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Abstract
Natural products derived from cyanobacteria have emerged as a prolific source of 
structurally diverse and biologically active compounds with significant therapeutic 
potential. This review summarizes the current literature on the isolation of natural 
products and their medicinal properties from the cyanobacterial genus Nostoc. 
It emphasizes the structural diversity of secondary metabolites biosynthesized 
by Nostoc. Based on the literature on the chemical characterization of natural 
products, we provide an outlook for harnessing the latent biocatalytic potential of 
this cyanobacterial genus to discover enzymes directly involved in the production 
of these diverse natural products. The review provides potential hints for future 
identification of enzymes with unique biochemistry and/or for the synthesis of novel 
natural product analogs from the families discussed herein.
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1. Introduction: Cyanobacterial genus Nostoc
Cyanobacteria are one of the oldest life forms on Earth, having flourished for nearly 
3.5 billion years.1 Due to their evolutionary adaptation to a multitude of habitats, 
cyanobacteria are considered one of the largest, most diverse, and highly specialized 
groups of photosynthetic prokaryotes. Possessing the singular distinction of being the 
only prokaryotic organism capable of photosynthetically converting solar energy and 
CO2 into organic matter, they are ecologically important members of the environment, 
food chain, and our biosphere.2 In addition, many cyanobacteria contribute to the supply 
of reduced nitrogen in the environment; in some cases, they thrive as symbionts with 
other organisms, supplying them directly with reduced nitrogen. Cyanobacteria have 
also served as a significant source of medicinally active natural products.

In 2003, it was estimated that over 60–75% of cancer and infectious disease 
therapeutics were of natural origin.3 A more recent survey identified 1,184 new chemical 
entities spanning the period of 1981 to June 2006, of which 52% have a natural product 
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connection.4 Marching on, even between 2000 and 2010, 
the natural products field was still responsible for about 
50% of all small-molecule new chemical entities.5 Among 
these, 41 of the 62 small-molecule drugs approved from 
2011 to 2012 are derived from natural product structures 
as leads.6 Newman and Cragg’s6–8 reviews cover these 
secondary divisions, and as of the 1981–2019 time 
frame, 64.9% of small-molecule drugs are either natural 
products or are natural product structure-inspired. With 
the increased capability of today’s biotechnology tools, 
including genomics-based investigations, advanced activity 
screening, the use of genetically modified organisms or 
cell lines, and improved synthetic biology methods, it 
is predicted that natural sources will provide even more 
interesting compounds with exciting bioactivities in the 
years to come.9 

It is therefore well documented that natural sources 
are highly attractive for the discovery of unique bioactive 
natural products,10,11 and cyanobacteria are no exception.12 
The aptitude of these organisms to inhabit almost 
every aquatic and terrestrial environment, and their 
unwavering survival, is attributed to their exceptionally 
diverse genetics. In turn, these attributes have enabled the 
successful evolution of metabolic pathways, allowing the 
majority of cyanobacteria to encode a variety of unique 
secondary metabolites13–18 with potent bioactivities.19–21 The 
exception to this observation is unicellular cyanobacteria, 
such as the genera Prochlorococcus and Synechococcus.22 
Although cyanobacterial genomes vary greatly in size 
(1.4–9.1 Mb),23 unicellular cyanobacteria typically possess 
genomes 5–6 Mb smaller than their filamentous or colonial 
counterparts, and, as a result, do not usually produce 
secondary metabolites.22

While filamentous marine strains are better known for 
the sheer number of new isolated compounds (over 450 
in 2013),24 interest in filamentous terrestrial strains has 
gained momentum in recent years.22,25–29 The group IV 
genus Nostoc (family: Nostocaceae, order: Nostocales) is 
one of the most widespread phototrophic taxa known;30 
predominantly terrestrial strains,31 this genus also 
occupies marine and freshwater niches. Nostoc species 
are evolutionarily significant for their facultative lifecycle, 
which alternates between free-living and symbiotic 
associations with host organisms. Often, terrestrial species 
in symbiotic relation with plants form a stable microhabitat 
where they exchange biomaterials. Strains within the 
Nostoc genus are filamentous, capable of nitrogen fixation, 
and can thrive in macroscopic or microscopic colonies; 
they are also known for their characteristic morphologies32 
and complicated life cycles.33 Members of this genus 
produce metabolites ranging from hydrocarbons and 

lipids to derivatives of amino acids, peptides, and 
lipopeptides. Recent application of genomics to natural 
product discovery has revealed the biosynthetic potential 
of these organisms. The use of appropriate genome-mining 
tools enables the identification of biosynthetic gene 
clusters (BGCs) and reveals the diversity and abundance 
of bioactive metabolites.34 As a result, the biosynthetic 
prowess of these organisms is a hot topic in today’s natural 
product field.35 Irrespective of the vast number of reviews 
over the decades on Nostoc, they either broadly cover the 
isolates or particulars on biosynthetic aspects of a class of 
metabolites. Hence, this review serves as a repository of 
metabolite and related biosynthetic information regarding 
the Nostoc genus to better serve scientists exploring the 
potential of these organisms. 

