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Summary

Natural CO 2 �xation is mainly associated with the Calvin-Benson-Bassham (CBB) cy-

cle found in many photoautotrophic organisms, e.g. cyanobacteria. The CBB cycle as

well as its key enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)

evolved in a atmosphere, that contained mainly CO 2 and merely any O 2. With emerg-

ing oxygenic photosynthesis and the oxygenation of the atmosphere, RuBisCO be-

came increasingly inef�cient. Its inef�ciency to discriminate between both substrates,

CO2 and O2, led to the evolution of carbon concentrating mechanisms (CCMs) and

photorespiration. The latter is a metabolic route to remove the toxic side product of

the oxygenase reaction, 2-phosphoglycolate (2PG) and recycle it into useable metabo-

lites. During canonical photorespiration, at least one molecule of CO 2 would be re-

leased per two molecules of 2PG, reducing on biomass production at a notable margin.

Among a variety of different approaches to mitigate this problem, examples for two of

them will be discussed in this thesis. Synthetic photorespiration will be adressed via

two chapters on the nature-inspired 3-hydroxypropionate (3OHP) bypass. Synthetic

CO2 �xiation will be features in one chapter about substrate selectivity in the new-to-

nature crotonyl-CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA (CETCH) cycle.

Photosynthetic organisms not always completely recycle photorespiratory 2PG, but

also dephosphorylate and excrete glyoxylate to the surrounding medium. Other bac-

teria, like the thermophile Chloro�exus aurantiacuscan feed on these acids and evolved

a pathway, the 3OHP bi-cycle to metabolize them without the loss of CO 2. This in-

spired a synthetic photorespiration pathway, the 3OHP bypass. The �rst attempt
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to introduce this pathway into the cyanobacterium Synechococcus elongatuswere per-

formed by Shih et al. [1].

Chapter 3 features the continued efforts to improve the 3OHP bypass in S. elongatus.

A improved selection scheme, based on a carboxysome knockout strain and the path-

way based detoxi�cation of propionate were utilized to evolve a part of the 3OHP

bypass in a turbidostat setup. The high CO 2 requiring strain improved its tolerance

from 0.5% to 0.2% within 125 days.

Among the 3OHP bi-cycle enzymes are some catalysts with unique properties, like

the intramolecular CoA transferase, mesaconyl-C1-C4-CoA CoA transferase (Mct).

Chapter 4 is dedicated to a structural analysis on why this enzyme can be exclusively

intramolecular. It has a narrow active site, that allows the CoA moiety of mesaconyl-

CoA to blocks external acids from entering. A protein structure with trapped inter-

mediates and kinetic analysis with external acids support this claim.

Additionally we investigated a promiscuous succinic semialdehyde dehydrogenase

(SucD) that is featured in synthetic CO 2 �xation pathways, as described in chapter

2. SucD from Clostridium kluyveri is promiscuous to other CoA esters and especially

active with mesaconyl-C1-CoA, another intermediate of the CETCH cycle. This side

reaction will slowly drain mesaconyl-CoA from the pool of intermediates and lead to

the accumulation of mesaconic semialdehyde. The speci�city was addressed by solv-

ing the crystal structure of CkSucD and closing the active site by the substitution of an

active site lysin to arginine. The mutation decreased site activity from 16% to 2%, but

the overall ef�ciency decreased. In another SucD from Clostridium dif�cile, the same

mutation had a comparable effect, changing the sidereaction from 12% to 2%, while

conserving the overall ef�ciency. The designed enzyme is a wortwhile replacement

for future iterations of the CETCH cycle.
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Zusammenfassung

Der CBB-Zyklus ist der verbreiteste CO 2 Fixierungsweg, der in vielen photoauto-

trophen Organismen, z. B. Cyanobakterien, vorkommt. Der CBB-Zyklus sowie sein

Schlüsselenzym RuBisCO entwickelten sich allerdings in einer Atmosph äre, die haupt-

sächlich CO2 und nur wenig O 2 enthielt. Mit dem Aufkommen der oxygenen Photo-

synthese und der Sauerstoffanreicherung der Atmosph äre wurde RuBisCO zuneh-

mend inef�zienter. Da dieses Enzym nur bedingt zwischen CO 2 und O 2 unterschei-

den kann, entwickelten Organismen mit diesem Stoffwechsel sogennante Kohlen-

dioxid-Konzentrationsmechanismen (engl. CCMs) und Photorespiration. Letztere ist

ein Stoffwechselweg zur Entfernung des toxischen Nebenprodukts der Oxygenase-

Reaktion, 2-Phosphoglykolat (2PG), mit dem Ziel es als verwertbare Metaboliten zur ück

zu gewinnen. Bei der klassischen Photorespiration w ürde mindestens ein CO2 für

zwei Molek üle 2PG freigesetzt, was die Produktion von Biomasse deutlich reduziert.

