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Summary
Cyanobacteria are known as producers of a wide range of secondary metabolites with
various functions. This includes the synthesis of allelopathic inhibitors, which suppress the
growth of other organisms within the same ecological niche. These compounds are usually
produced by filamentous cyanobacteria via huge gene clusters. Nevertheless, a bioactive deoxysugar, namely 7-deoxysedoheptulose (7dSh), was recently isolated from the culture supernatant
of the unicellular cyanobacterium Synechococcus elongatus PCC 7942 (S. elongatus). In this
work the biosynthetic pathway of 7dSh formation was elucidated by means of supernatant
analysis via gas chromatography-mass spectrometry, feeding experiments and knockout
mutants. 7dSh derives from 5-deoxyadenosine (5dAdo), an inhibitory by-product of radical
SAM enzymes, which are present in all domains of life. 5dAdo is metabolized by solely
promiscuous activity of enzymes of the primary metabolism, resulting in the excretion first of
5-deoxyribose and subsequently of 7dSh into the culture supernatant. This strategy enables
S. elongatus, which has a small, stream-lined genome lacking canonical gene clusters for the
synthesis of secondary metabolites, to produce an allelopathic inhibitor from a “waste” product
of primary metabolism by enzymatic promiscuity, without involving a specific gene cluster.
This discovery challenges the view on the biosynthesis of bioactive molecules as sole products
of biosynthetic gene clusters and expands the range of bioactive compounds which can be
synthesized. Additionally, with the elucidation of the biosynthesis of 7dSh, an alternative
pathway for 5dAdo salvage was discovered, which had previously not been described.
In the second part of this work, the intracellular target of 7dSh, the dehydroquinate
synthase, which is the second enzyme of the shikimate pathway, was confirmed. By the
development of an in vitro inhibition assay using purified enzyme, it was shown that 7dSh
inhibits the enzyme in a competitive manner, with an inhibition constant as well as an IC 50 value in the lower µM range.
Besides the inhibition of other cyanobacteria, 7dSh also inhibits the growth of germinating
plant seedlings on soil, indicating that it might be used as an herbicide. Furthermore, it was
shown that in Anabaena variabilis ATCC 29413 and Synechocystis sp. PCC 6803, the
inhibitory effect of this molecule is correlated with an effective uptake via structurally different,
promiscuous sugar transporters – a fructose ABC-transporter or a glucose permease.
Spontaneous mutations in these transport proteins can result in the loss of 7dSh sensitivity,
however the capability of heterotrophic growth is disabled at the same time. 7dSh can therefore
be assumed to represent the first allelopathic inhibitor targeting the shikimate pathway,
supporting S. elongatus in its niche competition.
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Zusammenfassung
Cyanobakterien sind Produzenten einer Vielzahl von Sekundärmetaboliten mit
verschiedenen Funktionen. Dazu zählt beispielsweise auch die Synthese allelopathischer
Inhibitoren, die in der gleichen ökologischen Nische lebende Organismen hemmen.
Üblicherweise werden solche Metaboliten von filamentösen Cyanobakterien mittels großer
Gencluster hergestellt. Überraschenderweise wurde kürzlich ein bioaktiver Desoxy-Zucker,
genauer 7-Desoxysedoheptulose (7dSh), aus dem Kulturüberstand des einzelligen
Cyanobakteriums Synechococcus elongatus PCC 7942 (S. elongatus) isoliert. In der
vorliegenden

Arbeit

wurde

Gaschromatographie-gekoppelter

durch

die

Analyse

Massenspektrometrie,

des

Kulturüberstandes

Fütterungsexperimenten,

mittels
sowie

Knockout Mutanten der Biosyntheseweg von 7dSh aufgeklärt. Dieses leitet sich von
5-Desoxyadenosin (5dAdo) ab, einem inhibitorischen Nebenprodukt radikalischer SAM
Enzyme, die in allen drei Domänen des Lebens vorkommen. 5dAdo wird dabei lediglich durch
promiskuitive Aktivität von Enzymen des Primärstoffwechsels metabolisiert. Dies führt
zunächst zu einer Ausscheidung und Akkumulation von 5-Desoxyribose, gefolgt von einer
Anreicherung von 7dSh. Da S. elongatus ein kleines Genom ohne kanonische Gencluster für
die Sekundärmetabolitsynthese besitzt, erlaubt diese Strategie die Synthese eines bioaktiven
Moleküls direkt aus einem „Abfall“-Produkt des Primärstoffwechsels. Dies findet vollständig
durch promiskuitive Enzymaktivitäten statt, ohne dass daran ein spezifisches Gencluster
involviert wäre. Diese Entdeckung stellt die klassische Sicht auf die Synthese von
Sekundärmetaboliten als Produkte spezifischer Gencluster in Frage und erweitert damit die
Bandbreite an bioaktiven Molekülen. Neben der Aufklärung des Biosyntheseweges von 7dSh
wurde hiermit auch ein alternativer Recyclingweg für 5dAdo, der bisher noch nicht bekannt
war, beschrieben.
Im zweiten Teil dieser Arbeit wurde außerdem das Zielenzym von 7dSh in der Zelle, die
Dehydrochinat-Synthase, das zweite Enzym des Shikimatwegs, bestätigt. Durch die
Entwicklung eines in vitro Inhibitionsassays mit aufgereinigtem Enzym konnte gezeigt werden,
dass dieses Molekül die DHQS kompetitiv hemmt. Dabei liegen die Inhibitionskonstante wie
auch der IC 50 -Wert im niedrigeren µM Bereich.
7dSh inhibiert das Wachstum verschiedener Cyanobakterien. Es kann aber auch das
Wachstum auskeimender Pflanzen auf Erde hemmen, was für eine potenzielle Verwendung als
Herbizid sprechen könnte. Außerdem konnte gezeigt werden, dass die hemmende Wirkung von
7dSh auf Anabaena variabilis ATCC 29413 und Synechocystis sp. PCC 6803 über eine
effektive

und

rasche

Aufnahme

mittels

strukturell
XIII

verschiedener,

promiskuitiver

Zusammenfassung
Zuckertransporter zustande kommt. Beteiligt daran sind ein Fructose ABC-Transporter bzw.
eine Glucose-Permease. Spontane Mutationen im jeweiligen Kohlenhydrattransporter führen
zu einem Verlust der 7dSh-Sensitivität, gehen aber auch mit einem Verlust der Fähigkeit des
heterotrophen Wachstums einher. Aufgrund dieser Ergebnisse wird angenommen, dass 7dSh
der erste allelopathische Inhibitor des Shikimatwegs ist, welcher S. elongatus in der
Verteidigung seiner ökologischen Nische unterstützt.
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2 Introduction
2.1. Cyanobacteria
The phylum Cyanobacteria, also known as Cyanophyta, comprises one of the largest subgroups of Gram-negative bacteria. Most of them have the capability to perform oxygenic
photosynthesis (Soo et al., 2017). The name derives from their bluish-green color (Greek word
κυανός (kyanόs); English: blue), which also leads to the trivial name blue-green algae (Whitton
and Potts, 2012). Cyanobacteria are very ancient organisms: the earliest assured microfossils of
cyanobacteria emanate from 2.7–2.5 billion years ago (Altermann and Kazmierczak, 2003;
Bosak et al., 2009).
Cyanobacteria played an outstanding role in the development of today’s earth atmosphere
by evolving the ability to perform oxygenic photosynthesis, thus coupling the consumption of
carbon dioxide with the release of oxygen (Schirrmeister et al., 2015). The resulting deposition
and accumulation of the photosynthetic waste product oxygen into the – until then – anoxic
environment about 2.5–2.3 billion years ago led to the Great Oxidation Event, which set the
foundation of today’s life (Bekker et al., 2004; Anbar et al., 2007). As they were the only
organisms evolving oxygenic photosynthesis, they additionally set the basement for the
development of eukaryotic algae and plants. Cyanobacteria are believed to be the ancestors of
the chloroplasts, the photosynthetically active organelles in eukaryotic (photosynthetic)
organisms presumably obtained by means of endosymbiosis (Giovannoni et al., 1988;
McFadden, 2001). Besides performing oxygenic photosynthesis, some cyanobacteria gained
the capability to use carbohydrates as an additional carbon source or even grow
heterotrophically (e.g., Anabaena variabilis (A. variabilis), Synechocystis sp. PCC 6803
(Synechocystis sp.); Rippka et al., 1979).
During evolution, cyanobacteria developed a striking diversity, leading to the presence of
simple, unicellular cyanobacteria, but also complex, multicellular organisms. Because of their
traditional assignment to algae, their classification was first carried out by phycologists under
the provisions of the Botanical Code (Stafleu et al., 1972), in which structural or ecological
properties in field-material were responsible for determination. For cyanobacteria, this
classification turned out to be difficult or even impractical. Additionally, type cultures were not
allowed. Therefore, Rippka et al. (1979) suggested a categorization of cyanobacteria in five
different subsections, distinguishable by structure, reproduction and degree of differentiation.
Subsections I and II consist of unicellular cyanobacteria, either single cells or colonial
aggregates which reproduce by binary fission, budding or multiple fission. Subsections III–IV
3
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are filamentous cyanobacteria. Cyanobacteria of section III only comprise of vegetative cells,
whereas species in sections IV and V are able to form differentiated cells. They can form
heterocysts for the fixation of atmospheric nitrogen. Sometimes they form akinetes, spore-like
cells, as well as hormogonia, which are motile filaments. Section V differs from the others
because the division takes place in more than one plane. Due to intensive molecular analyses
the taxonomic classification of cyanobacteria (species, genera, families, orders) is nowadays
again under intensive discussion and restructuring is in progress (Komárek et al., 2014).

2.1.1.

Synechococcus elongatus PCC 7942

Synechococcus elongatus PCC 7942 (S. elongatus, former name: Anacystis nidulans R2)
is a unicellular, freshwater cyanobacterium belonging to subsection I (Rippka et al., 1979). It
was first isolated from the San Francisco Bay area and was deposited in the Pasteur Culture
Collection (PCC) in 1979 as the 42nd strain in this year (hence PCC 7942) (Golden, 2019).
Shortly afterwards, it was shown that the strain is highly transformable as it possesses natural
competence (Shestakov and Khyen, 1970). This led to the development of tools for the genetic
modification of this strain (van den Hondel et al., 1980; Golden and Sherman, 1984; Golden et
al., 1987), resulting in its use as a common model organism for photosynthesis research (Selim
et al., 2018), circadian clock mechanisms (Kondo et al., 1994) and nitrogen metabolism (Sauer
et al., 2001).
S. elongatus holds a small, stream-lined genome (Copeland et al., 2014), containing a
single circular chromosome (≈ 2.7 Mb, GenBank accession number: CP000100.1) as well as
two endogenous plasmids, pANS (accession number: S89470.1) and pANL (accession number:
F441790.2). Although S. elongatus was originally isolated from freshwater and is usually
cultivated in its planktonic lifestyle in the laboratory, it can also exhibit a terrestrial lifestyle,
occurring in microbial mats or biofilms on soil, rocks, humid stone walls and even in caves
(Schlösser, 1994; Czerwik-Marcinkowska and Mrozińska, 2011; Mattern and Mareš, 2018;
Yang et al., 2018; Conradi et al., 2020). A closely related strain of S. elongatus PCC 7942,
Synechococcus elongatus PCC 6301 (also known as Synechococcus sp. PCC 6301) has an
almost identical genome, with the exception of a large inversion of 189 kb (Sugita et al., 2007).
The genus Synechococcus is a diverse and polyphyletic group of organisms living in salt, fresh
and brackish water (Waterbury et al., 1979). Together with Prochlorococcus, organisms of this
genus are the most abundant members of the picophytoplankton, dominating global marine
primary production and carbon fixation (Scanlan and West, 2002; Richardson and Jackson,
2007) and contributing to at least 25 % of global primary productivity (Flombaum et al., 2013).
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2.2. Secondary metabolism
With minor variations, primary metabolic pathways are almost identical in all living
organisms. They are involved in the synthesis and degradation of essential carbohydrates, fatty
acids as well as amino acids for growth, development, and reproduction. In contrast, secondary
metabolites are not essentially necessary but provide selective advantages (Yunes, 2019). They
are only produced under certain conditions and solely by certain genera or species (CavalierSmith, 2007; Dewick, 2009). Secondary metabolites possess a large variety of (complex)
chemical structures (Figure 1; overview for cyanobacteria in: Leão et al., 2012; Dittmann et al.,
2015), sometimes with unusual modifications like halogenations (Jones et al., 2010). They
however mainly derive from only a few common building blocks provided by primary
metabolism (Dewick, 2009; Gomes et al., 2017): coenzyme A (acetyl-CoA)-derivatives are
used in the acetate-malonate pathway, resulting in the formation of fatty acids and polyketides
(e.g., nosperin; Kampa et al., 2013). Shikimic acid is an intermediate deriving from the
shikimate pathway. It is a precursor molecule for the synthesis of phenolic or alkaloid
compounds (e.g., scytonemin; Soule et al., 2007). Methylerythritol phosphate or mevalonic acid
are involved in the synthesis of terpenoids (e.g., noscomin; Jaki et al., 1999) via the
methylerythritol phosphate pathway or, alternatively, the mevalonate pathway (not present in
cyanobacteria; Pattanaik and Lindberg, 2015). Besides these building blocks, canonical amino
acids but also non-proteinogenic amino acids (e.g., ornithine) also play important roles in the
synthesis of secondary metabolites, for example in the synthesis of post-translationally
modified ribosomal peptides (e.g., cyanobactins; Gu et al., 2018 or bacteriocins/microcins;
Wang et al., 2011 ) or non-ribosomal peptides (e.g., lyngbyatoxin; Edwards and Gerwick,
2004). Secondary metabolites are synthesized by specific enzymes, which are probably derive
from duplication and divergence of genes originally participating in primary metabolism
(Cavalier-Smith, 2007).
1.100 different secondary metabolites are described for cyanobacteria, 737 of these show
inhibitory effects on prokaryotes, eukaryotes or inhibit a wide range of different enzymes
(Dittmann et al., 2015). 39 different genera are described to be producers of secondary
metabolites but the vast majority is isolated from the filamentous genera Hapalosiphon,
Lyngbya, Nostoc, Planktothrix or the colonial Microcystis, whereas unicellular cyanobacteria
belonging to the genera Synechococcus and Prochlorococcus usually do not produce any
secondary metabolites (Méjean and Ploux, 2013; Dittmann et al., 2015). Unicellular
cyanobacteria host smaller genomes (about 5–6 Mb smaller than those of filamentous ones)
which solely exhibit space for genes of the primary metabolism (Méjean and Ploux, 2013).
5
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In bacteria and fungi, the synthesis of secondary metabolites is usually organized in
biosynthetic gene clusters (Blin et al., 2019). A majority of cyanobacterial secondary
metabolites are products of non-ribosomal peptide synthetases (NRPS), polyketide synthases
(PKS) and mixed NRPS-PKS systems, which are encoded in huge 8–64 kb gene clusters (Wase
and Wright, 2008; Dittmann et al., 2015). NRPS and PKS are large multifunctional enzyme
complexes (200–2.000 kDa) with a modular organization, assembling either amino acids or
acyl-CoA in an assembly line manner (Ehrenreich et al., 2005). Although cyanobacterial
secondary metabolites can exhibit antibacterial, antiviral, antifungal, herbicidal, antiprotozoal,
antitumoral, anti-inflammatory, neurotoxic or cytotoxic activities (Maurya et al., 2019), the
ecological role or function of secondary metabolites is not yet always clear. It is reported that
they can used for photoprotection purposes (e.g., shinorine; Balskus and Walsh, 2010), for
chemical communication (e.g., acylated homoserine lactones; Sharif et al., 2008), to scavenge
iron (siderophores; Årstøl and Hohmann-Marriott, 2019) or for the inhibition of organisms
living in the same ecological niche (allelochemicals, see chapter 2.2.2).
Secondary metabolic gene clusters can be predicted by genome mining, e.g., by using
bioinformatical tools like anti-SMASH (Weber et al., 2015) which are however based on the
currently known pathways.

