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B 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 |: 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®.

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®, antifungal®,
anticancer®, cholesterol- and triglyceride-lowering®, immunosuppressive®,
antiparasitic”), and diagnostic agents. Nonetheless, the exact biochemical and
physiological role and mechanism of action of the majority of these secondary
metabolites still remains unknown®),

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®?, terpenoids*!?, various heterocyclic
structures™®, and finally the largest groups consisting of polyketides and non-
ribosomal peptides®*'®. 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



compounds containing peptide substructures. Up to date more than 600
different peptides or peptidic metabolites“®) have been described from various
taxa of cyanobacteria.

While some of these peptides are biosynthesized via standard
ribosomal translation (e.g. microviridins”), 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®®. The second pathway, polyketide synthase (PKS), creates
linear and cyclic polyketones (including macrolides and derived
compounds®®). Both of those pathways are often combined into a hybrid
NRPS/PKS pathways®® 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®®.

Since the discovery of cyclic lipopeptides they have attracted the
attention of researchers because of their broad bioactivities and possible
environmental impact®V. While the majority of the lipopeptides isolated from
cyanobacteria are cytotoxic (e.g. lyngbyabellins®?, muscotoxins®®,
pitipeptolides®, puwainaphycins®), many other possess antifungal
activities (e.g. Calophycin®®, hassalidins®”, laxaphycins®®). Rarely,
cyanobacteria also produce lipopeptides with antibacterial activities (e.g.
tiahuramides®®, lyngbyazothrins@?).

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.



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®-9, protein interaction or
inhibition®? and actin reorganization®?

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®, Viscosin® and
Iturin®®), 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),

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. lturin A, a potent
antifungal lipopeptide, forms after its aggregation transmembrane pores with
an average diameter of 32 A®®), These conductive pores facilitate the leakage
of ions, mostly K* and Ca?*® 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®®): 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 | will focus on the
variability of the cyclic cyanobacterial lipopeptide, their structural types and
biological activities.



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®®3"). 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®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@). 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



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®” 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*®. 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 GlIn as well as
Asn®®). Up to now about 200 adenylation domains have been identified in

cyanobacterial genes®®).



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®” includes a cofactor,
4'-phosphopantetheine, acting as a “swinging arm”®®. This cofactor,
covalently bound to serine residue®®, 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®.

The module is terminated by a condensation domain of about 450
amino acids®”. 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®®.

Thioesterase domains (TE) are attached to the core biosynthetic
domains®” 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“?. 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.



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®V).

The N-methylation domain catalyzes the transfer of the methyl group
to the nitrogen atom of the peptide bond®“?. 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 b- stereoisomer production®?,

Though some p-forms can be directly incorporated directly at the level of the



adenylation domain as discovered for microcystin biosynthesis where D-Glu
is a direct precursor®® 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®.

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'®. The screening of secondary metabolites for halogen atoms
reveals the presence of chlorine in more than 22% structures®), 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“%) or
more (Lyngbyabellin® “6)) chlorine atom on the aliphatic chain. The
mechanism of halogenation as studied in bacteria (e.g. Balhimycin®?
produced by Amycolatopsis sp.) assumes that chlorination is performed on a
peptidyl carrier protein-bound intermediate“®. Alternatively, free-standing
FADH, dependent halogenases and non-heme iron halogenases are
described®®. Only a few NRPS genes with incorporated putative halogeneses
are reported (e.g. BarB modules in cyanobacterial triple chlorinated
barbamide®?).

Bromination on the aliphatic fatty acid moiety is also reported
(Veraguamide A®Y). 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®?),



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®). PKS enzymes typically involve [-carbonyl-
processing catalytic domains (an interesting exception is the nostophycin
gene cluster containing PKS with an o-carbonyl-processing domain®¥).
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®®. 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 p-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@

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®® (e.g. the
well-known powerful biosurfactant and antibiotic Surfactin®®) and fungi
(e.g. Isiradin with antimalarial and antibacterial activity®”) or were found in

other organisms such as molluscs (dolastatin 17 with anticancer
properties®®)) 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®3),



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® up to 14 amino acid residues as found in
malevamides®®? (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®® or hassallidin®®34) or can be inserted directly
as part of the cyclic core structure (minutissamides®) 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 lle/Leu) and exhibits hydrophobic

nonpolar properties typical for lipids®©®?".

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®® 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.
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N-methyl-amino acids, another is O-methylated), the dehydration of
threonine to dehydrothreonine (Dhb), or chlorination (chloro-phenylalanine
in cyanopeptolins®?). 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, p-methyl-Asp, OH-Pro, OH-Leu,
OH-Asn, and B-amino-2-methylbutanoic acid based on Val) other variants
present new structures unique to cyanobacteria, such as f-amino-6-hydroxy-
2-piperidone (Ahopip) present in cyanopeptolins or 2-(f-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®” and many others).
Moreover, the high abundance of neutral amino acids (Val, Leu/lle, dhb,
GIn/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 -carbon
(or other carbon) is required for fatty acid moiety incorporation and second
chemical bond formation. Also, FA a-carbon is frequently substituted, usually
by the hydroxylation or methylation. Additionally, hydroxylated fatty acids
can be further substituted with saccharides” or amino acids®®),



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.”"®
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->NH,/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 g-hydroxy-fatty acids, letter codes start
with H, for g-amino-fatty acids letter codes start with A. The following small letter indicates substitution on the a-
carbon. (Hh stands for g-hydroxy-a-hydroxy-fatty acids and Hm for g-hydroxy-a-methyl-fatty acids. If multiple
substitution occurs, a lower index is added, e.g. Hm,). The length of the fatty acid chain is defined using C, standing
for carbon and the number in lower index indicates the length of the longest linear carbon-carbon part (Hm,Cs,
indicates #-hydroxy-a-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 AhCgesea stands for p-
amino-o-hydroxy-oct-4,6-dienoic acid. Additional substitution is further expressed using prefixes such as 5-OH-

AhCgya (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



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®). 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.

15



16

Class S-1 (cyanopeptolin type)

Cyanopeptolins S-1
Cyanopeptolins  are °X
Leu/lle/Phe/Thr
peptides widely distributed in
. . 5 Phe/Trp/Tyr .
many cyanobacterial strains ~ Anhopip K:
- - . X
(e.g. Microcystis, Planktothrix ° R Valllle
or Anabaena). Earlier
NH
described Cyanopeptolins A,  “x R CHa *Thr
Lys/Arg/Dhb/Glu  © NH__o
B, C, and D9 isolated from  LlewTyvhser.. Y.
. . . NH OH
Microcystis strain possess a 2Glulay

relatively conserved structure e 1EA

Figure 3: General structure (FA)-Glu/Asp-*Thr-X-
Ahopip-X-X-Val/lle* of lipopeptides belonging to
Class S-1. Acylation of Glu residue is only
facultative, cyanopeptolins without FA moiety are
also described.

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-y-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®?). 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.



The 30-kb cyanopeptolin NRPS/PKS gene cluster contains two novel
domains (a putative glyceric acid-activating A-domain and a facultative
sulfotransferase domain) 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). An analogous mechanism of acylation is
found in hassallidins as well as other bacterial lipopeptides®.

While some cyanopeptolin members seems to lack bioactive
properties such as cyanopeptolin VW-1 or VW24)(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(®. For cyanopeptolin 1020 a very potent picomolar trypsin inhibition
activity (ICso = 670 pM) has been determined as well as an acute toxicity
against the crustacean Thamnocephalus platyurus (LCso 8.8uM)(9),
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.(')

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 1Cso 45 nM®2). 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 1Cso 0.24-0.26uM (e.g. cyanopeptolin 962), while the inhibition of
chymotrypsin remains mild (ICso 3.1-3.8uM). Analogously, in case of
aromatic tyrosine residue presence on the position 4 (eg. cyanopeptolin 985),
cyanopeptolin preferentially inhibits chymotrypsin  (ICso  0.26uM)(®.
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®3647) and balticidins®” are glycosylated lipopeptides

isolated from many cyanobacteria including Hassallia, Nostoc and

X R Thr 1
R H
GIn/Tyr 0 %
R / E—\
o NH N CHs
R* Thr \f “Gly Rz F—ow
2Thr

o NH
O —
HO %O hexose
NH
Q NH

S-2

(@]

Gln
5 S NH NH (6] O E;OH
R HO © N\
'Hh-C, ,aa/Hh-C, aa/ 4Thr
3-Hex-Hh-C, ,aa/ 28 °© R* %OH
3-Hex-Hh-C aa/ °Dhb %ofhexose

3-Hex-13Cl-Hh-C aa

STyr/OH-Tyr
Figure 4: General structure FA-Thr-*Thr-Thr-X-Dhb-GIn-Gly-Thr-X* of hassallidins and
balticidins.

Dolichospermum strains and Anabaena cylindrica Bio33. This class of

lipopeptides comprises decapeptides in which 8 amino acids form a cyclic



structure with one exocyclic amino acid, and Hh-Ciuaa (a,S-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-GIn-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 GIn. 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 Thr?,
Thr®, 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 B-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 21960,

The reported 59-kb long gene cluster responsible for the biosynthesis
of hassallidins was characterized in Anabaena sp. SYKE748A(®. 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 ICso 0.3-4uM against Candida strains, however no
antibacterial activity was detected (e.g. against Bacillus subtillis,
E.coli)®3647) Interestingly, Hassallidin B shows cytotoxicity against acute
T-Cell leukemia with ICsp 0.2 ug/ml®, Recent studies have proved that
hassallidins are highly active on cell membranes, causing lysis of the cells
with a selectivity to cholesterol rich regions®. 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)**. In general, two lipopeptide
families defined based on the incorporated fatty acids can be established:

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

¥ This classification was created for this thesis only and cannot be considered as official
classification of cyanobacterial cyclic lipopeptides.



bond (O-classes); and lipopeptides with g-amino-fatty acids lipopeptides
cyclized via two peptide bonds (N-classes) (Figure 5).

A) B)

R _0
0 © 7
/ O R
<ﬁ HN R &
NH
R2 N\H—)_/ R’ >/_)_/
. AA
AA o// b-amino-FA O b-hydroxy-FA

Figure 5: Two schematic illustrations of different incorporation of FA into
the peptidic core A) Incorporation of B-amino FA via two peptide bonds,
typical for N-class of lipopeptides. B) Incorporation of B-hydroxy FA via
peptide and ester bond, typical for O-class of lipopeptides.

S-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 S-carbon allows formation of two peptide bonds,
analogously to well-known iturin-class of bacterial cyclic lipopeptides©.
Similarly, g-hydroxy-fatty acid forms an ester bond between free hydroxyl
group on p-carbon and terminal carboxyl group of amino acid. This group is
structurally alike well-known bacterial peptide surfactin with antibacterial
and antiviral properties®?. Also dolastatin 17, depsipeptide isolated from sea
hare Dolabella auricularia®, exhibiting human cancer cell growth inhibitory
activity (Glso 0.45-0.74 pg/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 « carbon, that is in many
cases hydroxylated or (di)methylated. g-hydroxy FA are slightly more
conserved, unbranched, and more often contains triple acetylene bond on the
aliphatic chain terminus (AmCeya etc.) compare to f-amino FA.

Table 1: Classification of cyanobacterial cyclic lipopeptides with
incorporated FA. X stands for highly variable residues, asterisk indicates

places of the cyclisation.

p-hydroxy-fatty acid (O classes)

Class

Sub-
class

General structure

Peptides

*FA-Val/lle-HIVa/[HMPa/PLa-NMePhe- .
0-1 % Yanucamide
BAla
Veraguamides, Antanapeptins,
0-2 0O-2a | *FA-Val/lle-X-HIVa/HMPa/PLa-Pro-X* Hantupeptins, Trungapeptins,
Radamide B, Naopeptin
O-2b | *FA-X-PLa-Pro-X-Val* Palmyramide
*FA-Val/lle-X-HIVa/HMPa/PLa-Pro-X- Pitipeptolides, Viequeamides,
0-2c . . .
X* Kohamamides, Tiahuramides,
*FA-lle/Val-(NMeVal/NMeAla),- .
0-2d | |} |va/HMPa/PL a-Pro-Xx:* BRI
0-3 *Fa-X-X-(X)-Pro-NMePhe/NMeTyr- Cocosamide, Benderamide,
Ala/Gly* Dudawalamides, Guineamide
0-4 TFZ,z;dHMBaIdHMPa/HIVa—TZa—(X)—X— Lyngbyabellin, Hectochlorin
p-amino-fatty acids (N classes)
Class ISalét;c General structure Peptides
N-1 *FA-AOFHa-X-Gly* Anabaenolysins
*FA-HMPa/La/HIVa-X- —
N-2 N-2 P
® | NMePhe/NMex-Ala/x* orpoisamide,
N-2b | *FA-La/HMPa-X-NMeX-Ala-TZa* Ulongamides
“FA-HMPA/L/HIVa-X-X-NMeX-(X-X)- | \15nqaneptins,  Companeramides
N-2c | NMe-X-Ala/Leu/lle/Val-(X-X-X)-(X)- Male\g/afnize BC P '
NMeX* '
N-3 *FA-GIn-Gly-Pro/mPro-X-X-Ser/Thr- Muscotoxin, Portoamides,
Dhb-Ser/Thr-X-Pro/mPro* Schizotrin A, Pahayokolides
N-4 *FA-Val-X-X-X-Asn/GIn-Ala/Gly-X- Minutissamides, Puwainaphycins,
NMeAsn-Pro* Calophycin
N-5 N-5a *FA-X-X-Pro/OH-Pro-Ser/hSer-Phe/Tyr- | Trichormamide A,D , Laxaphycin A,
Leu-X-X-X-Gly* Lobocyclamide A and similar
N-5b *FA-X-OH-Leu-X-X-GIn-NMelle-X-Thr- Trichormamide B-C, Laxaphycin B,
Pro/OH-Pro-X-Thr* Lobocyclamide B and similar
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O Classes: Cyanobacterial cyclic lipopeptide with p-hydroxy-fatty acids
Generally, cyanobacterial cyclic lipopeptides containing B-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, 0-2, and O-3 comprise cyanobacterial kulolide super family members®®),
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/lle-HIVa/HMPa/PLa-X-BAla*(see Figure 6), and

O-1
R? HCE%
IHmC ya/ ¥ 5 HZC:é
8y 0 B-Ala H30—§
HmC ea/HmC aa \>/\/
NH O
S R? H
HaC CH3"§

N “NMePhe R® CHs

)
ﬁ CHg
3HIV:’:l/HI\/IPz’:l/PLa CHs
2val/lle

CHj

O

Figure 6: General structure *FA-Val/lle-HIVVa/HMPa/PLa-X-BAla* of lipopeptides belonging to
Class O-1
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includes the smallest known p-hydroxy-fatty acid containing cyclic
lipopeptides. With only 5 residues and short Hm.Cgya 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/lle adjacent to the fatty acid moiety seems to be important.
Additionally, hydroxy acid HIVa and rare BAla are incorporated. While
lipopeptides with only Hm>Cgya are known, tentative variants with Hm»Cgea
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 (LDso 5 ppm)®4. 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 HIVVa, HMPa, PLa, or
Phe. Additionally, Val/lle is adjacent the FA. Incorporated FA in described

variants is either p-hydroxy-a-methyl-octanonic acid (HmCgaa), or
unsaturated HmCgea or HmCgya. 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, lle, or Phe. Similarly to the structures

in the bacterial kulolide family, unpolar residue Val/lle is adjacent to FA with



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 lle, Leu, or
Val). Incorporated fatty acid moiety is of medium length with no additional
hydroxylation except for B-hydroxylation. At least one residue is hydroxy
acid (HIVa, HMPa and PLa derived from Val, lle and Phe, respectively).
Typical representatives are the hexapeptide Veraguamides A-J6%8) or
heptapeptides pitipeptolides?486),

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 (HmCgya). A comparison of similar structures proves the possible partial
importance of this acetylene modification. Pitipeptolide A with HhCgya is
reported to have six times lower cytotoxicity than Pitipeptolide C with
HhCgaa. 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 HhCgaa possesses a slightly higher
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cytotoxicity than Hantupeptin A with unsaturated HmCgya and, similarly,
Kohamamide B with HmCgea is more active than Kohamamide A with
HmCgya. 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 HhCgya, their
cytotoxicities against HelLa cells differs by two orders. The difference
between these two structures is the presence of PLa residue instead of HMPa
and NMeVal instead of NMelle in less potent VVeraguamide F®U. 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®. The loss of bioactivity cannot be easily
explained by the presence of an aromatic residue, as Hantupeptin A
containing HhCgya as well as PLa maintains its bioactivity®®. Further, the
brominated fatty acid moiety can significantly increase cytotoxicity as
observed in the most active Veraguamide A with bromo-HhCgya. 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®®. 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

0-2 class lipopeptides action and their molecular targets remain unknown.



Subclass O-2a (Veraguamide type)
Cyanobacterial lipopeptides belonging to subclass O-2a are

hexapeptides and possess a general structure of *FA-Val/lle-X-
HIVa/HMPa/PLa-Pro-X* (see Figure 7). This subclass contains for example

antanapeptins, veraguamides, and Radamamide B.

0-2a
NMeVal/NMelle/ R séECH
NMePhe
o =cn,
4HIVa/HMPa/PLa §—cHy

(0]
2valflle )\< R2 S
$— cHy
R® CH,
N

CHg

SPro
ﬁ '\[CHS

CHg

1HmCBaa/HmCSea/ NMeVaI/
HmC.ya/8-Br-HmC,ya NMelle/lle

Figure 7: General structure *FA-Val/lle-X-HIVa/HMPa/PLa-Pro-X* of lipopeptides belonging to
Subclass O-2a

Antanapeptins
Antanapeptins A-D are hexadepsipeptides isolated from Lyngbya

majuscula (from Antany Mora) with a general structure of *FA-Val-
NMePhe-HIVa-Pro-NMelle/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®?,
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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®8%),
The general structure of these lipopeptides *FA-Val/lle-NMeVal/lle-
HIVa/HMPa/Pla-Pro-NMeVal/lle* 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 1Csg
for HeLa cells ranging from 0.54uM (Veraguamide D) to 49 uM
(Veraguamide F).