In dieser Arbeit werden zwei Beispiele f ür die verschiedenen Ansätze zur Lösung die-

ses Problems diskutiert. In zwei Kapiteln wird die synthetische Photorespiration an-

hand des von der Natur inspirierten 3-Hydroxypropionat (3OHP) Bypass (eng. 3OHP

bypass) behandelt. Synthetische CO2-Fixierung wird in einem Kapitel über die Sub-

stratselektivit ät eines Enzyms des kürzlich publizierten CETCH Zyklus behandelt.

Photosynthetische Organismen recyceln photorespiratorisches 2PG nicht immer voll-

ständig, sondern dephosphorylieren es auch zu Glyoxylat und geben es an die Um-

gebung ab. Andere Bakterien, wie das thermophile Bakterium C. aurantiacus, können

diese S̈auren aufnehmen und haben einen Stoffwechselweg, den 3OHP-Bi-Zyklus,
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um sie ohne CO2 Verlust zu verstoffwechseln. Diese Erkenntnis inspirierte die Ent-

wicklung eines synthetischen, carboxylierenden Weg der Photorespiration an, die

3OHP Bypass. Der erste Versuch diesen Weg in das CyanobakteriumS. elongatusein-

zuf ühren, wurde von Shih et al. durchgef ührt [1].

In Kapitel 3 werden die fortgesetzten Bem ühungen zur Verbesserung des 3OHP Um-

weges in S. elongatusbeschrieben. Es beschreibt ein verbessertes Selektionsschema,

das auf einem Carboxysomen-Knockout-Stamm und der Gegenselektion von Propio-

nat, als Wachstumshemmer beruht. Ein Teil des 3OHP Umweges konnte damit in

einem Bioreaktor im Turbidostatmodus durch Selektion auf das schnellste Wachstum

evolviert werden. Der Stamm mit initial hohem CO 2 Bedarf erhöhte seine Toleranz

innerhalb von 125 Tagen von 0.5% auf 0.2 % CO2.

Zu den Enzymen des 3OHP-Bi-Zyklus geh ören Katalysatoren mit einzigartigen Ei-

genschaften, wie die intramolekulare CoA-Transferase, Mesaconyl-C1-C4-CoA CoA-

Transferase (Mct). Das Kapitel 4 widmet sich der Strukturanalyse dieses Enzyms und

der einzigartigen Selektivit ät auf den intramolekularen Transfer. Mct hat ein sterisch

eingeschränktes aktives Zentrum, das durch den CoA-Teil von Mesaconyl-CoA f ür

externe S̈auren versperrt wird. Eine Proteinstruktur mit gebundenen Intermediaten

und die Kinetik mit externen S äuren unterstützen diese Behauptung.

In Kapitel 2 wird die unspezi�sche Succinat-Semialdehyd-Dehydrogenase (SucD) die

im hier ebenfalls beschriebenen synthetischen CO2-Fixierungswegen CETCH vorkommt

behandelt. Das Enzyme SucD ausC. kluyveri ist unspezi�sch gegen über anderen CoA-

Estern, insbesondere gegen̈uber Mesaconyl-C1-CoA, einem weiteren Intermediat des

CETCH Zyklus. Die Nebenreaktion entfernt Mesaconyl-C1-CoA aus dem Kreislauf

und beeintr ächtigt damit seine Funktion. Die Spezi�zit ät wurde durch die L ösung

der Kristallstruktur von CkSucD und die Schließung des aktiven Zentrums erh öht.

Dazu wurde ein Lysin im aktiven Zentrum durch Arginin ersetzt. Die Mutation ver-

ringerte die Aktivit ät von 16% auf 2%, aber die Gesamtef�zienz nahm ab. Bei einem

Homolog aus C. dif�cile hatte diese Mutation eine vergleichbare Wirkung, indem sie
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die Nebenreaktion von 12% auf 2% senkt ohne dabei die Ef�zienz mit Succiny-CoA

zu beeintr ächtigen. Das entworfene Enzym ist ein brauchbarer Ersatz für zuk ünftige

Iterationen des CETCH-Zyklus.
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1. Introduction