2. Nostoc-derived natural products
The medicinal activity of Nostoc species was exploited in 
1500 BC when it was used to treat various forms of cancer, 
gout, and fistula; however, it was not until the 1990s that 
cyanobacteria, in general, were explored for their bioactive 
secondary metabolites.15 At the onset of cyanobacterial 
natural product discovery, crude extracts were screened 
for a desired biological activity using bioassay-guided 
screening, and the active component was purified 
and identified.36,37 For example, screening for protease 
inhibitors,38 antimicrobials,39 and antifungals40 has led to 
the discovery of nostopeptins A and B, tenuecyclamides 
A–D, and nostofungicidine, respectively. These molecules, 
along with microcystins (cyclic, hepatotoxic peptides),36, 

41–43 cryptophycins (antimitotic, antitumor, cyclic 
depsipeptides),44,45 antiviral polysaccharide nostoflan46,47, 
and various other metabolites produced by Nostoc species, 
were reviewed in 2005 by Dembitsky and Řezanka.18 
Their review is a comprehensive overview of metabolites 
produced by Nostoc at that time. Another review in 2019 
by Fidor et al.48 extensively covered the structure, activity, 
and application of bioactive peptides from Nostoc. Thuan 
et al.49 reviewed the literature on Nostoc (as well as Lyngbya 
and Microcystis) and highlighted multi-omics approaches 
and heterologous production of these metabolites. In the 
current review, we document ongoing characterizations 
of natural products alongside their biosynthetic 
classifications. 

Bioassay-guided screening of cyanobacterial extracts 
remains one of the main tools for discovering new natural 
products. It is now complemented by powerful tools, such 
as peptidogenomic-based tandem mass spectrometry (MS/
MS), metagenomic sequencing, and orphan gene cluster 
characterizations. Molecules that have been isolated post-
2005 (since Dembitsky and Řezanka’s18 publication) from 
this genus are summarized in Table 1. Selected molecules 
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from Table 1 are reviewed in the following subsections 
based on their recent isolations, interesting bioactivities, 
and unique structural features. Within the subsections 
reviewing individual natural products or families thereof, 
a brief history of the isolation of the metabolite is provided, 
followed by a description of its structural components. 
Natural product structures in this review were drawn from 
the respective primary literature; color coding illustrates 
various structural motifs or biosynthetic precursors that 
constitute the molecule.

2.1. Nostocarboline 

2.1.1. Structure and isolation

Nostocarboline (Figure 1), the first quaternary carbolinium 
derivative extracted from a cyanobacterial strain, was first 
reported in 2005.50 This natural product was isolated from 
Nostoc 78-12A, a freshwater isolate from a wastewater 
lagoon.51 Other carboline alkaloids had been isolated 
from cyanobacteria, such as baureines from Dichothrix 
baueriana52 and norharmane from Nodularia harveyana,53 
but none possess the quaternary structure characteristic 
of nostocarboline. In general, β-carboline alkaloids are 
nitrogen-containing pyrido[3,4-b]-indole heterocycles 
that display a signature tricyclic skeleton, as exemplified by 
nostocarboline.54

Figure 1. Chemical structure of nostocarboline

2.1.2. Bioactivity

Various β-carboline derivatives can be observed with 
substituents in both the pyrido and indole rings.55 
These molecules are known to have a wide range of 
bioactivity, from interacting with DNA and enzymatic 
systems to antitumor and antiviral activities. Curiosity 
in nostocarboline was sparked by its cholinesterase-
inhibitory and anticyanobiotic activities.56 The active 
component of the Nostoc 78-12A extract was isolated with 
aqueous CH3CN and purified by high-performance liquid 
chromatography (HPLC). High-resolution matrix-assisted 
laser desorption/ionization (MALDI) and 15N-labeling 
supported the determination of the elemental composition 
of the natural product. The structure of nostocarboline was 
elucidated using various spectroscopic methods (1H nuclear 
magnetic resonance [NMR], 13C NMR, heteronuclear single 

quantum coherence [HSQC], heteronuclear multiple bond 
correlation [HMBC], and 1D nuclear overhauser effect 
spectroscopy [NOESY]) and confirmed by total synthesis.50 
Interest in the bioactive potential of this molecule led to the 
discovery that nostocarboline is an effective cholinesterase 
inhibitor, specifically acetylcholinesterase (AChE),57 as 
well as a promising anti-biofouling compound.58,59 The 
cholinergic involvement in multiple system disorders was 
discussed in detail in the review by Ofek and Soreq.60 With 
an IC50 of 13.2 µM, nostocarboline is comparable to the 
approved drug galanthamine (IC50 of 16.9 µM), which is 
used to treat Alzheimer’s disease (AD).50,61,62 The bioactive 
potential of this molecule and its dimers or derivatives 
has only grown since its initial isolation through the use 
of both synthetic chemistry63 and directed biosynthesis.64 
Nostocarboline derivatives are antiplasmodial,63 
antimalarial, antitubercular,65 and antibacterial.66 

