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Abstract Molecular screening using degenerate PCR to
determine the presence of secondary metabolite genes in
cyanobacteria was performed. This revealed 18 NRPS
and 19 PKS genes in the 21 new cyanobacterial strains
examined, representing three families of cyanobacteria
(Nostocales, Chroococales and Oscillatoriales). A BLAST
analysis shows that these genes have similarities to known
cyanobacterial natural products. Analysis of the NRPS ade-
nylation domain indicates the presence of novel features
previously ascribed to both proteobacteria and cyanobacte-
ria. Furthermore, binding-pocket predictions reveal diver-
sity in the amino acids used during the biosynthesis of
compounds. A similar analysis of the PKS ketosynthase
domain shows significant structural diversity and their pres-
ence in both mixed modules with NRPS domains and indi-
vidually as part of a PKS module. We have been able to
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classify the NRPS genes on the basis of their binding-pock-
ets. Further, we show how this data can be used to begin to
link structure to function by an analysis of the compounds
Scyptolin A and Hofmannolin from Scyfonema sp. PCC
7110.
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Introduction

In recent years, as the number and variety of compounds
isolated from cyanobacteria increases, so too has interest in
cyanobacteria as potential sources of biologically active
secondary metabolites [5, 41, 56, 58]. These compounds
demonstrate a diverse range of biological activities and
chemical structures, including novel cyclic and linear lipo-
peptides, fatty acids, alkaloids and other organic chemicals
[4, 23, 26, 27, 46, 47, 49, 67]. Many of these have potential
pharmaceutical, nutraceutical, agricultural, and other appli-
cations [2, 3, 5, 60].

To date, the majority of bioactive metabolites isolated
from cyanobacteria have either been polyketides, non-ribo-
somal peptides, or a hybrid of the two. This is a feature of
their biosynthetic complexity, which they share with other
bacteria such as actinobacteria [15, 38]. Type I polyketide
synthases (PKSs) and non-ribosomal peptide synthetases
(NRPSs) are exclusively involved in the biosynthesis of
these natural products [48, 71]. This common attribute is
also a characteristic of several important natural products
that are currently in pre-clinical pharmaceutical develop-
ment (e.g. cryptophycin and epothilone), or use (bleomy-
cin, rapamycin and FK5006) [41, 58].
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Non-ribosomal peptide synthetases possess a modular
structure, with each module functioning as a building block
responsible for the incorporation and/or modification of a
single amino acid unit. The order and number of modules on
a NRPS protein dictates the corresponding order and number
of amino acids in the peptide product. A typical NRPS mod-
ule consists minimally of an adenylation (A) domain,
responsible for amino acid activation; a thiolation (T)
domain (also known as a peptidyl carrier protein), for thioe-
sterification of the activated amino acid; and a condensation
(C) domain, for transpeptidation between the aligned pept-
idyl and amino acyl thioesters resulting in the elongation of
a growing peptide chain and the evolution of a water mole-
cule [7, 32, 72]. Furthermore, NRPS and PKS may be found
as mixed entities, resulting in molecules containing elements
of both, an occurrence well documented in the literature (e.g.
curacin A, microcystin, and barbamide). The biosynthesis of
these hybrid molecules illustrates how NRPS/PKS-derived
systems have evolved to be functionally compatible.

Polyketides on the other hand, can be devided into three
classes. Type I PKSs being multifunctional enzymes, orga-
nized into modules, responsible for one cycle of chain elon-
gation and are currently representative of all cyanobacterial
PKSs isolated to date [62]. Type II PKSs being cyclic mul-
tienzyme complexes, typically involved in the biosynthesis
of aromatic antibiotics in other bacteria. Finally, type III
PKSs, are homodimeric condensation enzymes responsible
for variety of unusual flavonoid and chalcone compounds.
Typically, type I PKSs minimally contains three domains
per module, a B-ketosynthase (KS), a acyltransferase (AT),
and a acyl carrier protein (ACP), that select, activate, and
catalyze a decarboxylic Claisen condensation between the
extender unit and the polyketide chain, generating a
B-ketoacyl-S-ACP intermediate. Optional domains may
also be found between AT and ACP, which carry out a var-
iable set of reductive modifications of the B-keto group
before the next round of chain extension. The order of mod-
ules in the PKS enzymes dictates the sequence of biosyn-
thetic events, and the variation of domains within the
modules affords the structural diversity observed in the
resultant natural products [55, 63].

Molecular approaches have been used to successfully
identifying gene clusters involved in the biosynthesis of a
variety of cyanobacterial secondary metabolites. For exam-
ple, microcystin from Microcystis aeruginosa [16, 48, 71],
anabaenopeptilide from Anabaena flos-aquae [51], and lyn-
gbyatoxin, curacin A, the jamaicamides and barbamide,
from Lyngbya majuscula [10, 11, 19, 20]. Alternatively,
Christiansen et al. [14] using genetic PCR-based, screening
techniques, reported the presence of NRPS genes in 75% of
146 axenic strains from the Pasteur culture collection (PCC)
of cyanobacteria [50], yet only five strains were sequenced
and no further analysis was carried out. Conversely, the
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presence of type I KS domains has been reported by Neilan
et al. [43] in a range of bacterial strains including cyanobac-
teria. In that work, a similar genetic PCR-base screening
technique was carried out on both culture collection and
environmental samples isolated from Shark Bay, Western
Australia. Analysis of the resultant protein sequences
showed grouping into two functional groups, the first com-
prised KS domains that use acyl-CoA’s as a starter or
extender unit, and the second represents those isolates from
mixed NRPS/PKS systems [43]. Recently, Ehrenreich et al.
[21] using similar PCR screening techniques, conducted a
combined NRPS and PKS study whereby 20 marine and
freshwater cyanobacteria were probed and compared to
cyanobacterial genomes. The presence of NRPS A-domains
and PKS KS-domains was subsequently noted in 65 and
90% of the cyanobacteria studied, respectively.

