4.5).

This work now provides evidence that glycerol ahescgse added to infected cells can directly
reach the bacteria inside the LCV and are use@dd®i source by intracellular pneumophila
These results suggest that the LCV is accessiBle far other carbon sources. However, the
mode of uptake for these substrates is not clegce®l could enter the host cell via diffusion or
transport. Transport can be facilitated through aatyceroporines, which are common
transporters in eukaryotes that take up water dpdel. Interestingly, these porines were
recently also shown to be involved in innate immyr{zhu et al, 2011). The proteome of
purified LCVs suggests that not glycerol but rathgdycerol-3-phosphate might be more
important forL. pneumophila in vivosince the eukaryotic glycerol kinase (Gk) wasideed in

the LCV proteome. Gk could phosphorylate cytoplasgtycerol to glycerol-3-phosphate, which
subsequently might be transported by solute caroéthe SLC37 family that are also found in
the proteome of LCVs (Hoffmanet al, 2014a). Furthermore, in the genomd.opneumophila
only a glycerol-3-phosphate transporter (GlpT) mhatated, suggesting that the bacteria may
transport glycerol-3-phosphate rather than glycefotother possibility of making glycerol

available inside the host might be the exploitabbrvesicular bodies bi. pneumophilaLipid
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bodies (LBs) are intracellular organelles that fatend in all cell types and exhibit a distinctive
architecture. LBs consist of a core containingcriglycerols and sterolesters surrounded by a
phospholipid hemimembrane with associated protdifauchi-Sato et al, 2002). These
organelles were mainly associated with lipid steragthe past, but are now recognized as being
involved in a variety of functions within the eulatic cell (Melo and Dvorak, 2012). LBs can
fuse with several intracellular organelles inclglthe phagosomes in cells of the immune system
(Melo and Dvorak, 2012). RemarkabMycobacterium bovisnd otheiMycobacteriumspecies
were found to actively increase LB formation withitreir host cells (D'Avileet al, 2006) and
LBs as source of nutrients for the pathogens haen ldiscussed (Peyret al, 2008; Mattoset

al., 2011, Barisclet al, 2015). Whether LBs fuse with LCVs is not knownt i is imaginable
that LBs could also constitute a nutrient souraelLfqgoneumophilaThe triacylglycerols released
into the LCV lumen could be hydrolysed by type-éceeted phospholipases lof pneumophila
(Lang and Flieger, 2011), thus releasing fatty s.eidd glycerol inside the LCV (Figure 4.5).
Secreted effector proteins bf pneumophilacould also play a role in the acquisition of inoki
LppA is a type-IV-translocated phytase lofpneumophilahat functions as a hexakisphosphate
inositol (phytate) phosphatase in infected phagescyiWeberet al, 2014a). Phytate is a major
phosphorus storage compound in plants and the abostdant organic phosphorus compound in
the environment (Turneret al, 2002). Furthermore, ar.. pneumophilahost amoeba,

D. discoideumproduces phytate in millimolar quantities (Staphand Irvine, 1990). Phytate is a
strong chelator of iron, resistant to hydrolysisl @ould be used as an intracellular bacteriostatic
component, by depriving intracellular pathogensiroh. LppA might promote intracellular
replication by removing phytate and making iron ikade to L. pneumophilainside the cell
(Weberet al, 2014a). Dephosphorylation of phytate might ndyyaelease iron, but would also
yield inositol-phosphates or inositol, the sugackiene of phytate, to be used by the bacteria.
Inositol can also be taken up from the environneeriie synthesized from glucose (Fischbath
al., 2006). Humans synthesize inositol especiallyhimm kidney in amounts of up to 4 g per day,
and the highest amounts are found in the braint{i@ast al, 2000; Parthasarathat al, 2006).
Inositol transporters of the solute carrier fanblyand family 2 facilitate uptake of inositol in
mammalian cells (Klaugt al, 2008) and perhaps, also into the LCV. IolT cotlldn import
inositol from the LCV lumen into the bacterial c@figure 4.5).

The data presented here also show the direct uptai®e metabolism of glucose by
L. pneumophilagrowing intracellularly (see section 3.2.6). Glseds taken up into eukaryotic
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cells by members of the Slc2 family of solute aasi(Mueckler and Thorens, 2013) or other
major facilitators (Wrighet al, 1994). Solute carrier proteins are found in tleEsma membrane
of all eukaryotic cells (Palmadat al, 2006). The proteome of purified LCVs revealed tiao
glucose transporters are incorporated into the In@/mbrane, for example SLC2A1 (Glutl) and
SLC2A6 (Glut6). Interestingly, besides these twacgke transporters, also SLC37A2 is found in
the proteome of purified LCVs (Hoffmanat al, 2014a). SLC37A2 is a phosphate-linked
glucose-6-phosphate antiporter (Panal, 2011) that could be used hy pneumophilato
transport glucose-6-phosphate into the LCV. As satggl in the present work, phosphorylated
carbohydrates might be the preferred carbon sdarde pneumophilgsee section 3.2.4), which
corresponds to the acquisition of sugar-phosphatesporters and phosphorylating enzymes (see
above) into the LCV membrane. Furthermore, the genofL. pneumophilaonly encodes the
hexose-phosphate transporter UhpC, which, for el@amg used by the intracellular pathogen
Chlamydia pneumoniado transport glucose-6-phosphate (Schwomgeal, 2002). Also,

