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"Nature doesn't ask your permission; it doesn't care about your wishes,
or whether you like its laws or not. You're obliged to accept it as it is,
and consequently all its results as well"

Fyodor Dostoevsky
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Abstract

Bacteria are the most diverse domain of life. This diversity arises through the different ecological
niches they are able to coloniZedaptabilityhereinis based on adjusting their metabolic demands

to the available nutrients in the respective nichgéhasnvironmentlictates the possibilities as

well as necessities of cellular metabolistubsequently, similar environments should produce
similar metabolic phenotypes. Therefore, by recreating the putative ecological niche of an organ-
ism one can studystmetabolism, even when studies in the actual environment are not possible.
For the direct assessment of active metabolism, meaning the intracellular fluxes of metabolites,
stable isotope lablehg today is the benchmark technologierein an isotopicallgnriched tracer

is added to growing bacteria and afterwards stable metabolic products are isolated. Analysis of
their respective isotopologue composition allows statements about the activityxambsflecific
metabolic pathways.

One of the most impont& but inaccessible bacterial metabolic phenotypes is the metabolism of
the earliest cellular organisrtanderstanding the metabolism of this organism bridges the gap be-
tween abiotic reactions producitige firstbiomolecules and the emergence of cellular Tiiee

first organism probably emerged at hydrothermal vents and was dependent on autotrophic carbon
fixation. Recently the reverse oxidative tricarboxylic acid (roTCA) cycle was discovered as a hew
pathway or COy-fixation. To get more insights into the driving force of this pathway and its rele-
vance for the first cellular organism, it was studiedHippea maritima This bacterium lives in
association with hydrothermal vents and thereby presents a suitatdgage system for the in-
vestigation of carbon fixation under conditions similar to the early earth. Labelling experiments
with 13CQ; together with protein quantification showed that the cycle requires high cellular levels
of citrate synthase as well aiglh partial pressures of G@ operate efficiently. This is necessary

to allow the thermodynamically unfavourable citrate cleavage, as #befyhas to be removed

from the equilibrium through carboxylation to pyruvate. Based on these relalts,iCA gcle

at the momenis themost plausible carbon fixation pathwaytive earliest cellular organisrit is
energetically highly efficientfs intermediates act as precursors for a varietyetblar building
blocksand its activity is correlated withnincreased C@conentrationthat waspresent on the
primordial earth.

While during early evolution efficient CGixation was the essential trait to sustain life, most
organisms today are heterotropml thereforeequire a complex mixture of nutrients to survive.

To extend and thereby generalize the connection between environment and bacterial metabolism,
two heteotrophic bacteria were further studied in this work; despite both being heterotrophs, these
organisms still show great disparities in their life style. On the one haganella pneumophila

is mostly found in freshwater and soil, while replication onbccurs inside a variety of host cells

like amoeba and also human alveolar macrophages. On the otheHbhoobacter pyloriis ex-
clusively found in the human stomach in the extracellular environment of gastric epithelial cells,
where it has experiencedprolonged coevolution with the human host.

To study the metabolic capabilities laf pylori, it was cltivated in a complex medium, thed-
semblesits ecological niche during infection, with the addition of a varieti?@flabelled tracers.

This revealed aradaptive TCA cycle fully operating in the closed oxidative direction with rapid
equilibrium fluxes between oxaloace®@ts u ¢ ¢ i n aketeglutaratdl citrdte.*3C-Profiles of



the fourcarbon intermediates in the TCA cycle, especially of malate, together with the observation
of an isocitrate lyase activity bg vitro assays, suggested carbon fluxiesa glyoxylate bypass.

In conjunction with the lack of enzymes for anapler@i fixation, the glyoxylate bypass could

be relevant to fill up the TCA cycle with carbon atoms derived from aGaip.

L. pneumophilemploys a biphasic lifstyle, wherein after an initial replicative phase, virulence
factors are expressed in thensanissive phase upon the shortage of nutrients. This biphasic be-
haviour suggests also metabolic adaptions during the life cycle. The grbagle dependent me-
tabolism ofL. pneumophilavas therefore analysed during growthAicarthamoeba castellanii

During the whole infection cycle. pneumophilancorporated amino acids from i®st into the
bacterial proteins. However, partial bactedalnovdiosynthesis from exogenoti€-serineand,

at minor rates, from®C-glucose could be shown for bacteriédnine aspartateglutamate and

glycine Usage ofserineincreased during the peskponential phase of intracellular growth,
whereas glucose was utilized by the bacteria throughout the infection cycle and tetiecshlying
infection as assumed on the basis of eaitiesitro experiments. The early usage'd€-glucose

by the intracellular bacteria suggests that glucose availability could serve as a trigger for replica-
tion of L. pneumophilanside the vacuoles dost cells.

Taken together, studies in surrogate systems of the respective niche allow to investigate bacterial
metabolic adaptions to vastly different environments. The wark maritimademonstrated how
sensitive the cellular metabolism reacts tonges in the growth environment on the molecular
level, namely the C@partial pressureSimilarly, the heterotrophic organisms studied in this work
showed idiosyncratic adaptions to their respective ecological niches. Whiteeumophilgpo-
tentially uses glucose as a signalling molecule instead of a nutrient source as common in many
bacteria,H. pylori does not depend on G@xation anymore in its central metabolic network,
demonstrating its immense deviations from the earliest celltdansms.

L. pneumophilandH. pylori also represent human pathogens. Regarding pathogenic bacteria, the
connection between environment and metabolism could be utilised to develop new treatment strat-
egies. These are desperately needed due to risingpéintiesistanceHdowever,in pathogens this
interplay between environment and metabolism is further complicated by the fact that they inhabit
a living niche, which they also interact with through virulence factors. As the environment controls
the metabo8m of the pathogen, which is again connected to the expression of virulence factors, a
different nutritional environment should provoke differences in virulence. Therefore, modulation
of the host metabolisin representing the environmeinshould influencebacterial virulence to

yield a promising way to battle bacterial infections.



Kurzzusammenfassung

Bakterienbilden dievielfaltigste Doméne ddsebens. Diese Vielfalt ergibt sich aus der Vielzahl

von 6kologischen Nischen, die sie besiedeln konhea.Anpassungsfahigkeit berubabeiauf

der Anpassung ihrer Stoffwechselbedirfnisse an die in der jeweiligen Nische verfugbaren Nahr-
stoffe, denn di&dmwelt diktiert sowohl die Mdglichkeiten als auch die Notwendigkeiten des zel-
lularen Stoffwechsels. Folglich sollten &hnliche Umgebungen &hnliche metabolische Phanotypen
erzeugenDie Nachbildung der vermeintlichen 6kologischen Nische eines Organismugiehh6
daher Studien zum Stoffwechssglbstwenn Studien in der tatsachlichen Umgebung nicht mdg-
lich sind.

Fur die direkte Analyse des aktiven Stoffwechsels, d. h. der intrazellularen Stofffliisse, ist die
Markierung mit stabilen Isotopen heute die mdfighe Technologie. Dabei wird ein isotopenan-
gerei chert er KkilfireravéheenddesBAashstiemeyésetatind anschlieRend wer-

den stabile Stoffwechselprodukte isoliert. Die Analyse der jeweiligen Isotopenzusammensetzung
erlaubt Aussagen Uber digtivitat und den Fluse bestimmterStoffwechselwege

Einer der wichtigsten, aber unzuganglichen bakteriellen Stoffwechselphanotypen ist der Stoff-
wechsel desrstenzellularen Organismus. Das Verstandnis des Stoffwechsels dieses Organismus
schliel3t dieLiicke zwischen abiotischen Reaktionen, welche die ersten Biomolektle hervorge-
bracht haben, und der Entstehung des zellularen Lebens. Der erste Organismus entstand wahr-
scheinlich an hydrothermal&puellenund war auf autotrophe Kohlenstofffixierung angeseie.
Kirzlich wurde der reverse oxitiée Tricarbonséurezyklus (roTG&ls neuer Weg zur CFi-

xierung entdeckt. Um mehr Einbliekn die Triebkraftdieses Weges und seine Bedeutung fur den
ersten zellularen Organismus zu erhalten, wurde ldigpea maritimauntersucht.

Dieses Bakterium lebt ider Umgebungon hydrothermalerQuellenund stellt damit ein geeig-

netes Surrogatsystefiir die Untersuchung der Kohlenstofffixierung unter ahnlichen Bedingungen
wie auf der friilhen Erde dar. Markierungsexperimente'i@8i0, zusammen mit der Quantifizie-

rung von Proteinen zeigten, dass der Zyklus hohe zellulare MemyeGitratSynthase sowie

hohe Partialdriicke von GM®en6tigt, um effizient zu funktionieren. Dies ist notwendig, um die
themodynamisch unginstige Citsglaltung zu ermdglichen, da AcetybA durch Carboxylie-

rung zu Pyruvat aus dem Gleichgewicht entfernt werden muss. Auf Gremtiksgr Ergebnisse

ist der roTCSZyklus derzeit der plausibelste Kohlenstofffixierungsweg im frihesten zellularen
Organismus. Er ist energetisch hocheffizient, seine Zwischenprodukte dienen als Vorstufen fir
eine Vielzahl von Zellbausteinen und seinigitat korreliert mit einer erhohte@0O,-Konzent-

ration, die auf der Urerde vorhanden war

Wahrend in der frihen Evolution effiziente &Bixierung die wesentliche Eigenschaft zur Erhal-
tung des Lebens war, sind die meistegadismen heute heterotroph unaiggenzum Uberle-

ben eine kormplexe Mischung von Nahrstoffetdm den Zusammenhang zwischen Umwelt und
bakteriellem Stoffwechsel zu erweitern und damit zu verallgemeinern, wurden in dieser Arbeit
zwei Bakterien naher untersucht, die zwar beide heterosioph aber dennoch grof3e Unter-
schiede in ihrer Lebensweigeigen

Einerseits kommtLegionella pneumophildauptsachlich in Stldwasser und im Boden vor, wéh-
rend dieReplikationnur in Wirtszellen wie Amoben und auch menschlichen Alveolarmakropha-
gen stattfidet. Helicobacter pylorihingegen ist ausschlie3lich im menschlichen Magen in der



extrazellularen Umgebung von Magenepithelzellen zu finden, wo es eine lange Koevolution mit
dem menschlichen Wirt erlebt hat.

Um die metabolischen Fahigkeiten vAn pylori zu untersuchen, wurde das Baktrium in einem
komplexen Medium kultiviert, das seiner 6kologischen Nische wéahrend der Infektion &hnelt, und
es wurden verschiedefC-markierte Tracer hinzugefiigt. Diese Expernmeezeigtereinen adap-

tiven TCSZyklus, dergeschlossenen oxidativer Richtung mit schnellen Gleichgewichtsflissen
zwischen Oxalaceta&@uccinat undl-KetoglutaratCitrat arbeitet'3C-Profile der G-Zwischenpro-

dukte im TCSZyklus, insbesondere von Malatisammen mit der Beobachtung einer Isocitrat
LyaseAktivitat durchin-vitro-Assays, lie3en auf Kohlenstofffllisse Uber einen Glyox&igiass
schlie3en. In Verbindung mit dem Fehlen von Enzymen fur die anaplerotischEixt&ung
kénnte der GlyoxylaBypass von Bedeutung sein, um den TZ$klus mit Kohlenstoffatomen

aus AcetyiCoA aufzufillen.

L. pneumophilzeigteine biphasische Lebensweise, bei der nach einer anfanglichen Replikations-
phase in defiolgendertransmissiven Phase bei Nahrstoffmangel Vinafaktoren exprimiert wer-

den. Dieses biphasische Verhalten lasst auch auf metabolische Anpassungen wéhrend des Lebens-
zyklus schlie3en. Daher wurde der wachstumsphasenabhangige Stoffwechsqinemmmophila
wahrend des WachstumsAtanathamoeba castellaranalysiert. Wahrend des gesamten Infek-
tionszyklus bauté. pneumophiladAminosauren aus seinem Wirt in die bakteriellen Proteine ein.
Fur Alanin, Aspartat, Glutamaind Glycin konnte jedoch eine partielle bakteriefle noveBio-
synthese aus exogenéf@-Sein und in geringereymfang ausC-Glukose nachgewiesen wer-

den. Die Verwendung von Semahm wahrend der postexponentiellen Phase des intrazelluléaren
Wachstums zu, wahrend Glukose von den Bakterien wahrend des gesamten Infektionszyklus ver-
wendet wude und nicht nuzu spateren Zeitpunkteter Infektion, wie aufgrund friherar-vitro-
Experimente angenommen. Die friihe Verwendung ¥@Glukose durch die intrazellularen
Bakterien deutet darauf hin, dass die Verfugbarkeit von Glukose als Ausltser Repalikation

von L. pneumophilan den Vakuolerder Wirtszellen dienen kdnnte.