Here, we conduct a combined NRPS and PKS PCR-
based screening study, in order to begin to isolate, sequence
and analysize the genes responsible for the production of
secondary metabolites from 21 cyanobacterial strains. This
information will then be used to assess the potential of
these strains to produce currently unknown secondary
metabolites. Ultimately these data will result in the devel-
opment of experiments to identify and implement fermenta-
tion techniques that will induce the production of these
secondary metabolites. (Note: The chemical structures of
secondary metabolites mentioned throughout this manu-
script are shown in Fig. 1. The number in parentheses refer-
ences compounds mentioned in the text).

Materials and methods
Cyanobacterial strains and culture conditions

Freshwater and marine cyanobacterial strains were obtained
from the PCC, The Culture Collection of Algae at the Uni-
versity of Texas (UTEX), The American Type Culture Col-
lection (ATCC) and The Culture Collection of Algae and
Protozoa (CCAP). These include: Anabaena cylindrica
UTEX 629, Anabaena sp. PCC 7120, Anabaena sp. PCC
9109, Anabaena ambigua CCAP 1403/7, Anabaena variabi-
lis ATCC 29413, Gloeobacter violaceus PCC 7421, Gloeot-
hece sp. ATCC 27152, Leptolyngbya sp. PCC 6703,
Leptolyngbya sp. PCC 7104, Leptolyngbya sp. PCC 7410,
Plectonema boryanum PCC 73110, Lyngbya aestuarii PCC
7419, Lyngbya majuscula CCAP 1446/4, Microcoleus sp.
PCC 8701, Nodularia harveyana CCAP 1452/1, Nostoc
punctiforme PCC 73102, Oscillatoria sp. CCAP 1459/13,
Oscillatoria sp. CCAP 1459/26, Oscillatoria sp. PCC 6506,
Planktothrix sp. PCC 7811, Oscillatoria sp. PCC 7515,
Plectonema terebrans CCAP 1463/4, Scytonema sp. PCC
7110, and Tolypothrix sp. PCC 7601. All strains were grown
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Fig. 1 Structure of selected secondary metabolites produced by cyanobacteria and other bacteria. Number in parentheses are used when the com-

pound is mentioned throughout the text

in appropriate growth media as suggested by the relevant
culture collections at 25°C under a 1212 hours light:dark
cycle. Illumination was via fluorescent, plant growth lamps
(Gro-Lux lamps, Osram Sylvania, Danvers, MA, USA)
with a photosynthetic photon flux density (PPFD) of
50 pEinstein m = s~! (determined using a QSL-2000 quan-
tum sensor Biospherical Instruments Inc. San Diego, CA,
USA), in a plant growth chamber (MRL-350HT, Sanyo Gal-
lenkamp, Loughborough, UK) set to 60% humidity.

Sample preparation and DNA purification

Genomic DNA was extracted using the method of Tamag-
nini et al. [66] with slight modifications. Specifically, a pel-
leted 20 ml aliquot of mid- to late-exponential phase cultures
were washed twice and resuspended with TE buffer (50 mM

Tris—=HCl, pH 8.0, 10 mM EDTA, pH 8.0), containing
800 mM ammonium acetate. Cells were broken by mechani-
cal disruption using glass beads, with the mixture then kept
on ice for 10 min, centrifuged, and the aqueous phase
extracted with chloroform. The nucleic acids were precipi-
tated with ethanol [53] and redissolved overnight at 4°C in
100 ul of TE buffer (10 mM Tris—-HCI, pH 7.4; 0.1 mM
EDTA, pH8.0) or DNA-free sterilized water. Genomic
DNA from Gloeothece sp. ATCC 27152 and Oscillatoria
sp. PCC 7515 was isolated as above, with the exception of
cellular disruption being performed using liquid nitrogen in
a mortar and pestle. DNA extract from tough strains (Lep-
tolyngbya sp. PCC 7104, Lyngbya majuscula CCAP 1446/4,
Plectonema terebrans CCAP 1463/4, Microcoleus sp. PCC
8701, Anabaena sp. PCC 9109, Oscillatoria sp CCAP 1459/
13 and Oscillatoria sp CCAP 1459/26) was extracted with
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Fig. 1 continued
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the DNeasy Plant Mini Kit (QIAGEN Ltd., UK), following
the manufacturer’s instructions.

PCR amplification and cloning

Amplification of NRPS A-domain and PKS KS-domain
regions was performed using the degenerate oligonucleo-
tide primer pairs MTF2/MTR [16] and DKF/DKR [44],
respectively. The PCR thermal cycle included an initial
denaturation at 94°C for 4 min, followed by 30 cycles of
denaturation at 94°C for 30 s, annealing for 30 s at 50 and
60°C respectively for primer pairs MTF2/MTR and DKF/
DKR, followed by extension at 72°C for 1 min, with a final
extension at 72°C for 7 min. The amplification reaction was
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performed using a GeneAmp PCR System 9700 (Applied
Biosystems, Foster City, CA, USA). PCR products were
visualised on agarose gels using standard electrophoresis
protocols using 1 x TAE buffer [53], purified with the QIA-
quickspin PCR purification kit (Qiagen, Hilden, Germany)
and plasmids cloned using the TOPO-TA cloning kit (Invi-
trogen, Carlsbad, CA, USA), according to the manufac-
turer’s instructions. Sequencing was subsequently carried
out by MWG Biotechnology.

