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Abstract  

 
Cyanobacteria are an ancient clade of photosynthetic prokaryotes, whose worldwide 

occurrence, especially in water, presents health hazards to humans and animals due to the 

production of a range of toxins (cyanotoxins). These include the sometimes co-occurring, 

non-encoded diaminoacid neurotoxins 2,4-diaminobutanoic acid (2,4-DAB) and its structural 

analogue ��-N-methylaminoalanine (BMAA).  Knowledge of the biosynthetic pathway for 

2,4-DAB, and its role in cyanobacteria, is lacking. The aspartate 4-phosphate pathway is a 

known route of 2,4-DAB biosynthesis in other bacteria and in some plant species. Another 

pathway to 2,4-DAB has been described in Lathyrus species. Here, we use bioinformatics 

analyses to investigate hypotheses concerning 2,4-DAB biosynthesis in cyanobacteria. We 

assessed the presence or absence of each enzyme in candidate biosynthesis routes, the 

aspartate 4-phosphate pathway and a pathway to 2,4-DAB derived from S-adenosyl-L-

methionine (SAM), in 130 cyanobacterial genomes using sequence alignment, profile hidden 

Markov models, substrate specificity/active site identification and the reconstruction of gene 

phylogenies. In the aspartate 4-phosphate pathway, for the 18 species encoding 

diaminobutanoate-2-oxo-glutarate transaminase, the co-localisation of genes encoding the 

transaminase with the downstream decarboxylase or ectoine synthase – often within hybrid 

non-ribosomal peptide synthetase (NRPS)-polyketide synthases (PKS) clusters, NRPS-

independent siderophore (NIS) clusters and incomplete ectoine clusters – is compatible with 

the hypothesis that some cyanobacteria use the aspartate 4-phosphate pathway for 2,4-DAB 

production. Through this route, in cyanobacteria, 2,4-DAB may be functionally associated 

with environmental iron-scavenging, via the production of siderophores of the 

schizokinen/synechobactin type and of some polyamines. In the pathway to 2,4-DAB derived 

from SAM, eight cyanobacterial species encode homologs of SAM-dependent 3-amino-3-

carboxypropyl transferases. Other enzymes in this pathway have not yet been purified or 

sequenced. Ultimately, the biosynthesis of 2,4-DAB appears to be either restricted to some 

cyanobacterial species, or there may be multiple and additional routes, and roles, for the 

synthesis of this neurotoxin. 
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1. Introduction 
 

The non-encoded diaminoacid neurotoxin 2,4-diaminobutanoic acid (2,4-DAB) (syn: 2,4-

diaminobutyric acid; �.,��-diaminobutyric acid; ��-aminobutyrine) (Fig. 1) was first discovered 

in acid hydrolysates of polymyxin antibiotics (Catch and Jones, 1948). It is widely distributed 

and occurs in the cell wall of Gram-positive bacteria (Perkins and Cummins, 1964), in the 

seeds of leguminous plants (Bell, 1962; Nigam and Ressler, 1966) and as a homopolymer in 

Streptomyces celluloflavus USE32 and Streptoalloteichus hindustanus NBRC15115 

(Yamanaka et al., 2020). Both 2,4-DAB and its structural analogue ��-N-methylaminoalanine 

(BMAA) are neurotoxic (Chen et al., 1972; Tan et al., 2018). These neurotoxins have also 

been found to be co-distributed in some cyanobacterial species (Al-Sammak et al., 2014; 

Rosén and Hellenäs, 2008), but may also occur alone (Krüger et al., 2010; Violi et al., 2019). 

 

The biosynthetic pathway to 2,4-DAB is well documented in other bacteria (Yamamoto et al., 

1992; Yamanaka et al., 2020) and in the legume Lathyrus sylvestris (Nigam and Ressler, 

1966), but it has not been established in cyanobacteria. Also, the extent of 2,4-DAB 

biosynthesis among cyanobacteria has not been widely determined.  

 

There are at least four factors contributing to the lack of knowledge concerning the presence 

of 2,4-DAB in cyanobacteria: (i) the biosynthetic pathway(s) in cyanobacteria are unknown; 

(ii) some early analytical techniques to analyse cyanobacterial extracts for the presence of 

2,4-DAB and its analogues have lacked sensitivity and specificity (Cohen, 2012; Faassen et 

al., 2016; Jiang et al., 2013; Lage et al., 2016; Rosén et al., 2016); (iii) whilst adequate 

analytical methods can unambiguously assign 2,4-DAB biosynthesis to a monocyanobacterial 

axenic culture, ambiguity can arise regarding toxin origin when non-axenic cyanobacterial 

environmental samples and laboratory cultures, and mixtures of cyanobacterial 

species/strains are examined; (iv) the facultative expression of 2,4-DAB biosynthesis means 

that lack of evidence for this toxin is not evidence of its absence under all conditions. Some 

of these problems are beginning to be resolved. For example, although a consensual standard 

method of sample preparation and analytical techniques for the identification of 2,4-DAB and 

BMAA has been lacking, it is now widely agreed that tandem mass spectrometry (MS/MS) is 

the best currently available tool for the correct identification and quantification of these 

neurotoxins, as it relies on four identification criteria, whilst resolving structural isomers, 
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improving detection limits and reducing background interference (Faassen et al. 2016; 

Faassen, 2017; Metcalf et al., 2017). 

 

The environmental and toxicological monitoring of cyanobacterial mass populations, for 

example by microscopy and by chemical, immunological, toxicological and remote sensing 

methods (Meriluoto et al., 2017), is being successfully complemented by molecular genetic 

methods (Kurmayer et al., 2017; Pan et al., 2002). The latter include the targeting of genes 

involved in the biosynthesis of specific cyanotoxins by polymerase chain reaction (PCR)-

based methods (Humbert, 2017; Kurmayer et al., 2017). The contribution of molecular 

genetic methods to the early detection of cyanobacteria with the potential for the production 

of 2,4-DAB and its isomers, would similarly contribute to the overall risk management of the 

production of these neurotoxins. To enable this, knowledge of the biosynthetic pathway(s) for 

2,4-DAB formation, with gene identification is necessary. These needs are addressed here by 

our bioinformatics study to test hypotheses concerning the biosynthetic pathway or pathways 

for 2,4-DAB in cyanobacteria. 

 

As suggested by Nunn and Codd (2017), a possible route for the biosynthesis of 2,4-DAB is 

through the aspartate 4-phosphate pathway (Fig. 2). This pathway is utilised by bacteria, 

fungi and higher plants to produce four encoded amino acids; methionine, threonine, 

isoleucine and lysine, at various branchpoints (Jander and Joshi, 2010). The pathway starts at 

aspartate transaminase (EC 2.6.1.1), which catalyses a reversible transamination between 

glutamate and oxaloacetate to yield aspartate and 2-oxo-glutarate (Jansonius and Vincent, 

1987). Aspartate then serves as substrate for aspartate kinase (EC 2.7.2.4), which catalyses 

the formation of aspartate 4-phosphate. Aspartate 4-semialdehyde is then synthesised from 

aspartate 4-phosphate via the action of aspartate-semialdehyde dehydrogenase (EC 1.2.1.11) 

(Jander and Joshi, 2010). These three enzymes are widespread in prokaryotes and are 

essential for their viability (Cohen, 1987; Muriana et al., 1991). 

 

1.1. The aspartate 4-phosphate pathway and the biosynthesis of 2,4-DAB 

 

An additional branch-point from this pathway at aspartate 4-semialdehyde begins with 

diaminobutanoate-2-oxo-glutarate transaminase (EC 2.6.1.76), which catalyses the 

biosynthesis of 2,4-DAB. 2,4-DAB has been described as a precursor for the biosynthesis of 
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1,3-diaminopropane (Ikai and Yamamoto, 1997; Yamamoto et al., 1992) (Fig. 3), and the 

compatible solutes ectoine and hydroxyectoine (Louis and Galinski, 1997; Reuter et al., 

2010) (Fig. 2). In Acinetobacter baumannii, 2,4-DAB is also biosynthesised by the activity of 

diaminobutanoate-2-oxo-glutarate transaminase, utilising aspartate 4-semialdehyde as 

substrate (Ikai and Yamamoto, 1997). This diaminoacid is subject to decarboxylation by the 

activity of 2,4-DAB decarboxylase (EC 4.1.1.86) to yield 1,3-diaminopropane (Yamamoto et 

al., 2000; Yamamoto et al., 1992). Transaminases can exhibit multiple substrate specificity, 

and the substrate for the 2,4-DAB transaminase may differ. In a species of Xanthomonas, 2,4-

DAB has been shown to be synthesised by a transaminase for 2,4-DAB, diaminobutanoate-

pyruvate transaminase (EC 2.6.1.46), which uses pyruvate, instead of 2-oxo-glutarate, as the 

oxo-acid (Rao et al., 1969). In organisms that produce the hydrogenated pyrimidine 

derivative ectoine, an ect operon is usually found, encompassing the genes ectB (encoding 

diaminobutanoate-2-oxo-glutarate transaminase), ectA (encoding 2,4-diaminobutanoate 

acetyltransferase, EC 2.3.1.178) and ectC (encoding ectoine synthase, EC 4.2.1.108). EctC 

can be regarded as a marker enzyme for ectoine-producers (Widderich et al., 2014a). The 

route to ectoine biosynthesis was elucidated by Peters et al. (1990) in cell-free extracts of 

Ectothiorhodospira halochloris and Halomonas elongata. It begins with the transamination 

of aspartate 4-semialdehyde, catalysed by diaminobutanoate-2-oxo-glutarate transaminase 

(enzyme 4, Fig. 2), to yield 2,4-DAB, which serves as substrate for diaminobutanoate 

acetyltransferase (enzyme 5, Fig. 2) to produce N4-acetyl-2,4-diaminobutanoic acid. Ectoine 

synthase (enzyme 6, Fig. 2) catalyses the ring closure reaction, leading to the end product, 

ectoine. A fraction of the organisms that encode the ectoine operon are capable of producing 

5-hydroxyectoine through a position- and stereo- specific hydroxylation of ectoine, via the 

activity of ectoine hydroxylase (ectD, EC 1.14.11.55) (Bursy et al., 2007). Although 

compatible solutes are known in many cyanobacteria (Klähn and Hagemann, 2011), ectoine 

and hydroxyectoine have not been identified in these organisms (Nunn and Codd, 2017). 

Until this present investigation, no genetic investigations have attempted to establish whether 

the biosynthesis of 2,4-DAB in cyanobacteria occurs through the aspartate 4-phosphate 

pathway. 

 

In prokaryotes, toxicity-related genes are often found within specialised metabolite clusters 

(secondary metabolite clusters), which are synthesised by a process external to the default 

ribosomal system, via a non-ribosomal synthetic mechanism (NRPS) (Jones et al., 2010), 

which involves a multienzyme complex (Miller and Gulick, 2016). Compounds that, unlike 
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peptides, do not contain nitrogen, may be biosynthesised by similar enzyme assemblies, 

named polyketide synthetases (PKS) (Robbins et al., 2016), and others can be synthesised 

through hybrid NRPS/PKS complexes (Fisch, 2013). Many classes of cyanotoxins, including 

cylindrospermopsins, saxitoxins, nodularins and microcystins are known to be produced via 

these routes (Kellmann et al., 2008; Mbedi et al., 2005; Mihali et al., 2008; Moffitt and 

Neilan, 2004). A third and less widespread category of multienzyme complexes exists in 

cyanobacteria, namely the NRPS-independent siderophore biosynthesis systems (NIS). NIS 

clusters are responsible for the production of siderophores, including rhizobactin 1021, 

schizokinen and synechobactin (Challis, 2005; Årstøl and Hohmann-Marriott, 2019). 

 

1.2 Siderophores  

 

Siderophores are low molecular weight (400-1000kDa) carrier molecules that function in 

microbial iron uptake (Simpson and Neilands, 1976). These iron-chelators are usually Fe(III)-

specific, and bind Fe(III) with an affinity of the order of 1030. Of the compounds that are used 

as siderophores by cyanobacteria, two - schizokinen and synechobactin - have been shown to 

be synthesised following the decarboxylation of 2,4-DAB (Balasubramanian et al., 2006; 

Nicolaisen et al., 2008; Årstøl and Hohmann-Marriott, 2019).  

