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Abstract

Kukil, K. 2022. Towards renewable chemicals production in cyanobacteria. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 2200. 61 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1623-9.

The intensive fossil fuel combustion by humanity resulted in the increase of atmospheric
CO, concentration creating the greenhouse effect, which in turn causes severe environmental
problems. Thus, humanity should find solutions to decrease dependency on fossil
hydrocarbons in order to lower CO, emission into the atmosphere. Photosynthetic
microorganisms, including cyanobacteria, exhibit great potential for this purpose, being able to
fix and directly convert CO, into organic chemicals using solar irradiation as an energy source.
Establishing cyanobacteria as microbial cell factories enables the sustainable production of
bulk chemicals and biofuels.

In this thesis, the production of industrially relevant chemicals, i.e. succinate and
aromatic compounds by the cyanobacterium Synechocystis sp. PCC 6803 was explored.
Succinate is naturally formed via the tricarboxylic acid cycle (TCA cycle) in cyanobacteria.
Phosphoenolpyruvate carboxylase (PEPc) is an essential enzyme in replenishing the
oxaloacetate intermediate of the TCA cycle. Succinate production was investigated by
introducing a new capacity for its synthesis via overexpression of heterologous glyoxylate
shunt genes together with overexpression of native PEPc. The implementation of the
glyoxylate shunt proved successful as succinate productivity was enhanced in certain
conditions. Moreover, the formation of succinate during anaerobic darkness was explored.
The enzyme L-aspartate oxidase was studied and the in vitro ability of this enzyme to
reduce fumarate to succinate anaerobically was demonstrated, which contributes to the
understanding of the cyanobacterial TCA cycle for future engineering purposes.

The production of the first intermediates of the plant phenylpropanoid pathway, trans-
cinnamic and p-coumaric acid, which derive from the aromatic amino acids phenylalanine
and tyrosine, was implemented by overexpression of phenylalanine- and tyrosine ammonia
lyases in Synechocystis. The subsequent metabolic engineering, such as the elimination of
competing pathways of tocopherol synthesis, demonstrated increased productivity for both
target molecules. Moreover, laboratory evolution of Synechocystis was performed and several
metabolic mutants were selected for their ability to secrete phenylalanine in the growth
medium. The laboratory-evolved mutants provide an important basis for investigating pathway
regulation of aromatic amino acid synthesis. In summary, the findings in this thesis
contribute to the development of cyanobacteria as microbial cell factories for the
sustainable production of renewable chemicals.
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Introduction

Motivation of the study

Climate change in the twenty-first century caused by increase of atmospheric
carbon dioxide (CO») levels affects many aspects of the natural world [1]. Hu-
man activities, mainly the burning of fossil hydrocarbon, have caused an ap-
proximately 1.5 °C increase of average temperature compared to the pre-in-
dustrial levels [2]. The consequences of global warming lead to the rising of
sea levels due to thawing of ice sheets and glaciers. Even a small further in-
crease of average temperature will have drastic and catastrophic outcome.
Therefore, society is required to take immense measures to minimize the on-
going climate changes. Introducing and maintaining environmental sustaina-
bility of human activities rise in relevance on the political agenda [1].

Since CO; emission is the driving force of global warming, efforts to de-
crease our dependence on fossil fuels are intensified. On the other hand, the
solar irradiation that reaches the atmosphere every day delivers a gigantic
amount of energy. The efficient harvest and storage of the solar energy could
also decrease the consumption of fossil hydrocarbon. Moreover, one of the
promising option would be to transform solar irradiation and carbon dioxide
directly into bulk chemicals and/or biofuels with the use of photosynthetic
microorganisms, such as cyanobacteria or microalgae. Employing these or-
ganisms in an environmentally sustainable and economically effective manner
could potentially decrease a substantial fraction of our society’s use of fossil
fuels. Among photosynthetic microorganisms cyanobacteria show superior
photosynthesis capabilities and can convert up to 10% of the sun’s energy into
biomass, compared to the 5% achieved by algae and 1% recorded by crops
such as corn or sugarcane [3]. As my small contribution to the establishment
of the abovementioned approach, I have investigated the production of indus-
trially relevant chemicals, succinate and aromatic amino acids and their deriv-
atives, by cyanobacteria.
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Cyanobacteria as hosts for production of industrially
relevant chemicals

Cyanobacteria are Gram-negative bacteria that have evolved in the biosphere of
the Earth during billions of years. These organisms are responsible for the in-
crease of oxygen concentration in the Earth’s atmosphere and were progenitors
of chloroplasts in eukaryotes [4]. Cyanobacteria are the largest and most diverse
group of photosynthetic prokaryotes, they differ morphologically (unicellular,
filamentous or colonial) and can be found in diverse types of environments. In
marine ecosystems, cyanobacteria are the main producers of primary biomass,
whereas the diazotrophic strains are vital in the biogeochemical nitrogen cycle.
Due to their broad spreading in distinct ecosystems, cyanobacteria have evolved
a wide range of adaptive systems and sensory mechanisms [5].

In cyanobacteria, oxygenic photosynthesis occurs in thylakoids, whereas
respiratory electron flow takes place in both the thylakoid and cytoplasmic
membrane systems. Therefore, in cyanobacteria both photosynthetic electron
transport and respiration are performed in the same compartment sharing
membrane complexes for these two opposite reactions allowing multiple in-
terconnected pathways of electron transport. This is considered to be a quite
unique feature of cyanobacteria [6]. Similarly to plants, Photosystem II and
Photosystem I catalyse the central reactions of solar energy conversion in cy-
anobacteria. The light harvesting antenna of both photosystems consists of
chlorophylls and carotenoids that capture light. Additionally, both are func-
tionally connected to the large membrane associated phycobilisomes, whose
function is to increase the absorption capacity of the light-capturing system
[7]. The generated strong reducing equivalents and energy rich molecules,
NADPH and ATP, are used to assimilate inorganic minerals, such as carbon
dioxide, nitrate or even molecular nitrogen in nitrogen-fixing cyanobacteria.
Via the Calvin-Benson-Bassham (CBB) cycle, the carbon dioxide is fixed to
produce glyceraldehyde-3-phosphate, which is further incorporated into pri-
mary nutrient biomass in photosynthetic organisms. The CBB cycle is the pri-
mary carbon fixation pathway in nature and the major electron “sink” of pho-
tosynthesis.

Although cyanobacteria have been known since early 19" century [8], they
have attracted attention as catalysts for the direct conversion of carbon dioxide
into reduced fuels and other valuable compounds only recently. Their photo-
autotrophic growth allows truly sustainable production of target compounds,
where CO; is acquired from the atmosphere and sunlight provides the source
of energy, whereas conventional heterotrophic systems (Saccharomyces cere-
visiae, Escherichia coli, etc.) require a supply of an organic carbon feedstock
for growth.

As photosynthetic microorganisms, cyanobacteria have a number of supe-
rior properties. They require minimal nutrient supply, and their cultivation
does not require arable land. Some strains can even be cultivated in
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wastewater, desert regions or seawater [9-11]. Compared to plants that also
perform oxygenic photosynthesis, cyanobacteria have faster growth rates, and
the newly isolated fast-growing strains can reach the doubling time of hetero-
trophs [12-15]. Additionally, cyanobacteria exhibit higher photosynthetic
efficiencies than microalgae and plants and are easier to genetically engineer
[16, 17]. However, titers of desirable target molecules generated by cyanobac-
teria are still too low for commercial use for most products.

The goal of my thesis is to engineer cyanobacteria as a biotechnological
platform for renewable, solar-powered production of chemicals. In this study,
a unicellular, glucose-tolerant strain Synechocystis sp. PCC 6803 (hereafter
Synechocystis) was used. Synechocystis is a model strain isolated from fresh-
water, its full genomic sequence was available already in 1997 [18]. Despite
the long history of intensive research on this strain, the understanding of many
key features of physiology and biochemistry is still far from completion. For
instance, less than ~30% of the genome is annotated, which is less than half
compared to Escherichia coli (E. coli) [19].

The engineering of Synechocystis in this project is focused on over-produc-
tion of molecules of industrial interest: succinate and aromatic compounds.
The selected targets are products of central metabolic pathways and are im-
portant precursors for a wide range of different industrially relevant chemi-
cals. These molecules originate from central carbon compounds, such as phos-
phoenolpyruvate (PEP) and erythrose-4-phosphate (E4P), which are derived
from CO; fixation in cyanobacteria. However, their synthesis occurs via dif-
ferent pathways, which is why this thesis consists of two main blocks, where
each part explores the production of succinate or aromatic compounds by Syn-
echocystis.

Metabolic engineering of cyanobacteria

Metabolic engineering of an organism refers to a directed alteration of the cel-
lular activities, which is achieved by modifying the flux or features of existing
biochemical reactions, or by introducing new reactions into an organism. The
accelerated development of recombinant DNA technology allowed the estab-
lishment of metabolic engineering as an approach for rapid introduction of
directed genetic changes and subsequent analysis of the results at the cellular
level, unlike classical approach of mutagenesis and screening for the desired
phenotype [20]. Metabolic engineering consists of iterative steps of construc-
tion of recombinant strains, analysis of their performance in respect to the pa-
rental strains and designing of a next target for genetic engineering.

Clearly, for successful metabolic engineering of any organism, a large va-
riety of tools for genetic manipulation that allows controlled gene expression
and metabolic reconstruction should be available. In case of the model-strain
Synechocystis, multiple tools for gene expression and regulation, such as vec-
tors, promotors, transcription factors etc. have been developed and this
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toolbox is expanding every year. Due to the different cyanobacterial holopol-
ymerases, well-characterized promoter systems from E. coli such as the lac-
tose-induced P, promoter, are often not compatible and demonstrate poor
functionality [21, 22]. Many native, synthetic and semisynthetic promoters
have been characterized recently, including the strong promotors Pye.42, Prser,
Peyes [22, 23]; metal inducible promoters Pz, Peoar, Ppez and P iaq [24, 25];
rhamnose, vanillate and arabinose inducible promoters Pyu.4p, Pvancc, Pap
[26-28]. However, the issues of promoter leakiness and low expression
strength are not completely solved. Standardized insulator sequences between
5’UTR and CDS such as bicistronic design or RiboJ adapted from E. coli stud-
ies were successfully applied in Synechocystis and allow efficient translation
of desired proteins [29-32].