Sequence analysis

Nucleotide sequences were analysed using CLUSTAL W
[70] for multiple sequence alignments. Translated protein
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sequences were compared with those in databases through
the National Center for Biotechnology Information (US
National Institutes of Health, Bethesda, MD) using the
BLASTx program [1]. Cyanobacterial NRPS and PKS pro-
tein sequences were aligned using the PAM matrix and the
multiple sequence alignment tool from CLUSTAL W and
MEGA package [34]. Identification of the predicted amino
acid activated by a specific unknown NRPS A module was
performed using software located at http://www.tigr.org/
jravel/nrps [9]. The activation of amino acids by the identi-
fied A-domain motif will indicate their presence, unmodi-
fied or modified in the final natural product structure. These
translated protein sequences were subsequently compared
to the NRPS of known microbial and plant natural products
using software located at http://www.npbiogene.com/.

Nucleotide sequences

Nucleotide sequences of the putative non-ribosomal peptide
synthetase A-domain and polyketide synthase KS genes
reported in this study were deposited in GenBank under
accession numbers AY768427-AY768458, AY768460-
AY768463, AY768474-AY768516 and DQ439637-
DQ439644.

Results

Identification of adenylation domains (NRPS)

Putative peptide synthetase gene sequences, confirmed via
sequencing and BLASTx analysis, were obtained (~1 kbp

size) from 18 cyanobacterial strains (75%) screened
(Table 1). Gloeobacter violaceus PCC 7421 (Chroococ-

cales) and Leptolyngbya sp. PCC 6703 and 7104; Lyngbya
sp. PCC 7419; Oscillatoria sp. PCC 7515 and Plectonema
terebrans CCAP 1463/4 (Oscillatoriales), gave no PCR
product under the conditions tested, and potentially lack
the ability, as far as we can tell at this point, to non-ribos-
omally, synthesize peptides. From these 18 cyanobacte-
rial strains, 33 unique A-domains were subsequently
isolated and sequenced. BLASTx sequence analysis of
these clones showed varying similarities (43 and 97%
identity) to other known cyanobacterial NRPS sequences
(Table 2).

BLASTp analysis of these 33 clones showed that 25
were homologous to genes that synthesize compounds
through cyanobacterial NRPSs, with the remaining derived
from bacterial NRPS mechanics. Interestingly, 6 of the 18
strains screened possessed only 1 A-domain, while the
remaining possessed 2 or more. The most prolific strains
being Anabaena ambigua CCAP 1403/7, Planktothrix sp.
PCC 7811 and Microcoleus sp. PCC 8701 harbouring
five and four A-domains, respectively (Table 2). These
A-domains can result in the production of one compound,
or multiple independent compounds.

Finally, clustering of these NRPS sequences using
Neighbour-joining techniques, illustrates a lack of taxo-
nomic affiliations between cyanobacteria and A-domains
(Fig. 2). For example, only clone three from Planktothrix
sp. PCC 7811 showed homology (55% of identity with
JamO from Lyngbya majuscula) to a peptide synthetase
from a member of the same cyanobacterial family. Rather,
as seen elsewhere, clustering was possible according to
substrate-binding pocket specificity, with main branches
diverging according to specific amino acid activation [38]
(Fig. 2). These include valine (Val), glycine (Gly), cysteine
(Cys), serine (Ser), threonine (Thr), proline (Pro), glutamic

Table 1 Cyanobacterial strains analyzed in this study by degenerate peptide synthetase PCR (NRPS) and degenerate ketosynthase PCR (PKS)

Strain NRPS PKS Strain NRPS PKS
Anabaena cylindrica UTEX 629 + — Leptolyngbya sp. PCC 7410 + +
Anabaena sp. PCC 9109 + + Lyngbya sp. CCAP 1446/5

Anabaena ambigua CCAP 1403/7 + + Lyngbya aestuarii PCC 7419 - —
Anabaena variabilis ATCC 29413* + + Lyngbya majuscula CCAP 1446/4 + +
Nostoc punctiforme PCC 731022 + + Microcoleus sp. PCC 8701 + +
Nodularia harveyana CCAP 1452/1 + + Planktothrix sp. PCC 7811 + +
Scytonema sp. PCC 7110 + + Oscillatoria sp. PCC 7515 - +
Tolypothrix sp. PCC 7601 + + Oscillatoria sp. PCC 6506 + +
Gloeobacter violaceus PCC 7421% — + Oscillatoria sp. CCAP 1459/13 + +
Gloeothece sp. ATCC 27152 + + Oscillatoria sp. CCAP 1459/26 + +
Leptolyngbya sp. PCC 6703 — Plectonema boryanum PCC 73110 + +

Leptolyngbya sp. PCC 7104 - —

Plectonema terebrans CCAP 1463/4

Note: (+) indicates a positive PCR result (i.e. production of a PCR-amplified DNA product); (—) indicates a negative PCR result

