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This review highlights cyanobacteria secondary metabolites reported between 2021 and 2024. Those
compounds are categorised into major classes, including peptides, alkaloids, lipids, polyketides,
terpenes/terpenoids, and natural products from other classes. For selected compounds, the review
provides details of advanced methodologies employed in their discovery, isolation and structure
elucidation. Particular attention is placed on techniques for determining the relative and absolute
configurations of stereocentres, including computational approaches, chemical derivatisation, and total
synthesis. Furthermore, the review outlines the biosynthetic pathway of several newly identified
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1. Introduction

Cyanobacteria are a well-recognised source of bioactive metabo-
lites, and their chemical diversity and biological potential continue
to attract substantial attention, as reflected by the numerous
reports published each year.'™ In this review, we summarised
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novel natural products isolated from cyanobacteria over a recent
time frame (2021 to 2024), allowing for a more in-depth discussion
of a selected set of these compounds. Particular focus is placed on
the methodologies employed for the structure elucidation,
a process that is often complex and requires the integration of
complementary techniques. In most cases, nuclear magnetic
resonance (NMR) and mass spectrometry (MS) provide sufficient
information to define the core structure and relative configuration
of the natural products. However, assigning the absolute config-
uration is typically more challenging and frequently requires
additional methodologies, such as computational approaches,
chemical derivatisation, or total synthesis.’*> In some cases,
biosynthetic insights derived from metagenomic analysis greatly
facilitate both structural assignment and stereochemical deter-
mination. This review highlights representative examples illus-
trating the application of these methodologies to the structural
characterisation of cyanobacterial metabolites.

Novel cyanobacterial metabolites are constantly being
discovered, with 3162 entries (Fig. 1) as of the end of 2024, of
which 3084 are listed in the open-access structural database
CyanoMetDB (Version 03, 2024). This includes 110 compounds
that have not been unequivocally associated with cyanobacteria,
are of synthetic origin, or resemble degradation products.>® In
the years 2021 through 2024, a total of 335 metabolites have
been newly reported, with 58, 99, 108, and 70 each respective
year, highlighting the importance of these organisms as
a source of novel natural products.

Herein, we report selected newly discovered structures and
order them by compound class, including peptides, alkaloids,
lipids, polyketides, terpenes/terpenoids, and natural products
from other classes.
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Fig. 1 Cumulative number of identified secondary metabolites from
cyanobacteria between 1967-2024 for compounds identified using
nuclear magnetic resonance (NMR) spectroscopy (grey diamonds),
others mainly relying on mass spectrometry (black circles), with the
years 2021, 2022, 2023, and 2024 marked in red. The inset shows the
number of new compounds published each year.

2. Peptides

Peptides can have two different biosynthetic origins; they can be
produced by ribosomes or by large non-ribosomal peptide
synthetases (NRPS) complexes.?® Structural diversity in riboso-
mally produced peptides is greatly increased by the action of
tailoring enzymes, giving rise to the so-called ribosomally syn-
thesised and post-translationally modified peptides (RiPPs).>”
Cyanobacteria are known to produce a great variety of peptides
from NRPS and many families of RiPPs,* such as, for example,
graspetides, cyanobactins, and proteusins.**>** The significance
of these peptide classes is highlighted by the observation that
more than 60 per cent of known cyanobacterial secondary
metabolites contain at least one amide bond.* Between 2021
and 2024, a total of 253 new peptide-based metabolites were
described, representing 75 per cent of all new metabolites in
this time span. Many of these belong to familiar cyanopeptide
classes, including 86 cyanopeptolins, 19 microginins, 8 ana-
baenopeptins, 8 microcystins, and 3 microviridins.

2.1. Ahp-cyclodepsipeptides

This class of cyclic peptides includes all compounds that
possess the unusual 3-amino-6-hydroxy-2-piperidone (Ahp)
moiety. Compounds from this class have recently been
reviewed, covering 1989 to 2019.** Names vary significantly
among members, including symplocamide, micropeptins,
lyngbyastatins, and cyanopeptolins, which constitute most of
the reported compounds. Between 2021 and 2024, 86 new cya-
nopeptolins have been identified, representing nearly 30% of
the 291 known variants of the cyanopeptide class. Of those, 79
new cyanopeptolins alone were identified from Nostoc edaphi-
cum CCNP1411 isolated from coastal waters in the Gulf of
Gdansk.** This Nostoc strain produces a total of 93
cyanopeptolins,®*¢ which is arguably the highest number of
cyanopeptides ever recorded in a single strain. This high
number is an impressive demonstration of how NRPS can lead
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to a wealth of structural modifications around a core scaffold of
cyanopeptides. Mazur-Marzec and colleagues present an over-
view not only of the structural diversity of cyanopeptolins but
also of the similarly diverse naming convention.** The charac-
teristic features of cyanopeptolins are a cyclic structure of six
amino acids, linked together through an ester bond (dep-
sipeptide) and with the residue Ahp. The team detected 67 of
the 79 cyanopeptolins from Nostoc edaphicum from liquid
chromatography-high-resolution tandem mass spectrometry
(LC-HRMS/MS) data while noting the limitations of structure
elucidation based on MS/MS alone. Six cyanopeptides (CP999,
CP990, CP983, CP949, CP941, and CP919) were isolated in
sufficient quantities to confirm the structure assignments by 1D
and 2D NMR analyses (500 MHz and 700 MHz, respectively).
Additional NMR analysis of a previously published cyano-
peptolin, CP999, led to a building block re-assignment to N,0-
di-methyl tyrosine instead of methyl-homotyrosine formerly
assigned by HRMS/MS,* emphasising the need to require
a second line of spectroscopic evidence for structure elucida-
tion. The bioactivity of 34 cyanopeptolins was further assessed,
which allowed the proposal of a structure-activity relationship
(SAR).** Inhibitory activity against trypsin was present when
arginine is in position 2, while amino acids tyrosine, phenylal-
anine and leucine in position 2 inflicted inhibition of chymo-
trypsin, and elastase inhibition was present with leucine in
position 2 and enhanced by 2-amino-2-butenoic acid at the N-
terminus of the side chain (Fig. 2). The study also found that
the viability of human cervical cancer (HeLa) cells was signifi-
cantly decreased (at least 60%) by cyanopeptolins with arginine
or leucine at position 2, making them potentially interesting
compounds for pharmaceutical applications industries.
Furthermore, additional Ahp-cyclodepsipeptides, named
micropeptins LOF941, LOF925, and LOF953, have been isolated
from a benthic mat dominated by a Microcoleus autumnalis
strain.*® The potent neurotoxin anatoxin-a was also detected in
this extract, which resonates well with several recent studies
reporting the production of anatoxin-a/dihydroanatoxin-a from
Microcoleus strains around the world.**

