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Zusammenfassung

1 Zusammenfassung

Das Leben besteht aus einer Abfolge chemischer Reaktionen, welche im Zusammenspiel ein
metabolisches Netzwerk bilden. Die grundlegenden Reaktionen am Ursprung des
Stoffwechsels, noch bevor Leben existierte, miissen energetisch giinstig gewesen sein, um
spontan entstanden sein zu kénnen und damit den Grundstein fiir einen hocheffizienten
Metabolismus zu setzen. Am Beginn dieses Prozesses vor etwa 4 Milliarden Jahren stehen
moglicherweise geochemische Vorginge in der Erdkruste in serpentinisierenden Systemen am
Meeresgrund, den Hydrothermalquellen.

Im Rahmen dieser Arbeit wird durch Konzipierung eines biosynthetischen
Reaktionsnetzwerkes der autotrophe Grundstoffwechsel des letzten gemeinsamen Vorfahren
aller Lebewesen (LUCA) charakterisiert. Dieser umfasst mehr als 400 metabolische Reaktionen,
welche zur Synthese von Aminosduren, Basen und Cofaktoren bendtigt werden, ausgehend von
den Metaboliten Wasserstoff (H), Kohlenstoffdioxid (CO2) und Ammoniak (NHz3), sowie
Schwefelwasserstoff (H>S) und Phosphat. Diese Komponenten waren vermutlich bereits im
frithen Erdzeitalter in Hydrothermalquellen verfiigbar. Eine thermodynamische Untersuchung
dieser Reaktionen unter Hydrothermalbedingungen zeigt, dass 95-97 % exergon sind (AG <0
kJ-mol™"), d.h. Energie freisetzen und somit spontan ablaufen. Uber 75 % der zentralen
Reaktionen beziehen ihre Energie nicht aus der Hydrolyse von Triphosphaten, stattdessen
werden diese thermodynamisch durch Energie aus involvierten Kohlenstoffverbindungen
angetrieben.

Fiir die vieldiskutierte Moglichkeit einer Energiebereitstellung durch die Hydrolyse von
anorganischem Pyrophosphat (PP;) finden sich keinerlei Hinweise im biosynthetischen
Grundstoffwechsel. Im Gegenteil wird PP; in zentralen Biosynthesewegen ausschlieB8lich als
Produkt generiert und kann somit nicht als Energielieferant gedient haben. Die Hydrolyse von
Triphosphaten mit Produktion von PP; ist liberwiegend kinetisch gesteuert und fungiert als
Mechanismus, um die Synthese der Grundbausteine des Lebens irreversibel in Richtung
Biosynthese auszurichten, wohingegen die Moglichkeit der Hydrolyse mit Bildung von P; einen
thermodynamischen Effekt darstellt. Diese doppelte Funktion ist spezifisch fiir Triphosphate.

Schlussendlich beschéftigt sich diese Arbeit mit einem weiteren Schritt in der Evolution,
indem der Stoffwechsel des letzten gemeinsamen Vorfahren aller Bakterien (LBCA)

charakterisiert wird. Dazu wurden aus 1.089 vollstdndigen bakteriellen Genomen anaerober
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Prokaryoten mittels phylogenetischer Analysen 146 Proteinfamilien identifiziert welche bereits
in LBCA vorhanden gewesen sein konnten und einen konservierten Zentralmetabolismus bilden.
Dieser bendtigt nur neun weitere Gene um alle universellen Metaboliten (Aminosduren, Basen,

tRNA, Cofaktoren und Lipide) generieren zu kdnnen.



Abstract

2 Abstract

Life is organized as a series of chemical reactions forming a metabolic network. The underlying
reactions at the origin of metabolism before the emergence of life itself had to be energetically
far from equilibrium to occur spontaneously, setting up the cornerstone for a highly efficient
metabolism. Potentially, this process began 4 billion years ago with geochemical processes in
the Earth’s crust in serpentinizing systems, namely hydrothermal vents.

In the course of this thesis the autotrophic metabolism of the last universal common
ancestor (LUCA) is characterized by conceiving a biosynthetic core network comprising more
than 400 metabolic reactions necessary to synthesize amino acids, bases and cofactors from
hydrogen (Hz), carbon dioxide (CO.) and ammonia (NH3), as well as hydrogen sulfide (H»S)
and phosphate. These components were potentially already available in hydrothermal vents on
the early Earth. Thermodynamic investigations of these reactions under hydrothermal
conditions reveal that 95-97 % are exergonic (AG < 0 kJ'mol™"), therefore energy releasing and
running spontaneously. Over three-third of the core reactions obtain their energy not from
hydrolysis of triphosphates but instead are thermodynamically driven by energy from involved
carbon bonds.

The biosynthetic core network provides no indication for the highly debated possibility
of energy supply via hydrolysis of inorganic pyrophosphate (PP;). On the contrary, in the core
network PP; is generated as a product exclusively and therefore cannot serve as an energy
supply. The hydrolysis of triphosphates producing PP; is kinetically driven and provides a
mechanism for rendering the synthesis of basic building blocks irreversible in the direction of
biosynthesis whereas the hydrolysis producing P; is induced by a thermodynamic effect. This
dual function is specific to triphosphates.

In addition, this thesis illuminates a subsequent step in evolution by characterizing the
metabolism of the last bacterial common ancestor (LBCA). Therefore, 1,089 complete bacterial
genomes of anaerobic prokaryotes were analyzed phylogenetically, uncovering 146 potential
protein families leading to LBCA. This conserved core metabolism needs only nine additional
genes to be equipped to synthesize all universal metabolites (amino acids, bases, tRNA,

cofactors and lipids).
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3 Einleitung

., Wie entstanden jene ersten und einfachsten Lebewesen, aus denen sich alle

tibrigen, vollkommeneren Organismen allmdhlich entwickelten? *

Ernst Haeckel (1866a), Seite 168

Die Frage nach dem Ursprung des Lebens ist eine der spannendsten obgleich es schwierig zu
sagen ist, ob es darauf jemals eine valide Antwort geben wird. Nichtsdestotrotz war es nicht
nur Ernst Haeckel, der sich im 19. Jahrhundert eben diese Frage stellte (Haeckel, 1866a).
Bereits Charles Darwin wagte in seinem beriihmten Standardwerk Uber die Entstehung der
Arten (engl. Originalfassung von 1859: On the origin of species by means of natural selection)
den Ursprung alles Lebendigen zu hinterfragen (Darwin, 1860). Er formulierte seine
fundamentale Evolutionstheorie und das Konzept der natiirlichen Selektion, welche die
nachfolgenden Generationen nachhaltig prigten und den Grundstein fiir die Evolutions-
forschung legten. Wihrend Darwin zwar Antworten auf die Artbildung und Evolution von
bereits existierendem Leben hatte, lie er die Frage nach dem Ursprung des Lebens selbst offen.
Er sah es nicht als seine Aufgabe, diese zu beantworten, und nahm an, dass ,,das Leben zuerst
vom Schopfer eingehaucht worden ist™ (Darwin, 1860, S. 488; Haeckel, 1866a, S. 169). Wenige
Jahre spiter sah sich Ernst Haeckel in der Pflicht, sich der Frage nach dem eigentlichen
Ursprung des Lebens zu widmen. Er formulierte eine Hypothese iiber die Selbstzeugung,
welche er Autogonie nannte und im Rahmen derer sich strukturlose Urorganismen, die
Moneren, aus anorganischem Material bildeten (Haeckel, 1866a, S. 179f.). Diese ersten
Organismen bedeuteten dabei die letzten gemeinsamen Vorfahren aller darauffolgenden

Lebensformen, welche sich im Spiteren daraus differenzierten (vgl. Abbildung 1):

., Wir nehmen endlich an, dass alle jetzt lebenden Organismen-Formen und alle,
welche jemals die Erde bewohnt haben, die Nachkommen einer geringen Anzahl
verschiedener Moneren sind, und dass jede der Hauptgruppen der Organismen-
Welt, welche wir unter dem Namen Stamm oder Phylon als eine zusammen-
gehorige genealogische Einheit aufstellen, einer besonderen Moneren-Art ihre
Entstehung verdankt.

Ernst Haeckel (1866a), Seite 185
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Der von Haeckel erwihnte Ubergang zwischen der abiotischen und der biotischen Phase,
heutzutage Abiogenese genannt, bei welcher Energie aus anorganischen chemischen Elementen

zur Synthese von Biomasse genutzt wird, bildet zugleich den Ursprung des Lebens.
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Abbildung 1 | Monophyletischer Stammbaum der Organismen nach Ernst
Haeckel. Dargestellt sind die Verwandtschaftsbeziehungen zwischen den abgebildeten
Taxa. Basal ist der Lebensbaum in die drei Reiche Plantae, Protista und Animalia
eingeteilt. Das Phylum der Moneres befindet sich an der Radix communis—der

gemeinsamen Wurzel—und bildet somit den Urvorfahren aller Nachkommen (Haeckel,

1866b).
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3.1 Die Frage nach dem Ursprung des Lebens

3.1.1 Das Salz in der Ursuppe

Ein halbes Jahrhundert nach der Theorie von Ernst Haeckel waren es der Biochemiker
Aleksandr I. Oparin und der Biologe John B. S. Haldane, welche unabhingig voneinander die
Theorie einer Ursuppe beschrieben. Haldane nahm an, dass in der Atmosphire der frithen Erde
wenig beziehungsweise kein Sauerstoff vorhanden war, die UV-Strahlung der Sonne somit
nicht von Ozon absorbiert werden konnte und deshalb ungehindert auf das Land und den Ozean
traf (Haldane, 1929). Dieses UV-Licht diente als extrinsische Energiequelle in Reaktionen des
Ozeanwassers mit in der Atmosphire gelostem Kohlenstoff und Ammoniak, bei welchen
organische Komponenten entstanden. Diese akkumulierten, bis die Ozeane schlieB3lich zu einer
Art Ursuppe wurden. Die Komplexitdt dieser Molekiile stieg an, bis erste lebendige Partikel
entstanden, welche sich von dieser Suppe erndhrten (Haldane, 1929). Oparin war ebenfalls der
Meinung, dass die ersten einfachen Organismen schrittweise iiber lange Zeit aus organischer
Materie evolvierten (Oparin, 1938, S. 60). Fiir ihn schien es ,,absolut undenkbar, dass so
komplexe Strukturen wie Organismen jemals spontan generiert werden konnten, direkt aus
Kohlendioxid (CO7), Wasser (H20), Sauerstoff (O), Stickstoff (N2) und Mineralsalzen*
(Oparin, 1938, S. 62). Es miisse vorab eine organische Substanz entstanden sein, in welcher
sich schlussendlich strukturierte Makromolekiile abgrenzten, die er als Koazervate bezeichnete
und welche die Vorlaufer der ersten Organismen darstellten (Oparin, 1938, S. 163). Die Oparin-
Haldane-Theorie beschreibt ein heterotrophes Ursprungsszenario, da sich die beschriebenen
Protoorganismen von den organischen Verbindungen in der Ursuppe erndhrten.

Im Jahr 1952 veroffentlichte der Chemiker Harold C. Urey einen Artikel iiber die
chemischen Bedingungen auf der frithen Erde, in welchem er sich analog zu Oparin gegen CO»
in der Atmosphédre aussprach. Seiner Meinung nach bestand diese stattdessen aus Methan,
Ammoniak, Wasser und Wasserstoff (Urey, 1952). Im darauffolgenden Jahr simulierte Ureys
Doktorand Stanley L. Miller das Ursuppenszenario unter der vermuteten prébiotischen
reduzierenden Atmosphére mithilfe einer Apparatur, durch welche oben genannte Gase bei 70—
80 °C zirkulierten und elektrische Entladungen in Form von Lichtbogen als Energiequelle
fungierten (Miller, 1953). Im Rahmen des Versuches, bekannt als Miller-Urey-Experiment,
entstanden geringe Mengen der Aminosduren Glycin, a- und B-Alanin, Asparaginsiure und 2-
Methylalanin neben anderen zu dem Zeitpunkt nicht identifizierten Verbindungen (Miller,
1953). In weiterfilhrenden Experimenten konnten zusétzlich die gasféormigen Reaktions-

produkte Kohlenstoffmonoxid (CO), CO2 und N>, fliichtige Komponenten wie Ameisensdure,
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Essigsdure, Propionsdure, Glycolsdure und Milchsdure, sowie weitere Aminosduren wie
Sarkosin und a-Aminobuttersdure detektiert werden (Miller, 1955). Somit war es erstmalig
gelungen, eine Hypothese zum Ursprung des Lebens im Labor zu testen (McCollom, 2013) und

die Ursuppentheorie wurde in vielen Fachkreisen bis dato zur plausibelsten Erklérung.

3.1.2 Die Entdeckung der Schwarzen Raucher

Zu Beginn der 1980er Jahre, kurz nach der Entdeckung geothermisch aktiver
Tiefseehydrothermalquellen auf dem Meeresgrund im Galdpagos Rift (Corliss et al., 1979),
gerieten heile Quellen auf dem Meeresgrund erstmals in den Fokus der Suche nach dem
Ursprung des Lebens (Corliss et al., 1981). Die submarinen Quellen finden sich gehauft an den
Spreizungszonen tektonischer Platten wo heiles Magma durch Risse in der Erdkruste
aufsteigen kann, auf durch Ozeanwasser gekiihltes Gestein trifft und sich dadurch ein
thermischer Gradient bildet, welcher Interaktionen des Gesteins mit Wasser bei iiber 300 °C
energetisch vorantreibt. Das in den Ozean stromende Fluid ist reich an CO,, Ammoniak (NH3)
und Wasserstoff (H2). Das vorgefundene Milieu in den Schloten der sogenannten Schwarzen
Raucher (engl. Black Smokers) wird als stark reduzierend beschrieben (Corliss et al., 1981).
Obwohl die extrem heilen Bedingungen lebensunfreundlich scheinen, besiedeln Populationen
unterschiedlichster Tierarten wie Muscheln, Wasserschnecken und Rohrenwiirmer diese
Quellen (Corliss et al., 1979). Die benoétigte Nahrung wird durch schwefeloxidierende
Bakterien bereitgestellt, welche in groer Zahl die Gesteinsrisse bevdlkern und
chemolithotroph vorhandenen Schwefelwasserstoff verstoffwechseln (Corliss et al., 1979).
Aufgrund der in den Schwarzen Rauchern vorgefundenen Umgebungsbedingungen
wurden heile Hydrothermalquellen in der Tiefsee erstmals mit dem Ursprung und der
Evolution des Lebens assoziiert (Corliss et al., 1981). Laut der Theorie von Corliss et al.
bildeten sich aus CO> mittels Hitze zuerst Komponenten wie Methan (CH4), Ammoniak,
Schwefelwasserstoff (H2S), CO und Reduktionsmittel wie Cyanwasserstoff und Formaldehyd,
spater monomere Aminosduren, darauffolgend Zucker, Purine und Pyrimidine und schlielich
komplexe Polymere aus denen sodann die ersten Protozellen entstanden (Corliss ef al., 1981).
Fossile Funde erster Lebewesen, dessen Alter auf ~3,8 Milliarden Jahre datiert wurde, decken
sich mit Mikroorganismen in Hydrothermalfeldern moderner Ozeane (Baross und Hoffman,

1985; Arndt und Nisbet, 2012).
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Die Entdeckung von Hydrothermalquellen und die idealen Voraussetzungen fiir die dortige
Manifestierung von Leben sind handfeste Argumente gegen die bis dato vorherrschende und
fiir valide geltende Ursuppentheorie von Oparin und Haldane. Die extreme Hitze in den Quellen
und die damit einhergehende Instabilitit von Aminosduren bedeutet allerdings ein
lebensfeindliches Attribut (Bernhardt et al., 1984), welches Anhédnger der Oparin-Haldane-
Theorie als ein Argument gegen den Ursprung des Lebens in hydrothermalen Schloten werteten

(Miller und Bada, 1988; Lazcano und Miller, 1996).

3.1.3 Die verlorene Stadt im Atlantis-Massiv

Der Geologe Michael J. Russell stellte sich gegen die Argumente beziiglich der Unvereinbarkeit
der Abiogenese mit heilen Hydrothermalquellen (Russell et al., 1988) nachdem ein
Forschungsteam von dem Fund etwa 3,6 Milliarden Jahre alter fossiler Strukturen
hydrothermaler Quellen in Irland berichtet hatte (Larter et al, 1981). Die Bildung der
eisenschwefelhaltigen Pyritrohren wurde nicht von Magma angetrieben, sondern von im
Gestein gespeicherter Warme, sie bildeten sich somit bei unter 150 °C (Boyce et al., 1983).
Moderne Hydrothermalquellen &hnlicher Konstitution im Ostpazifischen Riicken waren zwar
bereits bekannt, diese waren allerdings viel heifler mit etwa 380 °C (Larter et al., 1981). Russell
et al. sahen in den moderat heilen Hydrothermalquellen eine Moglichkeit, dass durch dortige
Bedingungen das Leben entstanden sein konnte und lieBen die Diskussion iiber den Ursprung
des Lebens in hydrothermalen Tiefseequellen wieder aufleben (Russell et al., 1989). In einer
Publikation von 1997 diskutierten sie die Bildung von Eisensulfidblasen, sogenannten
,Probotryoiden®, welche sich durch hydrostatische Ausdehnung ausbildeten (Russell und Hall,
1997). Laut der Theorie traf heilles hinaufstromendes sulfidhaltiges, alkalisches Wasser auf den
sauren, kiihleren, eisenhaltigen Ozean. Im Rahmen einer Fillungsreaktion bildeten sich
eisenschwefelhaltige (FeS) Membranen aus, welche als semipermeable Barriere zwischen
beiden Fluiden fungierten, katalytische Féhigkeiten aufwiesen und an deren Oberflache sich
organische Komponenten aus im Ozean gelostem Kohlenstoff bildeten. Der steigende
osmotische Druck fungierte dabei als Triebkraft fiir die Ausdehnung der Probotryoide. Geméaf
der Hypothese libernahmen mit der Zeit organische Molekiile die Rolle der FeS-Membranen
und ein erster Protometabolismus formte sich (Russell und Hall, 1997).

Zu Beginn des neuen Jahrtausends fand ein Team um Deborah Kelley ein

Hydrothermalfeld namens Lost City (engl. fiir Verlorene Stadt) auf dem Meeresgrund im
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Atlantis-Massiv (Kelley ef al., 2001). Die aus den bis zu 60 Meter hohen Schloten austretende
Fliissigkeit wurde als alkalisch (pH 9-11) und stark reduzierend beschrieben. Die Temperaturen
dort sind mit 40-90 °C viel kiihler verglichen mit denen in Schwarzen Rauchern. Des Weiteren
weisen die Tiefseequellen Mikrokompartimente auf (Martin und Russell, 2003), welche an
Probotryoide erinnern. Somit stimmen die Quellen von Lost City stark mit dem Szenario
tiberein, welches Russell bereits in seiner Theorie beschrieben hatte (Russell und Hall, 1997).
Das Gestein unterhalb von Lost City besteht groBiteils aus Serpentinit (Kelley et al., 2005),
welches bei der Hydratation der Gesteine Olivin und Pyroxen entsteht (Boyd ef al., 2020). Ein
Nebenprodukt dieses geochemischen Vorgangs in der Erdkruste, auch Serpentinisierung
genannt, ist neben Magnetit und Brucit auch molekularer Wasserstoff (Hz; Bach et al., 2006;
McCollom und Seewald, 2013). Durch den Serpentinisierungsprozess wird das Milieu
alkalischer und es entstehen in den Hydrothermalquellen Ionengradienten (Schrenk ez al., 2013;
Wimmer et al., 2021b). Das durch die Gesteinsrisse aufsteigende Fluid vermischt sich mit dem
Ozeanwasser sodass sich Temperatur-, Redox- sowie pH-Gefille bilden, welche das
elektrochemische Potential in der Umgebung steigern (Sleep et al., 2011; Sousa et al., 2013).
Die H»-produzierende Eigenschaft riickt hydrothermale Tiefseequellen wie Lost City ins
Zentrum der Forschung zum Ursprung des Lebens, da Wasserstoff als urspriingliches
Reduktionsmittel fiir die Fixierung von CO> vermutet wird, welches potentiell den Weg zur
Synthese von komplexeren organischen Molekiilen ebnete (Martin und Russell 2003; Preiner
et al., 2020; Wimmer et al., 2021c) und weil moderne chemolithoautotrophe Prokaryoten wie
Acetogene und Methanogene H: als Elektronendonor fiir die Reduktion von CO2 im Zuge der
Synthese von Adenosintriphosphat (ATP) nutzen (Thauer et al., 1977; Fuchs, 2011; Martin,
2020). Der Einfluss serpentinisierender Systeme auf den Ursprung metabolischer Komplexitét

wird in Kapitel 3.2.2 konkretisiert.
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3.2 Die Entstehung des Stoffwechsels

Das Leben ist ein Netzwerk aus hintereinander geschalteten biochemischen Reaktionen. Dabei
fungieren Reaktionsprodukte wiederum fiir andere Reaktionen als Ausgangsprodukte, aus
welchen abermals neue Produkte gebildet werden. Dabei wird zwischen Auf- und
Abbaureaktionen unterschieden. Mittels definierter Stoffwechselwege konnen Zellen effizient
hintereinander geschaltete Reaktionen fiir den Aufbau von biochemischen Komponenten
nutzen, als auch diese abbauen. Dieses Reaktionsnetzwerk ist gemeinhin als Stoffwechsel oder
Metabolismus bekannt. Essentiell fiir den Zellaufbau ist die Synthese von monomeren
Grundbausteinen, welche lebensnotwendig fiir den Organismus sind. Dazu zdhlen die 20
essentiellen Aminosduren als Bestandteile der Proteine, die vier Purin- und Pyrimidinbasen,
welche ndtige Bausteine flir Nukleinsduremolekiile darstellen und Cofaktoren. Letztere kdnnen
organische Molekiile oder Metallionen sein und als Reduktions- oder Oxidationsmittel
fungieren oder katalytisch in einer Reaktion mitwirken (Berg et al., 2013). Zur Zellsynthese
brauchen Organismen primér das Element Kohlenstoff (C), welches etwa die Halfte der
Trockenmasse einer Zelle darstellt (Madigan et al., 2020, S. 95). Des Weiteren bedarf es
Wasserstoff (H), welcher zusammen mit Sauerstoff circa 25 % der Zellmasse darstellt
(Madigan et al., 2020, S. 95) und Stickstoff (N), dessen Quelle zumeist molekularer Stickstoff
(N2) oder Ammoniak (NH3) ist und welcher 13 % der Zelltrockenmasse ausmacht (Madigan et
al., 2020, S. 95).

3.2.1 Ein System im energetischen Ungleichgewicht

,, Dieser Grundsatz, auf welchem die ganze folgende Entwicklung beruht, lautet:
es kann nie Wirme aus einem kdlteren in einen wirmeren Koérper iibergehen,
wenn nicht gleichzeitig eine andere damit zusammenhingende Anderung
eintritt.

Rudolf Clausius (1854), Seite 488

Der hier zitierte zweite Hauptsatz der Thermodynamik in der Fassung von Rudolf Clausius
(Clausius, 1854) beschreibt, dass Wéarme nicht aus einem Bereich mit niedriger Temperatur in
einen Bereich hoherer Temperatur iibertragen werden kann, ohne dass Arbeit verrichtet wird.

Ubertragen auf biochemische Reaktionen konnen diese zwar spontan in Richtung eines
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Energiegefilles ablaufen, entgegengesetzt dieses Gradienten wird hingegen zusétzliche Energie
bendtigt. Dieses Verhalten kann mittels der Anderung der freien Enthalpie, auch Gibbs-Energie
AG genannt, beschrieben werden (Berg et al., 2013). Bei spontanen Reaktionen entlang eines
Energiegefilles ist diese negativ (AG < 0 kI'mol™"), Energie wird freigesetzt und die Reaktion
ist exergon. Im Umkehrschluss bedeutet dies, dass Stoffwechselreaktionen welche Energie
bendtigen niemals spontan ohne Energiezufuhr ablaufen konnen, da das Energiegefille sonst
nicht tiberwunden werden kann. Diese Reaktionen sind endergon (AG > 0 kJ-mol!; Madigan
et al., 2020, S. 101). Ein thermodynamischer Gleichgewichtszustand ist erreicht, wenn kein
thermodynamisches Potential mehr im System vorhanden ist (AG = 0 kJ-mol™!). Die Gibbs-
Energie ist abhéngig von verschiedenen physikalischen GroBen wie der Enthalpie und Entropie,
aber auch von der Temperatur, dem pH-Wert, den Stoffkonzentrationen und der Ionenstérke
(Berg et al., 2013).

Das Leben bedingt energetische Vorginge jenseits des thermodynamischen
Gleichgewichtszustandes. Ohne konstanten Energiefluss herrscht metabolischer Stillstand,
welcher den Tod fiir lebende Systeme darstellt. Offene Systeme wie Organismen befinden sich
daher im FlieBgleichgewicht (engl. steady state; Richter, 1998, S. 10f.; Wimmer et al., 2021c),
es kommt soviel in das System wie es das System auch verldsst, was einen stetigen

Reaktionsfluss gewihrleistet (Richter, 1998, S. 10f.).

3.2.2 Aus Geochemie wird Biochemie

In chemischen Reaktionen, egal welcher Art, ist somit immer Energie involviert. Doch welche
Energie fungierte als Ziindkerze am Ursprung des metabolischen Zusammenspiels von
Reaktionen? Es macht Sinn anzunehmen, dass der Stoffwechsel selbst Hinweise auf die
Antwort zu dieser Frage versteckt hélt (Wimmer et al., 2021b). Verortet man die Wiege des
Lebens in hydrothermalen Tiefseequellen wie Lost City, so muss ein weiterer Teil der Antwort
auf die Frage nach dem Beginn des Lebens dort zu finden sein. Die Umweltbedingungen in Ha-
produzierenden Hydrothermalquellen am heutigen Meeresboden decken sich mit dem, was man
von den Bedingungen in urzeitlichen Tiefseequellen zu der Zeit des spiten Hadaikums, dem
Ende des ersten Aons der Erdgeschichte vor etwa 4,2-3,8 Milliarden Jahren, annimmt (Amend
und McCollom, 2009; Arndt und Nisbet, 2012). Der Kohlenstoff aus der urzeitlichen
Atmosphdre war im Ozean gelost, das Milieu in serpentinisierenden Hydrothermalquellen

reduzierend aufgrund der stetigen Synthese von Wasserstoff, das ausstromende Thermalwasser
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alkalisch und warm (Amend und McCollom, 2009; Schrenk et al., 2013). Die negative
Anderung der Gibbs-Energie in der Nettosynthese von Aminosiuren unter Hydrothermal-
quellbedingungen legt nahe, dass sowohl der alkalische pH-Wert (circa 9), die heiflen
Temperaturen (circa 100 °C), als auch das reduzierende Milieu innerhalb der Quellen die
Bildung von Biomasse energetisch begiinstigen (Amend und Shock, 1998; Amend und
McCollom, 2009; LaRowe und Amend, 2016).

Wie bereits in Kapitel 3.1.3 erwidhnt, brauchte es Reduktionsmittel, um das im
primordialen Ozean des Hadaikums geloste CO; biologisch verfiigbar zu machen (Martin und
Russell, 2007). Der durch die serpentinisierenden geochemischen Prozesse in den alkalischen
Hydrothermalquellen entstandene Wasserstoff diente hierfiir wohlmoglich als Elektronendonor
(Martin und Russell, 2003; Kelley et al., 2005). Im Hydrothermalquellszenario liegt das
Gleichgewicht der Reduktion auf der Seite der reduzierten Kohlenstoffkomponenten und die
initiale Reaktion der CO»-Fixierung ist thermodynamisch glinstig (Shock, 1990). Energetisch
angetrieben von dieser Reaktion bildeten sich unter anderem intermedidres Formiat, Acetat und
daraus schlieBlich das Schliisselintermediat Pyruvat (Preiner et al., 2020). Im aufsteigenden
Fluid in Lost City konnten bereits erhohte Konzentrationen an Formiat abiogenen Ursprungs
nachgewiesen werden (Lang et al., 2010). In Abbildung 2 ist das Prinzip schematisch
dargestellt und entspricht dem abgebildeten Prozess auf der linken Seite. Aufgrund einer
kinetischen Hiirde innerhalb der Reaktion wird allerdings ein Katalysator bendtigt, um diese zu
iiberwinden (Shock, 1990). Am Ursprung des Lebens fungierten anorganische Komponenten
wie Metallionen (Muchowska et al., 2020) und moglicherweise Minerale wie Magnetit (Fe3O4),
Greigit (FesSs4) und vor allem Awaruit (NizFe) als Antriebskraft (Preiner et al., 2020). Im
spateren Verlauf der Evolution wurde diese Aufgabe von Enzymen {ibernommen (Sousa und
Martin, 2014).