2.2. Insulapeptolides 

2.2.1. Structure and isolation

Mehner et al.67 were seeking inhibitors of a specific 
serine protease, human leukocyte elastase (HLE). They 
screened the crude extracts of 17 cyanobacterial strains 
using an HLE inhibition assay. Of the 17 strains tested, 
only Nostoc insulare showed noteworthy inhibition (IC50 
of 9 μg/mL).67 Further investigation using nonribosomal 
peptide synthetase adenylation domain-based degenerate 
polymerase chain reaction (PCR) revealed that N. insulare 
possesses genes involved in nonribosomal peptide 
biosynthesis. A subsequent PCR experiment based on 
genes involved in the biosynthesis of the unusual amino 
acid 4-methylproline (4-MePro) suggested that this amino 
acid is a component of the natural product. MALDI–time 
of flight analysis has discovered the active component of 
the N. insulare extract, and preparative reversed-phase 
HPLC has isolated insulapeptolides A–H (Figure 2). These 
natural product structures were elucidated using various 
spectroscopic methods, including 1D NMR (1H, 13C, 
and distortionless enhancement by polarization transfer 
[DEPT]-135), 2D NMR (HSQC, correlation spectroscopy 
[COSY], HMBC, and NOESY/rotating frame nuclear 
overhauser effect spectroscopy [ROESY]), chiral gas 
chromatography–MS, and HPLC. The insulapeptolides 
belong to the family of cyanopeptolins,68 a class of 
cyclic depsipeptides (peptides with a macrolide peptide 
architecture) characterized by the amino acid 3-amino-6-
hydroxy-2-piperidone and the unique macrolactonization 
of the peptide ring.69 Insulapeptolides A–D also contain 
L-citrulline, an unusual structural feature in cyanobacterial 
peptides, and the uncommon amino acid 3-hydroxy-
4-methyl-proline (Hmp). Insulapeptolides E–H do not 
contain Hmp, but do possess another unusual amino acid, 
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Figure 2. Chemical structures of (A) insulapeptolide A–D and (B) insulapeptolide E–H
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L-homophenylalanine. The naming of the cyanopeptolin 
family of natural products is slightly confusing because 
some members share the same name (e.g., cyanopeptolins 
A, B, and C) and others have synonyms (e.g., nostocyclin 
and nostopeptin).70 

2.2.2. Bioactivity

The bioactivity-based isolation of insulapeptolides from 
N. insulare identified insulapeptolide D as the most potent 
inhibitor of HLE, with an IC50 value of 85 nM. This class 
of compounds demonstrates high selectivity for HLE, with 
significantly weaker inhibition of related neutrophil serine 
proteases, such as proteinase 3 and cathepsin G. Advancing 
research on insulapeptolides is highly significant because 
sivelestat remains the only selective synthetic inhibitor of 
HLE available on the market.

Biosynthetic information is rather limited for the 
insulapeptolides in Nostoc beyond the putative gene 
fragment sequences documented earlier. Gene cluster 
information for cyanopeptolins is available from other 
cyanobacterial strains, such as the anabaenopeptilides 
from Anabaena strain 90.71

2.3. Carbamidocyclophanes

2.3.1. Structure and isolation

The [m.n]-paracyclophanes were first described by Cram 
et al.72 in 1951. They refer to a class of organic compounds 
with two benzene rings bridged by alkane chains of lengths 
m and n, creating a strained, stacked structure with unique 
electronic properties.73 They are used in asymmetric 
synthesis and materials science (e.g., polymers and dyes), 
as well as used as photoswitches, with [2.2]-paracyclophane 
being a classic example featuring two ethylene bridges and 
strong transannular interactions. This class of macrocyclic 
compounds, also known as caged compounds due to their 
interesting structures, originated as the lead molecules to 
function as hosts for aromatic and aliphatic compounds, 
providing a cavity of finite shape and size for guests. It 
triggered a mammoth research area, broadly termed host–
guest chemistry, and eventually earned a Nobel Prize in 
1987.74

Initially known only through synthesis, paracyclophanes 
were not observed in nature until 1990, when Moore et 
al.75 isolated and identified [7.7]paracyclophanes from 
two species of the Nostocaceae family. A subsequent study 
has investigated these compounds and determined their 
biosynthetic origins.76 An excellent review was published 
in 2012, covering strained macrocyclization in natural 
products and the difficulties it presents to synthetic 
chemists; it provides a brief historical perspective on 
cyclophanes in both natural product isolation and total 

synthesis.77 

2.3.2. Bioactivity

To date, several cyclophanes have been isolated 
from cyanobacteria with interesting bioactivities, 
including the cylindrocyclophanes (antitumor, 
cytotoxic),76,78 nostocyclophanes (antitumor, cytotoxic),79 
nostocyclyne A (antimicrobial),80 merocyclophanes,81 
and carbamidocyclophanes (cytotoxic, antibiotic, 
anti-Mycobacterium tuberculosis activity).82,83 The 
alkylyresorcinol scaffold, in particular, has garnered 
significant interest due to its diverse biological properties 
and potential effects on human health, especially when 
consumed as part of a whole grain diet.84 Dietary 
alkylresorcinols function as autoregulators in microbial 
communities, influencing the gut microbiome composition 
and potentially impacting gut–immune and gut–nervous 
systems. Meanwhile, 4-hexylresorcinol has been shown to 
enhance the efficacy of antibiotics and combat antibiotic 
resistance by integrating into cell walls and acting as a 
structural modifier of biopolymers, thereby increasing 
membrane permeability. Other notable bioactive properties 
include neuroprotective potential through antioxidant 
activity and anti-aging potential by activating sirtuins, 
which are involved in DNA repair, stress responses, and 
wound healing, thereby promoting epithelization and 
collagen regeneration by suppressing inflammatory factors 
such as tumor necrosis factor-α. 

The carbamidocyclophanes were originally isolated 
by Rui et al.83 in 2007 when northern Vietnamese 
cyanobacterial isolates were screened for antibiotic 
activity. The methanol extract prepared from the biomass 
of Nostoc sp. CAVN 10 showed inhibitory activity against 
Gram-positive bacteria, yeast, and, notably, coagulase-
negative methicillin-resistant Staphylococcus aureus. 
Analysis of the extract led to the identification of five new 
paracyclophanes, carbamidocyclophanes A–E (Figure 3). 
These polyketides contain the [7.7]paracyclophane ring, 
but differ in chlorination of their butyl side chains (except 
for carbamidocyclophane E, which does not contain 
chlorine) and contain different carbamido substituents in 
the 1, 14-positions.