In 2021, five novel cyclic peptides were identified by func-
tional metabolomics using native mass spectrometry, which
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Fig.2 General structure of cyanopeptolins listing common variants at
position 2 (X?) associated with bioactivity and butanoic acid (BA) at the
terminus of the side chain (SC?). The number of cyanopeptide variants
with the respective variation is given in brackets based on Cyano-
MetDB (Version 03, 2024)% Potent protease inhibitor rivular-
iapeptolide 988 (1) isolated from Rivularia spp. PCC 7116.4®
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detected ligands, ie. metabolites, directly bound to an
enzyme.*® To improve the identification of specific protein-
metabolite interactions, Ultra-high performance liquid chro-
matography (UHPLC) separation was performed, followed by
post-column pH and water content adjustment to make the
conditions suitable for native MS, and the addition of a protein-
binding partner, ie., chymotrypsin. By continuously infusing
chymotrypsin post-column, a mass shift indicated when
metabolites bind to this serine protease at a given retention
time. Extracted metabolites from Rivularia spp. PCC 7116 were
analysed by this technique, and a total of 30 chymotrypsin
ligands were tentatively identified. Comparison with structural
and spectral databases revealed that most were unknown at the
time. Five such binding metabolites were isolated, their struc-
tures were elucidated by HRMS/MS, chemical derivatisation and
NMR, and they were termed rivulariapeptolides, including riv-
ulariapeptolide 988 (1, Fig. 2). Rivulariapeptolides can be
considered a new group of cyanopeptides belonging to the class
of Ahp-cyclodepsipeptides.*

2.2. Microginins

Those compounds are characterised by their linear peptidic
scaffold terminating with 3-amino-2-hydroxydecanoic acid
(Ahda) residue at the N-terminus.*>*® Their structural diversity
comprises variation in the number and identity of amino acids
and in the modification of the aliphatic side chain by chlori-
nation or deoxygenation, yielding the 3-aminodecanoic acid
(Ada) moiety,”™ or further variation such as 2-amino-5-(4-
hydroxyphenyl)pentanoic acid (Ahppa).”*> A wide variety of
microginins have been newly reported, with 19 new members
representing 15% of the total of variants identified to date.>">
Recent success relied on knowledge and characterisation of
biosynthetic gene clusters (BGCs). For example, a metagenomic
screen targeting homologues of the dimetal-carboxylate halo-
genase CylC* identified several microginin-producing strains.>*
The corresponding biosynthetic gene cluster, a hybrid poly-
ketide synthase(PKS)/NRPS (PKS/NRPS) assembly, was desig-
nated mic.’* The mic gene cluster from Microcystis aeruginosa
LEGE 91341 was characterised in detail, and its heterologous
expression in Escherichia coli using direct pathway cloning
(DiPaC) technology led to the production of 12 new microginin
congeners (Fig. 3).*' As demonstrated, identification of the BGC
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Fig. 3 General structure of 12 newly identified microginins based on
the Ada, Pro/mPro, Hphe/Htyr, Pro, and Tyr residues containing non,
mono or dichlorinated side chains with three variants missing the C-
terminal Tyr.5* Ada: 3-aminodecanoic acid; mPro: methyl proline;
Hphe: homophenylalanine; Htyr: homotyrosine.
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for a natural product class and heterologous expression in
model organisms can serve as a second line of evidence and
allow for the production of larger quantities for novel
compound identification.

2.3. Microviridins

The common scaffold of those RiPPs consists of a tricyclic
peptide containing two w-esters and one w-amide bond
(Fig. 4).***” Most microviridins have been found to possess
potent protease-inhibitory activity, with values reaching the
nanomolar range.”®* The success of employing genome mining
to identify novel metabolite variants was also demonstrated by
the discovery of three new microviridins from the mat-forming
cyanobacterium Nostoc sp. TH1SO1.** Genome mining of
a single isolated filament of the cyanobacterium Nostoc sp.
TH1SO1 led to the identification of three microviridin BGCs,
which collectively encode five mdnA precursor peptide genes,
within a high-quality metagenome-assembled genome (MAG).
LC-HRMS/MS analysis of the extract enabled the identification
of microviridin-1688  (2), microviridin-1739 (3) and
microviridin-1748 (4) originating from the first of these BGCs
(Fig. 4). No microviridins were predicted to be produced by the
two other gene clusters, suggesting that these BGCs are not
expressed under the culture conditions. Following the hypoth-
esis that quorum-sensing molecules may trigger activation, the
authors also investigated the BGCs of epibiont MAGs recovered
from the same isolated Nostoc strain. One of the four auto-
inducer synthases (SGBI from Sphingobium) was heterologously
expressed in E. coli, and the production of homoserine lactones
(HSLs) was evident, previously associated with biofilm devel-
opment of the cyanobacterium Gloeothece.** When Nostoc sp.
TH1SO1 was cultured with HSLs, up to a two-fold increase in
microviridin-1688 production was observed, suggesting HSL-
mediated quorum sensing.

2.4. Anabaenopeptins and microcystins

Both are cyclic peptides produced by NRPS modules, with
anabaenopeptins characterised by a conserved ureido group
and microcystins by the unique 3-amino-9-methoxy-2,6,8-
trimethyl-10-phenyldeca-4,6-dienoic acid (Adda) residue.®** In
recent years, eight new anabaenopeptins were identified®>**-%*
and the most novel finding was a glutamic acid Ca ethyl ester.®®

Nat. Prod. Rep.
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Fig. 5 O-Ethylation of glutamic acids and thioether oxidation to
sulfoxide products are debated to be natural building blocks of
secondary metabolites or artefacts formed during sample handling.>37°

This modified amino acid at this position had been proposed
for only one variant before,** and none of the previously 126
known anabaenopeptin variants contained this residue at the C-
terminus thus far, which is most often occupied by leucine,
isoleucine, phenylalanine, arginine, or tyrosine.

Among the eight newly discovered microcystins,**”*7* two
contained S-propylhomocysteine and its sulfoxide variant at
position 2 (comparable to the position of leucine in MC-LR),
namely MC-PrhcysR and MC-Prheys(O)R, respectively
(Fig. 5).** Cysteines are rare in microcystins, as they are present
in only 8 of the 332 reported microcystins.>® Two additional
microcystins contain a glutamic acid methyl ester, where it is
possible that the esterification is also an artefact resulting from
the extraction process.”

2.5. Prenylated cyanobactins

Prenylation, catalysed by prenyltransferases (PTases), is a post-
translational modification found in several organisms,
including cyanobacteria.”*”® The modification can occur at two
positions of the prenyl group; attachment at the C-1 position is
termed forward prenylation, and attachment at the C-3 position
is called reverse prenylation.”” The identification of the novel
cyanobactin tolypamide (5, Fig. 6) from the cyanobacterium
Tolypothrix sp. PCC 7601 revealed forward O-prenylation of the
threonine residue, a previously unknown modification in cya-
nobacterial metabolites.” The corresponding TolF PTase
shared only low sequence coverage with known PTases, and
further characterisation demonstrated its selectivity for serine
and threonine forward prenylation.

