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Abstract: Cyanobacteria are microorganisms with photosynthetic mechanisms capable of colonizing
several distinct environments worldwide. They can produce a vast spectrum of bioactive compounds
with different properties, resulting in an improved adaptative capacity. Their richness in secondary
metabolites is related to their unique and diverse metabolic apparatus, such as Non-Ribosomal
Peptide Synthetases (NRPSs). One important class of peptides produced by the non-ribosomal
pathway is anabaenopeptins. These cyclic hexapeptides demonstrated inhibitory activity towards
phosphatases and proteases, which could be related to their toxicity and adaptiveness against zoo-
plankters and crustaceans. Thus, this review aims to identify key features related to anabaenopeptins,
including the diversity of their structure, occurrence, the biosynthetic steps for their production,
ecological roles, and biotechnological applications.

Keywords: cyanobacteria; peptide; NRPS; anabaenopeptin

Key Contribution: The present work approach various features of Anabaenopeptins, including
structural, biosynthetic and regulatory aspects as well as their ecological and biotechnological
importance.

1. Introduction

Cyanobacteria are photosynthetic microorganisms widely distributed in the world.
They can inhabit several types of ecosystems, including aquatic and terrestrial. These
microorganisms produce a great variety of bioactive compounds, which have been investi-
gated mainly due to their biotechnological potential and environmental relevance [1–3].
Cyanotoxins are among the most studied compounds originated from cyanobacteria since
they are capable of negatively affecting human and animal health [4,5]. These metabolites
can vary drastically concerning their action mechanism and chemical structure, which
include peptides, alkaloids, and lipopolysaccharides [6–8]. The majority of publications re-
lated to peptides from cyanobacteria have mainly focused on the class of microcystins with
over 300 characterized variants [9,10]. However, cyanobacteria usually do not exclusively
produce a single class of compounds, given that specific strains are co-producing different
groups of secondary metabolites [11].

Other peptides beyond microcystins have been poorly explored, lacking information
mainly in the environmental sciences [11]. These several metabolites are known for their
potent inhibitory properties against several enzymes in nanomolar concentrations, resulting
in toxic effects [12,13]. Moreover, similar to microcystins, they have been regularly detected
in diverse environments [14]. In certain regions, their occurrence is more pronounceable
than microcystins themselves [15]. However, information about the concentrations which
are encountered is rarely reported [11]. Cyanobacteria have developed different peptides
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as a protection mechanism against parasites [16]. Concerning their origin, some peptides as
microviridins and cyanobactins are produced via ribosomal whereas others as microginins
and aeruginosins are synthesized by non-ribosomal pathways [13,17,18].

Among the most recurrent peptides encountered in the environment are anabaenopeptins
(APs), a family of cyclic peptides containing six amino acid residues [19]. They have
been found in an enormous variety of cyanobacteria isolated from both the aquatic and
terrestrial environments, including Anabaena, Nostoc, Microcystis, Planktothrix, Lyngbya, and
Brasilonema [12,20–24]. In their general structure is a well-conserved Lysine (Lys) residue in
D-configuration, which is responsible for the ring formation and five additional variable
amino acids, either proteinogenic or non-proteinogenic, resulting in 124 described AP
variants from cyanobacteria (Supplementary Table S1). [19]. Besides their structural variety,
molecules belonged to this group exhibit an impressive functional diversity, which includes
inhibitory activity for proteases, phosphatases, and carboxypeptidases [22,25,26].

The enormous structural diversification of anabaenopeptins can be attributed to
the low substrate specificity of some enzymes involved in their synthesis as well as the
presence of alternative starter modules [16]. Their production is strongly influenced by
environmental factors [27]. Besides that, because of their diversified bioactive properties,
they exhibit an elevated biotechnological potential. This review aims at presenting the main
researches on anabaenopeptins, emphasizing their general characteristics, biosynthesis as
well as ecological and biotechnological relevance.

2. Structures of Anabaenopeptins

Being non-ribosomally synthesized, anabaenopeptin structures comprise a ring of
five amino acids connected through an ureido linkage to an exocyclic amino acid. Thus,
its general structure is represented by X1-CO-[Lys2-X3-X4-MeX5-X6], where the bracket
represents the cyclic region of this peptide and X are variable amino acids according
to their positions represented by the superscript numbers (Figure 1). Its ring is formed
by cyclization of the C-terminal carboxyl of the amino acid at position 6 to the ε-NH3
of the well-conserved D-lysine at position 2. Furthermore, the α-amino group of Lys is
connected to the exocyclic amino acid X1 via an ureido bridge. Due to its non-ribosomal
nature, proteinogenic and non-proteinogenic amino acids are usually detected in this
hexapeptide [19].

Figure 1. The general structure of the class of Anabaenopeptins. X corresponds to different
amino acids in their respective positions represented by the superscript numbers.
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This family of peptides is predominantly found in cyanobacteria, but they were also
detected in some sponges [28–33]. However, Anabaenopeptins from cyanobacterial origins
demonstrate a well-conserved D-Lys, while the other amino acids are in L configuration and
vary in residues and modifications (e.g., acetylation, methylation) [19,34]. In comparison,
Anabaenopeptins derived from sponges can have both D- and L-configuration of Lys
residues at the second position. Besides these differences, some features in common are
also encountered, such as the frequently N-methylated amino acids at position 5 and homo-
amino acids at position 4. However, exceptions are also found, for example, Paltolides
A–C, a subgroup of anabaenopeptin-like peptides that have in common a tryptophan
residue at the C-terminus linked to ε-amine of the N-terminal Lys, and Leucine (Leu)
in L-configuration at positions 4 and 5, and an L-Alanine (Ala) residue at position 3.
Furthermore, Paltolide A is the first example of this class of peptides where the amino acid
at position 5 lacks an N-methyl group [28–33].

The first Anabaenopeptins detected were Anabaenopeptins A and B (Figure 2; Sup-
plementary Table S1) by Harada and co-workers in 1995 [20]. These peptides were isolated
from Anabaena flos-aquae NRC 525-17, where they were co-produced with Microcystins
(MCs) and the neurotoxic alkaloid anatoxin-A. Both peptides share the same cyclic sequence
and structure, differing only at the exocyclic position: (Arginine/Tyrosine)-Lys-Valine-
Homotyrosine-NMethylAla-Phenylalanine. Due to their origin, these peptides were then
named after their producer. Following the first detection of this new peptide, Fujii and
co-workers [35] identified Anabaenopeptins A-D from different Anabaena and Oscillatoria
strains, as well as from Nodularia spumigena. APs C and D differ solely by the exocyclic
amino acid, harboring a Lys and a Phenylalanine (Phe), respectively, and sharing the same
pentapeptide ring with APs A and B. Furthermore, in the same year, Sano and Kaya [36]
identified a peptide named Oscillamide Y, which was obtained from Oscillatoria agardhii
NIES-610. Following the same nomenclature, Sano and colleagues [25] further character-
ized both Oscillamide B and C (known as Anabaenopeptin F) from Planktothrix agardhii
CCAP 1459/11A and P. rubescens CCAP 1459/14. Besides their different nomenclature,
Oscillamides peptides also possess the same common features of anabaenopeptin-peptides.

The cyanobacteria Oscillatoria agardhii NIES-204 had been assessed regarding AP pro-
duction by two different research studies. During the first approach, only Anabaenopeptin
B had been detected [37]. Later, Shin and co-workers [38] were able to characterize two new
structures from the same organism: Anabaenopeptins E and F, which differ at those residues
in positions 3 and 4. Later, two new AP structures were identified in O. agardhii NIES-595,
then named Anabaenopeptins G and H, diverging by Tyrosine (Tyr) and Arginine (Arg) in
position 1, respectively: (Tyr/Arg)-Lys-Isoleucine-Homotyrosine-NMethylhomotyrosine-
Isoleucine [26].

The first unicellular cyanobacterium strain to be identified as an Anabaenopeptin
producer was Microcystis aeruginosa Kutz. This freshwater strain was able to biosynthesize
the anabaenopeptin-type Ferintoic Acids A and B [39]. Another M. aeruginosa strain and
an environmental sample containing mostly Microcystis cells demonstrated to contain
the Non-Ribosomal Peptide Synthetase (NRPS) apparatus for Anabaenopeptins B and F
production. Also, the same work concluded that the filamentous cyanobacteria Planktothrix
agardhii HUB011 produced the Anabaenopeptin G [40].

Kodani and co-workers [41] evaluated the presence of anabaenopeptins in an envi-
ronmental sample from Lake Teganuma. Besides the identification of microginins and
micropeptins, a newly found AP was characterized: Anabaenopeptin T. However, this
nomenclature did not follow any specific order, as Anabaenopeptin I and J had been only
used for the new peptides obtained from Aphanizomenon flos-aquae NIES-81 and identified
by Muramaki and co-workers [42], one year later from this previous work.
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Figure 2. Structures of anabaenopeptins A–J [20,26,35,38,42] and T [41].
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Some of those conserved features from APs can also be visualized in other cyanopep-
tides. Veraguamides A-G are cyclic hexadepsipeptides, and they do not possess any
exocyclic residue. Lyngbyastatin peptides demonstrate elastase, trypsin, and chymotrypsin
inhibitory properties. Their structures consist of a 6-member ring coupled to a chain of 2 ex-
ocyclic residues and can bear modified and unusual residues. Also possessing a 6-member
ring structure and 2 exocyclic amino acids, Tiglicamides A-C were obtained from Lyngbya
confervoides [43].

In addition, there are several classes of toxic peptides frequently detected in cyanobac-
teria, each one presents the main structure codified by a set of NRPS genes. Besides
Anabaenopeptins, Microcystins, Cyanopeptolins, Aerucyclamides, Aeruginosis and Mi-
croginins are examples of well-characterized cyanopeptides. Microcystins also share some
resemblances to APs as the former possesses a ring structure, but it is comprised of 7
residues and no exocyclic amino acid. Also produced by the NRPSs apparatus, MCs bear
D-amino acids, and the unusual residue (2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-
10-phenyldeca-4,6-dienoic acid, also known as Adda, which is present in all MCs. One
example of MC variant is Microcystin-LR, which is composed by (1)-Ala, (2)-Leu, (3)-N-
methyl-Asp, (4)-Arg, (5)-Adda, (6)-Glu, and (7)-N-methyl-dehydro-Ala, where LR refers to
2 and 4 variable positions among MCs. It was observed in different cyanopeptides inside
this class that there are different variants according to these positions, contributing to their
structural diversity [10,11].