A few years later, carbamidocyclophanes F, G,84 and H–
L85 were added to this collection of natural products. The 
extract of a field sample of Nostoc sp. (UIC 10274) showed 
inhibitory activity against M. tuberculosis; analysis of the 
extract showed known molecules, carbamidocyclophanes 
A–C, as well as two new polyketides, carbamidocyclophanes 
F and G. These new paracyclophanes follow the same 
structural scaffold as described above, with the [7.7]
paracyclophane ring and various chlorinated side chains, 
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Figure 3. Chemical structures of carbamidocyclophane A–L
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but have only one carbamate moiety (at C-14), opposed 
to two in carbamidocyclophanes A–E (at C-1 and C-14). 
Carbamidocyclophanes H–L were discovered following the 
evaluation of several cyanobacterial strains for cytotoxicity 
against several cell lines. They exhibit favorable selectivity 
indices, with their therapeutic concentrations well below 
those that cause toxicity to human cells. Similar to their 
F and G congeners, carbamidocyclophanes H–L are 
monocarbamoylated. Interestingly, carbamidocyclophane 
J is the first of the carbamidocyclophanes to possess a 
monochlorine at both butyl residues. Feeding studies with 
KCl and KBr in culture medium resulted in upregulation 
of carbamidocyclophane production in Nostoc sp. 
CAVN2.86 NMR (proton, heteronuclear multiple quantum 
coherence [HMQC]–DEPT, and HMBC), attenuated 
total reflectance–infrared spectroscopy, and electronic 
circular dichroism (ECD) analysis showed the presence 
of nine carbamidocyclophanes M–U in the isolate. 
Although biosynthetic information is available for [7.7]
paracyclophanes,77 no biosynthetic literature is available 
for the carbamidocyclophanes, particularly. However, it has 
been hypothesized that the biosynthesis of these metabolites 
will be similar to that of the cylindrocyclophanes, based on 
structural similarities.84

2.4. Nostotrebin 6

2.4.1. Structure and isolation

Zelík et al.87 searched for new AChE inhibitors for potential 
AD therapeutics. They screened for this inhibitory activity 
in Nostoc species from different niches. Nostoc sp. str. 
Lukešová 27/97 was identified as one of the most active 
cyanobacterial strains. The methanol extract of this strain 
yielded an active fraction containing a novel compound, 
nostotrebin 6, with a 2,2′-bis(cyclopentenedione [CPD]) 
skeleton, including a cyclopentene double bond substituted 
by two p-hydroxybenzyl groups (Figure 4A).88 

2.4.2. Bioactivity

Nostotrebin 6 was determined to be an S-parabolic, 
I-parabolic noncompetitive inhibitor of AChE (IC50 = 5.5 
µM), and an S-parabolic, I-parabolic mixed-type inhibitor 
of butyrylcholinesterase (IC50 = 6.1–7.5 µM).88 Both AChE 
and BChE have multiple binding sites for nostotrebin 6. 
Although this was one of the earliest studies to address 
AChE inhibitory activity in cyanobacteria, the insufficient 
inhibitory activity of nostotrebin 6 relative to reference 
standards suggested that it would not be worth pursuing as 
an AD therapeutic. The reference standards, galanthamine 
and tacrine, possess IC50 values for AChE inhibition 
that are lower than that of nostotrebin 6 by 10-fold and 
100-fold, respectively. Interestingly for BChE activity, 
nostotrebin 6 displays an IC50 value slightly lower than that 

of galanthamine (6.1–7.5 µM compared to 8.6–37.9 µM), 
but higher than that of tacrine by roughly 400-fold.88 Also, 
recent studies have classified nostotrebin 6 as a potential 
pan-assay interference compound (PAINS) candidate. 
Its broad inhibitory activity across unrelated targets is 
not driven by its unique bis(CPD) core but rather by 
its phenolic substructures. Therefore, it shows a significant 
lack of selectivity between therapeutic targets and human 
proteins, such as cathepsin L.

Nostotrebin 6 skeleton can serve as a base for potent 
antibacterial agents against multidrug-resistant Gram-
positive bacteria, but it has a narrow antibacterial spectrum, 
with no activity against Gram-negative bacteria or yeast.89 
In that study, nostotrebin 6 was isolated from Nostoc sp. str. 
Lukešová 27/97 cultivated in a large-scale photobioreactor 
using high-performance counter-current chromatography 
combined with gel permeation chromatography. Gram-
positive bacteria were more susceptible to nostotrebin 6, 
with minimal inhibitory concentrations ranging from 
6.25 to 15.6 µg/mL. There is no biosynthetic information 
available for this natural product; however, biosynthetic 
investigations could benefit the search for AD therapeutics 
by enabling the production of analogs of nostrebin-6 with 
higher inhibitory activity.

Along with nostotrebin 6 (homodimeric CPD), new 
monomeric, dimeric, and higher oligomeric CPDs were 
identified in Nostoc sp. CBT1153 extract (Figure 4B), and 
were further isolated and structure elucidated by 1D and 
2D NMR experiments.90 Among the isolated compounds, 
the monomer with an additional hydroxy group at C-2 
was named nostotrebinol 3, the monomer with a lactone 
core and a hydroxy group at C-14 was named nostolactone 
4, nostotrebin with an additional hydroxy group at C-14 
was named nostotrebin 7, and the dimeric structure with 
one lactone core and one CPD monomer was named 
nostotrebinlactone 7. Nostotrebin has a broad spectrum 
of bioactivity, making it a PAINS compound. Comparative 
activity testing of monomer, homodimer, and heterodimer 
CPDs suggested that their bioactivity is not determined by 
the CPD core but by the number of free phenolic hydrogens 
per molecule.