L. monocytogenelies on glucose-6-phosphate as substrate fiaceitular growth (see section
4.3). Thus, perhaps aldo pneumophilaexploits both, glucose and glucose-6-phosphaten up
intracellular growth (Figure 4.5).

The uptake of these substrates seems to be atpladistlly dependent on a functional Icm/Dot
type IV secretion system. A fluorescent glucosdamee (2-NBDG) was found to be taken up
into a high percentage of LCVs harbouring wild-tyjzeteria or inositol metabolism mutants. An
icmT mutant on the other hand showed 50 % reduced epmaR-NBDG (see section 3.3.5).
2-NBDG has been used to study glucose uptake ataboism in different organisms, including
E. coli (Natarajan and Srienc, 1999), yeast (Oh and Matu@002), neurons (ltoét al, 2004)
and cancer cell lines (Chergg al, 2006) and is presumably transported by canomjadose
transporters of the cell (Yamadda al, 2000). Import into wild-type LCVs could therfolee
mediated through acquisition of host cell transgasrtvia fusion of the LCV with ER exit site
vesicles, which is happening shortly after bactendake (Kagan and Roy, 2002). This vesicular
fusion is dependent on the Icm/Dot T4SS, as vasumdatainingcm/dotmutants do not acquire
ER vesicles as wild-type LCVs do (Kagan and Roy)20The processes that lead to the fusion
with these ER exit site vesicles are dependentmll SSTPases and the non-canonical pairing of
plasma membarane-derived t-SNARES with the ER-eesid-SNARE Sec22b (Arasaki and
Roy, 2010; Finsel and Hilbi, 2015). The type IVisted effector protein SidM is responsible for
this non-canonical SNARE fusion through activatairthe small GTPase Rabl (Arasaial,
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2012). Other effector proteins are also involvedhe acquisition of ER-derived vesicles. The
L. pneumophilaeffector protein LseA shows close homology to eyéaic Qc-SNARE receptor
family and is presumably a mediator of membranéfus Golgi-associated pathways (Kieg

al., 2015).

Figure 4.5: Nutrient uptake of L. pneumphilainside host cells.L. pneumophilahas several ways to take up
substrates inside its host. Serine is imported th&éocell by solute carrier proteingrénge) of the Sicl and Slc7
family, which have been identified on the LCV. SdiaQised as bacterial serine transporter. Glycsanl enter the
cell via diffusion, aquaglyceroporinege() or solute carriergreen) that could also transport glycerol-3-phosphate,
which subsequently might be taken up by the bacteith the transporter GIpT. Glucose is importedskyeral
solute carrier transportersgréen) and could reach the bacteria in form of glucogg6sphate or
unpohosphorylated. The genome lof pneumophilaonly harbours the glucose-6-phosphate transportgnQJ
Inositol can be derived frome novosynthesis with glucose as precursor, from trarisparsolute carriergreen) or
from the dephosphorylation of phytate by the pneumophilatype IV-secreted effector LppA. Import into the
bacterial cell might be facilitated by lolT. Uptaké nutrients could also occur by fusion of lipiddies (B) with
the LCV or macropinocytotic eventsiP).

Abbreviations: Gk, glycerol kinase;LB, lipid body; LCV, Legionellacontaining vacuolelLpn, Legionella
pneumophilaMP; macropinosomet4SSs type IV secretion system.
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A large number of effector proteins are also parthe interaction with the secretory pathway
and the ER, for example by accumulating the lipidifs(4P in the LCV membrane and thus
anchoring other effector proteins to the LCV (Webtal, 2014b; Finsel and Hilbi, 2015). An
icm/dotmutant obviously cannot translocate all these &ffeproteins, as it does not possess a
functional T4SS. This could explain the reduced benof 2-NBDG-positive LCVs in themT
mutant used in this study, as the mutant straindvioe unable to redirect host cell transporters to
the LCV. For heterotrophic plant cells it was shawat 2-NBDG, and therefore likely glucose as
well, can also be taken up by endocytic processdsead up in vesicles and vacuoles (Etxeberria
et al, 2005). Thus, endocytic processes like macropitosty, could also explain how 2-NBDG
might reachL. pneumophilanside the host celD. discoideumthe host cell that was used here
to test uptake of 2-NBDG, is able to take up flpltase material via macropinocytosis (Haoker
al., 1997) and could therefore also take up 2-NBDCGoubh this process. Interestingly,
macropinocytosis was recently also associated th#hmetabolism in cancer cells, as these cells
upregulate macropinocytosis to take up and degpaateins as amino acid supply (Commisto
al., 2013). Macropinocytosis or other endocytic preessmight explain how nutrients are
delivered toL. pneumophilanside the LCV, especially since ounr vivo isotopologue profiling
experiments showed that the substrates used re#tehédcteria presumably unmetabolized (see
section 3.2.6). Also other, yet unknown, substréded.. pneumophilamight reach the bacteria
via this route (Figure 4.5).