Cyanopeptolins are depsipeptides containing a 6-amino acid ring bearing a side
chain with 1–2 residues and modified residues, such as 3-amino-6-hydroxy-2-piperidone.
Cyanopeptolin A is one example of this class of cyanopeptides and is composed by (1)-fatty
acid, (2)-Arg, (3)-Ahp, (4)-Leu, (5)-methyl-Phe, (6)-Val, and (7)-Thr, in this case, the β-lacton
ring is formed between Arg and Thr residues and positions 2, 4, 5 and 6 are variable. Using
Anabaenopeptin A as reference (Figure 2), its structure is (1)-Tyr, (2)-D-Lys, (3)-Valine,
(4)-Homotyrosine, (5)N-methyl-Alanine, (6)-Phenylalanine [44]. Positions 1, 3, 4, 5, and
6 are variable concerning APs (Figure 1) and the ureido bond is formed between 1 and 2
residues. Aerucyclamides are entirely cyclic peptides, Aerucyclamide A is composed by
(1)-dehydro-Thr, (2)-Gly, (3)-thiozole, (4)-Ile, (5)-dhCys, and (6)-Ile, in this case, variations
were reported in positions 2, 3, 4 and 6. Different from the cyanopeptides listed until
now, Aeruginosins and Microginins are linear peptides. Aeruginosin KB 676 is formed
by (1)-Hpla, (2)-Ile, (3)-Choi and (4)-Arg, only position 2 presents variation with amino
acid substitution, and radical changes occur in positions 3 and 4. Finally, Microginin 713 is
formed by (1)-Ahda, (2)-Ala, (3)-Val, (4)-N-methyl-Tyr, and (5)-Tyr, in this case, positions 2,
3, 4, and 5 had substitutions reported [11].

Structurally, despite the major amino acid variability, Microcystins, Cyanopeptolins,
and Anabaenopeptins are most similar. Microcystins and Cyanopeptolins are heptapep-
tides and Anabaenopeptins are hexapeptides and comparting these structures, it is possible
to distinguish a ring core and a linear region. Although Microcystins are technically
cyclic peptides, the Adda moiety projected outside the ring may act like the fatty acid
in Cyanopeptolin A or Tyrosine in Anabaenopeptin A. The Adda moiety is crucial for
MCs inhibition towards phosphatases, as its long linear chain can penetrate the enzyme
active site together with other side chains, having a similar role as the exocyclic residue of
APs (Tyrosine from Anabaenopeptin A), as it will be further discussed in Section 7 [11,45].
This exocyclic or even protuberant residue was not observed in Aerucyclamides that only
present a cyclic structure or Aeruginosins and Microginins, which are linear structures [11].
Therefore, cyclic peptides bearing exocyclic residues and unusual and D-configuration
amino acids are also found in cyanobacteria, however, the ureido linkage in cyanopeptides
is, so far, an exclusive characteristic of Anabaenopeptins.

All these AP variants named here so far are structurally related, differing only by
amino acid substitutions responsible for their diversity (Supplementary Table S1). How-
ever, these peptides do not possess a fully systematic nomenclature, which can make it
difficult to identify them as a member of a certain group of oligopeptides with similar struc-
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ture. This fact is not specific to Anabaenopeptins, but cyanopeptides in general, as their
denominations are frequently referring to the taxon or geographic locality from which the
oligopeptide had been isolated, and also information regarding molecular weight, specific
residues, or even the strain number can be used as a suffix, and some example can be seen
applied to APs [11]. One example of a variant with a distinct name is the Schizopeptin
791 (Figure 3), which was named after the terrestrial cyanobacteria Schizothrix sp. IL-208-
2-2 (Schizo-), its peptide nature (-peptin) and its molecular weight of 791 Da (791) [46].
Lyngbyaureidamides A and B are Anabaenopeptins named after their isolation from the
filamentous freshwater cyanobacterium Lyngbya sp. SAG 36.91. These anabaenopeptin-like
peptides also have an uncommon feature due to the presence of a D-Phenylalanine in
the exocyclic position, being the only APs bearing an amino acid in D-configuration in
this position [47]. Obtained from the marine Lyngbya confervoides, Pompanopeptin B is
an anabaenopeptin-type peptide bearing in the fifth position the N-methyl-2-amino-6-(4′-
hydroxyphenyl)hexanoic acid (N-Me-Ahpha), a methylated form of a residue found in
Largamide C [23]. Nodulapeptins are also anabaenopeptin-like peptides and they were
first identified by Fujii and co-workers [48] in the toxic Nodularia spumigena AV1. Among
the different nomenclature of this class of cyclic hexapeptide, Nodulapeptin is one of the
most used and it is often associated with the presence of Methionine (Met) or Serine (Ser)
residues in position 6 of anabaenopeptin-like structures [49]. Isolated from the cyanobacte-
ria Tychonema sp., Brunsvicamides A-C share a high resemblance to anabaenopeptin-like
peptides obtained from sponges, thus indicating their possible cyanobacterial origin. These
peptides obtained from a Tychonema sp. strain did not possess any homoamino acid and
have a L-Lys besides D-Lys, in addition, Brunsvicamide C has an N-methyl-N’-formyl-D-
kynurenine unit in position 5 [50].

Besides these distinct nomenclatures and structures for Anabaenopeptins obtained
from cyanobacteria, this class of peptides can also be found in sponges, which were the
initial organisms to be identified the first anabaenopeptin-related compound, not in a
cyanobacterium [31,32]. Konbamide and Keramide A (Table 1 and Figure 4) were isolated
from the marine sponge Theonella sp., which showed distinct features from cyanobacterial
anabaenopeptins having a cyclic hexapeptide structure and the presence of an ureido
bond. Both variants have L-Lys residue and also they contain a modified Tryptophan (Trp)
residue at position 6. Konbamide had 2-bromo-5-hydroxytryptophan (2’Br-Trp) in position
6; in comparison, Keramide A possessed a 6-chloro-5-hydroxy-N-methyltryptophan (5’OH-
6’ClTrp) in position 5 [31,32]. Keramide L was detected in Theonella sp. SS-342 together with
Keramide K (a thiazole-containing cyclic peptide not belonging to anabaenopeptin-class).
Keramide L shared similar features to Konbamide and Keramide A, having a modified
Trp residue in position 5: a 6-chloro-N-methyltryptophan (NMe-6’ClTrp) residue [30].
Besides, the marine sponge Theonella swinhoei demonstrated to produce a similar class
of peptides, named Paltolides A-C, and 3 additional peptides which were previously
detected in the Australian sponge Melophlus sp. [51]. Unlike Konbamide and Keramide
A, Paltolides A-C and the 3 unnamed peptides have a D-Lys residue in position 2, but
4 of these structures had modified Trp residues, and 3 of these modifications were also
related to the presence of a halogen element (Bromo or Chlorine) similar to Konbamide and
Keramides A and L [28]. Other examples from sponges are Mozamides A and B produced
by Theonella sp. from Mozambique. Similar to other anabaenopeptin-like peptides from
sponges, both Mozamides have the same modified Trp (N-methyl-L-5′-hydroxytryptophan)
residue in position 5 and an L-Lysine at position 2. However, both have an amino acid in
D-configuration in position 3: D-valine in Mozamide A; and D-Isoleucine in Mozamide
B [29].
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Figure 3. Example of different nomenclatures to anabaenopeptin-like structures [20,23,39,46–48,50].
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Figure 4. Structures of anabaenopeptin-like peptides obtained from sponges [28–33].
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Table 1. Amino acid composition of anabaenopeptin-like peptides obtained from sponges. Amino acids are considered in
L-configuration unless otherwise defined. Ala: Alanine; Arg: Arginine; Ile: Isoleucine; Leu: Leucine; Lys: Lysine; MeLeu:
N-methyl-Leucine; Phe: Phenylalanine; Trp: Tryptophan; Allo-Ile: Allo-Isoleucine; 2’BrTrp: 2-bromo-5-hydroxytryptophan;
NMe-6’ClTrp: 6-chloro-N-methyltryptophan; 5’OHTrp: 5’-hydroxytryptophan; 6’BrTrp: 6’-bromotryptophan; 5’OH-6’Cl
Trp: 6’-chloro-5’-hydroxytryptophan; 6’ClTrp: 6’-chloro-tryptophan; NMe-5OHTrp: N-methyl-5’-hydroxytryptophan;
NMe-5’BrTrp: 5’-Bromo-N-methyltryptophan.

Nomenclature
Position

Reference
1 2 3 4 5 6

Konbamide - Leu L-Lys Ala Leu MeLeu 2’BrTrp [31]

Keramide
A Phe L-Lys Leu Leu 5’OH-6’ClTrp Phe [32]
L Phe L-Lys Leu Leu NMe-6′ClTrp Phe [30]

Paltolide
A Arg D-Lys Ala Leu Leu Trp [28]
B Arg D-Lys Ala Leu MeLeu 5’OHTrp [28]
C Arg D-Lys Ala Leu MeLeu 6’BrTrp [28]

Unnamed
1 Arg D-Lys Ala Leu MeLeu 5’OH-6’ClTrp [28,51]
2 Arg D-Lys Ala Leu MeLeu 6’ClTrp [28,51]
3 Arg D-Lys Ala Leu MeLeu Trp [28,51]

Mozamide
A Allo-Ile L-Lys D-Val Leu NMe-5OHTrp Phe [29]
B Allo-Ile L-Lys D-Ile Leu NMe-5OHTrp Phe [29]

Psymbamide A Ile D-Lys Leu Leu NMe-5’BrTrp Phe [33]

To this date, 124 Anabaenopeptins variants have been identified (Supplementary
Table S1 and Table 1), making it difficult to compile a systematic nomenclature and to eval-
uate every individual feature. To overcome this problem, several works have named new
Anabaenopeptins according to their mass or even mass and specific information regarding
the strain or location in which it was isolated [34]. However, some Anabaenopeptins have
unusual features, typically not found in most of these peptides belonging to this class.
The previously cited Ferintoic acid B has an allo-isoleucine (Allo-Ile) residue in position 6,
similar to both Mozamides, which have the same residue in position 1 [29,39]. None of the
Brunsvicamides have a homoamino acid and they are also the only examples of this class
of peptide with L-Lys in position 2 from cyanobacteria [50]. A group of Anabaenopeptins
named SA demonstrated to possess some uncommon features. Anabaenopeptin SA1, SA4,
SA5, and SA7 (Figure 5) have a 5-phenylnorvaline (PNV) in position 4, which has not
been previously found in any other peptide of this class. Also, Anabaenopeptin SA8 was
the only one to have a 6-phenylnorleucine (PNL) residue in position 4. Additionally, APs
SA2 and SA13 have a Ser residue in position 5, which has not been previously detected
in the same position, but in position 6, as in Nodulapeptins [12]. Anabaenopeptins 877B,
905, 862, and 896 are some of the few examples of N-ethylated peptides [24]. The only
example of homoarginine in Anabaenopeptins is from AP KT864, which has this residue in
position 1 [52]. A residue of glutamate at the exocyclic position has been only described in
one Anabaenopeptin: the variant MM823 [22]. Besides its common presence in position
3, Valine (Val) has been only detected in position 4 in Nodulapeptin 855C [34]. Thus,
demonstrating that Anabaenopeptin peptides have huge structural diversity.
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Figure 5. Examples of untypical features of anabaenopeptins from cyanobacteria [12,22,24,34,52,53].