2.5. Cylindrocyclophanes

2.5.1. Structure and isolation

The isolation of [m.n]paracyclophanes from cyanobacteria 
was already discussed earlier. Among those isolated are the 
cylindrocyclophanes. Cylindrocyclophane A was isolated 
from a non-Nostoc species, Cylindrospermum licheniforme 
Kützing.76 A few years later, cylindrocyclophanes B–F 
were isolated from three strains of the same species (C. 
licheniforme ATCC 29204, ATCC 29412, and UTEX 
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Figure 4. Chemical structure of (A) nostotrebin 6 and (B) monomeric, dimeric, and higher oligomeric cyclopentenediones identified in Nostoc sp. 
CBT1153 extract
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2014).79 It was not until 2010 that this class of molecules 
was isolated from a Nostoc species; three known (A, C, F), 
nine new (A4-A1, C4-C1, F4), and one unnatural variant 
(AB4) of cylindrocyclophanes were isolated from Nostoc sp. 
(UIC 10022A) (Figure 5).91 

2.5.2. Bioactivity

Cylindrocyclophanes were discovered following 
screening of cyanobacterial strains for inhibition of the 
20S proteasome, the catalytic core of the 26S proteasome 
that catalyzes protein degradation.92 Assays measuring 
inhibitory activity showed that cylindrocyclophanes A2–
A4 were the most potent, with IC50 values ranging from 
2.55 to 3.93 μM, indicating high anticancer potency. 
[7.7]Paracyclophane often serves as a benchmark 
for structural complexity, and the total synthesis of 
(–)-cylindrocyclophanes A and F is seen as a yardstick for 
probing new C–H functionalization.93,94

The biosynthesis of this family has not been investigated 
in any Nostoc species. However, biosynthetic information 
is available from other sources. In the early 1990s, 
Bobzin and Moore77 reported the biosynthetic origins of 
the [7.7]paracyclophanes through feeding studies with 
Nostoc linckia, which produces nostocyclophane D, and 
C. licheniforme, which produces cylindrocyclophane 
D. Their study showed an acetate-derived β-methyl 
group incorporated into the structural scaffold of the 
cylindrocyclophanes. Since 2012, studies have identified 
a biosynthetic gene cluster in C. licheniforme (UTEX 
B 2014) using PCR to probe for putative 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG-CoA) synthase 
homologs.95,96 The hypothesized involvement of HMG-
CoA synthase was based on the feeding study by Bobzin 
and Moore.77 Once the gene cluster was identified, it was 
associated with the cylindrocyclophanes after multiple in 
vitro characterization of enzymatic activities.95 Additional 
feeding studies with C. licheniforme and d19-decanoic acid 
showed incorporation of the isotopically labeled precursor 
into both halves of the molecule, confirming decanoic acid 
as a precursor to the cylindrocyclophanes and providing 
insight into the formation of the natural product.95 
Further investigations by Nakamura et al.97,98 described 
an off-loading mechanism for polyketide assembly line 
termination by a type III polyketide synthase, which 
generates a resorcinol intermediate, quantified using 
HPLC assays. Also, they reported the complete mechanism 
of paracyclophane ring formation via CylC catalyzing a 
cryptic chlorination, followed by CylK, an enzyme that 
alkylates the resorcinol aromatic ring.

2.6. Nostocyclopeptides

2.6.1. Structure and isolation

Cyclic peptides constitute a major class of natural products 

isolated from cyanobacteria and possess a broad spectrum 
of bioactivities.99-102 The structures of nostocyclopeptides, 
a class of cyclic heptapeptides, were introduced in 2000 
when two Nostoc species were compared genetically and 
biochemically.18,103 Nostopeptolides are produced by Nostoc 
sp. GSV224, whereas Nostoc sp. ATCC53789 produces 
nostocyclopeptides (specifically, nostocyclopeptides A1 
and A2; Figure 6A). The discovery of these natural products 
highlights the importance of genomic data in natural 
product discovery, which is further supported by many 
examples in the literature.104–108 The nostocyclopeptides 
are unique in that they possess an uncommon imino 
linkage, rather than all typical peptide bonds, within their 
structural backbone. This type of linkage is rarely seen in 
natural product cores. In addition, the nostocyclopeptides 
contain the rare amino acids 4-MePro and D-glutamate.

2.6.2. Bioactivity

Nostocyclopeptides A1 and A2 showed weak cytotoxicity 
against various cancer cell lines and did not possess 
antifungal or antibacterial activities against the 
fungi/bacteria tested.103 Additionally, Jokela et al.109 
discovered nostocyclopeptide M1 when examining the 
shortcomings of a microcystin assay technique (Figure 
6B). Nostocyclopeptide M1 is structurally similar to 
the previously isolated nostocyclopeptides A1 and A2. 
It contains the same uncommon imino linkage in the 
backbone and 4-MePro; however, unlike A1 and A2, 
which contain D-glutamate, M1 contains D-homoserine. 
Nostocyclopeptide M1 is a non-toxic, potent antitoxin 
against microcystin and a potent, non-toxic inhibitor of the 
hepatocyte drug transporters organic anion transporting 
polypeptide 1B3 (OATP1B3) and OATP1B1.110 
Nostocyclopeptides are also identified as novel inhibitors 
of the 20S proteasome. The distinct selectivity of 
nostocyclopeptides in inhibiting specific proteasome 
activities, such as linear aldehyde forms targeting the 
chymotrypsin-like activity and a cyclic variant affecting 
the trypsin-like site, makes them the perfect scaffold to 
replace drugs that cause resistance and severe side effects, 
including bortezomib, carfilzomib, and ixazomib.