 

The low concentration of iron (picomolar to nanomolar range) in the environment is typically 

rate-limiting for the growth of cyanobacteria and siderophores are essential to reconcile the 

profound insolubility of Fe(III) with the vital need of iron in cellular activities (Cunningham 

and John, 2017; Sunda and Huntsman, 2015). Cyanobacteria have larger iron requirements 

than non-photosynthetic bacteria (Shcolnick and Keren, 2006), as the processes of 

photosynthesis and, in some species, of N2 fixation, require Fe-containing ferredoxin and 

nitrogenase, respectively (Simpson and Neilands, 1976). Cyanobacteria capable of producing 

siderophores under Fe-limiting conditions are probably at a selective advantage in microbial 

competition, protection from heavy-metal toxicity and bloom formation (Simpson and 

Neilands, 1976; Årstøl and Hohmann-Marriott, 2019). 

 

Schizokinen, first discovered in Bacillus megaterium ATCC 19213 and isolated from 

Anabaena sp. strains PCC 7120 and PCC 6411 (Goldman et al., 1983; Simpson and Neilands, 

1976), contains a derivative of 1,3-diaminopropane (Nunn and Codd, 2017). Synechobactins, 
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amphiphilic cyanobacterial siderophores from Synechococcus sp. PCC 7002 (Armstrong and 

Van Baalen, 1979) are identical in structure to schizokinen, except for the fully saturated 

fatty acid tail on one of the two �D-hydroxamate groups (Ito and Butler, 2005), but also 

contain the same derivative of 1,3-diaminopropane (Nunn and Codd, 2017). There is 

currently no biochemically substantiated biosynthetic pathway established for the 

cyanobacterial siderophores schizokinen and synechobactin. However, it is known that 

citrate-based siderophores are produced by NRPS-independent synthases (NIS) in 

cyanobacteria (Årstøl and Hohmann-Marriott, 2019), and that the two siderophores are 

structurally similar to other dihydroxamate-type siderophores, such as rhizobactin 1021 

(Persmark et al., 1993) and aerobactin (de Lorenzo et al., 1986). A priori, we hypothesise that 

cyanobacteria use the same metabolic route. Rhizobactin 1021 is synthesised from the 

hydroxylation and acetylation of two molecules of 1,3-diaminopropane, which combined 

with citrate by a NIS synthetase, yields schizokinen (Lynch et al., 2001) (Fig. 4). 

 

1.3. Polyamines  

 

Polyamines, polycationic hydrocarbon molecules with multiple amino groups, have important 

roles in prokaryotic protein synthesis (Igarashi and Kashiwagi, 2000; Shah and Swiatlo, 

2008), also contributing to cyanobacterial bloom formation and siderophore production 

(Keating et al., 2002). Spermidine, a widespread polyamine in all groups of cyanobacteria 

(Hosoya et al., 2005), can be synthesised from putrescine via two different routes (Fig. 5). 

Putrescine biosynthesis is shared by both pathways and may occur via ornithine, through the 

action of ornithine decarboxylase (EC 4.1.1.17) or via arginine, which serves as the initial 

substrate for arginine decarboxylase (EC 4.1.1.19), agmatine iminohydrolase (EC 3.5.3.12) 

and N-carbamoylputrescine amidohydrolase (EC 3.5.1.53) (Zhu et al., 2015). The classical 

pathway begins with the decarboxylation of SAM by S-adenosylmethionine decarboxylase 

(SAMDC, EC 4.1.1.50). The decarboxylated SAM and putrescine serve as substrates for the 

biosynthesis of spermidine, in a reaction catalysed by spermidine synthase (SPDS, EC 

2.5.1.16) (Lee et al., 2009; Shah and Swiatlo, 2008). In the alternative pathway, 

carboxyspermidine dehydrogenase (CASDH, EC 1.5.1.43) catalyses the reaction between 

aspartate 4-semialdehyde and putrescine that leads to carboxyspermidine, which is then 

decarboxylated by carboxyspermidine decarboxylase (CASDC, EC 4.1.1.96) to yield 

spermidine (Hanfrey et al., 2011; Lee et al., 2009). In organisms encoding diaminobutanoate-
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2-oxo-glutarate transaminase and diaminobutanoate decarboxylase, 1,3-diaminopropane is 

produced and can serve as a substrate for CASDH, yielding carboxynorspermidine, which in 

turn is used by CASDC to produce norspermidine (Yamamoto et al., 1986; Zhu et al., 2015). 

Both the putative and alternative pathways for spermidine biosynthesis have been described 

in cyanobacteria (Zhu et al., 2015). In these species, the route to norspermidine via the 

alternative pathway could represent another physiological role for the production of 2,4-DAB 

via the aspartate 4-phosphate pathway.  

 

1.4. The biosynthesis of 2,4-DAB derived from SAM and other pathways to 2,4-DAB 

 

There is another known mechanism to 2,4-DAB biosynthesis. In Lathyrus species, 

isoxazolinones are used for the biosynthesis of both 2,3-diaminopropanoic acid (2,3-DAP) 

and 2,4-DAB. In Pisum sativum and Lathyrus sativus seedlings, �E-(isoxazolin-5-on-2-yl)-

alanine (BIA) was shown to be synthesised from O-acetyl-L-serine (OAS) and isoxazolin-5-

one by cysteine synthase (EC 2.5.1.47). 2,3-DAP can be released after enzymatic cleavage of 

BIA (Ikegami et al., 1991). In Lathyrus odoratus seedlings, 2-(3-amino-3-carboxypropyl)-

isoxazolin-5-one (ACI), the higher homologue of BIA, is present and causes neurotoxic 

symptoms similar to 2,4-DAB (Lambein, 1981) in experimental animals. This amino acid 

was shown to be synthesised from SAM and isoxazolin-5-one (Callebaut and Lambein, 1977; 

Ikegami et al., 1993). A suitable route to 2,4-DAB would be through enzymatic transfer of 

the 3-amino-3-carboxypropyl moiety from SAM to an intermediate, which could be cleaved 

to yield 2,4-DAB (Ikegami and Murakoshi, 1994) (Fig. 6). Although the transferase from 

Lathyrus odoratus has not been purified or sequenced, SAM-dependent 3-amino-3-

carboxypropyl transferases have been described that can catalyse this transfer reaction 

(Meyer et al., 2020; Reeve et al., 1998; Riekhof et al., 2005). However, no enzyme has been 

shown to be able to cause the cleavage of such a complex. Additionally, although there are no 

reports of isoxazolinones having been found in cyanobacteria (Nunn and Codd, 2017), the 

four-carbon chain of methionine has been shown to be donated from SAM to a variety of 

structures, other than isoxazolinones. Previously characterised naturally occurring 3-amino-3-

carboxypropyl-substituted heterocycles shown to derive from SAM as the donor of the 3-

amino-3-carboxypropyl side chain include discadenine in Dictyostelium discodeideum (Taya 

et al., 1978), a modified nucleotide in Escherichia coli tRNA (Nishimura et al., 1974), plant 

siderophores of the mugineic acid family (Shojima et al., 1990; Shojima et al., 1989), the 
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post-translationally modified histidine of elongation factor 2, diphthamide (Chen and Bodley, 

1988), and the polyamine, spermidine (Zhu et al., 2015). 

 

2,4-DAB could be also formed non-enzymatically. In the protein gliadin, the neurotoxin is 

formed chemically from glutamine following Hoffman degradation (Synge, 1939), and from 

asparagine during peptide synthesis (Ressler, 1956). There appear to be no biological 

equivalents to these reactions. 

 

1.5 Our contribution 

 
In this study, we use bioinformatics tools to investigate hypotheses concerning 2,4-DAB 

biosynthesis in cyanobacteria through the assessment of the presence or absence of each 

enzyme in the aspartate 4-phosphate pathway and a pathway to 2,4-DAB derived from SAM, 

across 130 cyanobacterial genomes. We propose that, in cyanobacteria, the biosynthesis of 

2,4-DAB through the aspartate 4-phosphate pathway occurs but is limited to a subset of 

species. We highlight its potential physiological roles in siderophore and polyamine 

biosynthesis. We also suggest that 2,4-DAB production from SAM may be possible in some 

cyanobacterial species, however in-depth analyses are hindered, as candidate enzymes and 

intermediates participating in this pathway are lacking. Ultimately, the biosynthesis of 2,4-

DAB appears to be either restricted to some cyanobacterial species, or there may be multiple 

and additional routes, and roles, for the synthesis of this neurotoxin. 

 

2. Results and discussion 

 

2.1 Cyanobacterial species encoding enzymes in the aspartate 4-phosphate pathway 

 

The first three enzymes in the aspartate 4-phosphate pathway (Fig. 2), aspartate transaminase, 

aspartate kinase and aspartate-semialdehyde dehydrogenase, are widespread in cyanobacteria. 

These enzymes are responsible for amino acid biosynthesis and metabolism and, in the few 

genomes where genetic evidence for one or more of these enzymes was lacking (one instance 

for aspartate transaminase, five instances for aspartate kinase and four instances for aspartate-

semialdehyde dehydrogenase), we propose errors in sequencing, assembly, genome 

annotation or functional annotation as explanations (Supplementary Tables S1-S3).  
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Based on knowledge from active site and substrate specificity searches (Supplementary 

Tables S12-S17), from the 130 cyanobacterial species present in our dataset, 

diaminobutanoate-2-oxo-glutarate transaminase is believed to be present in 18 species, out of 

which only seven also encode diaminobutanoate decarboxylase (Table 1). Xanthomonas sp. 

encodes a transaminase that uses pyruvate, instead of 2-oxo-glutarate, as the oxo-acid (Rao et 

al., 1969). In cyanobacteria a gene for diaminobutanoate-pyruvate transaminase (EC 

2.6.1.46) was not found in the genome of any species. 

 

No cyanobacterial genomes appeared to encode diaminobutanoate acetyltransferase or 

ectoine hydroxylase, and only three species appear to possess the gene coding for ectoine 

synthase: Calothrix rhizosoleniae SC01, Hydrocoleum sp. CS-953 and Planktothricoides sp. 

SR001. 

 

Some species were shown to encode diaminobutanoate-2-oxo-glutarate transaminase but not 

diaminobutanoate decarboxylase (e.g. Nodularia sp. NIES-3585), and vice-versa (e.g. 

Phormidium tenue NIES-30). There was also variation in the range of specialised metabolite 

clusters in which these enzymes were co-localised (Fig. 7). 

 

Single cyanobacterial species derived from axenic cultures that encode diaminobutanoate-2-

oxo-glutarate transaminase (Calothrix brevissima NIES-22, Chroococcidiopsis thermalis 

PCC 7203, Cyanobacterium aponinum PCC 10605, Cyanobacterium PCC 7702, 

Cylindrospermum stagnale PCC 7417, Gloeobacter violaceus PCC 7421, Myxosarcina sp. 

GI1, Nodularia sp. NIES-3585, Stanieria cyanosphaera PCC 7437 and Trichormus variabilis 

ATCC 29413), are believed to be able to biosynthesise 2,4-DAB through the aspartate 4-

phosphate pathway, since contamination by other 2,4-DAB-producing bacteria can be 

excluded. It is possible that other cyanobacterial species encoding the transaminase that were 

not cultured in axenic conditions are also 2,4-DAB-producers (namely Acaryochloris marina 

MBIC11017, Hapalosiphon sp. MRB220, Hydrocoleum sp. CS-953, Moorea bouillonii PNG, 

Nostoc calcicola FACHB-389, Nostoc linckia z2, Phormidium ambiguum NIES-2119 and 

Tolypothrix bouteillei VB521301). However, this would have to be verified in genomes 

sequenced from axenic cultures. There is no apparent correlation between species encoding 

genes for 2,4-DAB transaminase/decarboxylase and a specific cyanobacterial morphology, 

biochemistry or habitat (Fig. 7).  



12 
��

 

2.2 Where the gene coding for 2,4-DAB transaminase is located within a NIS-cluster, 

it probably plays a physiological role in environmental iron-scavenging 

 

From the seven cyanobacterial species encoding both diaminobutanoate-2-oxo-glutarate 

transaminase and diaminobutanoate decarboxylase, three (Cyanobacterium aponinum PCC 

10605, Phormidium ambiguum NIES-2119 and Trichormus variabilis ATCC 29413) were 

shown to have both enzymes, co-localised within NIS clusters, as predicted by antiSMASH 

(Fig. 8). 