Insgesamt ermoglichen Studien in Surrogatsystemen der jeweiligen Nische die Untersuchung der
bakteriellen metabolischen Anpassungen an sehr unterschiedliche Umgebungeieiden An

H. maritimahaben gezeigt, wie empfindlich der zellulare Stoffwechsel auf molekularer Ebene auf
Veréanderungen in der Wachstumsumgebung reagietiesem Fall den C&Partialdruck In &dhn-

licher Weise zeigten die in dieser Arbeit untersuchteéarbophen Organismen idiosynkratische
Anpassungen an ihre jeweiligen 6kologischen Nischen. Walhrgmbumophilandglicherweise
Glukose als Signalmolekul statt als Nahrstoffquelle nutzt, wie es bei vielen Bakterien ublich ist,
istH. pyloriin seinem zetralen Stoffwechselnetz nicht mehr auf&f&xierung angewiesen, was
seine immensen Abweichungen von den frihesten zellularen Organismen zeigt.

L. pneumophilaindH. pylori sinddartiber hinaumenschliche Krankheitserreger. Bei den patho-
genen Bakterien kdnnte der Zusammenhang zwischen Umwelt und Stoffwechsel genutzt werden,
um neue Behandlungsstrategien zu entwickeln.

Diese werden aufgrund der zunehmenden Antibiotikaresistenz dringend heBgitigtankheits-
erregern wird dieses Wechselspiel zwischen Umwelt und Stoffwechsel jedoch noch dadurch
kompliziert, dass i® einelebendige Nsche bewohnen, mit der sie auch durch Virulenzfaktoren
interagieren. Da die Umwelt den Stoffwechsel des Ersegfenert, der wiederum mit dexpres-



sionvon Virulenzfaktoren zusammenhangt, sollendere Nahrstoffe in der Umwealt Unter-
schieden in der Virulenz fuhren. Daher sollte die Modulation des Wirtsstoffwechdefsdie
Umwelt reprasentiert die bakteride Virulenz beeinflussen und einen vielversprechenden Weg
zur Bekampfung bakterieller Infektionen erdffnen.
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1.1 Bacteria as the most adaptiadin of life

1 Introduction

1.1Bacteria as the mostadaptive domainof life

fi . Lying huddled together and wriggling, just as if you saw with your naked eye a whole tubful
of very little eels and water, the eels moving about in swarms; and the whole water seemed to be
alive with the multitudinous animalcules. For me this was amortgealnarvels that | have dis-
covered in nature the most marvellous of all, and | must say that, for my part, no more pleasant
sight has yet met my eye than this of so many thousands of living creatures in one small drop of
water, all huddling and moving, beachc r e at ur e havi n(d). Inil674 Antomven mo t
van Leeuwenhoek had the first glimpse into the microbial world through hisoséifmicroscope

(2). During ~350 years following his discovery, unicellular microorganisms and especially bacte-
ria have been recognised as the oldest, most diverse and most pridungiéom of life(3).

The first uncellular organisnthe last universal commomeestor (LUCA) living abous.5billion

years ago, is thought to have been a bacteria(4ell) Today, lacteria account for about 70 Gt

of organic carbothereby being responsible fabout 15 % of all organic cash on the eart(6).

In the human body, there are equally as many bacterial cells as hum&n3yeltdlion) (7). Their
unrivaled ability toadap through evolution has allowed theim subduébdasically any niche on
earthas their habitatBacteriahave been found irpotentially life-hostileenvironmentsovering
temperature ranges fron20to 110°C, enduring pialues from0.7-11 and thriving in salinities

up toe. g. five mol/L of NaC(8). Fig. 1 gives an overview of extreme habitats, where bacteria
have been isolatefdtom. Not only do they inhabigvery ecological nichen earthbut even more

so they shaped the overall ecology of the glélvee oxygen has only been present on earth for
about 2.4 billiondue tothe activity ofphotesyntheticcyanobacterig9).

SHALLOW-WATER HOT-SPRINGS,
SEA ICE, PERMAFROST COLD SEEPS AND FUMAROLES AND HYPERACIDIC LAKES DESERTS AND ACID MINE

AND POLAR REGIONS MUD VOLCANOES HVDR‘?E%ESRMAL MUD VOLEANOES AND VOLCANOES ARID ENVIRONMENTS DRAINAGE

S ; = 4 o ; e

A L S UCLEAR OPHIOLITES AND
SEDIMENTS CONTINENTAL AND HYPERSALINE CONTAMINATED CONTINENTAL
LAKES SITES

DEEP-SEA DEEP-SEA MARINE AND sob,
DEEP-SEA ANOXIC SERPETINIZING
LAKES AND BRINES  H VDR‘?ER"’TESR MAL — ENVIRONMENTS

AND TRENCHES SUBSURFACE SERPENTINIZATION

Figurel Schematic overview of potentiallyninhabitable environments, bacteria have been isolated (Bhm

Although higher animals are often considered the pinnacle of evolltamteriamight be even
more astoundingn terms of thecountless variationthey producedrom supposedly unicellular
simplicity.



1.1 Bacteria as the most adaptiain of life

They are the most diverse kingdom of life, wherebyftiieextentof speciesn this domain has
not been captured y€t0). While theoretical estimations suggest up to a trillion different bacterial
specieqll, 12) a censuhased approach proposes-2.2million specieq13). Regardlessf the

actual number there is a wide gap between these estimations and the ~10.000 bacterial species

known today(11).

ANot hi ng i n sendesceppigthelightot e 81 uti ono as Theodosi
it (14). One of the main reasons for this unrivalled flexibilifybacteriais metabolic adaption.
Metabolism represents theterface between an organism and its environment, as the organism
can only use the nutrients available in the respective niche to produce energy and the building
blocks for cellular materig|15). Without the ability to adapt to a specific sétatrients in an
ecological niche, cell growth and thereby further adaptions would not be po$sibtefore, he
environment dictates the possibilities as well as necessities of cellular metalSdiseme 1A).

A Environment ——— > Metabolism

B Environment —— > Metabolism

N/

Virulence

Schemeél The environment shapes the metabolism of cellular life (A). In pathogenic bacteria this relatiomplis ¢
cated by virulence factothat interact with the environment as well as metabolism (B).

Subsequentlysimilar environments should produce similar metabolic phenotyijresefore by
recreating the putative ecological niche of an organisma can study its metabolism, even when
studies in the actual environment are not possible. Similarly, the metabolism from ogargsm

inating from the same environment should be convergent.

Based on this, insights into metabolic phenotypes that ardinectly accessible to experimental
invedigations can be obtained. In this regaotine othe most important but inaccessible bacterial
metabolic phenotypes are the metabolism of the earliest cellular organism, which most likely was
a bacterium, and the actual metabolism of bacterial pathogeing dhuman infection.

To answer thguestion about the origin life, informatiabout the metabolism of the last universal
common ancestor (LUCAIs crucialas it will bridge the gap between abiotic formation of bio-
molecules and the emergence of cellular(4fe5). However, this putative organism does not exist
anymore. Hence, investigatioabout its metabolism are only possibiestudyingpresent organ-

isms that live under similar conditio(see section 1)3

Likewise the actual metabolism of pathogens during infections cannot be directly assessed, as this
would require measurements within the human body while simultaneously not disturbing the or-
ganism.Neverthelessin the face of rising antibiotic resistance, beitsights into bacterial me-
tabolism are desperately needed. In terms of pathogens the unidirectional relationship between
environment and metabolism is further complicated by the fact that pathogens can modify their

u
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ecological niche through virulence fargowhich are also influenced by metaboliggthemel,

B) (see section 1.4)

In orderto understand the connection between environment and bacterial metalsolisvgate
systens for the analysis otheseotherwise inaccessible metabolic phenotypy#kbe used In

terms of carbon fixation under conditions similar to the early earth, the thermophilic bacterium
Hippea maritimaseesectionl.6) is studied. Furtheitwo bacteriawith highly different life syles
areinvestigatedn environments that recreate thiesspectiveecological nicheThe metabolic ca-
pabilities ofHelicobacter pyloriareanalysedn a nutrientrich mediummimicking environments
during human infectiongsection 1.). The growthphase dependent metabolismL&fgionella
pneumophilas studied during infection dicanthamoeba castellaras a model for human mac-
rophages infected by the intracellular patho¢ggattion 1.8. Studying these two heterotrophic
organisms extends the connection between the ecological niche and the resulting metabolic capa-
bilities to different environments. Additionally, & pylori andL. pneumophilaepresent human
pathogens, a betteinderstanding of their metabolism could lead to new strategies for treating
infections.

All sections focuon metabolic pathways comprising the central carbon metabolism. Therefore,
beforedealing withspecific chapters about the organisms and their ecological niches under study,
relevantpathway=f the coranetabolism are introduced the next sectian
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Despiteof theso far inextricable complexity of the metabolo(h6), all metabolites are built from
precursors, which arise through metabolic pathwagsaresimilar in most organisnthiroughout

all domains of life; this set of reactiorssreferred to aghecentral carbon metabolism (CCND5,

17). These reactions comprise only about a hundred compa@unaiferm the basis to fulfil the
demands for energy and biomaissingcell growth.In terms of heterotrophs)put substrates like
glucoseand amino acidare connected to essential metabolic precursors for other metabialites
a fAmini mal waléaktamousoteazymaticgteps heeessary to connect all essential
molecules to the input substrat@s). Similarly, autotrophs mostly produce acetydenzyne A
(acetytCoA) from inorganic precursorsvhich is further shuttled into all parts of the CChhe
following sections briefly discusses the main metabolic pathways comprising the CCM.

A central hulof carbon metabolismemerallyis a pathway for sugar degradatiand production
The firstdegrading pathwato be discovered, referred to as glycolysis or more specifitiadly
EmbdenMeyerhofParnaspathway is central to many organisnits elucidation and isolation of
the individual enzymes was completed by 1940 through studies in yeasll as muscle tissue
(19). This pathway allows the degradation of thesGgar glucose into twoz€linits of pyruvate
via ten enzymecatalysed steps. Overathe sequence can be divided into a preparatory phase,
consumingwo molecules of adenosine triphospha@&®R) and a payoff phase yieldindour ATP.

The preparatory phase uses phosphorylation and rearrangement reactions to produce two mole-
cules of glyceralehyde3-phosphat€dGAP). Subsequently in the paff-phase GAP isoxidized

to pyruvate whereinoxidation of GAP to 3phosphoglycerate prayes NADH(15). Since its in-
itial discovery it continues to be the most extensively studied metabofiwg@at mainly due to

its importance in cancer cell metaboli§?0).

Simultaneously starting in the 1930s, another main catabolic pathway for sugars was investigated,
whichis known aghe pentose phosphate pathwWByP) In contrast to glycolysis, it operates in a
nontlinear fashion, which made its elucidation more laborious andd¢onsuming. The first draft
was presented in 19331) but discoveries abdspecific enzymes and reactiorechanisms con-
tinued until the early 200q22). However, similar to glycolysis it can be divided into tdistinct
phases namely the oxidative PPP and themoadative PPP. The oxidative PPP is linked to gly-
colysis as they both use gluceB@hosphate as a starting materf@wever, its outcome greatly
differs. The PPPmainly produces NADPH asa reducing egualent. The other product, ribulose
5-phosphate, is further converted through the-oxidative PPP, which is again intertwined with
glucose, as it utilizes fructogephosphate as well &8AP. The noroxidative PPP comprises a
variety of reversible suganterconversions catalysed by transketadasel transaldolaseThese
enzymes allow exchange o$-&nd G-units between different sugars, yielding erythrdgehos-
phate, ribosé-phosphate and sedoheptulkdsphosphate, which serve as metabolic preasrso
for aromatic amino acids, the RNA backbone and lipopolysaccharides in the case of fHzteria
22).