Taken together, numerous ways of uptake of differerrients into the LCV likely exist, but
they are far from being understood. Further effbese to be taken to fully grasp the metabolic

capacities that are available tarpneumophilanside its host cell.
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4.5 Concluding Remarks

The metabolism of. pneumophilastill remains a rather uncharted field, and notmis known
about the nutrition of the bacteria, especiafiyvivo. In this study, a neviegionella growth
medium was developed and used to investigate thabwolesm of inositol and glycerah vitro
andin vivo, as well as upon co-metabolism with the known sabes serine and glucose. The
finding that glycerol and glucose were prefereftialsed for gluconeogenesis or in the upper
parts of glycolysis, respectively, and serine wasfgrentially used for energy generation
uncovered that.. pneumophilaoperates a bipartite metabolism. This concept tnigh a
paradigm for intracellular pathogens and seemsetceimployed to dodge host cell defense
programs, otherwise triggered by interfering withnital host carbon metabolism. Inositol was
found to be metabolized by pneumophilgpresumably alsm vivo. The carbohydrate enhanced
intracellular growth ofL. pneumophila.Furthermore, the expression of th@ cluster was
regulated by the sigma factor RpoS as well as Iyemi availability. However, the regulation of
metabolic processes and the modes of substratkeupiside the host cell still demands further
research. The insights gained thus far might aédp to find new therapies fdr. pneumophila

as the metabolism of pathogens is arising as aipimognnovel target for developing new and
efficient treatments against pathogens (Murehal, 2014).

Further efforts should therefore be taken to fulfsasp the metabolic interplay between
L. pneumophilaand its host cells, because “it is only by underding the true behavior and
requirements of the bacteria when growingvivo that we shall learn how to prevent their
multiplication and, hopefully, how to cause thesath” (Ratledge, 1976).
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5. Supplementary Material

Table 5.1: Retention time (RT) and mass fragments foderivatized metabolites used for isotopologue
calculations.

Metabolite RT [min] [M-15] [M-57]" [M-85]*
Ala 6.7 m/z 260

Gly 7.0 m/z 246

Val 8.5 m/z 288

Leu 9.1 miz 274
lle 9.5 miz 274
Pro 10.1 m/z 258
Ser 13.2 m/z 390

Phe 14.5 m/z 336

Asp 15.4 m/z 418

Glu 16.8 m/z 432

Lys 18.1 m/z 431

His 20.4 m/z 432

Tyr 21.0 m/z 466

DAP 6.3 m/z 589

PHB 9.1 m/z 233

Lactate 17.8 m/z 261
3-Hydroxybutyric acid 21.6 m/z 275

Succinic acid 27.5 m/z 289

Fumaric acid 28.7 m/z 287

Malic acid 39.1 m/z 419

Palmitic acid 44.0 m/z 313

Stearic acid 49.4 m/z 341

Citric acid 53.3 m/z 591

Mannose 8.7 m/z 287
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Table 5.2:*%C-Excess (mol%) from [U*3C;]glycerol at 48 h.**C-Excess (mol%) of amino acids, DAP, PHB, polar
metabolites and mannose from experiments with pneumophilawild-type and glpD grown in MDM
supplemented with 50 mM [G’C;]glycerol for 48 h. Mean and standard deviationnfrahree independent

experiments are shown.

50 mM [U-3C;]glycerol

L. pneumophildaVNT

L. pneumophila glpD

Ala

Asp

Glu

Gly

His

lle

Leu

Lys

Phe

Pro

Ser

Tyr

Val

DAP

PHB

Lactate
3-Hydroxybutyric acid
Succinic acid
Fumaric acid
Malic acid
Palmitic acid
Stearic acid

Citric acid

Mannose

0.34% * 0.04%
0.36% * 0.05%
0.55% * 0.03%
0.11% * 0.04%
3.01% + 0.05%
0.09% * 0.01%
0.01% =+ 0.00%
0.39% + 0.02%
0.07% = 0.01%
0.18% + 0.01%
0.10% + 0.01%
0.10% * 0.02%
0.12% + 0.01%
0.74% + 0.09%
0.12% + 0.06%
0.97% * 0.20%
0.61% * 0.05%
0.24% * 0.03%
0.32% * 0.03%
0.70% * 0.16%
0.15% + 0.01%
0.60% * 0.05%
0.21% + 0.03%
5.75% * 0.65%

