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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 deoxy-
sugar, 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 ICso-
value in the lower uM 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 Sekunddarmetaboliten mit
verschiedenen Funktionen. Dazu zahlt beispielsweise auch die Synthese allelopathischer
Inhibitoren, die in der gleichen Okologischen Nische lebende Organismen hemmen.
Ublicherweise werden solche Metaboliten von filamentosen Cyanobakterien mittels groRer
Gencluster hergestellt. Uberraschenderweise wurde kiirzlich ein bioaktiver Desoxy-Zucker,
genauer 7-Desoxysedoheptulose (7dSh), aus dem Kulturiberstand des einzelligen
Cyanobakteriums Synechococcus elongatus PCC 7942 (S. elongatus) isoliert. In der
vorliegenden  Arbeit wurde durch die Analyse des Kulturiiberstandes mittels
Gaschromatographie-gekoppelter Massenspektrometrie, Fltterungsexperimenten, sowie
Knockout Mutanten der Biosyntheseweg von 7dSh aufgeklart. Dieses leitet sich von
5-Desoxyadenosin (5dAdo) ab, einem inhibitorischen Nebenprodukt radikalischer SAM
Enzyme, die in allen drei Domanen des Lebens vorkommen. 5dAdo wird dabei lediglich durch
promiskuitive Aktivitat von Enzymen des Primérstoffwechsels metabolisiert. Dies fuhrt
zundchst zu einer Ausscheidung und Akkumulation von 5-Desoxyribose, gefolgt von einer
Anreicherung von 7dSh. Da S. elongatus ein kleines Genom ohne kanonische Gencluster fir
die Sekundarmetabolitsynthese besitzt, erlaubt diese Strategie die Synthese eines bioaktiven
Molekdils direkt aus einem ,,Abfall“-Produkt des Primarstoffwechsels. Dies findet vollstandig
durch promiskuitive Enzymaktivitdten statt, ohne dass daran ein spezifisches Gencluster
involviert waére. Diese Entdeckung stellt die klassische Sicht auf die Synthese von
Sekundarmetaboliten als Produkte spezifischer Gencluster in Frage und erweitert damit die
Bandbreite an bioaktiven Molekilen. Neben der Aufklarung des Biosyntheseweges von 7dSh
wurde hiermit auch ein alternativer Recyclingweg fiir 5dAdo, der bisher noch nicht bekannt
war, beschrieben.

Im zweiten Teil dieser Arbeit wurde auBerdem das Zielenzym von 7dSh in der Zelle, die
Dehydrochinat-Synthase, das zweite Enzym des Shikimatwegs, bestatigt. Durch die
Entwicklung eines in vitro Inhibitionsassays mit aufgereinigtem Enzym konnte gezeigt werden,
dass dieses Molekil die DHQS kompetitiv hemmt. Dabei liegen die Inhibitionskonstante wie
auch der ICso-Wert im niedrigeren uM Bereich.

7dSh inhibiert das Wachstum verschiedener Cyanobakterien. Es kann aber auch das
Wachstum auskeimender Pflanzen auf Erde hemmen, was fir eine potenzielle Verwendung als
Herbizid sprechen konnte. Aufierdem konnte gezeigt werden, dass die hemmende Wirkung von
7dSh auf Anabaena variabilis ATCC 29413 und Synechocystis sp. PCC 6803 uber eine

effektive und rasche Aufnahme mittels strukturell verschiedener, promiskuitiver
X1l



Zusammenfassung

Zuckertransporter zustande kommt. Beteiligt daran sind ein Fructose ABC-Transporter bzw.
eine Glucose-Permease. Spontane Mutationen im jeweiligen Kohlenhydrattransporter fihren
zu einem Verlust der 7dSh-Sensitivitéat, gehen aber auch mit einem Verlust der F&higkeit 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 6kologischen Nische unterstiitzt.
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2 Introduction

2.1. Cyanobacteria

The phylum Cyanobacteria, also known as Cyanophyta, comprises one of the largest sub-
groups 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
rkvavog (kyanos); 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 | and 1l consist of unicellular cyanobacteria, either single cells or colonial

aggregates which reproduce by binary fission, budding or multiple fission. Subsections 111-1V
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Introduction

are filamentous cyanobacteria. Cyanobacteria of section 111 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 (Komarek 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 42" 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
etal., 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
(Schldsser, 1994; Czerwik-Marcinkowska and Mrozinska, 2011; Mattern and Mares, 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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Introduction

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 (Cavalier-
Smith, 2007; Dewick, 2009). Secondary metabolites possess a large variety of (complex)
chemical structures (Figure 1; overview for cyanobacteria in: Ledo 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).
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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; Arstal 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.

HaC

Fischerellin A
HiC

ZI

~ .
Lyngbyatoxin A

Cl

Cyanobacterin

Figure 1: Selected secondary metabolites from cyanobacteria. Fischerellin A, an inhibitor of photosystem I,
was isolated from the freshwater cyanobacterium Fischerella muscicola (Gross et al., 1991; Hagmann and Juttner,
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 chlorine-
containing y-lactone, was isolated from the freshwater cyanobacterium Scytonema hofmanii and inhibits
photosystem Il (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 (Havarstein 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
etal., 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
Juttner, 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 (Ledo et al., 2009). Cyanobacterin from Scytonema
hoffmanni, a chlorine-containing y-lactone (Figure 1) targeting photosystem Il, 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 11 (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?
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

L 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 by-
product (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 Il 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.,
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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).
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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-B-lactamase superfamily (Baier and Tokuriki, 2014). Condition(al) promiscuity, in
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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 Casadesus, 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
Casadesus, 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-enolpyruvyl-
shikimate 3-phosphate synthase (EPSPS; Figure 3) — where it forms a transition state analogue
of phosphoenolpyruvate (Boocock and Coggins, 1983; Steinriicken 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 (Steinrticken 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, glyphosate-

resistant 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).
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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 Co?" is the most active but Zn?* 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 p-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 Cs is oxidized in a NAD*
and Zn?* dependent manner (Figure 4 A, step 1). In the second step, the phosphate group is
removed by B-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., 1989D).
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 (ki) in
the low nM range, whereas oxacyclic inhibitors (e.g., phosphonate, Figure 4 D) only act in the

low pM range (Bender et al., 1989b). Nevertheless, none of the wide variety of (homo-)
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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 Cs is reduced
by NADH. The only known irreversible inhibitor, ketocarbaphosphonate (Montchamp and
Frost, 1991), mimics this step as it has a keto-group at Cs. The carbonic acid group at C1 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» 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 $3C-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; Schéllhorn, Anna; Bleul, Lisa; WeilR,
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/fmich.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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Results

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 % CO2, whereas in cultures aerated with ambient air, only minor amounts of 5dR and
no 7dSh at all are formed (publication 2, figure 2). In CO2-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 13Cs-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 *Cs-labeled 5dR accumulate *3Cs-7dSh. However, only a minor portion of
13C5-5dR is converted into 13Cs-7dSh. Since the concentration of exogenously added *Cs-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 glucose-
1-phosphatase (EC: 3.1.3.10), belonging to the HAD-like hydrolase superfamily subfamily 1A,
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
iIs 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.
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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». 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. (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 glucose-
1-phosphatase (Figure 6, 3), encoded on gene Synpcc7942_ 1005, does also not lead to an
enhanced expression of the genes of the MSP.

House keeping gene mpA
Synpcc7942_1615

Glc-1-phosphatase MTA phosphorylase MTR-1P isomerase | MTRu-1P dehydratase Transketolase
Synpcc7942_0923 Synpcc7942_1992 Synpec7942_1993 Synpec7942_0538

Synpcc7942_1005

bp

1: 8. elongatus 2 % CO,
2: S. elongatus Air
3: 8. elongatus Synpcc7942_1005::spec, 2 % CO,

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; (1), in
S. elongatus cultures aerated with ambient air (2) or in S. elongatus Synpcc7942_1005::specr cultures aerated with
2 % CO» (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;. 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 % CO2 (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 % CO2, 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
CO2/HCOz3". Interestingly, the supernatant of CO2 supplemented cultures was more yellowish
than the supernatant of cultures aerated with ambient air. The yellow color of the supernatant

of CO. supplemented cultures further increased with the duration of the cultivation process.
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Figure 8: Effect of CO2 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, (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 uM 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 (OD7s0)
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 uM 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).
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Figure 9: 5dAdo stability in BG11 and 5dAdo uptake by S. elongatus. Extracted ion chromatograms of 5dAdo
(C10H13Ns503 [M+H, M+Na]*) obtained by HR-LC-MS analysis of 20 uM 5dAdo incubated in BG11 (blue peaks),
20 pM 5dAdo in water (green peaks), supernatant of S. elongatus cultures cultivated in the presence of 20 uM
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..

25



Results

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 % CO3). 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». 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 % COy). Figure 10 B shows that 5dR and 7dSh formation were almost unaltered under both
treatments.
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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;). 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 % CO32) 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». 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 (km=1.8+0.3uM for DAHP;
Vmax=149.3 6.1 U*pumolenzyme ™). If increasing concentrations of 7dSh were applied, the km-
value of DAHP increased but vmax remained nearly constant, which indicates a competitive
inhibition of the DHQS by 7dSh (publication 3, figure 1 C). Additionally, an inhibition constant
(kiy of 17.6 uM 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 ABC-
transporter 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 UM 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 uM) 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 uM, which is distinctly higher than physiologically occurring

concentrations (around 10 uM 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 Rt (s5-deoxy-L-
arabinose)=0.8, Rf (7deh)=0.53, mobile phase CHCIl3:MeOH (8:5, v/v)). 370 umol 5-deoxy-
L-arabinose were converted to 93 umol 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 C7H140s
[M+H]": 175.0965, found: 175.0967; m/z calculated for C7H140s [M+Na]*: 197.0784, found:
197.0786) and nuclear magnetic resonance (NMR): *H-NMR (600 MHz, D20) o-pyranose:
d(ppm)=3.86 (dq, J65=9.7 Hz, J67=6.3 Hz, 1H, H-6), 3.69 (dd, J43=9.6 Hz, J45=9.4 Hz, 1H,
H-4), 3.69 (d, Jia1b=11.7 Hz, 1H, H-1a), 3.52 (d, Jin1a=11.7 Hz, 1H, H-1b), 3.53 (d,
J34=9.6 Hz, 1H, H-3), 3.15 (dd, J56=9.7 Hz, J54=9.4 Hz, 1H, H-5), 1.27 (d, J76=6.3 Hz, 3H,
H-7); ¥*C-NMR (150 MHz, D20): a-pyranose 8(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 Tubingen, 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 ki=17.6 uM was determined.
To further characterize this inhibition, an 1Cso-value (half maximal inhibition) of 23.3 uM 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 ICsp-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 pM
of the respective compound were applied to A. variabilis cultures inoculated at a cell density of 0.2 pg*mL*
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 1Cso-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 Kkinetic parameters for DAHP using AtDHQS were determined
(km=2.4 0.3 UM; Vmax=170.4 £8.1 U*umolenzyme™; Figure 12 D), which were slightly higher
than the parameters for DAHP using AvDHQS (km=1.8 £0.3 uM;
Vmax=149.3 6.1 U*umolenzyme™?; publication 3, table 1). With 143.3 uM, 7dSh showed a

considerably higher ICso-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 ICso-value of 0.5 nM for AtDHQS (Figure 12 H),
which lies in the same range as the kj-value described in literature (ki=0.8 nM; Tian et al.,
1996).

Additionally, 7dGh inhibits the AtDHQS with an 1Cse-value of 464.7 uM (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 uM 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 uM 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).
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Figure 13: Influence of the pre-incubation of AtDHQS with 7dSh on the activity of the enzyme. AtDHQS was
incubated in buffer with 200 uM 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 uM 7dSh exhibit a bactericidal effect on A. variabilis
when inoculated at OD750=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 um and an average width of 2.8 £0.4 um (n=21). Assuming that the cell exhibits a
cylindrical shape, the average cell volume is 28 ums, which corresponds to 2.8 *10 pL. With
the help of a “Fuchs-Rosenthal-Z&hlkammer”, the number of cells at OD750=0.05 was
determined. 750 cells were present in 1 pL of culture (750 cells*uL™), which corresponds to a
total cell volume of 0.021 nL in 1 pL of culture. Assuming that the entire extracellular 7dSh is
taken up (13 uM=13 pmol*pL™), this leads to an intracellular concentration of 619 pmol*nL*
(=0.6 M) 7dSh, which corresponds to an enrichment of around 48.000-fold and is dramatically
higher than the ICso/ki-value which is around 20 uM (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 uM). When applied in higher concentrations (260 M), 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 UM 7dSh (50 pug per seedling)
or 260 uM glyphosate for 14 days (38 g 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 uM 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-and-
whisker 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.

Fresh weight
per seedling [mg]
9 3 &

number of seedlings

>

31

:
S
o
O
A

0

3
& ’1«@« sg(‘ p
)

o

9,

33



34



5 Additional Material and Methods

5.1. RNA extraction, semi-quantitative RT-PCR

For RNA extraction, 2 mL cyanobacterial culture (OD7s0~4) 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 uL  TE-buffer and 350 uL RLT buffer (containing
B-mercaptoethanol) and then transferred into screw cap vials containing around 150 uL glass
beads (2=0.10-0.11 mm). Cell disruption was performed with a FastPrep-24 instrument (MP
Biomedicals, 5 m*s?, 20sec, 3x 5 min break on ice in between). Elution of RNA was
performed with 30 pL diethyl pyrocarbonate (DEPC)-H>O. Remaining DNA was removed by
digestion with DNase | (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 Tag-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 gPCR. Primers were designed with a melting temperature of 60—
61 °C. Primer pairs were selected to form fragments with a size of 200-200 bp.

Amplified gene Name Sequence (5’ 2 3’)
Synpcc7942 1615, rnpA (House keeping  77_mpA_fw GAGTCCGTCAACGAAAGTC
gene) 78 rnpA_rev GTGAGCAGGCCATCAAAG
Synpcc7942 1005, Glucose-1- 79 1005 fw  GACTGGCACGCTCTTTAC
phosphatase 80 1005 rev  GGCATTCCAAGCCGTATC

. 83 1992 fw AGCCAACTCCGACTACTC
Synpecr942_1992, MTR-1P somerase g/ ™109> ey GGCTGGTCAGAACCAAAC
Synpcc7942_1993, MTRu-1P 89 1993 fw GGTGGTAACAGGCAATGG
dehydratase 90 1993 rev. TTTCGTAGCCGGAGAAGG

91 0923 fw  TTCTTTCGGCCTCAGCAG

Synpcc7942_0923, MTA phosphorylase 9570537y TCGGCCAGTAGTTGACTC
93 0538_fw  AACAAACCCGATGCCAAG
94 0538 rev  GTGAAGGCAACGTCAGTC

Synpcc7942 0538, Transketolase

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)
35



Additional Material and Methods

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 uM 5dAdo in BG11, H2O, or in S. elongatus cultures),
20 pL of the solution/supernatant were mixed with 80 uhL 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

50mg of b5-deoxy-L-arabinose (Carbosynth, Berkshire, UK), 1mg thiamine
pyrophosphate, 1 mg MgCl.x6H.0, 50 mg hydroxypyruvate were dissolved in 1.5 mL
ultrapure water and the pH was adjusted to 7.5. After that 20 pL 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, Macherey-
Nagel, Diiren; flow rate: 10 mL*min*; 100 % CHCls, 0 % MeOH to 60 % CHCl3, 40 % MeOH
within 25 min). MPLC fractions were analyzed via TLC (Alugram Xtra SIL G UVa2s4
Macherey-Nagel, Duren; solvent: CHCI3: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.. 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 Sequence (5° — 3°)
1 At AroB fw GAGAGACATATGGCAGCCAACACCATTTC
2_At AroB rev His GAGAGACTCGAGGGATTTGGAGAATGCACG

5.7. Determination of kinetic parameters (Km, Vmax, 1Cso)

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-HCI pH 7.5). The
kinetic parameters vmax and km were determined as described for AVDHQS (see publication 3).
For ICso determination, the respective, prewarmed buffer (29 °C) was mixed with 10 uM
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 ICso determination, substrate concentrations in the range of the km-value
were chosen (2 uM DAHP for AvDHQS, 2.5 uM 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
ICso determination the relative activity (activity at a specific inhibitor concentration divided by
activity without inhibitor) was plotted versus the inhibitory concentration. 1Cso-values were

calculated with GraphPad Prism 6 by fitting the data to the formula: Y = Bottom +
(Tofl_f—‘}twm assuming a standard Hill Slope of —1.0.
ICs0
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Pre-incubation experiments were performed by incubating AtDHQS (2 nM) with 200 uM
7dSh in the above-mentioned buffer for 5 or 20 min at 29 °C. The reaction was started by the
addition of 2.5 uM 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
OD750=0.05 (corresponding to a chlorophyll a content of ~0.2 ug*mL™) and 250 uM 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 OD750=0.5. 250 uM 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 pL of the supernatant
were mixed with 50 pL 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 puL water (control), 7dSh or glyphosate (both in aqueous solutions with a
concentration of 260 uM; the glyphosate solution was adjusted to pH 7.0 with NaOH; final
amount: 195 nmol or 38 g 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 pE; 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 by-
product 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, stream-
lined 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, onlya 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 Gram-
negative 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.. 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 OD7s0=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 HAD-
like 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; Sofiaetal., 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?

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;
Dorries 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 I1 (e.g., cyanobacterin, fischerellin A; Mason
etal., 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 3Cs-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 (ICsg 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 (ki=17.6 uM for
AVvDHQS), as well as glyphosate as an antimetabolite of phosphoenolpyruvate (ki=1 uM for
EPSPS of Klebsiella pneumoniae), are competitive inhibitors of the shikimate pathway by
either inhibiting the DHQS or the EPSPS (publication 3; Steinriicken 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).

47



Discussion

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 C7 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 ICsp-value of 143.5 uM 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 ICso-value of 465 pM, whereas D-sedoheptulose does not. At first
glance, this is surprising as the configuration of the hydroxyl-group of 7dGh at Cs, 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 1). The inhibitory potential might be
explained with the following hypothesis: 7dGh, just like DAHP, is predominantly present as
a-pyranose (chapter 4.2.4.1; Garner and Herrmann, 1984), whereas 7dSh and D-sedoheptulose
are mainly present as furanoses (3-/a-furanose; 64 %/16 % for D-sedoheptulose). Only a minor
fraction exhibits a-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 C1, 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 Cy), 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.
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Cyanobacterial antimetabolite 7-deoxy-
sedoheptulose blocks the shikimate pathway
to inhibit the growth of prototrophic organisms
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Antimetabolites are small molecules that inhibit enzymes by mimicking physiological
substrates. We report the discovery and structural elucidation of the antimetabolite 7-deoxy-
sedoheptulose (7dSh). This unusual sugar inhibits the growth of various prototrophic
organisms, including species of cyanobacteria, Saccharomyces, and Arabidopsis. We isolate
bioactive 7dSh from culture supernatants of the cyanobacterium Synechococcus elongatus.
A chemoenzymatic synthesis of 7dSh using S. elongatus transketolase as catalyst and
5-deoxy-D-ribose as substrate allows antimicrobial and herbicidal bioprofiling. Organisms
treated with 7dSh accumulate 3-deoxy-p-arabino-heptulosonate 7-phosphate, which indicates
that the molecular target is 3-dehydroquinate synthase, a key enzyme of the shikimate
pathway, which is absent in humans and animals. The herbicidal activity of 7dSh is in
the low micromolar range. No cytotoxic effects on mammalian cells have been observed.
We propose that the in vivo inhibition of the shikimate pathway makes 7dSh a natural
antimicrobial and herbicidal agent.
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producing microbes on earth—have gained increasing

attention in natural product research in recent years.
Their omnipresence in the light-exposed biosphere is based
on a large repertoire of survival strategies for withstanding
challenging environmental conditions and protecting their
niches against competitors. To this end, cyanobacteria produce
a wide range of secondary metabolites, often with a unique
composition and specialized functions, which mediate manifold
processes, such as chemical defense!, preservation?, and quorum
sensing3. Some of the known cyanobacterial metabolites exhibit
antiviral?, antibacterial®, antifungal®, or herbicidal’ activities,
with promising possible applications in human health, agri-
culture, or industry®.

Although cyanobacteria produce a broad range of bioactive
compounds in terms of structure and targets, only few are
described as classical antimetabolites. Antimetabolites are che-
mical analogs of the natural substrates of enzymes, where they
bind to the active site but are not converted to the functional
product. In this way, antimetabolites block a biological process,
such as a biosynthetic pathway. One of the best-studied cyano-
bacterial antimetabolites is the non-proteinogenic amino acid
B-methylamino-r-alanine (BMAA), which was initially isolated
from cultures of species of Nostoc®. BMAA can be mistakenly
incorporated into nascent proteins in place of L-serine, which
possibly causes protein misfolding and aggregation!0.

Antimetabolites are useful for controlling the growth of
microorganisms, fungi, and plants. To avoid harmful side effects,
these compounds should target biological processes that do not
occur in animals, especially mammals. One such process involves
the enzymes of the shikimate pathway, in which seven enzymes
catalyze the sequential conversion of erythrose 4-phosphate and
phosphoenolpyruvate (PEP) via shikimate to chorismatel!, the
essential precursor of the aromatic amino acids phenylalanine,
tyrosine, and tryptophan. Each enzyme of the shikimate pathway
catalyzes an essential reaction in chorismate biosynthesis that
cannot be bypassed by an alternative enzyme. The inhibition of
any enzyme of this pathway, therefore, leads to impairment of
the entire cell metabolism and results in arrested growth or even
cell death!2. Chemical compounds that interfere specifically with
any enzyme activity in this pathway are considered harmless for
humans and other mammals when handled at reasonable con-
centrations!3, Therefore, the enzymes of the shikimate pathway
are attractive potential targets for the development of novel
antimetabolites.

One of the most prominent antimetabolites that targets the
shikimate pathway is the synthetic herbicide glyphosate [N-
(phosphonomethyl)glycine] !4, whose use is intensely discussed,
most recently due to its perturbation of the gut microbiota of
honey bees!. Since its initial commercialization in 1974, gly-
phosate has become the main component of various total her-
bicides applied in agriculture, industry and private households,
today in amounts of >800,000 tons per year!6. Glyphosate is a
potent inhibitor of the 5-enolpyruvylshikimate 3-phosphate
(EPSP) synthase, which converts PEP and shikimate 3-phosphate
to EPSP. As a transition state analog of PEP, glyphosate leads to
the accumulation of shikimate 3-phosphate!”. This blocking of
the synthesis of the end products of the aromatic pathway results
in perturbation of metabolic homeostasis and eventually leads to
cell death. To our knowledge, glyphosate is the only bioactive
compound with a potent in vivo inhibitory effect on the shikimate
pathway that has been described to date. Another target of
antimetabolites is the first enzyme in branched-chain amino acid
synthesis, acetohydroxyacid synthase (AHAS, E.C. 2.2.1.6). Like
the shikimate pathway, the branched-chain amino acid synthesis
pathway is only found in plants, bacteria and fungi and therefore,

C yanobacteria—the dominating photoautotrophic, oxygen-
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compounds inhibiting the AHAS are highly successful commer-
cial herbicides!®1°.

Allelochemicals, bioactive compounds for the inhibition of
rival organisms, play a major role in cyanobacterial niche
competition. Both filamentous and colonial cyanobacteria are
known to be potent producers of a wide variety of allelochemicals
and other secondary metabolites?21. By contrast, little is known
about the synthesis of such metabolites by simple unicellular
cyanobacteria like Synechococcus and Prochlorococcus species.
Indeed, for a long time it was not even anticipated that these
cyanobacteria produce bioactive metabolites because of their
small, stream-lined genomes and lack of non-ribosomal peptide
synthase gene clusters?2. However, newer findings suggest an
extensive ability of simple unicellular cyanobacteria for the pro-
duction of secondary metabolites, which is mainly based on
catalytic promiscuity?>.

Synechococcus elongatus PCC 7942 is one of the most com-
monly used model organisms for molecular genetic studies in
cyanobacteria“. Its circular chromosome (ca. 2.7 Mb, GenBank
accession no. CP000100) and plasmids (GenBank accession nos.
AF441790 and S89470) lack apparent gene clusters for the
synthesis of complex secondary metabolites?>. However, it has
been reported that collapsing aged cultures of S. elongatus secrete
a non-identified hydrophobic metabolite that inhibits the growth
of a large variety of photosynthetic organisms2°.

In this work, we identify an anti-cyanobacterial bioactivity in
supernatants of stationary S. elongatus cultures. We assign this
bioactivity to a hydrophilic compound that therefore differs
from the metabolite cited above. Subsequent bioactivity-guided
isolation, structural elucidation, and characterization of the
mode of action reveal the first identified natural antimetabolite
that targets the shikimate pathway in vivo.

Results

Isolation of the bioactive metabolite. Supernatants of stationary
cultures of S. elongatus inhibited the growth of Anabaena
variabilis. The inhibitory activity could be extracted from lyo-
philized culture supernatants with the polar solvent methanol,
but not with chloroform, acetone, or ethyl acetate as visualized
by agar-diffusion plate assays (Fig. la). The producer strain was
not affected by these extracts. Significant production of the
inhibitor required CO, supplementation of liquid cultures and
was dependent on the cell density of the producer strain. Inhi-
bitor content apparently peaked after about 2 weeks of growth
of S. elongatus cultivated in batch cultures in BG11 medium
(Fig. 1b).

The chemical characterization of the bioactive compound
indicated high polarity and absence of UV absorption. The low
levels produced demanded an optimized bioactivity-guided
isolation protocol with several enrichment and purification
steps. A chromatographically pure compound was obtained via
successive size-exclusion chromatography, medium-pressure
liquid chromatography (MPLC) on normal phase, and ligand/
ion-exchange high-performance liquid chromatography (HPLC)
coupled to evaporative light-scattering detection (ELSD) (Sup-
plementary Fig. 1). The molecular formula of the bioactive
molecule was determined by electrospray ionization high-
resolution mass spectrometry (ESI-HRMS) to be C,;H;,0¢
(Mg = 194.18 Da from m/z=217.0675 [M+Na]*) (Supplemen-
tary Fig. 2).

We elucidated the structure of the chromatographically pure
compound using nuclear magnetic resonance (IH-NMR,
13C-NMR, and two-dimensional spectra; Supplementary Table 1,
Supplementary Figs. 12-16). The signals were assigned to the
constitution of a 7-deoxyheptulose and indicated the relative
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A. variabilis growth inhibition (diameter) of methanol extracts of S. elongatus supernatant on agar diffusion plates (turquoise). Values represent the mean

values of three biological replicates; standard deviations are indicated. Dots indicate data distribution. Source data are provided as a Source Data file
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Fig. 2 Structure and chemoenzymatic synthesis of 7-deoxy-sedoheptulose (7dSh, 1). a Chemoenzymatic synthesis of 7-deoxy-sedoheptulose (7dSh).
Absolute configurations of stereo-centers are indicated. b Chemical structure of 7dSh in the furanose form with given assignments of coupling constants
(gray). € (1-4) TH NMR spectra of 7dSh (CDs0D, 600 MHz) chromatographically purified from supernatants of stationary phase cultures of S. elongatus
(1, green), of the purified 7dSh from the supernatants of Streptomyces setonensis as control (2, red), and of enzymatically synthesized 7dSh (3, black).
Predicted from assigned NMR-data (4, blue) of 7dSh in the 7-deoxy-p-altro-heptulofuranose form (Bruker, TopSpin software). Additional proton NMR
signals in 1-3 give evidence for the dynamic forms of 7dSh in solution (open chain tautomers, ring conformers)

configuration mainly present in the furanose form (Fig. 2b, c). relative configuration?’. The occurrence of pyranose and furanose
In marked contrast to six-membered sugar rings (pyranoses), forms of D-2-heptuloses are known for Dp-altro-2-heptulose,
the five-membered furanoses exhibit complex multiple ring Dp-manno-2-heptulose, p-galacto-2-heptulose, and p-gluco-2-hep-
conformations, and the coupling pattern only allows a suggested tulose?8, The only p-2-heptulose existing mainly in furanose form
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corresponds to the altro configuration, which rendered this
configuration most probable for the inhibitor isolated from
culture supernatants of S. elongatus.

Chemoenzymatic synthesis of 7-deoxy-sedoheptulose. To
unambiguously prove the chemical structure of the
7-deoxyheptulose from S. elongatus culture supernatants, we
established the chemoenzymatic synthesis of 7-deoxy-p-altro-2-
heptulose (1) (7-deoxy-sedoheptulose, 7dSh). C,-carbohydrate
intermediates occur in the pentose phosphate pathway and can
be biosynthesized by the transfer of a C,-unit onto a Cs-precursor
using the enzyme transketolase. Transketolase (EC 2.2.1.1)
stereospecifically adds the nucleophile to the re-face of the
p-enantiomers of 2-hydroxyaldehydes (aldoses) and controls the
stereochemistry of the reaction to result in (3S, 4R)-configured
ketoses?’. We cloned the gene encoding the S. elongatus trans-
ketolase (Synpcc7942_0538) in an Escherichia coli His-tag
(PET15b) overexpression vector and purified the recombinant
protein by affinity chromatography (see Methods). In the enzy-
matic synthesis of 7dSh, recombinant S. elongatus transketolase
transfers the CI1-C2 ketol unit of B-hydroxypyruvate (3) to
5-deoxy-p-ribose (2) in the presence of thiamine diphosphate
and divalent cations (Mg2T)30 (Fig, 2a). Release of CO, from
B-hydroxypyruvate during the transketolase reaction prevents
the back-reaction and enables a one-way synthesis of 7-deoxy-p-
altro-2-heptulose (1), which is the only product according to
NMR and MS data.

Transketolases efficiently react with phosphorylated sugars, but
reactions with dephosphorylated sugars result in low yields?!. In
agreement, the chemoenzymatic synthesis of 7dSh from 5-deoxy-
p-ribose gave yields of about 20%. We purified chemoenzyma-
tically synthesized 7dSh following the same protocol used for
purifying 7dSh from culture supernatants (Supplementary Fig. 1),
except that size-exclusion chromatography on Sephadex LH20
could be omitted.

The 'H-NMR spectrum of chemoenzymatically synthesized
7dSh (1) was identical to that of the compound isolated from
S. elongatus culture supernatant. The chemical structure of 7dSh
was reported in 1970 as the metabolite SF-666B from Strepto-
myces setonensis nav. sp. by Ezaki, Tsuruoka3?. SF-666B was
described to show exclusive activity against Gluconobacter
oxydans subsp. suboxydans at low micromolar concentrations
(0.8 pgmL~1)33. Therefore, we isolated SF-666B from culture
supernatants of the Streptomyces setonensis production strain
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following our purification protocol (Supplementary Fig. 1). NMR
spectroscopy revealed that SF-666B is indeed identical to 7dSh
isolated from S. elongatus culture supernatants and to chemoen-
zymatically synthesized 7dSh (Fig. 2c).

Activity of 7dSh against cyanobacterial strains. With the
assigned structure of 7dSh (1) and milligram amounts of pure
compound at hand, we aimed for detailed biological profiling of
the compound. In contrast to the previously reported activity of
SF-666B, none of the 7dSh preparations (chemoenzymatically
synthesized, purified from culture supernatants of S. elongatus or
Streptomyces setonensis) showed any activity against Glucono-
bacter oxydans under the previously described assay conditions®?
and under various other tested conditions (not shown). By con-
trast, all 7dSh preparations inhibited the growth of the fila-
mentous cyanobacterium A. variabilis. To clarify the biological
activity of 7dSh and its biological mode of action, we first ana-
lyzed the effects of 7dSh on cyanobacteria in more detail (Fig. 3).

The effect of 7dSh (1) on A. variabilis depended on the ratio
between the 7dSh concentration and the cell density of the
cultures (determined as optical density at 750 nm, OD5s; Fig. 3a).
Cultures with an initial OD;s, of 0.5 were hardly affected by
7dSh concentrations up to 5 pug mL~1 (ca. 25 uM). When the cell
density of A. variabilis was lowered to an OD;s, of 0.2, 7dSh
had a dose-dependent effect. At a concentration of 2.5 ug mL~!
(ca. 13 uM), 7dSh showed a cytostatic effect. A further increase
of 7dSh to 5pgmL~! resulted in lysis of the cells. With even
lower initial cell densities (initial OD;5,<0.05), the effect of
7dSh was even more pronounced; already 2.5 ug mL~! 7dSh had
a bactericidal effect. Therefore, the effect of 7dSh on A. variabilis
can be either bacteriostatic or bactericidal, depending on the
amount of 7dSh available per cell. This result indicated a cellular
binding site for 7dSh that reduces the titer of the compound in
solution or a metabolic alteration of 7dSh.

We subsequently used bactericidal concentrations of 7dSh (1)
for bioprofiling to obtain unambiguous results. Since 7dSh was
active against a cyanobacterium but not against Gluconobacter
oxydans, we speculated that 7dSh might target the photosynthetic
apparatus. Treatment of A. variabilis with 7dSh (ca. 50 uM) led to
a slow decrease in photosynthetic oxygen formation over a period
of 24h (Fig. 3b). This effect is in contrast to that of specific
inhibitors of photosynthesis, such as 3-(3,4-dichlorophenyl)-
1,1-dimethylurea, which act almost immediately. The slow
decrease resembled the effect of the protein synthesis inhibitor
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Fig. 3 Effect of 7dSh (1) on the growth and photosynthetic oxygen evolution of A. variabilis cultures. a Growth of A. variabilis (OD750) at different
concentrations of 7dSh after 48 h of incubation. Cultures were inoculated to an OD;s¢ of 0.05, 0.2, or 0.5 (marked by dashed lines). 7dSh in aqueous
solution was added at time 0. Significant differences between adjusted initial OD;so and OD55q after 48 h were analyzed in a one sample t-test (*p-value <
0.05; **p-value < 0.01; ***p-value < 0.007; n.s., not significant). b Photosynthetic oxygen evolution by A. variabilis (initial OD;5o = 0.3) in the presence of
7dSh or neomycin (positive control) or without supplementation (BG11, negative control). 7dSh (ca. 50 uM) and neomycin (ca. 65uM) were added as
aqueous solution. Values in both graphs represent the mean values of three biological replicates; standard deviations are indicated. Dots indicate data

distribution. Source data are provided as a Source Data file
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Fig. 4 7dSh (1) prevents regeneration of resuscitating Synechocystis. a Optical density (black) and PSII quantum yield (turquoise) of chlorotic Synechocystis
cultures (initial OD750 = 0.5) regenerating in the absence or presence of 7dSh. NaNOs (17.3 mM) and 7dSh (ca. 260 uM) were added in aqueous
solution at O h. Values represent the mean values of three biological replicates; standard deviations are indicated. Dots indicate data distribution. b Oxygen
evolution of resuscitating Synechocystis cultures (initial OD;5o = 0.5) upon addition of nitrate (NaNOs, 17.3 mM) in the presence or absence of 7dSh
(ca. 206 uM). Significant differences between 7dSh treatment and untreated control for each timepoint were analyzed in an unpaired t-test

(*p-value < 0.05; **p-value < 0.07; *** p-value < 0.001; n.s., not significant). Values represent the mean values of three biological replicates; standard
deviations are indicated. Dots indicate data distribution. € Cultures of chlorotic Synechocystis (initial ODs5, = 0.5) 48 h after addition of nitrate (NaNOs,
17.3mM) and 7dSh. Numbers indicate concentration (ug mL=1) of 7dSh added to the culture. Source data are provided as a Source Data file

neomycin, which slowly decreases photosynthetic oxygen evolu-
tion by inhibiting the PSII repair cycle. This similarity suggested
an indirect effect of 7dSh on photosynthesis, ultimately mediated
by the inability to maintain the PSII repair cycle.