# Cyanobacterial strains highlighted in bold have their genomes completely sequenced and were used as positive controls
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Table 2 Cyanobacterial NRPS sequences analyzed using the BLASTDp tool for natural product biosynthesis

Strain Clone Accession  Domain Compound® E value Signature Predicted
number® sequence® amino acid
Anabaena cylindrica Clone-8 AF484556 A2 Leinamycin 2x 107 DLYSFSLV  BacA-M2-Cys
UTEX 629 Clone-9  AY212249 A6 Microcystin 1x 107 DIWHVSLI  PvdD-MI-Ser
Anabaena sp. PCC 7120° 17131676 AY212249 A7 Microcystin 1x 1072 DLFNNALT  SafB-M2-Gly
Anabaena sp. PCC 9109 Clone-4  AY210783 NdaB-A8  Nodularin 8 x 107%  DLKNFGVG  FxbC-M1-5hOrn
Clone-7 CACO01606 A7 anabaenopeptolide 1 x 107'2! DAFFLGVT  AdpD-MI-Ile
Anabaena ambigua Clone-2  AF007865 A3 Bacitracin 2x 107" DAWYCGNV McyB-Ml-Leu
CCAP 1403/7 Clone-3  AF516145 barG-Al  Barbamide 1 x 1072 DAFTIAAV  BacC-M2-Phe
Clone-4 AB050629 A7 Iturin 2x 107 DVWSFSLV  EntF-MI-Ser
Clone-5 AF007865 A3 Bacitracin 2x 107 DALYIVNV CepA-MI-Leu
Clone-8 AF204805 nosC-A6  Nostopeptolide 1 x 107! DILALGMI  Cda2-M2-Gly
Anabaena variabilis Clone-4 AF204805 nosA-A2 Nostopeptolide 1x 107 DVWHISLI  NosA-M2-Ser
ATCC 29413°
Nostoc punctiforme 30581770 AJ566197  lgrB-AS pentadecapeptide 1 x 107'32 DLFNNALT  SafB-M2-Gly
PCC 73102° 30581848 AY522504 JamO-A7 Jamaicamide 1x10"83! DLFNNALT SafB-M2-Gly
Nodularia harveyana Clone-2 AJ566197  lgrB-A6 pentadecapeptide 1 x 10719 DALWIGGT  GrsB-M2-Val
CCAP 1452/1
Scytonema sp. PCC 7110 Clone-2 AJ441056  A10 Microcystin 2% 107%  VDWITSL- B-Ala
Clone-6 AJ566197  1grB-A6 pentadecapeptide 1 x 10719 DAFWLGGT  GrsB-M2-Val
Tolypothrix sp. PCC 7601 Clone-3 AF516145  barG-A1  Barbamide 1 x 1078  DVEAIGSI BacB-MI-Lys
Clone-5 AY210783 NdaB-A8  Nodularin 1 x 107" DSASIAEV  BacC-M3-His
Gloeothece sp. ATCC 27152  Clone-1 AY212249 A7 Microcystin 1 x 10711 DLEN-ALT  PchE-MI-Cys
Leptolyngbya sp. PCC 7410  Clone-3 AF204805 nosC-A7 Nostopeptolide 1 x107%¥  DATQVGEV  NosC-M3-Asp/Asn
Clone-7 AF204805 nosC-A6  Nostopeptolide 1x107% DVFNLGLI  CepB-MI-HPG®
Lyngbya sp. CCAP 1446/5 Clone-1 AF204805 nosC-A6 Nostopeptolide 1 x 107  DILFIGVV BacA-Ml-Ile
Clone-3 NP_251092 AS5 pyoverdin D 1 x 1072 DAWHVSLI  PvdD-MI-Ser
Lyngbya majuscula Clone-4 AF183408 A6 Microcystin 1 x 107'% DVWHFSLI  McyA-Ml-Ser
CCAP 1446/4 Clone-6  AY212249 A7 Microcystin 1 x 10715 DLFNNALT  SafB-M2-Gly
Microcoleus sp. PCC 8701 Clone-1 AF204805 nosC-A7  Nostopeptolide 1 x 107 DATKIGEV  NosC-M3-Asp/Asn
Clone-4 CACO01606 A7 anabaenopeptolide 2 x 107 DAMHVGGF FenC-M1-Glu
Clone-11.3 CAC01603 A2 anabaenopeptolide 1 x 10714 DFWNIGMV  FxbC-M2-Thr
Clone-11.4 AJ269505 A4 anabaenopeptolide 1 x 107'8  DIENIGGV FxbC-M1-5hOrn
Planktothrix sp. PCC 7811 Clone-1 AF204805 nosA-Al Nostopeptolide 1 x 107 DAFFLGVT  AdpD-Ml-Ile
Clone-2 AJ269505 A4 anabaenopeptolide 1 x 10743 DVENAGVV ~ AdpB-M2-Ahp'
Clone-3 AY522504 JamO-A7  Jamaicamide 1 x 107! DLENNAL-  SafB-M2-Gly
Clone-6 AJ566197  1grC-A8 pentadecapeptide 9 x 1073 DALWIGGV  GrsB-M2-Val
Oscillatoria sp. PCC 6506 Clone-1 AF204805 nosA-A3 Nostopeptolide 3x 10~ DFHFITHD Pps4-M1-Pro
Oscillatoria sp. CCAP Clone-11.4 AL939115 cdaPS1-Al Antibiotic CDA 1.7 unknown unknown
1459/13
Oscillatoria sp. Clone-4 NP_251092 AS5 pyoverdin D 1 x 1073* DVWHVSLI  PvdD-MI-Ser
CCAP 1459/26
Plectonema boryanum Clone-1 AF204805 nosC-A7 Nostopeptolide 1 x 107'% DATQVGEV NosC-M3-Asp/Asn