Radamamide B, isolated from a collection of Lyngbya majuscula,
from Madagascar shares a general structure of veraguamides with sequence
*FA-lle-NMeVal-HMPa-Pro-NMelle*. This compound was tested in
several inhibitory activity assays (thrombin, trypsin, and Leu aminopeptidase)
without showing any bioactivity®?, 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)®8%) and actually might be assigned to the veraguamides group
as the general structure *FA-Val-NMelle-PLa-Pro-NMeVal* is identical to
Veraguamide F, however hantupeptins contain fatty acids with different
saturation not described in Veraguamide F (HmCgea and -aa).



Hantupeptin A showed cytotoxicity against MOLT-4 leukemia cells
and MCF-7 breast cancer cells with 1Cso values of 32 and 4.0 uM,
respectively®). The most active Hantupeptin B exhibits the cytotoxicity
against identical cell lines with ICs 0.2 and 0.5 puM, respectively, Hantupeptin
C with 1Cs0 3.0 and 1.0 puM, respectively©?,

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

Province)®) are, similarly to hantupeptins, the only analogues of
Veraguamide F with the replacement of NMeVal by lle (general structure
*FA-Val-NMeVal-PLa-Pro-lle*). 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 lle and possesses interesting antiparasitic properties (ICso
27uM and 5.8 uM against Plasmodium falciparum and Leishmania
donovani, respectively) and it has been found to be an inhibitor of calcium

oscillations in murine cortical neurons (ICso 11.7 uM)®4,
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Subclass O-2b (Palmyramide type)
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Figure 8: General structure *FA-X-PLa-Pro-X-Val* of lipopeptides belonging to Subclass O-2b

The lipopeptides of subclass O-2b contain similar building blocks to subclass
0-2a, however, they are assembled in a different order (see Figure 8). Val/lle
residue adjacent to fatty acid typical for all members of Class O-2 is attached
on the p-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®%). 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
ICs0 17 uM and 39.7 puM, respectively®.

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



contains the majority of described cyanobacterial kulolide superfamily
members®)4* with a general structure of *FA-Val/lle-X-HIVa/HMPa/PLa-

Pro-X-X* (see Figure 9), where FA stands again for short HmCsgaa, ea or ya.
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Figure 9: General structure *FA-Val/lle-X-HIVVa/[HMPa/PLa-Pro-X-X* of lipopeptides
belonging to Subclass O-1c

The structures often possess hydroxy acids at position 4. Adjacent to this
residue, various N-methylated amino acids are present (NMeVal, NMelle,
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 2



32

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)@®®). The general structure of *FA-Val-Phe-HIVa/HMPa-
Pro-Val/lle-Gly* shows again some similarity to smaller trungapeptins from
Class O-2a with similar occupation of the variable positions of the peptide
sequence (lle/Leu, Thr/Val/lle 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 1Cso around 13
uM, pitipeptolides C-F exhibit no significant bioactivity®*#, 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 lle
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®® jsolated from the marine cyanobacterial strain
Okeania sp. are structurally related to pitipeptolides, NMePhe is replaced by
NMeVal, lle is replaced by the structurally similar Leu and Gly by Ala.
Kohamamides were tested against HeLa and HL60 cells. Interestingly,

Kohamamide B with Hm»Cgea was shown to have a weak to moderate



cytotoxic activity (as the most potent kohamamide variant) 1Cso 23 uM and 6
uM, respectively; Kohamamide A with the usually more active Hm,Cgya
shows reduced activity with 1Cso of 29 uM and 19 uM, and Kohamamide C
with saturated Hm2Cgaa 18 pM and 11 pM, respectively®®,

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

island of Vieques)®”. 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 ICso 60 nM, all other variants of viequeamides were
inactive®,

Tiahuramides isolated from Lyngbya majuscula (from a collection
from French Polynesia) are highly similar to viequeamides®®. While all
viequeamides possess Hm>Cgya, ea or aa, Tiahuramides possess an identical
peptide sequence to Viequeamide E, but Hm2Cgya is replaced by HmCgya, ea
or aa. The bioactivity assay against SH-SY5Y shows ICso 14 and 6 uM for
Tiahuramide A and B, respectively. Tiahuramide C with HmCgya was
inactive even at 100 uM®@, 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 uM, while the least active Tiahuramide A
shows MIC starting at 27 uM for A.salmonicida and >50 pM for S.baltica®.
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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®?. 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 lle 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®?.

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/lle-(NMeVal/NMeAla)n-HIVa/lHMPa/PLa-(Pro)n-X*  (see
Figure 10). The cytotoxicity varies based on the overall structure from nM
to uM similarly to members of the previously mentioned classes O-1 and O-2.
In subclass O-2d lipopeptides, variants with Hm.Cgya and Hm,Csaa are
described, Hm.Cgea is expected but not discovered yet. Likewise, variants

with Val instead of lle are expected in the position adjacent to the FA moiety.
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Figure 10: General structure *FA-Val/lle-(NMeVal/NMeAla)»-HIVa/HMPa/PLa-(Pro)s-X* of
lipopeptides belonging to Subclass O-2d

Wewakpeptins A-D with a fully determined structure as the only
known members of this subclass possess a general structure of *FA-lle-
NMeAla-NMeAla/NMeVal-NMeVal-HMPa/PLa/HIVa-Pro,-HIVa* and
up to now represent the largest PB-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 LCso around 0.5uM®7).

35



36

Class O-3 (cocosamides etc.)
Class O-3 of the cyclic cyanobacterial lipopeptides, possessing a [3-

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 lle 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
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Figure 11: General structure *FA-X-X-(X)-Pro-Phe/Tyr-Gly/Ala* of lipopeptides belonging to
Subclass O-3

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



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, lle, 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, Hm>Cgya, Hm>Cgea, or Hm>Cgaa 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®®. 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®.

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 ICsp 11 uM, and 39 pM,
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respectively®”). Benderamide A isolated from Lyngbya sp. (Singapore
Collection of Marine Cyanobacteria) is almost identical to cocosamide B with
Alainstead of Gly®® 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™. 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 (1Cso 3.5-3.6 uM).
Dudawalamide B with Ala in the same position preserves antiparasitic activity
against Plasmodium falciparum with 1Csg 8 uM. Dudawalamide D was also
selectively active against Leishmania donovani (ICsp 2.6 uM), while other

duwalamides did not show any effect(®.

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, p-hydroxy as well as f-amino fatty acid (Hm>Csaa, AmCeaa,
and AmCeya). Heptapeptide Guineamide E and hexapeptide Guineamide F
are similar to Dudawalamide A and Dudawalamide B, respectively,
possessing Hm2Ceaa, 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 f-amino fatty
acids, AmCeaa and AmCeya, and thus should belong to N-class

lipopeptides® (for the structures, see Table 2, section O-3).



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®®. 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 S-
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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Figure 12: General structure *FA-dHMBa/dHMPa/HIVa-Tza-X-(X)-TZa* of lipopeptides
belonging to Subclass O-4
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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-lle 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®°V.
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™Y,

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@). 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



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% (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®?. However, some linear lyngbyabellins preserve their bioactivity as
lyngbyabellin D and | are both cytotoxic within the 0.1-1uM 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-lle/Val-TZa*)®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 (ICso 0.05uM and 0.07uM,
respectively)®1%, Similarly, Lyngbyabellin B was tested against HT29,
HeLa, Ca46, and PtK2 with 1Cso 0.1-1.1uM®%_ Interestingly, some of the

linear lyngbyabellins show similar bioactivity, namely Lyngbyabellin D with
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ICs0 0.1uM against KB cells and Lyngbyabellin | with ICso 0.7-1.0 pM
against H460 and Neuro-2a cells®%,

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 ICs00.0015 and 0.3uM“%% 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” 1% 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®. Additionally, the affect on actin polymerization in the human cells
has been reported®®. Hectochlorins A-D show further broad antiproliferative
activity with an average Glso 5.1 pM against 60 different cell lines including
colon, melanoma, ovarian, and renal cell lines4,

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



of the hydroxyl group in the above mentioned residues. If bioactive, their
anticancer potencies vary, with 1Csg values ranging from 0.005 to 6uM.

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®®),
Lyngbyabellin G shows sell line selective anticancer activity and it reaches
ICs0 values around 3uM against H460 and Neuro-2a cells while it possess
extremely weak activity again against MCF7 (1C50=120uM).

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 LCso 0.4-1.2 uM. Structurally
similar Lyngbyabellin N is further proved to be cytotoxic in the nanomolar
range against human colon HCT 116 cells with 1Cso 40 M%), 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 -amino-fatty acids
Cyclic cyanobacterial lipopeptides with incorporated B-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 B-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®®. Their
structure can be characterized by the general sequence of *FA-AOFHa-X-
Gly* (see Figure 13) where FA is polyunsaturated B-amino-a-hydroxy-
octadecanoic acid (mostly AhCiges 79132 or AhC1ges7,913.15a) and AOFHa is
a lactone containing 2-(p-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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Figure 13: General structure *FA-AOFHa-X-Gly* of lipopeptides belonging to Subclass O-3



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®?,

Anabaenolysins A-D were isolated from cyanobacterial strains of the
genus Anabaena and show high cytolytic activity in mammal cell lines, the
L Cso values ranging from 3.7 uM to 17 pM®®). 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.1%) 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 Dbacterial cyclic B-hydroxy-fatty acid containing lipopeptide
surfactin®V. However, while surfactin is primarily active in the phospholipid
region of the membranes®®® 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°7),

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 B-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-2¢ (*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/lle 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/lle-(X)n*,
where FA stands for short unsubstituted fatty acid, including AmCeaa or
AmCaya.

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 (B-hydroxy/p-amino) while the FA length, substitution, and
saturation is likely more important. Put simply, the exchange of B-amino-FA
for B-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 AmCgaa as FA. The only described



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 AmCgea or AmCgya are

contemplated.
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Figure 14: General structure *FA-HMPa/La/HIVa-X-NMePhe/NMeX-Ala* of lipopeptides
belonging to Subclass N-2a

This subclass is based on the structure of Porpoisamide A-B?%9
isolated from Lyngbya sp. (from Florida Keys) containing AmCgaa. While O-
2b lipopeptide Palmyramide A®® with Hm,Csya 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 (ICsop 17 uM and 40 puM,
respectively), Porpoisamides A and B exhibit similar potency against HCT-
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116 colorectal carcinoma with I1Cso 25 uM and 21 uM, respectively and U20S
osteosarcoma cells with 1Csp 28 pM and 22 uM, respectively%?.,
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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Figure 15: General structure FA-HMPa/La/HIVa-X-NMeX-Ala-TZa of lipopeptides belonging
to Subclass N-2b



general structure of *FA-HMPa/La-X-NMeX-Ala-TZa**? (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®?, a cyanobacterial pentapeptide with a structure of Apa-La-
NMeVal-NMePhe-Ala-TZa where Apa represents -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 (ICso 1 uM and 5.2 puM, respectively), which is almost identical to
Ulongamides A-E (ICsp 1.0 uM and 5.0 uM for KB and Lovo,
respectively®?). 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 uM). 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/lle/Val-(X-X-X)-(X)-NMeX* (see Figure 16)
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Figure  16: General structure *FA-HMPa/La/HIVa-X-X-NMeX-(X-X)-NMeX-
Ala/Leu/lle/Val-(X-X-X)-(X)-NMeX* of lipopeptides belonging to Subclass N-2b

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

number of the residues in the cycle varies with ulongapeptins containing



7 residues*?, companeramides 11 residues’® and Malevamide B 14
residues®. 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, AmCesaa 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 uM. Because many other lipopeptides from the above-
mentioned classes exhibit bioactivities in concentrations above 1 puM 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 uM 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

ICso value of 0.63 uM“!2, Antiparasitic properties have yet to be evaluated.

Companeramides
Recently discovered companeramides are decapeptides with a general

structure of *FA-HIVa-NMeAla-lle/Val-NMeVal-lle-Pro-NMelle/NMeVal-
Ala/Val-NMeVal*, where FA stands for AmCgya**®). Companeramide A and
B isolated from a marine cyanobacterium Leptolyngbya collected from the
Coiba National Park, Panama. Companeramides show antiparasitic activity
against Plasmodium falciparum (ICso 230 nM for companeramide A and 1
uM 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
uMA3),

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/lle/Val-X-X-Pro-(X)-NMeX*(0.61.124)
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.



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 uM)®©),

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

general structure of *FA-GIn-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, lle/Phe/OMe-hTyr at position 10).
Incorporated FA is either 5-OH-AhCioaa (muscotoxins®) or 5,7,8-(OH)s-
10-Me-AhCiiaa (other N-3 lipopeptides). In pahayokolides®>11®) Schizotrin
AN and portamides®*® 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®®, 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-AhCioaa
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),

On the other hand, lipopeptides with 5,7,8-(OH)3-10-Me-C14a lack the general
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Figure 17: General structure *FA-GIn-Gly-Pro/mPro-X-X-Ser-Dhb-Ser/Thr-X-Pro/mPro* of
lipopeptides belonging to Subclass N-3

membrane permeabilization effect, affect mitochondria in human cells, and

show high selectivity and unique antibacterial activity among cyanobacterial



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.*!*® 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@317) group was isolated

from the soil cyanobacterium Desmonostoc muscorum (wet meadow soil,
Chel¢ice, Czech Republic) with a general structure of *FA-GIn-Gly-
Pro/mPro-Phe-lle-Ser-Dhb-Ser-lle-Pro/mPro*. The only alteration in the
structure beside the Ile/Val variation is the facultative y-methylation of the
first, second, or both proline residues. Muscotoxin A is cytotoxic to YAC-2,
SP/2, and HeLa cells with 1Cso 13.2 uM, 11.3 uM, and 9.9 uM,
respectively®), 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 pM), an increase in intracellular Ca?* concentration is observed@,
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 uM®9

respectively.
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Portoamides and Lyngbyazothrins
Portoamides A-D, recently isolated from cyanobacterium Oscillatoria

sp.(18129) with a general structure of *FA-GIn-Gly-Pro-Pro-lle-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-OHz-
10Me-Ci4aa). 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 (ICs0 6.03 uM, 3.38
uM, 3.02 uM, 0.98 uM, 3.61 uM, and 2.82 uM, 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)®®).
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 puM. Additionally, growth inhibition of the microalgae
Ankistrodesmus falcatus, Chlamydomonas reinhardtii, and cyanobacterium
Cylindrospermopsis raciborskii with 1Cso of around 8.4 uM®?® 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,



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.

Pahayokolides
Pahayokolides A-B®® purified from a new species of cyanobacteria

of the genus Lyngbya possess a general structure of *FA-GIn-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 (ICso varies from 2.13 uM to 44.57 puM)
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
(1Cs02.13, 2.61, 2.76, 3.27, and 5.74 pM, respectively)®, lower cytotoxicity
was reported for U251 and SKBR3 cells (ICso 13.33 uM, and 16.70 uM,
respectively) and a low effect was observed in HT29 (ICso 44.57 uM). At
concentrations higher than 3.5 uM, 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-GIn-Gly-Pro-Phe-
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Val-Ser-dhb-Ser-hTyr-Pro*7), 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

lines17),

Tychonamides
Tychonamides A-B purified from cyanobacterium Tychonema sp.©®)

(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 1Csg
0.2-0.9 uM for Tychonamide A and 0.7-9.5 puM for Tychonamide B.
Additionally, the antiproliferative activity of Tychonamide B was evaluated
on 22 human tumor xenografts with ICso 0.1-2.7 uM®®. Both Tychonamide
A and B possess antiprotozoal activity against Plasmodium falciparum,
Trypanosoma cruzi, Leishmania donovani, and Trypanosoma brucei with
ICs0 0.07-2.8 uM and 0.16-3.7 pM, respectively©®.

Class N-4 (minutissamide type)
Class N-4 includes exclusively decapeptides similar to the bacterial

lipopeptides of Iturin group®). Their general sequence is *FA-Val-X-X-X-
GIn/Asn-Gly/Ala-X-NMeAsn-Pro* (see Figure 18). It contains two groups

of lipopeptides, minutissamides®1?  and  puwainaphycins®51%2



biosynthetized via NRPK/PKS machinery®), Despite the different
designation in name, both types of lipopeptides possess a similar variation in
amino acid and fatty acid composition. Incorporated modified B-amino-fatty
acid is further hydroxylated on C2 carbon and methylated on C4 carbon in all

known  puwainaphycins and  minutissamides  (4-Me-AhCi2-1gaa).
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Figure 18: General structure *FA-Val-X-X-X-GIn/Asn-Gly/Ala-X-NMeAsn-Pro* of

lipopeptides belonging to Subclass N-4
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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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.?®, 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 Ca?* similarly to bacterial
lipopeptide Daptomycin®®). 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 p-amino-a-hydroxy-fatty acid moiety and its
interaction with cell membranes. The mechanism of action of Calophycin

remains unclear.