Mono- and bis-prenylations of the guanidine moiety of
arginine have also been reported in three new natural products
called argicyclamides A-C (6-8, Fig. 6).”° The argicyclamides
were isolated from the cyanobacterium Microcystis aeruginosa
NIES-88, and the authors demonstrated that prenylation
occurred at either one or both N atoms of the guanidinium
group of arginine. The structures of the compounds were
elucidated by HRMS and NMR analyses and further supported
by the total synthesis and heterologous expression of the
unprenylated argicyclamide C (8). Furthermore, biosynthetic
studies revealed that the precursor peptide is matured by an
enzyme encoded in the BGC of another RiPP (kawaguchi-
peptins) produced by the same strain.**** Additionally, the
predicted PTase AgcF was identified in the argicyclamide BGC
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Fig. 6 Tolypamide (5) prenylated at threonine position isolated from
Tolypothrix sp. PCC 7601 (ref. 78) and argicyclamides (6—8) mono-
and diprenylated at the guanidine moieties of arginine from Micro-
cystis aeruginosa NIES-88.7° Steromaze (9) containing the post-
translational modified heptophan amino acid (10) from Nostoc
calcicola FACHB-389.5°

and shows distinct sequence homology compared with previ-
ously identified guanidine PTases from cyanobacteria.

A more complex transformation was observed in the case of
steromaze (9), with the formation of the heptophan amino acid
(10) catalysed by a PTase-terpene cyclase (Fig. 6).%° Metagenomic
analysis targeting putative o-B-B-o architecture (ABBA-fold)
PTases® ® led to the identification of a BGC named nct from
Nostoc calcicola FACHB-389.This BGC contains two precursor
peptides (NctAl and NctA2), the predicted prenyltransferase-
terpene cyclase (NctPC), a type II lanthionine synthetase
(NctM) and an Fe'/2-oxoglutarate-dependent oxygenase (Nct).
Heterologous expression in E. coli was used to produce ster-
omaze (9) from a modified NctA2 precursor peptide and the
three maturation enzymes Nctl, NctPC, and NctM. Its structure
was elucidated using several analytical techniques, including
NMR, MS, and chemical derivatisation. An extended version of
steromaze, with five additional amino acids, was tested due to
stability issues encountered during the final large-scale prepa-
ration step of 9. This compound showed no cytotoxicity against
HeLa cells at concentrations up to 125 pM, no antibacterial
activity against several strains, including ESKAPE strains, at
concentrations up to 134 uM, and exhibited anti-cyanobacterial
activity against Synechococcus elongatus PCC 7942, with an ICs,
of 61.2 uM. Interestingly, the non-prenylated analogue was also
tested and found to be inactive against this cyanobacterium,

This journal is © The Royal Society of Chemistry 2026
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highlighting the importance of the heptophan amino acid for
bioactivity.

2.6. Other lipopeptides

Lipopeptides constitute a diverse class of natural products
characterised by fatty acid side chains. Between 2021 and 2024,
16 new linear lipopeptides have been described-caciquea-
mide,* cyanochelin A,*” komesuamide,* odopenicillatamide,*®
phormidepistatin,* wenchangamide A,°° amantamide B,
odookeanynes A and B,”> pemuchiamides A and B,”* amanta-
mide C,* kavaratamides A-C,” N-desmethylmajusculamide B,*
as well as 7 short-chain linear lipopeptides termed luquilloa-
mides A-G.”” The structural diversity and antifungal properties
of cyclic lipopeptides have been presented in a recent review.”® A
group of eight new laxaphycins were discovered from Nostoc sp.
UHCC 0702, adding to 28 previously published variants in this
group of macrocyclic lipopeptides.”® Among the 12 building
blocks, a modified amino acid unusual among secondary
metabolites in cyanobacteria was evident, 3-hydroxy-4-
methylproline (OHMePro). The new compounds termed hei-
namides were shown to have antifungal properties identified by
antimicrobial bioactivity screening against 19 strains of fungi
and bacteria.” The complete genome (8.6 Mb) was assembled,
harbouring the laxaphycin BGC (Ixa, 93 kb) with 13 open
reading frames and an unusual branch, as verified by heterol-
ogous expression. A review of microbial laxaphycins has also
been published recently.'® Six cyclic lipopeptides, each with
a macrocycle of 10 or 12 amino acids, have been isolated from
the cyanobacterium strain Nodularia sp. NIES-3585 and named
noducyclamides A1-4 and B1-2.'* Their bioactivity was evalu-
ated, and noducyclamides A1, A2, and B1 were found to be
active at low micromolar concentrations against the MCF7
breast cancer cell line. In addition, several novel aeruginosins
(525,'°> KT688,'" KT718," and KT575) have recently been
characterised and tested for protease-inhibitory activity.'** Aer-
uginosin 525 is produced by the strain Aphanizomenon sp. KUCC
C2, isolated from the Curonian Lagoon, Southeastern Baltic
Sea.'®>'** The compound exhibits inhibitory activity against
trypsin (ICsq: 71.7 uM), carboxypeptidase A (ICsq: 89.7 uM), and
thrombin (ICsy: 0.59 uM). Aeruginosins KT688, KT718, and
KT575 were isolated from Microcystis biomass collected in Lake
Kinneret, Israel, during the 2016 spring bloom.'” Aeruginosin
KT688 inhibited trypsin with an ICs, value of 2.38 uM, and
aeruginosin KT718 with an ICs, value of 1.43 uM. Furthermore,
PM170453, which possesses a terminal alkyne functional group,
was isolated from Lyngbya sp., and its structure features a dep-
sipeptide macrocyclic core.’®

2.7. Other peptides

In this section, natural products with peptidic scaffolds that do
not fall into the preceding categories are described. Cyano-
bacterial blooms composed of Lyngbya cf. confervoides were
collected during bloom seasons near the coast of Fort Lau-
derdale in Florida.'® The cyclic peptide gatorbulin-1 (11, Fig. 7)
was isolated via a bioassay-guided fractionation targeting anti-
cancer compounds. The structure was elucidated by extensive

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Gatorbulin-1 (11), a highly modified tubulin binder, identified by
activity-guided isolation,*°¢ the metallophore leptochelin A (12),*°° and
three linear and cyclic depsipeptides: hectoramide B (13),*° wajee-
peptin (14),** and tumonolide (15).112

1D and 2D NMR analyses, together with Marfey's method'”” and
chemical transformation to determine the absolute configura-
tion. Gatorbulin-1 (11) is a cyclodepsipeptide containing
unusual amino acid residues, including 4-methylproline, and
featuring a hydroxamate group at the N terminus of alanine. To
further evaluate the activity of the compound and confirm its
structure, a total synthetic route was developed, providing 11
with an overall yield of 5.6% over 20 steps. The cytotoxic profile
of gatorbulin-1 (11) was evaluated, and the results indicated
a potential role as a tubulin polymerisation inhibitor. This
hypothesis was confirmed by further experiments, and the
precise mode of action was revealed through successful co-
crystallisation of the compound with of-tubulin-DARPin
complex.'*®

Cyanobacteria from the genus Leptothoe were isolated from
three different locations (Indonesia in 1994, Egypt in 2007, and
the Republic of Cape Verde in 2018), and all strains were found
to produce novel metallophores leptochelin A-C (Fig. 7, lep-
tochelin A (12))."” The metal-chelating properties were discov-
ered during a detailed investigation of a minor metabolite,
which was identified as the zinc complex of leptochelin A (12).