Glycolysis and the PPP were thoughttompletelyexplain cellular sugar catabolism, but in the
1940s evidence accumulated for an additional patlivlag EntnetDoudoroff pathwayED path-
way) (23). Although, mostly found in gramegative bacteria, was foundn all domains of life
(24).
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It shows similarities to glycolysis, as overall again two molecules of pyruvate are produced from
one molecule of glucose. Still, the intermediates are different. Ghkisphesphate is initially
oxidized to 6phosphegluconolactone and further transformed to the central intermediate of this
pathway, 2keto-3-desoxy6-phosphogluconate (KDPG). This molecule can be split up into py-
ruvate andSAP, which isagaintransformed to pyruvate in analogy to glycolytic reaction® Th
ED pathway allows the usagéadditional carbon sources like aldol sugars but in comparison to
glycolysis has an overall lower net yield in terms of ABRgvs two per molecule of glucose).
This ispartly compensatedybthe reduced proteiexpression that is necesséoy operation of the

ED pathway. As reactions in glycolysis operate close to equilibrium, they rexutvéold excess

of protein compared to the ED pathway, which ukegarlyformation of pyruvatérom KDPG

as a strong riving force, thereby reducing the necessary protein concentrations for its activity
(25).

After discovery of thehree main sugar degradation pathways, research latéE960s yielded
gluconeogenesis as a pathway to sugar synt&&isT his pathway reversesast enzymatic steps

in glycolysis while replacing three enzymes tbperateunidirectionalunder physiologial con-
ditions.Namely, pyruvate is transformed to P& oxaloacetate as an intermediary step. Further,
dephosphorylating reactions from fructdsébisphosphate to fructoskephosphat as well as
from glucose6-phosphate to glucose are carried out by the raspeghosphatasg45). Using

this pathway allows production of sugars during autotrophic growth as well as during growth on
substrates like fatty acids.

In terms of degrading pathwaygrpvate, the engbroduct of glycolysis as well as the ED pathway,

is further transformed to acet@loA. This decarboxylation reaction happens in a raridyme
complex and produces NADH. Altermatly, in anaerobic organisms, ferredoxin is used as an
electron acceptofl5). AcetylCoA plays a central role in metabolism as it serves as a building
block for fatty acids and other biomolecules and is necessary for protein acetylation, danmpo
posttranslationaiodification(15, 27, 28) Finally, it allows complete oxidation of carbon atoms
originating from glucose through entering the Krebs cytt.

The central carbon metabolism is completed by the Krebs cycle obtmgeic acid(TCA) cycle

(29). Although it was already noted in tharly1930s that carbohydrates are completely oxidized
to CO, the pathway was unclear. Krebs and others elucidatelégant cyclic reaction sequence
therebyproviding the final oxidative steps from ace@bA to CQ. Alongside this cycle produces
precursor molecules for amino acig&rphyrins andgyrimidinesas well asGTP, NADH, and
FADH: (15, 30) The cycle is initiated by the condensation of ac€yA with oxaloacetate to
form citrate- the central intermediate of this cycle. Through rearrangement reactions and two de-
carboxylation steps, the acetyloiety is completely oxidized, leaving behind succinata &s-
intermediate that is readily oxidized to regenerate oxaloacetate.

Like other enzymes in the CCM, tkazymes othe TCA cycle show homology acrobacteria,
archaea andeukaryotes and argenerally highly efficient, suggesting a lelagting evolution.

Still, there are several variations observed either as incomplete topologies or thypagsiriy

the canonical enzymé81). The most prominent bypassttee TCA cycle was also discovered by
Hans Krebs together with one of his coworkers, Hans l@nghand is known as glyoxylate bypass
or glyoxylate shunf32). This pathwayvoids decarboxylation reactioby utilising the isocitrate
lyase reaction, which generates succinate and glyoxylate from isocitrate.
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Glyoxylate is subsequently combined with ac&lgA to produce malatevhich can again be
converted to oxaloacetat€his cycle avoids loss of carbon thereby allowing for examplevgro
solely on acetate, whiatan enter gluconeogenesis this pathway Occurrence of this pathway

is widely distributed through plants, fungi and bacteria but there are no reports of iabieeg

in mammalgq33). The pathways comprising the CCM together with amino acids produced from
its intermediates are summarized in Fig. 2.

Glucose
Glucose-P
e /l\ ~ _
6-P-Gluconolactone Fructose-P R5P —— His
l l E4P7> Phe, Tyr

KDPG ﬁ GAP

3-PG —= Ser —= Gly

Lys Val
\)
‘ Pyruvate — Ala

lle >—— Leu

Acetyl-CoA Fatty Acids

e

Asp <—— OAA Citrate

P/ \

Thr Malate**Glyoxylate Iso/mtrate
Fumarate 2-0G ~ Glu _ Pro

Succinate

Figure 2 Overviewof the central carbon metabolism and connections to amino acid biosynthélimsphate; R5P:
Ribulose5-phosphate; E4P: erythredephosphate; KDPG2-keto-3-desoxyphosphogluconate; &°: glycealde-
hyde3-phosphate; ®G: 3phosphoglycerate; PEP: phosphoenolpyruvate; OAA: oxaloacetfd&: 2-oxo-glu-
tarate.

The pathways presented here form a metabolic blueprint for all domains of life but the actual
functions vary for example due to alternative enzymes, multitasking pathways and metabolic re-
dundancieg34, 35) Additionally, new pathways and connections between known pathways are
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still being discovered, althoughostly due to serendipity. New pathways are often attributed to
adaptions to specific ecological niches. Looking at the plethora of microorganisms, it is hard to
estimate to which extent metabolism is already discovespdcially talking into accoutitat only
aminority of microorganisms has been cultivated and an even smaller number was characterized
extensively.

Most studies focus on a small set of model organi@6$ Therefore, the discovery of novel
pathways is mostly propelled by studies of so far uncultured microorgartispecially the field

of microbial COp-fixation pathwaysas become more diversece initial reports about the om-
nipresent CalvirBenson cycle in plants and phototrophic bacteria as the most importafikCO
ation pathway as well as the reductive ac€yA pathway and the reverse TCA cy@t@CA)
(37-39). This trinity of fixation pathways wagreatly expandetly discoveries othe 3hydroxy-
propionate(3-HP) pathway, the dydroxypropionate/hydroxybutyrateg(3-HP/4HB) pathway,

the dicarboxylate/hydroxybutyrat§DC/4-HB) pathway and most recently by the reverse oxida-
tive TCA (roTCA) cycleand the reductive glycine pathwéd0-44). These discoveries were pos-
sibe through studies in so far uncharacterized bacteria. Especially the royf€& shows that

even a well characterised reaction like the citrate synthase can yield surprises. Thisarzyme
actin the citrate cleaving direction Desulfurella activoransHence the reverse oxidative TCA
cycle functionswithout the usage of anTP-dependent citrate lyase, which is employed in the
rTCA (45).

Other recent discoveries of new metabolic pathways tightly interconnecteth&i@CMinclude

the ethylmalonylCoA pathway(46) and the methylaspartate cy¢#r) as alternatives to the gly-
oxyl at e c¥ywioxyaspantate tyhlefor lgravon glycolatg48). Variations andchew
combinations of known pathways have also been shovwiydobacterium tuberculosend gen-

erally in cyanobaeria, absence of@xoglutarate dehydrogenasghe TCA cyclas conpensated

by a twastep reaction;-®xoglutarate is first reduced to succinate semialdehyde and subsequently
oxidized to succinaté49, 50) Regarding sugar metabolisan ineresting case was observed in
Pseudomonas putid@he bacterium uses a combination of the three pathways for sugar catabo-
lism outlined abovgtermed the EDEMP cycle: although most glucose is oxidized to gluconate in
the ED pathwaya portionof GAP also enters the PPP and is used for gluconeogenesis to newly
synthesize glucosé-phosphate for oxidatio(b1). Thesefew examples show that the concept of
biochemical unity breaks down when looking at the constant evolution and adaption of microor-
ganisms as discussed abd@®). Thesevariationsin metabolic pathwayseflect the rangeof
niches colonied by baatria that require firtunedmetabolicadaptionsAs explained abovear-

bon fixation,probablythe oldestaind therefore mostvolvedaspect of cellular carbon metabolism,
comprisesa multtude of pathways thatl yield the same or at least simijaoductsin the form

of acetylCoA, glycolate or GAPThe different pathways as well as their relevance for the origin
of life will be discussed in more detail in section 1.3.

In addition toidentification of new metabolic pathways, the interplay between metabohdm a
other cellular functions reoss more and more attention. This represents a conceptual shift from
metabolism being just a vehicle driven by inad extracellular signals taetabolism sitting at

the crossroad of multiple cellular funct®and therebyroviding as well as receiving input for
othercellularprocesseés2). This interplay becomes especially important during infectidese,

the host alseepresents an ecological niche the respective pathogen, compulsorily leading to
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metabolic adaptions by the microorganism. Interaction and manipulation of trerémgbposed

to increase nutrient availability igeneral and also falfill the specific demands of growth sub-
stratedy the respective pathog€s3-56). Additionally, in contrast to abiotic niches, the host can
actively react to the infectioa. g.through nutritional deprivation to fight infections. This meta-
bolic inteplay between host and pathogen willdbecidated in more detail in section 156, 57)
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When looking at the phylogenetic tree of life, all three domains converge at one point thereby
suggesting a putative last universal common ancestor (LUCA). Understanding the metabolism of
this organisntouldhelp to bridge the gap between abiotic reactfosiding initial biomolecules

and the emergence of cellular liteooking at early cellular metabolismytatrophic carbon fixa-

tion is the essential metabolic trait to sustain (§8-60). Biotic carbon fixation produces an un-
natural ratio of?C/*°C due to slightly faster reaction rates of the lighter isotope luastig kinetic
isotope effec(61, 62) Thiscarbon fractionatiowlue to life is constant for over 3.5 billion years
(63) andcanevenbe traced back more than 4lioih years using gas inclusionsrock samples
(64-66). This prolonged biotic carbon fractionaticlearly shows the importance of carbon fixa-

tion for the emergence and progression of cellular life.

Some of the oldestamplescontainingisotopically light carbon inclusionsavebeen foundn
association with sefloor and shallowwater hydrothermal ven{§6,67). Based on these findings
different kind of approaches converge on hydrothermal vents as a suitable environment for the
origin of life. Topdown approachéds generate a putative physiology for LUCA based on genome
reconstruction project its ecological nidaehave been geochemically active and rich inG0O;,

iron, and nickeli conditions present at hydrothermal ve@y Similarly, phylogenomic studies

show that clades associated with hydrothermal vents are the deepest branches so far in the tree of
life (5). Chemicalbottomupapproaches to the origin of life have yielded a variety of biomolecules
like thioestersamino acids, dipeptides and fatty acidsewsimulating conditions at hydrothermal
vents(68-71).

Taken togethercarbon fixation in organisms that live in association with hydrothermal vents pro-
videsthe mostsuitableand promisingsurrogate system to obtain insights into the metabolism of
LUCA. However, his niche imposes several consttaion an organisnMost importantly, i has

to be able to strive under elevated temperat(es)°C)as well afunction without oxygenSo

far eight different C@fixation pathways have been discoveredlasadymentionedibove Look-

ing at the constraints imposed by the putative envirorsregoundhydrothermal venishe 3
HP/4HB-bicycle, the3-HP cyde as well as the CalviBenson cycle can be dismissed as they have
only been reported in aeraborganismsThe reductive glycine pathway has so far only been
demonstrated iDesulfovibrio desulfuricansvhich is not associated wittydrothermal vents and

has an optimal growth temperatwf only 3437°C(44). Additionally, ore of the key enzymsin

this pathway formate dehydrogenasehas been shown to be irreversibly inactivated at &delva
temperature$72). Therefore this pathwayis probablynot suitable for conditions similar to the
early earth.

