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  Annotation 

This thesis is devoted to the diversity of cyanobacterial cyclic lipopeptides and their 

bioactivity. Special class of cyclic cyanobacterial lipopeptides puwainaphycins and 

minutissamides was studied in terms of their structural diversity, biosynthesis and structure-

activity relationship. Chemical diversity of observed variants in cyanobacterial strains was 

correlated with the genetic background for their biosynthesis from which the probable cores 

of biosynthesis were inferred. Biological activity (mainly the cytotoxicity and anti-fungal 

activity) of major natural puwainaphycin and minutissamide variants was studied in detail. 

Finally, semi-synthetic puwainaphycin and minutissamide variants were prepared in order to 

study the relationship between distinct functional moieties and their effect on the bioactivity 

of the lipopeptide.  
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Part I: Introduction 

Cyanobacteria as secondary metabolites producers 

Cyanobacteria are one of the most widespread organisms in the world. 

They represent a diverse and highly specialized group of organisms well 

adapted to almost all environmental conditions. They can be found in various 

ecosystems including freshwater and marine phytoplankton and benthos, 

terrestrial environments such as microbial soil crusts, and also take part in 

symbioses with various other organisms(1). 

Cyanobacteria have been studied for their unique phylogenetic 

position in the tree of life, mechanism of photosynthesis, ability to fix 

nitrogen, and further for their production of unique secondary metabolites. 

Secondary metabolites are considered as not being essential for the normal 

growth and function, but to improve properties of the producing organism and 

provide benefits in surviving competition with other organisms. Some of them 

are applicable in medicine and biotechnology as antibacterial(2), antifungal(3), 

anticancer(4), cholesterol- and triglyceride-lowering(5), immunosuppressive(6), 

antiparasitic(7), and diagnostic agents. Nonetheless, the exact biochemical and 

physiological role and mechanism of action of the majority of these secondary 

metabolites still remains unknown(8). 

Cyanobacterial secondary metabolites are commonly divided into 

structural classes related to their biosynthetic pathways, although this 

classification has a strong limitation due to the fact that some secondary 

metabolites contain building blocks from different biosynthetic pathways. 

The common classes are alkaloids(9,10), terpenoids(11,12), various heterocyclic 

structures(13), and finally the largest groups consisting of polyketides and non-

ribosomal peptides(14,15). As mentioned above, the building blocks of 

synthetic pathways occur in all classes (especially peptide-coding blocks). 

The majority of the cyanobacterial secondary metabolites are peptides or 
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compounds containing peptide substructures. Up to date more than 600 

different peptides or peptidic metabolites(16) have been described from various 

taxa of cyanobacteria.  

While some of these peptides are biosynthesized via standard 

ribosomal translation (e.g. microviridins(17)), their major portion is produced 

via two unique pathways. First, the non-ribosomal peptide synthetase 

pathway (NRPS) is responsible for the creation of the majority of peptides 

and operates at the nucleic acid-free level solely by the action of peptide 

synthetases(18). The second pathway, polyketide synthase (PKS), creates 

linear and cyclic polyketones (including macrolides and derived 

compounds(19)). Both of those pathways are often combined into a hybrid 

NRPS/PKS pathways(14) resulting in structures that are not achievable by 

usual metabolic pathways. An example of such a compound produced by this 

hybrid NRPS/PKS pathway are, among many others, cyanobacterial cyclic 

lipopeptides. NRPS, PKS, as well as NRPS/PKS clusters are found in the 

genomes of many organism including bacteria, archaea, and eukarya(20).  

 

Since the discovery of cyclic lipopeptides they have attracted the 

attention of researchers because of their broad bioactivities and possible 

environmental impact(21). While the majority of the lipopeptides isolated from 

cyanobacteria are cytotoxic (e.g. lyngbyabellins(22), muscotoxins(23), 

pitipeptolides(24), puwainaphycins(25)), many other possess antifungal 

activities (e.g. Calophycin(26), hassalidins(27), laxaphycins(28)). Rarely, 

cyanobacteria also produce lipopeptides with antibacterial activities (e.g. 

tiahuramides(29), lyngbyazothrins(30)).  

Generally, the structure of cyclic lipopeptides is cyclized via peptide 

or ester bonds and consists of a peptidic part and a longer or shorter acyl chain 

which results in the amphiphilic nature of the molecule. The non-ribosomal 

origin of lipopeptide is responsible for a broad variability of structures and 

allows the incorporation and modification of rare amino acids as well as the 

incorporation of various fatty acid moieties.  
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The variability of the lipopeptide structures, the composition of amino 

acids, their modification as well as unsaturation, substitution, and the length 

and branching of the fatty acid chain are responsible for a broad range of 

biological actions. Lipopeptides mostly exert a biological effect connected for 

example to membrane permeabilization(51,70), protein interaction or 

inhibition(32) and actin reorganization(22) . 

The interaction of lipopeptides with biological membranes is the most 

deeply studied lipopeptide mode of action. Based on research performed on 

bacterial cyclic lipopeptides (namely in Daptomycin(33), Viscosin(34) and 

Iturin(35)), the mode of action is mainly based on interaction with different cell 

membranes via the aliphatic part of the molecule followed by changes in 

biological and physico-chemical properties of the membrane. Alteration in 

the fluidity, stiffness, and curvature of the membrane causes permeabilization 

and solubilization of the membrane, and very fast cell death(33,35).  

Additionally, the aggregation of cyclic lipopeptide in the biological 

and artificial membrane is described for several compounds and can lead to 

self-assembly and the formation of multimeric structures.  Iturin A, a potent 

antifungal lipopeptide, forms after its aggregation transmembrane pores  with 

an average diameter of 32 Å(36). These conductive pores facilitate the leakage 

of ions, mostly K+ and Ca2+(35) through the membrane.  

While the biological effects of many of bacterial cyclic lipopeptides 

are well described and some of them are used in clinics (e.g. bacterial 

lipopeptide Daptomycin is used under the commercial name Cubicin© as a 

new class of antibiotics against Gram-positive organisms(33)); the cyclic 

lipopeptides from cyanobacteria remain understudied. Further, the exact 

structure-function relationship remains unknown for many bacterial as well 

as cyanobacterial cyclic lipopeptides. In this thesis I will focus on the 

variability of the cyclic cyanobacterial lipopeptide, their structural types and 

biological activities. 
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Nonribosomal peptide synthetases 

Nonribosomal peptide synthetases (NRPS) are large multifunctional 

protein complexes that incorporate free amino acid (both proteinogenic and 

rare) without the need for a nucleic-acid template(18,37). The specific process 

of condensation of two amino acids (or structurally related organic acids) 

while forming a new (mostly peptide) bond is directed and regulated by the 

enzyme itself. Individual steps of the amino acid addition to the molecule are 

catalyzed by an adequate biosynthetic module. Each module is composed of 

several catalytic domains separated by short linkers (up to 15 amino acids).  

The minimal length of genetic sequence for a single module is around 3–

3.5 kbp. The modules are assembled to form large multifunctional proteins. 

As a quite substantial number of modules can be embedded in one ORF, 

NPRS genes are one of the largest known genes not only in the cyanobacterial 

world(31,37). 

So-called core biosynthetic domains are responsible for the peptide 

chain elongation. Namely the adenylation domain (A-domain) recognizes and 

activates specific residues, the thiolation domain or peptidyl carrier protein 

(T-domain or PCP) binds the nascent peptide and transfers it between the 

individual domains, and the condensation domain (C-domain) catalyzes the 

formation of peptide/ester bond(20). At least one module with core 

biosynthetic domains is obligatory for each NPRS. Additionally, the 

thioesterase domain as the last core biosynthetic domain is present mostly in 

the very last module and releases the biosynthesized peptide in the form of a 

cyclic or linear structure.  

Tailoring domains and tailoring enzymes further modify the 

biosynthesized structure by oxidation, epimerization, internal cyclisation, or 
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other substitution. These enzymes can be part of the NRPS (tailoring 

domains) or co-translated as individual ORFs (tailoring enzymes). 

Individual NRPS genes are assembled together to form a biosynthetic 

gene clusters, which allows the bioinformatic prediction of the hypothetical 

NRPS product. 

NRPS-domains 

Core biosynthetic domains 

Core biosynthetic domains handle single amino acids and elongate the 

nascent peptide with additional building blocks, while ATP is consumed. 

Typical possible building blocks are common or rare amino acids (amino-

fatty acid can be also comprehended as rare amino acid), imino acids (OH-

Pro), hydroxy acid (HIVa, hydroxy-fatty acids etc.), as well as carboxylic 

acids. 

The adenylation domains comprising of about 550 amino acids(37) are 

keystones of non-ribosomal peptide diversity and recognize and activate 

substrates required for their further incorporation into peptides. The domain 

is specific for each single amino/imino/hydroxy/carboxylic acid (or a very 

limited set of similar building blocks) and therefore the order of 

modules/adenylation domains in NRPS determines the primary structure of 

the whole peptide(16). The selectivity of an adenylation domain is caused by 

the geometry of a binding pocket that allows only a specific substrate to enter 

into the catalytic site. Consequently some domains can incorporate slightly 

different substrates into the nascent peptide (as known e.g. for NRPS/PKS of 

Puwainaphycin F/G, where the adenylation domain activates Gln as well as 

Asn(15)). Up to now about 200 adenylation domains have been identified in 

cyanobacterial genes(16). 
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The biosynthetic function of thiolation domains (sometimes called 

PCP, peptidyl carrier protein) resides in the transfer of activated substrate 

from the adenylation domain to the condensation domain. In contrast to 

adenylation domains, thiolation domains are highly conserved across known 

NPRS. This very small domain of about 80 amino acids(37) includes a cofactor, 

4′-phosphopantetheine, acting as a “swinging arm”(16). This cofactor, 

covalently bound to serine residue(38), possesses a free thiol group and thus 

allows the binding of activated carboxyl-containing substrates. Further, 

thiolation domains are required for the interaction of the reaction intermediate 

with tailoring domains(39). 

The module is terminated by a condensation domain of about 450 

amino acids(37). The mechanism of the action is analogous to general 

ribosomal synthesis and the ribosomal condensation process. Briefly, 

domains catalyze the nucleophilic attack of an amino/imino/hydroxy side 

group of activated substrate with nascent product, forming a peptide or ester 

bond. Currently more than 160 condensation domains are described(16).  

Thioesterase domains (TE) are attached to the core biosynthetic 

domains(37) of the very last module and are considered as a termination 

domain for the whole non-ribosomal synthetic pathway. Thioesterase 

domains are also responsible for the final release and/or cyclisation of non-

ribosomal peptides. The release of the peptide from NRPS enzyme is achieved 

via two separate reactions. At first, peptidyl-O-TE is formed, followed by a 

nucleophilic attack by water or the peptide itself(40). The nucleophilic attack 

by water results in a linear peptide, the attack by a side group of 

biosynthesized peptide leads to cyclisation and the formation of cyclic 

peptides.  
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Tailoring domains and tailoring enzymes 

As mentioned above, tailoring domains and tailoring enzymes are not 

obligatory parts of NRPS, but they are present in the majority of NRPS and 

rapidly increase the structural variability of cyanobacterial secondary 

metabolites through forming structures not accessible via conservative 

pathways. Tailoring domains are placed mostly between the thiolation and 

condensation domain, thus the selective modification of one substrate is 

feasible. Similarly, tailoring enzymes as single enzymes/enzymatic 

complexes are attached externally between the thiolation and condensation 

domain of the module.  

Heterocyclization domains (often called simply cyclisation domains) 

catalyze the internal cyclisation of cysteine, serine or threonine residue, while 

forming thiazoline or oxazoline rings. Peptides containing heterocycles are 

common among almost all cyanobacterial strains, although the formation of 

a thiazole heterocycle is not restricted only to the non-ribosomal synthetic 

pathways (as revealed for ribosomally synthesized and post-translationally 

modified peptides, e.g. cyclic thiazole-containing patellamide(41)). 

The N-methylation domain catalyzes the transfer of the methyl group 

to the nitrogen atom of the peptide bond(42). Especially in the structure of 

cyclic lipopeptides, multiple N-methylation is a common modification.  

Epimerization domains that largely re-assemble terminal 

condensation domains are frequent in NRPS. Amino acid is epimerized while 

still attached to PCP, the equilibrium of the L/D stereoisomers remains until 

final condensation. The formation of the specific complex of epimerization 

and condensation domain is responsible for D- stereoisomer production(42). 

Though some D-forms can be directly incorporated directly at the level of the 
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adenylation domain as discovered for microcystin biosynthesis where D-Glu 

is a direct precursor(43) and the specific adenylation domain is present. 

Common domains modifying the non-ribosomal peptides are also the 

oxidation and reduction domains and the formyl-transferase domain(18).  

The variability of NRPS cyanobacterial secondary metabolites is 

further increased by the presence of other cooperating (tailoring) enzymes. 

The most important are oxygenases, amidases, halogenases, and O-methyl 

transferases(18). The screening of secondary metabolites for halogen atoms 

reveals the presence of chlorine in more than 22% structures(44), however, 

there is almost no information about the origin and mechanism of their 

substitution. Many secondary metabolites are chlorinated at the tyrosine 

moiety. Lipopeptides are often substituted with one (Puwainaphycin C(45)) or 

more (Lyngbyabellin(3, 46)) chlorine atom on the aliphatic chain. The 

mechanism of halogenation as studied in bacteria (e.g. Balhimycin(47) 

produced by Amycolatopsis sp.) assumes that chlorination is performed on a 

peptidyl carrier protein-bound intermediate(48). Alternatively, free-standing 

FADH2 dependent halogenases and non-heme iron halogenases are 

described(49). Only a few NRPS genes with incorporated putative halogeneses 

are reported (e.g. BarB modules in cyanobacterial triple chlorinated 

barbamide(50)). 

Bromination on the aliphatic fatty acid moiety is also reported 

(Veraguamide A(51)). Similarly, the hydroxylation of amino acids is described 

in some non-ribosomal peptides. Interestingly, specific domains responsible 

for oxygenase recruitment and binding are described in several NPRS(52). 
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Polyketide synthases  

Polyketide synthases (PKS) are also a modular types of enzyme in 

which modules catalyze two-carbon linear extensions and keto-group 

processing reactions(53). PKS enzymes typically involve β-carbonyl-

processing catalytic domains (an interesting exception is the nostophycin 

gene cluster containing PKS with an α-carbonyl-processing domain(54)). 

Similar to NPRS, each PKS module contains several enzymatically active 

domains, namely an acyl carrier protein (ACP, functionally similar to PCP in 

NRPS), acyl transferase (AT, transferring activated acyl building blocks to 

ACP), and finally ketosynthase (KS, catalyzing the formation of a new 

carbon-carbon bond). The thioesterase domain releases again the 

biosynthesized polyketone from the PKS enzyme. Additionally, facultative 

domains present in the modules can modify the polyketide. These domains 

mainly interact with the ketone group. Ketoreductase (KR) facilitates the 

reduction of ketone to hydroxyl. The dehydratase domain (DH) forms a 

double bond via water elimination and acts immediately after the KR.  The 

additional employment of the enoylreductase domain (ER) after the action of 

KR and DH leads to the biosynthesis of unsubstituted saturated carbon-carbon 

systems(53). Last but not least, the aminotransferase domain (AmT) catalyzes 

the exchange of the ketone group with an amino group.  

PKS play a crucial role in the biosynthesis and modification of fatty 

acids incorporated in cyanobacterial cyclic lipopeptides. The substitution of 

mainly β-carbon (alternatively other positions) of the fatty acid moiety by the 

amino or hydroxyl group is crucial to the formation of the second peptide or 

ester bond, respectively (as mentioned later).  
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Figure 1: Distribution of NRPS, PKS and combined NRPS/PKS clusters in genomes of various 

organisms(20) 

Cyclic cyanobacterial lipopeptides 

As mentioned above, cyclic cyanobacterial lipopeptides are 

synthesized mostly by a unique biosynthetic pathway, combining NRPS/PKS 

elements. This mechanism allows formation of a huge variability and a wide 

range of different cyclic structures. Cyanobacterial lipopeptides share some 

similarities with structures produced by other bacterial groups(55) (e.g. the 

well-known powerful biosurfactant and antibiotic Surfactin(56)) and fungi 

(e.g. Isiradin with antimalarial and antibacterial activity(57)) or were found in 

other organisms such as molluscs (dolastatin 17 with anticancer 

properties(58)).1*  

 
1
* There is some evidence that compounds originally isolated from mollusc Dolabella auricularia are products of 

cyanobacteria (Lyngbya majuscula). However, it is proven that this sea hare can modify molecules originating in 

(symbiotic) red and brown algae and biosynthesize its own secondary metabolites, while using building blocks from 

the algal metabolism(139).  
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The majority of the cyclic cyanobacterial lipopeptides consist of a core 

structure containing both a common and rare amino acid and aliphatic lipidic 

chain. The peptide cycle is formed by at least 4 amino acid residues as in the 

case of anabaenolysins(59) up to 14 amino acid residues as found in 

malevamides(60,61) (larger cores are expected but not described yet). 

According to the fatty acid position, two subgroups of cyclic 

cyanobacterial lipopeptides can be defined. The lipidic chain can be attached 

either as a side group to an exocyclic amino-acid via a simple peptide bond 

(as in case of cyanopeptolin(62) or hassallidin(63,64)) or can be inserted directly 

as part of the cyclic core structure (minutissamides(65) and many other) via 

two distinct peptides bonds or a peptide and an ester bond while forming a 

macrolactam and macrolactone ring, respectively. 

For this review, the term “lipopeptide” describes a compound with at 

least 3 amino/imino/hydroxy acid residues bound into a cyclic structure via a 

peptide/ester bond or via forming a thiazole/oxazole ring. The term “fatty 

acid” is reserved for a carboxylic acid the in which the linear part consists of 

at least 5 carbons (thus is longer than Ile/Leu) and exhibits hydrophobic 

nonpolar properties typical for lipids(66)2*. 

Amino acid composition 

While cyanobacterial ribosomal peptides and proteins contains mostly 

unmodified common proteogenic amino acids and other amino acids are an 

exception (e.g. RIPPs), many rare and modified amino acids are involved in 

the NRPS/PKS biosynthesis of cyclic lipopeptides. Usual modifications are 

N-methylation (malevamide C(60) as tetradecapeptide consisting of a total 5 

 
2
* Based on this definition, microcystins and nostophycins should also be considered as lipopeptides. However, 

their assignment among peptides only is set by previous studies. Hence, microcystins and nostophycins are not 

included in this review. 



 

 
12 

N-methyl-amino acids, another is O-methylated), the dehydration of 

threonine to dehydrothreonine (Dhb), or chlorination (chloro-phenylalanine 

in cyanopeptolins(62)). Additionally, uncommon, unique, and rare amino acids 

can be found in the lipopeptide structures. Some of these amino acids are 

derived from the proteogenic (hSer, hPhe, β-methyl-Asp, OH-Pro, OH-Leu, 

OH-Asn, and β-amino-2-methylbutanoic acid based on Val) other variants 

present new structures unique to cyanobacteria, such as β-amino-6-hydroxy-

2-piperidone (Ahopip) present in cyanopeptolins or 2-(β-amino-5-

oxotetrahydrofuran-2-yl)-2-hydroxyacetic acid (AOFHa) found in 

anabaenolysins. Special case are hydroxy acids such as HIVa (2-

hydroxyisovaleric acid) or HMPa (2-hydroxymethylprentanoic acid) present 

in cyclic peptides and cyclic lipopeptides (cocosamides(67) and many others). 

Moreover, the high abundance of neutral amino acids (Val, Leu/Ile, dhb, 

Gln/Asn) is significant, while the incorporation of basic amino acids is rare 

(one of the examples is Arg found in cyanopeptolins). 

 

Fatty acid chain variation 

Similar variability as observed in the amino acid composition can be 

found in the fatty acid moiety.  