Puwainaphycins A-G

Puwainaphycins are isolated from soil Anabaena, Symplocastrum and
Cylindrospermum®®22) and share a general structure of *FA-Val-Dhb-X-X-
GIn/Asn-Gly/Ala-X-NMeAsn-Pro*. Apart from chlorinated Puwainaphycin
C being characterized by an ionotropic effect with EDso 0.1ppm in mouse
atria® and puwainaphycin F/G causing necrotic cell death via membrane
disruption® with 1Cs 2-3 uM 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)@®. While possessing
an unsubstituted p-amino fatty acid, namely, 4-Me-AhCisaa and the
NMeAsn-Pro-FA-Val motiff, the structure *FA-Val-Ala-Asp-Asn-GIn-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 pg/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 pg/disc. The cytotoxicity of Calophycin is reported against
KB cells with ICso of 0.24 uM @),
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Minutissamides A-L
Minutissamides, decalipopeptides isolated from Anabaena

minutissima, Cylindrospermum sp. and other strains®122 share a general
structure of *FA-Val-Dhb-Asn/Thr-Thr/Val-GIn/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 (ICso 2.0, 20.0, 11.8 and 22.7 uM,
respectively)®®, Minutissamide E-J manifest their activity in the MDA-MB-
435 human melanoma cancer cell line (1Cs0 2.9, 1.2,9.9,1.1, 2.9, and 2.6 uM,
respectively)?), as well as a mixture of Minutissamide K and L showing
cytotoxicity against MDA-MB-435 (ICsp 2.9uM)*?Y. 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®?® 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-GIn-
lle-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.



Members of both subclasses are co-biosynthesized via one
biosynthetic gene cluster as described by Heinild et al.??Y, The NRPS/PKS
cluster contains a common starter FAAL-containing module and PKS enzyme
elongation and modification of the FA by the f-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®?4,
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 pg/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 pg/m1)®?®, 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)®?). 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-5a129),

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 ACgaa or ACioaa bearing only B-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% and Scytocyclamide A®27 is GIn 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

N-5a
8%
X
lle/Val
lle/Phe
0 R
R H P Leu
10y OV\NH
Leu/Pro R\ _NH
OJ 6
NH - Phe/Tyr
llGly ;( o
O™\ (C'ﬂ\z)lz
Rl
NH 5Ser/hSer
IAC_.aal/AC, aa NH
8 10 O
R>\on/ ]/\(
2x
3y 4Pro/OH-Pro

Ser/hSer/GIn
hb/Ser

R! i{H R2 gL{H R3 i{H
&(\ g{{OH ‘l{OH

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

hydroxyproline and Tyr*?%, However, a distinct positioning of hydroxylation



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?®1?%) and marine Lyngbya majuscula®®®. Besides the major variant,
Laxaphycin A, congener A2 (lle => Val exchange) and E (ACsaa is replaced
by ACicaa) are described®?®, Laxaphycin A and A2 show only weak
cytotoxicity against HCT-116 cancer cells (ICsp 23.0 and 29.0uM,
respectively)?29),

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®3?. 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?® 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 (150pg/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 1033926131 jsolated 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 (ICso 16.9 uM
and 9.9 uM, respectively)®V. Similar cytotoxicity was reported for
Trichormamide D (ICso 11.5 uM and 11.7 uM, for the above-mentioned cell
lines, respectively)?2®), Trichormamide D contains GIn 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%%") jsolated 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 uM causes



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-GIn-NMelle-X-
Thr-OH-Pro/Pro-X-Thr* (see Figure 20). Longer fatty acid (ACioaa)
present in Laxaphycin B and other B analogues?®, Lobocyclamides A-B*?°

and Trichormamide B-C*31:132) js more frequently incorporated compared to
N-5b
8x
19pro/OH-Pro s OH-Asn/Asn/Ser
O

H
2 (6]
R Q R o 'NMe-lle
)j\NHM k?

N NH

o
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o HNO
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HN® R
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4
N NH<" Yo X
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Figure 20: General structure *FA-X-OH-Leu-X-X-GIn-NMelle-X-Thr-OH-Pro/Pro-
X-Thr* of lipopeptides belonging to Subclass N-5b
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ACgaa 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®® or marine representative Lyngbya majuscula®?®. Laxaphycin B and
an additional 5 congeners B2-B6 has been described to be mostly differing in
variable residue 3 (lle/Vval), 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 ICso 1.11 uM and 1.7 uM for the B and B4

variant, respectively?3,



Lobocyclamides (B type)
Lobocyclamide B-C are produced by Lyngbya confervoides together

with Lobocyclamide A®?), Lobocyclamide B-C share identical structure
except for the fatty acid moiety, ACiaa vs. ACgaa 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 pg/Disk, inhibition zone 8mm and 10mm)*25),

Lyngbyacyclamides
Lyngbyacyclamides A-B were isolated from the Okinawan marine

cyanobacterium Lyngbya sp.®®?. They exhibit cytotoxicity against B16
mouse melanoma cells with 1Csg 0.7 1M, but no toxicity in brine shrimp assay
up to the highest concentration tested (70 pM) 32,

Trichormamide (B type)
Trichoramide B and C®?®, 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 (ICso 0.8 uM and 1.5 uM against MD-MB-
435 and HT-29, respectively) has a comparable cytotoxicity to
Trichormamide C (ICsp 1.7 uM and 1.0 pM)131.132),
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Scytocyclamide B (B type)
Scytocyclamide B and C“?” are isolated from Scytonema hofmanni

PCC7110 and are structurally similar to Laxaphycin D. They possess an
almost identical structure to ACgaa, except for residue 5, where Leu is not
hydroxylated. The cytotoxicity for B-C variants was not determined, but at a
concentration of 10 uM causes rapid blebbing and membrane disruption in

3T3 cells identically to Scytocyclamide A®?7,

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@®>35%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 a,B-dihydroxyl of the FA residue or free hydroxyls of the
saccharide bound to the B-hydroxy group. In the case of anabaenolysins,
puwainaphycins and muscotoxins the —OH is present on the FA a-carbon.
This indicates the relevance of such a polar group adjacent to the FA moiety
likely in interaction with the membrane components. Generally, the I1Cxsp
values of these lipopeptides range from 0.1 to 25 uM and are not highly cell
specific.



Secondly, brine shrimp toxicity, antiparasitic toxicity, and cell-
specific cytotoxicity is described for many cyanobacterial cyclic
lipopeptides®167:90.112.113) with relatively small amino acid cyclic cores. These
lipopeptides usually further contain the terminally reduced fatty acids as
e.g. Cgya, Cgea, and Ceya (p-amino- as well as B-hydroxy fatty acid). The
vast majority of these lipopeptides contain hydroxy acids (HIVa, HMPa, PLa
etc.) and a range of branched acids (Val, Leu, lle, HIVVa, 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/lle 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/lle
Cyanopeptolin A | (0 Csaas Asp Thr Arg Ahopip Val NMePhe | Val
Cyanopeptolin B | 0 Csaa Asp Thr Lys Ahopip Val NMePhe | Val
Cyanopeptolin C | Ceaa Asp Thr NMeLys | Ahopip Val NMePhe | Val
Cyanopeptolin D | 9 Ceaa Asp Thr N,NMezLys | Ahopip Val NMePhe | Val
Class S-2 FA Thr Thr Thr X Dhb Gin Gly |Thr| X
Man-
Balticidin C @n Hh-Cieaa Thr Thr Thr OH-Tyr Dhb Gin Gly [NMe| GIn
Thr
Man-
L 3-Ara-Gal-13-
Balticidin D @n Thr Thr Thr OH-Tyr Dhb Gln Gly |NMe| GIn
Cl-Hh-Cieaa
Thr
Man-
Hassallidin A @9 Hh-Cisaa Thr Thr Thr Tyr Dhb Gin Gly [NMe| GIn
Thr
Man-
Hassallidin B () [3-Rha-Hh-C14ad| Thr Thr Thr Tyr Dhb Gln Gly |NMe| GIn
Thr
Hex-
3-Hex-Pen-Hh-
Hassallidin C @9 Thr Thr Thr Tyr Dhb GIn Gly [NMe| GIn
Cieaa
Thr
Hex-
o 3-Hex-Pen-Hh-
Hassallidin D @) Thr Thr Thr Tyr Dhb GIn Gly [NMe| Tyr
Cieaa
Thr
Cyclic lipopeptides with FA incorporated into the cycle:
B-hydroxy-fatty acid containing lipopeptides
HI1Va/HPMa|
Class O-1 FA Val/lle NMePhe PAla
/Pla
Yanucamide A | €9 Hm,Cgya lle Hiva NMePhe BAla
Yanucamide B @4 Hm,Cgya Val Hiva NMePhe BAla
HIVa/HMP
Class O-2a FA Val/lle X Pro X
a/PLa
/Antanapeptin A | 9 HmCgya Val NMePhe HIVa Pro NMelle
/Antanapeptin B | 9 HmCsea Val NMePhe HIVa Pro NMelle
/Antanapeptin C | ©9 HmCsaa Val NMePhe HIVa Pro NMelle
/Antanapeptin D | ©9 HmCgya Val NMePhe HIVa Pro NMeVal
\Veraguamide A | D | 8-Br-HmCgya Val NMeVal HMPa Pro NMeVal
\Veraguamide B | &9 | 8-Br-HmCsya Val NMeVal HIVa Pro NMeVal
\Veraguamide C | ©9 HmCsya Val NMeVal HMPa Pro NMeVal
\Veraguamide D | ©9 HmCgya Val NMeVal HMPa Pro NMelle
\Veraguamide E | ©9 HmCgya lle NMelle HMPa Pro NMeVal
\Veraguamide F | D HmCsya Val NMeVal PLa Pro NMeVal
\Veraguamide G | D HmCsya Val NMeVal HMPa Pro NMeVal
Veraguamide H | (39 HmCgya Val NMeVal HIVa Pro NMeVal
\Veraguamide | | 39 HmCsaa Val NMeVal HMPa Pro NMeVal




eraguamide J | 133 HmCsya Val NMeVal HIVa Pro NMeVal
Radamide B 61 HmCgya lle NMeVal HMPa Pro NMelle
Hantupeptin A (88) HmCgya Val NMelle PLa Pro NMeVal
Hantupeptin B ©2) HmCgea Val NMelle PLa Pro NMeVal
Hantupeptin C | ©2 HmCgaa Val NMelle PLa Pro NMeVal
[Trungapeptin A | ©3 HmCsya Val NMeVal PLa Pro lle
[Trungapeptin B | 3 HmCgea Val NMeVal PLa Pro lle
[Trungapeptin C | 3 HmCsaa Val NMeVal PLa Pro lle
Naopopeptin [ HmCgya Val NMeVal PLa Pro NMelle
Class O-2b FA X PLa Pro X Val
Palmyramide A | ©® HmCsya La PLa Pro NMeVal Val
HIVa/
Class O-2¢c FA Val/lle X HMPa/ Pro X X
PLa
Kohamamide A | ©©) HmCaya Val NMeVal HMPa Pro Leu Ala
Kohamamide B | ©9 Hm,Cgea Val NMeVal HMPa Pro Leu Ala
Kohamamide C | ©9 Hm,Cgaa Val NMeVal HMPa Pro Leu Ala
Pitipeptolide A | @4 HmaCsya Val NMePhe HMPa Pro Ile Gly
Pitipeptolide B (86) HmaCsea Val NMePhe HMPa Pro Ile Gly
Pitipeptolide C | @ Hm,Cgaa Val NMePhe HMPa Pro lle Gly
Pitipeptolide D | @9 HmCgya Val Phe HMPa Pro lle Gly
Pitipeptolide E (86) HmCgya Val NMePhe HiVa Pro lle Gly
Pitipeptolide F (86) Hm2Csya Val NMePhe HMPa Pro Val Gly
Radamamide A | © Hm2Csya Val NMeVal HMPa Pro NMePhe Gly
[Tiahuramide A | @ HmCsya Val NMeVal PLa Pro NMeAla lle
[Tiahuramide B | @ HmCgea Val NMeVal PLa Pro NMeAla lle
[Tiahuramide C | @ HmCsaa Val NMeVal PLa Pro NMeAla lle
iequeamide A | &) HmCaya Val NMeVal PLa Pro NMeVal Thr
iequeamide B | ©7 Hm2Ceya Val NMeVal PLa Pro NMeAla Val
iequeamide C | ©7) Hm,Cgea Val NMeVal PLa Pro NMeAla Val
iequeamide D | ©7) HmCgaa Val NMeVal PLa Pro NMeAla Val
iequeamide E | €7 Hm2Ceya lle NMeVal PLa Pro NMeAla Val
iequeamide F | ©7 Hm2Ceya Val NMeVal PLa Pro NMeAla lle
Class O-2d FA Ile/Val (NMeVal/NMeAla), H IV‘:::APaI (Pro)a X
Wewakpeptin A | ©7) HmCaya lle NMeAla NMeVal | NMeVval HIVa Pro Pro [HIVa
Wewakpeptin B | ©7) HmCgaa lle NMeAla NMeVal | NMeVval HIVa Pro Pro [HIVa
/ewakpeptin C | ©7 Hm2Cgaa lle NMeAla NMeAla | NMeVal PLa Pro Pro [HIVa
/ewakpeptin D | €7 Hm,Cgaa lle NMeAla NMeAla | NMeVval PLa Pro Pro |HIVa
Class O-3 FA X X X) Pro NMePhe/Tyr | Ala/Gly
Cocosamide A | @7 HmCaya Val NMePhe Pro NMePhe Gly
Cocosamide B 7) Hm,Cgea Val NMePhe Pro NMePhe Gly
Benderamide A | ©8 Hm2Csya Val NMePhe Pro NMePhe Ala
Dudawalamide A| @ Hm,Cgya hPa Ala NMelle Pro NMePhe Gly
Dudawalamide B | @ Hm2Csya Val NMePhe Pro NMeOMeTyr | Ala
Dudawalamide C | @ Hm2Csya Val NMeVal HlVa Pro NMePhe Gly
Dudawalamide D | @ Hm2Csya Val NMeVal HMPa Pro NMePhe Gly
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dHMBa/dHM
Class O-4 FA TZA X) X TZa
Pa/HIVa
Lyngbyabellin A | @2 | 7-Cl,-HmCgaa dHMBa TZa Gly lle TZa
Lyngbyabellin B | ?2 | 7-Cl,-HmCgaa dHMBa TZa Gly Val TZa
D lyngbyabellii
eoXyyngbya e/;” @ | 7-Cl-HmCsaa |  HMBa TZa Gly lle TZa
Lyngbyabellin C | @3 | 7-Cl,-HmCsaa dHMPa TZa dHPa TZa
Lyngbyabellin E | %) [ 7-Cl-HmCgaa | dHMBa TZa dHPa(m) TZa
Lyngbyabellin H | @39 | 7-Cl,-Hm Csaa HIVa TZa dHPa(m) TZa
Lyngbyabellin G | @34 | 7-Cl,-HmCgaa dHMBa TZA dHPa TZa
Lyngbyabellin J | @%) | 7-Cl,-HmCgaa dHMPa TZa dHPa(m) TZa
dHPa
Lyngbyabellin K | @%) | 7-Cl,-HmCgaa HIVa TZa TZa
- dHPa
Lyngbyabellin L | @%) | 7-Cl-HmCgaa HiVa TZa TZa
Lyngbyabellin N | @%) | 7-Cl,-HmCgaa HiVa TZa dHPa(m) TZa
Homohydroxydol
. (134 | 7-Cl,-HmCgaa dHMBa TZA dHPa TZa
labellin
i Ac-
Hectochlorin A | 9 | 7-Cl,-HmCsaa dHMBa TZa TZa
DHMBa
Hectochlorin B | %) [ 7-Cl,-HmCgaa | dHMBa TZa DHMBa TZa
Ac-
Hectochlorine C | %9 | 7-Cl-HmCsaa dHMBa TZa TZa
DHMBa
Ac-
Hectochlorine D | %) | 7-Cl-Hm,Cgaa| dHMBa TZa TZa
DHMBa

Cyclic lipopeptides with FA incorporated into the cycle:
B-amino-fatty acid containing lipopeptides

