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Zusammenfassung

Methoden der Systembiologie und Chemie zeigen, dass selbst einfachste Zellen ein
hochkomplexes Netzwerk an niedermolekularen Soffen besitzen. Dennoch befindet sich in
dieser Komplexitat eine erstaunliche Konvergenz in der zugrundeliegenden molekularen
Biochemie unabhangig von der Art und GrofRe des Organismus. Diese gemeinsame
biochemische Basis erlaubt es, Ruckschlisse auf den Ursprung des Lebens vor mehr als 4
Milliarden Jahren zu ziehen. Die biochemisch wichtigsten Grundbausteine aller Lebensformen
bestehen aus einfachen Kohlenstoffgeristen. In einer géngigen Hypothese des
Lebensursprungs wird die Bildung dieser organischen Verbindungen durch
Kohlenstofffixierungs-Reaktionen aus kleinen anorganischen Vorstufen wie zum Beispiel COx,
CO und C:H: postuliert. Demnach spielen autokatalytische Kohlenstofffixierungs-Zyklen wie
zum Beispiel der reduktive Zitronensaure Zyklus (rTCA) eine wichtige Rolle im Stoffwechsel
von phylogenetisch tief verankerten Organismen. Ein weiterer wichtiger Schritt auf dem Weg
zur ersten zellularen Einheit ist die Bildung von abgetrennten Kompartimenten. Grundlage

dafur sind bipolare Molekiile wie z. B. Fettsauren.

In der vorliegenden Arbeit wird die bis heute flir unmdglich geglaubte Reversibilitat der Citrat-
Synthase (CS) im Modelorganismus Desulfurella acetivorans demonstriert. Unter autotrophen
Bedingungen katalysiert in diesem thermophilen Bakterium die CS die Citratspaltung in die
reduktive Richtung des Zitronensaurezyklus. Somit konnte in der frlhen Evolution ein
reversibler Citratzyklus unter Beteiligung der CS entstanden sein. Auch aufgrund des
einfacheren molekularen Aufbaus der CS im Vergleich zur klassischen Citratlyase im rTCA ist

diese Hypothese attraktiv.

Zusatzlich beschéftigt sich diese Arbeit mit zellfreien ,préabiotischen“ Ubergangsmetall-
katalysierten Reaktionen ausgehend von Kohlenstoffmonoxid und Acetylen, die zur Synthese
langerer Kohlenstoffketten, im speziellen Fetts&uren, fuhren. In einer heilRen wassrigen
Losung in Gegenwart von Nickel Katalysatoren konnten aus CO und C:;H: beispielsweise
Cs5.7.9-Monocarbonsauren gebildet werden. Dieser Weg hin zu primitiven Fettsduren kdnnte

zu einer ersten primordialen Kompartimentierung gefiihrt haben.

Um die entstanden kurzkettigen prabiotischen Fettsduren erfolgreich zu identifizieren, wurde
im Rahmen dieser Arbeit ebenfalls ein neuer Syntheseweg fur 2,4-Diolefin- und 2,4,6-
Triolefinmonocarbonsauren etabliert. Dazu bedienten wir uns einer Kondensationsreaktion
von o- bzw. a,B-ungeséttigten Aldehyden mit Glutaconsaure, welche zu einer

Decarboxylierung fihrte.



Abstract

Advances in the modern techniques of biochemistry revealed a great insight into highly
complex metabolic networks, which are even present in the simplest cells. Nonetheless,
independent of the size and type of a specific organism, there is a notable convergence in
each of their molecular biochemistry. This biochemical relationship allows a backward
projection to the origin of life that dates back more than 4 billion years. In all living organisms,
the biochemical building blocks are based on simple carbon skeletons. In one of the common
hypotheses for the origin of life, it is postulated that organic compounds are formed by carbon
fixation reactions of small inorganic carbon sources such as CO,, CO and CzHz. In line with
hypothesis, autocatalytic carbon fixation cycles like the reductive citric acid cycle (rTCA) play
an important role in phylogenetically deep-branching organisms. A further step towards a pre-
cellular organism is the compartmentalization of the surrounding environment. Therefore,

bipolar molecules such as fatty acids are necessary.

In this work, reversibility of the citrate synthase (CS) in the model organism Desulfurella
acetivorans is demonstrated, which was considered as impossible until now. Under autotrophic
conditions in this thermophilic bacterium, the CS catalyzes the cleavage of citrate in the
reductive direction of the TCA. Thus, in evolutionary terms, these results suggest the early
occurrence of a reductive citric acid cycle involving CS or a CS-like predator catalyst. An
additional indication for such an early rTCA cycle can be found in the simpler molecular

structure of CS in comparison to classical citrate lyase.

On the other hand, this work demonstrates a possible pathway to create carbon chains or in
more detail, primordial fatty acids by transition metal catalysis of carbon monoxide and
acetylene. This one-pot reaction of CO and C:H: in the presence of nickel sulfide in hot
agueous medium, revealed the synthesis of Cssz9-monocarboxylic acids. This synthetic
pathway to primitive fatty acids is maybe a starting point of a proto-cellular

compartmentalization.

To successfully identify these short prebiotic fatty acids, a novel synthetic approach to form
2,4-diolefinic and 2,4,6-triolefinic monocarboxylic acids by one-pot decarboxylative
condensation of an optionally a,B-unsaturated aldehyde with glutaconic acid could also be

established in the course of this thesis.
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CHAPTER 1
INTRODUCTION




1.1 Chemical Evolution and the Origin of Life

One of the still unresolved basic but yet major scientific question is how life originated on early
Earth and where do we come from? Although multiple attempts have been made to solve this
riddle, this question is still obscure since almost all traces of earlier life on earth are lost. This
lack of evidence gave rise to a plethora of theories. There are two directions to investigate the
transition from abiotic to a biotic Earth, the “Top-Down” or “Bottom-Up” approach (Peters and
Williams 2012). The latter method relies on considerations that life on the primeval earth may
have arisen in the Hadean eon by coalescence of inanimate matter also known as chemical
evolution or abiogenesis. The advocators of this chemical evolution suggest a stepwise
evolution from nonliving to living systems, through biomolecules formed in the atmosphere,
lithosphere or hydrosphere. Precursors such as reactive gases were provided by early Earth
or even by outer space, which were brought to earth by meteorites or comets. Conversely, the
“Top Down” approach focuses on biochemistry and phylogeny of extant organisms, to infer
fundamental processes, pathways or assemblies reflecting links back to ancient life and its
origin. The differences in theories do not only lie in the suggested potential prebiotic habitats,
they are also based on the assumed source of energy. The earth offers a vast amount of
different environments including impact craters (Cockell 2006), volcanoes (Miller 1953, Bada
2013), ice (Hao et al. 2018), submarine vents (Wachtershauser 1992, Nitschke and Russell
2009) and several energy sources such as e.g. ultraviolet light (Khare and Sagan 1971),
lightning (Miller 1953) and other scenarios. The first fundamental work to investigate on the

origin of life in such a scenario was performed by Miller (Miller 1953).

1.1.2 Pioneer Experiments

Miller’'s amino acids - In regard to Oparin’s theory (Oparin 1924) of a prebiotic broth, Miller
envisaged experiments in a “volcanic” apparatus (Bada 2013) with a reducing gas atmosphere
consisting of a mixture of CH4, NHs, H20, and H; (Miller 1953). These gases reacted with each
other after induced electrical discharges, which simulated lightning. In the obtained aqueous
solution, Miller found amino acids, which constituted important building blocks for biological
polymers such as peptides and proteins (Miller 1953). It is supposed that the amino acids found
in Miller's experiment were formed via the Strecker synthesis (Bada 2013, Strecker 1850). The
Strecker synthesis is one of the earliest examples of today’s well-known multicomponent
reactions (Eckert 2017) in the chemical evolution research area. This condensation reaction is
performed with ammonia in the presence of aldehydes and hydrogen cyanide (HCN) (Strecker

1850), both produced as secondary products in Miller's experiment. Miller's synthesis of
2



biomolecules under simulated conditions of early Earth carried out is based on the primordial
soup theory. Briefly, this theory suggests that molecules were formed on early Earth from

gases, which later on accumulated in the ocean (McNichol 2008).

Oré’s nucleobases - Oro progressed the experiments of Miller by the prebiotic synthesis of
adenine (Oré 1960), one of the nucleobases in deoxyribonucleic acid (DNA) and ribonucleic
acid (RNA) and important key factor in the energy metabolism of extant life in the form of
adenosine triphosphate (ATP). To achieve this, Oré heated an aqueous solution of ammonium
hydroxide saturated with hydrogen cyanide to around 90°C for one day (Or6 1960).
Considering the molecular formula of adenine, CsHsNs, Oré concluded that the purine must be
prepared from a pentamer of HCN, which is a cometary molecule (Or6 1961, Or6 and Kimball
1961). Or6 pointed out that three of the major constituents of comets, as are hydrogen cyanide,
ammonia and water (Or6 and Kimball 1961). It was suggested that cometary bombardment on
primitive Earth may have provided the molecular precursors for the emergence of life (Or6 and
Kimball 1961).

Anyhow, in the early Earth’s vast oceans, the dilution of the organic compounds lowered the
chance of chemical reaction or interaction between the originated molecules (Hagmann 2002,
Moijzsis et al. 2005). Therefore, main criticism of the both, soup theory and cometary collisions
theory, is the lack of high local molecule concentration required to form more complex
biomolecules. Plausible concentration processes or interactions for example on mineral

surfaces must therefore enhance this theory.

1.1.3 Hydrothermal Systems

After the discovery of hydrothermal vents in the late 1970s, these hot springs got into the focus
of the origin of life debate (Lonsdale 1977, Corliss et al. 1979). Within such hot springs, one
found out that submarine hydrothermal vents occur along the mid ocean ridges, where cold
seawater is heated by hot basaltic magma chambers and circulates back into the vent
afterwards (Colin-Garcia et al. 2016). In this process, a high thermal gradient is induced and
water can reach temperatures above 400°C. The hot seawater is rich in dissolved minerals
and chemicals, which are responsible for the chimney structure and the precipitated plume.
Pressures up to several hundred bars can be reached by hydrostatic pressure in a depth of
2000-3000m below NN (Colin-Garcia et al. 2016). Hydrothermal vents are found in places of
volcanic activity caused by plate tectonics. Their life span reaches from several decades up to
several hundreds of years. Hydothermal vents can be categorised into two basic types. The

so-called “black smokers” are a subclass of hydrothermal vents and spit out hot magmatic
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water containing iron and other metal sulphides resulting in a turbid black cloud with low pH
(Figure 1A). The other type is named “white smoker” and spits out seawater, which is saturated

with calcium ions and forms sulphate rich carbonate deposits (Figure 1B).

Figure 1: Hydrothermal systems; (A) black smoker (Salinas-de-Ledn et al. 2018) (B) white smoker
(Eifuka Japan 2004 photo: public domain) (C) “Lost City” vent (Kelley et al. 2005).

The temperature range inside this hydrothermal vent is smaller and lays between 40 to 75°C
with an alkaline pH (Colin-Garcia et al. 2016). Corliss et al. indicated a possible connection
between the submarine systems and abiotic origin of life (Corliss et al. 1981). In 1988,
Wachtershauser revisited the problem of substance dilution by the ocean and the source of
energy and postulated a thermophilic and chemoautotrophic origin of life by pyrite-pulled
surface metabolism (Wé&chtershauser 1988a, 1988b, 1992). In this origin of life theory
hydrothermal vents would not derived by plate tectonic. Rather, primeval volcanic
hydrothermal vents might have played a major role. These vents may have been formed by a
high volcanic activity on early Earth when the crust was still much thinner. Russell focused on
engineering the emergence of life through serpentinization and methanotrophy (Russell et al.
2014). These conditions that can be found at hydrothermal fields in the mid-Atlantic differ
significantly from volcanic hydrothermal vents (Kelley et al. 2001). The so-called “Lost City”
was discovered in 2000 and is characterized by tall carbonate chimneys with alkaline pH
ranges from 9-11, temperatures of 40° to 90°C and low magnesium concentration (Kelley et
al. 2001) (Figure 1C). Although these chimneys seem similar to hydrothermal vent systems,
their formation underlie a circulation process via serpentinization, which in consequence leads

to the formation of H,, CH4 and heat (Boetius 2005). The variations of gases, catalysts, pH and



supplied energy of all these hydrothermal systems lead to several theories and offer a wide
field of potential experimental setups.

1.1.4 Iron Sulphur World by Gunter Wachtershauser

Further developing his theory, Wachtershauser coined the term of the “iron sulphur world”,
which postulates a chemoautotrophic origin of life (Wachtershéauser 1988b, 1990a, 1992). He
suggests a pioneer organism is developed at sites of volcanic hydrothermal vents that is

formed by surface catalysis.

Definition Pioneer organism - The term “pioneer organism” describes an organized being at
the starting point of evolution and can be considered as the transition from the abiotic to the
biotic world. It stands in sharp contrast to the idea of a primeval soup as revealed in Figure 2
(Wachtershauser 2014). In Figure 2a, a backward projection of extant genetic features (F1-Fn)

is directed straight towards several precursor features (P:-Pn) and leads to primordial broth.

Backward projection Biochemical retrodiction
"one-to-one" "many-to-one"
Fv F2 Fs .. Fnq Fy

F1 FQ\F‘S/H F\J /F
P, 5

\/

(@) Primoridal broth (b) Pioneer organism

Py P, Ps .. PnqPy

Figure 2: Methodologies of (a) backward projection and (b) biochemical retrodiction. The left part (a)
leads to a community of primitive cells with different genomes and (b) to a single ancestor here the
pioneer organism “P”. F stand for extant biochemical feature and P for precursor feature (adapted from
Wachtershéuser 2014).

This “one-to-one” projection is not derived from one single pioneer organism. Instead, this
projection is more likely originating from a community of primeval cells and is termed
“primordial broth”. In Figure 2b, a biochemical retrodiction is suggested with tree-like structures
leading to one pioneer organism. Moreover, in this “many-to-one” network he also involved the
principle of horizontal gene transfer between the precursor features. His idea of the iron sulphur

world is not only bio-inspired by retrodiction of features of extant life, it also focuses on a



plausible geochemical scenario for the emergence of pioneer organism. He postulates, that
the pioneer organism is based at the one hand on non-metal elements H, C, N, O, Se, S and
on the other hand on catalytically active transition metals Fe, Co, Ni, W (Wé&chtershauser
2014).

Energy source for pioneer organism - Both molecules, iron sulfid (FeS) and nickel sulfid
(NiS), were present on early Earth (Allégre et al. 1995) and can be found in volcanic
hydrothermal fluid flows through the precipitation of soluble Ni?*- and Fe?*-ions with hydrogen
sulphide (H2S). Wachtershauser recognized that methanogens acquire their energy by the
reduction of CO; with H, to form CHa, but an endergonic barrier must be overcome by an
additional energy source (Wachtershauser 1988a). Wachtershauser concluded that the
oxidative formation of pyrite (FeSz) from FeS/H2S under Hz-formation is exergonic and could
serve as a continuous energy source for carbon fixation (Wachtershduser 1990a, Drobner
et al. 1990). The equation 1 shows the calculated exergonic pyrite formation, which provides
reducing power to the pioneer metabolism with a Gibbs energy of -38.4 kJ/mol (pH=0 and
T=25°C) (Wachtershauser 1990a).

FeS + H,S -> FeS;+ 2H" + 2e” AG® = -38.4 kJ/mol (1)

Reducing reactions driven by FeS and H,S were also proven to occur, e.g. by the conversion
of NOs to NH3 or alkynes to alkanes under primordial conditions (Bléchl et al. 1992). The Fe-S
theory mainly gets approval by researchers in the field of enzyme activity (Span et al. 2012,
Berg et al. 2010a) due to the fact that the in nature existing metallo-enzymes contain metal-
sulfur clusters. And it is among others these enzymes that catalyse gas-based redox reactions
involving Hz, N2, CO, CO; and CH4 (Fontecilla-Camps et al. 2009; Volbeda and Fontecilla-
Camps 2006). Enzymes with this important function are for example carbon monoxide
dehydrogenase (CODH), which interconverts CO, and CO, (Ragsdale 2009), acetyl coenzyme
A synthase (Darnault et al. 2003) which utilizes CO, as well as hydrogenases that catalyse the
oxidation of H> (Rauchfuss 2010; Burstel et al. 2012) and nitrogenases important for nitrogen
fixation (Yilin and Ribbe 2016). This analogy between the activity of Fe-S minerals and
enzymatic Fe-S clusters supports the theory of a primordial surface metabolism on transition-
metal sulfides. According to Wachtershauser’s FeS theory the elements H, O, C, N, Mg, Fe,
S, Ca, Na, Ni, and P make up the bulk of biomass, originate from the Earth mantle and form
volcanic gases such as H»O, CO;, CO, COS, H,S, N2, NH3, Hz, HCN, and P4O10 (Figure 3).
These volcanic exhalations reacting with crustal minerals such as FeS; in a hot flow channel

of hydrothermal vents by autocatalytic C-fixation (WAachtershduser 2014). Low-molecular
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organic compounds are formed on the catalytic surface, and represent the origin of the pioneer
organism. With evolving chemoautotrophic reactions, and thus “metabolism first”, polymers

can be created, fundamentally for genetic evolution.

Chemoautotrophic Theory

High-molecular RNA or proteins

~
A

Biotic Evolution

Y
bl

Autocatalytic (redox) C-fixation

ORIGIN e Sao
Pioneer organism

H,O CO, CO COS HyS Ny NHg Hy HCN P,O10

Abiotic Volatile volcanic outgassing

< =X 0 —T 300

T Low-molecular organic compounds

HHe O NeC N MgsiFeSaaCaNaNic P

Figure 3: Schematic representation the chemoautotrophic theory by Wachtershauser. Volcanic gases
containing the elements necessary for the abiotic origin of the “Pioneer organism” via C-fixation. The
Formation of low-molecular organic compounds leads to the transition to biotic evolution and further to

polymerization reactions (photo: personal communication with Wachtershéauser).

Setting of the Pioneer organism - The pioneer organism exists at a nearly neutral pH range.
Orthosilicates (<45% SiO;) are dominantly present in Hadean eon and generate alkaline
conditions (pH 9-12) but neutralisation is caused by acidic volcanic gases (Wé&chtershauser
2014, Wéchtershauser 1992). Also the highly reducing magmatic exhalations offer a high
molar ratio of CO/CO, (Wachtershauser 2007). HCN is formed by the condensation reaction
of NH3 and CO (Elsner et al. 2002) and the omnipresent transition metals form highly stable
ligand complexes with cyanides. COS, formed from CO and H.S and converted into
methanethiol (CHsSH) by hydrogenation steps under volcanic hydrothermal vent conditions, is
considered as a further reactive carbon source for the pioneer organism (Barrault et al. 1987,
Wachtershduser 2007). These conversion processes of nutrients (gases) to organic
compounds are surface catalysed by the positively charged pyrite surface (transition metal
ligand complex catalysis) and the strong interaction with the resulting anions such as —-COO-,
—POs% or —S” (Wachtershauser 1992). These functionalised organic compounds further grew
and developed into a pioneer organism. A hypothetic mechanism for example of acetic acid,
thioacetic acid, or methyl thioacetate formation on a catalytic surface of (Ni/Fe)S is shown in

Figure 4. These products can have occurred by carbonylation of methylthiol as proposed by



Huber and Wachtershduser on the metallo-sulfidic surfaces (Huber and Wéchtershauser
1997).
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Figure 4: A hypothetic mechanism of a (Ni/Fe)S surface catalysed reaction between CHsSH and CO as
proposed by Huber and Wéchtershauser (Huber and Wéchtershauser 1997). A methyl group derived
from methyl mercaptan is transferred to a nickel atom and carbon monoxide to an adjacent iron atom.
Nickel-bounded acetyl group is formed by carbonyl insertion. Nucleophilic attack by either hydoxyl,
bisulfide, or methane thiol yields acetic acid, thioacetic acid, or methyl thioacetate, respectively (Figure
adapted from Cody 2004).

This surface interaction plays a central role in the Fe-S theory as this could overcome the
dilution problem of the “soup” theory. This important factor attracted also other scientists in the
field. They evidenced concentration dependent processes with the help of a thermal gradient
in hydrothermal pores (Mast et al. 2013, Kreysing et al. 2015) as well as in alternative scenarios
including drying lagoons (Patel et al. 2015) or ice inclusions (Hao et al. 2018).

Superstructure of Pioneer organism — In Figure 5 a cross-sectional representation of the
pioneer organism is shown. Carbon fixation of volcanic gases leads to an organic

superstructure on a mineral surface containing (Ni/Fe)S (Wachtershauser 2006).
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Figure 5: Cross-sectional representation of the pioneer organism. An organic superstructure yielded by
C-fixation is formed on mineral surface. Both together represent the organism, which is separated from
its environment. Permanent supply of solved volcanic gases ensure growth of the pioneer organism by

free diffusion through the lipophilisated surface (adapted from Wéachtershauser 2006).

Both together, mineral surface and organic superstructure represent the pioneer organism,
which is separated from its environment. Permanent supply of solved volcanic gases ensure
growth of the pioneer organism by free diffusion through the lipophilisated surface
(Wachtershauser 2006). The pyrite-pulled surface mechanism offers a stepwise conversion
from a surface metabolism to a cellular organism as shown in Figure 6a-c. The stepwise
autocatalytic process begins with the self-lipophilisation of the pyrite surface by formed lipids
(Wachtershauser 1992). Thereafter, surface membranisation to a semi-cell takes place. During
the same time, lipids are extended by autocatalysis. The formation of a pre-cellular structure
ends with the inclusion of volcanic liquid water and a subsequent separation process of longer
lipids leading to a prototypic membrane. A two-dimensional phase separation can be obtained
by three different types of lipids, just like any other lipids characterised by a hydrophilic head
and a hydrophobic tail (Figure 6i-iii). Lipid-Typ (i) consists of membrane-spanning lipids with a
carbohydrate chain and hydrophilic groups at each end. Typ (ii) and (iii) are describing
hydrophobic chain with a mono hydrophilic head whereby (iii) exhibit additional polar groups,
for example hydroxyl groups, leading to an interdigitated bilayer membrane (Wé&chtershauser
1992).



Figure 6: Upper part: schematic representation of different prebiotic lipids types: membrane-spanning
lipids (i); hydrophobic chain with a mono hydrophilic head (ii) and (iii) whereby (iii) exhibit additional polar
groups. Lower part: self-lipophilisation process of the pioneer organism on a pyrite surface (black core):
semi-cell formation (a), complete cellularization and growth process (b), pioneer organism (c) (adapted

from Wachtershauser 1992).

Autocatalysis in the Pioneer organism - A further central piece in the puzzle of
understanding the origin of life besides the membranisation of the pioneer organism is the
evolution of an autocatalytic metabolism in the form of a self-replicating cycle. Wachtershauser
argued against a heterotrophic origin of life and proposed instead a modified autotrophic
carbon fixation pathway of extant life for metabolic reproduction. Based on the aerobic and
reducing environment of the early Earth, he focused on the reductive citric acid cycle (rTCA)
(Wachtershauser 1990b). The rTCA cycle can be simplified as followed (see Figure 7): the
cycle starts with oxaloacetate, a four-carbon unit whereby two CO: are introduced in the cyclic
process to give the six-carbon unit of citrate. The cycle ends with the cleavage of citrate to

form acetate and oxaloacetate.
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Figure 7: Simplified reductive citric acid cycle. The cycle starts with oxaloacetate, a four-carbon followed

by two CO:z incorporations to the six-carbon, citrate. Citrate cleavage yields in oxaloacetate and acetate.

Wachtershauser proposed that the CO; fixation can be achieved through the reduction
potential of the FeS/H.S-system. Further, he suggested that the cycle should continue
autocatalytically if small primer such as succinate or acetate are available. It was calculated
that the pyrite-pulled formation of succinic acid is extremely exergonic with a rounded Gibbs

energy of -420.0 kJ/mol (pH=0) as shown in equation 2 (Wéachtershauser 1990b).
4CO; + 7TFeS+ 7H,S -> HOOC-CH,-CH2-COOH + 7FeS; + 4H,0  AG°=-420 kJ/mol (2)

It is to mention that the evolutionary origin of the rTCA cycle is currently not clear and thus the
subject of discussions (Keller et al. 2017, Orgel 2008, Smith and Morowitz 2004, Ross 2007,
Zhang and Martin 2006, Berg et al. 2010a).

Amination of a-keto acids - The rTCA provides precursors for the biosynthesis of amino acids
by enzymatic catalysed amination of the a-keto acids intermediates of the rTCA. In early
experiments, reductive amination under pyrite formation was tested (Hafenbrandl et al. 1995).
To this aim, ammonium carbonate was dissolved in water (pH 8.5) at 100°C in the presence
of 2-oxo compounds. The prosperous amination for example of phenylpyruvate to
phenylalanine under pyrite pulled prebiotic conditions was seen as a further piece of evidence
for the iron sulphur world theory. The reductive amination was revisited by Huber et al. as they
found out that a slightly alkaline pH ~9 and freshly precipitated FeS is more efficient than the

dried FeS used in the earlier experiments in 1995 (Huber and Wachtersh&auser 2003).
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Activated acetic acid - Experimental investigations on “metabolism first” theory by
Wachtershauser were performed in 1997 in cooperation with C. Huber. Indeed, acetic acid
could be obtained in experiments with methylthiol and carbon monoxide in the presence of co-
precipitated NiS and FeS at 100°C and a neutral pH under atmospheric pressure (Huber and
Wachtershduser 1997). Furthermore, the methyl thioester of acetic acid was successfully
isolated from that aqueous reaction mixture indicating the formation of “activated” acetic acid
under these conditions. This great found can be seen as a piece of evidence for the

“metabolism first” theory.

Pyruvate - In 2000, experiments were carried out using the Wachtershauser system FeS/H>S
and CO as carbon source, which provided experimental support for the formation of pyruvic
acid, one of the most crucial constituents of metabolism (Cody et al. 2000). More specifically
FeS, formic acid and nonylthiol in addition to elevated pressure of 2000 bar and 250°C were
required to form pyruvate. Through the thermal decomposition of formic acid to CO and H20 a
reactive Cl-source was given. Still, though from a geological point of view, it remains to be
clarified whether such conditions can be found at hydrothermal vents in Hadean times
(Wachtershauser 2000).

a-Amino and a-hydroxy acids — Besides the investigation on activated acetic acid, also the
formation of amino acids and further metabolic intermediates was further looking into. A series
of a-hydroxy and a-amino was found as main products in a hydrothermal setting containing Ni
and/or Fe and carbon sources such as CO, KCN, CHsSH (Huber and Wachtershauser 2006).
Therefore, the carbon fixation was carried out between 80°C and 120°C and a pressure up to
75 bar. To prevent acidification, Ca(OH). or Mg(OH). were used as a buffer. This set-up lead
to products consisting of up to C4 chain length such as, 2-hydroxy butanoic acid as well as
pyruvate, glycolate, lactate and glycerate. With the addition of a nitrogen source, glycine,
alanine, serine and amino-butanoic acid were obtained for the first time under this conditions
(Huber and Wachtershduser 2006). However, the experimental conditions led to a
controversial debate by some competitors (Bada et al. 2007). They criticized the high
concentration of cyanide in volcanic solutions which would rapidly hydrolyze at 100°C. As a
response, Wachtershduser and Huber pointed out that they did not perform reactions with
dissolved free cyanide ions, which were not detectable in the solutions, but with stable
transition metal complexes with cyano ligands (author reply Bada et al. 2007). Further, Bada
et al. criticized the high CO pressure of 75 bar used in the experiments (Bada et al. 2007).
Anyhow, Huber and Wachtershduser pointed out that in one experiment with 1 bar CO the
products were also detected, albeit at lower concentrations. They also explained that their
intension was to shorten reaction times by increasing one parameter such as pressure (10 or
75 bar CO) (author reply Bada et al. 2007).
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They further demonstrated, in modelled volcanic hydrothermal vent experiments, that an
increased reaction temperature between 145°C to 280°C is more efficient in formation of a-
amino and a-keto acids (Huber et al. 2010). In this context they supposed that the synthesis
of these molecules must be localised in flow zones with temperatures as high as 280°C. In
addition, they also detected an extended product range of amides like glycolamide, glycine
amide, lactamide, alanine amide and glyceramide as reaction intermediates. Using
experiments with stable isotope labeled precursors, they were also able to identify KCN as the
major carbon and nitrogen source and CO as the reductant and a minor carbon source (Huber
et al. 2010).