 

Lynch et al. (2001), proposed a biosynthetic route to rhizobactin 1021 in the symbiotic 

nitrogen-fixing bacterium Sinorhizobium meliloti, where schizokinen was indicated as the 

preceding compound to rhizobactin 1021. Since schizokinen is an intermediary product of the 

siderophore rhizobactin 1021, it is possible that these siderophores share an enzymatic 

pathway (Årstøl and Hohmann-Marriott, 2019). The biosynthesis of synechobactin is 

probably an extension of the pathway to schizokinen (Årstøl and Hohmann-Marriott, 2019). 

Evidence supporting these statements has been provided in cyanobacteria: Nicolaisen et al. 

(2008) identified a cluster of genes in Anabaena sp. PCC 7120 homologous to the 

biosynthesis-genes for rhizobactin 1021 and Balasubramanian et al. (2006) identified the 

siderophore characteristic IucABC-family proteins in an eight-gene operon, in 

Synechococcus sp. PCC 7002.   

 

There are eight genes involved in the regulation, biosynthesis and transport of rhizobactin 

1021 from 1,3-diaminopropane (Lynch et al., 2001). The genes rhbA, rhbB, rhbC, rhbD, 

rhbE and rhbF are part of a single operon and function in the biosynthesis of the siderophore. 

The product of rhbA and rhbB shows similarity to the proteins diaminobutanoate-2oxo-

glutarate transaminase and diaminobutanoate decarboxylase (involved in 1,3-diaminopropane 

synthesis), whilst the products of rhbC, rhbD, rhbF and rhbE are homologous to the iron 

uptake chelate domains IucA, IucB, IucC and IucD, involved in the production of aerobactin 

(Lynch et al., 2001). These genes are characteristic of siderophore clusters (i.e. NIS 

biosynthesis pathways contain at least one enzyme with conserved N-terminal iron uptake 

chelate domains (Årstøl and Hohmann-Marriott, 2019)), and all characterised NIS clusters 

known to date encode either one or the two homologous synthetases IucA/IucC (de Lorenzo 
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et al., 1986; de Lorenzo and Neilands, 1986). These synthetases define the NIS pathway and 

are present in the siderophore clusters of three cyanobacterial species in the dataset (Fig. 8), 

which we propose are able to synthesise iron chelators of the schizokinen/synechobactin type. 

Additional proteins, such as (GNAT family) N-acetyltransferase, lysine 6-monooxygenase, 

�D/�E hydrolase and transport proteins (e.g. iron-siderophore ABC transporter substrate-

binding protein, ABC transporter ATP-binding protein, MFS transporter, and the TonB-

dependent receptor) found in the cyanobacterial NIS clusters of Fig. 8, also have similar 

functional annotations to the proteins in the NIS clusters of other species (Challis, 2005; 

Lynch et al., 2001).  

 

The synthesis of rhizobactin 1021 is similar to that of aerobactin (Årstøl and Hohmann-

Marriott, 2019). Both iron-chelators are citrate-based hydroxamate siderophores with similar 

structures, differing only in the presence of a fatty acid moiety in rhizobactin 1021 and an 

additional carboxylic acid moiety and two saturated carbon atoms in each of the symmetrical 

arms of aerobactin (Lynch et al., 2001). It has been argued that, if aerobactin was derived 

from the same substrate as rhizobactin 1021 (i.e. 1,3-diaminopropane instead of lysine), the 

resulting product would have the same structure as rhizobactin 1021 (Lynch et al., 2001). 

Given this, Lynch et al. (2001) proposed that 1,3-diaminopropane is incorporated into 

rhizobactin 1021 by steps similar to those involved in the biosynthesis of aerobactin. 

However, since there is no evidence in the literature for the production of these siderophores 

in cyanobacteria, we hypothesise that the enzymes used for the biosynthesis of 

schizokinen/synechobactin in cyanobacteria also correspond to those used for the 

biosynthesis of aerobactin and rhizobactin 1021.  

 

The co-localisation of the 2,4-DAB transaminase and decarboxylase with the IucA/IucC 

synthetase genes, inside an NIS cluster, suggests that these enzymes provide the catalysis to 

form siderophores of the schizokinen/synechobactin type (Årstøl and Hohmann-Marriott, 

2019). Hence, we propose that, in some cyanobacteria, 2,4-DAB can be biosynthesised 

through the aspartate 4-phosphate pathway, which is likely to play a physiological role in 

environmental iron-scavenging.  

 

Since hydroxamate siderophores have the capability of complexing with metals in addition to 

iron (i.e. copper, uranium) (McKnight and Morel, 1980; Rashmi et al., 2013), additional 
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physiological roles of 2,4-DAB as an antimicrobial agent (Matz et al., 2004) or in the 

detoxification of heavy metals (Årstøl and Hohmann-Marriott, 2019), respectively, may exist.  

 

The genomes of Cyanobacterium aponinum PCC 10605 and Trichormus variabilis ATCC 

29413 were both derived from axenic cultures, and therefore, based on our genomic analyses, 

it seems probable that these species are able to synthesise 2,4-DAB through the aspartate 4-

phosphate pathway, possibly as a by-product of the production of siderophores of the 

schizokinen/synechobactin type. Although Cyanobacterium aponinum PCC 10605, 

Trichormus variabilis ATCC 29413 and Phormidium ambiguum NIES-2119 were all isolated 

from freshwater environments, siderophores are also known to be produced in terrestrial and 

marine environments (Årstøl and Hohmann-Marriott, 2019), possibly via the same pathways.  

 

Since no cyanobacterial species in the dataset encode a gene for diaminobutanoate-pyruvate 

transaminase, the synthesis of 2,4-DAB, where present in cyanobacteria, appears to occur via 

a 2,4-DAB transaminase that uses 2-oxo-glutarate, and not pyruvate, as the oxo-acid. 

However, the possibility of uncharacterised diaminobutanoate-pyruvate transaminase 

enzymes, non-homologous to those that are known, cannot be disregarded. Without further 

knowledge of the relevant metabolite pool sizes in cyanobacteria, particularly of pyruvate, 

and the kinetic properties of the transaminase, the possibility of 2,4-DAB biosynthesis in 

cyanobacteria via diaminobutanoate-pyruvate transaminase cannot be excluded. 

 

2.3 Co-localisation of 2,4-DAB transaminase within hybrid NRPS/PKS and 

unanswered questions 

 

Many siderophores are polypeptides that are biosynthesised by members of the NRPS 

multienzyme family (Challis, 2005). These siderophores are different in structure from 

schizokinen (Jeanjean et al., 2008). Eleven species of cyanobacteria were found to encode 

2,4-DAB transaminase within hybrid NRPS/PKS clusters. The product of these specialised 

metabolite clusters and the role played by 2,4-DAB transaminase is unknown. However, 

some similarity to pyoverdine clusters was found (Supplementary Table S4), possibly 

suggesting still unknown/uncharacterised siderophore pathways in cyanobacteria. 
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Although siderophores of the schizokinen type have been described in Anabaena sp. 

(Armstrong and Van Baalen, 1979; Simpson and Neilands, 1976), we did not find the genes 

for diaminobutanoate-2-oxo-glutarate transaminase or diaminobutanoate decarboxylase in the 

genome of Anabaena cylindrica PCC 7122. This is suggestive of a different pathway to 

siderophore production (i.e. not via the aspartate 4-phosphate pathway) and/or a yet- 

uncharacterised siderophore in this species. Our results are compatible with those of 

Goldman et al. (1983), who showed that Anabaena cylindrica PCC 7122 is able to produce 

hydroxamate siderophores with different characteristics compared to schizokinen.   

 

Gloeobacter violaceus PCC 7421 was shown to encode both 2,4-DAB transaminase and 

decarboxylase, via adjacent genes on the genome, but not within a specialised metabolite 

cluster. Given that in cyanobacteria, siderophores were found to be produced in all but the 

most early-branching clades (Årstøl and Hohmann-Marriott, 2019), this finding may point to 

potentially additional and unknown physiological roles for the production of 2,4-DAB; for 

example, to enable this species to synthesise siderophores from 1,3-diaminopropane via a yet 

uncharacterised route; or to circumvent the loss of key genes essential for the production of 

iron chelators of the schizokinen/synechobactin type in this species.  

 

2.4 An incomplete ectoine cluster as supporting evidence for the use of the aspartate 

4-phosphate pathway for the production of 2,4-DAB in cyanobacteria 

 

From the three cyanobacterial species that encode ectoine synthase (Fig. 7), Calothrix 

rhizosoleniae SC01 is the only one that also possesses diaminobutanoate-2-oxo-glutarate 

transaminase. The genes coding for these enzymes appear adjacent on the genome and are 

predicted to be co-localised within an ectoine cluster (Fig. 8). 

 

The fact that the genes for diaminobutanoate-2-oxo-glutarate transaminase and ectoine 

synthase appear adjacent on the genome of this species is compatible with our hypothesis that 

cyanobacteria use the aspartate 4-phosphate pathway for the production of 2,4-DAB from 

aspartate-4-semialdehyde.  

 

Our results are supported by the findings of Czech et al. (2018) and Widderich et al. (2014a), 

who showed that, when present in cyanobacteria, ectoine synthase genes appear alone (i.e. as 
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orphan genes), and not as part of complete ectoine clusters. It is currently not clear whether 

the solitary ectoine synthases are remnants of previously intact ectoine biosynthetic routes, 

whether they were recruited by existent genes in the ectoine pathway, whether they rely on an 

environmental provision of substrate to ectoine synthesis, or whether they have evolved new 

enzymatic functions, while possibly still retaining the capability of converting N4-acetyl-2,4-

diaminobutanoic acid to ectoine (Czech et al., 2018; Widderich et al., 2014a). 

 

The cyanobacterium Calothrix rhizosoleniae SC01 was isolated from a symbiotic diatom of 

the genus Chaetoceros. In resemblance to what occurs in Pseudomonas syringae pv. syringae 

B728a (Kurz et al., 2010), we speculate that the diatom could provide the cyanobacterial 

symbiont with the substrate for the synthesis of ectoine. Genome-driven investigations of 

compatible solutes in the plant pathogen Pseudomonas syringae pv. syringae B728a indicated 

that this bacterium does not produce ectoine naturally under laboratory conditions (i.e. as it 

lacks the ectAB genes), but when surface-sterilised leaves of its host plant Syringa vulgaris 

were subjected to osmotic stress, ectoine production was observed (Kurz et al., 2010). The 

clustering of cyanobacteria in the phylogenomic studies of Czech et al. (2018) suggest that, 

when present, ectoine synthases in these species are probably catalytically competent. 

 

2.5 Polyamine biosynthesis in cyanobacteria and additional potential physiological 

roles of 2,4-DAB 

 

The co-localisation of the 2,4-DAB transaminase with CASDH and CASDC could indicate 

another physiological role for the biosynthesis of 2,4-DAB in cyanobacteria: that of 

polyamine (e.g. spermidine and norspermidine) biosynthesis (Fig. 5).  

 

The gene pair CASDH/CASDC is present in nine cyanobacterial species in the dataset: 

Scytonema sp. HK-05, Tolypothrix bouteillei VB521301, Chamaesiphon minutus PCC 6605, 

Scytonema hofmannii PCC 7110, Nostocales cyanobacterium HT-58-2, Nostoc linckia z2, 

Leptolyngbya boryana dg5, Scytonema tolypothrichoides VB-61278 and Myxosarcina sp. 

GI1 (Fig. 7), and are only adjacent in the genome of the latter.  

 

The presence, in a species, of diaminobutanoate-2-oxo-glutarate transaminase and 

diaminobutanoate decarboxylase with CASDH and CASDC is indicative of the ability to 
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produce norspermidine through the alternative pathway for polyamine biosynthesis (Lee et 

al., 2009) (Fig. 5). However, the gene pair CASDH/CASDC was not found to be adjacent to, 

nor included in the same specialised metabolite cluster of diaminobutanoate-2-oxo-glutarate 

transaminase in any cyanobacterial species in the dataset. This suggests that, in 

cyanobacteria, the alternative pathway for polyamine biosynthesis is largely used for 

spermidine biosynthesis rather than norspermidine production, consistent with the findings of 

Lee et al. (2009).  