Figure 1: Selected secondary metabolites from cyanobacteria. Fischerellin A, an inhibitor of photosystem II,
was isolated from the freshwater cyanobacterium Fischerella muscicola (Gross et al., 1991; Hagmann and Jüttner,
1996). The non-ribosomal peptide Lyngbyatoxin A was isolated from the marine cyanobacterium Lyngbya
majuscula (Cardellina et al., 1979) and inhibits the proteinkinase C (Basu et al., 1992). Cyanobacterin, a chlorinecontaining γ-lactone, was isolated from the freshwater cyanobacterium Scytonema hofmanii and inhibits
photosystem II (Mason et al., 1982; Gleason and Paulson, 1984).
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2.2.1.

Secondary metabolites from S. elongatus

For a long time, it was assumed that unicellular cyanobacteria with a small genome, like
S. elongatus, are not able to produce secondary metabolites. Accordingly, the genome of
S. elongatus is free from known NRPS, PKS or hybrid NRPS/PKS gene clusters (Shih et al.,
2013), but two putative bacteriocin gene clusters were eventually located by genome mining
(Wang et al., 2011). Bacteriocins or microcins (small bacteriocins) are ribosomally synthesized,
commonly post-translationally modified short peptides, which are, due to a double glycine
excretion motif, secreted into the environment (Håvarstein et al., 1995). Indeed, Parnasa et al.
(2016) identified four small secreted microcins (EbfG1–4), encoded by one of the above
mentioned gene clusters. They are essential for the induction of biofilm formation in
S. elongatus. In the wildtype, the expression of these biofilm promoting compounds is usually
autoinhibited by a constitutively excreted protein (EbsA), which does not exhibit any sequence
similarity to proteins of known functions (Schatz et al., 2013; Yegorov et al., 2021).
Additionally, Cohen et al. (2014) reported that collapsing, aged cultures excrete a not yet
identified hydrophobic compound that inhibits various photosynthetic organisms.
Only recently, a rare and bioactive deoxy-sugar, 7-deoxy-D-altro-2-heptulose
(7-deoxysedoheptulose, 7dSh), was isolated from the supernatant of S. elongatus cultures
(Brilisauer et al., 2019). This compound inhibits the growth of other cyanobacteria, e.g.,
A. variabilis, but also fungi and plants (Brilisauer et al., 2019). Initial experiments indicated
that 7dSh is an antimetabolite of the shikimate pathway as 7dSh treated cells strongly
accumulated an intermediate: 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP)
(Brilisauer et al., 2019). DAHP is the substrate of the dehydroquinate synthase (DHQS), which
is the second enzyme of this pathway, which is responsible, e.g., for the synthesis of aromatic
amino acids (Figure 3). Additionally, 7dSh treated A. variabilis cells showed a decreased pool
of aromatic amino acids, whereas the concentrations of certain non-aromatic amino acids were
significantly increased (Brilisauer et al., 2019). 7dSh was also isolated from the culture
supernatant of the non-sequenced strain Streptomyces setonensis SF666 (S. setonensis, NBRC
No. 13797) (Ito et al., 1971; Brilisauer et al., 2019), indicating that the formation of 7dSh is a
common mechanism in nature. The biosynthesis and the ecological role of this rare deoxy-sugar
remained enigmatic, but a putative precursor molecule, 5-deoxy-D-ribose (5dR), was isolated
from the supernatant of S. elongatus cultures (Brilisauer et al., 2019). In vitro, 5dR can serve
as a precursor molecule for 7dSh formation in a promiscuous transketolase reaction (Brilisauer
et al., 2019).
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2.2.2.

Allelopathy in cyanobacteria

Cyanobacteria produce a wide range of secondary metabolites, including various bioactive
compounds; a minor proportion of these is regarded as allelochemicals (Leflaive and Ten-Hage,
2007). In general, allelopathy is a phenomenon, by which an organism (plant or microbe)
influences another organism of the same ecological community, either in a positive or a
negative way by excreting a chemical compound (Rice, 1984). Initially, allelopathic
interactions were observed in plants (Molisch, 1937). But already in the 1970s, allelopathy was
observed in field studies of freshwater cyanobacteria. There it was shown that allelopathic
interactions play a crucial role in the formation and succession of cyanobacterial and diatom
blooms (Keating, 1977, 1978). Besides this, allelochemicals are excreted to outcompete
predators or competitors. This can happen during direct source competition (e.g., light; De
Nobel et al., 1998), during interference competition (e.g., varying temperature; van der Grinten
et al., 2005), during competition under unfavorable conditions (e.g., P-/N-limitation; Elert and
Jüttner, 1997; Ray and Bagchi, 2001), or even to invade a habitat (Figueredo et al., 2007;
Rzymski et al., 2014).
Target organisms of cyanobacterial allelochemicals are other cyanobacteria, micro- and
macroalgae as well as angiosperms (Leão et al., 2009). Cyanobacterin from Scytonema
hoffmanni, a chlorine-containing γ-lactone (Figure 1) targeting photosystem II, was the first
allelochemical described from cyanobacteria (Mason et al., 1982; Gleason and Paulson, 1984).
Another allelochemical, fischerellin A (Figure 1) from Fischerella muscicola, synthesized by a
hybrid NRPS-PKS gene cluster, also targets photosystem II (Gross et al., 1991; Etchegaray et
al., 2004). Inhibition of photosynthesis is a common mode of action of cyanobacterial
allelochemicals (Gross, 2003), but inhibition of RNA synthesis and DNA replication has also
been described (Doan et al., 2000). It is additionally reported that allelochemicals affect
secondary targets or cause effects besides their primary mode of action (Doan et al., 2001;
Gomes et al., 2017). Although allelopathic interactions were described for unicellular
cyanobacteria, also from the genus Synechococcus (Paz-Yepes et al., 2013), no allelopathic
compound had so far been described for S. elongatus.

2.3. 5-Deoxyadenosine metabolism 1
S-Adenosyl-L-methionine (SAM or AdoMet) is used as an essential co-substrate and
cofactor in various biological reactions in all domains of life (Fontecave et al., 2004). Besides
1

A deeper insight into 5-deoxyadenosine metabolism can be found in publication 4: Rapp and Forchhammer
(2021): 5-Deoxyadenosine metabolism – more than “waste” disposal, Microbial Physiology.
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its function as the major methyl-group donor for the methylation of nucleic acids, proteins,
lipids and carbohydrates and as an aminoalkyl group donor in the synthesis of polyamines, the
quorum sensing signal N-acylhomoserine lactone as well as the plant hormone ethylene, it plays
an important role in reactions catalyzed by the radical SAM enzyme superfamily (e.g., biotin
synthase; Sofia et al., 2001). By the reductive cleavage of SAM by an unusual iron-sulfur
cluster, radical SAM enzymes are generating the 5-deoxyadenosyl radical, which abstracts a
hydrogen atom from diverse substrates while 5-deoxyadenosine (5dAdo) is released as a byproduct (Figure 2 B; Sofia et al., 2001; Wang and Frey, 2007). As 5dAdo is a product inhibitor
of the radical SAM enzyme reaction, it has to be removed from the cells (Challand et al., 2009;
Parveen and Cornell, 2011). For a long time, metabolic pathways for 5dAdo recycling or
salvage received little attention, whereas the salvage of methylthioadenosine (MTA), a similar
molecule, via the canonical methionine salvage pathway (MSP) was characterized in depth
(publication 4, figure 2d; Wray and Abeles, 1995; Sekowska and Danchin, 2002; Sekowska et
al., 2004). Because of the structural similarity of both molecules, salvage of 5dAdo was either
suggested to occur by promiscuous enzyme activity of the MSP or by a paralogous pathway
(Parveen and Cornell, 2011; Sekowska et al., 2018). Only recently, different pathways for
5dAdo salvage were reported in the literature (Figure 2 B; Beaudoin et al., 2018; Miller et al.,
2018b; North et al., 2020). In the so-called dihydroxyacetone phosphate (DHAP) shunt, 5dAdo
is metabolized by promiscuous enzymes of the MSP into DHAP and acetaldehyde, which can
both processed in the primary metabolism (Figure 2 B; Beaudoin et al., 2018; North et al.,
2020). There, 5dAdo is either cleaved by the promiscuous MTA phosphorylase (MtnP), where
the adenine residue is replaced with a phosphate, resulting in the formation of 5-deoxyribose
1-phosphate (5dR-1P), or by the promiscuous methylthioribose (MTR) nucleosidase (MtnN),
where 5dR and adenine are released (Figure 2 B). Before metabolization, 5dR has to be
essentially phosphorylated by the promiscuous MTR kinase (MtnK) (Beaudoin et al., 2018;
Sekowska et al., 2018; North et al., 2020). 5dR-1P is then isomerized by promiscuous
methylthioribose 1-phosphate (MTR-1P) isomerase (MtnA), leading to the formation of
5-deoxyribulose 1-phosphate (5dRu-1P). Cleavage of 5dRu-1P into dihdroxyacetone phosphate
and acetaldehyde, is either conducted by a specialized class II aldolase (e.g., DrdA in
Bacillus thuringiensis (B. thuringiensis); Beaudoin et al., 2018) or by promiscuous activity of
the methylthioribulose-1P (MTRu-1P) dehydratase (MtnB; e.g., DEP1 of Arabidopsis thaliana
(A. thaliana); Beaudoin et al., 2018) of the MSP pathway. 5dAdo salvage via the DHAP shunt
can be either conducted by promiscuous enzyme activity of enzymes of the MSP (e.g.,
Rhodospirillum rubrum (R. rubrum); North et al., 2020), or by a paralogous gene cluster (e.g.,
9
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B. thuringiensis or extraintestinal pathogenic Escherichia coli (ExPEC E. coli) strains;
Beaudoin et al., 2018; North et al., 2020). Further details on 5dAdo metabolism are provided in
publication 4 (Rapp and Forchhammer, 2021).

Figure 2: Mechanism of radical SAM enzymes and the salvage of the inhibitory 5dAdo by-product. A:
Simplified mechanism of the biotin synthase, a radical SAM enzyme (modified from Berkovitch et al., 2004).
S-Adenosylmethionine is reductively cleaved by an unusual iron sulfur cluster, generating the
5-deoxyadenosylradical. This radical intermediate is responsible for the conversion of dethiobiotin into biotin and
5dAdo is released as a by-product. B: 5dAdo salvage pathway described in the literature (Beaudoin et al., 2018;
North et al., 2020).