Based on these results, Huber et al. suggested an organo-metal-catalysed mechanism for the
formation of the obtained a-amino and a-hydroxy acids in a further publication (Huber et al.
2012). They proposed a hypothetical mechanistic scheme leading to alanine and lactate by
multiple cyanide insertion via a nickel complex, which is shown in Figure 8. They assumed the
first stage of the mechanism to be a stable tetracyanonickelate ion [Ni(CN)4]% in the presence
of Hz or CO.
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O NH OH NH oH O
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Figure 8: Hypothetical mechanism of the reduction reaction leading to alanine or lactate by multiple

cyanide insertion in an unknown Ni-complex (adapted from Huber 2013, Huber et al. 2012).

Reductive addition of a hydride-ligand leads to a complex in which the nuclearity, oxidation
state, geometry and ligand sphere of nickel is unknown. It is therefore noted as [Ni*] in Figure 8.
The next step is the rearrangement and insertion of a cyano ligand into the H-Ni* bond which
is followed by several reduction steps yielding a methyl ligand. According to the products, the
steps can be repeated to get an elongation of the C-skeleton. Their hypothetical mechanism
involves an optional hydrolysis in a-position and ends with subsequent reduction and release

of the free amides to finally produce alanine or lactate, respectively (Huber et al. 2012).
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Peptides - Consequently, the next main interest after having a theoretical explanation of the
formation of amino acid was to look into the emergence of peptides, as they are crucial
molecules for the evolution of life as it is today. The pioneers in this field, Huber and
Waéchtershauser were thus able to activate a-amino acids with CO and showed a condensation
reaction yielding mainly dipeptides, as well as tripeptides (Huber and Wachtershéuser 1998).
The formation of peptide bonds was demonstrated with phenylalanine (Phe), tyrosine (Tyr) and
glycine (Gly) in the presence of co-precipitated (Ni,Fe)S in a favoured pH range between 8 to
9.5. In separate experiments, the authors also observed hydrolysis of small peptides under the
same hot aqueous conditions (Huber and Wachtershauser 1998). They compared this balance
between synthesis and hydrolysis to anabolic and catabolic reactions, which are typical for
extant metabolism. In an ensuing paper, Huber et al. propose a possible peptide cycle (Huber
et al. 2003).

In Figure 9, a CO-driven cyclic reaction starting from alanine to the desired dipeptide
alanylalanine is shown (Huber 2013). A ring closure of Ala-Ala to the conforming hydantoin
derivative by CO insertion is also observed. Via a hydrolysis step of one amide bond, the

heterocyclic by-product is converted into an urea-type intermediate.
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Figure 9: Schematic CO-driven peptide cycle with alanine in aqueous (Ni/Fe)S system. Dipeptide
formation of Ala-Ala via hydantoin derivate and urea derivate (adapted from Huber et al. 2003, Huber
2013).

Alternatively, linking two alanines in the presence of CO can also form such intermediate. After
cleaving off a carboxyl-group, a rearrangement of the urea derivate leads again to the
dipeptide. Huber et al. also referred to the analogy between the occurring urea derivatives and

their hydrolysis under prebiotic conditions to the today's nickel enzyme, urease. In addition,
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they suggested that the continuously formed hydantoin could be considered a simple
heterocyclic precursor for purines. Finally, through increased pressure they also successfully
synthesised tetrapeptides (Huber 2013, Huber et al. 2003). In total, these results of several
important classes of biomolecules under the conditions of volcanic hydrothermal vents, gave

an insight of the amazing potential of the iron sulphur world.

1.2 Evolution of Life

Up to now (see chapter 1.1) the evolution of small molecules to build biomolecules was
theorized out of the “Bottom-Up” point of view. To fully understand this process of the
emergence of life, another powerful tool is found in the retrodiction of the biochemistry back to
simpler forms, the so-called “Top-Down” approach (Peters and Williams 2012). But the
consideration of living organism or systems leads inevitable to a further fundamental debate,
the problem of defining “life” (Trifonov 2011). There is no unequivocal definition but the

following criteria have been found so far in all living systems (Eigen 1995):

I. Metabolism - external energy and material supply is necessary; without this, an
equilibrium state would be reached.

Il. Self-reproduction - implies the information transfer; without it, information gets lost after
every generation.

[ll. Mutation - implies the development of a living system; without it, information would be

invariant.

Darwinian evolution - A pioneer of the “Top-Down” convergence was Charles Darwin. His
groundbreaking observations and ideas are culminated in his work “On the origin of species”
(Darwin 1859). He revealed numerous evidences that all living beings change properties by
natural selection over a longer period of time. As a direct consequence, Darwin reasoned in

the same publication that there was one progenitor for all life forms:

"Therefore | should infer from analogy that probably all the organic beings which have ever
lived on this earth have descended from some one primordial form, into which life was first
breathed.”

Central dogma of molecular biology - However, Darwin was not able to explain how
heritable information is passed from generation to generation. It took almost one century to
find out that the heritable information is genetically encoded by of four nucleobases (Gamow
1954; Nirenberg and Matthaei 1961, Woese et al. 1966), and is passed on by the replication
of deoxyribonucleic acid (DNA) (Watson and Crick 1953). Furthermore, it was Crick, who
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stated first an explanation about the flow of genetic information in biological systems, the so-

called “central dogma of molecular biology” as shown in Figure 10 (Crick 1970).

replication

DNA
ﬂ transcription

MRNA

ﬂ translation

PROTEIN

Figure 10: Cricks’s “Central Dogma of Molecular Biology” (adapted from Crick 1970).

Information flow starts with the replication of DNA, carried out by a DNA polymerase.
Afterwards, the information is transcribed into other types of nucleic acids, known as
messenger ribonucleic acid (MRNA), by a RNA polymerase and then translated into proteins

by ribosomes.

1.2.1 The RNA World Theory

Assuming, that self-replicating systems in general and translation in particular are significant
for the emergence of life, a “genetic first” theory became more and more popular. In Crick’s
central dogma (Crick 1970), it was pointed out that both, DNA and proteins depend on each
other. The sole function of DNA is to store information without any catalytically properties, while
proteins that are encoded by the DNA fold into complex structures that give them strong
catalytic activities. Both functions are central features of living systems but it seemed
improbable to the researchers that both types of molecules occurred simultaneously and thus
a hen-egg dilemma between DNA and proteins occurred. RNA offers a possible resolution of
this problem. As a polynucleotide, RNA is able to store genetic information similar to DNA.
Furthermore, since the discovery of ribozymes it is also known that RNA shows enzymatic

activities (Kruger et al. 1982, Guerrier-Takada et al. 1983). Their finding argues for RNA as
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candidate for a first replicator and forms the foundation of “The RNA world” hypothesis (Gilbert
1986). The RNA world hypothesis belongs to the heterotrophic origin of life based on a
replicating system of organic macromolecules and stands in contrary to an autotrophic
metabolism first hypothesis. The size of a ribozymes with the ability to replicate RNA
sequences should have had a length of at least 200 nucleotides, which is an enormous
macromolecule as origin of life (Wochner et al. 2011, Mast et al. 2013). On the one hand,
exploration in the RNA world could focus on prebiotic scenarios that may enhance the
polymerization of monomers or oligomers without the help of enzymes (Morasch et al. 2016,
Mast et al. 2013). Further, even if RNA single strands can be built up further issues such as
non-enzymatic copying reaction and later on replication processes of RNA still needs to be
proven. On the other hand, perhaps the first challenge in the RNA World is the prebiotic
synthesis of RNA. It is a great challenge to the prebiotic chemist, and is the focus of many
investigations (Becker et al. 2016, Powner et al. 2009). Alternatively and based on the
consideration of the chemical complexity of RNA, other possible polymeric substances are
suggested as potential precursor of RNA. Efforts were mainly put on the existence explanation
of the sugar-phosphate backbone of RNA, which can additionally be replaced for example by
peptides (PNA) (Nelson et al. 2000), threofuranosyl (TNA) (Schoning et al. 2000), or glycol
(GNA) (Zhang et al. 2005). Numerous studies on the RNA world carried out in the recent years

and lead to a further open question: What was first: genetics or metabolism?
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1.3 Approaching Origin of Life from the “Top-Down”

1.3.1 Phylogenetic Tree of Life

Phylogenetic tree - Due to the enormous diversity of species on earth today, the
understanding of Darwinian evolution is essential for the reconstruction of a family tree for all
living organisms to try to solve the question of a common beginning. Woese was able to
construct such a diagram by comparing the differences between ribosomal RNA (rRNA)
sequences from many species (Woese 1981). In 1981, he discovered unusual bacteria, the
archaea, and revisioned the order of life. Together with Kandler, Woese implemented a three-
domain model divided into two kingdoms, shared in prokaryotes including bacteria and

archaea with a branched symbiogenetic eukaryote partnership (Figure 11) (Woese et al. 1990).

Bacteria Archaea Eucarya

LUCA

Figure 11: Phylogenetic tree of life for rRNA sequences, showing three domains bacteria (blue),

archaea (red) and eucarya (black) (adapted from Woese et al. 1990).

Modified tree of life - The traditional tree of life is vertical and thus shows a lateral gene
transfer from ancestor to successor. However, there are discrepancies in this traditional tree
as it was discovered that secondary processes are involved in some microorganisms, which
are called horizontal gene transfers. It is the transfer of genetic material between two
organisms that are not parent and offspring. Thus, vertical and horizontal gene transfer can
modify the tree of life (Doolittle 2000). This tree originates of a community of primitive cells, as

already discussed in Figure 2. However, many scientists considered that the change in genes
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of that 16S rRNA, used for the monophylogenetic tree of life by Woese, is so little that the old

representation is still valid.

Differences archaea vs bacteria - For unraveling the course of cellular evolution backwards
in time a detailed analysis of the phylogenetic tree is necessary. Archaea resemble bacteria in
their structural organization because of their lack of a nucleus. Anyhow, there are nonetheless
clear differences. Archaea differ from bacteria not only in RNA sequence but also for example
in their cell membrane and lipid structure as shown in Figure 12 (De Rosa et al. 1986). Two
ether linkages with methyl-branched prenyl group tails mainly characterize archaea lipids.
Bacteria-type membrane lipids typically consist of two monopolar linear fatty acid chains joined
to a glycerol moiety via ester linkages. These glycerol phosphate head groups are mirror

images of each other and therefore differ in chirality (De Rosa et al. 1986).
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Figure 12: The different membranes of archaea and bacteria in comparison. On the left hand:
Archaeal glycerol phosphate head group are linked to isoprene chains (dark red) via ether linkages
(light red). On the right hand: Bacterial glycerol phosphate head group are linked to straight chains
(dark blue) via ester linkages (light blue) (adapted from De Rosa et al. 1986).

Bacterial cell walls additionally have mesh like structures of peptidoglycans, also known as
murein, formed by N-acetylglucosamine, N-acetylmuramic acid and amino acids (Schleifer and
Kandler 1972). Furthermore, bacteria distinguish from archaea by their RNA polymerases
(Hirata and Murakami 2009, Jun et al. 2012). The archael basal transcription apparatus
resembles more to those of eukaryotes in construction and translation processes. Bacteria
have only one ribosomal RNA (rRNA) polymerase while archaea have three rRNA
polymerases. These differences lead to a Y-type phylogenetic tree, ending with a vertical
monophylic line, which can be seen as the trunk of the tree. It represents a hypothesis of a

common beginning with an unknown “Last Universal Common Ancestor” (LUCA).

Oldest microfossils - The geological studies of the oldest sedimentary rocks point towards
an origin of LUCA under hydrothermal systems. Analysis of isotopic compositions of methane
fluid inclusions in ~3.5 billion years old rocks in Australia indicate microbial methanogenesis in
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the early Archaean era (Ueno et al. 2006). Additionally, carbonaceous inclusions in West
Greenland and Akilia Island from the Isua supracrustal belt were found. The carbon-isotope
composition analysis suggested carbon fixation and provided evidence for the emergence of
life on earth at least 3.8 billion years ago (Mojzsis et al. 1996). In the same belt region, as
mentioned before, stromatolites with microbial structures were found indicating the
establishment of biotic CO: fixation about 3.7 billion years ago (Nutman et al. 2016). Further,
stable isotope evidence of carbon fixation was found in ca. 4.1 billion years old zircons from
the Jack Hills in Western Australia (Bell et al. 2015). In addition to that, microbial structures
within a fossilized hydrothermal vent (~3.8 billion years old) were found in sedimentary rocks
from the Nuvvuagittug belt in Canada (Dodd et al. 2017). These geological findings reinforce
the hypothesis of a chemical evolution at hydrothermal systems and a chemoautotrophic origin
by reductive carbon fixation (Wachtershduser 1992). Indeed, many microorganisms such as
archaea still live close to hot volcanic flow environments and are capable of autotrophic
metabolism (Berg et al. 2010a).

1.3.2 Autotrophic Origin of Life

Autotrophic CO; fixation pathways.- There are currently six different pathways for reductive
carbon fixation operating in bacteria and archaea (Higler and Sievert 2011): the Calvin-
Benson-Bassham (CBB) cycle (Bassham et al. 1954); the reductive tricarboxylic acid (rTCA)
cycle (Buchanan and Arnon 1990); the reductive acetyl-CoA or Wood-Ljungdahl (WL) pathway
(Ljungdahl 1986); the 3-hydroxypropionate bicycle (3-HPB) (Zarzycki et al. 2009); the
3-hydroxypropionate/4-hydroxybutyrate (3-HP/4-HB) (Berg et al. 2007), and the
dicarboxylate/4-hydroxybutyrate (DC/4-HB) cycle (Huber et al. 2008). In the following each of

the cycles will be discussed.

Calvin-Benson-Bassham-cycle - The reductive pentose phosphate cycle is the predominant
carbon fixation pathway on our planet (Erb and Zarzycki 2017). The CBB cycle can be split
into three important steps. In the first step three CO2 molecules are fixated via electrophilic
addition to three molecules of ribulose 1,5-bisphosphate catalysed by the key enzyme ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO). This carboxylation leads to three
unstable C6-intermediates that quickly hydrolyse into six molecules of 3-phosphoglycerate
(see Figure 13). The next step is the reduction to glyceraldehyde 3-phosphate (3-GAP). In the
last step, ribulose-1,5-bisphosphate is regenerated out of five molecules of 3-GAP. Altogether,
three CO, molecules are incorporated in one cycle to produce one molecule of 3-GAP, which

then can be used for the synthesis of sugars or other metabolites. For a functional cycle,
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RuBisCO and phosphoribulokinase, a transferase, which catalyses the phosphorylation of
ribulose-5-phosphate (RuP), are necessary.
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Figure 13: The CBB cycle. The biochemical reactions involved, as well as the enzymes catalysing the
reactions, are depicted (adapted from Berg 2011).

The CBB cycle can be found in plants, algae and many different bacterial species but
apparently not in archaea, because they only encode one of both key enzymes, the RuBisCO
(Berg 2011). Presently, four different forms are known 1, 1l, 1ll and IV whereby type IV doesn’t
catalyse the carboxylation and seems to be only a RuBisCo like protein without function (Tabita
et al. 2007). However, phylogenetic analysis supports a common origin of all forms whereby it
is suggested that the archaeal RuBisCo IIl was the predecessor to all eukaryotic and bacterial
lineages (Tabita et al. 2008). Among the autotrophic pathways, the CBB cycle is considered
less ancient. CBB is adapted to less extreme habitants as suggested for the origin of life. This
autotrophic CO; fixation pathway tolerates oxygen and heat-labile intermediates are included
(Berg 2011). Additionally, the energy cost of an organism using the CBB cycle is enormous

and devours seven ATP per molecule of pyruvate synthesized.

Reverse tricarboxylic acid cycle - The rTCA cycle reverses the reaction steps of the
oxidative citric acid cycle, also known as Krebs cycle as shown in Figure 14. To operate the
cycle in the reductive direction, several enzymes considered to be irreversible must be
exchanged: succinate dehydrogenase is replaced by fumarate reductase, a-ketoglutarate
dehydrogenase by a synthase and the citrate synthase by the ATP-citrate lyase (lvanovsky et

al. 1980, Evans et al. 1966, Fuchs 2011). The two latter enzymes can be considered as the
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key enzymes for the complete CO; fixation cycle. However, most enzymes of the pathway
catalyze also reactions in both directions such as malate dehydrogenase, fumarate hydratase,
succinyl-CoA synthase, isocitrate dehydrogenase and aconitate hydratase. The rTCA cycle
generates acetyl-CoA from two molecules of CO: by reductive carboxylation steps catalyzed
by a-ketoglutarate synthase and isocitrate dehydrogenase (Fuchs 2011, Higler and Sievert
2011).
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Figure 14: The reverse tricarboxylic acid cycle. The biochemical reactions involved, as well as the

enzymes catalysing the reactions, are depicted (adapted from Hugler and Sievert 2011).

The cycle requires both reduced ferredoxin and nicotinamide adenine dinucleotide phosphate
NAD(P)H as electron donors and only two ATP equivalents to form pyruvate. Thus it is much
less energy-consuming than the Calvin-Bensson cycle that requires seven ATP equivalents
(Berg 2011). The rTCA cycle is used by green sulfur bacteria including Chlorobi from a deep-
sea hydrothermal vent, which possess a FeS photosynthetic reaction center that is capable of
direct reduction of ferredoxin at extremely low light intensities (Beatty et al. 2005, Bryant and
Frigaard 2006). Furthermore besides CO,, green sulfur bacteria also make use of acetate and
pyruvate to grow as mixotrophs (Feng et al. 2010). This ability of a co-assimilation of organic
compounds might pay off in the evolution and is probably a bio-signature of primordial
microorganism (Fuchs 2011, Berg et al. 2010a). Nonetheless, in regard of the phylogenetic
distribution, the rTCA cycle is present in quite diverse anaerobic bacteria but until now it has
not been found in the archaeal domain (Berg et al. 2010a, Ramos-Vera 2011). The

evolutionary origin of the rTCA cycle is not certain, but the widespread occurrence of at least
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its oxidative reactions indicates a possible succession of the primordial cycle (Wé&chtershauser
1990b, Smith and Morowitz 2004, Keller et al. 2017).

Wood-Ljungdahl-pathway - Of the autotrophic pathways known today, the Wood-Ljungdahl
pathway is the only pathway that has been found to operate in both, bacteria via acetogenesis,
and archaea via methanogenesis (see Figure 15 blue and red). This pathway is a candidate
thought to have evolved first (Fuchs 2011, Berg 2011). Furthermore, this is the only autotrophic
pathway that generates energy by noncyclic exergonic carbon assimilation (Fuchs 2011, Berg
2011).

Acetogens
Formate HCOOH

dehyd
ehydrogenas Fon;nyrf;;;l;se Methylene-THF Methylene-THF
y Methenyl-THF dehydrogenase 4
cyclohydrolase & reductase

CHO-HF ————— CH=H,F CH,=H,F —— CH;-H,F— CO-[Ni]
O SR G HIPT S GG HPTS
dZEm:oI;‘;rfase 1e1rahydromethanupt7m/ tetrahg;%‘;::::;::te"" tetrahydromethanopterin tetrahydromethanopterin
dehydrogenase reductase
CHO-MFR [Ni]

Methanogens co,

H4sMPT/H,F _/

CH,CO-Ni

Acetyl-CoA

Figure 15: The Wood-Ljungdahl pathway. The biochemical reactions involved, as well as the enzymes
catalysing the reactions, are depicted. The upper part shows the variant of the pathway functioning in
acetogens (blue), and the lower part depicts the pathway in methanogens (red). It has to be noted that
the reductive acetyl-CoA pathway is so far the only known CO: fixation pathway used by bacteria as

well as archaea (adapted from Berg 2011, Fuchs 2011).

In Figure 15, the variant of methanogenesis is depicted, whereby two molecules of CO; are
simultaneously fixed and reduced by hydrogen. One CO: is reduced to a methyl group bound
to the carrier tetrahydropterin followed by a methyl transfer. In Figure 15, the upper part shows
the variant of acetogens, which mainly differs in the reduction of CO, by formate
dehydrogenase to the free intermediate formate. This intermediate is activated by formyl-
tetrahydrofolate synthase and is subsequently converted to an activated methyl group. The
key characteristics of the reductive acetyl-CoA pathway fit well with a presumed emergence of

life at hydrothermal scenarios and can be summarized in low demands of one ATP per
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molecule of acetyl-CoA, high oxygen sensitivity, enormous heat stability and high requirement
of many different transition metals (Mo or W, Co, Ni, and Fe) (Berg 2011).

The 3-hydroxypropionate—bicycle - This autotrophic CO: fixation pathway was discovered
by Holo and originally proposed as a monocycle but several years later it turned out to be a
bicycle (Holo 1989, Strauss and Fuchs 1993, Herter et al. 2002, Zarzycki et al. 2009). As
shown in Figure 16, two cycles are involved in this autotrophic CO; fixation pathway and lead
consequently to its name, 3-hydroxypropionate bicycle. One of the cycles starts with the
carboxylation of acetyl-CoA via bicarbonate to malonyl-CoA, which is further reduced to 3-
hydroxypropionate and subsequently to propionyl-CoA (Higler and Sievert 2011). A second
carboxylation step of propionyl-CoA yields the C4 unit methylmalonyl-CoA, which is converted
to (S)-malyl-CoA via succinyl-CoA, succinate, fumarate and malate. Finally, the starting
molecule of the cycle, acetyl-CoA is regenerated by the cleavage of (S)-malyl-CoA and

releases glyoxylate as a first carbon fixation product (Strauss and Fuchs 1993).

Glyoxylate
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Fumarate
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Methylmalonyl-CoA Tucely-Cohmale Citramalyl-CoA
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Methylmalonyl-CoA epimerase MMC lyase

Methylmalonyl-CoA mutaase

Figure 16: The 3-hydroxy propionate bicycle. The biochemical reactions involved, as well as the

enzymes catalysing the reactions, are depicted (adapted from Hugler and Sievert 2011).

Glyoxylate induces a second assimilation cycle by addition to propionyl-CoA, leading to
methylmalyl-CoA, which is converted via mesaconyl-CoA to citramalyl-CoA. At this point, the
second cycle is closed by the cleavage of citramalyl-CoA to pyruvate and acetyl-CoA. In total,
under the requirement of seven ATP and three molecules of bicarbonate, one molecule of
pyruvate is formed (Berg 2011). Interestingly, the bicycle involving 19 reaction steps is
catalysed by only 13 non oxygen sensitive multifunctional enzymes including the key enzymes
malonyl-CoA reductase, propionyl-CoA synthase and malyl-CoA lyase (Hugler and

Sievert 2011, Berg 2011). This autotrophic pathway appears to be restricted to bacteria, which
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can be found in species from hot spring microbial mats (van der Meer 2000). Probably
Chloroflexaceae may profit from using bicarbonate as inorganic precursor, for the reason that
the concentration is much higher in its favoured habitant of slightly alkaline water. The 3-HPB
cycle allows co-assimilation of numerous compounds such as acetate, propionate, succinate

and the corresponding alcohols (Zarzycki et al. 2009).

The 3-hydroxypropionate—-4-hydroxybutyrate cycle - The 3-HP/4-HB cycle functions in
extreme thermoacidoophilic archaea, namely Crenarchaeota and Sulfolobales that prefer
volcanic areas with a pH of around 2 and a temperature of 60-90 °C (Ishii et al. 1997,
Menendez et al. 1999, Berg et al. 2007, Berg et al. 2010b). The discovery of the acetyl-CoA
carboxylase in these archaea was surprising due to the lack of fatty acids in archaeal
membranes (Norris et al. 1989, Burton et al. 1999, Hugler et al. 2003, Chuakrut et al. 2003).
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Malonate semialldehyde ’\4-Hydroxybutyryl-CoA dehydratase
Malonate semialdehyde reductase
3-Hydroxypropionate asHydroxybutyryl-CoA
| 3-Hydroxypropionyl-CoA synthetase 4-Hydroxybutyryl-CoA synthase
3-Hydroxypropionyl-CoA J
3-Hydroxypropionyl-CoA dehydratase 4 HydrobeUtyrate
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Figure 17: The 3-hydroxypropionate/ 4-hydroxybutyrate cycle. The biochemical reactions involved, as

well as the enzymes catalysing the reactions, are depicted (adapted from Higler and Sievert 2011).

In bacteria and eukarya, this enzyme is typically used to catalyse the first step in fatty acid
biosynthesis and, thus, this enzyme obviously has a different role in archaea as they do not
show such lipids. Hence, this acetyl-CoA carboxylase is found to be active in carbon fixation
similar to the 3-HPB (see Figure 17). The first part of the 3-HP/4-HB bicycle from acetyl-CoA
to succinyl-CoA has the same intermediates as the first turn of the bacterial 3-HPB. But the
enzymes used, differ and are not homologues so that they might have evolved independently
(Berg et al. 2010a). Additionally the archaic 3-HP cycle is modified by further intermediates
such as malonate-semialdehyde, 3-hydroxypropionyl-CoA and acryloyl-CoA. The second part
of the bicycle is completely different in comparison to the C4 units, which are used in the 3-

HPB. Succinyl-CoA is transformed to acetoacetyl-CoA via succinate-semialdehyde, 4-
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hydroxbutyrate, 4-hydroxybutyryl-CoA, crotonyl-CoA and 3-hydroxybutyryl-CoA. The cycle is
closed by the cleavage of acetoacetyl-CoA into two molecules of acetyl-CoA. The archaic
species used in the 3-HP/4-HB cycle, require nine ATPs and might have returned to an
anaerobic lifestyle while retaining oxygen tolerant enzymes (Berg et al. 2010a). Interestingly
in context of the origin of life most of these Sulfolobales can grow chemo-autotrophically on
sulphur or pyrite or Hz (Auernik et al. 2008, Berg et al. 2010a).

The dicarboxylate—-4-hydroxybutyrate cycle - The differentiation of this DC/4-HB cycle from
the others is difficult because no enzyme is unique for this pathway. One part involves the
conversion of oxaloacetate to succinyl-CoA similar to the rTCA, while the second part
corresponds to the reaction sequence of succinyl-CoA to acetyl-CoA matching the 4-HB of the
3-HP/4-HB cycle (see Figure 18).
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’7002 Acetyl-CoA 3-Hydroxybutyryl-CoA
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HCOy PEP 4-Hydroxybutyryl-CoA
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SRl 4-Hydroxybutyryl-CoA synthetase

Oxaloacetate 4-Hydroxybutyrate

Malate dehyd
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Fumarate hydratase
Fumarat /Succinyl—CoAreductase
Fumarate reductase -
; inyl-CoA
Succinate—_>vuccinyl-Co

Succinyl-CoA synthetase

Figure 18: The dicarboxylate/4-hydroxy butyrate cycle. The biochemical reactions involved, as well as

the enzymes catalysing the reactions, are depicted (adapted from Hugler and Sievert 2011).