Finally, several linear and cyclic depsipeptides have been
discovered in Moorena species'”'* and in a cyanobacterium
collected in Tumon Bay, Guam."'*'*> Hectoramide B (13) was
isolated from a coculture composed of a cyanobacterium and
the fungi Candida albicans.*® The macrocycle wajeepeptin (14)
was identified in a Moorena sp. and displayed cytotoxicity
against HeLa cells and the parasite Trypanosoma brucei rhode-
siense.”* The enamide tumonolide (15) was isolated alongside
its aldehyde derivative (tumonolide aldehyde), in which the
enamide is converted to an aldehyde and a terminal amide."*
Tumonolide (15) was screened against a selection of GPCRs and
identified as a potent, selective antagonist of the tachykinin
receptor TACR2.
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Fig. 8 Structure and proposed biosynthesis of the alkaloid aetok-
thonotoxin (16).*3* Figure adapted with permission from Adak et al.**

3. Alkaloids

The primary alkaloid discovered in cyanobacteria in recent
years is the neurotoxin aetokthonotoxin (AETX, 16, Fig. 8),
characterised by a pentabrominated biindole scaffold.'*® This
study originated from investigations into the unexplained
deaths of bald eagles suffering from a lethal neurological
disease, vacuolar myelinopathy."** It was hypothesised that the
cyanobacterium Aetokthonos hydrillicola,"*>''® growing on the
invasive aquatic plant Hydrilla verticillata, was producing
a potent toxin responsible for the bird deaths. The cyano-
bacterial strain was successfully isolated and cultured, and it
was eventually found that bromine supplementation in the
culture medium was necessary for toxin production.'™® After
optimising culture conditions, AETX was isolated and its
structure elucidated. Additionally, a metagenomic approach
identified the AETX gene cluster, comprising six genes (aetA to
aetF). AetF was predicted to function as a halogenase, and in
vitro experiments confirmed its ability to brominate tryptophan
at positions 5 and 7, corresponding to the left side of AETX.*****”
Subsequently, the remaining enzymes from the gene cluster
were expressed and purified.*"” In vitro experiments indicated
that AetE is a tryptophanase that converts tryptophan to indole;
AetA is a second halogenase that brominates indole at positions
2 and 3; AetD facilitates nitrile formation; and AetB, a cyto-
chrome P450 enzyme, catalyses the C-N coupling (Fig. 8).""’
Crystallisation of AetF™® and AetD"*™° provided -crucial
insights into their enzymatic mechanisms.

Since its discovery, research on AETX has expanded to
include the development of a total synthetic route to the natural
product in five steps with an overall yield of 29%,"* and the
creation of a PCR-based strategy for detecting AETX-producing
cyanobacteria.’** Furthermore, Aetokthonos hydrillicola was
further investigated for bioactive metabolites and novel linear
peptides, named aetokthonostatins, were discovered.'*

4. Lipids

Glasser and coworkers developed a novel protocol to accelerate
the discovery of such compounds using a halide depletion
strategy.*** This approach enabled the discovery of a new class
of chlorinated glycolipids, nostochlorosides A-G (17-23, Fig. 9),
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Fig.9 Nostochloroside family class discovered in Nostoc punctiforme
ATCC 29133 following a halide depletion strategy.***

Lipids from cyanobacteria
Discovery of Bartoloside derivatives: examples of derivatives of A (24) and H (25)

HO 0,
HO o Me

cl OH
" Observed structural
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3; bartoloside A (24)
5; bartoloside H (25)

Xylose moiety absent
Cl replaced by OH
Cl replaced by H

Fig. 10 Derivatives of the glycolipid bartolosides identified following
a PCR screening and molecular network analysis. Bartoloside A (24)
and H (25) are represented in this figure.*?

from Nostoc punctiforme ATCC 29133. Those natural products
consist of a hydroxylated lipid scaffold functionalised with
a rare O-methylated gulose and chlorinated at the 12-position.
The identity of the carbohydrate moiety was determined by GC-
MS after hydrolysis and permethylation. In addition, the posi-
tion of the chlorine atom was established via feeding experi-
ments with D,-labelled palmitic acid. Furthermore, the BGC ngl
was identified as responsible for producing those compounds.
One of the enzymes of interest is NglO, a homolog of CylK,
which was found to catalyse a reaction at the halogenated
carbon.>***>?¢ The biosynthetic role of NglO was elucidated as
mediating the oligomerisation of nostochloroside A (17) via
a nucleophilic chloride displacement by one of its hydroxyl
groups. Evidence of this unique transformation was obtained by
computational analysis and mutagenesis.

Another class of chlorinated glycolipids is the bartoloside
family,”””**® whose structural features include a di-
alkylresorcinol core bearing a xylose residue and chlorinated
aliphatic side chains (Fig. 10; structures of bartoloside A (24)
and H (25)). In 2024, Reis and coworkers reported a combined
PCR- and metabolomics-based strategy to discover strains
producing these compounds and to identify new derivatives.'*
This approach consisted of a PCR screening to detect the
presence of brtB and brtD, which encode enzymes responsible
for the O-alkylation of the side chain™’ and the formation of the
dialkylresorcinol core, respectively. Selected cyanobacterial
strains of the genus Synechocystis were cultured, their extracts
analysed, and the data subjected to a molecular networking
analysis. Using this strategy, derivatives of bartolosides A and H
were identified that lacked the xylose unit or featured the
replacement of the chlorine atom with hydrogen or hydroxyl
groups (Fig. 10). Furthermore, additional derivatives of barto-
loside B and bartoloside esters were also detected.