Unusual Anabaenopeptins lacking residues in their structures are also visualized.
Anabaenopeptin 679 is the only example of an anabaenopeptin-like peptide where the
exocyclic residue is absent (Figure 6). This anabaenopeptin possesses solely the ring
structure, which shares the same amino acid sequence as anabaenopeptins A, B, C, D, and
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J [53]. Additionally, Namalides are anabaenopeptins with an atypical structure lacking
two amino acids from the macrocycle. They are cyclic tetrapeptides firstly identified in the
marine sponge Siliquariaspongia mirabalis [54] and then detected in cyanobacteria, such as
Sphaerospermopsis torques-reginae ITEP-024 [55] and Nostoc sp. CENA543 [56], producing
namalides B and C, and namalides B, D, E, and F, respectively.

Figure 6. Example of Anabaenopeptins with unusual structures lacking one amino acid (Anabaenopeptin 679) and two
amino acids (Namalide B) residues [53,55,56].

3. Occurrence of Anabaenopeptins and factors involved in their expression

Besides its great structural diversity, it appears that those peptides are usually detected
in some specific genera of cyanobacteria. As can be seen in Table 2, the majority of
cyanobacteria able to biosynthesize anabaenopeptins belong to genera such as Anabaena,
Microcystis, Nodularia, Oscillatoria, and Planktothrix. Except for Microcystis, those genera are
filamentous cyanobacteria belonging to the order Nostocales and Oscillatoriales. Regarding
the unicellular genus, as will be discussed later (Section 4), the Anabaenopeptin NRPS
cluster seems to be horizontally transferred to Microcystis [57]. Also, Anabaenopeptins
have been detected in genera Aphanizomenon, Brasilonema, and Desmonostoc belonging to
Nostocales order. Similar to Oscillatoria and Planktothrix, the genus Lyngbya belonging
to Oscillatoriales demonstrated to produce anabaenopeptins. In addition, two strains
of unicellular genera of cyanobacteria that belonged to Synechococcales, Schizothrix and
Woronichinia, proved to have the ability to produce Anabaenopeptins. Strains belonging
to filamentous cyanobacteria tend to present a higher quantity of gene clusters than the
unicellular strains [58]. The heterocyst presence in some members of the order of Nostocales
can also confer some advantages in the Anabaenopeptin production since this differentiated
cell provides the propitious microenvironment for the nitrogen fixation, which is an element
required in large amount for the production of cyanopeptides [59].
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Table 2. Occurrence of anabaenopeptins in different cyanobacteria genera and species.

Strains Anabaenopeptin Reference

Freshwater
Anabaena flos-aquae 202 A 1 Anabaenopeptins B and D [44]
Anabaena flos-aquae CYA 83/1 Anabaenopeptins B and D [44]
Anabaena lemmermannii 202 A2/41 Anabaenopeptins B and C [44]
Aphanizomenon flos-aquae NIES-81 Anabaenopeptins I and J [42]
Lyngbya sp. (SAG 36.91) Lyngbyaureamide A and B [47]
Microcystis aeruginosa HUB 063 Anabaenopeptins B and F [40]
Microcystis aeruginosa Kutz Ferintoic acids A and B [39]
Microcystis aeruginosa PCC7806 Anabaenopeptins A, B, E/F and Oscillamide Y [60]
Microcystis aeruginosa TAU IL-342 Anabaenopeptin HU892 [61]
Microcystis sp. (MB-K) Anabaenopeptin KT864 [52]
Microcystis sp. TAU IL-306 Anabaenopeptin F and Oscillamide Y [61]
Microcystis sp. TAU IL-362 Anabaenopeptins MM823, MM850, MM913 and B [61]
Microcystis spp. Anabaenopeptin KB905, KB899, G, H, 908A, 915, HU892, MM913 [62]
Nodularia spumigena Node 2 Nodulapeptins B, C, 855B, 871, 879, 897 and 915A [14,49]
Nodularia spumigena Nodg 3 Nodulapeptins B, C, 855B, 871, 879, 897 and 915A [14]
Nodularia spumigena Nodh 2 Nodulapeptins B, C, 855B, 871, 879, 897 and 915A [14]
Nodularia spumigena NSBL-05 Anabaenopeptin 807 [14]
Nodularia spumigena NSBL-06 Anabaenopeptin 807 [14]
Nodularia spumigena NSBR-01 Anabaenopeptin 807 [14]
Nodularia spumigena NSGL-01 Anabaenopeptin 807 [14]
Nodularia spumigena NSKR-07 Anabaenopeptin 807 [14]
Nodularia spumigena NSLA-01 Anabaenopeptin 807 [14]
Nodularia spumigena NSOR-02 Anabaenopeptin 807 [14]
Nodularia spumigena NSPH-02 Anabaenopeptin 807 [14]
Oscillatoria agardhii CYA 128 Anabaenopeptins A and C [44]
Oscillatoria agardhii NIES-204 Anabaenopeptins B, E and F [38]
Oscillatoria agardhii NIES-595 Anabaenopeptin G and H [26]
Planktothrix agardhii CCAP 1459/11A Anabaenopeptin F and Oscillamide B [25]
Planktothrix agardhii CYA126/8 Anabaenopeptin 908A and 915 [63]
Planktothrix agardhii HUB 011 Anabaenopeptin G [40]
Planktothrix agardhii NIVA CYA 15 Anabaenopeptins A and B [64]
Planktothrix agardhii NIVA CYA 34 Anabaenopeptins A, B, F and Oscillamide Y [64]
Planktothrix mougeotii NIVA CYA 405 Anabaenopeptins A, B, F and Oscillamide Y [64]
Planktothrix mougeotii NIVA CYA 56/3 Anabaenopeptins C, 822 *, B, and F [64]
Planktothrix prolifica NIVA CYA 406 Anabaenopeptins A, B, F and Oscillamide Y [64]
Planktothrix prolifica NIVA CYA 540 Anabaenopeptins A, B, F and Oscillamide Y [64]
Planktothrix prolifica NIVA CYA 98 Anabaenopeptins A, B, F and Oscillamide Y [18,64]
Planktothrix rubescens Anabaenopeptins A, B, F and Oscillamide Y [65]
Planktothrix rubescens Anabaenopeptins A, B, C, F and Oscillamide Y [66]
Planktothrix rubescens Anabaenopeptins B and F [67]
Planktothrix rubescens Anabaenopeptin A, B, and F [68]
Planktothrix rubescens BGSD-500 Anabaenopeptins B and F [69]
Planktothrix rubescens NIES-610 Anabaenopeptin F [25]
Planktothrix rubescens NIVA CYA 407 Anabaenopeptins C, 822 *, B, and F [64]
Woronichinia naegeliana Anabaenopeptin 899 [70]

Marine
Anabaena sp. TAU NZ-3-1 Anabaenopeptins NZ841, NZ825 and NZ857 [71]
Coelosphaeriaceae cyanobacterium 06S067 Anabaenopeptins A, B, F, 802 *, 827 *, 809 * and Oscillamide Y [72]

Nodularia spumigena AV1 Nodulapeptins A, B, C, 871, 821, 839, 849, 855A, 863, 865, 867, 879,
881A, 881B, 883A, 897, 899A, 915A, 931 [14,48,49]

Nodularia spumigena B15a Anabaenopeptins 841 and D [14]

Nodularia spumigena BY1 Anabaenopeptin B and Nodulapeptins B, C, 821, 839, 855A, 855B,
871, 879, 881A, 881B, 883A, 897, 899A, 915A, 931 [14,48,49]
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Table 2. Cont.

Strains Anabaenopeptin Reference

Nodularia spumigena CCNP 1401 Anabaenopeptins 841A and D [14,49]
Nodularia spumigena CCNP 1423 Nodulapeptins 883B, 899B, 901, 915B, 917, 933 [14,49]
Nodularia spumigena CCNP 1424 Nodulapeptins 883B, 899B, 901, 915B, 917, 933 [14,49]
Nodularia spumigena CCNP 1425 Nodulapeptins 883B, 899B, 901, 915B, 917, 933 [14,49]

Nodularia spumigena CCNP 1402 and Nodulapeptins A, B, C, 821, 839, 855A, 855B, 871, 879, 881A,
881B, 883A, 897, 899A, 915A, 931 [14,49]

Nodularia spumigena CCNP 1403 Anabaenopeptins 841A and D [14,49]
Nodularia spumigena CCNP 1426 Anabaenopeptins D and 841A [49]

Nodularia spumigena CCNP 1427 Nodulapeptins B, C, 821, 855A, 855B, 871, 879, 881A, 881B, 883A,
897, 899A, 915A and 931 [49]

Nodularia spumigena CCNP 1428 Nodulapeptins 883B, 899B, 901, 915B, 917 and 933 [49]
Nodularia spumigena CCNP 1430 Anabaenopeptins D and 841A [49]
Nodularia spumigena CCNP 1431 Nodulapeptins 883B, 885, 899B, 901, 915B, 917 and 933 [49]

Nodularia spumigena CCNP 1436 Nodulapeptins B, C, 839, 855A, 855B, 871, 879, 881A, 881B, 883A,
897, 899A, 915A, 921 and 931 [49]

Nodularia spumigena CCNP 1440 Nodulapeptins 883B, 885, 899B, 901, 915B, 917 and 933 [49]

Nodularia spumigena CCY 9414 Nodulapeptins A, B, C, 839, 855A, 855B, 871, 879, 881A, 881B,
883A, 897, 899A, 915A, 931 [14,49,73]

Nodularia spumigena KAC 11 Anabaenopeptins J and 807 [49]
Nodularia spumigena KAC 13 Anabaenopeptins D and 841A [49]
Nodularia spumigena KAC 64 Nodulapeptins 883B, 885, 899B, 901, 915B, 917 and 933 [49]
Nodularia spumigena KAC 66 Nodulapeptins 883B, 885, 857, 899B, 901, 915B, 917 and 933 [14,49]
Nodularia spumigena KAC 68 Nodulapeptins 883B, 885, 857, 899B, 901, 917 and 933 [49]

Nodularia spumigena KAC 7 Nodulapeptins B, C, 921, 839, 855A, 855B, 871, 879, 881A, 881B,
883A, 897, 899A, 915A and 931 [49]

Nodularia spumigena KAC 70 Nodulapeptins 807, 823, 851, 865, 867 and 883C [49]

Nodularia spumigena KAC 71 Nodulapeptins A, B, C, 921, 823, 839, 855A, 855B, 871, 879, 881A,
881B, 883A, 897, 899A, 915A and 931 [49]

Nodularia spumigena KAC 87 Nodulapeptins 807, 823, 849, 851, 865, 867 and 883C [49]

Nodularia spumigena UHCC0039 Nodulapeptins A, B, C, 839, 849, 855A, 863, 865, 867, 871, 879,
881A, 881B, 897, 899A, 915A and 933 [73]

Terrestrial
Anabaena circinalis 90 Anabaenopeptins A, B, and C [44]
Anabaena flos-aquae NRC 525-17 Anabaenopeptins A and B [20]
Brasilonema sp. 360 Anabaenopeptin 802A [24]
Brasilonema sp. 382 Anabaenopeptin 802A [24]
Brasilonema sp. CT11 Anabaenopeptins 788, 802A, 802B and 816 [74]
Desmonostoc sp. 386 Anabaenopeptins 848, 849, 862, 863, 877A, 877B, 891 and 905 [24]
Nostoc sp. 352 Anabaenopeptins 841B, 855, 857 and 871 [24]
Nostoc sp. 358 Anabaenopeptins 882 and 896 [24]
Nostoc sp. ASN_M Anabaenopeptins 808 *, 828, 842 *, 844 * and 858 *, [75]
Nostoc sp. ATCC 53789 Anabaenopeptin SA9, SA10, SA11 and SA12 [12]
Nostoc sp. KVJ2 Anabaenopeptins KVJ827, KVJ841, and KVJ811 [21]
Schizothrix sp. IL-208-2-2 Schizopeptin 791 [46]

* Anabaenopeptin variants with non-elucidated sequence.