1.1 Aim of this work

Anthropogenic climate change and hence the resulting climate crisis are one of the

biggest challenges for our current and coming generations [2]. Arti�cial CO 2 �xation

can contribute to the re-�xation of the emitted carbon from the atmosphere and use

it for (i. e. drug producing) industrial applications [3, 4]. One synthetic CO 2 �xation

pathway, the so called CETCH cycle may exceeds the ef�ciency of natural CO 2 �xa-

tion in the near future. To achieve this, a set of ef�cient catalysts is required to avoid

bottlenecks and the generation of unwanted side products. An enzyme of this path-

way, SucD has a notable sidereaction with mesaconyl-C1-CoA another intermediate

of the CETCH cycle. We adressed this by solving the structure of SucD together with

the mesaconyl-C1-CoA ligand and identi�ed coordinating residues. These residues

were targeted by site-directed-mutagensis and the resulting mutants were tested for

improved speci�ty. We saw that a substitution on an active site lysine to arginine

would occlude mesaconyl-C1-CoA from the active site in two related isoenzymes.

Besides whole new CO2 �xation pathways also metabolic enhancements for natural

photosynthesis and the CBB cycle could help to solve the problem of inef�cient CO 2

�xation. The 3OHP bypass is a synthetic photorespiratory pathway that mittigates

photorespiratory loss in carbon biomass. As the CETCH is also resulting in the for-

mation of glyoxylate, photorespiratory pathways have the potential to increase the

ef�ciency of synthetic CO 2 �xation even more [4,5]. We prototyped the 3OHP bypass

in the cyanobacterium S. elongatusPCC7942 based on a previous study [1]. We origi-

nally approached the prototyping with rational design, like genetic expression balanc-

ing, site directed mutagenesis of the bottleneck enzyme acetyl-CoA carboxylase (Acc),

and also focused on a adaptive laboratory evolution (ALE) experiment to improve the

pathway's integration into the host's metabolism.. We combined the selective pressure

of photorespiratory carbon drain in a carboxysome de�cient strain, with the toxicity

of propionate, that can only be detoxi�ed by the 3OHP bypass module, that we intro-

duced. We operated a turbidostat for 125 days and observed an adaptation towards
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1. Introduction

lower concentrations of CO 2. However, further characterization has to be done, to

verify the adaptations and mutations, that this population developed. The 3OHP

bypass comprises enzymes with unique properties, like the intramolecular Mct. We

explained the reaction mechanism of this CoA transferase by solving the structure,

with reaction intermediates of all steps of catalysis. As mesaconyl-CoA enters the ac-

tive site, the CoA moiety blocks the cavity entrance and the CoA tranfer is performed

exclusively from and onto the original mesaconate moiety.

1.2 Metabolic Pathways for the Fixation of CO 2

1.2.1 Calvin-Benson-Bassham Cycle

The CBB cycle is a oxygen tolerant CO2 assimilation pathway that is also known as the

dark reaction of photosynthesis. It is the typical carbon assimilation cycle of oxygenic

phototrophs, and therefore present in plants, algae and cyanobacteria [6]. Its wide

distribution makes the CBB cycle the most important process for primary production

on Earth [7,8].

Typically the reactions of the CBB cycle are categorized in 3 phases. The �rst is

the actual carbon �xation step, which is catalyzed by the enzyme RuBisCO (Figure

1.1). This enzyme uses ribulose-1,5-bisphosphate and CO2 as substrates and forms

two molecules of 3-phosphoglycerate (3PG). The next phase is the reduction of 3PG

to glyceraldehyde-3-phosphate (G3P), which consumes energy in form of adenosine

triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH). In

the following regeneration step G3P is converted back to ribulose-1,5-bisphosphate

through the reductive pentose phosphate pathway to start the next cycle [6]. How-

ever, the energy equivalents in organism using the CBB cycle often, but not exclusively

orginate from oxygenic photosynthesis [9,10].

Even though other carbon �xation pathways exist in nature, the lifestyle of oxy-

genic photosynthesis became historically relevant during the great oxygenation transi-
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1. Introduction

Figure 1.1: The Calvin-Benson-Bassham (reductive pentose phosphate) cycle.
Ribulose-1,5-bisphosphate carboxylase/oxygenase(1), 3-phosphoglycerate kinase (2),
glyceraldehyde-3-phosphate dehydrogenase (3), triose-phosphate isomerase (4),
fructose-bisphosphate aldolase (5), fructose-bisphosphate phosphatase (6), transketo-
lase (7), sedoheptulose-bisphosphate aldolase (8), sedoheptulose-bisphosphate phos-
phatase (9), ribose-phosphate isomerase (10), ribulose-phosphate epimerase (11) and
phosphoribulokinase (12) [6, adapted])

tion (GOT) [6,8,11]. Prior to this event, which occurred approximately 2.4 billion years

ago, cyanobacteria evolved the ability to use light energy to split water molecules and

release oxygen gas as a byproduct [12]. This process transformed the atmosphere

by producing large amounts of oxygen and reducing levels of carbon dioxide. This

started an unprecedented transition in the history of life on Earth, as it resulted in

the development of aerobic respiration and the evolution of complex life forms. As

photosynthetic organisms began to produce oxygen through oxygenic photosynthe-
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sis, the Earth's atmosphere changed from reducing to oxidizing. A consequence of

the changed atmosphere, the temperature, sulfur and methane availability changed,

causing a mass extinction of the prevalent oxygen sensitive life forms [11].