To narrow down the cellular processes targeted by 7dSh (1),
we made use of the unique properties of the recovery of nitrogen-
starved chlorotic cells as an experimental system, where different
metabolic activities are activated in a sequential order’. Here,
long-term nitrogen-starved Synechocystis sp. cells were allowed
to resuscitate from chlorosis by adding nitrate. In a typical
experiment, the cells return to vegetative growth within 48 h in
a highly coordinated process. Almost immediately after nitrate
addition, dormant cells switch on metabolism and re-establish the
basic enzymatic machinery. After approximately 16 h, photo-
synthesis and CO, fixation are turned on, and at the end of
recovery, cells divide again. To reveal whether and at which stage
resuscitation is blocked by 7dSh, chlorotic Synechocystis sp. cells
were treated with 7dSh immediately before nitrate was added
to initiate resuscitation. Following the addition of nitrate,
control cultures showed the expected re-greening and return of
photosynthetic activity®. The presence of 7dSh prevented
resuscitation and re-greening in a dose-dependent manner
(Fig. 4c). Measurement of oxygen exchange (Fig. 4b) and of
PSII activity through pulse amplitude modulation (PAM)
fluorometry>® (Fig. 4a) showed that 7dSh-treated cells initially
started respiratory glycogen consumption but then were unable
to proceed further in the recovery and to restore their
photosynthetic machinery. This clearly indicated that 7dSh
affected metabolism at an early stage of resuscitation that is
mainly characterized by anabolic reactions such as de novo
amino acid synthesis®.

Inhibition of 3-dehydroquinate synthase by 7dSh. To elucidate
the mechanism of action, the effect of 7dSh (1) on the metabolic
pattern of resuscitating Synechocystis sp. and exponentially
growing A. variabilis was analyzed. Liquid cultures of the
respective cyanobacteria were incubated in the absence or pre-
sence of 7dSh. At different time points, cells were collected and

extracted with an acidic methanol/water solution (see Methods)
for molecular analysis by LC-HRMS. Software-based subtraction
(MetaboliteDetect 2.1, Bruker Daltonics) of the standardized MS
chromatograms facilitated the detection of metabolic differences
between cell samples of untreated and 7dSh-treated cultures. This
analysis revealed a fast and massive accumulation of a metabolite
with the sum formula of C,;H;30,0P (Mp=288.14Da from
m/z=289.0325 [M+H]t and 287.0171 [M—H]~) in 7dSh-
treated cells. Within 1h after 7dSh (1) addition to A. variabilis
cultures, the concentration of the respective compound increased
more than fifteen fold as compared to initial concentration of
untreated control cultures (t=0h) (Supplementary Fig. 3a, b).
The accumulation of the respective compound further increased
over time, reaching the 72-fold concentration (about 1.1 uM) as
compared to untreated control cultures (about 16 nM) after 4 h.
The sum formula (C;H;30,0P) and comparison of the MS/MS
fragmentation pattern (Supplementary Fig. 3c) with MetFrag
insilico fragmentation® and data in the literature3’ revealed that
the accumulated compound was 3-deoxy-p-arabino-heptuloso-
nate 7-phosphate (DAHP) (4, Supplementary Fig. 4). DAHP is
the substrate of 3-dehydroquinate (DHQ) synthase, one of the
first enzymes in the shikimate pathway, which converts DAHP to
DHQ. This essential reaction in shikimate biosynthesis cannot be
bypassed by alternative enzymes. The accumulation of DAHP is
in accordance with DHQ synthase being the biological target of
7dSh38. Within the five-step reaction mechanism for conversion
of DAHP to DHQ by DHQ synthase3, the second step represents
the P-elimination of the phosphate group of DAHP (Supple-
mentary Fig. 4). We propose that 7dSh (1) mimics DAHP (4), the
natural substrate of DHQ synthase. The C-7-methyl group of
7dSh, which is absent in DAHP, would impede the B-elimination
in step 2, thereby leading to an inhibition of DHQ synthase and
consequently the accumulation of DAHP.

Inhibition of the shikimate pathway triggers a metabolic
perturbation that leads to decreased pools of aromatic amino
acids, and, as a result of perturbed protein synthesis, also to the
accumulation of non-aromatic amino acids such as leucine,
valine, and arginine40. Thus, to confirm our hypothesis, we
analyzed the levels of aromatic and selected non-aromatic amino
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Fig. 5 Effects of 7dSh (1) on amino acid levels in A. variabilis cells. Levels of selected amino acids in A. variabilis (initial OD;5¢ = 0.5) treated with 7dSh
(260 pM) for 4 h and respective untreated control cultures. Significant differences between 7dSh treatment and untreated control were analyzed in an
unpaired t-test (*p-value < 0.05; **p-value < 0.01; ***p-value < 0.001; n.s., not significant). Values represent the mean values of five biological replicates;
standard deviations are indicated. Dots indicate data distribution. Source data are provided as a Source Data file

acids in 7dSh-treated and untreated A. variabilis cultures by
LC-HRMS (Fig. 5). 7dSh (1) induced a significant accumulation
of the non-aromatic amino acids leucine, isoleucine, valine and
arginine. Within 4h, the levels of isoleucine, arginine and
valine increased almost threefold, and that of leucine about
fivefold. By contrast, the levels of all aromatic amino acids
significantly decreased in comparison to untreated control
cultures (about 55% for tryptophan, 30% for phenylalanine and
20% for tyrosine).

The significant accumulation of DAHP (4) and changes in
amino acid levels were also detected in cultures of nitrogen-
starved Synechocystis sp. that were resuscitating from chlorosis
in the presence of 7dSh (1) (Supplementary Fig. 5). Because of
the lower metabolic activity of chlorotic cultures, DAHP
accumulation was delayed but comparable to 7dSh-treated
A. variabilis cultures.

We obtained further evidence that 7dSh (1) is an inhibitor
of the shikimate pathway in an amino acid feeding experiment.
The uptake of aromatic metabolites should mitigate the effects
induced by 7dSh. PAM fluorometry of A. variabilis cultures
revealed a 7dSh-induced decrease in the PSII quantum yield to
about 10% of that of untreated control cultures (Supplementary
Fig. 6). This effect was alleviated by supplementation with a
mixture of aromatic amino acids. By contrast, supplementation
of untreated control cultures with the aromatic amino acid
mixture did not affect their PSII quantum yield. Supplementation
with aromatic amino acids similarly alleviates the effects of
glyphosate on other cyanobacteriat!.

Antifungal and herbicidal effects of 7dSh. As the shikimate
pathway occurs in other bacteria and in fungi and plants, we

decided to investigate the effects of 7dSh (1) on organisms other
than cyanobacteria. We chose the yeast model organism
Saccharomyces cerevisiae as the fungal representative. When
S. cerevisiae was cultivated in YPD complex medium, 7dSh did
not affect growth. By contrast, when the yeast was grown in
YNB minimal medium with defined carbon and nitrogen sources,
7dSh (10 ugmL~1, ca. 50 uM) inhibited growth (Supplementary
Fig. 7), with a lower growth rate and a significantly lowered
final optical density (ODggo of about 0.5) compared to growth
in the absence of 7dSh (final ODg of about 0.95). Glyphosate
(100 pgmL~!, ca. 590 uM) had to be applied at more than
tenfold higher concentration to achieve a similar effect. A similar
decreased growth rate instead of complete growth inhibition of
microbes has earlier been described for glyphosate*2. If an anti-
metabolite binds reversibly to the targeted enzyme, it will be
replaced by the accumulating natural substrate. Therefore, a
high intracellular concentration of the antimetabolite and low
abundance of target enzyme favor inhibition of the targeted
reaction. The observed residual growth of S. cerevisiae is con-
sistent with a putative reversible binding of 7dSh.

As the representative for testing the effects of 7dSh (1) on
plants, we chose the model organism Arabidopsis thaliana.
Seedlings of A. thaliana germinated in mineral salt medium were
significantly affected by micromolar concentrations of 7dSh. After
7 days, seedlings of the untreated control formed distinct roots
with numerous root hairs and green cotyledons (Fig. 6a). The
control seedlings showed gravitropism, and the distance between
the shoot and root apical meristem was about 6 mm (Fig. 6b).
Even a low concentration of 7dSh (5pgmL~!, ca. 25uM)
significantly affected the size of the seedlings. At concentrations
of 25 or 50 pM, the growth inhibition effects of 7dSh were
similar to those of glyphosate at the same concentrations.
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Fig. 6 7dSh (1) reduces the growth of A. thaliana seedlings. a Morphological appearance of autotrophically grown Arabidopsis thaliana seedlings 7 days after
induction of germination. Seedlings were grown in constant light on agar plates without an antimetabolite (control) or in the presence of 7dSh or
glyphosate. Plates were mounted vertically and illuminated from above. White arrows mark the root and shoot apical meristem. Scale bar (5 mm) applies
to all images. b Measurement of the distance between root and shoot apical meristem. Significant differences between seedling sizes were analyzed in an
unpaired t-test (*p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; n.s., not significant). Box-and-whisker plots represent the values of at least

16 seedlings. ¢ Effect of 7dSh and glyphosate (each 260 uM) on the growth of A. thaliana on soil after 18 days in a day/night cycle. Statistical analysis was
performed by using a one-way ANOVA. Tukey's multiple comparison test was used as the post-hoc test. Means that were significantly different (p-value <
0.05) are marked with different capital letters in the diagram. Box-and-whisker plots represent the values of at least 58 A. thaliana seedlings. For b, ¢: Error
bars indicate range, box bounds indicate second and third quartiles, center lines indicate median. Source data are provided as a Source Data file

At concentrations of 130 and 260 uM, the inhibitory effect of
7dSh significantly surpassed that of glyphosate at the same
concentrations, both in terms of seedling size (Fig. 6b) and
morphological appearance (Fig. 6a). Impaired growth and
aberrant morphology of the seedlings were particularly evident
at higher concentrations of 7dSh (260 uM). In this case, the
seedling growth was arrested within the first days. Only minor
root and cotyledon formation was observed, and gravitropism
was impaired (Fig. 6a and b). In comparison, A. thaliana
seedlings that had been treated with higher concentration of
glyphosate (260 uM) were less affected. They developed further,
formed roots with small root hairs and bigger cotyledons. In the
following days (day 7 to 14), no further plant growth or
morphological change was observed in the presence of the
inhibitors.

LC-HRMS analysis of whole plant extracts of the A. thaliana
seedlings revealed a 7dSh-induced accumulation of DAHP, which
was not detectable for the control or glyphosate-treated seedlings
(Supplementary Fig. 8). As a proof of principle the accumulation
of shikimate 3-phosphate was detectable in glyphosate-treated
seedlings but not detectable in control or 7dSh-treated plants.

In order to evaluate the herbicidal activity of 7dSh (1) in more
natural conditions, growth of A. thaliana in presence of the
inhibitor was investigated in soil in a day/night cycle (Fig. 6c).
After 18 days, seedlings were harvested and weighted. The weight

of the seedlings was significantly reduced in 7dSh and glyphosate
treatment as compared to untreated control. Furthermore, the
inhibitory effect of 7dSh significantly surpassed that of glyphosate
as the weight of the 7dSh-treated seedlings was less than half as
much as that of the glyphosate-treated seedlings.

Early germination events are characterized by the efficient
reactivation of metabolic pathways*3. Metabolites required for the
induction of germination are stored in the seeds. Once these
reserve materials are depleted, the proliferation of the seedlings
relies on de novo synthesis of intermediates and growth factors.
Glyphosate- or 7dSh-induced inhibition of the shikimate pathway
therefore leads to an effective arrest of the seedling growth.

Cytotoxicity of 7dSh on mammalian cells. To determine whe-
ther 7dSh (1) affects mammalian metabolism, we tested various
human cell lines (THP-1 macrophages, A549 human lung epi-
thelial cells, HepG2 human liver epithelial-like cells, 293 human
embryonal kidney cells) and primary human neutrophils in
cytotoxicity assays. 7dSh did not show any cytotoxic effects on
tested human cell lines and primary cells (Supplementary Fig. 9a),
even at 5mM, a concentration that is two orders of magnitude
higher than that required for its herbicidal effect. Neither 7dSh
nor glyphosate at 5mM lysed cells, as measured by the release of
lactate dehydrogenase. Further, the morphological appearance
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of 7dSh-treated macrophages did not differ from that of the
untreated control (Supplementary Fig. 9b,c).

The biology of 7dSh for the producer strain. It is surprising to
us that 7dSh (1), which has never before been described in cya-
nobacteria, was isolated from the unicellular cyanobacterium S.
elongatus. S. elongatus is a common laboratory strain but has
never been described as a producer of hydrophilic secondary
metabolites. The role of 7dSh in metabolism and for the phy-
siology of the producer strain yet remains enigmatic. Due to the
streamlined genome, which lacks classical secondary metabolite
gene clusters??, the biosynthesis of 7dSh is not yet clear. However,
to the best of our knowledge, a specific biosynthetic gene cluster
or pathway may not be necessary for the biosynthesis of 7dSh. It
has been shown for another cyanobacterial strain with a small
genome, that enzymatic promiscuity enables the production of a
large variety of secondary metabolites without the need of specific
enzymes?3, One of the enzymes known for enzymatic promiscuity
is the transketolase, the enzyme we used for chemoenzymatic
synthesis of 7dSh. The transketolase plays a fundamental role in
cyanobacterial metabolism, e.g., in the Calvin cycle, and exhibits a
wide substrate specificity. To shed light on the biosynthesis of
7dSh, we screened S. elongatus cultures for the presence of a
potential 7dSh precursor. The screening resulted in the isolation
of the monosaccharide 5-deoxy-p-ribose (2), a metabolite never
isolated from nature before (Supplementary Fig. 10a, b, Supple-
mentary Fig. 17-21).

The effective in vitro conversion of 5-deoxy-p-ribose (2) to
7dSh (1), carried out by the S. elongatus transketolase in our
chemoenzymatic synthesis, suggests this reaction is the final step
in the biosynthesis of 7dSh. The affinity of the cyanobacterial
transketolase to 5-deoxy-p-ribose was about 100-fold lower than
the affinity to the natural transketolase substrate D-ribose 5-
phosphate (Supplementary Fig. 10c, d), enough to explain the
minute levels of 7dSh produced by S. elongatus in later stages of
growth, where CO, fixation and consequently bp-ribose 5-
phosphate levels decrease. Nevertheless, the synthesis of the
assumed precursor 5-deoxy-p-ribose remains enigmatic. Future
studies shall clarify whether this compound is a side product of a
primary metabolic pathway or whether yet unidentified enzymes
are involved.

The biological role of 7dSh (1) for the producer strain remains
obscure. Since 7dSh shows allelochemical characteristics and is
excreted to the medium, its production could also be a strategy of
S. elongatus to protect its niches against other competitors. Even
though the low production level of 7dSh in laboratory test
conditions questions this hypothesis, the 7dSh concentration
could be higher under certain natural conditions, such as in
biofilms. Although S. elongatus laboratory strains usually grow
planktonically, the re-isolated wild-type grows in a biofilm*4.
When growing in a biofilm or a microbial mat, the concentration
of 7dSh could increase to a level sufficient to provide
physiological effects such as controlling the surrounding micro-
bial community.

Discussion

This paper reports the first natural compound—the rare sugar 7-
deoxy-sedoheptulose (7dSh; 1)—that acts as an in vivo inhibitor
of the DHQ synthase as part of the shikimate pathway. Even
though various inhibitors of DHQ synthase have been described
in the literature3®4>-47 (Supplementary Fig. 11), none of these
metabolites were reported to show strong in vivo activity against
microbes or plants. Furthermore, in contrast to the known DHQ
synthase inhibitors, 7dSh is comparatively simple to synthesize
and production could be easily scaled up. Notably, 7dSh shows

8 NATL

in vivo activity, especially against autotrophically growing
organisms. We expect that 7dSh would also inhibit the growth
of microorganisms in habitats with minimal nutrient concentra-
tions. In nutrient-saturated habitats, microorganisms can take up
aromatic metabolites from their environment and thereby miti-
gate the effect of 7dSh. The promising in vivo activity confers
7dSh antibacterial, antifungal, and herbicidal characteristics,
which could enable its deployment as an agent in agriculture,
water management, veterinary medicine, and even human med-
icine. Additional studies are needed to determine the medical and
economic potential of 7dSh.

Methods

Strains and culture conditions. Cyanobacterial strains (Synechococcus elongatus
PCC 7942, Anabaena variabilis ATCC 29413, and Synechocystis sp. PCC 6803)
were routinely cultivated under photoautotrophic conditions with continuous
illumination at 30-60 uE (Lumilux de Lux, Daylight, Osram) at 27 °C. Cells were
cultivated in flasks with shaking at 120-130 rpm. Unless indicated otherwise, cells
were cultivated in BG11 medium*S supplemented with 5mM NaHCO;. For
BGI11 solid medium, 15gL~! Bacto agar (Difco) was autoclaved separately and
combined with BG11 liquid medium.

Large-scale batch cultures of S. elongatus were cultivated in 1 L flasks containing
700 mL BG11 medium for 14 days under illumination at 55 pE. The cultures were
gassed with air supplemented with 2% CO,. Batch cultures were inoculated with
densely grown pre-cultures to an ODysp of 0.2.

For cultivation of nitrogen-starved Synechocystis sp., NaNO; was omitted from
BG11 medium as previously described*: Nitrogen starvation was initiated by
centrifugation of the cells at room temperature at less than 3500 x g (Hereaus
Megafuge 1.0 R). Cell pellets were washed, resuspended (desired OD;5, = 0.4) and
cultivated in BG11 without NaNO; for two weeks (shaken in 500 mL Erlenmeyer
flasks). Resuscitation of chlorotic cells was initialized by the centrifugation of the
cells at less than 3500 xg (Hereaus Megafuge 1.0 R) followed by the resuspension of
the cell pellets in BG11.

Streptomyces setonensis SF666 (NBRC No. 13797) and Gluconobacter oxydans
subsp. suboxydans (VTT E-97003) were cultivated as previously described3>.
Briefly, S. setonensis was grown in complex media containing 2.5% (w/v) glucose,
3.5% (w/v) soy flour (soybean meal), 0.5% (w/v) soluble vegetable protein and
0.25% (w/v) NaCl at pH 7.0 and 28 °C for 7 days. Cultures were grown under
constant shaking (250 rpm) in 500 mL Erlenmeyer flasks covered by foam caps.
G. oxydans was grown in complex media containing 0.2% (w/v) Na-glutamate,
0.2% (w/v) KoHPOy, 2% (w/v) sucrose, 0.2% (w/v) peptone, 0.5% (w/v) yeast
extract, 0.01% (w/v) MgCl,, 0.001% (w/v) FeSO, and 0.001% (w/v) MnSO, at pH
6.8 and 30 °C. Cultures were tested for their sensitivity against 7dSh on agar plates
(1.5% (w/v) agar) and in liquid media in 96 well plates. 96 well plates were analyzed
by a microplate reader (Tecan Spark®10 M) at a wavelength of 600 nm.

Saccharomyces cerevisiae was grown in yeast extract-peptone-dextrose (YPD)*®
medium or yeast nitrogen base (YNB) without amino acids (Sigma-Aldrich)
medium supplemented with 0.5gL~" fructose and 1 gL~" casamino acids with
continuous shaking at 30 °C.

For agar plate experiments seeds of Arabidopsis thaliana accession Col-0 were
germinated in half-strength Murashige and Skoog (MS) salts basal medium (Sigma
Aldrich) agar plates (1.5%, w/v, Bacto agar) under constant illumination (60 uE) at
24 °C. For simultaneous growth of seedlings, seeds were stored at 4 °C overnight
prior to initiation of germination. Subsequent, seedlings were grown for 7 days. To
achieve growth of seedlings along the agar, plates were mounted vertically and
illuminated from above.

For Arabidopsis thaliana experiments in soil, 24-well plates (three plates for
each condition) were filled half with autoclaved and dried GS90 standard soil
(Patzer GmbH, Germany) and vermiculite. Subsequently, wells were filled with
750 uL water (control), 7dSh or glyphosate (each 260 uM in aqueous solution, for
glyphosate pH 7 was adjusted with NaOH). Each well was planted with a single
seed of A. thaliana and the plate was incubated at 4 °C in the dark for five days
to ensure a simultaneous growth of the seedlings. After that the seedlings were
transferred to a growth chamber (air humidity 40%) with a 16 h day (20 °C) and 8 h
night (18 °C) cycle with a light intensity of 85 pE. After 18 days the seedlings were
harvested and weighted.

Extraction of S. elongatus culture lyophilisates. For lyophilisate extraction, 100
mL of S. elongatus batch cultures (grown for 14 days) were lyophilized. Lyophilisate
was solved in 1 mL methanol, chloroform, acetone, or ethyl acetate. A 10 pL aliquot
of each extract was applied to agar diffusion plates spread with A. variabilis.

Correlation of OD;50 and inhibitor production level. At each time point, 25 mL
of each S. elongatus batch culture was centrifuged at room temperature at 4500 x g
for 5min. The supernatant was evaporated to dryness, and the residue was
dissolved in 80 pL methanol. A 40 uL aliquot of each extract was applied to agar
diffusion plates spread with A. variabilis.
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A. variabilis growth inhibition assays. The inhibition of the growth of

A. variabilis by S. elongatus extracts was assayed in BG11 liquid medium and

on BGI11 solid medium. In agar diffusion tests, paper discs containing dried
samples of S. elongatus extracts were applied to agar plates freshly inoculated with
A. variabilis. Agar plates were incubated under constant illumination at 40 pE
and 27 °C for 5-6 days.

For growth inhibition assays in liquid medium, A. variabilis was grown in 24-
well plates in 1 mL BG11 (initial OD = 0.05, unless stated otherwise). Test samples
and controls were applied in water. The cultures were shaken at 100 rpm and 27 °C
for 2-3 days under constant illumination at 40 pE.

Summary of 7dSh purification from S. elongatus. Culture supernatants were
adjusted to pH 4 with 0.5M HCI and then lyophilized. The lyophilisate was
extracted with methanol and concentrated in vacuo. The methanol extract was
applied to a gel filtration/size-exclusion column (Sephadex LH20, 1.6 x 80 cm, flow
rate 0.5 mL min—1, in methanol). The active fractions (tg ca. 8 h) were pooled,
evaporated to dryness and loaded in silica gel onto a Si 35, SF10-4g cartridge for
separation of metabolites by normal phase medium-pressure liquid chromato-
graphy (MPLC) at a flow rate of 10 mL min~! with a chloroform (solvent A)
/methanol (solvent B) gradient as follows: 100% A, then solvent B in solvent A
increased by 10% every 5min to a total of 40% B in 25 min. The active fractions
(elution after about ¢y = 18-21 min) were pooled, evaporated to dryness, re-
dissolved in water and loaded onto a ligand/ion-exchange high-performance liquid
chromatography (HPLC) column (HiPlex Ca, 300 mm x 7.7 mm, Agilent). HPLC
with isocratic water elution (flow 0.5 mL min !, temperature column oven: 85 °C)
for 20 min led to the chromatographically pure 7dSh (1) (tr = 15 min).

Physiochemical characterization of 7dSh from S. elongatus. For high-resolution
mass spectrometry (HR-MS) data, purified 7dSh (1) was applied to a HiPlex Ca
column of a Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific)
coupled to a maXis 4 G ESI-QTOF mass spectrometer (Bruker Daltonics). 7dSh
was eluted isocratically with water (flow rate 0.5 mL min~!, temperature column
oven: 85 °C) for 20 min. The ESI source was operated at a nebulizer pressure of 2.0
bar, and dry gas was set to 8.0 L min—! at 200 °C. MS/MS spectra were recorded in
auto MS/MS mode with collision energy stepping enabled. The scan rates for
full scan and MS/MS spectra were set to 1 Hz and 7 Hz, respectively. Sodium
formate was used as internal calibrant in each analysis. The molecular formula
was calculated from monoisotopic masses using the SmartFormula function of
DataAnalysis (Bruker Daltonics).

NMR measurements were recorded on a Bruker AMX600-, Avance III

HDX700-, and AVI400 instruments. Deuterated methanol or water was used as
solvent and internal standard. All spectra were recorded at room temperature.
Chemical shifts are reported as  values relative to the respective solvent as an
internal reference. Coupling constants (J) were reported in Hertz (Hz).
Abbreviations of multiplicity: s = singlet, d = doublet, dd = doublet of doublet,
m = multiplet. Optical rotations were measured with a Perkin-Elmer 241. Rf values
on TLC were determined on silica gel 60 F254 plates (Merck, 0.2 mm). Compounds
were detected with orcinol staining reagent (10 mL sulfuric acid containing 0.1 g Fe
(III)-chloride and 1 mL orcinol solution (in 6% ethanol)).

Cloning and purification of S. elongatus transketolase. The ORF
Synpcc7942_0538 of Synechococcus elongatus PCC 7942 was PCR amplified using
the primer combination 5'-CATCACAGCAGCGGCCTGGTGCCGCGCGGCAG
CCATATGCTCG AGATGGTTGTTGCGGCTCAATC-3' and 5'-AGCAGCCA
ACTCAGCTTCCTTTCG GGCTTTGTTA GCAGCCGGATCCTAGCCGATCA
CTGCTTTCG-3'". After restriction of the pET15b vector with BamHI, the fragment
was fused with the vector backbone using Gibson assembly®". The final construct
was introduced into E. coli BL21 (DE3) cells by transformation. Overexpression of
Synpcc7942_0538 was induced by addition of 0.5 mM IPTG. After 12 h of induction
at 37 °C, cells were harvested by centrifugation. All subsequent steps were carried
out at 0-4 °C. The pellet was resuspended in 10 mL of lysis buffer (50 mM Tris-
HCI, 300 mM NaCl, 10 mM imidazole, pH 7.5, protease inhibitor (complete
ULTRA tablets, Roche), lysozyme, and DNAse), and cells were lysed by sonifica-
tion. Cell debris and insoluble material were removed by centrifugation (25 min at
4°C and 35,000 x g). The cleared cell lysate was applied to a HisTrap HP column
(GE Healthcare Life Science). After column washing, the bound proteins were
eluted in fractions with 10 mL elution buffer (50 mM Tris-HCI, 300 mM NaCl,
500 mM imidazole, pH 7.5). Transketolase-containing fractions were combined,
dialyzed in dialysis buffer (50 mM Tris-HCI pH 8.0, 100 mM NaCl, 5mM MgCl,,
1 mM DTT, 0.5 mM ETDA, 50% glycerol) and stored at —20 °C.

Chemoenzymatic synthesis of 7-deoxy-p-altro-2-heptulose. The synthesis

of 7dSh (1) was inspired by the chemoenzymatic synthesis of sedoheptulose
7-phosphate’l. 5-Deoxy-D-ribose (2) (Glentham Life Sciences) (50 mg, 250 mM)
was dissolved in 1.5 mL HEPES buffer (100 mM, pH 7.5) containing thiamine
pyrophosphate (1.3 mg, 2 mM) and MgCl, (0.4 mg, 3 mM). B-Hydroxypyruvate (3)
as its lithium salt hydrate (54 mg, 285 mM) was added, and the pH was adjusted to
7.5. The reaction was initiated by addition of 4 mg transketolase (EC 2.2.1.1), and
the mixture was shaken at 400 rpm and 30 °C for 24 h (Thriller®, Peqlab). The

reaction was stopped by the addition of 6 mL methanol, followed by centrifugation
(2500 x g, 10 min). The supernatant was evaporated to dryness, and 7dSh was
purified as described in our purification protocol for extraction of 7dSh from

S. elongatus cultures, except that size-exclusion chromatography on Sephadex
LH20 was omitted.

Photosynthetic oxygen evolution and PAM fluorometry. Photosynthetic oxygen
evolution was determined in vivo using a Clark-type oxygen electrode (Hansatech
Instruments RS232, Norfolk, UK). Two milliliters of treated or untreated cultures
were transferred to the measurement chamber. Oxygen formation was measured
for 10 min at room temperature under illumination at 50 pE. PSII activity was
analyzed in vivo with a WATER- pulse amplitude modulation (PAM) chlorophyll
fluorometer (Walz GmbH, Effeltrich, Germany). All samples were dark-adapted for
5 min before measurement. Measurement of the PSII quantum yield (F,/F,,) was
performed at room temperature with WinControl Data Acquisition software.

Analysis of cyanobacterial and herbal metabolite patterns. Aliquots (2 mL) of
cyanobacterial cultures were centrifuged (30s, 20,817 x g), and the pellets were
immediately frozen in liquid nitrogen. A. thaliana plants were crushed in a mortar
under liquid nitrogen cooling. The pellets or plant materials were extracted with
600 uL methanol, followed by a second extraction of the material with 600 uL 20%
methanol containing 0.1% formic acid. Both supernatants of each material
extraction were combined and lyophilized, and the residue was dissolved in 100 uL
20% methanol containing 0.1% formic acid. Extracts (10 uL) were examined by
LC-HRMS (Dionex Ultimate 3000 HPLC system from Thermo Fisher Scientific,
coupled to a maXis 4 G ESI-QTOF mass spectrometer from Bruker Daltonics).
LC-HRMS settings were adopted from®2. Obtained mass spectra were compared
and processed using MetaboliteDetect (Bruker Daltonics). Molecular formulas were
calculated from monoisotopic masses using the SmartFormula function of
DataAnalysis (Bruker Daltonics).

Quantification of amino acids and DAHP in A. variabilis. For the quantification
of amino acids (Trp, Tyr, Phe, Val, Arg, Leu, and Ile) and DAHP the freeze dried
sample material (10 mL, OD;5o = 0.5) was homogenized with a Retsch ball mill
(two cycles, 30 s each). Extraction was done with 400 ul 80% methanol containing
0.1% formic acid followed by a second extraction step with 400 ul 20% methanol
also containing 0.1% formic acid. Both supernatants were combined and brought to
dryness in a vacuum concentrator. The dried samples were redissolved in 150 ul
0.1 M hydrochloric acid for analyses.

Amino acid analyses were done with a Water UPLC-SynaptG2 LC-MS system.
Chromatography was carried out on a 2.1 x 100 mm Waters Acquity HSST3
column. For separation a 10 min gradient from 99% water to 99% methanol (both
solvents with 0.1% formic acid) was used. The mass spectrometer was operated in
ESI positive mode and scanned from 50 to 2000 m/z with a scan rate of 0.5 s. For
quantification extracted ion chromatograms were generated and integrated. An
external calibration function was used for the calculation of absolute amounts.

DAHP analyses were done on a Thermo Scientific/Dionex ICS 5000 system.
Chromatography was carried out on a 3.0 x 150 mm Carbopac PA 20 column. For
separation a 32 min gradient from 75 mM sodium hydroxide to a 75 mM sodium
hydroxide/500 mM sodium acetat mixture was used. Quantification was done by
integration of the signal and absolute amounts were calculated with an external
calibration function.

Supplementation with aromatic amino acids. A. variabilis in BG11 liquid
medium (initial OD;50 = 0.2) was supplemented with aromatic amino acids to a
final concentration of 1 mM tryptophan, 1 mM tyrosine, 1 mM phenylalanine, 1 pg
mL~! p-aminobenzoate, or 1 ugmL~! p-hydroxybenzoate.

Cytotoxicity of 7dSh on mammalian cells. Human THP1 cells (DSMZ, ACC 16)
were grown in RPMI 1640 medium with 2 mM glutamine, 10% heat-inactivated
FBS, 2% HEPES, 1% penicillin-streptomycin (10000 U mL~1, Gibco) and 1 mM
sodium pyruvate. To induce differentiation, cells were seeded in RPMI medium
containing 1% penicillin-streptomycin and treated with 160 nM phorbol-12-myr-
istate-13-acetate for 24 h. A546 cells, HepG2 cells, and HEK 293 cells were grown
in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% Fetal Bovine Serum
(FCS) and 1% penicillin-streptomycin. Human neutrophils were isolated from
healthy blood donors by biocoll/histopaque density gradient centrifugation and
resuspended in RPMI + 2% human serum albumin (HSA) + 2 mM sodiumpyr-
uvat + 10 mM HEPES. THP1 cells (1 x 10° or 3 x 10°) were seeded in 96-well cell
culture plates in a final volume of 100 pL or in 8-well p-slides in a final volume of
300 uL, respectively. After differentiation, the cells adhered to the culture dishes.
A546 (ATCC CCL-185) cells, HepG2 (ATCC HB-8065) cells, HEK 293 (InvivoGen
293-null) cells (0.5 x 10°) and human neutrophils (1 x 106) were seeded in 96-well
cell culture plates in a final volume of 200 pL.

To evaluate the cytotoxic potential of 7dSh (1) and glyphosate, human THP1
macrophages were treated with 5mM of the respective compounds in RPMI
medium with 1% penicillin-streptomycin for 24 h. A546 cells, HepG2 cells, and
HEK 293 cells were treated with 5 mM of the respective compounds for 24 h in
DMEM medium (without phenol red) + 10% FCS + 1% penicillin-streptomycin.
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Supplementary Table 1: Physicochemical data of 7dSh (1) and 5-deoxy-D-ribose (2).