PCC 73110

HPG p-hydroxy phenyl glycine, Ahp 3-amino-6-hydroxy-2-piperidone

? Accession numbers corresponding to the NCBI website for amino acid sequences

b Sequences highlighted in bold were obtained from GenBank (genomes)

¢ Eight variable amino acids of the signature sequences determined as described by Stachelhaus et al. [61]

4 Nomenclature of the reference compounds as described by Challis et al. [9]

¢ The compound here is for illustrative purposes, in that the domain is similar. This does not imply the strain makes this exact compound
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Fig. 2 Phylogenetic analysis of A-domains from non-ribosomal pep-
tide synthetase genes. Sequences obtained from GenBank are given in
boldface and their accession numbers in parentheses. Sequences were
aligned using the Clustal W program. Divergence between amino acid

acid (Glu), aspartic acid (Asp), asparagine (Asn), leucine
(Leu), isoleucine (Ile), alanine (Ala), phenylalanine (Phe),
histidine (His) and lysine (Lys) and non-protein amino

Lyngbya majuscula JHB JamL (AY522504)

sequences was calculated using a PAM matrix and the tree constructed
using the neighbor-joining method in the MEGA3 software package
(version 3.0). Bootstrap values were calculated from 1,000 bootstrap
resamplings

acids such as 5-hydroxy-L-Ornithine (5 hOrn), 3-amino-6-
hydroxy-2-piperidone (Ahp) and 4-hydroxy-L-phenylgly-
cine (HPG).
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Analysis of the translated NRPS A-domain proteins,
using the tool for natural product biosynthesis (http://
www.npbiogene.com/) was also carried out. Results
obtained showed high homology to sequences of modules
and domains present in metabolites from both cyanobacte-
ria and others such as proteobacteria and actinobacteria
(Table 2). In some cases, these were common cyanobacte-
rial toxins such as microcystin (1), a potent hepatotoxic
heptapeptide; or nodularin (2), a cyclic pentapeptide with
comparable activity to microcystin, both produced by a
diverse range of cyanobacteria, including species of the
genera Microcystis, Anabaena, Nostoc, Nodularia and
Oscillatoria [59]. Here, we demonstrate the presence of
genes with homology to microcystin synthetase A (McyA)
from M. aeruginosa PCC 7806, in A. cylindrica UTEX 629,
Scytonema sp. PCC 7110, Gloeothece sp. ATCC 27152 and
L. majuscula CCAP 1446/4. Additionally, a Scytonema sp.
PCC 7110 PCR product showed homology to McyC
(E value 2.0 x 10~%%). While PCR products from Anabaena
sp. PCC 9109 and Tolypothrix sp. PCC 7601 (Table 2)
showed homology to the A-domain in nodularin synthetase
B (NdaB) from Nodularia spumigena strain NSOR10 [42].
MycC and NdaB are the terminal activation domains in
microcystin and nodularin biosynthesis, and in both cases
the substrate-binding pocket was found to be specific for
the activation of L-Arg [42].

In others, PCR products with homology to the genes
encoding the A domains of the siderophore pyoverdin D
(3), involved in iron-gathering and virulence and synthe-
sized by Pseudomonas aeruginosa were identified in Lyn-
gbya sp. CCAP 1446/5 and Oscillatoria sp. CCAP 1459/26
(Table 2). Furthermore, a probable gene encoding the mod-
ule 2 A-domain of leinamycin (4), a novel thiazole-contain-
ing antimicrobial and antitumor compound [28], produced
by several Streptomyces atroolivaceus species, was discov-
ered in A. cylindrica UTEX 629.

Identification of ketosynthase domains (PKS)

Putative polyketide synthetase KS-domain gene sequences
were obtained (~700 bp size) in 19 of the 21 cyanobacte-
rial strains screened (Table 1). Strains that showed no PCR
product under the conditions tested were A. cylindrica
UTEX 629 (Nostocales), Leptolyngbya sp. PCC 6703 and
PCC 7104, L. aestuarii PCC 7419 and P. terebrans CCAP
1463/4 (Oscillatoriales). As seen in the NRPS analysis,
multiple products were obtained from a number of these
strains. In this case, 29 unique KS-domains were present in
18 cyanobacteria (Table 3). These sequences are similar to
known cyanobacterial PKS sequences, with homologies of
between 49 and 95% (Table 3). BLASTp analysis of the
PKS sequences reveal that twenty two clones are homolo-
gous to modular KS-domains present in a variety cyanobac-
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terial secondary metabolites (Table 3), with the remainder
homologous to other bacterial PKS systems.