Generally, fatty acids present in cyclic cyanobacterial lipopeptides 

possess 5-18 carbons in their longest linear part, and facultative unsaturation 

and/or multiple substitution (including halogenation, methylation, 

hydroxylation, etc.) can occur. The hydroxylation or amination of β-carbon 

(or other carbon) is required for fatty acid moiety incorporation and second 

chemical bond formation. Also, FA α-carbon is frequently substituted, usually 

by the hydroxylation or methylation. Additionally, hydroxylated fatty acids 

can be further substituted with saccharides(27) or amino acids(68). 
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Lipopeptide nomenclature in this study 

The lipopeptide nomenclature has yet to be established and thus lipopeptides with almost identical structures are 

described by various researchers under different names. Therefore, the establishment of universal nomenclature 

assuring the definition of lipopeptides classes and designation of their structural variants is highly demanding. Our 

approach to the creation of the novel nomenclature is motivated by the statement: “Since a one-letter code is 

restricted to 26 amino acids, it is not applicable when residues like formic, acetic(…) acids, and others have to fit 

into the same scheme. In summary, we think that a simple but efficient naming system such as that used for 

microcystins is not applicable to most other peptide classes and that other systems have to be developed.”(16) 

Lipopeptides mentioned in this review are therefore described with the following rules and classified in specific 

classes based on their structure, number of residues, and the type of fatty acid. The trivial names of described 

lipopeptides were maintained in their original form, however, the description of their chemical structure follows the 

rules mentioned below. The number of residues is not defined by the number of peptide/ester bonds, but generally 

by the presence of characteristic building blocks (thiazole-containing peptides without peptide bonds or fatty acid 

moieties are also considered as residues), non-proteinogenic acids are described using unified nomenclature (e.g. 

Dhb as dehydrothreonine/dehydrobutyric acid) and finally, an incorporated fatty acid moiety is annotated using 

newly-established general coding (see below). Names for entire classes (puwainaphycins, etc.) are written with the 

initial letter in the lower case, names for specific compounds (Puwainaphycin A) with the initial letter in the upper 

case. The primary structure is expressed in abbreviated form starting with FA (fatty acid moiety), three letter code 

is used for the description of adjacent proteogenic and rare amino and hydroxy acids in COOH→NH2/OH order. 

Letter code for non-proteogenic amino acids is listed in the abbreviation section and, X stands for variable residue(s). 

Cyclic structure is indicated by asterisk (e.g. *FA-X-X-Ala*-X stands for lipopeptide cyclized via FA-Ala bond).  

 

Coding of lipid moiety 

Because of the high variability in length, substitution, (un)saturation, and branching of the fatty acid 

moiety, the following nomenclature has been established in this work. For β-hydroxy-fatty acids, letter codes start 

with H, for β-amino-fatty acids letter codes start with A. The following small letter indicates substitution on the α-

carbon. (Hh stands for β-hydroxy-α-hydroxy-fatty acids and Hm for β-hydroxy-α-methyl-fatty acids. If multiple 

substitution occurs, a lower index is added, e.g. Hm2). The length of the fatty acid chain is defined using Cx standing 

for carbon and the number in lower index indicates the length of the longest linear carbon-carbon part (Hm2C12 

indicates β-hydroxy-α-dimethyldodecanoic acid). The suffix aa, ea, or ya shows the fatty acid (un)saturation. If not 

terminal, the position of the unsaturated bond is indicated in the lower index. Full coding AhC8e4,6a stands for β-

amino-α-hydroxy-oct-4,6-dienoic acid. Additional substitution is further expressed using prefixes such as 5-OH-

AhC8ya (3-amino-2,5-dihydroxy-octynoic acid). 
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Figure 2: Classification of cyclic cyanobacterial lipopeptides used in this work. Each class and 

subclass is established using decision points based on the common motifs and/or structural similarities   
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Cyanobacterial cyclic lipopeptide classes 

S-class lipopeptides: fatty acid attached as a side group 

Attachment of the fatty acid as a peptide or protein side chain is a 

common mechanism of cyanobacterial posttranslational lipidation and 

acylation processes (e.g. palmitoylation of enzymes(69)). NRPS/PKS derived 

cyanobacterial cyclic lipopeptides are encoded by genetic clusters containing 

genes for fatty acid handling and/or biosynthesis. Moreover, in the majority 

of cases, the lipopeptide biosynthesis is started by lipoinitiation (the activation 

of the FA is chronologically the first biosynthetic step). NRPS/PKS 

lipopeptides with FA attached as a side chain are classified as S-class 

cyanobacterial cyclic lipopeptides (S stands for side-chained). Widely studied 

cyanopeptolins and hassallidins are typical representatives. 

Fatty acids found in the S-class lipopeptides are present mainly as 

saturated aliphatic chains. A new chemical bond between the FA terminal 

carboxyl group and free amino group (typically exocyclic amino acid) is 

established. In the case of cyanopeptolins, the fatty acid moiety is probably 

not essential for bioactivity, while in the case of hassallidins, the substituted 

fatty acid directly interacts with the membrane and is responsible for their 

membrane permeabilization effect. 
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Class S-1 (cyanopeptolin type) 

Cyanopeptolins 
Cyanopeptolins are 

peptides widely distributed in 

many cyanobacterial strains 

(e.g. Microcystis, Planktothrix 

or Anabaena). Earlier 

described Cyanopeptolins A, 

B, C, and D(70)  isolated from 

Microcystis strain possess a 

relatively conserved structure 

based on the core cycle with 

one exocyclic amino acid and 

attached fatty acid chain (see 

Figure 3). The cyclic core 

structure is formed by 6 amino acids. The ring is enclosed with an ester bond 

between the hydroxy-group of Thr and carboxyl of Val making an amine 

group of threonine accessible for binding of side amino acid (mostly Glu or 

Asp). Uncommon amino acid Ahopip present in the molecule is formed from 

L-Glutamic acid-γ-aldehyde and the terminal amino group of the next amino 

acid (Leu). Some members of the cyanopeptolin family still possess a 

conserved cyclic amino acid core structure, but some of them lack the fatty 

acid moiety (Cyanopeptolin 954(62)). Streptopeptolins, structural analogs of 

cyanopeptolins, generally share an amino acid composition with 

cyanopeptolins, but possess only very short acyl chains on side chain amino 

acid.  
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Figure 3: General structure (FA)-Glu/Asp-*Thr-X-

Ahopip-X-X-Val/Ile* of lipopeptides belonging to 

Class S-1. Acylation of Glu residue is only 

facultative, cyanopeptolins without FA moiety are 

also described. 
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The 30-kb cyanopeptolin NRPS/PKS gene cluster contains two novel 

domains (a putative glyceric acid-activating A-domain and a facultative 

sulfotransferase domain(71)) and seven classical non-ribosomal peptide 

synthetase modules.  Additionally, in the fatty-acid-moiety containing 

cyanopeptolins, the first module contains a condensation starter domain 

(C-starter domain). While in the vast majority of cyanobacterial NRPS gene 

clusters, the first module starts with an adenylation domain, a C-starter 

domain is highly unusual and is usually connected to the N-acylation 

(attachment of fatty acid moiety)(72). An analogous mechanism of acylation is 

found in hassallidins as well as other bacterial lipopeptides(73). 

While some cyanopeptolin members seems to lack bioactive 

properties such as cyanopeptolin VW-1 or VW2(74)(the structure of these  

cyanopeptolins is not fully revealed), many other possess significant 

biological activity and e.g. inhibit serine proteases such as chymotrypsin or 

trypsin(75). For cyanopeptolin 1020 a very potent picomolar trypsin inhibition 

activity (IC50 = 670 pM) has been determined as well as an acute toxicity 

against the crustacean Thamnocephalus platyurus (LC50 8.8μM)(76). 

Furthermore, global transcriptomic analysis of Zebrafish revealed the 

downregulation or interruption of many crucial biological pathway including 

DNA damage recognition and repair, response to light, and heme metabolism 

etc.(77) 

Some cyanopeptolins do not possess the fatty acid part and still retains 

the protein inhibition activity as the e.g. cyanopeptolin 954 shows 

chymotrypsin inhibition with an IC50 45 nM(62). Accordingly, we can assume 

that in the case of cyanopeptolins, the fatty acid part does not play a 

crucial role in the bioactivity and the overall mode of action depends on 

the amino acid composition and 3D structure. This theory is supported by 
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the role of the residue adjacent to Ahopip. If positively charged arginine is 

present at position 4 of the lipopeptide, the molecule strongly inhibits trypsin 

with IC50 0.24-0.26μM (e.g. cyanopeptolin 962), while the inhibition of 

chymotrypsin remains mild (IC50 3.1-3.8μM). Analogously, in case of 

aromatic tyrosine residue presence on the position 4 (eg. cyanopeptolin 985), 

cyanopeptolin preferentially inhibits chymotrypsin (IC50 0.26μM)(78). 

Generally, cyanopeptolin are thought to lack cytotoxic activity such as for e.g. 

cyanopeptolin 963 and 985 no cytotoxicity against MCF-7 breast cancer cells 

are reported. 

 

Class S-2 (hassallidin type) 

Hassallidins and balticidins 
Hassallidins(63,64,79) and balticidins(27) are glycosylated lipopeptides 

isolated from many cyanobacteria including Hassallia, Nostoc and 

Dolichospermum strains and Anabaena cylindrica Bio33. This class of 

lipopeptides comprises decapeptides in which 8 amino acids form a cyclic 
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Figure 4: General structure FA-Thr-*Thr-Thr-X-Dhb-Gln-Gly-Thr-X* of hassallidins and 

balticidins. 
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structure with one exocyclic amino acid, and Hh-C14aa (α,β-dihydroxy-

tetradecanoic acid) attached to exocyclic amino acid via a peptide bond (see 

Figure 4) and possess general structure FA-Thr-*Thr-Thr-X-Dhb-Gln-Gly-

Thr-X*. Similarly to smaller cyanopeptolins, the core structure is mostly 

cyclized via an ester bond between the hydroxyl group of Thr and the carboxyl 

group of Gln. Two uncommon amino acids can be incorporated into the cycle, 

OH-Tyr (hydroxytyrosine) and Dhb (dehydrothreonine). 

Hassallidins possess a varying pattern of glycosylation on the Thr2, 

Thr9, and FA hydroxyl. Because of this feature, additional Thr residue and 

free hydroxyl groups on FA, hassallidins, and balticidins show a higher 

polarity than other cyanobacterial cyclic lipopeptides. The presence of free 

hydroxyl on the exocyclic part of the FA is rare in cyanobacterial cyclic 

lipopeptides. In the case of hassallidin C, both hydroxyl groups on FA are 

unsubstituted, while in hassallidin B, the β-hydroxy group is glycosylated by 

monosaccharide and in hassallidin C, D, and balticidins C, D by disaccharide. 

The fatty acid moiety seems to be conserved among hassallidins and 

balticidins, but the amino acid composition is highly variable including the 

unusual amino acids hTyr and Dhb. Multiple variants are found to be 

produced by a single strain, as e.g. a total of 14 hassallidins have been 

identified in Nostoc sp. CENA 219(80). 

The reported 59-kb long gene cluster responsible for the biosynthesis 

of hassallidins was characterized in Anabaena sp. SYKE748A(79). The 

biosynthesis starts with an activation of dihydroxylated acyl chain and its 

condensation to Thr residue via the action of the C-starter domain, which is 

followed by regular NPRS modules facilitating the amino acid ligation and 

cyclisation by the thioesterase domain. The glycosylation takes place via the 

action of 4 glycosyl-transferases (HasD,Q,T and X).  
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All described hassallidins and balticidins are reported as antifungal 

lipopeptides, with IC50 0.3-4μM against Candida strains, however no 

antibacterial activity was detected (e.g. against Bacillus subtillis, 

E.coli)(63,64,79).  Interestingly, Hassallidin B shows cytotoxicity against acute 

T-Cell leukemia with IC50 0.2 µg/ml(81). Recent studies have proved that 

hassallidins are highly active on cell membranes, causing lysis of the cells 

with a selectivity to cholesterol rich regions(82). These findings prove that 

the fatty acid moiety of hassallidins and balticidins interacting with 

membranes is one of the crucial parts of the molecule responsible for 

their bioactivity. The different compositions of fungal, bacterial, and human 

cell membranes, especially with regards their sterol components and lipid 

rafts, can further explain their selective effect (strong antifungal and no 

antibacterial bioactivity). 

O Classes and N Classes lipopeptides: fatty acid incorporated in the core 

cycle 

 

In the majority of cyanobacterial cyclic lipopeptides, the fatty acid is 

inserted into the peptide core. The formation of two bonds is required for 

successful incorporation. The modification of FA residue during NRPS/PKS 

biosynthesis allows several possibilities of ring closure. 

Cyanobacterial cyclic lipopeptides with incorporated fatty acid 

represent a broad group of different structures, however, similar building 

blocks can be found across the classes (Table 1)3*. In general, two lipopeptide 

families defined based on the incorporated fatty acids can be established: 

lipopeptides with β-hydroxy-fatty acids incorporated via peptide and ester 

 
3* This classification was created for this thesis only and cannot be considered as official 

classification of cyanobacterial cyclic lipopeptides. 
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bond (O-classes); and lipopeptides with β-amino-fatty acids lipopeptides 

cyclized via two peptide bonds (N-classes) (Figure 5). 
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Figure 5: Two schematic illustrations of different incorporation of FA into 

the peptidic core A) Incorporation of β-amino FA via two peptide bonds, 

typical for N-class of lipopeptides. B) Incorporation of β-hydroxy FA via 

peptide and ester bond, typical for O-class of lipopeptides. 

 

β-amino modified fatty acid is the most abundant type of fatty acid 

present in cyclic cyanobacterial lipopeptides. Its structure with one carboxyl 

and one free amine group on β-carbon allows formation of two peptide bonds, 

analogously to well-known iturin-class of bacterial cyclic lipopeptides(35). 

Similarly, β-hydroxy-fatty acid forms an ester bond between free hydroxyl 

group on β-carbon and terminal carboxyl group of amino acid. This group is 

structurally alike well-known bacterial peptide surfactin with antibacterial 

and antiviral properties(34). Also dolastatin 17, depsipeptide isolated from sea 

hare Dolabella auricularia(35), exhibiting human cancer cell growth inhibitory 

activity (GI50 0.45-0.74 μg/mL) falls within this group (however, dolastatin 

17 is not reviewed in this work because of its uncertain origin). 

The fatty acids present in N and O classes are introduced to the 

structure via acyl ligase/transferase (e.g. FAAL, FACL, C-starter domain) and 

subsequently might be modified by PKS machinery. Consequently, aliphatic 

chains with even carbon number in the longest linear chain dominate. High 
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variability in substitution is observed on the FA α carbon, that is in many 

cases hydroxylated or (di)methylated. β-hydroxy FA are slightly more 

conserved, unbranched, and more often contains triple acetylene bond on the 

aliphatic chain terminus (AmC6ya etc.) compare to β-amino FA. 

 

Table 1: Classification of cyanobacterial cyclic lipopeptides with 

incorporated FA. X stands for highly variable residues, asterisk indicates 

places of the cyclisation. 

β-hydroxy-fatty acid (O classes) 

Class 
Sub-

class 
General structure Peptides 

O-1  
*FA-Val/Ile-HIVa/HMPa/PLa-NMePhe-

βAla* 
Yanucamide 

O-2 O-2a *FA-Val/Ile-X-HIVa/HMPa/PLa-Pro-X* 

Veraguamides, Antanapeptins, 

Hantupeptins, Trungapeptins, 
Radamide B, Naopeptin 

  O-2b *FA-X-PLa-Pro-X-Val* Palmyramide 

 O-2c 
*FA-Val/Ile-X-HIVa/HMPa/PLa-Pro-X-

X* 

Pitipeptolides, Viequeamides, 
Kohamamides, Tiahuramides,   

 O-2d 
*FA-Ile/Val–(NMeVal/NMeAla)n-

HIVa/HMPa/PLa-Pron-Xx;* 
Wewakpeptins 

O-3  
*Fa-X-X-(X)-Pro-NMePhe/NMeTyr-

Ala/Gly* 

Cocosamide, Benderamide, 
Dudawalamides, Guineamide  

O-4   
*FA-dHMBa/dHMPa/HIVa-TZa-(X)-X-

TZa* 
Lyngbyabellin, Hectochlorin 

β-amino-fatty acids (N classes) 

Class 
Subc

lass 
General structure Peptides 

N-1   *FA-AOFHa-X-Gly* Anabaenolysins 

N-2 N-2a 
*FA-HMPa/La/HIVa-X-

NMePhe/NMeX-Ala/X* 
Porpoisamide,  

 N-2b *FA-La/HMPa-X-NMeX-Ala-TZa* Ulongamides  

 N-2c 
*FA-HMPa/La/HIVa-X-X-NMeX-(X-X)-
NMe-X-Ala/Leu/Ile/Val-(X-X-X)-(X)-

NMeX* 

Ulongapeptins, Companeramides, 

Malevamide B,C 

N-3  
*FA-Gln-Gly-Pro/mPro-X-X-Ser/Thr-

Dhb-Ser/Thr-X-Pro/mPro* 

Muscotoxin, Portoamides, 

Schizotrin A, Pahayokolides 

N-4  
*FA-Val-X-X-X-Asn/Gln-Ala/Gly-X-
NMeAsn-Pro* 

Minutissamides, Puwainaphycins, 
Calophycin 

N-5 N-5a 
*FA-X-X-Pro/OH-Pro-Ser/hSer-Phe/Tyr-

Leu-X-X-X-Gly* 

Trichormamide A,D , Laxaphycin A, 

Lobocyclamide A and similar 

 N-5b 
*FA-X-OH-Leu-X-X-Gln-NMeIle-X-Thr-

Pro/OH-Pro-X-Thr* 
Trichormamide B-C, Laxaphycin B, 
Lobocyclamide B and similar 
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O Classes: Cyanobacterial cyclic lipopeptide with β-hydroxy-fatty acids 

Generally, cyanobacterial cyclic lipopeptides containing β-hydroxy-

fatty acids are rather small (4-9 residues). The mode of action highly depends 

on the overall lipopeptide structure as no specific chemical moieties seems to 

be responsible for their bioactivity. Some O-class lipopeptides are cytotoxic, 

others exhibit antiparasitic or antifungal properties. Four main subclasses 

based on the structure, biosynthesis, and activity can be assigned. Classes O-

1, O-2, and O-3 comprise cyanobacterial kulolide super family members(83), 

class O-4 is unique for cyanobacteria and contains chlorinated lipopeptide 

with thiazole moieties (Thz).  

 

Class O-1 (yanucamide type) 
Class O-1 represented by yanucamides is defined by a general 

structure of *FA-Val/Ile-HIVa/HMPa/PLa-X-βAla*(see Figure 6), and 
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Figure 6: General structure *FA-Val/Ile-HIVa/HMPa/PLa-X-βAla* of lipopeptides belonging to 

Class O-1 
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includes the smallest known β-hydroxy-fatty acid containing cyclic 

lipopeptides. With only 5 residues and short Hm2C8ya fatty acid the molar 

mass does not exceed 650 Da. As the only one structural type (yanucamides) 

is known, the definition of this group is relatively weak. However, similar to 

members of Class O-2 and O-3 and (cyano)bacterial kulolides, the presence 

of Val/Ile adjacent to the fatty acid moiety seems to be important. 

Additionally, hydroxy acid HIVa and rare βAla are incorporated. While 

lipopeptides with only Hm2C8ya are known, tentative variants with Hm2C8ea 

or -aa can be expected but so far remain undiscovered. Similarly, variants 

with other hydroxy acids such as HMPa or PLa instead of HIVa are expected, 

but not yet described. 

Yanucamide A and B isolated from the Yanuca Island collection of 

Lyngbya majuscula and Schizothrix sp. as the only representatives possess 

strong brine shrimp toxicity (LD50 5 ppm)(84). No additional bioactivity has 

yet been described.  

 

Class O-2 (veraguamides, palmyramides and similar) 
Class O-2 contains cyanobacterial cyclic hexapeptides, heptapeptides, 

and nonapeptides with a general structure of *FA-X-(X)-Hx-Pro-X-(X)-(X-

X)* (see Figure 7, 8, 9 and 10) where Hx represents HIVa, HMPa, PLa, or 

Phe. Additionally, Val/Ile is adjacent the FA. Incorporated FA in described 

variants is either β-hydroxy-α-methyl-octanonic acid (HmC8aa), or 

unsaturated HmC8ea or HmC8ya. Additional halogenation can take place 

usually at the FA terminus. Remaining amino acids (marked as X) are variable 

and their positions are in the majority of known O-2 class members occupied 

by non-polar amino acids such Val, Gly, Ile, or Phe. Similarly to the structures 

in the bacterial kulolide family, unpolar residue Val/Ile is adjacent to FA with 
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the exception of palmyramide A (class O-2b member) which possess LA at 

this position. The overall structure is highly nonpolar with an unusually high 

content of branched amino acids (at least 40% of amino acids are Ile, Leu, or 

Val). Incorporated fatty acid moiety is of medium length with no additional 

hydroxylation except for β-hydroxylation. At least one residue is hydroxy 

acid (HIVa, HMPa and PLa derived from Val, Ile and Phe, respectively). 

Typical representatives are the hexapeptide Veraguamides A-J(51,85) or 

heptapeptides pitipeptolides(24,86).   