Name

Appearance
Sum formula
TLC (Rf, colour reaction)
HR ESI(+) MS

Optical rotation value

7-Deoxy-D-altro-heptulose (1)
7-Deoxy-D-sedoheptulose
white solid

C7H1406 (Mg = 194.18)
Rf=0.58 (CHCl3:MeOQH 8:5), Orcinol
Calculated for C7H1406: 194.0785,

found: 217.0688 [M+Na]* A 1.0 ppm
[ a]3®= +11° (c = 0.1 in MeOH)

5-Deoxy-D-ribose (2)

white oil

CsH1004 (Mr = 134.13)

Rf=0.71 (CHCI3:MeOH 8:5), Orcinol
Calculated for CsH1004: 134.0574,
found: 157.0474 [M+Na]* A 1.5 ppm
[ @]3°=+35° (c = 0.1 in MeOH)

'H-NMR

IH-NMR (D20, 298 K, 600 MHz):
8=1.23(d, 7-H, J = 6.6 Hz, 3H), 3.58 (d,
1-H, J = 12.2 Hz, 2H), 3.72 (dd, 5-H, J =
7.5,4.4 Hz, 1H), 3.97 (dd, 6-H, J=6.6,4.4
Hz, 1H), 4.10(d, 3-H,J=7.8 Hz, 1H), 4.24
(dd, 4-H, J/=7.8, 7.5 Hz, 1H) ppm.
H-NMR (MeOD, 25 °C, 600 MHz):
§=1.22 (s, 7-H, J = 6.6 Hz, 3H), 3.50 (s,
1-H, J = 11.48 Hz, 2H), 3.65 (dd, 5-H, J =
6.5,4.1Hz, 1H), 3.90 (dd, 6-H, J=6.6,4.1
Hz, 1H), 4.02 (d,3-H, J = 7.4 Hz, 1H), 4.23
(dd, 4-H, J = 7.4, 6.5 Hz, 1H) ppm.

1H-NMR (D20, 298 K, 400 MHz):

86 =1.35/1.26 (d, 5-H, J = 6.1/6.5 Hz,
3H), 4.01/4.16 (m, 2-H, 1H), 4.01/3.83
(m/t, 3-H, J = 5.7 Hz, 1H), 4.01/4.16
(m, 4-H, 1H), 5.21/5.38 (d, 1-H, J =
1.7/4.3 Hz, 1H) ppm.

1H-NMR (MeOD, 25 °C, 600 MHz):

8 = 1.30/1.21 (d, 5-H, J = 6.3 Hz, 3H),
3.81/3.98 (dd, 2-H, J= 1.0, 4.7/4.3,
5.7 Hz, 1H), 3.58/3.82 (dd, 3-H,
J=5.7,5.7/4.7, 6.3 Hz, 1H), 3.89/4.00
(dd, 4-H, /=4.3, 5.7/6.3. 6.3 Hz, 1H),
5.06/5.22 (d, 1-H, J=1.0/4.3 Hz, 1H)
ppm.

B3C-NMR

3C-NMR (D:0, 298 K, 150.9 MHz):
§=17.0(C-7), 62.5(C-1), 67.6 (C-6), 74.6
(C-4), 75.8 (C-3), 83.5 (C-5), 101.3 (C-2)

Data are obtained from synthesis products.
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13C-NMR (D20, 298 K, 100.6 MHz):
8=19.1/17.9 (C-5), 75.2/74.9 (C-3),
75.5/70.4 (C-2), 78.2/78.1 (C-4),
100.8/95.7 (C-1) ppm.
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4 LS. elongatus
BG11-liquid culture
[
Centrifugation
4500 xg, 15 min

|
| 1
Lyophylization of supernatant (pH 4) (ca. 8 g)
MeOH extraction (ca. 2 g)
[
SEC on Sephadex LH 20 (in MeOH) (ca. 30 mg)
[
MPLC in Normal Phase (Si 35, SF10-4g) (ca. 5 mg)
|

Semipreparative HPLC-ELSD analysis on HiPlex Ca (ca. 0.7 mg)

I
LC/MS analysis |— 7dSh (1) (ca. 0.7 mg) (— NMR analysis

Discard cell pellet

Supplementary Figure 1: Isolation scheme for bioactivity-guided purification of 7dSh from S. elongatus
The high polarity of 7dSh (1) required an optimization of the purification steps from the culture extract
prior to final HPLC isolation. Purity was monitored via HPLC-UV-ELSD, NMR and LC-HRMS. HPLC on the
ligand/ion-exchange HPLC column HiPlex Ca (Agilent) led to chromatographically pure 7dSh. The yield of
the bioactive fractions in each step is indicated in parentheses. Abbreviations: MeOH, methanol; SEC, size-
exclusion chromatography; MPLC, medium-pressure liquid chromatography; HPLC, high-performance
liquid chromatography; ELSD, evaporative light-scattering detection; LC/MS, liquid chromatography mass
spectrometry; NMR, nuclear magnetic resonance.
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Supplementary Figure 2: HPLC-HRMS chromatogram and MS spectrum of 7dSh.
(a) High performance liquid chromatography coupled with high-resolution electrospray ionization mass
spectrometry (HR-ESI(+)-MS) of isolated 7dSh (1) on a HiPlex Ca column. The base peak chromatogram
(BPC) in positive mode and extracted ion chromatogram (EIC) of the isolated inhibitor revealed a mass of
217.0675 ([M+Na]*, C;H140sNa*) and chromatographic purity. (b) In the corresponding mass spectrum

(Re=14.8 min), 7dSh exhibited the characteristic signal of m/z

217.0675 [M+Na]* (C;H1aNaOg?).

Additional labelled signals correspond to 7dSh fragment ions, which resemble the typical H,O-loss of
carbohydrates and underline the sum formula of 7dSh as C;H140¢ (molecular weight, Mg = 194.1825).
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Supplementary Figure 3: DAHP accumulation in 7dSh-treated A. variabilis cultures.

Accumulation of 3-deoxy-D-arabinoheptulosonate 7-phosphate (4) (DAHP, C;H13010P) in 7dSh (1)-treated
(40 pg mL?Y, ca. 206 pM) A. variabilis cultures (initial OD7s = 0.4) determined via LC-HRMS and
electrochemical detector (ECD). (a) Increase in DAHP in 7dSh-treated A. variabilis cultures (detected by
ECD). Significant differences between 7dSh treatment and untreated control for each timepoint were
analyzed in an unpaired t-test (* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; NS, not significant).
Values represent the mean values of four biological replicates; standard deviations are indicated. Dots
indicate data distribution. Source data are provided as a Source Data file. (b) LC-HRMS chromatogram with
extracted mass signal of DAHP (ESI negative mode: C;H12,010P™ [M-H]") of A. variabilis culture treated with
7dSh for 1 h (turquoise) and of an untreated control culture (magenta). (c) Fragmentation pattern (ESI
negative mode) of characteristic DAHP ions.
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Supplementary Figure 4: Simplified mechanism of the conversion of DAHP to 3-dehydroquinate (DHQ)
by DHQ synthase.
Modified from 1. The pyranose and furanose forms of 7dSh (1) are depicted in the box.
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Supplementary Figure 5: Effects of 7dSh on DAHP and amino acid ratios in resuscitating Synechocystis.
At time O, nitrogen-starved cultures of Synechocystis sp. (initial OD = 0.2) were regenerated by adding
NaNOs (17.3 mM) in the presence of 7dSh (1) (40 ug mL?, ca. 206 uM) or its absence. DAHP (4) and amino
acid ratios were determined by LC-HRMS and are indicated by the peak areas of extracted ion
chromatograms (EIC) normalized to respective value at time 0. (a) Increase of DAHP (ESI positive mode:
C7H14010P*) in 7dSh-treated cultures. (b) Changes in amino acid ratios (24 h after addition of NaNOs and
7dSh). The dashed line indicates the content of respective free amino acids present at time 0 before the
addition of NaNOs and 7dSh. Significant differences between 7dSh treatment and untreated control for
each timepoint were analyzed in an unpaired t-test (* p-value < 0.05; ** p-value < 0.01; *** p-value <
0.001; NS, not significant). Values in both graphs represent the mean values of three biological replicates;
standard deviations are indicated. Dots indicate data distribution. Source data are provided as a Source
Data file.

87



Appendix — Publication 1

o
[4)]
1

7dSh
7dSh + AAA C C
=== BG11 (neg. control)

5 047 mm BG11+AAA
[
0.3 B
£ ogo
=
g 0.2
&

0.14 A

000
0.0

Supplementary Figure 6: Supplementation with aromatic amino acids alleviates effects of 7dSh on A.
variabilis.

Effect of 7dSh (1) (ca. 50 uM) on the quantum yield of A. variabilis cultures (initial OD = 0.2) grown for 24 h
with or without supplementation with a mixture of aromatic amino acids (AAA; tryptophan, tyrosine, and
phenylalanine, 1 mM each; p-aminobenzoate and B-hydroxybenzoate, 1 ug mL? each). Statistical analysis
was performed by using a one-way ANOVA. Tukey’s multiple comparison test was used as the post-hoc
test. Means that were significantly different (p-value <0.05) are marked with different capital letters in the
diagram. Values represent the mean values of three biological replicates; standard deviations are
indicated. Dots indicate data distribution. Source data are provided as a Source Data file.
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Supplementary Figure 7: Comparison of effects of 7dSh and glyphosate on S. cerevisiae grown in
minimal medium.

S. cerevisiae was grown in YNB minimal medium in the presence of glyphosate (100 pg mL?, ca. 590 uM)
or 7dSh (1) (10 ug mL?, ca. 50 uM) for 48 h (initial ODsoo = 0.05). Statistical analysis was performed by using
a one-way ANOVA. Tukey’s multiple comparison test was used as a post-hoc test to figure out the
differences between ODsyo at timepoint 48h. Means that were significantly different (p<0.05) are marked
with different capital letters in the diagram. Optical density values represent the mean values of three
biological replicates; standard deviations are indicated. Dots indicate data distribution. Source data are
provided as a Source Data file.
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Supplementary Figure 8: LC-HRMS chromatograms show accumulation of shikimate pathway
intermediates in A. thaliana seedlings treated with 7dSh or glyphosate.

A. thaliana seedlings were grown in presence or absence of 7dSh (1) or glyphosate (each 260 uM) for
7 days. The whole plant extracts of 10 seedlings were analyzed by LC-HRMS for the shunt products DAHP
(4) and shikimate-3-phosphate (S-3P); shown are the stacked EIC chromatograms in positive mode (control
in black, shikimate in magenta, 7dSh in turquoise).
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Supplementary Figure 9: Cytotoxic potential of 7dSh and glyphosate on human cell lines and primary
cells.

(a) Effect of 7dSh (1) (970 ug mL?, 5 mM) and glyphosate (845 pg mL?, 5 mM) on human cell lines and
primary cells. Cells were incubated in respective medium with 7dSh or glyphosate. After 24 h (5 h for
neutrophils), cytotoxicity was measured according to the release of lactate dehydrogenase and compared
to untreated control. The data represent the mean of three independent experiments; standard deviations
are indicated. Dots indicate data distribution. Significant differences between 7dSh/glyphosate treatment
and untreated control cells were analysed in a one-way ANOVA and a following Tukey's multiple
comparisons test (*p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; N.S., not significant). Source
data are provided as a Source Data file. (b,c) Cell morphology of untreated human THP1 macrophages (b)
and those treated with 5 mM 7dSh (c) for 24 h. Cells were stained with phalloidin (pink: actin filaments)
and DAPI (blue: DNA). Scales bars, 10 pm.
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Supplementary Figure 10: 'H NMR analysis of 5-deoxy-D-ribose and enzyme kinetics of the S.
elongatus transketolase.

a) 'H NMR spectra of 5-deoxy-D-ribose (2) (CDsOD, 600 MHz) purified by chromatography from
S. elongatus (turquoise) and from chemical synthesis (Glentham Life Sciences) as a control (red). (b)
Chemical structure of 5-deoxy-D-ribofuranose (2) with given assignments (chemical shifts in ppm, gray).
(c) Michaelis—Menten kinetic profile of the conversion of 5-deoxy-D-ribose by the S. elongatus
transketolase (K = 108.3 mM # 20.6; Vmax = 1.04 U mg™ £ 0.06). (d) Michaelis—Menten kinetic profile of
the conversion of b-ribose 5-phosphate by the S. elongatus transketolase (Km =0.75 mM + 0.09; Vimax = 4.41
U mg'+0.23). Dots in (€) and (d) represent data distribution of three replicates. Source data are provided
as a Source Data file.

92



Appendix — Publication 1

OH OH
WOH WOH
\ \
"00C == O "00C == POs*
S 2- N
Ho  © PO, Ho ©
DAHP (4) DAH phosphonate
OH
WOH
"00C == O
S 2-
HO POs

cyclohexenyl phosphate

OH
HO,,, WOH
gelolel PO,
SENe)
HO

GH phosphonate

CH(COO"),

cyclohexenyl tricarboxylate

NH,
NC
s =z IN
NNy NO,
N CN o)
HST 11955 RH 00573

Supplementary Figure 11: Chemical structure of selected known DHQ, synthase inhibitors.

The natural 3-dehydroquinate (DHQ) synthase substrate DAHP (4)
phosphonate (3-deoxy-D-arabino-heptulosonate 7-phosphonate)

is depicted in the box. DAH
and GH phosphonate

(D-gluco-heptulosonate 7-phosphonate) are phosphonate analogues of DAHP. Carbaphosphonate and its

cyclohexenyl derivatives are all substrate analogues of DAHP.
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Supplementary Figure 12: 'H NMR spectrum of 7-deoxy-sedoheptulose (7dSh, 1).
D,0, 298 K, 600 MHz.
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Supplementary Figure 13: 3C NMR spectrum of 7-deoxy-sedoheptulose (7dSh, 1).
D,0, 298 K, 150.9 MHz.
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Supplementary Figure 14: H-H-correlation (COSY) spectrum of 7-deoxy-sedoheptulose (7dSh, 1).

D0, 298 K, 600 MHz.
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Supplementary Figure 15: CH-correlation (HSQC) spectrum of 7-deoxy-sedoheptulose (7dSh, 1).
D20, 298 K, 600 MHz (150.9 MHz).
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Supplementary Figure 16: Multiple bond CH-correlation (HMBC) spectrum of 7-deoxy-sedoheptulose
(7dsh, 1).
D,0, 298 K, 600 MHz (150.9 MHz).
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Supplementary Figure 17: *H NMR spectrum of 5-deoxy-D-ribose (2).
D,0, 298 K, 700 MHz.
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Supplementary Figure 18: 3C NMR spectrum of 5-deoxy-b-ribose (2).
D,0, 298 K, 176.1 MHz.
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Supplementary Figure 19: H-H-correlation (COSY) spectrum of 5-deoxy-D-ribose (2).
D,0, 298 K, 700 MHz.
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Supplementary Figure 20: CH-correlation (HSQC) spectrum of 5-deoxy-bD-ribose (2).
D;0, 298 K, 700 MHz (176.1 MHz).
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Supplementary Figure 21: Multiple bond CH-correlation (HMBC) spectrum of 5-deoxy-D-ribose (2).

D,0, 298 K, 700 MHz (176.1 MHz).
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Corrigendum:
Experimental procedures - Quantification of metabolites in the culture supernatant via GC-MS:
“The mass spectrometer was operated in expesure-index mode.” “The mass spectrometer was

operated in electron ionization mode.”
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5-Deoxyadenosine (5dAdo) is the byproduct of many radical
S-adenosyl-L-methionine enzyme reactions in all domains of
life. 5dAdo is also an inhibitor of the radical S-adenosyl-L-
methionine enzymes themselves, making it necessary for cells
to construct pathways to recycle or dispose of this toxic
metabolite. However, the specific pathways involved have long
remained unexplored. Recent research demonstrated a growth
advantage in certain organisms by using 5dAdo or in-
termediates as a sole carbon source and elucidated the corre-
sponding salvage pathway. We now provide evidence using
supernatant analysis by GC-MS for another 5dAdo recycling
route. Specifically, in the unicellular cyanobacterium Synecho-
coccus elongatus PCC 7942 (S. elongatus), the activity of pro-
miscuous enzymes leads to the synthesis and excretion first of
5-deoxyribose and subsequently of 7-deoxysedoheptulose. 7-
Deoxysedoheptulose is an unusual deoxy-sugar, which acts as
an antimetabolite of the shikimate pathway, thereby exhibiting
antimicrobial and herbicidal activity. This strategy enables
organisms with small genomes and lacking canonical gene
clusters for the synthesis of secondary metabolites, like
S. elongatus, to produce antimicrobial compounds from pri-
mary metabolism and enzymatic promiscuity. Our findings
challenge the view of bioactive molecules as sole products of
secondary metabolite gene clusters and expand the range of
compounds that microorganisms can deploy to compete for
their ecological niche.

S-Adenosyl-L-methionine (SAM; AdoMet), which is formed
by ATP and the amino acid methionine, is an essential cofactor
of various enzymatic reactions in all domains of life. SAM can
serve as a methyl group donor for the methylation of DNA,
RNA, and proteins in reactions that release S-adenosylhomo-
cysteine (SAH) as a byproduct (1). SAM can also serve as an
aminopropyl donor for polyamine synthesis and as a homo-
serine lactone donor for the synthesis of quorum-sensing
compound N-acetylhomoserine lactone, both of which result
in the release of 5-methylthioadenosine (MTA). Furthermore,

*For correspondence:  Karl karl.forchhammer@uni-

tuebingen.de.
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SAM is a source of the 5-deoxyadenosylradical (5dAdo®),
which is formed by the activity of radical SAM enzymes (1-5).
5dAdo® is formed by the reductive cleavage of SAM and can
abstract a hydrogen atom from its substrate to form a substrate
radical as well as 5-deoxyadenosine (5dAdo), which is released
as a byproduct (3, 6). Radical SAM enzymes, a superfamily
with over 100,000 members, are present in all domains of life
(2, 7). They are catalyzing various complex chemical reactions,
including sulfur insertion, anaerobic oxidations, unusual
methylations, and ring formations (8). Prominent members
are, for example, involved in biotin, thiamine, and lipoate
biosynthesis. Other members are involved in DNA repair or in
the biosynthesis of secondary metabolites, for example, anti-
biotics (3). MTA, SAH, and 5dAdo are product inhibitors of
these reactions (8—12). Therefore, and because of the high
bioenergetic costs of these compounds, salvage pathways are
necessary. SAH is rescued via the methionine cycle (13). MTA
salvage via the methionine salvage pathway (MSP) is also well
characterized (14, 15) (Fig. 1B). In the classical and aerobic
MSP, MTA is either processed by a two-step reaction by the
MTA nucleosidase (MtnN), followed by a phosphorylation by
the methylthioribose (MTR) kinase or by the MTA phos-
phorylase (MtnP). The subsequent reactions consist of a
dehydration (MtnB, methylthioribose-1-phosphate [MTR-1P]
dehydratase), enolization and phosphorylation (either by
MtnC: DK-MTP-1P enolase/phosphatase or by MtnW: DK-
MTP-1P enolase and MtnX: HK-MTPene-1P phosphatase;
DK-MTP-1P: 2,3-diketo-5-methylthiopentyl-1-phosphate,
HK-MTPene-1P:  2-hydroxy-3-keto-5-methylthiopentenyl-1-
phosphate), deoxygenation (MtnD: acireductone dioxygenase),
and a final transamination step (MtnE: aminotransferase).
Despite the high abundance of radical SAM enzymes and
thereby of 5dAdo, less is known about 5dAdo salvage. In vitro
experiments showed that 5dAdo can be processed by a two-
step reaction, in which 5dAdo is cleaved by promiscuous
MtnN resulting in the release of adenine and 5-deoxyribose
(5dR) (9, 10). The subsequent phosphorylation of 5dR by
MTR kinase results in the formation of 5-deoxyribose 1-
phosphate (5dR-1P). The second option is the direct conver-
sion of 5dAdo into 5dR-1P and adenine via promiscuous MtnP

J. Biol. Chem. (2021) 296 100621 1
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Figure 1. Overview of the 5dAdo and MTA salvage pathways. A, 5dAdo salvage in Synechococcus elongatus via the excretion of the bioactive deoxy-
sugars 5dR and 7dSh (this study). 5dR-1P is partially also metabolized via the DHAP shunt (shown by dashed line), especially under low carbon conditions. B,

universal methionine salvage pathway (16). C, 5dAdo salvage via the DHAP
methylthioribulose-1P; SAM, S-adenosyl-L-methionine.

(16). Therefore, it is suggested that 5dAdo salvage is paralo-
gous to the MSP and is driven by the promiscuous activity of
the enzymes of the MSP (17). Recently, a pathway for 5dR
salvage was elucidated in Bacillus thuringiensis involving the
sequential activity of a kinase, an isomerase, and a class II
aldolase, which are encoded by a specific gene cluster (18). The
authors propose that 5dR is phosphorylated to 5dR-1P, which
is then isomerized into 5-deoxyribulose 1-phosphate (5dRu-

2 J Biol. Chem. (2021) 296 100621

shunt (13, 19). MTA, 5-methylthioadenosine; MTR, methylthioribose; MTRu-1P,

1P) and subsequently cleaved by an aldolase into acetaldehyde
and dihydroxyacetone phosphate (DHAP) for primary meta-
bolism. In organisms that lack the specific gene cluster, the
cleavage of 5dAdo into DHAP and acetaldehyde is proposed to
occur vig the promiscuous activity of enzymes of the MSP. In
support of this hypothesis, it was shown that Arabidopsis
thaliana DEP1, an MTR-1P dehydratase of the MSP, is pro-
miscuous and can also cleave 5dRu-1P into DHAP and
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acetaldehyde, suggesting that a specific aldolase is not required
for 5dAdo salvage (18). In agreement with this, the promis-
cuous activity of MSP enzymes in the 5dAdo salvage was
recently reported in Methanocaldococcus  jannaschii
(M. jannaschii), where methylthioribose 1-phosphate isom-
erase uses MTR-1P, 5dR-1P, and 5dR as substrates (19). Only
recently, 5dAdo was shown to be processed to DHAP and
acetaldehyde by a gene cluster consisting of the first enzymes
of the MSP as well as a class II aldolase in Rhodospirillum
rubrum and pathogenic Escherichia coli strains, in a process
termed “DHAP shunt” (13) (Fig. 1C).

In our previous work, we isolated the rare deoxy-sugar—
namely, 7-deoxysedoheptulose (7-deoxy-p-altro-2-heptulose,
7-deoxy-sedoheptulose [7dSh])—from the supernatant of the
unicellular cyanobacterium Synechococcus elongatus PCC
7942 (S. elongatus) (20). This compound showed bioactivity
toward various prototrophic organisms, for example, other
cyanobacteria, especially Anabaena variabilis American
Type Culture Collection (ATCC) 29413 (A. variabilis),
Saccharomyces, and Arabidopsis. It blocks the shikimate
pathway presumably by inhibiting the enzyme dehy-
droquinate synthase (20). Because of the streamlined
genome of S. elongatus and the lack of specific gene clusters
for secondary metabolite synthesis (21, 22), the pathway for
7dSh formation remained enigmatic. Of note, 7dSh was also
isolated from the supernatant of Streptomyces setonensis (20,
23), but the synthesis pathway remained unresolved.
Therefore, we speculated that 7dSh synthesis might involve
promiscuous enzymes of primary metabolism. Enzyme pro-
miscuity, the ability of an enzyme to use various substrates,
is especially important for organisms with a small genome.
Previously, it was described that the marine cyanobacterium
Prochlorococcus uses a single promiscuous enzyme that can
transform up to 29 different ribosomally synthesized pep-
tides into an arsenal of polycyclic bioactive products (24). As
from the 7dSh-containing supernatant of S. elongatus, we in
addition isolated the deoxy-sugar 5dR. We hypothesized that
5dR could serve as a precursor molecule of 7dSh (20).
In vitro, 5dR can serve as a substrate for a transketolase-
based reaction, in which a C, unit is transferred to the Cs
unit leading to the formation of 7dSh (20).

In this work, we identified the pathway for 7dSh biosyn-
thesis, which involves a new salvage route for 5dAdo resulting
in the release of 5dR and 7dSh into the culture medium
(Fig. 1A). Therefore, S. elongatus can synthesize a bioactive
compound from the products of the primary metabolism
simply by using promiscuous enzymes.

Results

5dR and 7dSh accumulation in supernatants of S. elongatus is
strongly promoted by CO, supplementation

Previously, we estimated the content of 7dSh in the super-
natant of S. elongatus cultures via a bioassay based on the size
of the inhibition zone of A. variabilis exposed to the super-
natant of S. elongatus (20). To quantify the amounts of 5dR
and 7dSh formed by S. elongatus, we developed a GC-MS—
based method that enables the detection and absolute
quantification of low micromolar concentrations of these
metabolites in the culture supernatant. In cultures supple-
mented with 2% CO, (Fig. 2, black dots), 5dR gradually
accumulated during growth (Fig. 2, A and B), whereas 7dSh
accumulation only occurred during a later growth phase
(Fig. 2C). After 30 days of cultivation, the supernatant con-
tained four times more 5dR than 7dSh. Under ambient air
conditions (Fig. 2, gray squares), small amounts of 5dR were
formed, whereas 7dSh could not be detected (Fig. 2, B and C),
despite that the optical density of the air-supplied cultures in
the final stage of the experiment reached values similar to
those of the CO,-supplemented cultures, where 7dSh accu-
mulation could be detected (Fig. 24). This suggests that the
formation of the deoxy-sugars is not only growth phase
dependent but also related to a specific metabolic state.

To gain further insights into 5dR/7dSh metabolism, we
measured the intracellular concentration of 5dR and 7dSh over
the whole cultivation process. Surprisingly, only small intra-
cellular amounts, close to detection limit of either deoxy-sugar,
could be detected (Fig. S1), whereas the extracellular con-
centration gradually increased. This strongly suggests that
extracellular 5dR/7dSh accumulation is not because of cell
lysis but involves immediate secretion after their formation.
Removal of these metabolites from the cytoplasm is probably
essential for S. elongatus as both molecules showed growth
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Figure 2. 5-Deoxyribose (5dR) and 7-deoxysedoheptulose (7dSh) accumulation in the supernatant of Synechococcus elongatus is strongly promoted
by high CO, concentrations. S. elongatus cultures aerated either with ambient air (gray squares) or with air supplemented with 2% CO, (black dots). A, over time,
growth of S. elongatus (indicated by an absorbance at 750 nm). Over time, concentration of 5dR (B) or 7dSh (C) in the supernatant of S. elongatus cultures. Note
the different values of the y-axis. Data shown represent mean and standard deviation of three independent biological replicates.
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inhibition toward the producer strain at elevated concentra-
tions (Fig. 3). 7dSh is bactericidal at concentrations of 100 uM,
whereas 5dR is bacteriostatic at concentrations of 250 uM.

5dR is a precursor molecule for 7dSh biosynthesis in vivo

In our previous work, we reported the in vitro synthesis of
7dSh by converting 5dR into 7dSh by a transketolase-based
reaction with hydroxypyruvate as a C, unit donor (20). To
determine whether 5dR might also be a precursor molecule for
7dSh in vivo, a 5dR-feeding experiment was performed (Fig. 4).
To unambiguously distinguish the naturally formed and the
supplemented 5dR, uniformly labeled [U-'3C,]-5dR (13C5»5dR)
was synthesized and added at a final concentration of 20 pM to
S. elongatus cultures at the beginning of the cultivation. The
concentration of labeled (Fig. 4, B and C), unlabeled, (Fig. 4, D
and E), and the total amount of 5dR and 7dSh (Fig. 4, F and G)
was determined by GC—MS at different time points over a
period of 30 days.

Neither the growth of S. elongatus nor the excretion of
unlabeled and intracellular synthesized 5dR and 7dSh was
affected by the addition of exogenous *Cs-5dR (Fig. 4, A, D,
and E). We found that *C5-5dR is taken up by the cultures as
its concentration in the supernatant continuously decreased
(Fig. 4B, gray squares). Already within 2 days, '*C5-7dSh could
be detected in the supernatant of these cultures (Fig. 4C, gray
squares), clearly proving that *C5-7dSh was formed from the
precursor molecule *Cs-5dR. However, only a small amount
of exogenously added *Cs-5dR was converted into 7dSh. At
the end of the experiment, 10% of the initially applied *Cs-
5dR (20 uM) was converted into '*Cs-7dSh (~2 pM). Around
30% of '*C5-5dR remained in the supernatant (6.5 uM). The
residual amount is assumed to be metabolized via (an)other
pathway(s). Because unlabeled 5dR was excreted at the same
time as '>Cs-5dR was taken up (Fig. 4, B and D), 5dR must be
imported and exported in parallel.

0 50

[uM]

5dAdo as a precursor molecule of 7dSh

Next, we asked the question where 5dR is derived from. This
drew our attention to 5dAdo, a byproduct of radical SAM
enzymes (3). The compound has to be removed because of its
intracellular toxicity (9), and its cleavage can result in the
formation of 5dR (9, 18) (Fig. 1C). To prove that 7dSh is
formed from 5dAdo salvage in S. elongatus, 5dAdo-feeding
experiments were performed, and the supernatants were
analyzed by GC-MS (Fig. 5). Notably, the growth of
S. elongatus was not affected by supplementation with 5dAdo,
which was taken up very quickly (Fig. 5, A and B). After 4 days,
almost all 5dAdo was taken up. A control experiment showed
that the rapid decline in the amount of 5dAdo in the super-
natant was not caused by the instability of 5dAdo in the me-
dium. Feeding of the cells with 5dAdo immediately led to an
enhanced accumulation of 5dR in the culture supernatant
(Fig. 5C). After 14 days, 7dSh levels in 5dAdo-supplemented
cultures were clearly enhanced compared with control cultures
(Fig. 5D), supporting our hypothesis that 5dAdo is a precursor
molecule of 7dSh. However, only about half of the supple-
mented 5dAdo (initial concentration: 25 pM) was converted
into 5dR and 7dSh: at the end of the experiment, the 5dR
concentration in the supplemented cultures was increased by
around 10 pM and that of 7dSh by 2 uM, suggesting additional
pathway(s) for 5dAdo salvage.

5dAdo is known to be cleaved by either the MtnN or the
MtnP (9, 10, 16). The former reaction leads to the release of
adenine and 5dR, whereas the latter leads to phosphate-
dependent release of adenine and 5dR-1P. In S. elongatus, no
homologous gene for a MtnN was found, but gene
Synpcc7942 0923 is annotated as a MtnP. Therefore, an
insertion mutant was generated via the replacement of the
gene by an antibiotic resistance cassette (S. elongatus
mtnP:specg). Polar effects because of the insertion of the
antibiotic resistance cassette were excluded by monitoring the
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Figure 3. 5-Deoxyribose (5dR) and 7-deoxysedoheptulose (7dSh) are inhibiting the growth of the producer strain. Effect of different concentrations
of 5dR and 7dSh on the growth of Synechococcus elongatus. The cultures were inoculated at an optical density of 750 nm of 0.1 in 17 mI BG11 medium in the
absence (0) or the presence of either 5dR or 7dSh at the indicated concentrations and grown in a 24-well plate for 3 days. The experiment was performed in

triplicates. The results of one replicate are shown.
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Figure 4. 5-Deoxyribose (5dR) is the precursor molecule of 7-deoxysedohe
growth of Synechococcus elongatus (A) or on the concentration of 3C.-5dR (B),

gtulose (7dSh). Effects of '>Cs-5dR supplementation over the time on the

13¢,-7dSh (C), unlabeled 5dR (D), unlabeled 7dSh (E), total 5dR (F), and total

7dsh (G) in the culture supernatant. About 20 pM '3Cs-5dR (indicated by dashed line) was added at the beginning of the cultivation (gray squares). Control

cultures (black dots) were cultivated in BG11 without supplemented 3Cs-5dR.

All cultures were aerated with air supplemented with 2% CO.. Values shown

in the graphs represent mean and standard deviation of three biological replicates.

expression of the genes with a semiquantitative RT-PCR
(Fig. S2). Under conditions favorable for 5dR/7dSh produc-
tion, the mutant grew like the wildtype (Fig. 64). A GC-MS
analysis of the culture supernatant revealed that the mutant
neither excreted 5dR nor 7dSh (Fig. 6, C and D). Instead, while
undetectable in the supernatant of the wildtype strain, 5dAdo
strongly accumulated in the supernatant of S. elongatus
mtnP:specy cultures (Fig. 6B). This confirmed that 5dR/7dSh
are derived from 5dAdo in a MtnP-dependent manner.
Because of the detoxification via excretion, the mtnP:specy
mutant escapes the toxic effect of 5dAdo and does not show
any growth disadvantage (Fig. 64). It has previously been re-
ported that a mtnP knockout mutant in Saccharomyces cer-
evisiaze as well as MtnP-deficient mammalian tumor cells
excreted MTA (25, 26). Both MTA and 5dAdo are known to
be cleaved by MtnP (16). Consistently, the mtnP::specr mutant
excretes MTA as well as 5dAdo (Fig. 6E). Since 5dR/7dSh
formation strongly depends on elevated CO, conditions, we
measured the amount of 5dAdo and MTA in cultures of the
mitnP:specy mutant supplied with ambient air or with air
enriched with 2% CO,. However, the amounts of excreted

~ASBMB

5dAdo and MTA (normalized to the optical density of the
cultures) were almost identical under both conditions
(Fig. 6E). This clearly indicates that 5dAdo salvage via 5dR/
7dSh formation and excretion at high CO, conditions is not
triggered by an increased synthesis of the precursor molecule
5dAdo compared with ambient CO, concentrations. Rather, it
appears that 5dAdo is actively metabolized into 5dR/7dSh
under elevated CO, conditions, whereas 5dAdo salvage under
ambient CO, conditions is conducted by (an)other pathway(s).
Since the MTA formation is also unaltered (Fig. 6E), we
conclude that 5dAdo salvage via 5dR/7dSh formation is not
triggered by an enhanced demand of MTA salvage via the
MSP pathway.