The four remaining pathways (table 1) have been reported in anaerobic, thermophilic organisms
and all yield acetylCoA, formed from two molecules of GQto feed theCCM. Looking at the
overall freeenergy difference in the production of aceBdA, the roTCA cycle is so far the ener-
getically most efficient pathway. This is achieved by replacing the-ddgendent citrate lyase
used in the rTCA by a reversible citrate synthase thereby saving one lmolie&TiP per molecule

of acetytCoA (43). In contrast to all other fixation routes, the roTCA cycle does not depend on a
pathwayspecific enzyme. Instead, it uses the widely distributed enzymes of the TCA cycle, which
areof central importance to almost all organisms today.



1.3 Carbon fixation as the essential trait at the origin of cellular life

Table 1 (adapteffom (45)) Comparison of Cefixation pathways that could have been operated by the earliest
cellular organism. roTCAycle: reverse oxidative tricarboxylic acid cycle; rTCA cycle: reverse tricarboxylic acid
cycle; WL-pathway: Wooel jungdahl pathway; DC/MHB-pathway: DicarboxylateMHydroxybutyratepathway.

Pathway Est i ma (&j/dol)q Pathway-specific enzyme
roTCA cycle -50.9 -
rTCA cycle -53.5 ATP-dependentitrate lyase
WL-pathway -77.3 CO dehydrogenase/acetgbA synthase
DC/4-HB-pathway -152.3 4-hydroxybutyrytCoA dehydratase

The roTCa cyclaevas first demonstrated . acetivoransandThermosulfidibacter takathat both
grow optinally at elevated temperatures§2°C) in the absence of oxygétB, 60, 73, 74)These
characteristics make the roTCA cycle a premier candidate faldibstcarbon fixation pathway.
Despite depending a@nzymesommon tcalmost all anaerobic organisnits discovery occurred
only recently in 208. This raises the question about its drivioigce and prevalence

, as one would expect a highly efficient, ancientGigation pathway to be widely distributed in
nature.To shine light on this potential contradictjan this workthe roTCAcycleis studied in
depthin Hippea maritimaThis organisms presented in detail in section 1.6.
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"Bacterialin vivo metabolism is one of the most fundamental aspects of virulence of pathogenic
bacteria yet our understanding of it is relatively limi{é8)." Similar to metabolisnof the earliest
cellular organismsactual bacteriah vivo metabolismof human pathogeris ratherinaccessible.
According to a recent report, the five most prevalent classes of bacterial pathogens (mycobacteria,
chlamydia, gonococci, pneumococci and meningococci) accounted for about 456 million cases of
bacterial infections in 2017. Additiafly, these numbers do not take into account 2.4 billion cases
of respiratory infections and diarrhoeal diseases, which are alsocafterd by bacterial patho-
gens(76). The burden of bderial infectious diseases iggravated by the rising number of anti-
biotic-resistant pathogenéccording to estimationgbout 700.000 people died due to infections
with resistant pathogein 2017, while this number could increase to teillion in 2050(77).

Many antibiotic compoundsused todayarget similar cellular functions like peptidoglycan bio-
synthesis otheDNA gyrase. Further, the current way of antibiotic research teraftetoidentify
compoundshat are similato the ones already discover@®). Therefore new targets are desper-

ately needed. Relieve tfie antibiotic burden could also lower selective advargdigeugh the
uptake ofresistance genia naure as thee genegenerally compromise other cellular functions,
making resistarnpathogenidacteria less congitive in an environment without antibioti¢g9).
Metabolism and especially carbon metabolism could provide an alterteatyet for antibiotic
developmentiue to several reason(®. Thereis accumulating evidence that metabolic activity is
related tovirulenceor controls virulenceThis will be explained in more detail belo) The
identification and disturbance of metabolic bottlenecks could lead to attenuated growth without
killing the bacteria, thereby reducing the chance of resistang&fmn as no selection pressure

is applied, which woulgrovokeevolution. (iii) Bacteria partially rely on different metabolic path-
wayscompared taheir human host. These biorthogonal pathways could be exploited as there are
potentiallyno harmful effects for the ho§t5). (iv) Recent rportslink metabolic alterationto
increased ssceptibility to known antibiotic$80-83). (v) Antibiotic resistance due to horizontal
gene transfer from glodglpresent resistance genegésistomé fould be reduced as enzymes
especially in th&€CM are highly conserved in natui@4). (vi) Although, metabolic pathways are
highly conserved, the carbon substrates used by pathogens during infection are highly specific
This is again a testament to metabolic adaptotheenvironmentas pathogens are only able to
replicate within specificiches of the host. Thisould allow for selective therapy in contrast to

t o d ay Olandantibiciak. (vi) Pathogens manipulate the host during infection to access nu-
trients.Therefore, antibacterial therapy could also be done through treatment of the host cell to cut
off crucial nutrients and therelayoiding bacterial replicatiof85).

Taken together, targetingdttentral carbon metabolism of pathogens as well as the host offers a
promising route to new antibiotics wietmoverall lower risk of resistance formation compared to
current broaeband antibioticsStill, this could lead to metabolic adaption as a newharism of
resistance in addition to target modification, drug inactivation and inhibition of drug import, which
have already been reportésb).
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As mentioned in section 1.1, the connection between metabolism and environment is complicated
through virulence in pathogenic bacteria. The extent of this trimagi#onship is not yet known
andpotentiallyspecific for @chpathogen. Stillgeneral trends can be extracted, when compara-
tively discussing different pathogens. Although these interrelations (s@)dmee considerable
overlap,for simplificationthe next section is splinto interactions between metabolism and viru-
lence (blue arrows) as well as virulence factors influencing the host for metabigmses (red
arrows).

Environment —— = Metabolism

N

Virulence

Scheme 2nterrelation between the environment, namely the hostroeliabolism and virulence in pathogenic bac-

teria. Metabolism and virulence are interrelated to ensure that expression of virulence factors correlates with the met-
abolic state of the pathogen (blue arrows). Virulence factors modulate the host cell envitormmest the metabolic
demands of the pathogen (red arrows).

Connection between metabolism and virulence

Pathogens are generally heterotrophs with preferred carbon s(@Bpese to genome reduction,
which leads to decreased metabolic abili{&8). This is ofterattributedto adaptions to the host
as a replicative niche leading to a pathegpacificsubset of usable carbon souscalthough
pathogens mighgncounter up to 100otentialcarbon sourceduring infection(88).

Due to this specificitydisturbance of specifienzymes for metabolite uptaketurnoverseveely
impacts the colonation ofthe hosty arrestinggrowthand virulence subsequentljhese liabe
enzymesare not restricted to a specific part of the metabobsm class of substratddany ex-
amples have already been found for mutants with defestshstrate uptaké9-92), sugar deg-
radation as well as gluconeogend8i399), the TCA cyclg100-102), branched chain or aromatic
amino acid biosynthes{d03, 104)and purine biosynthes{d05, 106)

Besides solelgontrollingbacterial growth during infection, the availability or absence ethin
olites canalsotrigger the expression of virulence gemssindicated in scheme Phe netabolic
composition in the surroundings of a bacterieneinworks as an anatomic sign post telling the
bacterium, if it is in an environment suitable for infect{@07) Subsequentlyvirulence factors
are expresseehen metabolite leels are abover beyonda certain threshol@08112) Similar

to the grevth substrates during infectipthese metabolites are again pathegpeecific which
underlinesadaption to the respective niche in the host.

Besides metabolism regulating virnee gene expression, these two trads also belirectly
connected on the genetic leadgenes for metabolic enzymes have been found in pathogenicity
islands.Theseare genomic islands, found only in pathogenic strains of a class of batttatiare
exclusively expressed during infecti¢h13115) Further transcriptional master regulators can
control virulence as well as metabolic gersamultaneouslyAs the production of virulence factors
puts an additional energetic and metabolic burdethermpathogen, expression of thésats has
to be regulated in respect to the metabolic state of the cell.
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A prominent example is PrfAiL. monocytogene®n the on sidé activates hexosphosphate
transporters upon infection and is sensitive to glycerol or glutathione,lbuglsn the other side

it alsoregulates expression tife toxin listeriolysn, ore of the major virulence factors tfsteria

(104, 116118). CodY, a global regulator in many grgpositive bacteriaesponds tanetabolic
queues likdow levels ofbranchedchainamino acid during infectionthrough upregulation of
branched chain amino acid synthesis and expression of virulence(jgad21).

Thecarbon storage regulator Csr, tabon catabolite control protein Cap well as the catabolite
repressor Craepress the usage of other carbon sources, when glucose or in general a preferred
carbon source is avable and subsequently redirgoetabolism, when this carbon source is no
longer available, whil¢hey alsocontrolthe expression of virulence facs (122130) Owing to

this simultaneous transcriptional control of virulence and metabolism, bactariatiiptomic
profiles before and after infection revealed tight regulation and retnagief metabolisndue to
infection (104, 106, 134133)

In terms of regulator proteins, metabolism and virulence are closely conmecéegeneticregu-

lation circuitas explained aboyéut this feedback loop cdre eventighterthrough the action of
moonlight proteins, meaning proteins that directly participate in a metabolic pathway and addi-
tionally have active or regulatory functions in viruleitd4, 135) Generally, these motighting
functions are observeghen a metabolic protein is expressed at a different location than the cyto-
sol. In this regardenzymes of the central carbon metabolisere shown tavork as adhesins,
transporters or to combat reactive oxygen and nitrogen species when expressed on the cell surface
(136-139) Similarly, within the host cell or in association with secretion systemse thteins

can act as virulence factqs40-142)

Taken together, metabolism is tightly connected to virulence of bacterial pathogens, as the avail-
ability of carbon substrates is crucial for replication as well as expression of virulence traits during
infection. While bacteria try to manipulate their replicative niche during infection to fulfil their
specific metabolic demandly expressing virulence factotie host cell simultaneously combats

this effort leading to a kind of chess match at the cellelal(scheme 2, red arrowg)07) This
perpetual interplay demands increasingly complex strategies by the pathogen, which will be dis-
cussed in the next section.

Connection between virulence and the lerstironment during infections

As mentioned before, pathogens often require specific nutritional conditions for replication during
infection but these often stand in contrast to the environrtieyt face Thehostcytosol isalready
consideredas a nutriat-poor environment and intracellular pathogens residing within a vacuole
additionally have to transport nutrients across the vacuolar membrane. Further immune response
reactiors can aggravate nutrient deprivati@®, 107, 143153) Although immune reactions, sim-

ilar to the metabolic demands, are specific for each pathogen due to different pathogen associated
molecular patterns (PAMPS) being presehto the host celll54) there are general strategies
observed in host cells upon encountering pathogens.

According to a recent work, recognition of-salled danger associated metabolic modifications
(DAMMS) triggers immune respong&51) These can be for example alterations in the glycolytic
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flux, mitochondrial integrity or oxidative phosphorylation activity of the host cell ingatd in-
flammasome activatiofl55, 156) Amino acid deprivatioms another defensmechanism by im-

mune cells upon infectiothat specifically targets bacterial carbon substrates. Especially trypto-
phan availabilityis often restricted through activation of indolami8-dioxygenase, which con-

verts tryptophan to formylkynurenifd57). Further, expression of immunoresponsive gene 1 al-
lows for the production of itaconate, which exerts antibacterial effects e. g. through inhibition of
isocitrate lyase in the glyoxylate byp4$88, 159)

To combat these adverse conditions and exploit host nutrients during infection pathogens have
evolved a plethora of strategiesfehi ch t he term Anutrit i(160n al Vi
161) This covess a plethora of cellular reactions of the bacterium starting already at the point of
nutrient uptak€145)

Herein,bacteria can either mgmilate host transporter syste(i62164)or use high affinity up-

take ystems forsubstrates that aessentiato their growth like specific amino acig82, 165,

166). Besides just consuming common substrates available from the host, pathogens can use alter-
native carbon substrates. There is already a quite diverse pallet of carbon substrates used by path-
ogens during infection, whiatonstantlyjkeeps expandin(6). Besides glucose or amino acids as
general carbon sourgealso very specific compounds likialic acid sorbitol ora glycosylamine
composed ofructose and asparagimeeredemonstrated to bmetabolised byertainpathogens

during infection(85, 167169).