All O-2 class lipopeptides share similar biological and biophysical 

properties as well as biosynthetic origin in tentative NRPS chemical 

machinery. Subclasses are defined by the order of putative modules 

(hexapeptide O-2a vs O-2b), the presence of an additional module 

(heptapeptide O-2c) or multiple copies of a distinct module (nonapeptides O-

2d) 

The cytotoxicity ranges from non-bioactive antanapeptins (no brine 

shrimp toxicity, sodium channel modulation, or bioactivity in antimicrobial 

bioassays) and mild brine shrimp toxicity (Trungapeptin A), to a highly 

cytotoxic compound with an effect against cancer cell lines in nanomolar 

concentration (Viequeamide A). The level of (un)saturation of the FA-

terminal bond seems to largely affect the lipopeptide cytotoxicity. The most 

potent lipopeptides of this class possess fatty acid moiety reduced to octynoic 

acid (HmC8ya). A comparison of similar structures proves the possible partial 

importance of this acetylene modification. Pitipeptolide A with HhC8ya is 

reported to have six times lower cytotoxicity than Pitipeptolide C with 

HhC8aa. A similar relationship was found in other O-2 class lipopeptides (e.g. 

Viequeamide A vs. Viequamide C). However, this relation cannot be fully 

generalized, as Hantupeptin C with HhC8aa possesses a slightly higher 
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cytotoxicity than Hantupeptin A with unsaturated HmC8ya and, similarly, 

Kohamamide B with HmC8ea is more active than Kohamamide A with 

HmC8ya. Additionally, the (un)saturated fatty acid is not the only part of the 

molecule responsible for the bioactivity.  

Interestingly, both Veraguamide D and F contain HhC8ya, their 

cytotoxicities against HeLa cells differs by two orders. The difference 

between these two structures is the presence of PLa residue instead of HMPa 

and NMeVal instead of NMeIle in less potent Veraguamide F(51). A similar 

difference in cytotoxicity can be observed for viequeamides, where aromatic 

PLa containing Viequeamide B-D shows no activity in relation to cancer cells, 

and Viequeamide A containing HMPa instead of PLa was observed as a 

potent cytotoxic compound(87). The loss of bioactivity cannot be easily 

explained by the presence of an aromatic residue, as Hantupeptin A 

containing HhC8ya as well as PLa maintains its bioactivity(88). Further, the 

brominated fatty acid moiety can significantly increase cytotoxicity as 

observed in the most active Veraguamide A with bromo-HhC8ya. The 

mollusk-derived cyclic lipopeptides kulomo’opunalide-1 and -2 share 

identical or very similar amino acid composition to Veraguamide A, lack 

bromination, and exhibit only a moderate bioactivity(89). Taken together, the 

bioactivity and cytotoxicity of Class O-2 seems to be highly affected both 

by the incorporated fatty acid residue as well as the peptide core 

composition; it is likely that the 3D structure also plays a crucial role in 

interaction with various cellular targets. Nonetheless, the mechanism of 

O-2 class lipopeptides action and their molecular targets remain unknown.  
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Subclass O-2a (Veraguamide type) 
Cyanobacterial lipopeptides belonging to subclass O-2a are 

hexapeptides and possess a general structure of *FA-Val/Ile-X-

HIVa/HMPa/PLa-Pro-X* (see Figure 7). This subclass contains for example 

antanapeptins, veraguamides, and Radamamide B.  

 

Antanapeptins 
 Antanapeptins A-D are hexadepsipeptides isolated from Lyngbya 

majuscula (from Antany Mora) with a general structure of *FA-Val-

NMePhe-HIVa-Pro-NMeIle/NMeVal*. The antanapeptins were evaluated in 

several biological assays (brine shrimp toxicity, sodium channel modulation, 

antimicrobial essay against Candida albicans, Pseudomonas aeruginosa, and 

Escherichia coli), however, no bioactivity was associated with these 

structures(90). 
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Veraguamides and Radamamide B 
Veraguamides A-J are hexadepsipeptides isolated from a dolastatin-

16-producing strain of marine cyanobacterium Symploca cf. hydnoides(51,85). 

The general structure of these lipopeptides *FA-Val/Ile-NMeVal/Ile-

HIVa/HMPa/Pla-Pro-NMeVal/Ile* is very similar to antanapeptins. The 

fatty acid moiety could be further halogenated. The typical terminal 

modification also includes the presence of the alkynyl, alkynyl bromide, and 

vinyl group (for the exact structures, see Table 2, section O-2b). 

Veraguamides show a strong to very weak cytotoxic activity against HT29 

colorectal adenocarcinoma and HeLa cervical carcinoma cell lines with IC50 

for HeLa cells ranging from 0.54μM (Veraguamide D) to 49 μM 

(Veraguamide F).  

Radamamide B, isolated from a collection of Lyngbya majuscula, 

from Madagascar shares a general structure of veraguamides with sequence 

*FA-Ile-NMeVal-HMPa-Pro-NMeIle*. This compound was tested in 

several inhibitory activity assays (thrombin, trypsin, and Leu aminopeptidase) 

without showing any bioactivity(91), similarly, no toxicity against brine shrimp 

or sodium channel modulation was observed.  

 

Hantupeptins 
Hantupeptins A-C were isolated from Lyngbya majuscula (from Pulau 

Hantu Besar)(88,92) and actually might be assigned to the veraguamides group 

as the general structure *FA-Val-NMeIle-PLa-Pro-NMeVal* is identical to 

Veraguamide F, however hantupeptins contain fatty acids with different 

saturation not described in Veraguamide F (HmC8ea and -aa). 
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Hantupeptin A showed cytotoxicity against MOLT-4 leukemia cells 

and MCF-7 breast cancer cells with IC50 values of 32 and 4.0 μM, 

respectively(88). The most active Hantupeptin B exhibits the cytotoxicity 

against identical cell lines with IC50 0.2 and 0.5 μM, respectively, Hantupeptin 

C with IC50 3.0 and 1.0 μM, respectively(92). 

Trungapeptins and Naopopeptin  
Trungapeptins A-C isolated from Lyngbya majuscula (from Trung 

Province)(93) are, similarly to hantupeptins, the only analogues of 

Veraguamide F with the replacement of NMeVal by Ile (general structure 

*FA-Val-NMeVal-PLa-Pro-Ile*). Trungapeptin A showed mild brine 

shrimp toxicity and ichthyotoxicity but no toxicity against KB and LoVo 

cells.  

Naopopeptin isolated from Papua New Guinea collections of the 

cyanobacterium Lyngbya majuscula is similar to Trungapeptin C with 

N-Methylation on Ile and possesses interesting antiparasitic properties (IC50 

2.7 μM and 5.8 μM against Plasmodium falciparum and Leishmania 

donovani, respectively) and it has been found to be an inhibitor of calcium 

oscillations in murine cortical neurons (IC50 11.7 μM)(94). 
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Subclass O-2b (Palmyramide type) 

The lipopeptides of subclass O-2b contain similar building blocks to subclass 

O-2a, however, they are assembled in a different order (see Figure 8). Val/Ile 

residue adjacent to fatty acid typical for all members of Class O-2 is attached 

on the β-hydroxy-side instead of the carboxy-side of the fatty acid. 

 

Palmyramide 
 Only one member of the palmyramide group  with a structure of *FA-

La-PLa-Pro-NMeVal-Val* is currently described (Palmyramide A(95)). It 

contains three amino acids and two hydroxy acids (one of them is the rare La, 

a hydroxy acid derived from Ala) and an unsaturated fatty acid moiety. 

Palmyramide was isolated from Lyngbya majuscula (from Palmyra Atoll).  

Palmyramide A showed sodium channel blocking activity in neuro-2a 

cells and cytotoxic activity against H-460 human lung carcinoma cells with 

IC50 17 μM and 39.7 μM, respectively(95). 

Subclass O-2c (Pitipeptolide type) 
Subclass O-2c of cyanobacterial cyclic lipopeptides is probably 

evolutionary and biosynthetically derived from Class O-2a and O-2b. It 
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contains the majority of described cyanobacterial kulolide superfamily 

members(83)4* with a general structure of *FA-Val/Ile-X-HIVa/HMPa/PLa-

Pro-X-X* (see Figure 9), where FA stands again for short HmC8aa, ea or ya.  

The structures often possess hydroxy acids at position 4. Adjacent to this 

residue, various N-methylated amino acids are present (NMeVal, NMeIle, 

NMePhe) which seem to be conserved and play a role in the compound 

bioactivity. Concerning pitipeptolides, the bioactivity strongly depends on the 

length of the amino acid side chain; variants with Ile instead of Val or HMPa 

instead of HIVa exhibit higher bioactivity.  

 
4
* This superfamily describes depsipeptides originating from all possible biological sources 

with NPRS/PKS origin, cyclic peptide Kulolide was isolated from the mollusc Philinopsis 

speciosa (83) 
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Similar to previous subclasses, the bioactivity depends on the overall 3D 

structure, showing weak to moderate bioactivities in various bioassays 

(pitipeptolides possess antimycobacterial bioactivity, while Viequeamide A 

is highly cytotoxic to lung cancer cells). 

 

Pitipeptolides and Kohamamides 
Pitipeptolides A-F were isolated from Lyngbya majuscula (from Piti 

Bomb Holes)(24,86). The general structure of *FA-Val-Phe-HIVa/HMPa-

Pro-Val/Ile-Gly* shows again some similarity to smaller trungapeptins from 

Class O-2a with similar occupation of the variable positions of the peptide 

sequence (Ile/Leu, Thr/Val/Ile etc.). Additionally, N-methylation of Phe is 

observed.  

Pitipeptolides have been previously shown to exhibit weak to 

moderate cytotoxicity against cancer cells as well as moderate 

antimycobacterial activities. While pitipeptolides A and B show moderate 

cytotoxicity against HT-29 and MCF-7 cancer cell lines with IC50 around 13 

μM, pitipeptolides C-F exhibit no significant bioactivity(24,86). Interestingly, 

there is only a small structural difference between individual pitipetolides. 

The most active pitipeptolides, A and B, contain in both positions 4 and 7 

longer side-chained residue, HMPa instead of HIVa in position 4 and Ile 

instead of Val in position 7; and N-methylation of Phe. Loss of any of these 

additional CH3 groups probably leads to the decrease of bioactivity.  

Kohamamides A-C(96) isolated from the marine cyanobacterial strain 

Okeania sp. are structurally related to pitipeptolides, NMePhe is replaced by 

NMeVal, Ile is replaced by the structurally similar Leu and Gly by Ala. 

Kohamamides were tested against HeLa and HL60 cells. Interestingly, 

Kohamamide B with Hm2C8ea was shown to have a weak to moderate 
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cytotoxic activity (as the most potent kohamamide variant) IC50 23 μM and 6 

μM, respectively; Kohamamide A with the usually more active Hm2C8ya 

shows reduced activity with IC50 of 29 μM and 19 μM, and Kohamamide C 

with saturated Hm2C8aa 18 μM and 11 μM, respectively(96).  

 

Viequeamides and Tiahuramides 
Vierqueamides A-F were isolated from marine Rivularia sp. (from the 

island of Vieques)(87). Amino acid composition of different vierqueamides is 

not as conserved as in previous pitipeptolides. The general structure of *FA-

Val-NMeVal-HMPa/Pla-Pro-NMeVal/NMeAla-Val/Thr* shows the 

presence of free-hydroxyl-group containing amino acid Thr that is not as 

common for small cyclic cyanobacterial lipopeptides. 

The toxicity of viequeamides varies according to particular structure. 

While Viequeamide A was found to be highly toxic to H460 human lung 

cancer cells with IC50 60 nM, all other variants of viequeamides were 

inactive(87).  

Tiahuramides isolated from Lyngbya majuscula (from a collection 

from French Polynesia) are highly similar to viequeamides(29). While all 

viequeamides possess Hm2C8ya, ea or aa, Tiahuramides possess an identical 

peptide sequence to Viequeamide E, but Hm2C8ya is replaced by HmC8ya, ea 

or aa.   The bioactivity assay against SH-SY5Y shows IC50 14 and 6 μM for 

Tiahuramide A and B, respectively. Tiahuramide C with HmC8ya was 

inactive even at 100 μM(29). Interestingly, antibacterial essays against various 

bacteria (including Aeromonas salmonicida, Vibrio anguillarum, Shewanella 

baltica, Escherichia coli, and Micrococcus luteus) show the highest effect of 

Tiahuramide C with MIC 6.7-17 μM, while the least active Tiahuramide A 

shows MIC starting at 27 μM for A.salmonicida and >50 μM for S.baltica(29). 
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Radamamide A 
Radamamide A is the second novel compound (after Radamamide B) 

isolated from a collection of Lyngbya majuscula from Madagascar(91). While 

Radamamide B shares its structure with the veraguamide type of O-2a class 

lipopeptides, Radamamide A is a hexapeptide belonging to the O-2c class. 

Structural similarities are observed between Pitipeptolide A and Radamamide 

A, however, the position of aromatic residue and branched amino acid residue 

is exchanged. Pitipeptolide A (mentioned aboved) contains NMePhe in 

position 3 and Ile in position 6, while Radamamide A has NMeVal and 

NMePhe in identical positions. (for the structures, see Table 2, section O-2c). 

Similarly to Radamamide B, no bioactivity against brine shrimp or in 

sodium channel modulation assays was observed for Radamamide A. 

However, weak antimalarial activity is described(91). 

 

Subclass O-2d (Wewakpeptin type) 
 Subclass O-2d is defined by multiple copies of building blocks, 

namely NMeVal/NMeAla and Pro, which together with other residues forms 

a nonapeptidic structure. The general structure of this subclass can be defined 

as *FA-Val/Ile-(NMeVal/NMeAla)n-HIVa/HMPa/PLa-(Pro)n-X* (see 

Figure 10). The cytotoxicity varies based on the overall structure from nM 

to µM similarly to members of the previously mentioned classes O-1 and O-2. 

In subclass O-2d lipopeptides, variants with Hm2C8ya and Hm2C8aa are 

described, Hm2C8ea is expected but not discovered yet. Likewise, variants 

with Val instead of Ile are expected in the position adjacent to the FA moiety.  
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Wewakpeptins A-D with a fully determined structure as the only 

known members of this subclass possess a general structure of *FA-Ile-

NMeAla-NMeAla/NMeVal-NMeVal-HMPa/PLa/HIVa-Pron-HIVa* and 

up to now represent the largest β-hydroxy-fatty-acid containing cyclic 

lipopeptide described in cyanobacteria. The variants with a lower number of 

NMeVal/NMeAla are expected but not yet purified. These lipopeptides are 

found and isolated from marine Lyngbya semiplena (Papua New Guinea 

collection).  

Wewakpeptins A-D are cytotoxic to the NCI-H460 human lung tumor 

and neuro-2a mouse neuroblastoma cells with LC50 around 0.5μM(97).  
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Class O-3 (cocosamides etc.) 
Class O-3 of the cyclic cyanobacterial lipopeptides, possessing a β-

hydroxy fatty acid moiety and 6-7 residues, is only weakly defined. Some of 

the compounds are partially similar to classes O-1 and O-2 (a medium length 

fatty acid with possible acetylene termination and a different number of 

residues in the cycle). While Class O-2 is defined by the presence of hydroxy-

acid adjacent to the Pro residue (typically HMPa/HIVa/PLa-Pro), Class O-3 

contains a characteristic Pro-Phe/Tyr motif. Additionally, while the position 

adjacent to the fatty acid moiety occupied in Class O-1 and O-2 lipopeptides 

by Ile or Val only, in Class O-3 this position is more structurally variable 

(including HIVa or HMPa). Taken all together, the general structure of Class 

O-3 lipopeptides can be defined as *FA-X-X-(X)-Pro-NMePhe/NMeTyr-

Ala/Gly*  (see Figure 11). The probable NRPS biosynthetic pathway of these 

lipopeptides is likely branched or allows alternating mechanisms because 

hexapeptide and heptapeptides are biosynthesized in the single cyanobacterial 

strain simultaneously. The NRPS assemblies likely differ at position 4, before 
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Pro residue. Both position 3 and 4 are highly variable, however, while 

methylated residues NMePhe or NMeVal and unmodified Ala is found at 

position 3, in some O-3 class lipopeptides position 4 is occupied by either 

Val, Ile, HIVa, or HMPa or the corresponding NRPS module is missing and 

the assembly continues directly with the addition of Pro at the next position. 

Generally, Hm2C8ya, Hm2C8ea, or Hm2C8aa are incorporated and form a 

hydrophobic part together with the Pro-NMePhe-Ala/Gly motif.  

Similarly to all O-1 and O-2 cyclic lipopeptides, the bioactivity of 

members of O-3 strongly depends on the overall structure, since cocosamide 

A containing Ala shows weak cytotoxicity compare to Benderamide A with 

Gly instead of Ala which is non active against the same cell line(98). However, 

Dudawalamide A, a heptapeptide similar to cocosamides, containing Gly in 

the identical position, but HPa in position 2 and non-methylated Ala in 

position 3, exhibits weak cytotoxicity. In addition, moderate antiparasitic 

activity is reported for Dudawalamide A(7).  

Analogously to Class O-2, in Class O-3 we can conclude that the 

lipopeptide bioactivity depends highly on the overall compound 

structure, especially the effect of the methylation pattern is observed. The 

mechanism of action and molecular targets of Class O-3 remain unknown due 

to the existence of many different compounds with different observed 

bioactivities. 

 

Cocosamide and Benderamide 
Hexapeptides Cocosamides A-B isolated from Lyngbya majuscula 

(from Cocos Lagoon) have a general structure of *FA-Val-NMePhe-Pro-

NMePhe-Gly/Ala* and shows weak to moderate cytotoxicity against MCF-7 

breast cancer and HT-29 colon cancer cells with IC50 11 μM, and 39 μM, 
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respectively(67). Benderamide A isolated from Lyngbya sp. (Singapore 

Collection of Marine Cyanobacteria) is almost identical to cocosamide B with 

Ala instead of Gly(98) and does not present cytotoxic activity against the MCF-

7 cell line.  

Dudawalamides  
Dudawalamides A-D were isolated from the marine cyanobacterium 

Moorea producens collected from Dudawaly Bay, Papua New Guinea(7). The 

general structure of *FA-hPa/Val-X-(X)-Pro-NMePhe/NMeTyr-Gly/Ala* 

resemble cocosamides and benderamides. Dudawalamides A and D with Gly 

in position 6 were potent against Plasmodium falciparum (IC50 3.5-3.6 μM). 

Dudawalamide B with Ala in the same position preserves antiparasitic activity 

against Plasmodium falciparum with IC50 8 μM.  Dudawalamide D was also 

selectively active against Leishmania donovani (IC50 2.6 μM), while other 

duwalamides did not show any effect(7).  

 

Note: 

A special case is presented by guineamides. Guineamide is a common name 

for a group of peptides from Lyngbya majuscula isolated from a collection 

from Papua New Guinea, but only Guineamide C-F contain incorporated 

fatty acid moiety, β-hydroxy as well as β-amino fatty acid (Hm2C6aa, AmC6aa, 

and AmC6ya). Heptapeptide Guineamide E and hexapeptide Guineamide F 

are similar to Dudawalamide A and Dudawalamide B, respectively, 

possessing Hm2C6aa, methylated residues and important Gly adjacent to FA 

moiety. However, Guineamide C and D do not contain the typical Pro-

Phe/Tyr residue, additionally, FA present in their structure are β-amino fatty 

acids, AmC6aa and AmC6ya, and thus should belong to N-class 

lipopeptides(99) (for the structures, see Table 2, section O-3).  
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Class O-4 (dithiazole type)  
Class O-4 is an example of broad structural variability of cyclic 

cyanobacterial lipopeptides. This class comprising small chlorinated 

“pentapeptides” or “hexapeptides” is structurally related to dolabellin isolated 

from the mollusc Dolabella auricularia(100). The formation of thiazole ring(s) 

by the cyclisation of cysteine residue leads to the incorporation of nitrogen 

participating in the peptide bond into the heterocycle, and, consequently, the 

“loss” of the peptide bond. Lipopeptides of Class O-4 contain unusual β-

hydroxy-carboxylic acid, namely dHMBa (2,3-dihydroxy-3-methylbutanoic 

acid) or dHMPa (2,3-dihydroxy-3-methylpentanoic acid) and two thiazole 
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units (TZa) originating from Cys via the action of a specific heterocyclization 

domain present in the NRPS. The general structure can be defined as *FA-

dHMBa/dHMPa-TZa-(X)-X-TZa* (see Figure 12). 

Two main structural types within this class are described so far. The 

first, represented by Lyngbyabellin A, contains a dipeptide Gly-Ile between 

thiazole units. The second, represented by hectochlorin, contains dHPa (2,3-

dihydroxypropanoic acid) or dHMBa in this position with possible 

substitution either by acetate or a complex side chain (Figure 12).  