5dR and 7dSh formation is not ubiquitous

To clarify how widespread the synthesis of 7dSh or 5dR is in
cyanobacteria, we analyzed the supernatants of other cyano-
bacterial strains via GC-MS (Synechococcus sp. PCC 6301,
Synechococcus sp. PCC 7002, Synechococcus sp. PCC 6312,
Synechococcus sp. PCC 7502, Synechocystis sp. PCC 6803,
A. variabilis ATCC 29413, Nostoc punctiforme ATCC 29133,
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Figure 5. 5-Deoxyadenosine (5dAdo) feeding experiment. Effect of 5dAdo supplementation on the growth of Synechococcus elongatus (A) or on the
concentration of 5dAdo (B), 5-deoxyribose (5dR) (C), and 7-deoxy-sedoheptulose (7dSh) (D) in the culture supernatant. About 25 uM 5dAdo (indicated by
dashed line) was added at the beginning of the cultivation (gray squares). Control cultures (black dots) were cultivated in BG11 in the absence of exogenous
5dAdo. All cultures were aerated with air supplemented with 2% CO,. Note the different values of the y-axis. Values shown in the graphs represent mean
and standard deviation of three biological replicates.
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Figure 6. 5-Deoxyadenosine (5dAdo) is cleaved by 5-methylthioadenosine (MTA) phosphorylase (MtnP) and then metabolized into 5-deoxyribose
(5dR) and 7-deoxysedoheptulose (7dSh) in Synechococcus elongatus at high CO, concentrations. Growth (A), concentrations of 5dAdo (B), 5dR (O),
and 7dSh (D) in the supernatant of S. elongatus wildtype (black dots) or mtnP:specy mutant (gray squares). All cultures were aerated with air supplemented with
2% CO,. Note the different values of the y-axis. £, 5dAdo and MTA concentrations in the supernatant of the mtnP::specg mutant normalized on the optical density
after 11 days of cultivation (cultures were either aerated with atmospheric air [black] or with air supplemented with 2% CO; [gray]). Significant differences
between the concentrations of 5dAdo or MTA during cultivation at 2% CO, and ambient air were analyzed by using an unpaired t test (*p < 0.05; **p < 0.01;and
**%p < 0.001). Values shown in the graphs represent mean and standard deviation of three biological replicates. ns, not significant.
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and Anabaena sp. PCC 7120). Only in three of five Synecho-
coccus strains, the deoxy-sugars 5dR and 7dSh were detectable.
All the other strains accumulated neither 5dR nor 7dSh. In the
freshwater strain Synechococcus sp. PCC 6301, the amounts of
7dSh and 5dR were in a similar concentration range to those in
S. elongatus. This is not surprising since the genome of Syn-
echococcus sp. PCC 6301 is nearly identical to that of
S. elongatus PCC 7942 (27). Very small amounts of 5dR and
7dSh were detected in the marine strain Symechococcus sp.
PCC 7002. In S. setonensis, which was shown to produce 7dSh
(20, 23), we detected 113 + 7 uM 7dSh but no 5dR in the
supernatant of cultures grown for 7 days.

5dAdo cleavage is strictly dependent on phosphorylase
activity

To reveal whether 5dAdo is converted to 5dR via MtnP
activity, crude extracts of S. elongatus wildtype and MtnP-
deficient mitnP:specy mutant cells were incubated with
5dAdo in the presence or the absence of potassium phosphate
buffer. Analysis of the extracts via TLC revealed that 5dAdo
cleavage and, thereby, adenine release is strictly dependent on
the presence of phosphate (Fig. 7, white label) and only
occurred in wildtype cell extracts but not in extracts of
mitnP:specy mutant cells. Therefore, 5dAdo cleavage in
S. elongatus is strictly dependent on the presence of the MtnP.
Other enzymes, for example, purine nucleosidase phosphory-
lases (28), apparently do not process 5dAdo in the cell extract.
This result implies that the first product of 5dAdo cleavage is
5dR-1P, which is subsequently converted into 5dR. 5dR-1P
seemed quite stable because LC-MS analysis revealed that a
compound with an m/z ratio that corresponds to the sum
formula of 5dR-1P (M + H, M + Nal]+ [m/z 215.0315;
237.0135]) accumulated in the crude extract (Fig. S3).
Furthermore, no 5dR formation was observed in the crude
extracts (Fig. S4). With this, we exclude a spontaneous

S. elongatus

hydrolysis of 5dR-1P, which is in accordance to the literature,
where 5dR-1P is reported to be metabolically stable (29).

5dR-1P is dephosphorylated by a specific phosphatase

As 5dR-1P is metabolically stable, we assumed that for 5dR
formation, a specific phosphatase must be involved. To identify
this phosphatase, we analyzed the genome of S. elongatus
regarding the presence of phosphoric monoester hydrolases
(Table S3). Sympcc7942 1005, annotated as glucose-1-
phosphatase, belonging to the haloacid dehalogenase
(HAD)-like hydrolase superfamily subfamily IA (30, 31),
seemed a promising candidate as only S. elongatus and Syn-
echococcus sp. PCC 6301, which both produce larger amounts
of 5dR/7dSh, possess a homologous gene. The other cyano-
bacteria mentioned previously do not possess it. Furthermore,
phosphatases from the HAD-like hydrolase superfamily are
known to be promiscuous enzymes dephosphorylating various
phosphate sugars (32, 33). To examine whether this gene is
essential for 5dR-1P dephosphorylation and thereby 5dR/7dSh
synthesis, a corresponding mutant was created by replacing
the Sympcc7942_1005 gene with a spectinomycin resistance
cassette (S. elongatus Synpcc7942_1005::specr). Polar effects
because of the insertion of the antibiotic resistance cassette
were excluded by monitoring the expression of the genes with
a semiquantitative RT-PCR (Fig. S2). Under 5dR/7dSh pro-
duction conditions, the mutant grew like the wildtype
(Fig. 84). The wildtype excreted 5dR and 7dSh, whereas the
mutant only excreted trace amounts of 5dR and not 7dSh
(Fig. 8, C and D). Instead, the mutant excreted 5dAdo, which
was never detected in the supernatant of the wildtype (Fig. 8B).
This clearly shows that the gene product of Synpcc7942 1005
is the major enzyme for the dephosphorylation of 5dR-1P.
However, since in the mutant, small quantities of 5dR were
detectable, other phosphatases may also contribute to minor
5dR-1P dephosphorylation. In agreement with this, Syn-
echoccoccus sp. PCC 7002, which does not possess a homolog
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Figure 7. 5-Deoxyadenosine (5dAdo) cleavage in Synechococcus elongatus is phosphate dependent. Crude extracts from S. elongatus or S. elongatus
mtnP::specg were incubated with 5dAdo in the presence or the absence of potassium phosphate buffer (PPB) and then analyzed via TLC on silica gel. 5dAdo
(R = 0.68) and adenine (R = 0.76) analytes were visualized via absorption at 254 nm. Pure adenine and 5dAdo were used as standards (right). Spots
corresponding to adenine are highlighted with a white box. Three independent replicates are shown for each condition. The stability of 5dAdo in the buffer

is shown with the lysis buffer control.

~ASBMB

J. Biol. Chem. (2021) 296 100621 7

112



Appendix — Publication 2

Bioactive compound formation by 5-deoxyadenosine salvage

A

8
- - Wt
fé 6 1005::specg 6
/=)
o
£
2
g
O

30
t[d]

C

30

- Wt o
1005::specr

S 20
5
%
v 10+

04— :

0 10 20 30
t[d]

- Wt
1005::specr

5dAdo [pM]
3

t [d]

- Wt
44 1005::specr o

7dSh [uM]

04 —a—

0 10 20 30
t [d]

Figure 8. 5-Deoxyribose 1-phosphate (5dR-1P) is dephosphorylated by a phosphatase from the haloacid dehalogenase hydrolase superfamily
(Synpcc7942_1005, Enzyme Commission number: 3.1.3.10). Growth (A), concentrations of 5-deoxyadenosine (5dAdo) (B), 5-deoxyribose (5dR) (C), and
7-deoxy-sedoheptulose (7dSh) (D) in the supernatant of Synechococcus elongatus wildtype (black dots) or 1005::specy mutant (gray squares). All cultures were
aerated with air supplemented with 2% CO,. Note the different values of the y-axis. Values shown in the graphs represent mean and standard deviation of

three biological replicates.

of Synpcc7942_1005, also excreted minor amounts of 5dR and
7dSh.

5dR/7dSh producers possess complete MSP gene clusters

By analyzing the genomes of all examined cyanobacteria in
this study, it turned out that those strains that do not produce
5dR and 7dSh only possess annotated genes for the first two
reactions of the MSP (minP and mtnA), whereas the producer
strains possess annotated genes for the whole MSP pathway
(Table S1). This suggests that the 5dR/7dSh producers might
be able to rescue 5dAdo also via the DHAP shunt, as the third
enzyme of the MSP, MTRu-1P-dehydratase (MtnB), can also
act as a promiscuous aldolase, when no specific class II
aldolase, as DrdA (B. thuringiensis) or Ald2 (R rubrum), is
present (13, 18). None of the analyzed strains possess an Ald2
homolog; therefore, the 5dR/7dSh nonproducer strains must
employ another pathway of 5dAdo salvage.

With this, it appears that the pathway for 5dR and 7dS
synthesis is clarified and based on the activity of seemingly
promiscuous enzymes, which together catalyze the specific
synthesis of the bioactive sugars. Moreover, as suggested by
the CO,-promoted synthesis, the cells are apparently able to
tune the metabolic flow in this pathway in response to envi-
ronmental conditions.

Discussion

Radical SAM enzymes are important enzymes in all do-
mains of life (2). A byproduct of the activity of these enzymes

8 J. Biol. Chem. (2021) 296 100621

is 5dAdo (3). Its accumulation inhibits the activity of the
radical SAM enzymes themselves (9—12). Therefore, 5dAdo
salvage pathways are essential. In this study, we showed that
the unicellular cyanobacterium S. elongatus PCC 7942 has a
special salvage route for 5dAdo, which was never reported
before (Fig. 1A4). We show that 5dAdo salvage can be achieved
by the excretion of 5-deoxyribose and 7-deoxysedoheptulose.
5dR as a product of 5dAdo cleavage was postulated (8, 17) or
observed before but only in in vitro assays (9, 17). 5dR
excretion was suggested as a detoxification strategy for or-
ganisms that do not possess a specific gene cluster for 5dAdo
salvage (18) (analogous to MTR excretion in E. coli, which
does not possess a complete MSP (34, 35)). Therefore, 5dR
accumulation in the supernatant of S. elongatus as an in vivo
phenomenon was first reported by our previous publication
(20) and here identified as a result of 5dAdo salvage.

We propose the following model for a possible 5dAdo
salvage route in S. elongatus by the activity of promiscuous
enzymes leading to the synthesis of the bioactive deoxy-sugars
5dR and 7dSh (Fig. 1A). In brief, 5dAdo is processed by the
promiscuous MtnP into 5dR-1P. Under elevated CO, condi-
tions, this molecule is dephosphorylated to 5dR by the pre-
sumably promiscuous phosphatase, the Synpcc7942_1005 gene
product, to 5dR, part of which is excreted and further
metabolized by the activity of a promiscuous transketolase to
7dSh, which is also excreted to avoid the inhibition of the
shikimate pathway (20). The producer strain tolerates high
concentrations of 7dSh (Fig. 3), whereas other strains such as
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A. variabilis are highly sensitive toward 7dSh treatment (20),
implying that 7dSh is a potent allelopathic inhibitor.

Although most bacteria possess the enzymes for a two-step
reaction of 5dAdo cleavage (MtnN and MTR kinase) (36, 37),
all examined cyanobacteria possess an MtnP (Table S1), which
is normally present in eukaryotes (except for plants). The
phenotype of the insertion mutant (mtnP:specr), which ex-
cretes 5dAdo instead of 5dR/7dSh, demonstrates that 5dR and
7dSh are products of 5dAdo salvage (Fig. 6). The 5dAdo
salvage routes previously reported suggest that the phos-
phorylation of 5dR or the 5dR moiety of 5dAdo is essential to
further metabolize the molecules via specific enzymes or by
promiscuous activity of the enzymes of the MSP (13, 17, 18).
By contrast, in S. elongatus, 5dR-1P is dephosphorylated to
5dR or further processed to 7dSh to yield bioactive secreted
metabolites. Our data imply that the dephosphorylation of
5dR-1P is not because of spontaneous hydrolysis but is mainly
conducted by the gene product of Synpcc7942_1005 (Fig. 8).
Synpcc7942_1005 belongs to Mg**-dependent class IA HAD-
like hydrolase superfamily (31) and is annotated as a
glucose-1-phosphatase, which catalyzes the dephosphorylation
of glucose 1-phosphate (38). As these phosphatases can also
exhibit phytase activity (39, 40), we assume that the gene
product of Synpcc7942_1005 might also exhibit promiscuous
activity, including 5dR-1P dephosphorylation. The dephos-
phorylation of a similar molecule (5-fluoro-5-deoxyribose 1-
phosphate) by a specific phosphoesterase (FdrA) is also con-
ducted by Streptomyces sp. MA37 during the production of a
specific secondary fluorometabolite (41) (Fig. S5).

In later growth phases, part of 5dR is transformed into 7dSh,
which is then also immediately excreted into the supernatant
(Figs. 2C and 4, C and E). In our previous work, we showed
that the affinity of S. elongatus transketolase for 5dR is 100-
fold lower than for the natural substrate bD-ribose-5-
phosphate (20). This is in accordance with the fact that 7dSh
is only formed when relatively high extracellular 5dR con-
centrations are reached (either in later growth phases or
because of the addition of externally added 5dR; note that 5dR
is continuously imported and exported). Furthermore, only
one-tenth of *C5-5dR is converted into *Cs-7dSh. 7dSh for-
mation from 5dR is therefore an impressive example how a
more potent “derivative” (7dSh) is formed by promiscuous
enzyme activity. Interestingly, a promiscuous transketolase
reaction was also suggested in later steps of anaerobic 5dAdo
salvage in M. jannaschii, in which 5dRu-1P is cleaved into
lactaldehyde and methylglyoxal (19). As our analysis showed,
S. setonensis (not yet sequenced) accumulates much higher
concentrations of 7dSh in the supernatant than S. elongatus
but no 5dR at all. If S. setonensis synthesizes 7dSh via the same
pathway than S. elongatus, the complete conversion of 5dR
could be due to a more specific transketolase.

In high concentrations, 5dR exhibited toxicity toward the
producer strain (Fig. 3). 5dR toxicity was also reported in
B. thuringiensis (18), but the intracellular target is not yet
known. Therefore, S. elongatus has to steadily excrete 5dR into
the supernatant to avoid intracellular toxicity. Because '3Cj-
5dR was taken up at the same time as unlabeled 5dR was
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excreted (Fig. 4, B and D), specific transport systems have to be
present, which are probably essential for the survival of the
producer strain.

5dAdo salvage via 5dR and 7dSh excretion was only
observed when cultures were aerated with air supplemented
with 2% CO, (Fig. 2, B and C). Since equal amounts of 5dAdo
were formed under ambient CO, as under high CO, condi-
tions (Fig. 6E), we assumed that under ambient conditions,
5dAdo salvage is conducted via (an)other pathway(s). The
occurrence of (an) additional 5dAdo salvage pathway(s) in
S. elongatus is underlined by the fact that 5dAdo is not
completely metabolized into 5dR/7dSh even under high CO,
conditions (Fig. 5). Because S. elongatus and the other 5dR/
7dSh producers are equipped with the enzymes for the whole
MSP (Table S1), we hypothesize that 5dAdo can be also
metabolized via promiscuous activity of the enzymes of the
MSP via the “DHAP-shunt” resulting in the formation of
DHAP and acetaldehyde (Fig. 1, A and C) as suggested for
organisms that do not possess a specific gene cluster for
5dAdo salvage (13, 17, 18). The formation of MTA, the
starting molecule of the MSP, is almost identical under at-
mospheric and high carbon conditions (Fig. 6E). This indicates
that 5dAdo salvage via 5dR/7dSh excretion under high CO,
conditions is not triggered by an increased demand of MTA
salvage. It is known that intracellular CO,/HCO;™ (C;) exhibits
regulatory functions at the metabolic and transcriptomic levels
(42), and it is known to regulate virulence and toxin produc-
tion in pathogens, for example, in Vibrio cholerae (43). In
particular, cyanobacteria strongly respond to the ambient C;
supply by a multitude of metabolic adaptations such as carbon
concentrating mechanisms (44) and the synthesis of cAMP
(45). As we hypothesize that the fate of 5dAdo is a regulated
process, we assume that the dephosphorylation of 5dR and the
subsequent formation of 7dSh molecules is not an “accident”.
They are rather purposely formed metabolites, which however
derive from toxic byproducts of the primary metabolism. The
regulation how 5dAdo is directed toward 5dR/7dSh formation
has to be further investigated.

With 18 radical SAM enzymes (Table S2), S. elongatus only
possesses a relatively small number of radical SAM enzymes
compared with other prokaryotes (B. thuringiensis: 15; other
Firmicutes: more than 40 (18); R rubrum: 25; and
M. jannaschii: 30 (13)). Probably the most important radical
SAM enzymes under the cultivation conditions applied here
are involved in cofactor biosynthesis and presumably equally
important under ambient or high carbon conditions resulting
in the unaltered 5dAdo formation.

7dSh can inhibit the growth of not only other cyanobacteria
but also plants and was therefore suggested to be an allelo-
pathic inhibitor by inhibiting the dehydroquinate synthase, the
second enzyme of the shikimate pathway (20). In addition, 5dR
is toxic for various organisms (Fig. 3; (18)). Despite the low
concentrations of 5dR/7dSh observed under laboratory con-
ditions, it is imaginable that excretion of 5dR and 7dSh plays a
role in protecting the ecological niche of the producer strains.
7dSh is a more potent inhibitor, for example, for A. variabilis
than for the producer strain. A bactericidal effect for
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A. variabilis was observed at concentrations of 13 uM 7dSh
(20), whereas S. elongatus is affected by 100 uM (Fig. 3).
Although it is not obvious from isolated in vitro studies, we
speculate that 7dSh might play a role in niche competition. In
its natural environment, S. elongatus can live planktonically,
but it is also able to form biofilms or microbial mats, which
also contain the colonization of caves and humid stonewalls
(46-50). In the latter habitats, the dilution of excreted com-
pounds is prevented, and therefore, the activity of 7dSh as an
allelopathic inhibitor is imaginable. In addition, cyanobacteria
tend to excrete exopolysaccharides in biofilms (51), which can
be used as a carbon source by heterotrophic members of the
microbial community, thereby causing locally elevated CO,
concentrations. This could lead to a local enrichment of 5dR
and 7dSh, thereby providing a growth advantage to the pro-
ducer strains protecting their niches against competing
microalgae.

5dAdo salvage is a less noticeable and overlooked research
topic in comparison to methionine salvage from MTA. Hence,
it should be further investigated above all because 5dAdo is
present in all domains of life, whereas MTA is only produced
by specific organisms. Since 5dAdo disposal pathways seem to
differ from species to species, our findings suggest that other
noncanonical 5dAdo salvage pathways may exist, encouraging
the search of “cryptic” metabolites derived from this pathway.

Overall, this study shows a unique example of a synthesis
pathway of bioactive molecules solely catalyzed by promiscu-
ous enzymes of primary metabolism, which challenges the
current view on the synthesis of bioactive molecules. The
involvement of enzyme multifunctionality extends the range of
possible bioactive compounds far beyond what can be pre-
dicted from standard genome mining biased for secondary
metabolite gene clusters.

Experimental procedures
Cultivation

S. elongatus PCC 7942 was cultivated under photoautotro-
phic conditions in BG11 medium (52) supplemented with
5 mM NaHCOs. Precultures were cultivated in shaking flasks
at 30 to 50 pE at 125 rpm (27 °C). Main cultures were culti-
vated in 500 to 700 ml BG11 at 27 °C in flasks that were either
aerated with air or air supplemented with 2% CO,. For this
purpose, cultures were inoculated with an optical density at
750 nm of 0.2 to 0.5 and then cultivated for the first 3 days at
10 pE (Lumilux de Lux; Daylight; Osram). Later, the light in-
tensity was set to around 30 pE. Growth was determined by
measuring the absorbance at 750 nm (Specord 205;
Analytik Jena). For feeding experiments, the cultures were
supplemented at the beginning of the cultivation with 5dR,
[U-13C;5]-5dR, or 5dAdo (Carbosynth Ltd) at the respective
concentrations (see Results section). The other cyanobacterial
strains (Synechococcus sp. PCC 6301, Synechococcus sp. PCC
6312, Synechococcus sp. PCC 7502, Synechocystis sp. PCC
6803, A. variabilis ATCC 29413, N. punctiforme ATCC 29133,
and Anabaena sp. PCC 7120) were cultivated as described
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previously. Synechococcus sp. PCC 7002 was cultivated in a 1:1
mixture of BG11 and ASN III + vitamin By, (10 pg/ml) (52).

S. setonensis SF666 was cultivated for 7 days as described in
our previous work (20).

Synthesis of 5-deoxyribose and 7-deoxysedoheptulose

5dR and [U-'3C5]-5dR 5 were synthesized in a four-step
synthesis based on the literature (53, 54) with an additional
optimization. All synthetic intermediates shown in the reac-
tion scheme (Fig. S6) were verified by TLC, MS, and NMR.
Detailed data for the *C-labeled compounds are presented in
the Supporting Information. The synthesis starts with the re-
action of p-ribose (Sigma) or [U-'3Cs]-p-ribose 1 (500.1 mg,
3.22 mmol; Eurisotop) in a 4:1 mixture of acetone:methanol
with SnCl,x2 H,O (1 eq) and catalytic amounts of concen-
trated H,SO, at 45 °C for 20 h. After cooling to room tem-
perature, the mixture was filtered, neutralized with NaHCO;
solution, once again filtered, and the organic solvent was
evaporated. The remaining aqueous solution was extracted
with ethylacetate, dried over Na,SO,, and evaporated in vacuo
to yield the acetonide-protected ribose 2 as a colorless oil
(399.7 mg, 1.91 mmol, 59%).

Envisaging the following deoxygenation reaction, the pro-
tected pentose 2 (399.7 mg, 1.91 mmol) was diluted in dilated
cardiomyopathy with addition of triethylamine (2.5 eq). After
cooling on ice, mesylchloride (2.5 eq) was slowly added and
then stirred for 5 h on ice. The reaction mixture was washed
with 1 N HC], ultrapure water, NaHCO3 solution, NaCl so-
lution, and again with ultrapure water. The organic solvent was
dried over Na,SO, and evaporated in vacuo to give 3 as an
yellowish oil (556.5 mg, 1.97 mmol, 103%, mesylchloride as
impurity), which becomes crystalline at 4 °C.

For the reduction as the third step 3 (556.1 mg, 1.91 mmol,
maximum educt amount) was diluted in dimethyl sulfoxide.
After cooling on ice, NaBH, (5 eq) was added slowly. After-
ward, the reaction mixture was heated slowly to 85 °C and
reacting for 12 h. After cooling on ice, 5% AcOH was added to
quench remaining NaBH,. The aqueous solution was extracted
with dilated cardiomyopathy, washed with ultrapure water,
dried over Na,SO,, and evaporated in vacuo (40 °C, 750 mbar)
to get 4 as a colorless oil (357.7 mg, 1.85 mmol, 86%).

Deprotecting to the target 5 was achieved by diluting the
acetonide-protected w-deoxy-sugar 4 (357.7 mg, 1.85 mmol) in
0.04 N H,SO, and heating to 85 °C for 3 h. After cooling to
room temperature, the reaction mixture was neutralized with
NaHCOj solution and evaporated by lyophilization. The final
product was first purified by medium-pressure liquid chro-
matography (gradient: start CHCl;:MeOH 10:0; end
CHCl3:MeOH 7:3) and HPLC (column: HiPlexCa, 85 °C, 250 x
10.7 mm, 1.5 ml/min, solvent: ultrapure water) to get [U-13Cy)-
5-deoxy-p-ribofuranose 5 as a colorless oil (115.7 mg,
1.12 mmol, 61%).

7dSh or [3,4,5,6,7-3C5]-7dSh was synthesized in a
transketolase-based reaction with 5dR or [U-'?Cs]-5dR as
substrate as described in our previous publication (20) with
slight modifications. The reaction was performed in water
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instead of Hepes buffer to ensure an enhanced stability of
hydroxypyruvate (very unstable in Hepes (55)). The reaction
was performed for 7 days, and fresh hydroxypyruvate was
added every day. Purification was done as described for 5dR.

Construction of insertion mutants

To create an insertion mutant of the 5-methylthioadenosine
phosphorylase (Enzyme Commission number: 2.4.2.28, MtnP,
Synpcc7942_0932) and  glucose-1-phosphatase  (Enzyme
Commission number: 3.1.3.10, Synpcc7942 1005) in
S. elongatus PCC 7942, a spectinomycin resistance cassette
was introduced inside the respective gene. An integrative
plasmid was constructed in E. coli and then transformed into
S. elongatus. For this purpose, flanking regions on both sides
of the respective gene were amplified from S. elongatus
colonies with primers adding an overlapping fragment
(46_0923_up_fw, 47_0923_up_rev; 48_A0923_down_fw and
49_0923_down_rev for Synpcc7942_0923::specy;
85_1005_up_fw, 86_1005_up_rev; 87_1005_down_fw and
88_1005_down_rev for Synpcc7942_1005::specg; sequences are
shown in Table S4). The spectinomycin resistance cassette
was amplified with primers 32_Spec_fw and 33_Spec_rev. All
PCR amplification products were introduced into a pUC19
vector cut with Xbal and PstI by using Gibson assembly (56).
The plasmid was verified by Sanger sequencing (Eurofins
Genomics). The plasmid was then transformed into
S. elongatus using natural competence as described elsewhere
(57).  Segregation was confirmed by colony PCR
(50_0923_rev_seg and 51_0923_fw_seg for
Synpcc7942_0923::spec; 85_1005_up_fw and
88_1005_down_rev for Sympcc7942_1005:specr). Precultures
of these strains, in the following named as S. elongatus
mtnPuspecy or S. elongatus 1005::specy were cultivated in the
presence of 20 pg/ml spectinomycin, main cultures without
antibiotic.

Quantification of metabolites in the culture supernatant via
GC-MS

Culture supernatant was collected by centrifugation of
1.5 ml culture (16.000g, 10 min, 4 °C). About 200 pl of the
supernatant was immediately frozen on liquid nitrogen and
stored at —-80 °C. Before extraction, the supernatant was
lyophilized. For intracellular measurements, the cell pellets
were also frozen in liquid nitrogen. Samples were extracted as
described in the literature (58) with slight modifications: 700 ul
of ice-cold extraction solution (CHCl3/MeOH/H,O in a ratio
of 1/2.5/0.5 v/v/v) were either added to 200 pl of the lyophi-
lized supernatant or to cell pellets. Samples were homogenized
by vortexing, ultrasonic bath (Bandelin, Sonorex) treatment
(10 min), and shaking (10 min, 1.000 rpm). After that, the
samples were cooled on ice for 5 min and then centrifuged
(10 min, 16.000g, 4 °C). The supernatant was transferred into a
new reaction tube. The pellet was again extracted with 300 pl
extraction solvent as described before. The supernatants were
pooled, and 300 pl ice-cold water was added for phase
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separation. The samples were vortexed, incubated on ice
(5 min), and then centrifuged (10 min, 16.000g, 4 °C). About
900 pl of the upper polar phase was transferred into a new 2 ml
reaction tube and dried in a vacuum concentrator (Eppendorf,
Concentrator plus, mode: V-AQ, 30 °C) for approximately
4.5 h. The samples were immediately closed and then deriv-
atized as described in the literature (59) with slight modifica-
tions. Therefore, the pellets were resolved in 60 ul
methoxylamine hydrochloride (Acros Organics) in pyridine
(anhydrous, Sigma—Aldrich) (20 mg/ml), homogenized by
vortexing, a treatment in an ultrasonic bath (15 min), and an
incubation at 30 °C on a shaker (1.400 rpm) for 1.5 h. After
that, 80 ul N-methyl-N-(trimethylsilyl)trifluoroacetamide
(Macherey-Nagel) was added, and the samples were incubated
at 37 °C for 30 min (1.200 rpm). The samples were centrifuged
(16.000g, 2 min), and 120 pl was transferred into a glass vial
with microinsert. The samples were stored at room tempera-
ture for 2 h before GC-MS measurement.

GC-MS measurements were performed on a Shimadzu
GC-MS TQ 8040 (injector: AOC-20i; sampler: AOC-20s) with
an SH-Rxi-5Sil-MS column (Restek; 30 m, 0.25 mm ID,
0.25 pm). For GC measurement, the initial oven temperature
was set to 60 °C for 3 min. After that, the temperature was
increased by 10 °C/min up to 320 °C, which was then held for
10 min. The GC-MS interface temperature was set to 280 °C,
and the ion source was heated to 200 °C. The carrier gas flow
(helium) was 1.28 ml/min. The injection was performed in
split mode 1:10. The mass spectrometer was operated in
exposure index mode. Metabolites were detected in multiple
reaction monitoring mode. Quantification of the metabolites
was performed with a calibration curve of the respective
substances (5dAdo, 5dR, 7dSh, **Cs-5dR, and **Cs-7dSh). The
recovery efficiency of exogenously added standards (**C5-5dR
and '®C,-7dSh) during the extraction of the cell pellets, as well
as during extraction of the supernatant, is shown in the
Supporting Information (Fig. S7 and Supporting text).

Quantification of MTA and 5dAdo

For the quantification of MTA and 5dAdo (Fig. 6E), 25 pl of
culture supernatant was mixed with 75 pl aqueous solution of
20% MeOH (v/v) + 0.1% (v/v) formic acid. Samples were
analyzed on an LC-HR-MS system (Dionex Ultimate 3000
HPLC system coupled to maXis 4G ESI-QTOF mass spec-
trometer). 5dAdo and MTA were separated on a C18 column
with an MeOH/H,0 gradient (10%—100% in 20 min). The
concentration was calculated from peak areas of extracted ion
chromatograms of a calibration curve of the respective stan-
dards (MTA was obtained from Cayman Chemicals).

Crude extract assays

Crude extract assays were performed by harvesting 10 ml of
the cultures after 14 days of cultivation (air supplemented with
2% CO,) by centrifugation (3.200g, 10 min, 4 °C). The su-
pernatant was discarded, and the pellet was washed with 10 ml
fresh medium. The pellet was resuspended in 2.5 ml lysis
buffer (25 mM Hepes pH 7.5, 50 mM KCl, 1 mM DTT). Cell
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disruption was performed in a FastPrep-24 instrument (MP
Biomedicals, 5 m/s, 20 s, 3x with 5 min break) by adding glass
beads (2 = 0.1-0.11 mm). Cell debris was removed by
centrifugation (25.000g, 10 min, 4 °C). About 200 pl of the
extract was either used alone or supplemented with 5dAdo
(final concentration: 250 uM) or in combination with potas-
sium phosphate buffer pH 7.5 (final concentration: 10 mM).
The extracts were incubated at 28 °C for 7 h, frozen in liquid
nitrogen, and lyophilized. About 100 ul MeOH was added, and
the samples were homogenized and centrifuged. About 50 pl
was applied on a TLC plate (ALUGRAM Xtra SIL G UVjs4;
Macherey-Nagel). For the mobile phase, CHCl3/MeOH in a
ratio of 9:5 (v/v) with 1% (v) formic acid was used. Visualiza-
tion was performed at 254 nm (Fig. 7) or spraying with ani-
saldehyde (Fig. S4).

Bioinformatics

Annotations of the different genes were obtained from the
Kyoto Encyclopedia of Genes and Genomes database (60).
Also, radical SAM enzyme (pf: Radical_SAM, PF04055) search
was done in Kyoto Encyclopedia of Genes and Genomes
database. Searching for homologous genes was performed by
using BlastP (BLOSUM 62). Searching for Ald2 homologs,
R. rubrum protein sequence (rru:Rru_A0359) was used as a
query sequence, and an e value <10e-20 was used for positive
results.

Data availability

All data are presented in the article, in the supporting in-
formation, or are available upon request (please contact: Karl
Forchhammer, karl.forchhammer@uni-tuebingen.de).
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Figure S1: Only small intracellular 5dR and 7dSh accumulation in S. elongatus. Concentration

of 5dR (black dots) and 7dSh (grey squares) in S. elongatus cells [umol*Lyiture*OD7507]
aerated with air supplemented with 2 % CO..
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Figure S2: Gene expression of selected genes in S. elongatus wildtype and in the insertion
mutants Synpcc7942_0923::specr (A) and Synpcc7942_1005::specr (B) determined by semi-
quantitative RT-PCR and genomic context of the deleted genes. RNA was extracted from the
cell pellets, converted into cDNA by using reverse transcriptase. Gene expression was
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specific primers (see Table S4) resulting in fragments of 100-200 bp. Amplified fragments were
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rnpA served as a control.
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5_2_2RB7_01_39689.d: EIC CSH1107F [M+H, M=Na]+ (21 5):0.005 All MS 6_2_3RB3_01_39591.d: EIC C5H1107P [M+H, M+Na+ (215.0315; 237.0135)20.005 Al MS.
—— 7_3_1RC1_01_39692.d; EIC CSH1107P [M+H, M+Nal+ (215.0315; 237.0135)20.005 All MS ——8_3_2RC2_01_39693.d; EIC CSH1107P [M+H, M+Nal+ (215.0315; 237.0135)20.005 All NS
—5_3_3RC3_01_38684.d: EIC CSH1107P [M+H, M+Na]+ (215.0315; 237.0135):0.005 Al US

Figure S3: 5dR-1P accumulates in crude extracts of S. elongatus that were incubated in the
presence of phosphate. Accumulation of 5dR-1P shown as extracted ion chromatogram
[M+H, M+Nal+ (m/z 215.0315; m/z 237.0135) in crude extracts of S. elongatus, (Red — with
5dAdo+potassium phosphate buffer (PPB); green — with 5dAdo, no PPB; black — without
5dAdo, PPB). Three independent replicates are shown for each treatment. One part of the
samples of the crude extract assays was analysed via high resolution LC-MS (C18 Gemini,
solvent A: ACN+0.1 %TFA, solvent B: H20, 1% - 20% B in 20 min, Maxis 4G ESI-QTOF).
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S. elongatus S. elongatus mtnP:.spec, Lysis buffer

& 0
250 uM 5dAdo - + + - + + + b°® ?.b &
10 mM PPB - - + - - + _ v bb 936

Figure S4: 5dR does not accumulate in crude extracts which were incubated with 5dAdo.
Crude extracts from S. elongatus or S. elongatus mtnP::specg were incubated with 5dAdo in
the presence or absence of potassium phosphate buffer (PPB) and then analysed via thin layer
chromatography (TLC). TLC plate from Figure 7 (main text) was sprayed with anisaldehyde
after UV-visualisation. Pure adenine, 5dAdo and 5dR were used as standards (right). Adenine
is only visible with UV-visualisation (see Figure 7, main text). Three independent replicates are
shown for each condition.
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"‘00C N
2
M NH,
N— "N
Hic-st ¢ |l ) ¢
N O<N N/) +F' \ I:) F 0. OH OH OH
he Xi \LT Ve =
—_— N
Fluorinase Purine nucleotide Phosphoesterase OH COOH
HO OH phosphorylase (FdrA) HO OH
S-Adenosylmethionine 5-Fluoro-5- 5-Fluoro-5- 5-Fluoro-5- 5-Fluoro-2,3,4-
deoxyadenosine deoxyribose 1P deoxyribose trihydroxypentanoic

acid (5-FHPA)

Figure S5: Biosynthesis of the fluoro-metabolite 5-FHPA in Streptomyces sp. MA37
(modified after (1)).
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Material & Methods

Table S4: Oligonucleotides for PCR amplification (G), sequencing (S) and semi-quantitative
RT-PCR (qPCR). Overlapping fragments for Gibson cloning are labelled in bold.