2.4. Enzyme promiscuity
In general, enzymes are considered to be highly specific for their substrates and the
reactions they catalyze. Nevertheless, most enzymes can catalyze fortuitous reactions, which is
in general regarded as enzyme promiscuity. The term can be subdivided into substrate, catalytic
and condition(al) promiscuity (Hult and Berglund, 2007). The first, which is also called broad-/
multispecificity, describes the phenomenon that an enzyme can act on a wide range of
substrates, often with similar efficiencies (Khersonsky and Tawfik, 2010), e.g., phosphatases
from the haloacid dehalogenase (HAD) superfamily (Huang et al., 2015; Copley, 2017).
Catalytic promiscuity is used to describe the ability of an enzyme to catalyze different chemical
transformations (Copley, 2003; Hult and Berglund, 2007), e.g., widely distributed in the
metallo-β-lactamase superfamily (Baier and Tokuriki, 2014). Condition(al) promiscuity, in
10
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contrast, describes enzymatic activity, besides its native activity under altered reaction
conditions, which can either be exploited for industrial biocatalysis by using different solvents
or high temperature (Schmid et al., 2001; Hult and Berglund, 2007) or can occur in vivo, due to
environmental changes or stresses, e.g., due to enhanced concentrations of low-affinity
substrates, post-translational modifications or stress-induced conformational changes
(Piedrafita et al., 2015). In contrast, the term “moonlighting” refers to events where parts of the
protein outside of the active side are used for other functions, especially of regulatory and
structural nature (Copley, 2003). Reactions, where enzymes are using alternative, endogenous
metabolites, are also called underground metabolism (D’Ari and Casadesús, 1998). During
normal growth, underground metabolism plays a minor role, but it was shown that E. coli
mainly uses an alternative, promiscuous pathway for isoleucine biosynthesis under anaerobic
conditions, when propionate was present in the medium (Cotton et al., 2020). The capability of
organism to use their underground metabolism confers them metabolic plasticity (D’Ari and
Casadesús, 1998). It was reported that in E. coli 37 % of the enzymes can act on several
substrates, thereby catalyzing 65 % of the known metabolic reactions (Nam et al., 2012).
Besides playing a role in vivo, enzyme promiscuity is also exploited for biotechnological
applications, either during the development of new metabolic pathways (Rosenberg and
Commichau, 2019) or for biocatalysis purposes, e.g., in the synthesis of rare carbohydrates like
7dSh (Brilisauer et al., 2019).
Early on, enzyme promiscuity was connected to protein evolution. Ancient cells must have
held a small genome with a comparatively small number of proteins. Jensen (1976) suggested
that ancient, primordial enzymes possessed very broad specificities and undeveloped regulatory
mechanisms. Thereby, few enzymes were capable to offer a wider range of metabolites, thereby
generating a greater flexibility for primordial cells. Gene duplication provided the basis for
increased gene content as well as the divergence of the new gene copies by mutational events.
This, in turn, may have altered the specificities, and selection led to the expansion of metabolic
capacities and the evolution of new metabolic pathways.

2.5. The shikimate pathway
The shikimate pathway, shown in Figure 3, consists of seven sequential enzymatic steps.
It converts phosphoenolpyruvate and erythrose 4-phosphate into chorismate, the precursor
molecule for the synthesis of aromatic amino acids, isoprenoid quinones, folate cofactors and
various secondary metabolites (Srinivasan et al., 1955; Herrmann, 1995; Herrmann and
Weaver, 1999). This pathway is only present in microorganisms (bacteria, fungi,
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apicomplexans, …) as well as in plants but it is absent in animals and humans (Roberts et al.,
1998; Herrmann and Weaver, 1999). Therefore, the latter need to take up aromatic amino acids
through their daily diet (Herrmann, 1995).
The shikimate pathway connects carbohydrate and aromatic amino acid synthesis.
Therefore, it has to be tightly regulated. In microorganisms, regulation occurs on the level of
the first enzyme, DAHP synthase (EC 2.5.1.54), by allosteric feedback inhibition via different
aromatic amino acids (Byng et al., 1983; Knaggs, 2001). In plants, the regulation occurs at the
level of gene expression (Tzin and Galili, 2010). Although the metabolites of the shikimate
pathway are identical in all organisms, the primary structure and properties of the prokaryotic
and eukaryotic enzymes exhibits big differences in several cases (Herrmann and Weaver, 1999).
In fungi (e.g., Neurospora crassa), the first five enzymes are encoded on a single
multifunctional polypeptide called AROM complex (Case and Giles, 1971). Plant enzymes are
usually about 150 amino acids longer and possess an amino-terminal signal sequence for plastid
import as the shikimate pathway occurs solely there (Bickel et al., 1978; Herrmann and Weaver,
1999). Interestingly, methanogenic archaea, which do not house the enzymatic equipment for
the oxidative pentose phosphate pathway and are thereby unable to provide erythrose
4-phosphate, are devoid of the first two enzymes of the shikimate pathway (Grochowski et al.,
2005). In these organisms, the pathway starts with 3-dehydroquinate, which is synthesized by
the condensation of 6-deoxy-5-ketofructose 1-phosphate and L-aspartate (see publication 4;
White, 2004; Gulko et al., 2014).
Since the shikimate pathway is absent in animals and humans, inhibitors of the pathway
are considered to be harmless for those when handled in reasonable concentrations. These can
therefore be used as herbicides, fungicides and antibiotics (Herrmann and Weaver, 1999). The
most common and industrially applied inhibitor is the broad-spectrum herbicide glyphosate
(N-(phosphonomethyl)glycine), which targets the penultimate step – the 5-enolpyruvylshikimate 3-phosphate synthase (EPSPS; Figure 3) – where it forms a transition state analogue
of phosphoenolpyruvate (Boocock and Coggins, 1983; Steinrücken and Amrhein, 1984; Duke
and Powles, 2008). Regarding phosphoenolpyruvate glyphosate is a competitive inhibitor,
whereas regarding the second substrate of this reaction shikimate 3-phosphate, glyphosate
showed an uncompetitive inhibition (Steinrücken and Amrhein, 1984). The enormous success
and distribution of glyphosate – or its commercially available formulation “Roundup” – as the
major herbicide for weed control was a result of the introduction of transgenic, glyphosateresistant crops in 1996 (Duke and Powles, 2008). The major problem is the occurrence of
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glyphosate resistant weed (Powles, 2008) but also the detrimental effects of the compound, e.g.,
on honey bees by disturbing their gut microbiota (Motta et al., 2018).

Figure 3: Shikimate pathway and selected inhibitors (shown in grey). Erythrose 4-phosphate and
phosphoenolpyruvate are converted into chorismate by seven enzymatic steps. Chorismate is a precursor molecule
for various molecules, e.g., aromatic amino acids, folate cofactors and isoprenoid quinones.

2.5.1.

The dehydroquinate synthase and its inhibitors

The DHQS is the second enzyme of the shikimate pathway, converting DAHP into
3-dehydroquinate by the release of phosphate (Figure 3). The activity of this enzyme is
dependent on divalent cations, whereas Co2+ is the most active but Zn2+ is presumably used in
vivo (Bender et al., 1989a). Additionally, the reaction needs catalytic amounts of NAD+,
although the enzyme reaction is redox neutral.
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Figure 4: The DHQS mediates the conversion of DAHP into 3-dehydroquinate. A: Proposed mechanism of
the DHQS mediated reaction (modified from Carpenter et al., 1998). B: 7dSh in its different conformations.
Differences of the pyranose – when compared to DAHP – are labeled in red. C: Irreversible inhibitor of the DHQS
(Montchamp and Frost, 1991). Important features are labeled in grey. D: Competitive inhibitors of the DHQS
(Bender et al., 1989b). Important features are labeled in grey.

DAHP is converted into 3-dehydroquinate by a complex five-step mechanism involving
alcohol oxidation, phosphate β-elimination, carbonyl reduction, ring opening and
intramolecular aldol condensation (Figure 4 A; Srinivasan et al., 1963; Carpenter et al., 1998).
When the substrate has entered the active site, the hydroxyl group at C 5 is oxidized in a NAD+
and Zn2+ dependent manner (Figure 4 A, step 1). In the second step, the phosphate group is
removed by β-elimination. Most known DHQS inhibitors (e.g., (carba-) phosphonates; see
Figure 4 D) inhibit this step as they possess an “unbreakable” phosphonate group instead of a
phosphate group, thereby being competitive inhibitors of the reaction (Bender et al., 1989b).
The binding of the inhibitors to the enzyme strongly depends on the composition of the ring:
carbacyclic inhibitors (e.g., carbaphosphonate, Figure 4 D) exhibit inhibition constants (k i ) in
the low nM range, whereas oxacyclic inhibitors (e.g., phosphonate, Figure 4 D) only act in the
low µM range (Bender et al., 1989b). Nevertheless, none of the wide variety of (homo-)
14
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phosphonate inhibitors was reported to be a good inhibitor in vivo (Pompliano et al., 1989;
Montchamp et al., 1992; Tian et al., 1996). In the third reaction step, the ketone at C 5 is reduced
by NADH. The only known irreversible inhibitor, ketocarbaphosphonate (Montchamp and
Frost, 1991), mimics this step as it has a keto-group at C 5 . The carbonic acid group at C 1 further
stabilizes the binding of the substrate, but also the binding of the carba-/homo- or phosphonate
inhibitors in the enzyme. In step 4, deprotonation occurs at C 2 leading to ring-opening. In the
last step, intramolecular aldol condensation leads to the reformation of the ring and release of
3-dehydroquinate.
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3 Research Aims
Recently, the bioactive deoxy-sugar 7-deoxysedoheptulose (7dSh) was isolated from the
culture supernatant of the unicellular cyanobacterium Synechococcus elongatus PCC 7942
(S. elongatus). As the strain holds a small, stream-lined genome, which is free from known
NRPS-/PKS-gene clusters for the synthesis of secondary metabolites, the isolation of a
bioactive compound was surprising. 7dSh can inhibit the growth of other cyanobacteria,
presumably by inhibiting the second enzyme of the shikimate pathway. In the work presented
here, the biosynthetic pathway of 7dSh in S. elongatus should be investigated in detail. For this
purpose, a method for the absolute quantification of polar compounds in cyanobacterial
supernatants had to be developed. With the help of feeding experiments (e.g., with 13C-labeled
compounds) and knockout mutants, the biosynthetic pathway, including all of the involved
genes, as well as the precursor molecules should be elucidated. Furthermore, the specificity of
7dSh formation should be investigated by screening culture supernatants of other cyanobacteria
regarding the presence of 7dSh.
In the second part of this work, the effect of 7dSh on the shikimate pathway should be
further investigated. Therefore, an in vitro inhibition assay with purified dehydroquinate
synthase should be developed and the kinetic parameters of the inhibition should be determined.
By the synthesis of a 7dSh derivative, the influence of the terminal deoxy-group and the
configuration of the hydroxyl-groups should be analyzed. Additionally, the effect of 7dSh on
various other cyanobacteria should be investigated – including the question if 7dSh plays a role
in niche protection of S. elongatus by being an allelopathic inhibitor. This also led to the
question how 7dSh uptake is mediated in sensitive organisms. Finally, the potential of 7dSh as
an herbicide should be considered.
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4 Results
The main results of the following publications are summarized in this chapter:
Publication 1 – Research Article:
Brilisauer, Klaus; Rapp, Johanna; Rath, Pascal; Schöllhorn, Anna; Bleul, Lisa; Weiß,
Elisabeth; Stahl, Mark; Grond, Stephanie; Forchhammer, Karl (2019): Cyanobacterial
antimetabolite 7-deoxy-sedoheptulose blocks the shikimate pathway to inhibit the growth
of prototrophic organisms. Nature Communications, 10 (545), https://doi.org/10.1038/
s41467-019-08476-8.
Own results of this publications are referred in the following as “publication 1”, whereas the
other results are referred as “ Brilisauer et al. (2019)”.

Publication 2 – Research Article:
Rapp, Johanna; Rath, Pascal; Kilian, Joachim; Brilisauer, Klaus; Grond, Stephanie;
Forchhammer, Karl (2021): A bioactive molecule made by unusual salvage of radical SAM
enzyme by-product 5-deoxyadenosine blurs the boundary of primary and secondary
metabolism. Journal of Biological Chemistry, 296 (100621), https://doi.org/10.1016/
j.jbc.2021.100621.

Publication 3 – Research Article:
Rapp, Johanna; Wagner, Berenike; Brilisauer, Klaus; Forchhammer, Karl (2021): In vivo
inhibition of the 3-dehydroquinate synthase by 7-deoxysedoheptulose depends on
promiscuous uptake by sugar transporters in cyanobacteria. Frontiers in Microbiology,
12 (692986), https://doi.org/10.3389/fmicb.2021.692986.

Publication 4 - Review Article:
Rapp, Johanna; Forchhammer, Karl: 5-Deoxyadenosine metabolism – more than “waste
disposal” (2021). Microbial Physiology, https://doi.org/10.1159/000516105.

This chapter also includes additional non-published results, which are related to the topic of the
thesis.
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4.1. Biosynthesis of 7dSh
7dSh is a bioactive deoxy-sugar excreted by the unicellular cyanobacterium S. elongatus,
but also from the streptomycete S. setonensis (Ito et al., 1971; Brilisauer et al., 2019).
Additionally, another unusual carbohydrate, 5dR, is also excreted by S. elongatus and was
assumed to be a precursor molecule for 7dSh (Brilisauer et al., 2019). In vitro, 5dR can serve
as a precursor molecule for 7dSh in a promiscuous transketolase-based reaction (Brilisauer et
al., 2019).