From an evolutionary perspective, the CBB cycle was a fast and effective metabolic

invention. Under low O 2 concentrations in the atmosphere before and during the

GOT the CBB cycle was performing ef�ciently. However with rising levels of oxy-

gen, a momentous side reaction of RuBisCO became problematic. Instead of car-

boxylating ribulose-1,5-bisphosphate to form two molecules of 3PG, the substrate is

oxidized with molecular oxygen leading to one molecule of 3PG and one molecule of

2PG [13,14].

Nowadays, with a high oxygen concentration in the ambient air RuBisCO has evolved

at an interface between speci�city and rate, to avoid the formation of 2PG while not

sacri�cing too much turnover. Evolutionary adaptions of RuBisCO on an enzymatic

level towards higher af�nity to CO 2 usually decreased turnover rate, raising the need

to produce more and more of the enzyme. [15]. On a cellular level adaptations like

CCMs had a positive effect by locally increasing the CO 2 concentration [16].

However, the main effort for an organism dealing with this side reaction lies in the

removal of toxic 2PG by photorespiration (see Fig. 1.3). In canonical photorespira-

tion, one molecule of CO2 is released per 2 molecules of 2PG. The lost carbon has

to be reassimilated throught the CBB cycle again. This strategy allows phototrophic

organisms to regain most of the carbon from photorespiration, but the ef�ciency of

the CBB is still lowered. Synthetic biology is trying to adress this with different ap-

proaches. There is a set of natural and synthetic CO2 �xation pathways, that might

replace the CBB in crop plants some day. A noteable metabolic strategy, among the

six natural CO 2 �xation pathways is the 3OHP bi-cycle [6]. However, there are also

synthetic CO2 �xation pathways, like the CETCH cycle [3]. They harbor the chance for

deliberate the matter of CO 2 �xation from evolutionary linearity, as they pair enzyme

from different metabolic and ecological niches. Attempts to increase ef�ciency of the
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CBB cycle have been undertakes as well. At this point, a set of different photorespi-

ratory pathways are proposed and some even showed a positive impact on biomass

production [17]. The aforementioned 3OHP bi-cycle also inspired a photrespiratory

pathways, the 3OHP Bypass.

1.2.2 The 3-hydroxypropionate bi-cycle

The green non-sulfur bacterium C. aurantiacus, found in extreme environments like

hot microbial spring mats can grow heterotrophically, mixotrophixally or autotroph-

ically. C. aurantiacusgrows on a variety of different organic acids, including on gly-

Figure 1.2: The 3OHP bi-cycle (adapted from [18]): acetyl-CoA carboxylase(Acc),
malonyl-CoA reductase (Mcr), propionyl-CoA synthase (Pcs), propionyl-CoA car-
boxylase (Pcc), methylmalonyl-CoA epimerase (Epi), methylmalonyl-CoA mutase
(Mcm), succinyl-CoA:(S)-malate-CoA transferase (Smt), succinate dehydrogenase
(Sdh), fumarate hydratase (Fum), (S)-malyl-CoA/b-methylmalyl-CoA/(S)-citramalyl-
CoA (MMC) lyase (Mcl), mesaconyl-C1-CoA hydratase (b-methylmalyl-CoA dehy-
dratase) (Mch), mesaconyl-C1:C4-CoA CoA transferase (Mct), mesaconyl-C4-CoA hy-
dratase (Meh).
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colate and glyoxylate, but is also able to grow photoautotrophically under anoxic

conditions. However, instead of the CBB cycle C. aurantiacusis able to assimilate

CO2 via the 3OHP bi-cycle (Figure 1.2). This recently discovered pathway consists

of two part-cycles, that actually share a sequence of essential reactions. Both part-

cycles share the carboxylation of acetyl-CoA and the reduction of the carboxylation

product malonyl-CoA, which is reduced to 3OHP. The last shared reactions convert

3-hydroxypropionate to propionyl-CoA. In the �rst cycle propionyl-CoA is further

carboxylated and transformed into (S)-malyl-CoA, which is then cleaved into acetyl-

CoA and glyoxylate. Glyoxylate is condensed with another propionyl-CoA in the

second cycle. In the end the second cycle yields acetyl-CoA and pyruvate (see Fig.