Name

Sequence (5 > 39)

46 0923 up_fw (G)
47 0923 up_rev (G)
32 Spec_fw (G)
33_Spec_rev (G)

48 0923 _down_fw (G)
49 0923 _down_rev (G)

1064_pUC19_fw (S)
1065 _pUC19 _rev (S)
50 0923 rev_seg (S)
51 0923 fw_seg (S)
85 1005 up_fw
86_1005_up_rev

87 _1005_down_fw
88 1005 _down_rev
77_rnpA_fw (qPCR)
78_rnpA_rev (qPCR)
107_0922_fw (qPCR)
108 0922 rev (qPCR)
91_0923_fw (qPCR)
92 0923 rev (qPCR)
79_1005_fw (qPCR)
80 _1005_rev (qPCR)
105_1006_fw (qPCR)
106_1006_rev (qPCR)
109_1004_fw (qPCR)
110 1004 _rev (qPCR)

AGCTCGGTACCCGGGGATCCTGGCCTCTACCGAATGGAAGC
CTGCGTTCGGTCAAGAGCTTTGCCAAAGAAGGTCGAAGG
GAGCTCTTGACCGAACGCAG
TTATTTGCCGACTACCTTGGTGATCTC
GAGATCACCAAGGTAGTCGGCAAATAACCCAGATTATCGGCATGACC
ACGCCAAGCTTGCATGCCTGCATGCAGGAGTAGTGCCAAACG
TGCTGCAAGGCGATTAAGTTGGG
CGACAGGTTTCCCGACTGGAAAG
CTAGTCGACCCGCTTCAACC

GCCACCAAGGATCCCAGATG
AGCTCGGTACCCGGGGATCCTTACAACCGCCTCAAGTGC
CTGCGTTCGGTCAAGAGCTATGGAGCGTCCCGAAGTAAG
GAGATCACCAAGGTAGTCGGCAAATAAATGCTTGCTCGTCTTGG
ACGCCAAGCTTGCATGCCTGCAGCTGCTCCAAAGGCAAAC
GAGTCCGTCAACGAAAGTC

GTGAGCAGGCCATCAAAG

CTGAGCTTGTCGCCATTC

GGCAAGGCATTACGGAAG

TTCTTTCGGCCTCAGCAG

TCGGCCAGTAGTTGACTC

GACTGGCACGCTCTTTAC

GGCATTCCAAGCCGTATC

TCTGCGATCGGCTATCTC

TCGCTTGTTGTCCAATCG

CGCTTGGGTGTAGTTGAC

CCGAGTTCGTGCTGATTC

10
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Chemical synthesis of 5-deoxyribose and 7-deoxysedoheptulose

SnCly x 2H,0 HO<, _a& &
HO+ om Acetone ) oM \esyichioride (-850 * o OMe "'3‘*3 o OMe HE  OH
LN MeOH TEA O, NaBH, (" J* 004NHS0, "5 07,
> — > Em—— % —_—
A 59% I 100% A 86% 58 61% ANA
OHOH X S x OHOH

0 2 (3) 4) (5

Figure S6: Four step synthesis of [U-13Cs5]-5dR modified after(6, 7). (1): 3Cs-p-Ribose, (2):
Methyl-2,3-0-isopropylidene-'3Cs-f-p-ribofuranoside, (3): Methyl-2,3-O-isopropylidene-5-
O-mesyl-13Cs-Ap-ribofuranoide, (4): Methyl-2,3-0-isopropylidene-3Cs-5-deoxy-/-p-
ribofuranoide, (5): [U-13Cs]-5-Deoxy-D-ribofuranose.

Physiochemical data of intermediates of the chemical synthesis

Abbreviations: TLC: thin layer chromatography; Ry retention factor; NMR: nuclear magnetic
resonance; MHz: megahertz; CDCls: deuterated chloroform; &: chemical shift; ppm: part per million;
dm: doublet of multiplet; J: coupling constants; Hz: hertz; ddm: doublet of doublet of multiplet; d:
doublet; s: singlet; m: multiplet; HR-(+)ESI-MS: High resolution-electrospray-mass spectrometry
(positive mode); m/z: mass-to-charge ratio; calcd: calculated; ddd: doublet of doublet of doublet; D,0;
deuterium oxide.

Methyl-2,3-0-isopropylidene-!3Cs-B-p-ribofuranoside (2)
TLC: R; 0.63 (cyclohexane/ethylacetate 1:1)

1H-NMR (400 MHz, CDCls):

5 (ppm)=4.95 (dm, J1,c.1=174.4 Hz, 1H, 1-H), 4.81 (dm, J3,c3=160.6 Hz, 1H, 3-H), 4.57 (dm, J»,c2=158.7 Hz,
1H, 2-H), 4.41 (dm, J4,c.4=155.1 Hz, 1H, 4-H), 3.68 (ddm, Jsa,c.5=143.8 Hz, Jsa5,=12.6 Hz, 1H, 5a-H), 3.59
(ddm, JSb,C-5=142-O HZ, Jsb,5a=12-6 HZ, 1H, 5b-H), 3.42 (d, J-OCH3'C_1=4.4 HZ, 3H, -OCH_;), 1.47 and 1.30 (S,
3H, C(CH3),)

13C-NMR (100 MHz, CDCl3):

6 (ppm)=112.2 (C(CHs)2), 109.8 (d, Jc1,c2=48.5 Hz, C-1), 88.4 (dd, Jc.a,c3=39.8 Hz, Jca,c5=38.9 Hz, C-4),
85.9 (dd, Jc.2,c:1=48.5 Hz, Jc.2,c:3=31.0 Hz, C-2), 81.5 (ddm, Jc-3,c-4=39.8 Hz, Je.3 c2=31.0 Hz, C-3), 64.1 (dm,
Jes,c.4=38.9 Hz, C-5), 55.6 (m, -OCH3), 26.4 and 24.8 (C(CH3),)

HR-(+)ESI-MS: m/z calcd. for [M+H]*: 210.1238, found: 210.1239; m/z calcd. for [M+Na]*: 232.1058,
found: 232.1058.

Methyl-2,3-0-isopropylidene-5-0-mesyl-'3Cs-B-p-ribofuranoide (3)
TLC: R: 0.59 (cyclohexane/ethylacetate 1:1)

1H-NMR (400 MHz, CDCls):

8 (ppm)=4.98 (ddd, J1.c1=173.9 Hz, J1 c2=7.5 Hz, J1,=3.0 Hz, 1H, 1-H), 4.69 (dm, J5c5=154.5 Hz, 1H, 3-H),
4.60 (ddm, J5c,=158.9 Hz, J,1=3.0 Hz, 1H, 2-H), 4.40 (dm, J4c4=155.1 Hz, 1H, 4-H), 4.20 (dm,
Jsacs=152.1 Hz, 1H, 5a-H), 4.18 (dm, Jsbc.s=154.1 Hz, 1H, 5b-H), 3.34 (d, J.ocns,c-1=4.5 Hz, 3H, -OCH3),
3.06 (s, 1H, Mesyl-CHs), 1.47 and 1.30 (s, 3H, C(CHs)>)

13C-NMR (100 MHz, CDCl3):

11
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6 (ppm)=113.0 (C(CHs)2), 109.7 (d, Jc1,c2=49.3 Hz, C-1), 85.0 (dd, Je-2,c-1=49.3 Hz, Je2,c3=30.7 Hz, C-2),
83.9 (dd, Jc.4,c»5=42.5 Hz, ./c.4,c.3=39.1 Hz, C-4), 81.5 (ddd, JC—3,C—4=39-1 Hz, JC—3,C—2=30-7 Hz, JC—3,C»5=5-5 Hz,
C-3), 68.5 (dd, Jes,c.4=42.5 Hz, Jesc3=5.5 Hz, C-5), 55.4 (m, -OCHs), 37.9 (Mesyl-CHs), 26.5 and 25.0
(C(CHs)2)

HR-(+)ESI-MS: m/z calcd. for [M+H]*: 288.1014, found: 288.1013; m/z calcd. for [M+Na]*: 310.0833,
found: 310.0831.

Methyl-2,3-0-isopropylidene-'3Cs-5-deoxy-B-p-ribofuranoide (4)
TLC: R 0.87 (cyclohexane/ethylacetate 1:1)

1H-NMR (700 MHz, CDCls):

6 (ppm)=4.92 (ddd, J1,c1=172.3 Hz, J1,c2=7.5 Hz, J1,=2.6 Hz, 1H, 1-H), 4.61 (ddm, J5c,=161.4 Hz,
J21=2.6 Hz, 1H, 2-H), 4.49 (dm, J5¢3=155.8 Hz, 1H, 3-H), 4.32 (dm, J4,c4=149.6 Hz, 1H, 4-H), 3.31 (d,
Jocrzc-1=4.4 Hz, 3H, -OCHs), 1.46 and 1.29 (s, 3H, C(CHs),), 1.27 (dm, Js c.s=126.3 Hz, 3H, 5-H)

BBC.NMR (176 MHz, CDCls):

6 (ppm)=112.2 (C(CHs)2), 109.6 (dm, Je.1,c-2=48.1 Hz, C-1), 85.9 (dm, Jco,c1=48.1 Hz, C-2), 85.3 (dm,
Jc.3,c.4=37.7 HZ, C-3), 83.2 (ddm, ./c.4‘c.3=.lc.4,c.5=37.7 HZ, C-4), 54,5 (m, -OCH3), 26.6 and 25.1 (C(CH;)z),
21.0 (dm, JC-S,C-4=37-7 HZ, C-5)

HR-(+)ESI-MS: m/z calcd. for [M+H]*: 194.1289, found: 194.1294; m/z calcd. for [M+Na]*: 216.1109,
found: 216.1111.

[U-13C5]-5-Deoxy-D-ribofuranose (5)
TLC: R 0.46 (chloroform/methanol 4:1)

1H-NMR (400 MHz, D,0):

B-furanose: & (ppm)=5.18 (dm, J1c.1=172.1 Hz, 1H, 1-H), 4.00-3.95 (m, 3H, 2-H, 3-H, 4-H), 1.33 (dm,
J3,c3=126.8 Hz, 3H, 5-H)

a-furanose: 6 (ppm)= 5.35 (dm, J1c1=172.6 Hz, 1H, 1-H), 4.14 (dm, J5c.»=151.2 Hz, 1H, 2-H), 4.12 (dm,
J4,c4=150.5 Hz, 1H, 4-H), 3.80 (dm, J5,c3=150.2 Hz 1H, 3-H), 1.24 (dm, J3.c3=126.8 Hz, 3H, 5-H)

13C-NMR (100 MHz, D;0):

B-furanose: 6 (ppm)= 100.8 (m, C-1), 78.3 (dm, Jcac5=39.5 Hz, C-4), 75.2 (m, C-2 and C-3), 19.1 (d,
JC-S,C-4=39-5 HZ, C-5)

a-furanose: 6 (ppm)=95.7 (dm, Jc1,c2=42.2 Hz, C-1), 78.1 (dm, Jc.4,c.s=39.9 Hz, C-4), 74.8 (m, C-3), 70.4
(dm, Jeac1=42.2 Hz, C-2), 17.8 (d, Je.s,c.4=39.9 Hz, C-5)

HR-(+)ESI-MS: m/z calcd. for [M+Na]*: 162.0639, found: 162.0640.

[3,4,5,6,7-13Cs]-7-Deoxy-D-altro-heptulose
TLC: R; 0.56 (chloroform/methanol 8:5)

1H-NMR (400 MHz, D,0):

B-furanose 6 (ppm)=4.21 (dm, J4,c4=110.7 Hz, 1H, 4-H), 4.07 (dm, J5c3=145.4 Hz, 1H, 3-H), 3.94 (m, 1H,
H-6), 3.69 (m, 1H, 5-H), 3.63 (dd, J121b=11.8 Hz, J1ac3=4.3 Hz, 1H, la-H), 3.54 (d, Jip1.=11.8 Hz,
Jlb,c.3=6.5 HZ, 1H, 1b-H), 1.20 (dm, J7,c.7=126.8 HZ, 3H, 7-H)

a-pyranose & (ppm)=4.07 (m, 1H, 6-H), 4.03 (m, 1H, 4-H), 3.69 (m, 1H, 3-H), 3.66 (m, 1H, 1a-H), 3.57
(m, 1H, 5-H), 3.40 (m, 1H, 1b-H), 1.26 (dm, J7c,=127.1 Hz, 3H, 7-H)

a-furanose 6 (ppm)=4.14 (m, 1H, 4-H), 4.06 (m, 1H, 3-H), 3.99 (m, 1H, 6-H), 3.91 (m, 1H, 5-H), 3.92 (m,
1H, 1a-H), 3.64 (m, 1H, 1b-H), 1.20 (dm, J;.c7=126.8 Hz, 3H, 7-H)

13C-NMR (100 MHz, D;0):
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B-furanose & (ppm)=101.3 (dm, Jeo,c3=44.4 Hz, C-2), 83.5 (dm, 1J=43.4 Hz, 39.0 Hz, 2/=5.4 Hz, C-5), 75.8
(m, C-3); 74.7 (m, C-4), 67.7 (m, C-6), 62.4 (C-1), 17.0 (d, Jc.7,c.6=38.4 Hz, C-7)

a-pyranose & (ppm)=98.0 (m, C-2), 70.8 (dm, 1/=38.9 Hz, C-4), 68.9 (m, C-5), 67.6 (m, C-3), 64.5 (dm,
1J=41.1 Hz, C-6), 63.8 (C-1), 16.9 (m, C-7)

a-furanose & (ppm)= 104.4 (m, C-2), 84.7 (dm, 1J=40.9 Hz, C-5), 82.0 (dm, Jc.3,c.4=40.5 Hz, C-3), 75.8 (m,
C-4), 66.7 (dm, Y=38.4 Hz, C-6), 62.9 (m, C-1), 17.0 (d, Jc7,c.6=37.4 Hz, C-7)

HR-(+)ESI-MS: m/z calcd. for [M+Na]*: 222.0850, found: 222.0852.
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Quantification of metabolites in the culture supernatant via GC-MS

To determine the recovery efficiency of the extraction method from the cell pellets (Figure S7
A), as well as from the supernatant (Figure S7 B), we performed spiking experiments with 3Cs-
5dR and 3Cs-7dSh.

Recovery efficiency in the cell pellet:

For the standard, we added 5dR, 3Cs-5dR, 7dSh and 13Cs-7dSh (1000 pmol each) to 700 pL of
the extraction solution and proceeded with extraction, derivatization and GC-MS
measurement as described in the Materials & Methods section. Additionally, we added *3Cs-
5dR and *3Cs-7dSh (1000 pmol each) to cell pellets from day 7 (received from 1.5 mL culture)
and analogously performed the extraction, derivatization, and GC-MS measurement. The
mean of the peak areas of each compound in the standard was set to 100 %. Peak areas of
each compound in the cell pellet were normalized to this. Figure S7 A clearly shows that the
recovery efficiency of exogenously added 3Cs-5dR and '3Cs-7dSh in the cell pellet (grey bars)
does not differ from that of the standard (black bars). Besides the measurement of
exogenously added 3C-labelled compounds, we simultaneously also measured the unlabeled
endogenously produced compounds in these cell pellets. Only 5.34 % of unlabeled 5dR and
1.43 % of unlabeled 7dSh (in relation to the applied 1000 pmol) were found, which
corresponds to concentrations measured in Figure S1.

Recovery efficiency in the supernatant:

To determine the recovery efficiency in the supernatant, we added 3Cs-5dR and '3Cs-7dSh
(1000 pmol each) to 200 uL of culture supernatant, lyophilized the supernatant and
proceeded with extraction, derivatization, and GC-MS measurement as described in the
Materials & Methods section. The standard, containing 5dR, 3Cs-5dR, 7dSh and 3Cs-7dSh
(1000 pmol each) was also lyophilized and then treated as the supernatant sample. The mean
of the peak area of each compound in the standard was set to 100 %. Peak areas of each
compound in the cell pellet were normalized to this. Figure S7 B clearly shows that the
recovery efficiency of exogenously added '3Cs-5dR and 3Cs-7dSh in the supernatant (grey
bars) does not differ from that of the standard (black bars). Besides the measurement of
exogenously added 3C-labelled compounds, we simultaneously also measured the unlabeled
endogenously produced compounds in the supernatant of day 14. 218 % of unlabeled 5dR and
6 % of unlabeled 7dSh were found (in relation to the applied 1000 pmol), which corresponds
to concentrations measured at this time point.

These experiments show that the extraction and derivatization method described in the
Material & Methods section is applicable to culture supernatant as well as cell pellets.
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Figure S7: Recovery efficiency of exogenously added 3Cs-5dR and 3Cs-7dSh and the amount of
unlabeled, endogenously formed 5dR and 7dSh (in relation to the standard containing 1000 pmol of
the respective substance) during extraction and derivatization of the cell pellet (A) and the
supernatant (B). Mean of peak areas of each compound in the standard was set to 100 %. Values
shown in the graph represent mean and standard deviation of three replicates. Significant differences
between the recovery efficiency of exogenously added *Cs-5dR and *Cs-7dSh in the standard and in
the cell pellet (A) or in the supernatant (B) were analyzed by using an unpaired t-test (* p-value < 0.05;
** p-value < 0.01; *** p-value < 0.001; n.s.: not significant).
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In vivo Inhibition of the
3-Dehydroquinate Synthase by
7-Deoxysedoheptulose Depends on
Promiscuous Uptake by Sugar
Transporters in Cyanobacteria

Johanna Rapp, Berenike Wagner, Klaus Brilisauer and Karl Forchhammer*

Interfaculty Institute of Microbiology and Infection Medicine, Organismic Interactions, Eberhard Karls Universitét Tiibingen,
Tubingen, Germany

7-Deoxysedoheptulose (7dSh) is a biocactive deoxy-sugar actively excreted by the
unicellular cyanobacterium Synechococcus elongatus PCC 7942 (S. elongatus) but
also Streptomyces setonensis. In our previous publications we have shown that in
S. elongatus, 7dSh is exclusively synthesized by promiscuous enzyme activity from an
inhibitory by-product of radical SAM enzymes, without a specific gene cluster being
involved. Additionally, we showed that 7dSh inhibits the growth of cyanobacteria, but
also the growth of plants and fungi, presumably by inhibiting the 3-dehydroquinate
synthase (DHQS), the second enzyme of the shikimate pathway, as the substrate of this
enzyme strongly accumulates in cells treated with 7dSh. In this study, by using purified
DHQS of Anabaena variabilis ATCC 29413 (A. variabilis) we biochemically confirmed
that 7dSh is a competitive inhibitor of this enzyme. By analyzing the effect of 7dSh on
a subset of cyanobacteria from all the five subsections, we identified different species
whose growth was inhibited by 7dSh. We also found that in some of the susceptible
cyanobacteria import of 7dSh is mediated by structurally different and promiscuous
transporters: 7dSh can be taken up by the fructose ABC-transporter in A. variabilis
and via the glucose permease in Synechocystis sp. PCC 6803 (Synechocystis sp.).
In both cases, an effective uptake and thereby intracellular enrichment of 7dSh was
essential for the inhibitory activity. Importantly, spontaneous mutations in the sugar
transporters of A. variabilis and Synechocystis sp. not only disabled growth of the two
strains on fructose and glucose, respectively, but also almost abolished their sensitivity
to 7dSh. Although we have clearly shown in these examples that the effective uptake
plays an essential role in the inhibitory effect of 7dSh, questions remain about how
7dSh resistance works in other (cyano)bacteria. Also, the involvement of a putative
ribokinase in 7dSh resistance in the producer strain S. elongatus remained to be further
investigated. Overall, these data establish 7dSh as the first allelochemical targeting the
shikimate pathway in other cyanobacteria and plants and suggest a role of 7dSh in
niche competition.

Keywords: 7-deoxysedoheptulose, allelopathy and allelochemicals, sugar uptake, 3-dehydroquinate synthase,
shikimate pathway inhibitors, cyanobacteria, fructose ABC-transporter, glucose permease
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INTRODUCTION transporters) (Ungerer et al., 2008) or transporters belonging to

Cyanobacteria colonize the highly diverse habitats of the entire
illuminated biosphere. They are found in aquatic habitats—either
in salt- or freshwater-but also in the terrestrial environment on
rocks and soil, from desert to Antarctica. They may propagate
in planktonic lifestyle or may live in microbial mats or biofilms.
Their ubiquitous presence in the biosphere is based on various
survival strategies, including the production of over 1,100
secondary metabolites (Dittmann et al., 2015), enabling them to
compete for their ecological niches or to survive under difficult
environmental conditions. Chemically mediated interactions,
either positive or negative, between plants, plants and microbes,
or microbe-microbe are termed as allelopathic (Rice, 1984;
Weir et al., 2004). Among others, allelopathy is a strategy to
fight competitors and predators (Leflaive and Ten-Hage, 2007).
The ability of cyanobacteria to excrete allelopathic compounds,
or allelochemicals, was discovered over 50 years ago in field-
studies of freshwater cyanobacteria (Keating, 1977, 1978), but
also described for marine cyanobacteria (Paz-Yepes et al., 2013).
Allelochemicals from cyanobacteria, such as cyanobacterin from
Scytonema hofmanii (Gleason and Paulson, 1984) and fischerellin
A from Fischerella muscicola (Gross et al., 1991) often inhibit the
photosystem II. The target organisms are other cyanobacteria,
micro- and macro-algae as well as angiosperms (Leio et al., 2009).
The majority of bioactive compounds, isolated mostly from few
genera (Lyngbya, Microcystis, Nostoc, and Hapalosiphon), often
have complex chemical structures and are mainly synthesized
by gene clusters containing nonribosomal peptide synthetases
(NRPS) and or polyketide synthases (PKS) (Dittmann et al,
2015). Although a variety of bioactive compounds have been
isolated from cyanobacteria, only a few are considered to act
as allelopathic inhibitors in the natural habitat of the producer
strains [overview of allelopathic inhibitors from cyanobacteria
by Leflaive and Ten-Hage (2007)]. Classification of a bioactive
compound as an allelochemical can be controversial in certain
cases, because it is difficult to simulate a complex ecosystem
in the laboratory (Gross, 2003; Inderjit and Duke, 2003). The
following aspects are important, when speculating about a
possible role in allelopathic interactions: Allelopathic inhibitors
must be excreted by the producer strain and not released by
cell lysis, as it is the case for microcystins, which are regularly
stored intracellularly (Schatz et al., 2007; Juttner and Liithi,
2008; Ledo et al, 2009). Another aspect is the capability of
the target organisms to take up the inhibitory compound,
which is a less addressed topic (Inderjit and Duke, 2003). In
the context of allelopathic interactions between cyanobacteria
mediated by polar/hydrophilic compounds, the structure of
their envelope plays an important role. Although cyanobacteria
are regarded as Gram-negative bacteria, possessing an outer
membrane, they also possess a thick peptidoglycan layer with a
degree of crosslinking that resembles that from Gram-positive
bacteria (Hansel and Tadros, 1998; Hoiczyk and Hansel, 2000;
Castenholz, 2015). Molecules can pass the outer membrane
via relatively unspecific porins, whereas transport over the
cytoplasmic membrane is carried out via specific transporter, for
example the fructose ABC-transporters (ATP-binding cassette

the major facilitator superfamily like the glucose permease Gtr
(Schmetterer, 1990). The allelochemical microcin C possesses a
peptide moiety, which is required for the uptake via an ABC-
transporter into sensitive cells. Intracellularly, the peptide moiety
is cleaved and converted to the mature inhibitor (Metlitskaya
et al., 2006; Novikova et al., 2007).

The common unicellular model organism Synechococcus
elongatus PCC 7942 (thereafter S. elongatus) has a small,
streamlined genome, which has no known gene cluster for
the production of secondary metabolites (Shih et al., 2013;
Copeland et al., 2014). Nevertheless, we have recently isolated
and characterized a bioactive compound from the supernatant
of this strain, which inhibits not only the growth of other
cyanobacteria, but also the growth of fungi and plants
(Brilisauer et al., 2019). The compound was characterized as
a rare deoxy sugar-namely 7-deoxy-D-altro-2-heptulose (7-
deoxysedoheptulose, 7dSh) (Brilisauer et al., 2019). Recently, we
showed that 7dSh derives from 5-deoxyadenosine (5dAdo) (Rapp
et al., 2021), an inhibitory by-product of radical SAM enzymes,
which are involved in a multitude of reactions (Sofia et al., 2001),
for example in the synthesis of the essential cofactors biotin and
thiamine (Choi-Rhee and Cronan, 2005; Challand et al., 2010).
5dAdo is metabolized into 5-deoxyribose (5dR) and subsequently
converted to 7dSh, by the sole activity of promiscuous enzymes,
without a specific gene cluster being involved (Rapp et al,
2021). Therefore, 7dSh is not a “classical” secondary metabolite
as it derives from a toxic waste product of the primary
metabolism. 5dAdo is only converted to 7dSh under certain
environmental conditions, suggesting an unknown regulatory
mechanism for the formation of the “secondary” metabolite 7dSh
(Rapp et al., 2021). 7dSh is most likely an antimetabolite of the
shikimate pathway, as 7dSh treated cells strongly accumulate the
structurally similar molecule 3-deoxy-D-arabino-heptulosonate
7-phosphate (DAHP), the substrate of the 3-dehydroquinate
synthase (DHQS) (see Figure 1; Brilisauer et al., 2019). This
NAD*-dependent enzyme catalyzes the conversion of DAHP
into 3-dehydroquinate by the release of phosphate (Figure 1A).
The shikimate pathway consists of seven enzymatic steps
that convert erythrose 4-phosphate and phosphoenolpyruvate
into chorismate, a precursor molecule for the synthesis of
aromatic amino acids, folate cofactors and isoprenoid quinones.
Additionally, 7dSh treated Anabaena variabilis cells had a
significantly reduced content of aromatic amino acids (Brilisauer
et al,, 2019), further indicating that 7dSh is an inhibitor of this
pathway. The pathway is only present in bacteria, including
cyanobacteria, fungi, plants, and apicomplexans (Bentley, 1990;
Roberts et al., 1998), thereby being a useful target for antibiotics,
fungicides, and herbicides.

In this study we confirmed the intracellular target of
7dSh biochemically using purified protein and identified the
competitive nature of the inhibitor. Furthermore, we screened the
spectrum of sensitive cyanobacteria and elucidated the uptake of
7dSh by two different types of transporters. Effective uptake of
7dSh leading to an intracellular enrichment is essential for the
inhibitory effect of 7dSh. The characterization of the target but
also the uptake mode is interesting for the ecological function of
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FIGURE 1 | The NAD*-dependent 3-dehydroquinate synthase (DHQS)
mediates the conversion of 3-deoxy-D-arabino-heptulosonate 7-phosphate
(DAHP) into 3-dehydroquinate by the release of phosphate. 7dSh is an
inhibitor of the DHQS-mediated reaction. (A) Schematic representation of the
DHQS mediated reaction. (B) Structural comparison of DAHP and
7-deoxysedoheptulose (7dSh) in its pyranose form. (C) Michaelis-Menten of
the AvDHQS-mediated conversion of DAHP into 3-dehydroquinate in the
absence of 7dSh (black dots) or in the presence of 7dSh (dark grey
squares—-50 uM 7dSh, light grey triangles—100 wM 7dSh). Kinetic parameters
are depicted in Table 3. Values represent mean and standard deviation of
three independent replicates.

the inhibitor, but also relevant for potential application of 7dSh
as an herbicide.

MATERIALS AND METHODS

Cultivation
Cyanobacterial strains (see Table 1) were cultivated under
photoautotrophic  conditions in BGll-medium (Rippka

et al,, 1979) supplemented with 5 mM NaHCOs3, except for
Synechococcus sp. PCC 7002 which was cultivated in a 1:1
mixture of BG11 and ASN III + vitamin B, (10 ug*mL‘l)
(Rippka et al, 1979). Cultivation was conducted at 27°C,
constant illumination with light intensity of 30-50 pE (Lumilux
de Lux, Daylight, Osram) and continuous shaking (125 rpm).
Bioactivity assays were performed in a 24-well plate (except for
A. variabilis and Anabaena sp. from Figure 2). The respective
strains were inoculated with an optical density of ODy5y = 0.05
in 1 mL BG11 and cultivated for 3-7 days at the conditions
mentioned above. Stock solutions of 7dSh, fructose and glucose
were set up in water and then applied to the cultures. Final

TABLE 1 | Cyanobacterial strains used in this study.

Strain

Synechococcus elongatus PCC 7942
Synechococcus elongatus PCC 7942-7dSh?
Synechococcus elongatus PCC 7942 Synpcc7942_0116::spect
Synechococcus sp. PCC 6301
Synechocystis sp. PCC 6803 GT
Synechocystis sp. PCC 6803 GT-7dShR
Synechocystis sp. PCC 6803 GT sll0771::spec”
Synechococcus sp. PCC 7002
Synechococcus sp. PCC 6312

Pleurocapsa minor SAG 4.99

Stanieria cyanosphaera SAG 33.87
Phormidium molle SAG 26.99

Leptolyngbya boryana PCC 6306

Oscillatoria acuminata PCC 6304

Anabaena sp. PCC 7120

Anabaena sp. PCC 7120 (pRL1049-ftRABC)
Anabaena variabilis ATCC 29413

Anabaena variabilis ATCC 29413-7dShR
Nodlularia sphaerocarpa SAG 50.79

Nostoc muscorum SAG 1453-12a
Scytonema hofrmanii PCC 7110
Chlorogloeopsis fritschii PCC 6912
Fischerella muscicola PCC 7414
Mastigocladus laminosus SAG 4.84

concentrations are shown in the figures. 7dSh was synthesized
as described in our previous publications (Brilisauer et al., 2019;
Rapp et al, 2021). Cell density of the unicellular strains was
determined by the measurement of the absorbance at 750 nm
(Specord, Analytik Jena).

Bioactivity assays with A. variabilis and Anabaena sp.
PCC 7120 were performed in shaking flasks with a cultivation
volume of 5 mL (Figure 2). Flasks were inoculated with a
chlorophyll a content of around 1.0-1.5 wg*mL~!. Cell density
of the filamentous cyanobacteria was determined by measuring
the content of chlorophyll a4 as the determination of this is more
precise in filamentous strains. In short: 1 mL of the culture
was centrifuged (16.000xg, 5 min) and the supernatant was
discarded. The pellet was extracted with 1 mL 90% (v/v) MeOH
and incubated for 30 min in the dark. The cell debris was removed
by centrifugation (16.000xg, 2 min). Chlorophyll a content was
measured by the absorbance at 665 nm and the amount was
calculated as described elsewhere (Mackinney, 1941).

For heterotrophic growth experiments, the cultures were
incubated with fructose or glucose in the presence of the
photosystem II-inhibitor DCMU [3-(3,4-dichlorophenyl)-1,1-
dimethylurea] (Rippka, 1972). DCMU was dissolved in acetone
and adjusted to a final concentration of 5 pM.

Spontaneous 7dSh-resistant mutants (7dShR) of A. variabilis,
Synechocystis sp. and S. elongatus were isolated from cultures that
were cultivated at sublethal concentrations of 7dSh (10 pg*mL ™!
7dSh for A. variabilis and 20 pg*mL~! for Synechocystis sp. and
S. elongatus) and then plated on agar plates containing the same
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alone on the growth of A. variabilis, A. variabilis-7dSh®, Anabaena sp. and Anabaena sp. expressing the fructose ABC transporter operon of A. variabilis
(Anabaena sp. + ftRABC). The strains were inoculated with a chlorophyll a content of around 1 ug*mL“ and cultivated for 3 days. Values shown in the graphs
represent mean and standard deviation of three biological replicates. 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 marked with different capital letters. (B) Photoheterotrophic growth on fructose in the
presence of the photosystem Il inhibitor DCMU. The strains were inoculated with the indicated chlorophyll a content (dashed line) and cultivated for 3 days. Values
shown in the graphs represent mean and standard deviation of three biological replicates. Significant photoheterotrophic growth was analyzed by comparing the
growth in the presence of DCMU with or without fructose using an unpaired t-test (“p-value < 0.05; **p-value < 0.01; **p-value < 0.001; n.s., not significant). (C)
Genomic context of the fructose ABC-transporter frtABC operon including the regulator frtR in A. variabilis. The operon is clustered with the putative carbohydrate
porin oprB.

concentration of 7dSh. One single colony per strain was isolated
and then used for bioactivity assays and sequencing (single genes:
gtr/sll0771 in Synechocystis sp., frtRABC in A. variabilis, and
whole genome sequencing in S. elongatus).

Cloning, Expression, Purification, and

Activity of the DHQS From A. variabilis

The 3-dehydroquinate synthase (EC 4.2.3.4) of A. variabilis
(Ava_4386) was amplified from genomic DNA with primers
1 and 2 (Table 2). Vector pET22b and the amplified gene
was cut with Ndel/Xhol and ligated as described elsewhere
and then transformed into Escherichia coli Topl0. With vector
pET22b, a His-Tag was introduced on the C-terminus of the
protein. The vector was verified by sequencing (LightRun Tube,
Eurofins Genomics, Ebersberg, Germany) and then transformed
into E. coli BL21 (DE3). For protein expression the strain
was cultivated in 400 mL LB at 37°C (150 rpm) until an
optical density of around ODggg ~ 0.8. Protein expression was
induced with IPTG with a final concentration of 500 M.