4.1.1.

5dR and 7dSh formation is dependent on the cultivation condition

To elucidate the biosynthesis of 5dR and 7dSh in S. elongatus, a gas chromatography-mass
spectrometry (GC-MS) based method for the absolute quantification of these metabolites in
cyanobacterial supernatants was developed (publication 2). With this, it was possible to monitor
the formation of 5dR and 7dSh in the culture supernatant of S. elongatus (publication 2,
figure 2). The accumulation of both carbohydrates is strongly dependent on the cultivation
condition. 5dR and 7dSh solely accumulate when cultures are aerated with air supplemented
with 2 % CO 2 , whereas in cultures aerated with ambient air, only minor amounts of 5dR and
no 7dSh at all are formed (publication 2, figure 2). In CO 2 -supplemented cultures, 5dR
accumulation in the supernatant correlates with growth, whereas 7dSh accumulation only
occurs during later growth phases (publication 2, figure 2). Hardly any 5dR and 7dSh
accumulate intracellularly, thereby showing that the molecules are immediately excreted after
formation (publication 2, figure S1). This is necessary because both compounds (in high
concentrations) inhibit the growth of the producer strain (publication 2, figure 3). Supernatant
analysis of various cyanobacterial strains showed that only a few strains are excreting 5dR and
7dSh (S. elongatus, Synechococcus sp. PCC 6301, Synechococcus sp. PCC 7002). In contrast,
in the supernatant of S. setonensis only 7dSh, but no 5dR is detected (publication 2).

4.1.2.

5dR is a precursor molecule for 7dSh in vivo

By feeding experiments with 13C 5 -labeled 5dR, it was shown that 5dR is a direct precursor
molecule for 7dSh in vivo (publication 2, figure 4). S. elongatus cultures supplemented with
uniformly labeled 13C 5 -labeled 5dR accumulate 13C 5 -7dSh. However, only a minor portion of
13

C 5 -5dR is converted into 13C 5 -7dSh. Since the concentration of exogenously added 13C 5 -5dR

continuously decreased in the supernatant, but endogenously formed unlabeled 5dR is excreted
at the same time, it is obvious that 5dR is continuously im- and exported.
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4.1.3.

5dAdo, a by-product of radical SAM enzymes, is the precursor molecule for 5dR
and 7dSh in S. elongatus

5dAdo, a by-product of radical SAM enzymes (Wang and Frey, 2007), can be cleaved into
5dR by a promiscuous MTA nucleosidase or into 5dR-1P by a promiscuous MTA
phosphorylase (Figure 2 B; Beaudoin et al., 2018; North et al., 2020). Since S. elongatus only
possesses an annotated gene for the latter, an insertion mutant was created by replacing the gene
(Synpcc7942_0923) with an antibiotic resistance cassette (publication 2). The mutant no longer
excretes 5dR as well as 7dSh. Instead of this, the mutant excretes 5dAdo, in contrast to the
wildtype (publication 2, figure 6). This indicates that 5dAdo is a precursor molecule for 5dR
and 7dSh in vivo, but 5dR-1P is formed as an intermediate before (publication 2, figure 7,
figure S3).

4.1.4.

5dR-1P is dephosphorylated by a promiscuous phosphatase

In the literature it was suggested that 5dR or the 5dR moiety of 5dAdo has to be
phosphorylated before further metabolization (Savarese et al., 1981; Beaudoin et al., 2018;
North et al., 2020). As dephosphorylation of 5dR-1P was not yet described, a specific
phosphatase was assumed to be present in S. elongatus, which is responsible for the
dephosphorylation of 5dR-1P. By analyzing the genome of S. elongatus regarding the presence
of phosphoric monoester hydrolases, gene Synpcc7942_1005, which is annotated as glucose1-phosphatase (EC: 3.1.3.10), belonging to the HAD-like hydrolase superfamily subfamily IA,
seemed a promising candidate (publication 2, table S3). The gene was replaced by an antibiotic
resistance cassette and a culture supernatant analysis via GC-MS was performed. The mutant
only excretes minor amounts of 5dR and no 7dSh at all. Instead, the mutant strongly
accumulates 5dAdo in the supernatant (publication 2, figure 8), indicating that 5dR-1P is
mainly dephosphorylated by the phosphatase encoded by gene Synpcc7942_1005. As the gene
is annotated as a glucose-1-phosphatase, it was assumed that this enzyme also acts
promiscuously.
Figure 5 shows the biosynthetic pathway for 7dSh in S. elongatus which was elucidated in
this work. 5dAdo is solely metabolized by promiscuous enzyme activity. Besides the
elucidation of the biosynthetic pathway for the bioactive molecule 7dSh, a new pathway for
5dAdo salvage was identified.

21

Results

Figure 5: Biosynthesis of 7dSh in S. elongatus. 5dAdo is metabolized into 7dSh by promiscuous enzyme activity
(marked in black). Under certain conditions 5dAdo is metabolized via another pathway, presumably the DHAP
shunt (marked in grey). Figure obtained from publication 2 (Rapp et al., 2021).

4.1.5.

Alternative salvage pathway for 5dAdo under ambient CO2 conditions

5dAdo salvage in S. elongatus via 5dR and 7dSh excretion is dependent on the
environmental conditions (publication 2, figure 2 B, C). 5dAdo is partially metabolized into
5dR and 7dSh when cultures were aerated with air supplemented with 2 % CO 2 . Under ambient
air, the amount of 5dAdo per cell is unaltered (publication 2, figure 6 E), but only a very small
portion is metabolized into 5dR. Additionally, no 7dSh is formed. This indicates that 5dAdo
can also be metabolized via another pathway and that there is a trigger or regulatory mechanism
for 5dAdo salvage via 5dR/7dSh formation. It is very likely that 5dAdo can be metabolized via
the DHAP shunt (Beaudoin et al., 2018; North et al., 2020), because the respective genes,
involved in this pathway, are present in S. elongatus (Figure 5, pathway in grey).

4.1.6.

Additional results: biosynthesis of 7dSh

4.1.6.1. Regulation of 7dSh biosynthesis
To analyze the regulation of 7dSh biosynthesis, semi-quantitative reverse transcriptase
(RT)-PCR was used to monitor the expression of genes, which are involved in 5dR/7dSh
biosynthesis under the above-mentioned environmental conditions. The gene expression of all
genes involved in the biosynthesis of 7dSh (Synpcc7942_0923 – MTA phosphorylase;
Synpcc7942_1005 – glucose-1-phosphatase; Synpcc7942_0538 – transketolase) were
unaltered, when compared with cultures aerated with ambient air (Figure 6, 2) or cultures
aerated with air supplemented with 2 % CO 2 (Figure 6, 1). Additionally, the expression of the
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genes involved in the MSP (Synpcc7942_0923 – MTA phosphorylase; Synpcc7942_1992 –
MTR 1-P isomerase, Synpcc7942_1992 – MTRu 1-P dehydratase) were examined, because the
DHAP shunt takes advantage of the promiscuous activity of enzymes of this pathway. However,
the expression of these genes remained unaltered, too. The knockout of the glucose1-phosphatase (Figure 6, 3), encoded on gene Synpcc7942_1005, does also not lead to an
enhanced expression of the genes of the MSP.

Figure 6: Expression of genes involved in the biosynthesis of 5dR/7dSh and the MSP under different
conditions. Gene expression of the indicated genes in S. elongatus cultures aerated with 2 % CO 2 (1), in
S. elongatus cultures aerated with ambient air (2) or in S. elongatus Synpcc7942_1005::spec R cultures aerated with
2 % CO 2 (3) after 21 days of cultivation determined by semi-quantitative RT-PCR. RNA was extracted from cell
pellets of the respective cultures, transcribed into cDNA by using reverse transcriptase. Gene expression was
determined by amplifying the gene of interest by using gene specific primers resulting in fragments of 100–200 bp
in size and the analysis of these via agarose gel-electrophoresis. Splice borders in the image of the agarose gel are
labeled with grey triangles, but marker and samples were run on the same gel. The expression of the house-keeping
gene rnpA served as a control.

4.1.6.2. Heterogeneity of 7dSh production
5dR and 7dSh formation of S. elongatus cultures were reproducibly measured several
times (publication 2, figure 2, 4, 6, 8). The total amount of 5dR and 7dSh slightly differed from
batch to batch, but the timely formation, in which 5dR accumulates in a growth dependent
manner and 7dSh accumulation starts during later growth phases, remained constant. In a few
cases, single cultures excreted 5dR during growth, just as the other cultures (Figure 7 A, B), but
no 7dSh formation was observed (Figure 7 C, three biological replicates are shown). This
phenomenon was also observed once for Synechococcus sp. PCC 6301. This showed that in
some cases subpopulations produce 5dR, which is then not used for 7dSh biosynthesis. But the
mechanism behind this phenomenon is not yet known.
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Figure 7: Heterogeneity of 7dSh production was observed infrequently. Growth (A), 5dR (B) and 7dSh
excretion (C) of S. elongatus aerated with air supplemented with 2 % CO 2 . Graphs show mean and standard
deviation of three biological replicates (A, B). In graph C, data points of each replicate are shown independently.

4.1.6.3. External pH of S. elongatus cultures
Strong 5dR and 7dSh formation was only observed when cultures were aerated with air
supplemented with 2 % CO 2 (publication 2, figure 2). Cultures aerated with ambient air only
accumulate minor amounts of 5dR and no 7dSh at all. Besides an enhanced carbon supply in
cultures aerated with air supplemented with 2 % CO 2 , which leads to enhanced growth of the
cultures (Figure 8 A, black dots), the pH of the medium was significantly influenced compared
with cultures, which were aerated only with ambient air. The external pH of cultures aerated
with ambient air is at around 10.5 (Figure 8 B, grey squares), whereas the external pH during
the cultivation under high carbon conditions is significantly decreased to around 8.0 (Figure
8 B, black dots) during the full cultivation process, presumably due to the buffering capacity of
CO 2 /HCO 3 -. Interestingly, the supernatant of CO 2 supplemented cultures was more yellowish
than the supernatant of cultures aerated with ambient air. The yellow color of the supernatant
of CO 2 supplemented cultures further increased with the duration of the cultivation process.

Figure 8: Effect of CO 2 content during aeration on the external pH of S. elongatus cultures. Growth (A) and
external pH (B) of S. elongatus cultures aerated either with air supplemented with 2 % CO 2 (black dots) or aerated
with ambient air (grey squares). Values shown in the graphs represent mean and standard deviation of three
biological replicates.
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4.1.6.4. Stability of 5dAdo in BG11 medium
Before performing 5dAdo feeding experiments (publication 2, figure 5), the stability of
5dAdo in BG11 medium as well as the uptake of 5dAdo by S. elongatus were examined.
Therefore, a final concentration of 20 µM 5dAdo (total volume: 1.5 mL) was either added to
BG11 medium or to S. elongatus cultures (inoculated at an optical density of 750 nm (OD 750 )
of 0.05) in a 24-well plate and incubated for 6 days (29 °C, shaking, continuous illumination).
S. elongatus cultures without 5dAdo served as a control. After 6 days, the medium or the
supernatant of the cultures were analyzed via high resolution liquid chromatography mass
spectrometry (HR-LC-MS) (Figure 9). As a control, 20 µM 5dAdo in water were analyzed
(Figure 9, green peaks). 5dAdo is stable in BG11 (Figure 9, blue peaks) over 6 days, as the
peaks showed the same size as the control (5dAdo in water, not incubated, green peaks). 5dAdo
is completely taken up by S. elongatus, as there is no accumulation in the supernatant (black
peaks). In the supernatant of the control cultures, no accumulation was observed, too (grey
peaks).

Figure 9: 5dAdo stability in BG11 and 5dAdo uptake by S. elongatus. Extracted ion chromatograms of 5dAdo
(C 10 H 13 N 5 O 3 [M+H, M+Na]+) obtained by HR-LC-MS analysis of 20 µM 5dAdo incubated in BG11 (blue peaks),
20 µM 5dAdo in water (green peaks), supernatant of S. elongatus cultures cultivated in the presence of 20 µM
5dAdo (black peaks) or S. elongatus cultures (grey peaks). Each condition is shown in three replicates.

4.1.6.5. Influence of different cultivation conditions on 5dR/7dSh formation
During the elucidation of the biosynthesis of 5dR/7dSh different cultivation conditions of
S. elongatus and their influence on 5dR/7dSh production were investigated. S. elongatus was
cultivated for 17 days under continuous light and aeration with air supplemented with 2 % CO 2 .
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The cultures were harvested, washed, inoculated with fresh media, and split into two cultures.
One of these was then cultivated in the light and the other was cultivated in the dark for 48 h
(both were further aerated with 2 % CO 2 ). Figure 10 A shows that only cultures which were
maintained in the light were able to produce 5dR. Cultures incubated in the dark do not excrete
5dR. 7dSh formation after 48 h was neither observed in light or dark grown cultures.
In another experiment, S. elongatus cultures were cultivated for 8 days under continuous
light and aeration with air supplemented with 2 % CO 2 . After that, each culture was harvested,
washed, split into two and inoculated either with fresh BG11 or BG11 –N (without combined
nitrogen) and then cultivated for 5 days (both were further aerated with air supplemented with
2 % CO 2 ). Figure 10 B shows that 5dR and 7dSh formation were almost unaltered under both
treatments.