Class N-1 FA AOFHa X Gly

IAnabaenolysin AhCis€57,913,15

A (59) AOFHa Gly Gly
a

IAnabaenolysin

5 ©9) | AnCyses 79132 | AOFHa Gly Gly

IAnabaenolysin

A (136)] AhCiges7917a| AOFHa GIn Gly

/Anabaenolysin

5 (139)| AhCiseszoa | AOFHa Gln Gly
HMPa/HI

Class N-2a FA X NMe-Phe| Ala
VallLa

Porpoisamide
A

9| AmCgaa HMPa Pro NMePhe | Ala

Porpoisamide
B

109} AmCgaa HMPa Pro NMePhe | Ala

Class N-2b A [AMPAHL o NMePRel L Tza
ValLa NMe-Tyr
Ulongamide A |119|  AmCeaa La NMePhe | NMeVal | Ala TZa
Ulongamide B |119|  AmCeaa La NMePhe | NMeVval | Ala TZa
Ulongamide C |19 AmCsaa La NMeTyr | NMePhe | Ala TZa
Ulongamide D |19 AmCsaa HIVa | NMeTyr | NMeVal [ Ala TZa
Ulongamide E |119|  AmCeaa HMPa | NMeTyr [ NMeVal | Ala TZa
Ulongamide F |119|  AmCeaa HMPa Val NMeVal | Ala TZa




la/
Class N-2 Fa [VaHME x | WM ) %) NMG"’:/ | 00 ool 00 P
ass N-2¢ e
Pa/PLa Val X X
\Val
Ulongapeptin NMe
12 AmCgya La NMeval Val  |NMeVal Val
A Phe
ICompaner- NMe NMe
i 391 AmCgya HIVa | NMeAla lle  [NMeval lle Pro Ala
lamide A lle Val
ICompaner- NMe NMe
13 AmCgya HIVa | NMeAla Val  |NMeVal lle Pro Val
lamide B Ala Val
X NMe NMe NMe
Malevamide B | 9 [ AmCsaa HIVa | NMeAla Val  |NMeVal| NMeVal Pro lle | Pro Pro
Val Val Phe
i NMe NMe | NMe NMe NMe
Malevamide C [ € |  AmCgya HIVa Ala Pro  |NMeVal Ala Leu [Pro| Pro
OMeSer Phe | Ala Val lle
Ser/ Pro/
Class N-3 FA GIn Gly [Pro/mPro| X X Ser/Thr{ Dhb X
Thr mPro
Muscotoxin A [(19]5-0H-AhCyaal  Gin Gly Pro Phe Val Ser | Dhb |Ser| lle | Pro
Musxotoxin B [(19]5-OH-AhCyaa|  GIn Gly Pro Phe Ile Ser | Dhb |Ser| lle | mPro
Muscotoxin C |19{5-OH-AhCiaa|  GlIn Gly mPro Phe Val Ser | Dhb [Ser| lle | mPro
5,7,8-(OH)s-
Lyngbya- OMe-
@0 10-Me- Gin Gly Pro Pro lle Ser | Dhb |Thr Pro
zothrin A hTyr
AhCpaa
5,7,8-(OH)s-
Lyngbya-
@0 10-Me- Gln Gly Pro Pro Ile Ser | Dhb | Thr [hPhe| Pro
lzothrin B
AhCniaa
5,7,8-(OH)s-
Lyngbya- OMe-
i @0 10-Me- Gin Gly Pro Pro lle Ser | Dhb |Thr Pro
lzothrin C hTyr
AhCi1aa(m)
57,8-(OH)s-
Lyngbya-
(©0) 10-Me- Glin Gly Pro Pro lle Ser | Dhb [Thr[hPhe| Pro
zothrin D
AhCuiaa(m)
5,7,8-(OH)s-
OMe-
Portoamide A | 190 10-Me- Gln Gly Pro Pro lle Ser | Dhb | Ser W Pro
r
AhCi1aa(m) Y
57,8-(OH)s-
Portoamide B | 109 10-Me- Gln Gly Pro Pro Ile Ser | Dhb | Ser [hPhe| Pro
AhCiiaa(m)
5,7,8-(OH)s-
OMe-
Portoamide C | 190 10-Me- Gln Gly Pro Pro lle Ser | Dhb | Ser W Pro
r
AhCnaa Y
5,7,8-(OH)s-
Portoamide D |#29|  10-Me- Gln Gly Pro Pro lle Ser | Dhb | Ser [hPhe| Pro
AhCiiaa
. 5,7,8-(OH)s-
Pahayokolide
R 18] 10-Me- Gln Gly Pro Phe Dhb Ser | Dhb | Thr [hPhe| Pro
AhCi1aa(m)
. 5,7,8-(0OH)s-
Pahayokolide
s 18] 10-Me- Gln Gly Pro Phe Dhb Ser | Dhb | Thr [hPhe| Pro
AhCiiaa
5,7,8-(OH)s-
R OMe-
Schizotrin A~ (1D 10-Me- Glin Gly Pro Phe Val Ser | Dhb | Ser W Pro
T
AhCi1aa(m) Y
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5,7,8-OH3-Cs-

ITychonamide OMe-
(©8) Bza- Gin Gly Pro Pro lle Ser | Dhb |Thr Pro
A hTyr
AhCgaa(m)
] 5,7,8-(OH)s-
ITychonamide
5 (©8) Cg-Bza- Gln Gly Pro Pro Ile Ser | Dhb | Thr|hPhe| Pro
AhCgaa (m)
NM
Class-N4 FA Val X X X Asn/GIn |Ala/Gly] X |eAs| Pro
n
Minutissamide NMe
() |4-Me-AhCroaa|  Val Dhb Asn Dhb Asn Ala | Thr Pro
A Asn
Minutissamide 4-Me-12-Cl- NMe|
©5) Val Dhb Asn Dhb Asn Ala | Thr Pro
B AhCrraa Asn
Minutissamide 4-Me-14-0O- NMe
(©5) Val Dhb Asn Dhb Asn Ala | Thr Pro
C AhCieaa Asn
Minutissamide 4-Me-14-OH- NMe
) Val Dhb Asn Dhb Asn Ala | Thr Pro
D AhCieaa Asn
Minutissamide 4-Me-15-0O- OMe |NMe|
azny Val Dhb Thr Thr GIn Ala Pro
E AhCigaa Thr |Asn
Minutissamide 4-Me-12-Cl- OMe |NMe|
azny Val Dhb Thr Thr GIn Ala Pro
F AhCi4aa Thr |Asn
Minutissamide 4-Me-15-OH- OMe |NMe|
(21) Val Dhb Thr Thr Gln Ala Pro
G AhCigaa Thr |Asn
Minutissamide 4-Me-15-0O- OMe |NMe|
azny Val Dhb Thr Val GIn Ala Pro
H AhCigaa Thr |Asn
Minutissamide 4-Me-15-0- OMe |NMe|
21) Val Dhb Thr Thr GIn Gly Pro
| AhCigaa Thr |Asn
Minutissamide 4-Me-12-Cl- OMe |NMej|
2y Val Dhb Thr Thr GIn Gly Pro
b AhCisaa Thr [Asn
Minutissamide 4-Me-15-OH- OMe |NMej|
2y Val Dhb Thr Thr GIn Gly Pro
K AhCigaa Thr |Asn
Minutissamide 4-Me-15-0- OMe |NMe|
21) Val Dhb Thr Val GIn Gly Pro
L AhCigaa Thr |Asn
Puwaina- 4-Me-14-0O- OMe |NMej|
. 122 Val Dhb Thr Thr GIn Gly Pro
phycin A AhCigaa Thr |Asn
Puwaina- 4-Me-14-0O- OMe |NMej|
. (122) Val Dhb Thr Val Gln Gly Pro
phycin B AhCigaa Thr [Asn
Puwaina- 4-Me-14-Cl- OMe |NMe|
i (22) Val Dhb Thr Thr GIn Gly Pro
phycin C AhCysaa Thr [Asn
Puwaina- 4-Me-14-Cl- OMe |NMej|
. (122 Val Dhb Thr Val GIn Gly Pro
phycin D AhCisaa Thr |Asn
Puwaina- OMe |NMe|
. (122)|4-Me-AhCieaa|  Val Dhb Thr Thr Gln Gly Pro
phycin E Thr |Asn
Puwaina- NMe
i @9 |4-Me-AhCysaa|  Val Dhb Asn Dhb Asn Ala | Thr Pro
phycin F Asn
Puwaina- 4-Me-Ah- NMe|
. @5) Val Dhb Gin Dhb Asn Ala | Thr Pro
phycin G Cusaa Asn
NMe|
Calophycin @9 [4-Me-AhCieaa|  Val Ala Asp Asn Gin Gly | Arg A Pro
sn
Pro/ Ser/
Class N-5a FA X X Phe/Tyr | Leu X [ X | X | Gly
OH-Pro | hSer
Laxaphycin A |23 ACgaa hSer Dhb OH-Pro | hSer Phe Leu lle | lle | Leu | Gly




Laxaphycin A2|124) ACsaa hSer Dhb OH-Pro | hSer Phe Leu | Val |lle | Leu| Gly
Laxaphycin E (29| ACjoaa hSer Dhb OH-Pro | hSer Phe Leu lle |lle | Leu| Gly
Hormothamnin
R (130) ACsaa hSer Dhb OH-Pro | hSer Phe Leu lle | lle | Leu| Gly
Lobocycl-
i 30 ACioaa Ser Dhb OH-Pro | hSer Tyr Leu lle |lle| Pro | Gly
amide A
[Trichorm-
i a3 ACioaa Ser Ser Pro Ser Tyr Leu lle |lle | Pro | Gly
lamide A
ITrichorm-
i 28] ACjoaa Glin Dhb Pro Ser Tyr Leu | Val |Phe| Leu | Gly
lamide D
Scytocycl-
i a2n ACsaa Gin Dhb OH-Pro | hSer Phe Leu lle | lle | Leu| Gly
amide A
OH-
Class N-5b FA X OH-Leu X X Gin NMellef X |Thr{Pro/| X [Thr
Pro
OH-
Laxaphycin B |29  ACyeaa Val OH-Leu Ala  |OH-Leu Gln NMelle A Thr| Pro | Leu |[Thr
sn
] OH-
Laxaphycin B2[29|  ACjoaa Val OH-Leu Ala Leu Gln NMelle A Thr| Pro | Leu |[Thr
sn
OH- OH-
Laxaphycin B3|129|  ACyeaa Val OH-Leu Ala  |OH-Leu Gln NMelle A Thr b Leu | Thr
sn ro
OH- OH-
Laxaphycin B4|129|  ACyeaa Val OH-Leu hSer  |OH-Leu Gln NMelle A Thr b Leu | Thr
sn ro
Laxaphycin B5[129|  ACyeaa lle OH-Leu Ala  |OH-Leu Gln NMelle| Asn |Thr| Pro | Tyr |Thr
Laxaphycin B6|129|  ACyeaa lle OH-Leu Ala Leu Gln NMelle| Asn |Thr| Pro | Tyr |Thr
OH-
Laxaphycin D |24 ACgaa Val OH-Leu Ala  |OH-Leu Gln NMelle A Thr| Pro | Leu |[Thr
sn
Lobocyc- OH- OH-
i @3] ACioaa Val OH-Leu Ala  |OH-Leu Gln NMelle Thr Leu | Thr
lamide B Asn Pro
Lobocycl- OH- OH-
@sn ACsaa Val OH-Leu Ala  |OH-Leu Gln NMelle Thr Leu |Thr
lamide C Thr Pro
Lyngbya- OH-
i 132 ACjoaa Val OH-Leu hSer Leu Gln NMelle Thr| Pro | Phe |Thr
cyclamide A Asn
Lyngbya- OH- OH-
i 132 ACjoaa Val OH-Leu hSer Leu Gln NMelle Thr Phe | Thr
cyclamide B Asn Pro
[Trichorm-
i a3 ACioaa lle OH-Leu hSer  |OH-Leu Gln NMelle| Ser |Thr| Pro | Tyr |Thr
lamide B
[Trichorm-
i @3] ACjoaa Val OH-Leu Ala  |OH-Leu Gln NMelle| Asn |Thr| Pro | Leu |[Thr
lamide C
Scytocycl- OH-
i (21) ACgaa Val OH-Leu Ala  |OH-Leu Gln NMelle Thr| Pro | Leu |[Thr
lamide B Asn
Scytocycl- OH-
. a2nf ACgaa Val OH-Leu Ala Leu Gln NMelle Thr| Pro | Leu |Thr
lamide C Asn

7
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Part Il: 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®?? and analogous Puwainaphycin F
and G has been discovered by Hrouzek et al. in 2012, However, structurally
similar compounds found by Kang et al. in 2011©% and 20122V 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



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 1), 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 o-
hydroxylation and S-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
AF,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 B-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®®%9). 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®®®. Experiments with
purified FAAL enzyme from Escherichia coli have proven the presence of
various acyl adenylates, mostly C12 and C14 fatty acids®*%. Similar behavior
is observed in the biosynthesis of puwainaphycins and minutissamides,
congeners with different fatty acid moieties were widely detected (Paper |
and Paper I1). 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®® or cyanobacterial hassallidin(®).

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.®®® and Kang et al.(®>129,
showing that several amino-acid positions can be occupied by variable amino
acids (GlIn/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*®. The
compound appeared to have the following structures: puwainaphycin
containing AhCi.aa (Puwainaphycin F), AhCisaa (Minutissamide A), OH-4-



Me-AhCi2aa PUW F, OH-4-Me-AhCi4aa PUW F, Cl-4-Me-AhC12aa PUW F,
and Cl-4-Me-AhCusaa PUW F14®) | 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 I1). 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
a-hydroxyl and terminal carbonyl group) are cleaved off as well except for
the B-amino group. The stability of the acyl chain and the presence of the 3-
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 p-amino FA containing
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lipopeptides. The method was not tested on PB-hydroxy FA containing
lipopeptides as it is expected that B-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 3-amino FA containing lipopeptide Iturin
A standard solution and revealed 11 putative Iturin A variants with diagnostic
immonium fragments from 128 Da (corresponding to AhCiaa-Iturin A) up
to 226 Da (corresponding to AhCy7aa-lturin 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-AhCqeaa and AhCji7aa). Since
the FAAL domain is capable of activating different fatty acids (Paper 1), 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-OHs-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®37),
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
(Cy7aa-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 -



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.
AhCiges 79,1315a) 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 111). The
observed variation includes differing FA lengths (AhC1o-Cisaa) as well as
various functionalizations. Fatty acid substituted with hydroxyl (e.g. OH-
AhCi.aa or OH-AhCjgaa), chlorine (e.g. CI-AhCi.aa or Cl-AhCi4aa), acetyl
(OAc-OH-AhCieaa and OAc-OH-AhCieaa), and oxo-functional groups
(O-AhCieaa and O-AhCigaa) 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/GIn/Thr at variable position 4,
Dhb/Thr/Val at position 5, Asn/GlIn 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 111) 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 puwl) (Paper II). Finally, both Anabaena
strains contain both starter units (of type I and I1). The substrate specificities
of the individual starter modules were subsequently inferred from the
structural diversity detected in particular strains. Accordingly, starter unit | is
responsible for the activation and incorporation of shorter unsubstituted fatty
acid (AhCio-16a2a) Which can bear hydroxyl- or chloro substitution while
starter unit Il incorporates longer fatty acid exclusively substituted with the
oxo- or hydroxyl groups (O-AhCie.182a). The functionalization of FA by the
oxo and hydroxy!l groups in the case of the type-11 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



surfactin. The surfactin biosynthetic pathway starts with lipoinitiation by a
FACL (Fatty acid CoA ligase) and activation of 3-hydroxy myristic acid®4?.
Consequently, the FAAL domain of the type-1l 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 CHs 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
(41 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-l starter unit are found to be substituted
(hydroxylated or chlorinated, e.g. OH-AhC1.aa). 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. rebeccamycint*?)) or an
intermediate bound to NRPS enzymes (e.g. clorobiocin®*¥): 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®4?),

Cytotoxicity and other bioactivities of minutissamides and

puwainaphycins.

As previously demonstrated, puwainaphycins/minutissamides interact
directly with biological membranes causing their enhanced fluidity and
disruption®2), 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 B-amino FA
lipopeptide iturins where the analogs missing FA moiety lack biological
activity®®. In the previous chapters | 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 a-hydroxy group, which suggests its involvement in
the bioactivity of the compound. Due to these reasons | aimed to study the
effect of FA length and the presence of the a-hydroxyl group on the bioactive

properties of puwainaphycins/minutissamides.



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 AhCy2 and AhC14. Despite the long-
term cytotoxicity of these compounds is similar (ICsp of 2.8+0.5uM and
3.15+£0.5uM, respectively), the dynamics of the cytotoxic effect of these
compounds differed (Paper 1V). HelLa 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-AhCy.aa, 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-AhCisaa 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 1V). 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 Vasicek et al. on in Caco-
2 human intestinal barrier model. After treatment with 2.5uM concentration,
the concentration of Minutissamide A and Puwainaphycin F dropped to 80%
and 15%, respectively, further proving the more rapid incorporation of
Puwainaphycin F47),

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-AhCyaa 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-
AhCggerza and 14-Et-4-Me-AhCz2e13a. The treatment of HeL a cells with these
variants shows a decrease in cytotoxicity compared to Puwainaphycin F and
Minutissamides A and C which manifest moderate effect with ICso values

ranging ~2-3 uM. The dose response curve of synthetic 14-Et-4-Me-AhCigea



variant shows that this compound cannot reach higher inhibition than 50% at
the highest concentration tested (20 uM). The second compound, 14-Et-4-
Me-AhCx.ea 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 uM) and almost 100% inhibition at 20 uM
(Paper 1V). 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 ICso values ~2 pM®* 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. AhCiges 7,9,13,158) and maintain strong
cytotoxic effects. The branching of the FA moiety by the methyl group was
proved to affect lipopeptide bioactivity®®® 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 uM and 37.5 uM, respectively) while the variants containing 14-
Et-4-Me-AhCgygea and 14-Et-4-Me-AhCyzea show inhibition with MIC 0.5
uM and 3.8 uM, 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 V).