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 (Top) nostoclides N1 (26) and N2 (27), nostovalerolactone (28)
and 9-dehydronostovalerolactone (29) isolated from Nostoc puncti-
forme PCC 73102 and found as potential chemical mediators.
(bottom) Key biosynthesis steps of nostovalerolactone (28).:%2

5. Polyketides

Some cyanobacteria have a significant capacity to produce
secondary metabolites. For instance, it was reported in 2019
that Nostoc punctiforme PCC 73102 harbours 21 BGCs identified
by antiSMASH, with a few reported to the production of
a natural product.”**** Two of these BGCs, pks1 and pks2, were
silent and pks1 was found to be significantly activated under
high-density cultivation with high light intensity and CO,
concentration.”>**> It was hypothesised that pks1 produced
quorum-sensing (QS) mediators as the gene cluster was highly
transcribed at high cell density. An analysis of the pks1 BGC
revealed that it is constituted of two subclusters, most likely
positively regulated by an AraC-type transcription factor.*> To
identify those putative QS mediators, a mutant that over-
expresses the AraC-type protein was constructed, and metabo-
lite analysis led to the isolation of four novel polyketides named
nostoclides N1 (26) and N2 (27), nostovalerolactone (28) and 9-
dehydronostovalerolactone (29, Fig. 11). The nostoclides and
nostovalerolactones determined to be signalling
messenger molecules, as they positively regulate seven BGCs
from Nostoc punctiforme PCC 73102. The biosynthesis of
nostovalerolactone (28) and its congener 29 was further inves-
tigated to elucidate the formation of the d-valerolactone ring
fused to the oxepane-like unit (Fig. 11).*** The bicyclic core
structure 30 is proposed to be formed by NvID, a FabH-like 3-
oxoacyl-ACP synthase in concert with an oxygenase, which could
be NvIQ or NvIH, two putative Baeyer-Villiger monooxygenases.

were

Polyketi from cy ia
Discovery and total synthesis of beru’amide (31)

1.NCS, 1. DMP

Ag(OAC) 2. 34, B,BOT Qhc O

N H
e ¢
N~on OsA~"on on Z v~ “OH
2. AICI;, LAH 3. H,0,, LIOH'H,0 Y
3-butyn-1-0l  48% (2 steps) 33 4. A0, pyridine 35 Me
(32) 38% (4 steps)
1.37, HATU .
0 ] ' X SnBu 1.35, Ghosez's
/\/\)J\ DIPEA HNY ° reagent
1BUT )
tBu OH 5 BugSnH, PA(PPhy)s +Bu~ ° then DIPEA;

36 57% (2 steps)

23% yield
z

M&/Cl Irans—olefms/\/\il amide
NMe, ! +Bu” o

tertbutyl peryamide (31)

i:Ghosez reagent!

Fig. 12 Total synthesis of the polyketides beru'amide (31).**®
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Natural product discovery faces numerous challenges, with
the limited material availability being particularly notable.***
Fortunately, advances in instrumentation, such as high-
performance NMR spectrometers, now enable characterisation
of compounds at the nanomole scale."****” The discovery of the
polyketide beru'amide (31, Fig. 12) underscores the trans-
formative potential of these technologies in uncovering and
elucidating the structures of scarce natural products.’*® Ber-
u'amide (31) was isolated from the marine cyanobacterium
Okeania sp., collected along the Japanese coastline, using a 'H-
NMR-guided approach targeting the characteristic chemical
shift of a tert-butyl group. Despite the small yield (68 pg),
structure elucidation relied on HRMS and NMR spectra recor-
ded on an 800 MHz spectrometer. This approach revealed that
beru'amide contains two trans-olefins, a trans-chloroolefin, an
amide group, and a tert-butyl group (Fig. 12). To further eluci-
date the structure, the authors employed computational
methods™*'° to calculate and compare chemical shifts using
an optimised protocol developed by Hehre and coworkers**
using DP4 probability.**> The computational analysis suggested
a syn relationship between the methyl and O-acetylated groups.
A larger quantity of the compound was required to determine
the absolute configuration of its stereocentres, and accordingly,
a synthetic route to beru'amide (31, Fig. 12) was developed. This
example highlights the importance of synthetic organic chem-
istry in the structural elucidation of natural products. The total
synthesis began with the conversion of 3-butyn-1-ol (32) to the
trans-chloroolefin 33 in two steps: chlorination of the terminal
alkyne with N-chlorosuccinimide (NCS), followed by its reduc-
tion with lithium aluminium hydride (LAH) and AICl;. The
intermediate alcohol 33 was oxidised with Dess-Martin period-
inane (DMP), then subjected to an Evans-syn aldol reaction with
34. The auxiliary was removed with H,0,, and the resulting
hydroxy group was acetylated with acetic anhydride in pyridine,
yielding the acetylated intermediate 35. The second fragment
was synthesised by coupling carboxylic acid 36 with 3-butyn-1-
amine (37) to form an amide bond, followed by hydro-
stannylation to obtain the intermediate 38. The final Stille
coupling was performed by first activating the carboxylic acid 35
to its acyl chloride using Ghosez's reagent, then adding 38 and
the catalyst Pd(t-BusP),, which yielded beru'amide (31). The
enantiomer was synthesised using the same strategy. Biological
evaluation of beru'amide revealed activity in the low micro-
molar range, with IC5, values of 8.0 uM against HeLa cells and
1.2 uM against Trypanosoma brucei rhodesiense (T. b. rhode-
siense), a parasite causing life-threatening sleeping sickness.

In 2023, glycosylated macrolides named akunolides A-D (39-
42, Fig. 13) were isolated from a species of Okeania sp. cyano-
bacterium collected at Akuna Beach, Okinawa, Japan.'** Struc-
tural elucidation by HRMS and NMR revealed a 16-membered
macrolide core glycosylated with either a mono- or di-
methylated pyranose. For akunolide A (39), the structural
features include a tetrahydropyran (THP) ring, a dimethylated
pyranose, a terminal alkyne, two gem-dimethyl groups, and an s-
trans diene (Fig. 13). The relative configuration of akunolide A
was determined by analysing proton coupling constants and
'"H-"H NOESY correlations. Akunolide B (40) differs from
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Fig. 13 Macrolide akunolide A-D (39-42) isolated from an Okeania
sp. with their biological activities.*** THP: tetrahydropyran, T. b. rho-
desiense: Trypanosoma brucei rhodesiense.

akunolide A by the substitution of the terminal alkyne with an
alkene. Both compounds (39 and 40) were subjected to catalytic
hydrogenation, yielding the same saturated derivative 43,
thereby confirming the proposed structure of akunolide B (40).
The absolute configuration of akunolide B was further investi-
gated using a modified Mosher's method.*** Mono- (C-9) and
bis- (C-9 and C-2') esterification were carried out using the R-
and S- enantiomers of a-methoxy-o-trifluoromethylphenylacetic
acid (MTPA). Subsequent NMR analysis enabled the assignment
of all stereocentres. The relative and absolute configurations of
akunolides C (41) and D (42) were determined by comparing
proton coupling constants and *C-NMR chemical shifts. The
biological activity of akunolides A-D (39-42) was assessed
against the parasite T. b. rhodesiense, and their cytotoxicities
was evaluated using the normal human cell line WI-38. Aku-
nolides A-D exhibited ICs, values of 11, 11, 12, and 14 uM,
respectively, against T. b. rhodesiense, and >150, 55, >150, and 49
uM, respectively, against WI-38. Furthermore, the toxicity of
akunolides A-C (39-41) was evaluated in mice via intraperito-
neal injection, with no adverse effects observed at up to 200 pg
per injection.™* The therapeutic significance of this class of
compounds is further highlighted by the discovery of a struc-
turally related polyketide, moorenaside, reported in 2024.¢
This natural product exhibits notable anti-inflammatory prop-
erties by acting through the Keapl/Nrf2 oxidative stress
pathway.