Figure 10: Influence of different cultivation conditions on 5dR/7dSh formation. A: 5dR and 7dSh
concentration in the culture supernatant of S. elongatus cultures shifted to light or dark for 48 h. S. elongatus was
cultivated for 17 days (continuous light, aeration with air supplemented with 2 % CO 2 ). Each culture was
harvested, washed, inoculated with fresh media, and split into two. One culture was then cultivated in the light and
the other was cultivated in the dark for 48 h. B: 5dR and 7dSh concentrations in the supernatant of S. elongatus
shifted to BG11 medium without combined nitrogen (BG11 –N) compared to cultures shifted to BG11 medium.
Before shifting, cultures were cultivated under normal conditions. Graphs show mean and standard deviation of
three biological replicates. bld: below detection limit.

4.1.6.6. 5dR/7dSh formation in a spontaneous 7dSh-resistant mutant
In publication 3, a spontaneous 7dSh-resistant S. elongatus mutant was isolated during the
cultivation of the strain at sublethal 7dSh concentrations. To examine, if the mutant is able to
form and excrete 5dR and 7dSh, the strain was cultivated (aeration with air supplemented with
2 % CO 2 ) and the supernatant was analyzed via GC-MS (as described in publication 2) and
compared with the wildtype. The growth of the mutant was not affected (Figure 11 A). 5dR and
7dSh accumulation in the supernatant of both strains was similar, whereas the resistant mutant
excretes slightly less 5dR, but slightly more 7dSh (Figure 11 B, C).
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Figure 11: Supernatant analysis of a spontaneous 7dSh-resistant S. elongatus mutant compared to the
wildtype. A: Growth of a spontaneous 7dSh-resistant S. elongatus mutant (grey circles) and S. elongatus wildtype
(black squares) aerated with air supplemented with 2 % CO 2 . B: 5dR and C: 7dSh accumulation in the supernatant
of both strains. Graphs show mean and standard deviation of three biological replicates.

4.2. 7dSh and its inhibitory effect on the shikimate pathway
A. variabilis cells treated with 7dSh strongly accumulate DAHP (Brilisauer et al., 2019).
As DAHP is an intermediate of the shikimate pathway by acting as a substrate for the DHQS,
it was assumed that 7dSh is an antimetabolite of the DHQS (Brilisauer et al., 2019). This was
underlined by the fact that 7dSh treated cells accumulated increased levels of non-aromatic
amino acids but reduced levels of aromatic amino acids (Brilisauer et al., 2019). To elucidate
this inhibition in detail, the inhibitory effects were further investigated (see publication 3).

4.2.1.

7dSh is a competitive inhibitor of the DHQS

To investigate the inhibitory effect of 7dSh on the DHQS, the enzyme from A. variabilis
was heterologously expressed and purified (publication 3). In the DHQS-mediated reaction,
DAHP is converted to 3-dehydroquinate by the release of phosphate (Figure 3). To monitor the
reaction, the phosphate release was detected by means of malachite green. The kinetic
parameters

of

the

reaction

were

calculated

(k M =1.8 ±0.3 µM

for

DAHP;

v max =149.3 ±6.1 U*µmol enzyme -1). If increasing concentrations of 7dSh were applied, the k M value of DAHP increased but v max remained nearly constant, which indicates a competitive
inhibition of the DHQS by 7dSh (publication 3, figure 1 C). Additionally, an inhibition constant
(k i) of 17.6 µM was calculated. In its pyranose form, 7dSh seems to be a structural analogue of
DAHP, as it exhibits a similar structure (Figure 4 B).

4.2.2.

Bactericidal effect of 7dSh is correlated with an effective uptake

Although 7dSh is a competitive inhibitor of the DHQS enzyme and should therefore be
replaced by increasing concentrations of its native substrate DAHP, which indeed strongly
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accumulates in 7dSh treated cells over time, 7dSh exhibits bactericidal effects on the cells of
A. variabilis (Brilisauer et al., 2019). This effect is strongly dependent on the cell density. In
cultures inoculated at a low optical density, even low concentrations of 7dSh exhibit a
bactericidal effect (Brilisauer et al., 2019).
By the isolation of a spontaneous 7dSh-resistant A. variabilis mutant, which was no longer
able to use fructose as additional carbon source, the fructose ABC-transporter was identified to
be responsible for 7dSh uptake (publication 3, figure 2). 7dSh uptake via the fructose ABCtransporter seemed quite effective as the 40-fold amount of fructose only partially alleviates its
toxic effect. Additionally, in Synechocystis sp. a structurally different transporter, the glucose
permease, belonging to the major facilitator superfamily, was identified to be responsible for
7dSh uptake (publication 3, figure 4). In S. elongatus, a putative ribokinase (Synpcc7942_0116)
plays an essential role in 7dSh-sensitivity, indicating that phosphorylated 7dSh might play a
role in the inhibition of the producer strain (publication 3, figure 5).

4.2.3.

7dSh and its inhibitory effect on plants and other cyanobacteria

As described in publication 1, a growth assay for A. thaliana seedlings on soil was
established. With this the effect of 7dSh was examined in a more physiological system as before
on agar plates. After 18 days of cultivation, A. thaliana seedlings that had germinated on soil
in the presence of 260 µM 7dSh showed a significantly reduced fresh weight when compared
to untreated seedlings and even to seedlings that had been treated with the same amount of the
commercially available herbicide glyphosate.
Additionally, the effect of 7dSh on 19 strains from all subsections of cyanobacteria was
examined (publication 3). Two strains, A. variabilis and Oscillatoria acuminata, were
completely inhibited in their growth by low concentrations (10 µM) of 7dSh, whereas others
(e.g., Synechocystis sp., Nostoc muscorum) were only inhibited by higher concentrations. Some
of the examined cyanobacteria were not affected by 7dSh, even if it was applied in a
concentration of 250 µM, which is distinctly higher than physiologically occurring
concentrations (around 10 µM in S. elongatus cultures).

4.2.4.

Additional results: 7dSh and its inhibitory role in the shikimate pathway

4.2.4.1. Enzymatic synthesis of a 7dSh derivative: 7-Deoxy-L-gluco-heptulose
7dSh can be synthesized in a promiscuous transketolase-based reaction with the substrates
5dR and hydroxypyruvate (Brilisauer et al., 2019). To synthesize a derivative of 7dSh, the
commercially available 5-deoxy-L-arabinose was used as substrate in the above mentioned
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transketolase-based reaction. The product 7-deoxy-L-gluco-heptulose (7dGh; Figure 12 I) was
purified via medium pressure liquid chromatography (MPLC) and high pressure liquid
chromatography (HPLC) as described by Brilisauer et al. (2019). Educt and product containing
fractions were analyzed via thin layer chromatography (TLC) (retardation factor R f (5-deoxy-Larabinose) =0.8,

L-arabinose

Rf

(7dGh) =0.53,

mobile phase CHCl 3 :MeOH (8:5, v/v)). 370 µmol 5-deoxy-

were converted to 93 µmol 7dGh, and thus a yield of 25 % was reached. The

product was confirmed by HR-(+)ESI-MS (Mass to charge ratio (m/z) calculated for C 7 H 14 O 6
[M+H]+: 175.0965, found: 175.0967; m/z calculated for C 7 H 14 O 6 [M+Na]+: 197.0784, found:
197.0786) and nuclear magnetic resonance (NMR): 1H-NMR (600 MHz, D 2 O) α-pyranose:
δ(ppm)=3.86 (dq, J 6,5 =9.7 Hz, J 6,7 =6.3 Hz, 1H, H-6), 3.69 (dd, J 4,3 =9.6 Hz, J 4,5 =9.4 Hz, 1H,
H-4), 3.69 (d, J 1a,1b =11.7 Hz, 1H, H-1a), 3.52 (d, J 1b,1a =11.7 Hz, 1H, H-1b), 3.53 (d,
J 3,4 =9.6 Hz, 1H, H-3), 3.15 (dd, J 5,6 =9.7 Hz, J 5,4 =9.4 Hz, 1H, H-5), 1.27 (d, J 7,6 =6.3 Hz, 3H,
H-7); 13C-NMR (150 MHz, D 2 O): α-pyranose δ(ppm)=97.3 (C-2), 75.1 (C-5), 73.4 (C-4), 70.6
(C-3), 68.2 (C-6), 63.6 (C-1), 16.7 (C-7)). NMR measurement and analysis was conducted by
Pascal Rath (University of Tübingen, Organic Chemistry).

4.2.4.2. Characterization of the 7dSh-mediated inhibition of the DHQS from A. variabilis
and A. thaliana
In publication 3 (figure 1), it was shown that 7dSh inhibits the DHQS-mediated conversion
of DAHP into 3-dehydroquinate in a competitive manner by using purified enzyme from
A. variabilis (AvDHQS). Additionally, an inhibition constant of k i =17.6 µM was determined.
To further characterize this inhibition, an IC 50 -value (half maximal inhibition) of 23.3 µM for
7dSh for AvDHQS was determined (Figure 12 A). As it was also shown that 7dSh strongly
inhibits the germination of A. thaliana seedlings, the DHQS enzyme from this organism
(AtDHQS) was heterologously expressed, purified and used during an in vitro inhibition assay
as already described for the AvDHQS.
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Figure 12: Analysis of inhibitory effects of 7dSh and 7dSh-like compounds on the DHQS from A. variabilis
(AvDHQS) and A. thaliana (AtDHQS). A: Determination of the IC 50 -value for 7dSh for AvDHQS. B: Uptake of
the respective compounds into A. variabilis, shown as the decrease of the compounds in the supernatant. C: Effect
of different compounds on the growth of A. variabilis shown as cell density after four days of cultivation. 250 µM
of the respective compound were applied to A. variabilis cultures inoculated at a cell density of 0.2 µg*mL-1
chlorophyll a and cultivated for four days. Statistical analysis was performed by using a one-way ANOVA,
followed by Tukey’s multiple comparison test. Means that were significantly different (p-value <0.05) are labeled
with different capital letters. D: Michaelis-Menten kinetic of the DHQS from A. thaliana with the native substrate
DAHP. E–H: Determination of IC 50 -values for different compounds for AtDHQS. I: Compounds, shown in chair
confirmation, examined regarding their inhibitory potential towards the DHQS mediated reaction. Differences of
7dSh and DAHP are labeled in red. Differences compared to 7dSh are labeled in grey. All graphs show mean and
standard deviation of 3–4 replicates.

Initially, the kinetic parameters for DAHP using AtDHQS were determined
(k M =2.4 ±0.3 µM; v max =170.4 ±8.1 U*µmol enzyme -1; Figure 12 D), which were slightly higher
than

the

parameters

for

DAHP

using

AvDHQS

(k M =1.8 ±0.3 µM;

v max =149.3 ±6.1 U*µmol enzyme -1; publication 3, table 1). With 143.3 µM, 7dSh showed a
considerably higher IC 50 -value for AtDHQS (Figure 12 E) than for AvDHQS (Figure 12 A).
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D-Sedoheptulose,

a structurally very similar molecule (Figure 12 G), does not inhibit the

AtDHQS-mediated reaction, whereas carbaphosphonate, a known DHQS inhibitor (which also
served as a positive control), exhibited an IC 50 -value of 0.5 nM for AtDHQS (Figure 12 H),
which lies in the same range as the k i -value described in literature (k i =0.8 nM; Tian et al.,
1996).
Additionally, 7dGh inhibits the AtDHQS with an IC 50 -value of 464.7 µM (Figure 12 F),
which is much higher than that for 7dSh. To examine the effect of 7dSh, 7dGh and
carbaphosphonate (C) on A. variabilis, a bioactivity assay was performed (Figure 12 B). After
4 days of cultivation in the presence of 250 µM of the respective compound, the optical density
of 7dSh treated cells was significantly reduced, whereas 7dGh and carbaphosphonate treated
cultures were not growth inhibited (Figure 12 B). Additionally, the uptake of the compounds
by the cells was examined (Figure 12 C). After 48 h, around 50 % of the initially applied 7dSh
was taken up by A. variabilis (black), whereas only a small fraction of 7dGh (grey) was taken
up. Carbaphosphonate was not imported by A. variabilis (dashed).

4.2.4.3. Pre-incubation of AtDHQS with 7dSh
In publication 3 (figure 1), it was shown that 7dSh is a competitive inhibitor of the DHQS
enzyme. But, it can cause bactericidal effects on A. variabilis (Brilisauer et al., 2019). To
analyze whether 7dSh has an irreversible influence on the enzyme, the enzyme was
preincubated with 7dSh and the activity after different incubation times was analyzed (Figure
13). The activity of the enzyme in the presence of 200 µM 7dSh was normalized to the activity
of the enzyme without inhibitor, incubated for the same time. Figure 13 clearly shows that the
duration of 7dSh pre-incubation does not alter the activity of the enzyme, as the relative activity
remains unaltered (grey bars).