The genetic elements combined together in a DNA construct, should be
transfered into the cell to subject an organism to genetic modification. Foreign
DNA elements can be delivered inside of the cyanobacterial cell via natural
uptake, conjugation, or electroporation. The natural competence, i.e. ability to
take up DNA from the environment and insert it into their own genome by
homologous recombination, is widespread within prokaryotes including cya-
nobacteria [33], and is the simplest way of delivering DNA into the cell. Het-
erologous DNA sequences can be introduced into the chromosome or endog-
enous plasmids via homologous recombination to create a deletion, insertion,
or replacement. For the model strain Synechocystis, several loci of neutral sites
where heterologous DNA insertion seems not to affect metabolism are iden-
tified and used [34, 35]. Synechocystis as well as many cyanobacterial strains
is polyploid, and thereby more time and effort is required to reach full segre-
gation after mutagenesis. Nonetheless, even after full segregation is reached,
heterologous genes can be lost as was reported in some studies [36, 37], which
is considered to relate to genomic instability. The issues of genomic instability
potentially take part as the adaptive evolution to stresses and have not been
fully elucidated in cyanobacteria yet [38-40].

The extrachromosomal gene expression on self-replicating plasmid is also
a common approach in synthetic biology of cyanobacteria. Self-replicating
plasmids are maintained in the host cell using selective marker genes, which
usually are the antibiotic resistance genes.

Both approaches, the use of self-replicating plasmids or homologous re-
combination, are widely used in synthetic biology of cyanobacteria, and each
has certain limitations and advantages. The general disadvantage for both is
the small number of available selection markers in case extensive strain engi-
neering is needed. In contrast, markerless genetic modification of chromo-
somes is the next step in cyanobacterial strain development. The most recent
state-of-art technique in genome engineering, CRISPR, has been successfully
applied in cyanobacteria as well [41]. This technology allows one-step precise
and efficient markerless modification of DNA sequences, which is an alterna-
tive to traditionally used homologous recombination. Another tool adapted
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from the CRISPR-Cas9 systems, CRISPR interference (CRISPRi), allows
simultaneous knockdown of multiple genes in cyanobacteria [42].

Pathway engineering for enhanced productivity

One of the key aspects in metabolic engineering is analysing the metabolic
network structure of a certain pathway of interest. This includes identification
of the presence of specific enzymes activities and their biochemical character-
istics, such as cofactor requirements, which in summary gives an overview of
a metabolic route [20]. In general, the metabolic network of a cell consists of
a myriad of reactions catalysed by similar number of enzymes, whose expres-
sion is tightly regulated in response to cellular needs. Additionally, in many
cases a complete metabolic structure is still unknown even for heavily studied
model strains. The amount of flux carried through a certain pathway is what
we are interested in metabolic engineering, as the increase of flux towards the
molecule of interest that we aim to produce by cyanobacteria theoretically
should lead to an increase in its concentration. However, in practice introduc-
tion of functional enzymes affecting the central cellular pathway processes
creates a cascade of alterations, which may lead to unpredictable results due
to the metabolic crosstalk. The major part of cellular energy and reductive
power derived from photosynthetic light reactions is directed towards the cell
proliferation and maintenance of the viability. Therefore, only by careful en-
gineering of metabolic pathways, the energy and carbon can be redirected into
the synthesis of molecules of interest allowing their sustainable production by
cyanobacteria.

Quite often, the overexpression of native or heterologous enzymes is not
enough to enhance the productivity, and thereby the metabolic flux should be
rerouted from the potential competing pathways. This can be achieved by
eliminating the competing enzymatic activities by knocking out (or down) the
corresponding genes using conventional homologous recombination, or newer
methods, such as riboswitches, antisense RNA or CRISPRi [42-45].

One of the approaches to redirect the metabolic flux into desired product is
to create a ‘sink’ effect. It is based on the idea, that the carbon consuming
reactions associated with growth are slower than carbon fixation, and thereby
the excess of cellular carbon prevents any greater fixation. This existing bot-
tleneck could be relieved by introduction of ‘carbon sink’, which is repre-
sented by a high flux pathway that converts cellular carbon into a molecule
that is secreted from the cell and is not consumed by central metabolism. In
this way, the decoupling of growth by a carbon sink can potentially maximise
the turnover of the CBB cycle reactions and thereby increase both carbon fix-
ation and light capture [46]. Indeed several papers have demonstrated that ad-
ditional carbon sink results in a boost of the photosynthetic activity and growth
in cyanobacteria [47, 48]
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Another important aspect of pathway engineering is the catalytic efficiency
of enzymes within the pathway, which in sum defines the catalytic efficiency
of a whole metabolic route. Biochemical characteristics of a protein may in-
clude slow turnover rates, catalysis of a reversible reaction, or broad substrate
specificity, resulting in different products at the same time that in the end de-
creases the formation efficiency of a desired metabolite. In order to overcome
this issue, enzyme engineering is applied. There are two general strategies for
obtaining a protein molecule with improved characteristics: rational design
and directed evolution, which are very powerful when combined. Rational de-
sign is based on the three-dimensional structure of the protein and aims to
resolve the relationship between the protein structure and function, and thus
design knowledge-based targets for modification. This method usually in-
cludes resolving of a crystal structure of an enzyme in order to create a 3D
structure model. With accumulation of the structure-function knowledge,
more precise design for a mutant protein can be achieved [49]. Recently, a
powerful tool for protein structure prediction based on the amino acids se-
quence was developed, which greatly facilitates the rational design of proteins,
whose crystal structure is not yet resolved [50].

The second approach, protein-directed evolution, is based on generating
random mutations in the protein and screening the generated library for de-
sired specific functionality. For this method, the screening procedures to iden-
tify a target protein of interest are the most laborious step. However, recently
developed screening techniques, such as display technologies, protein reporter
biosensors or in vivo continuous evolution have greatly facilitated and enabled
a high-throughput protein engineering via directed evolution [51].
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Succinate metabolism and production in cyanobacteria

Succinate, like the other four-carbon organic acids fumarate and malate, are
important precursors in pharmaceutical and food industries [52, 53]. As most
organic acids, they are natural metabolites in microorganisms. Succinate is a
central metabolite of the tricarboxylic acids (TCA) cycle, which is present in
all living organisms. Succinate can be formed via three routes, oxidative TCA
cycle, the reductive branch of TCA cycle and finally, the glyoxylate pathway.

The cyanobacterial TCA cycle (Figure 1) is considered unique, since it
lacks the 2-oxoglutarate dehydrogenase complex. Instead, two alternative by-
passes of succinate synthesis from 2-oxoglutarate (2-OG) were identified in
Synechocystis: via the y-aminobutyric (GABA) shunt [54] or via 2-oxoglu-
tarate decarboxylase and succinic semialdehyde dehydrogenase [55]. These
bypasses are closing the cyanobacterial TCA cycle, which was considered to
be incomplete for a long time. In light conditions, the TCA cycle in cyanobac-
teria functions as a branched chain pathway rather than a cycle, synthetizing
carbon skeletons for nitrogen assimilation via 2-OG and providing substrates
for synthesis of amino acids of the aspartate family from oxaloacetate. The
enzymatic activity of phosphoenolpyruvate carboxylase (PEPc¢) is essential in
providing oxaloacetate into TCA cycle. In dark conditions and in the presence
of oxygen, the oxidative branch of TCA cycle is most active. This is due to
the membrane associated enzyme complex succinate dehydrogenase (SDH),
which is the key component in the reduction of the respiratory electron
transport chain as it catalyses the oxidation of succinate to fumarate [56].

Many microorganisms including cyanobacteria are able to secrete succin-
ate during anaerobic fermentation via the reductive branch of the TCA cycle
[57]. In this pathway, oxaloacetate is reduced via the intermediates malate and
fumarate to succinate (Figure 1). In cyanobacteria, based on similarity with
other bacteria, such as E. coli, succinate formation has been assumed to occur
via fumarate reduction by SDH. However, detailed biochemical information
on this enzyme complex is not available in cyanobacteria. The studies on SDH
were carried out by deletion of open reading frames of SDH subunits in Syn-
echocystis and subsequent measurements of succinate or fumarate accumula-
tion and no fumarate reductase activity has been demonstrated [58, 59]. Pos-
sibly, cyanobacteria possess another route to synthesize succinate from
fumarate. This is indicated by the fact that a mutant of Synechococcus PCC
7002 lacking all enzymes known to form succinate (SDH, succinyl-CoA syn-
thase, succinic semialdehyde dehydrogenase and 2-oxoglutarate decarbox-
ylase) accumulated similar levels of succinate as the wild type (WT) strain
[60], while the formation of succinate from fumarate is supported by data from
metabolite turnover flux analysis [61].
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Figure. 1 TCA cycle of Synechocystis PCC 6803. Glyoxylate shunt is absent in Syn-
echocystis and indicated in blue color. Abbreviations: PEP, phosphoenolpyruvate; 2-
OG, 2-oxoglutarate; 2-OGDC, 2-oxoglutarate decarboxylase; ACO, aconitase; CS,
citrate synthase; GABA, y-aminobutyrate; ICL, isocitrate lyase; IDH, isocitrate dehy-
drogenase; MDH, malate dehydrogenase; ME, malic enzyme; MS, malate synthase;
PDH, pyruvate dehydrogenase complex; PEP, phosphoenolpyruvate; PEPc, phos-
phoenolpyruvate carboxylase; PK, pyruvate kinase; PPS, phosphoenolpyruvate syn-
thase; SDH, succinate dehydrogenase; SSA, succinic semialdehyde; SSADH, suc-
cinic semialdehyde dehydrogenase.

A third route of succinate synthesis, the glyoxylate shunt, exists in many bac-
teria including a few diazotrophic species of cyanobacteria [62, 63]. The shunt
consists of two enzymes: the first enzyme, isocitrate lyase (ICL), cleaves iso-
citrate to succinate and glyoxylate, whereas the second enzyme, malate syn-
thase (MS) condenses the glyoxylate with acetyl-CoA to form malate. The
glyoxylate pathway is essential for growth on substrates that degrade solely to
acetyl moieties (acetate, fatty acids), since the two decarboxylation steps are
omitted and the preserved carbon can be redirected to biomass formation
through gluconeogenesis [63]. However, in Synechocystis, the first enzyme of
the gluconeogenesis pathway, PEP carboxykinase (PEPCK), that converts ox-
aloacetate into PEP is absent [64]. The glyoxylate shunt that is naturally pre-
sent in some cyanobacteria may play a supporting role in nitrogen fixation
during the night phase [62].
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Engineering strategies for succinate production in cyanobacteria have been
based on exploiting the oxidative [59, 65-68] or the reductive branches of the
TCA cycle [61, 69-72]. For instance, overexpression of citH, encoding malate
dehydrogenase combined with product stripping by medium exchange, en-
hanced production of succinate, malate and fumarate through the reductive
branch of TCA cycle during anaerobic fermentation [72]. It was also demon-
strated that deletion of ackA, which encodes acetate kinase that catalyses the
production of acetate from acetyl phosphate, decreases acetate level and in-
creases succinate levels in Synechocystis under the same conditions [70].