 

However, in Tolypothrix bouteillei VB521301, the enzymes participating in the synthesis of 

spermidine via the classical pathway, SAMDC and SPDS, appear co-localised with 

diaminobutanoate-2-oxo-glutarate transaminase, within the same hybrid NRPS/PKS cluster 

(Fig. 9). We suggest that, in some cyanobacteria, spermidine synthesis may be linked to 2,4-

DAB production, which is itself associated with the biosynthesis of yet unknown specialised 

metabolites, probably siderophores (i.e. the product of the NRPS/PKS cluster is currently 

undetermined). This would not be unprecedented as, in addition to their core physiological 

roles (e.g. in cell proliferation, growth and development), polyamines have been shown to be 

involved in microbial swarming (Sturgill and Rather, 2004), biofilm formation (Lee et al., 

2009; McGinnis et al., 2009) and siderophore production (Brickman and Armstrong, 1996; 

Griffiths et al., 1984; Pfleger et al., 2007).  

 

2.6 The route to 2,4-DAB derived from SAM: cyanobacterial species encoding 

homologs of SAM-dependent 3-amino-3-carboxypropyl transferase and unanswered 

questions 

 

In Lathyrus odoratus, ACI was shown to be synthesised from isoxazolin-5-one and SAM 

(Ikegami et al., 1993). The enzymatic cleavage of ACI is a possible route to 2,4-DAB 

(Ikegami and Murakoshi, 1994) (Fig. 6). Bioinformatics analysis of the feasibility of this 

pathway in cyanobacteria is hindered as the transferase catalysing the donation of the four-

carbon chain of methionine from SAM to isoxazolin-5-one has not been purified, and an 

enzyme capable of cleaving this complex is currently unknown. Additionally, there��are no 

reports of isoxazolinones having been found in cyanobacteria (Nunn and Codd, 2017), and so 

other candidate acceptors would be needed to test this hypothesis. 
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However, SAM-dependent 3-amino-3-carboxypropyl transferases, shown to catalyse the 

transfer reaction from SAM, have been described (Meyer et al., 2020; Reeve et al., 1998; 

Riekhof et al., 2005), which enabled the search for homologous enzymes in cyanobacterial 

genomes. Homologs of SAM-dependent 3-amino-3-carboxypropyl transferases proteins, 

encompassing a methyltransferase fold (Fauman et al., 1999; Martin and McMillan, 2002) 

with a conserved SAM-binding pocket, were found in eight cyanobacterial species in the 

dataset: Oscillatoriales cyanobacterium MTP1, Roseofilum reptotaenium AO1-A, Spirulina 

subsalsa, Spirulina major, Trichormus sp. NMC-1, Desertifilum sp. IPPAS B-1220 and 

Oscillatoria acuminata. In all but one case, the homolog was functionally annotated as 

Domain of Unknown Function (DUF) 3419 domain-containing protein (Supplementary Table 

S17). In Roseofilum reptotaenium AO1-A, the protein found was annotated as S-

adenosylmethionine—diacylglycerol (DAG) 3-amino-3-carboxypropyl transferase, 

suggesting in this species, a reaction with a diacylglycerol acceptor. Complexes resulting 

from the transfer of the four-carbon chain of methionine from SAM to DAG have been 

described in bacteria (Riekhof et al., 2005), plants and fungi (Künzler and Eichenberger, 

1997), and are involved in the replacement of membrane phospholipids with non-phosphorus 

lipids, when phosphate becomes limited in the environment (Benning et al., 1995; Geiger et 

al., 1999). 

 

Cyanobacterial species encoding SAM-dependent transferases are candidates for 2,4-DAB 

production derived from SAM. The purification and characterisation of the enzymes in this 

pathway and their specificity, as well as knowledge regarding possible acceptors for the 

transfer reaction are needed to further analyse the possibility of 2,4-DAB production in 

cyanobacteria through this route.  

 

2.7 Comparison between bioinformatics results and the analytical chemistry data 

from the literature 

 

In an attempt to support our bioinformatics findings with analytical data from the literature, 

we compared our results with those of 13 studies where evidence for 2,4-DAB- or 2,4-DAB- 

and BMAA-producing cyanobacteria was provided (Supplementary Table S5). A scenario 

where a particular species is shown to encode the necessary genes needed for the biosynthesis 

of 2,4-DAB, and is proven to produce the same compound via analytical studies, serves as a 
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strong indicator that this species is a 2,4-DAB-producer. On the other hand, a species that 

lacks the genes responsible for 2,4-DAB production, but is shown by analytical studies to 

produce the neurotoxin could be indicative of a false-positive result derived from a failed 

analytical method (especially probable if non-axenic cultures and/or low-specificity methods 

were employed), or suggests the existence of other, still undescribed routes to the 

biosynthesis of 2,4-DAB. All studies used variations of MS/MS for 2,4-DAB/BMAA 

identification and quantification, however only four analyses were derived from axenic 

cultures. Our 130 cyanobacterial species dataset and the compilation from the literature 

overlapped in six species: Aphanizomenon flos-aquae, Cylindrospermopsis raciborskii, 

Microcystis aeruginosa, Nodularia spumigena, Planktothrix agardhii and Synechococcus 

elongatus. All species, apart from the latter, do not appear to have genes coding for 2,4-DAB 

transaminase, 2,4-DAB decarboxylase, and ectoine genes. Synechococcus elongatus, derived 

from an axenic culture, has a gene coding for 2,4-DAB decarboxylase, which is not included 

in a specialised metabolite cluster, and is lacking a gene for 2,4-DAB transaminase. This 

observation may suggest different routes for 2,4-DAB biosynthesis, or that there are 

unknown 2,4-DAB transaminase enzymes, non-homologous to those that have been 

characterised. The scarce amount of analytical studies using axenic cultures of clearly defined 

cyanobacterial species (most studies only include the cyanobacterial genus) does not allow 

for further comparisons. 

 

3. Summary and conclusions  

 
We have provided an initial bioinformatics insight into potential pathways of 2,4-DAB 

biosynthesis in cyanobacteria, which can lead to future experimental investigations. 

 

The bioinformatics results point towards 2,4-DAB biosynthesis in some cyanobacterial 

species via the aspartate 4-phosphate pathway. In some cyanobacteria, the enzymes 2,4-DAB 

transaminase/decarboxylase are co-localised within NIS clusters, suggesting a functional 

association with siderophore biosynthesis. The fact that 2,4-DAB transaminase is found 

adjacent to an ectC gene in one cyanobacterial species serves as supporting evidence that 

cyanobacteria can produce 2,4-DAB via the aspartate 4-phosphate pathway, where it can 

serve as a substrate for either 1,3-diaminopropane or ectoine synthesis.  
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Due to the occurrence of 2,4-DAB transaminase/decarboxylase within hybrid NRPS/PKS 

clusters, we suggest that 2,4-DAB production may also be associated with polyamine 

synthesis, which itself is associated with biofilm formation and siderophore production. 

Species in which these enzymes occur outside specialised metabolite clusters may have 

developed new and, as yet, unknown physiological roles for 2,4-DAB biosynthesis, or may 

have lost genes needed for the production of siderophores, ectoine or polyamines. 

 

In some cyanobacterial species, 2,4-DAB may be derived from SAM. Further information 

regarding the enzymes in this pathway, their specificity and possible acceptors is needed to 

further test this hypothesis.  

 

Ultimately, the ability to synthesise 2,4-DAB via the aspartate 4-phosphate pathway and the 

pathway derived from SAM does not appear to be universal among cyanobacteria. This 

means that either 2,4-DAB is not a widespread neurotoxin in these species, or that there are 

additional and yet unknown pathways for the synthesis of 2,4-DAB. The presence of NIS 

clusters is also limited, appearing scattered in the species phylogeny. 2,4-DAB production 

and the presence of NIS clusters is not linked to specific environments, biochemistry or 

morphology. 

 

4. Experimental 

 

4.1 Phylogenetic reconstruction 

 

130 high-quality cyanobacterial genomes and three outgroup genomes (one Proteobacteria, 

one Actinobacteria, and one Chloroflexi) were selected from RefSeq (Supplementary 

Material Section S4). 

 

The genomes used were sequenced from species cultured under different conditions. The 

majority (53-54%) of genomes were extracted from species grown in axenic culture, whilst 

the remaining genomes were derived from species in non-axenic monocyanobacterial 

cultures (21-22%), or consisted of metagenome-assembled genomes (15-16%). The culture 

types of the organisms yielding the remaining 8-9% of the genomes are unknown 

(Supplementary Table S6).  
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Genome-wide protein sets were compared with BLAST (Altschul et al., 1997) and clustered 

into orthogroups using OrthoFinder (v.2.1.2) (Emms and Kelly, 2015) with a permissive 

MCL (Van Dongen, 2000) inflation value of 1.1 for species phylogeny reconstruction. This 

resulted in 9591 orthogroups of two or more sequences each (Supplementary Material 

Section S5). Multiple sequence alignments were generated for all orthogroups using MAFFT 

(v.7.307) (Katoh and Standley, 2013). Orthogroups were mapped to pre-defined reliable 

AMPHORA2 markers for bacteria (Wu and Eisen, 2008). 29 orthogroups showed no strong 

evidence of horizontal gene transfer, or systematic deviation from the single maximum 

likelihood species tree, which was reconstructed from the concatenation of these 29 gene 

families using the LG+C60+F+R substitution model in IQ-TREE (v.1.6.10) (Nguyen et al., 

2015) (Supplementary Material Section S6). Branch support was estimated using ultrafast 

bootstrap with 1000 replicates (Hoang et al., 2017), the tree was rooted between the ingroup 

and outgroup, and the outgroup was removed. The tree was annotated using iTOL software 

(Letunic and Bork, 2006). 

 

4.2 Profile hidden Markov models 

 

From the protein sequence database at the NCBI (https://www.ncbi.nlm.nih.gov/), amino acid 

sequences with the same enzyme nomenclature as given in the BRENDA database (Chang et 

al., 2021) were selected for each enzyme in the aspartate 4-phosphate pathway (Fig. 2) and 

for SAM-dependent 3-amino-3-carboxypropyl transferase (Fig. 6). Sequence choice 

prioritised cyanobacterial proteins and, where absent/scarce, bacterial proteins. The selection 

of multiple sequences from the same species was avoided. The number of sequences selected 

for the construction of each profile hidden Markov model (pHMM) ranged from 15 to 62 

(Supplementary Table S8), comparable with an average of 22 sequences used for seed 

alignments in the Pfam database (Sonnhammer et al., 1998). For each enzyme, multiple 

sequence alignments were generated using MAFFT (v.7.307), with the E-ins-I algorithm, and 

pHMMs were generated using HMMER (v. 3.1b2) (hmmer.org).  

 

Quality assessments were performed to analyse how accurately the generated pHMMs were 

at finding homologues, using cytochrome C oxidase subunit III, phycobilisome protein, 
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photosystem II protein and photosystem II reaction centre M protein as positive controls 

(Supplementary Material Section S7.1). 

 

The pHMMs for enzymes in the aspartate 4-phosphate pathway were used to search proteins 

of the 130 cyanobacterial genomes for homologues using HMM search in the HMMER 

package, with the default threshold (E-value �d 0.01).  

 

4.3 Online database searches 

  

Where necessary to confirm absence, enzymes in the aspartate 4-phosphate pathway (Fig. 2) 

and for SAM-dependent 3-amino-3-carboxypropyl transferase (Fig. 6) were also used as 

queries in BLAST searches against all cyanobacterial proteomes available at NCBI. 

 

4.4 Substrate specificity and active site identification 

 

In order to differentiate between the enzymes present in the aspartate 4-phosphate pathway 

(Fig. 2) and the pathway to 2,4-DAB from SAM (Fig. 6) from homologous enzymes that 

carry out different functions, active site and substrate specificity searches were conducted for 

enzymes downstream of- and including diaminobutanoate-2-oxo-glutarate transaminase, and 

the SAM-dependent 3-amino-3-carboxypropyl transferase, based on knowledge from the 

literature, indicated below.  

 

Sequence alignments, including information about strictly conserved sites, residues involved 

in ligand-binding, pyridoxal 5'-phosphate (PLP)-binding, iron-binding, SAM-binding, and 

stabilisation of loop-architectures were available for diaminobutanoate-2-oxo-glutarate 

transaminase (Richter et al., 2019), diaminobutanoate acetyltransferase (Richter et al., 2020), 

ectoine synthase (Widderich et al., 2016), ectoine hydroxylase (Reuter et al., 2010; 

Widderich et al., 2014a; Widderich et al., 2014b), SAM-dependent 3-amino-3-carboxypropyl 

transferase (Reeve et al., 1998; Riekhof et al., 2005), and to some extent for 

diaminobutanoate decarboxylase (Yamamoto et al., 2000). No information is currently 

available regarding the active site of diaminobutanoate-pyruvate transaminase. Where data 

were available, multiple sequence alignments were constructed for each of these enzymes 

using MAFFT, which comprised the significant pHMM search hits from the cyanobacterial 
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species in the dataset, as well as sequences with known active sites and substrate specificity 

from the literature, listed above. Multiple alignments were visualised using Jalview (v. 