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 a-carbon of the FA moiety. As all
molecules from N-3 to N-4 class of lipopeptides possess this
substitution®®65115117.121) 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 (a-hydroxy of FA as well as hydroxy-
group of Thr) (Paper 1V). 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 uM, 9.4 uM, 75 uM, and 37 uM for acetyl-, butanoyl-,
hexanoyl-, and decanoyl- modified Minutissamide A, respectively. The
unmodified Minutissamide A exhibits antifungal activity with MIC 37.5 uM.
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 uM with no clear relation
to the length of acyl substituent. For other fungal strains such as Trichoderma

harzianum, Bipolaris sorokiniana, Monographella cucumerina, Chaetomium



globosum, and Candida friedrichii, all semi-synthetic variants exhibit a mild

increase of antifungal effect.
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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 a-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 a-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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4-Me-AhCygaa - B-amino-a-hydroxy-4-methyl-hexadecanoic acid
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AmCgaa - B-amino-a-methyl-hexanoic acid
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AmCgya - B-amino-a-methyl-hexynoic acid

AmCgaa - B-amino-a-methyl-octanoic acid

AmCgea - f-amino-a-methyl-octenoic acid

AmCgya - B-amino-a-methyl-octynoic acid

AOFHa - 2-(B-amino-5-oxotetrahydrofuran-2-yl)-a-hydroxyacetic acid

Ara — Arabinose

Bza — benzene ring substitution (phenyl)

Csaa - 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-Cy4aa - a,B-dihydroxy-hexadecanoic acid

Hh-Cy4aa - a,B-dihydroxy-tetradecanoic acid

HI1Va - hydroxyisovaleric acid

Hm,Cyoaa - B-hydroxy-a-dimethyl-decanoic acid

Hm,Coea - B-hydroxy-a-dimethyl-decenoic acid
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HmCiqea - B-hydroxy-a-methyl-decenoic acid

HmC,eya - B-hydroxy-a-methyl-decynoic acid

HmCsaa - B-hydroxy-a-methyl-hexanoic acid

HmCsgea - B-hydroxy-a-methyl-hexenoic acid

HmCgya - B-hydroxy-a-methyl-hexynoic acid

HMPa - hydroxymethylpentanoic acid

hPa - a-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
OHj3-10-Me-Cy;aa - trihydroxy-10-methyl-undecanoic acid
OH;-Cg-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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Abstract

A putative operon encoding the biosynthetic pathway for the cytotoxic cyanobacterial lipopeptides puwainphycins was
identified in Cylindrospermum alatosporum. Bioinformatics analysis enabled sequential prediction of puwainaphycin
biosynthesis; this process is initiated by the activation of a fatty acid residue via fatty acyl-AMP ligase and continued by a
multidomain non-ribosomal peptide synthetase/polyketide synthetase. High-resolution mass spectrometry and nuclear
magnetic resonance spectroscopy measurements proved the production of puwainaphycin F/G congeners differing in FA
chain length formed by either 3-amino-2-hydroxy-4-methyl dodecanoic acid (4-methyl-Ahdoa) or 3-amino-2-hydroxy-4-
methyl tetradecanoic acid (4-methyl-Ahtea). Because only one puwainaphycin operon was recovered in the genome, we
suggest that the fatty acyl-AMP ligase and one of the amino acid adenylation domains (Asn/GIn) show extended substrate
specificity. Our results provide the first insight into the biosynthesis of frequently occurring B-amino fatty acid lipopeptides
in cyanobacteria, which may facilitate analytical assessment and development of monitoring tools for cytotoxic
cyanobacterial lipopeptides.

Citation: Mares J, Héjek J, Urajova P, Kopecky J, Hrouzek P (2014) A Hybrid Non-Ribosomal Peptide/Polyketide Synthetase Containing Fatty-Acyl Ligase (FAAL)
Synthesizes the f-Amino Fatty Acid Lipopeptides Puwainaphycins in the Cyanobacterium Cylindrospermum alatosporum. PLoS ONE 9(11): e111904. doi:10.1371/
journal.pone.0111904

Editor: Avadhesha Surolia, Indian Institute of science, India

Received July 11, 2014; Accepted October 9, 2014; Published November 4, 2014

Copyright: © 2014 Mares et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. DNA sequence data are available from the
NCBI database (accession number KM078884 and BioProject PRINA261005). All remaining relevant data are within the paper and its Supporting Information files.

Funding: This study was supported by the Grant Agency of the Czech Republic, project “Toxic potential, Evolution of Toxin Synthesis and Factors Driving
Anatoxin-a Production in Benthic and Soil Nostocacean Cyanobacteria” (No. 14-180675) and by the Center for Algal Biotechnology Trebon - ALGATECH (CZ. 1.05/
21.00/03.0110). The NMR experiments were performed at the Upper Austrian - South Bohemian Research Infrastructure Center in Linz, co-financed by the
European Union in the context of the project “RERI-uasb”, EFRE RU2-EU-124/100-2010 (ETC Austria-Czech Republic 2007-2013, project M00146). The funders had
no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: hrouzekp@gmail.com

Introduction

Analogous to many other bacterial groups, cyanobacteria
possess a unique biosynthetic apparatus capable of gencrating
enormous structural diversity in various secondary metabolites [1-
3]. Large multidomain enzymes of non-ribosomal peptide
synthetase (NRPS) machinery and polyketide synthetases (PKS)
can be reassembled to generate an almost infinite number of
chemical structures. Some of the end-products of this machinery
have been found to be important pharmaceuticals; by contrast,
others are recognized as important environmental toxins. In
cyanobacteria, hepatotoxic  microcystins  [4], nodularins  [5],
cylindrospermopsin [6] and ncurotoxic alkaloids anatoxin [7],
and saxitoxins [8] are produced by the NRPS/PKS pathways.
This finding has initiated intensive research on secondary
metabolite biosynthesis in cyanobacteria. Moreover, these results
also brought about the possibility of detecting cyanotoxins using
molecular markers [6-9].

PLOS ONE | www.plosone.org

As one of the less explored cyanobacterial secondary metabo-
lites, cyclic lipopeptides may be important due to their broad
biological effects in various organisms, which also raises questions
on their possible toxicity to humans [10,11]. Thus far, approxi-

mately 80 structural variants derived from several core structures
have been isolated from cyanobacteria. The peptide cycle may
comprise four amino acid residues.

as in the case of anabacnolysins
[12], or up to 14 amino acid residues, as in malevamides [13]. The
lipidic part of the molecule may be formed by a modified fatty acid
(FA) and connected to the ring by a carboxyl group via peptide
bond formation, as in hassallidins [14]. Alternatively a B-amino
FA may be incorporated into the cycle by two peptide bonds
formed from a carboxyl group and a p-amino group, as found in
the majority of described cyanobacterial lipopeptides. Some 16
core structures of cyanobacterial B-amino FA lipopeptides have
been identified thus far. They display a broad range of bioactivities
including cytotoxicity, as in the case of laxaphycins [15],
hormothamnin A [16], minutissamides [17], pahayokolides [18]
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and lyngbyacyclamides [19], or antifingal and/or antibacterial
activity [20-25].

The chemical structures of cyanobacterial lipopeptides share
some similaritics with those produced by other bactenial groups.
The well-known bacterial lipopeptide surfactin and members of
the iturin Lipopeptide family (bacillomycin, mycosubtilin, licheny-
sin) comprise a seven-member ring of D- and L-amino acids and a
FA side chain of varying length [26-30]. In the surfactin molecule,
the FA chain is connected to the ring by a peptide bond on the
carboxyl side and an ester bond between the B-hydroxy group of
the unusual FA and the isoleucine of the peptide cycle. In the case
of iturin family members, P-amino FA is present; thus, it is
incorporated via a standard peptide bond, similar to the majority
of cyanobacterial lipopeptides. Finally, the FA chan may be
connected via an ester bond t the lincar part of the peptide
molecule, as in fengyein [31], which is the structural analog of the
cyanobacterial metabolite hassallidin. The majority of reported
bacterial lipopeptides have been isolated from Bacillus subtillis
and display a broad range of biological activities including
antibiotic and antifungal effects [32].

The biosynthesis pathway of small bacterial lipopeptides was
initially elucidated for mycosubtilin, an iturin lipopeptide family
member produced by Bacillus subtillis ATCC6633 [33]. Inser-
tional mutagenesis of an operon encoding four ORFs (fenF | myeA-
C) proved the operon to be responsible for mycosubtilin
biosynthesis. The operon encodes MycA, a hybrid enzyme
combining domains involved in polyketide, FA and peptide
synthesis. This multifunctional enzyme activates a FA residue,
clongates it, modifics it by placing an amino moicty on the B
position, catalyzes asparagine addition and passes it on for further
synthesis of the peptide cycle by two peptide multisynthetases
(MycB and MycC). The mycosubtilin biosynthesis is finalized by
forming a peptide bond between the B-amino group of the FA and
the last asparagine of the cycle. Similarly, in the case of surfactin
[34], biosynthesis is mitiated by transfer of a B-hydroxy FA
mediated by acyl transferase SrfD. Eventually, the peptide cycle is
closed by forming an ester bond of the hydroxyl with a leucine of
the peptide backbone [35].

In cyanobacteria, an operon encoding the enzymes involved in
the synthesis of the hassallidin type of lipopeptides has been
recently characterized [36]. The authors clarified the formation of
the peptide backbone and predicted the modules responsible for
glycosylaton and acctylation of the molecule. As mentioned
ahove, apart from the hassallidin (sfingomycin) type of lipopep-
tides, cyanobacteria produce structurally diverse cyelic peptides
containing f-amino fatty acids that possess cytotoxic and
antifungal bioactivities and that may potentally be toxic to
humans, Thus, knowledge of their biosynthetic pathways is
essential for the understanding of chemical variability in their
structures and for providing screening markers for toxic lipopep-
tides in cyanobacteria,

In this report, we describe the characterization of the
biosynthetic gene cluster encoding the cytotoxic cyanobacterial
lipopeptides puwainaphycins and describe novel structural vari-
ants of puwainaphycins synthesized by a single enzyme complex.
For the first time, we identify an operon of a B-amino lipopetide in
cyanobacteria, comparing its features to the lipopetide variants
produced, and discussing the presence of genes that may be
essential for the biosynthesis of cyclic bacterial lipopetides in
general.

PLOS ONE | www.plosone.org

Biosynthesis of Cyanobacterial Lipopeptides

Materials and Methods

Cultivation of cyanobacterial biomass

The uni-cyanobacterial strain - Cybidrospermum  alatosporum
CCALA 988 (C24/1989), previously shown to be a typical
member of the Cylidrospermum cluster [37], was cultivated in 350-
mL glass wbes in liquid Allen Amon medium [38] and bubbled
with 2% COgenriched air at a constant temperature of 28°C,
under 50 W.m™? continuous illumination. Following 5-7 days of
cultivation, the culture was harvested by centrifugation, stored at —
70°C and frecze-dried.

Extractions

Eight grams of lyophylized Cylindrospermum  alatosporum
biomass was extracted using methanol/water (70/30, v/v) for 1
hour and then centrifuged at 1920 g. Supernatant was collected,
and the volume was reduced using a rotary evaporator where the
temperature did not exceed 38°C. The final solution was extracted
in a glass funnel using HyOrn-hexan (4:1). The water phase was
collected and concentrated under the same conditions using a
rotary evaporator and finally dissolved in 2 mL pure MeOH for
high-performance liquid chromatography (HPLC) purification.

To quantfy 4-methyl-Ahdoa-PUW-F and 4-methyl-Ahtea-
PUW-F (Puwainaphycin F), 200 mg of freeze-dried Cylindrosper-
mwn alalosporumt biomass was extracted using methanol/water
(70/30, v/v) solution for one hour. Following centrifugation at
1920 g for 10 minutes, the supernatant was concentrated under a
vacuum at 38°C to dryness, and the residue was then dissolved in
1 mL of methanol/water (70/30, v/v} solution. After centrifuga-
tion, the pellet was extracted once again using the same procedure.
The solutions were 10x diluted prior w0 LCMS analysis. All
samples were prepared in triplicate. Purified compounds used as
standards were prepared in our laboratory.

HPLC purification

The concentrated extract was purified using a HPLC-MS
Agilent 1260 Infinity series cquipped with preparative pumps, a
multiwavelength detector, automatic fraction collector and a mass
spectrometer ESI-Quadrupole (Agilent 6120). The first step was
performed using a semi-preparative Eclipse XDB-C18 column
(9.4%250 mm) with methanol/water gradient, see Table S1, and
at a flow rate of 3.5 mL.min™ . Fractions were collected using an
automatic fraction collector at I-min intervals. The fractions
containing puwainaphycin analogs with m/z 1118.6, 11346,
1146.6, 1152.6, 11626 and 1180.6 were collected in separate
vials. A second purification step was performed using a semi-
preparative: Reprosil 100 Phenyl column (2508 mm) with
methanol/water gradient, sce Table 52, at a flow rate of
2.5 mLamin . Desired fractions were collected again using the
automatic fraction collector. The fractions obtained were dried
under nitrogen.

HPLC-high-resolution mass spectrometry (HRMS)
analysis and MS/MS experiments

Cylindrospermum alatosporum 70% methanolic extracts were
analyzed using a Thermo Scientific Dionex UltiMate 3000
UHPLC+ equipped with a diode-array detector. Separation of
compounds was performed on a reversed-phase Phenomenex
Kinetex C18 column (150x4.6 mm, 2.6 um) using H,O (A)/
acctonitrile (B), both of which contained 0.1% HCOOH as a
maobile phase, at a flow rate of 0.5 mL.min ™', The gradient was as
follows: A/B 85/15 (0 min), 85/15 (in 1 min), 0/100 (in 20 min),
0/100 (in 25 min) and 85/15 (in 30 min). The HPLC was
connected to a Bruker Impact HD  high-resolution  mass
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spectrometer with electrospray ionization. The following svuin,(?rs
were used: dry temperatre, 200°C; drying gas flow, 12 Lomin ;
nebulizer, 3 bar; capillary voltage, 4500 V; endplate offset, 500 V.
The spectra were collected in the range 20-2000 m/z with a
spectra rate of 3 Hz. Spectra were calibrated using both LockMass
622 mternal calibration solution and sodium formate clusters at
the beginning of each analysis. The summary formulas of
molecular peaks obtained were calculated using Smart Formula
in Bruker Compass DataAnalysis software (version 4.2). The
fractions obtained from preparative chromatography were used
for manual direct infusion to a Bruker Impact HD spectrometer at
the following settings: dry temperature, 180°C; drying gas flow,
4 Lamin " '; nebulizer, 0.4 bar; capillary voltage, 4500 V; endplate
offset, 500 V. The spectra were collected in the range 20-2000 m/
z at a spectra rate of 3 Hz. The fractions were dissolved in
methanol containing 0.05% formic acid for more cffective
ionization, and molecular peaks were isolated in quadrupole with
window 3 m/z, and the collision energy was set manually from 0 to
150 eV.

Nuclear magnetic resonance

Pure samples were diluted in 500 uL of DMSO. For NMR
measurements, a 700 MHz Avancelll spectrometer with an
Ascend magnet and a TCI eryoprobe for high sensitivity and high
resolution was used. For structure determination, 'H, 'H"C
heteronuclear single  quantum  coherence NMR - spectroscopy
(HSQC), "H'"N HSQC and TOSCY spectra were recorded.
Data were analyzed using Bruker TopSpin 3.0 and MestReNova
6.0.

Molecular and bioinformatic analysis

Single filaments of Cylindrospermum alatosporum CCALA 988
were isolated using the glass capillary technique [39] using an
Olympus CX31 microscope (x200-400 magnification) to exclude
minor bacterial contaminants from the subsequent molecular
analyses. Suitable filaments were washed using 10 droplets of TE
buffer, and finally, cach was placed in a single 0.2-mL PCR tube.
All instruments and the TE buffer were sterilized by autoclaving
and UV, and the microscope work area was cleaned using 100%
ethanol and treated with UV light for one hour prior to the start of’
the isolation. After freezing (-20°C) for 3 days and thawing for the
initiation of cell lysis, the C. alatosporum filaments were used as a
template  for whole-genome  amplification  (WGA).  Multple
displacement amplification (MDA) with Phi29 polymerase was
conducted using Repli-g Mini Kit (Qiagen) according to the
manufacturer’s protocol. MDA products were tested by PCR for
the cyanobacterial 165 rRNA gene [40]. Positive samples (16
MDA products) were then pooled to create a template for WGA
sequencing, to reduce possible unequal MDA amplification
throughout the genome. The DNA was sent for commercial
de nove genome sequencing (Macrogen, Inc.) using Ilumina
HiSeq2000 (Mlumina) with a ~500-bp insert Pair-End library and
100-bp reads (approximately 9 Gbp data yield). The sequence data
were deposited in the NIH Sequence Read Archive (hip://trace.
nebinlm.nih.gov/Traces/sra/) and they are accessible under the
NCBI Bio Project PRINA261005, BioSample SRS700947.

Raw data from de novo WGS were assembled using CLC Bio
Genomics Workbench (CLC Bio). The genomic contigs were
loaded into Gencious Pro R6 (Biomatters; available from heep://
www.geneious.com) and investigated for NRPS genes using blastp
searches with several known cyanobacterial amino acid adenyla-
tion domains (A-domains) as querics. Contigs viclding high
similarity hits for A-domains were then analyzed wsing the
Glimmer 3 [41] algorithm to discover putative ORFs. Functional
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annotation of the ORFs (Table 83) was conducted by applying a
combination of blastp scarches against the NCBI databasc, and by
HMMER 3 [42] and InterPro Sean 5 [43] scarches in available
protein databases. The organization of the individual NRPS/PKS
modules and A-domain amino-acid specificity was assessed using
PKS/NRPS Analysis [44], NRPSpredictor2 [45] and NaPDoS
[46] online applications.

The predicted biosynthetic pathway for puwainaphyeins con-
tained two minor gaps in the DNA sequence, which were covered
by Sanger sequencing (SeqMe, Dobiis, Czech Republic) using all
combinations of custom specific primers located near to contig
ends, The complete sequenee of the predicted  biosynthetic
pathway was uploaded to the NCBI GenBank database under
accession number KMO78884.

Results

Predicted biosynthetic pathway

After the final assembly of lumina and Sanger sequencing
dara, the predicted puwainaphycin biosynthesis pathway was
recovered in the middle of a ~100-kbp long contig, with =20 kbp
flanks at each side to ensure that the full pathway was sequenced.
The putative biosynthetic gene cluster was 56,728 bp long and
comprised 10 protein-coding ORFs. The ORFs were transcribed
starting from a bi-directional promoter region, with orf2, puwA
and orf 1 transcribed in one direetion and puwB-H in the opposite
direction (Figure 1). The functional annotation of the individual
enzymes and catalytic domains is summarized in Figure 1 and
Table S3.