Twelve KS sequences were homologous to the Type I
KS-domain of jamaicamide (5). This compound shows a
spectrum of biological activities, including sodium channel
blocking and cytotoxicity [20]. Specifically, products from
Anabaena sp. PCC 9109, Scytonema sp. PCC 7110, G. vio-
laceus PCC 7421 and Oscillatoria sp. CCAP 1459/13
(Table 3) show homology to the module 1 KS-domain from
JamE. JamE is highly unusual, in that it contains three con-
secutive ACPs downstream of the KS-domain [20]. Inter-
estingly, clone 5 of Gloeothece sp. ATCC 27152 shows
homology to JamM, a type I PKS with homology to the
mixed NRPS/PKS BarE (56% identity) involved in barba-
mide biosynthesis. Lastly, Oscillatoria sp. CCAP 1459/26
clone 1 and Lyngbya sp. CCAP 1446/5 clone 6 showed
homology to JamP, the penultimate module in the Jam
pathway, flanked by a terminal thioesterase (TE) domain of
putative NRPS origin [20]. Additionally, Planktothrix sp.
PCC 7811 clone 1 (Table 3) also showed homology to bar-
bamide (6) (BarE). This compound, a chlorinated lipopep-
tide produced by L. majuscula strain 19L, is composed of a
NRPS followed by a PKS [10]. It is thought that within this
module, the trichloroisoleucine is loaded from the A-
domain to the KS-domain for further extention.

Five other sequences were homologous to KS domains
in stigmatellin (Table 3). Stigmatellin (7) is a natural prod-
uct that possesses an aromatic moiety produced through a
PKS system, from the mixobacterium Stigmatella auranti-
aca [24]. The biosynthesis of this compound is a special
case, where an aromatic compound is produced by a bacte-
rial type I PKS, instead of a type II PKS [24]. Furthermore,
products from Tolypothrix sp. PCC 7601, Leptolyngbya sp.
PCC 7410 and P. boryanum PCC 73110 show high homol-
ogy to the KS-domain in NosB, in the cluster responsible
for the biosysnthesis of nostopeptolide (8), a cyclic hepta-
peptide produced by the terrestrial cyanobacterium Nostoc
sp. GSV224 [29]. Although NosB is a type I PKS located
between two NRPSs (NosA and NosC), it is also similar to
a KS-domain in a mixed NRPS/PKS [18].

The PCR products of A. ambigua CCAP 1403/7 and
Tolypothrix sp. PCC 7601 show homology to the KS-
domain in mupirocin (9) (Table 3). This compound is pro-
duced by Pseudomonas fluorescens NCIMB 10586, and it
is proposed that a separate PKS and fatty acid synthase
(FAS) are involved in its assembly from monic acid (MA)
and 9-hydroxynonanoic acid via esterification [22]. The
sequences obtained in this work are similar to the KS-
domains in modules 1, 2 and 4 from MmpD involved in the
biosynthesis of MA.

The most interesting finding revolved around the KS-
domain PCR product isolated from Oscillatoria sp. PCC
7515, which has homology with the EposC module 5 in
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Table 3 Cyanobacterial PKS sequences analyzed using the BLASTp tool for natural product biosynthesis
Strain Clone Accession number® Domain Compound! E value
Anabaena sp. PCC 7120° 17135468 AJ421825 KS3 Stigmatellin 5x107%
Anabaena sp. PCC 9109 Clone-2 AYS522504 JamE-KS1 Jamaicamide 1 x 107
Clone-3 AY522504 JamE-KS1 Jamaicamide 2x 107
Anabaena ambigua CCAP 1403/7 Clone-3 AF318063 KS2 Mupirocin 1 x 107
Clone-4 AF319998 KS4 Myxalamid 3x 107
Clone-5 AF318063 KS4 Mupirocin 4 x 107
Anabaena variabilis ATCC 29413¢ Clone-7.1 AJ421825 KS3 Stigmatellin 5x107%8
Clone-7.2 AJ421825 KS6 Stigmatellin 1x 1078
Nostoc punctiforme PCC 73102" 23125974 AAT70096 curL-KS8 Curacin 8 x 107"
23126921 AJ421825 KS5 Stigmatellin 1x10778
Nodularia harveyana CCAP 1452/1 Clone-4 AY522504 JamK-KS3 Jamaicamide 1x1077
Clone-5 AY522504 JamK-KS4 Jamaicamide 2 x 107%
Scytonema sp. PCC 7110 Clone-2 AY522504 JamE-KS1 Jamaicamide 4 x 107
Tolypothrix sp. PCC 7601 Clone-2 AF204805 nosB-KS Nostopeptolide 4 %1077
Clone-3 AF318063 KS1 Mupirocin 1x107%
Gloeobacter violaceus PCC 7421° Clone-3 AY522504 JamE-KS1 Jamaicamide 8 x 10788
Gloeothece sp. ATCC 27152 Clone-1 AY522504 JamK-KS3 Jamaicamide 3x 1078
Clone-5 AY522504 JamM-KS6 Jamaicamide 5% 107%
Clone-7 AAT70096 curA-KS1 Curacin 2x 10776
Leptolyngbya sp. PCC 7410 Clone-1 AF204805 nosB-KS Nostopeptolide 3x 1078
Lyngbya sp. CCAP 1446/5 Clone-6 AY522504 JamP-KS8 Jamaicamide 5% 1077
Lyngbya majuscula CCAP 1446/4 Clone-2 AF484556 KS8 Leinamycin 5%x107%
Clone-6 AB032549 KS2 Microcystin 4 x 107
Clone-7 AJ421825 KS7 Stigmatellin 3% 10778
Microcoleus sp. PCC 8701 Clone-2 AJ421825 KS2 Stigmatellin 4 %1078
Planktothrix sp. PCC 7811 Clone-1 AF516145 barE-KS Barbamide 4 %107
Oscillatoria sp. PCC 7515 Clone-1 AF217189 KS5 Epothilone 1 x 1078
Oscillatoria sp. PCC 6506 Clone-5 AY522504 JamK-KS3 Jamaicamide 2x 1077
Clone-7 AJ421825 KS7 Stigmatellin 1 x 1078
Oscillatoria sp. CCAP 1459/13 Clone-4 AY522504 JamE-KS1 Jamaicamide 3 x 1078
Oscillatoria sp. CCAP 1459/26 Clone-1 AYS522504 JamP-KS8 Jamaicamide 6 x 10798
Plectonema boryanum PCC 73110 Clone-1 AF204805 nosB-KS Nostopeptolide 8 x 1078!