To convert acetyl-CoA to oxaloacetate three additional enzymes are necessary: Pyruvate
synthase, pyruvate:water dikinase and phosphoenolpyruvate (PEP) carboxylase (Hugler and
Sievert 2011). It seems that the DC/4-HB cycle is present in almost all anaerobic autotrophic
members of both order Desulfurococcales and Thermoproteales of archaea (Fuchs 2011). In
terms of ATP costs, the synthesis of one molecule of pyruvate requires five units of ATP within

the use of oxygen sensitive enzymes (Berg et al. 2010a).

Summary - In Table 1 the six different autotrophic pathways are summarized concerning their
ATP cost versus pyruvate production, heat stability and oxygen tolerance and the distribution

in the phylogenetic tree of bacteria and archaea. These data of extant microorganisms could
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retain some characteristics of LUCA and may give some insights into the evolution of carbon

fixation.

Table 1: The six autotrophic CO:2 fixation pathways and their properties related to the origin of life in

microorganisms (adapted from Berg et al. 2010a, Berg 2011, Hugler and Sievert 2011).

Pathway ATP cost/ Heat stability O2- Distribution in
pyruvate tolerance phylogenetic tree
CBB-cycle 7 thermophilic yes bacteria
rTCA cycle 2 hyperthermophilic no bacteria
WL-pathway ~1 hyperthermophilic no bacteria/archaea
3-HP bicycle 7 mesophilic yes bacteria
3-HP/4-HB cycle 9 hyperthermophilic yes archaea
DC/4-HB cycle 5 hyperthermophilic no archaea
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CHAPTER 2
MOTIVATION
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The question of the emergence of life is an extremely exciting topic, but also highly complex.
To solve this conundrum, the collaboration of astronomers, geoscientists, chemists, theorists,
physicists and biologists is necessary. This work covers multiple disciplines, belonging to
chemistry, biology and geoscience. The aim of this work is to find and to establish ties between
the abiotic chemoautotrophic carbon fixation of the pioneer organism according to the iron
sulfur world and extant chemoautotrophic COx-fixation pathways, still used by ancient

microorganisms at hydrothermal vents.

2.1 Experiments based on the Iron Sulphur World

In the last 20 years, the study of surface-catalyzed reactions under volcanic hydrothermal vent
conditions resulted in the production of a plenty of biomolecules such as amino acids, small
peptides, a-hydroxy and a-keto acids as well as activated acetic acid. To validate the
hypothesis of a pioneer organism in terms of the iron sulphur world, further experiments were
projected to form lipids or lipid like molecules under the conditions proposed by
Wachtershauser. The still not examined source for primordial lipids in the FeS-world took a
prominent role among the major open problems for the origin of life. It is not clear when and
how they arose, however, cellular encapsulation, meaning isolation from the surrounding
environment, is necessary for a primordial organism. It is often assumed that a protocellular
compartment was defined by much “simpler” fatty acids than the phospholipids used by extant
organisms to form bilayer structures (Chen and Walde 2010). This work was therefore aimed
to focus on the terrestrial formation of fatty acids under suboceanic volcanic hydrothermal vent
conditions by using reactive volatiles, surface-catalyzed by redox active minerals such FeS or

NiS according to the iron sulphur world.

Interestingly, a high relative gas, acetylene, was found in fumarolic gases (Oremland and
Voytek 2008, Igari et al. 2000) archean quartz (Schreiber et al. 2017) and as a product of
volcanic simulation experiments (Mukhin 1976). Bearing these exiting findings in our mind, we
suggested that the hydrolysis of carbide (Wiberg 2007) on early Earth would have caused the
outgassing of acetylene. The question arises if acetylene, a C2-body, acts similar to the key
substrate, acetyl-CoA used in archaeal and bacterial lipid biosynthesis (see Figure 19) as chain
elongation precursor. Thus, it slipped in our focus as an adequate candidate for an

experimental setup to form lipids according to the iron sulphur world.
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Figure 19: On the right hand, the archaic lipid/isoprenoid biosynthesis via the mevalonate pathway,
which leads to dimethylallyldiphosphate and isopentenyldiphosphate by using three molecules acetatyl-
CoA. On the left hand, the well-known bacterial fatty acid biosynthesis leads to also starts from acetyl-
CoA.

2.2 Isotoplogue Analysis of extant Microbes using autocatalytic
Carbon-Fixation

The emergence of life is hypothesized to be linked to autocatalytic carbon fixation pathways
under hydrothermal conditions as discussed above (see chapter 1.3.2). Autotrophic pathways
are still present in extant hydrothermal microbes and thought to be derived from the “Ur-
metabolism”. Within the sequence of Desulfurella acetivorans, a thermophilic sulfur reducing
deltaproteobacterium, neither ACL nor homologous enzymes such CCS and CCL are present,
although the organism can grow autotrophically by means of the rTCA cycle (Figure 20). The
current consensus is that a novel type of enzyme may be active. Therefore this is a highly
interesting study organism. In this work, experimental proof for the citrate cleavage activity of

Desulfurella acetivorans shall be provided in the context of origin of life.
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black arrow stands for the unknown citrate cleavage (adapted from Mall et al. 2018).
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3.1 Summary & Article: Unsaturated Cs57,9-Monocarboxylic Acids by
aqueous, One-pot Carbon Fixation: Possible Relevance for the Origin of
Life

In the iron sulphur world, the pioneer organism became cellular and thus a chemical path of
amphiphilic compound synthesis would be necessary. In this article, our group has shown a
surface catalysed fatty acid formation using acetylene as C2 precursor in analogy to acetyl-
CoA. For the primordial synthesis of short fatty acids under volcanic hydrothermal vent
conditions, a batch reactor was charged with an aqueous suspension of NiS and/or Ni(OH)»
(see table 2 experiments a-f) with a gas ratio of C;H, to CO of 1:1 at a combined pressure of
1 bar at room temperature, followed by heating to 105°C under autogenous pressure for 7
days. GC/MS analysis of the supernatant revealed the presence of more than 150 products,
including a set of Cs579-monocarboxylic acids with an combined fatty acid concentration of up
to 20mM (Table 2). It was denoted that a more realistic high pressure would increase yields
and chain lengths of the primordial fatty acids. The primary products were polyunsaturated
monocarboxylic acids and their hydrogenated analogues. In this publication we present for the

first time the formation of short fatty acids according to the iron sulphur world.

Table 2: A list of the unsaturated and saturated monocarboxylic acid products and their concentration

[uM] of run a-f, sorted by ascending order of chain length (adapted from Scheidler et al. 2016).

run a b © d e f
mmol NiS 1 1 0.5 0.5 0 0
mmol Ni(OH), (a or B) 0 0 0.5(a) 0.5(B) 1(a) 1(B)
end-pH 8.8 6.7 8.3 8.9 8.0 9.8
Cs-acids (uM)

C,H;-COOH 3884 5822 3318 6675 250 243
C,;Hs-COOH 7132 1069 461 7391 510 171
Cs-acids (UM)

3C4Hs-COOH 466 1597 970 1463 53 0
5C4H;-COOH 7498 2641 1390 7269 11 0
C4H,-COOH 309 32 11 363 0 0
Cs-acids (uM)

3CgHs-COOH 63 30 31 61 0 0
3CsHy-COOH 320 148 69 246 0 0
3CeH11-COOH 52 42 6 96 0 0
Cq-acids (M)

3CgHs-C,H, 4-COOH 1.8 4.4 3.1 15 0 0
CgH1;-COOH 0.6 0.8 0.1 0 0 0
3CgH13-COOH 4.6 1.3 3.6 5.9 0 0
CgH15-COOH 3.9 0.4 0.4 3.7 0 0
3C3-Cy 19735 11388 6263 23575 824 414

My individual contribution of this work included the design and performance of the experiments
with analytics and interpretation of the data. Additionally | was involved in the preparation of

the published manuscript.
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OFEN Unsaturated C; 5 ; -Monocarboxylic
“Acids by Aqueous, One-Pot Carbon
Fixation: Possible Relevance for the

e Origin of Life

Fublished: 10.lme2lS | Christopher Scheidler'”, Jessica Sobotta®", Wolfgang Eisenreich', Ginter Wichtershiduser? &

Claudia Huber*

¢ All scientific approaches to the origin of life share a common problem: a chemical path to lipids as

¢ main constituents of extant cellular enclosures. Here we show by isotope-controlled experiments that

¢ unsaturated C; ; ; -monocarboxylic acids form by one-pot reaction of acetylene (C;H,) and carbon

. monoxide (CO) in contact with nickel sulfide (NiS) in hot aqueous medium. The primary products are

: toto-olefinic monocarboxylic acids with CO-derived COOH groups undergoing subsequent stepwise
hydrogenation with CO as reductant. In the resulting unsaturated monocarboxylic acids the double

: bonds are mainly centrally located with mainly trans-configuration. The reaction conditions are

: compatible with an origin of life in volcanic-hydrothermal sub-seafloor flow ducts.

¢ Carbonaceous meteorites have been found to contain saturated, aliphatic C,_,-monocarboxylic acids with an
: excess of branched structures and with abundancies that decrease with increasing carbon atom numbers'~?. The
¢ relevance of these findings for the origin of life came into its own when hydrophobic residues of chloroform
¢ extracts of carbonaceous meteorites were shown to form membranous structures in aqueous media*. Meteoritic
: sources would, however, have been slow at releasing their lipids into the primitive ocean with the result of a
¢ highly diluted lipid solution, and possible concentration processes would have been countermanded by mas-
: sive sedimentation, notably of adsorptive volcanic ashes®. A promising alternative emerged with the finding that
: monocarboxylic acids are formed at 400 °C by contacting metallic iron from certain meteorites with CO and
¢ H, (1:1)%. The characteristics, however, of an absence of water (except for reaction water) and of a presence of
:anhydrous (hygroscopic) K,CO,f speak against hydrothermal vent scenarios for these Fischer-Tropsch reactions.
: Subsequent reports of a Fischer-Tropsch formation of monocarboxylic acids under water-saturated hydrother-
¢ mal vent conditions turned out to be problematic because the monocarboxylic acids appear to be formed by
: gas-solid reactions at catalytic steel surfaces of the reactor wall’®. Bearing in mind that the biosynthesis of fatty
¢ acids from acetyl-CoA proceeds in C2-increments we probed acetylene as simple, yet highly reactive primordial
¢ C2-precursor.

Results and Discussion

Synthetic reactions. We reacted an aqueous suspension of freshly precipitated NiS with C,H, and CO as
: gas phase at a combined gas pressure of ~1 bar at room temperature, followed by heating to 105°C under an
: autogenous gas/steam pressure of ~2.5 bar for 7 days. A glass reactor was used in order to avoid artifacts by
¢ catalytic reactor walls. The aqueous medium was not buffered and its pH developed autogenously to an end-pH
: that was measured. After freeze-drying of the supernatant organic products in the residue were silylated and
¢ analyzed by gas chromatography-mass spectrometry (GC-MS). The analysis revealed the presence of a suite of
¢ Cy574-monocarboxylic acids, their chain length increasing by increments of two C-atoms (see Table 1 and for
¢ more detailed information Suppl. Tables S1 and S2, Fig. $4). All detected C; s ;4-monocarboxylic acids sum up
: toaconcentration of up to about 20 mM, (for detailed conversion rates see Suppl. Table $3). Runs with ¥CO and
: D,0 ascertained that these products are genuine reaction products. In the absence of C,H, and/or CO they are
: not formed. The yields of the monocarboxylic acids show a decrease with increasing chain length (Fig. 1).

Lehrstuhl for Biochemie, Technische Universitat Minchen, Lichtenbergstrale 4, D-85747 Garching Germany. 22209
: Mill Race Drive, Chapel Hill, NC 27514, USA. “These authors contributed equally to this work. Correspondence and
¢ requests for materials should be addressed to C.H. (email: claudia.huber@mytum.de)
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mmol NiS 1 1 0.5 0.5 0 0
mmol Ni(OH), (cvor 3) 0 0 0.5(cv) 0.5(3) 1(o) 1(3)
end-pH 8.8 6.7 83 8.9 8.0 9.8
C;-acids (pM)

C,H,-COOH 3884 5822 3318 6675 250 243
C,H;-COOH 7132 1069 461 7391 510 171
XC, 11016 6891 3779 14066 760 414
C;-acids (uM)

YC,H;-COOH 466 1597 970 1463 53 0
XC,H,-COOH 7498 2641 1390 7269 11 0
C,Hg-COOH 309 32 11 363 0

2C; 8273 4270 2371 9095 64 0
Cy-acids (M)

YC4H;,-COOH 63 30 31 61 0 0
YCHy-COOH 320 148 69 246 0 0
YCeH,,-COOH 52 42 6 96 0 0
XC, 435 220 106 403 0 0
Cy-acids (LM)

YC¢H;-C,H, ,-COOH 1.8 4.4 3.1 1.5 0 0
C¢H,,-COOH 0.6 0.8 0.1 0 0 0
Y CH,;-COOH 4.6 1.3 36 59 0 0
CgH,5-COOH 39 0.4 0.4 3.7 0 0
G, 10.9 6.9 7.2 11.1 0 0
3C-Cy 19735 11388 6263 23575 824 414

Table 1. Monocarboxylic acid products of the NiS-catalyzed reaction of acetylene with carbon monoxide.
Reactions were carried out in 125 ml serum bottles with 5 ml aqueous liquid phase for 7 days at 105 °C; Products
were identified by GC-MS as tert-butyldimethylsilyl derivatives.
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Figure 1. Combined fatty acid concentrations. Total yields of C; 5 ; ;-monocarboxylic acids of runs a to d are
plotted on a logarithmic scale: a: NiS, pH8.8; b: NiS, pH6.7; c: coprecipitated NiS and a-Ni(OH),, pH8.3; d: NiS,
precipitated onto 3-Ni(OH),, pH8.9; for detailed information see Suppl. Table S1.

Ancillary investigations.  For safety reasons (danger of explosion) and for technical reasons the reactions
had to be carried out at low partial pressure (<1 bar) of C,H,. At a high sub-seafloor pressure (>1000 bar) yields
and chain lengths would be increased, because of negative volumes of reaction and activation®'®. Productivity of
the reaction is pH-sensitive with highest yields in the near neutral pH range of about 6.5 to 9, increasing from
pH 6.7 (run b) to pH 8.8 (run a). Much stronger alkaline conditions disfavor reaction yields as well as chain
elongation. With freshly precipitated a-Ni(OH), (run e) only C; 5-acids were formed, and in lower yields than
with freshly precipitated NiS. With coprecipitated NiS and «-Ni(OH), in a molar ratio of 1:1 (run c) yields were
diminished compared to NiS alone. Apparently, a-Ni(OH), acts as antagonist. With aged 3-Ni(OH), alone (run f)
only C;-acids were formed, and in lower yields than with o-Ni(OH),. However, with 3-Ni(OH), as carrier for
freshly precipitated NiS the yields were slightly increased (run d compared to run a). These comparisons point
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Figure 2. Evolution of monocarboxylic acid biosynthesis. (a) Primordial one-pot pathway; (b) Conversion of
acetylene to acetyl-thioester; (c) Extant biosynthesis dependent on acetyl-thioester condensation. [Ni] signifies
a catalytic nickel complex (unknown nuclearity, ligand sphere, oxidation state and relationship to mineral
surfaces) that converts to H-[Ni] (with hydride ligand) by oxidation of CO to CO,; =- signifies an evolutionary
transformation.

to a wide range of compositions for the exploration of more effective catalysts. Against the backdrop of previous
production of organics by reaction of C,H,/H,0/CO with non-sulfidic Ni-catalysts in organic reaction media'"'2,
it is surprising that heterogeneous catalysis by NiS in hot water generates elongated, unsaturated monocarboxlic
acids, which undergo in situ hydrogenation with the same catalyst and with CO as reductant.

Proposed mechanism. We suggest an organo-metal reaction mechanism (Fig. 2a), wherein CO acts as car-
bon source for the carboxyl group and also as reducing agent via hydride transfer. When run a was repeated with
the addition of H-(CH=CH),-COOH, but without C,H,, the same suite of C;-monocarboxylic acids was formed
with the same quantitative relationships as in run a with C,H, (A’ > A" > A?). Therefore, we suggest toto-olefinic
H-(CH=CH),-CO-[Ni] as early intermediate, which is hydrolyzed to the corresponding free acid. Subsequently,
the free toto-olefinic monocarboxylic acids undergo stepwise hydrogenation. The toto-olefinic monocarboxylic
acids are highly reactive and have a propensity to undergo self-condensation and resinification as established
for 2,4,6-heptatrienoic acid and its derivatives'*!1. Therefore, the yield of long-chain monocarboxylic acids is
expected to increase with increasing rates of hydrogenation. For n= 1-3 the free toto-olefinic mono-carboxylic
acids have been detected. A mechanism of electrocyclization and aromatization of fofo-olefinic monocarboxylic
acids with the penultimate double bond in cis-configuration explains the formation of benzoic acid (n =3)" as
well as cinnamic acid and hydrocinnamic acid (n=4).

The mechanism explains the results with the additional proposition that hydrogenation rates follow three
rules. Rule I1: The rate is higher if hydrogenation involves the «-carbon atom rather than only more distal car-
bon atoms. Rule 2: Hydrogenation of conjugated double bonds is favored over hydrogenation of isolated dou-
ble bonds. Rule 3: Conjugated double bonds undergo preferably end-to-end hydrogenation. These rules jointly
explain why the yields of the mono-unsaturated Cs-acids (Suppl. Table S1) follow the order A% > A*> A2
Moreover, they show that with increasing chain length the proportion of saturated fatty acids decreases sharply
and that regioisomers with double bonds in the middle of the carbon chain are favored. Remarkably, double
bonds with trans-configuration are also favored. Finally, these rules mean also that multiple double bonds are
mainly conjugated.

Primordial Sources of Starting Materials. We now turn to the possible sources for reactants and cata-
lysts. In the extant atmosphere of the Earth acetylene occurs only in trace amounts close to the detection limit,
but much higher levels of atmospheric acetylene have been suggested as contained in a presumptive methane-rich
primordial atmosphere due to photolysis of methane'®. Acetylene has also been detected in extant fumarolic
gases'®, in volcanic glasses'’, and as products of volcanic simulation experiments'®. Acetylene has been suggested
as product of hydrolysis of calcium carbide (CaC,) in the context of the Archaean eon'® and in the context of the
Hadean eon'®?. CaC, may be formed by the following transformations in the hot Hadean mantle*":

CaCO, — CaO + CO,(T > 900°C);

Ca0 + 3C — CaC, + CO(T > 1600°C; atp,,, = 1bar),

CaC, would have become subsequently emplaced in the Hadean crust to later come in contact with the aqueous
vent fluid. The stoichiometrically formed CO would have been continuously removed from the sites of CaC,
formation by diffusion and volcanic exhalation. CaC, is a member of the class of acetylenic carbides, i.e. the cal-
cium salt of acetylene, consisting of a lattice of Ca®* cations and C,*~ anions. It undergoes facile hydrolysis with
cold neutral water to form exclusively acetylene?'. CaC, is distinguished from iron carbides. The latter have been
hydrolyzed with concentrated DCl in D,0O and fully deuterated, saturated C;_,-hydrocarbons have been reported
as products®.
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In the presence of graphite the molar ratio of CO:CO, increases with increasing temperature and decreasing
pressure. It assumes for example a value of 1:1 at 1200 °C and 2 kbar, or at 900°C and 0.1 kbar?®. The Hadean
volcanic exhalations containing a high ratio of CO:CO, would eventually have been mixed with relatively cold
cycling water in volcanic-hydrothermal flow ducts. The resulting quenching effect would have prevented equili-
bration of the CO:CQ, ratio to low-temperature values*.

Nickel is the second-most abundant transition metal (after iron) in the Solar System?® and in the crust of the
Earth?. Iron-nickel sulfides are among the earliest stages of mineral evolution?”. Therefore, nickel sulfides would
have been abundant in the Hadean crust to come in contact with volcanic-hydrothermal vent fluids. Nickel ions
have been found to leach out of crustal minerals into hydrothermal vent fluids?® and it has been proposed that
under the very hot conditions of the Hadean Earth nickel transport in hydrothermal fluids was much more
intense than today?’. Upon contact with H,S nanoparticulate nickel sulfide precipitates®.

Evolutionary Considerations. Acetylene utilization has been detected in extant microbial phyla (for
review see ref. 15). It shows a characteristic kinetic isotope effect®'. Pelobacter acetylenicus utilizes acetylene as
sole carbon and energy source by means of a tungstopterin enzyme that hydrates acetylene to acetaldehyde, which
in turn converts to acetic acid plus ethanol. This enzyme still bears the mark of an original redox function®. A
possibly related relic is provided by the [FeS]-enzyme IspH for the last step in the non-mevalonate pathway to
isoprenoid lipids®®. While it is today clearly a redox enzyme catalyzing the conversion of 1-hydroxy-2-methyl-
2(E)-butenyl 4-phosphate into a mixture of isopentenyl diphosphate and dimethylallyl diphosphate, it also has
an ability to hydrate acetylene®. These two enzymes may reflect a deep history of enzyme recruitments and
functional recruitments.

Based on the above considerations we project that acetylene utilization may have been a prominent feature of
the early metabolism. Hadean volcanic-hydrothermal vent fluids, laden with CO and C,H,, would have passed
through myriads of flow zones. Thereby they would have come in contact with NiS under conditions suitable
for the formation of the type of monocarboxylic acids here reported, but perhaps of greater lengths due to high
reaction pressure (>>1000 bar). These then would have been carried along by the fluid flow in the style of reaction
chromatography, the short ones travelling faster than the longer ones®.

Let us consider now the possible function of the here reported monocarboxylic acids in the course of the cel-
lularization of life. At the outset we note that the experimentally detected monocarboxylic acids are short (Cs_g)
and that under the chosen experimental conditions of a low partial pressure of acetylene (~0.6 bar at 105°C) the
productivity for the Cy-monocarboxylic acids is low. It is not unrealistic, however, to expect that future explora-
tions for more effective NiS catalysts may be successful and that higher productivities and greater chain lengths
may result at a higher partial pressure of C,H, and at a high total pressure (>>1000 bar). With these provisos in
mind we distinguish here two alternative scenarios for the origin oflife.

Heterotrophic origin in a prebiotic broth. In this scenario it is assumed that lipid membrane vesicles form ab
initio. Therefore, the concentration of dissolved monocarboxylic acids in the prebiotic broth must be high enough
and their chain length great enough to be able to exceed the critical vesicle concentration (CVC). It has been
found that decanoic acid has a CVC at pH 7.2 of ~20 mM?, while the CVCs are still higher for nonanoic acid and
octanoic acid?’”. The CVC has been shown to be lowered by the inclusion of hydrocarbons*, which are known to
form by Fischer-Tropsch reactions under hydrothermal conditions’ or of the alcohol equivalent of the mono-
carboxylic acid®’. Further, the CVC is lowered by the presence of short monocarboxylic acids (e.g. those with 3
to 7 carbon atoms that are reported here) in the solution®, which may contribute to reach the saturation level of
the disturbance of the structure of liquid water that is required for vesicle formation. With the concentrations of
monocarboxylic acids as reported here ab initio vesicle formation from solution is questionable.

Aside from the above physico-chemical restriction of heterotrophic ab initio vesicle formation from the kind
of short monocarboxylic acids here reported, we should note a more principle topological shortcoming of this
approach. By the logic of this approach lipid production and supply is located external to the vesicles in question.
Growth and reproduction of early vesicles would therefore require lipid nutrients to enter the membrane from
the outside with the need for a flipping of lipid molecules from the outer leaflet to the inner leaflet. This outside-in
process is the topological opposite of extant cell membrane growth of non-parasitic microbes, which occurs exlu-
sively inside-out, ie. by the internal synthesis of the lipid molecules followed by their entry into the inner leaflet
with subsequent flipping from the inner leaflet to the outer leaflet. This topological difference correlates imme-
diately with a thermodynamic difference. Membrane growth by lipid molecule insertion requires a driving force,
which can only be provided by a sufficient lipid concentration. Given the restricted vesicle volume the inside-out
process will easily satisfy the concentration requirement, ultimately driven by the synthetic chemical potential of
the metabolism. In case of outside-in growth the outside volume is in principle an unrestricted diffusion space
with the consequence of unending dilution.

Autotrophic origin in a volcanic-hydrothermal fluid flow. In this scenario it is assumed that cellularization is
preceded by a surface metabolism with a cascade of intervening functional steps as precursors of the eventual
lipid function. The first step in this hypothetical cascade consists of a lipophilization of the catalytic mineral
surface by the accumulation of surface-bonded monocarboxylic acids that operate like a two-dimensional hydro-
phobic solvent?®. All here reported monocarboxylic acids, even the short ones, are capable of contributing to such
surface lipophilization. As a consequence the activity of H,O (and of H;O" or OH™) is lower at the mineral-water
interface than in bulk water, thereby protecting hydrolytically sensitive constituents, notably organo-metal inter-
mediates and condensation products. By this collectively autocatalytic effect ever-longer monocarboxylic acids
would form in ever-greater proportions. Eventually, a state would be reached, wherein monocarboxylic acids with
lipid function form surface-bonded bilayer membranes®. At this stage the above-mentioned saturation effects®
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may come into play. Eventually, semi-cellular structures would form, with a cytosol bounded partly by a lipid
membrane and partly by a mineral surface. Still later, evolutionary precursors of true cellular entities with inter-
nal catalytic NiS would emerge®. Throughout this evolutionary cascade the principle of continuity (topological,
structural, nutritional, catalytic and biochemical) would be maintained. Monocarboxylic acids would form first
on the open NiS surfaces, later on the NiS surfaces inside the semi-cellular structures, still later on NiS parti-
cles inside membrane vesicles, and finally by intracellular enzyme catalysis. Throughout this cascade membrane
growth would have proceeded as today — inside-out.

With the cooling of the Earth the acetylene nutrient would have vanished in most habitats of life and the
biosynthesis of lipids by organo- metal C2-incremental acetylene fixation would have been replaced by enzy-
matic C2-incremental acetyl-CoA condensation (Fig. 2c). This gradual transformation would have been medi-
ated by hydration of acetylene to acetaldehyde, followed by oxidative reaction with a mercaptan to form an
acetyl-thioester (Fig. 2b). Moreover, we note that extant membranes of the domains Bacteria and Archaea typ-
ically comprise a mixture of fatty acid lipids and that a mixture of an even-numbered monocarboxylic acid and
an uneven-numbered monocarboxylic acid shows a lowered CVC compared to the single even-numbered case®.
Therefore, a gradual transition from uneven-numbered to even-numbered carbon chains would not have violated
the principle of evolutionary continuity.

Monocarboxylic acids previously invoked in the context of the cellularization of life have been exclusively sat-
urated. By contrast, the here reported synthetic pathways begin by the formation of foto-olefinic monocarboxylic
acids that undergo subsequent incremental hydrogenation of their double bonds. With the C; ;- monocarboxylic
acids the fully hydrogenated, saturated state was reached. But with the higher C;_ ;- monocarboxylic acids the
saturated states are not reached and the products consist of mixtures of unsaturated monocarboxylic acids with
one, two or three double bonds. The double bonds have mainly trans-configuration and multiple double bonds
are mainly conjugated. These insights open hitherto unexplored avenues of research into cellularization.