The reconstructed course of puwainaphycin biosynthesis, as
visualized in Figure 2, starts with the puwC gene product. This
protein contains conserved catalytic domains typical for fatty acyl-
AMP ligases (FAALs), cnzymes that activate a fatty acyl by
adenylation to subsequently serve as a substrate for polyketide
synthetases. PuwC also showed a relatively high amino acid
sequence identity (approximately 60%) to several annotated
cyanobacterial fatty-acyl acyl carrier protein (ACP) ligases. After
activation of the fatty acyl and its ligation to the first ACP encoded
by puwD, it i forwarded directly to the PKS machinery. The first
unimodular PKS (encoded by puwB) contains a canonical
sequence of acylransferase, dehydratase, methyltransferase, en-
oylreductase and  ketoreductase domains, resulting in an o
methylated product. The next enzyme (PuwE) is an unusual
hybrid comprising one PKS module, a putative aminotransferasce
and a monooxygenase domain, and a terminal single NRPS
module. The PKS module solely elongates the acyl chain with no
additional modifications; however, the aminotransferase and
monooxygenase located between the PKS and NRPS modules
of the enzyme apparenty catalyze the tailoring of the chain into a
3-amino-2-hydroxy-4-methyl-acyl typical for this group of lipo-
peptides. The predicted aminotransferase and monooxygenase
domains show sequence similarity (50-70%) to several class-IIT
aminotransferases  and  flavin-utilizing monooxygenases  from
cyanobacteria. The terminal NRPS module includes an A-domain
activating valine as the first amino acid member of the
oligopeptide ring. Valine was chosen as the most probable ammo
acid based on a nearestneighbor scarch in NRPSPredictor2
{90%}; the closest blast hits were uncharacterized cyanobacterial
A-domams. Subsequently, the intermediate is transferred to
another NRPS enzyme (PuwF} that comprises two modules, each
adding onc amino acid - dchydrothreonine and asparagine/
glutamine. The A-domain putatively responsible for the incorpo-
ration of dehydrothreonine shows an amino acid-specific structural
motil with considerable similarity to known threonine-activating
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A-domains (100% threonine in nearest-neighbor search, 64-66%
pairwise identity to McenB and OciE, which are involved in
cyanopepiolin synthesis in Microeystis and Planktothrix). Because
no additional tailoring enzymes with amino-acid dechydration
function were found in the pathway, this domain is possibly
specific directly for dehydrothreonine. The second A-domain of
PuwF was recovered as specific (100%) to asparagine in the
nearest-neighbor analysis; however, the closest, weakly similar
blast hit (54% amino acid sequence identity) was the glutamine-
activating McnA protein included in cyanopeptolin biosynthetic
pathways. Considering the puwainaphycin F/G variants reported
in this study, the A-domain appears to accept both asparagine and
glutamine as a substrate ar a defined rare, as further demonstrated
by MS measurements. The following biosynthesis steps are
catalyzed by the puwG product that comprises three NRPS
modules predicted to incorporate dehydrothreonine, asparagine
and alanine. The dehydrothreonine-incorporating module is
highly identical (97%) to thar in PuwF, as described earlier. The
other two modules activate asparagine and alanine, based on a
nearest neighbor search (100%). The first shows similarity (55%) to
the asparagine-activating A-domain in NosC nostopeptolide
synthetase from Nostoe, and the second is similar (63% identity)
to the alanine-activating domain in the jamaicamide synthesis
gene JamO (Iynghya majuscula). The last module of PuwG
includes an epimerization domain consistent with the occurrence
of both optical somers (L/D-alanine) in the puwainaphycin
molecules. The addition of threonine, the next member of the
oligopepride ring, is catalyzed by another prorein [PuwH) that
possesses a single NRPS module (100% threonine in a nearest-
neighbor search, 65% identty with threonine-incorporating
OciE). The last enzyme nvolved in the peptdyl elongation is
PuwA. It clearly comprises two NRPS modules, the first
containing a specific motif in the A-domam predicted to activate
asparagine (90% asparagine in a nearest-neighbor search, 57%
identity with NosC  asparagine-activating  A-domain) and a
methyltransferase domain obviously linked to N-methylation of
that asparagine. The second module is predicted to imcorporate
proline (80% proline in a nearest-neighbor search, 63% identity
with NpnC proline-activating domain involved in nostophycin
synthesis) and a thiocsterase domain i its terminal part that
cleaves the finished puwainaphycin chain from the peptidyl carrier
protein, thus promoting its cyclization.

The function of the 072 product could not be confidently linked
to any step i puwainaphycin biosynthesis. Its amino acid
sequence shows considerable similarity (40-55%) to cyanobacterial
patatinike family phospholipases, enzymes capable of fatty-acyl
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cleavage from membrane phospholipids, The last ORF that
appears to be part of the biosynthetic cluster is orfl. The encoded
protein shows similarity (53-58%) to the ABC-transporter family
proteins in cyanobacteria; thus, it may be involved in the transport
of puwainaphycin to its destination in the cell. No specific enzymes
linkable to chlorination and hycdroxylation of the fatty acyl chain
were noted in the puwainaphycin biosynthetic cluster or its
vicinity, and no protein coding scquence with predicted halogen-
ase activity was recovered from the WGS data. Thus, the
mechanism of these modifications for a minor part of the
puwainaphycin procduced remains unexplained by the genomic
dara.

High-resolution HPLC-MS analysis of puwainaphycins
analogs

The HPLC-HRMS analysis of crude Cylindrospermum alatos-
porum extract revealed about 30 pseudomolecular ions in the
region 10501200 Da, which were attributed to putative puwai-
naphycin analogs. Puwainaphycin F  (4-methyl-Ahlea-PUW-F),
together with the congener of m/z 1118.6, were found to be
dominant based on UV and MS detection, other variants were
observed in trace amounts based on their MS signals (Figure 3B).
Of these we have selected eight more prominent peaks for purpose
of this study. Their exact masses were measured with high
precision (0.0-4.9 ppm), enabling calculation of the elemental
composition (Table 1), The MS/MS  experiments provided
product ions corresponding to identical losses of N-methyl
asparagine (A 128), dehydrated threonine (A 83), alanine (A 71),
asparagine (A 114} and dehydrothereonine (A 83) n all
compounds detected (Figure S1). Furthermore, the fragmentarion
pattern of the pseudomolecular tons with m/z 1118.6, 1152.6,
1180.6, 1134.6 and 1162.6 showed clear loss of an additional
asparagine and thus have the same amino acid composition as 4-
methyl-Ahtea-PUW-F (Figure S1A, B). The loss of glutamine was
recognized in compounds m/z 1126.6, 1132.6, 1176.6, 1194.6, and
1166.6; thus, their amino acid sequence is identical to puwaina-
phycin G (-methyl-Ahtea-PUW-G; Figure S1C, D). Moreover,
the fragmentation of all of these compounds led ro the formartion
of the diagnostic fragments m/z 101.0, 186.1, 198.1, 269.2, 281.2,
which were identical for all precursor ions and further confirm the
identical primary structure of the cyclic part of the molecule. The
ion 281.2 corresponded to fragment C,H,;N,0,+H" (Pro-X -
Val-dThr, where X' corresponds to the 3-amino-2-oxopropanoyl
fragment of the 3-amino-2-hydroxy-4-methyl-fatty acid but where
the major part of the aliphatic chain was missing. The remaining
diagnostic fragments were derived from ion 281.2. These results

November 2014 | Volume 9 | Issue 11 | 111904

115



116

Biosynthesis of Cyanobacterial Lipopeptides

PuwB PuwE Puwk

PuwG PuwH PuwA

"
S s
o © o o o o
+FA acyl chain 104127 o A _S;/ n—zﬁ :S=/ }vﬂ{
elongation % H, 7w o JNH N HaN H HN &
— o - ox , —o o=
acyl chain i oH H W R N vl
elongation it W
° o, o 0={ s
}—{ ad ﬂ—\} (r—/ v
N

3 o=< >ju o= P
(cn,]§_ ! o
o
=

=k AR s I o
o= R "
—N +hsn  (CHyp Oj oH
- i - R o
O o2 R= Gln o NH2 +LIDAla =
NHy N, S T @ NRPS s
D e 2 i @ s
oo Asn N, (@ fatty acyl binding
(?"2/)"\ /kgf O otrer
Figure 2. Proposed bi hesi of hycins. A, I d ; ACP, acyl carrier protein; AmT, aminotransferase; AT,
acyl C, cond ion d DH dehydratase E, eplmerase ER, enoylreductase FAAL, fatty acyF-AMP ligase; MT, methyltransferase;
NRPS, non-rib | peptide synth KR, k ductase; KS, ketosynthetase; Ox, monooxygenase; PCP, peptidyl carrier protein; PKS, polyketide

synthetase; TE, thioesterase.
doi:10.1371/journal.pone.0111904.g002

confirm that non-identical parts of the puwainaphycin variants are
situated in the unusual FA aliphatic chain whereas the remaining
part of the molecule is identical for all the puwainaphycin analogs,
based on the PUW-F/PUW-G structures. Indeed, within the
fragmentation spectra of 4-methyl-Ahtea-PUW-F and its analog
1118, the intense fragment ions m/z 535 and 507, corresponding to
sequence  Pro-X-Val-DhB  (with X as modified FA), were
recognized (Figure 4). The mass difference of 28.0291 Da
corresponded well with ~(CH,), on the FA chain (2.2 ppm), and
this mass difference was noted in all fragments containing the FA
residue (Table S4 A-F). The presence of 3-amino-2-hydroxy-4-
methyldodecanoic  (4-methyl-Ahdoa) instead of 3-amino-2-hy-
droxy-4-methyltetradecanoic acid (4-methyl-Ahtea) in the conge-
ner 1118.6 was further confirmed by NMR measurements (see
Table S5). The 2D NMR spectra (Figure S2) of congener 1118.6
were almost identical to the previously measured NMR spectra of
4-methyl-Ahtea-PUW-F [10]. The only non-identical part of the
spectrum was noted in the HSQC: region set by a ' *C: shift of 15—
34 ppm and a 'H shift of 0.5-1.5 ppm. Although in -methyl-
Ahtea-PUW-F "H"C, the HSQC crosspeaks X-CH,' to X-CH,”
were identified, in the case of 4-methyl-Ahdoa-PUW-F, the
crosspeaks X-CH,” and X-CH,” were clearly missing (sce
Figure 5). An identical MS/MS fragmentation pattern was also
provided by the ion 1132.6 (Figure S1 C, D), a structural analog of
4-methyl-Ahtea-PUW-G; thus, the 4-methyl-Ahdoa-PUW-G was
confirmed as the variant of puwainaphycin G with tetradecanoic
acid replaced by dodecanoic acid (see Table S4). The "H'C
HSQC crosspeaks unique for Gln' in 4-methyl-Ahdoa-PUW-G
were also identified in the sample; however, the full assignment of
this variant was not successful due to overlapping of very similar
signals with 4-methyl-Ahdoa-PUW-F and its low concentration
(Table S5). Additionally, in some of less intensive molecular ions
observed, the fragmentation analysis suggests presence of analogs
with shorter (<C12) and longer (>Cl4) FA chains (data not
shown).
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MS/MS spectra were also obtained from other puwainaphycin
congeners that showed a constant shift in mass of the fragments
possessing FA moiety compared with other congeners. In the
pscudomolecular ions 1180.6 and 1152.6, the fragments contain-
ing FA chains differed by 33.96 Da from 4-methyl-Ahtea-PUW-F
and 4-methyl-Ahdoa-PUW-F, respectively. This mass difference fits
with replacing one hydrogen bonded on the FA chain by chlorine
(2.2 ppm). The presence of chlorine on the aliphatic FA chain has
already been described in puwainaphycin variants C-D [45]. The
fragmentation of ion 1180.6 showed not only a constant shift in
mass but also a new fragment ion of m/z 533.4. This fragment ion
may be assigned to Pro-X'-Val-DhB, where X' represents
monounsaturated 4-methyl-Ahtea formed by the loss of —~Cl and
subsequent double bond formation. Analogously, the ion of m/z
505.3 observed in the fragmentation spectrum of ion 1152.6
corresponds well with Pro-X?-Val-DhB, where X* is monounsat-
urated 4-mcthyl-Ahdoa (Figure 4, Table S3 C, D). Identical
fragmentation leading to similar product ions was observed in
PUW-G analogs (1194.6 and 1166.6) and thus also chlorinated 4-
methyl-Ahdoa-PUW-G and  4-methyl-Ahtea-PUW-G were con-
firmed to be produced by the Cylindrospermum strain. Finally,
the presence of hydroxylated variants of all puwainaphycin
congeners may be explained by the constant shift of 16 Da on
the lipidic chain and the formation of a fragment with
monounsaturated 4-methyl-Ahdoa/Ahtea of m/z 5334 and
505.3 (Figure 4, Table S3 E, F).

Quantitative analysis and ratio of puwainaphycin variants

Quantitative analysis was performed using a calibration curve
with a range of concentrations of 4-methyl-Ahtea-PUW-F and 4-
methyl-Ahdoa-PUW-F  of 10-500 pgmL ™', The MS peaks,
belonging to 4-methyl-Ahdoa-PUW-F and 4-methyl-Ahtea-PUW-
F, were cluted at 12.9 and 14.6 min, respectively. The content of
4-methyl-Ahdoa-PUW-F and 4-methyl-Ahtea-PUW-F in freshly
harvested biomass was 13.9%7.3 mgg ' of dry biomass and
7739 mgg 'of dry biomass, respectively. The content of the
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two congeners was greater compared with biomass stored seven
years at laboratory temperature, the concentrations of which were
9.8+4.0 mg.g ' of dry biomass and 5.7+2.1 mgg ' of dry
biomass. The ratio in content of both congeners remained almost
constant during storage. Although the ratio of 4-methyl-Ahdoa-
PUW-F/4-methyl-Ahtea-PUW-F was 1.83 in freshly harvested
biomass, the ratio changed to 1.74 in the aged biomass.
Furthermore, the ratio of asparagine vs. glutamine variants of
the different congeners was verified by HPLC-HRMS. The ratio
was calculated by comparing the integrated arca of peaks on an
extracted ion chromatogram ([M+H]", [M+Na]*, [M+2H]*") of
every single congener. The proportion of asparagine vs. glutamine
variants was similar for all puwainaphycin analogs and varied from
1:0.15 to 1:0.23 (Table 2). However, the lower ratio was observed
in the variants that were low in concentration; thus, the peak
integration may have contained greater error.

Discussion

Utilizing a combination of DNA sequencing, bioinformatics
analyses and analytical chemistry (HRMS, NMR) approaches, we
clucidated the genetic background and probable course of
biosynthesis of the cytotoxic cyanobacterial lipopeptides puwaina-

Table 1. Exact masses of puwainaphycin analogs and their elemental composition.

m/z Molecular Formula Puwainaphycin Variants

11186248 CeyHgN;30,+H 4-methyl-Ahdoa-Puw-F

11326355 CsoHgsNy30,5+H™ 4-methyl-Ahdoa-Puw-G

11346146 CeyHgaN130,6+H" hydroxy-4-methyl-Ahdoa-Puw-F

11486342 CszHgsN3016+H™ hydroxy-4-methyl-Ahdoa-Puw-G

1146.6517 Cs3HgzN1305s4H™ 4-methyl-Ahtea-Puw-F (Puwainaphycin F)
11606727 CsaHgoN130ys+H™ 4-methyl-Ahtea-Puw-G (Puwainaphycin G)
11525822 Cs1Hg2CIN;30454H™ chloro-4-methyl-Ahdoa-Puw-F

1166.5953 CszHgaCIN;3015+H™ chloro-4-methyl-Ahdoa-Puw-G

1162.6451 Cs3HgN1:O+H ‘hydroxy-4-methyl-Ahtea-Puw-F

1176.6648 CoaHgoNy3Osg+H™ hydroxy-4-methyl-Ahtea-Puw-G

11806136 CssHgeCINy 30:54H™ chloro-4-methyl-Ahtea-Puw-F

1194.6296 CsqHgaCINy3015+H™ chloro-4-methyl-Ahtea-Puw-G
doi:10.1371/journal.pone.0111904.t001

phycins  [10]. Puwainaphycins represent a large group of
cyanobacterial B-amino FA containing lipopeptides with unknown
biosynthetic pathways [12,13,15,16,18,22,23,25,47]. Thus, our
results are the first step in clarifying the origin of an entire family of
natural secondary metabolites. Some of these compounds have
strong membrane disruption cffects on human cells [10-12].
Interestingly, puwainaphycins possess some  structural —traits
analogous to antibiotics of the iturin family produced by Bacillus
subtilis, the biosynthesis of which has already been characterized
[33,48,49]. However, the B-amino FA linked by two peptide
bonds, which is present in the iturin family of antibiotics, lacks
some of the modifications typical for puwainaphycins and the
majority of cyanobacterial lipopeptides. This especially relates to
the 2-hydroxy and 4-methyl functional groups. The puwainaphy-
cin biosynthetic operon also shows features similar to that of the
iturin family members iturin A, mycosubtilin and bacillomycin D.
Most importantly, the AMP-dependent fatty acyl ligase (FAAL)
and aminotransferase domains present in MycA, IruA and BamA
have been proposed to be responsible for the formation of the B-
amino FA part of the molecule [33,48,49]. The enzyme was
reported to also include a PKS and NRPS module in a single ORF
in addition to FAAL and aminotransferase. In the puwainaphycin
cluster, the organization is highly divergent from that of the iturin
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family. The FAAL enzyme and the ACP, to which the FA is
ligated at the very beginning of puwainaphycin synthesis, are
encoded i separate ORFs (puwC-D), whereas the PKS subunit
(PuwB) that clongates and methylates the fatty acyl is another
gene. Morcover, the next ORF in the biosynthetic cascade (puwk)
encodes a hybrid PKS/NRPS cnzyme that comprises the
aminotransferase and oxygenase domains that modify the
methylated fatty acyl into a 3-amino-2-hydroxy-4-methyl-acyl
typical for this family of lipopeptides. Based on HRMS measure-
ments, a small portion of the puwainaphycin variants produced
was found to be chlorinated or hydroxylated on the fatty acyl
chain. This type of halogenation has been repeatedly reported
from peptides possessing FA chain in cyanobacteria [1,17,50]
including puwainaphycins [47]. In unusual chlorinated lipopetides
barbamides, the chlorination was associated with a halogenase
encoded within the biosynthetic pathway in Lyngbya majuscula
[51]. However, as demonstrated for a lincar lipopeptide
oscillaginin A in Planktothrix rubescens, chlorination of the FA
chain may also occur when no known type of halogenase is noted
in cither the biosynthetic cluster or the entire genome [52].
Similarly, in the case of the puwainaphycins, the mechanism of
halogenation in these compounds remains unexplained. Perhaps a
non-specific  post-synthesis mechanism is involved, as further
supported by the relatively low ratio of chlorinated puwainaphycin
forms. However, the hydroxylation may be performed by a
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number of oxygenases putatively expressed by Cylindrospermum.
Nevertheless, none were predicted as a standalone dedicated
enzyme or catalytic domain within the puw cluster.