After overnight cultivation at 20°C (150 rpm), the cells were
harvested by centrifugation (6,000xg, 10 min, 4°C). The pellet
was resuspended in 40 mL lysis buffer (50 mM Tris-HCI
pH 7.5, 300 mM NaCl, 10 mM imidazole, protease inhibitor
(complete ULTRA tablets, Roche) and DNAsel). Cell disruption
was conducted via sonification (Branson, 5 mm tip). Cell debris
was removed by centrifugation (40.000xg, 45 min, 4°C). The cell
lysate was filtered with a syringe filter (0.45 wm) and applied to
a HisTrap HP column (1 mL, GE Healthcare Life Science). After
washing of the column, the protein was eluted with elution buffer
(50 mM Tris-HCl, 300 mM NaCl, 250 mM imidazole, pH 7.5).
Protein containing fractions were pooled and dialyzed overnight
(ZelluTrans MWCO 3500 Da, Roth; in 50 mM Tris—-HCl pH 8.0,
100 mM NaCl, 5 mM MgCl,, 1 mM DTT, 0.5 mM ETDA, 50%
glycerol) and stored at -20°C. Purity was confirmed by SDS-
PAGE. Protein concentration was determined with the Bradford
method (RotiQuant, Roth).

In the 3-dehydroquinate synthase mediated reaction DAHP is
converted into 3-dehydroquinate by the release of phosphate (see
Figure 1A). The activity of DHQS was determined by phosphate
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TABLE 2 | Oligonucleotides used in this study.

Name Sequence (5’ — 3')

1_Avar AroB GAGAGACATATGATGACTTCTGTAATTAATGTGAATCTA

2_Avar AroB rev GAGAGACTCGAGCATCTGCTGTAAAACTTGCCGAA

3_frtR_fw ACGGTTTCCCTCTACCGGGATCCCACAGACCGAAGT
GGAAATG

4_frtC_rev CGCAAGAGGCCCTTTCGTCTTCAAGAATTCTGTTCAC
GCAACGAGAAACC

5_pRL1049_fw CGATCCCGCGAAATTAATAC

6_Ava2170_rev TAGTTGACTTGTAAAGTTTTGCGTACTGAG

7_Gtr_rev TTTGGGCCTCACTGGGTATC

8_Gitr_fw GCAACTTGCCATAGGCTAAC

9 0771_up_fw AGCTCGGTACCCGGGGATCCTGGGAAAGGAATTGAT

10_0771_up_rev

CGG
CTGCGTTCGGTCAAGAGCTGTAAAGCTGAAATTGA

AGAAG

GAGATCACCAAGGTAGTCGGCAAATAATTAA AT
TTTGAGGGG

ACGCCAAGCTTGCATGCCTGCACCACCAAACTTTGCA
GAG

AGCTCGGTACCCGGGGATCCTTCCGCACCACTTCCC
GTTTG

CTGCGTTCGGTCAAGAGCTCCCCGCTTCCCCCGTGG
GAGATCACCAAGGTAGTCGGCAAATAACTATCTAAAC

11_0771_down_fw

12_0771_down_rev

13_0116_up_fw

14_0116_up_rev
15_0116_down_fw

AGCAAATTAAC
16_0116_down_rev ACGCCAAGCTTGCATGCCTGCAGAGGTTCCATCAGC
ATAC
17_0116_seq_fw TGTGGGTCGTTCGATTCC
18_0116_seq_rev ATCGGAAGCCAAGTTAGC
19_Spec_fw GAGCTCTTGACCGAACGCAG
20_Spec_rev TTATTTGCCGACTACCTTGGTGATCTC
21_2170_fw ACATTCGTTGGCTGACTG
22_2170_rev AGCAGGCGTTTCTCATTC
23 2171_fw ACGGCTGCTGACACTGATAC
24_2171_rev GATCGCTTCTATGGCTTCTG
25 2172 _rev GATGCTCCAGTTGCATAGTG
26_2172_fw TTTCTCCACCTGCGACTG
27_2173_fw ACGAGCATCCCAAATCAC
28_2173_rev CTGCGGAGTCTGTCAATC

Overlapping fragments for Gibson Assembly are labelled in bold. Underlined
sections indlicate restriction sites.

release as described by Zhu et al. (2018) with malachite green
(Phosphate Assay Kit, abcam, Cambridge, United Kingdom). The
reaction was performed in a total volume of 200 pL in a 96-well
plate. For this purpose, the prewarmed buffer (25 mM Tris-HCI
pH 7.5 50 mM KCl) was mixed with 10 uM NAD* (Roth), 1 mM
DTT (Roth), 2 nM of the enzyme, and varying concentrations of
DAHP (Carbosynth, Berkshire, United Kingdom). The reaction
was conducted at 29°C. The reaction was stopped by the addition
of 30 pL malachite green solution. After 30 min incubation in
the dark at room temperature, phosphate release was measured
by the absorbance at 650 nm in a microplate reader (Tecan
Spark, Mannedorf, Switzerland). For the determination of the
kinetic parameters of the natural reaction, phosphate release was
monitored after 5, 7, and 10 min of reaction. With the slope
through this time points, vmax and kjs was calculated. Enzyme

activities were therefore expressed as phosphate release in
micromoles per minute per pmol of the enzyme (U*molep,. -y,
The kinetic parameters were determined with GraphPad prism by
Vmax X [S]
(km+I81)

The inhibition constant k; was calculated by using the
following model: ky;ops = km X (HT[IJ) and Y =

i

fitting the data into the following equation: v =

Vimax XX
(ky obs+X)
where kar ops is the Michalis-Menten constant in the presence of

a competitive inhibitor.

(Partial) Sequencing of Spontaneous
7dSh-Resistant Mutants

To analyze the genomic background of the spontaneous
A. variabilis-7dSh® mutant, genomic DNA of the mutant
and the wildtype was isolated and the genomic environment
of the fructose ABC-transporter operon (Ava_2170-Ava_2173)
was investigated (see Supplementary Figure 2). Gene specific
primers were designed for each single gene of the operon,
but also for the whole operon. A PCR with a Taq polymerase
(RedTaq Mastermix, Genaxxon bioscience, Ulm, Germany) was
performed to amplify these regions. The products were analyzed
on an agarose gel.

Genomic DNA of the Synechocystis sp.-7dSh® mutant and
wildtype was amplified with a Q5-Polymerase (New England
Biolabs, Ipswich, MA, United States) using primers 7+8
(sequence in Table 2). The product was analyzed by Sanger
sequencing (LightRun Tube, Eurofins).

To obtain high quality genomic DNA of S. elongatus wildtype
and S. elongatus—7dShR, the extraction was performed with the
DNeasy PowerLyzer Microbial Kit (Qiagen). Whole genome
sequencing was performed by CD Genomics (“Microbial Whole
Genome Sequencing”, New York, NY, United States).

Construction of Anabaena sp.
(pRL1049-frtRABC)

The fructose transporter operon from A. variabilis (Ava_2170-
Ava_2173) was amplified from genomic DNA with the Gibson
primers 344 (sequence in Table 2), adding overlapping
fragments to the operon. Vector pRL1049, which is self-
replicating in Anabaena sp. (Black and Wolk, 1994) was digested
with EcoRI and BamHI. After that, the fragments were fused
using Gibson Assembly (Gibson, 2011) and transformed in E. coli
TOP10. The construct was verified by sequencing (LightRun
Tube, Eurofins Genomics). Transformation in Anabaena sp.
was performed by conjugation as previously described (Elhai
and Wolk, 1988). The presence of the replicative plasmid
in Anabaena sp. PCC 7120 was verified by a colony PCR
using the primers 546 (sequence in Table 2). The strain was
cultivated in the presence of 5 pg*mL~! spectinomycin and
5 ug*mL ™! streptomycin.

Construction of Synechocystis sp.
sll0771::spec® and S. elongatus
Synpcc7942_0116::spech

For the construction of the insertion mutants Synechocystis sp.
sll0771:spec® and  S. elongatus Synpcc7942_0116::spec®  the
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respective gene was replaced with a spectinomycin resistance
cassette. For this, flanking regions of both sides of the respective
gene, 300-400 bp in length, were amplified from genomic
DNA of the respective strain with primers adding overlapping
fragments to the backbone vector or the spectinomycin resistance
cassette. Primer 9410 (for Synechocystis sp.) and 13+14 (for
S. elongatus) were used to amplify the upstream fragments,
primer 11412 (for Synechocystis sp.) and 15+16 (for S. elongatus)
for the downstream fragments (primer sequence see Table 2).
The spectinomycin resistance cassette was amplified with
the primer 19+420. For the replacement of the respective
gene, the vector pUC19 (non-replicative in cyanobacteria) was
digested with Xbal and Pstl. All fragments (digested vector,
upstream fragment, spectinomycin cassette, and downstream
fragment) were fused using Gibson assembly (Gibson, 2011) and
transformed into E. coli TOP 10. The plasmid was verified by
Sanger sequencing (LightRun Tube, Eurofins Genomics). The
plasmid was transformed into Synechocystis sp. or S. elongatus by
using the natural competence of this strains. The exact procedure
is described in our previous publication (Rapp et al, 2021).
Integration of the plasmid and segregation was confirmed by
colony PCR (9+12 for Synechocystis sp., 17+18 for S. elongatus,
see Table 2). Both strains were cultivated in the presence of
20 pg*mL~! spectinomycin.

RESULTS

7dSh Is a Competitive Inhibitor of the

3-Dehydroquinate Synthase

Anabaena variabilis ATCC 29413 (thereafter A. wvariabilis)
cultures treated with 7dSh strongly accumulate 3-deoxy-
D-arabino-heptulosonate 7-phosphate (DAHP), which is the
substrate of the 3-dehydroquinate synthase, the second enzyme
in the shikimate pathway (Brilisauer et al., 2019; Figure 1A).
Additionally, the content of aromatic amino acids is strongly
decreased in 7dSh treated cells, whereas the pools of the non-
aromatic amino acids are significantly elevated (Brilisauer et al.,
2019). DAHP shows a similar structure as 7dSh in its pyranose
form (Figure 1B, differences are labelled in red), suggesting
that 7dSh is a structural analogue/antimetabolite of DAHP. To
confirm the intracellular target and the inhibitory mode of
7dSh, an in vitro enzymatic inhibition assay was performed.
Therefore, we cloned the DHQS gene from A. variabilis
(Ava_4386, AvDHQS) into an E. coli overexpression vector,
expressed it in E. coli BL21 (DE3) and purified the enzyme via
its His-tag. Purity was confirmed by SDS-PAGE, where a band
corresponding to the expected molecular weight of ~39 kDa

TABLE 3| Kinetic parameters of the AvDHQS mediated conversion of DAHP into
3-dehydroquinate in the absence or presence of the inhibitor 7dSh.

7dSh (LM) km (wM) Vimax (U*molenz, =)
- 1.8+£03 149.3 = 6.1
50 43+1.1 121.2 +10.9
100 82415 133.9 £ 10.9

was observed (Supplementary Figure 1). In the DHQS mediated
reaction, DAHP is converted into 3-dehydroquinate by the
release of phosphate, which can be measured by means of the
malachite green assay (Figure 1A). First, the kinetic parameters
of the standard reaction were measured (Figure 1C, black dots;
Table 3). For DAHP we obtained a kps-value of 1.8 £ 0.3 uM
and a viay-value of 149.3 £+ 6.1 U*pumoley, . Following the
addition of 50 or 100 uM 7dSh to the standard reaction, the
kpr-value drastically increased although vm,x remained nearly
constant (see Table 3 and Figure 1C, dark grey squares and
light grey triangle). This confirmed the competitive nature of the
DHQS inhibitor 7dSh and clearly showed that 7dSh, presumably
in its furanose form, is a structural analogue of DAHP. From this
data we calculated a k; of 17.6 uM for 7dSh towards the DHQS
from A. variabilis. Additionally, an ICsp-value of 21.3 uM was
determined (data not shown).

Sensitivity of Different Cyanobacterial
Strains Towards 7dSh Treatment

To elucidate the allelopathic potential of 7dSh, we examined
the effect of the inhibitor on various cyanobacterial species
belonging to all subsections of the phylum (Rippka et al.,
1979). Therefore, we inoculated the strains in a 24-well plate
in the presence of different 7dSh concentrations (0, 10, 50, and
250 wM) and cultivated them in continuous light until the
control showed proper growth (Figure 3). Two of the strains,
A. variabilis and Oscillatoria acuminata PCC 6304 were almost
completely lysed by 10 wM 7dSh. Synechocystis sp. PCC 6803 GT
(thereafter Synechocystis sp.), Leptolyngbya boryana PCC 6306
and Nodularia sphaerocarpa SAG 50.79 were moderately
inhibited by 50 wM 7dSh. Growth inhibition in the 7dSh
producer strains S. elongatus and Synechococcus sp. PCC 6301
was observed only at high 7dSh concentrations (250 uM).
Nostoc muscorum SAG 1453-12a was slightly affected by showing
a more yellowish phenotype at concentrations above 50 WM.
Other cyanobacteria, especially those growing in macroscopic
filaments, for example Chlorogloeopsis fritschii PCC 6912 and
Fischerella muscicola PCC 7414, but also Anabaena sp. PCC 7120
(thereafter Anabaena sp.) and some unicellular cyanobacteria like
Synechococcus sp. PCC 7002, Synechococcus sp. PCC 6312 and
the two strains of subsection II (Pleurocapsa minor SAG 4.99,
Staniera cyanosphaera SAG 33.87) were not affected by 7dSh even
at high concentrations.

Taken together, these data indicate that the sensitivity to 7dSh
may greatly vary from a cyanobacterial species to another. As
some cyanobacteria are capable of heterotrophic growth (Rippka
et al, 1979) and thereby endowed with the ability of sugar
uptake (Schmetterer, 1990; Ungerer et al., 2008; Figure 3), we
hypothesized that 7dSh sensitivity might be correlated with this
ability, at least partially. Hence, we set out to test this hypothesis.

Uptake of 7dSh in A. variabilis via the
Fructose ABC-Transporter

To find a reason for the different sensitivities, we first focused
on the highly sensitive A. variabilis and the close relative, but
7dSh insensitive Anabaena sp. strain (Figure 3). While the overall
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FIGURE 3 | Effect of 7dSh toward selected cyanobacteria from all
subsections. The respective strains were cultivated in a 24-well plate in
BG11-medium in the presence of different 7dSh concentrations (0, 10, 50,
and 250 wM). The cultures were inoculated at an optical density of
OD750 = 0.05 and cultivated for 3-7 days. Dark grey background indicates a
strong impact of 7dSh on the growth, whereas light grey labelling indicates a
slight growth inhibition. The general capability of the strains for heterotrophic
growth is depicted in the last column (Rippka et al., 1979). Abbreviations: Glc,
glucose; Fre, fructose; Suc, sucrose; Ribo, ribose; unkn., unknown; x, no
capability of heterotrophic growth. 'S. elongatus is capable of mixotrophic
growth on fructose, sucrose, and xylulose (Peschek and Broda, 1973;
McEwen et al., 2013). 2Synechocystis sp. is capable of fructose uptake,
although fructose is toxic for this strain (Flores and Schmetterer, 1986). SAt
very high fructose concentrations (60-200 mM) this strain is able to grow
heterotrophically (Stebegg et al., 2012) or mixotrophically (Nieves-Morion and
Flores, 2018). #Only slow growth in the presence of the sugars in the brackets.

similarity of the two strains in homologous genes is 95% (Ungerer
et al., 2008), their sequence similarity in the target of 7dSh, the
DHQS enzyme, is around 99% (only four amino acids of the 363
are different). A. variabilis is known for its ability to use fructose

as an additional carbon source or even grow heterotrophically
on fructose (Haury and Spiller, 1981) as the strain contains an
operon for a fructose ABC-transporter (Ungerer et al., 2008).
Anabaena sp. has no homologous operon and is not able
of heterotrophic growth at reasonable fructose concentrations
(Rippka et al., 1979; Ungerer et al., 2008). Therefore, we assumed
that this sugar transporter might play a role in the uptake
of 7dSh. To verify this assumption, we performed bioactivity
assays in the presence of 7dSh, fructose and a combination of
both. After 3 days, the cell density (expressed as chlorophyll
a content) was determined (Figures 2A,B). A. variabilis cells
treated with 25 pM 7dSh showed a significantly reduced cell
density, whereas the cell density of Anabaena sp. was not affected.
The addition of a 40-fold higher concentration of fructose
to A. variabilis alleviated the inhibitory effect of 7dSh to a
certain extent but the culture did not regain the cell density of
untreated cells. Additionally, we isolated a spontaneous 7dSh
resistant A. variabilis mutant by cultivating an A. variabilis
culture at sublethal concentrations of 7dSh (hereafter termed
A. variabilis-7dSh®). The cell density of this mutant was not
affected by the addition of 25 M 7dSh. Furthermore, unlike
the wildtype, the mutant was no longer capable of using
fructose as an additional carbon source (Figure 2A) or of
photoheterotrophic growth in the presence of the PS II inhibitor
DCMU |[3-(3,4-dichlorophenyl)-1,1-dimethylurea] (Figure 2B).
To finally prove that the fructose ABC-transporter operon
SfrtRABC is responsible for 7dSh uptake, we cloned this operon
into a replicative plasmid (pRL1049) and introduced it into
Anabaena sp. (thereafter named Anabaena sp. + frtRABC). The
resulting strain gained sensitivity towards 7dSh, which could
be alleviated by the addition of fructose as also shown for
A. variabilis wildtype. Furthermore, this strain also gained the
ability to use fructose as an additional carbon source (Figure 2A)
or to grow photoheterotrophically on fructose in the presence
of DCMU (Figure 2B), as also described in the literature
(Ungerer et al,, 2008). Additionally, we analyzed the genomic
context of the frtRABC operon in A. variabilis wildtype and
in A. variabilis-7dShR. Therefore, we designed gene specific
primers and amplified parts of the respective genes, but also
the whole operon and analyzed the PCR fragments via agarose
gel electrophoresis (see Supplementary Figure 2). The wildtype
clearly showed the anticipated fragments for all the amplified
genes (Ava_ 2170, Ava 2171, Ava 2172, and Ava_2173) as well
as the fragment of the whole operon (Ava_2170-Ava_2173),
whereas the mutant did not show any of the fragments,
indicating a deletion of the whole operon in A. variabilis-7dSh®
(Supplementary Figure 2).

Uptake of 7dSh in Synechocystis sp. via

the Glucose Permease Gtr

The unicellular cyanobacterium Synechocystis sp., a frequently
used model strain, also showed sensitivity towards 7dSh
treatment (Figure 3). The glucose-tolerant lab-strain can use
glucose as an additional carbon source and can even grow
heterotrophically on glucose (Rippka et al, 1979; Anderson
and McIntosh, 1991). On the contrary, fructose is toxic for
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FIGURE 4 | 7-deoxysedoheptulose is taken up via the glucose permease Gtr in Synechocystis sp. (A) Effect of 7dSh, 7dSh in combination with glucose, glucose or
fructose on the growth of wildtype Synechocystis sp., the 7dSh resistant mutant Synechocystis sp.-7dShR and the gtr insertion mutant Synechocystis sp.

slho771 ::specR. The strains were inoculated at an optical density of ODz50 = 0.05 and cultivated for 3 days. Values shown in the graphs represent mean and
standard deviation of three biological replicates. 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 marked with different capital letters. (B) Heterotrophic growth on glucose by using the photosystem Il inhibitor
DCMU. The strains were inoculated at an optical density of 0.5 and cultivated for 3 days. Values shown in the graphs represent mean and standard deviation of three
biological replicates. Significant heterotrophic growth was analyzed by comparing the growth in the presence of DCMU with or without fructose using an unpaired
t-test (*p-value < 0.05; *p-value < 0.01; ** p-value < 0.001; n.s., not significant). (C) Genomic context of the glucose permease in Synechocystis sp. A putative
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this strain (Flores and Schmetterer, 1986). Both, glucose and
fructose are taken up by the glucose permease Gtr (also
called GIcP or Sl0771), which belongs to the major facilitator
superfamily (Joset et al., 1988; Zhang et al., 1989; Schmetterer,
1990). With this knowledge, we performed bioactivity assays
with Synechocystis sp. in the presence of 7dSh, glucose, the
combination of them and fructose and determined the cell
density after 3 days (Figure 4). The addition of 250 uM 7dSh
led to a significantly reduced cell density. Even the addition of
the 20-fold amount of glucose did not alleviate the inhibitory
effect of 7dSh. Additionally, we isolated a spontaneous 7dSh-
resistant mutant by cultivating Synechocystis sp. at sublethal
concentrations of 7dSh (hereafter termed Synechocystis sp.-
7dShR). The growth of this mutant was only slightly affected
by the addition of 7dSh, but the mutant was no longer
capable of using glucose as an additional carbon source or
of photoheterotrophic growth (Figure 4A) on glucose in the
presence of DCMU (Figure 4B). The wildtype showed a
significantly enhanced optical density in the presence of glucose
and during photoheterotrophic growth in the presence of glucose
and DCMU. Furthermore, the Synechocystis sp.-7dShR was not
inhibited by the addition of fructose, which showed toxicity in
the wildtype. These findings suggest that the glucose permease
is responsible for the uptake of 7dSh in Synechocystis sp. To

confirm this assumption, we amplified and sequenced the gene
of the glucose permease (sl[0771) of wildtype and resistant
mutant. It turned out that the mutant had acquired a single
point mutation on position 1,174, containing a transition of
thymine to cytosine. This results in an amino acid exchange from
tryptophane to arginine located in a membrane-spanning helix at
amino acid position 392, and therefore, of functional importance
(Schmetterer, 1990). To confirm that the glucose permease Gtr
is responsible for 7dSh uptake, the respective gene sll0771 was
replaced by a spectinomycin resistance cassette resulting in strain
Synechocystis sp. sll0771::spec®. The growth of the mutant was
only slightly affected by the addition of 7dSh, and the strain was
no longer capable of using glucose as an additional carbon source
or of heterotrophic growth on glucose (Figure 4). These findings
clearly indicate that 7dSh is mainly imported via the glucose
permease Gtr, but there might be also other transporters with
lower affinity that can import 7dSh.

7dSh-Sensitivity of the Producer Strain
S. elongatus

Synechococcus elongatus is a natural producer of 7dSh and its
precursor molecule 5-deoxyribose (5dR) (Brilisauer et al., 2019;
Rapp et al,, 2021). In our previous work we showed that both
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FIGURE 5 | The putative ribokinase Synpcc7942_0116 is responsible for 5dR
and 7dSh sensitivity in S. elongatus. Effect of 7dSh and 5dR on the growth on
wildtype S. elongatus, the 7dSh resistant mutant S. elongatus-7dShR and the
putative ribokinase insertion mutant S. elongatus Synpcc7942 01 16::specﬂ.
The strains were inoculated at an optical density of ODz50 = 0.05 and
cultivated for 3 days. Values shown in the graphs represent mean and
standard deviation of three biological replicates. 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
marked with different capital letters.

compounds are immediately excreted after formation, as none
of these compounds accumulates intracellularly (Rapp et al.,
2021). We furthermore showed that at the same time as 5dR is
excreted, it is also imported and that both substances showed
an inhibitory effect towards the producer at high concentrations
(Rapp et al.,, 2021), indicating that there is also a mechanism
for the uptake of both substances. By cultivating S. elongatus
at sublethal 7dSh concentrations we isolated a spontaneous
resistant mutant (S. elongatus-7dSh®), which was no longer
sensitive towards 250 wM 7dSh, but also not sensitive towards
250 uM 5dR (Figure 5B). This suggests a common mechanism
for the inhibitory effect of 5dR and 7dSh in S. elongatus. In
contrast to the other strains analyzed above, S. elongatus is not
able to grow heterotrophically (Rippka et al, 1979) and no
sugar transporter is identified so far, although various ABC-type
transporters and permeases are annotated in the genome of this
strain. To elucidate the mechanism for 7dSh insensitivity, we

performed a whole genome sequencing of the S. elongatus-7dShR
and the wildtype. Compared to the annotated genome (GenBank
accession No.. CP000100.1), our laboratory wildtype strain
possesses three point mutations on the chromosome, leading to
amino acid exchanges (see Supporting information, Table 1). In
S. elongatus-7dSh® four point mutations were identified, three
of which also present in the wildtype. The additional point
mutation, an exchange of thymine to adenine (position 923),
resulting in an amino acid exchange from isoleucine to proline, is
located at amino acid position 308 in gene Synpcc7942 0116. The
gene is annotated as a sugar or nucleosidase kinase or belonging
to ribokinase family (COG annotation) and it contains the PFAM
motive pfkB of family carbohydrate kinase (PF00294). In the
KEGG database it is annotated as a fructokinase (EC: 2.7.1.4)
(Kanehisa and Goto, 2000). To confirm the role of this gene in
5dR/7dSh sensitivity, we replaced the gene with a spectinomycin
resistance (S. elongatus Synpcc7942_0116::spec®) and performed
growth experiments in the presence of 5dR and 7dSh (Figure 5C).
Interestingly, the strain was no longer affected by 5dR or 7dSh
(Figure 5), indicating an essential role of this gene product in the
sensitivity of this strain regarding these two compounds.

DISCUSSION

Only few bioactive compounds from cyanobacteria are regarded
as allelopathic inhibitors (Legrand et al., 2003; Ledo et al,
2009). Here, we confirmed the allelopathic potential of 7dSh,
a bioactive compound, which is actively formed and excreted
by the unicellular cyanobacterium S. elongatus. 7dSh derives
from a toxic waste product of the primary metabolism by
solely promiscuous enzyme activity (Brilisauer et al., 2019; Rapp
et al., 2021). First, we biochemically verified that 7dSh is an
antimetabolite of the DHQS-mediated reaction, by mimicking
the natural substrate DAHP (Figure 1). This is to the best of
our knowledge the first example of an allelochemical targeting
the shikimate pathway. Although a variety of allelochemicals
are targeting the photosystem II (Gross, 2003), the shikimate
pathway is an attractive target as all niche competitors of
cyanobacteria possess this pathway (cyanobacteria, plants, but
also other bacteria). The DHQS from A. variabilis was inhibited
by 7dSh in a competitive manner and exhibited an inhibition
constant (k;) of 17.6 WM or an ICsp-value of 23.3 wM. 7dSh is
most likely only active in its pyranose form, as the structural
similarity to DAHP is obvious in this conformation (Figure 1B),
although the majority of it is present in the furanose form
(Brilisauer et al., 2019). For this reason, we assume, that only a
minor part of 7dSh, the part, which is present in the pyranose
form, is involved in the inhibition of the DHQS. According
to literature, the hydroxyl group at Cs, which has the same
configuration in 7dSh and in the natural substrate DAHP, is
important for binding in the active side of the enzyme. In this
first step the hydroxyl group at Cs is oxidized by enzyme bound
NAD™ (Carpenter et al., 1998). This ketone-NADH intermediate
is bound very tightly to the enzyme (Bender et al., 1989), before
B-elimination of the phosphate group occurs, which is blocked by
various inhibitors, presumably also by 7dSh. The activity of 7dSh
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is comparable with other synthetic oxacyclic DHQS inhibitors
(f.e. phosphonate), which display k;-values also in the lower uM
range (Bender et al., 1989). Furthermore, the kinetic parameters
of A. variabilis DHQS were similar to other organisms, for
example Actinidia chinensis, which has a kjs-value for DAHP of
1.3 uM (Mittelstidt et al., 2013).

Not all cyanobacteria are affected by 7dSh treatment: while
several species are only affected in high concentrations (Figure 3),
others are completely growth inhibited or even lysed at low pM
concentrations of 7dSh (A. variabilis, Oscillatoria accuminata,
Figure 3; Brilisauer et al, 2019). In complex communities
involving different species, it is common that some species
remain sensitive towards allelopathic inhibitors, whereas others
develop strategies to tolerate the compounds (Bubak et al,
2020). The isolation of spontaneous 7dSh-resistant mutants
demonstrates that cyanobacteria can easily adapt to the inhibitor.
However, this goes hand in hand with the loss of the ability to
use sugars as a(n) (additional) carbon source (see A. variabilis-
7dShR and Synechocystis sp.-7dShR), thereby losing a feature
which could favor growth under certain nutritional conditions
or in plant symbiosis (Ckman et al., 2013). We hypothesize
that S. elongatus might compensate its inability to grow
heterotrophically by excreting 7dSh, which then inhibits other
cyanobacteria thereby hindering their overgrowth when sugars
are present. Interestingly, some strains capable of heterotrophic
growth on sugars, thereby necessarily possessing sugar uptake
systems, are not affected by 7dSh (e.g., Staniera cyanosphera),
suggesting that these strains might have developed mechanisms
to grow heterotrophically while avoiding 7dSh inhibition.
Additionally, heterotrophic bacteria are at most weakly affected
by 7dsh [e.g., Gluconobacter oxydans is not inhibited by 7dSh
(Brilisauer et al., 2019)]. For E. coli a weak growth inhibition
could be observed when cultivated in minimal medium, but
not in complex medium (Supplementary Figure 3). It might be
possible that some heterotrophic bacteria are able to metabolize
7dSh, as it is reported that the cocultivation of cyanobacteria
with heterotrophic bacteria can support the growth of the
cyanobacteria (Zheng et al., 2018; Gao et al.,, 2020).

With growth experiments in the presence of 7dSh and/or
fructose (Figure 2), we identified the frtRABC operon, encoding
for the ABC-type fructose transporter and a lacI-like regulatory
gene frtR (Ungerer et al, 2008), as the transporter for 7dSh
uptake in A. variabilis. The promiscuous uptake of 7dSh by this
transporter is quite effective as strong DAHP accumulation could
be observed within 1 h, whereas in control cultures no DAHP
was detectable (Brilisauer et al., 2019). Additionally, fructose in a
40-fold higher concentration does only partly alleviate the toxic
effect of 25 WM 7dSh, indicating an effective and rapid uptake of
7dSh in A. variabilis cells. With this, we assume that either 7dSh
has a high affinity towards the fructose transporter [kys-value
for fructose 140 wM (Haury and Spiller, 1981)] or 7dSh quickly
increases the expression of the transporter as also reported for
fructose (Ungerer et al., 2008). The effect of 7dSh, whether it
shows bacteriostatic or bactericidal activity, is strongly dependent
on the optical density of the cultures (Brilisauer et al., 2019),
which clearly showed that the effect of 7dSh strongly depends on
the amount of 7dSh per cell. This indicates that the intracellular

concentration of 7dSh should be by orders of magnitude higher
than the applied extracellular concentration and explains that
extracellular concentrations of 7dSh, which were far below the k;-
value, can have detrimental effects on A. variabilis. The effective
and rapid uptake of 7dSh leading to a strong intracellular
enrichment is thereby essential for the inhibitory activity of
7dSh. Although 7dSh is a competitive inhibitor, which should be
displaced by increasing DAHP concentrations, we assume that
the bactericidal effects of 7dSh are additionally caused by strong
metabolic perturbations, which are also described for other
compounds targeting the shikimate pathway. The physiological
effects of glyphosate (targeting aromatic amino acid synthesis)
or the acetolactate synthase (ALS) inhibitor Imazamox (targeting
branched-chain amino acid synthesis) are broader than the sole
depletion of amino acids, resulting for example in the use of
less efficient metabolic pathways (Orcaray et al., 2012; Zulet
et al, 2015). Additionally, we cannot exclude that 7dSh has
also other, unknown side targets. 7dSh can sneak into cells of
target organisms not only via the fructose ABC-transporter: it
can also be imported by a structural and functional different
sugar transporter-the well-characterized glucose permease of
Synechocystis sp. (Flores and Schmetterer, 1986; Joset et al.,
1988; Schmetterer, 1990). Besides its ability to transport glucose
(kyr = 0.58 mM), also the glucose analogue 3-O-methyl-D-
glucose (kpr = 1.66 mM) and fructose, which is even toxic for
Synechocystis sp., can be taken up (Joset et al., 1988). It is obvious
that Synechocystis sp. possesses also other transporters, which
can take up 7dSh with a poorer efficiency as the growth of the
gtr insertion mutant (Synechocystis sp. sll0771::spec®) is slightly
impaired by 7dSh (Figure 4A). This is underlined by the fact
that a gfr~ mutant gained the ability to grow heterotrophically on
fructose, although for the wildtype fructose is toxic (Stebegg et al.,
2019). Directly adjacent to the frtRABC operon in A. variabilis
and adjacent to the glucose permease in Synechocystis sp., we
noted the presence of a gene encoding for a putative carbohydrate
porin (Ava_2174, sll0772) (Figures 2C, 4C) suggesting that
porins might be responsible for the permeation via the outer
membrane. SII0772 and ava_2174 show high sequence similarity
to a porin-encoding gene from Nostoc punctiforme ATCC 29133
(N. punctiforme), which is also clustered with a fructose ABC
transporter and was shown to be responsible for permeation of
the sugar through the outer membrane (Ekman et al, 2013).
Interestingly, N. punctiforme is not affected by 7dSh treatment
although it has a similar fructose ABC-transporter as A. variabilis
and additionally a clustered glucose permease (Ekman et al.,
2013). We hypothesize that this might be due to a different
regulation, as the expression of the fructose transporter in
A. variabilis is regulated by FrtR (Ungerer et al., 2008), whereas
the homologue in N. punctiforme HrmR, does not appear to be
involved in the regulation of the fructose transporter (Ckman
et al., 2013). Besides lower uptake of 7dSh, there are also other
possibilities which can result in insensitivity towards 7dSh, e.g.,
excretion systems, which might be especially present in strains
with a large genome. This is underlined by the fact that also
other complex, multicellular cyanobacteria (e.g., Chlorogloeopsis
fritschii PCC 6912, Fischerella muscicola PCC 7414), which are
able to use various sugars for heterotrophic growth are not
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affected by 7dSh treatment. We have to add that 7dSh might
be not exclusively transported by sugar transporters, but also
by other transporters. The uptake of 7dSh in the producer
strain S. elongatus remains unclear, especially as the strain also
possesses an effective, but unidentified excretion system, which
leads to an immediate excretion of intracellularly formed 7dSh
(Rapp et al., 2021). However, it seems that the strain possesses
unidentified sugar transporters, which presumably allow the
strain to grow mixotrophically on fructose, glucose, sucrose and
xylose to a certain extent (Peschek and Broda, 1973; McEwen
et al,, 2013). The involvement of the putative ribokinase in
7dSh and 5dR-sensitivity should be further investigated. It is
possible that in this strain phosphorylated 5dR and 7dSh, which
cannot be excreted, act as inhibitors. For A. variabilis we exclude
that phosphorylated 7dSh plays a role in the 7dSh-triggered
inhibition. By having a look in previous HRLC-MS data, where
we examined the metabolome of 7dSh treated and untreated
A. variabilis cells, we clearly see an accumulation of a compound
with a m/z ratio corresponding to the sum formula of 7dSh
(C;H1406 [M+H, M+Na]*) in 7dSh treated cells, but not
in untreated control cultures. A compound with a m/z ratio
of phosphorylated 7dSh (C;H;509P [M+H, M+Na] ™) neither
accumulates in 7dSh treated nor in untreated cells (data not
shown). We conclude that the extraction process does not
destroy phosphorylated compounds, as we observe a strong
accumulation of a phosphorylated compound with the sum
formula C;H;3010P [M+H, M+Na] ™", corresponding to the m/z
ratio of DAHP in 7dSh treated cells. Additionally, during the
elucidation of the biosynthesis of 7dSh, we were able to measure
phosphorylated 5dR in crude extracts incubated with 5dAdo,
with this method (Rapp et al., 2021).