The strategies to enhance the succinate production under aerobic conditions
include downregulation or knocking out SDH activity [43, 59], knocking out
glgC to abolish glycogen synthesis together with PEPc and citrate synthase
overexpression [73], as well as overexpression of the ethylene forming en-
zyme (efe) [66, 74]. Overexpressing seven genes (encoding 2-oxoglutarate de-
carboxylase, succinate semialdehyde dehydrogenase, PEPc, sedoheptulose-
1,7-bisphosphatase, citrate synthase and succinate transporters) and knocking
out SDH and glycogen synthase A resulted in photoautotrophic production of
0.93 g-L ™" succinate in 5 days from the fast growing Synechococcus elongatus
PCC 11801 [67].
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Metabolism of aromatic amino acids and derivatives in
cyanobacteria

Aromatic amino acids (AAA) and aromatics-derived compounds are a class
of commercially relevant chemicals with applications in chemical, food and
pharmaceutical industries as fragrances, cosmetics, nutraceuticals and phar-
maceuticals [75, 76]. Aromatic molecules within plant secondary metabo-
lites/natural products derive from three AAA, L-phenylalanine (Phe), L-tyro-
sine (Tyr) and L-tryptophan (Trp), which are synthesized via the shikimate
pathway (Figure 2).

The shikimate pathway is a central metabolic route and exists in plants,
fungi and microorganisms, but not in animals [77]. It starts from condensation
of E4P and PEP into the first compound 3-deoxy-d-arabinoheptulosonate-7-
phosphate synthase (DAHP) by the enzyme DAHP synthase (DAHPS).
Through six consecutive reactions, DAHP undergoes cyclisation to form
chorismate. Chorismate is the last shared precursor in the synthesis of the three
AAA as well as other pathway products, such as folic acid and plastoquinones,
which makes chorismate a main metabolic hub before branching of the shiki-
mate pathway [78, 79].

Chorismate can be utilised by anthranilate synthase to form Trp or undergo
isomerization to prephenate by chorismate mutase (CM) leading to Phe and
Tyr synthesis. Prephenate dehydratase forms phenylpyruvate from prephenate
by oxidative decarboxylation, whereas phenylpyruvate is eventually transam-
inated to form Phe. In cyanobacteria, Tyr synthesis occurs via the arogenate
route, where prephenate is aminated to arogenate and converted to Tyr [80,
81]. Alternatively to the arogenate route, tyrosine can be formed from pre-
phenate via 4-hydroxyphenylpyruvate (HPP), which is common among mi-
croorganisms including E. coli [82].

In cyanobacteria, based on available data in KEGG (https://www.kegg.jp),
4-hydroxyphenylpyruvate dioxygenase (HPPD) oxidizes HPP to form homo-
gentisate, which is the starting intermediate in the synthesis of tocopherols and
tocotrienols (vitamin E). In plants, homogentisate is a common precursor for
both plastoquinone and vitamin E. However, it was demonstrated that Syn-
echocystis does not require HPPD for plastoquinone synthesis and the hydro-
philic head groups of plastoquinone derive from chorismate [78, 83].
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Figure 2. Schematic overview of Shikimate pathway for biosynthesis of aromatic
amino acids in cyanobacteria. Compounds and enzymes not present in Synechocystis
are highlighted in red and grey colours. Abbreviations: AGN, arogenate; ANT, an-
thranilate; CHA, chorismate; DAHP, 3-deoxy-D-arabinoheptulosonate 7-phosphate;
DHQ, 3-dehydroquinate; DHS, 3-dehydroshikimate; E4P, erythrose-4-phosphate;
EPSP, 5-enolpyruvylshikimate 3-phosphate; HGA, homogentisate; HPP, 4-hydroxy-
phenylpyruvate; pCou, para-coumaric acid; PEP, phosphoenolpyruvate; PHE, L-phe-
nylalanine; PPY, phenylpyruvate; PQ, plastoquinone; S3P, shikimate-3-phosphate;
SHK, shikimate; tCA, trans-cinnamic acid; TRP, L-tryptophan; TYR, L-tyrosine. En-
zymes: ADH, arogenate dehydrogenase; AS, anthranilate synthase; AT, aminotrans-
ferase; C4H, cinnamate-4-hydroxylase; CM, chorismate mutase; CS, chorismate syn-
thase; DAHPS, 3-deoxy-D-arabinoheptulosonate 7-phosphate synthase; DHQD, 3-
dehydroquinate dehydrogenase; DHQS, 3-dehydroquinate synthase; EPSPS, 5-
enolpyruvylshikimate 3-phosphate synthase; HPPD, 4-hydroxyphenylpyruvate diox-
ygenase; PAL, phenylalanine ammonia lyase; PAT, prephenate aminotransferase;
PDT, prephenate dehydratase; SDH, shikimate dehydrogenase; SK, shikimate kinase;
TAL, tyrosine ammonia lyase.

Phenylpropanoids, a diverse group of secondary metabolites with unique bio-
logical functions involved in stress response and protection in plants, originate
from Phe and Tyr as the initial substrates. The phenylpropanoid pathway starts
from non-oxidative deamination of Phe by phenylalanine ammonia lyase
(PAL) to yield trans-cinnamic acid (¢CA). This reaction plays a key role in
synthesis of phenylpropanoids, since it links primary metabolism with sec-
ondary metabolites synthesis. In plants, fCA can be further converted to p-
coumaric acid (pCou) by the membrane bound enzyme cinnamate-4-hydrox-
ylase (C4H) [84]. Alternatively, a bifunctional phenylalanine/tyrosine ammo-
nia lyase creates a shortcut to pCou synthesis by using Tyr as substrate and
eliminating the step performed by C4H. In bacteria, a Tyrosine ammonia lyase
(TAL) has been discovered, which catalyses deamination of Tyr to pCou. Bac-
terial TAL activity is connected to the synthesis of antibiotics and the chro-
mophore of photoactive yellow protein [85-87] unlike the role in synthesis of
flavonoids and coumarins in plants [88, 89]. PAL was also discovered in fil-
amentous cyanobacteria, however its role in metabolism in these organisms is
not determined yet [90].

Under natural conditions, cyanobacterial cells produce moderate amounts
of aromatic amino acids [91]. The allosteric control for aromatic biosynthesis
in cyanobacteria is considered endo-oriented [92]. For endo-oriented organ-
isms the early-pathway regulation has the major control for the entire
branched pathway, unlike exo-oriented organisms, such as Bacillus subtilis,
for which the exogenous availability of the end-pathway products has a major
emphasis on the regulation of peripheral pathway branches [92]. An early
study of Hall et al (1982) [81] on 48 cyanobacterial strains demonstrated that
regulation of AAA synthesis differs greatly from E. coli or Corynebacterium
glutamicum. In E. coli, three isoforms of DAHPS exist that are selectively
feedback-inhibited by Phe, Tyr or by Trp [93], whereas among cyanobacterial
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species inhibition of DAHPS was observed predominantly by Phe [81], or by
Tyr in case of Synechococcus sp. strain PCC6301 [94]. Only in the filamen-
tous cyanobacterium Anabaena sp. ATCC 29151 presence of two regulatory
DAHPS isoenzymes sensitive to Phe or Tyr inhibition was reported [95]. In-
terestingly, the DAHPS in Synechocystis, encoded by the s/[0934 locus
(KEGG https://www.genome.jp/kegg/), was also annotated as a carboxysome
formation protein and the fully segregated knock out of this /oci was demon-
strated [96]. It is unclear how the cell can survive the knock out of this sup-
posedly essential gene, unless some alternative DAHPS exists in Synecho-
cystis.

In cyanobacteria, only in few species the CM was found to be feedback
inhibited by Phe, Tyr, or Trp [81]. In E. coli, the bifunctional CM/phephanate
dehydrogenase enzyme TyrA, which forms Tyr via chorismate and HPP, is
sensitive to Tyr inhibition [97], whereas the bifunctional CM/prephenate de-
hydratase complex is inhibited by Phe [98]. Although the Tyr synthesis in cy-
anobacteria occurs via formation of arogenate, the enzyme arogenate dehy-
drogenase demonstrated no inhibition by Tyr [99], whereas the enzyme pre-
phenate dehydratase is inhibited by Phe and activated by Tyr [81]. In Synecho-
cystis, the overexpression of feedback-resistant TyrA together with feedback-
resistant DAHPS from E. coli lead to the accumulation of nearly 15 times
more Phe than Tyr, whereas in E. coli the overexpression of same genes re-
sulted in Tyr overproduction over Phe [100, 101]. A summary of all observed
regulation of the AAA biosynthesis in all cyanobacteria species that were in-
vestigated is presented in figure 3.

The production of phenylpropanoid compounds and AAA in cyanobacteria
exhibit high potential, despite the shikimate pathway is understudied in these
organisms. Compared to heterotrophic organisms, where the requirement for
high levels of reduced equivalents for high-yield phenylpropanid synthesis
becomes a principal limitation [102], phototrophic cyanobacteria create a
large pool of NADPH during photosynthetic light reactions. Additionally, the
fact that the shikimate pathway is essential for viability could potentially lead
to high flux of precursors for synthesis of native and non-native aromatic me-
tabolites in cyanobacteria [103].
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Figure 3. Enzyme regulation of AAA synthesis observed in cyanobacteria. Summa-
rized and adapted from references [80, 81, 92, 94]. Note that not all of the presented
regulation exists simultaneously in each cyanobacterial species. Abbreviations: ADT,
arogenate dehydrogenase; ANT, anthranilate; AS, anthranilate synthase; CM, choris-
mate synthase; DAHP, 3-deoxy-D-arabinoheptulosonate 7-phosphate; DAHPS,
DAHP synthase; E4P, erythrose-4-phosphate; L-Trp, L-Tryptophane;PAT, prephen-
ate aminotransferase; PDT, prephenate dehydratase; PEP, phosphoenolpyruvate;
PPY, phenylpyruvate.

In general, for the microbial overproduction of aromatic compounds, the first
step is the removal of the allosteric feedback inhibition of DAHPS to increase
flux into the shikimate pathway and then further deregulation of branch point
controlling enzymes is the pathway [98, 104]. However, unlike in other mi-
crobial hosts, the shikimate pathway in cyanobacteria is still understudied,
which makes rational pathway engineering challenging. To date, only a few
reports on production of phenylethanol [105], caffeic acid, tCA, pCou, and
AAA in cyanobacteria are available [48, 100, 105-107].