Bacteria can also increase carbon substrate availability by various mechanismegeadation

of macromolecules amanipulation of autophagyn terms of macromolecules degradation and
further metabolisation of sphingomyelin, collagenfaity acids fron lipid droplets hae been
shown(170-172) Regardingautophagy, a controlled degradation process to regulate dstasis

in the host cell, some bacteria circumvent it to avoid lysis of their subcellular compartments, while
others actively provoke it e. g. to increase the availability of amino @cr@sl75).

Finally, the host metabolism can be directly manipulated threirglence factors to increa
substrate availability. In this context,-gs well as dowanegulation of host glycolysis as well as

fatty acid synthesis aredemonstrated depending on the nutrient demands of the respective path-
0gen(176-182)

Another emerging paradigm for bacterial metabolism during infection is the concept of a bipartite
metabolism(56, 93, 148)For several pathogens, it has been shown that theyagabination of

carbon substrates simultaneously during colonization of the host; this stands in contrast to diauxic
growth in broth observed for examplekacherichiacoli where different substrates are consumed
successively. In contrast, a bipartite metabolkemveys several advantages for pathogens during
host colonizatiorf93-95, 102, 183)(i) The metabolic demands can be quicklggteéd to changing
environments during infections. (ii) Utilisation of multiple substrates alleviates the metabolic bur-
den on the host cell thereby avoiding or at least damp#mamgflammatory respons®6). Taken

t 0 g e indt sumprjsingly, it has transpired that higetthogen interactions are fundamentally reg-
ulated by an interplay between host and microtmetabolic pathways and the levels of metabo-
lites in infection microenvironmentd 49).0 The variety of interplays between the host cell as an
ecological niche and bacterial virulence and metabolism requires sppeigfic analysis of a
pathogen in an environment that resembles the actual infection. This work studies the metabolism
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of Helicobacter pyloriand Legionella pneumophilawhich will be presented in more detail in
section 1.7 and 1.8.

The reasons mentioned above make clear, why knowledge about the actual bacterial metabolism
is crucialin respect to antibiotic resistance as well asdhgin of life. Additionally, on-going
discoveries constantly expand the metabolic map suggesting it to be far from cqtgigteor

the direct assessment of active metabolism, meaning the intracellular fluxes of metabolites, stable
isotope labeing today is the benchmark tewology. The nexsectionprovides a summary of the

historic development and todays applications of this technolatllya focus on the metabolism

of bacteria
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1.5 Isotopes as tracers in metabolic research
1.5.1 Historic development

Isotopes have a losgnding tradition as tracers in biological research. This concept was first in-
troduced by Rudolf Schoenheimer in 1935 with his seminal study about the incorporation of deu-
terated fatty acids into rat fat stora@85) Although there were earlier studies tracing the fate of
specific compound vivo like the usage olfeadisotopes(186) or phenyilabdled fatty acids

(187), Schoenheimer wabe first to use the concept of labelling a biological compound without
significantly changing its metabolic and physiologic properfies.1 n t he new appr oac
the molecule into which the isotope had been incorporated was studied, not simpbtdpe

itself (188)"As Schoenhei mer wrote already in 1935:
this method appear Reseawlonthés subjectrgoiskly expanded impiartllel d o .
with the availability of stable as well as radioactive isotopes of the core set of biologically relevant
elements, namellgydrogen carbon nitrogen oxygen phosphorusindsulfur (189-195).

In terms of carbon metabolism, due to the availaidgumentation and limited scope of Idbd

carbon precursors, studies were mainly focussed on carboxylation reactiofidl@mithg the
metabolic fate of molecules carryindadbelledcarboxytgroup.Despitethese limitatios carbon
isotopesquickly cortributed to breakhrough discoveries?CO, was a crucial tool in the elucida-

tion of the CalviRBensonBassharrcycle in photosynthesis, which represents the most important
CO-fixation pathway in the global carbon cyttelay(37, 196) Supplying-*CO;to heterotrophic
bacteria ld to the discovery of the Woad/erkmannreaction, meaning the carboxylation of py-
ruvate to oxaloacetatdso known as an anaplerotic reactiohis changed the perception that only
autotrophs are able to assimilateZGM7, 198) The knowledge about G@ixation in the central

met abolism of heterotrophic bacteria quickly
available suggest that the significance of carbon dioxide assimilation, by way of carboxylation of
pyruvic acid, lies in the fact th#his reaction is an essential link in the synthesis of indispensable
cell constituent$199). 0

Krebs himself usedarbonisotopes to investigate intermediatesthe tricarboxylic acid cycle
named after him and experiments witG-acetate were crucial in the elucidation of the giyate

bypass of the Krebs cyc(@9, 32) Amongst a variety of studie¥!CO; alsohelped to elucidate

the role of @z as a reducing agent in methanogenesis and its participation in the Ure@00cle

201)

In the late 196Q4he metaolic map was seen as kind of complete but contained only a very limited
number of pathwaysompared to todagl6). Subsequentlyresearch on metabolic pathways de-
clined and $otopes were mainly used in environmental studies or as standards in analytical chem-
istry (202) Regarding isotopes in metabolism, they were intensively used in nutritional research
andfor studies in mammalian tissue. Thigdléor example to the discovery of numerous breath
tests, allowing a neimvasive diagnosis of several disea&33)

After several decades witbw interest inmetabolc pathway researcimprovements in the main
techniques for analysisf isotopesin biomolecules nuclear magnetic resonance spectroscopy
(NMR spectroscopyand mass spectroscogyased application(MS) i laid the foundation for
metabolomics as a field of researchhe late 199Qgollowing the already established genomics,

16
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proteomics ad transcriptomic$204-207). The new instrumentation allowed for unbiased analysis

of whole cell extract$208) and made an instant impact by revealing the huge unexplored space
of biochemical intermediates and pathwtyereby leadingo reemerging interest in metabolism
(209) The number of studies based on metabolic analypisekpanding since thef207, 210)
subsequentlyn contrast to theeadily comprehensibleetabolic map from the early 197(s5),

the KEGG database currently comprises 16000 metabalbnnecteslia more than 8700 reac-

tions and is still expandin@11)

Similar to the pure detection of metabolites in biological samples, the improvements in MS and
NMR also greatly advanced the usage of stable isotope tracers in metabolic r@grdinere-

fore, these techniques in combination with isotopesnare used regularly in many fiedaf re-
search, eg. geobiochemistr{212) in vivo metabolic analysis of mammalian tisq@2é3), meta-

bolic pathways in cancer cell214)or in nutritional researc(215)

Looking at bacterial metabolismew studies emerged, whigheatly expanded the palette of met-
abolic pathways and at least for microorganisms again and again disproved the concept of bio-
chemical unity, as the diversity of ecological niches occupied by bacteria mentionediabciiye
translates toheir metabok diversity(35). Looking at CQ-fixation pathways specifically, it was

a longstanding opinion that there wewgly three pathways, namely the CahBensonrcycle, the
reductive TCA cycle and the Woddgungdahtpathwayq37-39, 216) Since the early 19908&ve

new fixation pathways have been discovered, for which the usage of elegHimdatmategies in

newly cultivated microorganisms was crucfdD-43). These experiments will be discussed in
more detail in section 1.5.2.

In the context of microorganisms relevant for biotechngldé@-metabolic flux analysis{C-

MFA) emerged as a tool tuantitatively evaluatmetabolic fluxes in bacteria thereby facilitating
metabolic engineerinfR17-219) FI ux here means the Arate of
chemi cal (32@.tSimNaaty reagtion rates chemistry fluxes cannot be measured di-
rectly, but can be calculated based on quantification of extracellular metabolites and evaluation of
the labdling patterns of several intracellular metabolites, when microorgarasemesultivated in

the presence . g.°C-labelled substrates. By inducing additional constraints on the possible
flux via 13C-labelling patterns, they can be mathematically determ({@26222) This technique
allowed the elucidation of general metabolic capabilities of many model organisms &liclolas

or Chlostridiumacetobutyliciun(223, 224)

13C-MFA is generally performed under controlled conditions, meaning usually only one carbon
source withadefined portion of the lalled substrate is supplied to bacteria growing in chemostat
cultures to ensure constant growth conditions. Additionailg metabolic network has to be
known at least for the most part to allow flux calculation and all products and educts of the network
have tobe quantified(217, 225) Therefore *C-MFA analysis is generally performed in a chem-

ical defined medium, to limit the number of possible subdratel to facilitate the analysis of
excretion product&26).

Even though, these rigorous conditions can hardly be applied when growing pathogenic bacteria
especially in a hogpatlogen situation, the introduction afabelled tracer for metabolic analysis

of pathogenic organisms and their host has been yielding valuable insights into infection biology
over the last 15 years. These results will be discussed in desaitiion 1.32. Beforehand the
terminology as well abasic assumptions for labelling experiments in general will be clarified.
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Basic assumptions for isotopologue profiling in bacteria

In generalto perform isotopologue profiling, an organism is cultivated in the presence of a tracer
moleculei meaning a compound that is artificially enriched for a certain isotopé?GkéH, 1°N,

180 or33s, beyond its natural abundance. Thi@k focuses onxgeriments with tracers enriched

for 13C, therefore the following examples are also based on the carbon composition of metabolites.
Utilisation of this tracer by the organisi®ads to enrichment of the respective isotope in a metab-
olite producing different isotopologues of this metabolite. Isotopologues have the same chemical
structure and bond ooectivity but differ only in their isotopic composition @. in the case of

acaic acid CHCOOH vs *CH;COOH. Herein, the molecule containing ok is retrred to as

M, while the respective isotopologuearrying'3C-atomsare indicated by M+1, M+2, . . . M+n.

A molecule with n carbon atacan produce n+tarbonisotopologues.sotopologues can be
further differentiated into isotopomers. Isotopomers have the dagneical structure, same bond
comectivitiy and the same number of isotopes, but the isotopic atoms differ in terms of their po-
sition within the molecule &. *CH;COOHand CH®¥COOH. In theorya compound with n €

atoms can producé' 2arbonisotopomers. Analysis of the isotoponagid isotopologue composi-

tion of a metabolite allows to calculate the overall excess of the respective isotope within the mol-
ecule. Excess means the percentage of the overall enrichment of the respective isotope in a mole-
cule, so fotC the overall perceage of'*C in a molecule minus the natural abundance. Following

the nomenclature for isotopologues introduced above, the excess is calculated with the following
formula(227)

'och'QmiB' Dé il
Besides this terminologypme basic assumptions have to be made for isotopologue profiling in
pathogenidacteriaas performed in this work. These will be explained in the following.
(i) Cells and their proteins do not distinguish between heavier and lighter isotbjealso im-
plies that the isotopic constitution of a metabolite is constant in the natural $tate.afe some
limitations to this assumption, as organisms/enzymes tend to favour lighter isotopes due to higher
reaction rates related to the kinetic isotope eff@étt 62) This effect is especially pronounced for
hydrogen, leading tB>0 being toxic for manyell typesin contrast to HO (228) The effect
becomes smaller with heavier elementg.dor carborl2 versus carboef®3 this effect produes
uncertainties of about 0.085. This effect can aldpeutilized in distinguishing the source of early
carbon inalisions. Here a certain range of carbon isotope fractionation is associated with a biolog-
ical origin (229, 230)
In terms of using labelled carbon in metabolic researchjghisglectable as enrichment is con-
sidered to be significant >0.5 ¢831) However in specific cases, this effect should be included
in the analysis of isotopomer distributions, considering especially its variance depending on the
respective enzymatic reactio(®32).
(i) Retrobiosynthetic analysis allows the dedoetof labeling patterns from metabolic precursors
and intermediates through analysis of stable prodédsalready mentionedhe metaboloma
comprises thousands of compounds and even restriction to central metabolic congidlunds
leaves hundreds of neules. Analysis of each individual compound is pradyicahpossible
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especially talking into account the low abundance and instability of some comgtahdsnal-

ysis in labdling studies therefemmostly focuses on highly abundant, stable compournustein

bound amino acid&®33). As half ofthecellular dry weight typically accounts for protei{Z34),

amino acids are easy to obtain and analyse from little cell mg@2&) Although more and more
applicationsbased on liquid chromatography coupled to mass spectrometriyi@)Gre devel-

oped to analyse more metabolites simultaisgoand to capture also lesbundant labile interme-
diates(211), analysis of proteitoound amino acidsvith gaschromatography couple mass
spectrometry (GEMS) still remains the gold standard for reliable and robust metabolic flux anal-
ysis(220).