Based on the evidence presented above, we can conclude that
all 12 detected puwainaphycin congeners produced by Cylindros-
permum alatosporum CCALA 988 are synthesized by a single
NRPS/PKS synthetase. The chemical structure of the previously
characterized puwainaphycins A-E is similar to the F and G
variants studied hercby, maintaining a 10-membered ring and
sharing valine, dehydrothreonine, N-methylasparagine, and pro-
line in the positions 2, 3, 9 and 10, respectively. However in the
positions 4-8 the aminoacid residues can vary. In the position 4
asparagine/glutamine is replaced by threonine in puwainaphycin
A-E. The position 5, which is occupied by dehydrothreonine in
puwainaphycin F and G, is held by threonine or valine in
puwainaphycin A-E. Alanine residue (position 6) in puwainaphy-
cin F and G is replaced by glycine, and finally the threconine
residue in the position 7 is replaced by O-methyl threonine in
puwainaphycin A-E. Although this is the first report of a p-amino
FA lipopeptide operon in cyanobacteria, we suggest that this
diversity is most likely obtained by the replacement of the
individual NRPS modules within the synthetase with modules
activating alternative amino acids. The variation between aspar-
agine and glutamine in the third amino acid position, the only
difference between puwainaphycin F and G core cyclic structures,
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is most likely caused by extended substrate specificity of the amino

high 3D structural similarity, glutamine and asparagine may be
acid activation domain of the PuwF subunit of the NRPS. Due to

complementary to the active site of the enzyme and therefore the
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Table 2. Relative ratio of asparagine®- vs. glutamine®-containing puwainaphycin variants.

EIC PUW-F EIC PUW-G
Fatty acid [milions of ions] [milions of ions] Ratio
4-methyl-Ahtea 3897 83 1:021
4-methyl-Ahdoa 4894 1.28 1:023
chloro-4-methyl-Ahtea 8.2 173 1:021
chloro-4-methyl-Ahdoa 6.77 135 1:020
hydroxy-4-methyl-Ahtea 0.84 017 1:0.20
hydroxy-4-methyl-Ahdoa 1.81 028 1015

of coeluting compounds.
doi:10.1371/journal.pone.0111904.t002

extended substrate specificity is not surprising. The multispecificity
of several adenylation domains has been shown already [50,53].
The HPLC-MS data further showed that all variants based on the
core cyclic structure of puwainaphycin F and G are produced at a
ratio of 1:0.150.23. This ratio is consistent with previously
published data obtained by NMR on mixed fractions of the F
and G variant where the molar ratio was noted to be 1:0.24 [10].
Thus, we propose that the adenylation domain of PuwF
incorporates one glutamine per four asparagine molecules. A
similar mechanism most likely plays a role in the addition of the
FA. Apparently, enanthic (C7) or pelargonic (C9) acid may be
activated by the FAAL domain and subsequently clongated and
modified to the final 3-amino-2-hydroxy-4-methyl-fatty acid.
Based on quantitative HPLC-HRMS analyses, the 4-methyl-
Ahdoa-PUW-F and 4-methyl-Ahtea-PUW-F are produced in a
ratio of approximately 1:0.5, which reveals the different rate of
cenanthic and pelargonic acid incorporation. Multispecificity of the
FAAL domain may also be clearly observed in the biosynthesis of
iturin family members, where congeners differing in FA length
were reported. The reported length of the FA ranges are C14C16
for iturin and bacillomycin and C16-C17 for mycosubtilin [32].
Because this is the first report of a complete biosynthetic
pathway for lipopeptides containing B-amino FA in cyanobacteria,
a direct comparison of biosynthetic steps employed in the synthesis
of other lipopeptide variants in cyanobacterial cells is impossible.
In the recently suggested biosynthesis of hassallidins, little
explanation was provided on the mechanism of incorporation of
the FA into the peptide cycle [36]. However, a FAAL enzyme was
also annotated within the putative gene cluster (HasG); thus, the
process may be analogous to the one we have reconstructed in our
study. A structural motif (3-amino-2-hydroxy-4-methyl fatty acid)
identical to puwainaphycin was reported from minutissamides, in
which even the length of the FA varied from C14-C18 and
furthermore, chlorination and hydroxylation of the FA chain was
present [17]. In many cyanobacterial cyclic lipopeptides, the 2-
hydroxy group and 4-methyl groups are missing compared with
puwainaphycins, and the B-amino FA chain bears one or more
hydroxyls, for example, as in pahyokolides [18] and largamide H
[21]. Alternatively, some variants of cyanobacterial lipopeptides
occur where a sole B-amino group is present in the FA, as was
described for laxaphycins [15]. It may be expected that this
diversity is generated by different combinations of the FAAL/
PKS/oxygenase /aminotransferase - enzymatic  domains at  the
beginning of the synthetic pathway. Taking into consideration
the multispecificity of the FAAL domain and possible post-
synthetic modifications, it is obvious that a large number of
lipopeptides with identical amino acid cycles that differ only in FA

PLOS ONE | www.plosone.org 9

The only deviation from the ratio 1:0.2 was recorded in the case of hydroxy-4-methyl-Ahdoa PUW F/G, which may be explained by its low ion intensity and the presence

chains may be generated. Morcover, the substituents on the o and
v carbons of the FA may vary. Thus, we propose designating the
lipopeptide by a prefix that denotes the length of the FA and the
substituents on the o and B carbon in alphabetical order. All
substituents starting from the y-carbon should be mentioned
separately.

Given the similar (although highly modified) mechanism of
biosynthesis of puwainaphycins and iturin family antibiotics, it
appears that a combination of FAAL and PKS enzymes
containing an aminotransferase may be characteristic of bacterial
B-amino-lipopeptide synthetases in general. Interestingly, a very
similar machinery has recently been proposed to take part in
cyanobacterial olefin synthesis [54]. A hybrid enzyme comprising
FAAL, ACP, and a PKS was suggested to be employed in one of
the two common mechanisms of producing hydrocarbons in
cyanobacteria. It can be casily imagined that B-amino-lipopeptide
synthesis may have shared a common evolutionary origin with
olefin synthesis, differing by the addition of an aminotransferase
(and other) domains to the extant enzyme complex. Supporting
this hypothesis, the FAAL domain of an olefin synthetase from
Moorea bouillonii [54] was among the best-scoring blastp hits for
the PuwC: FAAL enzyme (59% protein sequence identity).

Our results provide the first attempt to describe the biosynthesis
of B-amino lipopeptides in cyanobacteria. The only other known
type of cyanobacterial lipopeptide operons encodes a different
class of lipopeptides, hassallidins. However, the obvious similarity
to known lipopeptide biosynthesis machineries in bacteria enables
us to discuss the enzymatic steps putatively universal in this kind of
compounds and their numerous variants. Once additional data are
collected on other similar biosynthetic clusters, molecular markers
specific for FAAL and other characteristic enzymatic domains may
serve as environmental-monitoring tools for toxic lipopeptide
producers or for identification of bioactive lipopeptide producers
in antimicrobial rescarch.

Supporting Information

Figure S1 Mass spectrum displaying the frag i
pattern of different puwainaphycin analogs. (A) 4-mecthyl-
Ahdoa-Puw-F; (B) 4-methyl-Ahtca-Puw-F; (C) 4-methyl-Ahdoa-
Puw-G; (D) 4-methyl-Ahtea-Puw-G.

(PDF)

Figure S2 NMR spectra of 4-methyl-Ahdoa-Puw-F in
DMSO. (A) 'H NMR spectrum; (B) 2D 'H'C HSQC spectrum;
(C) 2D "HN HSQC spectrum.

(D)
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Table 81 Gradient used for pre-purification of the puwaina-
phycin analogs on preparative C:18-column.
(PDE)

Table 82 Gradient used for sccond purification step of the
puwainaphycin analogs on semi-preparative Phenyl-column.

(PDE)

Table 83 Deduced functions of the open reading frames in the
puw gene cluster.

(PDE)

Table 84 Product ions obtained by high resolution mass
spectrometry  (MS/MS) experiments performed with  different
puwainaphycin analogs. Diagnostic fragments are highlighted. (A)
4-methyl-Ahtea-Puw-F; (B) 4-mehtyl-Ahdoa-Puw-F; (C) chloro-4-
methyl-Ahtea-Puw-F; (D) chloro-4-methyl-Ahdoa-Puw-F; (E) hy-
droxy-4-methyl-Ahtea-Puw-F; (F) hydroxy-4-methyl-Ahdoa-Puw-
F.

(PDE)
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Bacterial lipopeptides, which contain B-amino fatty acids, are an abundant group of bacterial secondary
metabolites exhibiting antifungal and/or cytotoxic properties. Here we have developed an LC-HRMS/MS
method for the selective detection of B-amino fatty acid containing cyclic lipopeptides. The method was
optimized using the lipopeptidesiturin Aand puwainaphycin F, which contain fatty acids of similarlength
but differ in the amino acid compaosition of the peptide cycle. Fragmentation energies of 10-55 eV were
used to obtain the amino acid composition of the peptide macrocycle. However, fragmentation energies

ffg:pz;d;;ies of 90-130eV were used to obtain an intense fragment specific for the B-amino fatty acid (CyHanaN*).
Bacteria The method allowed the number of carbons and consequently the length of the B-amino fatty acid to
Cyanobacteria be estimated. We identified 21 puwainaphycin variants differing in fatty acid chain in the crude extract
LC-HRMS of cyanobacterium Cylindrospermum alatosporum using this method. Analogously 11 iturin A variants
Fatty acid were detected. The retention time of the lipopeptide variants showed a near perfect linear dependence
Peptide (R?=0.9995) on the length of the fatty acid chain in linear separation gradient which simplified the

detection of minor variants. We used the method to screen 240 cyanobacterial strains and identified
lipopeptides from 8 strains. The HPLC-HRMS/MS method developed here provides a rapid and easy way
to detecting novel variants of cyclic lipopeptides.

© 2016 Published by Elsevier B.V.

1. Introduction known metabolites represent only a small portion of the real micro-

bial metabolite chemical diversity.

124

Bacteria are a well-known source of low-molecular weight sec-
ondary metabolites [1]. These compounds represent an important
source of novel chemical structures for pharmacy and biotechnol-
ogy [ 1,2]. Intensive pharmacological screenings for novel chemical
structures have identified immense number of novel microbial sec-
ondary metabolites [1,2]. Many microbial secondary metabolites
are peptides or have a peptidic portion and are produced through
the action of non-ribosomal peptide synthetases (NRPS) [3]. Based
on the genome mining studies it is assumed that the NRPS biosyn-
thetic clusters of known chemical structures represent only a small
portion of the total cluster number found [4]. Taken together the

* Corresponding author at: Centre Algatech, Institute of Microbiology, The Czech
Academy of Sciences (CAS), Opatovicky mljn, 379 81, Trebori, Czech Republic.
E-mail address: hrouzekp@gmail.com (P. Hrouzek).

http://dx.doi.org/10.1016/j.chroma.2016.02.013
0021-9673/@ 2016 Published by Elsevier B.V.

Cycliclipopeptides are an important class of bacterial secondary
metabolites and include many antibiotics and antifungal agents
[1,5-9]. Their structures contain peptide macrocycle with a fatty
acyl residue side chain. There are several basic structural types of
bacterial cyclic lipopeptides. The carboxyl group of the fatty acid
can form a peptide bond with an amino-acid residue situated on
the side chain of the lipopeptide molecule as found in bacterial
antibiotics fengycin [6] and daptomycin [7] and the anti-fungal
lipopeptides hassallidins [8] and balticidins [9]. Alternatively, the
fatty acid can be incorporated into the peptide backbone via cycliza-
tion (most frequently on C; or C; carbon) by amine- or hydroxyl-
groups [10-12]. The 3-OH substituted fatty acid of surfactin is
bound by a peptide bond between the carboxyl and via ester bond
by the hydroxyl group [13]. If an amino group is introduced dur-
ing biosynthesis the fatty acid residue allows the formation of two

Please cite this article in press as: P. Urajova, et al., A liquid chromatography-mass spectrometric method for the detection of cyclic
B-amino fatty acid lipopeptides, ]. Chromatogr. A(2016), http://dx.doi.org/10.1016/j.chroma.2016,02.013




peptide bonds (or an isopeptide bond incase of 3-NH; ) with C- and
N-terminus of the peptide forming a cycle [10,12].

The structure of iturin family of lipopeptide antibiotics was
described already 40 years ago [5]. However, novel structural
types of lipopeptides are still reported highlighting their rich
chemical diversity in the nature and especially in cyanobacte-
ria [13-15]. Cyanobacteria produce a large diversity of B-amino
fatty acid lipopeptides varying in the type and number of amino
acids in the cycle as well as the length and functionalization of
the fatty acid moiety [16-25]. Usually Cg—Cy5 long fatty acid can
be found in cyanobacterial lipopeptides sometimes methylated
[18,20], hydroxylated [18,19], halogenated [12,18] or unsaturated
[23]. Cyanobacterial cyclic B-amino fatty acid lipopeptides dis-
play a broad range of bioactivities including cytotoxicity [16-22],
cytolytic activity [26], as well as antifungal and/or antibacterial
activity [24,25,27]. Some cyanobacterial lipopeptides permeabilize
human plasma membranes and are potentially toxic to humans
[20.21].

To date no selective screening method allows the targeted
screening of novel lipopeptides from bacteria. Here we report the
development of a rapid and selective liquid chromatographic mass
spectrometric method for 3-amino fatty acid lipopeptides analy-
sis based on the detection of a characteristic fatty acid immonium
ion. Thismethod allows rapid screening for novel lipopeptides from
various biological samples.

2. Experimental
2.1. Materials

Methanol for extraction (p.a.) was obtained from Analytika
(Czech Republic), acetonitrile and water for HPLC-HRMS/MS ana-
lyzes were obtained either from Sigma-Aldrich (Germany) or
Merck (New Jersey, USA)and were of LC-MS grade purity. The iturin
A standard was obtained from Bacillus subtilis (=95%) and con-
tained mainly C14-C;5 fatty acids (with traces of Cy3-C;7) according
to manufacturer instructions (Sigma, Germany). 4-Methyl-Ahdoa-
puwainaphycin F and anabaenolysin A were isolated from crude
cyanobacterial biomass by HPLC from Cylindrospermum alatospo-
rum CCALA 988 and Anabaena sp. XPORK 15F, respectively.
Hexakis( 1H,1H.2H-perfluoroethoxy) phosphazene (LockMass Tun-
ing Mix ES-TOF 622 Da, 97%) was purchased from ABCR GmbH &
Co., KG, Germany).

2.2. Methods and procedure

2.2.1. Cultivation of cyanobacterial biomass

C. alatosporum CCALA 988 and strains for lipopeptide screening
were cultivated in 350mL glass tubes or Erlenmeyer flasks on lig-
uid Allen Arnon medium | 28] and bubbled with 1.5% CO»-enriched
air at constant temperature of 26 °C, under continuous illumination
of 50 pmol m~2 s~!. Strains used in lipopeptide screening originate
from culture collections of the Institute of Hydrobiology, Biological
Centre CAS and Culture collection of phototrophic microorganisms
(CCALA) and the University of Helsinki (HAMBI Culture collec-
tion). Anabaena sp. XPORK 15F was grown in Z8 medium without a
nitrogen source [ 29] under continuous light (8-14 wmolm~-2s-1)
at 20-25°C for 20-40 days. The cultures were harvested by cen-
trifugation (1250 x g, 15 min) after 5-7 days of cultivation, stored
at =707 C and freeze-dried (Leybold-Heraeos freeze-drier Lyovac
GT3).

2.2.2. Extraction

200mg of dried biomass of C alatosporum CCALA 988
and Anabaena sp. XPORK 15F was extracted with 10mL of
methanol fwater (70/30, v/v) for 1h and centrifuged for 10 min.

at 1920 xg. The supernatant was evaporated until dryness on
rotary evaporator, while the temperature did not exceed 40°C.
The residue was redissolved in 1 mL of extraction solvent. 5-30mg
of lyophilized biomass from the 240 cyanobacterial strains was
homogenized with sand in Eppendorftube and 100 pl of 70% MeOH.
The samples were centrifuged (12,000 x g, 7min.) in a Minispin
Eppendorf centrifuge and transferred into vials with inserts for
LC-HRMS analysis.

2.2.3. HRMS/MS analysis by direct infusion

Methanolic solutions (acidified by 0.1% HCOOH) of iturin A,
puwainaphycin F and anabaenolysin A were analyzed by direct
infusion HRMS/MS using collision energy varying from 0 to 200 eV.
The experiments were performed in triplicate.