A total of 45, 29, and 12 cyanobacteria strains from freshwater, marine and terrestrial
environment have been analyzed for AP production, respectively. As seen in Table 2 and
according to the literature [34,40,41,53,76–85], marine strains produced a total of 50 different
variants of APs, in comparison to 43 and 34 variants from freshwater, and terrestrial strains,
respectively (Figure 7). Thus, marine cyanobacteria demonstrate to produce a higher
number of distinct APs variants in comparison to the remaining strains from different
sources. However, APs from freshwater environments have the greatest diversity of amino
acids in the majority of positions (Figure 8). Thus, these features could be associated to
different obstacles faced in their respective environments as well as the fact that both
belong to aquatic environments [86], however, this hypothesis requires further studies.
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Some of those APs are shared among different strains isolated from distinct environments: 2
anabaenopeptins (A and B) variants were detected in all ecosystems; in comparison, strains
from both aquatic habitats had 13 APs variants in common (D, F, J, 807, NZ841, Oscillamide
Y, and Nodulapeptins B, C, 855B, 871, 879, 897 and 915A); in contrast, only anabaenopeptin
C were produced by both terrestrial and freshwater, and none Anabaenopeptin variant
was shared by both terrestrial and marine strains.

According to Table 2 and Figure 7, there are AP variants shared among cyanobacteria
strains from different environments according to the previous discussion. Anabaenopeptins
A and B are the only variants detected in all habitats analyzed, and the only difference
between those variants reside at the exocyclic residue. AP B is still the most recurrent
among these oligopeptides in cyanobacteria (Table 2), corroborating with the previously
raised hypothesis that this variant was the first cyanotoxin of this class to be emerged. [57].
Furthermore, the number of common anabaenopeptins variants increases when a com-
parison is made among strains only from aquatic habitats (freshwater and marine): An-
abaenopeptins D, F, J, 807, NZ841, Oscillamide Y, and Nodulapeptins B, C, 855B, 871, 879,
897 and 915A. Besides their production by both freshwater and marine cyanobacteria, these
prevalent oligopeptides seem to be more recurrent in marine environments, given that a
higher number of cyanobacteria strains from this habitat are able to produce these APs
comparing to freshwater, except for Oscillamide Y, which is more recurring in the latter.
Among those variants, Nodulapeptin B is the most frequent in marine microorganisms.
Besides, the only difference between the AP C (produced by freshwater and terrestrial
strains) and both A and B variants is the exocyclic amino acid, and the former was not
detected in marine cyanobacteria.

Figure 7. The number of Anabaenopeptins variants detected and shared among strains of
cyanobacteria from different environments, including environmental samples.
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Figure 8. Relative frequency (%) of amino acids in positions 1 and 3–6 of variants of anabaenopeptins characterized
according to their environment (freshwater, marine and terrestrial). The total number of variants with elucidated sequences
were 42, 47 and 29 for freshwater, marine, and terrestrial environments, respectively. Position 2 was omitted as the D-Lys
residue being conservated among AP variants.

As seen in Figure 7, the environment can exert a crucial role in the biosynthesis of
different APs, justifying their distribution in certain locations. The presence and frequency
of certain amino acids in Anabaenopeptin structures can vary according to their respective
source environment. Anabaenopeptins from both aquatic environments demonstrate to
have Isoleucine as the most recurrent amino acid in position 1, while this same amino acid
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was detected in only one AP variant in terrestrial strains (Figure 8). Phenylalanine was
highly detected in position 1 of Anabaenopeptins isolated from terrestrial strains. Then,
freshwater cyanobacteria may be promising biotechnological targets due to its highest
diversity of amino acids in position 1, as the exocyclic residue is crucial for its inhibitory ac-
tivity [12,34,45]. Regarding the variable position 3, Anabaenopeptins from freshwater and
marine environments displayed a similar pattern of amino acid frequencies, Valine (Val)
being the most frequent, followed by Ile and L-Methionine sulfone (MetO2). In contrast,
terrestrial strains produce several AP variants with Ile in position 3, followed by Val and
Leu, the latter being absent in this position on APs detected in aquatic environments. Ho-
motyrosine (Hty) and Homophenylalanine (Hph) are the most found residues in position
4 among APs from all habitats analyzed, however, among terrestrial and marine strains
Hph is more predominantly, while Hty is commonly observed in APs from freshwater
strains. Except for Glycine (Gly) in some Anabaenopeptins from terrestrial strains, all the
other residues in position 5 are N-methylated. APs from non-aquatic cyanobacteria do not
harbor homoamino acids in the fifth position and, in addition, Asparagine is only detected
in some of those variants in the respective position. Besides their detection in position
5, homoamino acids seem to be more persistent in position 4 from those APs analyzed.
Position 6 has the highest richness of amino acids among AP variants obtained from marine
environments, having incorporated 7 different residues, while this position in variants
from freshwater habitats have assimilated 9 different amino acids, being the second most
diverse site. Such heterogeneity in the last position in APs from aquatic strains is not
clear, as the first amino acid residue demonstrated to be important in Anabaenopeptin
interaction towards its enzyme target [12,34,45]. This array of several amino acids detected
in position 6 is not visualized in Anabaenopeptins from terrestrial strains, where Phe was
the amino acid more detected, similar to those APs from freshwater microorganisms.

The identification of the external physicochemical parameters involved in the regula-
tion of these molecules can assist in controlling and assessing their risks [87]. Furthermore,
this type of information can enable a better comprehension of their functions in producing
organisms [27,88–91].

Microcystins, nodularins, and saxitoxins are among the most studied toxins from
cyanobacteria, in which their gene clusters can operate independently, being, therefore,
able to react oppositely when exposed to the same conditions [92,93]. The relationship
between the gene cluster of Anabaenopeptins with these clusters within an individual
strain is not well explored, demanding more detailed studies by a holistic approach, since
enabling the study of various peptides at the same time [89,90].

Anabaenopeptins content per cell is strongly affected by environmental factors (Figure 9).
Tonk and co-workers [27] investigated the effect of light intensity, temperature, and phos-
phorous concentration on the growth of the cyanobacterium Anabaena sp. 90 as well
as its production of Anabaenopeptins A and C among some MC variants and with the
anabaenopeptilide 90 B. This later belongs to an underexplored group of depsipeptides,
which similar to the APs has the structure of a ring with a side chain, but without the
ureido linkage. In the phosphorus-limited condition, all peptides were detected in a
higher amount. These data match the result of Teikari and colleagues [94], who studied
the same Anabaena strain and encountered higher quantities of transcripts belonged to
anabaenopeptins, anabaenopeptilide, and microcystins gene clusters under low-phosphate
conditions. Phosphate limitation also increases the content of protease inhibitors of the
cyanobacterium M. aeruginosa NIVA CYA 43 [95].
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Figure 9. Major factors involved in anabaenopeptin regulation in cyanobacteria.

In contrast, anabaenopeptilide 90B responded in a different way of Anabaenopeptins
A and C to light exposure. The former increases considerably with light intensity while the
others had their production reduced. These two peptide groups exhibit a compensatory
dynamic, where the reduction of one is accompanied by the increase of the other. This
strategy employed by cyanobacteria ensures the constitutive production of peptides with
similar functions in an unstable environment, increasing its survival change. For example,
anabaenopeptilides are also serine protease inhibitors, having near functions to APs in the
cell. In respect to the temperature, its increase favored anabaenopeptins production but
resulted in a slower growth rate [27]. Such observations demonstrate that APs production
is a constitutive process and is not always positively related to the growth of Anabaena
sp. 90, contrasting, therefore, with the argument that the best growth conditions are more
favorable to toxins production.

A compensatory mechanism has been described by other authors in cyanobacte-
ria [88–90,96]. A comparison of the oligopeptide profile of M. aeruginosa PCC 7806
and its microcystin-deficient mutant revealed that the loss of this toxin has as conse-
quence the increased production of cyanopeptolins and aeruginosins [90]. Pereira and
co-workers [96] observed similar behavior for different variants of MCs in Radiocystis fernan-
doii 28. Microcystin-RR exhibited an opposite response to those observed for microcystins
YR, FR, and WR under distinct light conditions in this strain. This type of modification can
strongly affect its final toxicity since MC variants display different toxicity degrees. Another
possible alteration consists of a change of antifeedant potential. APs significantly vary as
substrate specificity, exhibiting different bioactivity. In a previous study, the inactivation of
the genes involved in the synthesis of anabaenopeptilides in Anabaena sp. 90 resulted in a
considerable increase in the production of anabaenopeptins [88]. One plausible explanation
for this phenomenon is that the knockout of genes involved in the biosynthesis of some
oligopeptides can lead to a credit of energy, which is allocated to the production of the
remaining peptides [90].
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The impact of the cell density on anabaenopeptin production and other oligopep-
tides have been investigated since it has been related to the increase in the production of
some antibiotics. Moreover, this phenomenon can provide valuable data about probable
alterations during bloom processes and mat formation [97,98]. High-density cultivation
of photosynthetic microorganisms can be a challenge as the light availability decreases
with cell density. Guljamow and co-workers [21] utilized a two-tier vessel developed
by Bähr and co-workers [99] to cultivate N. punctiforme PCC 73102 and Nostoc sp. strain
KVJ2 at high cell density and observed a higher diversity of secondary metabolites. An-
abaenopeptin was absent in Nostoc sp. strain KVJ2 biomass obtained under conventional
cultivation. High-density cultivation of this strain revealed the presence of three novel
anabaenopeptins (KVJ827, KVJ841, and KVJ811). The increase of the content of these APs
in the strain KVJ2 is attributed to a higher number of transcriptions among the cells. In the
conventional cultivation, the distribution of the aptA transcripts (an NRPS gene related to
AP production) was restricted only to a cell at (pre-)akinete state while in high-cell density
culture, this transcript was widely distributed among the vegetative cells [21].