The retrobiosynthetiapproach, borrowing principles from synthetic chemistry, now allows state-
ments about the labelling patterns of metabolites that were not diesstigsedl herefore, the
biosynthesis of the respective amino acid or in general the compound under ahaiysesl back

to the compound of interest with considerations of eventual rearrangements of the carbon skeleton
(233, 235) "If the labelled precursor is proffered together with a large amount of unlabelled ma-
terial, the resulting secondary metabolites will be mosaics assembled from labelled as well as un-
labelled modules. The site of the loling blocks is easily gleaned from this mosaic patt2&3).0

Data interpretation initially often relies adentifying theshortest metabolic link between the
tracer, the compound of interest and the molecule under analysis.

(i) Isotopc as well as metabolic steady state has to be reached in the experiment. Metabolic and
isotopic steady state should ideally be achieved in thelilagpedxperiment to generate reliable
data. Metabolisteadystate meanthat the metabolic fluxes as wellthe extracellular and intra-
cellular metabolite concentrations are constant. Similarly, at isotopic steady state the isotopic com-
positionof all metabolitegemains constar{236)

During in vitro cultivation of bacteria real metabolic steagtgte can be reached through chemo-
stat cultivation(237), additionally, a quasisteady state is generally assumed to be reached during
exponential growth, as the division rate of cells is at its p22&). At isotopic steady state fluge

are independent of the metabolite concentratibe isotopologue compit®n of a metabolite

solely depends on the production fluxes and is independent of its consumption(2B&eJ he
time-frame for metabolites to reach isotopic steady state géndegends on the growth rate of

the bacterium and greatly varies for example between soluble cytosolic metabolites and amino
adds bound in proteins or sugdigated in the cell wall. While soluble metabolites equilibrate
their isotopic composition within minutes aftetroduction of dabelled tracerthis can take sev-

eral hours for bound metabolitéxl 7, 236) Isotopic stedy state can be verified by assing the
isotopic compositiolof a metabolite at several tinp@ints after the introduction of the lal§2B9)

When studying microbial carbon fixatiometabolic or isotopic steaestateis usually ensured
through harvest of the cells at medponential phase. This cae @difficult to achieven pathogen

host situatios, as labding periods are more likelip begoverned by infection periods feasible

for bacterial replication, viability of the host or with regard to the timescale of an actual infection.
However, comparison of isotopologue compions under different conditions or between wild

type and mutant strains can still allow statements abouddigty of metabolic pathwayd.he

next chapter will describgeveralexamples ofsotopelabelling experimentto analyse bacterial
metabolism.
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1.5.2 Isotopologue profilingf bacterial metabolism

With the useof stable isotope labelled metabolites, in this contéxthis work referred to as
isotopologue profiling, significant progress has been made in trerstaddingdf microbial me-
tabolism.The next section wiltliscuss the relevaa of isotope labding in discovering carbon
fixation pathways as well as deciphering the metabatifpathogenic bacteria

Elucidation ofmicrobial carbon fixationpathways

Section 1.5.1 already alluded to the importance of isotopically labelled precesmesially CQ

for the understandingf biological carbon fixation. For the discovery of the-€®le, andthe
WL-pathway in the 1950s and 1960s, experiments relied on analysing the incorpor&t@@,of
into the metabolic engroducts of the respectivaiway, meaning sugars in the caséhefCB-
cycle or acetate for the Whathway(37, 38) For analysis of the rTCA label incorporation was
already shown for a direct intermediate of the cycle (succiaat@)ell asamino acid analogues

of intermediategaspartate for OAA,; glutamate forQG) (39). Discovery of the 3HP cycle in-
volved a combination of*“C- as well as-*C-labelled precursors. Initial experiments witit-la-
belled propionate or acetate and subsegpesitional analysis of label incorporation into amino
acids and nucleosides through NMR analiign¢ed ata novel CQ-fixation pathway(240), which

was subsequently confirmed with enzymes assayHaf@Os-incorporationexperimentg40).
Similarly, discovery of the DCHHB was facilitated by using a conmaition of labelled precursors.

In detail, selectively**C-labelled 4hydroxybutyrate, succinate and pyruvate were used. These
compoundsvereall intermediates of the newly propasearbon fixation cycle. Subsequent anal-
ysis of isotopologue patterns in protédaund amino acids through @@S allowed the validatin

of the predicted pathwa?2).

In terms of thaoTCA, NMR analysis from supernatants supplied with*{0g]citrate were cru-
cial, as oxaloacetate/malate and ac@yiA could be unequivocally identified in th¥&-spectrum
thereby proving the central step of this cy@8). Finally, activity of the reductive glycine path-
way was supported by experiments ustd@-labeled formate Similar to the discovery of the
DC/4-HB-pathway, GEMS analysis of label incorporation into specific positions of proteinogenic
amino acids confirmed the predicted pathv44).

While the study of carbon fixation pathways yielded results that couygmeralized to a variety

of organisms, the metabolism in pathogenic bacterspeciespecific. Although general trends
like a bipartite metabolic networndthe connection between virulence and metabolism on dif-
ferent levels of regulation (see section 1.4) can be extracted, the actual metabolic phenotypes differ
greatly. This is again attributed to the wide array of ecological niches within the nosidina

are occupied by these organisms and subsequently require metabolic adagtimiowing sec-

tion presents a few examples, where isotopologue profiling allowed mediaelalantinsights

into the metabolism of pathogenic bacteria.
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Listeria monoctogenes

Extensive work has been done on the metabolisim wfonocytogenesnvestigations concerned

the central carbon metabolism as well as the nitrogen metabolisrmainocytogeneasnderin

vitro as well asin vivo conditions. Initial experiments, whetéC-enrichment in proteinogenic
amino acids was determined by NMR after growth ofjCh]glucose in broth already revealed
differences in the metabolic capabilities compared to the genome based metabolic (&thjork
While the pathways for production of serine asdleucine are annotated in tgenomeof L.
monocytogene@42) they were found to be inactive under experimental conditions. Further, la-
beling revealed ta importance of pyruvate carboxylation to oxaloacetate as a compensating re-
action for the incomplete TCA cyc(841)

After establishing metabolic capacitiesloimonocytogenegown in broth, experiments withe
pathogergrowing inside primary as well as transformed macrophegesaled discrepancies be-
tweenin vitro andin vivo metabolism(93, 243, 244)As observed for many intracellular patho-
gens,de novosynthesis of basic metabolic building blocks like amino acids is generally avoided
and compensated by the uptake of these compounds from th@&®oSitill synthesis of alanine,
aspartate, glutamate, threonine and valiné.byonocytogenesould be observed using mutants
that aredefective in glucose uptak243) In depth analysis of the isotopologue profiles from the
host as well as bacterial fraction furtheppartedde novosynthesis of these amino acids. The
incomplete TCA cycle ir.. monocytogended to a pronounced M+3 isotopologue in aspartate
compared to the host, when metabolising glu¢@dd). Further experiments revealed a bipartite
metalmlic network for intracellularly growindt. monocytogenesvhere glycerol is only used for
catabolic purposes but not for gluconeogeng33 Together these data proviti@sights into a
metabolic network, which is highly adapted to its intracellular niche. While some metabolic capa-
bilities are neglected during intracellular growth, the utilisation of selected pathways is tightly
controled, probably to increase the ovédmhergy/carbonefficiencyunder nutriertimiting con-

ditions and talamperthe metabolic burden on the ho&dditionally, labéling experiments with
intracellular pathogens all@dthe simultaneous analysis of the host metabolism, when host and
bacterid fractions wereseparated. Looking at primary and transformed macrophages as host cells
for L. monocytogenasfection, primary macrophages showed a distinct upregulation of glycolysis
due to infection(244)

Mycobacteria

Mycobacteria and especialM. tuberculosishave also been already extensively studied using
isotopologue profiling. During cultivatiom vitro, the general metabolic capabilities of this path-
ogen were assessed using glucose, acetate and glycerol dspstdrstrates. Surprisingyl.
tuberculosisshowed ceutilisation of these substrates, which accelerated growth in comparison to
the theoretical addition of growth rates on single substf24& Subsequently rigoroddC-MFA

was performed in chemostat culture. This revealed the activity and importatiwesofcalled
GAS-pathway (glyoxylate shurgnaplerosisuccinylfCoA synthetase) forM. tuberculosis
growth. Herein, acetate is the main substrate and utilization pi®te®ugh the glyoxylate shunt.
Next, xaloacetate is decarboxylated to allow for gluconeogenesis, while su€CoAysynthetase
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compensates for the interrupted TCA cyd&7). 3C-MFA of M. tuberculosisduring growth in
macrophages for the first time provided direct evidence for carbon substrate usage of this bacte-
rium during infection. A mixture dabelledamino acids as well as acetate were taken up from the
host and experiments witfC-bicarbonate émonstrated active carboxylation reactions during in-
fection. Additionally, the results suggested the usage of-auB8trate as another carbon source
(239) Based on these resulisfection in human macrophages revealed the critical role of lactate

as carbon substrate during intracellular growth besides lipids as the main sut@itess lac-

tate is produced in excess in activated macrophages, this presents an elegant exploit of the immune
reaction caused by bacterial infectig®47) Studies usingMycobacteriumleprae infecting
Schwann cells revealed theige usage of host glucose by the pathogen to synthesize amino acids.
While M. tuberculosisuses the PEP carboxykinase for anaplerosis of acetdé, laprae this

reaction is crucial for glucose cataboli§?438).

Other intracellular pathogens

For Chlamydiatrachomatislabeling studies revealed efficient metabolization of'fidsmalate

to diaminopimelatea component of peptidoglycatyring intracellular growth in HeLa or Ca€o

2 cells.Herein,the host cells were piabelled before infectio183) Further studies of. tra-
chomatisinfection in primary human umbilical vein endothelial cells (HUVEC) revealed the im-
portance of host glutamine nagblism forC. trachomatigeplication, as the infectionddo up-
regulation of glutamine import and metabolizatiw@a glutaminas€l02). Together these studies
provide insight on howZ. trachomatisnfectioninfluencesthe host metabolism and how this path-
ogen uses specific substratescompensate for ithcomplete TCA cycldo allow intracellular
growth.

An elegant study by Kentnet al.combined proteomics, metabolomics a#@+profiling with [U-
13Ce]glucose or [U3Cs]pyruvate to show thaghigella flexnerireroutesalmost all pyruvate pro-
duced through host glycolysis for its own metabolism. Pyruvdtetiser metabolized to acetate
by the pathogen, which isah againexcreted by the host cell. This nutrient scavengingby
flexneriallows fast replication insidiéne host, with generation times comparable to cultivation in
broth under ideal conditior{(249).

Coxiella burnetii is another obligate intracellular pathogen that was grown in axenic medium in
2009 for the first time(250). Experiments with3C-glucose,**C-serine and>C-glycerol under
these conditions showed again a bipartite metabolism, where serine mainly contributes to energy
generation through the TCA cycle, while glycerol entersgieogenesis. Analysis of the activity
of metabolic modules was facilitated bgmparing thé*C-enrichment irrepresentative interme-
diates, eg. alanine for glycolysis, aspartate for the TCA cyatewell asdiaminopimelate and
glucosamine for cell wallysithesis(95).

Experiments wittfsalmonellaentericagrowing inside CaCa cells, revealed glucose as a nutrient
source dung intracellular replication. This finding was corroborated by lafglexperiments
with mutants deficient in glucose uptaf@s1).
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Extracellular pathogens

Similarly, to the already discussed intracellular pathogens, isotopologue profiling is also used to
characterize the central carbon metabolism of extracellular pathogens as in theStagp¢oabc-
cuspneumoniaeHere experiments with [fCg]glucose and [U3C]glycine revealed glycolysis

as the main glycolytic pathway. Further, serine is not produced frpho8phoglycerate but ex-
clusively from glycinetrough the addition of formatiterestingly mutants with defects related

to virulence showed no differencesmetabolism, when grown in liquid cultur@b2). Similarly,
metabolic capabilities were assesse@meptococcusuis Herein, the EMP pathway wagain
identified as the main catabolic route for glucose. Further the PEP carboxylase reaction plays a
central rolein the metabolism to produce oxaloacetate, as other anaplerotic reactions are absent
and the TCA cycle is incomple{@53) This observation is similar to experimentsMn leprae

and underlines the importancétbis metabolic node especially, when the TCA cycle is incom-
plete.