2.11.1.0) (Waterhouse et al., 2009). Amino acid differences between sequences with known 

active sites and the significant pHMM search hits in cyanobacteria were counted, giving a 

Hamming distance (Supplementary Tables S12-S17). Low Hamming distance indicates well-

conserved sequence at the active site. This serves as supporting evidence that the pHMM 

search hit in question corresponds to a true enzyme in the aspartate 4-phosphate pathway or 

in the pathway to 2,4-DAB derived from SAM.  

 

4.5 Gene family phylogeny reconstruction  

 

To further aid in the differentiation between enzymes belonging to the aspartate 4-phosphate 

pathway (Fig. 2) and the pathway to 2,4-DAB from SAM (Fig. 6) from homologs with 

different functions, gene trees were reconstructed for enzymes downstream of- and including 

diaminobutanoate-2-oxo-glutarate transaminase, and the SAM-dependent 3-amino-3-

carboxypropyl transferase, using IQ-TREE with the substitution model chosen according to 

BIC at the ModelFinder step (Kalyaanamoorthy et al., 2017). Branch support was estimated 

with ultrafast bootstrap for 1000 replicates (Supplementary Fig. S3-S9). The grouping of 

sequences with different functional annotations was assessed. For example, in a gene 

phylogeny, if one sequence is included within a group of sequences with a different and 

consistent functional annotation, it is plausible to assume that the first sequence may have 

been mis-annotated and should adopt the annotation of the neighbouring branches.  

 

4.6 Analysis of specialised metabolite clusters  

 

AntiSMASH (v.5.1.2) (Blin et al., 2019) was used for the identification and annotation of 

specialised metabolite clusters in the cyanobacterial species in the dataset. 

Diaminobutanoate-2-oxo-glutarate transaminase and diaminobutanoate decarboxylase were 

checked for their co-localisation within specialised metabolite clusters and their proximity to 

each other. In species where these enzymes were not inserted in specialised metabolite 

clusters, the Artemis Comparison Tool (ACT) (Carver et al., 2005) was used for the 

localisation of the proteins in the genome, their juxtaposition, and assessment of the 

neighbouring genes. 
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4.7 Compilation of evidence of 2,4-DAB-producing cyanobacteria from the literature 

 

Supplementary Table S5 presents a compilation of 13 studies which have reported evidence 

from analytical chemistry of cyanobacterial species capable of producing 2,4-DAB or 2,4-

DAB and BMAA. Information regarding the analytical method used to identify and quantify 

the neurotoxins, as well as the culture type of the cyanobacterial samples are included, if 

available.  

 

Funding 

 
This research was funded by the University of Edinburgh School of Biological Sciences and 

by a University of Edinburgh Principal’s Career Development Scholarship. 

 

Declaration of competing interest 

 
The authors declare that there are no conflicts of interest. 

 

Acknowledgments 

 
We thank Catherine Kidner for helpful discussions. Help from Frank Wright, who sadly 

passed away during the progress of this work, was fundamental in the reconstruction of the 

cyanobacterial species phylogeny. Frank’s selflessness and friendship are and will be dearly 

missed. P. B. N. thanks Queen Mary University of London, Dr Peter B. Wyatt and Professor 

Richard Pickersgill for accommodation and facilities and Dr P. R. Brown for helpful 

discussions. 

 

Appendix A. Supplementary data 

 
Supplementary data to this article can be found online at the University of Edinburgh’s 

DataShare repository, https://doi.org/10.7488/ds/3057  

 



25 
��

References 
 

Al-Sammak, M. A., Hoagland, K. D., Cassada, D., Snow, D. D., 2014. Co-occurrence of the 

cyanotoxins BMAA, DABA and anatoxin-a in Nebraska reservoirs, fish, and aquatic plants. 

Toxins 6(2), 488-508. https://doi.org/10.3390/toxins6020488. 

 

Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., Lipman, D. 

J., 1997. Gapped BLAST and PSI-BLAST: a new generation of protein database search 

programs. Nucleic Acids Res. 25(17), 3389-3402. https://doi.org/10.1093/nar/25.17.3389. 

 

Armstrong, J. E., Van Baalen, C., 1979. Iron transport in microalgae: the isolation and 

biological activity of a hydroxamate siderophore from the blue-green alga Agmenellum 

quadruplicatum. J. Gen. Microbiol. 111(2), 253-262. https://doi.org/10.1099/00221287-111-

2-253. 

 

Årstøl, E., Hohmann-Marriott, M. F., 2019. Cyanobacterial siderophores—Physiology, 

structure, biosynthesis, and applications. Mar. Drugs 17(5), 281. 

https://doi.org/10.3390/md17050281. 

 

Balasubramanian, R., Shen, G., Bryant, D. A., Golbeck, J. H., 2006. Regulatory roles for 

IscA and SufA in iron homeostasis and redox stress responses in the cyanobacterium 

Synechococcus sp. strain PCC 7002. J. Bacteriol. 188(9), 3182-3191. 

https://doi.org/10.1128/JB.188.9.3182-3191.2006.  

 

Bell, E. A., 1962. Associations of ninhydrin-reacting compounds in the seeds of 49 species of 

Lathyrus. Biochem. J. 83(2), 225-229. https://doi.org/10.1042/bj0830225.  

 

Benning, C., Huang, Z.-H., Gage, D. A., 1995. Accumulation of a novel glycolipid and a 

betaine lipid in cells of Rhodobacter sphaeroides grown under phosphate limitation. Arch. 

Biochem. Biophys. 317(1), 103-111. https://doi.org/10.1006/abbi.1995.1141.  

 



26 
��

Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N., Lee, S. Y., Medema, M. H., Weber, 

T., 2019. antiSMASH 5.0: updates to the secondary metabolite genome mining pipeline. 

Nucleic Acids Res. 47(W1), W81-W87. https://doi.org/10.1093/nar/gkz310.  

 

Brickman, T. J., Armstrong, S. K., 1996. The ornithine decarboxylase gene odc is required 

for alcaligin siderophore biosynthesis in Bordetella spp.: putrescine is a precursor of 

alcaligin. J. Bacteriol. 178(1), 54-60. https://doi.org/10.1128/jb.178.1.54-60.1996.  

 

Bursy, J., Pierik, A. J., Pica, N., Bremer, E., 2007. Osmotically induced synthesis of the 

compatible solute hydroxyectoine is mediated by an evolutionarily conserved ectoine 

hydroxylase. J. Biol. Chem. 282(43), 31147-31155. https://doi.org/10.1074/jbc.M704023200.  

 

Callebaut, A., Lambein, F., 1977. Biosynthesis of isoxazolinone amino acids: incorporation 

studies on the synthesis of 2-(2-amino-3-carboxypropyl)-isoxazolin-5-one in Lathyrus 

odoratus seedlings [proceedings]. Arch. Int. Physiol. Biochim. 85(1), 157-158. 

 

Carver, T. J., Rutherford, K. M., Berriman, M., Rajandream, M.-A., Barrell, B. G., Parkhill, 

J., 2005. ACT: the Artemis comparison tool. Bioinformatics 21(16), 3422-3423. 

https://doi.org/10.1093/bioinformatics/bti553.  

 

Catch, J. R., Jones, T. S., 1948. The chemical nature of aerosporin; isolation of a new natural 

amino-acid. Biochem. J. 42(4), lii. 

 

Challis, G. L., 2005. A widely distributed bacterial pathway for siderophore biosynthesis 

independent of nonribosomal peptide synthetases. ChemBioChem 6(4), 601-611. 

https://doi.org/10.1002/cbic.200400283.  

 

Chang, A., Jeske, L., Ulbrich, S., Hofmann, J., Koblitz, J., Schomburg, I., Neumann-Schaal, 

M., Jahn, D., Schomburg, D., 2021. BRENDA, the ELIXIR core data resource in 2021: new 

developments and updates. Nucleic Acids Res. 49(D1), D498-D508. 

https://doi.org/10.1093/nar/gkaa1025.  

 



27 
��

Chen, C.-H., Flory, W., Koeppe, R. E., 1972. Variation of neurotoxicity of L-and D-2,4-

diaminobutyric acid with route of administration. Toxicol. Appl. Pharmacol. 23(2), 334-338. 

https://doi.org/10.1016/0041-008X(72)90194-9.  

 

Chen, J. Y., Bodley, J. W., 1988. Biosynthesis of diphthamide in Saccharomyces cerevisiae. 

Partial purification and characterization of a specific S-adenosylmethionine: elongation factor 

2 methyltransferase. J. Biol. Chem. 263(24), 11692-11696. https://doi.org/10.1016/S0021-

9258(18)37839-6.  

 

Cohen, G. N., 1987. Regulation of Amino Acids Biosynthesis in Prokaryotes, in: Heilmeyer, 

L. M. G. (Eds.), Signal Transduction and Protein Phosphorylation. Springer, Boston, MA, pp. 

273-287. https://doi.org/10.1007/978-1-4757-0166-1_35.  

 

Cohen, S. A., 2012. Analytical techniques for the detection of �.-amino-��-

methylaminopropionic acid. Analyst 137(9), 1991-2005. 

https://doi.org/10.1039/C2AN16250D.  

 

Cunningham, B. R., John, S. G., 2017. The effect of iron limitation on cyanobacteria major 

nutrient and trace element stoichiometry. Limnol. Oceanogr. 62, 846-858. 

https://doi.org/10.1002/lno.10484.  

 

Czech, L., Hermann, L., Stöveken, N., Richter, A. A., Höppner, A., Smits, S. H. J., Heider, J., 

Bremer, E., 2018. Role of the extremolytes ectoine and hydroxyectoine as stress protectants 

and nutrients: genetics, phylogenomics, biochemistry, and structural analysis. Genes 9(4), 

177. https://doi.org/10.3390/genes9040177.  

 

de Lorenzo, V., Bindereif, A., Paw, B. H., Neilands, J. B., 1986. Aerobactin biosynthesis and 

transport genes of plasmid ColV-K30 in Escherichia coli K-12. J. Bacteriol. 165(2), 570-578. 

https://doi.org/10.1128/jb.165.2.570-578.1986.  

 

de Lorenzo, V., Neilands, J. B., 1986. Characterization of iucA and iucC genes of the 

aerobactin system of plasmid ColV-K30 in Escherichia coli. J. Bacteriol. 167(1), 350-355. 

https://doi.org/10.1128/jb.167.1.350-355.1986.  

 



28 
��

Emms, D. M., Kelly, S., 2015. OrthoFinder: solving fundamental biases in whole genome 

comparisons dramatically improves orthogroup inference accuracy. Genome Biol. 16(1), 157. 

https://doi.org/10.1186/s13059-015-0721-2.  

 

Faassen, E. J., Antoniou, M. G., Beekman-Lukassen, W., Blahova, L., Chernova, E., 

Christophoridis, C., Combes, A., Edwards, C., Fastner, J., Harmsen, J., 2016. A collaborative 

evaluation of LC-MS/MS based methods for BMAA analysis: Soluble bound BMAA found 

to be an important fraction. Mar. Drugs 14(3), 45. https://doi.org/10.3390/md14030045.  

 

Faassen, E. J., 2017. Extraction and LC-MS/MS Analysis of Underivatised BMAA, in: 

Meriluoto, J., Spoof, L., Codd, G.A. (Eds.), Handbook of Cyanobacterial Monitoring and 

Cyanotoxin Analysis. John Wiley & Sons, Chichester, UK, pp. 439-446. 

https://doi.org/10.3390/md14030045.  

 

Fauman, E. B., Blumenthal, R. M., Cheng, X., 1999. Structure and evolution of Adomet-

dependent methyltransferases, in: Cheng, X., Blumenthal, R. M. (Eds.), S-

Adenosylmethionine-Dependent Methyltransferases. World Scientific Publishing, New 

Jersey, pp. 1-38. https://doi.org/10.1142/9789812813077_0001.  

 

Fisch, K. M., 2013. Biosynthesis of natural products by microbial iterative hybrid PKS–

NRPS. RSC Adv. 3(40), 18228-18247. https://doi.org/10.1039/C3RA42661K.  