The interaction between different chemotypes of cyanobacteria in a water body can
provoke significant alterations in their secondary metabolites profile. Consequently, differ-
ences are observed between laboratory culture and natural environments. In co-culture
with M. aeruginosa PCC 7806, the non-microcystin-producing strain M. aeruginosa PCC
9432 enhanced its bioactive peptide content, including Ferintoic acids A and B [90]. These
findings suggest the release of diffusible signals by cyanobacteria with the capacity of regu-
lating the production of APs. The chemical nature of such metabolites was not determined
in this study. However, certain oligopeptides can fill the signaling function since they are
occasionally found in the extracellular compartment, acting as infochemicals. In addition
to peptides, cyanobacterial exudate has also some nutrients, which affect the production
of certain toxins and can be, consequently, responsible for the increase of Ferintoic acids
A and B in M. aeruginosa PCC 9432 [100]. In a later study, the supplementation of the
culture medium of a P. agardhii with two oligopeptides extracts from samples of P. agardhii
as the predominant cyanobacterial species had different effects on the synthesis of the
peptides of this strain. Both extracts showed a positive impact on biomass accumula-
tion and chlorophyll-a production, being attributed to those nutrients and oligopeptides
now present. The high nutritional content of the extracts is associated with the ability of
cyanobacterial in fixing nitrogen and producing vitamins, phytohormones, and polysac-
charides. Three out of four anabaenopeptins maintained constant (m/z 851, 844, and
837) while the variant with m/z 828 was substituted by other with m/z 923. One of the
extracts increased the anabaenopeptin content of variants m/z 844, 851, and 837 while
the other diminished the quantity of these last two [101]. The opposite responses to these
extracts may be assigned to the content differences observed between them. The extract
responsible for reducing the APs expression exhibits a superior concentration of nitrate and
phosphate, which, as was previously mentioned has a negative effect on the production of
anabaenopeptin [27].

In addition to interaction with other cyanobacteria, these microorganisms are capa-
ble to establish symbiotic associations with invertebrates, such as corals, mollusks, and
sponges. Both organisms can be benefited during this consortium through secondary
metabolite production, for example [102]. Sponges host an enormous quantity of mi-
croorganisms belonging to diverse phyla, where cyanobacteria are mainly represented by
genera Aphanocapsa, Synechocystis, Phormidium, and Oscillatoria [103]. These photosynthetic
microorganisms can occupy either extra- or intracellular spaces, aiding the host in the
control of the redox potential, supplying pigments and energy through carbon fixation,
and in the defense mechanism by the production of secondary metabolites. Published
reports have demonstrated that as a consequence of these processes, cyanobacteria have
their metabolic profile altered, resulting in the production of distinct variants of natural
products. The compound 2-(2’,4’-dibromophenyl)-4,6-dibromophenol is solely biosynthe-
sized by a cyanobacterium belonging to genus Oscillatoria in association with the sponge
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Dysidea herbacea [104]. These factors corroborate with the hypothesis that anabaenopeptins
primarily observed in sponges could be of cyanobacterial origin, as brominated APs vari-
ants were isolated only from sponges [28,31,33] and the Oscillatoria genus is known for
APs production. For instance, the polyketide nosperin and some variants of oligopeptide
nostopeptolide are encountered exclusively during symbiosis, which may be the same
mechanism for anabaenopeptin variants production found in sponges.

4. Biosynthesis

The features of Anabaenopeptins are related to Non-Ribosomal Peptide Synthetases
(NRPSs), which operate with a nucleic acid-free mechanism at the protein level and are
structured as multifunctional proteins. NRPSs are organized as gene clusters in bacteria,
usually possessing all the proteins required for proper biosynthesis of the secondary
metabolites, from the generation of building blocks to product transport [105–107].

The variability of NRP structures, both cyclic and linear, reflects the concept of the
complex modular system of NRPSs organized as an assembly line. Each module is re-
sponsible for the activation and coupling of an amino acid to the respective oligopeptide
being synthesized. The principle known as the collinearity rule dictates that, for example,
a hexapeptide requires six modules to be produced. Those modules are composed of enzy-
matic domains present in an NRPS, which are responsible for specific biosynthetic steps, as
amino acid activation, bond formation, and oligopeptide liberation. Besides the initiation
module, an elongation module from an NRPS requires, at least, an Adenylation-domain
(A-domain) for amino acid recognition and activation; the Thiolation-domain (T-domain),
required to carry the synthesized peptide; and a Condensation-domain (C-domain), respon-
sible for the peptide bond formation. The last module of this assembly line requires the
Thioesterase-domain (Te-domain) for the proper maturation of the peptide, also responsible
for the cyclization step [18,105–108].

Similar to other peptides produced by NRPS, the biosynthesis of APs requires all the
specific steps of the assembly line. Besides, due to some specific characteristics present in
this cyclic hexapeptide and its variants, other proteins and domains can also be related to
its synthesis, as the biosynthetic apparatus for homoamino acid production and domains
for D-Lys formation (Epimerization-domain; E-domain) and N-methylation of specific
residues (Methylation-domain; M-domain) [18,19,105,106,108,109].

Besides the fact that the anabaenopeptin structure’s first detection in cyanobacteria
occurred in 1995 [20], its gene cluster was only described ten years later in a Planktothrix
rubescens strain [18]. The gene cluster detected in this cyanobacterium comprised of 5
genes (anaABCDE): 4 NRPSs, and an ATP-Binding Cassette-transporter (ABC-transporter)
protein. It was also visualized NRPSs possessing an epimerase domain (AnaA) and a
methyltransferase domain (AnaC), which could be related to typical features encountered
in APs, such as D-Lys and N-methylated amino acids, respectively. Only one cluster was
detected in this organism, and it was attributed for the biosynthesis of all four peptides
produced: Anabaenopeptin A, B, F, and Oscillamide Y, which differ by the combinatory
of two residues in two distinct positions: (Tyr/Arg)-Lys-(Val/Ile)-Hty-MeAla-Phe. Thus,
this phenomenon indicates that these NRPSs demonstrated a certain degree of promiscuity
regarding their substrates and A-domains, as different amino acids can interact with the
same catalytic site [18].

Rouhiainen and co-workers [110] detected gene clusters related to the production of
APs in Anabaena sp. 90, Nodularia spumigena CCY9414, and Nostoc punctiforme PCC3102.
In Anabaena sp. 90, five Open Reading Frame (ORF) were identified to be encoding
NRPSs (aptA1, aptA2, aptB, aptC, and aptD) and two additional genes to be encoding
proteins with similarity to HMGL-family (aptE) and ABC-transporter protein (aptF). When
compared to the clusters identified in N. spumigena and N. punctiforme, 4 NRPS and two
homolog proteins to AptE and -F were also detected, indicating that Anabaena sp. had
an additional NRPS gene (aptA1 and aptA2). Similar to AnaA from Planktothrix rubescens
NIVA-CYA 98, AptA1 and AptA2 also have an epimerase domain indicating their role as
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initial enzymes, and AptC possessing the N-methyltransferase domain as AnaC [110]. The
proteins AptA1/AptA2, AptB, AptC, and AptD are homologs to the NRPS proteins AnaA,
AnaB, AnaC, and AnaD, sharing the same functions, respectively.

A genomic analysis of Sphaerospermopsis torques-reginae ITEP-024 accomplished by
Lima and colleagues [107] demonstrated that the apt gene cluster is close to the spumigin
cluster. Both AP and spumigin are peptides with protease inhibitory activity which usually
possess Homophenylalanine and Homotyrosine residues, then indicating that both NRPS
apparatus share a biosynthetic cluster related to the production of these nonproteinogenic
residues. The apt gene cluster of S. torques-reginae strain has a similar organization to
the anabaenopeptin clusters from Anabaena, Nodularia, Nostoc, and Plaktothrix [18,110].
Thus, its cluster also holds four genes encoding a six-module NRPS (aptABCD), where the
Te-domain is present at the last module, then being responsible for the final step of AP
production, similarly to other NRPS products [107].

Entfellner and co-workers [57] suggested that the AP cluster could be transferred
among cyanobacterial species due to horizontal gene transfer (HGT). This hypothesis is
supported by the high similarity visualized between the apnA-E cluster from Planktothrix
and Microcystis composed by apnA, apnB, apnC, apnD and apnE, which genes codified pro-
teins homologs to AnaA/AptA, AnaB/AptB, AnaC/AptC, AnaD/AptD, and AnaE/AptF,
respectively. Some strains belonging to the Planktothrix genus demonstrated to possess
the same AP cluster, but not all of them, thus suggesting that the common ancestors of
these organisms did not have the NRPS apparatus for AP biosynthesis, which could be
visualized by a phylogenetic analysis using apnA-E clusters as biological markers. By
phylogenetic analysis of different sequences of anabaenopeptin cluster, it could be inferred
that an ancestral cluster was introduced into the chromosome of a Planktothrix strain and
diversified into different variants, which could be grouped according to apnA sequences.
Thus, the high frequency of AP producers belonging to Microcystis and Planktothrix in
nature could be an indication of this mechanism of genetic transference by the AP clus-
ter and its wide distribution among those genera, requiring further analysis of the same
mechanism in other AP producers, such as Anabaena, Aphanizomenon, Nodularia, Nostoc,
Oscillatoria, and Lyngbya (Table 2) [57].

It had been detected in Nostoc sp. CENA543 six variants of APs. Through genomic
analysis, a gene cluster of 26 kb containing four NRPS and additional enzymes was
visualized related to AP production. Following the same pattern, the NRPS proteins
were AptABCD, and the additional enzymes were an ABC-transporter, 2-isopropylmalate
synthase (HphA), and an ORF similar to Nuclear Transport Factor-2 (NFT2) proteins [56].