1.3). As the 3OHP bi-cycle is a unique pathway, these enzymes are of noteable sci-

enti�c interest. propionyl-CoA synthase (Pcs) for example is a unique multidomain

enzyme with a latent carboxylation capability [19, 20]. Malonyl-CoA reductase (Mcr)

is another complex enzyme with two reductase domains, that produce 3OHP from

malonyl-CoA. This enzyme �nds application in biotechnology [21, 22]. Mesaconyl-

C1-C4-CoA CoA transferase of C. aurantiacusalso has an interesting reaction mecha-

nism. It belongs to the CoA transferases of Family III, which have a well understood

reaction mechanism for the transfer of a CoA moiety from a donor acyl-CoA, to an

acceptor acid. However, Mct seems to exclusively transfer the CoA moiety on the

same dicarboxylic acyl-group, that acted as CoA donor before, making it a genuine

intramolecular CoA transferase (see 4). In the natural environment of C. aurantiacus,

cyanobacteria excrete glycolate as a consequence of photorespiratory stress.C. auran-

tiacusutilizes this compound and oxydizes it to glyoxylate, which can be assimilated

by the 3OHP bi-cycle. In case no external glycolate is available, the �rst partcycle as-

similates CO2 to produce glyoxylate. A glyoxylate dependent anabolism however, is

an ideal basis to evolve a more ef�cient photorespiratory pathway. The 3OHP bi-cycle

is therefore a good opportunity to bypass the quite deleterious photorespiration.
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1.2.3 The CETCH Cycle as Synthetic CO 2 Fixation Pathway

The CETCH cycle is based on a combination of metabolic pathways found in bac-

teria [23]. It involves the use of 17 different enzymes, with crotonyl-CoA carboxy-

lase/reductase (Ccr) as central carboxylase. These enzymes work together to convert

CO2 into organic compounds. It primarely produces glyoxlyate, that can be metabo-

lized to complex molecules [3,4]. The CETCH cycle has shown promising results in in

vitro experiments, where it has been shown to be more ef�cient than the Calvin cycle

at �xing CO 2 [3]. However, it has not yet been implemented in living organisms, and

more work needs to be done to optimize the pathway and to develop ways to intro-

duce it into plants and other photosynthetic organisms [24].

To choose ef�cient catalysts is essential for developing a synthetic CO 2 �xation path-

way like the CETCH cycle. In metabolic engineering, the choice of enzymes is critical

to optimize the ef�ciency of metabolic pathways. By selecting enzymes with high

catalytic ef�ciency and appropriate kinetics, the rate of the pathway can be increased,

which in turn can improve the yield of the desired product.

In the CETCH cycle, the choice of enzymes is not less important for the optimization

of CO2 �xation. The enzymes used in the pathway need to have high catalytic activ-

ities, speci�cities for their substrates, and low levels of unwanted side reactions. In

addition, the enzymes need to be able to function in the complex mixture of other

enzymes and metabolites that are present in the pathway. Selecting enzymes with

the desired characteristics, and by modifying the genes that encode these enzymes

to optimize their expression and activity. Directed evolution or rational design can

also be used to develop new enzymes with improved properties for the pathway.

As we characterized the mechanistic properties of Mct of C. aurantiacus, we realized,

that SucD, an important catalyst in the CETCH cycle, also accepts mesaconyl-C1-

CoA and mesaconyl-C4-CoA as substrate. As mesaconyl-C1-CoA is a intermediate of

the CETCH cycle, we sought to understand the molecular basics of this promiscuity

and wanted to �nd a more speci�c enzyme for future CETCH cycle iterations (see
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chapter 2). Lastly, the CETCH cycle primarely produces gloxylate, which leaves the

same problem as photorespiration born 2PG, assimilation in a living organism would

require an additional glyoxylate sink, that is ideally carbon neutral like the recently

rediscovered b-hydroxyaspartate cycle (BHAC) [25]. An additional carboxylation, and

a redirection into central carbon metabolites as it is done in the tartronyl-CoA (TaCo)

pathway [5] or the 3OHP bypass, would allow an even more ef�cient carboxylation

module.

1.2.4 The 3-hydroxypropionate Bypass

The 3OHP bypass is a synthetic pathway that has been envisioned to increase the

carbon ef�ciency of photosynthesis and to mitigate the effects of photorespiration.