The polyketide caldorazole (44) was isolated from the
cyanobacterium Caldora sp., found along the coastline of Ishi-
gaki Island, Japan (Fig. 14).* Its structure was elucidated by
HRMS and NMR spectroscopy. The individual components of
the molecule were deduced from NMR correlations, in

Polyketi from cy b ia
Anti agent (44) o
Me s Me’o\fﬁLN NF
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trans-olefins o
\[HL /\M/\/\/\ Y/ Caldorazole (44) mode of action
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Selective under glucose-restricted cond.
Inhibitor of mitochondrial complex |

chloroolefin

Fig. 14 Caldorazole (44) discovered from the cyanobacterium Cal-
dora sp., its derivative 45 and its mode of action.*#”
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particular using the "H-"H COSY and 'H-'"H TOCSY spectra,
and their connections were established via 'H-"C HMBC
correlations. The configuration of the olefins was determined by
"H-"H NOESY, coupling constants analysis, and comparative
3C-NMR analysis. Caldorazole (44) features notable structural
elements, including two thiazole heterocycles, six trans-olefins,
and an O-methylenolpyruvamide group. The biological activity
of caldorazole was evaluated, revealing strong potency against
several tumour cell lines, with ICs, values of 23 nM for HeLa,
68 nM for CaSki, and 74 nM for HT1080 cells. Initially, it was
hypothesised that its activity was linked to the O-methyl-
enolpyruvamide group and the connected conjugated diene,
potentially acting as an alkylating agent. To test this hypothesis,
a truncated mimic of caldorazole 45 was synthesised from
pyruvic acid and 3-phenylpropanal. When tested against the
HelLa cell line, this derivative exhibited at least 1000-fold lower
potency than caldorazole (44), indicating that cytotoxicity is not
solely dependent on those groups. Further investigations into
the mode of action suggested that caldorazole induces
apoptosis by depleting ATP. Tumour cells rely on two primary
sources of ATP: glycolysis and mitochondrial oxidative phos-
phorylation (respiration). To explore these mechanisms, cal-
dorazole was tested in the presence of a glycolysis inhibitor, and
its cytotoxicity was found to be selective under glucose-
restricted conditions. Moreover, it demonstrated potent inhi-
bition of mitochondrial complex I, with an ICs, of 56 nM. A total
synthesis of caldorazole was also achieved, employing a linear
sequence of 15 steps.™® Key transformations in the synthesis
included a Stille cross-coupling, a sulfone coupling, and an
amide coupling for the incorporation of the O-methyl-
enolpyruvamide moiety.

In 2021, Figueiredo and coworkers developed a targeted
method to identify cyanobacterial metabolites containing a fatty
acid unit.**® They supplemented cyanobacterial cultures with
stable isotopically labelled hexanoic acid (d,;-Cs, 46, Fig. 15),
hypothesising that the cyanobacteria would incorporate this
precursor into secondary metabolites. This approach was
applied to Nodularia sp. LEGE 06071 and nocuolactylates A-C
(47-49) were identified through comparative metabolomic
analysis (Fig. 15). The structures of these natural products were
determined by NMR and HRMS/MS. A detailed analysis of the
MS spectrum of nocuolactylate A (47) revealed an in-source
fragment of the cytotoxic natural product nocuolin A (50,
Fig. 15).**° Additionally, the second part of the compound was
found to derive from the chlorosphaerolactylate class of natural

Polyketides from cyanobacteria
Isotopicaly labeled fatty acid for the discovery of natural products
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Fig. 15 Nocuolactylates (47—-49): cyanobacterial polyketide metabo-
lites isolated from Nodularia sp. LEGE 06071 following a stable
isotopically labelling methodology.**®
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products.*** The cytotoxic activity of nocuolactylates A (47) and B
(48) was tested against multiple cell lines, showing lower
potency than nocuolin A (50), suggesting a possible prodrug
mode of action for this new class of compounds. Furthermore,
other natural products, members of the hapalosin group, have
been discovered using the same methodology by supplement-
ing d;41-Ce to the cyanobacterium Fischerella sp. PCC 9431.**

6. Terpenes/terpenoids

Two cyanobacteria strains, Calothrix sp. R-3-1 and Scytonema sp.
U-3-3, were selected during a biological assay screening target-
ing the inhibition of the transient receptor potential melastatin
7 (TRPM7).**> After approximately 45 days of -culture,
compounds present in the medium were extracted using the
highly porous adsorbent Diaion™ HP20 resin. The analysis of
the extract by HPLC-UV and MS led to the isolation of six novel
terpenes, including spironostoic acid (51), 11,12-di-
dehydrospironostoic acid (52), and 12-hydroxy-2-oxo-11-epi-
hinesol (53) from the strain R-3-1, and stigolone (54), 11R,12-
dihydroxystigolone (55), and 11S,12-dihydroxystigolone (56,
Fig. 16) from the strain U-3-3. The core structures of these
natural products were elucidated using a combination of
HRMS, infrared (IR), and 1D and 2D NMR spectroscopy. The
challenge was to assign the relative and absolute configurations
given the number of possible conformers. A systematic meth-
odology was developed to determine the structures of the
spirovetivane-type compounds 51-53. Initially, the strategy
focused on determining the stereocentres at C-4 and C-5.
Conformational analysis indicated the possibility of eight
conformers for those four diastereomers (4R, 5R), (4R, 5S), (4S,
5R), and (4S, 5S). Analysis of the coupling constants indicated
whether the methyl group attached to C-4 was in an axial or
equatorial position, and "H-"H NOESY key correlations indi-
cated the relative configuration at position C-5, resulting in two
possible conformers. Finally, electron circular dichroism (ECD)
experiments could differentiate between the two. The configu-
ration at C-7 was assigned through analysis of "H-"H NOESY
correlations, and computational analyses determined the
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Fig. 17 Tolypodiol derivatives (58 and 59) from the cyanobacterium
Brasilonema HT-58-2 and part of their biosynthesis.*¢*

configuration of the final stereocentre at C-11. A similar
approach was used to determine the relative and absolute
configurations of the eudesmane-type natural products isolated
from strain U-3-3 54-56. The relative configuration was based
on key 'H-'H NOESY correlations, coupling constants, and
conformational analysis of the ¢rans-decalin system. The abso-
lute configuration was determined by comparative ECD anal-
ysis. The described compounds showed only slight activity at 50
uM against TRPM7, a transient receptor potential channel
whose expression correlates with in vitro migration in cell lines,
including tumour cell lines.