The strategies implemented so far in cyanobacteria to improve the produc-
tivity were enhancing the carbon flux into the shikimate pathway by relieving
the feedback inhibition of key enzymes in the pathway, such as overexpres-
sion of feedback-resistant DAHPS and feedback-resistant chorismate mu-
tase/prephenate dehydratase from E. coli [100]. Similarly, random mutagene-
sis to obtain Trp overproducing strain was combined with overexpression of
feedback-resistant DAHPS and feedback-resistant anthranilate synthase to en-
hance Trp synthesis [48]. Another strategy for productivity enhancement con-
sisted in eliminating consumption by knocking out competing pathways. The
deletion of a putative laccase in Synechocystis encoded by the sir1573 gene
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led to increased pCou titers, due to the presumable role of laccase in the oxi-
dation of phenolic compounds in cyanobacteria [107]. Two-step synthesis of
pCou via Phe and tCA was enhanced by arogenate dehydrogenase deletion
[106]. However, unless other Tyr synthesis routes exist in Synechocystis, it is
unclear how cells are able to survive a knockout of this supposedly essential
enzyme [108].
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Aim

The aim of this PhD thesis can be summarised in the following parts:

1.

26

Enhance succinate production by introducing a glyoxylate shunt in the
cyanobacterium Synechocystis PCC 6803.

Explore succinate formation under specific conditions of anaerobic fer-
mentation.

Establish production of primary intermediates of plant phenylpropanoids
in Synechocystis PCC 6803.

Enhance the production of aromatic amino acids and derived phenylpro-
panoids by engineering new strains.



Results and discussion

Succinate production in Syrnechocystis sp. PCC 6803
(Papers I, I1I)

Expression of glyoxylate shunt in Synechocystis (Paper 1)

To explore a new engineering strategy of succinate production in Synecho-
cystis we introduced the glyoxylate shunt, which consists of enzymes iso-
citrate lyase (ICL) and malate synthase (MS), and investigated its effect on
the extracellular succinate accumulation. Overexpression of PEPc, as previ-
ously demonstrated, facilitates growth and photosynthetic activity, which is in
line with the main role of the anaplerotic PEPc reaction that directs carbon
into the TCA cycle [109, 110]. Additionally, the PEPc overexpression resulted
in the increased succinate secretion under conditions of anaerobic darkness
[61]. Thereby, we decided to a introduce partial (ICL) and complete glyox-
ylate shunt (ICL and MS) in both WT and a strain overexpressing PEPc ob-
tained in a previous study [109].

The glyoxylate shunt genes were amplified from E. coli, aceAB as an op-
eron and aceA alone were integrated into Synechocystis under the control of
the Ni**-inducible promoter P, [24]. In addition, two control strains were
created, WT C, based on WT and 2P _C, based on WT+2xPEPc, where only
a resistance cassette was integrated instead of the ace4B expression construct
[111] (see Table 1 for the list of engineered strains obtained).

Table 1. Engineered strains of Synechocystis PCC 6803 used/created in Paper I

Engineered strain Genotype Reference
WT+Km' Synechocystis 6803 ApsbA2::Km" [109]
WT+2xPEPc Synechocystis 6803 ApsbA2::pepC-Km" pepC-pepC [109]

WI_C Synechocystis 6803 ApsbA2::Km" slr1068::Cm” This study
2P C Synechocystis 6803 ApsbA2::pepC-Km' pepC-pepC slr1068::Cm" This study

Synechocystis 6803 ApsbA2::pepC-Km'" pepC-pepC slr1068::
PnrsB-aceAr-Cm"

Synechocystis 6803 ApsbA2::pepC-Km'" pepC-pepC slr1068::
PnrsB-aceABg-Cm"

2P 1 This study

2P IM This study

The partial and complete glyoxylate shunt was successfully overexpressed
when Synechocystis WT+2xPEPc was used as a background and the strains
2P I (expressing ICL) and 2P_IM (expressing ICL and MS) were obtained.
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The transformation of the glyoxylate shunt genes aceAB as an operon in WT
Synechocystis was not accomplished, since no colonies appeared after trans-
formation. This might be related to the minimal expression of these genes,
since the P,z promoter has a basal level of expression in BG11 medium,
without addition of extra Ni*" for induction [24]. Possibly, the activity of MS
may interfere with glyoxylate and 2-phosphoglycolate metabolism in the cell
because of glyoxylate consumption by this enzyme. The overexpression of
PEPc seemed to relieve this effect on cell metabolism due to elevated oxalo-
acetate levels, enabling the partitioning of isocitrate towards glyoxylate and
malate and thus reducing the effect of MS expression. Only ICL alone was
successfully introduced in the WT+Km', however, this strain was not further
evaluated in the project.

The resulting four strains (Table 1) were compared with respect to extra-
cellular succinate accumulation. For this, different conditions such as standard
growth conditions, darkness and anoxic darkness were used. For each condi-
tion, different treatments were applied, such as addition of an inhibitor of aer-
obic respiration, 2-thenoyltriluoroacetone (TTA), and addition of acetate to-
gether with TTA. Then, nitrogen depleted media was tested at each treatment
together with standard BG11 media. The cells were pre-cultivated in bubbling
flasks until OD7s0~1 and were then concentrated nearly 27 times in BG11 or
BG11y, supplemented with inducer (Ni*") and respective additives (TTA and
TTA+Acetate). The obtained results are presented in Figure 4.

Our main findings of this work are the following. Expression of the glyox-
ylate shunt in Synechocystis seems to have a strong impact on cellular metab-
olism, since it was not possible to obtain WT Synechocystis expressing both
ICL and MS genes, but only the partial shunt expressing ICL. The highest
succinate titer in this study was obtained in darkness with TTA with the strain
expressing only ICL, probably due to created shortcut towards succinate,
which could function as a carbon sink. In light and standard media, heterolo-
gous expression of the glyoxylate shunt genes did not improve extracellular
succinate accumulation, when comparing control strain 2P_C to 2P I and to
2P_IM. Addition of TTA during anoxic darkness conditions resulted in de-
creased succinate accumulation compared to standard conditions. A possible
reason could be the inhibition of succinate formation via fumarate reduction
due to either decreased SDH activity or by a possible, yet unknown candidate
for fumarate reduction to succinate. Supplementation with acetate increased
succinate titers for the strains with extra copies of PEPc compared to the con-
trol strain WT_C. However, in this case, there was no difference in succinate
production between the control strain 2P_C and the partial or complete glyox-
ylate shunt strains 2P _I or 2P_IM. Thereby, the overexpression of glyoxylate
shunt did not seem to improve the assimilation of acetate in Synechocystis,
probably due to the absence of PEPCK, the first enzyme of gluconeogenesis
[112]. As indicated previously, the acetate uptake is restricted by its transport
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inside the cell [113], therefore the overexpression of an acetate transporter
could lead to better acetate incorporation.

Altogether, PEPc plays an important role in directing carbon flux towards
the TCA cycle, whereas the introduced glyoxylate shunt provides insight in
the coordination of the carbon metabolism in the cell.

Figure 4. Succinate titres in the growth medium of Synechocystis strains created in
this study under all tested conditions. BG11 corresponds to media with nitrate, BG11,
corresponds to media without any nitrogen source. Standard corresponds to BG11 or
BG11pand 5 pM of NiCl, incubated for 4 days. +TTA corresponds to BG11 or BG11,
5 uM of NiCl, and ImM of 2-thenoyltrifluoroacetone (TTA) incubated for 4 days.
TTA+Acetate corresponds to BG11 or BG11g, 5 uM of NiCl,, ImM of TTA, 50 mM
of Tris pH 7.5 and 0.2% Acetic acid glacial incubated for 4 days. Reprinted from
Paper L.
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The role of succinate dehydrogenase and L-Aspartate oxidase in
succinate formation in anoxic darkness (Paper III)

The idea of this project originated from Paper 1. In the previous study, we
observed less secreted succinate after addition of the SDH inhibitor TTA to
the media during anoxic darkness. This could further mean that SDH reduces
fumarate to succinate, and while the TTA inhibits SDH, less succinate is ac-
cumulated. This data was in agreement with the results of metabolite turnover
analysis [61], where succinate formation from fumarate in dark anoxic condi-
tions was supported. However, detailed biochemical information of the SDH
enzyme complex is absent in cyanobacteria. Additionally, a quadruple knock
out mutant of Synechococcus PCC 7002 lacking all enzymes known to form
succinate accumulated similar succinate levels as the WT strain [60].

These reports in the literature suggest the existence of another route to syn-
thesize succinate from fumarate. Similarly to E. coli, the reduction of fumarate
to succinate could occur by activity of the flavoenzyme L-aspartate oxidase
(Laspo, EC 1.4.3.16) in cyanobacteria. In E. coli, specifically, Laspo (Uniprot
entry P10902) oxidizes L-aspartate using oxygen or fumarate as electron ac-
ceptors forming iminoaspartate and peroxide or succinate, respectively (Fig-
ure 5). The choice of substrate is based on the intracellular concentration of
oxygen [114]. The Laspo enzymatic reaction is the first step of de novo NAD
cofactors synthesis and the orthologous genes of this pathway are present in
Synechocystis [115].

Figure 5. Scheme of the reaction catalysed by Laspo enzyme. Laspo (encoded by
nadB gene) oxidazes L-aspartate to iminoaspartate using either oxygen or fumarate as
electron acceptor for FAD reoxidation and forming oxygen peroxide or succinate cor-
respondingly. Adapted from Paper II1

Several Synechocystis strains with nadB and SDH open reading frames dele-
tions were constructed (see Figure 6A) in order to clarify the contribution of
Laspo and SDH to succinate formation in Synechocystis by comparing their
succinate accumulation titers in anaerobic darkness.
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Figure 6. Schematic overview of engineered Synechocystis strains, their growth and
succinate levels. A Illustration of knockout strains of Synechocystis created in this
study. B Growth curves of knockout strains during three days of cultivation. C Suc-
cinate accumulated in the growth medium after two days of anoxic fermentation. D
Intracellular succinate detected before and after anoxic fermentation. OD7so refers to
optical density at 750 nm. N.D. not detected. Error bars represent the standard devia-
tion of three biological replicates. Reprinted from Paper III.

Three ORFs of the SDH complex have been identified in Synechocystis, where
sl11625 and s/10823 encode two homologous iron-sulfur cluster proteins (sub-
unit B, sdhBs) and slr1233 encodes a flavoprotein (subunit A, sdhA) [58, 59].
The obtained knock out strains were deficient in both B subunits
(SynA1625A0823), one B subunit (SynA1625) or A subunit (SynA1233). The
inactivation of nadB (sll0631) encoding Laspo in Synechocystis did not result
in fully segregated strains and the partial knock out strain SynAnadB was fur-
ther used in this study. The SynAnadB strain exhibited slower growth com-
pared to other strains created in this study (Figure 6B) possibly due to altered
TCA cycle metabolites flux or an inability to synthesize required pool of co
factors as a result of lower nadB gene dosage.