The 3OHP bypass was inspired by the 3OHP bi-cycle [1, 18]. The 3OHP bi-cycle is

an alternative CO2 assimilation pathway found in C. aurantiacusthat lives in extreme

environments, such as hot springs [26]. This pathway is thought to have evolved as

a way to cope with low levels of CO 2 and high temperatures, and it is more ef�cient

than the CBB cycle at �xing carbon dioxide if CO 2 is scarce, as it makes use of the

more readily available bicarbonate as the carboxylating carbon species.

Enzymes of the 3OHP bypass have been introduced into cyanobacteria to create a

carbon-ef�cient photorespiratory pathway [1]. By using the 3OHP bypass, cyanobac-

teria and plants could bypass the energy-intensive steps of photorespiration and con-

serve more of the energy and carbon �xed during photosynthesis. While the 3OHP

bypass has only conceptually been adressed [1], it has the potential to improve the

ef�ciency of photosynthesis and to help plants grow more ef�ciently under stress-

ful environmental conditions like drought or heat. The 3OHP bypass is an example

of how synthetic biology and biotechnology can be used to develop new tools for

improving ef�cient and sustainable agriculture.
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Figure 1.3: Natural Photorespiration (inner circle) along with the 3OHP by-
pass (outer circle): ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO),
2-phosphoglycolate dephosphatase (1), glycolate dehydrogenase (2), glutamate-
glyoxylate aminotransferase + glutamine synthetase + glutamine oxoglutarate amino-
transferase (3), serine hydroxymethyltransferase (4), serine-glyoxylate transaminase +
glycine decarboxylase (5), hydroxypyruvate reductase (6), D-glycerate 3-kinase (7).
acetyl-CoA carboxylase (Acc), malonyl-CoA reductase (Mcr), propionyl-CoA syn-
thase (Pcs),b-methylmalyl- CoA/( S)-citramalyl-CoA lyase (Mcl), mesaconyl-C1-CoA
hydratase (Mch), mesaconyl-C1-C4-CoA CoA transferase (Mct), mesaconyl-C4-CoA
hydratase (Meh). (adapted [1,6]).
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1.3 The Cyanobacterium S. elongatus

1.3.1 S. elongatus as a host for synthetic photorespiration

S. elongatusPCC7942 is a unicellular cyanobacterium that has been extensively stud-

ied as a model organism for photosynthesis and carbon metabolism. It is a common

model organism to investigate the molecular mechanisms of the CBB cycle, as well

as other processes such as circadian rhythms [27] and light signaling [28]. S. elonga-

tus PCC7942, like other cyanobacteria, has evolved CCMs to overcome the problem

of photorespiration and improve the ef�ciency of CO 2 �xation. The key element of

the cyanobacterial CCM is the carboxysome. The carboxysome is a proteinaceous

microcompartment that contains a high concentration of RuBisCO and carbonic an-

hydrase [16]. By concentrating Rubisco and CO2 within the carboxysome, the rate

of CO2 �xation is increased and the rate of photorespiration is reduced. This allows

S. elongatusPCC7942 to use available carbon and energy resources more ef�ciently,

and to adapt to changing environmental conditions.

In addition to carboxysomes, S. elongatusPCC7942 also uses other CCM components

such as bicarbonate transporters [29], which help to concentrate CO2 in the form of

bicarbonate and increase the ef�ciency of photosynthesis. These CCM elements work

together to optimize the ef�ciency of CO 2 �xation and minimize the effects of pho-

torespiration. Cyanobacteria, and more speci�cally S. elongatushave a number of

other adaptations that allow them to thrive as photosynthetic organisms. In addition

to CCMs like carboxysomes, they also have unique storage and energy metabolism

strategies, with the most relevant beeing glycogen. It is a primary storage compound

for cyanobacteria. Glycogen is a sugar polymer that is metabolically close to ribulose-

1,5-bisphosphate, the substrate for RuBisCO. This allows S. elongatusto re�ll CBB

cycle intermediates directly in states of starvation [30].

Cyanobacteria are able to use light energy to generate ATP and reducing equivalents

like NADPH through photosynthesis. This allows them to use energy-rich molecules
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like glycogen or 3PG for anabolic processes like amino acid or cell wall biosynthesis.

In contrast, heterotrophic organisms like Escherichia colirely on catabolic processes

like the TCA cycle to generate ATP and reducing equivalents trough respiration.

The TCA cycle in cyanobacteria is typically incomplete, with some of the interme-

diates being diverted to biosynthetic pathways rather than being fully oxidized for

energy production. This allows the cyanobacteria to use the TCA cycle to gener-

ate precursors for amino acid biosynthesis and other anabolic processes, rather than

solely for energy production.