Research into natural products has undergone a significant
transformation in recent years, driven by rapid advances in
(meta)genomics and the availability of sophisticated tools for
analysing BGCs.'*"'°* However, the effective discovery of novel
natural products using these tools critically depends on well-
annotated and experimentally validated BGCs. In the case of
cyanobacteria, terpene natural products are well-docu-
mented;'*> however, only a limited number of terpene gene
clusters have been identified, e.g. the merosterol BGC in Scyto-
nema sp. PCC 10023.*> Recently, the cyanobacterium Brasilo-
nema HT-58-2 was found to produce the terpenoid tolypodiol
(57) along with some derivatives (Fig. 17).'** In 2023, further
investigation of this strain revealed two additional compounds,
1-oxo-tolypodiol (58) and 6-oxo-tolypodiol (59, Fig. 17).'** The tyl
BGC (tolypodiol) was identified through BLAST analysis of the
Brasilonema HT-58-2 genome'® and corroborated by previous
literature.**® To validate these findings, a heterologous expres-
sion approach was employed. The entire tyl BGC, comprising 13
enzymes with predicted functions, was expressed in the cya-
nobacterial host Anabaena sp. PCC 7120 (UTEX 2576). Tolypo-
diol and its derivatives were successfully produced and
identified using NMR, MS, and computational analysis. Further
analysis of the tyl gene cluster revealed that TYyIF is likely
a member of a novel terpene cyclase family, predicted to
recognise the carboxylate 60 as its substrate (Fig. 17). Addi-
tionally, TylH was identified as an S-adenosylmethionine (SAM)-
dependent methyltransferase. To test its activity, the purified
enzyme was assayed, and successful production of tolypodiol
(57) from its desmethylated precursor was observed. This result
supports the biosynthetic hypothesis that the carboxylate 61 is
methylated by TylH to form the methyl ester 62.
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Fig. 18 Cembrene-type natural products isolated from cyanobacte-
rium Okeania sp.*”

Kagimminols A (63) and B (64) are two novel cembrene-type
natural products isolated from the cyanobacterium Okeania sp.
collected near Kagimmi beach in Japan (Fig. 18)."*” The
compounds were purified by preparative HPLC with tri-
fluoroacetic acid (TFA) as an additive. However, kagimminol B
(64) proved sensitive to the strongly acidic conditions generated
during solvent evaporation of the HPLC fractions. To mitigate
this effect, the HPLC fractions were neutralised with NaHCO;
before concentration. The structure and relative configuration
of kagimminol A (63) were elucidated by HRMS, and 1D and 2D
NMR analyses. Key "H-'"H NOESY correlations and *C-NMR
chemical shift comparisons were crucial for determining the
configurations of the three olefins (C-7, C-11, and C-13). More-
over, a syn relationship between C-1 and C-3 was predicted from
calculated NMR chemical shifts. The absolute configuration
was determined by comparing theoretical and experimental
ECD spectra and further confirmed by Mosher's ester analysis of
the hydroxyl group at C-1. A similar approach was applied to the
structure elucidation of kagimminol B (64). However, difficul-
ties arose due to the B-diketone, which can exist in four tauto-
meric forms (Fig. 18), and an additional stereocentre at C-7. The
relative configuration was determined by DP4 probability
analysis,"** allowing assignment of 1S, 3S, and 7R, and a cis
configuration for the double bond between C-13 and C-14. The
absolute configuration was established by comparing calculated
and experimental ECD spectra. Both compounds were found
inactive against HeLa cells at concentrations up to 30 pM but
active at low micromolar concentrations against the parasite T.
b. rhodesiense.

7. Natural products belonging to
other classes

Artificial intelligence tools have also been employed to deter-
mine the structure of novel metabolites.***® The cyanobacte-
rium Salileptolyngbya sp. was collected from Ie Island, Okinawa,
Japan.’® Compounds exhibiting strong UV absorption were
targeted first (bromoiesol A sulfate (65) and B sulfate (66)), and
subsequent purification also revealed bromoiesol A (67) and B
(68, Fig. 19). The low hydrogen atom content posed significant
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Fig. 19 Discovery of polyhalogenated aryl ethers from Salilepto-
lyngbya sp.: bromoiesol A sulfate (65), bromoiesol B sulfate (66),
bromoiesol A (67), and bromoiesol B (68).1%°

challenges for structural elucidation through standard NMR
and HRMS techniques. To overcome this, an artificial intelli-
gence tool, Small Molecule Accurate Recognition Technology
(SMART),"”® was employed to propose a structural motif by
analysing correlations observed in the "H-"*C HSQC spectrum.
The analysis suggested the presence of aryl ethers, and the
structure of bromoiesol A (67) and bromoiesol B (68) were
unambiguously determined by single-crystal X-ray diffraction.
Refined purification enabled the isolation of bromoiesol A and
B sulfates (65 and 66). To confirm the structure of bromoiesol A
sulfate, a total synthesis was undertaken (Fig. 19). The reported
phenol 69 was '"* reacted with the iodonium salt 70, and the
resulting product was deprotected with BBrj; to yield the phenol
71. Repeating the same coupling/deprotection strategy with
a different iodonium salt 72 facilitated the synthesis of
bromoiesol A (67), and subsequent treatment with a sulphur
trioxide-pyridine complex yielded bromoiesol A sulfate (65). The
biological activity of these natural products was evaluated,
revealing ICs, values in the low micromolar range against the
parasite T. b. rhodesiense: 1.2 uM for 67, 0.7 uM for 68, 8.8 uM
for 65, and 7.9 uM for 66.

In this section, we included new natural products with mixed
scaffolds, such as iezoside (73, Fig. 20), which features peptide,
polyketide, and glycosylated moieties."”” During a screening for
antitumor agents, the fractionated extract of the cyanobacte-
rium Leptochromothrix valpauliae was selected for its potent
cytotoxicity against HeLa cells, with an ICs, value of 79 ng mL™".
The active compound, iezoside (73), was isolated and purified
via a bioassay-guided fractionation approach. Its relative
configuration was determined using a combination of HRMS,
and 1D and 2D NMR analyses, with SMART"” initially used to
predict the structural core motif. The absolute configuration of
iezoside was resolved using analytical techniques tailored to
each moiety. For the peptide moiety, ozonolysis and hydrolysis
were performed to release the amino acids, and chiral phase
HPLC and Marfey's method were applied to assign the config-
urations at C-4 and C-10 '*” The stereocentres of the modified

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5np00076a

Open Access Article. Published on 16 March 2026. Downloaded on 4/6/2026 8:09:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
Cy b ia bolites b to other cl;
The glycosylated peptide-poly ide (73)
OMe
. RO, _A~_OH
Peptide (NRPS) 39 Modified rhamnose
(/\(\1 y Me O Me 07 07 ‘Me
N N\[]/‘%NWW\/MC
Me O Me Me Me Me  Polyketide (PKS)
Me R = Me, iezoside (73)
R =H, iezoside B (77)
Inter for the total sy is of i ide (73)

\I(LNH TFA Me Me OH
)S/\%\;/\%\/\/ME

Me Me Me

74, 6 linear steps
Some derivatives for SAR study
OMe

75, 12 linear steps 76, 8 steps from rhamnose

MeO,, _~_,OH
Q/ Me OH
o Me 07 07 “Me JMM/\/
Me\N NG 18 S = = Me Me Me
Me Me Me Me
(18R, 19R): 78; (18S, 19R): 79 (18R, 19R): 82; (18S, 19R): 83
(18S, 19S): 80; (18R, 19S): 81 (1 8S, 19S): 84; (18R, 19S): 85