Ein gegenwirtiges Analogon zu der anorganisch katalysierten Reaktion CO; + H> findet
sich in modernen anaerob autotroph lebenden Acetogenen und Methanogenen (Ragsdale und
Pierce, 2008; Sousa und Martin, 2014). Diese Organismen nutzen den reduktiven Acetyl-CoA-
Weg zur Energiegewinnung und verstoffwechseln H> und CO; mittels enzymatischer
Reaktionen (Fuchs, 2011; Martin, 2020). Die Produktion einfacher Intermediate des reduktiven
Acetyl-CoA-Weges wie Acetat, Formiat, Pyruvat und Methan konnte bereits experimentell
unter hydrothermalen Bedingungen einzig aus CO> und H> in Anwesenheit von H>O mithilfe
von als Katalysatoren fungierenden Ubergangsmetallen synthetisiert werden (Barge et al.,
2019; Preiner et al., 2020). Die in Kapitel 3.1.1 zitierte Aussage von Aleksandr Oparin, dass

eine spontane Bildung biologischer Komponenten aus unter anderem CO> und H>O nicht ohne
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ein intermedidres Medium moglich sei (Oparin, 1938, S. 62) scheint dadurch tendenziell

widerlegt.

“ LUCA

Aminosauren
: Basen T b
:7 Cofaktoren -§

r Pyruvat A

s Acelat Formiat s

" Reaktions- ;

Einfache ) Komplexe ) Freilebende

Reaktionen Reaktionen Zellen

Abbildung 2 | Schematische Darstellung der Hypothese iiber die schrittweise
Entwicklung freilebender Zellen in H;-produzierenden Hydrothermalquellen. Die
Ausgangskomponenten fiir den in Hydrothermalquellen ablaufenden Prozess sind
umweltverfiigbarer Wasserstoff (Hz), Kohlenstoffdioxid (CO;) und Ammoniak (NH3)
im aufsteigenden Hydrothermalfluid. Innerhalb der Hydrothermalquellkompartimente,
welche durch Ubergangsmetall-Mineralien begrenzt sind, bilden sich anfangs einfache
spontane Reaktionen aus welchen unter anderem Acetat, Formiat und Pyruvat
hervorgehen. Im néchsten Schritt werden die Reaktionen komplexer, ein Netzwerk aus
iiberwiegend energetisch giinstigen Reaktionen entsteht und die Grundbausteine zur
Zellsynthese—Aminoséuren, Cofaktoren und Basen—bilden sich aus. Aus diesem
Grundgeriist bildet sich nachfolgend der Stoffwechsel des letzten gemeinsamen
Urvorfahren LUCA, welcher allerdings noch rdumlich an seine Umwelt gebunden ist.
SchlieBlich teilt sich die gemeinsame Stammeslinie in Bakterien (LBCA) und Archaeen

(LACA) auf.
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Aus den ersten auf abiotischem Wege synthetisierten organischen Molekiilen entstanden, der
Theorie nach, im weiteren Verlauf durch ebenso energetisch getriebene spontane Reaktionen
sukzessive Aminosduren, Basen und Cofaktoren (Kaufmann, 2009). Diese monomeren
Molekiile stellten die Grundbausteine des Lebens dar und werden zum Aufbau von Zellen
benotigt (sieche Abbildung 2 Mitte). Selbsterhaltende autokatalytische Netzwerke (engl.
reflexively autocatalytic food-generated set; RAF) bilden sich, in denen Molekiile zur
Unterstiitzung ihrer eigenen Synthese bendtigt werden (Xavier et al., 2020). Fortlaufend
beginnen Monomere zu stabileren Makromolekiilen zu polymerisieren, Proteine und der
genetische Code entstehen. Vermutlich musste all dies in irgendeiner Form vorhanden sein,
damit die erste Zelle—der Urvorfahr aller Lebewesen—die Biihne der Evolution betreten

konnte.

3.2.3 Der Urahn allen Lebens

Das bereits von Ernst Haeckel gesuchte Bindeglied zwischen der abiotischen und der biotischen
Phase unseres Planeten ist dquivalent zum letzten gemeinsamen Urvorfahren aller Lebewesen
(engl. last universal common ancestor, kurz LUCA; Weiss et al., 2016). Analysen der
Zusammensetzung von 8'*C-Isotopen in Sedimentgesteinsproben aus dem Isua-Giirtel nahe
Gronland datieren das Alter erster Spuren mikrobiellen Lebens auf der Erde auf etwa 3,8
Milliarden Jahre (Rosing, 1999; Arndt und Nisbet, 2012), was dem Beginn des zweiten Aons
der Erdgeschichte, dem Archaikum, entspricht (Amend und McCollom, 2009). LUCA ist ein
hypothetisches Konstrukt und gilt als halb-lebendig da es noch keine eigenstindige Zelle war.
Phylogenetische Untersuchungen legen eine Verbindung LUCAs zu Tiefseehydrothermal-
quellen nahe (Weiss et al., 2016). Sein Stoffwechsel lief vermutlich innerhalb von
Hydrothermalquellkompartimenten ab, er war an seine Umwelt gebunden (Martin und Russell,
2003). Durch die Analyse von rekonstruierten Stammbédumen aus 5.655 vollstindig
sequenzierten prokaryotischen Referenzgenomen konnten 355 LUCA-Gene identifiziert werden
(Weiss et al., 2016). Diese legen nahe, dass LUCA anaerob autotroph lebte. Es fanden sich Gene
des reduktiven Acetyl-CoA-Weges, welche auf Energiegewinnung beginnend mit Wasserstoff
und Kohlenstoffdioxid hinweisen wie es in Acetogenen und Methanogenen der Fall ist (siche
Kapitel 3.2.2; Weiss et al., 2016; Martin, 2020). In den Topologien der rekonstruierten
Stammbdume standen acetogene Clostridia und methanogene Archaeen an der Wurzel. Des

Weiteren befinden sich ribosomale Gene und Aminoacyl-tRNA-Synthetasen unter den

14



Einleitung

identifizierten Genen, beides wichtig fiir die Informationsverarbeitung und Umsetzung des
genetischen Codes. Dies weist darauf hin, dass das Auftreten dessen eng mit LUCA verkniipft
ist (Weiss et al., 2016).

Einer der ersten evolutiondren Schritte nach LUCA war die Entwicklung zweier
distinkter Doménen, wie auf der rechten Seite in Abbildung 2 dargestellt. Es kam zu einer
Aufspaltung der bis dato gemeinsamen Stammeslinie in Bakterien und Archaeen. Der
hypothetische bakterielle Urvorfahr (kurz LBCA, engl. last bacterial common ancestor) ist hier,
analog zu LUCA (Weiss et al., 2016), der letzte gemeinsame Vorfahr aller Bakterien. Groben
Schétzungen zufolge soll er vor mindestens 3,4 Milliarden Jahren (Battistuzzi et al., 2004;
Busch et al., 2016) existiert haben. Da sich die Sauerstoffkonzentration in der Atmosphére erst
durch die GroBle Sauerstoffkatastrophe (GOE, engl. great oxygenation event) vor ~2,5-2.3
Milliarden Jahren drastisch erhoht hatte (Holland, 2002; Barth et al., 2018), wird LBCA wie
LucA anaerob gelebt haben (Martin und Sousa, 2016).
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4 Zielsetzung

Zwischen dem erstmaligen Auftreten von fliissigem Wasser auf der Erde vor ungefihr 4,3
Milliarden Jahren (Mojzsis et al., 2001) und den ersten Lebewesen vor 3,8-3,6 Milliarden
Jahren (Arndt und Nisbet, 2012; Weiss et al., 2016; Tashiro et al., 2017) existiert eine
Zeitspanne, in welcher der Ubergang von der abiotischen zur biotischen Phase, die Abiogenese,
stattgefunden haben muss. Fiir die Erforschung der frithen Evolution ist dabei von Interesse,
wie die ersten Schritte in der Entwicklung von Leben hin zum letzten gemeinsamen
Urvorfahren aller Lebewesen (kurz LUCA; Weiss et al., 2016) ausgesehen haben. Zahlreiche
Studien beschreiben geochemische Vorginge in serpentinisierenden Hydrothermalquellen am
Meeresgrund als moglichen Ausgangspunkt fiir die Ausbildung eines Protometabolismus
(Baross und Hoffman, 1985; Martin und Russell, 2007; Preiner et al., 2020). Wenn der
Urstoffwechsel so entstanden ist, sollten seine Spuren in der Biochemie moderner Zellen zu
finden sein.

Fragen, die sich im Hinblick auf den Ubergang von geochemischen Reaktionen auf
frithe metabolische Netzwerke stellen, sind vor allem: i) Was waren die ersten organischen
Molekiile, ii) wie formten sich diese aus den vorhandenen Komponenten und iii) woher kam
die dafiir bendtigte Energie? Diese Fragen betreffen den Ursprung des Stoffwechsels als eine
Voraussetzung fiir die Entstehung der ersten Lebewesen (Lipmann, 1965; Wéchtershéuser,
1988).

Diese Arbeit verfolgt das Ziel, die Liicke im Verstindnis der Bildung von frithen
metabolischen Strukturen aus einfachen chemischen Reaktionen am Ursprung des Lebens zu
schlieBen und damit eine mogliche Entwicklung des Metabolismus selbst zu beschreiben.
Mittels Analyse universeller metabolischer Reaktionen, welche im heutigen Stoffwechsel die
Synthese von Aminosduren, Basen und Cofaktoren gewdhrleisten, wird ein biosynthetischer
Grundstoffwechsel entworfen, der aufgrund seiner Konservierung auf LUCA zuriickzufiihren
ist. Durch Kombination dieses metabolischen Netzwerkes mit thermodynamischen Parametern
unter verschiedensten Umweltbedingungen wird die energetische Realisierbarkeit und die
Quelle der bendtigten Energie fiir Biosynthese und Wachstum untersucht. Zudem wird ein
weiterer wichtiger Aspekt der frithen Evolution nach dem Auftreten von LUCA, der Ursprung
des letzten gemeinsamen Vorfahren aller Bakterien (LBCA), im Hinblick auf dessen

metabolisches Repertoire und seine Physiologie untersucht.
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Abstract: The metabolism of cells contains evidence reflecting the process by which they arose.
Here, we have identified the ancient core of autotrophic metabolism encompassing 404 reactions
that comprise the reaction network from Hjy, CO,, and ammonia (NH3) to amino acids, nucleic acid
monomers, and the 19 cofactors required for their synthesis. Water is the most common reactant
in the autotrophic core, indicating that the core arose in an aqueous environment. Seventy-seven
core reactions involve the hydrolysis of high-energy phosphate bonds, furthermore suggesting
the presence of a non-enzymatic and highly exergonic chemical reaction capable of continuously
synthesizing activated phosphate bonds. CO; is the most common carbon-containing compound in
the core. An abundance of NADH and NADPH-dependent redox reactions in the autotrophic core,
the central role of CO,, and the circumstance that the core’s main products are far more reduced
than CO; indicate that the core arose in a highly reducing environment. The chemical reactions
of the autotrophic core suggest that it arose from Hj, inorganic carbon, and NHj3 in an aqueous
environment marked by highly reducing and continuously far from equilibrium conditions. Such
conditions are very similar to those found in serpentinizing hydrothermal systems.

Keywords: chemolithoautotrophy; early metabolism; serpentinizing systems; hydrothermal vents;
origins of life

1. Introduction

Biologists have traditionally linked the topic of C1 metabolism to thoughts about life’s
origins. Haeckel (1902) posited that the first cells probably lived from CO, [1], perhaps
in a manner similar to organisms discovered by Winogradsky (1888), growing from CO,
with the help of electrons from inorganic donors [2]. The chemolithoautotrophic lifestyle—
converting inorganic carbon into cell mass with inorganic electron donors using chemical
energy instead of light—is common among modern microbes that inhabit environments
similar to those on the early Earth [3]. Although microbiologists have traditionally favored
the view that the first cells were anaerobic autotrophs [4-7], the electric spark experiments of
Miller shifted the focus in origins literature from microbiology to nucleic acid chemistry [8].
The facile synthesis of nucleobases from cyanide condensations [9], Spiegelman’s in vitro
RNA replication experiments using Qp replicase [10], and the demonstration that RNA
has catalytic activity [11] led to the concept of an RNA world [12] in which RNA molecules
became synthesized by abiotic chemical means and then competed with one another for
resources (activated ribonucleoside triphosphate monomers) via replication [13]. This line
of thinking diverted attention away from the more challenging problem concerning the
origin of living cells and toward the more tractable problem concerning the origin of nucleic

Microorganisms 2021, 9, 458. https:/ /doi.org/10.3390/microorganisms9020458

https:/ /www.mdpi.com/journal /microorganisms

18



Publikationen

Microorganisms 2021, 9, 458

20f15

acid monomers [14,15]. However, for critics, the allure of the RNA world concept has
caveats, as RNA synthesis, regardless how good, does not alone solve the problem of how
living cells arose [16]; Escherichia coli is clearly alive; RNA is clearly not.

1.1. Metabolism vs. Genetics?

As an alternative to the concept of an RNA world, Wachtershduser’s theory of surface
metabolism rekindled the idea of a chemolithoautotrophic start of life and brought energy
into the origins debate, positing that the exergonic conversion of iron-sulfur (FeS) minerals
to pyrite provided the thermodynamic drive to fuel the origin of biochemical pathways
and the first autotrophic cells [17]. Wiachtershduser’s theory ignited a “genetics first
vs. metabolism first” debate [18-21] that Lipmann had presciently perceived decades
in advance [22]. While the theory of surface metabolism interfaced well with catalytic
mechanisms in autotrophic cells, it did not interface well with energy conservation in the
currency of high-energy phosphate bonds [23] nor did it offer inroads to accounting for
the fundamental property of life that the living cell maintains itself in a thermodynamic
state that is far from equilibrium. The discovery of deep-sea hydrothermal vents [24] and
alkaline hydrothermal vents of serpentinizing systems [25] impacted the origins issue in
that they harbor geochemically continuous far from equilibrium conditions that help to
define the living state of cells [5].

The idea that life started from CO, is appealing, but it only solves half the problem
because both for life and for organic synthesis, CO, requires a reductant. This is why
serpentinizing hydrothermal systems are so interesting in the origins context. Serpen-
tinization synthesizes Hj, the main energy and electron source of chemolithoautotrophs,
from protons and electrons within the Earth’s crust through the reduction of H,O by Fe(II)
minerals. The amount of H, generated by serpentinization is substantial, on the order
of 16 mmol/kg in some modern systems [26], which is orders of magnitude more H,
than modern chemolithoautotrophs require for growth [27]. The synthesis of H, during
serpentinization is a continuous process that has been going on since there was water on
Earth [28]. The further researchers explored the properties of serpentinizing systems, the
more similarities they revealed to the life process [29], with compartmentation, energy
harnessing, catalysis, and the chemical reactions of C1 compounds at vents converging on
processes that comprise the core of carbon and energy metabolism in primitive autotrophic
cells [30].

From a biological perspective, the genetics first vs. metabolism first debate misses
the point because neither by itself is sufficient for life. Countering the genetics first view,
cells are made of far more than RNA. Cells consist by dry weight of about 50% protein and
20% RNA, with DNA, lipids, cell wall, reserves, and metabolites making up the rest [31].
Most of the RNA resides in the ribosome, which synthesizes proteins in a process that
consumes about 75% of the cell’s ATP investment in biosynthetic processes [32], whereby a
large portion of the ATP that a cell synthesizes is not used for the synthesis of cell mass—it
goes to what is called ATP spilling and maintenance energy [33,34].

Countering the metabolism first view, a handful of small molecules reacting with each
other do not qualify as metabolism. A cell is a very complicated chemical system composed
of more than 1000 individual partial reactions that harness energy and synthesize building
blocks as well as polymers. A decisive property of metabolism is redox balance: the number
of electrons that enter the cell in substrates has to be equal to the number of electrons that
leave the cell in waste products plus those that remain sequestered in compounds of cell
mass; otherwise, metabolism and life come to a halt [35]. Although most reactions in cells
are catalyzed by enzymes, enzymes do not perform feats of magic; they just accelerate
reactions that tend to occur anyway. Many core metabolic reactions of cells readily take
place without enzymes [36-38]. The sum of the chemical reactions in the cell (metabolism)
runs both the synthesis and the operation of the cellular machinery that produces progeny,
harboring a new copy of instructions in DNA, hence heredity, which over generations
forms the process called genetics.
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Yet the main thing that cells do is neither genetics nor metabolism but energy harness-
ing because without energy, neither metabolism nor genetics can take place. Metabolism
and genetics are merely manifestations of the actions of sustained sets of exergonic chemical
reactions over generations. There is a third option in the genetics first vs. metabolism
first debate, namely “energy first”, because it is hands-down obvious that energy has
to come first [39], for without favorable energetics and energy release, neither genetics,
metabolism, nor anything at all will take place, so says the 2nd law of thermodynamics.
Cells themselves underscore that view, because the amount of ATP that a cell synthesizes
always exceeds the amount of energy required for the synthesis of new cells during growth,
often by about a factor of 3 [40] (the converse would violate the 2nd law), underscoring
the point that life is an energy-releasing process. For a cell, staying alive means staying
far from equilibrium, which it achieves by merely running the exergonic reactions that
synthesize ATP: maintenance energy or ATP spilling [33,34]. In low-energy environments,
where survival becomes more important than growth [41], maintenance energy becomes
the main process of life.

1.2. Autotrophic Origins and Energy First Link C1 Metabolism to Vents

Is there an origins option that starts with energy first? Yes, and it is seated firmly
in C1 metabolism and autotrophic origins. In 2021, serpentinizing systems have gone
a long way to closing the gap between CO, and cells. Convergent lines of evidence
indicate that reactions of C1 compounds were not only the source of carbon for the first
cells but also the source of energy at the origin of the first metabolic reactions. This is
because in the reaction of Hy with CO,, the equilibrium lies on the side of the simple
reduced carbon compounds that comprise the backbone of carbon metabolism in organisms
that use the acetyl Coenzyme A (CoA) pathway of CO, fixation—formate, acetate, and
pyruvate. The synthesis of these acids from H; and CO; is exergonic under standard
conditions [39], in cells that use the acetyl CoA pathway [6] and under conditions of
simulated hydrothermal vents [30]. Hydrothermal vents are generally of interest in modern
theories for origins [3] because they present continuously far from equilibrium conditions,
with geochemically catalyzed redox reactions and gradients that could be tapped by the
first cells for energy harnessing [29].

In hydrothermal systems, both modern and on the early Earth, the key to redox
reactions, catalyst synthesis, and the formation of ion gradients, is molecular hydrogen, Hy,
which is generated by the spontaneous geochemical process of serpentinization [28,42,43].
During serpentinization, mineral catalysts awaruite (NizFe) and magnetite (Fe3Oy) are
formed in situ in serpentinizing hydrothermal vents [44]. These minerals catalyze the
synthesis of formate, acetate, and pyruvate as well as methane [30] in the laboratory
from H; and CO; in the presence of only water and the mineral catalyst overnight at
100 °C and only 24 bar. It is likely, but not directly demonstrated, that hydrothermally
formed awaruite and magnetite catalyze the synthesis of formate and methane found in
the effluent of modern serpentinizing systems [45—48]. Serpentinization also renders the
effluent of hydrothermal systems alkaline [48], generating the ion gradients that form at
hydrothermal vents.

The synthesis of simple organics from C1 precursors in hydrothermal systems is the
only known geochemical process that follows the same chemical route as a modern core
pathway of carbon and energy metabolism [30,49]. In addition, modern organisms that use
the acetyl CoA pathway for carbon and energy metabolism, acetogens and methanogens,
exhibit a physiology that, among known life forms, is most similar to that inferred from
genomic reconstructions for the last universal common ancestor of all cells, LUCA [50].
This implicates acetogens and methanogens that lack cytochromes and quinones as very
primitive microbial lineages, in line with early predictions from physiology [4] and with
predictions based on similarities between geochemical and biochemical reactions [36].
It is also consistent with the identification of overlapping autocatalytic networks in the
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metabolism of acetogens and methanogens that implicate a role for small molecule reaction
systems prior to the advent of both protein and RNA [51].

2. Methods
2.1. Reaction Data Collection

Metabolic reactions were gathered and curated from the Kyoto Encyclopedia of Genes
and Genomes (KEGG) reaction database [52] (version December 2020) manually. Synthesis
pathways for 46 target compounds (Table S1) were obtained and curated by hand with
the help of KEGG pathways [53] and KEGG modules. The 46 target compounds comprise
20 amino acids, four ribonucleoside triphosphates, four deoxyribonucleoside triphosphates,
and 18 cofactors shown in Figure 1. KEGG lacked biosynthetic pathway information on
iron-sulfur clusters, so these were not included. Although depicted in Figure 1, polymers
and the genetic code are also not part of the target set. The reductive acetyl CoA pathway
as well as the reverse tricarboxylic acid cycle (rTCA) cycle were added to the reaction set,
covering the basal CO, fixation along with the gluconeogenesis and pentose phosphate
cycle, allowing for the synthesis of key intermediates needed to produce amino acids,
nucleic acids, and cofactors from «-ketoacids, sugars, and aldehydes. Nitrogen fixation
pathways were not included, since NHj gets incorporated via amino acid synthesis. If a
pathway was unavailable in KEGG, it was manually reconstructed based on KEGG path-
way maps. The collection of reactions unfolds in a short example: For methanofuran
biosynthesis, KEGG module M00935 was used to add reactions R10935, R11038, R11039,
R00736, R10902, and R11040. The very last step of producing methanofuran is missing in
the module. This reaction from APMF-Glu is depicted in pathway map00680; thus, it was
added manually.

In all pathways collected, oxygen-dependent reactions were either replaced with an
anaerobic alternative if possible or omitted if not. This was the case for the synthesis
of dimethylbenzimidazole, which is a precursor for cobamide. Although an anaerobic
synthesis pathway for this precursor is known, starting from 5-aminoimidazole ribotide
(short AIR) [54], several other intermediaries are not implemented in KEGG yet. Neither
was there an anaerobic alternative for the production of 2-phospholactate as a precursor
in the Fyy( synthesis pathway available. For both precursors, dimethylbenzimidazole and
2-phospholactate, as well as reduced ferredoxin (involved in the reductive acetyl CoA
pathway) and reduced flavodoxin (in the rTCA cycle), we assume them to be producible in
an unknown way in early metabolism. Assuming the reactions in question arose before
the genetic code, the according proteins were presumably replaced by an alternative at
that early period. Three reactions were constructed manually, because they appear as a
dashed line in KEGG pathways with no corresponding reaction identification number.
The reactions named RMAN1-3 are presumed to be incomplete, since only the key com-
pounds were listed. Two reactions are affected within tetrahydromethanopterin synthesis
and the very last step was within methanofuran synthesis. Involved chemical elements
such as molybdenum, sulfur donors, cobalt, and nickel were assumed to be present in the
environment. During curation of the final reaction set, redundant reactions occurring in
multiple syntheses were reduced to a single occurrence, such as the reaction chorismate
<=> prephenate that occurs in both tyrosine and phenylalanine syntheses.

For the detection of autocatalytic cycles within cofactor biosynthetic pathways, cataly-
sis rules (indicating which cofactors are used as catalysts in each reaction) were gathered
from [51] (Supplemental Dataset S1A) [51]. Autocatalysis is assumed if a target is needed
as a catalyst within its own biosynthetic pathway.
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Figure 1. (a) A general map of core metabolism. The arrows in the map do not cover every atom in
every cofactor, amino acid, or base, showing main mass contributions instead. A dot indicates that
radical S-adenosyl methionine (SAM) enzymes are involved in the biosynthetic pathway leading
to the product. [S] indicates that sulfur is incorporated in the biosynthetic pathway. (b) Cofactors
indicated by a star are required in the pathway from H, and CO; to pyruvate in either acetogens or
methanogens or both. (c) The composition of cells in terms of its main components and elemental
contributions to dry weight (from [31]).

2.2. Visualization of the Autotrophic Core Network

An undirected metabolic network showing the autotrophic core was generated in
simple interaction format (sif) using a custom Python script. The resulting network consists
of the given 404 metabolic reactions and 380 involved compounds. The bipartite network
was visualized using CytoScape [55] v. 3.8.0. One partition class corresponds to reaction
nodes (diamonds), the other one corresponds to compound nodes (circle-shaped). The latter
were sized according to their node degree. Target compounds were colored in blue, whereas
reaction nodes are depicted smaller and in gray.

2.3. Different Core Reaction Sets Based on Distinct Identification Approaches

Two additional reaction datasets were used to determine their intersection with the
404 reactions of the autotrophic core. The LUCA set, containing 355 genes, was identified
via the phylogenetic approach [50], translating to 163 metabolic reactions and the ancient

‘reflexively autocatalytic food-generated’ (RAF) set with 172 reactions (from [51] Figure 4).

The intersection between the autotrophic core, LUCA, and the ancient RAF was determined
by examining which reactions overlap in the respective analyzed datasets. In addition, the
overlap of reactions between all three datasets was determined. The intersection for each
comparison (Figure S1) is available in Supplemental Table S3A and the initial reaction lists
are in Table S3B.
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2.4. Statistical Analysis

A contingency table for each highly connected compound (Table 1) was built, com-
paring the compound frequency in the autotrophic core with the frequency in the global
prokaryote anaerobic network consisting of 5994 reactions (from [51] S1A). A significant
enrichment of compound frequency in the autotrophic core compared to the global prokary-
otic set was observed for p-values smaller than 0.05. One-tailed Fisher tests were performed
using the package scipy.stats in Python 3.6 (Table 54).

Table 1. Highly connected nodes.

Compound Frequency
H,O 125
ATP 77

H* 76

P; 66
ADP 55
CO, 49
Glutamate 44
PP; 37
NAD* 37
NADP* 35
NADPH 34
NADH 33
2-Oxoglutarate 24
Pyruvate 22
NH3 21

3. Results
3.1. The Autotrophic Core of Biosynthesis Requires 19 Cofactors

For the purpose of this paper, let us assume for the sake of argument that life really
did start from exergonic reactions of H, and CO; along the acetyl CoA pathway. Why do
we assume the acetyl CoA pathway as the starting point of CO, fixation? Among the six
known pathways of CO, fixation [6,56,57], it is the only one that occurs in both bacteria
and archaea, the only one that traces in part to LUCA [50], and it is the only one that
has been shown in the laboratory to produce acetate and pyruvate from H, and CO,
without enzymes, using only hydrothermal minerals as catalysts [30]. In that sense, it is
the obvious choice as the starting point for metabolic evolution investigations based upon
current laboratory evidence. The horseshoe (incomplete) rTCA cycle follows in Figure
1 because it is the pathway that autotrophs using the acetyl CoA pathway employ to
generate C4 and C5 precursors for amino acid and other syntheses [6,36,58]. Although
the incomplete horseshoe the rTCA cycle occurs in bacteria and archaea, it is fed by the
acetyl CoA pathway, which is the only pathway of CO; fixation that is known to occur
in bacteria and archaea. The other five are known to operate in only one domain [6,56].
The rTCA cycle is also an ancient pathway [59,60], and most of its reactions also operate
in the laboratory in the absence of enzymes provided that pyruvate and glyoxylate are
supplied as starting material, but the non-enzymatic reaction sequence operates in the
oxidative direction, that is, in the absence of Hy and CO, [37]. The acetyl CoA pathway, the
r'TCA cycle, and the dicarboxylate /4-hydroxybutyrate cycle, which is a derivative of the
r'TCA cycle and occurs only in archaea, employ O, sensitive enzymes, an ancient trait [6].
The other three CO, fixation pathways have no O,-sensitive enzymes and are typically
found in aerobes, occur in only one domain each, and they arose more recently in evolution,
using enzymes co-opted from preexisting pathways [6].