0.23% = 0.21%
0.12% + 0.02%
0.20% * 0.04%
0.08% * 0.02%
0.06% * 0.03%
0.07% * 0.02%
0.01% =+ 0.00%
0.12% + 0.01%
0.06% * 0.01%
0.09% + 0.01%
0.12% + 0.03%
0.08% * 0.02%
0.13% + 0.04%
0.17% + 0.08%
0.00% * 0.00%
0.71% = 0.29%
0.22% * 0.06%
0.09% * 0.02%
0.15% * 0.07%
0.29% * 0.05%
0.07% * 0.02%
0.44% * 0.06%
0.17% = 0.01%
0.12% + 0.08%
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Table 5.3: Relative fractions of isotopologues (%)rom [U-'3Cj]glycerol at 48 h. Relative fractions of
isotopologues (%) of histidine, lactate and mannfoss L. pneumophilawild-type and glpD grown in MDM
supplemented with 50 mM [&*C]glycerol for 48 h. M+x represents the mass of tinéabeled metabolite plus x
labeled"*C-atoms. Mean and standard deviation from threegaddent experiments are shown.

o

L. pneumophilaVT + 50 mM [U-*C5]glycerol
His Lactate Mannose
M+1 21.5% + 2.61% 0.00% + 0.00% 17.93% + 1.05p0
M+2 39.5% + 0.69% 2.78% + 2.67% 16.42% + 2.23
M+3 24.6% + 0.8% 97.12% £ 19.669 45.47% * 4.860%6
M+4 4.6% = 0.31% 6.10% + 0.97%
M+5 10.00% = 0.72% 5.52% + 1.40%
M+6 0.00% =+ 0.00% 8.57% + 1.56%
L. pneumophila glpD + 50 mM [U-3C;]glycerol
Lactate
M+1 0.00% = 0.00%
M+2 2.78% + 3.57%
M+3 97.22% * 40.36%
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Table 5.4:Kinetics of **C-excess (mol%) from [U**C;]glycerol. **C-excess (mol%) of amino acids, DAP, PHB,
polar metabolites and mannose from time seriesrarpats withL. pneumophilawild-type grown in CE MDM
supplemented with 50 mM [&2C;]glycerol.

50 mM [U-*C;]glycerol 12 h 24 h 36 h 48 h

Ala 0.36% + 0.13% 0.37% + 0.06% 0.54% + 0.06 0.61%08%
Asp 0.37% + 0.04% 0.28% + 0.07% 0.48% + 0.01 0.49%03%
Glu 0.68% + 0.05% 0.55% + 0.04% 0.74% + 0.01 0.77%02%
Gly 0.44% + 0.16% 0.41% + 0.21% 0.32% + 0.18 0.38%15%
His 0.33% + 0.11% 0.66% + 0.03% 2.70% + 0.02 3.00%0%%
lle 0.19% + 0.02% 0.20% + 0.04% 0.16% + 0.01 0.19%03%
Leu 0.11% + 0.02% 0.05% + 0.02% 0.10% + 0.05 0.03%03%
Lys 0.12% + 0.03% 0.13% + 0.03% 0.36% + 0.02 0.46%01%
Phe 0.17% + 0.02% 0.20% + 0.08% 0.18% + 0.04 0.15%06%
Pro 0.09% + 0.04% 0.15% + 0.02% 0.31% + 0.03 0.31%02%
Ser 0.10% + 0.07% 0.17% + 0.05% 0.13% + 0.06 0.14%06%
Tyr 0.12% + 0.03% 0.19% + 0.02% 0.10% + 0.04 0.24%0F%
Val 0.05% + 0.02% 0.05% + 0.05% 0.03% + 0.01 0.03%03%
DAP 0.27% + 0.03% 0.25% + 0.07% 0.72% + 0.15 0.80%05%%
PHB 0.42% + 0.03% 0.27% + 0.19% 0.29% + 0.12 0.52%1¥%
Lactate 1.44% = 0.05%
3-Hydroxybutyric acid 0.41% % 0.06%
Succinic acid 0.22% £ 0.01%
Fumaric acid 0.29% += 0.03%
Malic acid 0.55% + 0.14%
Palmitic acid 0.19% + 0.02%
Stearic acid 0.30% = 0.01%
Citric acid 0.08% + 0.01%
Mannose 4.51% = 0.12%
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Table 5.5: Kinetics of **C-excess (mol%) from [U*Cg]glucose.*C-Excess (mol%) of amino acids, DAP, PHB,
polar metabolites and mannose from time seriesrarpats withL. pneumophilawild-type grown in CE MDM
supplemented with 11 mM [£C¢]glucose.