Fig. 20 The potent antiproliferative agents iezoside (73), iezoside B
(77), the key intermediates for its total synthesis approach and some
derivatives synthesised for the SAR study.}72175176

rhamnose were elucidated by derivatising the hydroxy group at
C-33 with Mosher's acid reagent, followed by NMR analysis.***
Elucidation of the configurations of the remaining stereo-
centres at C-18 and C-19 posed a greater challenge. Conforma-
tional and computational studies were employed to calculate
the proton and carbon chemical shifts of a truncated model
system. A comparison of the predicted values indicated either
a (18R, 19R) or (18S, 19R) configuration, with the former more
probable. Additionally, calculated ECD spectra supported this
assignment. A total synthesis was then developed to differen-
tiate the two diastereomers and fully establish the absolute
configuration of iezoside (73). This highly convergent synthetic
strategy was based on coupling the peptide 74, polyketide 75,
and glycoside 76 moieties (Fig. 20). The polyketide side chain
synthesised in 12 linear steps utilising the di-
astereoselective Evans aldol reaction.'”® The modified glycoside
was prepared from rhamnose following a modified version of
a previously reported route,"”* while the peptide moiety was
synthesised in six steps starting from protected r-leucine. This
strategy yielded both diastereomers, (18R, 19R)-iezoside and
(18S, 19R)-iezoside, and comparison of the data enabled
unambiguous assignment of the polyketide configuration as
18R and 19R.

With the structure elucidated, the cytotoxicity of iezoside
(73) against HeLa cells was evaluated, revealing a high potency
with an ICs, value of 6.8 nM. The mode of action was investi-
gated using the anticancer drug screening platform of the
Japanese Foundation for Cancer Research 39 (JFCR39).””
Comparative growth inhibition profiling across multiple cancer
cell lines suggested that iezoside (73) targets a Ca®* transporter.
Subsequent experiments identified the sarco/endoplasmic
reticulum Ca”**-ATPase (SERCA) as the target. Furthermore,
iezoside (73) and its desmethylated analogue, iezoside B (77
Fig. 20), have also been isolated from the cyanobacterium

was
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Dichothrix sp., and iezoside B exhibited lower activity than
iezoside.'”®

A structure-activity relationship (SAR) study was initiated to
assess the significance of various structural features for bio-
logical activity.'”® First, the two remaining diastereomers of the
polyketide side chain, (18S, 19S)-iezoside and (18R, 19S)-iezo-
side, were synthesised and evaluated for antiproliferative
activity against HeLa cells and for SERCA inhibitory activity.
Both showed reduced potency compared with the natural
product (18R, 19R)-iezoside (73). (18S, 19S)-Iezoside, which
features a syn-configuration at C-18 and C-19 was the most
active analogue, underscoring the importance of this configu-
ration. The role of the peptide moiety was further examined by
synthesising dimethylamine analogues of all diastereomers
((18R, 19R)-78, (18S, 19R)-79, (18S, 19S5)-80, and (18R, 19S5)-81,
Fig. 20). These derivatives showed a complete loss of activity,
highlighting the necessity of the peptide moiety for biological
function. Finally, the aglycone derivatives (18R, 19R)-82, (18S,
19R)-83, (18S, 195)-84, and (18R, 195)-85 were synthesised, and
(18R, 19R)-82 was the most potent among them. This derivative
showed a twofold decrease in activity in the SERCA bioassay and
over a 100-fold decrease against HeLa cells, potentially due to
the relative instability of the aglycone in solution. In addition to
these exciting results, the discovery of iezoside (73) has
garnered significant interest within the scientific community,
which was summarised in two recent publications.'”®'”*

The next natural product provides another example of how
cyanobacteria isolated from Japan are a valuable resource for
drug discovery. Rivularia sp. was collected from Higashi-
Hennazaki on Miyakojima Island, and purification of an etha-
nolic extract yielded two pyrrolinone-containing natural prod-
ucts, hennaminal (86) and hennamide (87) (Fig. 21).**® Their
structures and relative configurations were determined by
HRMS, and 1D and 2D NMR analyses. The absolute configura-
tion of hennaminal (86) was established by comparing its
experimental ECD spectrum with that obtained using compu-
tational chemistry. To further confirm this result, hennaminal
(86) was subjected to ozonolysis followed by oxidative workup
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Fig. 21 Pyrrolinones isolated from Rivularia sp. and total synthesis of
hennamide (87).18°
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and hydrolysis (4M HCIl), yielding i-leucine. The configuration
of the isolated amino acid was determined using a chiral
column and analytical standards. An unexpected trans-
formation was observed when hennamide (87) was stored in
CD;OD at —20 °C for one week. During this period, the
compound converted completely into its dimeric form, henna-
mide dimer (88) (Fig. 21). Consequently, a total synthesis of
hennamide (87) was undertaken to confirm its absolute
configuration. The synthetic route began with the condensation
of protected r-leucine 89 with Meldrum's acid, followed by
cyclisation under reflux conditions. The resulting ketone was
reduced with NaBH, to give the pyrrolidone 90. The key inter-
mediate 91 was obtained via a protection-deprotection
sequence using benzyl trichloroacetimidate and piperidine.
Subsequently, pyrrolidone 91 was coupled with the penta-
fluorophenol ester 92 to form 93, which was then converted into
hennamide (87) via benzyl group deprotection, elimination, and
removal of the Boc protecting group. Using the same strategy,
(4S,10R)-epi-hennamide was synthesised, and a comparison of
the optical rotations between the natural and synthetic
compounds allowed the stereochemical assignment of C-4 and
C-10 as S-configured. Furthermore, the bioactivity of henna-
minal (86) and hennamide (87) was evaluated. Both compounds
exhibited cytotoxicity against HeLa cells, with ICs, values
exceeding 20 pM, and against the parasite 7. b. rhodesiense, with
IC5, values of 11 uM for hennaminal (86) and 9.7 uM for hen-
namide (87).

8. Conclusions

Recent discoveries of cyanobacterial metabolites reported
between 2021 and 2024 have revealed remarkable structural
diversity across multiple compound classes. Many of the chal-
lenges associated with their structural elucidation have been
addressed through modern analytical and computational
technologies. High-performance NMR, together with artificial
intelligence-assisted data analysis, has enabled structural
elucidation from small sample quantities and complex spectra.
Furthermore, significant advances in (meta)genomic
approaches, including direct pathway cloning and heterologous
expression, have facilitated the identification of numerous new
compounds. Extensive efforts have been made to integrate
spectrometry, spectroscopy, synthetic chemistry and (meta)
genomic analyses for the structural elucidation of novel natural
products. Overall, this review underscores the importance of
cyanobacteria as a rich source of structurally diverse and
innovative molecular scaffolds.
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