Thus, as discussed, several AP clusters have been identified (Figure 10) and their
nomenclatures are not standardized, which usually are assigned according to the strains
detected. For example: ana and apn for Planktothrix [18,57,111,112]; apt for Anabaena, Micro-
cystis, Nodularia, Nostoc and Sphaerospermosis [56,107,110]; and even kon from Candidatus
Entotheonella sp. TSY referencing the konbamide biosynthetic gene cluster [113]. Among
these nomenclatures, apt is the most recurring, being applied to refer the AP gene cluster
along this manuscript. However, all anabaenopeptin gene clusters from these different
strains of cyanobacteria share common features. The first NRPS, AptA, is a bimodular
initiation enzyme containing two A-domains, two T-domains, one C-domain, and one E-
domain. The second NRPS enzyme, AptB, contains one elongation module (condensation,
adenylation, and thiolation domains), followed by the third enzyme, AptC, which is an
NRPS enzyme with two elongation modules, which commonly contains distinct domains
related to peptide modification, such as N-methyltransferases. Finally, the termination
module from AptD comprises an elongation module which also includes a Te-domain
(Figures 10 and 11). Then, it totalizes 6 modules, following the collinearity rule and con-
firmed by bioinformatic analyses regarding the specificity of each module with its amino
acid [18,56,57,107,110–112].
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Figure 10. Anabaenopeptin cluster (apt) organization from different cyanobacteria strains. The genes aptA1, aptA2, aptA,
aptB, aptC, aptD and aptE are Non-Ribosomal Peptide Synthetases (NRPSs) related to Anabaenopeptin production; hphA
gene belongs to homoamino acid biosynthetic pathway and hphABCD cluster. These clusters were obtained according to
their accession codes (AC) from National Center for Biotechnology Information (NCBI): Anabaena sp. 90 (AC: GU174493),
Nodularia spumigena CCY9414 (AC: CP007203), Nostoc punctiforme PCC 73102 (AC: CP001037), Sphaerospermopsis torques-
reginae ITEP-024 (AC: KX788858), Planktothrix agardhii NIVA-CYA 126/8 (AC: EF672686), Snowella sp. 249/25 (AC: MF741700),
Microcystis aeruginosa PCC 9701 (AC: HE974200), Microcystis aeruginosa SPC777 (AC: PRJNA205171), Microcystis aeruginosa
PCC 9432 (AC: HE972547). This information is available on the public database NCBI (https://www.ncbi.nlm.nih.gov/;
accessed on 16 March 2021).

The first adenylation domain from the NRPS apparatus belonging to the first module
of AptA (Figures 10 and 11) had been analyzed by several works due to the inhibitory role
of the first amino acid residue towards specific enzymes [57,111]. Evolutionary analysis
coupled to molecular biology demonstrated that one of the first anabaenopeptin to be
produced possessed Arg at position 1, such as anabaenopeptin B (Figure 2). This data
corroborates with the inhibitory activity of carboxypeptidase B of AP variants bearing Arg
at the exocyclic position, which is greater than Tyr, Phe, and Ile. In addition, analysis of
Planktothrix producers strains demonstrated a high frequency of AP B producers (83 out of
89 strains), followed by AP A, AP F, and Oscillamide Y (55%, 45%, and 33% of the strains),
corroborating with Table 2 [57]. Some wild-type adenylation domains from the first module
of AptA demonstrated to be highly specific for arginine and tyrosine, and single point
mutations within this domain can result in significant substrate promiscuity [57,110–112].
Due to its high frequency, inhibition towards carboxypeptidase B, and the possibility to be
the first oligopeptide of its group to be originated, the biosynthesis of Anabaenopeptin B is
outlined in Figure 11 and will be used as a standard for APs production.

Through a search of APs biosynthetic clusters in several cyanobacteria, Shishido and
colleagues [56] detected that the majority of strains of cyanobacteria contained only one
aptA gene. However, ten cyanobacteria and the tectomicrobia Candidatus Entotheonella sp.
TSY1 possessed two alternative aptA genes. Thus, under other works [18,56,57,107,110,111,
113], the biosynthesis initiation of APs has two different approaches. The first one is the
NRPS with the presence of two starter modules with distinct substrate specificities that can
produce different variants of APs. The second mechanism is due to the promiscuity of the
first adenylation domain of AptA, producing different variants at position one [112]. Both
mechanisms can increase the chemical diversity of Anabaenopeptins produced.

https://www.ncbi.nlm.nih.gov/
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Figure 11. Scheme of biosynthesis of anabaenopeptin B in Anabaena sp. 90 by NRPS apparatus [107,110]. A: adenyla-
tion domain; T: thiolation domain; C: condensation domain; E: epimerization domain; M: N-methylation domain; Te:
thioesterase domain.

As discussed previously, Rouhiainen and co-workers [110] identified an anabaenopeptin
cluster from Anabaena sp. 90, possessing one additional NRPS enzyme with two modules
(AptA1 and/or AptA2). This cyanobacterium was able to produce 3 different AP variants
differing at position one. Through sequence comparison and substrate specificity analysis,
it had been demonstrated that the first adenylation domain of AptA1 had an affinity
to L-Lys and L-Arginine (Arg), while AptA2 demonstrated to interact with L-Tyr. Both
adenylation domains from the second module of AptA1 and AptA2 incorporated D-Lys.
Thus, demonstrating that Anabaena sp. 90 carried two distinct initiations NRPS producing
different variants of anabaenopeptin, which a similar mechanism could also be visualized
for puwainaphycins and minutissamides [110,114]. However, in Figure 11, only AptA1 is
represented due to its specificity towards Arg.
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Regarding the promiscuity of the adenylation domains aiming to understand the
production of distinct AP variants, the adenylation domain of AptA from Plaktothrix
agardhii PCC 7821 had been evaluated and concluded that it demonstrated to be bispecific
for two different amino acids: Arg and Tyr. This feature corroborates with the variants
produced by this strain of P. agardhii: Anabaenopeptins 908A and 915, which differs solely
in the exocyclic residue (Arg or Tyr) [111,112]. A similar pattern had been visualized in
Planktothrix rubescens NIVA-CYA 98, which possesses only one AP cluster, but it was able
to biosynthesize different variants of anabaenopeptin differing at the exocyclic position
(Tyr and Arg) and the third position (Val and Ile) [18].

One important feature encountered only in Anabaenopeptin among cyanobacterial
peptides is the ureido linkage between the first and second residues [34,49]. However,
this linkage can also be found in other natural products, including pacidomycins, murei-
domycins, napsmycins, and syringolin A. This configuration is not common due to the
mechanism present in NRPSs, which assembles amide bonds in an approach where the
chain polarity remains unidirectional. The presence of ureido linkage alters this polarity
due to the presence of N-to-N terminal condensation. Then, a specific enzyme and/or
domain must be present in NRPSs involved at the ureido linkage formation, suggesting a
possible role of the first elongation module in their formation [115].

When comparing the initial NRPSs genes encoding both modules of AptA from
Anabaena sp. 90, Nodularia spumigena CCY9414, and Nostoc punctiforme PCC 73102, they
all contained typical adenylation and condensation domains, also demonstrating highly
conserved motifs. Besides their conservation, one hypothesis was that both modules of
initiation and elongation of AptA would be related to ureido bond formation, similar to the
SylC protein, from Pseudomonas syringae, which role is the catalysis of the ureido linkage
between two Val residues from syringolin A [110,115]. Though the SylC protein possesses
a domain with structural similarity to acetyltransferase between the A- and C-domains
from the NRPSs, which is responsible for the ureido linkage formation and no homologous
is present in the anabaenopeptins synthetases, suggesting a different mechanism for this
step during AP biosynthesis [107,115].

Besides the initiation step and the formation of the ureido bond between the first
residue and the conserved Lys, several steps of elongation of the peptide are required to
produce a fully mature peptide. The signature sequences analyzed of the A-domains of
these NRPS enzymes, such as AptB and AptC, are consistent with the respective amino
acid residue of the final product and confirmed in vitro by biochemical methods. Also,
usually, the fifth module bears an N-methyltransferase domain, as seen in AptC and their
homologs, responsible for the N-methyl in Ala in position 5 of Anabaenopeptin B, as seen
in Figure 11 [110].

Unlike the initiation enzyme related to residues at position 1 and 2, clusters related
to AP production has not been shown to possess more than one NRPS for each residue.
Thus, the variants produced by the cyanobacterial differing at positions 3–6 are biosynthe-
sized due to the promiscuity of the adenylation domains of AptBCD. This phenomenon
can be visualized by innumerous AP variants differing at those positions with only one
correspondent gene cluster in the genome, for example, Nostoc sp. CENA 543 producing
six variants [56].

Anabaenopeptins usually have homoamino acids at positions 4 and 5, which are
added by AptC during elongation steps, as visualized in Figure 11 by the additional Hty
added in position 4. The AptE, now known as HphA, was first suggested to be responsible
for ureido linkage formation and is related to homoamino acid synthesis [110]. Succeeding
previous works, it has been elucidated that AptE belongs to a biosynthetic cluster named
hphABCD. Genes from hph cluster are frequently detected in the same genomic region
as apt and spu clusters, which both products, Anabaenopeptins and Spumigins, are pep-
tides displaying protease inhibitory activity and homoamino acids. A genomic analysis
of Sphaerospermopsis torques-reginae ITEP-024 demonstrated that both Spumigin and An-
abaenopeptin clusters were present in proximity in the genome. In between both clusters,
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the hphABCD biosynthetic cluster and additional genes were detected in this region, which
a similar organization was also visualized in Nodularia spumigena CCY9414 [107]. The hph
genes are responsible for the biosynthesis of Hph and Hty, nonproteinogenic amino acids
commonly found in both anabaenopeptin and spumigin [116]. Thus, indicating that HphA
is not responsible for ureido linkage formation but behind the supply of both Hph and
Hty. In addition, the presence of the homophenylalanine and homotyrosine biosynthetic
enzymes in this region could suggest that this cluster is supplying both homoamino acids
for APs and Spumigins [107]. In accordance with Lima and co-workers [107], Shishido and
colleagues [56] also visualized that from 56 genomes analyzed containing the apt cluster all
demonstrated to possess the hph biosynthetic cluster, except for Scytonema hofmanii PCC
7110 and Candidatus Entotheonella sp. TSY. The genes encoding the proteins HphABCD were
frequently found upstream or downstream of the AP cluster, supporting the hypothesis
about their roles in providing homoamino acids to APs [107].

Thus, homoamino acids are produced by the HphABCD enzymes and then incor-
porated by the NRPS apparatus. In addition, these non-proteinogenic amino acids can
also be further modified by the NRPS enzymes, considering that residues at position 5 are
mostly methylated by the N-methylation domain in the second module of AptC. However,
methylation of residues at position 4 was also visualized, such in Ferintoic acids A and
B [39], Anabaenopeptin E [37], 863, 891, 848, and 882 [24].

The final step for Anabaenopeptin production is mediated by a Te-domain, which is
commonly associated with the termination process of the biosynthesis of NRPS peptides.
Thus, after the incorporation of the last residue, for example, L-Phenylalanine in AP B
(Figure 11), these domains can be involved with the release of the peptide by hydrolysis, or
even cyclization involving peptidic or ester bonds [19,106]. The last NRPS enzymes AptD
and its homologs [18,111] bear the thioesterase domain, suggesting then their role as the
termination step.