We also assume that the first living things on the path to cells we recognize today
required the universal amino acids and bases of life, the modern synthesis of which requires
in turn cofactors as catalysts. We asked: How big, exactly, is the set of reactions required for
the synthesis of the building blocks of cells and the cofactors needed to make them? This
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gives us an impression of how challenging it would be to generate the main compounds of
life at origins, with or without enzymes. We started by sketching out Figure 1a, in which
the main pathways of biosynthesis in anaerobes and the amounts of main biosynthetic
end products are summarized. Cofactors are usually not present in amounts that would
contribute appreciably to cell mass, but they are required as catalysts. Along the acetyl
CoA pathway, there are differences in the methanogenic and acetogenic versions [61].

If we look at the cofactors required to get from Hy and CO; to pyruvate in acetogens
and methanogens [6,62], we find that methanofuran, NAD(P)H, corrins, coenzyme A,
thiamine, flavins, Fy, three pterins—folate, methanopterin, and the molybdenum cofactor
MoCo—as well as FeS clusters, a prosthetic group of proteins that we count as a cofactor
here, are required. That is a substantial cofactor requirement, not to mention the enzymes
that hold those cofactors in place for function in the pathway. The mere requirement for
those 11 complicated organic cofactors would appear to make the proposition that C1
metabolism from CO, to pyruvate could be the first pathway [36] seem downright absurd,
were it not for the recent observation that a bit of metal, awaruite (NizFe), or a piece of iron
oxide magnetite (Fe304), can also catalyze the synthesis of pyruvate from H, and CO; [30]
overnight at 100 °C in water. As a set of chemical reactions, the acetyl CoA pathway is
older than the genes that encode its enzymes [58], and it is also older than the cofactors
required by those enzymes.

By the foregoing count, it takes 11 cofactors to synthesize pyruvate in the modern
pathway, whereby we have not counted the two steps requiring pyruvoyl enzymes at
decarboxylation steps in the CoA (pantothenate) synthesis pathway; the pyruvoyl co-
factor is synthesized from serine residues in the polypeptide chain of the enzyme [63].
Very surprisingly, only three additional cofactors (biotin, pyridoxal phosphate, and SAM)
are required for the synthesis of the 11 other cofactors plus the main nucleosides of nucleic
acids and the 20 amino acids, whereby only two more (coenzyme M and coenzyme B) are
required specifically in the methanogenic pathway of energy conservation. That makes
a total of 19 cofactors (counting NAD and NADP separately as well as the flavins flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD) along with two corrins Fspq
and cobamide) to support their own synthesis plus the synthesis of four ribonucleoside
triphosphates, four deoxyribonucleoside triphosphates, and 20 amino acids. The genetic
code and polymers are not included in the autotrophic core. In total, that makes a list of
47 target compounds (19 cofactors, 8 nucleotides, and 20 amino acids; Table S1) that would
be required to synthesize the substance of cells, as summarized in Figure 1.

The starting point of Figure 1a is Hy and CO;. Critics of autotrophic origins will
be quick to point out that cyanide chemistry can readily give rise to amino acids and
bases under laboratory conditions [14,64], such that we need not worry about Figure 1.
However, in reply, we would be equally quick to point out that there are 415 distinct
reactions in microbial metabolism involving CO; as a substrate in either the forward or
reverse direction [65], but there are no reactions known to us in which cyanide serves as
a main source of carbon in core anabolic metabolism. Some bacteria can convert CN~ to
CO; and NH3 or formate and NHj3 for growth [66,67], because CO,, formate, and NHj
readily enter metabolism, whereas cyanide does not. In other words, CO; directly enters
and exits the organic chemistry of the cell substance at 415 reactions, where cyanide puts
up a zero. We interpret the fact that cyanide has nothing to do with modern metabolism as
a clear metabolic fossil: no role for cyanide in modern metabolism indicates that cyanide
had nothing to do with primordial metabolism either, or was at best <1/415th as important
as CO,. In that sense, the main message of Figure 1 is the overall scheme, the metabolism
of cells, not that it contains amino acids and bases as products.

That brings us to nitrogen. If carbon did not enter metabolism via cyanide, then the
same must be true for nitrogen. If not via cyanide, how did N enter metabolism? All the
amino acids, bases, and cofactors contain nitrogen (except coenzyme M). Nitrogen enters
metabolism as NH3 (NH4™ is very unreactive) with N atoms replacing O atoms in amino
acids, either via an acyl phosphate intermediate in the glutamine synthase reaction or
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via reductive aminations of 2-oxoacids [36,68]. An exception is the carbamoyl phosphate
synthase reaction, in which NHj reacts with carboxyphosphate to form carbamate in pyrim-
idine and arginine biosynthesis. Of course, NHj is synthesized from N by nitrogenase
to make it available for incorporation into organic compounds. However, N does not
enter metabolism as Npy; it enters metabolism as NH3, which is why we selected NHj3 as
the source of nitrogen in Figure 1. Similarly, sulfur enters metabolism as H;S in cysteine
synthesis from serine, either via serine activation as O-acetylserine or O-phosphoserine [69].
N and S enter metabolism as dissolved gasses (NH3 and H,S) via amino acid synthesis [36].
In cells that live from Hy and CO,, C, N, S, and electrons (H;) enter metabolism as gasses.

3.2. Enzymatic Reactions in the Autotrophic Core

Figure 1a depicts the relationships among reactions that underpin the core synthesis
of cells from Hyp, CO,, and NH3, but it does not depict the reactions themselves. To find
out which, what kind of, and how many reactions are required to synthesize 18 cofactors,
8 nucleotides, and 20 amino acids from H,, CO,, NH3, and H,S, we turned to KEGG
pathways using Figure 1 as a framework to identify the reactions and enzymes that catalyze
them. The metabolic network for the 404 reactions (Table S2) that comprise the autotrophic
core is shown in Figure 2.

Methanofuran
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Figure 2. The autotrophic core network of 404 reactions underlying Figure 1. The undirected bipartite graph comprises
404 reaction nodes (displayed as gray diamonds) and 380 compound nodes (circles). The 46 target compounds are colored

blue; other compounds involved in the reactions appear orange. Target compounds correspond to the core compounds in

Figure 1. Each compound participating in a reaction is connected to the respective reaction node with an edge. Compounds
are sized according to node degree (number of reactions the compound takes place in). For example, HyO appears either as
reactant or product in 125 reactions and is the most frequent compound in the 404 reactions (see also Table 1). In primordial

metabolic processes, before the existence of enzymes, a more limited spectrum of compounds than those in Figure 1 was
provided by the environment. Compound nodes are labeled if they are targets or if the node degree is >20. Note that FeS
clusters are not included in this figure since their synthesis cannot be reconstructed using KEGG. The network contains only

L-amino acids.

25



Publikationen

Microorganisms 2021, 9, 458 90f 15

Other than supplying a greater level of detail than Figure 1, and showing the rel-
ative size of nodes, the network itself in Figure 2 is not hugely informative, but some
of its properties are. Keeping in mind that Figure 2 comprises the marrow of modern
metabolism, hence reactions that were present in life’s common ancestor, we first asked
what the most highly connected metabolites are. The fifteen most common metabolites
are given in Table 1. The most common compound in the autotrophic core is by far H,O.
As stated above, water is the solvent of life’s chemistry and its most common reaction
partner. Proponents of the RNA world generally view water as a poison for origins, be-
cause it promotes the hydrolysis of RNA [70]. However, the host rocks of serpentinizing
hydrothermal systems are replete with environments of low water activity, mainly because
water is consumed by rock in the serpentinization process [71,72]. Furthermore, fluctuating
water activities that occur during serpentinization can be conducive to polymerization
reactions [71]. Life counteracts the hydrolysis problem by coupling nucleic acid and protein
polymerization reactions to exergonic reactions via ATP synthesis and hydrolysis such that
polymer synthesis vastly outpaces hydrolysis [58]. Accordingly, ATP is the second most
common reactant in the autotrophic core (Table 1), right before protons. Protons are of
course normally bound to water as H3O%, although they are not counted as water here.
Protons arise in hydride transfer reactions involving NADH and NADPH which yield
NAD* and NADP*, respectively. The frequency of protons in the network mainly reflects
the frequency of NAD(P)H-dependent redox reactions in the autotrophic core (Table 1).

Among reactions that involve the formation or alteration of bonds with carbon atoms,
the most common carbon-containing compound in the autotrophic core is, fittingly, CO,,
which underscores the CO,-dependent nature of core metabolism. Among the 404 reactions
in the core, 49, or every eighth reaction, involves CO;. This can be seen as physiological
evidence in favor of autotrophic origins. The next most common carbon backbone in
the core is glutamate, which is the main workhorse of nitrogen metabolism. Glutamate
arises as a product in amidotransferase reactions involving glutamine as an amino donor
and in transamination reactions that produce 2-oxoglutarate, which is also among the top
15 reactants in the core. ATP hydrolysis products P; and PP; round out the list as well as
pyruvate, which links the acetyl CoA pathway to sugar synthesis and the reverse citric
acid cycle [73] and is a common starting point for cofactor synthesis in the autotrophic
core (Figure 2). Last among the top fifteen is NH3, which is often donated to biosynthetic
reactions from glutamine via an amidotransferase [74] during the enzymatic reaction,
without being released as free NHj in the cytosol.

We identified five autocatalytic cycles in the network, that is, cofactors that are re-
quired for their own biosynthesis: pyridoxal phosphate and thiamine, whose biosyntheses
were previously identified as autocatalytic cycles [36], plus ATP, NAD, and NADP. Though
not contained within our set, Davidson recently reported that coenzyme A is required
for activation of the complex that synthesizes the active moiety of decarboxylating pyru-
voyl enzymes, which are involved in CoA biosynthesis [63]. That would make a sixth
autocatalytic cycle.

3.3. Comparison of the Autotrophic Core with LUCA’s Genes and Ancient Autocatalytic Sets

Other recent papers have addressed the nature of ancient metabolism by looking
at phosphate-independent reactions among all KEGG reactions [75], the properties of
thioester-dependent reactions [76] or chemical investigations of metabolic reactions with-
out enzymes [30,37,49,77]. A different approach has been to focus on evidence for the
nature of ancient microbial metabolism that is recorded in the genomes and metabolism of
bacteria and archaea. A phylogenetic approach to ancient microbial metabolism uncovered
355 genes present in bacteria and archaea trace to LUCA on the basis of vertical intradomain
inheritance as opposed to archaeal-bacteria transfer [50]. Autocatalytic networks called
RAFs, for reflexively autocatalytic food-generated networks, have been identified in the
metabolism of anaerobic autotrophs, with an ancient RAF of 172 genes that overlaps in the
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metabolism of Hy-dependent acetogens and methanogens [51]. Do these sets overlap with
the autotrophic core, and if so, how?

A comparison of these three sets (Table S3; Figure S1) reveals that among the 404 reac-
tions of the autotrophic core, only 24 are represented among the 355 genes (6%) that trace to
LUCA. That low degree of overlap is not surprising for two reasons. First, only a fraction of
genes that trace to LUCA by phylogenetic criteria were involved in amino acid or cofactor
biosynthesis, most being involved in ribosomal biogenesis or other categories. Second, only
3% of all genes shared by bacteria and archaea were not subjected to bacterial-archaeal
transfers by the measure of phylogenetic trees [50], which is a criterion that played no role
in the construction of Figure 1. However, it is very noteworthy that all of the cofactors
shown in Figure 1, with the exception of the archaeal-specific cofactors CoM and CoB,
do trace to LUCA via phylogeny, because enzymes that trace to LUCA possessed those
cofactor requirements for activity [50]. In that sense, there is excellent agreement between
the physiology of LUCA as inferred from phylogeny and the present autotrophic core, their
commonality being cofactors, organic catalysts that are smaller and involved in a greater
number of reactions than any individual enzyme.

Among the 172 reactions present in the ancient autocatalytic network shared by
acetogen and methanogen RAFs [51], 81 (47%) are present in the autotrophic core. This sub-
stantial overlap also makes sense, because all cells use the same amino acids and because
both this study and Xavier et al. [51] focused on bacteria and archaea that use the acetyl
CoA pathway, which by itself involves almost all of the cofactors shown in Figure 1 as it
operates in bacteria and archaea. That is again noteworthy, because even though pyru-
vate, the central C3 product of the acetyl CoA pathway [6], can be obtained from H; and
CO;, using only simple minerals as catalysts [30], the biological pathway requires about a
dozen enzymes and cofactors. These cofactors trace to LUCA [50], are well represented in
RAFs [51], and comprise the basal foundation of the ancient autotrophic core (Figure 1b).
Clearly, in early metabolism, cofactors and the catalytic minerals that were their inorganic
precursors were very important [78]. Although self-evident, this indicates that there existed
a vectorial progression in metabolic evolution that centered around the nature of catalysts:
from transition metal minerals to organic cofactors to enzymes, each adding specificity
and rate enhancement to exergonic reactions that tend to occur anyway. The retention of
transition metal centers in some enzymes, such as carbon monoxide dehydrogenase, acetyl
CoA synthetase, hydrogenases, or nitrogenase, suggests that microbes have been unable to
invent catalysts that can perform the same reactions without the help of electrons in the
d-orbitals of transition metals.

The comparison with 5994 anaerobic prokaryotic reactions (see S1A in [51]) tells us
which compounds are enriched in the autotrophic core. Table S4 shows that this is true
for ATP (and ADP plus P;), CO,, glutamate, pyruvate, and 2-oxoglutarate. This suggests a
more crucial role of these compounds in the origin of the core subsequent to later evolution
in anaerobes, reflecting a process of carbon backbone elongation from CO, at the heart of
the core as a supply of precursors for cofactor and amino acid biosynthesis, the latter being
the starting point for nucleotide biosynthesis [78].

4. Conclusions

It is human nature to wonder about the origin of life, which is an issue that is among the
most debated of all scientific questions. However, in comparison to questions concerning
the existence of dark matter or how consciousness works, the origins process lies in the
ancient past, and its events are only accessible through inference. Debates within the
origins field can be fierce and have a long history. They hinge upon definitions about
what qualifies as being alive, what one assumes to be the habitat that brought forth the
first biochemical reactions, what came first, small molecule metabolism and proteins or
nucleic acids and genetics, what the nature of first energy source(s) was that the early
life forms harnessed in order to grow, and what kinds of chemical compounds existed
before the first energy-releasing reactions germane to modern metabolism started taking
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place [21]. The literature harboring those debates is generally exhausting, because the same
arguments resurface over and over again. The more broadly one reads the literature on
early evolution, the more one gets the impression that scientists not only do not agree
about origins and the nature of the first forms of life, but worse, that scientists know little
about early evolution, leaving the topic open to unconstrained speculation and argument.
That puts the origins field at risk of defining scientific progress in the units of debate
preparation and presentation skills rather than units of empirical findings that are linked to
the explanandum (real life); it also risks vulnerability to criticisms about the role of dogma
in science.

Biologists tend to hold that there are traces of early evolution preserved in metabolism
itself [4,6]. While there is no obvious proof for that conjecture, the nature of basic building
blocks of life is dramatically well conserved across all cells [79]. All life forms we know
use proteins made of amino acids, nucleic acids made of purines, pyrimidines, sugars, and
phosphate. That means that the first forms of life from which all modern forms descend had
that core chemistry in place, in addition to the universal genetic code to transfer information
from nucleic acids to protein at the ribosome. This adds direly needed constraints to the
origins problem. By looking at metabolism from a comparative standpoint, one can distill
insights into the nature of early cells.

Here, we have identified 404 reactions that comprise the autotrophic core. It contains
five small autocatalytic cycles in which cofactors participate in their own synthesis. The core
represents a collection of reactions that underpin the synthesis of RNA and proteins. It
was present in the first cells, but it can hardly have arisen all at once. The aqueous
synthesis of pyruvate from H, and CO, using only solid-state metal or metal oxides as a
catalyst [30] indicates that the core itself likely started from H, and CO, and grew outwards
from pyruvate while incorporating nitrogen from NH3. How complex the core could have
become prior to the origin of enzymes is a question for future study. However, let us keep in
mind that enzymes just accelerate reactions that tend to occur anyway. It is well known that
many enzymatic reactions take place without enzymes [36], although sometimes, the non-
enzymatic reaction rates can be so slow as to be irrelevant [80]. However, it was also
demonstrated that citric acid cycle reactions [49,81] and a number of reactions involving
sugars in central metabolism [77,82] can be catalyzed non-enzymatically. This suggests
that a fairly complex system of reactions, yet with far less specificity than that in the core,
could have arisen before the advent of genes and proteins.

HO is the most common reactant in the autotrophic core, indicating an aqueous
environment during its formation. That environment was not only aqueous but also
reducing, as revealed by the abundance of redox reactions in the autotrophic core, the
central role of CO,, and the circumstance that the core’s main products (amino acids and
nucleic acids) are far more reduced than CO,. Furthermore, the number of central reactions
depending upon the hydrolysis of high-energy phosphate bonds indicates that the core
arose in the presence of a continuous and highly exergonic chemical reaction capable of
continuously synthesizing high-energy phosphate bonds, both before and after the origin
of enzymes; here, an Hy-dependent CO, reduction to acetate [30] forming acyl phosphate
bonds [58] is the proposition.

Thus, the chemical reactions of the autotrophic core suggest that it formed in an
aqueous environment that supplied Hy, CO,, and NH3, was highly reducing, and harboring
continuously far from equilibrium conditions. Those conditions are very similar to those
found in serpentinizing hydrothermal systems [44,77], and furthermore, they are very
similar to those inferred from the functions of enzymes that vertically trace to the last
universal common ancestor [50,83].

Notwithstanding pyrrolysine [84], selenocysteine [85], and a number of modified
bases [86], the lack of fundamental deviation among modern life forms from the core
building blocks of life, core information processing, and the core repertoire of cofac-
tors [87] indicates that whatever chemical processes occurred at origin did not give rise
to alternative cores with enough staying power to persist to the present. “Still, other
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cores could have existed” the critic might interject, which is true. “But even if they
existed, they are irrelevant”, we would counter, because they are disjunct from the bi-
ologist’s explanandum: the autotrophic core that we can observe in modern life forms.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-2
607/9/2/458/s1, Table S1: List of 47 target compounds of the autotrophic core metabolism, Table
S2: Autotrophic core consisting of 404 metabolic reactions needed to synthesize amino acids, nucleic
acids, cofactors and intermediate precursors, Table S3: (A) Reaction lists for 404 autotrophic core
reactions, 163 LUCA reactions, 172 Core RAF reactions, (B) their respective intersections and (C)
intersection of all three reaction sets with functional KEGG annotation, Table S4: Frequency of highly
connected nodes among the autotrophic core and the global prokaryote anaerobic network and
results of statistical tests for significant compound enrichment using Fisher’s exact test, Figure S1:
Venn diagram showing the proportion of intersecting reactions of three different core datasets.
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Though all theories for the origin of life require a source of energy to promote primordial
chemical reactions, the nature of energy that drove the emergence of metabolism at
origins is still debated. We reasoned that evidence for the nature of energy at origins
should be preserved in the biochemical reactions of life itself, whereby changes in free
energy, AG, which determine whether a reaction can go forward or not, should help
specify the source. By calculating values of AG across the conserved and universal
core of 402 individual reactions that synthesize amino acids, nucleotides and cofactors
from Hy, CO», NH3, HoS and phosphate in modern cells, we find that 95-97% of
these reactions are exergonic (AG < 0 kJ-mol~") at pH 7-10 and 80-100°C under
nonequilibrium conditions with Ho replacing biochemical reductants. While 23% of the
core’s reactions involve ATP hydrolysis, 77% are ATP-independent, thermodynamically
driven by AG of reactions involving carbon bonds. We identified 174 reactions that
are exergonic by —20 to -300 kJ-mol~! at pH 9 and 80°C and that fall into ten
reaction types: six pterin dependent alkyl or acyl transfers, ten S-adenosylmethionine
dependent alkyl transfers, four acyl phosphate hydrolyses, 14 thioester hydrolyses, 30
decarboxylations, 35 ring closure reactions, 31 aromatic ring formations, and 44 carbon
reductions by reduced nicotinamide, flavins, ferredoxin, or formate. The 402 reactions
of the biosynthetic core trace to the last universal common ancestor (LUCA), and reveal
that synthesis of LUCA’s chemical constituents required no external energy inputs such
as electric discharge, UV-light or phosphide minerals. The biosynthetic reactions of
LUCA uncover a natural thermodynamic tendency of metabolism to unfold from energy
released by reactions of Ho, CO», NH3z, HoS, and phosphate.

Keywords: origin of life, energetics, bioenergetics, metabolism, early evolution, biosynthesis, thermodynamics,
last universal common ancestor
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INTRODUCTION

Between the first appearance of liquid water on the Earth
roughly 4.3 billion years ago (Mojzsis et al., 2001) and the
appearance of the first signs of life roughly 3.8 billion years
ago (Rosing, 1999), simple spontaneous geochemical reactions
gave rise to the enzymatically catalyzed reaction network
of microbial metabolism: a highly organized set of specific
organic reactions that provides the amino acids, nucleotides and
cofactors to sustain ribosomal protein synthesis and growth.
How metabolism arose is a keystone issue for understanding
how the first microbes arose from the elements. It is a complex
problem with many facets, several approaches to investigate the
issue are current.

From the standpoint of theory, autocatalytic networks provide
a useful framework for the study of metabolic origin (Kauffman,
1986; Hordijk and Steel, 2004). In autocatalytic sets, elements of
the set can catalyze the synthesis of other elements of the set,
potentially giving rise to molecular self-organization provided
that a food source is supplied to drive the network forward
(Hordijk et al., 2010). Autocatalytic sets are not purely theoretical
objects because they can be identified in the metabolism of both
modern cells and their inferred ancestors (Sousa et al., 2015;
Xavier et al., 2020).

From the standpoint of individual reactions, inorganic
catalysts have long been known to catalyze many metabolic
reactions under laboratory conditions (Wachtershauser, 1992;
Huber and Wichtershiuser, 1997; Martin and Russell, 2007;
Sousa et al, 2018). More recently, complex reaction sets
approximating biochemical pathways (Muchowska et al., 2019,
2020) and in some cases even exactly retracing biochemical
pathways (Preiner et al., 2020) have been reported, uncovering
a natural tendency of numerous metabolic reactions to
unfold in the presence of transition metal catalysis. From
the computational standpoint, simulations have been widely
employed to study metabolic origin, particularly network
expansion algorithms. These have been shown to generate
small molecule networks consisting of up to hundreds of
compounds with properties that resemble metabolism, with
the caveat that networks so generated are not manifest as
natural pathways in modern cells (Goldford et al., 2017, 2019;
Tian et al., 2019).

Independent of the methodological approach, current
investigations of metabolic origin tend to start from the acetyl-
CoA pathway of CO, fixation (Fuchs and Stupperich, 1985;
Fuchs, 2011) for a number of reasons. It is the only pathway of
CO, fixation (i) that is both linear and exergonic (Berg et al.,
2010), (ii) that occurs in both bacteria and archaea (Berg et al.,
2010; Fuchs, 2011), and (iii) that traces to the last universal
common ancestor (LUCA) (Weiss et al.,, 2016). Its exergonic
nature allows coupling of H,-dependent CO; reduction to ion
pumping and ATP synthesis, as in acetogens (Schuchmann and
Miiller, 2014) and methanogens (Thauer et al, 2008), strict
anaerobes that obtain both their carbon and energy from the
reduction of CO, with Hj. Organisms that use the acetyl-
CoA pathway still inhabit H,-producing geochemical systems
(Magnabosco et al., 2018; Smith et al., 2019), habitats that existed

on the early Earth (Sleep et al., 2011). The first intermediate of
the acetyl-CoA pathway, formate, is synthesized geochemically
via abiotic reactions in modern hydrothermal systems (Lang
et al, 2010; Schrenk et al., 2013), as are the endproducts of
energy metabolism via the pathway in acetogens (acetate;
Sherwood Lollar et al, 2021) and in methanogens (methane;
Proskurowski et al., 2008). In carbon metabolism, the acetyl-CoA
pathway generates pyruvate as the main product (Fuchs, 2011)
via reactions that require 10 enzymes and cofactors, yet those
enzymes can be replaced by simple hydrothermal minerals such
as awaruite (NizFe), which convert H, and CO,; into formate,
acetate and pyruvate overnight at 100°C in water (Preiner
et al, 2020). Such findings connect the carbon and energy
metabolism of acetogens and methanogens to spontaneous
geochemical processes in Hj-producing hydrothermal vents
via the chemical reactions of the acetyl-CoA pathway (Martin,
2020).

Thermodynamic studies in geochemical systems also point to
an origin of metabolism from H, and CO; in a hydrothermal
setting, as the synthesis of amino acids (Amend and Shock,
1998) and even prokaryotic cell mass (Amend and McCollom,
2009) from H;, CO; and NH3 is exergonic under the chemical
conditions germane to Hj-producing hydrothermal vents.
However, calculating AG for a one-step geochemical reaction
that converts H,, CO, and NH3 into amino acids (Amend and
Shock, 1998; Amend et al, 2013) does not begin to capture
the thermodynamic landscape of metabolism, either modern
or ancient, because the biosynthesis of amino acids and all
other cell constituents involve the entry of H, CO,, and NHj3
at a very small number of very specific enzymatic reactions,
followed by their distribution in activated form as hydride,
organic carbon or amino moieties in highly connected networks
of intermediate conversions. For example, over 20 distinct
reactions are involved in the synthesis of either tryptophan
or purines from Hj;, CO,, and NHj (Kanehisa and Goto,
2000). Studies of thermodynamics at metabolic origin ideally
need to address the thermodynamics of individual metabolic
reactions as they are organized in modern cells or in the inferred
ancestors thereof.

Our present investigation into metabolic origin is based
on comparative physiology. Wimmer et al. (2021a) identified
roughly 400 reactions that are used by bacteria and archaea to
synthesize the amino acids, nucleotides and cofactors required
for growth. Because these reactions are universal, they represent
core biosynthetic metabolism in the last universal common
ancestor (LUCA). As such, they can be seen as the endpoint
of metabolic origin on the one hand and the starting point
of physiological diversification on the other. Here we have
updated this set of reactions, which we designate as the metabolic
core, to include the two-enzyme reaction sequence of substrate
level phosphorylation used by acetogens and some methanogens
(Rother and Metcalf, 2004) as an acetyl-CoA dependent source of
cytoplasmic (membrane independent) ATP synthesis. Although
the acetyl-CoA pathway is not universal, having been replaced
by many other autotrophic (Berg et al, 2010; Fuchs, 2011;
Hiigler and Sievert, 2011; Steffens et al., 2021) and heterotrophic
(Schonheit et al., 2016) carbon assimilation pathways during
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evolution, it traces to LUCA (Weiss et al., 2016) and, like many
of LUCA’s biochemical reactions (Sousa et al., 2018), is older than
the enzymes that catalyze its reactions (Martin, 2020). Though
the remaining chemical reactions of the core do not occur in
all genomes, as auxotrophies arise recurrently in evolution, they
are universal at the level of primary production, the process that
has fueled all ecosystems from origins to today (Hamilton et al.,
2016; Martin et al., 2018). However, the enzymes that catalyze the
reactions of the core are not universal, such that the core cannot
be identified through purely genomic comparisons because (i)
reactions that arose post LUCA, in particular O,-dependent
reactions (Dailey et al., 2017; Jabloniska and Tawfik, 2021), need
to be filtered out (Wimmer et al., 2021a), (ii) because lateral gene
transfers of recently arisen pathways have to be filtered out (Weiss
et al., 2016), and (iii) because the enzymes that catalyze these
reactions are often unrelated across the archaeal-bacterial divide
(Sousa et al., 2013), suggesting independent origins of enzymatic
pathways from LUCA en route to the last common ancestors of
archaea (Williams et al., 2017) and bacteria (Xavier et al., 2021),
respectively.