The main problem of allelopathic interactions in aquatic
ecosystems is the dilution of the allelochemical, thereby causing a
reduction of the effective concentrations (Gross, 2003). Although
S. elongatus was originally isolated from freshwater and is
commonly cultivated in its planktonic lifestyle in the laboratory
(Golden, 2019), various authors reported that S. elongatus can
also exhibit a terrestrial lifestyle, colonizing soil, rocks, humid
stonewalls, and even caves in microbial mats and biofilms
(Schlosser, 1994; Czerwik-Marcinkowska and Mrozinska, 2011;
Mattern and Mare$, 2018; Yang et al, 2018; Conradi et al.,
2020). Although 7dSh is isolated from planktonic cells, we
suggest that 7dSh as an allelopathic inhibitor might play a
more important role in its terrestrial and community-/biofilm-
forming lifestyle, where it accumulates in high concentrations.
One of the two most sensitive strains in this study, Oscillatoria
accuminata, also colonizes soil (strain information for SAG 1449-
3 on the website). The soil bacterium Streptomyces setonensis
produces significantly higher amounts of 7dSh (more than 10-
fold compared to S. elongatus) (Rapp et al., 2021), suggesting
that 7dSh excretion is a more common strategy in allelopathic
interactions in a terrestrial lifestyle. It is possible that S. elongatus
might be able to produce greater amounts of 7dSh under other
conditions, because in our laboratory conditions only a minor
part of 5dAdo is converted into 7dSh (Rapp et al., 2021). Besides
the competition with other cyanobacteria, S. elongatus might also
compete with angiosperms regarding light. 7dSh also strongly

inhibits the growth of germinating A. thaliana seedlings, either
on agar plates, but also in soil, where a significant growth
reduction was observed already at 25 M (Brilisauer et al., 2019),
suggesting that 7dSh might also play a role in niche protection or
competition for light with angiosperms. It is obvious that 7dSh
is also taken up by (a) sugar transporter(s) in A. thaliana as
the effect of 7dSh on germinating seedlings is strongly alleviated
when sucrose is present (Supplementary Figure 4). 7dSh showed
a similar effect on A. thaliana seedlings as the commercially
available herbicide glyphosate (Brilisauer et al., 2019). As plants
possess monosaccharide transporters, belonging to the major
facilitator superfamily, for the distribution of sugars (Williams
et al, 2000), we speculate that 7dSh might exhibit systemic
toxicity which is essential for being an effective herbicide. The
verification of the target of 7dSh, and the deeper understanding
how 7dSh is taken up might also help to further develop 7dSh as
an herbicide, as the uptake of an herbicide is a suitable target for
the development of resistant crops. The exact uptake mechanism
of glyphosate in plants is not yet known, but only recently a
transporter for glyphosate uptake in B. subtilis was identified
(Wicke et al., 2019).

With the identification of different sugar transporters
responsible for 7dSh uptake and the fact that 7dSh is actively
excreted by S. elongatus, we identified the allelopathic function
of this rare deoxy-sugar. As it is also excreted by S. setonensis we
suggest that formation and excretion of 7dSh is a more common
mechanism in niche protection.
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Figure S1: Coomassie-stained SDS-PAGE gel of purified AvDHQS. The protein was expressed in
E. coli BL21 (DE3) with a C-terminal His-Tag and purified via Ni** affinity chromatography.
~0.5 pg of protein was applied to a 12 % SDS-PAGE gel.

151



Appendix — Publication 3

Ava_2170

bp L Wt mutant bp L bp bp bp
2000 B 2000 2000
2000 B 1500 B> 1500 1500
1500 B S— .
10008 1000 1000m~ —
10008
7508 750 750 —
7508 —
A A
15.03.2021 *

Figure S2: Analysis of PCR fragments of the fifRABC operon (Ava_2170-2173) from genomic
DNA of A. variabilis (Wt) and a spontaneous 7dSh-resistant mutant (mutant) visualized by agarose
gel electrophoresis. Gene specific primers were used in a PCR reaction with genomic DNA (50 ng
DNA, Red Taq Mastermix, Genaxxon). Ava 2170 — primer 21422 (expected band size: 863 bp),
Ava_ 2171 —primer 23+24 (expected band size: 735 bp), Ava_2172 — primer 25+26 (expected band size:
1510 bp), Ava_ 2173 — primer 27+28 (expected band size: 946 bp), Ava_2170-Ava_ 2173 — primer 3+4
(expected band size: 5574 bp). To analyse the presence of the single genes, primers lying inside the
respective gene were used. For the amplification of the whole operon, primers lying 200 bp up- and
downstream of the operon were used. Primer sequences are shown in Table 3. L - DNA ladder 1 kb
(Genaxxon). Splice borders are labelled with grey triangle, but marker and samples were run on the
same gel.
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Figure S3: Growth of E. coli in minimal medium (M9) supplemented with 0.5 mg/mL fructose and
1 mg/mL casamino acids in the presence or absence of 7dSh. E. coli K12 was inoculated with an
optical density of ODey0=0.02 in a 96-well plate and cultivated at 37 °C and constant shaking (120 rpm).
Values represent mean and standard deviation of seven biological replicates. E. coli cells growing in
complex media (LB) is not affected by the addition of 7dSh (data not shown).
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Figure S4: Effect of 7dSh on the germination of A. thaliana seedlings in liquid Murashige and
Skoog Basal Medium containing 10 mg/mL sucrose after 7 days of cultivation in day/night cycle.
In the absence of sucrose, the germination of 4. thaliana seedlings in the presence of 7dSh is strongly
decreased (Brilisauer et al., 2019).
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Abstract

5-Deoxyadenosine (5dAdo) is a by-product of many radical
SAM enzyme reactions in all domains of life, and an inhibitor
of the radical SAM enzymes themselves. Hence, pathways to
recycle or dispose of this toxic by-product must exist but re-
main largely unexplored. In this review, we discuss the cur-
rent knowledge about canonical and atypical 5dAdo salvage
pathways that have been characterized in the last years. We
highlight studies that report on how, in certain organisms,
the salvage of 5dAdo via specific pathways can confer a
growth advantage by providing either intermediates for the
synthesis of secondary metabolites or a carbon source for
the synthesis of metabolites of the central carbon metabo-
lism. Yet, an alternative recycling route exists in organisms
that use 5dAdo as a substrate to synthesize and excrete 7-de-
oxysedoheptulose, an allelopathic inhibitor of one enzyme
of the shikimate pathway, thereby competing for their own
niche. Remarkably, most steps of 5dAdo salvage are the re-
sult of the activity of promiscuous enzymes. This strategy en-
ables even organisms with a small genome to synthesize
bioactive compounds which they can deploy under certain
conditions to gain a competitive growth advantage. We con-

ogy/Organismic Interactions, Eberhard Karls

clude emphasizing that, unexpectedly, 5dAdo salvage path-
ways seem not to be ubiquitously present, raising questions
about the fate of such a toxic by-product in those species.
This observation also suggests that additional 5dAdo sal-
vage pathways, possibly relying on the activity of promiscu-
ous enzymes, may exist. The future challenge will be to bring
to light these “cryptic” 5dAdo recycling pathways.

© 2021 The Author(s).
Published by S. Karger AG, Basel

Introduction

S-Adenosyl-L-methionine (SAM or AdoMet) is an es-
sential cofactor and cosubstrate of various biological re-
actions in all domains of life (see Fontecave et al. [2004]
for an overview). SAM is formed from the condensation
of ATP and the amino acid methionine by the activity of
the SAM synthetase/methionine adenosyltransferase (EC
2.5.1.6) [Chou and Talalay 1972; Tallan and Cohen 1976].
SAM is the major methyl-group donor for the methyla-
tion of proteins, nucleic acids, carbohydrates and lipids,
which results in the release of the by-product S-adenosyl-
homocysteine (SAH/AdoHcy) [Cantoni 1975; Chiang et
al., 1996] (Fig. 1 a). Furthermore, SAM is a source of ami-
noalkyl groups during the synthesis of polyamines, the
bacterial quorum sensing signal N-acylhomoserine lac-
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tone (Autoinducer 1) [Nealson and Hastings 1979], the
plant hormone ethylene [Yang and Hoffman 1984] and
phytosiderophores, which are excreted by plant roots for
increasing metal ion availability [Negishi et al., 2002].
During these reactions, methylthioadenosine (MTA) is
formed as a by-product (Fig. 1 a). Additionally, SAM is a
source of 5-deoxyadenosyl radical, which takes part in
various reactions that are catalyzed by the radical SAM
enzyme superfamily [Sofia et al., 2001]. Over 100,000 ho-
mologous enzymes belong to this superfamily [Holliday
et al., 2018], and they all generate a radical species, the
5-deoxyadenosyl radical (5dAdo”), by the reductive cleav-
age of SAM using an unusual Fe-S cluster [Sofia et al.,
2001; Wang and Frey 2007]. Prominent members of the
family take part in the biosynthesis of vitamins and cofac-

tors (i.e., biotin and thiamine), but also in that of complex
secondary metabolites like antibiotics [Sofia et al., 2001].
In most of these reactions, 5-deoxyadenosine is released
as a by-product (Fig. 1 a). A scheme illustrating 5-deoxy-
adeonosine radical formation in radical SAM enzymes
can be found in reference [Fontecave et al., 2004].

SAH, MTA and 5dAdo are by-products which have to
be removed because they are product inhibitors [Chal-
land et al., 2009; Parveen and Cornell 2011]. Since elimi-
nation via export would lead to a loss of valuable carbon,
nitrogen, and sulphur, they are preferentially recycled.
SAH and MTA salvage pathways are well characterized.
The sulphur form of SAH is rescued via the two- or three-
step methionine cycle (also called activated methyl cycle),
which is present in almost all organisms (except some ob-
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Fig. 1. a S-Adenosylmethionine-derived metabolites. b Overview of possible 5-deoxyadenosine cleavage steps.

Fig. 2. Overview of different 5dAdo salvage pathways and univer-
sal methionine salvage pathway. a 5dAdo salvage via the DHAP
shunt. This pathway is either conducted by promiscuous enzymes
of the MSP pathway (MtnP/MtnN and MtnK, MtnA, MtnB), e.g.
in R. rubrum, or by an additional set of paralogous enzymes (DrdK,
Drdl, DrdA), e.g. in B. thuringiensis [Beaudoin et al., 2018; North
etal., 2020]. b In the unicellular cyanobacterium S. elongatus PCC
7942 5dAdo can be metabolized into 5-deoxyribose and the bioac-
tive deoxy-sugar 7-deoxysedoheptulose. Depending on the envi-
ronmental conditions, 5dAdo is presumably also metabolized via

2 Microb Physiol
DOI: 10.1159/000516105

the DHAP shunt [Rapp et al., 2021]. ¢ 5dAdo salvage by the forma-
tion of DKFP in the methanogenic archaeon M. jannaschii [Miller
et al,, 2014; Miller et al., 2018b]. d First steps of the universal me-
thionine salvage pathway [Sekowska and Danchin 2002; Sekowska
etal., 2004]. 5dAdo, 5-deoxyadenosine; 5dR, 5-deoxyribose; 5dR-
1P, 5-deoxyribose 1-phosphate; 5dRu-1P, 5-deoxyribulose 1-phos-
phate; 5dI, 5-deoxyinosine; DKFP, 6-deoxy-5-keto-fructose
1-phosphate; DHK-MTPene, 1,2-dihydroxy-3-keto-5-(methyl-
thio)pent(1)ene; KMTB, 2-keto-4-(methylthio)butyric acid.

(For figure see next page.)
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ligate endosymbionts) [Vendeville et al., 2005; North et
al., 2020]. The sulphur of MTA is rescued via the methio-
nine salvage pathway (MSP, also MTA cycle or Yang cycle
in plants). This pathway is well characterized in various
bacterial species like Klebsiella pneumoniae [Wray and
Abeles 1995] and Bacillus subtilis [Sekowska and Danchin
2002], but also in the rat liver [Wray and Abeles 1995].
The canonical MSP consists of six to eight enzymatic
steps catalyzed by the nucleosidase/kinase (MtnN/MtnK)
or the phosphorylase (MtnP), an isomerase (MtnA), a de-
hydratase (MtnB), an enolase/phosphatase (MtnC or
MtnW/MtnX), a dioxygenase (MtnD), and a transami-
nase (MtnE) (see Fig. 2 d). MTA is thereby converted into
adenine, formate, and L-methionine by consuming inor-
ganic phosphate, molecular oxygen, and a suitable amino
acid as an amine donor [Sekowska et al., 2004]. Apart
from the canonical, universally oxygen-dependent MSP
[see Sekowska et al. [2004]; Albers [2009]; Sekowska et al.
[2018]], different alternative pathways have been de-
scribed in the last years. For example, the aerobic/anaero-
bic “MTA-isoprenoid shunt” [Erb et al., 2012], the an-
aerobic “DHAP-ethylene shunt” [North et al., 2017], the
aerobic “DHAP-methanethiol shunt” [Miller et al.,
2018a], the “bifunctional DHAP shunt” [North et al.,
2020] and a modified anaerobic MSP in methanogenic
archaea [Miller et al., 2018b]. A nice overview of the dif-
ferent MSP pathways was recently provided by North et
al. [2020] and Miller et al. [2018a]. In this review, we
therefore focus on the metabolism of 5-deoxyadenosine,
a nearly universal metabolite.

Overview of 5dAdo Salvage Pathways

While MTA salvage has been intensively studied in the
last decades, 5dAdo metabolism has received little atten-
tion. This is quite surprising because MTA is only re-
leased in some reactions, whereas 5dAdo is the by-prod-
uct of a multitude of enzymatic reactions. Some authors
have suggested that 5dAdo is metabolized by enzymes of
the MSP that display broad substrate specificity, and that
the 5dAdo salvage pathway is paralogous to the MSP
[Sekowska et al., 2018]. The utilization of different sub-
strates by one enzyme has been referred to as enzyme pro-
miscuity [Copley 2003]. In some studies, promiscuous
enzymes are distinguished from broad-specificity or bi-
functional enzymes in that the former catalyze a fortu-
itous reaction for which they did not evolve [Khersonsky
and Tawfik 2010]. However, it is very unlikely that en-
zyme reactions in a physiological context are ever fortu-

4 Microb Physiol
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itous, and therefore, we will use the term enzyme promis-
cuity in the same manner as bifunctional/broad-specific-
ity enzymes. In the past, 5dAdo salvage was often only
discussed as a side topic of MTA salvage. Earlier literature
only focused on 5dAdo cleavage, but not on its further
metabolization [Savarese et al., 1981; Plagemann and
Wohlhueter 1983; Choi-Rhee and Cronan 2005]. Only
recently some 5dAdo salvage pathways have been experi-
mentally confirmed in different bacterial species [Beau-
doin et al,, 2018; North et al., 2020; Rapp et al., 2021]
(Fig. 2 a, b). Recently, the first steps of 5dAdo salvage in
the methanogenic archaeon Methanocaldococcus jan-
naschii were confirmed, but the later steps still remain
hypothetical [Miller et al., 2018b] (Fig. 2 c). Interestingly,
little is known about 5dAdo salvage in humans.

5dAdo Formation

Various authors have shown that 5-deoxyadenosine
accumulation strongly inhibits the activity of radical
SAM enzymes [Choi-Rhee and Cronan 2005; Challand et
al., 2009; Farrar et al., 2010; Palmer and Downs 2013].
Escherichia coli mutants impaired in processing 5dAdo
displayed a strong growth phenotype, which could be
overcome by the addition of biotin and lipoate [Choi-
Rhee and Cronan 2005]. These coenzymes are formed by
radical SAM enzymes [Sofia et al., 2001; Berkovitch et al.,
2004] and their synthesis is therefore inhibited by the ac-
cumulation of 5dAdo. The number of genes encoding
radical SAM enzymes is quite diverse in different organ-
isms. In M. jannaschii, 2% of the genome encodes radical
SAM enzymes (35 of 1,811 protein-encoding genes),
whereas other organisms possess less radical SAM en-
zymes (Synechococcus elongatus: 18 of 2,714 genes,
2£0.66%; Bacillus thuringiensis: 15 of 6,334 genes, 20.24%;
Rhodospirillum rubrum: 25 of 3,916 genes, £0.64%, Homo
sapiens: 8 of ~23,00020.035%) [Beaudoin et al., 2018;
North et al., 2020; Rapp et al., 2021]. A large part of radi-
cal SAM enzymes is only active under anaerobic condi-
tions [Challand et al., 2010; Beaudoin et al., 2018], but
5dAdo formation was also observed under aerobic condi-
tions in S. elongatus [Rapp et al., 2021] and in R. rubrum
[North et al., 2020]. We assume that under aerobic condi-
tions, 5dAdo mostly derives from radical SAM enzymes
which are involved in essential cofactor biosynthesis like
the biotin synthase or the lipoic acid synthetase. Biotin is
an essential cofactor, e.g. for the acetyl-CoA-carboxylase,
whereas lipoic acid is an essential cofactor of the pyruvate
dehydrogenase complex. In R. rubrum the amount of
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5dAdo was however increased 75-fold under anaerobic
conditions (see AmtnP mutant [North et al., 2020]).

5dAdo Cleavage

The first step of 5dAdo metabolism, the cleavage of
5dAdo, is well characterized and confirmed by various in
vitro and in vivo studies (Fig. 1 b). 5-Deoxyadenosine can
be cleaved in a phosphate-dependent manner by the ac-
tivity of the MTA phosphorylase (MtnP, MTAP, EC
2.4.2.28), which results in the release of adenine and 5-de-
oxyribose 1-phosphate (5dR-1P) (Fig. 1b, middle part)
[Savarese et al., 1981]. Alternatively, 5dAdo is cleaved by
a MTA nucleosidase (MtnN, Pfs, EC 3.2.2.9), releasing
5dR and adenine [Choi-Rhee and Cronan 2005; Challand
et al,, 2009]. Subsequently, the adenine molecule is di-
rected towards the purine salvage pathway [Nygaard
1993], while 5dR is phosphorylated by the MTR kinase
(MtnK, 2.7.1.100), resulting also in the formation of 5dR-
1P (Fig. 1 b, upper part) [Beaudoin et al., 2018]. With the
exception of plants, most eukaryotic cells use the phos-
phorylase, whereas about 50% of all sequenced bacteria
[North et al., 2020], as well as protozoa, use the two-step
mechanism with the nucleosidase and kinase [Zappia et
al., 1988; Albers 2009]. Other bacteria (=30% [North et
al., 2020]), like Pseudomonas and most cyanobacteria, but
also trypanosomes [Ghoda et al., 1988] and most archaea
use the phosphorylase. The enzymes involved in these
first metabolic steps are well known for their promiscu-
ous activity. The MTA nucleosidase of commensal E. coli
is a variable SAHH/MTA/5d Ado nucleosidase which cata-
lyzes the cleavage of these by-products into S-ribosylho-
mocysteine, 5-methylthioribose and 5-deoxyribose with
almost similar efficiency [Choi-Rhee and Cronan 2005;
Challand et al., 2009; Parveen and Cornell 2011; North et
al., 2020], although MTA is a slightly preferred substrate.
Furthermore, the homologous nucleosidase of Mycobac-
terium tuberculosis has a preference for 5dAdo, but is also
able to process MTA and SAH, albeit with less efficiency
[Namanja-Magliano et al., 2016]. Because of the fact that
mammals do not possess a MTA nucleosidase, this en-
zyme is an attractive target for antimicrobial drugs [Lee
etal., 2001; Li et al., 2003]. The MTA kinase MtnK is pro-
miscuous as it catalyzes 5dR and MTR phosphorylation
with equal efficiency, whereas S-ribosylhomocysteine is a
very poor substrate suggesting that SAH is preferentially
processed by the specific SAH hydrolase [North et al.,
2020]

5-Deoxyadenosine Salvage Pathways

The MTA phosphorylase MtnP is also known for its
promiscuity [Savarese et al., 1981; Plagemann and Wohl-
hueter 1983; North et al., 2020], but it can only process
MTA and 5dAdo with similar affinities, whereas SAH is
cleaved by the SAH hydrolase in mammals [La Haba and
Cantoni 1959; Parveen and Cornell 2011]. In R. rubrum,
MtnP is a promiscuous MTA and 5dAdo phosphorylase,
but is not able to use SAH as a substrate [North et al.,
2020]. Likewise, the phosphorylase of S. elongatus ap-
pears to be a MTA/5dAdo phosphorylase, because a
knockout mutant of this gene excretes 5dAdo as well as
MTA [Rapp et al., 2021]. Defects in the activity of the
MTA phosphorylase in human cells are furthermore
strongly correlated with cancer development [Kamatani
and Carson 1980; Christopher et al., 2002; Berasain et al.,
2004; Bertino et al., 2011].

A third and less common mechanism of 5dAdo pro-
cessing is present in anaerobic organisms like the metha-
nogenic M. jannaschii where 5dAdo is first deaminated
by a MTA/SAH deaminase (DadD, EC 3.5.4.31/.28),
which results in the formation of 5-deoxyinosine (5dI)
[Miller et al., 2014; Miller et al., 2018b]. Subsequently, a
methylthioinosine phosphorylase (MTIP, EC 2.4.2.44)
cleaves the molecule, resulting in the release of hypoxan-
thine and 5dR-1P (Fig. 1 b, lower part). In M. jannaschii,
the methylthioinosine phosphorylase (MTIP) only ac-
cepts hypoxanthine-containing MTI and 5dI with similar
affinity (it is unable to use MTA, 5dAdo, adenosine)
[Miller et al., 2018b]. It has also been suggested that MTIP
plays a broader role in the general salvage of hypoxan-
thine-containing purine nucleosides.

Although the cleavage of 5dAdo is well characterized,
the further fate of 5dR/5dR-1P is more diverse and only
poorly characterized, as discussed in the following para-
graphs.

5dAdo Salvage via the DHAP (Dihydroxyaceton
Phosphate) Shunt

In the last years, various authors have shown that
5dR/5dR-1P is metabolized via the “DHAP” shunt,
named by North and colleagues [Beaudoin et al., 2018;
North et al., 2020]. In the DHAP shunt, 5dR/5dR-1P is
metabolized by the activity of a kinase (only for 5dR) and/
or an isomerase, leading to 5dRu-1P. The subsequent ac-
tivity of an aldolase results in the release of dihydroxyac-
etone phosphate (DHAP) and acetaldehyde which can be
metabolized via primary metabolism (Fig. 2 a). This path-
way is similar to L-fucose and L-rhamnose metabolism in
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Fig. 3. Variants of the 5dAdo salvage pathway via the DHAP shunt (see Fig. 2 a). The molecules are processed by
the activity of a phosphorylase/kinase, an isomerase, and an aldolase. a Fucose metabolism in E. coli [Chen et al,,
1987]. b Fluoroacetaldehyde formation in Actinomycetes [Onega et al., 2007]. Fluoroacetaldehyde is the precur-
sor molecule for the toxic fluorometabolites fluoroacetate and fluorothreonine which are produced by various
Actinomycetes like S. cattleya [O’Hagan et al., 2002].

E. coli where these two molecules are processed by the
activity of an isomerase, a kinase and an aldolase, leading
to the formation of L-lactaldehyde and DHAP [Chen et
al.,, 1987] (Fig. 3 a).

5dAdo salvage via the DHAP pathway can be either
conducted by promiscuous enzyme activity of the first
enzymes of the MSP pathway (e.g., R. rubrum) [North et
al., 2020] or by paralogous genes (e.g., B. thuringiensis)
[Beaudoin et al., 2018] (Fig. 2 a). By using comparative
genomics, a specific gene cluster was first identified in B.
thuringiensis for 5dR metabolism and subsequently veri-
fied its involvement biochemically [Beaudoin etal., 2018].
The gene cluster encodes the deoxyribose disposal (Drd)
kinase DrdK, the isomerase DrdlI and the aldolase DrdA.
This gene cluster is present in this organism in addition
to the gene cluster for the methionine salvage pathway
(MSP), and are hence considered to be paralogous genes.
Specific gene clusters for the DHAP shunt are present in
at least six different bacterial phyla and occur in more
than 10% of the sequenced species [North et al., 2017; Be-
audoin etal., 2018; North et al., 2020]. Interestingly, some
organisms possess a specific gene cluster for the DHAP
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shunt but lack genes for the MSP pathway (Myxococcus
xanthus, Clostridium botulinum, various extraintestinal
pathogenic E. coli (EXPEC) strains), whereas others, for
example many Bacillus species, have both paralogous
gene clusters [North et al., 2020]. It was also shown that
the kinase, isomerase and aldolase that are responsible for
5dR cleavage (DrdK, Drdl, DrdA) are phylogenetically
distinct from homologues that are responsible for canon-
ical methionine salvage or fucose/rhamnose metabolism
([Beaudoin et al., 2018] supplementary information). It is
very likely that, in organisms that do not possess a spe-
cific gene cluster for 5dAdo salvage, 5dR/5dR-1P can be
metabolized by the promiscuous activity of enzymes of
the MSP pathway. This is supported by the evidence that
the MTR-1P isomerase (MtnA, EC 5.3.1.23) from the
universal MSP of B. subtilis, which catalyzes the isomeri-
zation of MTR-1P to MTRu-1P, is able to isomerize 5dR-
1P into 5dRu-1P, albeit with poor efficiency [North et al.,
2020]. Furthermore, the next enzyme of the MSP, the
MTRu-1P dehydratase MtnB (EC 4.2.1.109), can exhibit
promiscuous aldolase activity on 5dRu-1P leading to the
formation of DHAP and acetaldehyde. This promiscuity
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was experimentally shown for DEP1 of Arabidopsis thali-
ana ([Beaudoin et al., 2018] supplementary information)
and for MtnB of B. subtilis [North et al., 2020]. We have
also suggested that S. elongatus is able to use the promis-
cuous enzymes of the MSP for 5dAdo salvage via the
DHAP shunt under certain conditions [Rapp et al., 2021]
(Fig. 2b, DHAP shunt).

Interestingly, the enzymes of the DHAP shunt can also
be used to metabolize MTR, an intermediate of the MTA
salvage pathway. In R. rubrum, MTR can be metabolized
via the DHAP shunt leading to the formation of DHAP
and (2-methylthio) acetaldehyde under both aerobic and
anaerobic conditions [North et al., 2020]. The possibility
of using the DHAP shunt for MTR salvage in R. rubrum
is essential as this organism lacks most of the genes of the
canonical MSP [Erb et al., 2012]. Furthermore, the ca-
nonical MSP, by using the dioxygenase MtnD, is strictly
dependent on the presence of oxygen. Therefore, under
anaerobic conditions the bifunctional DHAP shunt can
be used for MTA salvage. This is underlined by the fact
that DHAP shunt genes are enriched in anaerobic and
facultative anaerobic bacteria. Nevertheless, also the aer-
obic B. thuringiensis can use the enzymes of the DHAP
shunt (DrdK, DrdI, DrdA) for MTR metabolism [Beau-
doin et al., 2018]. Furthermore, it was shown that the en-
zymes from the MSP are so promiscuous that they can
even metabolize ribose into the homoserine precursor
2-keto-4-hydroxybutyrate (KHB) in B. subtilis [Nakano
etal., 2013].

5dAdo Salvage in Synechococcus elongatus Leading
to Bioactive Deoxy-Sugar Synthesis

Only recently we identified an unusual 5dAdo salvage
pathway in the unicellular cyanobacterium S. elongatus
PCC 7942, which has a small and stream-lined genome
[Rapp et al., 2021]. In this organism, 5dAdo salvage can
resultin the excretion of 5-deoxyribose and 7-deoxysedo-
heptulose under certain conditions [Brilisauer etal., 2019;
Rapp et al., 2021] (Fig. 2 b). In this pathway, 5dAdo is
cleaved by promiscuous MTA/5dAdo phosphorylase
(Synpcc7942_0923, EC 2.4.2.28), leading to the formation
of 5dR-1P. During growth at high CO, concentrations,
5dR-1P is then dephosphorylated by a presumably pro-
miscuous phosphatase belonging to the HAD-like hydro-
lase superfamily (Synpcc7942_1005, EC 3.1.3.10), result-
ing in the formation of 5dR. This is quite surprising, as in
other 5dAdo salvage pathways 5dR must be phosphory-
lated for further metabolization. 5dR is immediately ex-
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creted into the supernatant because accumulation of 5dR
is toxic for the producer strain S. elongatus [Rapp et al.,
2021]. It is unclear where and how 5dR exerts its toxic ef-
fects, but the addition of 5dR is sufficient to strongly af-
fect the growth of B. thuringiensisor or also S. elongatus
in high concentrations [Rapp et al., 2021]. S. elongatus is
able to take up exogenously added '*Cs-labelled 5dR and
excrete endogenously produced, unlabelled 5dR at the
same time [Rapp et al., 2021]. Therefore, 5dR is continu-
ously exported out of and imported into the cells. At the
transition to stationary growth, a portion of the 5dR is
converted into the unusual and bioactive deoxy-sugar
7-deoxysedoheptulose (7dSh). This reaction is catalyzed
by the promiscuous transketolase (Synpcc7942_0538, EC
2.2.1.1), which transfers a C,-unit onto 5dR [Brilisauer et
al., 2019; Rapp et al., 2021]. It is known that transketolase
enzymes can transfer a C,-ketol unit (e.g., from hy-
droxypyruvate or xylulose 5-phosphate) onto an acceptor
aldehyde while accepting various aldehyde substrates
with 38, 4R-configuration [Kobori et al., 1992]. Accord-
ingly, 5dR was used for the in vitro synthesis of 7dSh by
the S. elongatus transketolase in the presence of hy-
droxypyruvate as artificial ketol-donor [Brilisauer et al.,
2019]. However, it turned out that the affinity of the S.
elongatus transketolase for 5dR is much lower than for the
native substrate ribose 5-phosphate [Brilisauer et al.,
2019]. Under ambient CO, conditions, S. elongatus only
accumulates very small quantities of 5dR, and no detect-
able amounts of 7dSh [Rapp et al.,, 2021]. Since neither the
levels of 5dAdo nor MTA were enhanced under high car-
bon conditions, we suggested that 5dAdo is presumably
rescued via the DHAP-shunt under ambient carbon con-
ditions by the promiscuous activity of the first enzymes
of the MSP pathway [Rapp et al., 2021]. Despite its small
genome size, S. elongatus possesses the whole set of genes
of the MSP, whereas other cyanobacteria (for example
Synechocystis sp. PCC 6803, Synechococcus sp. PCC 7502,
Synechococcus sp. PCC 6312, Anabaena sp. PCC 7120,
Anabaena variabilis ATCC 29413) only possess the first
two enzymes (MtnP, MtnA) [see Rapp et al. [2021], sup-
porting information]. Significantly, these other cyano-
bacteria do not excrete 5dR or 7dSh [Rapp et al., 2021].
Therefore, it is unclear how these organisms perform
5dAdo salvage. It could be speculated that they use MtnP
and MtnA for the first steps resulting in 5dRu-1P forma-
tion. After that, 5dRu-1P may be cleaved by an aldolase,
which are in general also known for their promiscuity
[Fessner et al., 1991; Laurent et al., 2018]. The presence of
a complete, canonical MSP is not necessary in the above-
mentioned cyanobacteria as they probably do not pro-
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duce MTA. Spermidine synthesis via the spermidine syn-
thase (EC 2.5.1.16) plays a major role in MTA formation,
but spermidine can also be synthesized via the carboxy-
spermidine decarboxylase (CASDC, EC 1.5.1.7) and car-
boxyspermidine dehydrogenase (CASDH, EC 4.1.1.96),
in a series of reactions that do not lead to MTA excretion.
Synechocystis sp. PCC 6803, for example, uses CASDC
and CASDH for spermidine synthesis [Zhu et al., 2015].

5dAdo Salvage via 6-Deoxy-5-Keto-Fructose
1-Phosphate Formation, a Precursor Molecule for the
Synthesis of Aromatic Amino Acids in Methanogens

Miller and coworkers [Miller et al., 2014; Miller et al.,
2018b] suggested a special pathway for 5dAdo salvage in
the methanogenic archaeon M. jannaschii, leading first to
the formation of methylglyoxal and then of 6-deoxy-
5-keto-fructose 1-phosphate (DKFP) (Fig. 2 c). The au-
thors even proposed that this pathway is essential for the
synthesis of aromatic amino acids in archaea, which use
DKEFP for the synthesis of 3-dehydroquinate, a precursor
of aromatic amino acids that is generally produced via the
shikimate pathway. However, archaea do not possess the
enzymatic equipment for the oxidative pentose phos-
phate pathway, which provides the precursor molecule
for the canonical shikimate pathway, erythrose-4-phos-
phate [Grochowski et al., 2005]. Furthermore, in the ge-
nome of methanogenic archaea, the first two enzymes of
the canonical shikimate pathway (DAHP synthase and
dehydroquinate synthase) are missing. Therefore, ar-
chaea have evolved a different strategy to synthesize aro-
matic amino acids which starts with the condensation of
DKFP and L-aspartate semialdehyde into 3-dehydroqui-
nate, a common metabolite in the shikimate pathway
[White 2004; Gulko et al., 2014]. As mentioned above, the
first step of 5dAdo metabolism is conducted by a deami-
nase, followed by a phosphorylase reaction, leading to
5dR-1P which is then isomerized by MTRI to 5dRu-1P as
in the DHAP shunt (Fig. 2 ¢). 5dRu-1P is then hypothe-
sized to be further processed by the activity of an epimer-
ase and a transketolase into lactaldehyde, which is re-
duced by the promiscuous reductase Mer [Miller et al.,
2017] to methylglyoxal. Although this metabolite is quite
toxic, it was shown that methylglyoxal is an intermediate
in the synthesis of DKFP [White and Xu 2006], where the
molecule is used in a transaldolase reaction with fructose
1,6-bisphosphate catalyzed by the DKFP synthase (EC
2.2.1.11), leading to the formation of glyceraldehyde
3-phosphate and DKFP. In contrast to that, North and
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coworkers hypothesized that, although archaea do not
possess a homolog of an aldolase for the DHAP shunt,
they might also use an analogous aldolase and thereby
also apply the DHAP shunt [North et al., 2020].