After anaerobic fermentation, strains SynA1625A0823, SynA1625 and
SynA1233 showed similar levels of secreted succinate, which were higher
than in WT and SynAnadB strains, indicating a succinate dehydrogenase ac-
tivity of SDH rather than fumarate reduction under these conditions.
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Recombinant Synlaspo enzyme was purified in E. coli using Strep-Tactin
affinity chromatography (the expected size of 62 kDa (including strep-tag)
was confirmed by SDS-PAGE, see Figure 3 in Paper III). The activity of pu-
rified SynLaspo was determined using an assay based on measuring oxaloace-
tate levels, formed from spontaneous hydrolysis of iminoaspartate, which is
not stable in aqueous solutions [116, 117]. The L-aspartate oxidase activity
was determined by steady-state kinetics by varying L-aspartate concentration.
The apparent dissociation constant and the turnover number were measured to
be Ky 10.2 £ 1 mM and ke 19.2 £ 1 min™ respectively. Similarly to plant
Laspo [118], substrate inhibition occurred with non-physiological L-aspartate
concentrations above 30 mM (Figure 7A). The ability of SynLaspo to use
fumarate as electron acceptor during oxidation of L-aspartate (L-aspartate-
fumarate oxidoreductase activity) was assayed in the anaerobic conditions
with the same experimental setup. The results in Figure 7B show the increase
of product formation with the addition of fumarate to the reaction mix, and the
appearance of a succinate mass peak was confirmed by LC-MS (Paper 111 sup-
plementary material).
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Figure 7. Activity of SynLaspo under aerobic (A) and anaerobic conditions (B), de-
tecting oxaloacetate formation. A Michaelis-Menten fitting of L-aspartate oxidase ac-
tivity, assayed with varying concentrations of L-aspartate in the reaction mix. Fitting
was done using OriginLab software. B L-aspartate-fumarate oxidoreductase activity,
measured with 20 mM L-aspartate without fumarate (e), with 0.1 mM fumarate (m)
and with 0.5 mM fumarate () at 30 °C. Reprinted from Paper 111

Taken together, we were able to demonstrate the L-aspartate-fumarate oxi-
doreductase activity of SynLaspo, in which fumarate can replace oxygen as an
electron acceptor. Given that SynLaspo is functional under anaerobic condi-
tions, we suggest that the reduction of fumarate to succinate during anoxic
darkness can be a byproduct of the Laspo reaction, which is the first step in
biosynthesis of NAD cofactors. These findings contribute to the understand-
ing of cyanobacterial TCA cycle metabolism and to the future engineering
projects of sustainable production of succinate and other dicarboxylic acids.
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Production of AAAs and their derivatives in
Synechocystis (Papers 11, IV, V)

Expression of phenylalanine ammonia lyases in Synechocystis
for phenylpropanoid production (Paper II)

To enable the production of #CA, the starting intermediate of phenylpropanoid
pathway in plants (Figure 2), we have selected several candidate PAL proteins
for expression in Synechocystis. Since PAL enzymes are present in all plant
species and some bacteria, we have selected a set of genes with different char-
acteristics and origin, which included two pal genes from plants, two from
filamentous cyanobacteria and one from bacteria [119].

For the bacterial PAL from Treponema socranskii, the kinetic data was not
available in the literature. During the initial cloning procedures, we discovered
that Ts pal encodes a Tyrosine ammonia lyase, producing pCou from Tyr.
However, by performing directed mutagenesis in a single position, which was
shown to correspond to the substrate selectivity (residues 86 and 87 from phe-
nylalanine-histidine were changed to phenylalanine-leucine that confer PAL
activity [120]), the substrate selectivity was changed from Tyr to Phe.

Six genes including the modified T's pal, were cloned into two nearly iden-
tical self-replication vectors, which differ only by the position of Strep-tag
sequence: either N- or C-terminal. This was done in order to evaluate heterol-
ogous protein expression and production of fCA. After conjugation, 13 strains
of Synechocystis were obtained including a control strain that only contained
an antibiotic resistance cassette (see Table 2).

Producing strains were evaluated compared to each other in order to deter-
mine a best-performing candidate. The results after six days of photosynthetic
growth showed that highest specific titer of tCA (40.2 + 5.6 mg L'OD™ ) was
achieved by the AtC strain, which carries pal from Arabidopsis thaliana with
a C-terminal Strep-tag sequence transcribed from the pEEKC plasmid (Figure
8A). We also noted a pronounced difference in the PAL expression levels,
where C-terminally tagged PAL proteins showed stronger bands than the ones,
which were tagged N-terminally (Figure 8C). This correlated with higher titers
of the product in most of the cases. The observed differences in expression
levels of the same PAL might be possibly due to the different stability of PAL
proteins when expressing an N- or C-terminal tag, as well as mRNA transcript
stability. The extra bands of smaller molecular size than the PALs may be due
to degradation of the detected proteins. The production of pCou by strains TsC
and TsN showed similar values, although TsC protein levels were signifi-
cantly higher than those of the TsN strain (Figure 8B and C).
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Table 2. List of Synechocystis strains used in Paper 11

Strains Comment Ant.ibiutics
resistance
EvC Control strain of Synechocystis WT harboring pEEK* plasmid for Km resistance Km
PcC Petroselinum crispum PAL expressed from Ptrc RBS* in pEEK Km
AtC Arabidopsis thaliana PAL expressed from Ptrc RBS* in pEEK Km
NpC Nostoc punctiforme PAL expressed from Ptrc RBS* in pEEK Km
AvC Anabaena variabilis PAL expressed from Ptrc RBS* in pEEK Km
TsC Treponema socranskii PAL expressed from Ptrc RBS* in pEEK Km
TsC-H87L Treponema socranskii PAL with mutation H87L expressed from Ptrc RBS* in pEEK Km
PcN Petroselinum crispum PAL expressed from Ptrc RBS* in pEEKN Km
AtN Arabidopsis thaliana PAL expressed from Ptrc RBS* in pEEKN Km
NpN Nostoc punctiforme PAL expressed from Ptrc RBS* in pEEKN Km
AvVN Anabaena variabilis PAL expressed from Ptrc RBS* in pEEKN Km
TsN Treponema socranskii PAL expressed from Ptrc RBS* in pEEKN Km
TsN-H87L Treponema socranskii PAL with mutation H87L expressed from Ptrc RBS* in pEEKN Km
Pc3C Petroselinum crispum PAL expressed from Ptrc RiboJ in pEEK3C Km
At3C Arabidopsis thaliana PAL expressed from Ptrc RiboJ in pEEK3C Km
Np3C Nostoc punctiforme PAL expressed from Ptrc RiboJ in pEEK3C Km
Av3C Anabaena variabilis PAL expressed from Ptrc RiboJ in pEEK3C Km
Ts3C Treponema socranskii PAL expressed from Ptrc RiboJ in pEEK3C Km
Ts3C-H87L Treponema socranskii PAL with mutation H87L expressed from Ptrc RiboJ in pEEK3C Km
Pc3N Petroselinum crispum PAL expressed from Ptrc RiboJ in pEEK3 Km
At3N Arabidopsis thaliana PAL expressed from Ptrc RiboJ in pEEK3 Km
Np3N Nostoc punctiforme PAL expressed from Ptrc RiboJ in pEEK3 Km
Av3N Anabaena variabilis PAL expressed from Ptrc RiboJ in pEEK3 Km
Ts3N Treponema socranskii PAL expressed from Ptrc RiboJ in pEEK3 Km
Ts3N-H87L Treponema socranskii PAL with mutation H87L expressed from Ptrc RiboJ in pEEK3 Km
EvCAsirl573 S‘:)tnsl;:]l 5sl7r;11n of Synechocystis WT harboring pEEK* plasmid for Km resistance with knocked- Km, Cm
AtCAslrl1573  Arabidopsis thaliana PAL expressed from Ptrc RBS* in pEEK  with knocked-out sir/573 Km, Cm
AtNAsIrl1573  Arabidopsis thaliana PAL expressed from Ptrc RBS* in pEEKN with knocked-out s/r1573 Km, Cm
TsCAslrl573 Treponema socranskii PAL expressed from Ptrc RBS* in pEEK with knocked-out s/r/573 Km, Cm
TsNAslr1573 Treponema socranskii PAL expressed from Ptrc RBS* in pEEKN with knocked-out s/r1573 Km, Cm

As the next step to increase the titer of target compounds, we evaluated the
use of stronger expression cassettes for increasing PAL protein levels. For
this, pal genes were cloned into the vectors pEEK3 and pEEK3C, which as
before, are differing from one another only by the Strep-tag sequence position.
Additionally, in these vectors the promotor sequence is followed by the se-
quence of self-cleaving ribozyme RiboJ. Applying RiboJ facilitates ribosome
binding to mRNA transcripts, which in turn, enables strong and predictable
gene expression [32]. As a result of use of these stronger expression cassettes,
the variation between C- and N-tagged PAL proteins expression decreased,
however, the fCA productivity was not improved (see Figure 5 in Paper II).
With this, we could conclude that the PAL expression level does not seem to
be the bottleneck of tCA production in Synechocystis.

To further improve the production levels, we knocked out the laccase gene
slr1573 in some of the producing strains, as the discovery of this gene was
connected to the decomposition of pCou inside the cell [107]. However, in
contrast to the previous study, where authors detected 25-fold increase of
pCou titers after the laccase enzyme elimination in Synechocystis, in our case
the production of target compounds in the Aslr1573 background was lower
when compared to WT background strains (see Figure 8 in Paper II).
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Figure 8. Productivity and Western Blot of Synechocystis strains overexpressing PAL
or TAL from the pEEK vector. A CA production in strains EvC, PcC, PcN, AtC,
AN, NpC, NpN, AvC, AvN,TsC-H87L and TsN-H87L. B pCou production in strains
TsC and TsN. Samples of growth medium were taken on day one, three and six. The
values are the means of three biological replicates and two technical replicates, error
bars represent the standard deviation. C Western Blot and SDS-PAGE of extracts
from engineered Synechocystis strains (EvC, PcC, PcN, AtC, AtN, NpC, NpN, AvC,
AvVN, TsC-H87L,TsN-H87L,TsC and TsN) analyzed for presence of PAL proteins.
Upper panel displays the Western Blot using anti-Strep antibody; bottom panel shows
the SDS-PAGE loaded with 5ug of soluble fraction from protein crude extract of the
different strains. Reprinted from Paper II.

We also noted that all of the 4s/r1573 strains exhibited a strong phenotype of
slower growth rate and lower pigment content, which might be a direct or a
secondary effect caused by the deletion of slr1573 (see figures 9 and 10 in
Paper I1).