2.7. Suomilides and banyasides

2.7.1. Structure and isolation

Banyasides and suomilides are glycosylated leucine-
containing peptides with an azobicyclononane core and 
a 1-amino-2-(N-amidino-Δ3-pyrrolinyl) ethyl (Aeap) 
moiety. They have a striking similarity to aeruginosin with 
a tricyclic core and Aeap attachments. In 2005, Pluotno et 
al.111 identified novel modified peptides, banyaside A and 
banyaside B, along with the cyclic peptide banyasin A, from 
the freshwater bloom of Nostoc sp. IL 235 (Figure 7A).111 

https://doi.org/10.36922/IMO025490070


Innovative Medicines & OmicsInnovative Medicines & Omics Nostoc secondary metabolite analyses

Volume 3 Issue 2 (2026)	 10� doi: 10.36922/IMO025490070

Figure 5. Chemical structures of cylindrocyclophanes A, C, and F

The banyaside peptides are structurally similar to another 
modified peptide, suomilide, which was first isolated from 
the cyanobacterium Nodularia spumigena HKVV in 1997. 
112 The banyaside peptides were obtained as colorless glassy 
solids with optical activity and were characterized using 
fast atom bombardment mass spectrometry, NMR, COSY, 
total correlation spectroscopy (TOCSY), HMQC, and 
HMBC.112

2.7.2. Bioactivity

Prompted by the antiproliferative activity of crude extracts 
from Nostoc sp. KVJ20, four new suomilides (B–E) were 
identified (Figure 7B).113 Isolation of the compounds 
was performed using semi-preparative HPLC, followed 
by ultra-performance liquid chromatography–high-
resolution MS/MS analysis. Suomilides were obtained 
as white crystalline solids. NMR characterization using 
HSQC, HMBC, ROESY, and COSY identified isoleucine, 
azobicyclononane, Aeap, carbamic acid, and hexanoic acid 
moieties.

Banyaside A and B showed serine protease inhibitory 
activity, with IC50 of 1.48 µg/mL for trypsin and 0.39 
µg/mL for thrombin.111 This introduced a new class of 
pharmacophore unit that can be targeted in the synthesis 
of protease inhibitors. Though suomilides were tested for 
anti-biofilm activity and cytotoxicity, they did not show 

promising results. Additionally, previous results showed 
that suomilides inhibit cancer cell invasion rather than 
proliferation. Nonetheless, it is worth studying their 
protease-inhibitory activity, as they share structural units 
with banyasides.

2.8. Merocyclophanes A and B

2.8.1. Structure and isolation

A new [7.7]paracyclophane skeleton was introduced with 
the discovery of merocyclophanes A and B, isolated from 
the terrestrial Nostoc sp. (UIC10062) (Figure 8).82 [7.7]
Paracyclophanes contain various R groups at C-1 and 
C-14; the merocyclophanes contain simple α-branched 
methyl groups, representing the first observation of 
this structural scaffold within this family of natural 
products. The merocyclophanes were discovered for their 
antiproliferative activity against the HT-29 human colon 
cancer cell line, with the cellular extract from Nostoc sp. 
(UIC10062) displaying an IC50 of 13.1 µg/mL. Bioactivity-
guided fractionation of the cellular extract and liquid 
chromatography (LC)–MS analysis identified these natural 
products, and their structures were elucidated using various 
spectroscopic techniques and NMR analysis, including 
high-resolution electrospray ionization mass spectrometry 
(HRESIMS), 1H NMR, COSY, HSQC, and HMBC.
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Figure 6. Chemical structures of nostocyclopeptides (A) A1 and A2 and (B) M1

The feeding study by Bobzin and Moore77 shed light 
on the biosynthesis of merocyclophanes, just as it did 
for all [7.7]paracyclophanes. However, no genes or gene 
clusters have yet been associated with the biosynthesis 
of these natural products. The unique structural scaffold 
of merocyclophanes could potentially be generated 
using biocatalysts if their biosynthetic pathway were 
elucidated. A strategy similar to the identification of 
the cylindrocyclophane gene cluster96—possibly using 
degenerate PCR primers to target putative HMG-CoA 
synthase homologs—may prove useful. The only known 
analogs of the merocyclophane core, merocyclophanes C 
and D, were first reported by May et al. in 2017.114

2.8.2. Bioactivity

A high-throughput cytotoxicity screen for freshwater 

cyanobacterial strains identified UIC 10110 as producing 
two antiproliferative agents against the MDA-MB-435 cell 
line, with IC50 values of 1.6 and 0.9 μM, respectively.114 
HRESIMS data indicated that these compounds are 
structural analogs of merocyclophane A, each containing 
an additional oxygen atom. Both merocyclophanes C 
and D were isolated by reversed-phase semi-preparative 
HPLC and their structures elucidated using 1H NMR, 
DEPT with quadrature detection, COSY, HSQC, HMBC, 
and IR spectroscopy. The absolute configurations were 
determined using ECD spectroscopy.

2.9. Aeruginosins

Aeruginosin was first isolated from a Microcystis strain 
and was found to be a trypsin and thrombin inhibitor 
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Figure 7. Chemical structures of (A) banyasides A and B and (B) suomilides B–E
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Figure 8. Chemical structures of merocyclophanes A and B

(Figure 9A).115 Aeruginosins are modified linear peptides 
characterized by a 2-carboxy-6-hydroxyoctahydroindole 
moiety and a hydroxyphenyl lactic acid derivative. These 
molecules inhibit serine proteases with varying efficacies. 