Extant cell membranes of the domains Bacteria and Eukarya are characterized by the presence of natural
unsaturated fatty-acyl lipids within membranes of saturated lipids. The unsaturated monocarboxylic acids
reported here agree with natural unsaturated lipids with regard to the location of the double bonds in the middle
of the hydrophobic tail. While in the here reported synthetic pathway the unsaturated C. ;-monocarboxylic acids
are the exclusive reaction products, the natural unsaturated fatty acids are produced in anaerobic bacteria as
minor components by special variants of the fatty acid synthesis machinery.

The natural unsaturated fatty acids have mainly cis-configuration that causes a kinked structure with the effect
of a decrease of the membrane packing density. This means an increase of membrane fluidity; as it is required by
a mesophilic lifestyle. The trans-unsaturated monocarboxylic acids are actually more similar to their saturated
monocarboxylic acid counterparts in terms of their molecular structure and in terms of their effect on membrane
properties®. With the presence of multiple trans-unsaturations, in their carbon chain the molecules become
overall more rigid and less bulky. Now, when the multiple trans-unsaturations are conjugated, as projected for
the type of reactions here reported, the carbon chains are even more rigid and rather flat with the result of greater
membrane compactness. This provides an outlook to primordial membranes of monocarboxylic acids with con-
jugated polyunsaturations that may well have properties that are more in tune with the requirements of a (hyper)
thermophilic lifestyle. These considerations are speculative, but suitable for empirical verification or falsification.

The chemical reaction here reported is by itself not restricted to any particular scenario as long as the
required materials and conditions are present. When viewed, however, in the Iron-Sulfur World context of a
volcanic-hydrothermal flow scenario for a chemo-autotrophic origin of 1ife?*2%4, the here presented reactions
show a considerable coherence with previously reported synthetic reactions (nutrients in volcanic-hydrothermal
fluid flows and catalytic minerals from crustal flow ducts): Lower alkyl mercaptans form from CO, and H,S with
FeS*; NH, forms from N, with FeS/H,S*; CH,-CO-SCH; forms from CO/CH,SH with (Fe,N1)$**; amino acids
form from HCN with NiS*; amino acids are activated by CO/H,S/NiS to form peptides that engage in a peptide
cycle by undergoing N-terminal degradation by CO/H,S/NiS*. This degree coherence may be viewed as a road
sign to the origin of life in an open flow system: chemically singular and chemically predetermined.

Methods

In a typical runa 125ml glass serum bottle was charged with 0.50r 1.0 mmol NiSO, » 6H,0 and closed with a
silicon stopper. Additionally or alternatively, 3-Ni(OH), was charged in runs d and f, respectively. For achiev-
ing a constant ion strength run d and f were supplemented with 0.5 mmol and 1 mmol Na,SO,, respectively.
Three times the bottle was evacuated and filled with argon, finally ending in a deaerated state. Subsequently
the bottle was charged with argon-saturated water (calculated for the end volume of 5ml), with 0.5 or 1.0 mL
argon-saturated 1M Na,S solution, with 0.5 (run aund b), 1.0 (run ¢) or 2.0ml (run ¢) 1M NaOH solution and
finally with 60 m1 CO and 60 ml acetylene, using for the injections gas-tight syringes. To confirm the authenticity
of the products, ¥*CO or D,0 were used in representative experiments. Variations in the initial pH of the reaction
batches were induced through the addition of IM NaOH or 1M H,;SO,. Reactions were carried out at 105 °C.

After 7 days the reaction mixture was allowed to cool down and was centrifuged at 10,000 rpm for 5min-
utes. The pH was measured by a glass electrode and 1 ml of the supernatant was freeze-dried. For anal-
ysis by GC-MS, the residue was dissolved in 250 ul anhydrous acetonitrile and derivatized with 250 .l
N-tert-butyldimethylsilyl-N- methyltrifluoroacetamide for 30 minutes at 70 °C.

Analysis was performed with GC-MS, using GC-2010 coupled with MS-QP2010 Plus (Shimadzu GmbH,
D-Duisburg) with a 30 m x 0.25mm x 0.25pm fused silica capillary column (Equity TM5, Supelco, Bellefonte,
PA, USA) and AOC-20i auto injector. Temperature program and settings:

Program 1: 0-6 min at 60 °C; 6-25min at 60-280 °C, 10°C/min; 25-28 min at 280 °C; injector temperature:
260°C; detector temperature: 260 °C; column flow rate: 1 mL/min; scan interval: 0.5sec; injection volume 0.2 pl.
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Program 2 (used for analysis of C9 acids): 0-6 min at 90 °C; 6-25 min at 90-280°C, 10 °C/min; 25-28 min at
280 °C;

Otherwise identical to program 1; injection volume 1l

Peak assignment was achieved by comparison of retention times and mass spectra of purchased reference
compounds, synthesized products and data from NIST spectra library; for details see Footnotes of Supplemental
Table S1.

Quantification was performed by external calibration using known concentrations of commercially available
reference compounds (for details see Footnotes of Supplemental Table S1).

All chemicals were purchased from Sigma Aldrich GmbH (D-Steinheim) in the highest purity availa-
ble. Acetylene was purchased from Linde AG (D-Pullach). Carbon monoxide, Argon 4.6 from Westfalen AG
(D-Miinster) and *CO from Cambridge Isotopes Laboratories Inc. (USA-MA-Tewksbury).

Heptatrienoic acid was not commercially available and was synthesized by reacting 2 mmol trans-glutaconic
acid with 2.2 mmol acrolein in tetrahydrofuran (THF) in the presence of 8 mmol 4-dimethylaminopyridine
(DMAP) at 70 °C for 24h. The product was isolated from the reaction mixture and confirmed by
NMR-spectroscopy (AV500 Bruker, Rheinstetten) and GC-MS.
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3.2 Summary & Article: One-pot Formation of 2,4-di- or 2,4,6-tri-olefinic
Monocarboxylic Acids by straight Chain C4-Extension

The identification of the saturated monocarboxylic acids reported in chapter 3.1 “Unsaturated
Cs5.7,9-Monocarboxylic Acids by Aqueous, One-Pot Carbon Fixation: Possible Relevance for
the Origin of Life” was achieved by GC/MS analysis of references. Today, some of these
compounds are commercially available, but not the unsaturated monocaboxylic acid, 2E,4E-
heptatrienoic acid 3a. Within this paper, a novel synthetic approach to the formation of targeted
olefin product 3a was investigated and successfully introduced to the scientific community.
Encouraged by the principle of vinylogy (Fuson 1935, Krishnamurthy 1982), a one-pot
decarboxylative condensation analog to Knoevenagel reaction (Jones 1967) was performed
as shown in Figure 21. Instead of a C2-extension of aldehydes, into their a-unsaturated
monocarboxylic acids achieved by using malonic acid, C4-extension was done by the aid of
trans-glutaconic acid 1 (Figure 21). The formation of the set of 2,4,6-triolefinic monocarboxylic
acid 3a was achieved at a temperature range of 65-70°C and 4-dimethylamino-pyridine as
catalyst. In this setup, tetrahydrofuran was used as solvent. NMR spectroscopic investigations
(*H, 3C, COSY, HSQC, HMBC) revealed a high stereo-selectivity of 93 %. Under the favored
reaction conditions, a set of 2,4-di or 2,4,6-triolefinic monocarboxylic acids 3a-f was

successfully synthesized.

Knoevenagel condensation

(0] (@] ji -H,0 (@]
- =
HOMOH * HTOR HOJK/\R
-CO,
malonic acid

Modified condensation

0 0 0 H.O 0
w J’L —-- 2 )W
HO™ oH * H™ R HO R
-CO,
1 2a-f 3a-f

Figure 21: Representation of the vinylogy between the Knoevenagel reaction using malonic acid and
the newly published decarboxylative condensation reaction and formation of a,p-unsaturated
monocarboxylic acids 3a-f by C4 extension using glutaconic acid 1 and aldehydes 2a-f (Sobotta et al.
2017).

My individual contribution of this work included conception, design and performance of the
experiments including analytics and interpretation of the data as well as the preparation of the

published article.
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Abstract

We report a one-pot formation of 2,4-diolefinic or 2,4,6-triolefinic monocarboxylic
acids, R-(CH=CH),,;3-COOH, by decarboxylative condensation of an optionally
o,B-unsaturated aldehyde with glutaconic acid, HOOC-CH,-CH=CH-COOH as
straight chain C4-extender. The reaction is broadly applicable to saturated and
unsaturated aldehydes and opens up a simple gateway to valuable organic products

and reactive intermediates.

Keyword: Organic chemistry

1. Introduction

We are here concerned with the direct formation of «,f-unsaturated carboxylic
acids by carbon chain extension of aldehydes. Previous reactions of this kind are
limited to C2-extension: Peterson olefination [1], Wittig-Horner type reaction [2,
3], extension by (trimethylsilyl)ketene [4] or its acetal [5] and Knoevenagel
extension with malonic acid [6, 7]. We now report a reaction which extends the
carbon skeleton by a straight chain unit of four carbon atoms, thereby
simultaneously introducing two conjugated olefinic bonds and a free carboxylic

acid group. Specifically, we performed a one-pot decarboxylative condensation of

http://dx.doi.org/10.1016/j.heliyon.2017.e00368
2405-8440/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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aldehydes 2a-f with trans-glutaconic acid 1 in the presence of a nitrogen base. Our
reaction is related to the Knoevenagel reaction [6], encouraged by the principle of

vinylogy [8, 9] (Fig. 1).

2. Results and discussion

The reaction is favored by tetrahydrofuran (THF) as solvent, by an elevated
reaction temperature of preferably 65 to 70 °C, and by 4-dimethylamino-pyridine
(DMAP) as a catalytic nitrogen base. The reaction also proceeds with pyridine
alone, or with pyridine in combination with pyrrolidine, piperidine or

diethylamine, albeit with reduced yields.

The two conjugated double bonds that are introduced by the C4-extender have
mainly E-configuration as shown by NMR analysis. If an o,f3-unsaturated aldehyde
is used, the product, a 2,4,6-triolefinic monocarboxylic acid, acquires an additional
conjugated double bond with retention of its stereo configuration. Educt aldehydes
2a-f and products 3a-f are shown in Fig. 2. Reaction yields for all products
determined after ethyl acetate extraction are about 20%. GC/MS yields and stereo
selectivities are listed in Table 1. For example, 2E 4E,6-heptatrienoic acid 3a was
obtained with a stereo selectivity of 93%. The reaction appears to proceed by
condensation, followed by decarboxylation as evidenced by non-decarboxylated
byproducts. All mass data and NMR spectra (IH, 13 C, COSY, HSQC, HMBC)
including signal assignments for products 3a-f are given in the Supplemental

Information section.

Our reaction conditions are related to those previously employed in the
Knoevenagel reaction with malonic acid [7]. Compared to the conventional C2-
extension, the here reported C4-extension reshuffles the synthetic burden between
aldehyde and extender. Because the extender adds four carbon atoms, the aldehyde
can be correspondingly shortened. Moreover, because the extender introduces an
extra double bond into the final molecule, the aldehyde structure is correspond-
ingly unburdened. A simplified aldehyde structure means a correspondingly
simplified aldehyde synthesis. In this manner, the overall synthesis is characterized

by a favorable reaction step economy.

The now presented reaction yields unsaturated free carboxylic acids, without a

saponification step, which would be necessary in a reaction with glutaconic diester

(0] (o, )OJ\ -H,O (0]
)]\/\/U\ * )J\/\ﬁ
HO / OH H R -CO, HO Fngs R
1 2a-f 3a-f

Fig. 1. Formation of o.f-unsaturated carboxylic acids 3a-f by decarboxylative condensation of
aldehydes 2a-f with glutaconic acid 1.
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Fig. 2. Educt aldehydes 2a-f and resulting unsaturated monocarboxylic acid 3a-f by C4 extension.

[10, 11, 12]. Low yields are mainly caused by fast decarboxylation of glutaconic
acid to butenoic acid at enhanced temperatures in the presence of DMAP. Aldol

condensation of the aldehyde is also observed. As shown earlier for similar

Table 1. Conversion of aldehydes 2a-2f to 2,4-diolefinic and 2,4,6-triolefinic
monocarboxylic acids 3a-3f by condensation with glutaconic acid and DMAP as
catalyst in THF.

Aldehyde Product Stereo selectivity” GC-MS Yield [%]" of the 2E,4E isomer
2a 3a 93:7 18.4
2b 3b 58:42 10.4
2c 3¢ 72:28 14.7
2d 3d 55:45 154
2e 3e 60:40 9.3
2f 3f 66:34 10.4

"Yields of 2E.4E-isomers, quantified by GC-MS with the following standards: 3-heptenoic acid for 3a;
3-octenoic acid for 3b,¢; 3-dodecanoic acid for 3d; 3-pentadecanoic acid for 3e and f.
# Stereo selectivity of the 2E,4FE products.

3
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reactions [7], the yields might be improved by varying the reaction conditions.
However, this was not the aim of our proof-of-principle study.

Pending further optimization in terms of productivity and selectivity, the here
reported reaction opens an efficient gateway to classes of valuable polyunsaturated
monocarboxylic acids and their derivatives with potential utility in commercial
products. These would include a host of natural products with a wide range of
biological effects as well as their chemically modified analogs. We mention here
specifically 2,4,6-octatrienoic acid (3b in Table 1) that may be used as tanning
promoter and antioxidant in skin care products [13]. Moreover, a large class of
natural polyunsaturated monocarboxylic acid amides [14, 15, 16, 17, 18] of the
formula R-CH=CH-CH-=CH-CO-NH-isobutyl, wherein R signifies a saturated or
an unsaturated aliphatic group may now come into facile synthesis. They exhibit a
wide range of biological properties and a corresponding range of possible utilities,
notably as modulators or enhancers for the immune system [14, 15, 16] or as

insecticides [17, 18].

3. Material and methods

All chemicals were purchased from Sigma Aldrich GmbH (Steinheim, Germany)
in the highest purity available. All organic solvents were purchased from VWR
International GmbH (Darmstadt, Germany) in the highest purity available.
Commercial aldehydes were used without purification.

In a typical experiment, 65.0 mg of trans-glutaconic acid (0.5 mmol, 1 eq.) was
dissolved in a mixture of 244 mg of 4-dimethylaminopyridine (DMAP) (2.0 mmol,
4 eq.) and 1.60 ml of tetrahydrofuran (THF) and stirred at 40 °C for 15 min. The
solution was cooled down to room temperature and the aldehyde (3 eq.) was added.
The reaction mixture was warmed up to 65-70 °C and stirred for 12 h. The reaction
was finished by the addition of 1 ml of ethylacetate and aqueous H,SO, (until
slightly acidic pH) at room temperature. After phase separation the aqueous phase
was extracted two more times using 1 ml of ethylacetate. The organic phases were
combined and dried over Na,SO,. For analysis by GC-MS, 25 pl of the organic
phase was derivatized with 75 pl N-tert-butyldimethylsilyl-N-methyltrifluoroace-
tamide for 30 min at 70 °C.

GC-MS analysis was performed with the Shimadzu instrument GC-17A and QP-
5000 (Duisburg, Germany) using a 30 m x 0.25 mm x 0.25 pm fused silica capillary
column (Equity IS Supelco, Bellefonte, PA, USA) and AOC-20i auto injector.
Temperature program and settings: 0-6 min at 60 °C, 6-25 min at 60-280 °C, 10 °C/
min; 25-28 min at 280 °C; injector temperature: 260 °C; detector temperature: 260
°C; column flow rate: 1 mL/min; scan interval: 0.5 sec; detector voltage 1.5 kV.
Quantification was performed by external calibration using known concentrations of

commercially available reference compounds (for details see footnotes of Table 1).

http://dx.doi.org/10.1016/.heliyon.2017.e00368
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The product structures were also confirmed by one and two-dimensional
NMR-spectroscopy using a Bruker AV-HD 500 instrument (Rheinstetten, Germany).
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3.3 Summary & Article: Reversibility of Citrate Synthase allows
autotrophic Growth of a thermophilic Bacterium

The genome of Desulfurella acetivorans, a sulfur-reducing thermophilic deltaproteobacterium,
was sequenced and analysed for specific key enzymes that are considered to be necessary
for known autotrophic carbon fixation pathways. Anyhow, no pathway was complete.
Interestingly, high activity of Krebs cycle enzymes was measured in extracts of cells grown
under heterotrophic conditions with acetate/CO; as well as autotrophic on H./CO.. The genes
for ACL and CCS/CCL were missing in this sulfur-reducing anaerobic bacterium, apart from
the presence of ACL pseudogenes. In this article, our group suggested that the enzyme citrate
synthase cleaves citrate into acetyl-CoA and oxaloacetate, a reaction that has been regarded
as impossible (Figure 22).
Acetyl-CoA

Citryl-
CoA lyase

Citryl-CoA
Oxaloacetate Arp-citrae CitryI—CoA
Malate lyase synthetase
dehvdroge”é‘y \_/Cltrate
A itat
Malate Citrat synthase \hyc ;rglt :See
Fumarate / Isocitrate
dehydratase
rOTCA Isocitrate
Fumarate dehydrogenase
Fumarate CO,
reductase 2-0xoglutara e
Succinate /2‘-Oxogluterate
carboxylase
F Succinyl-CoA
CO. Succinyl-CoA
synthetase

Figure 22: The roTCA: Citrate synthase (in blue) also catalyzes the cleavage of citrate to acetyl-CoA

and oxaloacetate instead of ACL and CCS/CCL as always assumed.

To elucidate the reversibility of CS in D. acetivorans, enzyme activities under autotrophic
conditions were proven and verified by liquid chromatography as well as NMR spectroscopy.
Furthermore, the possible general concept behind this found reversibility among CS enzymes
was demonstrated by NMR analysis by the aid of the porcine enzyme using 3C tracer
experiments as outlined in the publication. Apart from enzymatic evidence for an active
reversible CS, in vivo evidence for its activity during autotrophic growth in the presence of

stable isotope labelled precursor was obtained. As isotopologue profiling is a key technology
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(Eisenreich et al. 2013, Eisenreich et al. 2010) to study bacterial metabolism, this was the
technique of choice for this study. [1-*C]pyruvate was used as the tracer. It's uptake and the
resulting modification of the isotopologue composition could be easily followed by
spectrometry. In this course it was demonstrated that amino acids were labeled via rTCA.
Especially alanine labeling was achieved, that demonstrated the amination of pyruvate under
autotrophic conditions with Hz, CO, and S°. All these results strongly support the new version
of a reversed oTCA cycle (roTCA) in D. acetivorans. They provide an additional experimental
evidence for the reductive carboxylation of pyruvate to 2-oxoglutarate under autotrophic growth
only. In summary, our group’s in vivo and in vitro experiments demonstrated for the first time
that CS can catalyse citrate cleavage in the reductive direction of TCA cycle. In evolutionary
terms, these results on the physiological reversibility of CS might predate the occurrence of

roTCA cycle in wide range of ancient microorganism.

My individual contribution to this work included design and performance of the experiments
especially the 3C-incorperation experiments and their NMR and GC/MS analysis including
interpretation and display of the data. Additionally 1 was involved in the preparation of the

published manuscript.
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Biological inorganic carbon fixation proceeds through a number of fundamentally different autotrophic
pathways that are defined by specific key enzymatic reactions. Detection of the enzymatic genes in
(meta)genomes is widely used to estimate the contribution of individual organisms or communities to
primary production. Here we show that the sulfur-reducing anaerobic deltaproteobacterium Desulfurella
acetivorans is capable of both acetate oxidation and autotrophic carbon fixation, with the tricarboxylic
acid cycle operating either in the oxidative or reductive direction, respectively. Under autotrophic
conditions, the enzyme citrate synthase cleaves citrate adenosine triphosphate independently into acetyl-
coenzyme A and oxaloacetate, a reaction that has been regarded as impossible under physiological
conditions. Because this overlooked, energetically efficient carbon fixation pathway lacks key enzymes,
it may function unnoticed in many organisms, making bioinformatical predictions difficult, if not

impossible.

Most organic carbon on Earth derives from biological CO; fixation. Six different autotrophic pathways

responsible for this process are known today (1-3). Each of these pathways is characterized by certain
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key enzymes, the genes for which can be confidently recognized in (meta)genomic databases, thus
allowing an estimation of the autotrophic potential reaching from single species up to entire ecosystems.
The reductive tricarboxylic acid cycle (rTCA cycle, or Arnon-Buchanan cycle) is among the most
ancient metabolic processes (4, 5), probably emerged from a non-enzymatic precursor (6), and is present
in bacteria belonging to various phylogenetic groups (1). It is a reversal of the oxidative tricarboxylic
acid (0TCA) cycle, which provides redox equivalents and energy in organisms with a respiratory
metabolism. The key step of the 0TCA cycle is citrate synthesis from acetyl-coenzyme A (CoA) and
oxaloacetate, catalyzed by citrate synthase (CS). This reaction is regarded as one of the irreversible steps
in the oTCA cycle (1, 2, 7). The current consensus is that in organisms using the rTCA cycle, CS is
substituted either by a reversible adenosine triphosphate (ATP)-dependent citrate lyase (ACL) (8, 9), or
by homologous enzymes catalyzing the same reaction in two steps, citryl-CoA synthesis and cleavage
(Fig. S1) (10, 11). The presence of ACL in a bacterium is therefore regarded as a key indication for
autotrophic CO; fixation via the rTCA cycle (12). Our study challenges this concept by demonstrating
through in vivo and in vitro experiments that citrate cleavage in the autotrophic rTCA cycle can be

catalyzed by CS, which was thought to function only in the oxidative direction.

Desulfurella acetivorans is a sulfur-reducing thermophilic (growth optimum at 52-57 °C)
deltaproteobacterium capable of growing either heterotrophically with acetate as electron donor and
carbon source (13), or autotrophically with molecular hydrogen (14). In the heterotrophic route, acetate
is oxidized via the oTCA cycle using CS and 2-oxoglutarate:ferredoxin oxidoreductase (15). Because
the genome of D. acetivorans encodes neither ACL nor full sets of key enzymes for other known
autotrophic pathways (Table S1), the pathway of CO, fixation could not be assigned yet. The genome
contains pseudogenes for ACL with frame shifts in both the a- and B-subunits (region 484760-487933),
which make it non-functional. Amplification of the D. acetivorans DNA fragment containing these
pseudogenes and its sequencing (16) confirmed that acl was interrupted (Fig. 1A). Furthermore, the
genome contains a gene for 4-hydroxybutyryl-CoA dehydratase, the characteristic enzyme of the
archaeal 3-hydroxypropionate/4-hydroxybutyrate and dicarboxylate/4-hydroxybutyrate cycles (17-19),
but genes for other specific enzymes of these cycles are missing (Table S1). Because the absence of key
enzyme(s) of known CO- fixation pathways in an organism capable of autotrophic growth can be
regarded as an indication of a novel pathway, we decided to study CO, fixation in D. acetivorans in

more detail.
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Fig. 1. ACL-independent citrate cleavage in D. acetivorans. (A) ACL pseudogene in D. acetivorans genome,
as compared with the corresponding fragment of the genome of a closely related species D. multipotens, which
possesses an intact acl gene. Numbers portray the pairwise nucleotides identity. bp, base pairs. (B, C) UPLC
analysis of the CoA and CoA-esters formed from citrate in the reaction catalyzed by D. acetivorans cell extracts
(B) and by CS and MDH from porcine heart (Sigma) (C). Azeo, absorbance at 260 nm.

In accord with the published data, D. acetivorans grew both heterotrophically with acetate/CO, and
autotrophically on H2/CO, with minimal generation times of 5.7 and 4.9 hours to a density of 1.5 x 108
and 3.0 x 108 cells per ml, respectively. High activities of 0TCA cycle enzymes were detected in extracts
of cells grown under both conditions, with malate dehydrogenase (MDH) and CS activities being
extremely high (Table 1). In contrast, no activities of key enzymes of known pathways of autotrophic
CO, fixation were detected (Table S1). By ultra performance liquid chromatography (UPLC) analysis,
we determined a citrate (20 mM)-, CoA (1 mM)-, and NADH (reduced form of nicotinamide adenine
dinucleotide) (5 mM)-dependent formation of acetyl-CoA (Figs. 1B, S2). Furthermore, a CoA- and
citrate-dependent oxidation of NADH was observed that could be attributed to oxaloacetate formation
followed by NADH-dependent reduction to malate by endogenous MDH (Table 1). However, none of
these reactions were dependent on the presence of ATP, as would be expected if ACL or citryl-CoA

synthetase/citryl-CoA lyase were operating.
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Table 1. Enzymes of central carbon metabolism in D. acetivorans. Activities were measured at 55°C. The
number of biological repetitions (n) is indicated. ND, not determined; ADP, adenosine diphosphate; acc.,
accession number.

Specific activity [umol mint mg? protein] + Candidate
Pathway / Enzyme standard deviation gene(s),
| H. + CO; | Acetate+CO, | GenBank Acc.: |
0TCA cycle
Citrate synthase 42105 (n=8) 553204 (n=4) ATV LEESTATT
Aconitase 0.74 £ 0.11 (n=3) 0.51+0.01 (n=2) AHF96494, AHF96888
Isocitrate dehydrogenase 18.4 £ 0.6 (n=3) 415+ 4.7 (n=3) AHF97114

Succinyl-CoA synthetase

Acetate:succinyl-CoA
CoA-transferase
Succinate dehydrogenase

Fumarase

Malate dehydrogenase
(NADH)

Malate dehydrogenase
(NADPH)

0.58 +0.10 (n=2)

0.28 +0.15 (n=3)

0.26 + 0.002 (n=2)
6.4+ 5.3 (n=3)

70.4 + 7.6 (n=6)

2.76 + 1.36 (n=4)

0.024 +0.014 (n=2)

0.37 +0.17 (n=3)

0.32 +0.13 (n=3)
7.0+ 2.7 (n=3)

138.1 + 11.6 (n=3)

7.6 + 2.4 (n=3)

AHF96923, AHF96924,
AHF96945, AHF96946,
AHF97285, AHF97286

AHF 97575,
AHF96498, AHF96963

AHF96724, AHF96725,
AHF96726, AHF96727

AHF96722, AHF96723

AHF96721, AHF97578

Citrate synthase, reverse
(acetyl-CoA formation)
Citrate synthase, reverse
(NADH oxidation)
Fumarate reductase

2-Oxoglutarate synthase

rTCA cycle

0.20 +0.05 (n=3)

0.35 + 0.09 (n=10)
0.009 + 0.002 (n=2)

0.44 +0.12 (n=3)

0.39 +0.02 (n=2)

1.86 % 0.48 (n=3)
<0.001 (n=2)

0.21 +0.06 (n=3)

AHF97305, AHF97477,
AHF97591

AHF96724, AHF96725,
AHF96726, AHF96727
AHF96882, AHF96883,
AHF97110,
AHF97111, AHF97112,
AHF97113

Acetyl-CoA synthetase /
Acetate kinase +
phosphate
acetyltransferase

Pyruvate synthase

PEP carboxylase
PEP carboxykinase
(ADP)

PEP synthase
Pyruvate carboxylase

Central carbon metabolism

0.34 +0.05 (n=2)

0.31 +0.08 (n=2)
< 0.005 (n=2)
0.17 +0.05 (n=2)

0.03 +0.01 (n=2)
0.14 + 0.03 (n=4)

0.06 +0.01 (n=2)

0.017 +0.001 (n=2)
< 0.005 (n=3)
0.12 +0.05 (n=2)

0.016 + 0.004 (n=2)
0.014 + 0.005 (n=3)

AHF97139, AHF97494,
AHF97582, AHF97583

AHF96645, AHF96951,
AHF97587, AHF96643,
AHF96644

AHF96904

AHF97619
AHF96546

To further elucidate the fate of citrate, we incubated cell extracts of D. acetivorans under anaerobic

conditions in buffer containing [U-Cg]citrate in the presence of NADH and CoA. After 10 min of

incubation, the reaction was stopped and subjected to *3C nuclear magnetic resonance (NMR) analysis.