Despite many unknowns concerning the process of metabolic
origin, one factor provides stringent constraint: The chemical
reactions that comprised LUCA’s metabolism, and those from
which it arose, were perforce exergonic, for without energy
release, no reactions will take place. It has long been recognized
that energy was required to promote reactions at metabolic
origin, but the nature of that energy has been debated.
Many possible environmental sources of energy at origins have
been suggested, including pyrophosphate (PPj; Schramm et al.,
1962), cyclic polyphosphates (Ozawa et al., 2004), reduced
phosphorous minerals (Pasek, 2020), ultraviolet light (Patel
et al, 2015), radioactive decay (Ebisuzaki and Maruyama,
2017), lightning (Ducluzeau et al., 2009), geochemical pyrite
synthesis (Wichtershduser, 1992), geochemical ion gradients
(Russell and Cook, 1995), geoelectrical potential (Kitadai
et al., 2021), bolide impacts (Ferus et al, 2015), and heat
(Muller, 1995). Modern cells in nature, however, harness none
of those environmental energy sources, they harness redox
reactions instead (Mitchell, 1961; Thauer et al., 1977; Miiller
et al, 2018), and conserve energy for metabolic use in the
chemically accessible currency of ATP (Decker et al., 1970) or
reduced ferredoxin (Herrmann et al., 2008; Buckel and Thauer,
2013; Miiller et al., 2018). The fact that only a fraction of
core biosynthetic reactions entail ATP hydrolysis (Wimmer
et al, 2021a) leads to a seldom formulated question: What
drove the majority of LUCA’s metabolic reactions forward?
We reasoned that ATP-independent biosynthetic reactions
might themselves be a possible primordial energy source,
one that would be particularly conducive to the formation
of autocatalytic networks (Xavier et al., 2020). To investigate
further, we polarized the core biosynthetic network of LuCA
in the direction of cell synthesis and estimated the changes
of Gibbs energy for each individual reaction using the
component contribution method (Flamholz et al., 2012; Noor
et al, 2013; Beber et al, 2021) to identify the nature of
ATP-independent exergonic reactions endogenous to LUCA’s
biosynthetic metabolism.

MATERIALS AND METHODS

Biosynthetic Network

The 402 metabolic reactions comprising the core were manually
polarized in the direction of cell synthesis (Wimmer et al,
2021a; Supplementary Table 1). Reactions of the acetyl-CoA
pathway in the CO, fixing reductive direction (Fuchs, 2011)
[the archaeal pathway is missing in The Kyoto Encyclopedia of
Genes and Genomes (KEGG)], gluconeogenesis (Say and Fuchs,
2010), the reverse citric acid cycle (Steffens et al,, 2021) and
the pentose phosphate pathway generate most key intermediates.
No anaerobic synthesis was available in KEGG (the standard
database for microbial metabolic pathways; Kanehisa and
Goto, 2000) for dimethylbenzimidazole, 2-phospholactate and
flavins. Three cofactors (CoB, CoM, and F,39) that are not
required in biosynthesis but are essential for ATP synthesis in
methanogenic archaea (Thauer et al., 2008) are included in the
core. The rare amino acids selenocysteine and pyrrolysine were
not included, nor were modified amino acids in proteins as
cofactors, including pyruvoyl enzymes. Reactions were obtained
from KEGG (Kanehisa and Goto, 2000), version December
2020, excluding degradation reactions and oxygen-dependent
reactions (Wimmer et al., 2021a), including H,-dependent
substrate level phosphorylation (Martin and Thauer, 2017),
ferredoxin:NAD(P)H interconversion, and Hj-dependent CO;
reductase (Schuchmann and Miiller, 2014). Of the 18 cofactors
in Figure 1, 10 are required by the acetyl-CoA pathway in
archaea and bacteria from H, and CO, to pyruvate (Fuchs
and Stupperich, 1985; Martin, 2020). The biosynthetic pathway
to iron-guanylylpridinol, required for H,-dependent methenyl
H4MPT reduction in methanogenesis under nickel limitation
(Huang et al., 2020), is not represented in KEGG and missing
in the network, leaving only two entry points of H, into
metabolism via ferredoxin-reducing hydrogenases (Huang et al.,
2020) and Hj-dependent CO, reductase (Schuchmann and
Miiller, 2014). Except biotin, the compounds clockwise from
Trp to methanofuran in Figure 1 contain at least one aromatic
ring. Aromatic ring forming reactions in the core entail five
rings in amino acids, six in nucleoside bases, seven in pterins
(two shared and five specific), eight in tetrapyrroles (four in
pyrrole formation and four leading to Fi3p and cobalamin),
two for methanofuran, one each for thiamine, pyridoxal, and
pyridine dinucleotides. Each aromatic compound requires a ring
formation reaction plus two non-aromatic rings in biotin and one
each in ribose and proline. Modern chemolithoautotrophs live
from the components shown on the left in Figure 1 plus trace
elements (Magnabosco et al., 2018; Smith et al., 2019), growing
on biotic H, from fermentations (Wolfenden, 2011) or abiotic
H, from hydrothermal systems (Schrenk et al., 2013; Dick, 2019;
Lang and Brazelton, 2020).

Estimation of Gibbs Energy for Individual
Reactions

A few words are needed concerning the component contribution
(or group contribution) method. Traditionally, biochemists
determine the change of Gibbs energy, AG, in a physiological
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FIGURE 1 | The biosynthetic core. Large gray diamonds: starting compounds (excluding trace elements). Small gray diamonds: products. White diamonds:
intermediates. Large circles within the network: Reactions, values of AG calculated for 351 reactions at 25°C, pH 7 and 1 mM equal reactant and product
concentration are indicated by large circles and colored according to color scale at lower left. The 51 reactions for which no value of AG could be calculated are
indicated with dark gray shading. Reactions and values of AG given in Supplementary Table 3.

reaction by measuring the concentrations of reactants and
products in the presence of the enzyme. The change in Gibbs
energy AG for the reaction A + B = C + D is obtained from
the equation:

[CI[D]

AG = AG”'+RTIn
[A][BI]

M

Where R is the gas constant, T is the temperature in Kelvin
and [A], [B], [C], and [D] are the molar concentrations (more
precisely activities) of reactants and products forming the
reaction quotient. AG’ is the change of free standard enthalpies
during reaction in water at physiological pH 7, 25°C, 1 M molar
concentrations and 1 atm gas pressure. If HT is involved in
the reaction, its activity is 1 in eq. (1) at pH 7. If water is
involved in the reaction, its activity in eq. (1) is also 1 because
AG’ is obtained from measurements in water and the water
concentration in water as the solvent does not change appreciably
by reaction water.

At equilibrium, AG = 0 (no net driving force and therefore
no change of reactant and product concentrations anymore),

resulting in:

[Cley [Dleg
(Al [Bleg

_[Cly [Dlyy
[Al,, [Bl.,

Therefore, AG®’ can be obtained from the reactant and product
concentrations measured at reaction equilibrium in water at pH
7. K is the equilibrium constant at pH 7. The increments used
in the component contribution method to obtain AG°’ derive
their values from measurements of K’ in water, hence the activity
of water is already taken into account in AG°®’ and can be
set to 1 in the reaction quotient. At physiological conditions,
concentrations are generally different from 1 M and eq. (1) with
the reaction quotient term is used to calculate the Gibbs energy
AG’. For clarity, we manually polarized the reactions toward
synthesis by writing the KEGG reactions from left to right such
that the flux of carbon and nitrogen starts from CO; and NHj3
and proceeds within the KEGG pathways in the direction of
amino acid, nucleotide and cofactor synthesis. To estimate AG

0 = AG”4RTIn @)

AG® = — RT1 = — RTInK’ (3)
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under nonequilibrium conditions, unequal reactant to product
concentration ratios were inserted into in the reaction quotient
for the polarized reaction, see below.

For many reactions catalogued in large biochemical databases
such as KEGG (Kanechisa and Goto, 2000) the equilibrium
concentrations are not known or not readily obtained, but
the value of AG’ can still be estimated using the component
contribution method, which is based on the group contribution
method originally developed by Benson (1968) to study the
equilibria of chemical reactions in the gas phase and later
adapted by Alberty (1998) and others to the study of aqueous
reactions. It is an indirect method for estimating the position

of the equilibrium in a reaction based on the thermodynamic
contributions of the moieties in the compounds in question
(Jankowski et al., 2008). In this paper we will use AG’ to
indicate 1 M reactant and product concentrations and 1
bar pressure for gasses at 25°C, in the strict sense. When
we refer to conditions that deviate from AG’, for example
different temperatures or different reactant and/or product
concentrations, we use the generic term AG, whereby its
parameters are then unambiguous by context.

Gibbs energies were calculated using eQuilibrator API
(Flamholz et al., 2012; Beber et al., 2021) version 0.4.1 under
Python v. 3.6.7 which bases its estimates on the component

A Equal concentrations 1 : 1 mM; | = 250 mM

Exergonic reactions [%]

(o Nonequilibrium 1 : 0.01 mM; | = 250 mM

Exergonic reactions [%]

FIGURE 2 | Proportion of exergonic reactions under nonequilibrium conditions. (A) At constant ionic strength, |, and reactant concentration of 1 mM, the
concentration of products was decreased from 1 mM to 1 WM (B-D), AG was calculated for the 351 reactions that deliver a value of AG across the pH and
temperature range and the proportion of exergonic reactions was plotted for each condition set (see also Supplementary Figure 1 and Supplementary Table 3).

B Nonequilibrium 1 : 0.1 mM; | = 250 mM

Exergonic reactions [%]

®
3

Exergonic reactions [%]
o
3
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contribution method (Noor et al, 2013). eQuilibrator is
widely used in biochemical and genome-based investigations,
inter alia because it is capable of operating with reactions
and compounds in the KEGG database. To cross check the
current set, we compared values obtained using eQuilibrator
to those determined by the traditional biochemical method
for core carbon metabolism (Supplementary Table 2; Fuchs,
2011). As in earlier studies (Alberty, 1998; Jankowski et al.,
2008; Flamholz et al,, 2012), the agreement was good, usually
within a few kJ-mol™!, indicating that the method delivers
useful estimates.

Unless otherwise specified, environmental conditions were
simulated by varying the pH from 1 to 14 in increments of
1 and temperature from 25 to 100°C in increments of 5°C at
constant ionic strength of 250 mM, Mg?* concentration fixed to
3 mM, and reactant concentrations set to 1 mM. Nonequilibrium
conditions were simulated by altering the reactant to product
ratio from 1:1 to 1:0.1 mM, 1:0.01 mM, 1:0.001 mM, 1:0.0001 mM
and 1:10 mM (Figure 2, Supplementary Figure 1, and
Supplementary Table 3). Atomic balancing was checked prior
to calculation, such that AG was only calculated for balanced
reactions, excluding partial reactions. For 351 reactions Gibbs
energy was calculable, for the remaining 51 reactions AG
calculation failed due to involvement of KEGG compounds
undefined in the eQuilibrator database, compounds having
ambiguous structures, or unbalanced reactions.

Even though the reactions of biosynthetic metabolism are
interconnected, we can consider each reaction individually with
regard to its change in free energy in the biosynthetic direction,
because the value for change of free energy for a given enzymatic
reaction results from the physicochemical properties of its
reactants and products under the specified conditions as in eq.
(2). A directed metabolic network representing the 402 reactions
was created in simple interaction format (sif). The bipartite
graph was drawn with CytoScape (Shannon et al., 2003) v. 3.8.0.
Reaction nodes and compound nodes were labeled as indicated
in Figure 1.

Substitution of Biochemical Reductants
With Hydrogen

To investigate the influence of environmental H, in the
73 reactions involving biochemical reductants, NAD(P)H,
reduced ferredoxin and reduced flavodoxin were replaced
with H,, generating a reduced product and protons in
the balanced equation (reaction equations are given in
Supplementary Table 4), simulating H, as a reductant present
in an environmental setting. Ferredoxin:NADH oxidoreductase
and ferredoxin reducing hydrogenase reactions were excluded
from H, substitution because H, would have appeared on both
sides of the reaction. Gibbs energies were calculated as for
the altered set. In the substituted set, two additional reactions
(353 total) yielded a value for AG, 49 did not. The compound
concentration ratio was set to nonequilibrium 1:0.01 mM
with fixed H, reactant and product concentrations 1 pM,
10 pM, 100 pM, 1 mM, 10 mM, and 100 mM (Figure 3,
Supplementary Figure 2, and Supplementary Table 4). The

influence of ionic strength, I, was probed by altering I from
standard 250 mM to 2.5 mM, 25 mM, 2.5 M, and 0 M under
a nonequilibrium concentration ratio of 1:0.01 mM and
with H, fixed to 1 pM (see Supplementary Figure 3 and
Supplementary Table 5). For all calculations, reactions are
classified as exergonic if AG < 0.

Metal Catalyzed NAD* Reduction

With H,

NADT solution (3 mM) was prepared in a phosphate buffer
at pH 8.5. Both glass reaction vials containing 4 ml NAD™
solution (no catalyst) and vials containing 4 ml NAD™ solution
and nickel (Alfa Aesar) and iron powder (Alfa Aesar) as
solid phase catalysts, added as 26 mg Fe plus 28 mg Ni
powder per ml solution, were placed in a stainless-steel reactor
(Berghof). The vials were closed with PTFE septum lids which
were penetrated with syringe needles (Sterican) to ensure the
reaction gas could enter the vials. The closed reactor was
pressurized with 5 bar of hydrogen gas and heated up to
40°C for a total of 4 h. After depressurizing the reactor,
samples were transferred to 2 ml Eppendorf tubes, centrifuged
for 15 min at 13,000 rpm (Biofuge fresco, Heraeus) and the
supernatant was collected to spectrophotometrically observe
NADH synthesis (characteristic maximum absorbance at 339 nm;
Cary 3500 UV-Vis, Agilent) (see Supplementary Figure 4). For
convenience, conversion tables relating H, partial pressures and
H, concentrations in water at different temperatures are given in
Supplementary Table 6.

Energetics of Amino Acid Synthesis

Energetics of synthesis pathways for the 20 canonical
amino acids consisting of KEGG reactions starting from
key intermediates pyruvate, oxalacetate, 2-oxoglutarate,
phosphoenolpyruvate, 3-phosphoglycerate, and C5 sugars
(Martin, 2020; Supplementary Table 7 and Figure 4) were
analyzed. The pathways, when expressed as linear sets of
reactions, are detached from the biosynthetic core network
by the removal of edges. Alternative pathway branches and
reactions are indicated by numbers, for example 2.1 corresponds
to the first reaction in the second pathway alternative. Gibbs
energies for 1 mM reactant and product concentrations, pH 7
and 25°C are given in Supplementary Table 3 and for vent-like
conditions (nonequilibrium 1:0.01 mM, pH 9 and 80°C) in
Supplementary Table 4.

RESULTS

Thermodynamics in the Metabolism of

the Last Universal Common Ancestor

Theories of autotrophic origin posit that the first free
living cells grew from CO; and inorganic compounds
without the help of light (Mereschkowsky, 1910; Fuchs and
Stupperich, 1985; Wichtershduser, 1992; Fuchs, 2011). For such
chemolithoautotrophic cells to arise at a specific environmental
site, the reactions underpinning their origin, that is, the overall
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FIGURE 3 | Effect of environmental H,. (A=C) Proportion of exergonic reactions at 1 uM, 100 uM, 10 mM H, and 1:0.01 nonequilibrium at constant ionic strength |
expressed as % of the 67 redox reactions of the core that yield values of AG. (D) Proportion of exergonic reactions at 1 M Hy and 1:0.01 nonequilibrium expressed
as % of 353 reactions for which values of AG were obtained (see also Supplementary Figure 3 and Supplementary Table 4).
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set of reactions that synthesize the cell needs to be exergonic and
no individual reaction should be so endergonic as to block the
reaction network under physiological conditions. The source of
energy that allows those reactions to go forward is of interest
here. The synthesis of the amino acids, nucleotides and cofactors
germane to life from H,, CO,, NH3, H,S, and P; requires only
402 reactions (Wimmer et al., 2021a; Supplementary Table 1)
which are listed in KEGG (Kanehisa and Goto, 2000). We
polarized those reactions so that carbon flux through each
reaction proceeds from Hj and CO; in the direction of monomer
synthesis. We then employed the component contribution
method (Noor et al, 2013) to estimate the change in Gibbs

energy, AG, for the 402 reactions in the biosynthetic direction
(see section “Materials and Methods”).

The set of 402 polarized reactions in KEGG format contained
51 entries that yielded no value of AG because one or more
reactants are poorly defined or have ambiguous structures, that is,
they were not among the underlying data with which eQuilibrator
works (see section “Materials and Methods”). The remaining 351
reactions yield thermodynamic estimates, providing a very broad
sample for changes in AG, covering 87% of reactions in the
core (see Supplementary Table 3). We started with the simple
case of all reactants (compounds on the left side of reactions)
and products (right side) at 1 mM concentration, a value well
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FIGURE 4 | Energetics of amino acid synthesis. Gibbs energies AG were calculated for reactions involved in the synthesis of the 20 canonical amino acids. Only
reactions yielding a value for AG are plotted. Values of AG are indicated for physiological (dark blue) and vent conditions (light blue) as defined in the figure.
Underlying synthesis pathways are listed in Supplementary Table 7. Only pathways starting from key intermediates pyruvate, oxalacetate, 2-oxoglutarate,
phosphoenolpyruvate, 3-phosphoglycerate, and C5 sugars (as proposed in Martin, 2020) are examined. Additional synthesis alternatives from KEGG are not taken
into consideration.

within the 1 &M to 10 mM range of metabolite concentrations in
Escherichia coli during exponential growth (Bennett et al., 2009)
to examine the effect of pH and temperature regarding metabolic
origins under hot (Stetter, 2006) vs. cold (Miyakawa et al., 2002)
or acidic (Wichtershiuser, 1988) vs. alkaline (Martin and Russell,
2007) conditions. Roughly 77% of core reactions are exergonic at
pH 6-7, with temperature exerting little effect (Figure 2A). Note
that the component contribution method does not obtain values
for AG as a function of temperature, and that temperature effects
are considered by the reaction quotient (see eq. (1) in section
“Materials and Methods”).

Nonequilibrium Conditions

Metabolism in cells is a connected series of far from equilibrium
reactions in which reactants continuously react to products
at every step (Decker et al., 1970; Battley, 1987; Dai and
Locasale, 2018), whereby the products of one reaction become

the reactants of the next in succession. As it concerns calculations
of thermodynamic values, this presents a stark difference to
geochemical thermodynamics, where one step reactions are the
rule, for example balanced single step reactions for the synthesis
of amino acids from H,, CO,, and NHj3 (Amend and Shock,
1998, 2001). In the context of metabolic origin, the process
to model concerns a situation in which compounds supplied
by the environment (H,, CO,, and NHj3 for example) react
to generate products that do not initially exist (Martin and
Russell, 2007), such as formate and pyruvate (Preiner et al.,
2020) or amino acids. In a hydrothermal vent context, such
compounds can either react further, or be eluted from their
site of synthesis via hydrothermal effluent by convection and/or
thermal or concentration diffusion. In cells, the products can
either react further, or be excreted as an end product, generating
steady state equilibrium (German: Fliefigleichgewicht), or they can
be converted to biological polymers—proteins, sugars, nucleic

Frontiers in Microbiology | www.frontiersin.org

December 2021 | Volume 12 | Article 793664

41



Publikationen

Wimmer et al.

Thermodynamics in Metabolism of LUCA

acids—exiting the metabolic network as cell mass. In acetogens,
for example, roughly 24 molecules of CO, are converted to
acetate as an end product for every atom of carbon that is
incorporated into cell mass (Daniel et al., 1990). We designate
the situation of higher reactant concentrations relative to product
concentrations as nonequilibrium conditions.

When examined using the component contribution
method, the effect of nonequilibrium conditions is large.
Increasing the product concentration 10-fold relative to reactant
concentrations renders most reactions of the core endergonic
(Supplementary Figure 1B). This is because many reactions
in metabolism are close to equilibrium in terms of AG, with
every 10-fold reduction in product concentration relative
to reactant concentration corresponding to a change in AG
of -5.7 kJ-mol~! at 25°C (Walsh et al, 2018) for reactions
having equal stoichiometric coefficients of reactants and
products. Increasing product concentrations shows that the
reactions of the core have little tendency to run backward
(Supplementary Figure 1B), which is in line with the concept of
autotrophic origins (Fuchs, 2011).

Lowering the concentration of products relative to reactants
approximates the situation in an environmental setting in which
H,, CO,, H,S, NH3, and phosphate (Figure 1) are continuously
supplied in roughly constant amounts, while the products of
reactions are allowed to react further or removed by flow
processes. To model nonequilibrium conditions, we reduced the
product concentrations in steps of 10-fold change relative to
reactants (Figures 2B-D and Supplementary Figure 1). At 100-
fold less product than reactant, 98% of core reactions become
exergonic (Figure 2C), with marginal increase at higher ratios
and no marked effect of temperature except at very high pH.

Regardless of the specific environment within which Luca
arose, the reactions fueling the synthesis of its building blocks
underwent a transition during the origin of metabolism:
Reactions that were initially either uncatalyzed or catalyzed by
substances in the environment eventually came to be catalyzed by
cofactors and enzymes encoded by genes. During that transition,
it is possible, and cannot be excluded, that some or many of
the chemical reactions themselves might have changed. But it
is also possible, and cannot be excluded, that the reaction set
remained essentially the same, as in the example of the acetyl-
CoA pathway (Preiner et al., 2020) and reverse citric acid cycle
(Muchowska et al., 2020). In that case, only the nature of the
catalysts changed from inorganic to organic, adding specificity
and rate to preexisting reactions that tend to occur anyway.

Because the core constitutes a minimal set of enzymatic
reactions required for the synthesis of amino acids, nucleotides
and cofactors, it contains neither a rotor stator ATPase, nor
cytochromes, quinones, or even membrane-associated reactions.
Although the rotor stator ATPase is as universal in cells as
the ribosome itself, and was present in LUCA (Weiss et al.,
2016), is not essential for the biosynthetic core to operate. Net
ATP synthesis can be derived within the core from substrate
level phosphorylation via acetate synthesis from H, and CO,
in soluble reactions, similar to the situation of Methanosarcina
mazei growing on CO (Rother and Metcalf, 2004). Also note that
we are considering each reaction individually, not as a system

of interconnected reactions set in series, in which case reactant
concentrations would approach zero under nonequilibrium
conditions. We are not querying the extent to which the
overall balanced one-step reactions from H,, CO,, and NHj3
to the individual amino acids, bases and cofactors are energy
releasing, which for amino acids and nucleotides is known to
be the case under the conditions of H,-producing hydrothermal
vents interfacing with ocean water (Amend and McCollom,
2009). Instead, we are investigating the exergonic nature of the
individual reactions in LUCA’s biosynthetic pathways, as they
are manifest in modern enzymatic reactions, which are intensely
interconnected in a metabolic network (Figure 1), applying the
same concentration gradient to each, so that the individual
chemical reactions underlying energy release within the network,
as opposed to energy release for the network as a whole as in the
energetics of growth (Battley, 1987; Hansen et al., 2009), can be
identified.

The finding that 98% of the reactions in the core that deliver
a value of AG using the component contribution method are
exergonic under nonequilibrium conditions starting from H; and
CO3, with 100-fold less product than substrate, is noteworthy. It
also reminds us that the reactions of metabolism as they operate
in modern cells are generally exergonic, otherwise metabolism
would not run. Yet even with equal substrate and product
concentrations, on average 78% of the reactions in the core
are exergonic under the conditions sampled here (Figure 5).
As an caveat, many enzymatic reactions in the core might
not go forward under prebiotic conditions for lack of suitable
catalysts, for reasons of inhibitory inorganic compounds, due
to substrate sequestration on surfaces, or for other reasons.
Favorable thermodynamics are thus a necessary but not sufficient
condition for the emergence of metabolism. We also note that
our study addresses only monomer synthesis, not polymerization
reactions. Notwithstanding, the present findings indicate that
there is a natural thermodynamic tendency for the reactions
of LUCA’s biosynthetic network to unfold from H,, CO,, NHj3,
H,O, and P;. This is not self-evident, because it introduces the
possibility that the energy needed at the origin of metabolism
simply stemmed from within metabolism itself, as opposed to
some external source.

The Effect of Environmental Hp

At the very onset of the process that gave rise to LUCA’s
metabolism, it is reasonable to assume there were no preformed
organic redox cofactors in supply in the environment, as these
are products of organic synthesis. Microbiologists have, however,
long held that reduced low potential FeS centers such as those
in ferredoxin were the source of reducing power in the early
stages of biochemical evolution (Eck and Dayhoff, 1966; Hall
et al, 1971). In line with that view, all hydrogenases in modern
chemolithoautotrophs that use H, as a reductant reduce FeS
clusters, with only one known exception, the Fe hydrogenase
of methanogens that transfers electrons from the active site
of the iron-guanylylpyridinol (FeGP) cofactor directly to Fi,
generating FyyoH, without the involvement of FeS or other
intermediate electron carriers (Huang et al., 2020).
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FIGURE 5 | Energetic effect of temperature, pH, reductants and reactant to product concentration ratios. Gibbs energy is indicated for 351 calculable reactions that
deliver a value of AG for different parameter combinations. Values for each parameter of each calculation are specified in the table below the figure and varied with
respect to physiological and vent conditions. Temperature is described in degree Celsius. Equal conc.: E indicates all concentrations set to 1 mM, N indicates
nonequilibrium 1:0.01 mM reactant to product ratio. Retention of organic reductants (NADH, NADPH, flavodoxinyeq, ferredoxineg) is indicated as Or while the
replacement of these organic reductants with hydrogen is marked by H,. Note that in this case, two additional reactions yield a value for AG (353 reactions).
Proportions of exergonic reactions (AG < 0 kJ-mol~") across the biosynthetic core are listed below the table. In each boxplot, the horizontal line indicates the
median AG among calculable reactions. The colored boxes represent the interquartile range (IQR) with AG within quartile 1 (Q1, median of lower half of the data)
and quartile 3 (Q3, median of upper half of the data). The range bars mark the minimum (Q1 - 1.5:IQR) and maximum (Q3 + 1.5:IQR) value of the data excluding any
outliers. Outliers are indicated by individual dots and do not fall into the defined range between minimum and maximum.

Hydrogen gas is also the source of electrons for
chemolithoautotrophic archaea and bacteria that synthesize
ATP by reducing CO; (Thauer et al, 1977; Fuchs, 2011;
Schuchmann and Miller, 2014; Preiner et al., 2020). In
modern geological environments that generate abiotic hydrogen
(Schrenk et al, 2013), H, is synthesized in amounts that
generate midpoint potentials on the order of -700 to -900 mV
(Boyd et al, 2020), more than sufficient to substitute for
known biochemical reductants such as NAD(P)H or reduced
ferredoxins (Supplementary Table 6). The very low midpoint
potentials come from an interplay of two factors: serpentinization
generates Hy in a geochemical process that also generates metal
hydroxides such as Mg(OH),, which in turn generate alkalinity.
Alkaline solutions foster the release of protons from H, via
heterolytic cleavage, leading to the release of electrons onto
suitable acceptors. Some modern microbes that inhabit such
Hj-rich alkaline environments even appear to lack known
hydrogenase enzymes (Suzuki et al, 2018), suggesting that
there might be alternative or bypass entry points for H, into
their metabolism. To investigate the effect of environmental

redox potential on the thermodynamics of the biosynthetic
core, we replaced biological reductants by the environmental
source of electrons in CO;-reducing autotrophs, H, in all
reactions of the core. This captures the thermodynamic effect
of an environmental redox buffer, but entails the premise that
mineral catalysts naturally occurring in hydrothermal vents
(Fontecilla-Camps, 2019) can readily replace hydrogenases and
ferredoxin to reduce the main biochemical hydride carrier,
NAD(P)", with H,. To that end, we tested H,-dependent
NAD(P)" reduction in the laboratory using simple transition
mineral catalysts. The reaction is facile under hydrothermal
conditions (Supplementary Figure 4).

As an environmental parameter, H, reactant and product
concentrations must be equal. This impacts redox reactions of the
core under nonequilibrium conditions. The core encompasses
73 redox reactions involving NAD(P)H, flavins, or ferredoxin.
Reduced cofactors occur on the left in 48 reactions and on
the right in 27 (Table 1). We replaced biochemical reductants
on both sides of the reactions with H, at concentrations
corresponding to an Ey of —-600 to -800 mV at pH 10 around
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TABLE 1 | Most frequent reactants and products in the core.