As the final step, we aimed to test whether it will be possible to reach high
volumetric titers of molecules of interest by improving the growth conditions.
For this purpose, we used a commercial kit for small-scale high-density culti-
vation CellDEG (www.celldeg.com), which was shown to successfully over-
come high-density cultivation limitations [121-123]. The application of a
CellDEG platform for growth of the engineered strains resulted in remarkably
high volumetric titers for target compounds reaching 797.8 +153.3 mg L' of
{CA by strain AvC and 411.6 + 94.9 mg L™ of pCou by strain TsC after 4 days
of cultivation (Table 3 of paper II). This work contributes to the capability of
exploiting the primary metabolism of AAA synthesis in cyanobacteria for sus-
tainable production of plant phenylpropanoids.
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Laboratory evolved Synechocystis for AAA and
phenylpropanoid production (Paper IV)

In this project, instead of performing the genetic manipulations to promote
AAA secretion [100], we have applied selective pressure of Phe, which inhib-
its the growth of some cyanobacteria [80, 81] in order to obtain spontaneous
resistant mutants as was noted previously [124].

Growth inhibition by externally provided Phe is attributed to the inhibition
of the first enzyme in the pathway, DAHPS, which leads to the starvation for
Tyr and Trp and subsequently causes the decrease of phycocyanin content and
yellow coloration of culture similarly to chlorosis [80]. During the cultivation
of Synechocystis EvC control strain (see Table 3 for the list of strains used in
this study) with different Phe concentrations in the medium, we demonstrated
that the Phe consumption during growth inhibition appears to be minimal (see
Figure 9C). The growth recovers due to the appearance of resistant cells,
whereas their emergence frequency seems to depend on the concentration of
provided Phe (Figure 9A). Possibly, the growth inhibition is a result of the
“intake-only” operation mode of the amino acid transporters [124, 125], be-
cause of which the externally provided Phe will be captured by cells despite
that it leads to growth impairment.

Table 3. List of Synechocystis strains used in Paper IV

Strai C t Antibiotic Refer-
ram ommen resistance ence

EvC Empty vector cpnlrol strain of Synechocystis WT harboring pEEK* plas- Km [119]

mid for Km resistance
AC Based Synechocystis WT harboring Arabidopsis thaliana PAL expressed Km [119]
from Ptre RBS* in pEEK
TsC Based Synechocystis WT harboring Treponema socranskii TAL expressed Km [119]
s from Ptrc¢ RBS* in pEEK
Strains based on spontaneous resistant mutants obtained in this study
Name Comment Name Comment Antibiotie

AtPRM1 Same as PRMI, but carries At-pal-pEEK TsPRM1 Same as PRM1, but carries Ts-fal-pEEK Km
AtPRM3 Same as PRM3, but carries At-pal-pEEK TsPRM3 Same as PRM3, but carries Ts-tal-pEEK Km
AtPRM4 Same as PRM4, but carries A¢-pal-pEEK TsPRM4 Same as PRM4, but carries 7Ts-tal-pEEK Km
AtPRMS Same as PRMS3, but carries At-pal-pEEK TsPRMS5 Same as PRMS5, but carries T's-fal-pEEK Km
AtPRM6 Same as PRM6, but carries A¢-pal-pEEK TsPRM6 Same as PRM6, but carries Ts-tal-pEEK Km
AtPRM7 Same as PRM7, but carries At-pal-pEEK TsPRM?7 Same as PRM?7, but carries Ts-tal-pEEK Km
AtPRMS8 Same as PRMS, but carries A¢-pal-pEEK TsPRMS Same as PRMS, but carries 7Ts-tal-pEEK Km
AtPRM10 Same as PRM10, but carries At-pal-pEEK TsPRM10 Same as PRM10, but carries Ts-fal-pEEK Km
AtPRM11 Same as PRM11, but carries At-pal-pEEK TsPRM11 Same as PRM11, but carries 7s-tal-pEEK Km
AtPRM12 Same as PRM12, but carries At-pal-pEEK TsPRM12 Same as PRM12, but carries Ts-tal-pEEK Km

The individual Phe resistant colonies were obtained after spreading Synecho-
cystis WT cells on BG11 agar plates supplemented with Phe and re-inoculated
into liquid BG11 medium with increased Phe concentration several times.
This way ten phenylalanine resistant mutants (PRM1-12) were collected,
which were resistant to 12 mM Phe in the medium.

36



EvC

AtC

[=] (=]
=] =]
2 2
1 1
0 . - 0 3 n . L
0 2 4 6 a 10 12 14 0 2 4 6 8 10 12 14
Time (Days) Time (Days)
" 00 ¢
C s00 EvC 1 D AtC L 1800
_ 1800 a00 |
800 \}_’H e : F 1600
E ? 0 o
20 1 © I 1400 [ 1400
600 | | 600 | L
= 500 =500 P T o
= 5] =X Tr
E a0 | Ea00 | Tooh" i L
| o
300 ¢ 300 . L
=
200 t " 200 ,54 T
= = ok < . L
100 100 g e I
i - § "L e Sk i |
0 2 4 6 & 10 12 14 0 2 4 6 8 10 12 14
Time (Days) Time (Days)
Supplementation with ———0mM Phe tCA concentration in cultures with: — — = 0mM Phe
approximately: ———0.1 mM Phe = = = 0.1 mM Phe
1mM Phe 1 mM Phe
4 mM Phe 4 mMPhe
—— 10 mM Phe = = = 10 mMPhe

Figure 9. Growth of of EvC (A) and AtC (B) with addition of various Phe concentra-
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from growth experiments of cultures with 10 mM Phe in panels C and D are displayed
on the secondary axes on the right, for better visualization of the values. Error bars
represent standard deviation of the biological replicates. Reprinted from Paper I'V.

The resulting mutants were able to secrete the aromatic amino acids Phe and
Tyr into the growth medium. Comparative growth and production experi-
ments showed that PRMs had similar specific production of Phe, with a max-
imum obtained level of 9.06 £0.65 mg L'OD' for PRM10 after eight days of
photoautotrophic growth (Figure 10A). To test the potential of Phe secretion
by PRMs, high-density cultivation was used, which resulted in lower specific
production than in shake flasks, with the exception of one mutant, PRMS,
which reached the highest specific production of 24.9 £7.2 mg L'OD™ or 610
+195.6 mg L' after four days (Figure 10B).
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Figure 10. Comparison of Phe production in PRMs during A standard shake flask
cultivation B high-density cultivation. Samples were taken from the growth medium
at day four and eight of shake flaks experiment and on days two and four of HDC.
The values are the means of three biological replicates and two technical replicates,
error bars represent the standard deviation of three biological replicates. Adapted from
paper I'V.

We aimed to investigate, whether the lower productivity of HDC is related to
the reuptake of Phe during rapid growth. We pereformed another experiment,
where HDC cultures on day two were supplemented with approximately
10mM of Phe as the final concentration. Indeed, the supplemented Phe was
partly incorporated in WT and PRM1 cultures, whereas in case of PRMS, the
Phe concentration in the medium increased (see figure SA in Paper [V), which
may indicate transporter mutation(s). The secretion of AAAs in the medium
is likely to be attributed to the high rate of Phe synthesis due to overflow of
precursors to the end products caused by pathway deregulation [100], and the
slower rate of intake by transport systems.

In order to determine whether PRMs can reach higher productivity of 1CA
and pCou compared to the AtC and TsC with WT Synechocystis background
(Paper II), we overexpressed PAL and TAL in the mutant strains, generating
two groups of mutant strains, AtPRMs and TsPRMs (Table 3). However, the
tCA productivity decreased nearly four times for some AtPRMs compared to
control AtC strain, whereas the pCou production remained in a similar range
between TsPRMs and TsC (Figure 11A and C). The decrease of tCA produc-
tion in AtPRMs compared to the WT background seems very puzzling and
indicates that the shikimate pathway regulation is more complex in these mu-
tants and cannot solely be explained by the loss of feedback-inhibition sensi-
tivity of DAHPS.

To further examine the potential of PRMs for phenylapropanoid produc-
tion, we cultivated AtPRMs and TsPRMs in high-density conditions. The re-
sults demonstrated same production patterns relative to the corresponding WT
background strain as in shake flasks experiment, except for AtPRMS8 and
TsPRMS (Figure 11B an C). Both these strains reached higher specific pro-
duction than the corresponding control strains with 52.7+14 mg L"'OD™' and
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a final titer 1116.7+314 mg L' of tCA for AtPRMS and 47.1+6 mg L-1 OD"!
with a final titer of 1108.8+149.7 mg L' pCou for TsPRMS after four days of
high-density cultivation. However, unlike Phe, the secreted tCA and pCou by
AtPRMs and TsPRMs are not metabolized. Thus, the high productivity of
PRMS is not only connected to the transport system mutation(s).
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Figure 11. Comparison of tCA production in AtPRMs during A standard shake flask
cultivation B high-density cultivation; comparison of pCou production in TsPRMs
during C standard shake flask cultivation and D high-density cultivation. Samples
were taken from the growth medium at day four and eight of shake flaks experiment
and on days two and four of HDC. The values are the means of three biological repli-
cates and two technical replicates, error bars represent the standard deviation of three
biological replicates. Adapted from paper I'V.

Altogether, the different productivity of Phe and reporter molecules by differ-
ent PRM variants indicate diverse mutations that were acquired as an adaptive
mechanism against Phe inhibition. Whole genome sequencing would be nec-
essary to reveal which mutations appeared in the mutants. This information is
of high importance for understanding cyanobacterial metabolism and regula-
tion of AAA synthesis, and will help to identify novel targets and strategies
for the enhancement of production rates in Synechocystis.
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Further enhancement of phenypropanoid production in
Synechocystis (Paper V)

In Paper II, tCA and pCou production in Synechocystis was reported to reach
49.6+8.7mg L' of CA and 25.6+3.9 mg L™' of pCou at day six, which is still
below the highest reported values [100], although due to different growth con-
ditions and normalisation used, the comparison of production rates is prob-
lematic. Therefore, in Paper V we focused on further enhancement of Syn-
echocystis productivity for these compounds via evaluating novel targets in
the shikimate pathway (Figure 2).