Though the specific *°C NMR signals for [U-*Cg]citrate could still be detected, we also observed six

13C NMR multiplets as a result of product formation (Fig. 2, Table S2). On the basis of the chemical

shifts, the 3C-13C coupling constants and titration experiments, these signals were unequivocally
attributed to [U-*Cs]malate and [U-1*C;]acetyl-CoA.
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Fig. 2. ®°C-NMR analysis of [U-'*Cs]citrate cleavage catalyzed by cell extracts of autotrophically grown D.
acetivorans. The reaction mixture contained 2 mM NADH, 2 mM CoA and 2 mM citrate. (A) Reaction after 0
min, (B) after 10 min of incubation, (C): sample as in (B) plus 5 pg [U-3Cs;]malate reference. Signals and
couplings of [U-3Cg]citrate, [U-**C4]malate and [U-3C;]acetyl-CoA are indicated. For numerical values of
chemical shifts and couplings, see Table S2. Note that citrate is a heat stable compound and did not degrade non-

enzymatically. ppm, parts per million.

Together with the UPLC data, these results provide firm evidence for the cleavage of citrate to acetyl-
CoA and oxaloacetate, with the latter being further reduced to malate by MDH, which was highly active
in the cell extracts used (Table 1). The only possible enzyme in D. acetivorans that can catalyze an
ATP-independent citrate cleavage to oxaloacetate and acetyl-CoA is CS. However, with a free-energy
difference AG of —35.8 kJ mol™* in the canonical direction of citrate formation (at pH 7, ionic strength
0.25 and 38 °C, 20), the cleavage reaction has been regarded as impossible under physiological
conditions. Even though the next reaction of the rTCA cycle- oxaloacetate reduction to malate (catalyzed
by MDH)- is highly exergonic (AG of —27.1 kJ mol™ at pH 7, ionic strength 0.25 and 38 °C, 20), the
reversal of the CS reaction would require high substrate and low product concentrations. Using liquid
chromatography-mass spectrometry (LC-MS), we found that the CoA/acetyl-CoA ratio in
autotrophically grown D. acetivorans cells (93, Table S3) was much higher than, for instance in glucose-

grown Escherichia coli (2.3; 21), whereas the citrate concentration in D. acetivorans was typical for
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bacterial cells (1.4 mM; compared to 2 mM in E. coli, 21). Using these concentrations of metabolites,
we calculated an equilibrium oxaloacetate concentration of 0.13 pM. Although it is low, this
concentration is still in a physiological range, similar to for example the mitochondrial oxaloacetate
concentration that is in the low micromolar range (22, 23). [U-13C4]malate and [U-**C;]acetyl-CoA could
also be found when [U-*Cg]citrate, CoA and NADH were incubated with commercially available CS
and MDH (from porcine heart, Sigma) (Figs. 1C, S3), providing further evidence that the conversion of
citrate in cell extracts is catalyzed by CS. The Michaelis constant (Kn) values of CS and MDH measured
in D. acetivorans cell extracts were close to those for the porcine enzymes (Table S4). Apparently, the
CS of D. acetivorans is not specifically adapted to citrate cleavage. This is also apparent from the high
Km value for citrate, thus requiring the observed high specific activity of the enzyme.

In addition to citrate cleavage, we were able to detect activity of another characteristic enzyme of the
rTCA cycle, fumarate reductase, in D. acetivorans cell extracts. This activity was measured as fumarate-
dependent succinyl-CoA formation in an assay coupled with endogenous succinyl-CoA synthetase
(Table 1). The identity of the product, succinyl-CoA, was confirmed by LC-MS analysis (Fig. S4). The
highest specific activity (9 nmol min"* mg protein) was observed with dithionite as the electron donor,
lower activities could be detected when NADPH (reduced form of nicotinamide adenine dinucleotide
phosphate) or NADH were used. No activity could be detected with reduced forms of benzyl viologen,
methyl viologen, the menaquinone analogon 2,3-dimethyl-1,4-naphthoquinone, or flavin
mononucleotide as electron donors. We assume that this reaction depends on a different, unidentified
electron donor with low redox potential in vivo, possibly coupling fumarate reduction by H, with the
build-up of a proton-motive force, as was discussed for deltaproteobacterium Desulfuromonas

acetoxidans (24).

To test the function of the rTCA cycle in D. acetivorans in vivo, we grew autotrophic cultures in the
presence of 0.2 mM [1-*C]pyruvate, which was added in four 0.05 mM portions during the exponential
growth phase. The cells were harvested and hydrolysed under acidic conditions. Four of the obtained
amino acids Ala, Asp, Glu and Pro were then converted into tert-butyl-dimethylsilyl derivatives
followed by gas chromatography-mass spectrometry analysis to determine *C-enrichments and
positions in in the molecules (Table S5). Alanine, reflecting its precursor pyruvate, displayed about 6
% 3C-excess. Incorporation into aspartate, reflecting its precursor oxaloacetate, and into glutamate and
proline, reflecting the precursor 2-oxoglutarate, was lower (1-2 % *C-excess), but still significant. A
more detailed MS-analysis of masses comprising all carbon atoms of the original amino acids (i.e. Ala,
Asp, Glu and Pro at a mass/charge ratio of 260, 418, 432 and 286, respectively, with fragments having
lost one or two carbon atoms from the respective precursor amino acids) revealed some positional
assignment of the *C-label (Fig. S5). Thus, comparing of 3C-excess in Ala-260 with Ala-232 (still
carrying C-2 and C-3 of the original Ala molecule) immediately revealed that the **C-label in Ala must

have been entirely located at C-1 which is lost in the fragment, as expected from its origin from the [1-
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13C]pyruvate precursor. The apparently identical **C-enrichments in Glu-432/Glu-404 and Pro-286/Pro-
184 suggested that the *C-label is located in positions 2 — 5 in glutamate and proline. The lower *C-
excess in Asp-390 (carrying C-2, C-3 and C-4 of Asp) in comparison with Asp-418 (comprising all
carbon atoms of Asp) indicated that label must be present in C-1 of Asp. As shown in Fig. S6, these
BC-distributions can be predicted by shuffling the [1-**C]pyruvate tracer via phosphoenolpyruvate
(PEP) carboxylation into [1-**C]oxaloacetate, which enters the rTCA cycle and is converted into 2-
oxoglutarate via the symmetric intermediates fumarate and succinate (Fig. S6A). On the other hand,
pyruvate assimilation via [1-13C]oxaloacetate followed by reactions of the oTCA cycle could not explain
13C-incorporation into Glu and Pro, as the *C-label becomes lost during the conversion of isocitrate into
2-oxoglutarate (Table S6, Figs. S5 and S6B). Together, these results clearly proved the existence of a
functional rTCA cycle under in vivo conditions.

The operation of the rTCA cycle was also confirmed by inhibitor analysis of autotrophically growing
D. acetivorans cultures. Two inhibitors of the cycle, fluoroacetate (which is converted through the CS
reaction to the aconitase inhibitor fluorocitrate in the cell, 25) and glyoxylate (pyruvate:ferredoxin
oxidoreductase inhibitor, 26) suppressed growth of D. acetivorans (Fig. S7).

We designate this novel CS-dependent version of the rTCA cycle as “reversed oTCA cycle (roTCA)”.
The functioning of the roTCA cycle requires reduced ferredoxin, which is probably synthesized through
electron bifurcation. Indeed, D. acetivorans genome contains genes for NAD-dependent
ferredoxin:NADPH oxidoreductase NfnAB (27). Furthermore, the direct reduction of ferredoxin in a
hydrogenase reaction is not implausible during growth at high H, concentration (80 % in our
experiments).

The activities of the enzymes catalyzing the key reactions of the TCA cycle (Table 1 and
Supplementary Text) were nearly the same for D. acetivorans grown organoheterotrophically in
medium with acetate or lithoautotrophically with hydrogen. However, the same set of the TCA cycle
enzymes has to function in either the oxidative or reductive direction, depending on the growth
conditions (Fig. 3A, B). The question then arises as to how the regulation of carbon flux can occur. Two
obvious possibilities are that either the presence of H; shifts the flux towards the roTCA cycle, or
exogenous acetate drives the TCA cycle in the oxidative direction. Isotopologue profiling of
Desulfurella metabolism during growth with or without H; in the presence of CO, and [U-*C;]acetate
revealed that acetate is mostly being oxidized under both conditions (Tables S7, S8, Figs. S8, S9). These
data disprove the regulatory effect of H, and suggest that the presence of acetate itself leads to increase
of intracellular acetyl-CoA concentration, triggering the direction of the cycle. The detected high
activities of CS and MDH (Table 1) are not required for the growth under heterotrophic conditions.
However, the high activities allow fast switching from heterotrophic to autotrophic growth and reflect
the adaptation of D. acetivorans to fluctuating acetate concentrations characteristic for the D.

acetivorans natural environment, where both active acetate formation and oxidation take place (28).
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Fig. 3. A reversible TCA cycle in D. acetivorans and its efficiency in comparison with other autotrophic CO:
fixation pathways. A: roTCA cycle during growth on CO2, H, and elementary sulfur (S°). B: oTCA cycle during
growth on acetate and S°. C: ATP costs and estimated AG®' values for the synthesis of acetyl-CoA via the known
autotrophic CO, fixation pathways (red, anaerobic; brown, microaerobic; green, aerobic; see Table S10 for
details). Note that comparison of the pathways by their ATP costs does not take into account the costs for
ferredoxin reduction and thus overestimates the energetic efficiency of anaerobic pathways. Enzymes: 1, citrate
synthase; 2, malate dehydrogenase; 3, fumarase; 4, fumarate reductase (roTCA cycle) or succinate dehydrogenase
(0TCA cycle); 5, succinyl-CoA synthetase; 6, 2-oxoglutarate synthase; 7, isocitrate dehydrogenase; 8, aconitase;
9, pyruvate synthase; 10, pyruvate carboxylase; 11, acetate:succinyl-CoA CoA-transferase; 12, acetyl-CoA

synthetase / acetate kinase + phosphate acetyltransferase.

What makes this newly discovered variant of the rTCA cycle so special? First, the roTCA cycle requires
one less ATP molecule per synthesized acetyl-CoA compared with the classical ACL-dependent cycle
(2-3). In bioenergetic terms the roTCA cycle seems to be the most efficient pathway of autotrophic CO;
fixation known today (Fig. 3C). Still, the modified pathway is associated with an additional energy
demand, as an organism using it must increase the amount of some catalysts to cope with their low
substrate concentrations (note the very high activities of CS and MDH, Table 1). The high activities of
the enzymes involved in thermodynamically unfavorable reactions ensure efficient coupling of the
roTCA cycle to biosynthetic reactions. Anabolism is highly exergonic with a thermodynamic efficiency

of about 40%, thus providing an additional driving force for the autotrophic pathway. Nevertheless, the
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required low product to substrate ratio and high enzymatic activities may render this strategy infeasible
for some organisms or under certain growth conditions. Second, the roTCA cycle can hardly be
recognized bioinformatically. It makes (meta)genome-based bioinformatic predictions of the
autotrophic potential of an anaerobic organism (or microbial community) difficult, if not impossible.
Third, many bacteria using the rTCA cycle to fix CO; also possess CS genes (29, 30), and conversion
of the ACL version of the rTCA cycle into the roTCA cycle appears to be quite easy. Notably, another
Desulfurella species, D. multipotens, possesses an intact acl gene (Fig. 1A), but apparently uses the
roTCA cycle, as can be judged from the ACL and CS activity measurements and ATP-independency of
citrate cleavage (Table S9). The usage of the roTCA cycle could be a widespread trait of anaerobic
autotrophic organisms. Considering a wide distribution of its enzymes in anaerobes, the cycle could
have evolved convergently in different microbial groups. Fourth, CS is structurally simpler than ACL,
which consists of several domains, with one of them being homologous to CS (3). Therefore, the roTCA

cycle may even pre-date the modern ACL-rTCA, with an ancestral TCA cycle being fully reversible.

Our results show that unexpected discoveries are possible even when studying well-known metabolic
pathways. If the highly endergonic citrate synthase reaction can be reversed in vivo, which other
apparently unidirectional metabolic reactions may be reversed under certain conditions? Despite the
many advances of the omics era, these features cannot be identified bioinformatically, but require

classical biochemical studies for their discovery.
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CHAPTER 4
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In this work, we made considerable progress in the field of origin of life within the theory of a
chemoautotrophic origin by combining the “Bottom-Up” and the “Top-Down” approach. One-
step forward to the postulated chemoautotrophic theory of a pioneer organism was done by
demonstrating a possible relevant pathway to primordial lipids. One-step forward to a
postulated chemoautotrophic theory was advanced by disclosing the reversibility of the CS and
thus a possible predated occurrence of the rTCA or roTCA, respectively. In the following
chapter, the unpublished results of ongoing studies and their preliminary results are briefly

discussed, but not disclosed.

4.1 A prebiotic Path to pre-cellular Aggregates

Methylthioacetat from acetylene — The presented work confirms our investigation on the
prebiotic formation of lipids (Scheidler et al. 2016). Here, a mixture of monocarboxylic acids
with the chain lengths of C3-C9 were obtained (Figure 23a). It is suggested that by the cooling
of the earth within millions of years, the occurrence of acetylene would have decreased and
the biosynthesis of lipids would have been replaced by enzymatic acetyl-CoA condensation
(Figure 23c). This step-by-step transformation would have been mediated by the prebiotic

synthesis of activated acetic acid as a possible precursor to acetyl-CoA (Figure 23b).

b pe—
HC=CH n HC=CH + CO + H-[Ni]

CHs-CHO <
| H-(CH=CH),-CO-[Ni]

CH4-CO-SR | o
H-(CH=CH),-CO-OH

i H-[Ni]
H-[(CH,-CHy),(CH=CH);,.1]-CO-OH
1 H-[Ni]
H-[(CH,-CHa),,(CH=CH),, ,]-CO-OH
!
H-(CH»-CH,),-CO-OH

Extant pathway (4n steps) Primordial pathway

Figure 23: (a) Primordial one-pot pathway to the identified monocarboxylic acids. (b) Proposed
conversion of acetylene to activated acetic acid. (c) Extant lipid pathway with activated acetic acid as

precursor. (<) Evolutionary transformation steps (Scheidler et al. 2016).
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Consequently, a further focus of this study was to proof the possibility of the thioester synthesis
as suggested in Figure 23b. Indeed, we successfully observed the proposed formation of
acetyl-thioester from acetylene and mercaptan and representing a further piece of evidence

for the iron sulfur world (unpublished results) (Figure 23b).

Active sulfur chemistry - Besides the investigation on activated acetic acid, also the
formation of sulfur-containing products in our reaction setting was analyzed. In all living
organism, thioester formation is a common strategy to activate carboxylic acids, important
intermediates that are used in plenty biological processes. Without the addition of mercaptan,
acetyl-thioester could not be detected in experiments using NiS, acetylene and CO alone.
Nonetheless, the Schmitt-Kopplin group (Helmholtz Zentrum Munich) found sulfur rich and
active chemistry in the same reaction system by ultrahigh-resolution Fourier-transform ion
cyclotron resonance mass spectrometry (FT-ICR-MS). The analysis revealed ~1200
molecules with the formula CHOS and ~400 compounds with CHO compositions (unpublished
data), shown in Figure 24 as a van Krevelen diagram. A future cooperation with the Schmitt-
Kopplin group will concentrate on the identification of new products and their formation in our

reactions under hydrothermal vent conditions to support the iron sulfur theory.
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Figure 24: FT-ICR-MS data represented as van Krevelen diagram-type of CHO and CHOS space of
C2H2, CO reaction catalyzed by NiS surface. Green dots represent compounds with the formula CHOS

and blue dots compounds with CHO compositions (photo courtesy of Philippe Schmitt-Kopplin).

Prebiotic fatty acid addendum - Further analytical investigations via GC/MS on the aqueous
solution in the reaction setting (NiS/CO/C;H,) revealed ~120 other recognizable products.

Interestingly a further class of prebiotic fatty acids was identified, which resemble to membrane
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spanning lipids containing carboxyl group at each end, namely 3,3’-thiobispropanoic acid as
well as 4,4’-thiobisbutanoic acid (unpublished results). In addition, similar intermediates in the
extant fatty acid biosynthesis of bacteria as well as intermediates used by archaea
(unpublished results) could be detected, such as crotonic acid, 3-hydroxybutyric acid as well
as hydroxymethylglutaric acid. These results strongly indicate a metabolism first theory. Other
future experiments would focus on secondary products, which might be formed by adding
these prebiotic intermediates in the catalytically active systems.

Micellar aggregates - In the experimental settings for short fatty acid formation, we
recognized in some cases an increased viscosity of the obtained NiS solution. As amphiphilic
compounds in an agueous solution, fatty acids are able to self-assemble into micelles and
further into bilayer structures such as vesicles. Micelle as well as vesicle formation depends
on factors such as concentration, type of fatty acids, temperature and pH. At a high pH, the
carboxylic groups are negatively charged and repel each other; if the pH is below a micelle
specific threshold, the acidic heads of the fatty acids are protonated, resulting in coalescence
and thus oil droplet formation. For fatty acid vesicles, the optimal formation pH value is
considered be near the pKa of the associated fatty acid. The critical vesicle concentration
(CVC) varies exponentially with chain length and is moreover dependent on type of fatty acid
used. The shortest chain length fatty acid that is able to form vesicles is octanoic acid but this
process requires very high concentration of the monomers of up to 250mM (Budin et al. 2014).
The CVC can be lowered by admixture with fatty alcohols, hydrocarbons as well as with short
monocarboxylic acids, those with C3 to C7 (Apel et al. 2002, Cape et al. 2011, Deamer 1985).
Based on these insights, it was questionable if the increased viscosity found in the NiS solution
is related to the issued unsaturated and saturated short fatty acids (C3, C5, C7, C9), which
can be summed up in concentration to about 20mM (Scheidler et al. 2016). Therefore and as
a proof-of-principle investigation, the formation of micellar and vesicular aggregate structures
in outlined setup was studied in cooperation with the Friedrich Simmel group at TUM.
Interestingly, using transmission electron microscopy (TEM), the formation of hydrophobic

drop-like compartments could be visualized (Figure 25A) which were absent in control

experiments (Figure 25B) (unpublished results).
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Figure 25: (A) TEM images of hydrophobic drops covered by alpha hemolysin, a hydrophobic protein
pore, which helps in identifying vesicles. (B) TEM image of the control run whereby only protein pores

can be visualized (B) (photo courtesy of Swati Krishnan and Friedrich Simmel).

Future collaborating work with Simmel’s group will focus on providing evidence for an enclosed
hydrated nanocrystalline NiS core shell structure with surrounding fatty acids according to the
iron sulfur world theory (Figure 26). Aside the physico-chemical restriction of vesicle formation
and the growth and reproduction of early vesicles, a certain permeability of the vesicles is
needed to allow the uptake of nutrients. Therefore, the permeability should also be a point of

interest. Permeability depends on membrane fluidity, which in turn depends on the chemical

composition and also on temperature.

B

0" Lipid vesicle
W

— Internal hydrated NiS nanoparticle

Figure 26: Enclosed hydrated nanocrystalline NiS-nanoparticle (with a core-shell

structure) with detached lipid vesicle.

A membrane can change from permeable liquid state to a rigid crystalline or gel barrier at a
characteristic temperature. The change of state is known as phase transition and the
temperature at which it occurs can be lowered by shorter chain lengths, methyl branching or
incorporation of cis double bonds. The latter two features prevent a close package of lipid
layers and increase the fluidity (Koga 2012). Future experiments will consider the synthesis of
the Cs57.9-monocarboxylic acids, which are not commercially available, to test both their ability
to form vesicles as well as their permeability. These polyunsaturated monocarboxylic acids
can be obtained by related one-pot synthesis by straight chain C4-extension (Sobotta et al.
2017). There is the issue that it is not clear which amphiphilic compounds in the NiS
suspension are responsible for vesicle formation and should be clarified. For the analysis of a
broader product spectrum in these systems, the high mass accuracy of FT-ICR mass
spectroscopy of the Schmitt-Kopplin group will be of great help.
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4.2 Evolution of CO:z Fixation Pathways

In this work, the physiological reversibility of CS in Desulfurella acetivorans was demonstrated
(Mall et al. 2018). This novel insight opened the possibility of chemoautotrophic CO; fixation
in form of roTCA in a wide range of ancient microorganisms (Mall et al. 2018). At the same
time, T. Nunoura et al. also found citrate synthase activity in both directions in the thermophilic
bacterium Thermosulfidibacter takaii (Nunoura et al. 2018). A phylogenetic analysis of D.
acetivorans and T. takaii suggests that both, ACL and CCL originate from bidirectional CS
(Nunoura et al. 2018). Although the conversion of citrate into acetyl-CoA and oxaloacetate is
thermodynamically unfavorable, CS succeeded in overcoming this barrier with high efficiency.
A simultaneously high activity of malate dehydrogenase was revealed that ensures a very low
concentration of oxaloacetate, which is basically pulling the flux through the roTCA cycle. This
strategy requires an additional energy source, such as reduced ferredoxin as a high potential
iron-sulfur protein. A highlight of both publications (Mall et al. 2018, Nunoura et al. 2018) is the
discovery that the direction of carbon flux via the roTCA cycle depends on the availability of
organic versus inorganic carbon source. This bet-hedging strategy might be beneficial in the

evolution and is probably a bio-signature of primordial microorganism.

Tracing primordial metabolism - A future work will be dedicated to further ancient
microorganism from both domains, archaea and bacteria living at hydrothermal sites. For
example, deeply branched chemolithoautotrophic microbes such as Methanopyrus kandleri or
Thermovibrio ammonificans will be investigated in cooperation with William Orsi (LMU
Munich). Both organisms encode the rTCA (in part or complete) and the Wood-Ljunghdal
pathway. Future experiments will concentrate to provide constraints on the efficiency of these
pathways under simulated early Earth environments. Additionally, these results will be

compared to microbial communities isolated from hydrothermal environments conditions.

Dual carbon fixation pathways - Further, there are several chemoautotrophic organisms
whose carbon fixation pathway have not yet been clarified including Ammonifex degensii, an
anaerobic extremely thermophilic bacterium. This bacterium is isolated from hydrothermal
environments and encodes two separate autotrophic pathways. On the one hand, the genes
of the WL-pathway are present in A. degensii while on the other hand the genome contains
the sequence for the archaic type 11l RuBisCo, known so far only from archaea. The aim of this
work in cooperation with lvan Berg (University of Miinster) is to identify the used carbon fixation
pathway under specific conditions (unpublished results).
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Prebiotic CO; fixation intermediates.- Further analytical investigations via GC/MS of the
aqueous solution in reaction setting (NiS/CO/C2H>) reflect ancestral metabolic traits under
hydrothermal vent conditions. During the course of these experiments, a set of molecules
closely related to the intermediates used in reductive CO: fixation pathways of extant
microorganisms was identified for the first time under these conditions (unpublished results)
including several intermediates of extant carbon fixation pathways. A follow up study is now
focused on the discovery of non-enzymatic autocatalytic network reactions by adding these
prebiotic intermediates into the catalytically active systems (unpublished results). Pilot
experiments to establish a pioneer metabolism are still ongoing. These preliminary results
have partly proven the theory that transition metal sulfides can catalyze reaction types such as
hydration/dehydration, amination and methylation analogous to enzymatic-catalyzed
reactions. A future aim will map further reactions to complete the metabolic network in our

systems.
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7.1 Supplementary Material: Unsaturated Cz 5 7,9-Monocarboxylic Acids
by aqueous, One-Pot Carbon Fixation: Possible Relevance for the Origin
of Life

Unsaturated Cjs;o-Monocarboxylic Acids by Aqueous, One-Pot Carbon Fixation: Possible
Relevance for the Origin of Life

Christopher Scheidler®, Jessica Sobotta*, Wolfgang Eisenreich, Giinter Wichtershiuser, Claudia Huber

Supplementary Table S1: Monocarboxylic acid products of the nickel-catalyzed reaction of acetylene with carbon

monoxide

Reactions were carried out in 125 ml serum bottles with 5 ml aqueous liquid phase containing 60ml CO and 60ml acetylene for 7

days at 105°C; Products were identified by GC-MS as tert-butyldimethylsilyl derivatives;

Acids are classified as follows: yellow: classes of monocarboxylic acids with identical chemical formulae; no colour: individual
monocarboxylic acids within said classes; salmon: classes of monocarboxylic acids with identical numbers of C-atoms; red: total
sum of identified monocarboxylic acids; blue: hydrogenation yields in % for successive hydrogenation steps, calculated according

to the indicated formula (numerals in the formula identify the table rows where the yields for the computation are found).