Reactant Product
Compound Left Right Physiological® Vent? Physiological® Vent?
AG =<0 AG>0 AG =<0 AG >0 AG =<0 AG>0 AG =<0 AG >0

H,O 71 49 51 15 64 2 35 10 43 2
H* 48 31 33 7 37 3 18 10 26 2
ATP 7 2 55 14 69 0 2 0 2 0
Pi 2 64 0 2 2 0 54 5 59 0
ADP 3 54 3 0 3 0 36 12 48 0
CO» 12 37 3 8 10 1 34 0 34 0
Glutamate 26 18 14 10 23 1 16 1 17 0
NAD* 21 16 12 9 20 1 16 0 15 1
NADP+ 6 30 5 1 5 1 20 3 22 1
PP 0 36 0 0 0 0 30 3 33 0
NADPH 29 6 19 3 21 1 5 1 5 1
NADH 14 19 14 0 13 1 10 9 18 1
2-Oxoglutarate 6 19 4 2 6 0 7 11 17 1
Pyruvate 12 10 9 3 12 0 8 1 9 0
AMP 2 19 1 0 1 0 13 2 15 0
NH3 13 7 12 1 13 0 6 0 6 0
CoA 4 17 4 0 4 0 8 7 15 0
SAM 16 1 9 0 9 0 1 0 1 0
Acetyl-CoA 13 3 8 4 12 0 3 0 3 0
Glutamine 14 1 13 0 13 0 1 0 1 0

Reactant and product frequency for each compound of the 402 core reactions is given and further classified into participation in exergonic/endergonic reactions for
physiological and vent conditions. Number of occurrences on the left or right side of reactions can exceed numbers of reactions for which values of AG are obtained.

aPhysiological condition is defined as pH 7 at 25°C and concentrations at 1 mM.

b\lent condition is defined as pH 9 at 80°C and nonequilibrium 1:0.01 mM reactant to product concentrations.

100°C (Supplementary Table 6). For the reactant:product ratio
of 1:0.01 mM under nonequilibrium conditions, we adjusted
the H, concentration on both sides of the reaction from
1 uM to 100 mM (Figure 3, Supplementary Figure 2, and
Supplementary Table 4). For reactions in which H, is a reactant,
large H, concentrations are favorable, whereas for reactions
where Hj is product, low Hj concentrations are favorable. Vice
versa, for reactions where H, is reactant and HY is product, high
pH is favorable.

The effect of H across the core is substantial, with 337-342
out of 353 (95-97%) of core reactions that deliver a value for
AG being exergonic (AG < 0 kJ-mol~!) under nonequilibrium
conditions with H, at 1 uM, 80-100°C, and pH 7-10. Under
these conditions, only 12 out of 353 core reactions are endergonic
by >5 kJ-mol~! (Supplementary Table 8). It is noteworthy
that alkalinity impacts the thermodynamics of metabolic origin
because it strongly affects the electron donating potential of
H, (Supplementary Table 6). Modern geochemical systems
synthesize formate (Lang et al., 2018) and acetate (Sherwood
Lollar et al., 2021) in abiotic reactions that blueprint the CO,-
fixing reactions of microbes.

Are the conditions that we are investigating realistic in
a primordial geochemical context? We have investigated the
temperature range 25 to 100°C, the pH range 1-14, and
H, concentrations from 1 wM to 100 mM. Those ranges
span conditions existing today at the serpentinizing Lost City

hydrothermal field, where the temperature range is 40-90°C, the
pHis 9-11, and H; concentrations range from 1 to 15 mM (Kelley
et al., 2005). Are such conditions primordial? Serpentinizing
systems have existed since there was liquid water on earth (Sleep
et al,, 2011). We observed a tendency for the largest proportion
of reactions to be exergonic around pH 9, 80°C and at low
H, concentrations, very much in line with, but not constrained
by, modern conditions at Lost City, which provide a window
into conditions on the early Earth (Sleep et al., 2011; Schrenk
etal., 2013). We allowed the concentration of CO; to vary freely
across analyses, having a substrate concentration of 1 mM under
nonequilibrium conditions. In natural environments, CO; and
bicarbonate concentrations vary across extremes. While Lost City
itself has very low inorganic carbon and CO,, Kelley et al. (2002)
report CO, concentrations in vent fluids from 3 to 215 mM,
while modern sea water contains roughly 11 wM CO; and 2 mM
HCO3™, some modern hydrothermal systems emit pure CO, gas
(Steffens et al., 2021) and other submarine hydrothermal vents
emit pure, supercritical CO; as bubbles at 1.4 km depth and high
pressure (Zhang et al., 2020). On the early earth, global CO, levels
were generally very high (Zahnle et al., 2007; Sossi et al., 2020),
but local CO, concentrations might have varied as much as they
do in modern environments. In general, submarine hydrothermal
systems exist under very high pressure and therefore allow
gasses to dissolve up to very high concentrations, today and on
the early earth.
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In laboratory scale model vents (Preiner et al., 2020), a 10 bar
partial pressure of H, at pH 9 and 100°C corresponding to 5 mM
H, in solution (Supplementary Table 6) and within the range
of 1-15 mM H, concentrations observed at Lost City (Kelley
et al., 2005), will reduce CO; to formate, acetate and pyruvate,
although much lower H, partial pressures will also suffice for the
same reaction (Preiner et al., 2020). That is, geochemical H, and
CO, spontaneously generate central compounds of autotrophic
metabolism in the acetyl-CoA pathway in the presence of
metal catalysts (Preiner et al., 2020). This is noteworthy not
only because of the congruence between the products of
the abiotic and enzymatic products from H, and CO, but
also because earlier studies of H,-dependent CO, reduction
under higher pressures and temperatures, but performed in
inert titanium reactors in the absence of catalysts, did not
detect the synthesis of either acetate or pyruvate among the
products (McCollom and Seewald, 2003), whereas inclusion of
iron or nickel, either as native metal or as oxide or sulfide
minerals effectively replace the pathway to pyruvate, yielding
physiologically relevant concentrations of pyruvate (~40 M)
overnight. From the outset of the first abiotic reactions to
the origin of an enzymatically catalyzed metabolism in LUCA,
redox reactions were integral to metabolic origin, whereby
H, provided an ample and biochemically accessible supply of
electrons throughout that process, particularly under the alkaline
conditions of serpentinization (Preiner et al., 2019).

Water

Views concerning the role of water at origins differ widely. One
view has it that water is inhibitory at the origin of life because
reactions that generate water, in particular polymerization
reactions, proceed against the pushback of a 55 M product
(Marshall, 2020). The other view is that water is essential to
origins because it is both the solvent of all molecules of life
and the most common reactant in microbial metabolic networks
(do Nascimento Vieira et al., 2020). An underappreciated aspect
of hydrothermal systems is that they harbor abundant local
microenvironments of low water activity (Lamadrid et al., 2017).
The serpentinization process that underpins the formation of
H, for CO; reduction at metabolic origin entails rock-water
interactions that consume about 20 molecules of H,O per
molecule of Hy formed and about 100 molecules of H,O per
molecule of abiotic methane formed from CO, (Preiner et al.,
2018). In the present calculations, water concentration is fixed
at 55 M and cannot be changed in these calculations (Alberty,
1998; Flamholz et al., 2012). Water is furthermore the most
common compound in the reactions of the core, appearing in 120
reactions, 97% of which are exergonic regardless of whether water
is consumed or produced against the 55 M gradient (Table 1).
From the thermodynamic perspective H,O exerts no inhibitory
effect upon the reactions of core biosynthesis. That, and the
frequency of water as a reactant (Table 1) suggest that the
reactions that gave rise to LUCA’s metabolism arose in an aqueous
environment, a premise preferable to the proposition that the
chemistry of life began in non-aqueous environments, and only
later transformed en masse into the aqueous reactions of the
cytosol.

Salt

Salt concentrations differ in marine vs. freshwater origin
environments, and some origin of life theories posit that life
arose in freshwater environments based on arguments relating to
concentrations of K (Korolev, 2021) as opposed to arguments
based upon reactions of carbon (Preiner et al., 2020). Seawater
has an ionic strength of ca. 700 mM, while cytosol has a
variable ionic strength on the order of 20-900 mM in E. coli
(Richey et al., 1987) but exceeding 2,000 mM in some archaea
(Ginzburg et al, 1970). Hydrothermal effluent has an ionic
strength on the order of 20-800 mM (Kelley et al., 2002).
Across the range from 0 to 2.5 M, ionic strength has very little
impact on AG of core reactions as estimated by implementation
of the component contribution method employed here (see
Supplementary Figure 3 and Supplementary Table 5).

Nonequilibrium Conditions Have a
Pronounced but Not a Dominant Effect

Using eQuilibrator (Noor et al., 2013), water activity cannot
be perturbed but is already taken into account in AG. The
effect of ionic strength was small (Supplementary Figure 3 and
Supplementary Table 5). To compare the effects for parameters
investigated here that did show effects, we plotted the mean
and range of values of AG for comparison of temperature
(25°C vs. 80°C), pH (7 vs. 9), nonequilibrium vs. equal reactant
and product concentrations, and organic reductants vs. Hj.
Nonequilibrium conditions have the most pronounced effect
across reactions of the core (Figure 5). But even for conditions
of 1 mM reactant and product concentrations, the mean of
the 351 reactions that deliver an estimate of AG is still
negative. For reactions that are only slightly endergonic, the
effect of nonequilibrium conditions can render the value of AG
negative (Figure 5).

Though nonequilibrium conditions have a pronounced effect,
they do not fundamentally distort the picture for individual
reactions. This is shown in Figure 4, where the estimate of
AG for amino acid synthesis is compared for physiological
conditions (with 1 mM reactant and product concentrations,
pH 7, 25°C, gasses at 1 atm) vs. conditions more similar to
those in serpentinizing hydrothermal systems (nonequilibrium
with 1:0.01 mM concentrations, 1 uM of H; instead of organic
reductants, other gasses at 1 atm) for 111 reactions of amino
acid metabolism starting from the key intermediates for the
biosynthesis of the families of amino acids: pyruvate, oxalacetate,
2-oxoglutarate, phosphoenolpyruvate, 3 phosphoglycerate and
C5 sugars (Supplementary Table 7). The main effect is observed
for reactions that are close to equilibrium (AG~ 0) to begin
with. This indicates that there is a natural tendency for the
individual reactions of amino acid metabolism from H,, CO, and
NH3; in the core to go forward both in physiological and vent
conditions, a finding that does not follow from calculations of
one-step amino acid syntheses from the same reactants (Amend
and Shock, 1998; Amend et al, 2013). It is also important
because amino acids are essential sources of C and N for the
biosynthesis of bases and cofactors (Wimmer et al., 2021a). Note
that the reactions in Figure 4 correspond to KEGG reactions
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and are detached from the overall metabolic network, such
that the products of an upstream reaction do not necessarily
generate all of the reactants required for the subsequent reaction.
Despite that caveat, the general exergonic nature of the individual
reactions is evident.

Phosphate

Phosphate is a component of many of the metabolic energy
currencies. It forms high energy bonds which are cleaved
in exergonic reactions that, when enzymatically coupled to
endergonic reactions of metabolism, allow the latter to go
forward. The entry of phosphate into metabolism is a heavily
debated topic. One view has it that high energy phosphorous
minerals reacted with inert carbon compounds (Pasek, 2020),
another view has it that inert phosphate reacted with highly
reactive carbonyl groups (Martin, 2020), yet another view, based
on computer simulations, is that simple protometabolic networks
might have been possible without phosphate (Goldford et al.,
2017, 2019), though subsequent work identified contrary effects
(Tian et al., 2019). In the conserved core of microbial metabolism,
LucA’s metabolism, phosphate is indispensable. Of 402 core
reactions, 260 (65%) involve phosphate or phosphorylated
compounds. For comparison, 83% of the core reactions
contain nitrogen. Moreover, 80 reactions (20%) involve ATP
hydrolysis or phosphoanhydride hydrolysis of other nucleoside
triphosphates in the biosynthetic direction. Among those NTP
hydrolyzing reactions, 26 generate ADP and Pj, 10 generate
AMP and PP, while 33 generate phosphorylated products
(Supplementary Table 9). Furthermore, all of the cofactors that
generate amino acids, bases and cofactors themselves, except
biotin, contain phosphate. There can be no question that the
biosynthetic core as it existed in LUCA had phosphate inextricably
hard wired into its fabric.

That phosphate was part of the core and LUCA’s metabolism
seems difficult to debate, but how did it enter the core?
Net ATP synthesis in the core is afforded by substrate level
phosphorylation involving acetyl phosphate via acetyl-CoA
(Ferry and House, 2006; Martin and Russell, 2007). ATP is
synthesized there by energy conserving reactions that, like
thioester synthesis (Huber and Wichtershiuser, 1997; Kitadai
et al, 2021), can proceed without enzymes (Sousa et al.,
2018; Whicher et al, 2018). Under nonequilibrium vent
conditions, the reaction of acetyl-CoA with P;—the reaction of
phosphate with carbonyl groups—to yield acetyl phosphate is
exergonic by -18.6 kJ-mol~!, the subsequent reaction of acetyl
phosphate with ADP to yield ATP and acetate is exergonic
by —40.1kJ-mol~! (Supplementary Table 8). The energetics
of acetyl-CoA synthesis from Hj,, CO,, and coenzyme A are,
however, strongly dependent upon the H, partial pressure
(Fuchs, 2011). Under nonequilibrium conditions, the reaction
is endergonic by +37 kJ-mol~! at 1 pM H, and pH 9 but at
1 mM Hj, it becomes exergonic by —44 kJ-mol~!. This crucial CO,
activating reaction requires H, partial pressures corresponding
to potentials on the order of -660 mV at metabolic origin, which
abound in natural H,-producing vents (Boyd et al., 2020). At pH
9 and 100°C, 660 mV corresponds to ca. 1 atm H; or 10° Pa H,
or 560 uM H, (Supplementary Table 6), less H, than is found
in serpentinizing systems, which contain typically 1 mM H; or

more, with 1-15 mmol H; per kg aqueous effluent observed in
the case of Lost City (Kelley et al., 2005).

Of the 351 core reactions that deliver a value of AG,
80 involve hydrolysis of anhydride bonds in ATP or other
triphosphates as an energy currency (Supplementary Table 9).
None of the reactions in the core utilize pyrophosphate
(PP;) as an energy source, but 36 reactions generate PP;
from nucleoside triphosphates (Table 1). In contrast to many
traditional views, PP; was not a source of energy in early
metabolism (Wimmer et al., 2021b). If we subtract the
contribution of phosphoanhydride hydrolysis from those 80
reactions, 63 become endergonic by more than 20 kJ-mol~!
(Supplementary Table 9), a very steep energetic barrier, even
under nonequilibrium vent conditions. High energy phosphate
bonds are thus essential integral components of the core,
apparently as old as metabolism itself and likely the result of
inert phosphate reacting with carbonyl groups generated as
intermediates of CO, reduction. The pressing question remains,
however: What is the driving force behind ~75% of the core
reactions that are exergonic independent of ATP?

The Dark Energy at Origins Resides in

Carbon

Because our starting compounds are H,, CO,, NH3, H>S, H,O,
and P; (Figure 1 and Supplementary Table 1), because no other
sources of energy are introduced into the system, and because no
N-N or O-O bonds are formed in the core, reactions of carbon
are the only candidate for the source of free energy change in core
reactions without ATP. We identified 10 organic reaction types
that together account for half of ATP-independent exergonic
reactions (Table 2). Among the 351 reactions that deliver
values of AG, 10 involve S-adenosylmethionine dependent
alkyl transfers (AG’ = —24 kJ-mol~!; Lewis and Wolfenden,
2018). Six reactions involve folate dependent alkyl transfers
(AG’ = —30 kJ-mol~!; Thauer et al., 1977) or acyl transfers
(AG’ = —26 kJ-mol~!; Decker et al., 1970). Acyl thiol ester
(thioester) hydrolysis (AG" = —32 kJ-mol~!; Buckel and
Eggerer, 1965) drives 14 reactions and acyl phosphate hydrolysis
(AG> = —45 kJ-mol~1; Decker et al., 1970) drives four reactions
(Supplementary Table 10).

The only input compound that is reduced in reactions of the
core is CO; (Figure 1). For the 44 reactions involving reductions
of carbon with reduced nicotinamide, flavin, ferredoxin or
formate, reactions that are exergonic under physiological
conditions (Decker et al., 1970; Thauer et al., 1977), the average
AG in the core is -28 kJ-mol~! under nonequilibrium 1:0.01 mM
conditions at 80°C and pH 9 (Table 2). Decarboxylations,
with a AG®” on the order of -20 kJ-mol~! (Dimroth and
Schink, 1998) occur in 30 reactions, 10 of which are oxidative
decarboxylations (Supplementary Table 10). In addition, many
reactions of the core generate aromatics from non-aromatic
substrates. Aromaticity entails very large changes in AG, on the
order of -60 to —150 kJ-mol~! or more (Morrison and Boyd,
1977). The amino acids, bases and cofactors produced by the
core involve the synthesis of 31 aromatic rings and 35 ring
closure reactions (Goldberg and Tewari, 1989) that are involved
in their formation.
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TABLE 2 | Energy release in the core.

Gibbs energy changes for exergonic carbon based reactions in the core

Reaction N AG? References

Pyruvate formation from 1 —57 Preiner et al. (2020)

Ho4+CO»

Ring formations 35 —10to —25  Goldberg and Tewari (1989)

Decarboxylations 30 —20 Dimroth and Schink (1998)

SAM dependent alkyl transfers 10 —24 Lewis and Wolfenden
(2018)

Folate dependent acyl transfers 2 —26 Decker et al. (1970)°

Reductions 44 —28

Folate dependent alkyl transfers 4 -30 Thauer et al. (2008)

Acyl thiol ester hydrolyses 14 —-32 Buckel and Eggerer (1965)

Acyl phosphate hydrolyses 4 —45 Decker et al. (1970)

Aromatic formation 31 —60to —150 Morrison and Boyd (1977)

Estimated AG for different reaction types. N is the number of reactions among 351
reactions in the core for which values of AG are obtained.

aAG [kJ-mol~] as given in references.

bAverage AG for 44 NAD(P) H-, ferredoxin-, and formate-dependent reductions in
the core under conditions specified in Supplementary Table 10.

Including the exergonic synthesis of pyruvate from H, and
carbon dioxide (Preiner et al., 2020), these sources of carbon-
based energy (Table 2) contribute to favorable thermodynamics
in 50% of core reactions (175/351), more than twice the
number of reactions (80/351) driven by ATP hydrolysis, though
sometimes with a smaller contribution to AG per reaction.
The core’s remaining 84 exergonic conversions (24%) are driven
by other energy releasing reactions of carbon that do not
fall into the 10 categories listed in Table 2. At the energetic
extremes, only 12 reactions in the core (3%) are endergonic
by >5 kJ-mol~! under nonequilibrium conditions at 80°C and
pH 9 (Supplementary Table 8). The most highly exergonic
reaction in the core is catalyzed by pyridoxal phosphate synthase,
the mechanism of which (Laber et al., 1999) requires no ATP
and eliminates 3 H,O against a 55 M gradient but with a
AG of —383 kJ-mol~! (Supplementary Table 8) because of
the reaction products aromaticity relative to its reactants. In
the simplest interpretation, the carbon-based sources of energy
shown in Table 2 are identical to the sources of energy that
gave rise to metabolism, which in turn gave rise to LUCA.
The overall flow of energy through the core from high energy
substrate H plus low energy CO; to reactive carbon compounds
and its thermodynamically more stable products is schematically
summarized in Supplementary Figure 5.

CONCLUSION

The individual biochemical reactions underpinning the
synthesis of amino acids, nucleotides and cofactors in modern
cells trace to LUCA because of their universality. These
reactions are exergonic under the conditions of H,-producing
geochemical systems, where formate (Lang et al., 2010), acetate
(Sherwood Lollar et al., 2021) and methane (Proskurowski et al.,
2008) are synthesized in abiotic reactions today. In the present

work, we have not investigated the role of high hydrostatic
pressure exerted by the water column in deep water. This
is because the tool we employed to estimate values of AG
through the component contribution method is designed for
studies of microbial metabolism at ambient pressures. At higher
hydrostatic pressures, as are found in hydrothermal vents (Kelley
et al., 2002), a shift in equilibria toward the formation of more
products for reactions of the type A + B — C might be expected
according to Le Chatelier’s principle. However, it is noteworthy
that autotrophic microbes isolated from hydrothermal vents
at depths of 2.4 km (ca. 240 bar hydrostatic pressure) grow
well under ambient pressure (Beatty et al., 2005), such that in
the presence of excellent catalysts (enzymes), high pressure
might not be a decisive factor whereby in the presence of only
mineral catalysts, hydrostatic pressure might play an important
role. Indeed, gasses are compressed considerably at 240 bar
and dissolve better in water so that reactant concentrations
of dissolved gasses are higher than at ambient pressure. On
the contrary, liquid water is compressed only very little (<1%
at 240 bar) so that microbes without gas inclusions stay
essentially untouched. Methanogens that lack cytochromes
require only 10™* to 107> atm of H, for growth (Thauer et al.,
2008). Like acetogens, their main energy harnessing reaction
results in the conversion of about 20 molecules of CO, into
waste product (methane for methanogens and acetate for
acetogens) for every molecule of CO; that is incorporated into
cell mass (Martin, 2020). That is, cell mass, the product of
metabolism, is just a byproduct of the main energy releasing
reaction of the cell. The environment where metabolism arose
must therefore have harbored a constantly out of equilibrium
supply of carbon, electrons, and transition metal catalysts to
promote energy releasing reactions. Reactions of H, and CO;
in serpentinizing hydrothermal systems fulfill those criteria
(Schrenk et al,, 2013) in a manner that directly connects to the
metabolism of modern cells (Preiner et al., 2018; Xavier et al.,
2020).

The present data uncover a hitherto unique thermodynamic
link between core biochemistry as a whole and the conditions
of a geochemical environment known to have existed on
the early Earth. The reactions of the core require neither
membrane proteins, cytochromes, quinones, nor light.
Their thermodynamics indicate that the core biosynthetic
reactions of microbial metabolism could have arisen from
soluble (Martin and Russell, 2007; Muchowska et al., 2019)
and surface-catalyzed (Wichtershauser, 1988; Preiner et al.,
2020) reactions in the dark, under hot, aqueous, H,-bearing
geochemical environments, independent of exposed land
masses (light) or the existence of water with a low ionic
strength. Though ATP provides energy for roughly one
fourth of the core’s reactions, a three fourth’s majority
of reactions derive their energy release from reactions of
carbon compounds germane to metabolism itself, sources of
chemical energy that, with the exception of thioesters (Semenov
et al, 2016) and acyl phosphates (Martin and Russell, 2007;
Whicher et al., 2018), have escaped the focus of previous
investigations into early metabolic evolution. While estimates
of AG are, of course, silent on reaction rates, activation
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energy, and catalysts (Wolfenden, 2011), the crucial energetic
role of hydrogen (Thauer et al, 2008; Fuchs, 2011; Amend
et al., 2013; Boyd et al, 2020; Preiner et al., 2020) and the
exergonic biochemical reactions of carbon reported here uncover
a natural thermodynamic tendency for the individual reactions
of metabolism to arise from Hj;, CO,, NH3, and H,S in the
presence of phosphate.
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The possible evolutionary significance of pyrophosphate (PP) has been discussed since
the early 1960s. Lipmann suggested that PP; could have been an ancient currency or a
possible environmental source of metabolic energy at origins, while Kornberg proposed
that PP; vectorializes metabolism because ubiquitous pyrophosphatases render PP;
forming reactions kinetically irreversible. To test those ideas, we investigated the reactions
that consume phosphoanhydride bonds among the 402 reactions of the universal
biosynthetic core that generates amino acids, nucleotides, and cofactors from H,, CO,,
and NHs. We find that 36% of the core’s phosphoanhydride hydrolyzing reactions generate
PP, while no reactions use PP; as an energy currency. The polymerization reactions that
generate ~80% of cell mass — protein, RNA, and DNA synthesis — all generate PP;, while
none use PP, as an energy source. In typical prokaryotic cells, aminoacyl tRNA synthetases
(AARS) underlie ~80% of PP; production. We show that the irreversibility of the AARS
reaction is a kinetic, not a thermodynamic effect. The data indicate that PP, is not an
ancient energy currency and probably never was. Instead, PP; hydrolysis is an ancient
mechanism that imparts irreversibility, as Kornberg suggested, functioning like a ratchet’s
pawl to vectorialize the life process toward growth. The two anhydride bonds in nucleoside
triphosphates offer ATP-cleaving enzymes an option to impart either thermodynamic
control (P, formation) or kinetic control (PP, formation) upon reactions. This dual capacity
explains why nature chose the triphosphate moiety of ATP as biochemistry’s universal
energy currency.

Keywords: energetics, bioenergetics, chemical evolution, origin of life, early evolution, metabolism, kinetics,
thermodynamics

INTRODUCTION

Starting in the 1960s, thoughts on the possible evolutionary significance of inorganic pyrophosphate
(PP,) have centered around two main concepts: irreversibility and energy. Kornberg, who
worked on nucleic acid polymerization, recognized that PP; producing biochemical steps confer
the property of irreversibility upon reactions under physiological conditions because ubiquitous
pyrophosphatases constantly degrade PP; in the cytosol of cells (Kornberg, 1962). His reasoning
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was straightforward: By degrading PP, a substrate required
for the enzymatic back reaction of the PP; producing step,
the rate of the back reaction effectively approaches zero. In
this way, pyrophosphatases would render PP, producing reactions
irreversible by means of kinetics, rather than thermodynamics.
Though Kornberg’s mechanism of irreversibility was later called
into question because PP; concentrations in exponentially growing
cells were reported to be too high for this principle to work
(Kukko and Heinonen, 1982), as soon as cells leave the
exponential growth phase, Kornbergs principle immediately
applies, as we will see during the course of this paper, because
PP, production is strictly linked to growth, while PP; hydrolysis
is not. Kornberg’s list of such irreversible PP; producing reactions
included nucleic acid polymerization, translation, and cofactor
biosynthetic routes (Kornberg, 1962) and this function,
irreversibility, was seen as harboring the significance of PP

Lipmann, who worked on high energy bonds, suggested
that PP; could have served as a possible energy currency in
primordial metabolism, and that modern PP;-dependent enzymes
represent fossils from a time in which prebiotic metabolism
extracted energy from environmentally available phosphate
minerals (Lipmann, 1965). In that view, the evolutionary
significance of PP, is sought in its possible role as a source
of biochemical energy in prebiotic chemical reactions resembling
those of physiology. Aspects of both Kornberg’s and Lipmann’s
views are germane to Schramm’s proposal that environmental
polyphosphates could have powered early nucleic acid synthesis
(Schramm et al., 1962).

In 1966, Baltscheffsky reported a membrane-associated
pyrophosphatase (mPPase) that reversibly couples proton
translocation to PP; hydrolysis (Baltscheffsky et al, 1966),
thereby linking PP; to Mitchell’s then new chemiosmotic theory
of ATP synthesis involving ion gradients and electron transfer
chains (Mitchell, 1961). That finding, together with Reeves’
report of a PPi-dependent glycolytic enzyme (Reeves, 1968),
now called pyruvate orthophosphate dikinase, seemed to support
an ancient bioenergetic role behind the possible evolutionary
significance of PP;. Based on such findings, the view that PP/s
evolutionary significance resides in primordial energetics
established a long tradition that is still widely embraced (de
Duve, 1991; Russell and Hall, 1997; Russell et al., 2013, 2014;
Wang et al., 2019; Piast et al., 2020) though seldom critically
inspected (Martin, 2020).

Comparatively few enzymatic reactions involve PP;. Kornberg
(1962) listed 35 enzymatic reactions that release PP; in the
physiological reaction. Heinonen (2001) listed 173 PP; producing
reactions. By contrast, Kyoto Encyclopedia of Genes and
Genomes (KEGG) list 194 reactions among prokaryotes that
involve ATP. Since the book of Heinonen (2001), some new
PP; producing reactions have been reported (Nagata et al,
2018), yet the precise roles of PP; in physiology and evolution
are still discussed (Heinonen, 2001; Pérez-Castineira et al.,
2021). Soluble pyrophosphatases (sPPases) are ubiquitous in
distribution (Lahti, 1983). Ion-pumping mPPases are found
in various microbes and plants (Serrano et al, 2007), and
PP;-dependent glycolytic enzymes occur as alternatives of
ATP-dependent forms, at the phosphofructokinase (PFK) and

pyruvate kinase (PYK) steps (Heinonen, 2001; Siebers and
Schonheit, 2005; Briasen et al., 2014; Holwerda et al., 2020).
Though PP, dependent glycolysis is often interpreted as an
adaptation that reduces ATP expense (Heinonen, 2001) or
that salvages energy from PP; produced from translation
(Reeves, 1968), PP;-utilizing glycolytic enzymes have a
conspicuous tendency to occur among microbes that have
specialized to sugar-rich environments. Such specialists include
human parasites, such as Entamoeba (Reeves, 1984), Giardia
(Miller et al,, 2012), and trypanosomes (Michels et al., 2006),
as well as non-parasitic cellulose-, saccharose-, and sugar-
degrading bacteria (Bielen et al., 2010; Holwerda et al., 2020)
and archaea (Brisen et al., 2014). In addition, PP;-dependent
enzymes are particularly common in the strictly sugar-based
carbon metabolism of plants (Serrano et al., 2007). This pattern
of occurrence might be suggestive of an ecological rather
than energetic basis behind the distribution of PP;-dependent
glycolytic pathways.