Firstly, we knocked out the HPPD that oxidases HPP to homogentisate,
which may result in an increase of AAA precursors inside the cells and sub-
sequently enhance the tCA and pCou productivity. We also intended to test
the effect of overexpression of several heterologous aromatic transaminases,
since this metabolic step of the shikimate pathway is poorly understood. The
tyrosine aminotransferase #yrB from E.coli, the hypothetical AAA transami-
nase #yrB from Nostoc sp. 3335mG and the modified plant prephanate ami-
notransferase PAA-AT (gene name abbreviated as pat in this study) from Ar-
abidopsis thaliana with two amino acid substitutions T84V and K169V,
which change the enzyme activity to HPP transamination into Tyr, were used
in this study. It is plausible, that the heterologous transaminases insensitive to
native regulation mechanisms will facilitate the turnover of their substrates. In
order to increase the carbon flux from chorismate to the Phe and Tyr terminal
branch, the CM domain (pheAdcy) of the fused chorismate mutase/prephenate
dehydratase enzyme from E. coli was overexpressed. It was demonstrated pre-
viously, that when the CM domain is expressed alone, it retains catalytic ac-
tivity and becomes insensitive to L-Phe inhibition [126]. To enhance the pCou
productivity, the cyclohexadienyl dehydrogenase from Zymomonas mobilis,
encoded by tyrC was overexpressed [126]. In combination with HPDD knock-
out and heterologous transaminases and/or the CM domain, the created meta-
bolic route from prephenate into HPP and Tyr might be favourable for pCou
production.

The series of pPDD integrative plasmids were built to recombine with the
pdd locus encoding HPPD. Each target gene either was cloned alone into the
pPDD plasmid, or was assembled in an operon. The resulting constructs were
transformed into three Synechocystis strains: WT, AtC, TsC [119], generating
a series of strains that overproduce AAA, tCA or pCou respectively. Plasmids
and strains created in this study are listed in Table 4.

Engineered Synechocystis strains were cultivated under constant light in-
tensity for seven days and sampled on days four and seven for LC-MS meas-
urements of growth medium in order to compare the productivity of the ob-
tained strains. No Phe or Tyr was detected in the culture medium of strains
with WT background. It appears, that the overexpression of abovementioned
genes in an operon or alone, were not sufficient to promote secretion of Phe
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or Tyr from the cell. However, the Western-blot analysis is needed to clarify
the protein expression in the obtained strains.

The specific production titer of accumulated ‘CA and pCou in the growth
medium during photoautotrophic growth is presented in Figure 12. The tCA
production of the ApddAt strain was nearly 1.5 times higher than of the pa-
rental strain AtC accumulating 138+3.5 mg L™ or 77.2+3.7 mg L'OD™ of
tCA.

Table 4. List of plasmids and strains used in Paper V

Construct/Strain Comment :Anfibiotic Reference
Empty backbone based on pJ344 vector backbone for integration into
pEERM3 neutral site 1 (s/r1068) of Synechocystis 6803, carrying PnrsB promotor Cm [127]
and RBS*
pPDD Same as pEERM3 but with Ptrczo promotor, RBS* and N-terminal Em This
strep-tag sequence and homologous recombination regions to s/r0090 study

Synechocystis strain harboring pEEK shuttle vector expressing Ara-

AIC bidopsis thaliana PAL from Ptrc RBS* Km (9]
Synechocystis strain harboring pEEK shuttle vector expressing Trepo-
TsC nema socranskii TAL from Ptrc RBS* Km [119]
Synechocystis background used for transformation
Construct Genes expressed WT AtC TsC
SPDD AT B TV E— v e
pPDD-BE tyrB from E. coli ApddE ApddAtE ApddTsE
pPDD-BN tyrB from Nostoc ApddN ApddAtN ApddTsN
pPDD-P pat ApddP ApddAtP ApddTsP
) ApddC ApddTsC
pPDD-C yrC (not fully segregated) ApddAtC (not fully segregated)
pPDD-CM phedcu ApddCM ApddAtCM ApddTsCM
pPDD-BE-C tyrB from E. coli, tyrC - ApddAtE-C ApddTsE-C
pPDD-BN-C tyrB from Nostoc, tyrC ApddN-C ApddAtN-C ApddTsN-C
pPDD-P-C PAT, tyrC ApddP-C - -
pPDD-BE-CM j,y,;;’i,(,f"m £ coli ApddE-CM ApddAE-CM ApddTsE-CM
proDBNCM D 2 om Noswoe ApddN-CM ApddANN-CM ApddTsN-CM
pPDD-P-CM PAT, pheAcu ApddP-CM ApddAtP-CM ApddTsP-CM
pPDD-C-CM tyrC, pheAcu - - ApddTsC-CM
PDD-BE-C-CM tyrB from E. coli, tyrC, ApddE-C-CM ApddAtE-C- ApddTsE-C-CM

P phedcu (not fully segregated) CM (not fully segregated)

N tyrB from Nostoc, tyrC, ApddAtN-C-
pPDD-BN-C-CM phedc ApddN-C-CM oM ApddTsN-C-CM
pPDD-P-C-CM PAT, tyrC, pheAcu - -

‘-‘indicates that no colonies appeared after transformation.

The overexpression of transaminases individually as well as the #rC gene
alone showed no production improvements compared to ApddAt, suggesting
that the titer increase was due to pdd deletion. In the case of overexpression
of the CM domain insensitive to Phe inhibition, the tCA accumulation de-
creased compared to AtC, possibly due to the inhibition of prephenate dehy-
dratase by the end product Phe (Figures 2 and 3). The overexpression of trans-
aminases in combination with #y»C and/or pheAcy also did not increase the
tCA synthesis. Similarly to what was observed with #CA production, there was
no significant difference of pCou titers among the strains with a Apdd knock-
out. The productivity of pCou in almost all engineered strains (except
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ApddTsN-CM) was increased nearly 1.5 times comparing to the control strain
TsC, while the ApddTs strain reached 32.0+4.3 mg L' OD™ or 72.3+10.3 mg
L' of pCou after 7 days of photoautotrophic growth (Figure 12B).

The obtained results demonstrate that only the HPPD inactivation was suf-
ficient to promote the #CA and pCou synthesis. Cyanobacteria exhibit endo-
oriented control of the multibranched aromatic biosynthetic pathway as sug-
gested previously, where the pathway regulation is tuned to the endogenous
formation of the initial pathway substrates [92]. Thus, the earliest branching
point enzyme monitoring flow has the major role on the end-product regula-
tion [92]. As was observed previously by overexpression of feedback-insen-
sitive DAHPS [100], the loss of early-pathway regulation provides sufficient
elevation of substrate levels, and eliminates the flow restriction by terminal
branch enzymes leading to extracellular accumulation of Phe and Tyr. Simi-
larly, in our study, there was no Phe or Tyr secretion observed with overex-
pression of the terminal enzymatic steps in Phe and Tyr synthesis.

Thereby, the overexpression of a feedback resistant version of DAHP syn-
thase, the first enzyme in the shikimate pathway, will be the next step in con-
tinuation of this project. The results of the whole genome sequencing of PRM
variants in Paper IV, would possibly suggest new targets for pathway engi-
neering in order to enhance production of AAAs and their derivatives in Syn-
echocystis.
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Figure 12. Specific production titer of tCA (A) and pCou (B) of Synechocystis strains
engineered in this study during photoautotrophic growth. Values are the means of
three biological replicates and two technical replicates, error bars represent the stand-
ard deviation. Reprinted from Paper V.
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Conclusions and outlook

The data obtained in my doctoral thesis expands the knowledge of cyanobac-
terial metabolism and helps developing cyanobacteria as a platform to produce
renewable chemicals in a sustainable manner. I have demonstrated the effect
of glyoxylate shunt on succinate secretion in Synechocystis PCC 6803. Fur-
thermore, | investigated the succinate formation from fumarate during anaer-
obic darkness conditions. I was able to demonstrate in vitro that the enzyme
L-aspartate oxidase reduces fumarate to succinate as a by-product of L-aspar-
tate oxidation. It is likely that in anaerobic darkness the cells are secreting
succinate due to this activity and not due to succinate dehydrogenase. These
findings advance our understanding of cyanobacterial TCA cycle metabolism
and will be helpful in designing strategies for succinate production using an-
aerobic fermentation. Nonetheless, biochemical characterization of the suc-
cinate dehydrogenase complex would be needed to fully address its catalytic
properties and potential fumarate reductase activity. So far, this membrane-
associated enzymatic complex was never studied in vitro in cyanobacteria.
The use of Synechocystis for production of aromatic compounds was also
detailed in this thesis. | have demonstrated the production of trans-cinnamic
(tCA) and p-coumaric (pCou) acids, the first intermediates of plant phenylpro-
panoids pathway after overexpression of phenylalanine- and tyrosine ammo-
nia lyases (PAL and TAL, respectively). Aiming to enhance the productivity,
I found out that the elimination of a competing pathway, the tocopherols bio-
synthesis, increases the tCA and pCou production. Moreover, I performed the
laboratory evolution of Synechocystis and have obtained several metabolic
mutants that were able to secrete phenylalanine in the growth medium. After
PAL and TAL overexpression, the obtained mutant strains demonstrated dif-
ferent tCA and pCou productivity in respect to control strains. Identifying
which mutations caused the phenotype would provide important information
and will help designing novel targets for improved aromatic compounds pro-
duction. The combination of resistant mutants, particularly PRMS8 with the
overexpression of genes from the terminal steps of the pathway, would be a
next goal, since the elevated flux through shikimate pathway in the mutant
may promote higher productivity of the target aromatic molecules. It would
be also interesting to use the process of the growth inhibition by phenylalanine
and appearance of resistant cells as a model for studying the molecular mech-
anisms that are responsible for mutagenesis. So far, the mechanisms behind
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genetic instability in cyanobacteria, such as loss of expression constructs, have
not been completely resolved.

45



Svensk sammanfattning

Cyanobakterier ar kénda for att orsaka algblomning i sjoar och hav. Algblom-
ning orsakar fiskdod och forgiftningar som paverkar miljon negativt. Detta
fenomen uppstar vanligtvis pa grund av 6kade nivaer av kvéve och fosfor som
skoljs ner i vattendrag efter godsling av grodor. Cyanobakterier dr fotosynte-
tiserande bakterier som har utvecklats pé jorden under miljoner &r. De kan
precis som véxter utfora fotosyntes, dir vattenmolekyler klyvs med hjilp av
solenergi for att skapa elektroner och en protongradient 6ver cellernas lipid-
membran. Energin som skapas med denna gradient anvinds for att producera
kemiska energibérare som 1 sin tur anvinds for att fixera atmosfarens koldi-
oxid till organiska foreningar. Klyvningen av vattenmolekylen leder till att en
syremolekyl skapas och sldpps ut i miljon. Fotosyntetiserande cyanobakterier
var det som fran borjan gav upphov till syret i atmosfaren, och i forlangningen,
livet péa jorden som det ser ut idag. Cyanobakterierna &r en spridd och fram-
gangsrik organismgrupp som hittas i de flesta olika miljder, i allt fran 6knar
till glaciérer.

P& senare tid har man upptickt att cyanobakterier, precis som de mer vil-
kénda heterotroferna Escherichia coli och Saccharomyces cerevisiae, kan an-
vindas for att producera industrirelevanta kemikalier. Men till skillnad mot
heterotrofa organismer som behdver en organisk kolkélla, vanligtvis i form av
socker, kan cyanobakterier anvinda koldioxid fran atmosféren for sin tillvéxt.
Med modern rekombinant DNA-teknologi och genteknik kan cyanobakterier
modifieras for att producera industriellt intressanta molekyler.