* Accession numbers corresponding to the NCBI website for amino acid sequences

® Sequences highlighted in Bold were obtained from GenBank (genomes)

¢ Sequence available from GenBank used as a positive control

4 The compound here is for illustrative purposes, in that the domain identified is similar. This does not imply the strain makes this exact compound

epothilone (10) biosynthesis. This compound is produced
by the myxobacterium Sorangium cellulosum So ce90, and,
like paclitaxel (Taxol®), inhibits microtubule depolymeri-
sation and arrests the cell cycle at the G2-M phase [33, 65].
According to Molnar et al. [45], this KS-domain performs
an elongation step with the incorporation of a propionate
unit into the growing natural product structure.

Similarly, cluster analysis was performed on the trans-
lated KS-domain protein sequences, with the resulting
sequence alignments clustering into two functional groups
[43] (Fig. 3). The first group represents type I KS-domains.

In this group, our sequences clustered together with KS-
domains from microcystin synthetase (MycD and MycE),
curacin (11) (CurA and Curl), jamaicamide (JamE) and
mixobacterial KS-domains from epothilone (EposA and
EposD). The second cluster contains sequences representa-
tive of hybrid or mixed NRPS/PKS systems. Examples
include KS-domains from barbamide (BarE), curacin
(CurF) and nostopeptolide (NosB) synthetase from known
cyanobaceria, together with others such as mixobacterial
KS-domains from Bleomycin (BImVIII) and Mixothiazol
(MtaD).
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Fig. 3 Phylogenetic analysis of type 1 ketosynthase domains. Se-
quences obtained from GenBank are given in boldface and their acces-
sion numbers in parentheses. The fatty acid synthase KS-domain from
Escherichia coli (Accession no. 6573501), was used as an out-group.

Five members of the Oscillatoriales family were found
to contain KS-domains exclusive to mixed NRPS/PKS
gene clusters. Specific examples include P. boryanum PCC
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Sequences were aligned using the Clustal W program, and tree recon-
struction performed using the neighbor-joining method supplied by
MEGA3 package (version 3.0). Significant bootstrap values were cal-
culated from 1000 bootstrap resamplings

73110, Leptolyngbya PCC7410, P. agardhii PCC 7811,
Oscillatoria sp. CCAP 1459/26 and Lyngbya sp. CCAP
1456/5. Conversely, only a single Chroococcales strain,
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Gloeothece sp. ATCC 27152, has a single KS-domain of
mixed NRPS/PKS type. Furthermore, analysis of the KS-
domain active-site sequence motif (Supplementary Fig. 1a,b)
revealed a relatively highly conserved dtaCSSSL motif
(where lower case letters denote unconserved amino acids)
around the active-site in all strains. This observation is in
agreement to that of Moffitt and Neilan [43].

Discussion

It has been emphasised that cyanobacterial secondary
metabolites are produced through large multienzyme com-
plexes, constituted by NRPS and PKS modules responsible
for the addition of an amino acid or chain-elongation step,
respectively. Several authors have performed similar
screening of these two genes in cyanobacteria as relates to a
specific compound, for example microcystin in Microcystis
aeruginosa PCC 7806 or nodularin in Nodularia spumi-
gena strain NSOR10 [42, 71], or alternatively in a wide
range of cyanobacterial families [6, 14, 21]. In this study,
we screened a broad range of cyanobacterial families for
both NRPS and PKS genes, and analysed these results in
order to infer some characteristics of the putative natural
products (secondary metabolites) produced.

To our knowledge, only a single study attempted to clus-
ter NRPS protein sequences in cyanobacteria [21]. In that
work, the authors found no clear phylogenetic correlation,
and in fact high variability within the A-domains was
observed. In contrast, our analysis showed that clustering of
the full A-domain is possible when substrate conferring
tendencies are taken into account (Fig.2). These results
confirm those previously described by Marahiel et al. [61].
Here we can discern branches specific to Ile, Val, Asp/Asn,
Gly, HPG, Thr, Ahp, Lys, Pro, His, Phe, Cys, Leu, Glu, Ser
and B-alanine (-Ala) substrates.

In clones 3 and 7, from Leptolyngbya sp. PCC 7410, we
found two A-domains that are homologous to those in the
NosC module responsible for nostopeptolide biosynthesis
in Nostoc sp. GSV224. These A-domains activate the non-
protein amino acids HPG, and Asp/Asn. HPG is synthe-
sized through an unusual biosynthetic pathway [30]
through the stoichiometric conversion of L-tyrosine. Three
enzymes have been identified in HPG biosynthesis and are
common to the secondary metabolites teicoplanin [37],
complestatin [13] and nocardicin A [25]. These are
4-hydroxymandelic acid synthase, 4-hydroxymandelic acid
oxidase, and 4-hydroxyphenylglycine aminotransferase
[36]. This information should be useful in the design of
specific molecular probes targeting this pathway.