11 mM [U-**Cglglucose 12 h 24 h 36h 48 h

Ala 1.44% + 0.03% 2.25% + 0.02% 3.57% + 0.10% 4.26%0F%
Asp 0.88% + 0.02% 1.32% + 0.07% 2.31% + 0.03% 2.61%04%
Glu 0.94% + 0.03% 1.30% + 0.02% 2.08% + 0.03% 2.36%01%
Gly 0.39% + 0.05% 0.40% + 0.03% 0.39% + 0.06% 0.50%04%
His 9.16% + 0.08% | 15.15% +0.04%  18.74% + 0.05%  20.ZD01%
lle 0.21% + 0.02% 0.20% + 0.01% 0.22% + 0.01% 0.25%01%
Leu 0.00% + 0.00% 0.37% + 0.33% 0.15% + 0.02% 0.34%36%
Lys 0.71% + 0.00% 1.46% =+ 0.04% 2.47% + 0.05% 2.73Y%04%
Phe 0.13% + 0.02% 0.15% + 0.03% 0.17% + 0.03% 0.13%03%
Pro 0.24% + 0.04% 0.32% + 0.02% 1.17% + 0.05% 1.43%04%
Ser 0.23% + 0.10% 0.28% + 0.03% 0.22% + 0.06% 0.44901%
Tyr 0.04% + 0.01% 0.07% + 0.02% 0.03% + 0.01% 0.06%01%
Val 0.04% + 0.04% 0.07% + 0.01% 0.04% + 0.02% 0.08%01%
DAP 1.24% = 0.14% 1.85% + 0.13% 3.18% + 0.08% 3.64%08%
PHB 0.92% + 0.11% 1.17% =+ 0.14% 1.53% + 0.17% 1.64%20%
Lactate 0.29% + 0.03%
3-Hydroxybutyric acid 1.45% = 0.08%
Succinic acid 1.46% + 0.03%
Fumaric acid 1.50% + 0.14%
Malic acid 2.16% + 0.28%
Palmitic acid 1.38% £ 0.03%
Stearic acid 1.52% £ 0.03%
Citric acid 0.19% + 0.05%
Mannose 31.88% + 0.08%
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Table 5.6: Kinetics of *C-excess (mol%) from [U**C;]serine. *C-Excess (mol%) of amino acids, DAP, PHB,
polar metabolites and mannose from time seriesrarpats withL. pneumophilawild-type grown in CE MDM
supplemented with 6 mM [UC;]serine.

6 mM [U-*Cgserine 12 h 24 h 36 h 48 h

Ala 56.77% + 0.37%| 74.60% + 0.629 66.83% = 0.26%  64.8328%
Asp 23.90% + 0.17%| 34.34% + 0.199 28.94% + 0.14%  28.2MA5%
Glu 21.57% + 0.02%| 29.00% =+ 0.389 21.99% + 0.10%  20.38%05%
Gly 20.53% + 0.14%| 28.58% + 0.279 22.94% + 0.18%  22.Z05%
His 35.79% + 1.13%| 62.05% =+ 3.239 56.35% + 2.55%  55.8882%
lle 0.09% + 0.01% 0.09% + 0.00% 0.04% + 0.01% 0.06%02%
Leu 0.00% =+ 0.00% 0.01% + 0.01% 0.00% + 0.00% 0.00%08%
Lys 25.24% + 0.12%| 50.22% + 0.229 43.86% +0.21%  42.4R21%
Phe 0.17% + 0.06% 0.13% + 0.02% 0.14% + 0.02% 0.12%01%
Pro 0.05% + 0.04% 0.01% + 0.02% 4.70% £ 0.14% 4.45%06%
Ser 71.13% £ 0.17%| 91.61% + 0.179 64.59% = 0.20%  60.8380%
Tyr 0.25% + 0.05% 0.12% + 0.08% 0.11% + 0.04% 0.12%04%
Val 0.16% + 0.05% 0.16% + 0.08% 0.09% + 0.02% 0.07%02%
DAP 46.62% + 0.17%| 55.02% + 0.129 41.05% +0.21%  38.31924%
PHB 29.97% + 0.51%| 39.16% + 0.569 16.75% £ 0.21%  15.F¥@67%
Lactate 0.31% £ 0.11%
3-Hydroxybutyric acid 12.45% + 0.31%
Succinic acid 3.53% £ 0.09%
Fumaric acid 5.63% £ 0.27%
Malic acid 4.34% + 0.19%
Palmitic acid 32.64% £ 1.73%
Stearic acid 34.26% £ 1.93%
Citric acid 0.15% + 0.01%
Mannose 40.40% = 0.59%
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Table 5.7: Relative fractions of isotopologues (%)f amino acids, DAP and PHBfrom time series experiments L. pneumophilawild-type was grown in
CE MDM supplemented with eithei) (50 mM [U-+3C;]glycerol, (i) 11 mM [U-°Cg]glucose or ifi) 6 mM [U-"Cgserine as precursor. Shown are isotopologue
profiles (in %) of 48 h time points from time seriexperiments. M+x represents the mass of the elddbnetabolite plus x labeléiC-atoms. Mean and standard
deviation from three independent experiments apgvah