 

Geiger, O., Röhrs, V., Weissenmayer, B., Finan, T. M., Thomas-Oates, J. E., 1999. The 

regulator gene phoB mediates phosphate stress-controlled synthesis of the membrane lipid 

diacylglyceryl-N,N,N-trimethylhomoserine in Rhizobium (Sinorhizobium) meliloti. Mol. 

Microbiol. 32(1) 63-73. https://doi.org/10.1046/j.1365-2958.1999.01325.x.  

 

Goldman, S. J., Lammers, P. J., Berman, M. S., Sanders-Loehr, J., 1983. Siderophore-

mediated iron uptake in different strains of Anabaena sp. J. Bacteriol. 156(3), 1144-1150. 

https://doi.org/10.1128/jb.156.3.1144-1150.1983.  

 



29 
��

Griffiths, G. L., Sigel, S. P., Payne, S. M., Neilands, J. B., 1984. Vibriobactin, a siderophore 

from Vibrio cholerae. J. Biol. Chem. 259(1), 383-385. https://doi.org/10.1016/S0021-

9258(17)43671-4.  

 

Hanfrey, C. C., Pearson, B. M., Hazeldine, S., Lee, J., Gaskin, D. J., Woster, P. M., Phillips, 

M. A., Michael, A. J., 2011. Alternative spermidine biosynthetic route is critical for growth 

of Campylobacter jejuni and is the dominant polyamine pathway in human gut microbiota. J. 

Biol. Chem. 286(50), 43301-43312. https://doi.org/10.1074/jbc.M111.307835.  

 

Hoang, D. T., Chernomor, O., von Haeseler, A., Minh, B. Q., Vinh, L. S., 2017. UFBoot2: 

Improving the Ultrafast Bootstrap Approximation. Mol. Biol. Evol. 35(2), 518-522. 

https://doi.org/10.1093/molbev/msx281.  

 

Hosoya, R., Hamana, K., Isobe, M., Yokota, A., 2005. Polyamine distribution profiles within 

cyanobacteria. Microbiol. Cult. Coll. 21, 3-8. 

 

Humbert, J. F., 2017. Molecular tools for the detection of toxigenic Cyanobacteria in natural 

ecosystems, in: Meriluoto, J., Spoof, L., Codd, G.A. (Eds.), Handbook of Cyanobacterial 

Monitoring and Cyanotoxin Analysis. John Wiley & Sons, Chichester, UK, pp. 280-283. 

https://doi.org/10.1002/9781119068761.ch28.  

 

Igarashi, K., Kashiwagi, K., 2000. Polyamines: mysterious modulators of cellular functions. 

Biochem. Biophys. Res. Commun. 271(3), 559-564. https://doi.org/10.1006/bbrc.2000.2601.  

 

Ikai, H., Yamamoto, S., 1997. Identification and analysis of a gene encoding L-2,4-

diaminobutyrate: 2-ketoglutarate 4-aminotransferase involved in the 1,3-diaminopropane 

production pathway in Acinetobacter baumannii. J. Bacteriol. 179(16), 5118-5125. 

https://doi.org/10.1128/jb.179.16.5118-5125.1997.  

 

Ikegami, F., Itakagi, S., Ishikawa, T., Ongena, G., Kuo, Y.-H., Lambein, F., Murakoshi, I., 

1991. Biosynthesis of ��-(isoxazolin-5-on-2-yl) alanine, the precursor of the neurotoxic amino 

acid ��-N-oxalyl-L-�., ��-diaminopropionic acid. Chem. Pharm. Bull. 39(12), 3376-3377. 

https://doi.org/10.1248/cpb.39.3376.  

 



30 
��

Ikegami, F., Sakai, R., Ishikawa, T., Kuo, Y.-H., Lambein, F., Murakoshi, I., 1993. 

Biosynthesis in vitro of 2-(3-amino-3-carboxypropyl)-isoxazolin-5-one, the neurotoxic amino 

acid in Lathyrus odoratus. Biol. Pharm. Bull. 16(7), 732-734. 

https://doi.org/10.1248/bpb.16.732.  

 

Ikegami, F., Murakoshi, I., 1994. Enzymic synthesis of non-protein ��-substituted alanines 

and some higher homologues in plants. Phytochemistry 35, 1089-1104. 

https://doi.org/10.1016/S0031-9422(00)94805-2.  

 

Ito, Y., Butler, A., 2005. Structure of synechobactins, new siderophores of the marine 

cyanobacterium Synechococcus sp. PCC 7002. Limnol. Oceanogr. 50, 1918-1923. 

https://doi.org/10.4319/lo.2005.50.6.1918.  

 

Jander, G., Joshi, V., 2010. Recent progress in deciphering the biosynthesis of aspartate-

derived amino acids in plants. Mol. Plant 3(1), 54-65. https://doi.org/10.1093/mp/ssp104.  

 

Jansonius, J. N., Vincent, M.G, 1987. Structural basis for catalysis by aspartate 

aminotransferase, in: Jurnak, F.A., McPherson, A. (Eds.), Biological Macromolecules and 

Assemblies. Wiley, New York, pp. 187-285. 

 

Jeanjean, R., Talla, E., Latifi, A., Havaux, M., Janicki, A., Zhang, C. C., 2008. A large gene 

cluster encoding peptide synthetases and polyketide synthases is involved in production of 

siderophores and oxidative stress response in the cyanobacterium Anabaena sp. strain PCC 

7120. Environ. Microbiol. 10(10), 2574-2585. https://doi.org/10.1111/j.1462-

2920.2008.01680.x.  

 

Jiang, L., Johnston, E., Åberg, K. M., Nilsson, U., Ilag, L. L., 2013. Strategy for quantifying 

trace levels of BMAA in cyanobacteria by LC/MS/MS. Anal. Bioanal. Chem. 405(4), 1283-

1292. https://doi.org/10.1007/s00216-012-6550-1.  

 

Jones, A. C., Monroe, E. A., Eisman, E. B., Gerwick, L., Sherman, D. H., Gerwick, W. H., 

2010. The unique mechanistic transformations involved in the biosynthesis of modular 

natural products from marine cyanobacteria. Nat. Prod. Rep. 27, 1048-1065. 

https://doi.org/10.1039/C000535E.  



31 
��

 

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., von Haeseler, A., Jermiin, L. S., 2017. 

ModelFinder: fast model selection for accurate phylogenetic estimates. Nat. Methods 14(6), 

587-589. https://doi.org/10.1038/nmeth.4285.  

 

Katoh, K., Standley, D. M., 2013. MAFFT multiple sequence alignment software version 7: 

improvements in performance and usability. Mol. Biol. Evol. 30(4), 772-780. 

https://doi.org/10.1093/molbev/mst010.  

 

Keating, T. A., Marshall, C. G., Walsh, C. T., Keating, A. E., 2002. The structure of VibH 

represents nonribosomal peptide synthetase condensation, cyclization and epimerization 

domains. Nat. Struct. Biol. 9(7), 522-526. https://doi.org/10.1038/nsb810.  

 

Kellmann, R., Michali, T. K., Neilan, B. A., 2008. Identification of a saxitoxin biosynthesis 

gene with a history of frequent horizontal gene transfers. J. Mol. Evol. 67(5), 526-538. 

https://doi.org/10.1007/s00239-008-9169-2.  

 

Klähn, S., Hagemann, M., 2011. Compatible solute biosynthesis in cyanobacteria. Environ. 

Microbiol.13(3), 551-562. https://doi.org/10.1111/j.1462-2920.2010.02366.x.  

 

Krüger, T., Mönch, B., Oppenhäuser, S., Luckas, B., 2010. LC–MS/MS determination of the 

isomeric neurotoxins BMAA (��-N-methylamino-L-alanine) and DAB (2,4-diaminobutyric 

acid) in cyanobacteria and seeds of Cycas revoluta and Lathyrus latifolius. Toxicon 55(2-3), 

547-557. https://doi.org/10.1016/j.toxicon.2009.10.009.  

 

Kuo, Y.-H., Lambein, F., Ikegami, F., Van Parijs, R., 1982. Isoxazolin-5-ones and amino 

acids in root exudates of pea and sweet pea seedlings. Plant Physiol. 70(5), 1283-1289. 

https://doi.org/10.1104/pp.70.5.1283.  

 

Kurmayer, R., Sivonen, K., Wilmotte, A., Salmaso, N., Wiley, J., 2017. Molecular Tools for 

the Detection and Quantification of Toxigenic Cyanobacteria. Wiley Online Library, New 

York, pp. 440. 

 



32 
��

Kurz, M., Burch, A. Y., Seip, B., Lindow, S. E., Gross, H., 2010. Genome-driven 

investigation of compatible solute biosynthesis pathways of Pseudomonas syringae pv. 

syringae and their contribution to water stress tolerance. Appl. Environ. Microbiol. 76(16), 

5452-5462. https://doi.org/10.1128/AEM.00686-10.  

 

Künzler, K., Eichenberger, W., 1997. Betaine lipids and zwitterionic phospholipids in plants 

and fungi. Phytochemistry 46(5), 883-892. https://doi.org/10.1016/S0031-9422(97)81274-5.  

 

Lage, S., Burian, A., Rasmussen, U., Costa, P. R., Annadotter, H., Godhe, A., Rydberg, S., 

2016. BMAA extraction of cyanobacteria samples: which method to choose? Environ. Sci. 

Pollut. Res. 23(1), 338-350. https://doi.org/10.1007/s11356-015-5266-0.  

 

Lambein, F., 1981. Lathyrism in young chicks, induced by isoxazolin-5-ones from Lathyrus 

odoratus seedlings [sweet-pea]. Arch. Int. Physiol. Biochim.. 

 

Lee, J., Sperandio, V., Frantz, D. E., Longgood, J., Camilli, A., Phillips, M. A., Michael, A. 

J., 2009. An alternative polyamine biosynthetic pathway is widespread in bacteria and 

essential for biofilm formation in Vibrio cholerae. J. Biol. Chem. 284(15), 9899-9907. 

https://doi.org/10.1074/jbc.M900110200.  

 

Letunic, I., Bork, P., 2006. Interactive Tree Of Life (iTOL): an online tool for phylogenetic 

tree display and annotation. Bioinformatics 23(1), 127-128. 

https://doi.org/10.1093/nar/gkw290.  

 

Louis, P., Galinski, E. A., 1997. Characterization of genes for the biosynthesis of the 

compatible solute ectoine from Marinococcus halophilus and osmoregulated expression in 

Escherichia coli. Microbiology 143, 1141-1149. https://doi.org/10.1099/00221287-143-4-

1141.  

 

Lynch, D., O'Brien, J., Welch, T., Clarke, P., ÓCuõ�“v, P., Crosa, J. H., O'Connell, M., 2001. 

Genetic organization of the region encoding regulation, biosynthesis, and transport of 

rhizobactin 1021, a siderophore produced by Sinorhizobium meliloti. J. Bacteriol. 183(8), 

2576-2585. https://doi.org/10.1128/JB.183.8.2576-2585.2001.  

 



33 
��

Martin, J. L., McMillan, F. M., 2002. SAM (dependent) I AM: the S-adenosylmethionine-

dependent methyltransferase fold. Curr. Opin. Struct. Biol. 12(6), 783-793. 

https://doi.org/10.1016/S0959-440X(02)00391-3.  

 

Matz, C. J., Christensen, M. R., Bone, A. D., Gress, C. D., Widenmaier, S. B., Weger, H. G., 

2004. Only iron-limited cells of the cyanobacterium Anabaena flos-aquae inhibit growth of 

the green alga Chlamydomonas reinhardtii. Can. J. Bot. 82, 436-442. 

https://doi.org/10.1139/b04-022.  

 

Mbedi, S., Welker, M., Fastner, J., Wiedner, C., 2005. Variability of the microcystin 

synthetase gene cluster in the genus Planktothrix (Oscillatoriales, Cyanobacteria). FEMS 

Microbiol. Lett. 245(2), 299-306. https://doi.org/10.1016/j.femsle.2005.03.020.  

 

McGinnis, M. W., Parker, Z. M., Walter, N. E., Rutkovsky, A. C., Cartaya-Marin, C., 

Karatan, E., 2009. Spermidine regulates Vibrio cholerae biofilm formation via transport and 

signaling pathways. FEMS Microbiol. Lett. 299(2), 166-174. https://doi.org/10.1111/j.1574-

6968.2009.01744.x.  