1.3.2 The TCA Cycle in S. elongatus PCC 7942

The TCA cycle in most cyanobacteria is modi�ed or incomplete. The incomplete

version of the TCA cycle is referred to as horseshoe variant. Some cyanobacteria

do not metabolize 2-oxoglutarate (2OG) to succinyl-CoA. Most marine cyanobacteria

circumvent this via a decarboxylation to succinic semialdehyde and the subsequent

conversion into succinate [32]. S. elongatusPCC 7942 is one of these strains lacking the

2OG decarboxylase and, therefore, produces succinate and 2OG in two seperate pools

(Figure 1.4). Additionally, there is no evidence in the genome of PCC 7942 for a malate

dehydrogenase [31]. The presence of malate and succinate in metabolomics analysis,

however, indicate that an unidenti�ed unspeci�c dehydrogenase is replacing the ac-

tivity of malate dehydrogenase [31]. In reference to a potential succinyl-CoA shunt in

this strain succinyl-CoA or more importantly the corresponding acid succinate would

remain as a terminal compound that can be utilized for additional anabolic pathways.

1.3.3 S. elongatus has a Central Regulator (P II ) to Avoid Carbon

Drainage

As cyanobacteria have a conservative interest on their organic molecules, the �uxes

into different anabolic processes have to be �nely regulated. In case of nutrient de-
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Figure 1.4: The TCA cycle in S. elongatusPCC 7942: pyruvate kinase(1), pyruvate de-
hydrogenase (2), 3. citrate synthase (3), aconitate hydratase 2 (4), 2-methylisocitrate
dehydratase (5), isocitrate dehydrogenase (6), 2-oxoglutarate decarboxylase (7), alde-
hyde dehydrogenase (8); succinate dehydrogenase (9), fumarate hydratase (10), Un-
known dehydrogenase (11), malate dehydrogenase (oxaloacetate-decarboxylating)
(12), phosphoenolpyruvate carboxylase (13). Arrows shown in lightgray are not
present in S. elongatusPCC 7942. Anabolic pathways for the production of amino
acids are indicated in boxes with and red dashed lines [31–33].
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�ciency like nitrogen starvation, the cells would avoid production of precursors for

biosynthesis. For that matter, PII is a central regulator that plays a critical role in the

control of nitrogen metabolism in cyanobacteria [34]. It is encoded by the glnB gene

and functions as a signaling protein that mediates signals from multiple nitrogen

sources and modulates the activity of key enzymes involved in nitrogen metabolism.

Speci�cally, P II interacts with a number of target proteins to modulate their activity in

response to changes in nitrogen availability. For example, P II can bind to and regulate

the activity of the enzyme N-acetylglutamate kinase, which is a key enzyme in the

biosynthesis of arginine [34]. PII can also interact with and modulate the activity of

the transcription factor NtcA, which regulates the expression of many genes involved

in nitrogen metabolism.

The activity of P II is regulated by its binding to small molecules like ATP, ADP, and

2OG, which serve as indicators of the energy and nitrogen status of the cell. In re-

sponse to changes in the availability of these small molecules, PII can adopt different

conformations that affect its interactions with target proteins and thus modulate their

activity.

One of its targets, pirC [35], is an enzyme that regulates the drainage of metabolites

from the sugar metabolism, which is important for maintaining carbon balance in the

cell. The other target, acetyl-CoA carboxylase, is involved in the production of fatty

acids, which are used as precursors for anabolism [36]. The 3OHP bypass also re-

quires the activity of acetyl-CoA carboxylase.

Understanding the regulation of P II could be important for optimizing the 3OHP

bypass in cyanobacteria. By modulating P II -Acc interaction, it may be possible to

�ne-tune the carbon and nitrogen balance in the cells and increase the ef�ciency of

the 3OHP bypass. Additionally, the regulation of acetyl-CoA carboxylase by P II could

have implications for the production of other metabolites in cyanobacteria beyond the

3OHP bypass.
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1.4 Previous Attempt to Implement the 3OHP Bypass

into S. elongatus

The necessary genes fromC. aurantiacushave already been introduced into PCC7942

for an improved photorespiration [1]. Initially, the gene encoding Acc was not inte-

grated, as it already exists in all procaryotes. In this former study, the resulting strain

showed no detectable growth improvement. Cell extract demonstrated activities for

all required reactions, except the acetyl-CoA carboxylation, indicating, that this is the

pathway bottleneck. We aimed to design a new improved iteration of the pathway

and tried to solve problems that were identi�ed [1,37,38].