Two of the more potent members of this family, namely 
chlorodysinosin A and oscillarin, inhibit trypsin with an 
IC50 value of 0.037 µM.116 It is well known that cyanobacterial 
strains can produce aeruginosin-type peptides;117-121 

Figure 9. Structures of aeruginosins. (A) Generalized structure of aeruginosin. (B) Chemical structure of aeruginosin-865
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Figure 10. Chemical structures of nostosins A and B

however, these peptides had not been isolated from a 
Nostoc strain until 2013, when aeruginosin-865 was first 
isolated from Nostoc sp.122 Furthermore, aeruginosin-865 
is also the first identified aeruginosin-type peptide to 
contain both a fatty acid and a carbohydrate moiety 
(Figure 9B). Biosynthetic investigations on aeruginosins 
have been successful in other cyanobacterial strains, 
including Planktothrix agardhii CYA126/8117, Planktothrix 
rubescens,123 and three Microcystis aeruginosa strains (PCC 
7806, NIES-98, and NIES-843).117

2.10. Nostosins A and B

2.10.1. Structure and isolation

Nostosins A and B were isolated from the methanol extract 
of the biomass of a hydrophilic extract of Nostoc sp. strain 

FSN.124 LC–MS analysis of the extract from a 15N-labeled 
culture, compared with an unlabeled culture, provided 
insights into the structural components, revealing the 
presence of isoleucine or leucine and argininal or argininol 
(Figure 10). The complete structures were then elucidated 
using NMR spectroscopy, including 1H NMR, 1H–1H 
double-quantum filtered COSY, 1H-1H TOCSY, 13C and 
15N gradient-selected HSQC, and 13C gradient-selected 
HMBC. Nostosins comprise three moieties: 2-hydroxy-
4-(4-hydroxyphenyl)-butanoic acid, L-isoleucine, and 
L-argininal (nostosin A) or argininol (nostosin B).

2.10.2. Bioactivity

Trypsin inhibitors typically contain guanidino groups from 
arginine derivatives, which are crucial for interacting with 

the trypsin active site.125 Both nostosins A and B contain 
arginine derivatives, suggesting that these natural products 
are potential trypsin inhibitors. Evaluation using a trypsin 
inhibition assay revealed IC50 values of 0.35 and 55 μM, 
respectively, against porcine trypsin. For comparison, 
the commercially available trypsin inhibitor leupeptin 
exhibited an IC50 value of 0.5 μM.126 Notably, nostosin A is 
the first three-subunit natural product to display trypsin-
inhibitory activity comparable to leupeptin. Although 
no biosynthetic investigations have yet been conducted, 
elucidating the biosynthesis of nostosins could expand the 
biocatalytic toolbox for trypsin inhibitors.

3. Conclusion
The Nostoc genus has already provided the scientific 

community with a plethora of novel natural products 
exhibiting unique bioactivities. Advances in sequencing 
technologies and genome mining have significantly 
improved our understanding of cyanobacterial genomes. 
Currently, five Nostoc genomes are available; five sizable 
gene clusters have been characterized enzymatically; one 
gene cluster has been identified in an available genome, 
another has been partially sequenced; and an additional 
biosynthetic pathway has been proposed via feeding 
studies. As more genomic information becomes available, 
the potential for biocatalysis in these organisms will only 
grow.

For example, nostotrebin 6 has been identified as a 
potential AD therapeutic. Elucidating the gene cluster 
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Table 1. Bioactive secondary metabolites isolated from members of the Nostoc genus (post 2005)

Source Compound Activity Structural class

Nostoc 78-12A 
freshwater)50,57,58,59,63,66 Nostocarbolinea

Butyrylcholinesterase, acetylcholinesterase 
(AChE), and trypsin inhibitors, antiplasmodial, 
algicidal, antibacterial, antifouling

β-carboline indole alkaloid

Nostoc insulare 
53,67,127,128

4,4’-dihydroxybiphenyla

9H-pyrido(3,4-b)indole (a.k.a. 
norharmane)

Algicidal, antibacterial, antifungal, cytotoxic Phenolic compound, 
β-carboline indole alkaloid

Insulapeptolides A–Ha Selective and potent inhibitors of human 
leukocyte elastase Peptolide

Nostoc muscorum 
(terrestrial)129,130

4-hydroxy-3-methoxy-3-methylbutyl
4-cyano-3-hydroxybenzoatea Antimicrobial Phenolic compound

Microcystin variants - Cyclic heptapeptide

Nostoc sp. strain 
CAVN 1083 Carbamidocyclophanes A–Ea Cytotoxic, antibiotic Chlorinated paracyclophane

Nostoc commune 
131,132,133

β-D-galactofuranosyl-(1→6)-[β-D-
galactofuranosyl-(1→6)]2-β-D-1,4-
anhydrogalactitola

β-(1→6)-galactofuranosylated homologs

Preventive against desiccation damage in 
Escherichia coli, preventative against heat 
inactivation of a phosphogluco-mutase

Galactooligosaccharides

Norharmane Algicidal, antibacterial, antifungal, cytotoxic β-carboline indole alkaloid

Mycosporine-like amino acids 
(porphyra-334 derivative, palythine-
threonine derivative)

Radical scavenging activities Mycosporine-like amino acid

Nostoc carneum133 Norharmane Algicidal, antibacterial, antifungal, cytotoxic β-carboline indole alkaloid

Nostoc CCC 537 
(Antarctic)134

4-[(5-carboxy-2-hydroxy)-
benzyl]-1,10-dihydroxy-3, 
4,7,11,11-pentamethyloctahy-
drocyclopenta-naphthalenea