Figure 13: Influence of the pre-incubation of AtDHQS with 7dSh on the activity of the enzyme. AtDHQS was
incubated in buffer with 200 µM 7dSh for 5 or 20 min. The reaction was started by the addition of DAHP. The
approach without pre-incubation (0 min) was started by the addition of 7dSh and DAHP at the same time. Activity
was normalized to activity without inhibitor. The graph shows mean and standard deviation of 3–4 biological
replicates.
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4.2.4.4. 7dSh accumulation in A. variabilis
In publication 3 (figure 2), we showed that an effective uptake of 7dSh, which results in
an intracellular enrichment, is responsible for its strong inhibitory effect in A. variabilis. To
estimate the maximum possible intracellular concentration, a rough calculation was performed.
Brilisauer et al. (2019) showed that 13 µM 7dSh exhibit a bactericidal effect on A. variabilis
when inoculated at OD 750 =0.05. To estimate the cellular volume, a microscopical analysis was
performed. Cell length and diameter were determined. A. variabilis possesses an average length
of 4.4 ±0.7 µm and an average width of 2.8 ±0.4 µm (n=21). Assuming that the cell exhibits a
cylindrical shape, the average cell volume is 28 µm³, which corresponds to 2.8 *10-8 µL. With
the help of a “Fuchs-Rosenthal-Zählkammer”, the number of cells at OD 750 =0.05 was
determined. 750 cells were present in 1 µL of culture (750 cells*µL-1), which corresponds to a
total cell volume of 0.021 nL in 1 µL of culture. Assuming that the entire extracellular 7dSh is
taken up (13 µM=13 pmol*µL-1), this leads to an intracellular concentration of 619 pmol*nL-1
(=0.6 M) 7dSh, which corresponds to an enrichment of around 48.000-fold and is dramatically
higher than the IC 50 /k i -value which is around 20 µM (publication 3).

4.2.4.5. Effect of 7dSh on germinating Nicotiana benthamiana seedlings on soil
Brilisauer et al. (2019) showed that 7dSh as well as the commercially available herbicide
glyphosate strongly reduce the germination of A. thaliana seedlings on agar plates (from a
concentration of more than 25 µM). When applied in higher concentrations (260 µM), 7dSh
showed a significantly stronger inhibition on germinating seedings than glyphosate.
To examine this effect in a physiological system, an inhibition assay for germinating
seedlings on soil was developed, which can be performed in a 24-well plate. It was shown that
the effect of 7dSh on soil is comparable to the effect on agar plates (publication 1, figure 6 c).
To examine the effect on a further model organism, Nicotiana benthamiana (N. benthamiana)
seedlings were also cultivated on soil during the presence of 260 µM 7dSh (50 µg per seedling)
or 260 µM glyphosate for 14 days (38 µg per seedling) (Figure 14 C). The fresh weight of 7dSh
and glyphosate treated seedlings was significantly lower when compared to the untreated
control. A significant difference in the fresh weight was not observed between the two
treatments (Figure 14 A). Furthermore, the number of germinated seedlings and the number of
leaves were determined (Figure 14 B). Interestingly, 7dSh treated seedlings were less often
germinated when compared to glyphosate treatment.
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Figure 14: Effect of 7dSh and glyphosate (260 µM each) on the germination of N. benthamiana seedlings on
soil after cultivation for 14 days in long day regime (16 h light, 8 h dark). A: Fresh weight of the seedlings.
Statistical analysis was performed by means of a one-way ANOVA, followed by Tukey’s multiple comparison
test. Means that were significantly different (p-value <0.05) are labeled with different capital letters. Box-andwhisker plots represent the values of 15–24 germinated seedlings. B: Number of non-germinated seedlings and
number of leaves per seedling after 14 days of cultivation. C: Photograph of selected seedlings after 14 days of
cultivation to visualize the experimental setup.

33

34

5 Additional Material and Methods
5.1. RNA extraction, semi-quantitative RT-PCR
For RNA extraction, 2 mL cyanobacterial culture (OD 750 ≈4) was harvested by
centrifugation (10 min, 16.000 x g, 4 °C). The supernatant was discarded, and the cell pellet
was immediately frozen in liquid nitrogen. RNA extraction was performed with the RNeasy
Mini Kit (Qiagen, Hilden, Germany) according to the protocol with slight modifications. Pellets
were resuspended with 100 µL TE-buffer and 350 µL RLT buffer (containing
β-mercaptoethanol) and then transferred into screw cap vials containing around 150 µL glass
beads (⌀=0.10–0.11 mm). Cell disruption was performed with a FastPrep-24 instrument (MP
Biomedicals, 5 m*s-1, 20 sec, 3x 5 min break on ice in between). Elution of RNA was
performed with 30 µL diethyl pyrocarbonate (DEPC)-H 2 O. Remaining DNA was removed by
digestion with DNase I (Sigma Aldrich, St. Louis, USA). The total RNA was transcribed into
DNA by using High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Waltham,
USA). To monitor the transcription of selected genes, semi-quantitative PCR was performed
by designing gene-specific primers (Table 1), resulting in fragments of 100–200 bp in length.
The PCR was performed with Red Master-Mix Taq-Polymerase (Genaxxon bioscience, Ulm,
Germany) and analyzed via agarose gel electrophoresis (1.5 % agarose in TRIS-acetate-EDTA
(TAE)-buffer).
Table 1: Primers used for semi-quantitative qPCR. Primers were designed with a melting temperature of 60–
61 °C. Primer pairs were selected to form fragments with a size of 100–200 bp.

Amplified gene
Synpcc7942_1615, rnpA (House keeping
gene)
Synpcc7942_1005, Glucose-1phosphatase
Synpcc7942_1992, MTR-1P isomerase
Synpcc7942_1993, MTRu-1P
dehydratase
Synpcc7942_0923, MTA phosphorylase
Synpcc7942_0538, Transketolase

Name
Sequence (5’  3’)
77_rnpA_fw GAGTCCGTCAACGAAAGTC
78_rnpA_rev GTGAGCAGGCCATCAAAG
79_1005_fw
GACTGGCACGCTCTTTAC
80_1005_rev GGCATTCCAAGCCGTATC
83_1992_fw AGCCAACTCCGACTACTC
84_1992_rev GGCTGGTCAGAACCAAAC
89_1993_fw GGTGGTAACAGGCAATGG
90_1993_rev TTTCGTAGCCGGAGAAGG
91_0923_fw
TTCTTTCGGCCTCAGCAG
92_0923_rev TCGGCCAGTAGTTGACTC
93_0538_fw AACAAACCCGATGCCAAG
94_0538_rev GTGAAGGCAACGTCAGTC

5.2. pH measurement of culture supernatants
To measure the pH of the medium during the cultivation of S. elongatus under different
conditions, 1.5 mL of the culture were harvested by centrifugation (16.000 x g, 10 min, 4 °C)
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and the supernatant was transferred into a new 1.5 mL reaction tube. The pH was measured
with a pH meter (SevenEasy, Mettler Toledo, Columbus, USA), equipped with a micro
electrode (InLab Ultra-Micro-ISM) for small volumes.

5.3. Stability of 5dAdo in BG11 and 5dAdo uptake by S. elongatus
After 6 days of incubation (20 µM 5dAdo in BG11, H 2 O, or in S. elongatus cultures),
20 µL of the solution/supernatant were mixed with 80 µL MeOH and then analyzed via
electrospray ionization (ESI)-HR-LC-MS as described in publication 2.

5.4. Enzymatic synthesis of 7-deoxy-L-gluco-2-heptulose
50 mg

of

5-deoxy-L-arabinose

(Carbosynth,

Berkshire,

UK),

1 mg

thiamine

pyrophosphate, 1 mg MgCl 2 x6H 2 O, 50 mg hydroxypyruvate were dissolved in 1.5 mL
ultrapure water and the pH was adjusted to 7.5. After that 20 µL transketolase were added and
the reaction was incubated at 30 °C and 400 rpm shaking for 7 days. The reaction was stopped
by evaporation to dryness. After that the enzyme was precipitated by the addition of 25 mL
MeOH and a following centrifugation step. The supernatant was evaporated to dryness in the
presence of silica gel and then separated via MPLC (Chromabond Flash, RS 4 SiOH, MachereyNagel, Düren; flow rate: 10 mL*min-1; 100 % CHCl 3 , 0 % MeOH to 60 % CHCl 3 , 40 % MeOH
within 25 min). MPLC fractions were analyzed via TLC (Alugram Xtra SIL G UV 254
Macherey-Nagel, Düren; solvent: CHCl 3 :MeOH (8:5, v/v); detection with orcinol staining
(Brilisauer et al., 2019)). Product containing fractions were pooled and further purified using
HPLC as described by Brilisauer et al. (2019) for 7dSh.

5.5. Cultivation of S. elongatus (different environmental conditions; cultivation of
resistant mutant)
S. elongatus was cultivated as described in publication 2. The whole culture was split in
halves and then harvested by centrifugation (10 min, 4000 x g, room temperature), the
supernatant was discarded. To remove previously formed 5dR/7dSh or combined nitrogen, the
pellet was resuspended in BG11 medium or BG11 –N medium (without combined nitrogen)
and centrifugation was repeated. After that, the cultures were again inoculated with fresh
medium (BG11 or BG11 –N) and cultivated either in continuous light or in the dark aerated by
air supplemented with 2 % CO 2 . Supernatant analysis was performed via GC-MS as described
in publication 2.
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A spontaneous 7dSh-resistant S. elongatus (see publication 3 for characterization of the
mutant) was cultivated as described in publication 2. Supernatant analysis was performed via
GC-MS as described in publication 2.

5.6. Expression and purification of the dehydroquinate synthase from A. thaliana
The DHQS (EC 4.2.3.4) of A. thaliana (AT5G66120, thereafter: AtDHQS) was amplified
with primers 1 and 2 (Table 2). This comprises the whole protein including its N-terminal transit
signal sequence for import in the chloroplasts (predicted with ChloroP; Emanuelsson et al.,
1999). Cloning, expression, and purification of the DHQS was performed as described for the
AvDHQS (see publication 3).
Table 2: Primers for the amplification of the DHQS from A. thaliana (AT5G66120).

Name
1_At AroB fw
2_At AroB rev His

Sequence (5’ → 3’)
GAGAGACATATGGCAGCCAACACCATTTC
GAGAGACTCGAGGGATTTGGAGAATGCACG

5.7. Determination of kinetic parameters (kM, vmax, IC50)
The in vitro inhibition assay of the AtDHQS-mediated reaction was performed as described
for AvDHQS (see publication 3) with a slightly modified buffer (25 mM Tris-HCl pH 7.5). The
kinetic parameters v max and k M were determined as described for AvDHQS (see publication 3).
For IC 50 determination, the respective, prewarmed buffer (29 °C) was mixed with 10 µM
NAD+, 2 nM of the enzyme (AvDHQS or AtDHQS) and varying concentrations of 7dSh, 7dGh,
carbaphosphonate (kindly provided by BASF, Ludwigshafen, Germany),

D-sedoheptulose

(Sigma-Aldrich, St. Louis, USA) (at least 9 different concentrations) and then preincubated for
5 min at 29 °C. For IC 50 determination, substrate concentrations in the range of the k M -value
were chosen (2 µM DAHP for AvDHQS, 2.5 µM DAHP for AtDHQS) (Brooks et al., 2012).
To start the reaction, DAHP was added, and the samples were again incubated at 29 °C.
Phosphate release was monitored after 5 min as described in publication 3. The measurement
was performed in 3–4 replicates. For time point zero, a blank without enzyme was used. For
IC 50 determination the relative activity (activity at a specific inhibitor concentration divided by
activity without inhibitor) was plotted versus the inhibitory concentration. IC 50 -values were
calculated with GraphPad Prism 6 by fitting the data to the formula: 𝑌𝑌 = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 +

(𝑇𝑇𝑇𝑇𝑇𝑇−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)
(1+

𝑋𝑋
)
𝐼𝐼𝐼𝐼50

assuming a standard Hill Slope of –1.0.
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Pre-incubation experiments were performed by incubating AtDHQS (2 nM) with 200 µM
7dSh in the above-mentioned buffer for 5 or 20 min at 29 °C. The reaction was started by the
addition of 2.5 µM DAHP, stopped after 5 min by the addition of malachite green as described
in publication 3. The activity without pre-incubation (0 min pre-incubation) was performed by
adding 7dSh as well as DAHP. The activity in the presence of the inhibitor was normalized to
the activity without 7dSh (same time of pre-incubation).

5.8. Bioactivity assay with A. variabilis
To examine the inhibitory potential of 7dGh in vivo, a bioactivity assay with A. variabilis
was performed. A. variabilis was inoculated in BG11 medium (Rippka et al., 1979) with an
OD 750 =0.05 (corresponding to a chlorophyll a content of ≈0.2 µg*mL-1) and 250 µM 7dSh,
7dGh or carbaphosphonate. The assay was performed in a 24-well plate and a total volume of
1.5 mL. Cultivation was performed under constant light, continuous shaking (125 rpm) and at
a temperature of 29 °C. Cell density expressed as chlorophyll a content was determined after
4 days. Therefore, 1 mL of culture was centrifuged, the supernatant was discarded, and the cell
pellet was extracted with 1 mL 90 % MeOH (v/v) and incubated for 30 min in the dark. The cell
debris was removed by centrifugation. Chlorophyll a was measured by the absorbance at
665 nm and the amount was calculated as described by Mackinney (1941).