The gene cluster responsible for hectochlorin biosynthesis contains 8 

ORFs, among others, one PKS and two bimodular NPRS modules. Extremely 

atypical is the presence of a KR domain between A and PCP in both NRPS 

modules. The biosynthesis is initiated by the activation of hexanoic acid(101). 

Interestingly, the hectochlorin gene cluster contains two ORFs for P-450 

monooxygenase biosynthesis, which is believed to be responsible for the 

hydroxylation of dHMBa residue(101). 

Due to their highly modified and unique structures, these lipopeptides 

target specific molecular target(s). Hectochlorins as well as Lyngbyabellin A 

are proven to affect actin polymerization and surprisingly compromise the 

cell in the G2/M phase of the cell cycle(102). As a result of microfilament 

perturbation and the consequent apoptosis, these compounds are active 

against different organisms including fungi and parasites. 

Despite the quite large structural differences between the penta- and 

hexapeptides of this group, the bioactivity based on actin disruption remains 

similar among all described structures.  

The anticancer activity of lyngbyabellins and hectochlorins is also 

described. Interestingly, the cytotoxicity seems to be highly dependent on the 

overall structure. Cyclic hexapeptide Dehydroxylyngbyabellin A exhibits 
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prominent cytotoxicity in the micromolar range, while similar cyclic 

pentapeptide Lyngbybelin G shows almost no cytotoxicity against the 

identical cell line, and cyclic pentapeptide Lyngbyabellin H with a highly 

modified substituted dHPa maintains a similar bioactivity to 

dehydroxylyngbyabellin A(103) (for the structures, see Table 2, section O-4). 

Cytotoxicity is further influenced by cyclisation of the peptide as linear 

lyngbyabellins exhibit a slightly lower bioactivity compared to cyclic 

variants(22). However, some linear lyngbyabellins preserve their bioactivity as 

lyngbyabellin D and I are both cytotoxic within the 0.1-1μM range. 

The bioactivity of O-4 lipopeptides is mainly connected with the 

inhibition of actin polymerization, however, the mechanism of action has 

not yet been discovered. Additionally, cytotoxicity depends on the overall 

structure and functionalization of the particular lipopeptide. While the 

number of residues does not play a crucial role as heptapeptides can be 

almost as equally active as hexapeptide. The substitution of hydroxy acid 

between TZa seems to be important for the bioactivity. 

 

Lyngbyabellin A and B 
Hexapeptides Lyngbyabellin A and B isolated from a non-specified 

Guamanian strain of the Lyngbya majuscula contains Gly and Ile/Val in place 

of variable amino acids (*FA-dHMBa-TZa-Gly-Ile/Val-TZa*)(3,22). 

Lyngbyabellin A and B show prominent cytotoxicity against multiple 

human cancer lines including KB human nasopharyngeal carcinoma cells and 

LoVo human colon adenocarcinoma cells (IC50 0.05μM and 0.07μM, 

respectively)(3,102). Similarly, Lyngbyabellin B was tested against HT29, 

HeLa, Ca46, and PtK2 with IC50 0.1-1.1μM(103).  Interestingly, some of the 

linear lyngbyabellins show similar bioactivity, namely Lyngbyabellin D with 
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IC50 0.1μM against KB cells and Lyngbyabellin I with IC50 0.7-1.0 μM 

against H460 and Neuro-2a cells(103). 

Lethal in vivo doses of Lyngbyabellin A have been determined 

ranging between 2.4-8.0 mg/kg. Additionally, a strong antimalarial effect is 

described for Lynbyabellin A with IC50 0.0015 and 0.3μM(103) against the liver 

stage and intraerythrocytic stage of Plasmodium falciparum, respectively.  

 

Hectochlorines and other Lyngbyabellins 
“Pentapeptides” hectochlorins isolated from Lyngbya majuscula 

(Hector Bay, Jamaica, and Boca del Drago Beach, Bocas del Toro, Panama) 

represent unique cyclic “lipopeptides” (104) with a general structure of *FA-

dHMBa/dHMPa/HIVa-TZa-dHMBa/dHPa-TZa*. They contain a second 

hydroxyl acid in the only variable amino acid position.  This second dhMBa 

causes “loss” of the very last peptide bond (other peptide bonds are lost during 

the cyclisation of cysteine into thiazole heterocycle). Therefore, it is 

questionable whether hectochlorins and pentapeptide lyngbyabellins should 

be considered lipopeptides as they often lack peptide bonds, however, the 

individual building blocks originate from amino and hydroxy acids. 

Similarly to hexapeptidic lyngbyabellins, hectochlorins show 

bioactivity against fungi, with a moderate zone of inhibition against Candida 

albicans(3). Additionally, the affect on actin polymerization in the human cells 

has been reported(104). Hectochlorins A-D show further broad antiproliferative 

activity with an average GI50 5.1 μM against 60 different cell lines including 

colon, melanoma, ovarian, and renal cell lines(104). 

Structurally related pentapeptide lyngbyabellins vary in both dHMBa 

residues and instead can possess HIVa, DHMPa, or dHPa residue, also 

bearing complex modification. Their cytotoxicity varies with the substitution 
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of the hydroxyl group in the above mentioned residues. If bioactive, their 

anticancer potencies vary, with IC50 values ranging from 0.005 to 6μM.  

Interestingly, Lynbyabellin K and L, structurally similar to other 

pentapeptide lyngbyabellins and hectochlorins with hydroxylated hydroxy 

acid instead of the second dHMBA residue, do not exhibit any significant 

cytotoxicity against cancer cell lines at tested concentrations(105). 

Lyngbyabellin G shows sell line selective anticancer activity and it reaches 

IC50 values around 3µM against H460 and Neuro-2a cells while it possess 

extremely weak activity again against MCF7 (IC50=120µM). 

Lyngbyabellin E with a highly modified free OH group at residue 5 

(Figure 12) shows cytotoxicity against NCT-H460 human lung tumor cells 

and mouse neuroblastoma cell lines with LC50 0.4-1.2 μM. Structurally 

similar Lyngbyabellin N is further proved to be cytotoxic in the nanomolar 

range against human colon HCT 116 cells with IC50 40 nM(106). Antimalarial 

activity is reported for Lyngbyabellin G only.  

As mentioned above, it is obvious that the substitution of the hydroxy 

acid located between both TZa residues plays a crucial role in the bioactivity 

and further research is necessary to explain this phenomenon.  

 

N Classes: Cyanobacterial cyclic lipopeptide with β-amino-fatty acids 

Cyclic cyanobacterial lipopeptides with incorporated β-amino-FA are 

very variable in terms of size and thus Class N includes very small 

lipotetrapeptides as well as large molecules with 13 residues. Their chemical 

structures are in general slightly more polar compared to lipopeptides 

containing β-hydroxy-fatty acid, as many lipopeptides of this class contain a 

free hydroxyl group(s). Generally, the cyclic core is formed mostly by amino 

acids and hydroxy acids are present exceptionally only in Class N-2 and N-5 
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(malevamides, companeramides etc.). The classification of these lipopeptides 

into 5 classes is mostly based on the specific amino acid composition and/or 

number of residues in the cycle.  

 

Class N-1 (anabaenolysin type)  
Class N-1 contains the smallest known cyclic cyanobacterial 

lipopeptides, consisting of 4 residues only. The characterization of this class 

is based on described variants of tetrapeptides anabaenolysins(59). Their 

structure can be characterized by the general sequence of *FA-AOFHa-X-

Gly* (see Figure 13) where FA is polyunsaturated β-amino-α-hydroxy-

octadecanoic acid (mostly AhC18e5,7,9,13a or AhC18e5,7,9,13,15a) and AOFHa is 

a lactone containing 2-(β-amino-5-oxytetrahydrofuran-2-yl)-2-hydroxy 

acetic acid.  Among 13 known anabaenolysins, the variation is found mainly 

on the fatty acid moiety (different level of unsaturation, different fatty acid 

chain length) and a single amino acid Gly (in Anabaenolysin A-B) can be 

exchanged by glutamine (Anabaenolysin C-D). The biosynthetic cluster 

responsible for anabaenolysin production was described in 2015 in Anabaena 

sp. XPORK 15F and contains NRPS modules biosynthesizing the main amino 

acid core. However, no enzymes responsible for FA activation can be found 

in the cluster. The predicted genes of anabaenolysis synthesis contains PKS 
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for FA extension, aminotransferase and oxygenase domains responsible for 

the formation of the alpha-hydroxy beta-amino FA motif. The FA is further 

modified by fatty acid desaturase(80). 

Anabaenolysins A-D were isolated from cyanobacterial strains of the 

genus Anabaena and show high cytolytic activity in mammal cell lines, the 

LC50 values ranging from 3.7 µM to 17 µM(59). Due to the long unsaturated 

fatty acid and presence of two free hydroxyl groups in the amino acid core, 

the overall properties of anabaenolysis are highly amphiphilic. Oftedal et 

al.(107) showed that anabaenolysins act as amphipathic detergents and 

permeabilize liposomes in a cholesterol dependent manner followed by a 

necrotic type of cell death. The mitochondrial membranes remain intact which 

further strengthens the hypothesis on cholesterol involvement in the 

anabaenolysis effect. Therefore, the mechanism of action is very similar to a 

common bacterial cyclic β-hydroxy-fatty acid containing lipopeptide 

surfactin(31). However, while surfactin is primarily active in the phospholipid 

region of the membranes(108) anabaenolysins are preferentially active in 

cholesterol rich areas due to the presence of a highly unsaturated fatty acid 

chain. The unsaturated acyl chain of anabaenolysins can probably be 

structurally aligned with cholesterol in the membrane(107).  

In general, the cytotoxicity of anabaenolysin is caused by the 

structural similarity of the whole structure (the unsaturated acyl chain 

and free OH groups) to the building block of the membrane. Moreover, 

it is strengthened by interaction with sterols. Incorporation of these 

molecules causes ion leakage via membrane permeabilisation and 

subsequent cell death. 
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Class N-2 (porpoisamides, malevamides etc.) 
Class N-2 represents a β-amino-fatty acid analogues to Class O-2 and 

contains structures with a general structure of *FA-HIVa/Pla/HMPa-X-X-

Xn* (see Figure 14, 15 and 16). The number of variable amino acid positions 

can reach up to 13 for class N-2c (*FA-HIVa/HMa/Pla-X-X-X-X-X-X-X-

X-X-X-X-(X)*). A characteristic is the presence of hydroxy acid adjacent to 

the FA moiety and a high number of N-methylated residues. Additionally, a 

dipeptide sequence NMeX-Ala/Val/Ile is also a distinctive feature of this 

class. Among all N classes of lipopeptides, structures belonging to N-2 are 

the only ones containing not only amino acids but hydroxy acids inside the 

peptidic core as well. 

 Unfortunately, no biosynthetic cluster has yet been described for 

these lipopeptides. Lipopeptides can be classified as N-2 if they match the 

general sequence *FA-HIVa/HMPa/La-(X)n-NMeX-Ala/Val/Ile-(X)n*, 

where FA stands for short unsubstituted fatty acid, including AmC6aa or 

AmC8ya.   

Having a similar cytotoxicity to the O-2 and O-3 type, the mode of 

action of N-2 lipopeptides seems to be independent of the type of incorporated 

fatty acid (β-hydroxy/β-amino) while the FA length, substitution, and 

saturation is likely more important. Put simply, the exchange of β-amino-FA 

for β-hydroxy-FA (in Class N-2 class versus Class O-2) seems to have a 

marginal effect on the lipopeptide bioactivity. 

 

Subclass N-2a (porpoisamide type) 
The smallest lipopeptides belonging to Class N-2 contains 

pentapeptides with general sequence of *FA-HMPa/La/HIVa-X-NMe-

Phe/NMe-X-Ala* (see Figure 14), with AmC8aa as FA. The only described 
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part of the molecule adjacent to the fatty acid is HMPa. However, La and 

HIVa can be expected in the same position as they are found in N-2b and 

N-2c, i.e. adjacent to FA. Similarly, lipopeptide with AmC8ea or AmC8ya are 

contemplated. 

This subclass is based on the structure of Porpoisamide A-B(109) 

isolated from Lyngbya sp. (from Florida Keys) containing AmC8aa. While O-

2b lipopeptide Palmyramide A(95) with Hm2C8ya shows selective sodium 

channel blocking activity, no concrete mechanism of action was described for 

porpoisamides, however, no deep research has been been performed in this 

respect.  In spite of that, porpoisamides and palmyramides were found to 

possess similar cytotoxicity, while palmyramide possess weak to moderate 

cytotoxicity against neuro-2a and H-460 cells (IC50 17 μM and 40 μM, 

respectively), Porpoisamides A and B exhibit similar potency against HCT-

N-2a 

1AmC
8
aa/AmC

8
ea/

AmC
8
ya

2HMPa/La/HIVa

3X

CH

CH2

CH3

R1

CH3

CH3

CH3

CH3

Pro

4NMePhe/NMeX

O

NH

CH3

O
O

O

O

N

O

N

NH

R
1

R
2

CH3

CH3

R2

CH3

5Ala

 
Figure 14: General structure *FA-HMPa/La/HIVa-X-NMePhe/NMeX-Ala* of lipopeptides 

belonging to Subclass N-2a 

 



 

 
48 

116 colorectal carcinoma with IC50 25 μM and 21 μM, respectively and U2OS 

osteosarcoma cells with IC50 28 μM and 22 μM, respectively(109). 

Interestingly, porpoisamides possess Ala next to the fatty acid moiety, 

which has been previously discussed to lower the bioactivity in Class O-2 

lipopeptides. Based on the current knowledge and bioactivities observed 

in porpoisamides and palmyramides we can estimate that the mode of 

action of these lipopeptides is largely independent of the structure of the 

fatty acid moiety and that the overall 3D structure plays a more 

significant role. Some evidence suggests that the presence of aromatic side 

chains is important (see N-2b), but this is not described for porpoisamides.  

 

Subclass N-2b 
 

Subclass N-2b is characterized by the presence of the motif TZa-FA-

HMPa/HIVa/La. This subclass contains only Ulongamides A-F isolated from 

apratoxin-producing cyanobacterium Lyngbya sp. NIH 309 and possess the 
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general structure of *FA-HMPa/La-X-NMeX-Ala-TZa*(110) (see Figure 15). 

While NMePhe-Ala is found in Subclass N-2a, N-2b contains mostly a 

NMeVal-Ala dipeptide sequence.  

Interestingly, a similar chemical structure was described as 

obyanamide(111), a cyanobacterial pentapeptide with a structure of Apa-La-

NMeVal-NMePhe-Ala-TZa where Apa represents β-amino pentanoic acid. 

As lipopeptides in this work are defined as structures containing fatty acids 

with more than five carbons in the longest linear chain, this compound cannot 

be considered a cyclic lipopeptide. Despite the shorter aliphatic chain, 

obyanamide exhibits strong to moderate cytotoxicity against KB and Lovo 

cells (IC50 1 μM and 5.2 μM, respectively), which is almost identical to 

Ulongamides A-E (IC50 1.0 μM and 5.0 μM for KB and Lovo, 

respectively(110)). While the observed variation in the fatty acid moiety does 

not significantly change bioactivity, variation in amino acids shows a more 

significant effect. Especially the presence of aromatic residue seems to be 

important as Ulongamide A-E containing Phe or Tyr retains a similar 

cytotoxicity, while Ulongamide F (possessing Val instead of aromatic 

residue) does not exhibit any activity even in the highest concentration tested 

(10 μM). Interestingly, some ulongamides (Ulongamide B-E) contain residue 

with a free OH group (Tyr instead of Phe), but this increase of polarity has no 

effect on cytotoxicity. Therefore, we can assume that regarding 

Ulongamides the presence of aromatic functionalization is essential for 

bioactivity while fatty acid moiety can vary. 
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Subclass N-2c 
The last subclass, N-2, contains lipopeptides of various sizes, ranging 

from the relatively small heptapeptides ulongapeptins up to the biggest known 

cyclic cyanobacterial lipopeptide Malevamides C. These lipopeptides contain 

hydroxy acid adjacent to the incorporated beta-amino fatty acid and do not 

fulfill the requirement for being classified as N-2a or N-2b. These 

lipopeptides share a general structure of *FA-HMPa/La/HIVa-X-X-NMe-

X-(X-X)-NMeX-Ala/Leu/Ile/Val-(X-X-X)-(X)-NMeX* (see Figure 16) 

where X represents either Ala/Val/Ile/Leu, Pro, or N-methylated residues. The 

number of the residues in the cycle varies with ulongapeptins containing 
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7 residues(112), companeramides 11 residues(113), and Malevamide B 14 

residues(60). It is remarkable that in all of these compounds, regardless of size, 

residue 5 is occupied by conserved N-methylated Val. 

Incorporated fatty acids are short (hexanoic to octanoic acid, 

optionally with a terminal triple bond, AmC6/8aa or -ya) and unsubstituted. 

The presence of such a FA residue together with multiple N-methylation 

further supports the overall nonpolar and hydrophobic character of these 

compounds.  

The cytotoxicity of these compounds is anticipated to be similar to 

lipopeptides belonging to O-2 and O-3 classes, however, the majority of these 

lipopeptides has been tested against human cancer cell lines only at a very 

low concentration of 1 μM. Because many other lipopeptides from the above-

mentioned classes exhibit bioactivities in concentrations above 1 μM it is not 

possible to make relevant comparisons and conclusions. Similarly, 

ulongapeptin has not been tested against Plasmodium falciparum, while the 

similar structure belonging to O-classes possesses this bioactivity. There is a 

huge insufficiency in published data even for the biggest lipopeptides 

Malevamide B and C.  

Subclass N-2c represents an interesting group of compounds, but the 

absence of cytotoxic assays at higher concentration (1-20 μM and above) 

leads to incertitude in the parts of the molecules responsible for the action 

and further research is required.  

Ulongapeptin 
Ulongapeptin A, the smallest member of N2c, isolated from the 

Palauan marine cyanobacterium Lyngbya sp. is a cyclic lipopeptide with a 

high number of Val residue, and fatty acid with an acetylene termination. 

Compared to other N-2c members ulongapeptin does not contain incorporated 
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Pro. Additionally, no N-methylated residue adjacent to the fatty acid is 

present. Ulongapeptin A has proven to be cytotoxic against KB cells with a 

IC50 value of 0.63 μM(112). Antiparasitic properties have yet to be evaluated. 

 

Companeramides 
Recently discovered companeramides are decapeptides with a general 

structure of *FA-HIVa-NMeAla-Ile/Val-NMeVal-Ile-Pro-NMeIle/NMeVal-

Ala/Val-NMeVal*, where FA stands for AmC8ya(113). Companeramide A and 

B isolated from a marine cyanobacterium Leptolyngbya collected from the 

Coiba National Park, Panama. Companeramides show antiparasitic activity 

against Plasmodium falciparum (IC50 230 nM for companeramide A and 1 

μM for companeramide B) but were not cytotoxic to four human cancer cell 

lines (H460, SF-295, MDA-MB-231 and SK-OV3) at concentrations below 1 

μM(113).  

Malevamide B-C 
While malevamides A, D, and E are linear hepta- or octapeptides with 

an attached fatty acid chain, malevamides B and C are cyclic tri- or 

tetradecapeptides with a general structure of *FA-HMPa/La/HIVa-X-X-

NMe-X-X-X-NMe-X-Ala/Leu/Ile/Val-X-X-Pro-(X)-NMeX*(60,61,124). 

Malevamides represent a group of cyclic lipopeptides with a particular 

disproportion between the length of the fatty acid moiety (6-8 carbons) and 

number of residues (13-14). The compounds consequently do not possess 

amphiphilic properties typical for other lipopeptide structures. The 

hydrophobicity of the structure is further supported by the absence of charged 

amino acid and the methylation of free hydroxyl groups as well as the multiple 

methylation of peptide bonds. 
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Malevamide B-C were isolated from the marine cyanobacterium Symploca 

laete-viridis. Only a simple bioactive screening has been performed where 

malevamides B-C were found to be inactive against P-388, A-549, and HT-29 

cancer cells at the highest concentration tested (1.4 μM)(60). 

 

Class N-3 (muscotoxins) 
Class N-3 comprises a wide range of undecalipopeptides with a 

general structure of *FA-Gln-Gly-Pro/mPro-X-X-Ser-Dhb-Ser/Thr-X-

Pro/mPro* (see Figure 17) and introduce a unique cyanobacterial class of 

cyclic lipopeptides that have probably no analogous structures in the bacterial 

and fungal strains. The fatty acid moiety bears multiple hydroxylation and 

additionally a complex substitution of C5 hydroxyl of FA is described. 