 

McKnight, D. M., Morel, F. M. M., 1980. Copper complexation by siderophores from 

filamentous blue-green algae1. Limnol. Oceanogr. 25, 62-71. 

https://doi.org/10.4319/lo.1980.25.1.0062.  

 

Meriluoto, J., Spoof, L., Codd, G. A., 2017. Handbook of Cyanobacterial Monitoring and 

Cyanotoxin Analysis. John Wiley & Sons, Chichester, UK, pp. 548. 

 

Metcalf, J. S., Glover, W. B., Banack, S. A., Cox, P. A., 2017. Analysis of ��-N-

Methylamino-l-Alanine by UHPLC-MS/MS, in: Meriluoto, J., Spoof, L., Codd, G.A. (Eds.), 

Handbook of Cyanobacterial Monitoring and Cyanotoxin Analysis. John Wiley & Sons, 

Chichester, UK, pp. 435-438. https://doi.org/10.1002/9781119068761.ch54.  

 

Meyer, B., Immer, C., Kaiser, S., Sharma, S., Yang, J., Watzinger, P., Weiß, L., Kotter, A., 

Helm, M., Seitz, H.-M., 2020. Identification of the 3-amino-3-carboxypropyl (acp) 



34 
��

transferase enzyme responsible for acp3U formation at position 47 in Escherichia coli 

tRNAs. Nucleic Acids Res. 48(3), 1435-1450. https://doi.org/10.1093/nar/gkz1191.  

 

Mihali, T. K., Kellmann, R., Muenchhoff, J., Barrow, K. D., Neilan, B. A., 2008. 

Characterization of the gene cluster responsible for cylindrospermopsin biosynthesis. Appl. 

Environ. Microbiol.74(3), 716-722. https://doi.org/10.1128/AEM.01988-07.  

 

Miller, B. R., Gulick, A. M., 2016. Structural biology of nonribosomal peptide synthetases, 

in: Evans, B. (Eds.), Nonribosomal Peptide and Polyketide Biosynthesis. Methods in 

Molecular Biology. Springer, 1401, Clifton, N.J., pp. 3-29. https://doi.org/10.1007/978-1-

4939-3375-4_1.  

 

Moffitt, M. C., Neilan, B. A., 2004. Characterization of the nodularin synthetase gene cluster 

and proposed theory of the evolution of cyanobacterial hepatotoxins. Appl. Environ. 

Microbiol. 70(11), 6353-6362. https://doi.org/10.1128/AEM.70.11.6353-6362.2004.  

 

Muriana, F. J. G., Alvarez-Ossorio, M. C., Relimpio, A. M., 1991. Purification and 

characterization of aspartate aminotransferase from the halophile archaebacterium Haloferax 

mediterranei. Biochem. J. 278, 149-154. https://doi.org/10.1042/bj2780149.  

 

Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., Minh, B. Q., 2015. IQ-TREE: A Fast and 

Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies. Mol. Biol. 

Evol. 32(1), 268-274. https://doi.org/10.1093/molbev/msu300.  

 

Nicolaisen, K., Moslavac, S., Samborski, A., Valdebenito, M., Hantke, K., Maldener, I., 

Muro-Pastor, A. M., Flores, E., Schleiff, E., 2008. Alr0397 is an outer membrane transporter 

for the siderophore schizokinen in Anabaena sp. strain PCC 7120. J. Bacteriol. 190(22), 

7500-7507. https://doi.org/10.1128/JB.01062-08.  

 

Nigam, S. N., Ressler, C., 1966. Biosynthesis of 2,4-diaminobutyric acid from L-[3H] 

homoserine and DL-[1-14C] aspartic acid in Lathyrus sylvestris W. Biochemistry 5(11), 

3426-3431. https://doi.org/10.1021/bi00875a006.  

 



35 
��

Nishimura, S., Taya, Y., Kuchino, Y., Ohashi, Z., 1974. Enzymatic synthesis of 3-(3-amino-

3-carboxypropyl) uridine in Escherichia coli phenylalanine transfer RNA: transfer of the 3-

amino-3-carboxypropyl group from S-adenosylmethionine. Biochem. Biophys. Res. 

Commun. 57, 702-708. https://doi.org/10.1016/0006-291X(74)90603-2.  

 

Nunn, P. B., Codd, G. A., 2017. Metabolic solutions to the biosynthesis of some 

diaminomonocarboxylic acids in nature: Formation in cyanobacteria of the neurotoxins 3-N-

methyl-2,3-diaminopropanoic acid (BMAA) and 2,4-diaminobutanoic acid (2,4-DAB). 

Phytochemistry 144, 253-270. https://doi.org/10.1016/j.phytochem.2017.09.015.  

 

Pan, H., Song, L., Liu, Y., Börner, T., 2002. Detection of hepatotoxic Microcystis strains by 

PCR with intact cells from both culture and environmental samples. Arch. Microbiol. 178, 

421-427. https://doi.org/10.1007/s00203-002-0464-9.  

 

Perkins, H. R., Cummins, C. S., 1964. Chemical structure of bacterial cell walls: ornithine 

and 2,4-diaminobutyric acid as components of the cell walls of plant pathogenic 

corynebacteria. Nature 201, 1105-1107. https://doi.org/10.1038/2011105a0.  

 

Persmark, M., Pittman, P., Buyer, J. S., Schwyn, B., Gill Jr, P. R., Neilands, J. B., 1993. 

Isolation and structure of rhizobactin 1021, a siderophore from the alfalfa symbiont 

Rhizobium meliloti 1021. J. Am. Chem. Soc. 115(10), 3950-3956. 

https://doi.org/10.1021/ja00063a014.  

 

Peters, P., Galinski, E. A., Trüper, H. G., 1990. The biosynthesis of ectoine. FEMS 

Microbiol. Lett. 71, 157-162. https://doi.org/10.1016/0378-1097(90)90049-V.  

 

Pfleger, B. F., Lee, J. Y., Somu, R. V., Aldrich, C. C., Hanna, P. C., Sherman, D. H., 2007. 

Characterization and analysis of early enzymes for petrobactin biosynthesis in Bacillus 

anthracis. Biochemistry 46, 4147-4157. https://doi.org/10.1021/bi6023995.  

 

Rao, D. R., Hariharan, K., Vijayalakshmi, K. R., 1969. A study of the metabolism of l-�.��-

diaminobutyric acid in a Xanthomonas species. Biochem. J. 114(1), 107-115. 

https://doi.org/10.1042/bj1140107.  

 



36 
��

Rashmi, V., ShylajaNaciyar, M., Rajalakshmi, R., D’Souza, S. F., Prabaharan, D., Uma, L., 

2013. Siderophore mediated uranium sequestration by marine cyanobacterium 

Synechococcus elongatus BDU 130911. Bioresour. Technol. 130, 204-210. 

https://doi.org/10.1016/j.biortech.2012.12.016.  

 

Reeve, A. M., Breazeale, S. D., Townsend, C. A., 1998. Purification, characterization, and 

cloning of an S-adenosylmethionine-dependent 3-amino-3-carboxypropyltransferase in 

nocardicin biosynthesis. J. Biol. Chem. 273(46), 30695-30703. 

https://doi.org/10.1074/jbc.273.46.30695.  

 

Reuter, K., Pittelkow, M., Bursy, J., Heine, A., Craan, T., Bremer, E., 2010. Synthesis of 5-

hydroxyectoine from ectoine: crystal structure of the non-heme iron (II) and 2-oxoglutarate-

dependent dioxygenase EctD. PloS One 5(5), e10647.  

https://doi.org/10.1371/journal.pone.0010647.  

 

Ressler, C., 1956. Formation of �.,��-diaminobutyric acid from asparagine-containing peptides. 

J. Am. Chem. Soc. 78(22), 5956-5957. https://doi.org/10.1021/ja01603a068.  

 

Richter, A. A., Mais, C.-N., Czech, L., Geyer, K., Hoeppner, A., Smits, S. H. J., Erb, T. J., 

Bange, G., Bremer, E., 2019. Biosynthesis of the stress-protectant and chemical chaperon 

ectoine: biochemistry of the transaminase EctB. Front. Microbiol. 10, 2811. 

https://doi.org/10.3389/fmicb.2019.02811.  

 

Richter, A. A., Kobus, S., Czech, L., Hoeppner, A., Zarzycki, J., Erb, T. J., Lauterbach, L., 

Dickschat, J. S., Bremer, E., Smits, S. H. J., 2020. The architecture of the diaminobutyrate 

acetyltransferase active site provides mechanistic insight into the biosynthesis of the chemical 

chaperone ectoine. J. Biol. Chem. 295(9), 2822-2838. 

https://doi.org/10.1074/jbc.RA119.011277.  

 

Riekhof, W. R., Andre, C., Benning, C., 2005. Two enzymes, BtaA and BtaB, are sufficient 

for betaine lipid biosynthesis in bacteria. Arch. Biochem. Biophys. 441(1), 96-105. 

https://doi.org/10.1016/j.abb.2005.07.001.  

 



37 
��

Robbins, T., Liu, Y.-C., Cane, D. E., Khosla, C., 2016. Structure and mechanism of assembly 

line polyketide synthases. Curr. Opin. Struct. Biol. 41, 10-18. 

https://doi.org/10.1016/j.sbi.2016.05.009.  

 

Rosén, J., Hellenäs, K.-E., 2008. Determination of the neurotoxin BMAA (��-N-methylamino-

l-alanine) in cycad seed and cyanobacteria by LC-MS/MS (liquid chromatography tandem 

mass spectrometry). Analyst 133, 1785-1789. https://doi.org/10.1039/B809231A.  

 

Rosén, J., Westerberg, E., Schmiedt, S., Hellenäs, K.-E., 2016. BMAA detected as neither 

free nor protein bound amino acid in blue mussels. Toxicon 109, 45-50. 

https://doi.org/10.1016/j.toxicon.2015.11.008.  

 

Shah, P., Swiatlo, E., 2008. A multifaceted role for polyamines in bacterial pathogens. Mol. 

Microbiol. 68(1), 4-16. https://doi.org/10.1111/j.1365-2958.2008.06126.x.  

 

Shcolnick, S., Keren, N., 2006. Metal homeostasis in cyanobacteria and chloroplasts. 

Balancing benefits and risks to the photosynthetic apparatus. Plant Physiol. 141(3), 805-810. 

https://doi.org/10.1104/pp.106.079251.  

 

Shojima, S., Nishizawa, N.-K., Mori, S., 1989. Establishment of a cell-free system for the 

biosynthesis of nicotianamine. Plant. Cell. Physiol. 30, 673-677. 

https://doi.org/10.1093/oxfordjournals.pcp.a077792.  

 

Shojima, S., Nishizawa, N.-K., Fushiya, S., Nozoe, S., Irifune, T., Mori, S., 1990. 

Biosynthesis of phytosiderophores: in vitro biosynthesis of 2�•-deoxymugineic acid from L-

methionine and nicotianamine. Plant Physiol. 93(4), 1497-1503. 

https://doi.org/10.1104/pp.93.4.1497.  

 

Simpson, F. B., Neilands, J. B., 1976. Siderochromes in cyanophyceae: Isolation and 

characterization of schizokinen from Anabaena sp. 1. J. Phycol. 12, 44-48. 

https://doi.org/10.1111/j.1529-8817.1976.tb02824.x.  

 



38 
��

Sonnhammer, E. L. L., Eddy, S. R., Birney, E., Bateman, A., Durbin, R., 1998. Pfam: 

multiple sequence alignments and HMM-profiles of protein domains. Nucleic Acids Res. 

26(1), 320-322. https://doi.org/10.1093/nar/26.1.320.  

 

Sturgill, G., Rather, P. N., 2004. Evidence that putrescine acts as an extracellular signal 

required for swarming in Proteus mirabilis. Mol. Microbiol. 51(2), 437-446. 

https://doi.org/10.1046/j.1365-2958.2003.03835.x.  

 

Sunda, W. G., Huntsman, S. A., 2015. High iron requirement for growth, photosynthesis, and 

low-light acclimation in the coastal cyanobacterium Synechococcus bacillaris. Front. 

Microbiol. 6, 561. https://doi.org/10.3389/fmicb.2015.00561.  

 

Synge, R. L., 1939. The Hofmann degradation of glutamine residues in gliadin. Biochem. J. 

33(5), 671–678. https://doi.org/10.1042/bj0330671.  