Besides those typical alterations to the amino acid residues discussed, several vari-
ants of APs have been found with different modifications, such as ethylated (Figure 2,
Figure 3, and Figure 5), acetylated, and oxidized residues [22,24,34]. In addition to such
modifications during the elongation steps by the NRPS, an analysis of cytochrome P450
monooxygenases from cyanobacteria revealed that some proteins of this class may be
related to anabaenopeptin modifications. In Synechococcus sp. PCC 7502, it had been sug-
gested that a P450 belonging to CYP110 is involved in the production of Anabaenopeptin
NZ857. Anabaena sp. TAU NZ-3-1 was capable to coproduce this anabaenopeptin and
APs NZ 825 and NZ841. Anabaenopeptin NZ857 differs from AP NZ825 and AP NZ841
by the number of oxidized residues at positions 4 and 6. Anabaenopeptin NZ857 has in
both positions 4 and 6 the homotyrosine residue, while the other peptides have at least one
homophenylalanine. Besides the possible relation of cytochrome P450 in anabaenopeptin
production, its possible catalytic role has not been demonstrated [117].

Regarding the unusual anabaenopeptins lacking residues in their structure, the biosyn-
thesis of Anabaenopeptin 679 (Figure 6) has not been described so far [53], requiring further
analysis of its production. Due to Namalide similarity to APs, it has been suggested that the
biosynthesis of this tetrapeptide is realized by the apt cluster, as during a genomic screening
of both namalides-producing cyanobacteria no exclusive cluster related to the production of
these peptides have been found. The prediction of amino acids incorporation of adenylation
domains of AptABCD is in accordance with both AP and Namalides. Thus, the preliminary
results obtained by Shishido and co-workers [56] strongly suggested that Namalides are
biosynthesized by apt cluster through a module skipping event. During synthesis, the
second domain of AptC and the C-domain of AptD (but not the thioesterase domain) are
ignored resulting in the production of namalides, similar to the module-skipping process
of Myxochromide from myxobacteria [56].
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5. Ecology

Cyanopeptides confer a competitive advantage for their producing organisms due
to their toxicity, which effect has been examined against parasites and grazers (Figure
12) [118,119]. Other strategies, such as colony formation and filaments aggregation with low
nutrition content have also been documented as a defensive mechanism [120]. However,
they cannot, on some occasions, be sufficient to explain the different susceptibility levels
encountered among cyanobacterial populations [121].

Figure 12. Ecological relevance of anabaenopeptins.

Anabaenopeptin presence in the cyanobacterial extract can confer a certain level
of protection against some predators but is not a determining factor in the process as
illustrated by the work developed by Urrutia-Cordero and coworkers [122]. These authors
attested anti-amoeba activity against Acanthamoeba castellanii by Microcystis strains capable
of producing either APs or MCs. Among the tested strains, the anabaenopeptin-producing
was the one that caused the highest mortality rate. In contrast, the existence of the same
APs in the extract of A. lemmermannii NIVA-CYA 426 did not result in any type of activity
for the protozoan. Due to APs and MCs inhibitory activities against phosphatase, the loss of
cytoskeleton integrity of A. castellanii was associated with the action of these cyanopeptides,
which led to impairment of crucial functions associated with cytoplasmic projections,
including motility and feeding.

Deleterious effects in organisms belonging to aquatic fauna were also linked to APs
production and other cyanopeptides [123–125]. The negative impact of these metabolites
can partially justify the substitution of large-bodied zooplankton by small-bodied species
during the blooming process since they affect differently these living beings [126,127]. The
absorption of such molecules can occur by ingestion of cyanobacteria or through uptake
of water. Like the filtration system of large-bodied zooplankton has a greater tendency to
absorb these microorganisms, they are more susceptible to the effect of toxins [128].

Some published reports have focused solely on the effect on a determined organism by
an individual oligopeptide, especially MCs [92,129]. However, this type of investigation is
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not sufficient to verify the real impact of cyanobacterial bloom in the environment. Studies
that employ only one type of solvent to obtain the cyanobacterial extract can also provide
limited information since these microorganisms harbor an enormous variety of metabolites
with distinct polarity, which are not, therefore, totally isolated and investigated during
this type of analyses. Even though APs concentration in the aquatic environment can
exceed 1 g.L−1, they pose unknown consequences for human health [15]. Furthermore,
their full effects on other animals are largely unknown. In Zebrafish (Danio rerio), an animal
model very close to the human being, APs B and F as well as Oscillamide Y do not have
any significant effect on the mortality of their embryos [130]. Otherwise, another study
demonstrated that the APs A, B, and F exhibited the greatest toxicity as compared to other
cyanopeptides, such as microcystin-RR, microginin 690, and cyanopeptolins CYP-1007,
CYP-1020, and CYP-1041 to the nematode Caenorhabditis elegans. The exposure to these
understudied toxins was responsible for diminishing the reproduction potential of this
worm, affecting the brood size, the hatching time of eggs and vulvar integrity. Moreover,
lifespan was also reduced by nearly 5 days [131].

Concerning APs action in other animals, Pawlik-Skowrońska and colleagues [127]
demonstrated that extracts containing Anabaenopeptins originated from bloom samples,
where the predominant species were P. agardhii or Microcystis sp., caused different re-
sponses in the behavior of planktonic species Daphnia pulex and Brachionus calyciflorus. The
unicellular cyanobacterium extract did not cause acute toxicity to any of the investigated
zooplanktons. Otherwise, the Planktothrix extract strongly reduced the survivorship rate
of D. pulex. This difference was attributed to the oligopeptide profile in the extract, which
considerably varies as to their quantity and structure. Anabaenopeptin and Aeruginoside
had a superior contribution in P. agardhii extract as compared to Microcystis one, suggesting
that those oligopeptides act in synergism. A similar analysis harboring a larger number
of organisms, verified the toxicity of Nodularia spumigena extracts against the crustaceans
Thamnocephalus platyurus and Artemia franciscana and also the bioaccumulation of their
oligopeptides in these invertebrates and some blue mussels [118]. Nine APs and nodularin
were encountered in the mussels collected from a bloom formed by this cyanobacterium.
In T. platyurus and A. franciscana, the exposure to Nodularia spumigena extract results in
the accumulation of various Anabaenopeptins, one aeruginosin, and one spumigin. The
cyclic structure of APs confers them chemical stability preventing their degradation by
the mussels tested, as linear peptides were not detected. Moreover, it also led to an in-
creased mortality rate for both organisms. Among the fractions obtained from N. spumigena
biomass extract, that with APs and a demethylated form of nodularin exerted the highest
acute toxicity effect.

Anabaenopeptins also participate in the defensive mechanism of Planktothrix allowing,
therefore, its dominance towards pathogens in the same environment. A comparison
between a wild-type strain of P. agardhii NIVA CYA 126/8 and their mutants with dysfunc-
tions in the production of APs, microviridins or MCs, indicated that these oligopeptides
reduce the virulence of the fungi belonged to the division of Chytridiomycota, known as
chytrids. This contrast may partially explain the dominance of a cyanobacterial chemotype
in a determined environment, serving as a great defensive strategy to retard the parasite
adaptation and to increase its diversity [16].

Anabaenopeptins and microviridins are most likely involved with the inhibition of the
protease released by rhizoids whereas MCs are most probably related to the inactivation
of their phosphatases [16]. Both groups of enzymes occupy a significant position in cell
metabolism, participating in regulatory processes and signaling [132]. Strategies utilized
by chytrids during infection are still an open question, but it is known that they can infect
akinetes, vegetative cells, and/or heterocyst. Resource available inside the host can be one
of the reasons for variations encountered among the infectivity methods. Akinetes offer
higher energy and organic material content than vegetative cells. Oligopeptides distribution
among the vegetative cells and those that are differentiated, such as akinetes and heterocysts
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should also be investigated since these secondary metabolites can sometimes be restricted
to a cellular subgroup [133].

Cyanopeptides could also act as carbon and nitrogen source for various heterotrophic
bacteria. These microorganisms are capable of degrading an enormous quantity of molecules
with variable structures [134,135]. Besides the oligopeptides, the phycosphere is rich in
carbohydrates, proteins, and lipids that originated from the exudate of cyanobacteria or its
cell lysis. The mineralization of these organic compounds leads to CO2 production, which
may contribute to the growth of cyanobacteria [136]. Briand and colleagues [137] observed
that the supplementation of an axenic culture of M. aeruginosa PCC7806 with bacteria
associated with the mucilage of M. aeruginosa colonies collected during a bloom eliminated
all oligopeptide encountered in extracellular fraction, including MC, cyanopeptolin, and
cyanobactin. In a previous investigation, Kato and co-workers [138] identified in the cell
extract of the bacterium Sphingomonas sp. B-9 hydrolytic activity for AP A, microcyclamide,
nostophycin, aeruginopeptin 95-A, and microviridin I. Anabaenopeptin A degradation
was gradual and subproducts were not observed.

APs and planktopeptin BL1125, both isolated from the bloom-forming Planktothrix
rubescens, were associated with the collapse of cyanobacterial populations during the
bloom termination. These oligopeptides act as triggers, inducing cellular lysis by virus-like
particles, most likely cyanophages. Such propriety can explain in part the dominance and
the high invasive potential of this species [139]. Sedmak and colleagues [67] attested it
when verified that the cell growth of a non-xenic culture of M. aeruginosa MA2-NIB was
inhibited when treated with these oligopeptides whereas the axenic were not affected. Such
activity was not attributed to the known property of these peptides since the serine protease
inhibitor 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride failed in inducing any
type of effect in the growth of these strains. Enrichment of the medium with the bacteria
isolated from the non-axenic culture also did not produce any type of alteration. In
contrast, the addition of the planktopeptin in an axenic culture of Microcystis previously
supplemented with particulate materials obtained from cell lysate of the non-axenic culture
provokes cell disintegration.

According to the hypothesis raised by these authors [67], the release of the cyclic pep-
tides, mediated by cell lysis, signalizes the presence of a determined host and consequently
activates the lytic cycle. A small concentration of these oligopeptides in the environment
causes limited lysis, confined solely to a specific region. Cyanobacterial blooms offer the
ideal condition for collapse since their cells are exposed to an elevated quantity of infection
agents and cyclic peptides [99]. Cell-lysis provoked by cyanophages can promote the
release of oligopeptide to the extracellular matrix, feeding positively the cycle [140]. In a
subsequent study, algaecide property was reported for Anabaenopeptin KVJ811, which
was capable of jeopardizing the growth of the strain Nostoc sp. KVJ11, pointing out the
importance of these oligopeptides in populational control [21].

Given the above importance of these agents in the environment, the ecological func-
tions of APs in the aquatic environment are much more extensive than we have already
known. They are remarkably diverse in structural and functional terms. Novel An-
abaenopeptins have been constantly isolated and identified. From an ecological and evolu-
tionary perspective, these cyclopeptides allow communication with different organisms
and are decisive elements in natural selection.

6. Applications of Anabaenopeptins

Cyanopeptides such as APs have a well-demonstrated capacity of protease inhibi-
tion [141]. Protein Phosphatase 1 (PP1), Protein Phosphatase 2A, Carboxypeptidase-A
(CPA), Human Serine Protease, Leucine Aminopeptidase, Trypsin, and Thrombin have
already been tested against several cyanobacterial extracts and confirmed the catalysis
blockage [11].