Similarly, two hydroxyl-containing amino acids present in positions 7 and 9 

are usually separated by Dhb. The conservation of this region among different 

N-3 lipopeptides is in contrast with the high variability of neighbouring amino 

acid positions (Phe/Pro at position 4, Ile/Phe/OMe-hTyr at position 10). 

Incorporated FA is either 5-OH-AhC10aa (muscotoxins(23)) or 5,7,8-(OH)3-

10-Me-AhC11aa  (other N-3 lipopeptides). In pahayokolides(115,116), Schizotrin 

A(117) and portamides(118) hydroxyl at 5C carbon is facultatively modified by 

N-methylation and simultaneously N-acylated amino acid residue is bound 

via an ester bond. Last but not least, in tychonamides(68), fatty acid is 

terminated by an aromatic benzene ring making the residue similar to Adda 

found in microcystins and nodularins. While microcystins and nodularins are 

historically not considered as lipopeptide but rather hybrid peptides, 

Tychonamides with a structure of amino acid sequence identical to 

portoamides should be seen as muscotoxin type N-3 of cyclic cyanobacterial 

lipopeptides.  
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Cyanobacterial lipopeptides of Class N-3 clearly show the important 

relationship between the structure of fatty acid moiety and overall bioactivity. 

Muscotoxins with only slightly modified and unbranched 5-OH-AhC10aa 

permeabilize biological membranes likely based on the interaction with the 

plane of the biological membrane, as artificial liposomes composed solely of 

phospholipids components are also affected(23). 

On the other hand, lipopeptides with 5,7,8-(OH)3-10-Me-C14a lack the general 

membrane permeabilization effect, affect mitochondria in human cells, and 

show high selectivity and unique antibacterial activity among cyanobacterial 
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cyclic lipopeptides. Antibacterial properties are significantly influenced by 

the amino acyl modification of the 5-OH group which results in a different 

mechanism of the action compared to muscotoxin. Ribeiro et al.(118) suggest 

that portoamides with substituted FA mostly affect the energetic metabolism 

in human cells via a bias of the mitochondrial electron transport chain, 

showing an increase in mitochondrial polarization and a decrease in ATP 

production which, however, does not cause oxidative stress or an increase of 

ROS or mito-toxicity. Based on recent research we can conclude that the 

mode of action of muscotoxin type lipopeptides depends largely on FA 

moiety properties and its substitution. 

Muscotoxins 
The recently discovered Muscotoxin A-C(23,117) group was isolated 

from the soil cyanobacterium Desmonostoc muscorum (wet meadow soil, 

Chelčice, Czech Republic) with a general structure of *FA-Gln-Gly-

Pro/mPro-Phe-Ile-Ser-Dhb-Ser-Ile-Pro/mPro*. The only alteration in the 

structure beside the Ile/Val variation is the facultative γ-methylation of the 

first, second, or both proline residues. Muscotoxin A is cytotoxic to YAC-2, 

SP/2, and HeLa cells with IC50 13.2 μM, 11.3 μM, and 9.9 μM, 

respectively(23), causing membrane disruption in a cholesterol-independent 

way. The incorporation of muscotoxin into the membrane causes a decrease 

in both membrane elasticity and fluidity. Further, at higher concentrations (5-

25 μM), an increase in intracellular Ca2+ concentration is observed(23). 

Consequently, the fatty acid part of the molecule is essential for bioactivity. 

Muscotoxins also show antifungal activity against the plant pathogens 

Alternaria alternata, Monographella cucumerina, and Aspergillus fumigatus, 

with minimum inhibitory concentration values of 0.48, 1.93, and 1.93 μM(119) 

respectively. 
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Portoamides and Lyngbyazothrins 
Portoamides A-D, recently isolated from cyanobacterium Oscillatoria 

sp.(118,120) with a general structure of *FA-Gln-Gly-Pro-Pro-Ile-Ser-dhb-

Thr-hPhe/hTyr-Pro*, share most of their amino acid building units with 

muscotoxins, and possess, however, more substituted fatty acids (5,7,8-OH3-

10Me-C14aa). Portoamides have a prominent effect on the proliferation of 

human cancer cell lines as well as on immortalized, non-carcinogenic cells: 

MG-63, HCT116, RKO, HT-29, hCMEC-D3 and HaCaT (IC50 6.03 μM, 3.38 

μM, 3.02 μM, 0.98 μM, 3.61 μM, and 2.82 μM, respectively). Exposure to 

portoamides influences the expression of cytoplasmic and mitochondrial 

proteins, mainly proteins involved in the mitochondrial respiratory chain and 

pentose phosphate cycle, and thus affecting the mitochondrial morphology 

and metabolism (protein NDFUFS3 and 14-3-3 proteins decrease the 

production of ATP and influence the mitochondrial redox potential)(118). 

However, their effect is not connected to mito-toxicity and they do not cause 

mitochondrial dysfunction via oxidative stress.  

Additionally, portoamides show a significant synergic effect of both 

known portoamide variants in algae. While the pure compounds exhibited 

almost no algicidal activity, a mixture of Portoamide A and Portoamide B 

exhibit weak bioactivity and completely inhibits the growth of Chlorella 

vulgaris at 20 μM. Additionally, growth inhibition of the microalgae 

Ankistrodesmus falcatus, Chlamydomonas reinhardtii, and cyanobacterium 

Cylindrospermopsis raciborskii with IC50 of around 8.4 μM(120) was recorded.  

Lynghbyazotrhins A-D are isolated from Lyngbya sp. 36.91 as a 

mixture of A+B and C+D variants are structurally fully identical to 

portoamides. Consequently, these mixtures show similar activity. Mixture 

A+B possess only low antimicrobial activity against Micrococcus flavus, 
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mixture C+D shows a moderate effect in agar diffusion against Bacillus 

subtilis, and Escherichia coli and low activity against Pseudomonas 

aeruginosa and Serratia marcescens. Neither mixtures A+B nor C+D were 

active against yeast Candida maltosa.(30) 

 

Pahayokolides 
Pahayokolides A-B(115) purified from a new species of cyanobacteria 

of the genus Lyngbya possess a general structure of  *FA-Gln-Gly-Pro-Phe-

Dhb-Ser-Dhb-Thr-hPhe-Pro*. Further Pahayokolide A includes N-acetyl-

NMeLeu attached via an ester bond to 5-OH of the fatty acid moiety. 

Pahayokolide A was shown to inhibit a number of cancer cell lines over a 

large range of concentrations (IC50 varies from 2.13 μM to 44.57 μM) 

depending on the cell-type. The highest cytotoxicities were observed against 

H460, A498, SK-OV-03, SK-MEL-28, and CEM human cancer cell lines 

(IC50 2.13, 2.61, 2.76, 3.27, and 5.74 μM, respectively)(116), lower cytotoxicity 

was reported for U251 and SKBR3 cells (IC50 13.33 μM, and 16.70 μM, 

respectively) and a low effect was observed in HT29 (IC50 44.57 μM). At 

concentrations higher than 3.5 μM, pahayokolide A was toxic to zebrafish 

embryos, while brine shrimp toxicity was observed only at the highest 

measured concentration (2.5 mM). The mechanism of action of 

pahayokolides is not described, however because of the structural similarity 

with Portoamides, we can assume that even the mechanism of pahayokolides 

will be similarly related to mitochondrial dysfunction. 

Schizotrin A 
Schizotrin A is the major active metabolite of the cultured 

cyanobacterium Schizotrix sp. with a structure of *FA-Gln-Gly-Pro-Phe-
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Val-Ser-dhb-Ser-hTyr-Pro*(117). Its structure is very similar to pahaykolides 

and the main difference seems to be the presence of branched Val instead of 

unsaturated Dhb. Schizotrin A possesses moderate antibacterial activity 

against Bacillus subtillis and weak activity against Saccharomyces cerevisiae, 

Sclerotium rolfsii, Fusarium oxysporum, Colletotrichum gloeosporioides but 

the additional cytotoxicity tests have yet to be performed on human cell 

lines(117).  

 

Tychonamides 

Tychonamides A-B purified from cyanobacterium Tychonema sp.(68) 

(isolated from a wastewater pond, Braunschweig, Germany) possess the same 

amino acid sequence as portoamides. The only distinction is a different acyl 

substitution of the fatty acid moiety (Figure 17). Tychonamides showed 

strong cytotoxic potencies against multiple human cancer cell lines. In total, 

activity against 37 lines has been tested in propidium iodide essays with IC50 

0.2-0.9 μM for Tychonamide A and 0.7-9.5 μM for Tychonamide B. 

Additionally, the antiproliferative activity of Tychonamide B was evaluated 

on 22 human tumor xenografts with IC50 0.1-2.7 μM(68). Both Tychonamide 

A and B possess antiprotozoal activity against Plasmodium falciparum, 

Trypanosoma cruzi, Leishmania donovani, and Trypanosoma brucei with 

IC50 0.07-2.8 μM and 0.16-3.7 μM, respectively(68).   

   

Class N-4 (minutissamide type) 
Class N-4 includes exclusively decapeptides similar to the bacterial 

lipopeptides of Iturin group(35). Their general sequence is *FA-Val-X-X-X-

Gln/Asn-Gly/Ala-X-NMeAsn-Pro* (see Figure 18). It contains two groups 

of lipopeptides, minutissamides(65,122) and puwainaphycins(25,122) 
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biosynthetized via NRPK/PKS machinery(15). Despite the different 

designation in name, both types of lipopeptides possess a similar variation in 

amino acid and fatty acid composition. Incorporated modified β-amino-fatty 

acid is further hydroxylated on C2 carbon and methylated on C4 carbon in all 

known puwainaphycins and minutissamides (4-Me-AhC12-18aa). 

While the amino acids adjacent to the fatty acid are conserved among the N-

4 group members, creating an NMeAsn-Pro-FA-Val invariable region, the 

other residues highly vary. Hydroxy-containing Thr and nonpolar Asn might 

alternate in position 4, while in position 5 Dhb, Thr, and Val can be found. 

These variations alter the overall hydrophobic/hydrophilic properties 

(introduction or removal of free OH groups), yet the cytotoxicity remains 

similar. The only exception is Calophycin with Asp and Arg residues forming 
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Figure 18: General structure *FA-Val-X-X-X-Gln/Asn-Gly/Ala-X-NMeAsn-Pro* of 

lipopeptides belonging to Subclass N-4 
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a significantly more hydrophilic amino acid core which likely results in a 

broad antifungal activity. 

Generally, modifications to the fatty acid chain play a more distinct 

role in biological activity compared to amino acid composition. The 

introduction of hydrophilic substituent near the FA terminus significantly 

lowers cytotoxic activity, while prolongation, chlorination or the presence of 

ketone does not have a measurable effect.  This behavior was partially 

explained by Hrouzek et al.(25), who proved that the bioactivity is based on 

the membrane permeabilization effect as shown in Puwainaphycin F/G.  

These lipopeptides interact with cell membranes. Once incorporated, the 

increased fluidity and subsequent permeabilization of the membrane is 

followed by an elevation of intracellular Ca2+ similarly to bacterial 

lipopeptide Daptomycin(33). Consequently, the presence of a polar group on 

the fatty acid does not allow incorporation of the lipopeptide into the 

membrane due to its charge and the formation of hydrogen bridges and thus 

lowers overall cytotoxicity. Additionally, some puwainaphycin congeners 

possess cardioactive properties.  

To conclude, the effect of minutissamides and puwainaphycins 

depends primarily on the β-amino-α-hydroxy-fatty acid moiety and its 

interaction with cell membranes. The mechanism of action of Calophycin 

remains unclear. 
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Puwainaphycins A-G 
 

Puwainaphycins are isolated from soil Anabaena, Symplocastrum and 

Cylindrospermum(25,122), and share a general structure of *FA-Val-Dhb-X-X-

Gln/Asn-Gly/Ala-X-NMeAsn-Pro*. Apart from chlorinated Puwainaphycin 

C being characterized by an ionotropic effect with ED50 0.1ppm in mouse 

atria(45)  and puwainaphycin F/G causing necrotic cell death via membrane 

disruption(25) with IC50 2-3 μM against HeLa cells, little is known about the 

cytotoxic effect of other puwainaphycins on mammalian cells.  

Calophycin 
A single structural variant of Calophycin was isolated from Calotrix 

fusca EU-10-1 (freshwater stream, Oahu island, Hawai)(26). While possessing 

an unsubstituted β-amino fatty acid, namely, 4-Me-AhC16aa and the 

NMeAsn-Pro-FA-Val motiff, the structure *FA-Val-Ala-Asp-Asn-Gln-Gly-

Arg-NMeAsn-Pro* of Calophycin differs from puwainaphycins and 

minutissamides.  Calophycin is together with Cyanopeptolin the only reported 

cyclic cyanobacterial lipopeptide with basic amino acid residue (Arg). 

Additionally, acidic residue is also present (Asp). The overall properties of 

the cyclic peptidic core possess a significant net charge and much higher 

polarity compared to minutissamides and puwainaphycins. Calophycin is 

reported as a broad-spectrum fungicide, with MIC 1.25-2.5 μg/ml against 

Candida albicans, Trichophyton mentagrophytes, and Aspergillus fumigatus. 

Disc-diffusion assays further show a moderate inhibition of Aspergillus 

oryzae, Penicillium notatum, and Saccharomyces.cerevisiae at very low 

concentration 1.2 μg/disc. The cytotoxicity of Calophycin is reported against 

KB cells with IC50 of 0.24 μM(26). 
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Minutissamides A-L 
Minutissamides, decalipopeptides isolated from Anabaena 

minutissima, Cylindrospermum sp. and other strains(65,122) share a general 

structure of *FA-Val-Dhb-Asn/Thr-Thr/Val-Gln/Asn-Ala/Gly-Thr-

NMeAsn-Pro*. Minutissamides have been evaluated for their 

antiproliferative activities in several human cancer cell lines. Minutissamides 

A-D are characterized as cytotoxins with biological activity against HT-29 

human colon cancer cell lines (IC50 2.0, 20.0, 11.8 and 22.7 μM, 

respectively)(65), Minutissamide E-J manifest their activity in the MDA-MB-

435 human melanoma cancer cell line (IC50 2.9, 1.2, 9.9, 1.1, 2.9, and 2.6 μM, 

respectively)(121), as well as a mixture of Minutissamide K and L showing 

cytotoxicity against MDA-MB-435 (IC50 2.9μM)(121). From the above 

summarized data we can conclude that the lowest cytotoxicity is observed for 

hydroxylated variants Minutissamide D and Minutissamide G and the variants 

possessing short-chained substituted FA (Minnutisamide B). 

 

Class N-5 (laxaphycins) 
The last group of lipopeptides, class N-5, is based on two completely 

different compounds, Laxaphycin A and Laxaphycin B(123) and can be 

characterized by two general structures:*FA-X-X-Pro/OH-Pro-hSer-Phe-

Leu-X-X-X-Gly* for Subclass N-5a (see Figure 19) and *FA-X-X-X-X-Gln-

Ile-X-Thr-Pro-X-Thr* for Subclass N-5b (see Figure 20). As is obvious 

from the general structure, laxaphycin types of lipopeptides contain many rare 

hydroxylated amino acids (OH-Leu, OH-Asn, OH-Pro) as well as unusual 

hSer, therefore their overall structure is highly polar and represents one of the 

most hydrophilic non-glycosylated cyanobacterial cyclic lipopeptides.  
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Members of both subclasses are co-biosynthesized via one 

biosynthetic gene cluster as described by Heinilä et al.(124). The NRPS/PKS 

cluster contains a common starter FAAL-containing module and PKS enzyme 

elongation and modification of the FA by the β-amino group. Subsequently 

the biosynthetic pathway is branched into Laxaphycin A (Subclass N-5a) and 

Laxaphycin B type (Subclass N-5b) of NRPS assembly, resulting in the co-

biosynthesis of compounds from both compound types in one strain(124). 

Comparing both subclasses, Laxaphycin A type possesses in general a lower 

amount of free hydroxyl groups (2-4 free hydroxyls) than Laxaphycin B type 

(4-7 hydroxyls). Interestingly, the mixture of compounds generated by the 

individual pathways shows a synergic antifungal effect as demonstrated for 

many members of Class N-5 lipopetides. A 1:1 mixture of Lobocyclamide A 

and B shows MIC 10-30 μg/ml (in microbroth dilution assay against Candina 

Albicans 96-489) compared to the non-antifungal activity of pure 

Lobocyclamide A and the weak antifungal effect of pure Lobocyclamide B 

(MIC 30-100 μg/ml)(125). The same relationship is found for scytocyclamides, 

where pure scytocyclamides exhibit no to very low antifungal activity, while 

their mixtures possess moderate antifungal activity (15mm inhibition in 

Aspergillus flavus compared to a hardly recognizable inhibition in pure 

scytocyclamides)(125). However, an exception is found in trichormamides, 

where no synergic cytotoxic or antifungal effect of Trichormamide C and D 

was observed despite Trichormamide C belonging to N-5b and 

Trichormamide D to Subclass N-5a(126). 

Subclass N-5a (Laxaphycin A type) 
Subclass N-5a is defined by a general structure of *FA-X-X-Pro/OH-

Pro-Ser/hSer-Phe/Tyr-Leu-X-X-X-Gly* (see Figure 19), where FA stands 

for fully saturated AC8aa or AC10aa bearing only β-amino and no other 
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substitution. The residues adjacent to fatty acid are mostly Gly and hSer/Ser 

bound to the amino- and carboxyl- groups of FA, respectively. Only in the 

case of Trichormamide D(126) and Scytocyclamide A(127) is Gln present, bound 

to the FA carboxyl  group. A third residue is conserved (Dhb) in all known 

Laxaphycin A type lipopeptides except Trichormamide A. Generally, part of 

the molecule opposite the fatty acid is highly conserved (Pro/OH-Pro-

Ser/hSer-Phe/Tyr-Leu). This part of the molecule possesses a high ratio of 

polar substituents, which is unusual for cyclic lipopeptides. Hydroxyl groups 

positioned in this area seem to be important as compounds possessing 

hydroxylation of Pro (forming OH-Pro) lack hydroxylation on Phe (forming 

Tyr) and vice versa. The exception is Lobocyclamide A containing both 

hydroxyproline and Tyr(125). However, a distinct positioning of hydroxylation 
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Figure 19: General structure *FA-X-X-Pro/OH-Pro-Ser/hSer-Phe/Tyr-Leu/X-X-X-Gly* 

of lipopeptides belonging to Subclass N-5a 
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seems not to be crucial for the effect in human cells as Laxaphycin A and 

Trichormamide A possess similar anticancer activity while differing in OH 

substitution. Scytocyclamide A has been proven to cause cell membrane 

permeabilization (suggesting membrane damage and necrotic cell death). 

However, further experiments proved asymmetric distribution of 

phosphatidylserine in the plasma membrane and the reduction of 

mitochondrial membrane potential visible together with observed “blebbing” 

after the treatment apoptotic type of cell death. 

 

Laxaphycins (A type) 
 Laxaphycins A is one of the major components in an antifungal 

mixture of cyclic peptides from the terrestrial cyanobacterium Anabaena 

laxa(28,125) and marine  Lyngbya majuscula(128). Besides the major variant, 

Laxaphycin A, congener A2 (Ile => Val exchange) and E (AC8aa is replaced 

by AC10aa) are described(129). Laxaphycin A and A2 show only weak 

cytotoxicity against HCT-116 cancer cells (IC50 23.0 and 29.0μM, 

respectively)(129).  

Hormothamnin is a lipopeptide isolated from the tropical marine 

cyanobacterium Hormothamnion enteromorphoides. Hormothamnin A is the 

compound responsible for cytotoxic activity of the strain extract(130). Its 

structure is identical to Laxaphycin A and E differing only in the 

stereochemistry of Dhb (Z-Dhb in case of Hormothamnin, E-Dhb in case of 

Laxaphycin A) 
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Lobocyclamides (A type) 
Lobocyclamide A is produced by Lyngbya confervoides(125) isolated 

from a benthic mat in the Bahamas. While the lobocyclamide cytotoxic 

activity was not studied in detail the antifungal properties were observed 

against Candida albicans 96-489. Lobocyclamide A shows the smallest 

inhibition zone 7 mm (150μg/disk) compared to lobocyclamides belonging to 

B-type (see below). Lobocyclamide A is the only known member of N-5a 

class possessing two free hydroxyl groups in the region opposite the fatty acid 

(OH-Pro as well as Tyr). 