For Saphylococcusureus the metabolic phenotype of the wilgpbe strain was compared to a
small colonyvariant, which is related to persistent infections. Experiments withQk]glucose
together with transcriptome analysis showed redtit@excess in TCA cycle related amino acids

due to a reduced aconitase activity in the siwallbny varian{254).

In Campylobactejejuni, isotopologue profiling was combined with a transposon insertion library

to evaluate metabolic requirements for the colonization of mice. This revealed a metabolic network
with limited capabilities and low redundancy as well as the importance for theeugftaerine

and aromatic amino acids during infecti@5).

In Pseudomonaseruginosausing [+*C]glucose, the ED pathway was identified as the main
route for glucose catabolis(@56) Further studies during growth on ldleel glycerol or acetate
revealed a bipartite metabolic netwoasalready discussed for other pathogens. While glycerol
preferentially enters gluconeogenesis, acetate is mainly metabolized in the TCRByglAn-

other study reported metabotidferences between clinical isolateskfaeruginosasuggesting
adaption to the respective niche in tresth Either,TCA cycle and ED pathway activities were
high, while PPP activity was low @ice versgoointing to different extents of biofilm formation

in the isolates or adaption to different oxygereley258)

Another study compared usage'dE-glucoseof enterohemorrhagik. coliin different media,

that imitategrowth in the ileum or the colpmespectively. Both conditions produced different
metabolic phenotypes as well as different expression of virulence factors, suggesting a close con-
nection betweerwirulence andmetabolismthat isgoverned by the respective ecological niche
(259) Together these experiments show the valuable insights into the metabolism of bacious
teriathat can be gaed by isotopologue profiling. The next sections will introduce the organisms
studied in this work together with the respective objective.
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1.6 Hippea maritimai carbon fixation in environments similar to early earth

H. maritimais aGramnegative bacterium that grows at elevated temperature&54G) with an
optimum at 53 °C in anoxic conditions, while tolerating pi.b but requiring the presence of 0.1

% yeast extract when grown in broth. Sulfeduction producing £& serves ase energy source

for growth (260). This reaction is carried out by a membrénoeind polpulphde:quinore oxi-
doreductase as well as a cytoplasmic sulphide:NADPH oxidored2&keH. maritimais mo-

tile using one flagellum and its genome (~1.7 mbp) was sequen28d1(262).

Initial assessment of the 16S rRNA led to classificatiod.aharitimaas a deltaproteobacterium,

but more recent analysis suggests the family of Hippeaceae to be a subspecies within the Desul-
furellacaea, which represents a monopggleetic class within the epsilonproteobact€Pés,

264) This is also underlined by the 87 sequence similarity between the 16S rRNA gend.of
maritimaand members of the genusésulfurella(265).

Initially, H. maritimawas isolated from shallowater hot vents of the Bay of Rky in the south
western Pacific Ocea260)but its presence has also been recognized in-getanes fromthe

sister peak hydrothermal chimn€66), the sungai khan hot spri{g67) and uppessediments

from lake Baikal(268) Isolates fromhydrothermal fields at the migtlantic ridge as well as the

east pacific rise yieldedippea jasonia@ndHippea alviniaeas additional members the genus
Hippea(265) All these environments are characterized by elevated temperatures, absence of ox-
ygen as well as incased CQ@-concentrationsdence H. maritimais suited as a surrogate organ-

ism for the metabolism at the origin of cellular lifén terms of carbon fixation pathways, the
genome does not feature any pathwspgcific enzymes. This absence of pathspgcific en-

zymes together with the close genetic relationship to the family of Desulfurellacae suggests activ-
ity of the roTCA cyclan H. maritima
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1.7 Helicobacter pylorii metabolic adaptions after prolonged evolution in the human stom-
ach

H. pyloriis a Gamnegative spiratshaped bacteriutmence the name from greBkh e Imeaxirg
anything assuming a spiral shafievas first isolated in 1982 from gastric biopsy samples taken
from the pylorus of pati@s with gastritis and ulce269) After the realisation that the highly
acidic gastric environment does not prevent colonizatioiime stomachpy microorganismsH.
pylori infection was quickly identified as the biggest ffsktor forthe development ofastric
cancer(270). In 2018 gastric cancer accounted forore thanone million cases with 78800
deathgmaking it the & most common type of cancg71)

H. pylori can withstand the acidic conditiomsthe gastric juice only for several mingtéutlong
enough to reach the pheutral gastric mucosathe actual ecological niche of this bacterium
(272) The pathogen has a rather intimeg&ationwith humanswho are its only natural host and
colonization has been found to previait at least 88.000 yeaedready(273). Today, nfection
affect about half of the global population and usually persists throughou@li#) H. pylori
treatment suffers from antibiotic resistance and therefore was listed on the WHO priority list for
new antibioticsn 2017(275)

Studies on the metabolismldf pylori were mostly performeith the 1990selying on photometric
enzyme assa, NMR-analysis of cell extracts and gencivesed reconstruction of the metabolic
capacitieg276, 277) These studies will be explainedrnrore detail irsection2.2. The pathogens
life style suggests extensive connections between metabolism and vir@smtgcussed in gen-
eral for bacterial pathogens in section.1.4

Vacuolating toxin A(VacA) is a proteirtoxin that is secreted [y. pylori during gastric coloni-
zation. Amongst a variety of deleterious effects for the hosttdetds to increased autophagy
through inhibition of MTORC1 signallin@78)andcan induceapoptosisn epithelial cells as well

as macrophagd279) Together, theseould be mechanissito enhancéhe concentration dfee
amino acigin the host ell, which are then released upamoptosis and can subsequently be used
by H. pylori.

The cytotoxin associated gem protein(CagA)is directly injected ito cellsthatH. pylori has
adhered tovia a type 4 secretion systerSimilar to VacA, theCagA proteininterferes with a
variety of cellular functions in the host, but instead ofphpsis leads to increased cell proliferation
in host cek (280, 281)which could be onesason whyhe presence d@agA is closely related to
gastric cancer development aft€rpyloriinfection(282) Highly proliferating cells and esgially
cancer cells generally adopt a Warbtyge metabolism, where energy is generated mainly
through glycolysis and lactate is excreted as thepeaduct(283) Lactate, produced by gastric
epithelial cells, was already reported to be used#ibgylori underin vitro conditions(284) and

the presence of the lactatesponsive chemoreceptor TlpC suggests lactate as a chensitartic

for H. pylori (285) Additionally, both VacA andCagA interfere with the structural integrity of
the gastric epitheliurthereby potentially facilité#thg access to nutrients fét. pylori (279, 286)
2-Glutamyttranspeptidaseanother virulence factor secreted Wypylori during infection,cata-
lyzes the conversion of glutamine into glutamate and ammonia as well as the production of gluta-
mate from glutathioné287) On the one side this deprives host €efl glutamine, an important
metabolite especially for immune cells; on the other side glutamate can be utilidegydyri e.

g. through incorporatimin the TCA cyclg288)
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H. pylori lives in close association with gastric epithelial cells laasl a variety oAdhesing289)
that anchor the pathogen to the epithdl@t cell to avoid mucosal shedd{@90) As the mucosa
itself does not provide nutrients for bacterial replicati@@l), the host cells are thmost likely
source for nutrients during infecti¢@92) Indeed, experiments, using-caltivation ofH. pylori
together with gastric epithelial cell lin@svitro showed that metabolites secreted by the putative
host cells allowed growth di. pylori in an otherwiseinfavourable medium. Namely, hypoxan-
thine, L-alanine,L-proline and lactate were identified as crucial Forpylori replication under
these condition§84, 293)In this work the central carbon metabolismtdfpyloriis investigated
using isotopologue profilinglo mimicthe ecological niche dfi. pylon during infection a nutri-

ent rich, complex medium is cban, as gastric epithelial cells potentially yield a diverse mixture
of abundant nutrients
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1.8 Legionella pneumophild growth in amoeba resembles human infection

L. pneumophilavas first recognized during the annual convention of the American legion in 1976,
were among 221 attendees 34 fatal cases of pneumonia were répg#e8ince thenL. pneu-
mophik is known as one of the majenvironmentatause of community acquired pneumonias
(295), and althoughwerall case numbers are low (&68.4per 1000.000inhabitant¥ they show

a constant increag296). Additionally, due to undediagnosis and variations in awareness levels
the actual extent of Legionellosis is difficult tetimate (297) Yet, L. pneumophilas only an
accidentahumanpathogerandnormally lives in freshwater and soil environments within bio-
films or protozoa as its natural ho§298).

The pathoge has a biphasic lifstyle: after entry into a suitable host cell, bacteria start replicating
in aLegionellacontaining vacuole (LCViintil nutrients, especially amino acjdecome limited
(299) Subsequentlyvirulent traits are expressed to initiate the transmissive phase, wherein
pneumophildeaves thd.CV andinitial host cellto look for a new replication sit€800) The
expression of virulence factors due to nutrient shortage clearly establishes the connection between
metabolism and virulence In pneumophild301) Theoverallmechanism$or host colonization

are thought to be highly similar in amoeba and macroph@§&s 303) proposingamoeba as a
suitable surrogate systemstudyhuman infection. Additionally, the associationLofoneumoph-

ila with amoeba in freslwater reservoirs affects eradication efficiency by standard treatment like
heat or lowconcentration chlorinsolution(304) Therefore, understanding the relation between
L. pneumophilaand its amoebal host could help to boost eradication efficacy invrater res-
ervoirs.

During its intracellular lifephasel.. pneumophilaecrees over 300 effector proteins into the host
cell, which is thdargest arsenal knowso far by ay pathoger(305) As described in section 1.4,
these proteins edribute to virulence as well as the metabolic demands of the pathogen during
infection. Many effector proteinsnterfere with the host metabolism to provide nutrientsLfor
pneumophilaLamA, an amylase leads to glycogen degradation in the host, potentially providing
sugarsfor the pathogelt306). Among other proteins interfering with protein degradation in the
host, he effector AnkBrecruits polyubiquitinated proteins to the LCV surface, where they are
subjectedo proteasomal degradatiand therebyrovidingamino acids fot.. pneumophilgd153,

307). Another strategy is the T4S&pendent induction of mitochondrial fragmentation, leading
to a Warburglike metabolism in the host cell that fawe bacterial replicatio(B08) The metab-
olism ofL. pneumophilandother factors of ittnteraction with host cells will be further discussed

in section 2.3.

The metabolism dof. pneumophildas already been under investigations using isotopologue pro-
filing. To understand biosynthetiapabilitiesL.. pneumophilavas grown under standard tuke
conditions with [U'Cg]glucose,[1,2-13C;]glucose and [L3Cs]serine in the medium. Both glu-
cose and serine were efficiently metabolized. bgneumophilaUsing[1,2-1°C;]glucose as a pre-
cursor, it was possible wifferentiatebetween glycolysis and the ED pathway aspreferred
sugar catabolism. Hare glucose was almost exclusively metabolixédthe EDpathway, even
though both pdiways are completelgnnotated ithe genome. Additionallyanalysis ofpolyhy-
droxybutyrate (PHBJevealed efficientransfer of carbon from glucosao this macromolecular
storage compounttat is formed from acetyCoA units(309)
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Further experiments expanded the substrate paistig byl.. pneumophilaas [UCs]glycerol
wasusedin vitro as well asn vivo. Metabolisation of glycerol mainly proceeded through glycol-
ysis, supporting a bipartite metabolism already observetherpathogeng55, 94) Experiments
with a CsrAmutant ofL. pneumophilashowed the role of this global regulator in mediating the
switch from amino acid metabolism duriegponential growth to glycerolipid etabolism, when
amino acids becae limited.Further, sing [1,2,3,4°C]palmitate as a precursors, the role of Ii-
pids as carbon substrates was corroborated using isotopologue p{ata)g

To get more insights into the metabolismLofpneumophilavith a special regard to its biphasic
life-cycle, the growtiphase dependent metabolism was investigated during cultivation in broth.
Using [U-13Cs]glucose and [UF3Cs]serine, which were addeat the beginning of the early expo-
nential, posexponential or stationary phase, respectively, a grphtise dependent metaboliza-
tion of these compounds wagleedobserved310) While serine is predominantly used during
early phases of exponential growtia the TCA cycle, glucose mainly serves for PHB synthesis
during the later stag€810, 311) Building on these experiments this workthe analysis of the
growth-phase dependentetabolismis transferred into a scenario more closely related to infec-
tion, namelythe intracellular growth df. pneumophilan an amoebal host cell.
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1.9 Objective

This work aims to characterizlee interrelation between @nonment andnetabolismin bacteria

to gain insights into metabolic phenotypes that are not directly accessible but highly impartant.
explained irsectionl.5, incorporation of stable isotopes into metabolic intermediates provides the
most direct imprint of cellulametabolismFor this purpose, etabolitesareextracted from cellu-

lar materialafter bacterialcultivationin the presence of @sotopically enrichedracermolecule
subsequengnrichmemanalysis of central metabolic intermediates pravidsight into the pres-
ence and activity of metabolic pathway$is analysisis performed using gashromatography
coupled to mass spectrometry (@4S) and focusson protén-bound amino acidyhich arede-

rived from intermediates athe centracarbon metabolism, as well as cytosolic metabolites like
fatty acids and dicarboxylates.