The carboxysome shell proteins of S. elongatusPCC7942 are not essential under ele-

vated CO2 conditions. Knock-outs of the ccm operon resulted in a strain ( DccmK-

O) [39, 40], that was not able to produce carboxysomes anymore. Due to the lag of

this CCM, the cells were not viable at ambient CO 2 concentrations. This strain could

serve as host strain for arti�cial photorespiration, as it should grow better with an

improved, more ef�cient photorespiration.

The authors of the original publication already speculated, that enzymes of a ther-

mophilic organism may underperform at 30-37 °C, and that enzyme homologues from

mesophilic host might be worthwhile to test and replace the ones, that do not per-

form better at lower temperatures. We identi�ed b-methylmalyl-CoA/(S)-citramalyl-

CoA lyase (Mcl) from Candidatus Accumulibacter phosphatis, mesaconyl-C1-CoA hy-

dratase (Mch) from Rhodobacter sphaeroidesand Pcs from Erythrobacter spec.as better

variants [37].

Additionally, the regulatory elements of the genetic integration was �ne tuned. Pro-

moters that were known to work in S. elongatusPCC7942, the induceable promoter

pLavS and the two constitutive promoters pPsbA1 and pCpt were used to express the

gene for Mcl [37]. Mcl activities were measured in cell extracts, and the promoters

were ranked by their relative values.
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The identi�ed bottleneck of the �rst iteration of the 3OHP bypass was the activity of

Acc. Therefore, a variety of different other Accs were tested for in-vitro activity. Bac-

terial Accs usually consist of four subunits and their complex is notoriously instable

during puri�cation. However, we found one carboxylase, propionyl-CoA carboxy-

lase (Pcc) from Methylorubrum extorquensthat had a reasonable speci�c activity (s) of

100 mU/mg for acetyl-CoA. We performed site directed mutagenesis on this Pcc and

generated a mutant Pcc D407I, that showed elevated speci�c activities (s) for acetyl-

CoA of 540 mU/mg. Next we integrated the designed Pcc D407I and the Acc of E. coli

as well as another copy of the Acc from S. elongatusunder control of the best iden-

ti�ed promoter into S. elongatusPCC7942 and veri�ed integration. Surprisingly not

even residual activities were measureable in these strains [37].

As we incubated lysates of these strains with additional (acyl-CoA carboxylase)biotin

ligase (BirA), a ligase necessary for the maturation of Accs, we measured �rst resid-

ual acitivities of 7.8 ± 0.7 mU/mg for the Acc from E. coli in our cyanobacterial cell

extract. Coproduction of the same BirA with Acc in S. elongatuswas not leading to

measureable activities [38].

We know now, that the biotin carboxyl carrier protein (BCCP) subunit of Accs and

Pccs were highly regulated by the central regulator P II in cyanobacteria [36]. Deletion

of this central regulator is possible [41–43], but involves a co-deletion of more than

one of its binding partners, and the resulting strain is not suitable for the burden of

photorespiratory stress trough the deletion of its carboxysomes. It seems inevitable,

to rather modify the BCCP subunit of Acc to break interaction with P II , than vice

versa. As the structure of the BCCP-PII complex is undisclosed to date, we proposed

an ALE experiment, to increase selective pressure onS. elongatusto unleash Acc from

the controle of PII , as will be discussed in chapter 3.
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2. Succinyl-CoA reductase (SucD)

2.1 Abstract

Succinic semialdehyde dehydrogenase (SucD) is an acylating aldehyde reductase that

catalyzes the NADPH-dependent reduction of succinyl-CoA to succinic semialdehyde

and allows for co-assimilation of ethanol and succinate in Clostridia. The reaction

sequence from succinate to crotonyl-CoA is of particular interest for several new-to-

nature CO2-�xation pathways, such as the CETCH cycle, in which SucD serves a key

role. However, pathways like the CETCH cycle feature several CoA-ester intermedi-

ates, which could be potentially side-substrates for this enzyme. Here we show that

the side reaction for most CETCH cycle metabolites is relatively small ( < 2%) with ex-

ception of mesaconyl-C1-CoA (16%), which represents a competing substrate in this

pathway. We addressed this promiscuity by solving the crystal structure of a SucD

of C. kluyveri in complex with NADP + and mesaconyl-C1-CoA. We further identi�ed

two residues (Lys70 and Ser243) that coordinate mesaconyl-C1-CoA at the active site.

We targed those residues with site directed mutagenesis to improve succinyl-CoA

over mesaconyl-C1-CoA reduction. The best resulting SucD variant, K70R, showed a
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