Trichormamide (A type) 
Trichoramides A and D were isolated from the cultured freshwater 

cyanobacterium Trichormus sp. IUC 10339(126,131) isolated from Raven Lake, 

North Wisconsin. Trichormamide A is the only known member of N-5a class 

with Ser instead of Dhb in position 3, showing weak cytotoxicity and 

antiproliferative activities against HT-29 and MDA-MB-435 (IC50 16.9 μM 

and 9.9 μM, respectively)(131). Similar cytotoxicity was reported for 

Trichormamide D (IC50 11.5 μM and 11.7 μM, for the above-mentioned cell 

lines, respectively)(126). Trichormamide D contains Gln instead of Ser/OH-Ser 

on position 2, thus having slightly more nonpolar characteristics, however, 

the effect of such substitution on bioactivity is neglectable.  

 

Scytocyclamide A (A type) 
Scytocyclamide A is one of the bioactive metabolites in Scytonema 

hofmanni PCC7110(127) isolated from the limestone Crystal Caves in 

Bermuda. The cytotoxic potency of the compound was not determined, 

however, exposition of Scytocyclamide A at a concentration of 10 μM causes 
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rapid blebbing and membrane disruption in 3T3 cells. Only weak antifungal 

properties are observed.  

 

Subclass N-5b (Laxaphycin B type) 
Despite sharing the identical gene cluster with A type laxaphycins (as 

mentioned above), subclass N-5b is defined by a totally different peptide 

sequence, with a general structure of *FA-X-OH-Leu-X-X-Gln-NMeIle-X-

Thr-OH-Pro/Pro-X-Thr* (see Figure 20). Longer fatty acid (AC10aa) 

present in Laxaphycin B and other B analogues(123), Lobocyclamides A-B(125) 

and Trichormamide B-C(131,132) is more frequently incorporated compared to 
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Figure 20: General structure *FA-X-OH-Leu-X-X-Gln-NMeIle-X-Thr-OH-Pro/Pro-

X-Thr* of lipopeptides belonging to Subclass N-5b 

 



 

 
68 

AC8aa acid present in Laxaphycin D, Lobocyclamide C, and Scytocyclamides 

B-C. Lipopeptide within Class N-5b frequently contains rare amino acids, 

especially unusual hydroxylated residues (OH-Leu, OH,OH-Leu, OH-Asn, 

hSer, or OH-Pro). Generally, these lipopeptides contain 4-7 free hydroxyl 

groups and thus have a high dipole moment between the nonpolar FA chain 

and the polar amino acid core which results in an anomalously amphiphilic 

lipopeptide molecule. However, a difference in OH-substitution seems not to 

play a crucial role for the bioactivity, as e.g. Trichormamide B containing 

seven free hydroxyl groups possesses a similar cytotoxicity to Trichormamide 

C with five free hydroxyl groups.  

 

Laxaphycins (B type) 
Laxaphycins B and D are additional components of a cyclic 

lipopeptide antifungal mixture in the terrestrial cyanobacterium Anabaena 

laxa(28) or marine representative  Lyngbya majuscula(128). Laxaphycin B and 

an additional 5 congeners B2-B6 has been described to be mostly differing in 

variable residue 3 (Ile/Val), 5 (Leu/OH-Leu), 8 (Asn/OH-Asn), and 10 

(Pro/OH-Pro). Cytotoxicity seems again not to be dependent on the amino 

acid composition and a number of free hydroxyl groups such as Laxaphycin 

B (5 free hydroxyl groups and Ala at position 4) and Laxaphycin B4 (7 free 

hydroxyl groups containing OH-Ser on the same position) exhibit similar 

bioactivity against HCT116 with IC50 1.11 μM and 1.7 μM for the B and B4 

variant, respectively(123).  

 



 

 
69 

Lobocyclamides (B type) 
Lobocyclamide B-C are produced by Lyngbya confervoides together 

with Lobocyclamide A(125). Lobocyclamide B-C share identical structure 

except for the fatty acid moiety, AC10aa vs. AC8aa acid is present in 

Lobocyclamide B and C, respectively. No cytotoxic data are available for 

neither Lobocyclamide B nor C, however, slightly higher antifungal activity 

against Candida albicans 96-489 compared to Lobocyclamide A is reported 

(150 μg/Disk, inhibition zone 8mm and 10mm)(125).  

Lyngbyacyclamides 
Lyngbyacyclamides A-B were isolated from the Okinawan marine 

cyanobacterium Lyngbya sp.(132). They exhibit cytotoxicity against B16 

mouse melanoma cells with IC50 0.7 µM, but no toxicity in brine shrimp assay 

up to the highest concentration tested (70 µM) (132). 

 

Trichormamide (B type) 
Trichoramide B and C(126), congeners isolated together with other 

trichormamides from the cultured freshwater cyanobacterium Trichormus sp. 

IUC 10339, do not share a common amino acid composition. Variation is 

observed at 4 different residues and includes substitution of Ala by OH-Ser, 

Ser by Asn, or Tyr by Leu, amino acids differing in size, charge, and polarity. 

However, the cytotoxicity of the variants remains similar independently of 

these variations. Trichormamide B (IC50 0.8 μM and 1.5 μM against MD-MB-

435 and HT-29, respectively) has a comparable cytotoxicity to 

Trichormamide C (IC50 1.7 μM and 1.0 μM)(131,132). 
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Scytocyclamide B (B type) 
Scytocyclamide B and C(127) are isolated from Scytonema hofmanni 

PCC7110 and are structurally similar to Laxaphycin D. They possess an 

almost identical structure to AC8aa, except for residue 5, where Leu is not 

hydroxylated. The cytotoxicity for B-C variants was not determined, but at a 

concentration of 10 μM causes rapid blebbing and membrane disruption in 

3T3 cells identically to Scytocyclamide A(127).  

General remarks on the cyanobacterial cyclic lipopeptide toxicity 

 

Cyclic lipopeptides are widely distributed among different 

cyanobacterial species, particularly Lyngbya majuscula is a valuable source 

of abundant miscellaneous lipopeptide structures. Based on this review, we 

are able to find many structural patterns affecting the bioactivity of this group 

of compounds. 

At first, many of the cyclic lipopeptides are reported as membrane 

disrupting molecules(25,35,59,79). The cytotoxicity of these molecules is tightly 

bound with their lipidic chain, interacting with the cell membrane. 

Interestingly, all of these bioactive lipopeptides contain a free hydroxyl-group 

in the proximity of the FA carboxy-terminus. In the case of hassallidins it is 

represented by α,β-dihydroxyl of the FA residue or free hydroxyls of the 

saccharide bound to the β-hydroxy group. In the case of anabaenolysins, 

puwainaphycins and muscotoxins the –OH is present on the FA α-carbon. 

This indicates the relevance of such a polar group adjacent to the FA moiety 

likely in interaction with the membrane components. Generally, the IC50 

values of these lipopeptides range from 0.1 to 25 µM and are not highly cell 

specific. 
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Secondly, brine shrimp toxicity, antiparasitic toxicity, and cell-

specific cytotoxicity is described for many cyanobacterial cyclic 

lipopeptides(51,67,90,112,113) with relatively small amino acid cyclic cores.  These 

lipopeptides usually further contain the terminally reduced fatty acids as 

e.g. C8ya, C8ea, and C6ya (β-amino- as well as β-hydroxy fatty acid).  The 

vast majority of these lipopeptides contain hydroxy acids (HIVa, HMPa, PLa 

etc.) and a range of branched acids (Val, Leu, Ile, HIVa, HMPa) and aromatic 

acids (Phe, PLa). Interestingly, among all members of O Classes and N 

Classes, alternation of the branched Ile/Val by aromatic Phe/PLa is described 

with no effect on the bioactivity. A specific case is PLa residue. While in 

some lipopeptide classes the aromatic character is important for the resulting 

effect (and variation between PLa and Phe is often observed), in other 

lipopeptides the presence of hydroxyl group containing residue forming the 

ester bond is more important (and variation between PLa, HIVa, and HMPa 

is observed).  No combined variability (PLa/Phe/HIVa/HMPa) on particular 

position is described within one lipopeptide class. The structural variability 

between the lipopeptide classes differs in the size of the ring and in the residue 

composition. However, some structural motifs remain conserved. Except for 

N-3 and N-5a, all cyclic cyanobacterial lipopeptides (both O and N Class 

lipopeptides) contain branched residue adjacent to the fatty acid moiety, 

mostly amino acid Val/Ile or hydroxy acid HIVa/HMPa.   
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Table 2: List of known cyclic cyanobacterial lipopeptides  

Cyclic lipopeptides with FA as side chain 

 (ref) FA R2 R3 R4 R5 R6 R7 R8 R9 R10 

Class S-1  FA Asp/Glu Thr X Ahopip X X Val/Ile   

Cyanopeptolin A (70) C6aas Asp Thr Arg Ahopip Val NMePhe Val   

Cyanopeptolin B (70) C6aa Asp Thr Lys Ahopip Val NMePhe Val   

Cyanopeptolin C (70) C6aa Asp Thr NMeLys Ahopip Val NMePhe Val   

Cyanopeptolin D (70) C6aa Asp Thr N,NMe2Lys Ahopip Val NMePhe Val   

Class S-2  FA Thr Thr Thr X Dhb Gln Gly Thr X 

Balticidin C (27) Hh-C16aa Thr Thr Thr OH-Tyr Dhb Gln Gly 

Man-

NMe 

Thr 

Gln 

Balticidin D (27) 
3-Ara-Gal-13-

Cl-Hh-C16aa 
Thr Thr Thr OH-Tyr Dhb Gln Gly 

Man-

NMe 

Thr 

Gln 

Hassallidin A (79) Hh-C14aa Thr Thr Thr Tyr Dhb Gln Gly 

Man-

NMe 

Thr 

Gln 

Hassallidin B (79) 3-Rha-Hh-C14aa Thr Thr Thr Tyr Dhb Gln Gly 

Man-

NMe 

Thr 

Gln 

Hassallidin C (79) 
3-Hex-Pen-Hh-

C16aa 
Thr Thr Thr Tyr Dhb Gln Gly 

Hex- 

NMe 

Thr 

Gln 

Hassallidin D (79) 
3-Hex-Pen-Hh-

C16aa 
Thr Thr Thr Tyr Dhb Gln Gly 

Hex- 

NMe 

Thr 

Tyr 

 

Cyclic lipopeptides with FA incorporated into the cycle: 

β-hydroxy-fatty acid containing lipopeptides 

Class O-1  FA Val/Ile 
HIVa/HPMa

/ Pla 
NMePhe βAla      

Yanucamide A (84) Hm2C8ya Ile HIVa NMePhe βAla      

Yanucamide B (84) Hm2C8ya Val HIVa NMePhe βAla      

Class O-2a  FA Val/Ile X 
HIVa/HMP

a/PLa 
Pro X     

Antanapeptin A (90) HmC8ya Val NMePhe HIVa Pro NMeIle     

Antanapeptin B (90) HmC8ea Val NMePhe HIVa Pro NMeIle     

Antanapeptin C (90) HmC8aa Val NMePhe HIVa Pro NMeIle     

Antanapeptin D (90) HmC8ya Val NMePhe HIVa Pro NMeVal     

Veraguamide A (51) 8-Br-HmC8ya Val NMeVal HMPa Pro NMeVal     

Veraguamide B (51) 8-Br-HmC8ya Val NMeVal HIVa Pro NMeVal     

Veraguamide C (51) HmC8ya Val NMeVal HMPa Pro NMeVal     

Veraguamide D (51) HmC8ya Val NMeVal HMPa Pro NMeIle     

Veraguamide E (51) HmC8ya Ile NMeIle HMPa Pro NMeVal     

Veraguamide F (51) HmC8ya Val NMeVal PLa Pro NMeVal     

Veraguamide G (51) HmC8ya Val NMeVal HMPa Pro NMeVal     

Veraguamide H (133) HmC8ya Val NMeVal HIVa Pro NMeVal     

Veraguamide I (133) HmC8aa Val NMeVal HMPa Pro NMeVal     
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Veraguamide J (133) HmC8ya Val NMeVal HIVa Pro NMeVal     

Radamide B (91) HmC8ya Ile NMeVal HMPa Pro NMeIle     

Hantupeptin A (88) HmC8ya Val NMeIle PLa Pro NMeVal     

Hantupeptin B (92) HmC8ea Val NMeIle PLa Pro NMeVal     

Hantupeptin  C (92) HmC8aa Val NMeIle PLa Pro NMeVal     

Trungapeptin A (93) HmC8ya Val NMeVal PLa Pro Ile     

Trungapeptin B (93) HmC8ea Val NMeVal PLa Pro Ile     

Trungapeptin C (93) HmC8aa Val NMeVal PLa Pro Ile     

Naopopeptin (94) HmC8ya Val NMeVal PLa Pro NMeIle     

Class O-2b  FA X PLa Pro X Val     

Palmyramide A (95) Hm2C8ya La PLa Pro NMeVal Val     

Class O-2c  FA Val/Ile X 

HIVa/ 

HMPa/ 

PLa 

Pro X X    

Kohamamide A (96) Hm2C8ya Val NMeVal HMPa Pro Leu Ala    

Kohamamide B (96) Hm2C8ea Val NMeVal HMPa Pro Leu Ala    

Kohamamide C (96) Hm2C8aa Val NMeVal HMPa Pro Leu Ala    

Pitipeptolide A (24) Hm2C8ya Val NMePhe HMPa Pro Ile Gly    

Pitipeptolide B (86) Hm2C8ea Val NMePhe HMPa Pro Ile Gly    

Pitipeptolide C (86) Hm2C8aa Val NMePhe HMPa Pro Ile Gly    

Pitipeptolide D (86) Hm2C8ya Val Phe HMPa Pro Ile Gly    

Pitipeptolide E (86) Hm2C8ya Val NMePhe HIVa Pro Ile Gly    

Pitipeptolide F (86) Hm2C8ya Val NMePhe HMPa Pro Val Gly    

Radamamide A (91) Hm2C8ya Val NMeVal HMPa Pro NMePhe Gly    

Tiahuramide A (29) HmC8ya Val NMeVal PLa Pro NMeAla Ile    

Tiahuramide B (29) HmC8ea Val NMeVal PLa Pro NMeAla Ile    

Tiahuramide C (29) HmC8aa Val NMeVal PLa Pro NMeAla Ile    

Viequeamide A (87) Hm2C8ya Val NMeVal PLa Pro NMeVal Thr    

Viequeamide B (87) Hm2C8ya Val NMeVal PLa Pro NMeAla Val    

Viequeamide C (87) Hm2C8ea Val NMeVal PLa Pro NMeAla Val    

Viequeamide D (87) Hm2C8aa Val NMeVal PLa Pro NMeAla Val    

Viequeamide E (87) Hm2C8ya Ile NMeVal PLa Pro NMeAla Val    

Viequeamide F (87) Hm2C8ya Val NMeVal PLa Pro NMeAla Ile    

Class O-2d  FA Ile/Val (NMeVal/NMeAla)n 
HIVa/HMPa/

PLa 
(Pro)n X  

Wewakpeptin A (97) Hm2C8ya Ile NMeAla NMeVal NMeVal HIVa Pro Pro HIVa  

Wewakpeptin B (97) Hm2C8aa Ile NMeAla NMeVal NMeVal HIVa Pro Pro HIVa  

Wewakpeptin C (97) Hm2C8aa Ile NMeAla NMeAla NMeVal PLa Pro Pro HIVa  

Wewakpeptin D (97) Hm2C8aa Ile NMeAla NMeAla NMeVal PLa Pro Pro HIVa  

Class O-3  FA X X (X) Pro NMePhe/Tyr Ala/Gly    

Cocosamide  A (67) Hm2C8ya Val NMePhe  Pro NMePhe Gly    

Cocosamide B (67) Hm2C8ea Val NMePhe  Pro NMePhe Gly    

Benderamide A (98) Hm2C8ya Val NMePhe  Pro NMePhe Ala    

Dudawalamide A (7) Hm2C8ya hPa Ala NMeIle Pro NMePhe Gly    

Dudawalamide B (7) Hm2C8ya Val NMePhe  Pro NMeOMeTyr Ala    

Dudawalamide C (7) Hm2C8ya Val NMeVal HIVa Pro NMePhe Gly    

Dudawalamide D (7) Hm2C6ya Val NMeVal HMPa Pro NMePhe Gly    

Guineamide D (99) AmC6aa HIVa NMeVal HIVa  NMeOMeTyr Gly    

Guineamide E (99) Hm2C6aa HIVa Ala NMe-Val Pro NMePhe Gly    

Guineamide F (99) Hm2C6aa Val NMePhe  Pro NMePhe Gly    
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Class O-4  FA 
dHMBa/dHM

Pa/HIVa 
TZA (X) X TZa     

Lyngbyabellin A (22) 7-Cl2-HmC8aa dHMBa TZa Gly Ile TZa     

Lyngbyabellin B (22) 7-Cl2-HmC8aa dHMBa TZa Gly Val TZa     

Deoxylyngbyabellin 

A 
(22) 7-Cl2-HmC8aa HMBa TZa Gly Ile TZa     

Lyngbyabellin C (134) 7-Cl2-HmC8aa dHMPa TZa  dHPa TZa     

Lyngbyabellin E (134) 7-Cl2-HmC8aa dHMBa TZa  dHPa(m) TZa     

Lyngbyabellin H (134) 7-Cl2-Hm C8aa HIVa TZa  dHPa(m) TZa     

Lyngbyabellin G (134) 7-Cl2-HmC8aa dHMBa TZA  dHPa TZa     

Lyngbyabellin J (103) 7-Cl2-HmC8aa dHMPa TZa  dHPa(m) TZa     

Lyngbyabellin K (105) 7-Cl2-HmC8aa HIVa TZa  
dHPa 

 
TZa     

Lyngbyabellin L (105) 7-Cl-HmC8aa HIVa TZa  
dHPa 

 
TZa     

Lyngbyabellin N (105) 7-Cl2-HmC8aa HIVa TZa  dHPa(m) TZa     

Homohydroxydol

abellin 

(134) 7-Cl2-HmC8aa dHMBa TZA  dHPa TZa     

Hectochlorin A (104) 7-Cl2-HmC8aa dHMBa TZa  
Ac-

DHMBa 
TZa     

Hectochlorin B (135) 7-Cl2-HmC8aa dHMBa TZa  DHMBa TZa     

Hectochlorine C (135) 7-Cl-HmC8aa dHMBa TZa  
Ac-

DHMBa 
TZa     

Hectochlorine D (135) 7-Cl2-Hm2C8aa dHMBa TZa  
Ac-

DHMBa 
TZa     

Cyclic lipopeptides with FA incorporated into the cycle: 

β-amino-fatty acid containing lipopeptides 
Class N-1  FA AOFHa X Gly           

Anabaenolysin 

A 

(59) 
AhC18e5,7,9,13,15

a 
AOFHa Gly Gly           

Anabaenolysin 

B 

(59) AhC18e5,7,9,13a AOFHa Gly Gly           

Anabaenolysin 

C 

(136) AhC18e5,7,9,17a AOFHa Gln Gly           

Anabaenolysin 

D 

(136) AhC18e5,7,9a AOFHa Gln Gly           

Class N-2a  FA 
HMPa/HI

Va/La 
X NMe-Phe Ala          

Porpoisamide 

A 

(109) AmC8aa HMPa Pro NMePhe Ala          

Porpoisamide 

B 

(109) AmC8aa HMPa Pro NMePhe Ala          

Class N-2b  FA 
HMPa/HI

Va/La 
X 

NMe-Phe/ 

NMe-Tyr 
Ala TZa         

Ulongamide A (110) AmC6aa La NMePhe NMeVal Ala TZa         

Ulongamide B (110) AmC6aa La NMePhe NMeVal Ala TZa         

Ulongamide C (110) AmC6aa La NMeTyr NMePhe Ala TZa         

Ulongamide D (110) AmC6aa HIVa NMeTyr NMeVal Ala TZa         

Ulongamide E (110) AmC6aa HMPa NMeTyr NMeVal Ala TZa         

Ulongamide F (110) AmC6aa HMPa Val NMeVal Ala TZa         
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Class N-2c  FA 
HIVa/HM

Pa/PLa 
X X 

NMe-

Val 
(X) (X) 