Among the enzymes listed above, APs were more effective inhibitors against CPA, PP1,
and elastase. In a cyanobacteria bloom, it was isolated eight different Anabaenopeptins
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which showed activity towards CPA and protein phosphatase 1 [34,142]. PP1 inhibition may
be influencing the HIV-1 transcription, cancer, or cardiac hypertrophy, for example [143,144].
Some APs half-maximal inhibitory concentration (IC50) values are presented in Table 3.

Table 3. Detected IC50 values of some Anabaenopeptins in nM. (TAFIa: Thrombin Activatable Fibrinolysis Inhibitor; PP1:
Protein Phosphatase 1).

Anabaenopeptin TAFIa (nM) Carboxipeptidase A (nM) PP1 (nM) References

Anabaenopeptin 679 - 6740 - [53]
Anabaenopeptin 908A 1.8 >11,000 - [12,53]
Anabaenopeptin 915 530 130 - [12,53]
Anabaenopeptin A 440 - 104,300 [12,34]
Anabaenopeptin B 1.5 >60,000; 3900 119,500 [12,145,146]
Anabaenopeptin C 1.9 >100,000 - [12,145]
Anabaenopeptin E - >60,000 - [53]
Anabaenopeptin F 1.5 >60,000; 1100 44770 [12,25,53]
Anabaenopeptin G - 2–8 - [53]
Anabaenopeptin H - 3700–10,200 - [53]
Anabaenopeptin I - 7 - [53]
Anabaenopeptin J - 10 - [53]

Anabaenopeptin SA1 2.2 - - [12]
Anabaenopeptin SA10 7000 - - [12]
Anabaenopeptin SA11 15000 - - [12]
Anabaenopeptin SA12 4300 - - [12]
Anabaenopeptin SA13 2500 - - [12]
Anabaenopeptin SA2 16 - - [12]
Anabaenopeptin SA3 2.1 - - [12]
Anabaenopeptin SA4 3.4 - - [12]
Anabaenopeptin SA5 790 - - [12]
Anabaenopeptin SA6 51000 - - [12]
Anabaenopeptin SA7 13000 - - [12]
Anabaenopeptin SA8 4800 - - [12]
Anabaenopeptin SA9 31000 - - [12]

Anabaenopeptin T - 3–2300 - [53]
Oscillamide Y 400 - 72.26 [12,34]

Serine/threonine protein phosphatases inhibition was also reported [22,25]. Neverthe-
less, several other cyanopeptides presented more effective IC50 levels against elastase, such
as some variants of lyngbyastatins, symplostatins, microvirins, and others. Concerning
PP1, MCs remain the best inhibitor among all cyanopeptides [11]. IC50 reported values to
MCs and nodularins are from 1.1 to 1.9 nM as PP1 inhibitors [147]. In this case, APs remain
promising candidates in Carboxypeptidase inhibition.

Cyanopeptides blooms events may present the production of different classes of
cyanopeptides like MCs, APs, and cyanopeptolins. A few studies quantified cyanopeptides
beyond Microcystins, even so, in 10 eutrophic lakes in the United States and Europe the
cyanopeptides concentration including these 3 types of cyanopeptides were from <4 µg/L
to >40 µg/L [11]. In wet weight, 2.1 mg of AP and 7.4 mg of Microcystin-LR were obtained
from 1.7 kg of biomass in a water bloom of lake Teganuma (Japan) [41].

In a study conducted by Spoof and coworkers [34], the production range of the
APs measured in extracts from cyanobacteria sampled by plankton net was from 1.7 to
181.9 µg/mL in 22 isolated Anabaenopeptins. Bioactivity assays identified IC50 values
from 16 to 435 ng/mL (Nodulapeptin 933 and Anabaenopeptin 813, respectively) against
PP1 and from below 3 to 45 µg/mL against CPA (Anabaenopeptins A, D and Nodulapeptin
883C and 917: <3 µg/mL; Nodulapeptin 867: 45 µg/mL). The inhibition of elastase,
trypsin, or thrombin does not occur independently of the exocyclic residue (Phe, Ile, and
Tyr). The residues adjacent to the ureido bond have a major influence on CPA inhibition.
Therefore, APs with Ile and Tyr in the exocyclic position presented the best IC50 values
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against this enzyme. Thus, hydrophobic aromatic or linear sidechain next to the ureido
moiety presents more favorable interactions with CPA while positive amino acids such as
Arg are unfavorable. It explains why Anabaenopeptin B presents IC50: >20 µg/mL and
Anabaenopeptin 679 (different only in this position) had an improved inhibitory activity
IC50: 4.6 µg/mL [53].

Anabaenopeptins B and F presented activity against human leukocyte elastase (HLE)
and porcine pancreatic elastase (PE). Ki values of HLE inhibition were in the 0.1–1 µM range
in a linear competitive model [148]. In another study, APs A and B were capable of relaxing
rat aortic preparations in a concentration-dependent form using 10–400 µg/mL [20].

Some studies have been explored APs bioactive properties in a pharmaceutical/
biotechnological way. Despite APs ability to inhibit diverse proteases, other cyanopeptides
present the best IC50 values than them in most cases. However, one application shows
more promising results using APs: the inhibition of the Thrombin Activatable Fibrinolysis
Inhibitor (TAFIa), which is a proteolytic enzyme that cleaves Arg and Lys residues on fibrin
and may be a novel antithrombotic mechanism [149]. Anabaenopeptins B, C, and F, isolated
from Planktothrix rubescens, presented high promising results inhibiting TAFIa selectively
over other coagulation enzymes as Carboxypeptidases A, B and N, FXa, FVIIa, FIIa, and
FXIa [12,145]. In this sense, Anabaenopeptin B showed the best values of IC50 (1.5 nM, in
different studies, similar to PP1 inhibition by microcystins) on a screening performed with
20 APs isolated from Nostoc and Planktothrix strains. It was elucidated that Lys and Arg
residues in the R1 position (considering Anabaenopeptin B as reference: Arg-Lys-Val-Hty-
MeAla-Phe) are associated with high activity (IC50 values of 2.1 and 1.5 nM, respectively)
since those structures presenting Tyr residue in this position showed a significant decline
of activity by two orders of magnitude (IC50 of 400 nM). In the R3 position, it was observed
that the substitution of Ile by Val does not affect activity. R5 position also presents a loss
of potency when the residue Ala is replaced by Ser. It is also observed a high tolerance
towards substitutions in the pentacyclic region [12]. The Val to Ile difference among APs B
and F does not implicate in gain or loss of activity against TAFIa. The mechanism involved
in TAFIa inhibition depends on the linear part of APs mimics the carboxy−terminus of
fibrin which is able of penetrating the active site pocket. Hence, the circular fraction of
APs blocks the channel’s entrance, preventing the interaction with other molecules [12].
To compare the interactions of the Anabaenopeptin B-TAFIa complex with Microcystin
LR-PP1 complex, TAFIa structure was obtained from Protein Data Bank (PDB), it was
resolved by X-ray diffraction presenting 2,5 Å resolution (PDB code: 3LMS) (Figure 13).
Also, 1.84 Å resolution PP1 in complex with Microcystin-LR was used to represent the
binding mechanism (PDB code: 6OBQ). Microcystin MeAsp residue blocks the access to the
PP1 active site, the long hydrophobic tail composed of Adda residues plays an important
role in this inhibition due to its interaction with the hydrophobic groove region, adjacent
to the catalytic site [45]. Yet, different from the linear part of Anabaenopeptin B which
accesses a protein channel, Adda residue in Microcystin-LR makes contact with superficial
residues of PP1 (Figure 13).

Besides some cyanopeptides presented anticancer activity, APs have been presented
poor results in cytotoxic tests [150]. Anabaenopeptin B had been tested about its anticancer
potential and did not demonstrate cytotoxic effects against N2a, MCF−7, and GH4 cells
even at the 500 µg/mL concentration [151]. Despite anticancer activity was detected in
Aliinostoc sp. CENA543 extract containing AP, it was not possible to attribute this effect
exclusively to this class of oligopeptides because there were other cyanopeptides in the
extract, and the exact AP was not identified [152]. No cytotoxic activity was presented by
Nodulapeptins 883C, 869, 867, 865, and Anabaenopeptin 813 as well [34].
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Figure 13. Interaction between (A) Anabaenopeptin B (AnaB) with Thrombin Activatable Fibrinolysis Inhibitor (TAFIa) and
(B) the complex between Microcystin-LR and Protein Phosphatase 1 (PP1).

7. Final Considerations

Anabaenopeptins are structurally diverse molecules widely distributed in distinct
ecosystems. Some structural features of these oligopeptides are shared with other cyanotox-
ins, such as the presence of modified residues, exocyclic amino acids, circular structure, and
amino acids in D-configuration. However, among the cyanopeptides, the ureido linkage
is exclusively found in APs. Despite their elevated occurrence and structural diversity,
the majority of this group of peptides has been isolated from filamentous cyanobacteria,
being commonly associated with specific genera. In freshwater environments, APs B and F
are the most recurrent whereas the marine strains normally display a higher number of
exclusive APs. Terrestrial cyanobacteria possess in common few APs with those from the
aquatic environment.

The production of these toxins is influenced by environmental factors, which include
nutrient concentration, temperature, light intensity, and association with other organisms.
NRPS apparatus mediates the APs biosynthesis, following the collinearity rule of the
modules. The low specificity of adenylation domains toward their substrate and the
presence of additional modules are responsible for the production of various variants by a
single strain. Homoamino acids present in the APs structure are supplied by HphABCD
biosynthetic pathway. Some modifications are catalyzed by specific domains encountered
in the NRPS modules. However, the mechanism of ureido bond formation is still unknown.

APs have been increasingly detected in reservoirs, lakes, and oceans in very elevated
concentrations. Their toxicity for human beings has not yet been determined. However,
assays employing animal models as well as other organisms have demonstrated their
deleterious actions. In face of this fact, there is a dire need to further investigate the
real impact of these oligopeptides on human health. The inhibitory activity of these
molecules against proteases, phosphatases, and carboxylases makes them very promising
for biotechnological use, but their mechanisms of action need to be investigated in detail to
be properly applied.

However, Anabaenopeptins still require further studies to comprehend their behaviors
in nature. Among AP producers, it must be evaluated the evolutionary relationship
between terrestrial and aquatic strains as they do not share a high number of AP variants,
similar to freshwater and marine. Besides, specific residues are more predominantly
found in some environments, requiring additional analysis to comprehend the relationship
between their frequency and habitats. Moreover, just a few variants have been analyzed



Toxins 2021, 13, 522 31 of 37

regarding their inhibitory properties, then demanding more tests to discern the role of
specific amino acids during the interaction with their targets. Another issue that must be
investigated deeply is the APs amount produced by cyanobacteria. Their low yield can be
a limited factor for industrial purposes. Such bottlenecks can be minimized through the
use of heterologous expression, which has been well established for other cyanopeptides.
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