Antibacterial Hybrid terpenoid–polyketide

Nostoc sp. BHU001135 Microcystin variants - Cyclic heptapeptide

Nostoc sp. strain 
UK18136 Microcystin variants - Cyclic heptapeptide

Nostoc commune 
NIES-24 (IAM 
M-13)137

β-carotene
β-carotene hydroxyl derivatives (3R)-b-
cryptoxanthin, (3R,30R)-zeaxanthin, 
(2R,3R,30R)-caloxanthin, and 
(2R,3R,20R,30R)-nostoxanthin
β-carotene keto derivatives echinenone 
and canthaxanthin
(3R,20S)-myxol 20-fucoside
and (2R,3R,20S)-2-hydroxymyxol 
20-fucoside

- Carotenoid

Nostoc sp. strain 
Lukešová 27/9788,89,138 Nostotrebin 6a AChE inhibitor, cytotoxic, pro-apoptotic Bis(cyclopentenedione)

Nostoc sp. (UIC 
10022A)92

Cylindrocyclophanes (A, C, F, A1-A4, 
C1-C41, F4, and AB4)

a
Proteasome inhibitor, antiproliferative against 
several cancer cell lines Paracyclophane

Nostoc sp. CENA88 
(freshwater)139 Microcystin variants - Cyclic heptapeptide

Nostoc sp. XSPORK 
13A111,140 Nostocyclopeptide M1a Antitoxin, hepatocyte drug transporter 

(OATP1B3 and OATP1B1) inhibitor Cyclic heptapeptide

(Cont’d...)
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Table 1. (Continued)

Source Compound Activity Structural class

Nostoc commune 
Vauch141-144

Nostocionone Antioxidative, antimicrobial, anti-inflammatory, 
Propionibacterium acnes growth inhibitor β-ionone derivative

3-oxo-β-ionone -- β-ionone derivative

Scytonemin
Reduced scytonemin

Radical scavenging, antioxidative, induces 
autophagic cell death in the human T-lymphoid 
cell line Jurkat cells

Indole alkaloid

Nostoc sp. 
(UIC10062)82,145 Merocyclophanes A and Ba Antiproliferative  against the HT-29 human 

colon cancer cell line Heteroglycan, paracyclophane

Nostoc sp. 
‘Macrozamia 
serpentina 73.1’146

Nostoc sp. 
‘Macrozamia riedlei 
65.1’147

Nodularin Protein phosphatase 2A inhibitor Cyclic pentapeptide

Nostoc calcicola 
(ISC89)147

β-carotene
Lycopene
Lutein
Zeaxanthin

- Carotenoid

Nostoc sp. CENA89148 Aeruginosin
Microcystin - Linear peptide, cyclic 

heptapeptide

Nostoc sp. Lukešová 
30/93 (terrestrial)123 Aeruginosin-865 Anti-inflammatory Linear peptide

Nostoc sp. (UIC 
10274) (freshwater)84 Carbamidocyclophanes A, B, C, F, G Anti-mycobacterium tuberculosis Chlorinated paracyclophane

Nostoc sp. strain 
FSN125 Nostosins A and B Trypsin inhibitor Peptide

Nostoc sp. 
CENA543102

Nostoc edaphicum 
strain CCNP1411103

Anabaenopeptins
Namalides

Proteases, phosphatases, and carboxypeptidases 
inhibitors Cyclic hexapeptides

Nostoc sp. strain 
UHCC 0450149 Swinholide A Antifungal Polyketide

Nostoc sp. IL235113 Banyasides A and B Protease inhibitors Nonribosomal peptides

Notes: aNovel compounds. Fatty acids and some hydrocarbons are not included. Entries are organized chronologically based on the natural product 
isolation report. The exception to this occurs if more than one molecule is isolated from an individual strain. The first metabolite listed for the strain will 
be in chronological order as stated, but any other natural products associated with that strain may be out of order.

responsible for its biosynthesis could enable the production 
of more potent AD treatments. Additionally, identifying the 
gene cluster for nostocarboline could enrich the natural-
product biosynthesis toolbox by providing a promiscuous 
tryptophan halogenase. Such an enzyme would not 
only advance nostocarboline research but could also be 
combined with other tryptophan-modifying biosynthetic 
enzymes to generate diverse natural product analogs. 

Addressing the potential for natural product analogs 
from the Nostoc genus is a significant opportunity. 
Several enzymes within these biosynthetic pathways 
exhibit potential for substrate promiscuity, which 
could be harnessed to create molecules with rare and 

unique structural features. For example, enzymes in 
the nostopeptolide gene cluster could be exploited to 
generate novel 4-MePro-containing analogs. Similarly, 
investigating the substrate flexibility of the unusual 
R domain of NcpB (from the nostocyclopeptide gene 
cluster) could yield a library of imino-linked, MePro-
containing analogs. Furthermore, exploiting ScyA from 
the scytonemin cluster could enable catalysis of acyloin 
condensations between various precursors. Enzymes 
involved in nostophycin biosynthesis have already 
demonstrated relaxed substrate specificity, offering further 
opportunities for the development of novel analogs. 
Finally, while the exceptional flexibility of cryptophycin 
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and microcystin biosynthesis has been explored, it remains 
a promising avenue for expansion. In conclusion, natural 
product chemists, synthetic biologists, and researchers 
across disciplines should be enthusiastic about the future 
potential of the Nostoc genus in producing novel bioactive 
compounds and advancing biocatalytic applications.
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