NMe-

X 

Ala/ 

Ile/ 

Val 

(X) (X) (X) (X) 
NMe-

X 

Ulongapeptin 

A 

(112) AmC8ya La NMeVal Val NMeVal   
NMe 

Phe 
Val      

Companer-

amide A 

(113) AmC8ya HIVa NMeAla Ile NMeVal Ile Pro 
NMe 

Ile 
Ala     

NMe 

Val 

Companer-

amide B 

(113) AmC8ya HIVa NMeAla Val NMeVal Ile Pro 
NMe 

Ala 
Val     

NMe 

Val 

Malevamide B (60) AmC6aa HIVa NMeAla Val NMeVal NMeVal Pro 
NMe 

Val 
Ile Pro 

NMe 

Val 
Pro  

NMe 

Phe 

Malevamide C (60) AmC8ya HIVa Ala Pro NMeVal 
NMe 

OMeSer 

NMe 

Phe 

NMe 

Ala 
Ala 

NMe

Val 
Leu Pro Pro 

NMe 

Ile 

Class N-3  FA Gln Gly Pro/mPro X X Ser/Thr Dhb 
Ser/ 

Thr 
X 

Pro/ 

mPro 
   

Muscotoxin A (119) 5-OH-AhC10aa Gln Gly Pro Phe Val Ser Dhb Ser Ile Pro    

Musxotoxin B (119) 5-OH-AhC10aa Gln Gly Pro Phe Ile Ser Dhb Ser Ile mPro    

Muscotoxin C (119) 5-OH-AhC10aa Gln Gly mPro Phe Val Ser Dhb Ser Ile mPro    

Lyngbya-

zothrin A 

(30) 

5,7,8-(OH)3-

10-Me-

AhC11aa 

Gln Gly Pro Pro Ile Ser Dhb Thr 
OMe-

hTyr 
Pro    

Lyngbya-

zothrin B 

(30) 

5,7,8-(OH)3-

10-Me-

AhC11aa 

Gln Gly Pro Pro Ile Ser Dhb Thr hPhe Pro    

Lyngbya-

zothrin C 

(30) 

5,7,8-(OH)3-

10-Me-

AhC11aa(m) 

Gln Gly Pro Pro Ile Ser Dhb Thr 
OMe-

hTyr 
Pro    

Lyngbya-

zothrin D 

(30) 

5,7,8-(OH)3-

10-Me-

AhC11aa(m) 

Gln Gly Pro Pro Ile Ser Dhb Thr hPhe Pro    

Portoamide A 106) 

5,7,8-(OH)3-

10-Me-

AhC11aa(m) 

Gln Gly Pro Pro Ile Ser Dhb Ser 
OMe-

hTyr 
Pro    

Portoamide B 106) 

5,7,8-(OH)3-

10-Me-

AhC11aa(m) 

Gln Gly Pro Pro Ile Ser Dhb Ser hPhe Pro    

Portoamide C 106) 

5,7,8-(OH)3-

10-Me-

AhC11aa 

Gln Gly Pro Pro Ile Ser Dhb Ser 
OMe-

hTyr 
Pro    

Portoamide D (120) 

5,7,8-(OH)3-

10-Me-

AhC11aa 

Gln Gly Pro Pro Ile Ser Dhb Ser hPhe Pro    

Pahayokolide 

A 

(115) 

5,7,8-(OH)3-

10-Me-

AhC11aa(m) 

Gln Gly Pro Phe Dhb Ser Dhb Thr hPhe Pro    

Pahayokolide 

B 

(115) 

5,7,8-(OH)3-

10-Me-

AhC11aa 

Gln Gly Pro Phe Dhb Ser Dhb Thr hPhe Pro    

Schizotrin A (117) 

5,7,8-(OH)3-

10-Me-

AhC11aa(m) 

Gln Gly Pro Phe Val Ser Dhb Ser 
OMe-

hTyr 
Pro    
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Tychonamide 

A 

(68) 

5,7,8-OH3-C8-

Bza-

AhC8aa(m) 

Gln Gly Pro Pro Ile Ser Dhb Thr 
OMe-

hTyr 
Pro    

Tychonamide 

B 

(68) 

5,7,8-(OH)3-

C8-Bza-

AhC8aa (m) 

Gln Gly Pro Pro Ile Ser Dhb Thr hPhe Pro    

Class-N4  FA Val X X X Asn/Gln Ala/Gly X 

NM

eAs

n 

Pro     

Minutissamide 

A 

(65) 4-Me-AhC12aa Val Dhb Asn Dhb Asn Ala Thr 
NMe 

Asn 
Pro     

Minutissamide 

B 

(65) 
4-Me-12-Cl-

AhC12aa 
Val Dhb Asn Dhb Asn Ala Thr 

NMe 

Asn 
Pro     

Minutissamide 

C 

(65) 
4-Me-14-O-

AhC16aa 
Val Dhb Asn Dhb Asn Ala Thr 

NMe 

Asn 
Pro     

Minutissamide 

D 

(65) 
4-Me-14-OH-

AhC16aa 
Val Dhb Asn Dhb Asn Ala Thr 

NMe 

Asn 
Pro     

Minutissamide 

E 

(121) 
4-Me-15-O-

AhC18aa 
Val Dhb Thr Thr Gln Ala 

OMe 

Thr 

NMe 

Asn 
Pro     

Minutissamide 

F 

(121) 
4-Me-12-Cl-

AhC14aa 
Val Dhb Thr Thr Gln Ala 

OMe 

Thr 

NMe 

Asn 
Pro     

Minutissamide 

G 

(121) 
4-Me-15-OH-

AhC18aa 
Val Dhb Thr Thr Gln Ala 

OMe 

Thr 

NMe 

Asn 
Pro     

Minutissamide 

H 

(121) 
4-Me-15-O-

AhC18aa 
Val Dhb Thr Val Gln Ala 

OMe 

Thr 

NMe 

Asn 
Pro     

Minutissamide 

I 

(121) 
4-Me-15-O-

AhC18aa 
Val Dhb Thr Thr Gln Gly 

OMe 

Thr 

NMe 

Asn 
Pro     

Minutissamide 

J 

(121) 
4-Me-12-Cl-

AhC14aa 
Val Dhb Thr Thr Gln Gly 

OMe 

Thr 

NMe 

Asn 
Pro     

Minutissamide 

K 

(121) 
4-Me-15-OH-

AhC18aa 
Val Dhb Thr Thr Gln Gly 

OMe 

Thr 

NMe 

Asn 
Pro     

Minutissamide 

L 

(121) 
4-Me-15-O-

AhC18aa 
Val Dhb Thr Val Gln Gly 

OMe 

Thr 

NMe 

Asn 
Pro     

Puwaina-

phycin A 

(122) 
4-Me-14-O- 

AhC18aa 
Val Dhb Thr Thr Gln Gly 

OMe 

Thr 

NMe 

Asn 
Pro     

Puwaina-

phycin B 

(122) 
4-Me-14-O-

AhC18aa 
Val Dhb Thr Val Gln Gly 

OMe 

Thr 

NMe 

Asn 
Pro     

Puwaina-

phycin C 

(122) 
4-Me-14-Cl- 

AhC16aa 
Val Dhb Thr Thr Gln Gly 

OMe 

Thr 

NMe 

Asn 
Pro     

Puwaina-

phycin D 

(122) 
4-Me-14-Cl- 

AhC16aa 
Val Dhb Thr Val Gln Gly 

OMe 

Thr 

NMe 

Asn 
Pro     

Puwaina-

phycin E 

(122) 4-Me-AhC16aa Val Dhb Thr Thr Gln Gly 
OMe 

Thr 

NMe 

Asn 
Pro     

Puwaina-

phycin F 

(25) 4-Me-AhC14aa Val Dhb Asn Dhb Asn Ala Thr 
NMe 

Asn 
Pro     

Puwaina-

phycin G 

(25) 
4-Me-Ah-

C14aa 
Val Dhb Gln Dhb Asn Ala Thr 

NMe 

Asn 
Pro     

Calophycin (26) 4-Me-AhC16aa Val Ala Asp Asn Gln Gly Arg 
NMe 

Asn 
Pro     

Class N-5a  FA X X 
Pro/ 

OH-Pro 

Ser/ 

hSer 
Phe/Tyr Leu X X X Gly    

Laxaphycin A (123) AC8aa hSer Dhb OH-Pro hSer Phe Leu Ile Ile Leu Gly    
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Laxaphycin A2 (124) AC8aa hSer Dhb OH-Pro hSer Phe Leu Val Ile Leu Gly    

Laxaphycin E (124) AC10aa hSer Dhb OH-Pro hSer Phe Leu Ile Ile Leu Gly    

Hormothamnin 

A 

(130) AC8aa hSer Dhb OH-Pro hSer Phe Leu Ile Ile Leu Gly    

Lobocycl-

amide A 

(137) AC10aa Ser Dhb OH-Pro hSer Tyr Leu Ile Ile Pro Gly    

Trichorm-

amide A 

(131) AC10aa Ser Ser Pro Ser Tyr Leu Ile Ile Pro Gly    

Trichorm-

amide D 

(126) AC10aa Gln Dhb Pro Ser Tyr Leu Val Phe Leu Gly    

Scytocycl-

amide A 

(127) AC8aa Gln Dhb OH-Pro hSer Phe Leu Ile Ile Leu Gly    

Class N-5b  FA X OH-Leu X X Gln NMeIle X Thr 

OH-

Pro/ 

Pro 

X Thr   

Laxaphycin B (124) AC10aa Val OH-Leu Ala OH-Leu Gln NMeIle 
OH-

Asn 
Thr Pro Leu Thr   

Laxaphycin B2 (124) AC10aa Val OH-Leu Ala Leu Gln NMeIle 
OH-

Asn 
Thr Pro Leu Thr   

Laxaphycin B3 (124) AC10aa Val OH-Leu Ala OH-Leu Gln NMeIle 
OH-

Asn 
Thr 

OH-

Pro 
Leu Thr   

Laxaphycin B4 (124) AC10aa Val OH-Leu hSer OH-Leu Gln NMeIle 
OH-

Asn 
Thr 

OH-

Pro 
Leu Thr   

Laxaphycin B5 (124) AC10aa Ile OH-Leu Ala OH-Leu Gln NMeIle Asn Thr Pro Tyr Thr   

Laxaphycin B6 (124) AC10aa Ile OH-Leu Ala Leu Gln NMeIle Asn Thr Pro Tyr Thr   

Laxaphycin D (124) AC8aa Val OH-Leu Ala OH-Leu Gln NMeIle 
OH-

Asn 
Thr Pro Leu Thr   

Lobocyc-

lamide B 

(137) AC10aa Val OH-Leu Ala OH-Leu Gln NMeIle 
OH-

Asn 
Thr 

OH-

Pro 
Leu Thr   

Lobocycl-

amide C 

(137) AC8aa Val OH-Leu Ala OH-Leu Gln NMeIle 
OH-

Thr 
Thr 

OH-

Pro 
Leu Thr   

Lyngbya-

cyclamide A 

(132) AC10aa Val OH-Leu hSer Leu Gln NMeIle 
OH-

Asn 
Thr Pro Phe Thr   

Lyngbya-

cyclamide B 

(132) AC10aa Val OH-Leu hSer Leu Gln NMeIle 
OH-

Asn 
Thr 

OH-

Pro 
Phe Thr   

Trichorm-

amide B 

(131) AC10aa Ile OH-Leu hSer OH-Leu Gln NMeIle Ser Thr Pro Tyr Thr   

Trichorm-

amide C 

(131) AC10aa Val OH-Leu Ala OH-Leu Gln NMeIle Asn Thr Pro Leu Thr   

Scytocycl-

amide B 

(127) AC8aa Val OH-Leu Ala OH-Leu Gln NMeIle 
OH-

Asn 
Thr Pro Leu Thr   

Scytocycl-

amide C 

(127) AC8aa Val OH-Leu Ala Leu Gln NMeIle 
OH-

Asn 
Thr Pro Leu Thr   
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Part II: General discussion 

As demonstrated in the introductory part, cyanobacterial cyclic 

lipopeptides represent a broad group of diverse structures with a variety of 

biological activities. However, no focused research aiming to uncover the 

structure-activity relationships within the group has been performed up to 

now. Moreover, different sets of bioactivities are available for particular 

lipopeptide classes which limits their mutual comparison and prevent to draw 

the general conclusions. An additional limitation is the lack of systematic 

classification regarding cyanobacterial lipopeptides. This leads to 

disorganization in the nomenclature as newly discovered lipopeptides are 

assigned with new, unique names despite sharing many similarities with 

already known and described structures. Minutissamides and puwainaphycins 

are clear examples. In 1992 Gregson et al. described new cyanobacterial 

cyclic lipopeptides Puwainaphycin A-E(122) and analogous Puwainaphycin F 

and G has been discovered by Hrouzek et al. in 2012(25). However, structurally 

similar compounds found by Kang et al. in 2011(65) and 2012(121) were entitled 

Minutissamide A-L. All of these compounds share an identical general 

structure and belong to N-3 class lipopeptides as defined in this study. Only a 

minor amino acid or FA variation is observed between distinct 

puwainaphycins and minutissamides. Consequently, I have initially made an 

overview of all known cyanobacterial cyclic lipopeptides and tried to create 

classes based on their structural similarities. This literature review helped me 

to identify the parts of the molecule that are shared between different classes 

with similar biological effects and to estimate which moieties might be 

responsible for their bioactivities. Additionally, this overview was used as a 



 

 
79 

background to propose the chemical modifications of the puwainaphycin and 

minutissamides aiming to study their mechanism of action and demonstrate 

which part of the molecules are crucial for their bioactivity. 

Structural variability and biosynthesis of minutissamides and 

puwainaphycins. 

Many cyclic lipopeptide structures are produced or estimated to be 

produced by the NRPS/PKS machinery. We have successfully identified the 

biosynthetic NRPS/PKS cluster responsible for puwainaphycin biosynthesis 

in Cylindrospermum alatosporum (Paper I), which contains 10 ORFs and 

expands over 57kbp. The biosynthesis starts with a FAAL catalytic domain 

which activates the fatty acid residue by adenylation and forms a substrate for 

canonical PKS. Two distinct PKS modules (encoded in puwB and puwE) 

extend the fatty acid chain by 4 carbon. The first PKS module (PuwB) 

contains a methyltransferase domain responsible for side chain methylation. 

Tailoring domains present in catalytic modules of PuwE, namely the putative 

aminotransferase and (mono)oxygenase, form a modified FA with α-

hydroxylation and β-amino substitution accepted by NPRSs. The first NRPS 

module is encoded together with the second PKS in the same hybrid gene 

(PuwE). An additional 8 NRPS modules are encoded in 4 genes (puw 

A,F,G,H). Finally, the thioesterase domain present in the very last NPRS 

module synthetizes and cyclizes the final product by forming an additional 

peptide bond between the β-amino group of the fatty acid chain and the 

terminal carboxyl of the last amino acid (Pro).  

The initiation of the biosynthetic processes via activation of fatty acid 

is known as lipoinitiation, is relatively common among NRPS peptides, and 

well described in bacterial NPRS products(138,139). The mechanism of 
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initiation via FAAL allows the activation of fatty acids with different chain 

lengths. For example, the biosynthetic pathway of amphi-enterobactins 

contains the FAAL domain that can activate saturated C10-C14 FA as well as 

their unsaturated and/or hydroxylated counterparts(138). Experiments with 

purified FAAL enzyme from Escherichia coli have proven the presence of 

various acyl adenylates, mostly C12 and C14 fatty acids(139). Similar behavior 

is observed in the biosynthesis of puwainaphycins and minutissamides, 

congeners with different fatty acid moieties were widely detected (Paper I 

and Paper II).  The FAAL domain is not the only enzyme connected with 

lipoinitiation. FACL enzymes represent an alternative starter unit. While 

FAAL activates the fatty acid via adenylation, FACL uses a conjugation with 

CoA. Similarly to FAAL, FACL are well described in NRPS peptides (e.g. 

bacterial surfactin(140) or cyanobacterial hassallidin(79)). 

NRPS/PKS machineries are known to generate several natural product 

analogs via one biosynthetic assembly due to the enhanced substrate 

specificity of particular adenylation domains. For puwainaphycins, such 

variability has already been shown by Hrouzek et al.(25) and Kang et al.(65,121), 

showing that several amino-acid positions can be occupied by variable amino 

acids (Gln/Asn, Ser/Thr etc.). During our surveys, the cyanobacterial strain 

Cylindrospermum alatosporum was found to produce congeners also 

differing in the length of the FA moiety (paper I); HPLC-HRMS analysis 

showed, besides Puwainaphycin F and Puwainaphycin G, ten additional 

compounds varying in the length and substitution of the fatty acid, some of 

them being identical to previously described as minutissamides. The exact 

structure of these variants was later confirmed by NMR studies(146). The 

compound appeared to have the following structures: puwainaphycin 

containing AhC12aa (Puwainaphycin F), AhC14aa (Minutissamide A), OH-4-
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Me-AhC12aa PUW F, OH-4-Me-AhC14aa PUW F, Cl-4-Me-AhC12aa PUW F, 

and Cl-4-Me-AhC14aa PUW F(146) . This evidence clearly shows that the 

FAAL domain in puwainaphycin biosynthetic gene cluster, similarly to the A 

domain, possesses enhanced substrate specificity similarly to previously 

described enterobactins. 

The observed variation in PUW/MIN structure suggested that their 

actual structural variability might be even higher. Thus we proceeded to 

characterize all variants in the PUW/MIN producing strains. The 

cyanobacterial culture extracts are often rich in many different compounds 

and thus finding exclusively lipopeptide compounds is highly challenging. 

Therefore, a new method for the targeted screening and identification of 

lipopeptides in cyanobacterial extract based on HPLC-HRMS/MS has been 

developed (Paper II).  Puwainaphycins and minutissamides possess a peptide 

cycle, thus they are easily accessible to fragmentation at lower fragmentation 

energies facilitating the determination of their primary amino-acid structure. 

The assignment of the fragmentation spectra of an unknown compound, such 

as a lipopeptide, is yet more complicated. However, in this case a 

fragmentation using higher collision energy might provide additional data. 

While at 5-50eV, peptide bonds are preferentially cleaved, at a fragmentation 

energy of 90eV and higher, most of the C-O and C-N bonds are broken down 

resulting in fragments mostly below the m/z threshold detected by many mass 

spectrometers. The majority of substituents bound to the fatty acid (including 

α-hydroxyl and terminal carbonyl group) are cleaved off as well except for 

the β-amino group. The stability of the acyl chain and the presence of the β-

amino group results in the formation of specific diagnostic immonium ions 

detectable by the MS. Accordingly, fragmentation at high energies allows us 

to perform selective screening to find possible β-amino FA containing 
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lipopeptides. The method was not tested on β-hydroxy FA containing 

lipopeptides as it is expected that β-hydroxyl will be cleaved off at higher 

energies and consequently form unsubstituted aliphatic chain, which make it 

difficult to detect using ESI-HRMS methods used in this study. This new 

analytical method was verified on β-amino FA containing lipopeptide Iturin 

A standard solution and revealed 11 putative Iturin A variants with diagnostic 

immonium fragments from 128 Da (corresponding to AhC10aa-Iturin A) up 

to 226 Da (corresponding to AhC17aa-Iturin A). The FA corresponding to 

detected immonium ions contained both an even and odd number of carbons. 

However, concerning the lipopeptides containing FA chain with odd number 

of carbons, we are not able to distinguish between linear and branched FA 

chains based on the HRMS/MS data (e.g. Me-AhC16aa and AhC17aa). Since 

the FAAL domain is capable of activating different fatty acids (Paper I), there 

is an expectation that this domain could activate linear fatty acid as well as 

iso- and anteiso-FA. As mentioned in the introductory section, despite the 

majority of lipopeptides containing an even carbon chain, lipopeptides with 

linear fatty acids containing an odd number of carbons are known as well (e.g. 

portoamides with 5,7,8-OH3-10Me-C11aa). However, the HPLC-HRMS 

analysis further proved a strong linear correlation between the acyl chain 

length of lipopeptides and their retention on the C18 reverse column. Based 

on the data available, the retention time of linear FA and iso-FA differs(137). 

Accordingly, the retention time of lipopeptides with linear and branched fatty 

acid should differ as well. This suggests that the Iturin variant with m/z 

1086Da is indeed the variant containing FA with an odd number of carbons 

(C17aa-Iturin A). Regrettably, the absolute amount of these odd-fatty-acid 

containing variants was too low for the purification and identification of these 

compounds using NMR. To prove that this method is also applicable for β-
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amino FA lipopeptides with substantially different peptide cycles this 

screening method was used for the analysis of extract of Anabaena sp. 

SPORK 15F, anabaenolysin producing strain. Because the structure of 

anabaenolysin contains substantially different FA moiety (e.g. 

AhC18e5,7,9,13,15a) and also differs in the size of the amino-acid cycle the 

method has to be slightly adjusted (fragmentation energy 40eV for MS and 

100eV for MS-MS). After this optimalization interpretable diagnostic 

fragments at m/z 228-244Da were obtained and clearly identified 

6 anabaenolysins congeners (including hydroxylated and dihydroxylated fatty 

acids). 