In line with that view, the use of PP;-dependent glycolytic
enzymes generally coincides with loss of allosteric regulation
through the pathway (Siebers and Schonheit, 2005; Brisen
et al, 2014). In the well-studied example of trypanosomes,
loss of regulation allows flux through the pathway to be governed
by sugar concentrations in the medium (blood sugar), an
ecological adaptation of growth rates to substrate availability,
not energetic efficiency, especially as trypanosomes excrete the
energy rich compound pyruvate as a metabolic end product
(Michels et al., 2006). Even in the well-studied glucose fermenting
bacterium Clostridium thermocellum, which also excretes
pyruvate, a clear energetic advantage of its PP;-dependent
glycolysis is not evident (Holwerda et al, 2020). Moreover,
deletion of C. thermocellum’s mPPase has no impact on growth
(Holwerda et al., 2020), a finding that is hard to reconcile
with a central role for energy conservation via PP; in energy
metabolism of the bacterium, although sPPase activity was
not reported in the mPPase mutant. By contrast, deletion
mutants of sPPases are lethal in Escherichia coli (Chen et al.,
1990) and in yeast (Pérez-Castifieira et al., 2002). This finding
is very notable because from an energetic standpoint, because
sPPases effectively “waste” phosphoanhydride bonds via rapid
PP, hydrolysis, raising the question: why should elimination
of the “energy wasting” reaction catalyzed by sPPase be lethal?
The growth inhibiting phenotype of sPPase deletion mutants
is, however, readily reconciled with Kornberg’s kinetic view of
PP; function, because sPPase knockouts in E. coli and yeast
yield cells that cannot grow mainly because protein synthesis
comes to a halt through product inhibition via PP; accumulation
at the amino acyl tRNA synthesis step.

Our present interest in PP; stems from comparative
physiological investigations into the energetics of primordial
metabolism (Martin and Russell, 2007; Sousa et al., 2013; Sousa
and Martin, 2014; Preiner et al., 2020). We reasoned that if
PP; had played any role in primordial energetics, as is widely
assumed (de Duve, 1991; Russell et al., 2013, 2014; Wang
et al.,, 2019; Piast et al., 2020), evidence for that role should
be preserved in the conserved core of metabolism within
modern cells. This is the same conventional logic that is used
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to interpret other aspects of physiology as relicts of ancient
metabolism: metal sulfide clusters in proteins (Eck and Dayhoff,
1966; Wachtershauser, 1992; Heinen and Lauwers, 1997), the
use of organic cofactors as catalysts (White, 1976), carbon
metal bonds in enzyme active sites (Martin, 2019), thioesters
as energy currencies (Semenov et al.,, 2016; Kitadai et al.,, 2021),
or anaerobic chemolithoautotrophy (Mereschkowsky, 1910;
Decker et al., 1970). Though this line of reasoning (comparative
physiology) can be questioned, it is the same reasoning that
underlies the view that PP; is an ancient energy currency. The
conserved core of metabolism is a set of roughly 400 reactions
that generates the 20 canonical amino acids, the four bases
of RNA and DNA, and the cofactors required for their synthesis
from H,, CO, NH; H,S, P, and inorganic salts (Wimmer
et al, 2021). Because of its universally conserved nature, this
biosynthetic core of chemical reactions (though not necessarily
all of it enzymes) was present in the last universal common
ancestor, LUCA, and has persisted in all lineages throughout
evolution over the last 4 billion years since their divergence
from LUCA (Weiss et al., 2016). The universal core thus harbors
insights not only into LUCA’s physiology, but also into the
primordial set of reactions that gave rise to the building blocks
from which LUCA was assembled. Because our present
investigation probes metabolism itself, our insights into the
role of PP; in evolution differ from those based in the study
of phosphorous minerals (Pasek et al., 2017). And because
our investigation is based in the comparative physiology of
living cells, our insights into the role of thermodynamics and
kinetics in evolution differ from those based in studies of
chemical nucleic acid synthesis (Pascal et al., 2013). A fresh
look at the role of PP; in ancient metabolism suggests that
Lipmann was probably wrong, that Kornberg was probably
right, and furthermore reveals why nature chose triphosphates
as the universal energy currency.

MATERIALS AND METHODS

Reactions Involving Inorganic
Pyrophosphate

The 36 metabolic reactions involving inorganic pyrophosphate
(PP; Supplementary Table S1) in the biosynthetic core were
taken from supplemental data of Wimmer et al. (2021). Reaction
R00720 involving IMP synthesis was removed from the core
because it is not essential. The reactions were initially collected
from the KEGG (Kanehisa and Goto, 2000), version December
2020 and polarized in the direction of cell synthesis.

ATP Hydrolysis Among Prokaryotes

Reactions involving ATP hydrolysis of the reaction scheme
X+ATP < Y+ ADP+P, were obtained from KEGG (Kanehisa
and Goto, 2000). X and Y are placeholders for variable
compounds. Additional compounds on both sides can be present.
A total of 15,339 KEGG reactions were searched for the reaction
scheme in the forward and back direction since KEGG reactions
are not polarized in general. A total of 131 reactions involving

ATP hydrolysis were obtained in the data, whereas 61 reactions
are specific to prokaryotes (Supplementary Table S2). The
domain check was performed by parsing the Enzyme Commission
(EC) numbers of each reaction, gathering a list of genes and
their respective organisms leading to the domain.

Collection of Michaelis-Menten Constants
for Pyrophosphatases

Michaelis—-Menten constants (K,) for inorganic pyrophosphatase
activity in E. coli wildtypes were obtained from
BRENDA (Schomburg et al., 2002) via EC number 3.6.1.1.
Escherichia coli mutants were removed from the data
(Supplementary Table S3).

Kinetic Effect of PP; in Translation

To investigate the effect of pyrophosphate hydrolysis on the
product yield (adenylated amino acid) in aminoacyl-tRNA
synthetase (AARS) reactions more quantitatively, kinetic
simulations of substrate binding and activation of isoleucine
by adenylation in isoleucyl-tRNA synthetase were performed
using Mathcad 2001 (Mathsoft Engineering & Education, Inc.).
The underlying kinetic scheme is taken from Pope et al. (1998)
with hydrolysis of PP; added (see Supplementary Figure S1A).
The rate equations were used to obtain the concentration
vs. time profiles by numerical integration (see
Supplementary Figure S1B). Experimental rate constants were
obtained from Pope et al. (1998) and Stockbridge and Wolfenden
(2011). Initial concentrations of 1mM amino acid, enzyme,
and ATP were used, and integration was carried out up to
20s. These calculations provide an empirical basis for the
intuitive effect of product removal during the PP; forming
step of translation (see Supplementary Figure S2).

RESULTS

Pyrophosphate Polarized LUCA’s Core
Biosynthetic Metabolism

To see whether PP, might have had a role in primordial
energetics, the reactions of the core (Wimmer et al, 2021)
that involve PP; or ATP were identified and polarized in the
biosynthetic direction, that is, from H, and CO, toward cell
mass synthesis. In Lipman’s view, PP, was an environmental
energy source, a substrate that assumes a thermodynamic role
as an educt residing on the left side of an enzymatic reaction,
while in Kornberg’s view PP; is synthesized in metabolism via
ATP hydrolysis and assumes a kinetic role as a product that
is removed from the right side of the reaction. Writing the
reactions from left to right in the direction of CO, to products
as the pathways are mapped in KEGG (Kanehisa and Goto,
2000) brings the role of PP; in the core into focus. Among the 36
reactions of the core in which PP; occurs, it is always a reaction
product occurring on the right side of the reaction, serving
as an energy source in zero reactions (Supplementary Table S1).
The reactions of the biosynthetic core of metabolism thus speak
36:0 in favor of PP; conferring irreversibility, as Kornberg (1962)
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suggested, and harbor no traces of Lipmann’s proposal for an
ancient energetic or thermodynamic role for PP,

In the metabolism of modern cells, PP; is always produced
from ATP by reaction sequences that sum to ATP+H,0— AMP+PP;
(AG,’=—46k]-mol™), slightly more exergonic than
ATP+H,0—ADP+P; (AG,’=—32kJ-mol™"). This opens the
possibility that PP; formation might have played an energetic role
in the core, but not as a source of high energy bonds. Were the
role of PP; in the core thermodynamic, it could have readily
been replaced in evolution by compounds with a similar or higher
free energy of hydrolysis, such as acetyl phosphate
(AG,'=—43kJ-mol™), 1,3-bisphosphoglycerate (AG,’ =—52Kk]J-mol™),
or phosphoenolpyruvate (AG,’=—62kJ-mol™"), the high energy
bonds in all three of which are synthesized in metabolism using
one ATP each (the same cost as PP; hydrolysis). Because ATP
hydrolysis to adenosine monophosphate (AMP) and PP; is not
replaced by alternative energy currencies with a higher free energy
of hydrolysis, and because PP; is always a product in the core,
not an educt, the function of PP, in the core can hardly
be thermodynamic.

Keeping in mind that Kornberg’s suggestion for the role of
PP; was based on nucleic acid polymerization and translation,
the occurrence of PP; in the core solely as a product suggests
that its role is kinetic, lowering the rate of back reactions,
rather than thermodynamic. Is this true more generally in
metabolism, that is, outside the core? We consulted KEGG.
If PP; had any role during early evolution as an energy currency,
then some reactions should persist in which PP; hydrolysis is
coupled to an otherwise endergonic reaction. Though a handful
of PP; consuming reactions phosphorylate substrates in the
physiological reaction (Nagata et al, 2018), among 15,339
reactions in KEGG, we found no PP; hydrolyzing,
non-phosphorylating reactions at all that provide energetic
coupling to an otherwise thermodynamically unfavorable
reaction. That is, there were no reactions of the type X+PP;
< Y +2 P, whereby we note that the pyrophosphatase reaction,
KEGG reaction number R00004, employs H,O as X but has
no Y component. This is a noteworthy observation. It indicates
that PP; serves at best as a phosphorylating agent in metabolism,
but never as a source of pure thermodynamic impetus to help
push unfavorable reactions forward via coupling to PP; hydrolysis.
By contrast, a number of metabolic reactions (61 prokaryote
specific reactions among 15,339 total reactions in KEGG;
Supplementary Table S2) go forward because they are coupled
to non-phosphorylating ATP hydrolysis in reactions of the
type X+ATP < Y+ADP+P,. The lack of such reactions for
PP, in KEGG clearly indicates that PP; is not a dedicated
energy currency in biosynthesis, notwithstanding the existence
of PP;-dependent glycolytic pathways, as outlined in the
introduction. Note that KEGG does not include the myriad
reactions in which ATP (or GTP) phosphorylates proteins,
and we know of no examples in which PP, is used to phosphorylate
proteins as true energy currencies do. These findings indicate
that PP; is not a dedicated energy currency and that by inference,
in the simplest interpretation, it never has been.

PP; producing reactions are generally seen as being
irreversible under physiological conditions because of the

ubiquitous presence of high activities of sPPases in cells
(Lahti, 1983; Danchin et al., 1984; Heinonen, 2001), which
catalyze the reaction PP;+H,0 —2P; (AG, =-21kJ-mol™),
thereby continuously removing a substrate for PP; producing
reactions in the reverse direction. Notably, aqueous Mg**
ions alone accelerate the rate of spontaneous PP; hydrolysis
by three orders of magnitude in water and PP; hydrolysis
in dimethyl sulfoxide/water by six orders of magnitude
(Stockbridge and Wolfenden, 2011), such that inorganically
catalyzed PP; hydrolysis might have been a mechanism of
irreversibility even before the advent of enzymes. Irreversibility
at 36 PP;-dependent enzymatic reactions in the core - nine
in amino acid pathways, three in nucleotide synthesis, and
19 in cofactor synthesis (Supplementary Table S1) - functions
in modern metabolism as a system of check valves (valves
that close to prevent backward flow) that, individually and
in concert, act as a ratchet’s pawl, inching the reactions of
the core unidirectionally forward toward product synthesis.
We suggest that this has been the case since the availability
of ATP as the universal energy currency.

Pyrophosphate Polarized Metabolism
in toto Throughout All of Evolution
In the metabolism of LUCA, PP, forced the reactions of the
core forward in the direction of monomer synthesis for cell
mass synthesis. The effect of PP;, however, extended well beyond
LUCA core biosynthesis because PP; renders nucleic acid and
protein synthesis irreversible (Kornberg, 1962), and because
LUCA possessed the genetic code and was able to synthesize
RNA, DNA, and proteins (Weiss et al., 2016). To get a better
picture of the polarizing role of PP; in the central dogma of
molecular biology, we generated estimates for its quantitative
contribution to the overall ATP budget based on the classical
estimates of Stouthamer (1978), which are still in wide use
today. Protein synthesis requires activated amino acids, rRNA,
tRNA, and mRNA. In a modern cell growing from H,, CO,,
and NH,, the synthesis of protein comprises the combined
energetic cost of making RNA and protein, consuming roughly
76% of the biosynthetic ATP budget (Table 1). The quantitative
contribution of PP; forming reactions to the cellular energy
budget is surprisingly large. In amino acid biosynthesis, 47%
of the ATP consuming reactions (8/17) generate PP, whereas
in nucleotide synthesis 13.6% (3/22) generate PP. In
polymerization reactions, the contributions are greater.
Guanosine triphosphate (GTP) hydrolyzing reactions are not
uncommon in LUCAs biosynthetic core (Figure 1), in line
with its ancient role in metabolism (Martin and Russell, 2007)
and the observation that in some organisms where it has been
investigated, GTP is readily used as a substrate in reactions
that are typically regarded as ATP dependent (Holwerda et al.,
2020). About 26% of a cell's energy budget is consumed in
the GTP-dependent steps of translation. The main biosynthetic
ATP expense in protein synthesis is translation, which consumes
four ATP per peptide bond (Stouthamer, 1978). Peptide chain
elongation at the ribosome has two P; forming GTP hydrolysis
steps catalyzed by EF-Tu and EF-G (Satpati et al., 2014), while
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TABLE 1 | ATP expense per gram of cells during biosynthetic processes?® [mol-107].

Monomer synthesis® Polymerization®
Component
Total PP;- forming Total PP;- forming

Protein 14 6.6 191 91.3
RNA 34 4.6 23 20.3
DNA 9 1.2 2 1.2
Lipid® 1 - - -
Polysaccharide® 21 - - -
Import® 52 _ _ _
Sum 131 12.4 216 113

Energetic cost of protein synthesis incl. ribosome biosynthesis: 262/347 =76%
Energetic contribution of PP, forming steps in cell biosynthesis: 125/347=36%
Energetic contribution of GTP-dependent biosynthetic steps’: 98.5/347 =28%

4\alues are for Escherichia coli from Stouthamer (1978) as tabulated by Harold (1986). Lever et al. (2015) calculate AG,’ for the synthesis of monomers from H,, CO,, and NH, based
on the values of Neidhardt et al. (1990) but not the ATP expense per monomer. Neidhardt et al. (1990) estimate ATP expense for monomer synthesis as 42 ATP per 20 amino acids
and 40 ATP per four nucleotides in E. coli. A dash (—) indicates that the value is zero or negligible. Note that these calculations entail only biosynthetic costs and do not consider
energy spilling (Tempest and Neijjssel, 1984) or maintenance energy, which can exceed biosynthesis by a factor of 3 in exponential growth (Russell and Cook, 1995; Russell, 2007),
and by more under energy limitation (Lever et al., 2015).

“The proportion of PP, forming steps in monomer biosynthesis was calculated as the total cost for the monomer multiplied by the fraction of PP; forming steps among ATP
hydrolyzing steps en route to nucleoside monophosphates (Wimmer et al., 2021).

The proportion of PP; forming steps in polymerization takes the costs of proofreading, assembly and modification from Lever et al. (2015) into account. These are not PP-forming
reactions.

9LPS, lipopolysaccharide. These values are for E. coli. There is a PP; forming component of lipid synthesis in archaea that is neglected here. Archaea also lack LPS and possess no
murein, though sometimes pseudomurein (Albers and Meyer, 2011), and have a larger protein component in the cell wall (S-Layer).

eStouthamer (1978) calculates the cost of import for precursors, mainly ammonium, Lever et al. (2015) neglect import. If one considers a functional core before the origin of free-
living cells, no costs for import are incurred.

'In the core, 13% of the triphosphate expense for amino acid and NMP/dNMP monomer synthesis (55 10~ mol ATP per gram of cells) is GTP-dependent (7.2 10~*mol ATP per gram
of cells), plus two GTP-dependent steps in translation (91.3 10-*mol ATP per gram of cells) yield ca. 98.5 10~*mol GTP per gram of cells.

amino acyl tRNA synthesis requires the expense of two ATP PP; generation and hydrolysis render both the reactions of
through amino acid activation by amino acyl tRNA synthetase  the core and polymerization reactions during replication,
(AARS) enzymes. Activation generates aminoacyl adenylate and  transcription and translation irreversible under the physiological
PP, followed by aminoacylation of tRNA and AMP release  conditions of the cell. In the core, and in the cytosol, this
(Gomez and Ibba, 2020). Because half of the energy cost for  ratchet has locked biochemistry in the direction of cell synthesis
translation resides in the PP; producing nature of the AARS  during the 4billion years since metabolic origin. The insight
reactions, roughly 26% of the cell's total biosynthetic ATP  of Kornberg (1962, p. 261) “Hydrolysis of the Ilatter
expense (91/347, Table 1) is incurred to pay the price of [pyrophosphate] by inorganic pyrophosphatases promotes the
irreversibility at the formation of aminoacyl tRNAs for translation.  irreversibility of the synthetic route to coenzymes, nucleic acids,
PP; has an ancient and conserved function in metabolism  proteins, and structural carbohydrates and lipids” still stands.
as a mediator of irreversibility (Kornberg, 1962) that clearly
traces to LUCA (Figure 1). By contrast, not a single reaction
in the core uncovers a role for PP; as an energy currency in The Effect of PP; in Translation
primordial metabolism. Based upon the conserved nature of IS Demonstrably Kinetic
the core across all modern lineages, we can infer that PP, The vectorializing effect of PP; in translation is not
generating reactions have vectorialized monomer synthesis of thermodynamic, it is the same as in the biosynthetic core:
ABC compounds throughout evolution, acting as a ratchets a kinetic ratchet afforded by ubiquitous pyrophosphatases
pawl (Figure 1B), rendering monomer synthesis unidirectional,  that render protein synthesis unidirectional toward growth.
even in low energy environments. We were able to demonstrate this effect by calculating the
PP; producing steps in RNA monomer and polymer synthesis ~ kinetics of aminoacyl tRNA synthesis using published rate
account for about 7% of the overall biosynthetic energy budget  constants obtained from Pope et al. (1998) and from
(Figure 1). As with translation, thermodynamics do not strictly ~ Stockbridge and Wolfenden (2011). The equations are given
demand PP; generation and hydrolysis, as transcription can operate  in Supplementary Figure S1, into which we introduced
with NDPs in vitro (Gottesman and Mustaev, 2019). PP; production ~ values from the literature to obtain the kinetics (the time
during DNA synthesis only accounts for 1% of the cell's energy =~ dependence of reactant and product concentrations) for
budget (Figure 1), whereby some DNA polymerases can also  the isoleucyl-tRNA synthetase reaction in E. coli in the
operate with NDP substrates (Burke and Luptdk, 2018). In addition, ~ presence of inorganic pyrophosphatase. The result is shown
some polymerases use the irreversible effect of PP; hydrolysis in Supplementary Figure S2. The E. coli enzyme belongs
by possession of a pyrophosphatase domain that cleaves PP, as  to the family I or type I PPase, which typically have rate
the enzyme moves forward (Kottur and Nair, 2018). constants on the order of 200-400s™" (Kajander et al., 2013).
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FIGURE 1 | A divide in biosynthetic energy expense. (A) Based on Table 1, a summary of triphosphate expenses across biosynthetic processes. (B) A ratchet and
aratchet’s pawl as a mechanism of irreversibility. In metabolism, PP; hydrolysis functions as the pawl.

Using the E. coli sPPase I rate constant of 570s™" provided
by Stockbridge and Wolfenden (2011) in our calculations,
PP, hydrolysis is essentially complete after 0.4s
(Supplementary Figure S2). This is a clear result:
Pyrophosphatase activity drives the overall reaction of
aminoacyl tRNA synthesis forward by removing PP; at a
high rate relative to other steps of the reaction such that
the adenylated amino acid is formed irreversibly. The
reaction kinetics provides a clear empirical basis for the
intuitive effect of product removal during the PP; forming
step of translation.

Different PPases have, however, different rate constants for
PP; hydrolysis. In particular, the membrane bound mPPases
are extremely slow; hence, it was of interest to see if they
could still provide a similar kinetic effect in the AARS reaction.

The mPPases occur in roughly 25% of prokaryotes; the enzyme
is also common among protists and is ubiquitous among land
plants, where it couples PP; hydrolysis to the pumping of
ions (Na* or H*) out of the cell or, in the case of vacuolar
PPases (vPPases), from the cytosol into vacuoles or
acidocalcisomes, organelles rich in calcium and polyphosphate
(Kajander et al., 2013). The mPPases and vPPases are one to
two orders of magnitude slower than type I sPPases, with
rates on the order of 3.5-20s™" (Kajander et al., 2013). Thus,
we lowered the rate constant of PP; hydrolysis by a factor of
100 in our calculations (k,=5.7s""; Supplementary Figure S2).
The kinetic effect was basically the same: Nearly complete
conversion (96%) of PP; to P; is reached at 20s (t,,=900ms).
Hence, even very slow pyrophosphatases such as mPPases or
vPPases can still drive amino acid activation by AARS enzymes
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to near completion. The reaction takes slightly longer than
in the case of the type I sPPase, but is still complete in well
under a minute. The reasons why the rate constants of the
membrane bound PPases are so low is not known (Kajander
et al., 2013), and it might be because their ion pumps work
reversibly, synthesizing PP; from 2P; when the cations flow
back through the membrane.

There are also type II sPPase (type II sPPase) that are
much faster, and they hydrolyze PP; with rate constants on
the order of 1,700-3,000s™' (Kajander et al., 2013). While
all type I sPPases use Mg* ions to bind PP; and water to
negatively charged amino acids like aspartic acid and polarize
water for PP; hydrolysis by nucleophilic OH™ attack, type II
sPPases additionally use Mn** (or Co**) for binding and
polarization, which probably relates to their higher rate
constants. Type II sPPases have only been found in prokaryotes
so far; they are common among clostridia and bacilli. Using
the rate of 3,000s™ for a type II sPPase (Kajander et al,
2013), we find that PP; hydrolysis is 96% complete at 0.35s
and 98% complete at 0.5s (T,,=36ms). The reaction rate of
type II sPPase drives PP; hydrolysis to completion in less
than second, removing all PP; substrate for the AARS back
reaction. PPases I and II release the PP; hydrolysis energy
of —20 to —25kJ-mol™" as heat in the cytosol. Hence, it is
not pyrophosphatase thermodynamics, but its kinetics which
drive the amino acid adenylation to high yield.

We point out that that in E. coli, PP; can accumulate to
transient concentrations on the order of 1mM (Kukko and
Heinonen, 1982) in exponentially growing cells, which would
seem to create a conflict with the idea of a kinetic effect.
Yet in natural environments, exponential growth is rarely
if ever attained, as discussed in more detail in the next
section. In the context of weighing kinetic vs. thermodynamic
effects of PP; production, we also recall the “uncomfortable”
observation that deletion of C. thermocellum mPPase has
no impact upon exponential growth (Holwerda et al., 2020),
whereby chemostat cultures of C. thermocellum, which have
high PP; concentrations in the cytosol and a PP;-dependent
glycolytic pathway, show clear signs of increased reversibility
at the AARS reactions in the form of high concentrations
of excreted amino acids (Holwerda et al., 2020). Whether
such altruistic amino acid excretion into the environment
via the AARS reaction would be manifested or sustainable
in natural cellulose degrading environments over evolutionary
timescales as opposed to chemostat growth conditions designed
for biofuel yield is currently not known. It is also noteworthy
that cells expend four ATP to generate a peptide bond even
though one ATP would suffice, as peptide synthesis from
aminoacyl phosphates (Kachalsky and Paecht, 1954) or
non-ribosomal peptide synthesis (Martinez-Nufiez and Lopez
y Lopez, 2016) shows. The energetic difference between the
one ATP required to form a peptide bond in solution vs.
the four ATP that cells expend to make peptide bonds
during translation can be seen as the energetic cost of
structural information that is specified within a protein
sequence (Haber and Anfinsen, 1962) plus the cost of its
irreversible synthesis (Kornberg, 1962).

DISCUSSION

Irreversibility in the Long-Term Evolution
of Cells in Nature

What are the consequences of a PP; irreversibility ratchet over
geological timescales? From a physiological and energetic
standpoint, the function of PP; is always subordinate to ATP,
because the source of the anhydride bond in PP; in modern
metabolism is always ATP, generated either via ion gradients
or via substrate level phosphorylation. A critic might interject
that thylakoid pyrophosphatases might be able to conserve
energy as PP, (Jiang et al, 1997), but if they do, it would
be at the expense of one ATP per PP; formed.

A critic might interject that Heinonen (2001) has summarized
evidence to suggest that the measured cellular PP; levels on
the order of 1mM in logarithmically growing E. coli cells are
too high to exert a kinetic effect of the kind that Kornberg
had in mind. This issue can be illustrated with a passage from
Kukko and Heinonen (1982), who measured the intracellular
PP; concentration of E. coli grown in batch culture with a
doubling time of roughly 1h. They found that the PP;
concentration was constant at about 0.5mM during exponential
growth. From this, they concluded that “[...] the metabolic
role of PP; has been clouded by the widespread belief that PP,
formed in the metabolism is rapidly hydrolyzed in cells to inorganic
phosphate and the concentration of PPi thus approaches zero
in the cytoplasm. This view must be in error” We do not
doubt their observations; their interpretation is the issue. Kukko
and Heinonen (1982) cite several other papers where PP;
concentrations on the order of 0.1-2mM are reported, always
from exponentially growing cells. Why are PP; concentrations
in exponentially growing cells misleading in the context
of irreversibility?

When growth stops, so does PP; production in the cytosol.
But even after growth-dependent production of PP; has ceased,
PP; continues to be hydrolyzed by pyrophosphatase activity.
In a rare report, Danchin et al. (1984) measured PP; after
blocking ATP (hence PP;) synthesis in E. coli, and they found
that PP; levels dropped exponentially to 100 pM within a minute
and to 10 pM within 10 min, in line with our kinetic calculations
(Supplementary Figure S2). Bielen et al. (2010) also noted
that PP; levels dropped when cells ceased exponential growth.
Why do PP, levels drop when growth is arrested? It is because
PP; is produced by growth processes (Klemme, 1976), but is
hydrolyzed to phosphate by pyrophosphatases continuously,
also in resting cells, independent of growth. This leads to a
rapid drop in PP; concentrations, which do in fact approach
zero in the cytoplasm, once PP; production is halted. This is
why Danchin et al. (1984) observed a precipitous drop in PP
concentrations once PP; production was arrested.