As explained in section 1.3ne of the most important but inaccessible bacterial metabolic pheno-
types is the mabolism of the earliest cellular organistnderstanding the metabolism of this
organism bridges the gap between abiotic reactions producing initial biomolecules and the emer-
gence of cellular lifeRegarding the metabolism ofistearliest cellular organis, H. maritimais

used as a modéhatlivesunder potentially similar conditionés introduced earlier autotrophic
carbon fixation is the foundation of acgllular metabolisnon the early earttH. maritima po-
tentially operates the roTCA cydier carbon fixationwhich is among the possible candidates for
theearliestcarbon fixation pathwato have emerged o understand thectivity and driving force

of this cycle, initial experiments with*CO; as a traceallow to check for the activity of thipath-
way in H. maritima As explained earlier, metabolism is dictated by the environmental niche of
the respective organismo test the pathways relevance for the earliest cellular orgaacsivity

of the roTCA cycle will also banalysed undezlevated C@concentrations that we present on

the early earthFurther, experiments witli-*Ci]glutamateallow in depth charactisation of the
cycle byyielding isotopologue patterns that are specific for the roTCA cycle.

To extend and thereby generalize the connection between environment and bacterial metabolism,
two heterotrophic bacteriaillv further be studied in this work; despite both being heterotrophs,
these organisms still show great disparities in their life styhgle L. pneumophilas found ubig-
uitously in soil and freskwaterwith replicationoccurring onlyinside host cells like amoeb.

pylori solely colonizes the human stomagh. mimic these niches, different experimental setups
are used.

The metabolism dfl. pyloriis investigated during growth in nutrierich Brucella brothmedium

with 10% fetal calve serunthis complex medium provieksa diversemixture of possible sub-
strateghereby reflectingonditions duringH. pylori colonization of the gastric epithelium, where
the bacterium obtains a potentially equally complex mixture of nutrients from gastric epithelial
cells(312314) In terms ofL. pneumophildabelling experiments will be performed during intra-
cellular growth inA. castellanij a natural host of this bacterium. In contrast to earlier studies, this
work will focus on the growtiphase dependent metabolisnmLopneumopita during replication
inside the amoebal hofespite the knowledge about the biphasic life cycle of this organism, the
underlying metabolic changes during replication inside a host are poorly understood.

Besides extending the relation between envirartraed metabolism to heterotrophic organisms
living in different ecological niches, studyitty pylori andL. pneumophiladditionally provides

29



1.9 Obijective

new insights into treating bacterial infections, as both of these orgaarsisman pathogens.

Due to rising atibiotic resistance, new treatment strategies are desperately needed. Herein, the
central carbon metabolism offers a promising target but is often poorly characterised regarding the
actual infectionFurther the metabolic capabilities of human bacterial pathogen are highly diverse
due tovariety ofniches thg colonize.This requires individual characterisation of pathogens in
terms of their metabolic capabilitieBherefore, this work also aims torgabute a deeper under-
standing to the actual metabolismkbf pylori andL. pneumophiladuring infection to open new
avenues for potential treatment strategies.
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2 Results
2.1High CO: levels drive the TCA cycle towards autotrophy

Steffens L.*, Pettinato E., Steiner T. M.*, Mall A., KgnS., Eisenreich W., Berg I. A. Nature
592,748788 (2021),10.1038/s4158021-034569.

*These authors contributedeally as first authors

Summary A study in 2018 identified the reversed oxidative TCA cycle (roTCA cycle) as a new
pathway for C@-fixation. Herein theATP-dependent citrate lyase, which was thought to be nec-
essary for a C@fixating TCA cycle, is replaced by a reversible citrate synthase, thereby saving
one molecule of ATP per acet@floA produced from C® This makes the roTCA cycle the most
energyefficient CQ-fixation pathwayknown todaybut its driving force and prevalence in nature
were unclear

The cycleis difficult to identify through bioinformatics, as it lackathwayspecificenzymes but

it requires high expression levels of citrate synthaseork. Therefore, codon usagealysis
allowed to search for other organisms that potentially operate the roTCA cycle. Analysis yielded
H. maritima which showed high citrate synthase expression but no genes related to other CO
fixation pathwaysThe bacterium was grownith 3CQO, at different concentrations (4 %, 10 %,

20 %) to monitor3C-incorporation into proteibound amino acidsComparative analysis of
isotopologue distributiagin alanine, aspartate and glutamate revealed a aborebetween C&

partial pressure and activity of the roTCA cycBperation of the roTCA cycle at low G@on-
centrations could still bandoubtedlyshown by supplementing {£C]glutamate to the growth
medium.Subsequently, analysis &iC-incorporation in different parts of the carbon skeleton of
aspartate and glutamate showed low but signifié¥@+excess in Asp(G2) and Glu(C2) as
expected from an active roTCA cycle.

Besides roTCA cycle activity, overgtowth of the bacteriunwas also enhanced with increasing
CO»-concentrations. This behaviour was corroborated for other organisms that operate the roTCA
cycle.In depth analysis of amino acid fragments from the experiments'¥@® revealed the
connection between Ctpartial pessure and roTCA cycle activity. The carboxylation of aeetyl
CoA to pyruvate was shown to be highly dependent on thecGfxentration. Citrate cleavage by

the citrate synthase requir@shigh CoA:acetylCoA ratio to operate under physiological condi-
tions. This imbalance puts an energetic burden onphrevate carboxylase reaction lm#n be
compensated by increased £&ncentratioa

These obsemntions suggeshat the roTCA cycle might by highly prevalemi@ng organism living
under conditions with high ClevelsAddi t i onal ly, early earthos
els of CQ suggesting the roTCA cycle #& most probablancient CQ-fixation pathway.

Author contribution | was involved in the design of the labelling experiments WE©, and [
13C]glutamateto track the activity of the roTCA cyctndperformed the subsequent isotopologue
analysis. Additionally, karried outanalysis of amino acid distribution Hippea maritimapro-

teins as well as analysis of the growth medium to quantify amino acid consumption as well as
potential fermentation prodts.| was involvedn all steps of preparing the final manuscript.
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It has recently been shown that in anaerobic microorganisms the tricarboxylic acid
(TCA) cycle, including the seemingly irreversible citrate synthase reaction, can be
reversed and used for autotrophic fixation of carbon'?. This reversed oxidative

TCA cyclerequires ferredoxin-dependent 2-oxoglutarate synthase instead of the
NAD-dependent dehydrogenase as well as extremely high levels of citratesynthase
(more than 7% of the proteins in the cell). In this pathway, citrate synthasereplaces
ATP-citratelyase of thereductive TCA cycle, whichleads tothe spending of one
ATP-equivalentless per oneturnof the cycle. Here we show, using the thermophilic
sulfur-reducing deltaproteobacterium Hippea maritima, that thisroute is driven by
high partial pressures of CO,. These high partial pressures are especially important for
the removal of the productacetyl coenzyme A (acetyl-CoA) through reductive
carboxylationto pyruvate, whichis catalysed by pyruvatesynthase. The reversed
oxidative TCA cycle may have been functioning in autotrophic CO, fixationina
primordial atmosphere thatis assumed to havebeenrich in CO.,.

Various natural autotrophic CO, fixation pathways have been identi-
fied to date**. These pathways are adapted to organisms that live in
specificecological niches. In addition to the variety inautotrophic CO,
fixation mechanisms, variants of these pathways exist that strongly
differ from each other in their properties*®. A recently identified
reversed oxidative tricarboxylic acid (roTCA) cycle!'? is a version of
the autotrophic reductive tricarboxylic acid (rTCA) cycle. TherTCA
cycle differs from the oxidative TCA cycle mainly by replacing reactions
that are irreversible under physiological conditions with reversible
ones—that s, using ferredoxin-dependent 2-oxoglutarate synthase
instead of the NAD-dependent dehydrogenase and using ATP-citrate
lyase (ACL) (citrate + ATP + CoA > oxaloacetate +acetyl-CoA + ADP +P;)
instead of citrate synthase (acetyl-CoA + oxaloacetate + H,0 >
citrate +CoA). By contrast, the roTCA cycle uses citrate synthase rather
than ACL** (Fig. 1a). The usage of citrate synthase for citrate cleavage
isthermodynamically unfavourable (free-energy change AG’ of more
than 35 k) mol™)’ but enables the spending of one ATP molecule less
per acetyl-CoA synthesized from two molecules of CO,, making the
roTCA cycle a highly efficient autotrophic carbon fixation pathway.
This pathway was shown in two obligatory anaerobic bacteria that
exhibit hydrogen oxidation coupled with sulfur reduction, the del-
taproteobacterium Desulfurella acetivorans®and Thermosulfidibacter
takaii, arepresentative of the Aquificae phylum'. These bacteria grow
equally wellunder autotrophic and heterotrophic conditions and have
generation times of 5-7 h*?, which suggests that they are not affected
kinetically by the use of this pathway. Therefore, the question arises
which factors limit the distribution of the roTCA cycle—or, in other
words, why the roTCA cycle did not outcompete the apparently less
efficient ACL-containing rTCAcycle, considering the almost universal
distribution of citrate synthase inautotrophic bacteria.

An important feature of the roTCA cycle is that it lacks unique
enzymes, making it cryptic for bioinformatics analyses and possibly
leading to the underestimation of its occurrence in the microbial world.
The only characteristic feature is an extremely high activity of the
citratesynthase reaction incellextracts (more than 10 pmoles min ' mg™*
protein)“2 Therefore, we decided to study the enzyme that catalyses
this reaction in D. acetivorans in more detail. The genome contains
three citrate synthase homologues, desace 08345, desace 09325 and
desace 06860 (Extended DataFig.1). Inorder to determine which of the
corresponding proteinsisresponsible for the citrate synthase reaction
invivo, we heterologously produced all three proteins in Escherichia coli
(Extended Data Fig.2) and used them as standards for protein quantifi-
cation with target high-resolution mass spectrometry. Desace_08345
was shownto be the main citratesynthase inD. acetivoransand one of
themostabundantproteinsinthelysates of autotrophically grown cells,
contributing7.2% to the total protein content, whereas Desace_09325
and Desace_06860 were much less abundant (0.2 and 0.1%, respec-
tively) (Extended Data Fig.3). Furthermore, comparison of expression
inthe proteomes of the autotrophically and heterotrophically grown
cells hardly revealed any regulation in the synthesis of the enzymes of
the roTCA cycle (Supplementary Tables1, 2). Thus, Desace 08345 is
responsible for both the cleavage and synthesis of citrate, depending
on the growth conditions.

Desace_08345had the kinetic properties of a typical citrate synthase
from heterotrophic organisms, being highly activein the direction of
citrate synthesis but having only low activity in the reaction of citrate
cleavage (V,,,, 0f 157 and 1 pmoles min ' mg ! protein for acetyl-CoA
and citrate, respectively) (Extended Data Table 1). This is in line with
the Haldane equation®, which relates the catalytic efficiencies (V,,,,/K,)
of the backward and forward reactions to the equilibrium constant
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