Genteknik och metabolisk ingenjorskonst bygger pa forstaelse for mole-
kylarbiologins centrala dogm. Metabolismen kan beskrivas som alla kemiska
reaktioner som sker i en levande organism, och dessa reaktioner katalyseras
av enzymer som accelererar bildandet av nya molekyler. Varje enzym bestér
av kedjor av olika aminosyror bundna i sekvens till varandra med peptidbind-
ningar, och aminosyrasekvensen definierar strukturen och egenskaperna hos
enzymet. Informationen om enzymens aminosyrasekvens finns i cellens tan-
skriptom i form av mRNA, dér en aminosyra representeras av ett kodon be-
stdende av tre av de fyra kvévebaserna. Kodonen dversitts till aminosyror i
translationsprocessen som katalyseras av cellens ribosomer. Informationen
om vilka kodon som ska finnas i cellens mRNA finns lagrad cellens gener i
form av DNA. Ett enzym kodas alltsé av ett mRNA som i sin tur kodas av en
gen i cellens kromosom. Nar man vill modifiera en organism genetiskt for att
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ge den en ny funktion, till exempel kunna skapa en viss kemisk férening, sé
kopierar man genen som kodar for enzymet som katalyserar skapandet av for-
eningen. Denna genkopia sétt sedan in i cellens DNA med hjilp av rekombi-
nant teknologi.

I denna avhandling har jag modifierat cyanobakterien Synechocystis PCC
6803 for att kunna producera succinat, aromatiska aminosyror och andra lik-
nande molekyler som &r intressanta for kemikalieindustrin. For att astad-
komma detta riktade jag in mig pa de metaboliska reaktionsvégar dér dessa
molekyler skapas. Succinat dr en naturlig forekommande metabolit i cytronsy-
racykeln. Denna reaktionsvég dr en primar energikélla hos heterotrofer. Men
i cyanobakterier, dir fotosyntesen dr den dominerande energikéllan, dr citron-
syrecykelns funktion ndrmare kopplad till kvédveupptag och aminosyrasyntes.
Genom att infora nya reaktionsvagar i anslutning till citronsyracykeln har jag
lyckats fordndra metabolitflddena runt det centrala enzymet PEPc. Med dessa
forandringar har jag lyckats oka cellens utsondring av succinat. I ett annat
projekt har jag undersokt vilket enzym som ligger bakom succinatprodukt-
ionen under anaerobisk fermentation, nir syre saknas och fotosyntes inte &r
mdjlig. Jag upptickte ett mojligt alternativ till enzymet succinatdehydro-
genase (som normalt forknippas med succinatproduktione) som verkar kunna
ligga bakom produktionen under dessa forhallanden. Jag har lyckats visa att
det enzymet, som kallas L-aspartatoxidas, kan skapa succinat in vitro och tro-
ligen @ven in vivo. Denna upptéckt 6kar var forstaelse for hur citronsyracykeln
fungerar i cyanobakterier, och baddar for fler intressanta och anvéndbara ge-
netiska modifieringar i framtiden.

Aromatiska aminosyror, fenylalanin, tyrosin och tryptofan, syntetiseras i
cyanobakterier i1 det sa kallade skikamatflodet som dr en metabolitisk reakt-
ionsvig med sju steg. Hos véxter dr de aromatiska aminosyrorna startmetabo-
liter i lang och komplicerade reaktionsvédg diar ménga olika aromatiska &mnen
skapas. Dessa dmnen fyller en méngd olika funktioner i véxten men vissa &r
dven intressanta for manniskan. I ett av mina forskningsprojekt modifierade
jag Synechocystis for att skapa fenylpropandioler som &r metaboliter i denna
reaktionsvig. Jag forde in de forsta enzymerna i denna reaktionskedja, som
kallas PAL och TAL och katalyserar reaktionerna ddr metaboliterna tCA
och pCou skapas frén sina substrat, i Synechocystis. Med dessa modifieringar,
tillsammans med genteknisk eliminering av nérliggande reaktionsvigar, har
jag lyckats skapa en stam av Synechocystis som producerar betydande halter
av tCA och pCou, metaboliter som alltsé inte naturligt forekommer i denna
organism. I ett andra steg applicerade jag dessa genetiska modifikationer pa
laboratorieevolverade stammar av Synechocystis som jag utvecklat for att ut-
sondra fenylalanin. De resulterande stammarna visade signifikant 6kad pro-
duktion jamfort med kontrollsammar. Sammanfattningsvis s har forskningen
i denna avhandling 6kat kunskapen om cyanobakteriers metabolism och bi-
dragit med nya cyanobakteriestammar som kan producera industriellt intres-
santa kemikalier fran fornyelsebara kéllor.
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Summary in English

Cyanobacteria are widely known for causing the “algal blooms” in open wa-
ters during summer. Algal blooms are accompanied with the accumulation of
toxins in water and fish death because of low oxygen levels due to oxygen
consumption when the biomass is degraded. These events usually appear as a
result of increased nitrogen and phosphorous concentration in waters, while
these minerals get into the water from crops fertilizers. Now, cyanobacteria
are photosynthetic bacteria that appeared and evolved on Earth billions of
years ago. Just like plants, they can perform oxygenic photosynthesis, mean-
ing that cyanobacteria can split water molecules, using solar energy to create
an electron and proton gradient across the membrane for synthesizing the en-
ergy rich molecules that in turn will be used to assimilate carbon dioxide CO;
into organic compounds. As the result of water splitting molecular oxygen is
released into the environment. This feature of oxygenic photosynthesis in cy-
anobacteria was the cause for the gradual increase of oxygen concentration in
the early Earth atmosphere creating the life as we see it now. Cyanobacteria
are the most diverse and most successful group of microbes, which can be
found in all the types of environments, from deserts to glaciers.

Recently, cyanobacteria were considered as attractive organisms, which
can be used to produce industrially relevant chemicals, similarly to other well-
known heterotrophic organisms such as Escherichia coli or Saccharomyces
cerevisiae. However, unlike heterotrophs, which require an organic carbon
source, usually in a form of sugars, cyanobacteria use CO; from the atmos-
phere, water and sunlight for growth. With the use of recombinant DNA tech-
nologies, cyanobacteria can be genetically engineered to make them produce
desired natural or heterologous chemical compounds.

The principal of genetic engineering is based on the central dogma of mo-
lecular biology. The metabolism can be represented as all chemical reactions
that are happening in a living organism performed by proteins, which acceler-
ate reactions and chemical rearrangements. Each enzyme consists of the se-
quence of amino acids bound to each other with a peptide bound and arranged
in a certain sequence. The amino acid sequence, called polypepide, defines the
structure and properties of a mature folded enzyme. The polypeptide sequence
is synthesized based on messenger RNA molecule during translation process
on ribosomes in a code manner, where one amino acid is represented by a
three-letter code from four ribonucleic acids. The mRNA is synthesized on
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DNA molecule during transcription, and each ribonucleotide monomer in a
sequence of mRNA correspond to a deoxyribonucleotide monomer in se-
quence of DNA on the chromosome. Briefly, one protein is synthesized on
one mRNA polymer molecule, which is encoded by one DNA gene sequence.
Thereby, when we want to engineer an organism (host) to give it a function,
for instance, of synthesizing a new metabolite, we copy the gene sequence that
encodes a protein, which catalyses the desired reaction from another organism
and introduce it into the host using recombinant DNA technologies.

In this thesis, I aimed to engineer the cyanobacterial strain Synechocystis
PCC 6803 to produce industrially relevant molecules, succinate and aromatic
amino acids and their derivatives. For this, [ looked into the pathways where
these molecules are formed. Succinate is a natural metabolite which is synthe-
sized in the tricarboxylic acids cycle (TCA cycle). The TCA cycle in oxygenic
heterotrophs is a main source of energy for cells, however in cyanobacteria,
where photosynthesis is the main energy obtaining process, TCA cycle func-
tionality is connected to the synthesis of carbon skeletons for nitrogen assim-
ilation and amino acid synthesis. The enzymatic activity of phosphoenolpy-
ruvate (PEPc) is essential in replenishing oxaloacetate, an intermediate of the
TCA cycle. I wanted to explore if more succinate can be secreted out by cells
after introducing alternative pathway for succinate synthesis, the glyoxylate
shunt, into a previously created strain with extra copies of PEPc. As a result,
some obtained strains showed improved succinate secretion.

In the next project, I questioned what enzyme is responsible for the succin-
ate formation from fumarate by fumarate reduction during conditions of dark
anaerobic fermentation, when oxygen is absent and photosynthesis is not pos-
sible. I found out that there is an alternative potential candidate L-aspartate
oxidase, apart from succinate dehydrogenase complex that is suggested to per-
form this reaction. I purified L-aspartate oxidase enzyme and after checking
its biochemical activity, found out that it is able to reduce fumarate to succin-
ate during the L-aspartate oxidation in vitro, and possibly, in the cell in vivo.
These findings contribute to the understanding of the cyanobacterial TCA cy-
cle for future engineering purposes.

Aromatic amino acids, such as phenylalanine, tyrosine and tryptophan are
synthesized in the cyanobacteria in the shikimate pathway. In plants, they are
the staring intermediates of the phenylpropanoid pathway, where a myriad of
aromatic molecules are synthesized, which have various functions in plants
and also have broad applications for human use. I aimed to engineer Synecho-
cystis to produce phenylpropanoids. Therefore, the first enzymes of this path-
way, phenylalanine- and tyrosine ammonia lyases (PAL and TAL respec-
tively), which produce frans-cinnamic (¢#CA) and p-coumaric (pCou) acids
from phenylalanine and tyrosine respectively, were introduced into Synecho-
cystis. The tCA and pCou compounds are not native to Synechocystis and not
metabolized inside of the cell, which makes them good reporter molecules for
the pathway engineering. Aiming to enhance their formation, I found that the

49



elimination of a competing pathway, the tocopherols biosynthesis, increases
the fCA and pCou productivity. Moreover, I performed laboratory evolution
of Synechocystis and have obtained several metabolic mutants that are able to
secrete phenylalanine in the growth medium. After overexpressing PAL or
TAL in the mutants, the resulting strains based on one mutant showed superior
productivity than the control strains. The laboratory evolved Synechocystis
mutants represent an important material for studying the regulation of the
pathway for aromatic amino acids synthesis.

In summary, the findings in my doctoral thesis expand the knowledge of
cyanobacterial metabolism and help developing cyanobacteria as a platform
to produce renewable chemicals in a sustainable manner.
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