Note: The saturated monocarboxylic acids CsH13-COOH and CsH17-COOH were not detected.
* identified by mass spectrum and retention time of a purchased reference compound; 1 identified by mass spectrum and retention time of a
synthesized compound; # identified by D and/or '*C labeling (n+ signifies n '*C-labels; n* signifies n D-labels); § identified by mass spectrum
analysis; Il identified by its formation from trans-CsHs-COOH; {] identified by inferred synthetic relationship to CsHs-COOH or CgHs-CoH2.4-COOH
# identified by relative retention times and ranges of retention times; v quantified by calibration with authentic compound; ** quantified by
calibration with closest saturated n-carboxylic acid; 1 quantified by calibration with a regioisomer

Iun a b L d © f identification/ ordered characteristic fragment masses
mmol NiS 1 1 05 05 0 0 quantification (silane fragments 73, 75, 115, 117
mmol Ni{OH)2 (a or B) 0 0 0.5(a) | 0.5(8) 1@ | 1) methods etc. not shown)
end-pH 8.8 6.7 8.3 8.9 80| 98 Notes mass 1 | mass2 | mass 3 mass 4
Cs-acids (uM)
1] C:Hs-COOH 3884 5822 3318 | 6675| 250| 243|* £ § 1293+ [ 5538 853"
2 | C;Hs-COOH 7132 1069 461 | 7391 510 1715 £ § * 1311654
3|scs 11016 6891 3779 | 14066 | 760 | 414
4121003 65 16 12 ge 67 41 | %1st hydrogenation
Cs-acids (pV)
5 | trCH2=CH-CH=CH-COOH 369 1211 742 1212 53 ol +§ 15514 [ 11158 [ g1lebn 535
6 | cCH,=CH-CH=CH-COOH 97 386 228 251 0 ol +8§ tt 15516 [ 1115+ [ g11en 535
7 | =C4Hs-COOH 466 1597 970 | 1463 53 0
8 | CH2=CH-CH2-CH2-COOH 830 346 153 946 11 ol +§IL#* 1571474
9 | trCH3-CH=CH-CH-COOH 3791 1565 839 [ 3207 0 o[ %85I # 15717 [ 11372
10 | ¢CH3-CH=CH-CH,-COOH 2053 535 271 | 1550 0 ol +s§ 1 #1t+ 1571474 [ 11374
11 | CH3-CH=CH(CHz3)-COOH 578 60 45| 1162 0 ol +§IL# 15718
12 | trCoHs-CH=CH-COOH 246 135 82 404 0 0" £§IL# 15717 [ 11372 [ g83l7a 5574
13 | £C4H;-COOH 7498 2641 1390 [ 7269 11 0
14 | C4Hs-COOH 309 32 11 363 0 0" £§IL# 15918
15| scs 8273 4270 2371 | 9095 64 0
16 | (13+14)-100/15 94 63 59 84 17 | — | %1st hydrogenation
17 | 14-100/(13+14) 4 1 1 5 0| — | %2nd hydrogenation
Cr-acids (M) (Note)
18 | trtrH(CH=CH)3-COOH 26 5 0 24 0 ol+§ Mm% 181 77 79 59
19 | CsHs-COOH 38 25 31 37 0 ol %#% 179'54 | 1051654 | 7754 13554
20 | 5CgH5.7-COOH 63 30 31 61 0 0
21 | CsHg-COOH (a) 19 4 0 42 0 0|+ §# 1831498
22 | CgHg-COOH (b) 29 14 8 32 0 0+ §# 1831498
23 | CeHg-COOH (c) 237 92 41 100 0 ol+§# 183198
24 | CsHg-COOH (d) 35 38 20 72 0 0+ §# 1831490
25 | 5CgHa-COOH 320 148 69 246 0 0
26 | CeH11-COOH (a) 25 25 6 32 0 ol+§# 185«
27 | CgH11-COOH (b) 13 7 0 26 0 0l #* 185'e [ 129
28 | CeH11-COOH (¢) 14 10 0 38 0 ols # 185118
29 | 5CgH11-COOH 52 42 6 96 0 0
30 s¢r 435 220 106 403 0 0
31| (25+29)-100/30 86 86 71 85 — | — | %1st hydrogenation
32 | 29.100/(25+29) 14 22 8 28 — | — | %2nd hydrogenation
Co-acids (M) (Note)
33 | CeHs-C2H4-COOH 0.6 3.01 15 05 0 o +# » 207" | g17n
34 | CgHs-CoHo-COOH 1.25 14 156 | 1.01 0 0]+ % 205'7A | 13117~ [ 10372 16174
35 | SCH5-CoH2.4-COOH 1.85 441 306 151 0 0
36 | CsH11-COOH 0.61 0.79 0.09 0 0 ol+§# 209'+11a [ g17»
37 | CgH13-COOH (a) 3.76 0.33 247 | 544 0 0lg§ #* 21113+ | 167 109 183
38 | CgH13-COOH (b) 0.80 0.99 1.00 [ 048 0 ofs§ #* 211 167 109 137
39 | 3CaH13-COOH 4.56 1.32 356 | 592 0 0
40 | CgH15-COOH 3.86 0.39 037 | 372 0 ol+§# 213’ [111
41| 5cq 10.9 6.9 75 114 0 0
42 | (36+39+40)-100/41 83 36 54 87 — | — | %1st hydrogenation
43 | (39+40)-100/(36+39+40) 93 68 98 100 — | — | %2nd hydrogenation
44 | 40.100/(39+40 46 23 9 39 — | — | %3rd hydrogenation
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Supplementary Table S2: Replicates (b, b”, b’”’) of run b. Single values of each detected Cs.s monocarboxylic acid as well as
mean values and standard deviations are shown.

run b’ b” b b mean | std. dev. | std.dev [%]
end-pH 6.9 6.9 6.7 6.5

Cs-acids (uM)

C;Hs-COOH 4238 3127 5822 5331 4629 1201 26
CoHs-COOH 865 586 1069 833 838 198 24
ZCs 5102 3714 6891 6164 5468 1381 25

Cs-acids (uM)

trCH;=CH-CH=CH-COQOH 763 971 1090 1271 1024 213 21
¢CH>=CH-CH=CH-COQH 240 331 386 330 322 60 19
2C4Hs-COOH 1003 1302 1476 1601 1345 259 19
CH2=CH-CH>2-CH>-COQH 244 200 346 225 253 64 25
trCH3-CH=CH-CH,-COQH 1089 1222 1565 1392 1317 207 16
¢CH3-CH=CH-CH,-COOH 368 473 535 484 465 70 15
CHs-CH=CH(CH3)-COOH 85 108 121 141 114 23 21
trCoHs-CH=CH-COQH 43 44 60 51 50 8 16
2CyH7-COOH 1828 2047 2626 2293 2199 343 16
C4Hs-COOH 27 22 32 27 27 4 15
2Cs 2858 3371 4270 3921 3605 620 17

Cr-acids (uM) (Note)

trirH(CH=CH)3-COOH 3 4 5 6 5 1 27
CsHs-COOH 18 24 25 16 20 4 22
5CgHs.7-COOH 21 28 30 22 25 4 17
CgHo-COOH (a) 3 6 4 2 4 2 43
CsHs-COOH (b) 14 12 14 20 15 3 21
CsHg-COOH (c) 60 64 92 91 77 17 22
CsHg-COOH (d) 19 20 38 34 28 9 4
5 CsHg-COOH 97 102 148 146 123 28 23
CgH11-COOH (a) 8 20 25 27 20 8 42
CsH11-COOH (b) 7 1 7 8 6 3 55
CsH11-COOH (c) 5 7 10 13 9 4 42
SCsH11-COOH 16 28 42 48 34 15 43
SCr 134 158 220 217 182 43 24
Cg-acids (UM) (Note)

CsHs-CoH4-COOH 3.0 3.0 3.0 4.8 35 0.9 26
CgHs-CoH;-COOH 1.5 1.5 14 0.6 1.3 04 35
2CgHs-CoH2.4-COOH 4.6 4.5 44 54 4.7 0.5 10
CsH11-COOH 05 0.4 0.8 1.3 0.7 04 55
CsH13-COOH (a) 0.2 0.4 0.3 04 0.3 0.1 27
CsH13-COOH (b) 0.6 0.4 1.0 0.8 0.7 0.3 38
2CgH13-COOH 0.6 0.8 1.8 0.5 0.8 04 46
CsH15-COOH 0.2 0.3 04 0.3 0.3 0.1 22
2Cy 5.8 44 6.9 7.8 6.2 1.5 24

Note: The saturated monocarboxylic acids CsH13-COOH and CsH17-COOH were not detected
Identification and quantification was performed as stated in Supplementary Table S1.
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Supplementary Table S3: Mol% conversion of acetylene and mol% consumption of CO for production of monocarboxylic acids

according torun d:

—The stoichiometric conversion of C;H; into Cr-carboxylic acids (n =3, 5, 7, 9) is determined as follows: The individual
concentrations (UM) are multiplied by 5-10° ml (to obtain pmol/5 ml) and by the factor 0.5(n-1) that accounts for the number of
C,;H, molecules that entered the carbon chain.

—The stoichiometric consumption of CO for formation of C.-carboxylic acids (n = 3, 5, 7, 9) is determined as follows: The
individual concentrations (uM) are multiplied by 5-10 ml and by the factor (1 + x), whereby x represents the number of

hydrogenated double bonds.

mol% conversion

mol% consumption

[uM] pmol/5 ml factor acetylene factor CcO product name
C,H;-COOH 6675 33.38 i 1.38 1 1.38 Acrylic acid
CoHs-COOH 7391 36.96 1 1.53 2 3.05 Propionic acid
>Cs acids 14066 70.33 291 4.43
ZC4Hs-COOH 1463 7.315 2 0.60 1 0.3 Pentadienoic acid
>C4H-COOH 7269 36.34 2 3.0 2 3.0 Pentenoic acid
C4Hs-COOH 363 1.82 2 0.15 3 0.23 Pentanoic acid
2Cs acids 9094 45.47 3.77 3.46
trtrH(CH=CH)>-COOH 24 0.12 3 0.015 1 0.005 Heptatrienoic acid
CgHs-COOH 37 0.19 3 0.024 1 0.008 Benzoic acid
2CsHs-COOH 246 1.23 3 0.15 2 0.102 Heptadienoic acid
2CgH1-COOH 96 0.48 3 0.06 3 0.06 Heptenoic acid
2C; acids 403 2.02 0.249 0175
CgHs-C,H,-COOH 0.5 0.0025 4 0.0004 2 0.0002 Hydrocinnamic acid
CgHs-C,H,-COOH 1.01 0.0051 4 0.0008 1 0.0002 Cinnamic acid
CgH1-COOH 0 0 0 0 Nonatrienoic acid
2CsH1:-COOH 5.9 0.0295 0.0049 3 0.0037 Nonadienoic acid
CgH5-COOH 3.7 0.0185 4 0.0031 4 0.0031 Nonenoic acid
2Csy acids 11.1 0.0555 0.0092 0.0072
ZC3-Cy acids 23574 118 6.94 8.07
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Supplementary Figure S4:
GC-MS chromatogram of run d in comparison to control runs without acetylene and/or without CO are shown; segments for Cs,
Cs;, C; and Cg acids are shown separately.

(110,000,000,
2 1. C,H;-COOH
wl N 2. C,Hs-COOH
\ |

15+ ,(“\\ J ‘I
149 f‘ \ | |
< |

[ 1
2 || [

|| ||
EN f \\
10 } \‘ { |
- | \'\ | \\

I |

1 |
08 /J \‘ f \‘
kI \ f \
" ﬁ \ / \
06 J \ r‘/ \
/ W /
0s R . K % Rund
04
cO
03]
024 CZHZ
014
7 B Argon

= 76 0 1 180

Figure S4a: GC-MS chromatogram of C; monocarboxylic acids of run d in comparison to three control runs.

Control runs were carried out identical to run d containing only 120 ml CO (pink) or 120 ml acetylene (blue) or only 120 ml argon
(green). After 7 days at 105°C products were identified by GC-MS as ferf-butyldimethylsilyl derivatives with GC-MS program 1 (0-
6 min at 60 °C; 6-25 min at 60-280 °C, 10 °C/min; 25-28 min at 280 °C; injector temperature: 260 °C) .
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Figure S4 b: GC-MS chromatogram of Cs monocarboxylic acids of run d in comparison to three control runs.

Control runs were carried out identical to run d containing only 120 ml CO (pink) or 120 ml acetylene (blue) or only 120 ml argon
(green). After 7 days at 105°C products were identified by GC-MS as fert-butyldimethylsilyl derivatives with GC-MS program 1
(0-6 min at 60 °C; 6-25 min at 60-280 °C, 10 °C/min; 25-28 min at 280 °C; injector temperature: 260 °C) .
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Figure S4 c: GC-MS chromatogram of C; monocarboxylic acids of run d in comparison to three control runs.

Control runs were carried out identical to run d containing only 120 ml CO (pink) or 120 ml acetylene (blue) or only 120 ml argon
(green). After 7 days at 105°C products were identified by GC-MS as terf-butyldimethylsilyl derivatives with GC-MS program 1 (O-

6 min at 60 °C; 6-25 min at 60-280 °C, 10 °C/min; 25-28 min at 280 °C,; injector temperature: 260 °C).
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Figure S$4 d: GC-MS chromatogram of C; monocarboxylic acids of run d in comparison to three control runs.

Control runs were carried out identical to run d containing only 120 ml CO (pink) or 120 ml acetylene (blue) or only 120 ml argon
(green). After 7 days at 105°C products were identified by GC-MS as ferf-butyldimethylsilyl derivatives with GC-MS program 2 (O-

6 min at 90 °C; 6-25 min at 90-280 °C, 10 °C/min; 25-28 min at 280 °C).
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7.2 Supplementary Material: One-pot Formation of 2,4-di- or 2,4,6-tri-
olefinic Monocarboxylic Acids by straight Chain C4-Extension
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1. MS and NMR Data of Compounds 3a-3f
1.1. QE,4F)-Hepta-2,4,6-trienoic Acid (3a)

HO)]\W

3a

MS (EL 70 eV): m/z (%) = 181 (100) [(M-C4Ho)], 137 (24) [(M-C4Hs08i) *], 107 (27) [(M-
CeH1508i) '], 79 (61) [(M-C7Hi50,Si) *], 75 (100) [(TMS-OH)'] 'H NMR (500 MHz,
DMSO-de) 8 7.19 (dd, J = 15.2, 11.3 Hz, 1H, H-3), 6.68 (dd, J = 15.0, 10.7 Hz, 1H, H-5),
6.57 — 6.41 (m, 2H, H-4, H-6), 5.92 (d, J = 15.3 Hz, 1H, H-2), 5.45 (d, J = 17.7 Hz, 11, H-
77). 5.33 (d, J = 9.9 Hz, 1H, H-7E). *C NMR (126 MHz, DMSO-de) 5 167.59 (C-1), 143.49
(C-3), 140.40 (C-5), 136.51 (C-4), 130.87 (C-6), 123.04 (C-2), 121.76 (C-7).

1.2. QEAE,6E)-Octa-2,4,6-trienoic Acid (3b)

HOJ\/\/\/\

3b

MS (EL 70 eV): m/z (%) = 195 (61) [(M-C4Ho)'], 151 (26) [(M-C4Hs0Si) ], 121 (76) [(M-
CeHisOSi)'], 93 (45) [(M-C7His0:8i)"], 75 (100) [(TMS-OH)'] 'H NMR (500 MHz,
Methanol-dy) 8 7.30 (dd, J = 15.2, 11.3 Hz, 1H, H-3), 6.60 (dd, J = 14.9, 10.6 Hz, 1H, H-5),
6.30 — 6.12 (m, 2H, H-4, H-6), 6.06 — 5.96 (m, 1H, H-7), 5.84 (d, J = 15.2 Hz, 1H, H-2), 1.84
(dd, J = 7.0, 1.6 Hz, 3H, H-8). 1*C NMR (126 MHz, Methanol-ds) & 170.70 (C-1), 146.83 (C-
5), 142.61 (C-7), 136.10 (C-6), 132.54 (C-3), 128.76 (C-4), 121.02 (C-2), 18.63 (C-8).

97



1.3.(2E4E)-Octa-2,4-dienoic Acid (3¢)

HO)W

3c

MS (EL 70 eV): m/z (%) = 197 (71) [(M-C4Ho)*], 153 (32) [(M-C4HsOSi)], 123 (20) [(M-
CsHis0Si)], 95 (20) [(M-C-His0.Si)'], 75 (100) [(TMS-OH)'] 'H NMR (500 MIz,
Chloroform-d) § 7.34 (dd, J = 15.3, 10.1 Hz, 1H, H-3), 6.22 — 6.16 (m, 2H, H-4, H-5), 5.78
(d,J = 15.4 Hz, 11, H-2), 2.16 (td, J = 7.3, 5.5 Hz, 211, H-6), 1.47 (h, J = 7.5 Hz, 2H, H-7),
0.92 (t,J = 7.4 Hz, 311, H-8). 13C NMR (126 MHz, Chloroform-d) & 172.53 (C-1), 147.76 (C-
3), 146.28 (C-5), 128.49 (C-4), 118.26 (C-2), 35.22 (C-6), 21.99 (C-7), 13.83 (C-8).

1.4. QE,4E,87)-Undeca-2,4,8-trienoic acid (3d)

3d

MS (EL 70 eV): m/z (%) = 237 (49) [(M-C4Hs)'], 193 (5) [(M-C4HoOSi)], 168 (58) [(M-
CaHs-CsHo) ], 109 (43) [(M-CaHo-CsHs0,Si)'], 75 (100) [(TMS-OH)'] 'H NMR (500 MHz,
Methanol-ds) § 7.16 (dd, J = 15.3, 10.6 Hz, 1H, H-3), 6.19 (ddt, J= 152, 10.6, 1.0 Hz, 11, H-
4), 6.14 — 6.04 (m, 11, H-5), 5.73 (d, J = 153 Hz, 11, H-2), 5.38 — 5.31 (m, 11, H-9), 5.28
(dddt, J=10.7, 7.0, 5.5, 1.7 Hz, 1H, H-8), 2.21 — 2.10 (m, 41, 1-7, H-6), 2.04 — 1.96 (m, 211,
H-10), 0.90 (t, J = 7.5 Hz, 31, H-11). 13C NMR (126 MHz, Methanol-ds) & 170.99 (C-1),
146.57 (C-3), 144.94 (C-5), 133.40 (C-9), 129.98 (C-4), 128.78 (C-8), 120.93 (C-2), 34.09
(C-7),27.36 (C-6), 21.47 (C-10), 14.67 (C-11).

1.5. QE4E,87)-Tetradeca-2,4,8-trienoic acid (3e)

3e

MS (EL 70 eV): m/z (%) = 279 (58) [(M-C4Ho)"], 168 (58) [(M-C4Ho-CsHis)], 129 (52) [(M-
CaHo-C11Hio)'], 109 (42), 75 (100) [(TMS-OH)"] 'H NMR (500 MHz, Chloroform-d) & 7.34
(dd, J=15.2, 10.0 Hz, 11, H-3), 6.28 — 6.10 (m, 2H, H-4, H-5), 5.79 (d, J = 15.4 Hz, 11, H-
2), 5.50 — 5.38 (m, 11, H-9), 5.37 — 5.26 (m, 11, H-8), 2.25 (q, J = 6.2 Hz, 21, H-6), 2.21 —
2.14 (m, 2H, H-7), 2.07 — 1.96 (m, 2H, H-10), 1.38 — 1.31 (m, 2H, H-11), 1.31 — 1.23 (m, 41,
H-12, H-13), 0.89 (t,J = 7.0 Hz, 31, H-14). 13C NMR (126 MHz, Chloroform-d) § 172.71 (C-

98



1), 147.67 (C-3), 145.71 (C-5), 131.36 (C-9), 128.64 (C-4), 128.09 (C-8), 118.48 (C-2), 33.27
(C-6), 31.66 (C-12), 29.46 (C-11), 27.39 (C-10), 26.45 (C-7), 22.72 (C-13), 14.23 (C-14).

1.6. QEAE127)-Pentadeca-2,4,12-trienoic acid (3f)

3f

MS (EL 70 eV): m/z (%) = 293 (91) [(M-C4Ho)], 181 (9) [(M-C4Ho-CsHis)'], 155 (17) [(M-
C4Ho-C1oHi0)', 81 (62), 75 (100) [(TMS-OH)"] 'H NMR (500 MHz, Chloroform-d) & 7.34
(dd, J = 153, 10.2 Hz, 1H, H-3), 6.22 — 6.17 (m, 2H, H-4, H-5), 5.78 (d, J = 15.3 Hz, 1H, H-
2), 5.38 — 5.29 (m, 2H, H-13, H-12), 2.21 — 2.14 (m, 2H, H-6), 2.02 (ddd, J=6.7, 2.5, 1.5 Hz,
4H, H-11, H-14), 1.46 — 1.40 (m, 1H, H-7), 1.36 — 1.28 (m, 6H, H-8, H-9, H-10), 0.95 (1, J =
7.5 Hz, 3H, H-15). 13C NMR (126 MHz, Chloroform-d) & 173.02 (C-1), 147.94 (C-3), 146.67
(C-5), 131.91 (C-13), 129.39 (C-4), 128.45 (C-12), 118.36 (C-2), 33.32 (C-6), 29.88 (C-10),
29.32 (C-9), 29.27 (C-8), 28.84 (C-7), 27.28 (C-11), 20.78 (C-14), 14.66 (C-15).

2. One and two-dimensional NMR-Spectra for Compounds 3a-3f
2.1.'H NMR of 2E 4E)-Hepta-2,4,6-trienoic Acid (3a)
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2.2.COSY of (2E ,4EF)-Hepta-2 4,6-trienoic Acid (3a)
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2.3.3C NMR of (2E 4E)-Hepta-2,4,6-trienoic Acid (3a)
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2.4 HSQCED of 2E,4E)-Hepta-2,4,6-trienoic Acid (3a)
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2.6.COSY of (2E 4E,6F)-Octa-2,4,6-trienoic Acid (3b)
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2.8. HSQCED of (2E ,4E,6E)-Octa-2,4,6-trienoic Acid (3b)
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2.10. COSY of E 4E)-Octa-2,4-dienoic Acid (3¢)
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2.12. HSQCED of (2E,4E)-Octa-2,4-dienoic Acid (3c)
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2.13. 'HNMR of 2E,4E,87)-Undeca-2,4,8-trienoic acid (3d)
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2.14. COSY of 2E4E,87)-Undeca-2,4,8-trienoic acid (3d)
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2.15. 3C NMR of (2E 4E ,87)-Undeca-2,4,8-trienoic acid (3d)
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2.16. HSQCED of (2E,4E,87)-Undeca-2,4,8-trienoic acid (3d)
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2.18. COSY of 2E 4E,87)-Tetradeca-2,4,8-trienoic acid (3e)
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2.19. 13C NMR of (2E 4E,87)-Tetradeca-2,4,8-trienoic acid (3¢)
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2.20. HSQCED of 2E,4E 82)-Tetradeca-2,4,8-trienoic acid (3e)
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2.21. HMBC of 2E 4E,87)-Tetradeca-2,4,8-trienoic acid (3e)
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2.22.
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2.24. BC NMR of (2E 4E,127)-Pentadeca-2,4,12-trienoic acid (3f)
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Materials and Methods

Experimental design

Objective: Identification of the pathway of autotrophic CO: fixation in Desulfurella
acetivorans. First, the capability to grow autotrophically was confirmed by growth experiments.
Sequencing was done after PCR by standard methods. Subsequently, enzyme activities were
determined. If the results of classical enzyme assays were dubious, products were analyzed by
UPLC or by LC-MS. All products of the citrate cleavage reaction were also identified by NMR
using [U-13Cg]citrate. In order to prove that CS (together with MDH) can indeed catalyze citrate
cleavage, the same assay was performed using CS/MDH from porcine heart (Sigma). To
understand how flux through the TCA cycle is directed, metabolite concentrations were
measured under autotrophic conditions using LC-MS. Additionally, the fate of [U-1C_]acetate
and [1-13C]pyruvate in the TCA cycle was determined by in vivo labeling experiments followed
by GC-MS isotope analysis of amino acids that are synthesized from TCA cycle intermediates.
Finally, growth experiments with rTCA cycle inhibitors were performed. For comparison, some

assays were done with D. multipotens.
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Materials

Chemicals were obtained from Fluka (Neu-Ulm, Germany), Sigma-Aldrich (Deisenhofen,
Germany), Merck (Darmstadt, Germany), Serva (Heidelberg, Germany), or Roth (Karlsruhe,
Germany). Biochemicals were from Roche Diagnostics (Mannheim, Germany), AppliChem
(Darmstadt, Germany), 13C Molecular Inc. (Fayetteville, NC, USA). Materials for molecular
biology were purchased from New England BiolLabs (Frankfurt, Germany), MO BIO
Laboratories (Carlsbad, CA, USA) and Qiagen (Hilden, Germany). Gases were obtained from
Sauerstoffwerke Friedrichshafen (Germany). Primers were obtained from Sigma-Aldrich
(Deisenhofen, Germany).

Strains and growth conditions
D. acetivorans A63 (DSM 5264) and D. multipotens (RH-8; DSM 8415) were obtained
from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ). The cells were

grown autotrophically in medium containing 6.2 mM NH4ClI, 2.2 mM CaClz, 1.6 mM MgCly,
4.4 mM KCI, 1.7 mM KH2POs, 1.3 mM KyHPO4, 23.8 mM NaHCOs, 20 g/l ground sulfur
powder, 1 mg/l resazurin, 1 ml/l SL-10 trace element solution (3 g/l FeCl> - 4 H>O, 70 mg/I
ZnClz, 100 mg/I MnCl: - 4 H20, 4 mg/l CuCl; - 2 H>0, 24 mg/I NiCl - 6 H>0, 36 mg/l NazMoO4
-2 H20, 30 mg/l H3BO3, 224 mg/l CoCl; - 6 H20) and 1 ml/1 Wolfe’s vitamin solution (20 mg/I
biotin, 20 mg/l folic acid, 100 mg/l pyridoxamine dihydrochloride, 50 mg/l thiamine
dihydrochloride, 50 mg/l riboflavin, 50 mg/l nicotinic acid, 50 mg/l DL-Ca-pantothenate, 1
mg/l cyanocobalamin, 50 mg/l 4-aminobenzoic acid, 50 mg/l lipoic acid). The medium was
prepared without bicarbonate, sulfur and vitamins, made anaerobic by bubbling with N2/CO>
(80:20) and reduced by the addition of NazS - 9 H>0 to a final concentration of 0.05%. The pH
was adjusted to 5.9. The medium was dispensed anaerobically into serum bottles containing
sulfur powder; the bottles were sealed with butyryl rubber stoppers and autoclaved for 20 min
at 110°C. Prior to inoculation, the medium was supplemented with bicarbonate and vitamins,
and the gas phase was replaced with H2/CO. (80:20) at 1 bar overpressure. Cultures were
incubated at 55°C while shaking at 80 rpm. Although cells were routinely grown in the presence
of small amounts of vitamins and the redox dye resazurin, growth was also possible in strictly
inorganic medium. For heterotrophic cultures, the medium was supplemented with 5 g/l sodium
acetate before inoculation and the gas phase was N2/CO2 (80:20) at 1 bar overpressure. For
labeling experiments, (1) 10 mM [U-¥CJacetic acid was added to the medium before

inoculation, or (2) a total of 0.2 mM [1-**C]pyruvic acid was added to an autotrophically
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growing 20 ml-culture (4 x 50 uM at 57, 75, 91 and 98 h) during exponential growth phase.
Cells were harvested during mid-exponential growth by centrifugation (4300 x g, 4°C, 20 min),

frozen in liquid nitrogen and stored at -80°C.

Preparation of cell extracts

Cells were resuspended in 20 mM Tris-HCI pH 8, 5 mM DTE, lysed by sonication on ice
(120 0.5-second-pulses with one-second pauses, 2 kJ total energy input). Insoluble material was
removed by centrifugation (30,000 x g, 30 min, 4°C). For succinate dehydrogenase and
fumarate reductase assays, centrifugation speed was reduced to 5000 x g in order to keep
membranes in the supernatant. When anaerobic conditions were required, cell extracts were
prepared inside of an anaerobic glove box. Protein concentration in cell extracts was determined

with a Direct Detect spectrometer (Merck Millipore).

Enzyme assays

Spectrophotometric enzyme assays (0.5-ml assay mixture) were performed in a heated
UV-Vis spectrometer in 0.5-ml quartz (for UV light) or glass (for visible light) cuvettes at 55°C
for D. acetivorans and D. multipotens cell extracts or at 42°C for porcine citrate synthase. For
anaerobic assays, cell extracts were prepared anaerobically, cuvettes were sealed with rubber
plugs, made anaerobic by gassing with N2, and anaerobic reaction mixture and substrates were
added with Hamilton syringes. For UPLC analysis, reactions were stopped in an equal amount
of ice-cold stop solution (1 M HCI, 10% acetonitrile (ACN)). Protein was removed by freeze-
thawing the samples, followed by centrifugation (16,000 x g, 15°, 4°C). Samples were analyzed
on an Acquity UPLC system (Waters) using a Waters Acquity UPLC BEH C18 1.7 um 2.1 x

100 mm column as described in (31).