5.9. Uptake assays with A. variabilis
For the examination of the uptake of 7dSh and derivatives into A. variabilis, 10 mL BG11
medium was inoculated with A. variabilis at an OD 750 =0.5. 250 µM of 7dSh, 7dGh or
carbaphosphonate were applied in water. At different time points (0, 5, 24, 48 h) 1 mL of the
culture was harvested by centrifugation (25.000 x g, 1 min, 4 °C). 50 µL of the supernatant
were mixed with 50 µL MeOH and analyzed via HR-MS (maXis 4 G ESI QTOF mass
spectrometer (Bruker Daltonics, Billerica, USA) in flow injection mode. The peak areas of the
extracted ion chromatograms of the respective substance ([M+H], [M+Na]+) were used for a
relative quantification of the derivatives in the supernatant. Therefore, the peak areas at the
different time points were divided by the peak area at time point zero.

5.10.

Germination assays of N. benthamiana on soil

To examine the germination of N. benthamiana on soil in the presence of 7dSh and
glyphosate (Sigma-Aldrich, St. Louis, USA), each well of a 24-well plate was half-filled with
autoclaved and dried soil (GS90 standard soil with vermiculite). The wells were then filled with
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either 750 µL water (control), 7dSh or glyphosate (both in aqueous solutions with a
concentration of 260 µM; the glyphosate solution was adjusted to pH 7.0 with NaOH; final
amount: 195 nmol or 38 µg per well). N. benthamiana seedlings were sprayed with 70 % EtOH,
incubated for 10 min for sterilization and then plated into the 24-well plate, one seed per well.
To ensure simultaneous germination, the plate was sealed with parafilm and incubated for 24 h
at 4 °C in the dark. After that, the seedlings were transferred to a growth chamber (air humidity
40 %) with a long day light regime (16 h light, 20 °C, light intensity of 85 µE; 8 h dark, 18 °C).
Seedlings were harvested after 14 days. Number of leaves were determined by eye; fresh weight
was determined by carefully removing the soil from the seedlings.
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6 Discussion
Although 7dSh was already isolated from S. setonensis (Ito et al., 1971) in the 1970’s, the
discovery that the common laboratory strain S. elongatus also excretes this compound took
place significantly later (Brilisauer et al., 2019). In the work presented here, the biosynthetic
pathway for 7dSh in S. elongatus was elucidated. 7dSh derives from 5dAdo, an inhibitory byproduct of radical SAM enzymes, which is converted into 7dSh solely by promiscuous enzyme
activity, without the involvement of a specific gene cluster (Figure 5; publication 2). Moreover,
it was shown that 7dSh is a competitive inhibitor of the DHQS, the second enzyme of the
shikimate pathway.
7dSh can inhibit the growth of other cyanobacteria but also the growth of germinating
plants (publications 1+3). Furthermore, it could be shown that the inhibitory effect on
cyanobacteria is in some cases correlated with an effective uptake via promiscuous sugar
transporters (publication 3). Additionally, as different cyanobacteria are sensitive towards 7dSh
treatment, its role as an allelopathic inhibitor of the shikimate pathway was suggested
(publication 3).

6.1. 7dSh biosynthesis blurs the line between primary and secondary metabolism
7dSh biosynthesis challenges the “classical” view on the synthesis of bioactive, secondary
metabolites in two aspects: secondary metabolites in bacteria are usually products of specific
metabolic pathways organized in biosynthetic gene clusters (Blin et al., 2019). In contrast, 7dSh
biosynthesis is merely performed by promiscuous activity of primary metabolism enzymes,
which are not even clustered (Figure 5; publication 2). As organisms with a small genome only
possess the enzymatic equipment for the synthesis of essential metabolites (“primary
metabolism”), the herein described strategy presents a remarkable example of how this
deficiency can be circumvented by using promiscuous enzymes. In contrast to other secondary
metabolites, which are basically synthetized from simple building blocks of the primary carbon
metabolism, 7dSh derives from 5dAdo, an inhibitory by-product of radical SAM enzymes,
which has anyway to be removed (publication 2). One could even say that the formation of
“classical” secondary metabolites is an anabolic process, whereas the biosynthesis of 7dSh is
rather a catabolic process, in which 5dAdo is degraded. It is very likely that the production of
“secondary metabolites” from waste-products by promiscuous enzyme activity is a more
common, but widely overlooked strategy. Such metabolites cannot be predicted by classical
bioinformatical tools, as they rely on known, conserved biosynthetic gene clusters (Blin et al.,
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2019). This is underlined by the high abundance of unexplained peaks in metabolomic datasets
(Scalbert et al., 2009).
It is suggested that pathways for the synthesis of secondary metabolites are results of gene
duplication events as well as the divergence of genes encoding for primary metabolism
(Cavalier-Smith, 2007) and that ancient primordial enzymes were promiscuous, thereby
providing the required metabolic flexibility for organisms with a small genome (Jensen, 1976).
7dSh formation via promiscuous enzyme activity in S. elongatus, which has a small, streamlined genome, might be an example for such an “ancient” pathway of secondary metabolite
biosynthesis. It would be very interesting to see, if other 7dSh-producing organisms with large
genomes, like S. setonensis, incorporate a specialized, non-promiscuous biosynthetic gene
cluster for this purpose as this strain only excretes 7dSh but not 5dR. Unfortunately, only a 16 S
rRNA sequence (Gene bank: AB184488.1), but not the full genome sequence of the strain is
currently known.
Deoxy-sugars are widely distributed in nature, especially in prokaryotes, that use them as
building blocks for cell wall synthesis (e.g., 3,6-dideoxysugars in lipopolysaccharides of Gramnegative bacteria), as elements of extracellular polysaccharides, and as secondary metabolites
with antibiotic properties (Trefzer et al., 1999; Nedal and Zotchev, 2004; Christopher et al.,
2007). In contrast to 5dR/7dSh biosynthesis, where the deoxy-group derives from a radical
intermediate (Figure 2 A), other deoxy-sugars are synthesized via the deoxygenation of
hydroxyl groups of common carbohydrates like glucose, which have initially to be activated by
a nucleoside monophosphate or diphosphate (Christopher et al., 2007). This is for example
conducted by dehydratases belonging to the short-chain dehydrogenase/reductase family
(Christopher et al., 2007).

6.2. Regulation of 7dSh biosynthesis
5dAdo salvage in S. elongatus via 5dR/7dSh excretion is dependent on the environmental
conditions, although the amount of 5dAdo formed per cell is unaltered under the different
conditions (publication 2, figure 2+6), suggesting that another pathway for 5dAdo salvage
exists. 5dAdo degradation via the DHAP shunt is described in the literature and the enzymatic
equipment is available in the strain (Figure 5, pathway marked in grey). However, the
regulatory mechanism how 5dAdo or its subsequent intermediate 5dR-1P are directed either
towards 5dR/7dSh formation and excretion or towards another pathway (e.g., DHAP shunt;
Figure 2 B) is currently unknown.
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The expression of the genes involved in 5dR/7dSh biosynthesis as well as the DHAP shunt
were unaltered under both conditions (Figure 6), indicating that the regulation does not take
place on a transcriptional level. The apparent trigger of 5dAdo salvage via 5dR/7dSh formation
is the supplementation of the cultures with 2 % CO 2 . As a side-effect, the external pH of the
cultures is lowered from 10.5 to around 8.0 (Figure 8 B). It should therefore be further
investigated whether the external pH has a direct influence on the fate of 5dAdo in S. elongatus.
Different other environmental conditions were examined regarding their influence on
5dR/7dSh formation. By shifting 5dR/7dSh producing cultures into the dark, the formation of
both substances was interrupted (Figure 10 A). It would be interesting to find out if this
observation is due to absent 5dAdo formation or due to 5dAdo salvage via another pathway. In
contrast, temporary nitrogen starvation does not have any influence on the formation of
5dR/7dSh (Figure 10 B). Due to the long cultivation periods of S. elongatus (around 30 days),
in which cell densities of around OD 750 =6 were reached, it might be possible that other
macronutrients like phosphate or even light become limiting; this in turn might be the trigger
for 5dR/7dSh formation. For the cultivation medium BG11 according to Rippka et al. (1979),
it is suggested that phosphorous might be the limiting nutrient because it is supplied in amounts
that does not fit to the Redfield ratio (van Alphen et al., 2018).
By supernatant analysis of knockout mutants of the involved genes, it was clearly shown
that MTA phosphorylase as well as glucose-1-phosphatase are involved in 7dSh biosynthesis.
The promiscuity or bifunctionality of the MTA phosphorylase to use both MTA and 5dAdo
with similar efficiencies is described in different organisms (Savarese et al., 1981; Plagemann
and Wohlhueter, 1983; North et al., 2020). The glucose-1-phosphatase, belonging to the HADlike hydrolase superfamily, is in general characterized as a promiscuous enzyme which is able
to dephosphorylate various sugars (Turner and Turner, 1960; Pradel and Boquet, 1988). As it
can also exhibit phytase activity (Herter et al., 2006; Suleimanova et al., 2015), it might be
regulated by phosphate limitation, which could be the case in S. elongatus cultures producing
5dR/7dSh (see paragraph above). In vitro, the transketolase of S. elongatus has a 100-fold lower
affinity for 5dR than for its native substrate ribose 5-phosphate (Brilisauer et al., 2019),
indicating that conditional promiscuity (altered reaction conditions: e.g., pH, substrate
concentrations; Piedrafita et al., 2015) might play a role in 7dSh formation.

6.3. Origin of 5dAdo
5dAdo, the precursor molecule for 7dSh biosynthesis, is an inhibitory by-product of radical
SAM enzymes (Figure 2 A; Sofia et al., 2001; Wang and Frey, 2007). Due to the unique, oxygen
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labile [4Fe-4S] cluster, it was assumed that these enzymes only occur in anaerobic organisms
and it was speculated that they had already evolved before the advent of oxygenic
photosynthesis (Marsh et al., 2010; Broderick et al., 2014). Besides occurring in obligate
anaerobic organisms like Methanocaldococcus jannaschii, in which 2 % of the genome encodes
for them, various radical SAM enzymes were also identified in aerobic organisms during the
last years (e.g., R. rubrum, S. elongatus, humans; Beaudoin et al., 2018; North et al., 2020), but
with a lower frequency (publication 2; publication 4). In R. rubrum, radical SAM enzymes are
active, both under anaerobic and aerobic conditions, however 5dAdo formation was 75-fold
lower under the latter (North et al., 2020).
For S. elongatus in was also clearly shown that at least some of the 18 radical SAM
enzymes (publication 2, supporting information) are active under aerobic conditions, because a
mutant impaired in 5dAdo salvage excretes significant amounts of this substance (publication 2,
figure 6). As several radical SAM enzymes are involved in the synthesis of essential cofactors
– like biotin and lipoic acid, which are essential for the activities of the acetyl-CoA-carboxylase
and the pyruvate dehydrogenase complex – it is assumed that they are mainly responsible for
5dAdo formation in S. elongatus. It is certainly worth to further investigate which of the radical
SAM enzymes are exactly responsible for its synthesis, e.g., by monitoring the gene expression
of all radical SAM enzymes (publication 2, table S3) by semi-quantitative RT-PCR.

6.4. 7dSh biosynthesis – an alternative pathway for 5dAdo salvage 2
Along with the elucidation of the biosynthetic pathway of 7dSh in S. elongatus, a new
5dAdo salvage pathway was discovered (publication 2). 5dR was reported in the literature as
an intermediate of 5dAdo salvage (Beaudoin et al., 2018; North et al., 2020), but the excretion
and accumulation in the supernatant as a consequence of 5dAdo salvage had not been
previously described. By the formation of 7dSh, it is clearly shown that 5dAdo salvage can be
more than the removal of an inhibitory “waste” product. This pathway provides S. elongatus
with an advantage regarding its growth and helps to colonize its own niche. A similar
phenomenon is described for pathogenic strains of several organisms (e.g., Clostridium tetani,
Clostridium botulinum, Bacillus cereus, Bacillus anthracis, various E. coli ExPEC strains),
which possess putative DHAP shunt gene clusters, whereas the non-pathogenic genera of this
strain do not (Beaudoin et al., 2018; North et al., 2020; Rapp and Forchhammer, 2021). The
presence of this gene cluster enables E. coli strains, colonizing nutrient-limited extraintestinal
2

Parts of this chapter are adopted from publication 4: Rapp and Forchhammer (2021), 5-Deoxyadenosine
metabolism – more than “waste” disposal. Microbial Physiology.
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environments (urine, blood, and cerebrospinal fluid), to use 5dAdo and its intermediates, which
are common metabolites in this environment (Lee et al., 2004), as an exclusive carbon source
(North et al., 2020). Commensal E. coli were not able to utilize these metabolites, indicating
that the presence of a DHAP shunt gene cluster leads to a growth advantage (North et al., 2020).
These examples clearly show that 5dAdo is more than an inhibitory by-product, and its salvage
is more than simply a kind of “waste disposal”.
As during the last years, various non-canonical MSP pathways were discovered, some of
them connected to 5dAdo salvage, it is likely that further salvage pathways might exist (Erb et
al., 2012; North et al., 2017; Miller et al., 2018b; Miller et al., 2018a; North et al., 2020).