The sources of PP; in metabolism in typical cells (here,
typical means cells that lack PP;-dependent glycolysis) have
been known for decades. Klemme (1976) summarized the main
sources of PP; production in growing E. coli and the rates are
which it is produced. In the units of pmol per 100 mg biomass,
the contributions to PP; production in exponentially growing
E. coli were: synthesis of protein (545), nucleic acids (67),
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polysaccharides (60), and lipids (60) for a total of 740. Using
the fixed relationship between PP; synthesis and growth in
either rich or minimal medium, he was able to obtain good
estimates for the rate of PP; synthesis for several bacteria,
which he set in relationship to the measured PPase activity
for the same bacteria, allowing him to calculate the ratio of
rates (pmolesth™-mg protein™') for PP; production and PP;
hydrolysis. For eight exponentially growing bacterial species
(six Gram negative, two Gram positive), he found that the
ratio of PP; hydrolysis to PP; synthesis was 79, 73, 57, 33, 14,
10, 8, and 1 (Table II of Klemme, 1976). The average value
was 35; the value for E. coli was 14. That is, the rate of E.
coli PP; hydrolysis is 14 times higher than the rate of PP;
production from growth processes. Even if the ratio is only
1, when exponential growth is arrested, pyrophosphatase activity
remains, which will relentlessly gnaw away at PP; concentrations
until they essentially reach zero or until rapid growth is resumed,
such that rates of cytosolic PP; production can exceed PP;
hydrolysis. A number of microbes possess Mn**- or Co*'-
dependent sPPases, called family II sPPases, that have a catalytic
rate higher than that of typical sPPases (Kajander et al., 2013).

The foregoing raises two important points. The first is that
PP, levels in exponentially growing cells are not a good proxy
for the function of PP; over evolutionary time. This is because
sustained exponential growth is never attained for microbes
in the environment or during evolution, as they are mainly
starved for nutrients in the wild. In the largest microbial
community known, marine sediment, cells do not actually
grow, they just slowly die as organic nutrients become limiting
(Orsi et al., 2020). In such environments, the standard concept
of doubling times does not apply to growth or survival, as
cell mass never doubles, it just turns over from one living
cell to another, with turnover times on the order of tens to
thousands of years (Hoehler and Jorgensen, 2013). In starved
cells as they exist in sediment, ATP synthesis is orders of
magnitude slower than in exponentially growing cells and PP;
production is governed by the rate of protein synthesis, meaning
that on time scales of days, months, and years, trace
pyrophosphatase activity will hold the cytosolic PP; concentration
close to zero, even if the enzyme’s affinity for PP; is comparatively
low. However, measured values of K, (the substrate concentration
at half maximal enzymatic reaction rate) for PP; for sPPases
are not high, and they tend to be in the range of 1uM to
1mM in E. coli (Supplementary Table S3) and values of
catalytic rate tend to be on the order of 200-400s™" (Avaeva,
2000; Kajander et al, 2013), meaning that over long time
scales, PPases keep PP; levels in cells too low to permit the
enzymatic reactions of translation or nucleic acid polymerization
from running backwards, especially at the extremely slow PP;
production rates of starved microbial communities.

We say “extremely slow PP; production rates” How slow is
slow? We can provide an estimate. Starved cells are small. An
exponentially growing E. coli cell has about 2 million proteins
with on average 300 amino acids each (Milo et al,, 2010). If
a starved cell is half that size, roughly 300 million peptide
bonds are required for its formation. There are 32 million
seconds in a year, such that if the turnover time of starved

cell is on the order of 10years, one peptide bond per second
is formed, on average, during the formation of the cell. That
might not sound too slow, because a ribosome can form about
10 peptide bonds per second. But a small E. coli cell has on
the order of 10,000 ribosomes, such that in a starved cell
with a 10-year turnover time, an individual ribosome might
perform an elongation step on the order of roughly once every
3h or 10™ peptide bonds per second. In terms of molecular
processes that are extremely slow, the rate of PP; production
is 100,000 times slower than from translation during exponential
growth. This example underscores the value to the cell of
translation (aminoacyl tRNA synthesis) being an irreversible
process over evolutionary timescales, and the essential function
that irreversibility plays by acting as a ratchet’s pawl to prohibit
the back reaction of aminoacyl tRNA formation, quantitatively
the most important energetic expense a cell encounters
(Figure 1).

A second important point concerns (rare) examples in which
sPPases are lacking in the genome such that PP; reaches high
cytosolic concentrations rendering translation theoretically
reversible. This can occur in cells that have PP;-based glycolysis,
such as C. thermocellum, where ion-pumping membrane-bound
PPases (mPPases) are present (Holwerda et al., 2020). In such
cells, which are sugar specialists, PP; levels can exceed 20 mM
during chemostat growth, whereby the metabolic source of
such high PP; levels is still unclear and deletion of the C.
thermocellum mPPase has no impact upon growth (Holwerda
et al., 2020). The existence of cells with PP;-dependent carbon
metabolism lacking high activities of sPPases in chemostat
growth on very rich medium do not invalidate Kornberg’s
principle of irreversibility over evolutionary timescales. Rather
they constitute an evolutionarily derived special case of adaptation
to growth on sugar. As outlined in the introduction, PP; utilizing
glycolytic enzymes tend to occur among microbes that have
specialized to sugar-rich environments, including human parasites
such as Entamoeba, Giardia, and trypanosomes, or cellulose-
and saccharose-degrading bacteria and archaea, but also in
plants with their specialized sugar synthesizing compartment,
the plastid. Proton-pumping mPPases are often associated with
acidocalcisomes, membrane-bounded compartments that occur
in some prokaryotes and in some eukaryotes including parasites
and plants (Docampo et al., 2005). The functions discussed
for acidocalcisomes include among other things storage of
cations, phosphate and polyphosphate, calcium signaling, and
osmoregulation but no evidence for an involvement in energy
metabolism of acidocalcisomes or their mPPase has emerged
so far (Docampo and Huang, 2016).

In the bigger picture of microbial evolution, sugar-dependent
lifestyles cannot be ancestral, and they have to be derived.
The early earth was barren and offered CO,, not glucose,
as the main environmental carbon source (Schonheit et al.,
2016). In the modern crust (Smith et al., 2019) and marine
sediments (Orsi et al., 2020), where most cells on Earth
have always resided (McMahon and Parnell, 2018), net growth
is almost non-existent due to nutrient limitations (Orsi et al.,
2020). Particularly in low-energy environments, PP;
irreversibility at the quantitatively dominant (in terms of
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PP; synthesis) AARS reaction acts like a ratchet’s pawl that
keeps aminoacyl tRNAs moving in solely in the direction
of translation, even if translation is slow for reasons of
substrate limitation or prolonged starvation.

CONCLUSION
Why Nature Chose Triphosphates

The role of PP, in evolution raises a question similar to
Westheimer’s “why phosphate,” namely “why triphosphates?”
Westheimer (1987) proposed that phosphates became energy
carriers because of the metastability of the various bonds that
phosphate forms with organic compounds under physiological
conditions. By examining the role of PP; in the core and in
the central dogma, we found that the central function of PP,
producing reactions is not that of an energy currency in any
case. In metabolism, PP; is always generated from nucleoside
triphosphates. This is also true for mPPases, where the ion
gradients that are required for PP; synthesis are generated at
ATP expense. Formulated directly, we find no evidence that
PP; served as a primordial energy currency or that it serves
as an energy currency today. Rather, it appears that the role
of PP; is to impart direction upon the most essential operations
of life: biosynthesis of cofactors, the biosynthesis of the
monomeric building blocks of proteins and nucleic acids, and
the polymerization of those building blocks into the catalysts
and information carriers of cells (Figure 1).

Why did nature specifically choose nucleoside triphosphates
as the universal energy currency? That is a fundamentally
different question from why nature chose phosphate (Westheimer,
1987; Liu et al, 2019) because many biological compounds
harbor phosphate bonds with a large free energy of hydrolysis
(Decker et al,, 1970), but only triphosphates are the universal
energy currency in all lineages today. Irreversibility provides
the answer. Triphosphates can generate either P; or PP, This
subtle property reveals why triphosphates became the universal
energy currency in cells and why they have not been replaced
in 4 billion years of evolution (Figure 2). How so?

Nucleoside triphosphates such as ATP have two
phosphoanhydride bonds. The p-phosphate in ATP can be cleaved
on either side (Figure 2). ATP-dependent enzymatic reactions
that release P; utilize ATP as a currency of thermodynamic
control, making AG of the reaction sufficiently negative (or
the net activation energy sufficiently low) to allow the reaction
to go forward. ATP-dependent reactions that release PP; also
have a thermodynamic component, but the irreversibility of
the reaction conferred by PP; hydrolysis under physiological
conditions places the reaction under kinetic rather than
thermodynamic control.

No biochemical energy currency other than (nucleoside)
triphosphates offers, within the same compound, the alternative
of exerting either thermodynamic or kinetic control over a
reaction. This property is specific to triphosphates. It allowed
primordial enzymes to exert either Kkinetic control or
thermodynamic control over catalyzed reactions, depending
upon which anhydride bond of the p-phosphate was cleaved.

Thermodynamic control
Bond cleavage

or
P Vel Vel
o A i
0tp—0lp_o2p_g—cy, Adenine
| | | o
o o o
¢ OH OH

Kinetic control

FIGURE 2 | Role of nucleoside triphosphates in metabolic evolution.
Coupling of ATP hydrolysis to P, and ADP or to phosphorylation releases
—32kJ-mol~" under standard physiological conditions, shifting the equilibrium
of otherwise mildly endergonic reactions in the direction of product formation.
Such reactions are under thermodynamic control, the products are more
stable than the educts, but such reactions are usually reversible under
physiological conditions of the cell, unless AG is very large. Coupling of ATP
hydrolysis to PP, and AMP or to adenylation releases —45kJ-mol~" under
standard physiological conditions, similar to the free energy change for acyl
phosphate hydrolysis, but the ubiquitous presence of pyrophosphatase
activity in cells leads to immediate PP, hydrolysis, such that a product for the
reverse reaction is removed. Even if the reverse reaction was
thermodynamically favorable, it cannot take place because an educt (PP) is
lacking, making the reverse reaction orders of magnitude slower than the
forward reaction, placing it under kinetic control.

This in turn imparted the option of evolutionary refinement
of an initial catalytic activity among ATP utilizing enzymes
according to the prevailing selective forces in a given cellular
environment. An early onset of PP-dependent irreversibility
in metabolism would not require the presence of a pre-existing
inorganic pyrophosphatase enzyme activity at the site of origins,
because the reaction can be catalyzed by inorganic ions alone,
such as Mg** (Stockbridge and Wolfenden, 2011), which catalyzes
hydrolysis in the active site of many modern pyrophosphatase
enzymes (Varfolomeev and Gurevich, 2001).

This, in turn, is the reason why nucleoside triphosphates
became fixed in both monomer and polymer biosynthesis in
the metabolism of LUCA and have not been displaced since.
From an ancestral state in which acyl phosphates provided
thermodynamic impetus and a means of energetic coupling in
enzymatic reactions, the advent of nucleoside triphosphates
changed the nature of early biochemical evolution by introducing
the option of kinetic irreversibility. Triphosphates offered
primordial enzymes a means to exert either kinetic control or
thermodynamic control over catalyzed reactions with one and
the same energy currency. The only evident alternative solutions
would have been (i) to maintain two distinct energetic currencies
in the cell, one for energetic and one for kinetic purposes (an
event for which there is no evidence) or (ii) to abandon one
of the functions (which is not a viable option over evolutionary
time). The ability of triphosphates to function in roughly 2/3
of phosphoanhydride bond expenditure as a currency of energy
(thermodynamic drive) and in roughly 1/3 of phosphoanhydride
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bond expenditure as a currency of irreversibility (kinetic drive;
Figure 1) is the reason they became - and remained - life’s
universal energy currency.
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Beitrag von Jessica L. E. Wimmer (Zweitautor):

Die Rekonstruktion des metabolischen Netzwerkes wurde von mir durchgefiihrt. Dazu zihlen
die Konstruktion einer Reaktionsdatenbank, die Anwendung des Expansions-Algorithmus und
die Visualisierung der Ergebnisse. Des Weiteren habe ich die Verwandtschaftsrekonstruktion
verschiedener Attribute (engl. ancestral state reconstruction) und deren Visualisierung
durchgefiihrt. Ebenfalls habe ich die Vertikalitit der potentiellen LBCA-Gene analysiert, diese
mit dem metabolischen Netzwerk kombiniert und visualisiert. AuBerdem habe ich zum Design

weiterer Abbildungen und Tabellen beigetragen und Teile des Manuskriptes geschrieben.
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Bacteria are the most abundant cells on Earth. They are generally regarded as ancient, but
due to striking diversity in their metabolic capacities and widespread lateral gene transfer, the
physiology of the first bacteria is unknown. From 1089 reference genomes of bacterial
anaerobes, we identified 146 protein families that trace to the last bacterial common
ancestor, LBCA, and form the conserved predicted core of its metabolic network, which
requires only nine genes to encompass all universal metabolites. Our results indicate that
LBCA performed gluconeogenesis towards cell wall synthesis, and had numerous RNA
modifications and multifunctional enzymes that permitted life with low gene content. In
accordance with recent findings for LUCA and LACA, analyses of thousands of individual
gene trees indicate that LBCA was rod-shaped and the first lineage to diverge from the
ancestral bacterial stem was most similar to modern Clostridia, followed by other autotrophs
that harbor the acetyl-CoA pathway.
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abundant, they comprise the most diverse domain in

terms of physiology and metabolism? and are generally
regarded as ancient®>=>. Isotopic signatures trace autotrophy 3.9
billion years back in time®. Based on the universality of the
genetic code, amino acid chirality, and universal metabolic cur-
rencies, there is an agreement that a last universal common
ancestor (LUCA) predated the divergence of bacteria and archaea.
Because the bacterial and archaeal domains are monophyletic,
there is evidence for one clear ancestor for each domain—the last
bacterial common ancestor (LBCA) and the last archaeal com-
mon ancestor (LACA). Phylogenomic reconstructions indicate
that LUCA was a thermophilic anaerobe that lived from gasses in
a hydrothermal setting’, notwithstanding contrasting views%°.
Both phylogenomics and geological evidence indicate that LACA
was a methanogen!%-12, or a similar anaerobic autotroph that
fixed carbon via the Wood-Ljungdahl (also known as acetyl-
CoA) pathway!2. Reconstructing the habitat and lifestyle of LBCA
is, however, impaired by lateral gene transfer (LGT)!3, which
decouples physiological evolution from ribosomal phylogeny.
Like LUCA and LACA, LBCA must have been an anaerobe,
because the accrual of atmospheric oxygen occurred much later in
Earth’s history, as a product of cyanobacterial metabolism!4-16.
Although some details of Earth’s oxygenation continue to be
debated, it is generally accepted that the Great Oxidation Event
occurred ~2.4 billion years ago®1%17, The most important dif-
ference between anaerobes and aerobes is related to energy;
anaerobic pathways such as fermentation, sulfate reduction,
acetogenesis, and methanogenesis yield only a fraction of the
energy when compared to aerobic pathways!8, but this is com-
pensated by the circumstance that the synthesis of biomass costs
13 times more energy per cell in the presence of O, than under
anoxic conditions. This is because, in the reaction of cellular
biomass with O,, the thermodynamic equilibrium lies very far on
the side of CO,. That is, the absence of O, offers energetic ben-
efits of the same magnitude as the presence of oxygen does!9-21.
Although the advent of O, expanded routes for secondary
metabolism, allowed novel O,-dependent steps in existing bio-
synthetic pathways, and allowed the evolution of new hetero-
trophic lifestyles by enabling the oxidation of unfermentable
substrates, the advent of O, did not alter the nature of life’s
basic building blocks nor did it redesign their biosynthetic
pathways?223, It did, however, promote LGT for genes involved
in O, utilization?%. In other words, the fundamentals of bio-
chemistry, metabolism, and physiology were invented in a time
when the Earth was anoxic.

Both from the geochemical and the biological standpoint,
looking back into the earliest phases of evolution ca. 4 billion
years ago is challenging. The geological challenge is that rocks of
that age are generally rare, and those that bear traces of life are
extremely scarce. The biological challenge is that LGT has reas-
sorted genes across genomes for 4 billion years. As an alternative
to reconstructing gene history, metabolic networks themselves
harbor independent inroads to the study of early evolution®.
Metabolic networks represent the set of chemical transformations
that occur within a cell, leading to both energy and biomass
production26, Genome-scale metabolic networks are inferred
from a full genome and the corresponding full set of functional
(metabolic) annotations?’, allowing for predictive models of
growth and insights into physiology?8. Furthermore, metabolism
itself is connected to the informational processing machine in the
cell, because enzymes are coded in DNA, transcribed, and
translated, while they also produce the building blocks of DNA
and RNA and polymerize them. However, metabolism is much
more versatile than information processing. Metabolic networks
include multiple redundant paths, and in different species,

a mong all cells on Earth!, bacteria are not only the most

different routes can lead to the same functional outcome. Because
metabolism is far more variable across lineages than the infor-
mation processing machinery, the genes coding for enzymes are
not universal across genomes and are much more prone to
undergo LGT than information processing genes are?’. This
circumstance has impaired the use of metabolic enzymes for the
study of early prokaryotic evolution.

Metabolic networks and metabolic enzymes unquestionably
bear witness to the evolutionary process, but methods to har-
ness their evolutionary information are so far lacking. Here we
take a simple but effective approach at inferring the metabo-
lism of LBCA, by focusing on anaerobic genomes and genes
that are widely distributed among them. We reconstruct the
core metabolic network of LBCA independent of any single
backbone phylogenetic tree3? for the lineages in question. In
doing so, we harness the information in thousands of indivi-
dual trees for gene families of anaerobic prokaryotes, analyze
converging signals, and point to the modern groups most
similar, in terms of metabolism, to the groups that diverged
earliest from LBCA.

Results

Conservation in anaerobic groups unveils LBCA’s physiol-
ogy. To identify genes tracing to the LBCA, we started from
5443 reference genomes from bacteria and selected those 1089
classified as anaerobic by virtue of lacking oxygen reductases’!
and having >1000 protein sequences (to exclude energy para-
sites; Supplementary Data 1 and Supplementary Table 1). The
resulting genomes contained 2,465,582 protein sequences that
were then clustered into 114,326 families. Of these, 146 families
have at least one sequence present in all the 25 major taxo-
nomic groups analyzed. These groups correspond roughly to
phyla in GenBank taxonomy, with the exception of Proteo-
bacteria and Firmicutes, which we split into Classes due to
their high representation in the dataset. It is worth mentioning
that the abundance of Firmicutes and Proteobacteria is not
only a result of taxonomic oversampling but is also a reflection
of their orders-of-magnitude larger abundance in natural
habitats?2. Upon closer inspection, the families were present in
most of the genomes in the analysis, with 122 of the 146 pre-
sent on average in at least 90% of all genomes in a group
(Supplementary Data 2 and Supplementary Fig. 1). These genes
are nearly universal and are among the most vertically inher-
ited genes in prokaryotes (Table 1). These 146 families were
rechecked manually with regards to functional annotation
(Supplementary Data 3) to provide a list of gene functions that
trace to LBCA. Around half of those families are involved in
information processing, protein synthesis, or other structural
functions (Table 1), and the other half can be mapped to at
least one metabolic reaction in KEGG, the Kyoto Encyclopedia
of Genes and Genomes (even if often also involved in infor-
mation processing, e.g., the transfer RNA (tRNA) charging
category), thus providing insights into LBCA’s physiology and
lifestyle.

Various lines of evidence suggest that the first cells were
autotrophs that generated acetyl-CoA and pyruvate via the acetyl-
CoA pathway33-3> and sugars via gluconeogenesis®®-38. LBCA
possessed a nearly complete trunk gluconeogenetic pathway with
pyruvate kinase (PK), enolase, phosphoglycerate kinase (PGK),
glyceraldehyde 3-phosphate dehydrogenase, and triosephosphate
isomerase. Phosphoglycerate mutases, which can be either 2,3-
bisphosphoglycerate-dependent or cofactor-independent, escape
the criteria of universality, but are highly distributed, the former
in 21, the latter in 18 of the 25 bacterial groups sampled. Because
the PK reaction is reversible in eukaryotes in vivo3® and in
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Table 1 Functional categories for the 146 LBCA protein families.

Functional category

Number of protein families

Ribosomal proteins 27
Translation 17
tRNA charging 16
DNA recombination and repair 10
DNA replication 9
tRNA maodification 9
Transcription 3
rRNA modification 5
Carbohydrate and energy metabolism 10
Protein modification, folding, sorting, and degradation 9
Lipid and cell wall metabolism 8
Nucleotide metabolism 7
Metabolism of cofactors and vitamins 6
Amino acid metabolism 5
Membrane protein targeting 3
Cell division 2

Average family size Average verticality
1082 12.260
1083 11.803
1058 12.618
1055 13.165
1025 12.669
1075 1.036
1091 16.123
1056 9.513
1062 9.422
m3 9.727
1020 9.473
1073 10.712
901 7.797
917 9.765
984 13.823
1060 14.946

For each category, the number of protein families annotated, the average family size, and the average verticality (higher meaning less subject to LGT; see “Methods") are shown.

bacteria®0, bacterial PK likely functioned in the gluconeogenetic
direction to provide LBCA with phosphoenolpyruvate for amino
acid and peptidoglycan synthesis*! and carbon backbones with
more than three carbon atoms in an early Earth environment rich
in CO,%2. Four other kinases in addition to PK and PGK trace to
LBCA, two involved in cofactor metabolism and two in
phosphorylating ribonucleotides to nucleoside diphosphates,
whose further activation to LBCA’s NTPs could have been
carried out via substrate promiscuity of PK, as it occurs in
anaerobically grown Escherichia coli*3. Also tracing to LBCA are
two enzymes involved in cell division, FtsH and FtsY, which
however also fulfill a number of other functions in the cell
including protein degradation and assembly** and correct
targeting of proteins and ribosomes to the membrane#>. Three
other membrane-targeting proteins can be traced to LBCA: Fth,
YidD, and SecA of the sec pathway. One validation of our analysis
is the absence of important genes in LBCA’s families that were
lost in the ancestor of particular groups, for example, FtsZ,
present in only 24 out of 25 of the taxonomic groups in our
dataset, consistently with previous reports of its loss in
Chlamydiae?®.

Only nine compounds were required to complete intermediary
metabolism in LBCA. The list of LBCA genes is conservative
because our criteria, although not imposing bacterial universality,
do require the presence in 25 higher taxonomic groups. However,
even though the list is short, the 146 protein families of LBCA
generate a tightly connected metabolic network (Supplementary
Fig. 2) of 243 compounds with only one reaction (diaminopi-
melate epimerase) out of 130 disconnected from the rest (Sup-
plementary Data 4A). The network is close to complete in that it
generates 48 of the 57 universally essential prokaryotic
metabolites?’: the 20 amino acids, four DNA bases, four RNA
bases, eight universal cofactors, glycerol 3-phosphate as a lipid
precursor, and 20 charged tRNAs (Supplementary Data 4B). The
compounds missing are the charged tRNAs for Lys, Met, Ile, Pro,
Asn, Gly, and Gln and two cofactors (thiamine diphosphate and
pyridoxal 5-phosphate). Using a network expansion algorithm*,
adding all reactions encoded by non-LBCA genes to the network,
and then sequentially and gradually removing them until the
production of all universal metabolites was possible with
the minimal set of reactions (see “Methods”), we found that the
addition of only nine genes—seven aminoacyl tRNA synthetases
(aaRS), ADP: thiamine diphosphate phosphotransferase and

p-ribulose 5-phosphate, p-glyceraldehyde 3-phosphate pyridoxal
5'-phosphate-lyase—completes the network to generate all 57
universal compounds (Fig. 1 and Supplementary Data 4). It is
likely that ancestors of the two classes of aaRS enzymes acted
promiscuously in charging tRNA in LBCA%°. The network is not
self-generated from an initial set of nutrients®®. It would have
required additional genes derived from LUCA? and lost in some
lineages of anaerobic bacteria (including transporters, completely
absent in the set of 146 genes) and compounds from geochemical
synthesis®#3> to be a completely functional genome-scale meta-
bolic network. However, the majority of the core of cellular
metabolism is represented in the network.

LBCA’s network is highly structured around three major
metabolic hubs: (i) ATP/diphosphate, (ii) NADP(H)/H+, and
(iii) CO,/ACP/malonyl-ACP. These represent the cores of (i)
energy, (ii) hydride transfer, and (iii) carbon metabolism of LBCA
(Fig. 1). Malonyl-ACP is central in the initiation and regulation of
fatty acid biosynthesis®!. When we remove PK from the set of
enzymes, the phosphorylation of dADP to dATP is no longer
possible, suggesting that PK may have acted promiscuously in
early nucleotide phosphorylation®3°2. The connectivity of ATP
mainly involves tRNA charging and protein synthesis (Fig. 1),
which might seem unexpected at first, because ATP is the
universal currency in all of the metabolism. In modern anaerobes,
although, roughly 90% of the cell’s energy budget is devoted to
protein synthesis?!, and similar appears to have applied to LBCA
as well.

The first lineages to diverge were most similar to modern
Clostridia. The deepest split in the bacterial trees can identify
lineages and traits that reflect LBCA’s lifestyle. Lineages such as
Aquificae and Thermotogae were long considered -early
branching based on trees of ribosomal proteins and ribosomal
RNA (rRNA)>3, but the ribosome cannot speak to the physiology
of LBCA because LGT decouples ribosomal evolution from
physiology. LGT is extremely frequent within and between most
bacterial groups!3, it hinders the inference of the bacterial root
via traditional phylogenetic analysis by introducing conflicting
signals that reduce verticality. To mitigate the effect of LGT, we
examined the relative order of emergence for the 25 bacterial
groups using 63,324 trees rooted with minimal ancestor devia-
tion (MAD)>%. In current practice, the majority of root infer-
ences for the domain Bacteria have been done with outgroup
rooting®>%. Our choice of an outgroup-independent rooting
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Fig. 1 Metabolic network of LBCA expanded with 9 genes to include 57 universal biomolecules. Metabolic interconversions encoded by 146 LBCA genes
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and carbon (yellow) metabolism.

method applied to multiple gene trees is threefold: (i) LGT
between Archaea and Bacteria confounds results!3>7:58;
outgroup sequences are notoriously prone to long-branch phy-
logenetic artifacts®®; and lack of criteria to assess the quality of
different roots, which is possible with MAD. Independent studies
have recently shown that the MAD method is more efficient
than other rooting methods and robust to a wide spectrum of
phylogenetic parameters, both with simulated and empirical
prokaryotic gene trees®.

We started by focusing on the trees for the 146 LBCA protein
families, and we analyzed the divergence accumulated from the
bacterial root to each modern genome, measured as root-to-tip
distance in terms of (i) sequence divergence (branch length) and (2)

node depth (Fig. 2) (15 trees with ambiguous root inferences were
discarded; root ambiguity indexes given in Supplementary Data 3;
see “Methods”). The results identify clostridial genomes as the least
diverged both in terms of sequence divergence (Wilcoxon’s signed-
rank test with Bonferroni correction, largest p value < le—35,
average normalized distance 0.299) and node depth (Wilcoxon’s
signed-rank test with Bonferroni correction, largest p value < 0.05,
average normalized distance 0.116; Supplementary Fig. 3), followed
by Deltaproteobacteria (average normalized divergence 0.354, and
average normalized depth 0.156). Anaerobic members of Aquificae
also show significant proximity to the root as judged by branch
length (average normalized distance 0.382, Supplementary Fig. 3).
There are only three genomes of (anaerobic) Aquificae in our
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Fig. 2 Divergence analyses for 1089 anaerobic genomes using 131 universal trees reveal clostridial species are closer to the root. Analysis of 131 rooted
trees of genes universally present in bacterial anaerobic taxa spanning major functional categories (sorted horizontally according to curated classifications
shown on top; order as in Supplementary Data 3). lllustrative trees on the side portray the metric used in each analysis and identify the group at the root in
each with yellow nodes. a Root-to-tip distance measured as node depth (normalized by the largest distance in each tree). b Root-to-tip distance measured

as branch length (normalized by the largest distance in each tree).

dataset, and all three belong to chemolithoautotrophs isolated from
hydrothermal vents that can grow on H, and CO,%. The
divergence values for all genomes in all trees ranked from least to
most distant show that the top-ranking 12 genomes are all
thermophilic species belonging to the class Clostridia, several
possessing the acetyl-CoA pathway (Supplementary Table 2). The
results shown in Fig. 2 are not dependent on genome abundance in
the dataset (the most abundant group is Bacilli, with 38% of all
genomes; Supplementary Table 1).