Citrate synthase was measured spectrophotometrically at 412 nm as the oxaloacetate-
dependent formation of free CoA from acetyl-CoA. The reaction mixture contained 100 mM
Tris-HCI (pH 8), 5 mM oxaloacetate, 0.5 mM acetyl-CoA, 1 mM DTNB (e412=14.2 mM* cm-
1-32), and cell extract. The backward reaction was measured 1) spectrophotometrically at 365
nm in combination with MDH as the citrate- and CoA-dependent oxidation of NADH (g3¢5=3.4
mM* cm; 33), 2) via UPLC as the citrate-, CoA- and NADH-dependent formation of acetyl-
CoA, and 3) via NMR spectroscopy as the CoA-dependent formation of [U-*C4]malate and

[U-13C;]acetyl-CoA from [U-13Cg]citrate. For spectrophotometric assays, the assay mixture
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contained 100 mM Tris-HCI (pH 8), 5 mM DTE, 5 mM MgCl>, 0.5 mM CoA, 20 mM citrate,
0.5 mM NADH, and cell extract or porcine citrate synthase (Sigma C3260) and 20 U/ml porcine
MDH (Sigma M1567). For UPLC assays, 1 mM CoA and 5 mM of NADH were used instead.
For NMR assays, 1 ml of 50 mM Tris-HCI (pH 8), 5 mM MgCl;, 2 mM DTE, 2 mM [U-
13Ce]citrate, 2 mM NADH, 2 mM CoA and cell extract or 8.4 U/ml porcine citrate synthase and
20 U/ml MDH were used. To stop the reaction, samples were mixed with an equal amount of
ice-cold 6% (v/v) trifluoroacetic acid. Protein was removed by centrifugation (16,000 x g, 15
min, 4°C). Supernatants were frozen in liquid nitrogen and lyophilized. To test for an ATP-
dependency of the citrate synthase backward reaction, 5 mM ATP was added to the assays. Km
values were determined spectrophotometrically by varying the concentration of one substrate

while keeping the other substrates at saturating concentration.

Isocitrate dehydrogenase was measured spectrophotometrically at 365 nm as the
isocitrate-dependent reduction of NADP (g365=3.5 mM™ cm™*; 33). The assay mixture contained
100 mM Tris-HCI (pH 8), 5 mM DTE, 5 mM MgClz, 1 mM NADP, 10 mM DL-isocitrate, and

cell extract.

Aconitase was measured spectrophotometrically at 365 nm under anaerobic conditions in
combination with endogenous isocitrate dehydrogenase as the citrate-dependent reduction of
NADP. The reaction mixture contained 100 mM Tris-HCI (pH 8), 5 mM DTE, 5 mM MgCl_,
1 mM NADP, 5 mM citrate, and cell extract.

Malate dehydrogenase, succinyl-CoA reductase, malonyl-CoA reductase and succinate
semialdehyde reductase were measured spectrophotometrically at 365 nm as the oxaloacetate-
, succinyl-CoA-, malonyl-CoA- or succinate semialdehyde-dependent oxidation of NADH or
NADPH. The assay mixtures contained 100 mM Tris-HCI (pH 8), 5 mM DTE, 5 mM MgCly,
0.5 mM NAD(P)H, 2.5 mM oxaloacetate or 0.2 mM succinyl-CoA/malonyl-CoA/succinate

semialdehyde, and cell extract.

Succinyl-CoA synthetase and acetyl-CoA synthetase / acetate kinase + phosphate
acetyltransferase were measured via UPLC as the ATP-dependent formation of succinyl-CoA
and acetyl-CoA. The assay mixture contained 100 mM Tris-HCI (pH 8), 5 mM DTE, 5 mM
MgCl,, 10 mM succinate or acetate, 5 mM ATP, 1 mM CoA, and cell extract. Acetyl-CoA

synthetase was alternatively measured photometrically at 365 nm and 42°C as the CoA- and
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acetate-dependent oxidation of NADH in an assay containing 100 mM Tris-HCI (pH 8), 5 mM
DTE, 5 mM MgCl», 10 mM acetate, 5 mM ATP, 0.5 mM CoA, 5 mM PEP, 5 U pyruvate kinase
(rabbit muscle, Sigma P9136), 25 U lactate dehydrogenase (rabbit muscle, Sigma L2500), and

cell extract.

Acetate:succinyl-CoA CoA-transferase was measured via UPLC as the acetate- and
succinyl-CoA-dependent formation of acetyl-CoA. The assay mixture contained 100 mM Tris-
HCI (pH 8), 5 mM DTE, 5 mM MgCl,, 10 mM acetate, 1 mM succinyl-CoA, and cell extract.

Succinate dehydrogenase was measured spectrophotometrically at 600 nm as the
succinate-dependent reduction of 2,6-dichlorophenolindophenol (DCPIP; g600=21 mM™* cm™,
34). The assay mixture contained 100 mM Tris-HCI (pH 8), 5 mM MgCl;, 0.3 mM DCPIP, 1
mM phenazine methosulfate, 1 mM succinate, and cell extract.

Fumarate reductase was measured under anaerobic conditions via UPLC as the fumarate-
dependent formation of succinyl-CoA in the reaction coupled with endogenous succinyl-CoA
synthetase. The assay mixture contained 100 mM Tris-HCI (pH 8), 5 mM DTE, 5 mM MgCl.,
5 mM fumarate, 5 mM ATP, 0.5 mM CoA, 1 mM dithionite and cell extract. In some
experiments, 1 mM benzyl viologen, methyl viologen, 2,3-dimethyl-1,4-naphthoguinone, or

flavin mononucleotide were added.

Fumarase was measured spectrophotometrically under anaerobic conditions at 240 nm as
the cell extract-dependent formation of fumarate from L-malate (e240=2.4 mM* cmt; 35). The
assay mixture contained 100 mM Tris-HCI (pH 8), 5 mM MgCl;, 0.4 mM fumarate or 5 mM

L-malate, and cell extract.

Ribulose 1,5-bisphosphate (RuBP) carboxylase was measured as the RuBP-dependent
fixation of 1*CO; into an acid stable product. The assay mixture contained 100 mM Tris-HCI
(pH 8), 5 mM DTE, 5 mM MgCl;, 15 mM NaHCOs, NaH*COj3 (50 kBg/ml), 1 mM RuBP, and
cell extract. Samples were stopped in two volumes of 3% (v/v) trichloroacetic acid, chilled on
ice, and protein was removed by centrifugation (16,000 x g, 15 min, 4°C). Supernatants were
transferred into scintillation tubes and put on a shaker overnight to remove remaining carbonate

from the solution. On the next day, 3 ml of scintillation cocktail (Rotiszint® eco plus, Roth,
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Karlsruhe) was added to each sample and radioactivity was determined in a scintillation counter
(Tri-Carb 2100TR, Packard, Meriden, USA).

Carbon monoxide dehydrogenase was measured spectrophotometrically at 578 nm by
following the CO-dependent reduction of methyl viologen (g578=9.7 mM* cm™; 36). The assay
mixture contained 50 mM Tris-HCI (pH 8), 5 mM MgCl,, 2.5 mM DTE, and 1 mM methyl
viologen. Anaerobic cuvettes and reaction mixture were flushed with CO gas prior to the assay.
The reaction was started by the addition of cell extract. Blank values were measured in a
separate assay without CO. CO gas was synthesized by slightly heating an anaerobic mixture
of 5 ml formic acid and 10 ml concentrated sulphuric acid in a 1 | Schott bottle while stirring.

Gas was withdrawn with a syringe.

Formate dehydrogenase, pyruvate synthase and 2-oxoglutarate synthase activities were
measured in the same manner as described above for CO dehydrogenase, but the gas phase
consisted of N2 and the reactions were started by the addition of 10 mM formate, pyruvate or
2-oxoglutarate, respectively. Additionally, the pyruvate and 2-oxoglutarate synthase assays
contained 0.5 mM CoA. In the case of 2-oxoglutarate synthase, benzyl viologen (g5786=8.65 mM"

! em; 36) was used instead of methyl viologen.

4-Hydroxybutyryl-CoA synthesis and conversion was measured via UPLC under anaerobic
conditions as the 4-hydroxybutyrate-dependent formation of 4-hydroxybutyryl-CoA and
subsequent formation of other CoA-esters. The reaction mixture contained 100 mM Tris-HCI
(pH 8), 5mM DTE, 5 mM MgCl,, 1 mM CoA, 1 mM NAD, 10 mM 4-hydroxybutyrate, 2 mM
ATP, and cell extract.

Phosphoenolpyruvate (PEP) carboxylase, PEP carboxykinase and pyruvate carboxylase
were measured spectrophotometrically at 365 nm in combination with endogenous MDH as the
PEP-dependent (PEP carboxylase), PEP- and ADP-dependent (PEP carboxykinase) or
pyruvate- and ATP-dependent (pyruvate carboxylase) oxidation of NADH. The assay mixture
for PEP carboxylase contained 100 mM 3-(N-morpholino)propanesulfonic acid (MOPS)-KOH
(pH 7.2), 4 mM MnCl,, 5 mM DTE, 40 mM NaHCOs, 0.5 mM NADH, 5 mM PEP, and cell
extract. For PEP carboxykinase assay, the reaction mixture was supplemented with ADP (5
mM). The assay mixture for pyruvate carboxylase contained 100 mM Tris-HCI (pH 8), 5 mM
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DTE, 5 mM MgCl, 15 mM NaHCOs, 0.5 mM NADH, 0.2 mM acetyl-CoA, 40 mM pyruvate,
5mM ATP, and cell extract.

PEP synthase was measured using a discontinuous assay according to (37). The assay
mixture contained 200 mM Tris-HCI (pH 8), 20 mM MgCl,, 10 mM DTE, 50 mM NH4CI, 5
mM ATP, 0.8 mM pyruvate, and cell extract. The amounts of PEP formed in the reaction after
0, 5, and 10 min of incubation were determined by transferring the sample (0.1 ml) into an assay
mixture (0.4 ml; 30°C) containing 200 mM Tris-HCI (pH 8), 20 mM MgCl;, 1 mM ADP, and
0.5 mM NADH and measuring the decrease in absorption at 365 nm after the consecutive

addition of lactate dehydrogenase (25 U) and pyruvate kinase (5 U).

Extraction and analysis of metabolites

Before harvesting mid-exponential cells, the incubator was stopped and cells were left
standing at 55°C for 5 min to sediment insoluble sulfur. The supernatants were filtered through
cellulose membrane filters (0.2 um pore size) using a vacuum manifold. After filters were dry,
they were immediately transferred into Schott bottles containing 8 ml ice-cold extraction
solution (ACN:MeOH:H;0, 40:40:20). To efficiently extract and stabilize CoA and CoA-
esters, 0.1 M formic acid was added to the extraction solution (38). Metabolites were extracted
for 30 min on ice, during this time the bottles were sonicated in an ultrasound bath thrice for 30
s to remove cell material from filters. The extraction solution was tranferred to 50 mi-
polypropylene tubes and insoluble material was removed by centrifugation (6000 x g, 10 min,
4°C). Samples were frozen in liquid nitrogen, lyophilized and stored at -20°C. CoA esters and
free acids were detected using an ESI/QTOF System (Synapt G2-Si HDMS, Waters) coupled
to a UPLC (Acquity I-Class, Waters). For CoA esters, a gradient of 2 to 10% in 6 min and 10%
to 70% ACN min in 10 mM ammonium acetate buffer (pH 6.8) at a flow rate of 0.3 ml mint
was applied to a C18 HSS T3 column (Waters). For free acids, the gradient was from 2 to 90%
ACNJ/0.1% formic acid (v/v) in H20/0.1 % formic acid (v/v) at a flow rate of 0.35 ml min'. For
CoA esters, the ESI source was operated at 450°C desolvation temperature, 1000 | h™* N
desolvation gas flow with the capillary voltage set to 3 kV in positive mode while for free acids
the desolvation temperature was set to 400°C and the capillary voltage was set to 2 kV in
negative mode. lon chromatograms were extracted, and ion areas were calculated using

QuanLynx integrated into MassLynx 4.1 (Waters).
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Sequencing of the acl gene region in D. acetivorans

D. acetivorans genomic DNA was prepared using an UltraClean® Microbial DNA
Isolation Kit (MO BIO Laboratories, Inc.). Five primer pairs were designed to amplify the gene
region encoding the acl gene (Table S11). DNA was amplified using Q5 polymerase (New
England Biolabs) according to the manufacturer’s instructions. The amplified fragments were
sequenced at GATC (Konstanz, Germany) and aligned with the published genome sequence
(GenBank accession CP007051.1).

Determination of intracellular metabolite concentrations

To quantify metabolite concentrations, cultures were split and a defined concentration of
the compounds of interest was added onto the filters after filtration of cells. Metabolite
concentrations were extrapolated from these internal standards. The volume of one D.
acetivorans cell was calculated to be 3.7 x 10°° pl, assuming an average length of 1.5 pm, an
average diameter of 0.6 um (13) and a spherocylindrical shape. Cells were quantified directly

by counting in a Neubauer chamber.

NMR analysis
NMR spectra were recorded at 27 °C using an Avance Ill 500 spectrometer (Bruker

Instruments, Karlsruhe, Germany) equipped with a QNP cryo probehead. *H-decoupled **C-
NMR spectra were measured in D20 at 125.8 MHz typically using 1024 scans. Data analysis
was done with TOPSPIN 3.2 (Bruker) or MestReNova 7.0.0 (Mestrelab Research, Santiago de
Compostela, Spain). Prior to Fourier transformation, the spectra were zero-filled to 128k and

multiplied with a mild Gaussian function.

Cell hydrolysis and GC-MS analysis

Approximately 10° bacterial cells (about 1 mg of freeze-dried pellet) were hydrolyzed in
0.5 ml of 6 M HCI for 24 h at 105°C, as described earlier (39). Samples were dried under a
stream of nitrogen at 70°C. The residue was resolved in 200 pL of acetic acid and purified on
a cation exchange column of Dowex 50Wx8 (H* form, 200-400 mesh, 5 x 10 mm), which was
previously washed with 1 ml MeOH and 1 ml ddH>O. Elution occurred after washing with 2 ml
of ddH»0 with 1 ml of 4 M ammonium hydroxide. 200 pl of the eluate was dried at 70°C under
a stream of nitrogen and dissolved in 50 pl dry ACN and 50 pl N-(tert-butyldimethyl-silyl)-N-
methyl-trifluoroacetamide  containing 1% tert-butyl-dimethyl-silylchlorid  (Sigma).

Derivatization occurred at 70°C for 30 min. The resulting tert-butyl-dimethylsilyl derivates
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(TBDMS) of protein-derived amino acids, e.g. Ala, Asp, Glu and Pro, were used in GC/MS
analysis. Acid hydrolyzation leads to conversion of glutamine and asparagine to glutamate and
aspartate. Therefore, results for aspartate and glutamate correspond to asparagine/aspartate and
glutamine/glutamate, respectively.

GC/MS-analysis was performed with a QP2010 Plus gas chromatograph/mass
spectrometer (Shimadzu) equipped with a fused silica capillary column (Equity TM-5; 30 m x
0.25 mm, 0.25 um film thickness; SUPELCO) and a quadrupole detector working with electron
impact ionization at 70 eV. An aliquot (0.1 to 6 ul) of the derivatized samples were injected in
1:5 split mode at an interface temperature of 260°C and a helium inlet pressure of 70 kPa. After
sample injection, the column was first kept at 150°C for 3 min and then developed with a
temperature gradient of 7°C min to a final temperature of 280°C. This temperature was held
for further 3 min. TBDMS-derivatives of alanine (6.7 min), glycine (7.0 min), valine (8.5 min),
leucine (9.1 min), isoleucine (9.5 min), proline (10.1 min), serine (13.2 min), phenylalanine
(14.5 min), aspartate (15.4 min), glutamate (16.8 min), lysine (18.1 min), histidine (20.4 min),
tyrosine (21.0 min) were detected and isotopologue calculations were performed with m/z [M-
57]+ or m/z [M-85]+. Selected ion monitoring was used with a sampling rate of 0.5 s and
LabSolution software (Shimadzu) was used for data collection and analysis. For technical
replicates, samples were measured three times, respectively. Overall *C-excess values and

isotopologue compositions were calculated as described earlier (40).

Statistical Analysis

Enzymatic activities were determined at least in two biological replicates, or more often
when there was considerable variance. Values are given as the average * standard deviation.
NMR and UPLC analysis of the products of citrate cleavage in D. acetivorans was carried out
in two biological replicates, representative results are shown. Isotopologue profiling
experiments and metabolite measurements were performed at least in three biological

replicates.
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Supplementary Text

Requlation of enzymes involved in central carbon metabolism of D. acetivorans during

autotrophic vs. heterotrophic growth

In D. acetivorans (Deltaproteobacteria, Desulfurellales), the most apparent regulation
between autotrophic and heterotrophic growth modes can be observed in the activities of
enzymes involved in the activation of acetate and succinate to their CoA-esters (Table 1).
During heterotrophic growth, acetate is activated primarily by acetate:succinyl-CoA CoA-
transferase, a strategy that has also been shown to operate in the closely related
deltaproteobacteria  Desulfuromonas acetoxidans  (Desulfuromonadales) (41) and
Desulfobacter spp. (Desulfobacterales) (42, 43) (both containing menaquinones and
cytochromes, 44-46). During autotrophic growth, succinate activation proceeds via succinyl-
CoA synthetase, which is highly upregulated under these conditions. In contrast, Desulfobacter
hydrogenophilus, which is able to use an ACL version of the rTCA or oTCA cycle, depending
on growth conditions, does not possess succinyl-CoA synthetase and activates succinate with
acetyl-CoA during autotrophic growth. This means that acetyl-CoA has to be replenished by an
anaplerotic reaction (43). The use of succinyl-CoA synthetase during autotrophic growth by D.
acetivorans could help to conserve energy by avoiding the acetyl-CoA synthetase reaction that
usually consumes two ATP equivalents. Note that our assays for acetate activation do not
discriminate between acetyl-CoA synthetase (two putative AMP-forming enzymes are encoded
in the genome, Table 1) and a two-enzyme system utilizing acetate kinase and phosphate-
acetyltransferase that has been described for D. acetivorans (15). Furthermore,
acetate:succinyl-CoA CoA-transferase, as well as the citrate cleavage, pyruvate carboxylase,
PEP carboxykinase and PEP synthase reactions were reported to be absent in the
aforementioned work. We could measure all of these activities in autotrophically as well as
heterotrophically grown cells, albeit PEP synthase and pyruvate carboxylase, as well as
pyruvate synthase activities were downregulated in the latter. This makes sense in light of the
circumstance that during growth on acetate, most acetyl-CoA is directed to citrate synthesis and
only small amounts need to be converted to oxaloacetate for anaplerosis, whereas during
autotrophic growth, acetyl-CoA concentrations need to be kept to a minimum in order to
facilitate ATP-independent citrate cleavage.
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Fig. S1

Different variants of citrate cleavage in the rTCA cycle: ATP-citrate lyase reaction (8), citryl-CoA
synthetase/citryl-CoA lyase reactions (10, 11), citrate synthase reaction (this work). CCS, citryl-CoA synthetase;
CCL, citryl-CoA lyase; ACL: ATP:citrate lyase; CS: citrate synthase. Gibbs free energy and equilibrium constants
for ATP-dependent citrate cleavage from (2), for ATP-independent citrate cleavage from (20). Please note that

ACL functions in some bacteria for citrate synthesis in the oTCA cycle (9).
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Fig. S2

UPLC analysis of products of the citrate cleavage catalyzed by D. acetivorans cell extracts (A, C, E, G) and by
citrate synthase and malate dehydrogenase (B, D, F, H) from porcine heart (Sigma). The reaction mixture in (A)
and (B) contained NADH, CoA, ATP and citrate. ATP was omitted from samples (C) and (D), citrate was omitted
from samples (E) and (F), and NADH was omitted from samples (G) and (H).
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Fig. S3

13C-NMR analysis of (A) [U-3C;]acetyl-CoA, (B) [U-*C4]malate, and (C) 2 mM [U-Cg]citrate, 2 mM NADH
and 2 mM CoA incubated for 10 min in an assay containing 8.4 U/ml porcine citrate synthase (Sigma) and 20
U/ml porcine malate dehydrogenase (Sigma). Signals and couplings of [U-3C¢]citrate, [U-3C4]malate and [U-
13C,]acetyl-CoA are shown. The formation of [U-13C,]acetyl-CoA and [U-3C4]malate is indicated by dashed lines.

For numerical values of chemical shifts and couplings, see Table S2.

125



1001 7

;\: B 868.1390

()

o

c

©

©

e

5 501 b

o]

IS

o

2

‘:é

()

B AR
0 T | E— 1 n = T
2.8 3.0 3.2 3.4 0 500 1000
Retention time (minutes) (m/z)

Fig. S4

LC-MS analysis of the fumarate-dependent succinyl-CoA formation catalyzed by cell extracts of D. acetivorans.
A: Extracted ion chromatogram for succinyl-CoA (M+H: 868.1391 + 0.02 Da), B: Mass spectrum of the succinyl-
CoA peak (2.83 — 2.95 minutes), mass accuracy: < 0.2 ppm.
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Fig. S5

13C-Enrichments in mass fragments of alanine, aspartate, glutamate and proline from D. acetivorans A63 grown
on [1-33C4]pyruvate (autotrophic growth in blue bars vs. heterotrophic growth in red/orange bars). Prior to MS
analysis, the amino acids were converted into TBDMS derivatives. The m/z values of the fragments under study
and the corresponding number of C atoms are indicated. Fragments containing all C atoms of the amino acids are
shown in dark blue or red, fragments missing C; of the amino acids are shown in blue or orange and the fragment
containing C-1 and C-2 of Asp is shown in light blue. Error bars represent the standard error of the mean of three

independent biological replicates.
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13C-Incorporation into alanine, aspartate, glutamate and proline from D. acetivorans A63 grown with Hz, CO and
S%in the presence of 0.2 mM [1-33C;]pyruvate (in box; added 4 x 50 uM at 57, 75, 91 and 98 h) following (A) the
rTCA cycle with Si-specific CS or (B) the oTCA cycle with Si-specific CS. The labeled C atoms are indicated by

red dots (first turn), green dots (second turn), and yellow dots (third turn). For the enzyme names, see Fig. 3.
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Fig. S7

Growth of D. acetivorans on Hz +CO; +S° (blue circles), acetate + CO, + S° (red squares), H,+ CO2 + S°+ 1 mM

fluoroacetate (green pyramids), H, + CO2 + S° + 1 mM glyoxylate (orange inverted pyramids). The means of three

replicate cultures are shown; error bars represent the standard deviation.
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enrichment and colored bars represent the isotopologue fractions (normalized to 100). The error bars indicate the

standard error of the mean (n=3).
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13C-Incorporation into alanine, aspartate, glutamate and proline from D. acetivorans A63 grown in the presence
of 10 mM [1,2-3C,]acetate (in box) following (A) the rTCA cycle with Si-specific CS or (B) the 0 TCA cycle with

Si-specific CS. The labeled C atoms are indicated by red and purple dots. For the enzyme names, see Fig. 3.
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Table S1

Activities of enzymes involved in autotrophic CO; fixation in D. acetivorans. Activities were measured at 55°C.

The number of biological repetitions (n) is shown.

Pathway/Enzyme

Specific activity [pumol

mint mg* protein] +

standard deviation for

cells grown on CO2

Candidate gene(s)
Genbank Accn.:

rTCA cycle
ATP-citrate lyase!

<0.01 (n=2)

CP007051, Region:
484760-487933 2

Calvin-Benson cycle

Ribulose 1,5-bisphosphate carboxylase

< 0.005 (n=2)

Reductive acetyl-CoA pathway

Carbon monoxide dehydrogenase

0.017 +0.013 (n=2)

AHF97383,

Formate dehydrogenase 0.033 £ 0.007 (n=2) AHF97384,
AHF97385

4-Hydroxybutyrate cycles
Succinyl-CoA reductase® <0.01 (n=3) -
4-Hydroxybutyryl-CoA conversion* < 0.0001 AHF97293°
Succinate semialdehyde reductase® <0.01 (n=3) -
3-Hydroxypropionate cycle
Malonyl-CoA reductase® <0.01 (n=2) -

w N =

I

Measured as the ATP-dependent oxaloacetate formation from citrate and CoA (coupled to

MDH)
Pseudogene

The enzymes were measured with both NADH and NADPH.
Low amounts of 4-hyroxybutyryl-CoA (<1 nmol min** mg protein) were formed from
CoA, ATP and 4-hydroxybutyrate, but no further conversion could be detected by UPLC.

4-Hydroxybutyryl-CoA dehydratase.
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Table S2
NMR data of [U-13Cg]citrate conversion using D. acetivorans cell extracts.

Position Chemical shift Coupling constants
13¢C, ppm Jee, Hz

Acetyl-CoA

1 201.2(d) 46.4

2 30.2(d) 46.4

Malate

1 176.6(d) 59.5

2 66.7(dd) 60.2, 38.6

3 38.3(dd) 55.5, 38.7

4 174.4(d) 55.8

Citrate

3’ 176.3(d) 60.5

1,5 173.3(d) 56.9

3 73.2(dt) 60.8, 38.7

2,4 43.2(dd) 59.6, 38.7
Table S3

Intracellular concentration (x SD) of metabolites involved in the rTCA cycle in autotrophically grown D.
acetivorans. None of the following CoA esters could be detected in cell extracts of D. acetivorans grown on CO;
(< 0.5 pM): citryl-CoA, malonyl-CoA, propionyl-CoA, malyl-CoA, citramalyl-CoA, mesaconyl-CoA, 4-
hydroxybutyryl-CoA, crotonyl-CoA, acetoacetyl-CoA, acryloyl-CoA, 3-hydroxypropionyl-CoA, thus disproving
the functioning of 3-hydroxypropionate bi-cycle and 4-hydroxybutyrate cycles of autotrophic CO; fixation (1-3).

Metabolite Concentration, pM
Acetyl-CoA 12+8

CoA 1070 + 420
Citrate 1430 £ 600
Succinate 2910 + 180
Malate 300 +40
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Table S4
Kwm values (uM) for citrate synthase and malate dehydrogenase in extracts of autotrophically grown D. acetivorans

cells and for porcine citrate synthase. ND, not determined.