i) 50 mM [U-C;]glycerol

Ala Asp Glu Gly His Lys Pro Ser DAP PHB
M+1 22.48% + 6.77%
M+2 35.70% * 0.40%
M+3 31.66% * 1.30%
M+4 3.66% * 0.12%
M+5 6.53% * 0.15%
M+6 0.00% * 0.00%
M+7

i) 11 mM [U-*3Cg]glucose

Ala Asp Glu Gly His Lys Pro Ser DAP PHB
M+1 27.55% + 3.52% 64.50% + 2.709 58.44% + 0.67% P5.810.14% 42.17% + 2.04% 31.66% + 3.54% 36.3BH55%
M+2 12.52% + 0.44% 24.08% + 0.48Y 38.30% + 0.48% 36.39.18% 31.25% + 0.86% 26.49% + 1.97% 61.95P95%
M+3 59.89% + 0.57% 11.45% + 0.299 2.92% = 0.13% 21.60608% 26.67% + 0.42%) 38.98% + 1.39% 0.83%/2%.
M+4 0.00% * 0.00% 0.04% * 0.07%) 10.62% + 0.13% 0.809600% 0.60% * 1.05% 0.98% * 0.429
M+5 0.38% + 0.01% 14.62% + 0.129 0.00% * 0.00% 2%.4 0.44%
M+6 0.00% * 0.00% 0.00% + 0.00% 0.80% * 0.16%
M+7 0.06% * 0.06%

iii) 6 mM [U- *°C;]serine

Ala Asp Glu Gly His Lys Pro Ser DAP PHB
M+1 10.19% + 0.15% 28.29% + 0.77Y 27.39% + 1.90% 4.9045% 13.37% +1.71% 11.45% + 0,16%6 43.36% £9%.76 11.45% + 0.39% 12.44% + 0.86% 31.06% + 1.73
M+2 8.39% *+ 0.16% 35.03% + 0.429 37.11% + 1.01%6 95.8380% 11.62% + 1.43% 22.42% + 0.29% 27.34% +%.48 8.51% + 0.11% 10.54% + 0.879 52.63% + 1.99
M+3 81.43% + 0.45% 24.48% + 0.29Y 18.62% + 0.23% P3.43.11% 26.21% + 0.20% 19.25% + 0.86% 80.04%32%. 32.48% + 1.26% 6.08% * 0.059
M+4 12.22% + 0.05% 11.16% + 0.279 18.59% + 0.33% 9L8.8 0.19% 7.31% + 0.62% 13.83% + 0.26% 10.24% 9%
M+5 5.71% + 0.13% 15.43% + 2.579 14.54% = 0.13% .79.33% 14.88% + 0.55%
M+6 22.95% + 2.80% 7.27% £ 0.08% 10.39% + 0.88%
M+7 5.43% = 0.73%
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Table 5.8: Relative fractions of isotopologues (mol%) of polametabolites and mannose from time-series experimen L. pneumophilawild-type was grown

in CE MDM supplemented with eithei) 60 mM [U+3C;]glycerol, (i) 11 mM [U-3Cg]glucose or ifi) 6 mM [U-**Cj]serine as precursor. Shown are isotopologue
profilies (in %) of 48 h time points from time sesiexperiments. M+x represents the mass of thédeield metabolite plus x labeléiC-atoms. Mean and standard
deviation from three independent experiments aogvah

i) 50 mM [U-2C,]glycerol

Lactate 3-HBA Succinic acid ‘ Fumaric acid ‘ Malic acid Palmitic acid Stearic acid Mannose
M+1 0.00% * 0.00% 26.16% * 3.139
M+2 2.77% £ 3.94% 20.00% + 0.189
M+3 97.99% + 1.40% 40.59% + 0.719
M+4 5.81% + 0.35%
M+5 3.89% * 0.42%
M+6 3.53% £ 0.21%