 

Tan, V. X., Lassus, B., Lim, C. K., Tixador, P., Courte, J., Bessede, A., Guillemin, G. J., 

Peyrin, J.-M., 2018. Neurotoxicity of the cyanotoxin BMAA through axonal degeneration 

and intercellular spreading. Neurotox. Res. 33, 62-75. https://doi.org/10.1007/s12640-017-

9790-1.  

 

Taya, Y., Tanaka, Y., Nishimura, S., 1978. Cell-free biosynthesis of discadenine, a spore 

germination inhibitor of Dictyostelium discoideum. FEBS Lett. 89(2), 326-328. 

https://doi.org/10.1016/0014-5793(78)80247-6.  

 

Van Dongen, S., 2000. A cluster algorithm for graphs. Inf. Syst. [INS]. CWI.  

 

Violi, J. P., Facey, J. A., Mitrovic, S. M., Colville, A., Rodgers, K. J., 2019. Production of ��-

methylamino-L-alanine (BMAA) and its isomers by freshwater diatoms. Toxins 11(9), 512. 

https://doi.org/10.3390/toxins11090512.  

 

Waterhouse, A. M., Procter, J. B., Martin, D. M. A., Clamp, M., Barton, G. J., 2009. Jalview 

Version 2—a multiple sequence alignment editor and analysis workbench. Bioinformatics 

25(9), 1189-1191. https://doi.org/10.1093/bioinformatics/btp033.  

 



39 
��

Widderich, N., Hoeppner, A., Pittelkow, M., Heider, J., Smits, S. H. J., Bremer, E., 2014a. 

Biochemical properties of ectoine hydroxylases from extremophiles and their wider taxonomic 

distribution among microorganisms. PloS One 9(4), e93809.  

https://doi.org/10.1371/journal.pone.0093809.  

 

Widderich, N., Pittelkow, M., Höppner, A., Mulnaes, D., Buckel, W., Gohlke, H., Smits, S. 

H. J., Bremer, E., 2014b. Molecular dynamics simulations and structure-guided mutagenesis 

provide insight into the architecture of the catalytic core of the ectoine hydroxylase. J. Mol. 

Biol. 426(3), 586-600. https://doi.org/10.1016/j.jmb.2013.10.028.  

 

Widderich, N., Kobus, S., Höppner, A., Riclea, R., Seubert, A., Dickschat, J. S., Heider, J., 

Smits, S. H. J., Bremer, E., 2016. Biochemistry and crystal structure of ectoine synthase: a 

metal-containing member of the cupin superfamily. PLoS One 11(3), e0151285.  

https://doi.org/10.1371/journal.pone.0151285.  

 

Wu, M., Eisen, J. A., 2008. A simple, fast, and accurate method of phylogenomic inference. 

Genome Biol. 9, R151. https://doi.org/10.1186/gb-2008-9-10-r151.  

 

Yamamoto, S., Hamanaka, K., Suemoto, Y., Ono, B.-i., Shinoda, S., 1986. Evidence for the 

presence of a novel biosynthetic pathway for norspermidine in Vibrio. Can. J. Microbiol. 

32(2), 99-103. https://doi.org/10.1139/m86-021.  

 

Yamamoto, S., Tsuzaki, Y., Tougou, K., Shinoda, S., 1992. Purification and characterization 

of L-2,4-diaminobutyrate decarboxylase from Acinetobacter calcoaceticus. Microbiol. 

138(7), 1461-1465. https://doi.org/10.1099/00221287-138-7-1461.  

 

Yamamoto, S., Mutoh, N., Tsuzuki, D., IkAi, H., Nakao, H., Shinoda, S., NariMatsu, S., 

Miyoshi, S.-i., 2000. Cloning and characterization of the ddc homolog encoding L-2,4-

diaminobutyrate decarboxylase in Enterobacter aerogenes. Biol. Pharm. Bull. 23(5), 649-

653. https://doi.org/10.1248/bpb.23.649.  

 

Yamanaka, K., Fukumoto, H., Takehara, M., Hamano, Y., Oikawa, T., 2020. The 

stereocontrolled biosynthesis of mirror-symmetric 2,4-diaminobutyric acid homopolymers is 



40 
��

critically governed by adenylation activations. ACS Chem. Biol. 15(7), 1964-1973. 

https://doi.org/10.1021/acschembio.0c00321.  

 

Zhu, X., Li, Q., Yin, C., Fang, X., Xu, X., 2015. Role of spermidine in overwintering of 

cyanobacteria. J. Bacteriol. 197(14), 2325-2334. https://doi.org/10.1128/JB.00153-15.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 
��

Table 

 

  Proximity 
on genome 

Inclusion in specialised 
metabolite cluster 

Specialised cluster type 

Chroococcidiopsis 
thermalis PCC 7203  
 
 

Adjacent No Not applicable 

Cyanobacterium 
aponinum PCC 10605  
 
 

Adjacent Yes Siderophore/NIS cluster 

Gloeobacter violaceus 
PCC 7421 
 
 

Adjacent No Not applicable 

Hapalosiphon sp. 
MRB220 
 
 

Not 
adjacent 

Yes (transaminase),  
No (decarboxylase) 
 

NRPS/PKS cluster 
(transaminase) 

Moorea bouillonii 
PNG 
 
 

Not 
adjacent 

No Not applicable 

Phormidium 
ambiguum NIES-2119  
 
 

Adjacent Yes Siderophore/NIS cluster 

Trichormus variabilis 
ATCC 29413 

Adjacent Yes Siderophore/NIS cluster 

 

Table 1. Localisation in the genome of the enzymes diaminobutanoate-2-oxo-glutarate 

transaminase and diaminobutanoate decarboxylase. On the left are the cyanobacterial species 

encoding both enzymes. AntiSMASH was used to identify and annotate specialised metabolite 

clusters containing both 2,4-DAB transaminase (EC 2.6.1.76) and decarboxylase (EC 4.1.1.86). When 

these enzymes where not included in specialised metabolite clusters, the Artemis Comparison Tool 

(ACT) was used to locate the proteins and characterise the neighbouring genes. 
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Figure captions 

 

Figure 1. Structure of 2,4-diaminobutanoic acid in the ionised form (2,4-

diaminobutanoate). This form is present at physiological pH values. The carboxyl group is 

then completely ionised and positive charge is shared between the two amino groups. 

 

Figure 2. The aspartate 4-phosphate pathway. Established routes to 2,4-diaminobutanoate 

(2,4-diaminobutanoic acid) and derivatives. The nomenclature is from www.brenda-

enzymes.org; the Enzyme Commission numbers are as follows: (1) aspartate transaminase: 

EC 2.6.1.1; (2) aspartate kinase: EC 2.7.2.4; (3) aspartate-semialdehyde dehydrogenase: EC 

1.2.1.11; (4) diaminobutanoate-2-oxo-glutarate transaminase: EC 2.6.1.76; (5) 

diaminobutanoate acetyltransferase:  EC 2.3.1.178; (6) ectoine synthase: EC 4.2.1.108; and 

(7) ectoine hydroxylase: EC 1.14.11.55. Multiple-step pathways are indicated by *.  

 

Figure 3. The synthesis of 1,3-diaminopropane from 2,4-DAB. Established route to 1,3-

diaminopropane. The nomenclature is from www.brenda-enzymes.org; the Enzyme 

Commission numbers are as follows: (1) diaminobutanoate-2-oxo-glutarate transaminase: EC 

2.6.1.76; (2) diaminobutanoate decarboxylase: EC 4.1.1.86. 

 

Figure 4. The biochemical pathway to schizokinen. The established route to rhizobactin 

1021 in Sinorhizobium meliloti (Lynch et al., 2001) includes schizokinen as its immediate 

precursor. (The enzyme responsible for the biosynthesis of rhizobactin 1021 from 

schizokinen is currently unknown). Nomenclature is from www.brenda-enzymes.org. The 

genes rhbA and rhbB (Lynch et al., 2001), correspond to the enzymes diaminobutanoate-2-

oxo-glutarate transaminase (RhbA, EC 2.6.1.76) and diaminobutanoate decarboxylase 

RhbB, EC 4.1.1.86). The enzymes RhbD (an acetylase), RhbE (which catalyses the 

oxidation of a single amino group of 1,3-diaminopropane), RhbC and RhbF (which catalyse 

condensation reactions) are unclassified. Redrawn from Lynch et al., (2001). The molecule in 

square brackets* represents 2,4-diaminobutanoate (2,4-diaminobutanoic acid) after rotation 

of the amino and carboxylate functions about carbon-2 to allow visual alignment of the 

amino groups in 1,3-diaminopropane and subsequent derivatives. 
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Figure 5. The biochemical pathways to spermidine and norspermidine in cyanobacteria. 

The established route to spermidine and norspermidine is adapted from Zhu et al. (2015) and 

the figure of Lee et al. (2009) has been redrawn and updated. The nomenclature is from 

www.brenda-enzymes.org; the Enzyme Commission numbers are as follows: (1) arginase: 

EC 3.5.3.1; (2) arginine decarboxylase: EC 4.1.1.19; (3) agmatine ureohydrolase:  EC 

3.5.3.11; (4) agmatine iminohydrolase: EC 3.5.3.12; (5) N-carbamoylputrescine 

amidohydrolase: EC 3.5.1.53; (6) ornithine decarboxylase: EC 4.1.1.17; (7) S-

adenosylmethionine decarboxylase: EC 4.1.1.50; (8) spermidine synthase: EC 2.5.1.16; (9) 

diaminobutanoate-2-oxo-glutarate transaminase: EC 2.6.1.76; (10) diaminobutanoate 

decarboxylase: EC 4.1.1.86; (11) carboxyspermidine dehydrogenase: EC 1.5.1.43; (12) 

carboxyspermidine decarboxylase: EC 4.1.1.96. Reactions (7) and (8) are involved on the 

biosynthesis of spermidine from putrescine via the classical pathway. Reactions (11) and (12) 

are involved in the biosynthesis of spermidine (in species without 1,3-diaminopropane) or 

norspermidine via the alternative pathway (where 1,3-diaminopropane is available). 

Figure 6. The pathway to 2,4-DAB derived from S-adenosylmethionine (SAM). The 

formation of 2,4-diaminobutanoate (2,4-diaminobutanoic acid) from S-adenosylmethionine 

(SAM) and isoxazolin-5-one in Lathyrus sylvestris (Callebaut and Lambein, 1977; Ikegami 

and Murakoshi, 1994). ACI: 2-(3-amino-3-carboxypropyl)-isoxazolin-5-one (Kuo et al., 

1982). The enzymes catalysing the two reactions are unclassified. 

 

Figure 7. Species phylogeny showing the cross-species distribution of specialised 

metabolite clusters containing a gene coding for diaminobutanoate-2-oxo-glutarate 

transaminase (EC 2.6.1.76). The enzymes encoded by each species are indicated by 

coloured circles, next to the species name. For enzymes’ accession numbers, see 

Supplementary Tables S12-S17.  See Supplementary Fig. S2 for bootstrap support of each 

branch. 

 

Fig 8. The localisation of the enzymes diaminobutanoate-2-oxo-glutarate transaminase, 

the downstream decarboxylase, and ectoine synthase within siderophore clusters and 

incomplete ectoine clusters. The top three clusters correspond to NIS clusters and the 

bottom cluster corresponds to an incomplete ectoine cluster. The organisation of NIS clusters 

follows the same pattern: diaminobutanoate-2-oxo-glutarate transaminase (EC 2.6.1.76), 
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followed by diaminobutanoate decarboxylase (EC 4.1.1.86) and IucA/IucC (EC 6.3.2.38, EC 

6.3.2.39) family siderophore biosynthesis protein. Arrows point to the orientation of 

transcription. AntiSMASH was used to identify and annotate specialised metabolite clusters 

containing both 2,4-DAB transaminase and decarboxylase or 2,4-DAB transaminase and 

ectoine synthase (EC 4.2.1.108). 

Fig 9. The localisation of the enzymes diaminobutanoate-2-oxo-glutarate transaminase, 

S-adenosylmethionine decarboxylase and spermidine synthase within a hybrid

NRPS/PKS cluster. The product of the NRPS/PKS cluster is unknown. Arrows point to the

orientation of transcription. The red arrow indicates the location of the gene pair

SPDS/SAMDC (EC 2.5.1.16, EC 4.1.1.50), which is transcribed in the same direction as

diaminobutanoate-2-oxo-glutarate transaminase (EC 2.6.1.76).
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