Prokaryotic gene trees differ from the species tree due both to
random phylogenetic errors and to the cumulative impact of
LGT®. In the absence of LGT, gene lineages branch together
(monophyletic) and the phylogenetic diversity of sister clades
reflects the time since their origin, with older lineages having
higher sister diversity. In the context of gene evolution with LGT,
gene lineages branch into multiple clades, with the number of
clades increasing with gene transfer prevalence. Because LGT is a
continuous phenomenon in prokaryotic evolution, the taxonomic
labels of sister lineages change dynamically, but their phyloge-
netic diversity gives us the means to infer the relative timing for
the origin of lineages. To integrate the information of sister
relation from all gene trees spanning the 25 bacterial groups, we
scored the phylogenetic diversity for sister clades of each group in
the individual trees permitting as many inter-group LGT as
necessary in the trees (5402 trees with at least six groups, Fig. 3
and Supplementary Data 5). The analyses show Clostridia as the
group with the highest sister clade diversity, measured as the
maximum number of phyla in a sister clade (on average five),
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followed by a tie between Deltaproteobacteria, Bacilli, Actino-
bacteria, and Spirochaetes all with three distinct groups on
average present in sister clades. The result stands when looking at
the 131 universal trees only, where Clostridia has on average nine
distinct sister groups, followed by Actinobacteria with seven
and Deltaproteobacteria with five (Supplementary Data 6).
Maximum-likelihood ancestral state reconstructions using 131
universal trees indicate that LBCA was a rod-shaped cell
(Supplementary Fig. 4) and reconstructs Clostridia as the most
ancestral lineage (Supplementary Fig. 5) in agreement with the
previous analyses.

The analyses so far suggest that the 146 protein families conserved
in all groups of anaerobic bacteria were present in LBCA, not only
due to their ubiquitous and nearly universal nature (Supplementary
Fig. 1) but also because they form a functional unit: a highly
connected, nearly complete core metabolic network (Fig. 1). But is
the ubiquitous nature of these genes caused by their antiquity, or is it
the result of LGT? To address this question, we obtained all values of
verticality for prokaryotic gene families?? as a proxy to measure the
gene’s tendency to undergo or resist LGT. LBCA’s protein families
are distinctively and significantly (Kolgomorov-Smirnov statistic =
0.99, p value = 2.4e — 318) more vertical than the average prokaryotic
protein family (Fig. 4a, Supplementary Data 7, and Table 1). The
metabolic network annotated with verticality values shows that genes
involved both in metabolism and information processing (as aaRSs)
are highly vertical (Fig. 4b and Supplementary Data 7). Although the
most vertically evolving genes in prokaryotic genomes, those for
ribosomal proteins, are not involved in specific biosynthesis and
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hence not represented in metabolic maps, the metabolic functions
most closely associated with protein synthesis, those of aaRSs, build
the core of a metabolic network that is vertical in nature and thus
ubiquitous due to antiquity, not transfer (Fig. 4) and hence ancestral
to the domain Bacteria.

Discussion
By investigating the genomes of anaerobic bacteria, we were able to
obtain inferences about the metabolism and physiology of LBCA.
Our results indicate that LBCA was autotrophic, gluconeogenetic,
and rod-shaped. Our analyses of trees for all genes, not just those
universally present in all genomes, point to Clostridia (a class within
the phylum Firmicutes) as the modern bacterial group most similar
to the first lineages, which diverged from LBCA. This result con-
trasts with previous analyses placing other groups at the root based
on concatenated protein phylogeny>3>06364 but it is consistent
with early proposals based on the evolution of tetrapyrrole
synthesis®, with studies that place the broader taxon of Firmicutes
deep-branching in bacterial trees’”°¢ and with the proposal of a
rod-shaped Gram-positive ancestor for bacteria®”, and, more
recently, for Firmicutes®s. Why do our inferences on the root of the
bacterial tree contrast with different roots®>%* proposed in other
recent analyses? First, our results are based on genome data for
cultured organisms with high-quality and complete genomes, and
are therefore independent of binning procedures inherent to
metagenomic data®. In addition, our data are based on genomes
for anaerobic bacteria available to date, and is thus less prone to
LGT effects associated with the rise of oxygenZ% The assumption
that LBCA was anaerobic is supported by geochemical'4!” and
phylogenomic®1624 evidence, and it undoubtedly reduces phylo-
genetic noise that would be introduced with late-coming aerobic
sequences. Furthermore, our results do not rest upon one or two
branches in a single concatenated or consensus tree based on
ribosomal sequences, an approach that notwithstanding long tra-
dition has strong potential problems3’, not the least of which is that
with concatenated alignments, different methods give fully resolved
but conflicting trees, making the results dependent on ad hoc site
filtering procedures and specific maximum-likelihood parameters”°.
Our results are internally consistent, based on the convergence
of signals from multiple individual trees for individual protein
families (with statistical support, Supplementary Fig. 3). In

addition, the core set of 146 families trace to LBCA through
multiple lines of evidence: (i) the families are universally present
in all taxonomic groups analyzed, and (ii) nearly universally
present in all genomes analyzed (Supplementary Fig. 1); (iii) they
enable a highly connected and nearly complete core metabolic
network (Fig. 1); (iv) they are enriched in information processing
genes, known to be ancient (Table 1); (v) their functional
repertoire (including RNA modifications, multifunctionality, and
gluconeogenesis-early) is in accordance with independent studies
for LUCA7 and LACA!237; and (vi) they are among the most
vertical genes known (Table 1, Supplementary Data 7, and Fig. 4).
The metabolic network enabled by the 146 LBCA genes can be
completed for universal essential metabolites with only nine
genes, all nine of which are present both in Clostridia and Del-
taproteobacteria (Supplementary Data 2).

It has been proposed that Gram-negative bacteria originated
from Gram-positive bacteria by an early sporulation event’], a
hypothesis that is compatible with our results. Endospore for-
mation is specific to Firmicutes, implying that if sporulation was
an ancient trait, it was subsequently lost before the divergence
of most other anaerobic lineages. Spores could have survived
in the geologically challenging environments of early Earth?,
and the loss of sporulation in more moderate environments is
facile’?.

Other groups showing proximity to the root in the phyloge-
nomic tests we performed are Deltaproteobacteria (all tests), three
anaerobic species of Aquificae that are significantly closer to the
root by branch length (Figs. 2 and 3 and Supplementary Fig. 3)
than other lineages, and Actinobacteria, which rank higher than
both Deltaproteobacteria and Aquificae in the sister diversity
analysis (Fig. 3). What do these groups have in common?
Members of all have the acetyl-CoA pathway for carbon fixation
and/or energy metabolism”3; the only carbon fixation pathway
present in both archaea and bacteria that traces to LUCA” and
that is also present in methanogens, the root of the archaeal
treel9-12. This physiological trait links LBCA both to LUCA
and LACA, and also to anaerobic H,-dependent growth in
hydrothermal environments’. Whereas most Deltaproteobacteria
use the acetyl-CoA pathway solely for carbon fixation while
reducing sulfate for energy metabolism, recent reports show that
some members can use the acetyl-CoA pathway for ATP supply
as well’47>, The divergence patterns herein inferred are fully
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consistent with the observation that both Clostridia and Delta-
proteobacteria are known to be remarkably polyphyletic.
Recently, a proposal to divide Deltaproteobacteria into new phyla
has been published, confirming that sulfate/sulfite reduction
within the class is ancient’®. Deep-branching Actinobacteria with
the Wood-Ljungdahl pathway have recently been uncovered in
serpentinizing systems’”. In terms of physiology, the acetyl-CoA
pathway is undoubtedly an ancient biochemical route’8. By the
measure of analyses presented here, several lineages that use it for
survival appear to be ancient as well. The reconstruction of
LBCA’s metabolism reveals the presence of several multi-
functional enzymes, reducing the number of genes required for its
viability, an important evolutionary consequence of ancestral
enzyme promiscuity’? and possibly a general strategy among the
earliest prokaryotes. The physiology of LBCA reconstructed from
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anaerobes reveals traits well suited to the inhospitable environ-
ment of the early Earth42.

Methods

Data collection and clustering. Bacterial genomes were collected from NCBI,
version September 2016%0. Genomes were classified as anaerobic or aerobic as done
elsewhere3!, rendering 1089 bacterial genomes from anaerobes. Briefly, a dataset of
1784 sequences labeled as heme-copper oxygen reductases (HCOs) and nitric oxide
reductases (NORs) was blasted against our dataset of prokaryotic genomes. If one
homolog (>25% identity, e value <1019, coverage of at least 300 amino acids) for
HCOs and NORs was found, the genome was classified as aerobic.

Genomes were assigned their corresponding phyla in NCBI taxonomy, except
for (i) Firmicutes and Proteobacteria (the size of which exceeded other phyla by an
order of magnitude) where species were assigned to classes for resolution, and (ii)
phyla with fewer than 5 species, assigned to “Other Bacteria.” Pairwise local
alignments for all protein sequences were calculated with a reciprocal blastp
(BLAST+ version 2.5.0)81, followed by the calculation of global identities with an
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adaptation of EMBOSS needle®2. Pairs of sequences with a minimum global
identity of 25% and an e value <1E — 10 were then used to create protein families
with the MCL algorithm8384. For the creation of protein families with the MCL
algorithm, the parameters --abc -P 180000 -S 19800 -R 25200 were used, resulting
in 114,326 families. Of these, 64,149 were present in at least three species and at
least four genomes, and were retained for further analyses.

Functional annotation. All protein sequences were aligned against the KEGG
Orthology (KO) database?6 (accessed August 2017) using BLAST searches. The
best query-subject hits as judged by E value, query coverage, and length ratio (cut-
off: query coverage >80%, E value <1E — 10, and length ratio between 0.7 and 1.3)
were used to annotate the protein sequences individually. We assigned the func-
tional category to each gene family according to the most frequent annotation for
the protein sequences in the family. If two or more functional categories occurred
with the same frequency, the gene family was annotated within all equally sup-
ported categories. For the 146 universal protein families, the annotation of each
family in its corresponding functional categories was rechecked manually (Sup-
plementary Data 3).

Sequence alignment, tree reconstruction, and root inferences. For each gene
family, the protein sequences were aligned using MAFFT (Multiple Alignment with
Faster Fourier Transform) version 7.13085 (parameters: --maxiterate 1000 --localpair;
alignments not predictable this way were constructed using the parameter --retree 2).
The resulting alignments were used to reconstruct maximum-likelihood trees with
RAXML version 8.2.8%¢ (parameters: -m PROTCATWAG -p 12345). Trees were
rooted with MAD%. Trees with more than one possible MAD root were ignored,
leaving 63,324 trees for the subsequent analyses (available in Supplementary Data 5).

Tree analysis

Divergence analysis. To quantify divergence since the LBCA split for each bacterial
genome, we calculated root-to-tip distances for all tips in all gene trees measured as
(i) the sum of branch lengths (phenetic distance) along the path connecting each
operational taxonomic unit to the root and (ii) the sum of branch splits (node
depth). To allow for comparisons among trees we normalized the root-to-tip
distances for each tree according to the largest distance attained in the tree, so that
distance values are bound to the unity interval, with large values indicating more
divergence. We scored divergence values to each taxonomic group across all the
trees according to the affiliated genome with the smallest root-to-tip distance,
independently for each metric (phenetic and node depth). All analyses were per-
formed with custom Python scripts using the Environment for Tree Exploration®”
(ETE3, version 3.1.1).

Sister diversity. We analyzed the distribution of sister relationships for each taxo-
nomic group across the rooted trees as follows: for a given tree with the leaves
labeled according to the taxonomic group, we retrieved the set of pure clades for
each taxonomic group represented by at least one species in the tree. Note that even
though some taxa may not branch as a single clade in the tree, the minimal set of
pure (monophyletic) clades can be identified. For each pure clade, the number of
taxonomic groups present in the sister clade was recorded (a value in the range of
[1-24]) and the sister clade with maximal diversity (in terms of the number of
taxonomic groups) was used as sister diversity score. All analyses were performed
with custom Python scripts using ETE3%7 (version 3.1.1).

Verticality. All 261,058 values of verticality for all prokaryotic gene families were
obtained from Nagies et al.2%, where the highest possible value is 24 and the lowest
is zero. All LBCA protein families were ranked from most to least vertical (Sup-
plementary Data 7). For reactions encoded by multiple protein families, the average
value of verticality was taken.

LBCA metabolic network

Network construction. For all 6164 anaerobic bacteria KOs the respective reactions
were downloaded from the KEGG reaction database?® (version 16-08-2019), 2414
KOs had at least one reaction associated, resulting in 3550 reactions. Reaction
reversibility was determined by parsing KGML (KEGG Markup Language) files
from 165 KEGG pathway maps. Reactions that did not occur in the KGML files
were assigned as irreversible. Seventy-three reactions containing ambiguous stoi-
chiometries (characters n and m) or unknown compounds were discarded. The
final set consisted of 3477 reactions.

Metabolic network expansion. Twenty proteinogenic amino acids, four DNA bases,
four RNA bases, eight universal cofactors, one lipid, and 20 uncharged tRNAs were
investigated as targets in the network. The algorithm®® started with a complete
reaction network containing all 3477 LBCA candidate reactions regardless of their
taxonomic distribution. A score was assigned to each reaction, reflecting the
likelihood of their presence in LBCAs metabolic network. Reactions with low
distribution among taxonomic groups were scored lower, whereas the score
increased with the higher taxonomic distribution. The reactions were sorted
increasingly by their score. Starting with low scores, reactions were removed

temporarily from the full network sequentially. If neither the presence of the target
compounds nor the core network was violated, the respective reaction was removed
permanently. The reduction algorithm stopped when no further reaction could be
removed. The network was visualized with Cytoscape®® (version 3.7.2).

Ancestral state reconstruction. Ancestral state reconstruction for cell shape and
taxonomic groups was performed with PastML8? version 1.9.20 using the 131 trees
with all taxonomic groups as independent estimates of the prokaryotic phylogeny.
The underlying metadata for the tip states was downloaded from JGI GOLD*" v.6.
The maximum-likelihood-based prediction method MPPA (marginal posterior
probabilities approximation) with model F81 was used to reconstruct the states at
the root of each tree. The reconstructed states at the root of the trees occurring in
the highest frequencies were considered the most likely state for LBCA.

Statistics and reproducibility. Statistical tests were performed to assess differences of
root-to-tip distances between all 276 possible taxon pairs. For a given taxon pair a
and b, all 131 trees with all taxonomic groups were used and the representative
species with smallest root-to-tip distance were recorded for each tree resulting in
two distance vectors D, and D, Statistical tests were performed with one-sided
Wilcoxon’s signed-rank test for paired samples, such that:

Hoy: D, =D,
H;: Dy< Dy

Across all taxon pairs, the tests generated a p value matrix (24-by-24), and p
values were considered significant <0.05 after Bonferroni correction (Supplementary
Fig. 3). The tests were conducted using the scipy.stats”! implementation of the
Wilcoxon’s signed-rank test in Python. The Kolmogorov-Smirnov test used to
measure significance in the comparison of verticalities was also conducted with the
default parameters in the scipy.stats implementation in Python. No random
sampling was made in the analyses conducted in this paper.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Sequence data that supports the findings of this study are available in NCBI RefSeq®
(GCF identifiers used are provided in Supplementary Data 1). Metabolic data is available
in KEGG?®. Metadata is available from JGI GOLD. Phylogenetic trees and all other
relevant data are provided as Supplementary Datasets.

Code availability

All data sources, software packages, and their usage are described in the “Methods” with
the corresponding versions and references, including NCBI, KEGG, JGI GOLD v. 6,
BLAST v. 2.5.0, EMBOSS needle, MAFFT v. 7.130, RAXML v. 8.2.8, MCL, MAD, ETE3 v.
3.1.1, PastML v. 1.9.20, and Cytoscape v. 3.7.2. New codes used here consisted of batch
subroutines to run the aforementioned algorithms multiple times, calculations, and
statistical analyses thoroughly described in the “Methods”. The data and results
presented in this paper do not result from new software development.
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Zusammenfassung der Ergebnisse

6 Zusammenfassung der Ergebnisse

Der Ursprung des Lebens fand vor mehr als 4 Milliarden Jahren statt. Dieses einmalige und
langst vergangene Ereignis wird wohl ein immerwihrendes Rétsel bleiben, was sich vermutlich
niemals in Ginze l0sen ldsst. Universell konservierte Eigenschaften und Bausteine des Lebens
gewidhren jedoch einen empirischen Zugang zum Thema. Da LUCA, der letzte gemeinsame
Urvorfahr aller Lebewesen, als Briicke zwischen der abiotischen und der biotischen Phase
fungiert, ist dieser mit seinen Charakteristika von besonderem Interesse filir die
Evolutionsbiologie, welche sich mit der Genese von Leben und dessen Entwicklung
beschéftigt. Durch die Untersuchung und Definition von LUCAs Physiologie kdnnen
Riickschliisse auf das Ursprungshabitat, mogliche Energiequellen und die Lebensweise
gezogen werden (Weiss et al., 2016). In den letzten Jahrzehnten riickten dadurch besonders Ho-
produzierende Tiefseehydrothermalquellen in den Vordergrund (Martin und Russell, 2007;
Amend und McCollom, 2009; Weiss et al., 2016).

Infolgedessen wird in Publikation I ein Netzwerk aus 404 biochemischen
Stoffwechselreaktionen definiert, welches einen autotrophen Grundstoffwechsel am Ursprung
des Metabolismus beschreibt (Wimmer et al., 2021b). Beginnend mit den Komponenten
Wasserstoff (Hz), Kohlenstoffdioxid (CO2) und Ammoniak (NH3), welche noch heute in
Hydrothermalfeldern wie Lost City (Kelley et al., 2005; Martin et al., 2008) zur Verfligung
stehen, ist die Synthese der Grundbausteine des Lebens—der 20 Aminosiuren, 4 Nukleoside,
4 Desoxyribonukleoside und 18 Cofaktoren—mittels dieser Reaktionen moglich. Ergénzt wird
das Reaktionsnetzwerk durch Reaktionen des reduktiven Acetyl-CoA-Weges, der mutmalBlich
urspriinglichsten Alternative zur Fixierung von COz (Pereto et al., 1999; Fuchs, 2011; Martin,
2020), welche als einzige in Bakterien und Archaeen vorkommt und teilweise auf LUCA
zuriickzufiihren ist (Weiss et al., 2016; Preiner et al., 2020; Wimmer et al., 2021b). Des
Weiteren beinhaltet das metabolische Zentralnetzwerk die Reaktionen des reversen
Citratzyklus (Steffens et al., 2021), der Gluconeogenese (Say und Fuchs, 2010) und des
Pentosephosphatweges (Keller et al., 2016), um Schliisselintermediate wie Pyruvat,
Phosphoenolpyruvat und 3-Phosphoglycerat bilden zu konnen. Das Gesamtnetzwerk beinhaltet
380 Komponenten von denen Wasser die hdufigste darstellt, gefolgt von ATP, H" und
Phosphat. Kohlenstoffdioxid ist die hdufigste Kohlenstoffkomponente im Reaktionsdatensatz,

was als Hinweis filir einen autotrophen Lebensursprung gewertet werden kann. Da erste
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Zusammenfassung der Ergebnisse

Reaktionsnetzwerke noch keinen genetischen Code und somit keine Enzyme aufwiesen,
bendtigten diese anorganische Katalysatoren wie Metallionen und Cofaktoren fiir die
Reaktionen des Zellaufbaus (Muchowska et al., 2020). Beispielsweise werden elf Cofaktoren
bendtigt, um aus H» und CO> das Intermediat Pyruvat zu bilden (Sousa und Martin, 2014). Das
autotrophe Reaktionsnetzwerk enthélt fiinf autokatalytische Zyklen, welche die Synthese von
Pyridoxalphosphat, Thiamin, ATP, NAD® und NADP" umfassen. Ein Vergleich des
Grundstoffwechsels mit den 355 identifizierten Genen von LUCA (Weiss et al., 2016) und den
172 Reaktionen im Ur-RAF (Xavier et al., 2020), welche die Schnittmenge aus H>-abhéngigen
Acetogenen und Methanogenen bilden, zeigt nur wenige Ubereinstimmungen. Dies liegt daran,
dass phylogenetische Parameter zur Identifikation der LUCA-Gene herangezogen wurden, diese
Gene allerdings weniger in die Synthese der Grundbausteine involviert sind und stattdessen
mehr in die ribosomale Biogenese (Weiss et al., 2016). Der Grundstoffwechsel iiberlappt
hingegen zur Hélfte mit dem rekonstruierten RAF-Netzwerk (Xavier et al., 2020), die
Schnittmenge kommt vor allem durch den Fokus auf Bakterien und Archaeen, welche den
reduktiven Acetyl-CoA-Weg nutzen (Fuchs, 2011), zustande. Die Schnittmengen der drei
Datensitze zeigen, dass Cofaktoren und deren Vorldufer (katalytisch aktive Mineralien) wohl
essentiell flir den frithen Stoffwechsel waren.

Da die iiber 400 Reaktionen des Grundstoffwechsels kaum gleichzeitig entstanden sein
konnen wird vermutet, dass sich das Reaktionsnetzwerk stattdessen schrittweise ausbreitete
(Ferry, 2006; Ragsdale und Pierce, 2008). Beginnend mit geochemischen Vorgéngen in der
Erdkruste in hydrothermalen Tiefseequellen, sogenannten Serpentinisierungsprozessen, wird
Wasserstoff freigesetzt (Bach et al., 2006; McCollom und Seewald, 2013; Preiner et al., 2018).
Mit dessen Hilfe kann im Ozeanwasser geldster Kohlenstoff fixiert und reduziert werden
(Martin und Preiner, 2017; Preiner et al, 2020). Da keine grundlegende Abweichung
hinsichtlich der chemischen Intermediate des Grundstoffwechsels in modernen Mikroben
bekannt ist (Kanehisa und Goto, 2000), lassen die konservierten Reaktionen Riickschliisse auf
das chemische Geschehen in LUCAs Grundstoffwechsel zu. Die zuvor in Publikation I
vorgestellten ungerichteten Reaktionen des autotrophen Grundstoffwechsels werden in
Publikation II in Richtung der Biosynthese ausgerichtet (Wimmer et al., 2021c). Durch
Berechnung der Anderung der Gibbs-Energie (AG) fiir jede Reaktion unter verschiedenen
Umweltbedingungen wird deren energetischer Beitrag charakterisiert. Unter Bedingungen, wie
sie in hydrothermalen Tiefseequellen wie beispielsweise in Lost City zu finden sind (neutraler
bis alkalischer pH-Wert 7-10, Temperatur etwa 80 °C, ein Uberschuss an Reaktanten zu

Produkten—unterstiitzen die These, dass sich das Reaktionsnetzwerk graduell entwickelte und
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nicht alle Reaktionen gleichzeitig entstanden—und Substitution von organischen
Reduktionsmitteln mit Wasserstoff) benotigt die grole Mehrheit aller Reaktionen (95-97 %)
keinerlei dullere Energie um abzulaufen, die Reaktionen setzen vielmehr Energie frei (Wimmer
et al, 2021c). Anstatt der Notwendigkeit vieldiskutierter externer Energiequellen wie
Ultraviolettstrahlung (Patel et al., 2015), Meteoriteneinschlige (Ferus et al., 2015) oder
Radioaktivitdt (Ebisuzaki und Maruyama, 2017) zeigt der Grundstoffwechsel vielmehr eine
natiirliche Tendenz sich von selbst zu entfalten, angetrieben von dem in Hydrothermalquellen
produzierten Wasserstoff (Wimmer ef al., 2021c).

Auch anorganisches Pyrophosphat (PP;) wurde lange als verfligbare Energiequelle am
Ursprung des Stoffwechsels diskutiert (Schramm et al., 1962; Lipmann, 1965). Publikation
III zeigt jedoch, dass PP; im Rahmen des modernen Zellaufbaus keinerlei Energie bereitstellt,
da es in den 36 betroffenen Reaktionen stets als Produkt und in keinem Fall als Reaktant
partizipiert (Wimmer et al., 2021a, 2021c). Stattdessen wird gezeigt, dass Pyrophosphat-
involvierende Reaktionen durch ubiquitire Pyrophosphataseaktivitét im Cytosol irreversibel in
Richtung der Biosynthese gezwungen werden, da die Phosphoanhydridbindung des
Pyrophosphats hydrolysiert wird und somit die Riickreaktion in Ermangelung an Substrat
blockiert wird. Dieser kinetische Effekt wird am Beispiel der Isoleucyl-tRNA Synthese fiir
unterschiedliche PPase-Raten simuliert und bestdtigt. Anstelle von PP; hat sich
Adenosintriphosphat (ATP) als universeller Energielieferant in biologischen Prozessen
etabliert. Aufgrund der zwei vorhandenen Phosphoanhydridbindungen kann aus ATP, je
nachdem welche Bindung aufgespalten wird, entweder Pyrophosphat (PP;) oder Phosphat (P;)
gebildet werden. Der kinetische Effekt der PPi-Bildung steht einem thermodynamischen Effekt
im Rahmen der P;-Bildung gegeniiber, bei welchem die Anderung der Gibbs-Energie negativ
genug ist, um Energie freizusetzen und so diese Reaktion ablaufen zu lassen. Dieser zweifache
Effekt ist spezifisch fiir Triphosphate und erkldrt, warum sich diese in der Natur als
Energielieferanten durchgesetzt haben (Wimmer et al., 2021a).

SchlieBlich geht Publikation I'V in der Evolution der prokaryotischen Lebewesen einen
Schritt weiter und untersucht die Physiologie und den Metabolismus des letzten gemeinsamen
Vorfahren aller Bakterien (LBCA; Xavier et al., 2021). Aus 1.089 anaeroben bakteriellen
Genomen wurden mittels phylogenetischer Kriterien 146 Gene herausgefiltert, welche
Riickschliisse auf LBCA zulassen. Jedes dieser Gene ldsst sich allen bakteriellen taxonomischen
Gruppen im Datensatz zuordnen. Das Reaktionsnetzwerk braucht nur neun weitere Gene um
alle universellen Metaboliten wie Aminosduren, Nukleoside, Desoxyribonukleoside,

Cofaktoren, Lipide und transfer-RNAs zu synthetisieren. Eine Rekonstruktion urspriinglicher

78



Zusammenfassung der Ergebnisse

Merkmalszustinde (Ishikawa et al., 2019) schlédgt ein stabformiges Erscheinungsbild fiir LBCA
vor. Die Rekonstruktion phylogenetischer Stammbdume von 131 universellen Genfamilien
weist darauf hin, dass heutige Clostridien dem bakteriellen Urvorfahren genetisch am néchsten
zu sein scheinen. Das Vorhandensein von Reaktionen welche mit dem reduktiven Acetyl-CoA-
Weg assoziiert sind, indiziert eine autotrophe Lebensweise von LBCA (Xavier et al., 2021).

Zusammenfassend ldsst sich aus den Ergebnissen der in dieser Arbeit vorgestellten
Publikationen I-IV schlussfolgern, dass Hz-produzierende Tiefseehydrothermalquellen ein
plausibles Szenario fiir den Ursprung des Lebens darstellen. Die in den Quellen gegebenen
Umweltbedingungen, welche sich seit Milliarden von Jahren kaum verdndert haben,
unterstiitzten die ersten metabolischen Reaktionen und lieBen diese energetisch giinstig werden,
sodass die Grundbausteine des Lebens spontan mithilfe von rein chemischer Energie
synthetisiert werden konnten. Der biosynthetische Grundstoffwechsel des Urvorfahren konnte
sich ohne extrinsische Energie ausbilden und ein komplexer werdendes Reaktionsnetzwerk
bilden.

Die Ergebnisse der angewandten bioinformatischen Untersuchungen decken sich mit
denen von experimentell im Labor durchgefiihrten Versuchen (Preiner et al., 2020). Obgleich
sich die Forschung zum Ursprung des Lebens hauptsdchlich mit weit in der Vergangenheit
zurlickliegenden Ereignissen beschéftigt, lassen sich die hier gewonnenen Erkenntnisse zu
natiirlich auftretenden energiefreisetzenden Reaktionen zwischen H> und CO:z in einer
Umformulierung des in der Einleitung angefiihrten Haeckel-Zitates auf die Ableitung einiger

biochemischer Merkmale iibertragen:

Wir haben jetzt Grund anzunehmen, dass die zentralen Stoffwechselreaktionen
aller derzeit lebenden Organismen-Formen die Nachkommen einer geringen
Anzahl von Stoffwechselreaktionen im letzten gemeinsamen Vorfahren aller
Zellen sind und dass diese, energetisch angetrieben durch Wasserstoff und
Kohlenstoffdioxid, spontan ablaufenden geochemischen Reaktionen ihre

Entstehung verdanken.
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