D. acetivorans )
porcine enzyme

cell extract
Citrate synthase porcine citrate synthase
(Sigma C3260)
Citrate 4960 £ 480 8190 + 1060
CoA 200 + 40 340+ 60
Oxaloacetate 36 +15 ND
Acetyl-CoA 71+ 20 ND
Malate dehydrogenase (NADH) pqrcine MD_H
(mitochondrial)
Oxaloacetate 43+9 40 (47)
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Table S5

13C-Enrichments in protein derived alanine, aspartate, glutamate and proline from D. acetivorans A63 grown on

[1-13C4]pyruvate analyzed as tert-butyl-dimethylderivatives. The m/z values of the fragments under study and the

corresponding number of C atoms are indicated. Values for three independent biological replicates (measured in

triplicate) are given, as well as mean values and standard error of the mean (SEM). In the second column, the

isotopologue status of the fragment is given, where 0 means *2C, 1 means 13C, Y represents an unknown state and

X represents a missing C atom. The numbers outside the brackets indicate the total amount of *3C atoms in the

fragment.
Replicate 1 Replicate 2 Replicate3 MEAN SEM
Ala-232 (C2+3) | {X00} 99.89% + 0.02% 99.92% + 0.07% 99.95% + 0.07% 99.92% 0.02%
{XYyn 0.00% = 0.00% 0.04% + 0.08% 0.00% = 0.00% 0.01 % 0.02%
{X11} 011% = 0.02% 0.03% + 0.05% 0.05% = 0.07% 0.06 % 0.03%
Ala-260 (C1-3) {000} 9288% * 032% 93.86% + 051% 93.73% + 0.68% 93.49% 0.44%
{Yyyia 705% = 0.33% 6.03% + 0.53% 6.20% * 0.71% 6.42 % 0.44%
{YYY}2 0.02% = 0.03% 0.03% + 0.05% 0.01% = 0.02% 0.02 % 0.01%
{111} 0.06% + 0.02% 0.08% + 0.03% 0.06% = 0.02% 0.06 % 0.01%
Asp-302 (C1+2) | {00XX} 9940% = 0.20% 99.21% + 029% 99.13% + 0.20% 99.25% 0.11%
{Yyxxii 0.60% + 0.20% 0.79% + 0.29% 0.87% = 0.20% 0.75 % 0.11%
{11XX} 0.00% = 0.00% 0.00% + 0.00% 0.00% = 0.00% 0.00 % 0.00%
Asp-390 (C2-4) | {X000} 97.94% * 032% 99.08% + 062% 9868% + 0.03% 98.56% 0.47%
{XYyyia 19% + 0.29% 0.82% + 0.64% 1.17% £ 0.12% 1.33% 0.49%
{XYYY}2 0.04% + 0.06% 0.00% + 0.00% 0.05% = 0.09% 0.03 % 0.02%
{X111} 004% = 0.03% 0.10% + 0.03% 0.10% = 0.04% 0.08 % 0.03%
Asp-418 (C1-4) | {0000} 97.65% + 0.10% 98.15% + 032% 9833% + 0.10% 98.05% 0.29%
{Yyyyji 235% = 0.10% 1.83% = 0.34% 1.67% £ 0.10% 1.95% 0.29%
{YyYvy}2 0.00% + 0.00% 0.00% + 0.00% 0.00% = 0.00% 0.00 % 0.00%
{YYYY}3 0.00% = 0.00% 0.02% + 0.03% 0.00% = 0.00% 0.01 % 0.01%
{1111} 0.00% + 0.00% 0.00% + 0.00% 0.00% = 0.00% 0.00 % 0.00%
Glu-404 (C2-5) | {X0000} 9783% * 031% 98.46% + 021% 9803% + 046% 98.11% 0.26%
{XYYYY}1 1.77% £ 0.22% 1.26% = 0.36% 156% + 0.28% 1.53% 0.21%
{XYYYY}2 039% = 0.13% 0.28% + 0.14% 041% = 0.17% 0.36 % 0.06%
{XYYYY}3 0.00% + 0.00% 0.00% + 0.00% 0.00% = 0.00% 0.00 % 0.00%
{X1111} 0.00% = 0.00% 0.00% + 0.00% 0.00% = 0.00% 0.00 % 0.00%
Glu-432 (C1-5) | {00000} 98.03% * 024% 99.02% + 0.15% 9885% + 0.09% 98.63 % 0.43%
{YYvyyvyii 1.86% + 0.29% 0.83% + 0.15% 090% + 0.14% 1.19% 0.47%
{YYYYY}2 0.09% + 0.11% 0.15% + 0.16% 024% = 0.22% 0.16 % 0.06%
{YYYYY}3 0.02% = 0.04% 0.00% + 0.00% 0.01% + 0.02% 0.01% 0.01%
{YYyYvv}a 0.00% + 0.00% 0.00% £ 0.00% 0.00% = 0.00% 0.00 % 0.00%
{11111} 0.00% = 0.00% 0.00% + 0.00% 0.00% = 0.00% 0.00 % 0.00%
Pro-184 (C2-5) | {X0000} 9825% + 001% 9884% + 005% 9895% + 0.12% 98.68 % 0.31%
{XYYYY}1 1.70% + 0.03% 111% + 0.06% 099% = 0.09% 1.27 % 0.31%
{XYYYY}2 0.03% = 0.01% 003% = 0.02% 0.03% = 0.03% 0.03 % 0.00%
{XYYYY}3 001% = 0.01% 001% = 0.01% 0.02% = 0.01% 0.01 % 0.00%
{X1111} 0.00% + 0.00% 001% = 0.01% 0.02% + 0.03% 0.01% 0.01%
Pro-286 (C1-5) | {00000} 98.65% * 0.17% 99.26% + 0.23% 9890% + 042% 98.94% 0.25%
{YYYYY}1 1.14% + 0.13% 054% = 0.23% 067% = 0.16% 0.78 % 0.26%
{YYYYY}2 0.00% = 0.00% 0.00% = 0.00% 0.00% = 0.00% 0.00 % 0.00%
{YYYYvi3 0.16% + 0.05% 011% = 0.02% 020% = 0.08% 0.16 % 0.03%
{YYvyyvyi4 006% = 0.07% 0.08% = 0.04% 023% = 0.26% 0.12% 0.08%
{11111} 0.00% = 0.00% 0.00% = 0.00% 0.00% = 0.00% 0.00 % 0.00%
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Table S6.
13C-Enrichments in protein derived alanine, aspartate, glutamate and proline from heterotrophically grown D.

acetivorans A63 in the presence of [1-3C;]pyruvate. For more details, see title of Table S5.

Replicate 1 Replicate 2 Replicate3 MEAN SEM
Ala-232 (C2+3) | {X00} 99.83 % 0.02% 99.57% 0.13% 99.68% 0.10% 99.69 % 0.10%
{XYYh 0.03% 0.05% 0.11% 0.15% 0.09 % 0.08 % 0.08 % 0.04%
{X11} 0.15% 0.07 % 0.31% 0.06 % 0.23% 0.05% 0.23% 0.07%
Ala-260 (C1-3) | {000} 95.45 % 0.23% 95.92% 032% 97.84% 0.17% 96.41% 1.03%
{Yyyha 4.31% 0.17 % 3.64% 0.33% 1.83% 0.13% 3.26 % 1.05%
{YYY}2 0.05% 0.08 % 0.11% 0.04 % 0.07 % 0.08 % 0.08 % 0.03%
{111} 0.19% 0.02 % 0.32% 0.04% 0.26% 0.02% 0.26 % 0.05%

Asp-302 (C1+2) | {00XX} 99.97 %
{YYxx 0.03%
{11XX} 0.00 %
Asp-390 (C2-4) | {X000} 99.81 %
{XYyyha 0.00 %
{XYYY}2 0.00 %
{X111} 0.19%
Asp-418 (C1-4) | {0000} 99.71 %
{Yyyy}1 0.28%
{Yyyy}2 0.00 %
{YyYvyyj3 0.01%
{1111} 0.00 %
Glu-404 (C2-5) | {X0000} 99.42%
{XYYYY}1 0.00 %
{XYYYY}2  0.58%
{XYYYY}3  0.00%
{X1111} 0.00 %
Glu-432 (C1-5) | {00000} 99.49 %
{YYyyya 0.00 %
{YYYYY}2 0.29%
{YYYYY}3 0.01%
{YYyYvyy}4 0.01%
{11111} 0.19%
Pro-184 (C2-5) | {X0000} 99.72 %
{XYYYY}1 0.00 %
{XYYYY}2 0.07 %
{XYYYY}3 0.04 %

{X1111} 0.16%
Pro-286 (C1-5) | {00000} 99.51%
{YYYyya 0.11%
{YYyYvyj2 0.00 %
{YYYYY}3 0.17%
{YyYyyy}4d 021%

{11111} 001%

0.04% 99.88%
0.05 % 0.00%
0.01 % 0.12%
0.05% 99.44%
0.00 % 0.27%
0.00 % 0.00%
0.05 % 0.29%
0.51% 99.75%
0.49 % 0.10%
0.00 % 0.00%
0.02 % 0.00%
0.00 % 0.16%
0.37% 98.91%
0.00 % 0.43%
0.37% 0.59%
0.00 % 0.00%
0.00 % 0.06%
0.22% 98.80%
0.00 % 0.00%
0.26 % 0.48%
0.02 % 0.18%
0.01 % 0.00%
0.01% 0.54%
0.02% 99.37%
0.00 % 0.00 %
0.03 % 0.24 %
0.01 % 0.05 %
0.00 % 0.34 %
0.17% 99.32%
0.18 % 0.02 %
0.00 % 0.00 %
0.03 % 0.28 %
0.01 % 0.18%
0.01 % 0.20 %

0.08%  100.0%
0.00 % 0.00 %
0.08 % 0.00 %
0.47 % 99.84 %
0.47 % 0.00 %
0.00%  0.00 %
0.02 % 0.16 %
0.15% 99.98 %
0.16 % 0.00 %
0.00 % 0.00 %
0.00 % 0.00 %
0.02 % 0.02 %
0.55% 99.57 %
0.67 % 0.12 %
0.25% 0.31%
0.00%  0.00 %
0.03 % 0.00 %
0.23% 99.41%
0.00 % 0.10 %
0.34 % 0.21 %
0.12% 0.02 %
0.00 % 0.00 %
0.00 % 0.26 %
0.02% 99.61%
0.00 % 0.00 %
0.01% 0.10%
0.01 % 0.03 %
0.00% 0.26%
0.05% 99.33%
0.04% 0.15%
0.00 % 0.00 %
0.04% 0.17%
0.01 % 0.20 %
001% 0.15%

0.00% 99.95% 0.05%
0.00 % 0.01 % 0.01%
0.00 % 0.04 % 0.05%
0.09% 99.70 % 0.18%
0.00 % 0.09 % 0.13%
0.00 % 0.00 % 0.00%
0.09 % 0.21% 0.06%
0.01% 99.81% 0.12%
0.00 % 0.13% 0.12%
0.00 % 0.00 % 0.00%
0.00 % 0.00 % 0.00%
0.01 % 0.06 % 0.07%
0.10% 99.30% 0.28%
0.11% 0.18 % 0.18%
0.07 % 0.49 % 0.13%
0.00 % 0.00 % 0.00%
0.00 % 0.02 % 0.03%
0.12% 99.24% 0.31%
0.09 % 0.03 % 0.05%
0.15% 0.33% 0.11%
0.02 % 0.07 % 0.08%
0.00 % 0.00 % 0.00%
0.01% 0.33% 0.15%
0.03% 99.57 % 0.15%
0.00 % 0.00 % 0.00%
0.02 % 0.14 % 0.07%
0.01% 0.04 % 0.01%
0.01 % 0.26 % 0.08%
0.11% 99.39% 0.08%
0.13% 0.09 % 0.05%
0.00 % 0.00 % 0.00%
0.02 % 0.20 % 0.05%
0.00 % 0.19 % 0.01%
0.00 % 0.12% 0.08%

+= + + + + &+ + 4+ + + 4+ + H+ H+ H+ M+ +H+ M+ H+ M+ H+H+H+H+ M+ H+ M+ H+H+H+H+ M+ H+H+H+H+ + + + 4+
+= + + + + &+ + + + + 4+ + 8+ H+ H+ M+ +H+ M+ H+ M+ H+H+H+H+H+H+ M+ H+H+H+H+ M+ H+H+H+H+ + + + 4+
+= + + + + &+ + + + + &+ + + + + + + H+ + H+ + H+ H+ +H+ + 8+ + H++ ++ +H+ + H+ + + + + 4+
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Table S7

13C-Enrichments in protein derived alanine, aspartate, glutamate and proline from D. acetivorans A63 grown on
[U-13C;]acetate under H2/CO.. For more details, see title of Table S5.

Replicate 1 Replicate 2 Replicate3 MEAN SEM
Ala-232 (C2+3) | {X00} 403% + 0.09% 521% + 0.05% 539% * 0.05% 4.88 % 0.60%
{XYyh 1.75% + 0.03% 1.82% = 0.09% 151% * 0.09% 1.69 % 0.13%
{X11} 94.22% + 011% 9297% + 0.04% 93.09% = 0.04% 93.43% 0.56%
Ala-260 (C1-3) | {000} 424% = 0.10% 545% + 0.09% 559% * 0.19% 5.09 % 0.60%
{Yyvy}1 239% + 0.03% 245% + 0.10% 2.12% * 0.06% 2.32% 0.14%
{Yyy}2 89.18% + 040% 8559% + 088% 8549% * 0.53% 86.75% 1.71%
{111} 419% * 045% 6.51% + 086% 6.79% * 0.62% 5.83% 1.17%
Asp-302 (C1+2) | {00XX} 773% + 024% 833% + 023% 794% + 036% 8.00 % 0.25%
{YYXX}1 36.59% + 0.62% 30.74% * 066% 2988% = 0.79% 32.40% 2.98%
{11XX} 5568% + 0.78% 6093% +* 050% 6218% =+ 1.03% 59.60% 2.82%
Asp-390 (C2-4) | {X000} 552% + 0.24% 6.39% + 034% 6.16% * 0.33% 6.03 % 0.37%
{XYyy}1 521% + 031% 459% + 015% 3.76% + 0.09% 4.52 % 0.59%
{XYYY}2 3562% + 146% 3042% + 088% 2868% + 128% 31.57% 2.95%
{X111} 5365% + 197% 5860% + 101% 6139% * 168% 57.88% 3.20%
Asp-418 (C1-4) | {0000} 576% + 0.13% 6.80% + 037% 7.14% * 0.36% 6.57 % 0.59%
{Yyyyja 491% * 0.28% 38% + 0.16% 3.78% * 0.22% 4.18% 0.52%
{Yyyyj}2 3290% + 134% 2657% * 087% 2664% = 156% 28.70% 2.97%
{YYYY}3 986% *+ 087% 1157% + 056% 1001% + 0.17% 10.48% 0.77%
{1111} 46.57% + 124% 51.21% +* 090% 5243% + 165% 50.07% 2.52%
Glu-404 (C2-5) | {X0000} 474% * 0.04% 582% + 003% 589% * 022% 5.48 % 0.53%
{XYYYY}1T 2.08% + 0.09% 1.45% = 0.12% 134% * 0.11% 1.62% 0.33%
{XYYYY}2  9.99% + 0.04% 6.50% + 029% 6.06% =+ 0.15% 7.52% 1.76%
{XYYYY}3 1163% + 023% 1244% + 0.13% 1035% = 0.28% 11.48% 0.86%
{X1111} 7155% * 0.21% 73.79% * 041% 7636% * 051% 73.90% 1.97%
Glu-432 (C1-5) | {00000} 532% * 0.06% 6.94% + 0.10% 7.10% * 0.28% 6.45 % 0.80%
{YYYYY}1 1.80% + 0.06% 1.20% = 0.08% 1.05% + 0.08% 1.35% 0.32%
{YYYYY}2 10.09% + 0.08% 6.60% + 0.06% 593% * 0.15% 7.54 % 1.82%
{Yyyvy}3 9.27% * 0.23% 820% * 0.12% 726% * 0.14% 8.24% 0.82%
{YYYYY}4 6535% * 009% 6597% + 043% 66.21% + 061% 6584% 0.36%
{11111} 817% * 0.13% 11.10% * 0.14% 1244% + 0.11% 10.57% 1.78%
Pro-184 (C2-5) | {X0000} 431% * 0.18% 48% * 0.17% 505% = 0.05% 4.74 % 0.32%
{XYYYY}1 1.90% + 0.04% 1.39% + 0.01% 124% + 0.03% 1.51% 0.28%
{XYYYY}2 99%6% * 017% 654% * 017% 6.13% = 0.07% 7.54 % 1.72%
{XYYYY}3 9.06% + 0.09% 836% * 011% 760% * 0.05% 8.34% 0.60%
{X1111} 7478% * 046% 7886% + 044% 7999% + 0.19% 77.88% 2.24%
Pro-286 (C1-5) | {00000} 491% * 0.11% 629% * 0.13% 6.22% * 0.05% 5.81% 0.63%
{YYYYY}1  210% * 0.09% 186% + 010% 163% * 0.04% 1.86 % 0.19%
{YYyyy}2 913% +* 039% 555% * 0.11% 524% = 026% 6.64 % 1.76%
{YYYYY}3 914% + 039% 832% * 031% 7.28% = 0.18% 8.25% 0.76%
{YYYYY}4 66.08% =+ 025% 66.30% * 027% 66.15% * 0.60% 66.17% 0.09%
{11111} 865% * 085% 11.68% * 030% 1349% * 078% 11.27% 2.00%
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Table S8

13C-Enrichments in protein derived alanine, aspartate, glutamate and proline from D. acetivorans A63 grown on
[U-13C;]acetate under No/CO- (i.e. without H). For more details, see title of Table S5.

Replicate 1 Replicate 2 Replicate3 MEAN SEM
Ala-232 (C2+3) | {X00} 551% * 008% 4.09% + 0.06% 6.12% * 0.06% 5.24% 0.85%
{XYYh 1.24% + 0.07% 1.04% + 0.02% 1.09% + 0.05% 1.13% 0.08%
{X11} 93.25% * 0.14% 9487% * 007% 92.79% * 0.10% 93.64% 0.89%
Ala-260 (C1-3) | {000} 560% * 0.11% 421% * 0.02% 6.35% * 0.06% 5.39% 0.89%
{Yyyia 1.89% + 005% 159% + 0.01% 1.62% * 0.08% 1.70% 0.13%
{YYY}2 8438% * 052% 8434% * 025% 8207% * 057% 83.60% 1.08%
{111} 8.13% * 0.54% 986% * 026% 996% * 045% 9.32% 0.84%
Asp-302 (C1+2) | {00XX} 575% * 017% 443% + 0.10% 6.58% * 0.14% 5.58 % 0.89%
{YYXX}1 11.46% * 015% 1047% + 011% 11.34% + 030% 11.09% 0.44%
{11XX} 82.79% * 030% 8510% * 0.15% 82.08% * 044% 83.33% 1.29%
Asp-390 (C2-4) | {X000} 551% + 0.17% 398% * 0.08% 6.20% * 0.13% 5.23% 0.92%
{XYyyha 0.84% * 0.01% 064% * 0.07% 077% * 0.05% 0.75% 0.08%
{XYYY}2 1136% * 022% 1086% * 0.11% 11.64% * 047% 11.29% 0.32%
{X111} 8229% + 038% 8452% + 0.16% 8140% * 052% 8273% 1.31%
Asp-418 (C1-4) | {0000} 6.04% * 019% 453% * 0.13% 6.98% * 0.35% 5.85% 1.01%
{YYyyi 080% * 0.04% 0.27% * 0.05% 037% * 024% 0.48% 0.23%
{YYYY}2 9.10% * 0.12% 751% * 0.08% 849% * 0.35% 8.37% 0.65%
{YyYvyyj3 758% * 0.18% 773% * 0.22% 815% * 031% 7.82% 0.24%
{1111} 76.48% * 0.44% 7996% * 027% 76.02% * 033% 77.49% 1.76%
Glu-404 (C2-5) | {X0000} 569% * 021% 4.11% * 0.10% 651% * 0.13% 5.44 % 1.00%
{XYYYY}1 038% * 0.09% 012% * 005% 0.04% =* 0.06% 0.18% 0.14%
{XYYYY}2 147% * 0.04% 1.24% * 0.07% 142% * 0.09% 1.38% 0.10%
{XYYYY}3 589% * 0.10% 588% * 0.10% 597% t 0.21% 5.91% 0.04%
{X1111} 8656% * 0.14% 8864% * 0.06% 86.05% +* 028% 87.09% 1.12%
Glu-432 (C1-5) | {00000} 6.27% * 0.13% 4.64% * 0.03% 700% * 0.12% 5.97 % 0.99%
{YYvyyvyii 0.23% * 0.05% 0.00% * 0.00% 000% * 0.00% 0.08 % 0.11%
{YYYYY}2 121% = 0.04% 099% * 0.03% 1.12% + 0.05% 1.11% 0.09%
{YYYYY}3 404% = 0.02% 3.84% * 0.06% 410% * 0.08% 3.99% 0.11%
{YYYYY}4 6747% + 012% 66.16% * 051% 6596% = 0.24% 66.53% 0.67%
{11111} 2077% * 024% 2437% * 041% 21.82% * 032% 2232% 1.51%
Pro-184 (C2-5) | {X0000} 514% * 0.12% 338% * 0.05% 522% t 0.07% 4.58 % 0.85%
{XYYYY}1 034% * 0.01% 0.07% * 0.01% 009% * 0.02% 0.17% 0.12%
{XYYYY}2 144% + 0.04% 133% t 0.01% 149% t 0.01% 1.42% 0.07%
{XYYYY}3 464% * 005% 463% *= 0.03% 489% * 0.05% 4.72 % 0.12%
{X1111} 88.44% * 017% 9058% + 0.06% 8830% + 0.09% 89.11% 1.04%
Pro-286 (C1-5) | {00000} 590% * 017% 417% + 0.08% 6.07% £ 0.18% 5.38% 0.86%
{YYYyyia 050% *= 0.03% 026% * 007% 015% * 0.05% 0.30% 0.15%
{YYyYvy}2 1.03% +* 005% 092% * 0.02% 1.00% + 0.09% 0.98 % 0.04%
{YYYYY}3 404% = 0.10% 379% * 007% 4.11% * 0.07% 3.98% 0.14%
{YYYYY}4 6655% * 057% 66.18% * 026% 64.72% + 052% 65.82% 0.79%
{11111} 2198% + 0.70% 2468% =+ 024% 2396% * 0.68% 23.54% 1.14%
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Table S9.

Enzyme activities in cell extracts of autotrophically grown D. multipotens (in pmol min mg? protein). The
number of biological repetitions (n) is shown.

Enzyme Specific activity

+ standard deviation
ATP-citrate lyase! <0.02 (n=2)
Citrate synthase backward (NADH oxidation) 0.23 £ 0.04 (n=8)
Citrate synthase 32,5+ 0.5 (n=5)
Malate dehydrogenase 22.8 £ 0.6 (n=2)

1 Measured as the ATP-dependent oxaloacetate formation from citrate and CoA (coupled to

MDH)
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Table S10

Energetic efficiencies of different autotrophic CO. fixation pathways. The calculatons were done using

eQuilibrator (48). Ferredoxin (Fd) is shown here as one electron carrier with E°' -414 mV corresponding to that of

the hydrogen/proton couple. Please note that we did not take into account that E°' of Fd is much lower in

methanogens (~-500 mV, which is the E® of the CO,/CHO-methanofuran couple; 49), thus overestimating the

energetic efficiency of the reductive acetyl-CoA pathway in Methanothermobacter marburgiensis. Temperature
is assumed 25 °C, pressure 1 bar. COy(total) is the sum of CO2(aq) and its three hydrated forms (H,COs, HCO3

and CO3%).
- ™
Pathway Assumptions Net reaction Estimated AG
(kJ/mol)
Anaerobic pathways
roTCA cycle NADH-dependent 2 COy(total) + NADPH + 2 NADH + 2 Fdyeq + -509+12.7
(D. acetivorans) fumarate reductase* CoA + ATP <=> acetyl-CoA + NADP* + 2
NAD* + 2 Fdo + ADP + P; + 4 H,0
Reductive acetyl-CoA pathway 2 COy(total) + 4 Fdreg + COA + 2 FapoH, <=> -53.5+26.6
(Methanothermobacter acetyl-CoA + 4 Fdox + 2 Fo + 5 H,0O
marburgiensis)
Reductive acetyl-CoA pathway 2 COy(total) + NADPH + NADH + 4 Fdeq + -67.5+23.8
(Acetobacterium woodii) CoA + ATP <=> acetyl-CoA + NADP* +
NAD* + 4 Fdo + ADP + P; + 4 H,0
rTCA cycle NADH-dependent 2 COy(total) + NADPH + 2 NADH + 2 Fdeq + -717.3+12.7
(green sulfur bacteria) fumarate reductase’ CoA + 2 ATP <=> acetyl-CoA + NADP* + 2
NAD* + 2 Fd +2 ADP + 2 P; + 3 H,0
rTCA cycle NADH-dependent 2 COy(total) + 3 NADH + 2 Fdreq + CoA + 3 -102.7 +12.8
(Hydrogenobacter thermophilus) fumarate reductase ATP <=> acetyl-CoA + 3 NAD* + 2 Fdo + 3
ADP + 3 P; + 2 H,0O
Dicarboxylate/ NADH-dependent 2 COy(total) + 3 ATP + 2 NADPH + NADH + -152.3+12.9
hydroxybutyrate cycle fumarate reductase CoA + 2 Fdiea <=>5P; + ADP + 2 AMP + 2
(Thermoproteus) NADP* + NAD* + 2 Fdo + acetyl-CoA
Aerobic pathways
Hydroxypropionate/ 2 COy(total) + 4 ATP + 5 NADPH + NAD" + -117.4+58
hydroxybutyrate cycle CoA <=>4P;+4 ADP + 5 NADP* + NADH
(Thaumarchaeota) + acetyl-CoA + H,0O
Hydroxypropionate/ 2 COy(total) + 4 ATP + 5 NADPH + NAD" + -165.1+6.2
hydroxybutyrate cycle CoA+H,O0<=>6P;+2ADP +2 AMP +5
(Crenarchaeota) NADP* + NADH + acetyl-CoA
Calvin-Benson cycle, glycolysis, 2 COy(total) + 7 ATP + 6 NADPH + NAD* + 2 -181.0 £ 13.5
pyruvate synthase Fdox + COA + 2 H,0 <=>7 ADP + 6 NADP* +
NADH + 2 Fdreq + acetyl-CoA + 7 P;
3-Hydroxypropionate bi-cycle, FAD-dependent 2 CO(total) + 5 ATP + 6 NADPH + 2 Fdox + COA -192.8 £ 14.9
pyruvate synthase succinate + FAD + 2 H,0 <=>3 ADP + 2 AMP + 6 NADP* +
dehydrogenase 2 Fdred + acetyl-CoA + 7 P; + FADH;
Calvin-Benson cycle, glycolysis, 2 COy(total) + 7 ATP + 6 NADPH + 2 NAD* + -197.6 £ 6.8
pyruvate dehydrogenase CoA + 2 H,0 <=>7 ADP + 6 NADP* + 2 NADH +
acetyl-CoA +7 P;
3-Hydroxypropionate bi-cycle, FAD-dependent 2 COs(total) + 5 ATP + 6 NADPH + NAD* + CoA -209.4 £9.0

pyruvate dehydrogenase

succinate
dehydrogenase

+FAD + 2 H,0 <=>3 ADP + 2 AMP + 6 NADP* +
NADH + acetyl-CoA + 7 P; + FADH:

1 with menaquinol-dependent fumarate reductase, the estimated AG' values for the rTCA
and roTCA cycles are -28.6 £ 14.0 and -2.2 + 14.0 kJ/mol, respectively. Please note that D.
acetivorans possesses menaquinones and cytochromes (27).
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Table S11
Primer sequences used for the sequencing of the acl gene in D. acetivorans.

Primer Sequence

Primer 1 Fwd TGCATGCGATTTGGCTGTA
Primer 1 Rev TGGTAGGCGTTTGCAACAA
Primer 2 Fwd AGGAGGGGGTAATGGCTGA
Primer 2 Rev TGGCCCTCCCCTTCTAACA
Primer 3 Fwd GCTGGAGGTGGAGCTTCTG
Primer 3 Rev GCGCCTGCATGTCCAAAC
Primer 4 Fwd AACTCGCTCTGGTGGCCT
Primer 4 Rev GCGAAACGCCAATTGCACC
Primer 5 Fwd CCTAGGTTTGGTGGCGCA
Primer 5 Rev TTGAGCGCCTTTTGCAACT
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8.2 Talks and Posters

10/2015 Hans Fischer members’ meeting, Munich, Germany— Talk on “Transition metal
catalysed formation of biomolecules”

04/2016 OLIM Workshop, Munich, Germany-Talk on “Surface catalysed formation of
biomolecules under hydrothermal vent conditions and *C based metabolic
studies with archaebacteria.”

09/2016 NIM conference: Molecular origins of life, Munich, Germany — Poster on ,From
extroverted catalytic nanostructures to introverted lipid vesicles®

09/2016 NIM conference: Molecular origins of life, Munich, Germany — Poster on
.rracing primordial metabolism reflected by microorganisms under
serpentinization conditions®

10/2016 Hans Fischer members’ meeting, Munich, Germany — Talk on “Transition metal
catalysed formation of biomolecules”

03/2017 DPG Spring Meeting: Physics of the Genesis of Life, Dresden, Germany —
Poster on ,High-resolving chemical analysis of products formed under
hydrothermal vent conditions”

10/2017 Hans Fischer members’ meeting, Munich, Germany — Talk on “Transition metal
catalysed formation of biomolecules”
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