6.5. The cyanobacterial exometabolome
Metabolomic analyses of cell extracts, including cyanobacteria, are commonly applied
(Schwarz et al., 2013), but the composition of the exometabolome, or the metabolic footprint,
which contains the full set of extracellular metabolites (Kell et al., 2005), is usually not
profoundly analyzed. In addition to bioactive compounds, which are usually isolated by a
bioactivity guided purification protocol (e.g., Brilisauer et al., 2019; Atanasov et al., 2021), a
huge variety of other compounds is known to be excreted by bacteria (e.g., organic acids;
Dörries and Lalk, 2013; Ueda et al., 2016). Due to the high salt content of cyanobacterial media
(Rippka et al., 1979), the analysis via ion exchange chromatography is impossible without prior
desalting. In this work, a GC-MS based method for the analysis of polar compounds in
cyanobacterial supernatants was developed, which can be further used to study the
exometabolome of cyanobacteria. The occurrence of a multitude of unidentified peaks in the
GC-MS measurements conducted in the study shows that there are much more substances to
unravel. This is underlined by the finding that Synechococcus sp. PCC 7002 excretes at least
55 metabolites (Baran et al., 2010).

6.6. Ecological role of 7dSh
Following its synthesis, 7dSh is immediately excreted by S. elongatus to avoid autotoxicity
(publication 2). A yet unidentified excretion system helps the strain to overcome the inhibitory
effect of the endogenously formed 7dSh. Additionally, the precursor molecule 5dR, which also
inhibits the producer strain when present in high concentrations, is instantaneously exported,
but also (re-) imported (publication 2, figure 4). The import- and export system, however, has
not yet been identified.
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Some other cyanobacteria, but also dicotyledonous plants, are highly affected by 7dSh,
whereas only minor/no activity was shown towards heterotrophic bacteria like E. coli or
Gluconobacter oxidans (publications 1+3; Brilisauer et al., 2019). Therefore, it can be
suggested that 7dSh is an allelochemical, targeting organisms residing within the same
ecological niche (publication 3).
7dSh is the first allelopathic inhibitor from cyanobacteria targeting the shikimate pathway
(publication 3); others rather inhibit photosystem II (e.g., cyanobacterin, fischerellin A; Mason
et al., 1982; Gross et al., 1991). For A. variabilis and Synechocystis sp., it was shown that 7dSh
sensitivity is correlated with an effective uptake via structurally different, but promiscuous
sugar transporters (publication 3). Spontaneous mutations lead to a loss in 7dSh sensitivity, but
more important also in the capability to use fructose/glucose as a(n) (additional) carbon source
(publication 3). This suggests that S. elongatus might compensate its inability to grow
heterotrophically by the excretion of 7dSh, which either inhibits its competitors or results in the
loss of their capability of heterotrophic growth (publication 3). Nevertheless, other
cyanobacterial strains are not affected by 7dSh, indicating that other resistance mechanisms,
like export systems, might exist, too (publication 3). The different sensitivities of cyanobacteria
support the common phenomenon, that in complex communities, some species remain sensitive
towards an allelopathic inhibitor, whereas others develop strategies to tolerate it (Bubak et al.,
2020).

6.7. 7dSh and its potential application as an herbicide
In this work, the herbicidal potential of 7dSh was further examined. Therefore, a
germinating assay on soil was developed (see Figure 14 C for a visualization of the assay). The
growth of A. thaliana seedlings in the presence of 7dSh was significantly reduced compared to
the untreated control, but also compared to the treatment with glyphosate (publication 1,
figure 6 c). The effect on the fresh weight of germinating N. benthamiana seedlings was
comparable (Figure 14 A). However, no difference was observed compared with glyphosate
treatment. Interestingly, the total number of non-germinated seedlings treated with 7dSh was
higher than during glyphosate treatment (Figure 14 B). This suggests that in this state of
development, 7dSh is a more potent herbicide.
The breakthrough of glyphosate as the dominant herbicide was strongly supported by the
development of transgenic, resistant crops, which were obtained by the introduction of
glyphosate insensitive EPSP synthases (Della-Cioppa et al., 1987; Funke et al., 2006; Duke and
Powles, 2008). In this work, an alternative mechanism for the development of resistance is
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shown: it can be obtained by the disruption of the uptake, which was observed for A. variabilis
and Synechocystis sp., in which the respective transporters were affected (publication 3,
figure 2, figure 4). Interestingly, Bacillus subtilis (B. subtilis) also gained glyphosate resistance
by the disruption of the respective transporter, whereas E. coli elevated the production of the
target gene EPSPS or obtained a target with decreased sensitivity (Wicke et al., 2019).
A potential herbicide must be taken up, but the compound must subsequently be distributed
quickly and evenly within the whole plant in order to exhibit systemic toxicity. In plants,
carbohydrates are distributed via monosaccharide transporters belonging to the major facilitator
superfamily (Williams et al., 2000). Since it was shown that 7dSh can be transported via the
glucose permease in Synechocystis sp. (publication 3, figure 4), which belongs to the same
superfamily (Schmetterer, 1990), it is very likely that 7dSh can also be distributed within plants.
This could be monitored by means of

13

C 5 -labeled 7dSh in the future, whose synthesis is

described in publication 2.
The necessity of a proper uptake of an inhibitory substance is underlined by the fact that
carbaphosphonate, a very strong inhibitor of the DHQS (IC 50 is 287.000-times lower than for
7dSh; Figure 12 E, H), has no influence on the growth of A. variabilis (Figure 12 B), but also
of plants (Pompliano et al., 1989; Montchamp et al., 1992; Tian et al., 1996), as is not taken up
(Figure 12 C). A rapid uptake, leading to strong intracellular accumulation is essential for the
strong inhibitory effect of 7dSh in A. variabilis, but also in Synechocystis sp. (publication 3;
additional results, chapter 4.2.4.4). It is very likely that the missing uptake of carbaphosphonate
is due to the highly negative charge of the phosphonate group. Uncharged 7dSh mimics useful
carbohydrates and can sneak into the cells of different cyanobacteria like a Trojan horse
(publication 3). Interestingly, glyphosate is also charged, but it can nevertheless taken up, e.g.,
by an amino acid transporter in B. subtilis, whereas the uptake mechanism in plants is not
known (Wicke et al., 2019).
The in vitro data clearly showed that AtDHQS is inhibited by 7dSh, although the sensitivity
is 6-times lower that for AvDHQS. The influence of the presence of the N-terminal transit signal
sequence should be further investigated. 7dSh, as an antimetabolite of DAHP (k i =17.6 µM for
AvDHQS), as well as glyphosate as an antimetabolite of phosphoenolpyruvate (k i =1 µM for
EPSPS of Klebsiella pneumoniae), are competitive inhibitors of the shikimate pathway by
either inhibiting the DHQS or the EPSPS (publication 3; Steinrücken and Amrhein, 1984). The
competitive way of the 7dSh-mediated DHQS inhibition is further underlined by the fact that
pre-incubation of the enzyme with 7dSh does not diminish the activity (Figure 13).
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Glyphosate can be degraded by the soil microbiota, but the main degradation product
aminomethylphosphonic acid (AMPA) accumulates in the soil and the degradation of this
product is very slow (Rueppel et al., 1977; Kolpin et al., 2006). In contrast, due to the
elucidation of the biosynthetic pathway of 7dSh, which is performed by promiscuous enzymes
of the primary metabolism, it is most likely that 7dSh can be completely degraded by the soil
microbial community. This might be a useful property when developing a sustainable herbicide.
All this data, together with the results that 7dSh has no detrimental effect on eukaryotic cell
lines and the development of zebra fish (Brilisauer et al., 2019; Schweizer et al., 2019), suggest
that 7dSh might be used as a sustainable and safe herbicide.

6.8. The terminal deoxy-group of 7dSh is essential for the inhibition of the DHQS
To further analyze the 7dSh-mediated inhibition of the DHQS enzyme, D-sedoheptulose
was used as a control in the in vitro inhibition assay. 7dSh (7-deoxy-D-sedoheptulose) and
D-sedoheptulose

(sedoheptulose) have the same constitution and configuration, except for the

hydroxyl-group at C 7 which is replaced by a hydrogen in 7dSh (see Figure 12 I). Despite the
high similarity of both molecules, D-sedoheptulose did not show an inhibitory effect towards
AtDHQS, whereas an IC 50 -value of 143.5 µM could be determined for 7dSh. This clearly
showed that the deoxy-group (or – in other words – the missing hydroxyl-group) is essential
for its inhibitory effect. This might be explained by the observation that synthetic inhibitors
with shortened side chains (phosphonate compared to homophosphonate; see Figure 4 D) can
also bind more tightly to the enzyme (Bender et al., 1989b).
The importance of the terminal deoxy-group is further underlined by the fact that the 7dGh
derivative which is structurally more different than 7dSh as well as the native substrate DAHP,
inhibits AtDHQS with an IC 50 -value of 465 µM, whereas D-sedoheptulose does not. At first
glance, this is surprising as the configuration of the hydroxyl-group of 7dGh at C 5 , which is
essential for the first step of the DHQS mediated reaction (see Figure 4 A; Widlanski et al.,
1989; Carpenter et al., 1998), is altered (Figure 12 I). The inhibitory potential might be
explained with the following hypothesis: 7dGh, just like DAHP, is predominantly present as
α-pyranose (chapter 4.2.4.1; Garner and Herrmann, 1984), whereas 7dSh and D-sedoheptulose
are mainly present as furanoses (β-/α-furanose; 64 %/16 % for D-sedoheptulose). Only a minor
fraction exhibits α-pyranose constitution (20 % for D-sedoheptulose; Ceusters et al., 2013;
Brilisauer et al., 2019; Rapp et al., 2021). DHQS can solely bind pyranoses (Widlanski et al.,
1989), therefore only the small pyranose fraction of 7dSh can act as inhibitor. Although 7dGh
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fits into the active site less well than 7dSh, its (small) inhibitory potential can be explained by
its exclusive occurrence in pyranose constitution.
The insertion of a carboxylic acid group at C 1 , which is present in carbaphosphonate and
DAHP, might improve the inhibitory effect of 7dSh, as its negative charge is involved in the
coordination of the substrate or the inhibitor in the active site (see Figure 4 A; Carpenter et al.,
1998). Additionally, the synthesis of 7-deoxy-D-manno-2-heptulose might be interesting, as the
configuration of its hydroxyl-groups (to be more precise: the hydroxyl-group on C 4 ), is even
more similar to the native substrate DAHP than in 7dSh. It is however, impossible to synthesize
this carbohydrate by means of the transketolase as described for 7dSh and 7dGh because the
transketolase reaction leads to the formation of 3S/4R-configured ketoses (Turner, 2000).

6.9. Additional target for 7dSh?
It was clearly shown by in vitro inhibition assays (publication 3; Figure 12 A, E) as well
as metabolome analysis (Brilisauer et al., 2019), that 7dSh inhibits DHQS. It can nevertheless
not be excluded that secondary targets of 7dSh might exist: 7dSh-treated A. variabilis cells
showed a morphologically aberrant phenotype (Brilisauer, 2017). The cells looked swollen and
exhibited a lower autofluorescence. The filaments showed a strong fragmentation: after 48 h
nearly all of them only consisted of 1–5 cells per filament, whereas in untreated cultures more
than 50 % of the filaments were built up of more than 25 cells (Brilisauer, 2017). It was
speculated that 7dSh might also influence cell division or cell wall synthesis (Brilisauer, 2017).
Indeed, the initial steps of 3-deoxy-D-manno-octulosonic acid (KDO, 2-keto-deoxyoctonate)
synthesis, an essential component of the lipopolysaccharide layer of Gram-negative bacteria as
well as the plant cell wall (Doong et al., 1991; Radaev et al., 2000), are similar to the first
reactions of the shikimate pathway (Figure 15). Besides the structural similarities of the
intermediates, KDO 8-P synthase and DAH 7-P synthase are catalytically similar and are
probably a product of a divergent evolutionary process from a common ancestor (Radaev et al.,
2000).
7dSh – as an antimetabolite of DAHP – could also be an antimetabolite of KDO
8-phosphate. This hypothesis is underlined by unpublished metabolome data from 7dSh treated
Lemna paucicostata. Besides the known effects on amino acid metabolism, these data showed
a dramatically increased pool size of ribulose 5-phosphate, the precursor molecule for KDO
biosynthesis (Figure 15 B). Additionally, significant changes within the metabolic class of
“complex lipids, fatty acids and related” were observed, indicating that the inhibition of the
synthesis of cell wall components will disturb the composition of the membranes. Additionally,
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5dR (the precursor molecule of 7dSh) inhibits the growth of bacteria, e.g., S. elongatus
(publication 2) and B. subtilis (Beaudoin et al., 2018). It can therefore speculated that it might
be an antimetabolite of arabinose 5-phosphate. The influence of 7dSh or 5dR on the KDO
biosynthetic pathway should be further investigated in the future.

Figure 15: Comparison of the first steps of the shikimate pathway and the biosynthetic pathway for KDO
biosynthesis. A: First steps of the shikimate pathway. The precursor molecule erythrose 4-phosphate derives from
the pentose phosphate pathway. B: First steps of the biosynthetic pathway for KDO biosynthesis. Ribulose
5-phosphate, the precursor molecule for arabinose 5-phosphate, derives from the pentose phosphate pathway.
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