Finally, the developed analytical method was used to complement the 

data on puwainaphycin and minutissamide production from known producers 

of these lipopeptides (Anabaena minutissima UTEX B1613 and 

Cylindrospermum alatosporum CCALA 988) as well as for strains in which 

the lipopeptide production was proved using this method (Cylindrospermum 

moravicum CCALA 993 and CCALA 994, Anabaena sp. UHCC-0399, and 

Symplocastrum muelleri NIVA CYA 644). It resulted in the detection of 61 

unique puwainaphycin or minutissamide congeners (Paper III). The 

observed variation includes differing FA lengths (AhC10-C18aa) as well as 

various functionalizations. Fatty acid substituted with hydroxyl (e.g. OH-

AhC12aa or OH-AhC18aa), chlorine (e.g. Cl-AhC12aa or Cl-AhC14aa), acetyl 

(OAc-OH-AhC16aa and OAc-OH-AhC16aa), and oxo-functional groups 

(O-AhC16aa and O-AhC18aa) has been found to be incorporated in the 

puwainaphycin/minutissamide molecules. Besides the variation in the fatty 

acid part, alternation in the peptidic core was detected as well with the 

following variable amino acid positions: Asn/Gln/Thr at variable position 4, 

Dhb/Thr/Val at position 5, Asn/Gln at position 6, Ala/Gly/Ser at position 7, 
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and Thr/Ser/OMe-Thr at position 8. It is especially notable that the amino acid 

adjacent to the FA moiety remains conserved and forms the NMeAsn-Pro-

FA-Val-Dhb motif in all described variants suggesting that these residues are 

important for their compound bioactivity. 

 Interestingly, variation in the fatty acid part moiety was not equally 

distributed among strains (Paper III) suggesting that the process of 

lipoinitiation differs. The genomic analysis showed that indeed the 

puwainphycin/minutissamide biosynthetic clusters differed in the FAAL 

starter units and that three principal arrangements exist in the studied strains. 

While strains CCALA 988, CCALA 993, and CCALA 994 possess type-I 

starter unit consisting of a standalone of FAAL (gene puwC) and separate 

ACP (gene puwD), NIVA CYA 644 contains a type-II starter unit formed by 

a fusion of FAAL and ACP (gene puwI) (Paper II). Finally, both Anabaena 

strains contain both starter units (of type I and II). The substrate specificities 

of the individual starter modules were subsequently inferred from the 

structural diversity detected in particular strains. Accordingly, starter unit I is 

responsible for the activation and incorporation of shorter unsubstituted fatty 

acid (AhC10-16aaa) which can bear hydroxyl- or chloro substitution while 

starter unit II incorporates longer fatty acid exclusively substituted with the 

oxo- or hydroxyl groups (O-AhC16-18aa). The functionalization of FA by the 

oxo and hydroxyl groups in the case of the type-II starter unit can be explained 

by the presence of a putative cytochrome P450-like oxidase (puwJ). All of the 

biosynthetic clusters with type-I starter units lack only this gene. In the case 

of the Symplocastrum strain the hydroxyl substituent might be further 

modified by O-acetylation, likely by the action of O-acyltransferase present 

in the cluster (PuwL). An alternative explanation might be the activation of 

the FA already bearing the substitution as observed in the biosynthesis of 
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surfactin. The surfactin biosynthetic pathway starts with lipoinitiation by a 

FACL (Fatty acid CoA ligase) and activation of 3-hydroxy myristic acid(140). 

Consequently, the FAAL domain of the type-II starter unit could 

hypothetically activate hydroxyl-containing FA and an undescribed tailoring 

enzyme could be responsible for the reduction to ketone. However, the 

conserved position of the substitution shows a more plausible role for specific 

oxygenase modifying loaded unsubstituted fatty acid. Moreover, naturally 

occurring fatty acids hydroxylated in the proximity to the CH3 terminus are 

rare. The halogenation of FA in the case of Anabaena minutissima UTEX 

B1613 likely results from the action of the dedicated halogenase (PuwK) 

present in the respective biosynthetic gene cluster. In all of the above-

mentioned cases of FA modification, the plausible explanation will be that the 

FAAL directly cooperates with the tailoring enzymes to activate and modify 

the FA residue during the lipoinitiation. The manner by which these enzymes 

cooperate in the synthesis of the FA intermediate should be subjected to 

further research, however, it is reasonable to expect direct protein-protein 

interaction as observed for example in the recruitment of P450-like oxidases 

(141). The X-domain described in some NRPS pathways, especially those 

involving glycopeptide biosynthesis, is located mostly between the terminal 

PCP and TE domain and is responsible for the binding of P450s and 

consequently cyclisation of glycopeptides. Additionally, aminoacyl-PCP 

domains with hydroxylated substrates and the possible involvement of P450s 

contain highly conserved surface residues and hypothetical interaction with 

P450s is expected. It is worth mentioning that even lipopeptides 

biosynthesized via the type-I starter unit are found to be substituted 

(hydroxylated or chlorinated, e.g. OH-AhC12aa). As no dedicated enzymes 

are found within the biosynthetic cluster of Cylindrospermum alatosporum 
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CCALA 988 we suppose that this modification occurs after the synthesis on 

the finalized compound. Several experimental studies have proven that 

halogenation can occur either on free substrate (e.g. rebeccamycin(142)) or an 

intermediate bound to NRPS enzymes (e.g. clorobiocin(144)); specific 

halogenases are consequently tightly associated with corresponding NRPS 

gene clusters (such as is the case of PuwK). However, in some NRPS 

products, genomic analysis does not reveal any halogenase within the genome 

of the producing organism as can be exemplified in the production of 

chlorinated Oscillaginin(143). 

Cytotoxicity and other bioactivities of minutissamides and 

puwainaphycins. 

As previously demonstrated, puwainaphycins/minutissamides interact 

directly with biological membranes causing their enhanced fluidity and 

disruption(23,25). Although there is no direct mechanistic evidence for this, it 

can be inferred that the FA moiety is responsible for the biological effect. 

Such evidence has been for example obtained in other β-amino FA 

lipopeptide iturins where the analogs missing FA moiety lack biological 

activity(36). In the previous chapters I have demonstrated that FA length can 

vary substantially in puwainaphycins which should affect the bioactive 

properties of the particular congeners. In the case of 

puwainaphycins/minutissamides it is notable that all studied variants as well 

as many other cytotoxic cyanobacterial lipopeptides possess such an FA 

functionalized with the α-hydroxy group, which suggests its involvement in 

the bioactivity of the compound. Due to these reasons I aimed to study the 

effect of FA length and the presence of the α-hydroxyl group on the bioactive 

properties of puwainaphycins/minutissamides. 
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At the first instance we have compared the bioactive properties of the 

most abundant congeners, Minutissamide A and Puwainaphycin F, differing 

only in the length of the FA and bearing AhC12 and AhC14. Despite the long-

term cytotoxicity of these compounds is similar (IC50 of 2.8±0.5µM and 

3.15±0.5µM, respectively), the dynamics of the cytotoxic effect of these 

compounds differed (Paper IV). HeLa cells treated with Minutissamide A 

recovered fully even after a 3h treatment and the resulting viability was very 

similar to negative controls. In case of Puwainaphycin F the cells were not 

able to recover even after the shortest treatment (5 min). This is supported by 

the evidence on the large membrane damage as assessed by lactate 

dehydrogenase (LDH) leakage. In the case of Minutissamide A, extracellular 

LDH is highly increased no earlier than after 3 hours, while LDH leakage in 

cells treated with Puwainaphycin F shows 40% of leakage within 30 minutes 

after treatment. These experiments suggested that lipopeptides interact with 

the membranes in a different way. As the less potent Minutissamide A 

contains shorter 4-Me-AhC12aa, we can assume that its interaction with the 

membrane is much weaker and that there is a dynamic equilibrium between 

lipopeptides bound to the membrane and free lipopeptides allowing the 

lipopeptide to leave and re-enter the membrane. Consequently, 

Puwainaphycin F with longer 4-Me-AhC14aa creates a much stronger 

interaction with phospholipids bilayer due to its longer FA chain and that this 

results in a firm anchoring of the lipopeptide, which is why the wash-out 

experiments are unsuccessful.  

To fully prove this theory, the concentration of lipopeptides in cells was 

measured directly using HPLC-MS. The data confirmed the fast entry of 

Puwainaphycin F into the cell compared to Minutissamide A as the 

concentration of Puwainaphycin F and Minutissamide A in cells reaches 
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approximately 500 ag/cell and 150 ag/cell after 5 minutes of treatment, 

respectively. It is however notable that the concentration of Minutissamide A 

reached 700 ag/cell at 2 h with no apparent cellular damage. In contrast, a 

comparable concentration (500 ag/cell) was sufficient for Puwainaphycin F 

to manifest the effect at the earlier time points. In the latest time point (8 

hours), concentration of Minutissamide A reached 6000 ag/cell compared to 

only 2000 ag/cell of Puwainaphycin F (Paper IV). The three times lower 

concentration of Puwainaphycin F can be explained by the more rapid 

disruption effect of this compound connected to cell membrane damage 

causing the removal of compound together with cellular debris during the 

wash-out. The different uptake rates of Minutissamide A and Puwainaphycin 

F into the cell membrane was also demonstrated by Vašíček et al. on in Caco-

2 human intestinal barrier model. After treatment with 2.5µM concentration, 

the concentration of Minutissamide A and Puwainaphycin F dropped to 80% 

and 15%, respectively, further proving the more rapid incorporation of 

Puwainaphycin F(147).  

Class N-3 and N-4 cyclic cyanobacterial lipopeptides are believed to 

permeabilize the membrane via incorporated fatty acid. As discussed above, 

the length of the fatty acid plays a distinct role in the compound mechanism 

of the action. We used Minutissamide C with 4-Me-14-O-AhC16aa as a 

substrate for the chemical modification of the fatty acid moiety via Grignard 

reactions and synthesized minutissamides with branched and prolonged fatty 

acid moiety containing an additional double bond, namely 14-Et-4-Me-

AhC18e13a and 14-Et-4-Me-AhC22e13a. The treatment of HeLa cells with these 

variants shows a decrease in cytotoxicity compared to Puwainaphycin F and 

Minutissamides A and C which manifest moderate effect with IC50 values 

ranging ~2-3 µM. The dose response curve of synthetic 14-Et-4-Me-AhC18ea 
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variant shows that this compound cannot reach higher inhibition than 50% at 

the highest concentration tested (20 µM). The second compound, 14-Et-4-

Me-AhC22ea variant, proves to be more potent with a drop in viability in sub-

micromolar concentrations, reaching 50% viability even at the lower 

concentration range (1.2-10 µM) and almost 100% inhibition at 20 µM 

(Paper IV). In consequence of this, we cannot clearly prove that the longer 

incorporated fatty acid increased the cytotoxic potential of the lipopeptide. 

The principle of chemical modification did not allow us to create unbranched 

and fully saturated FA. Accordingly, we cannot specify whether the decrease 

in cytotoxicity is caused by the longer chain, the presence of the double bond, 

or branching. Concerning FA length, some natural variants possessing C18 

substituted FA maintain the IC50 values ~2 µM(145) and thus the length itself 

should not be a reason for lower cytotoxicity. Also, the presence of a double 

bond should not hamper the cytotoxicity as anabaenolysins possessing 

multiple conjugated double bonds (e.g. AhC18e5,7,9,13,15a) and maintain strong 

cytotoxic effects. The branching of the FA moiety by the methyl group was 

proved to affect lipopeptide bioactivity(135) to a high degree and so the 

introduction of the ethyl group in the semi-synthetic variants can play a 

crucial role. Surprisingly, a decrease in cytotoxicity was accompanied by the 

increase of antifungal activities. Pure Minutissamide A and Puwainaphycin F 

exhibit moderate to weak antifungal properties against Aspergillus fumigatus 

(MIC 2.34 µM and 37.5 µM, respectively) while the variants containing 14-

Et-4-Me-AhC18ea and 14-Et-4-Me-AhC22ea show inhibition with MIC 0.5 

µM and 3.8 µM, respectively. This antifungal activity seems however to be 

strain specific, as significant improvements in antifungal activities were found 

against the Aspergillus fumigatus and Alternaria alternata and a decrease in 
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antifungal properties in Monographella cucumerina and Chaetomium 

globosum. (Paper IV). 

The second moiety of the N-3 and N-4 class molecules which we 

believe to be important for the incorporation of cyclic lipopeptide into the cell 

membrane is the hydroxyl group bound to α-carbon of the FA moiety. As all 

molecules from N-3 to N-4 class of lipopeptides possess this 

substitution(23,65,115,117,121) it can be assumed that this polar and hydrophilic 

group facilitate the incorporation of the membrane. While the hydrophobic 

fatty acid acyl chain interacts with the lipid bilayer, the hydrophilic OH group 

can interact with phosphate groups. Accordingly, we prepared semi-synthetic 

variants acylated on both OH groups (α-hydroxy of FA as well as hydroxy-

group of Thr) (Paper IV). For acylation, anhydrides of acetic acid, butanoic 

acid, hexanoic acid, and decanoic acid were used. As expected, none of these 

variants of Minutissamide A exhibit any relevant cytotoxicity against HeLa 

cells even at the highest concentration. Similar to the prolonged and branched 

FA, even this modification surprisingly increases the antifungal properties 

that seem again to be strain specific. MIC values against Aspergillus 

fumigatus was 4.7 µM, 9.4 µM, 75 µM, and 37 µM for acetyl-, butanoyl-, 

hexanoyl-, and decanoyl- modified Minutissamide A, respectively. The 

unmodified Minutissamide A exhibits antifungal activity with MIC 37.5 µM. 

While variants with shorter acylation were more potent, acylation with the 

hexanoyl- and decanoyl- chain do not significantly affect or increase the MIC 

against Aspergillus fumigatus. The most potent antifungal effect of these 

semi-synthetic variants was recorded against the plant pathogen Alternaria 

alternata with MIC values ranging from 0.2 to 0.6 µM with no clear relation 

to the length of acyl substituent. For other fungal strains such as Trichoderma 

harzianum, Bipolaris sorokiniana, Monographella cucumerina, Chaetomium 
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globosum, and Candida friedrichii, all semi-synthetic variants exhibit a mild 

increase of antifungal effect. 
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Summary 

Based on the experimental evidence obtained within this study we 

can conclude the following facts. Puwainaphycins and minutissamides as 

cyclic cyanobacterial lipopeptides are biosynthesized via specific 

NRPS/PKS pathways involving the FAAL domain(s) responsible for the 

lipoinitiation of the biosynthesis. Two different FAAL starter units have 

been described in several cyanobacterial strains. The first starter unit 

activates the mainly shorter aliphatic chains, the second starter unit 

activates longer fatty acid moieties and further allows their modification 

by a hydroxyl group or oxo group performed by accessory enzymes. The 

increased substrate specificity of the FAAL domains together with the 

presence of alternating modules are the reason for the wide variability of 

incorporated fatty acid moiety in different puwainaphycin and 

minutissamide variants. Minutissamide A and Puwainaphycin F are 

confirmed as membrane disrupting compounds, however, the dynamics 

of their incorporation into the membrane depends strongly on fatty acid 

length. Further, FA α-hydroxylation is crucial for this bioactivity 

(probably via interaction with charged phosphate groups) as the 

acylation of free hydroxyl groups leads to a total loss of cytotoxic 

bioactivity. However, selective antifungal properties are observed in 

puwainaphycins lacking free α-hydroxyl functionality. Consequently, 

increasing lipopeptide antifungal activity by the alternation of 

hydrophobicity is a feasible way of generating novel fungicides, since the 

cytotoxicity of these modified variants is strongly diminished. While the 

prolongation of the FA moiety depends on the presence of a ketone or 

other functional group(s), acylation of the hydroxyl group present in the 

majority of known membrane permeabilizing lipopeptides is an easy way 

of lipopeptide modification. 
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Abbreviations 

4-Me-10-Cl-AhC12aa - β-amino-α-hydroxy-4-methyl-10-chloro-dodecanoic acid 
4-Me-12-Cl-AhC14aa - β-amino-α-hydroxy-4-methyl-12-chloro-tetradecanoic acid 

4-Me-14-O-AhC16aa - β-amino-α-hydroxy-4-methyl-14-keto-hexadecanoic acid 

4-Me-14-OH-AhC16aa - β-amino-α-hydroxy-4-methyl-14-hydroxy-hexadecanoic acid 
4-Me-15-O-AhC18aa - β-amino-α-hydroxy-4-methyl-15-keto-octadecanoic acid 

4-Me-15-OH-AhC18aa - β-amino-α-hydroxy-4-methyl-15-hydroxy-octadecanoic acid 

4-Me-AhC12aa - β-amino-α-hydroxy-4-methyl-dodecanoic acid 
4-Me-AhC14aa - β-amino-α-hydroxy-4-methyl-tetradecanoic acid 

4-Me-AhC16aa - β-amino-α-hydroxy-4-methyl-hexadecanoic acid 

AC10aa - β-amino-decanoic acid 
AC8aa - β-amino-octanoic acid 

AhC10aa - β-amino-α-hydroxy-decanoic acid 

AHDHa - 4-amino-β-hydroxy-2,5-dimethylheptanoic acid 
AhC18e5,7,9,13,15a  - Ahopa, β-amino-2-hydroxyoctadeca-5,7,9,13,15-pentaenoic acid 

Ahopip - β-amino-6-hydroxy-2-piperidone 

AhC18e5,7,9,13a  - Ahota, β-amino-2-hydroxyoctadeca-5,7,9,15-tetraenoic acid 
AmC6aa - β-amino-α-methyl-hexanoic acid 

AmC6ea - β-amino-α-methyl-hexenoic acid 

AmC6ya - β-amino-α-methyl-hexynoic acid 
AmC8aa - β-amino-α-methyl-octanoic acid 

AmC8ea - β-amino-α-methyl-octenoic acid 

AmC8ya - β-amino-α-methyl-octynoic acid 
AOFHa - 2-(β-amino-5-oxotetrahydrofuran-2-yl)-α-hydroxyacetic acid 

Ara – Arabinose 

Bza – benzene ring substitution (phenyl) 
C6aa - hexanoic acid 

Dhb – dehydrothreonin, dehydrobutyric acid 

dHMBa - 2,3-dihydroxy-3-methylbutanoic acid 
dHMPa - 2,3-dihydroxy-3-methylpentanoic acid 

dHPa - 2,3-dihydroxypropanoic acid (glyceric acid) 
FA – fatty acid 

FAAL – fatty acyl-AMP ligase 

Gal - Galactose 
Hex - Hexose 

Hh-C14aa - α,β-dihydroxy-hexadecanoic acid 

Hh-C14aa - α,β-dihydroxy-tetradecanoic acid 
HIVa - hydroxyisovaleric acid 

Hm2C10aa - β-hydroxy-α-dimethyl-decanoic acid 

Hm2C10ea - β-hydroxy-α-dimethyl-decenoic acid 
Hm2C10ya - β-hydroxy-α-dimethyl-decynoic acid 

Hm2C8aa - β-hydroxy-α-dimethyl-hexanoic acid 

Hm2C8ea - β-hydroxy-α-dimethyl-hexenoic acid 
Hm2C8ya - β-hydroxy-α-dimethyl-hexynoic acid 

HmC10aa - β-hydroxy-α-methyl-decanoic acid 

HmC10ea - β-hydroxy-α-methyl-decenoic acid 
HmC10ya - β-hydroxy-α-methyl-decynoic acid 

HmC8aa - β-hydroxy-α-methyl-hexanoic acid 

HmC8ea - β-hydroxy-α-methyl-hexenoic acid 
HmC8ya - β-hydroxy-α-methyl-hexynoic acid 

HMPa - hydroxymethylpentanoic acid 

hPa - α-hydroxy-propanoic acid 
HPCCC – Hight performace countercurrent chromatography 

HPLC – High performance liquid chromatography 

HRMS – High resolution mass spectrometry 
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hSer - homoserine 
hTyr - homotyrosine 

La - Lactic acid 

(m) – modified residue 
Man – Mannose 

NMR – Nuclear magnetic resonance 

NRPS – Non-ribosomal peptide synthetase 
OH3-10-Me-C11aa - trihydroxy-10-methyl-undecanoic acid 

OH3-C8-Bza - trihydroxy-8-phenyl-octanoic acid 

OH-Asn - hydroxyasparagine 
OH-Leu – hydroxyleucine 

OH-Pro – hydroxyproline 

Pen - Pentose 
PKS – polyketide synthase 

PLa - Phenyllactic acid 

Rha – Rhamnose 
RIPPs - Ribosomally synthesized and post-translationally modified peptides 

TZa – Thiazole 
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