Analysis of the specificity of A-domains towards partic-
ular amino acids (Table 2) shows the presence of motifs
that recognize three amino acids, Cys, Ser and Thr in six

strains. These amino acids are associated with the forma-
tion of five-membered heterocyclic rings, which form either
thiazole or oxazole, or their reduced structures [73], in bac-
terial secondary metabolites. These compounds, being sig-
nature pharmacophores, are common to many clinically
important natural products [52], such as bacitracin [31],
leinamycin [12] (antibacterial), bleomycin [17], and epothi-
lone [45, 69] (anticancer). The incorporation of these amino
acids is done through a cyclization (Cy) domain that cata-
lyzes amide bond formation, cyclization of the side chain
nucleophile with the newly formed amides, and a final
dehydration [54].

The binding pocket amino acid signature codes found
within A. cylindrica clone 8 and Gloethece sp. clone 1 are
homologous to those found in bacitracin and pyochelin,
both natural products known to have a thiazoline heterocy-
cle. While, Lyngbya sp. CCAP 1446/5 clone 1 showed
specificity for Ile with homology to the module involved in
the formation of the heterocycle in bacitracin.

Moreover, clone 3 of this strain and Oscillatoria sp.
CCAP 1459/26 clone 1 contain a domain that appears to
use Ser as a building block, similar to the type of domain
found in Pseudomonas aeruginosa for the the formation of
pyoverdin. A similar homology is seen in the sequence
from A. variabilis clone 4, with repect to Ser incorporation
in nostopeptolide in Nostoc sp. GSV224.

In order to elucidate the specificity of the Scyfonema sp.
clone 2 amino acid binding pocket it was necessary to com-
pare its signature sequence with similar organisms. These
results showed an unusual start amino acid (VDWITSL-G),
with Val instead of Asp as the starting amino acid. Previ-
ously, this feature was identified in the A-domains of bleo-
mycin NRPS-2, exochelin FxB-2 and jamaicamide JamL
which showed specificity to B-Ala. Comparison of these
sequences with our data showed 56, 44 and 33% identity.
Here, we propose B-Ala as the amino acid activated by the
binding pocket of the A-domain found in Scytonema sp.
PCC 7110 clone 2. This strain is known to produce scy-
tonemin (an antiproliferative pharmacophore) [64], and the
cyclic depsipeptides scyptolin A and B (inhibits porcine
elastase in vitro) [40] and hofmannolin [39]. Analysis of
the amino acid binding pocket in the A-domain identified in
Scytonema sp. PCC 7110 shows specificity towards the
amino acids Val and B-Ala, and proves the presence of
genetic machinery associated with the production of these
depsipeptides (Fig. 4 grey area), and is the subject of ongo-
ing work to confirm the assignment of these modules. This
is especially important in the case of the A-domain that rec-
ognises B-Ala, as the amino acid present in scyptolin A is
L-Ala rather than the former. Modifications to scyptolin
could thus either occur post compound formation, or alter-
natively be involved in the formation of a hitherto unknown
compound.
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Fig. 4 Illustration of the structure of Scyptolin A and Hofmannolin produced by Scytonema sp. PCC 7110. Amino acids encoded by the A-do-
mains identified here in clones 2 and 6 are highlighted in grey. Substrate amino acids are abbreviated with a three-letter code

Cluster analysis of polyketide synthase sequences, on
the other hand, identified two distinct KS types. These
being, those that are exclusively type I and those from
hybrid or mixed NRPS/PKS modules, and is in agreement
with results from Neilan et al. [43]. The exceptions in this
case being the KS-domain of LmnlI (associated with leina-
mycin synthesis) [68] and that of MtaD (associated with
myxothiaxol synthesis) [57], both mixed NRPS/PKS that
cluster with type I PKS sequences. LmnlI was found to clus-
ter within the same sub-group, together with clone 3 from
Tolypothrix sp. PCC 7601 and clone 2 and 6 from L. majus-
cula CCAP 1446/4. Furthermore, five of our clone
sequences were found to be homologous to the JamE KS-
domain (Table 3). The three consecutives ACPs present in
JamE are believed to be involved in channeling intermedi-
ates and providing enzyme docking stations for vinyl or
vinyl chloride formation [20]. A similar mechanism may be
present here.

Conclusions

Our results reinforce the concept of exploiting cyanobacte-
ria as viable producers of secondary metabolites, by dem-
onstrating their potential to produce a wide range of natural
products. Specifically, insight was obtained by screening
the adenylation domain and ketosynthase domain of NRPS
and PKS genes from both marine and freshwater cyanobac-
teria. Analysis of these genes reveals the presence of moie-
ties from putative natural products commonly observed in
pharmacologically active secondary metabolites. This
methodology has previously been demonstrated in the elu-
cidation of cryptic-gene clusters responsible for a variety
of antibiotics in actinomycetes [74], and in the structural
prediction of a novel peptide encoded in the genome of
Streptomyces coelicolor [8, 35]. Moreover, analysis of Scy-
tonema sp. PCC 7110 NRS A-domain sequences has iden-
tified motifs possessing specificities towards the amino
acids, valine and alanine, present in the natural products
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Scyptolin A and Hofmannolin previously isolated and
characterised in this strain. The genetic results presented
here provide the foundation to guide future research
towards specific metabolites, or classes of metabolites
within these organisms.
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