ii) 11 mM [U-3Cg]glucose

Lactate 3-HBA Succinic acid Fumaric acid Malic aail Palmitic acid Stearic acid Mannose
M+1 39.96% + 11.04% 51.77% + 1.85% 45.44% £ 5.08% 899.89.73% 17.20% + 1.35% 30.10% + 2.07%% 10.868%
M+2 57.71% + 1.69% 39.37% £ 1.16% 36.78% + 4.81% 34.90.58% 74.65% + 0.84% 59.60% + 2.63% 12.42941%.
M+3 1.19% + 1.07% 8.86% * 0.37% 15.21% + 1.58% 8.55P 8% 2.64% + 0.52% 3.41% = 0.219 30.20% + 0.44
M+4 1.20% + 0.35% 0.08% * 0.14%) 2.73% = 1.75% 0.38%66% 5.09% + 0.23% 5.24% + 0.259 10.33% + 0.37
M+5 0.26% * 0.01% 0.41% + 0.04% 4.76% * 0.23
M+6 0.12% + 0.02% 0.60% £ 0.02% 31.50% + 0.5(¢
M+7 0.00% * 0.00% 0.05% + 0.01%
M+8 0.00% * 0.00% 0.13% + 0.03%
M+9 0.00% * 0.00% 0.00% £ 0.00%
M+10 0.00% * 0.00% 0.00% + 0.00%
M+11 0.00% * 0.00% 0.00% + 0.00%
M+12 0.00% * 0.00% 0.02% £ 0.01%
M+13 0.00% * 0.00% 0.01% + 0.00%
M+14 0.00% * 0.00% 0.00% £ 0.00%
M+15 0.00% * 0.00% 0.01% £ 0.00%
M+16 0.00% * 0.00% 0.01% + 0.00%
M+17 0.00% + 0.00%
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M+18 ‘ ‘ 0.00% * 0.00% |
iii) 6 mM [U- *3C;]serine

Lactate 3-HBA Succinic acid Fumaric acid Malic aail Palmitic acid Stearic acid Mannose
M+1 31.33% + 0.85% 66.47% + 2.22% 54.02% + 2.24% 84.473.18% 5.74% £ 0.08% 4.47% +0.18% 9.05% + 0.46
M+2 52.67% £ 1.29% 28.62% + 0.97% 31.04% + 1.79% 28.3%.86% 10.50% + 0.20% 7.48% + 0.24% 10.68% 6%.1
M+3 4.97% + 0.23% 4.50% * 0.34%) 10.78% = 0.27P4 5.6266% 4.37% = 0.24% 3.38% + 0.09¢9 28.34% £ 0.2
M+4 10.98% + 0.152 0.35% * 0.15% 4.22% + 0.44% 0.4Ma8% 7.79% * 0.20% 5.41% + 0.269 12.11% + 0.1¢
M+5 5.53% * 0.14% 4.18% + 0.14% 10.16% + 0.30
M+6 10.98% + 0.48% 8.26% * 0.36% 29.67% * 1.05
M+7 7.80% * 0.40% 6.95% + 0.33%
M+8 13.24% + 0.62% 11.92% + 0.69%
M+9 7.99% + 0.37% 8.87% £ 0.54%
M+10 11.12% + 0.69% 12.29% + 0.65%
M+11 5.01% + 0.41% 7.37% £ 0.39%
M+12 5.92% *+ 0.42% 8.66% * 0.52%
M+13 1.80% + 0.15% 4.03% + 0.31%
M+14 1.75% + 0.17% 4.02% + 0.235
M+15 0.25% * 0.02% 1.28% + 0.11%
M+16 0.21% + 0.03% 1.09% + 0.09%
M+17 0.19% + 0.02%
M+18 0.14% + 0.01%
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Table 5.9: Kinetics of *C-excess (mol%) in histidine from co-metabolism exgriments with glycerol and
glucose as precursor. L. pneumophilawild-type was grown in MDM supplemented with eithB0 mM
[U-1¥C5]glycerol or 50 mM [UYC;]glycerol and 11 mM glucose, 11 mM [B&glucose or 11 mM [USCg]glucose
and 50 mM glycerol or 11 mM [4Cs]glucose or 11 mM [U°Cglglucose and 11 mM glucose-6-phosphate.

13~_ 0

 Crexcess [mol¥] 12 h 241 36 h 48h

50mM [U-*3C;]glycerol 0.37% + 0.04% 0.92% + 0.08% 3.47% + 0.09% 4.29%04%
13

50mM [U-"Cdlglycerol + | 3300 4+ 01106 |  0.66%+0.03%4  2.70%+0.02%  3.00%05%

11mM glucose

11mM [U-*Cg]glucose 9.31% + 0.04% | 18.45% +0.03%  18.57% +0.02%  18.61004%

11mM [U-"*Cg]glucose +

9.16% + 0.08% 15.15% + 0.04%  18.74% + 0.03%  20.2001%
50mM glycerol

11mM [U-13C6]glucose 9.31% + 0.04% 18.45% = 0.03% 18.57% + 0.02% 18.610/04%
11mM [U-"*Cg]glucose +

11mM glucose-6- 5.24% + 1.12% 8.04% + 1.72% 8.28% + 1.84% 8.41%/5%%
phosphate
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Table 5.10:Ratio of **C-excess in histidine td°C-excess in alaninealculated from time series experiments with
L. pneumophilawild-type grown in CE MDM with either 50 mM [&C;]glycerol, 11 mM [U*3Cg]glucose or 6 mM
[U-13Cj]serine as precursor. Shown is the ratio of meams fsamples taken after 12, 24, 36 or 48 h. Standar
deviation was calculated from the highest posgibjeand the lowest possible) {salue.