5dAdo Salvage to Gain Growth Advantage

In some organisms, 5dAdo is more than a toxic by-
product, and the 5dAdo salvage pathway more than sim-
ply a means of “waste disposal.” As a matter of fact, some
species can use “unique” 5dAdo salvage pathways to gain
a growth advantage over other members of a microbial
community either by using 5dAdo as a substrate for the
production of antimicrobial/bioactive compounds or as a
sole carbon source in nutrient-limited habitats. In both
scenarios, 5dAdo confers a fitness and colonization ad-
vantage to those organisms endowed with the ability to
differently “recycle” this potentially toxic metabolite.

As mentioned above, the unicellular cyanobacterium
S. elongatus PCC 7942 is able to excrete 5dR and 7dSh as
a consequence of 5dAdo salvage [Rapp et al., 2021]. 7dSh
is a competitive inhibitor of the dehydroquinate synthase,
the second enzyme in the shikimate pathway, responsible
for the synthesis of aromatic amino acids [Brilisauer et al.,
2019]. Inhibitors of the shikimate pathway are generally
attractive compounds for the development of antibacte-
rial, antifungal, and herbicidal products, as the shikimate
pathway is essential for these organisms but absent in
mammals. It was shown that 7dSh acts as an allelopathic
inhibitor towards other cyanobacteria, for example
against the especially sensitive A. variabilis strains [Bril-
isauer et al., 2019]. Furthermore, it was shown that 7dSh
can also inhibit the growth of Saccharomyces cerevisiae
and more importantly, it showed herbicidal activity to-
wards A. thaliana seedlings germinating on agar plates,
but also on soil [Brilisauer et al., 2019]. Furthermore,
7dSh exhibited no toxic effects on human cell lines [Bril-
isauer et al., 2019] and did not alter the development of
zebrafish (Danio rerio) [Schweizer et al., 2019]. There-
fore, it could be applied as a harmless herbicide, which
explains why the compound has attracted much attention
[Brilisauer and Harter, 2020]. With respect to the physi-
ological relevance of 7dSh production by S. elongatus, it
should be noted that formation of 7dSh, as well as 5dR, is
dependent on the cultivation conditions. Both molecules
are mainly formed under elevated CO, conditions, and
7dSh formation occurs in late growth phases [Rapp et al.,
2021]. As the amount of the precursor molecule 5dAdo is
unaltered under high CO, conditions compared to ambi-
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ent CO, conditions, we assume that 5dAdo is actively di-
rected towards 5dR/7dSh synthesis under conditions in
which competition with other community members,
such as in biofilms, becomes important [Rapp et al,
2021]. Inits natural habitat S. elongatus can form biofilms
[Yang et al.,, 2018; Golden 2019] and tend to excrete exo-
polysaccharides [Rossi and Philippis 2015], which can be
used as a carbon source by heterotrophic members of the
microbial community thereby causing locally elevated
CO, concentrations. It is remarkable that S. elongatus
with a small, streamlined genome and no known gene
cluster for the synthesis of secondary metabolites, can use
a “waste product” of primary metabolism, 5dAdo, to syn-
thesize a bioactive compound by promiscuous enzyme
activity, thus competing against other species for the col-
onization of its own niche. This makes S. elongatus the
archetypal organism able to derive bioactive compounds
from primary, rather than the secondary metabolism. In-
terestingly, 7dSh had previously already been isolated
from Streptomyces setonensis [Ito et al., 1971], which in-
dicates that 5dAdo salvage via 7dSh excretion is not a fea-
ture unique to S. elongatus. As the genome of S. setonensis
is currently unsequenced, it remains speculative whether
7dSh in this organism is also derived from 5dAdo.
Interestingly, it was shown that especially pathogenic
strains of several organisms (e.g., Clostridium tetani, C.
botulinum, B. thuringiensis, Bacillus cereus and Bacillus
anthracis) possess putative DHAP shunt gene clusters,
whereas the non-pathogenic strains of the genera do not
[Beaudoin et al., 2018; North et al., 2020]. Furthermore,
putative DHAP shunt gene clusters are present in nearly
50% of all extraintestinal pathogenic E. coli (EXPEC) iso-
lates, whereas commensal E. coli strains neither possess a
complete MSP pathway nor the DHAP shunt gene cluster
[North et al., 2020]. Also, only 0.1% of intestinal patho-
genic E. coli isolates harbour putative DHAP gene clus-
ters [North et al., 2020]. In the intestinal environment,
nutrients are normally not limiting. In comparison, in the
extraintestinal environment (urine, blood, and cerebro-
spinal fluid) carbon and sulphur sources are often limit-
ing or only present in compounds like urea, organic acids,
purines and amino acids [North et al., 2020]. 5dAdo (also
as 5-deoxyinosine) and MTA along with the degradation
products 5dR/5dR-1P and MTR (methylthioribose), are
common metabolites in this extraintestinal environment
[Liebich et al., 1997; Lee et al., 2004; North et al., 2020],
because mammals only metabolize 5dAdo beyond the
phosphorylase step [Plagemann and Wohlhueter 1983;
Savarese et al., 1981]. Furthermore, commensal E. coli,
which do not possess a complete MSP, excrete MTR
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[Schroeder et al., 1972; Hughes 2006]. E. coli EXPEC
strains harbouring gene clusters for the DHAP shunt are
able to grow on these metabolites as sole carbon and sul-
phur sources, whereas commensal E. coli were not able to
grow on these metabolites [North et al., 2020]. The pres-
ence of this gene cluster therefore leads to a growth ad-
vantage in this ecological niche. Because the putative
DHAP shunt gene cluster was present in nearly half of all
E. coli EXPEC strains, for example in the lineage ST 131,
which is multidrug resistant and a pathogen with world-
wide distribution, causing urinary tract and blood infec-
tions [Petty et al., 2014], the DHAP shunt might be a very
suitable target for drug development [North et al., 2020].
Furthermore, a similar pathway to the DHAP shunt is
used for the formation of toxic fluorometabolites in Acti-
nomycetes, for example in Streptomyces cattleya [Sanada
et al., 1986] (Figure 3 b). In this species, SAM serves as a
precursor molecule for 5-fluoro-5-deoxyadenosine,
which is formed by a specific fluorinase [O'Hagan et al.,
2002]. This molecule is then also processed by a nucleo-
tide phosphorylase [Cobb et al., 2004], an isomerase
[Onega et al., 2007], and an aldolase [Moss et al., 2000],
leading to fluoroacetaldehyde, the precursor molecule for
the toxic fluorometabolites, fluoroacetate and fluorothre-
onine. These examples illustrate how, by salvaging 5d Ado,
some organisms may acquire a growth advantage over
others in specific niches and/or environmental condi-
tions.

Export and Import of 5dAdo and Related
Metabolites

Little is known about the export and import of 5dAdo
and related metabolites. Various authors showed that
strains deficient in the activity of the MTA phosphorylase
excrete MTA and 5dAdo. This was shown for S. elongatus
[Rapp etal., 2021], R. rubrum [North et al., 2020], S. cere-
visiae (only MTA) [Chattopadhyay et al., 2006] and also
mammalian cell lines (only MTA) [Kamatani and Carson
1980]. Feeding experiments with 5dAdo showed that not
only bacterial strains, but also mammalian cell lines are
capable of 5dAdo uptake [Rapp et al., 2021; North et al,,
2020; Plagemann et al., 1988]. In mammalian cells, for
example erythrocytes, which are deficient in de novo pu-
rine biosynthesis, 5dAdo and MTA are taken up by a nu-
cleoside transporter with a broad substrate specificity
[Plagemann et al., 1988]. 5dAdo uptake in bacteria, to the
best of our knowledge, has not been further character-
ized. In R. rubrum, it is assumed that MTA is taken up via
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the methionine transport complex (MetINQ) because
proteins of this complex are enriched when cells grow on
MTA as a sole sulphur source [North et al., 2016]. Fur-
thermore, the MetINQ methionine transport complex is
known for its substrate promiscuity [North et al., 2016].
However, it is not known if 5dAdo is also a possible sub-
strate.

It is obvious that several organisms are capable of 5dR
uptake. When supplemented into the medium of B.
thuringiensis, 5dR strongly accumulates intracellularly,
thereby causing growth retardation [Beaudoin et al,
2018]. It was also shown that E. coli ExPEC strain can use
5dR as a sole carbon source [North et al., 2020]. Interest-
ingly, several organisms harboring gene clusters for the
DHAP shunt also contain putative sugar transporters
[Beaudoin et al., 2018] with the potential to take up 5dR,
which, nonetheless, remains to be demonstrated. While it
was shown that in rats 5dR can be reduced to 5-deoxyri-
bitol and also be excreted [Ichihara et al., 1985], to our
knowledge, 5dR excretion has only been reported for S.
elongatus [Rapp et al., 2021]. Because S. elongatus is ca-
pable of 5dR uptake and excretion at the same time, we
assume that two transporters are present in S. elongatus
in analogy to the two different genes (MtrA/YfnA and
MtrE) reported to code for efflux and influx transporters
of MTR in B. subtilis [Borriss et al., 2018]. The authors
also identified secondary M TR transporters, including an
ABC transporter for ribose (RbsDACB) and a guanosine
transporter (NupQ). It is conceivable that 5dR is import-
ed via the same transporter as 7dSh in S. elongatus, which
is supported by the demonstration that a spontaneous
7dSh-resistant mutant is also resistant towards 5dR treat-
ment, but the mutant excretes as much 5dR and 7dSh as

the wild type (Rapp, unpubl. data).
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Abstract

The first step in photosynthesis is an extremely efficient energy transfer mechanism,
which is difficult to be explained by classical short-range energy migration (“hopping”) and
led to the debate to which extent quantum coherence is involved in the energy transfer
between the photosynthetic pigments. Embedding living cyanobacteria between the
mirrors of an optical microresonator and using low intensity white light irradiation we
observe vacuum Rabi splitting in the transmission and fluorescence spectra as a result
of strong light matter coupling of the chlorophyll and the resonator modes. The Rabi-
splitting scales with the number of chlorophyll a pigments involved in coherent coupling
indicating forming a polaritonic state which is delocalized over the entire cyanobacterial
thylakoid system, down to the single photon level. Our data provide evidence that a
delocalized polaritonic state is the basis of the extremely high energy transfer efficiency

under natural conditions.
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Introduction

In photosynthesis, light energy is absorbed and converted into relatively stable chemical
products by membrane-integral pigment-protein complexes called photosystems for long-
term chemical energy storage.” Photosynthetic complexes are optimized to capture
photons from solar light and transmit the excitation energy from peripheral pigments to
the photosynthetic reaction center with an extremely high efficiency (close to 100 % ?2).
They consist of a collection of pigment molecules, such as chlorophylls and carotenoids,
that are arranged by a protein scaffold in a way that near-field dipole coupling is possible.?
When interacting with light they no longer act as independent excited molecules, but
coupling between them results in collective excitations called excitons, whose wave
function extends over several chromophore units.? 4 Electronic interaction with the local
environment tunes individual pigment excitation levels to form an energetic ladder from
higher energy at the periphery to lower energy near the reaction center, often described
semi-classically as “sequential hopping” ° of excitation energy. On their way to the
reaction center, the excitons loose part of their energy to the vibrational modes of the
protein complex that serve as a thermal bath. The transfer efficiency depends on the
distance, spectral overlap of the emission and absorption spectrum and relative
orientation of the pigment molecules to each other. However, structural analyses of
photosynthetic complexes © show that none of these factors is optimal for the observed
highly efficient energy transfer. Finally, the transfer competes continuously with
fluorescence emission and non-radiative deactivation of the excited chlorophylls.

The observation of oscillatory intensity modulations of ultrafast photon echoes from
isolated photosynthetic complexes of Chlorobium at cryogenic temperatures and under
almost physiological conditions has drawn enormous attention and led to the hypothesis
that quantum coherence could be a possible explanation for this efficient energy transfer.
738910 11 Recent investigations have revealed that both electronic and vibrational
coherences are involved in primary energy transfer in bacterial reaction centers 2 '3,
However, the physiological relevance of photosynthesis-related quantum coherence has
rarely been studied in living photosynthetic organisms. Furthermore, excitation in ultrafast
time-resolved lasers spectroscopy is pulsed and coherent, while irradiation in nature

occurs continuously over the course of minutes to hours by incoherent photons. As a
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consequence, the energy transfer in the photosynthetic machinery must operate on the
basis of independent single photons. Additionally, it is not clear whether the occurrence
of quantum coherence might even be a prerequisite for the function of the photosynthetic
machinery and provides a selection advantage in the development of photosynthetic
organisms.

To address this open question, we have enclosed living cyanobacteria (Synechococcus
elongates) in the confined electromagnetic field of an optical microresonator to probe their
optical properties in vivo. Using low intensity white light irradiation, we show that long-
range coherent excitonic coupling between the chlorophyll a pigments of PS2 via the
formation of a polaritonic state, delocalized over an entire cyanobacterium, is probably
one reason for the very efficient photosynthetic energy transfer not only in cyanobacteria

but also related plant chloroplasts.

Results

To study possible long-range quantum coherence effects in the photosynthesis of living
organisms at ambient conditions, we embedded cells of S. elongatus (strain PCC 7942)
in an optical microcavity. In contrast to sulfur bacteria 4 3, S. elongatus performs oxygenic
photosynthesis that is more related to the photosynthesis of plant chloroplasts and, based
on the available data 15, is a particularly well-suited photosynthetic model for the study of

quantum physical processes in vivo at physiological conditions.
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Fig. 1: The spectral properties of the photosynthetic pigments of S. elongatus cells and a Fabry-
Pérot microresonator. The survival of S. elongatus cells is not impaired by the light conditions
prevailing in the microcavity. (A) Scheme of the Fabry-Pérot microcavity, which consists of two partially
transparent mirrors. The distance between the mirrors can be fine-tuned with piezoelectric actuators. Due
to constructive and destructive interference, only wavelengths fulfilling the resonance condition of the cavity
are transmitted. The bacteria are placed in an agarose matrix inside the cavity. (B) Normalized absorption
(blue) and fluorescence (red) spectra (1,, = 440 nm) of S. elongatus cells located inside the microcavity.
The dashed black line indicates the wavelength where the bacteria emit and absorb photons of the same
wavelength. (C) Light microscopy image of S. elongatus cells inside the microcavity. (D) Spot assay 6 of
S. elongatus cells in BG11 medium. Top: Non-irradiated control in a dilution series (1:10), initial
concentration: 0D,5, = 0.5. Below: Irradiated sample in a dilution series (1:10), initial concentration:
0D,5, = 0.5. The bacteria were irradiated with a laser before preparation of a spot assay. The irradiation
conditions were comparable to those in the microcavity. The comparable growth rate indicates a negligible

impact of the typical irradiation during the experiments.

Our Fabry-Pérot optical microresonator (quality factor, Q = 98) consists of two partially
transparent mirrors (Fig. 1A). Their distance can be precisely adjusted with a piezo

actuator to control the resonance condition of the microcavity. Compared to previous
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works 4, we have chosen silver mirrors with a large layer thickness to achieve a stronger
interaction between the microcavity and the cyanobacteria. More details about the
experimental set up are given in the supporting information. Transmission spectra were
acquired from below via a high numerical aperture (NA) objective lens (NA = 1.4), while
the microcavity was irradiated by a continuously emitting white light source from above
(Fig. 1A). Additionally, we irradiated the sample with a laser from below to detect strong
coupling in the emission spectrum of individual bacteria, which is made possible by the
small focal spot size of the high NA objective. As shown in Fig. 1B, the in vivo absorption
(blue line) shows the typical chlorophyll a maximum at around 680 nm due to a red-shift
of protein-bound chlorophyll. '” The emission spectrum at 440 nm excitation reveals again
a maximum at around 680nm which is assigned to the PS2 complexes and
phycobilisome terminal emitters (APC680). '® 15 The cavity resonance can be tuned
across the absorption and emission maximum (see Fig. S1), allowing efficient optical
coupling between the cavity modes and the cyanobacteria. Remarkably, the absorption
and emission spectra show a significant overlap (Fig. 1B) demonstrating that the
cyanobacteria are able to reabsorb their own emitted light. This photophysical feature of
S. elongatus drastically increases the chance that its photosynthetic pigments can

strongly couple to an optical field confined in a microcavity.

The survival rate was assayed to examine the possible impact of the laser irradiation on
the cyanobacteria embedded in the microcavity (Fig. 1C). Since only a single bacterium
is exposed to the focused laser irradiation inside the cavity at a time, which cannot be
isolated after the experiment, we have designed an assay to analyze comparable
irradiation conditions by embedding a cyanobacterial culture in a low-melting agarose
matrix outside the cavity. The cyanobacteria were then exposed to light conditions
(440 nm, 1.8 mW, 3 min) similar to those prevailing in the cavity, while a non-irradiated
culture served as a control and the survivability was analyzed by a spot assay (see
supporting information for details). No growth difference between the irradiated and non-
irradiated sample was observed (Fig 1D), indicating that the light conditions in the

microcavity have no discernible impact on the cyanobacterial survivability.
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To determine, whether the influence of the microcavity on the cyanobacterial
photosynthetic system is detectable in vivo, fluorescence lifetimes (FLT) '° of the

photosynthetic pigments in single bacteria were acquired.
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Fig. 2: The fluorescence lifetime (FLT) of S. elongatus photosynthetic pigments is influenced in vivo
by the microcavity. The bacteria were embedded in low-melting agarose and irradiated with short laser
pulses (4., = 440 nm) with a duration of less than 80 ps and a repetition rate of 80 MHz. The average
intensity-weighted FLTs were recorded in free space ((i), red), inside the off-resonance cavity ((ii), green)
or inside the cavity in resonance with the light emission of the cyanobacteria ((iii), blue). A two-tailed t-test
confirms a significant difference between the fluorescence lifetimes for the off-resonant (and without) cavity
and the resonant cavity, p = 2.05- 1075, (p = 3.20- 107°).

The light-harvesting pigments of the photosynthetic complex serve to rapidly and
efficiently transfer light energy from the peripheral pigments to the reaction center,
therefore, the fluorescence signal of cyanobacteria is weak. Transfer and trapping of the
excitation energy in the photosystem leads to a fast non-exponential fluorescence decay,
which can be observed from live cyanobacteria with a wide distribution of fluorescence
life-time (FLT) components from short ones in the low and mid picosecond range and
slow components in the low nanosecond range.?° The spontaneous emission rate of a
chromophore can be increased or decreased by placing it in a microcavity and tuning it
in-resonance or off-resonance with the chromophore emission. This is known as Purcell
effect 2! 22, leading to shorter or longer FLTs, respectively. The long lived FLT component

originates from particularly those photosynthetic pigments, where the excitation energy is
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trapped in an emitting state and can therefore be analyzed in vivo for three cases: (i) free
space (outside of the cavity), (ii) inside the cavity in off-resonance mode and (iii) inside
the cavity in resonance mode. Short laser pulses (1., = 440 nm) with pulse durations of
less than 80 ps and a pulse rate of 80 MHz were used. The pigments irradiated in free
space (i) reveal a FLT value of 7; = (0.26 £+ 0.006) ns ((i) in Fig. 2) and a slightly larger
value of t; = (0.29 + 0.016) ns is recorded in the off-resonant microcavity ((ii) in Fig. 2).
In contrast, the FLT in the resonant microcavity (iii) decreased to t; = (0.16 + 0.006) ns
and was significantly shorter compared with the data obtained in free space or in the off-
resonant cavity. This result is consistent with the Purcell effect 2' of isolated
chromophores and demonstrates that the microcavity has a noticeable impact on the

photosynthetic processes in single living cyanobacteria.

In general, the interaction of a quantum system with the optical field in a microcavity can
be separated in the weak and strong coupling regime. In the weak coupling regime, the
individual damping constants of the cavity and the photosynthetic pigments are larger
than the coupling constant. In this case, the microcavity only influences the spontaneous
emission rate via the Purcell effect as observed in the FLT analysis (Fig. 2). However, if
the coupling constant exceeds the individual damping constants, the energy of a photon
can be coherently cycled back and forth between the oscillating electromagnetic field in
the microcavity and the induced polarization formed by a large number of coherent
electronically excited chromophores enclosed between the cavity mirrors before it
escapes from the cavity; this condition reflects the strong coupling regime 23. The energy
of the photon, which is dispersed in the whole mode volume and shared between the
cavity mode and the polarization, is described in quantum electrodynamics as a hybrid
light-matter state or polariton. 24 2° 26 |n our case, these so-called polaritonic modes are a
coherent superposition of the cavity mode and the electronically excited state of the
photosynthetic pigments (chlorophyll a in PS2). As shown in Fig. S2, the back and forth
cycling of the photon energy between the electromagnetic field in the microcavity and the
polarization in the time domain leads to a splitting in the spectral domain that manifests
itself as a double-peaked cavity transmission spectrum with a peak separation referred

to as vacuum Rabi splitting, as schematically illustrated in Fig. 3A/B.

178



Appendix — Publication 5

10

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.13.875344; this version posted October 12, 2020. The copyright holder for this prepri
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

To study vacuum Rabi splitting, due to a polaritonic mode in the photosynthetic machinery
of a living cyanobacterium and the optical field in the microcavity, we simulated and

experimentally investigated the dispersive behavior of the coupled system.
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Fig. 3: Strong coupling between a microcavity and the photosynthetic machinery of living
cyanobacteria. (A) The dashed green and red spectra represent the uncoupled bacteria emission/cavity
mode. The blue spectrum illustrates the cavity transmission spectrum for the non-resonant but coupled
case and is similar to the uncoupled system. The graph on the right illustrates the corresponding energy
level scheme. (B) lllustration of the resonant case, where the cavity mode is spectrally overlapping with the
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bacteria emission, and two polaritonic modes (blue lines) are clearly visible in the double-peaked cavity
transmission spectrum. (C) Spectral shift A1 of the coupled modes relative to the uncoupled ones. The
largest splitting, i.e. vacuum Rabi splitting, is observed when the cavity and bacteria are in resonance.
(D)/(E) Simulated cavity transmission/ bacteria emission spectra without coupling as a function of the
decreasing mirror distance (indicated by the spectrum number). The dashed green and blue lines are the
spectral position of the uncoupled bacteria emission/cavity resonance, respectively. No anti-crossing can
be observed when the cavity mode is tuned across the bacteria emission. (F)/(G) Simulated cavity
transmission/bacteria emission spectra including strong coupling between the cavity mode and the bacteria
emission. Strong coupling is visible in (F)/(G) by the anti-crossing dispersion, when the cavity mode is close
to the emission of the bacteria. (H)/(I) Experimental cavity transmission/bacteria emission spectrum. Strong
coupling can be observed in (H)/(l) by the anti-crossing dispersion and is in perfect agreement with the
simulation in (F)/(G).

The dashed lines in Fig. 3A/B illustrate the simulated uncoupled photosystem emission
of the cyanobacteria (green) and the cavity mode (red). Fig. 3A illustrates the case when
there is no spectral overlap between them. The transmission spectrum of such a coupled,
but off-resonant system is similar to that of the uncoupled cavity mode. Conversely, when
the cavity mode approaches the spectral position of the chlorophyll a emission, a splitting
into two polaritonic modes is visible (Fig. 3B, blue line). Fig. 3C represents the simulated
spectral shift A1 of the coupled modes relative to the uncoupled modes. The shift caused
by strong coupling is largest when the cavity is in resonance with the chlorophyll a
emission, leading to a symmetric double-peaked cavity transmission spectrum. The
occurrence of such a spectral gap between the two polaritonic modes is called vacuum
Rabi splitting. Mathematically, such a coupled system can be modeled by two coupled
damped harmonic oscillators, as described in the supporting information or in 2. First, we
want to illustrate in Fig. 3D/E the results of the calculation without coupling (« = 0 eV)
between the cavity mode and the chlorophyll a emission. Each line in Fig. 3D represents
a cavity transmission spectrum, as indicated by the spectrum number, and its intensity
given by the color map. In this simulation, the cavity length gradually increased from top
to bottom, leading to a spectral red shift of the cavity resonance. The dashed lines in
Fig. 3D/E represent the spectral position of the uncoupled chlorophyll a emission and the
cavity mode, respectively. In the absence of strong coupling, no splitting is observed,

even when both modes were tuned to the same resonance wavelength; the chlorophyll a
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emission was only influenced by the Purcell effect (Fig. 3E). This changes with strong
coupling between the cavity mode and the chlorophyll a pigments, with a calculated
coupling constant of k = 0.14 eV in Fig. 3F/G. The calculated cavity transmission spectra
in Fig. 3F show a clear anti-crossing behavior when the cavity resonance approaches the
spectral position of the chlorophyll a emission at 680 nm. In the calculated emission
spectra in Fig. 3G, the mode splitting is less obvious because it is obscured by the
spectrally broad fluorescence background of chlorophyll a pigments that do not contribute
to the polarization. The uncoupled pigments have their electronic transition dipole
moments oriented perpendicular to the polarization and constitute about 2/3 of the total
number of pigments. By comparing the simulations in Fig. 3D/E with Fig. 3F/G, it is
possible to experimentally distinguish between no/weak and strong coupling in the
microcavity-cyanobacteria system. Notably, the experimental white light transmission
spectra derived from the living cyanobacteria show a clear anti-crossing behavior when
the cavity resonance is tuned over the chlorophyll a emission at 680 nm. (Fig. 3H). In the
emission spectra (Fig. 31) the splitting is less obvious since it is composed of two types of
photons, those that participate in the strong coupling process with the cavity mode and
those that escape from the resonator without coupling due to the Purcell effect. The
experimental results fit perfectly to the calculated spectra in Fig. 3F/G and prove that
strong coupling between the microcavity and the chlorophyll a pigments is achievable in

living cyanobacteria.
According to the Jaynes-Cummings model the energy splitting AE is given by equation (1)

and is proportional to the square root of the number n of fluorophores that coherently

couple to the cavity mode with a coupling constant g,. 23

AE = 2+/nhg, (1)
Therefore, the splitting energy should decrease when the number of fluorophores is
reduced. This can indeed be achieved in a living bacterium by photobleaching a fraction

of the functional chlorophyll a pigments by increasing the laser intensity by a factor of 100

as compared with the previous experiments.
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Fig. 4: Reducing the number of pigments in a cyanobacterium by photobleaching reduces vacuum
Rabi splitting and shows that pigments all over a bacterium are coherently coupled. (A) Cavity
transmission spectra with two cavity modes as a function of the exposure time. One mode shows vacuum
Rabi splitting (dashed blue line), while the other is not coupled (dashed green line). The splitting energy,
and thus the coupling, is reduced by the continuous irradiation and photobleaching the pigments of the
bacterium. (B) First (blue line, t = 0 s) and last (red line, t = 500 s) spectrum of A. (C) Rabi splitting between
the two intensity maxima around 680 nin as a function of the exposure time. Three different, individual
bacteria (red, green and blue) in the cavity show the decrease of the vacuum Rabi splitting with increasing
bleaching of the pigments. (D) Cavity transmission spectra with two resonances as a function of the
illumination intensity of the white light lamp of 10 umol photonss™ m™2 to 1 pmol photons s™! m~2
(corresponding to 28 - 2.8 mWcm™2 at 680 nm) from bottom to top. The coupling remains constant while
the intensity of the white light lamp is reduced. (E) Intensity normalized version of (D), where each spectrum
is normalized to its maximum intensity, to better visualize the constant splitting. (F) Splitting as a function
of the white light intensity. At low illumination intensity, five different, individual bacteria in the cavity show
that the vacuum Rabi splitting is independent of the light intensity.

As shown in Fig. 4A at the beginning the cavity mode at 1 = 680 nm has a spectral dip at
the center due to vacuum Rabi splitting and as the photobleaching of the pigment

molecules proceeds (Fig. 4A, blue dashed line) the energy splitting between the two
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peaks reduces and disappears. In contrast, at the same time for the cavity mode at 1 =
546 nm which has no coupling to the chlorophyll a pigments no changes in intensity or
spectral position are visible. This is further illustrated in Fig. 4B, where the first (blue line)
and the last (red line) spectrum of the spectral series in Fig. 4A are shown.

The number of molecules (n in Eq. 1) decreases exponentially by photobleaching as
tested at three different locations in the cavity, resulting in a decreased splitting of the
coupled modes, which can be fitted to the square root of an exponential decay (Fig. 4C).
These results demonstrate that the extent of the Rabi splitting depends on the number of
pigments effectively participating in polaritonic coupling to the optical mode throughout
the entire focal volume.

In general, the photosynthetic efficiency would benefit enormously when the coherence
between the light harvesting pigments and the cavity is independent of the light intensity.
To reveal the light intensity dependence, white-light transmission spectra were acquired

Im? down to

with  different excitation intensities of 10 umol photonss~
1 umol photons s~ m™2 (corresponding to 28.0 - 2.8 mWcm™2 measured at 680 nm) in
single living cyanobacteria as shown in Fig 4D/E, where the y-axis corresponds to
different excitation intensities. The resonance mode at A = 680 nmm, which is strongly
coupled to chlorophyll a, shows a Rabi splitting which remains constant with decreasing
white light irradiation intensity (Fig. 4D). This is even more obvious in the normalized
spectra (Fig. 4E), where each spectrum along the y axis is normalized to its maximum
intensity. This constant Rabi splitting is observed for different individual cyanobacteria in
the sample, as shown in Fig. 4F by plotting the Rabi splitting against the intensity of the
cavity mode. As a consequence, since the photons used for white-light illumination are
completely incoherent, strong coupling must occur even at very low light intensity; or in
other words, one resonant photon is already sufficient to induce a polaritonic state

between the microcavity and the chlorophyll a pigments in vivo.
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Discussion

The emission and transmission spectra presented here demonstrate undoubtedly the
existence of an in vivo coherent energy exchange between the microcavity and the
cyanobacterial photosynthetic light harvesting machinery. Photo-bleaching experiments
confirm that the microcavity can couple to about 4.8-10% chlorophyll a molecules
(calculated from the measured splitting and assuming a chlorophyll a transition dipole
moment: 5.39 D @ n = 1.34 %8, see supporting information for calculation) at the same
time to form a polaritonic state delocalized over the entire thylakoid system of a single
cyanobacterium (Fig. 5A). For natural illumination conditions, the semi-classical model of
energy “hopping” (Fig. 5B) in the photosynthetic light-harvesting machinery should
therefore be expanded to a delocalized wave-like energy transfer (red glow in Fig. 5C).
Additionally, the vacuum Rabi splitting is independent of the number of photons, indicating
that it works at very low light intensities and for the formation of a polaritonic state one
single photon is sufficient. The cell-encompassing delocalization of the polaritonic state
guarantees that the photosynthetic reaction centers are optimally supplied with photons

and allow growth and survival of the cyanobacteria even in a low-light environment.

The establishment of a long-range polaritonic state requires a complex and dynamic
spatial and structural organization of the photosynthetic complexes that compensate or
make use of the thermodynamic fluctuations occurring in the natural environment. It can
therefore be assumed that the observed cell-encompassing quantum coherence is not
merely a byproduct of the evolution of photosynthesis. On the contrary, evolution has
rather selected for this process of coherence to optimize photosynthesis to its highest
efficiency and makes it very likely that it also occurs in plant chloroplasts, since
cyanobacteria are their precursors. As a consequence of our validation of quantum
coherence in the photosynthetic machinery of living cyanobacteria at physiological
conditions, we believe that the investigation of various other biological processes, which
are difficult to be explained by classical thermodynamics, may reveal significant

dependencies on quantum electrodynamics effects.?® 2
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Fig. 5: Models of energy transfer during photosynthesis. (A) lllustration of the energy delocalization
over the thylakoid system. (B) Classical description: after absorption of a photon (green wavy arrow), the
energy transfer from the antenna pigments (chlorophyll a molecules) to the reaction center (chlorophyll a
dimer) is described by incoherent energy “hopping” (red energy transfer). (C) A collective coherent state
between a photon and the antenna pigments generates a coherent energy transfer, being the cause for the
very high energy transfer efficiency (close to 100 %).%°
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Methods:

Preparation of cavity mirrors

The mirrors were produced by evaporating a 3 nm thick chromium layer on a glass
surface serving as an adhesion layer for the following silver layer, which has a thickness
of 30 nm or 60 nm for the lower and upper mirror, respectively. Since silver is bactericidal
and very susceptible to damage and oxidation, it was coated with a gold layer (5 nm) and
an Si0, layer (20 nm).2" These layer thicknesses result in a microcavity with a quality
factor of Q = 98. The microcavity was assembled in a custom-built holder with piezo
actuators and mounted on a stage scanning confocal microscope for the collection of both

white light transmission and fluorescence spectra from the same spatial position.

Light intensity measurements
The light intensity was measured with a Li-Cor Li-189 radiometer from Heinz Walz GmbH

(Germany).

Bacterial cultivation conditions

Synechococcus elongatus PCC 7492 cells were cultivated under photoautotrophic
conditions with continuous illumination at around 30 umol photons s™t m~2 (Lumilux de
Lux, Daylight, Osram) at 28 °C. The cultures were grown in 100 mL Erlenmeyer flasks,
filled with 40 mL BG11 3 medium, supplemented with 5mM NaHCO,; and shaken at
120 — 130 rpm.

The survivability after laser irradiation analyzed by a spot assay

The S. elongatus cultures of both treatments were adjusted to an optical density 0D;5, =
0.5, and a dilution series to the power of 10 was made in BG11 medium (10° — 107°).
5 uL of each dilution was dropped on BG11-agar plates and cultivated at 28 °C 33 under
constant light with the intensity of 30 pmol photons s™* m™2 for 7 days. All experiments
are shown in Fig. 1D. Top: Non-irradiated control in a dilution series (1:10), three

replicates. Fig. 1D below: Irradiated sample in a dilution series (1:10), three replicates.
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The bacteria were irradiated with a laser (4., = 440 nin, power: 1.8 mW) for three minutes

before preparation of a spot assay. Representative results are shown in Fig. 1D.

The spectral properties of S. elongatus

To characterize the spectral properties of the photosynthetic pigments, absorption and
emission spectra were recorded from 20 pL of a cyanobacterial suspension, embedded
in a low-melting agarose matrix to prevent cell movement (Fig. 1C). The absorption
spectrum shown in Fig. 1B features four distinct bands: the soret band of chlorophyll a at
440 nm 34, the carotenoid band at 500 nm 3°, the PBS band at 630 nm ¢ and the @, band
of chlorophyll a at 680 nm 3". Excitation of the soret band is very efficient, taking additional
advantage of the large Stokes shift to separate the laser reflection at the cavity mirrors

from the emission signal, which is dominated by the chlorophyll a emission at 680 nm. 3%
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