Ratio: **C-Excess [mol%His/**C-Excess [mol%pla

12h| + - | 24h| + - | 36h +
50 mM [U%C;]glycerol | 0.94| 1.05| 0.48 1.79 0.49

11 mM [U*Cglglucose | 6.34| 0.21 0.20 6.74

-l oasn o+ -
034 459 0[71.560 4.92| 0.89 0.67
007 007 525 017160.4.87| 0.08/ 0.08

6 mM [U-°C;]serine 0.63] 0.02 002 083 005 005 0/84 004 40.w.87| 0.06| 0.06
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Table 5.11:3C-Excess (mol%) of alanine, aspartate, glutamate Jyrine, serine, DAP, PHB and mannosé&om
experiments with uninfected. castellaniiand A. castellaniiinfected withL. pneumophilawild-type or glpD.
Infections were supplemented with either §0 mM [U-C]glycerol, (i) 11 mM [U**Cg]glucose or ifi) 6 mM
[U-3Cy]serine 5 h post infcection. Cells were lysed amdtionated 15 h post infection, resulting in fractl (F1),
containing eukaryotic cell debris and fractior=2), containingL. pneumophildacteria.

i) 50 mM [U-"*C;]glycerol

uninfected

WT-infectedH1)

WT-infected F2)

glpD-infected
(F1)

glpD-infected
(F2)

Ala
Asp
Glu
Gly
Ser
DAP
PHB

Mannose

17.83% + 0.28%
7.51% + 0.37%
10.65% + 0.06%
7.22% = 0.18%
9.26% *+ 0.18%

0.37% * 0.19%
0.18% + 0.13%
0.32% * 0.10%
0.68% * 0.89%
0.20% + 0.11%

0.23% + 0.19%

0.48% + 0.14%

0.22% + 0.08

0.61% + 0.26%

0.12% + 0.10
0.20% + 0.05
0.52% * 0.04%
0.06% * 0.03%
0.67% = 0.07%

o

(=)

o

0.553@22%
0.17909%
0.58024%
0.19%14%
0.25%03%

0.11% + 0.04%

0.46% = 0.11%
0.19% + 0.05%
0.51% + 0.18%
0.08% * 0.10%
0.24% + 0.02%
0.24% + 0.03%
0.07% + 0.10%
0.100104%

ii) 11 mM

[U-*Cglglucose

uninfected

WT-infectedH1)

WT-infected F2)

Ala
Asp
Glu
Gly
Ser
DAP
PHB

Mannose

5.98% + 0.12%
2.33% *+ 0.04%
3.09% + 0.07%
0.57% + 0.22%
0.31% * 0.06%

1.22% + 0.16%
0.24% + 0.00%
0.74% + 0.16%
0.27% = 0.17%
0.22% + 0.01%

0.60% + 0.27%

2.06% + 0.44
0.54% + 0.17
1.28% + 0.39
0.27% + 0.07
0.22% + 0.02
5.18% * 1.30%
3.91% +1.11%
4.47% + 0.40%

o

o

o

o

o

iii) 6 mM [U-*3Cg]serine

uninfected

WT-infectedH1)

WT-infected F2)

Ala
Asp
Glu
Gly
Ser
DAP
PHB

Mannose

1.32% £ 0.07%
0.37% + 0.09%
0.93% + 0.10%
5.43% *+ 0.15%
12.63% + 0.08%

6.85% + 1.07%
1.36% * 0.50%
2.66% * 1.35%
2.11% + 0.59%

12.52% + 2.21%

0.10% * 0.04%

17.90% + 0.44%

3.82% + 0.05
8.18% + 0.05
4.64% + 0.11
31.51% + 0.16
31.35% *+ 0.23%
33.64% * 1.00%
0.22% + 0.08%

(=)

(=)

o

%
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5. Supplementary Material

Table 5.12: Relative fraction of isotopologues in mannos€%) from fraction 2 of in vivo infection and
separation experiments.A. castellanii cells were either fed withi)(50 mM [U-3C;]glycerol or (i) 11 mM
[U-*Cg]glucose. M+x represents the mass of the unlabslebolite plus x labeledfC-atoms. Mean and standard
deviation from two independent experiments are show

Relative fraction of isotopologues in mannose
i) 50 mM [U-**C;]glycerol i) 11 mM [U-"3C¢]glucose
M+1 19.59% + 11.87% 6.25% + 3.84%
M+2 4.97% = 3.03% 12.51% + 0.07%
M+3 67.67% £ 2.80% 30.37% £ 2.80%
M+4 4.38% = 0.51% 9.12% + 0.97%
M+5 1.80% + 1.09% 3.81% £ 0.40%
M+6 2.35% £ 1.67% 37.86% £ 3.11%
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