2.2.4. HPLC-HRMS/MS analysis and MS/MS experiments

A standard solution of iturin A (0.1mg/mL), C. alatosporum
CCALA 988 and Anabaena sp. XPORK 15F 70% methanol extracts
were analyzed on a Dionex UltiMate 3000 UHPLC+ (Thermo Sci-
entific, Sunnyvale, CA, USA) equipped with a diode-array detector.
Separation of compounds was performed on reversed phase Cig
column (Phenomenex Kinetex, 150 x 4.6 mm, 2.6 pm, Torrance, CA,
USA) using H,0 (A)facetonifrile (B) both containing 0.1% HCOOH
as a mobile phase with the flow rate of 0.5 mL.min~'. The gradi-
ent was as follows: A/B 85/15 (0 min), 85/15 (in 1 min), 0/100 (in
39min), 0/100 (in 44 min) and 85/15 (in 49 min). The HPLC was
connected to an Impact HD high resolution mass spectrometer
(Bruker, Billerica, Massachusetts, USA) with electrospray ioniza-
tion. The following settings were used: drying temperature 200 °C;
drying gas flow 121.min"!; nebulizer gas pressure 3bar; capillary
voltage 3.8 kV; endplate offset 500V. The spectra were collected in
the range m/z 20-2000 with spectra rate of 3 Hz. Collision energy
alternated from 35eV or 50 eV to 100 eV. Mass spectrometer was
calibrated with sodium formate clusters and LockMass Tuning Mix
ES-TOF (622 Da) was used as the lockmass calibrant. The formu-
las of obtained molecular peaks and fragments were calculated
using Smart Formula in Bruker Compass DataAnalysis software
(version4.2)and MassLynx software (version V4.1). Only fragments
with maximal m/z difference 1 mDa between theoretical and mea-
sured value were taken into consideration. This corresponds to
ppm values bellow 10 ppm in MS2 for all detected ions. However,
the majority of the detected ions had values were below 5ppm
(Tables 1-3).

240 strains of cyanobacteria were analyzed by the HPLC-
HRMS/MS method as described above. The resulting data were
analyzed for characteristic 3-amino fatty acid immonium ion from
Cg to Cyg both saturated (CxH(zx:2)N*) and with one double bond
(CyHa N1,

3. Results
3.1. HRMS/MS analysis of selected lipopeptides

The HRMS/MS method was optimized by obtaining diagnos-
tic fragment ion from iturin A preparate (mfz 1043.5520 [M+H]*),
puwainaphycin F (mfz 1146.6517 [M+H]*) and anabaenolysin A
(m/z559.2762 [M+H]" ) isolated from cyanobacterial crude extracts
indirectinfusion mode using collision energies from 0 to 200 eV. All
of the selected lipopeptides possess at least Cy4 unit long 3-amino
acid chain (Fig. 1), but differ in the composition of their peptide
core structure and the level of the fatty acid chain saturation.

Iturin A and puwainaphycin F exhibit similar fragmentation pat-
terns. Lower collisionenergies(~50 eV) led to fragments indicating
loss of amino acids, while higher collision energies resulted in for-
mation of diagnostic 3-amino fatty acid immonium ions for both
tested compounds (Fig. 2). The diagnostic 3-amino fatty acid ion for
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Fig. 1. The structure of the lipopeptides included in this study and the intensity of their diagnostic FA immonium ion C,HzN* at varying collision energies. a) Ahtea-Itu A
provided a diagnostic fragment at m/z 184.2064 with a maximal intensity at 95 eV. b) 4-Methyl-Ahtea-Puw F provided a diagnostic fragment at m/z 198.2220 with a maximal
intensity at 115eV and c) in Ahopa-Abl A the diagnostic fragment at m/z 230.1900 was found at a collision energy of 35 eV. The modified B-amino fatty acids are highlighted
in red and the diagnostic immonium FA fragments lacking the C; and C; carbons are separated by wavy line. Itu stands for iturin, Puw stands for puwainaphycin, Abl stands
for anabaenolysin.
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Fig.2. F ion of Ahtea-Itu A (a, b) and 4-methyl-Ahtea-Puw F (c, d) at different collision energies. a, ¢) Fragmentation at 50 eV showing the peptide sequence of the

macrocycle. b, d) Fragmentation at 100eV showing the presence of modified B-amino fatty acid diagnostic immonium ion. The interpretation of the amino acid sequence
of 4-methyl-Ahtea-Puw F was derived from [M —H,0+H|" and thus the loss of additional Dhb instead of Thr takes place (marked by asterisk). Itu stands for iturin and Puw
stands for puwainaphycin.

iturin A has a m/z 184.2063 with the formula C;,H»gN™. It reached F. The diagnostic 3-amino fatty acid ion was at m/z 198.2216 with
maximal absolute intensity at 95eV and in the range 85-135eV it formula Cy3H2gN*. The maximal intensity was reached at 120eV
was the base peak of MS/MS spectra(Fig. 1). Although the diagnostic (Fig. 1) and it was the most intense ion in the range 110-160eV.
ion consisted of 12 carbon atoms, the itutin A fatty acid chain itself Despite having the same length of the fatty acid chain (Cy4) the
is 14 carbon atoms. We obtained similar results for puwainaphycin diagnostic fragments of iturin A and puwainaphycin F differ by a
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—CHy, which is due to the methylation of the puwainaphycin F
on the carbon C4. Both diagnostic fragments lacked the first two
carbons of the fatty acid chain (Fig. 1). This made it possible to rec-
ognize the presence of B-amino fatty acid chain in the molecule,
butitwas impossible to determine the exact fatty acid chain length
due to branching occurring in some lipopeptides. Although amino
acids adjoining the 3-amino fatty acid chain differ in iturin A and
puwainaphycin F, it is possible to observe fatty acid diagnostic ions
by using collision energy of 100 eV for both lipopeptides.

Anabaenolysin A exhibited a different fragmentation behavior.
The immonium ion of the fatty acid chain (m/z230.1903) with for-
mula CygHy4N* appeared at a collision energy of 20 eV, reached its
maximum abundance at 35 eV (relative intensity 67%) and was no
longer detectable at 60 eV, but was not the base peak in any MS/MS
spectra (Fig. 1).

3.2. HPLC-HRMS/MS analysis of iturin A variants

The HPLC-HRMS/MS analysis of the commercial iturin A stan-
dard, was composed mainly of variants with a fatty acid chain
length Cq4-C;5 (traces of Cy3-Cy7) according to information pro-
vided by manufacturer, revealed the presence of eleven protonated
molecules in the range m/z 987-1086 (Table 1). MS/MS spectra of
these ions obtained using low collision energy (50 eV) confirmed
the amino-acid sequence of iturin family members (Fig. 2a). Eight
variants had common structure FA-Asn-Tyr-Asn-GIn-Pro-Asn-Ser
as described for iturin A and in three variants the sequence FA-GIn-
Tyr-Asn-GIn-Pro-Asn-Ser were found, showing an exchange of Asn
to Gln at the position adjacent to fatty acid chain.

Diagnostic 3-amino fatty acid fragment ions of the variants
obtained using collision energy 100eV identified the fatty acid
moiety of the lipopeptide (Fig. 2b). The general formula was
CyH(2442)N*, where x represents the length of fatty acid chain
reduced of the first and the second carbon. In all cases, the diag-
nostic B-amino fatty acid fragment ions represent the dominant
fragment ions in the MS/MS spectra (Fig. S1a) and are well recog-
nizable by the extracted ion chromatogram. We were able to detect
minor iturin A variants with C;o-Cy 7 fatty acid chains in the sample
analyzed using this approach (Table 1).

All iturin A variants eluted in region between 12 and 23 min,
corresponding to linear increase of organic solvent in the mobile
phase. When analyzed by linear regression the retention times of
lipopeptides showed perfectly linear relationship with the length
of amino acid chain. The retention time y of eight iturin A variants
increased with equation y=1.475x-2.45 (x =number of fatty acid
carbons) and R?=0.9941 and only slightly worse fit was found in
Asn/Gln substituted variants (y=1.300x+0.1, R?=0.9826). While
the change in presence of one —CH; group in fatty acid chain caused
marked shift in retention time, the Asn to GIn substitution in the
cycle had almost no effect.

3.3. HPLC-HRMS/MS analysis of Cylindrospermum alatosporum
CCALA 988 extract

We have previously shown that cyanobacterium C. alatospo-
rum CALA 988 produces the cytotoxic lipopeptides puwainaphycins
[12,20]. Now we further analyzed the crude extract of C. alatospo-
rum CALA 988 in order to test the method for lipopeptide screening
in a complex matrix. The HPLC-HRMS/MS analyzes of the extract
allowed us to detect 21 molecular ionsin the region m/z1090-1200
(Table 2). Each of these ions could be attributed to puwaina-
phycin F/G variants based on the amino-acid sequence obtained
by fragmentation in lower collision energy at 50eV (Fig. 2c). Frag-
mentation spectra obtained at a collision energy of 100 eV revealed
diagnosticfragmentions CxH(s+2)N* asin the caseof iturin A. Based
on the presence of the diagnostic immonium ion C¢H(yy2)N* we
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Fig. 3. MS/MS spectrum of anabaenolysin A at collision energy of 35eV. The
presence of modified B-amino fatty acid diagnostic immonium ion CygHz4N* and
fragments corresponding to amino acids loses are highlighted.

were able to prove the presence of puwainaphycin F/G variants
with fatty acid chain lengths ranging from Cyo to Cy7 (Fig. S1b).
Some puwainaphycin variants are hydroxylated or chlorinated on
the fatty acyl chain [12]. All four detected fatty acid substituted
puwainaphycin variants (chloro/hydroxy-Ahdoa puwainaphycin F
and chloro/hydroxy-Ahtea puwainaphycin F) have provided com-
mon diagnostic fragment C¢Hy¢N* when fragmentation energies
100-150eV were used (Fig. S2). These sum formula of these frag-
ments perfectly matches with presence of a double bond created
after dehydration/dechlorination of the fatty acid chain during frag-
mentation (Table 2).

The retention time of puwainaphycin F/G variants on Cig
reversed phase column is only partially dependent on the amino
acid composition but strongly dependent on the length of the
fatty acid chain as found for iturin A variants. While the shift in
retention time of 4-methyl-Ahdoa-puwainaphycin Fand 4-methyl-
Ahdoa-puwainaphycin G (differing in Asn-Gln substitution) is
almost negligible (max 0.1 min), the retention time distinctly
shifts with the length of fatty acid chain. A similar shift in
retention time with increasing fatty acid chain length was also
observed for chlorinated and hydroxylated variants. The relation-
ship between retention time and the length of the fatty acid
chain within the gradient used is almost perfectly linear with
only a slight deviation from the linear trend in the 4-methyl-
Ahhea-puwainaphycin F variant. The increasing chain length
allows rotation of the fatty acid chain resulting in intramolec-
ular interactions affecting the retention time. The regression
curve for this relationship was determined excluding 4-methyl-
Ahhea-puwainaphycin-F y=1.516x+0.434 with R? value 0.9999
(y=1.440x + 1.323 with R? value 0.9959 including 4-methyl-Ahhea-
puwainaphycin F).

3.4. HPLC-HRMS/MS analysis of Anabaena sp. XPORK 15F extract

In order to test the method also on lipopeptides containing
polyunsaturated 3-amino fatty acids we analyzed 70% methano-
lic extract of cyanobacterium Anabaena sp. XPORK 15F previously
shown to produce anabaenolysin variants [23]. The separation
was performed by the same HPLC-HRMS/MS method as for
the puwainaphycin and iturin variants. Since anabaenolysin A
exhibited different fragmentation behavior in direct infusion
experiments in comparison to puwainaphycin and iturin (Fig. 3)
we applied a fragmentation energy of 35eV.

Six anabaenolysin lipopeptides in the range of m/z 550-600
were found in the XPORK 15F extract using HPLC-HRMS
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Table 1
HPLC-HRMS/MS data of iturin A standard solution. Itu stands for iturin.

Retention [M+H]" Formula Error (ppm)  Diagnostic Diagnostic Error (ppm) Compound B-amino fatty acid length
time (min) immonium ion immonium ion
(m/z) formula
121 9874905 CasHerNi201s™ 1.0 128.1426 CgHigN* 6.0 Adoa-Itu A Cio
135 1001.5052  CasHegNi2014° 0.1 1421590 CoHzN" 0.0 Auda-Itu A Cn
157 10155202  CssH71Ni20st 0.5 156.1749 CioHz2N* 14 Adea-Itu A Ciz
16.7 10295355 Cy7H7aNi2014" 09 170.1901 CiHagN* 14 Atda-Itu A Ci3
184 1057.5685 CsqgH7Ni2044° 0.8 184.2064 CizHagN* 22 Atea-1-GInltu A Cy4
185 1043.5538  CygHzsNi201s* 1.7 184.2064 CiaHagN* 22 Atea-ltu A Cia
194 10715860 CsoHNi2014" 2.5 1982222 CizHagN* 31 Apda-1-GlnltuA G5
196 10575691  CagH77N12014" 13 198.2222 CizHagN* 31 Apda-Itu A Cis
213 1071.5852  CsoHNi2014" 1.7 2122371 CygH3gN* 06 Ahda-1-GinItuA  Cig
210 1085.6018  C5iHg Ni2044t 2.5 2122371 CrqHzoN* 06 Ahda-Itu A Cis
223 1085.6001  CsiHgNi2044* 1.0 226.2532 CisHaN* 12 Ahea-Itu A Gz
Table 2

HPLC-HRMS data of Cylindrospermum alatosporum CCALA 988 extract. Puw stands for p

uwainaphycin,

Retention [M+H]* Formula Error (ppm) Diagnostic Diagnostic Error (ppm) Compound B-amino fatty acid length
time (min) immonium  immonium ion
ion (m/z) formula
124 1134.6170 Cs;HgaNi3046* 1.4 168.1853 CiHaN* 04 Hydroxy-4-methyl-Ahdoa-Puw F  Cyz
124 1148.6327 Cs;HgsNiaOi6™ 1.5 168.1851 CyyHzaN* 1.0 Hydroxy-4-methyl-Ahdoa-Puw G Ci>
15.0 1162.6478 Cs3HgsNi3056* 1.0 196.2064 CizHagN* 21 Hydroxy-4-methyl-Ahtea-Puw F Cy4
150 1176.6648 CssHaNi2016* 2.1 196.2065 Ci3HgN* 25 Hydroxy-4-methyl-Ahtea-Puw G Ci4
155 1090.5917 CsgHgoNi3015° 2.4 1421591 CoHzoN* 08 4-Methyl-Ahdea-Puw F Cio
155 1104.6074 CsoHgNy30i5° 2.3 142.1585 CoHzoN* 34 4-Methyl-Ahdea- Puw G Cio
17.1 1104.6067 CsoHgN13015° 1.8 156.1747 CioHzaN* 0.1 4-Methyl-Ahuda-Puw F Cn
171 1118.6193 Cs;HgaNy30y5* 1.0 156.1751 CioHz2N* 26 4-Methyl-Ahuda-Puw G Cny
179 1152.5815 Cs;HgaCINi3 045" 0.0 168.1745 CiHaN* 1.0 Chloro-4-methyl-Ahdoa-Puw F  Cy3
179 1166.5994 CszHgsCINpiz045* 1.9 168.1749 CiiHpzN* 12 Chloro-4-methyl-Ahdoa-Puw G Cy2
187 1118.6194 Cs1HgsN12015" 0.9 170.1907 CiHzaN* 24 4-Methyl-Ahdoa-Puw F Ciz
187 11326352 Cs;HgsNiz0y5* 0.8 170.1900 CyyHaaN* 19 4-Methyl-Ahdoa-Puw G Ci2
201 1132.6363 Cs;HgsNyz0y5* 0.2 170.1907 CyHaaN* 24 4-Methyi-Ahdoa-Puw F Ciz
201 1146.6527 Cs3HgsN1301s* 0.9 170.1900 CiHagN* 19 4-Methyl-Ahdoa-Puw G Ciz
206 1180.6146 Cs4HgoCIN13045* 1.6 196.2058 CizHasN* 09 Chloro-4-methyl-Ahtea-Puw F Cia
206 1194.6284 CssHgiCINy3045* 0.0 196.2058 CizHzgN* 0.6 Chloro-4-methyl-Ahtea-Puw G~ Cy4
216 1146.6545 Cs3HggNj20y5* 2.4 198.2220 CiaHagN* 20 4-Methyl-Ahtea-Puw F Cia
216 1160.6701 CssHogNi30y5* 2.4 198.2222 CiaHagN* 30 4-Methyl-Ahtea-Puw G Cia
247 1174.6838 CssHeNi3015* 0.6 2262529 CisHaaN* 0.1 4-Methyl-Ahhda-Puw F Cis
247 1188.6992 CsgHasNiz0y5* 0.4 2262525 CisHaN* 18 4-Methyl-Ahhda-Puw G Cis
254 1188.6977 CsgHasNi2045* 0.8 2402678 CigHagN* 34 4-Methyl-Ahhea-Puw F Gz
Table 3
HPLC-HRMS/MS data of Anabaena sp. XPORK 15F extract.
Retention [M+H]+ Formula Error (ppm) Diagnostic Diagnostic Error (ppm) Compound B-amino fatty acid length
time (min) immoniumion  immonium ion
(mfz) formula
164 557.2617 CpgHz7N40s* 2.0 228.1744 CigHzN* 1.0 Ahoha-Anabaenolysin A Cis
16.8 5732559 CosH37NsO9* 0.8 2441693 CigHz2NO* 13 Hydroxy-Ahoha-Anabaenolysin A G
199 591.2672 CgH39N4010" 1.8 244.1696 CisHz2NO" 14 Dihydroxy-Ahoha-Anabaenolysin A G
223 577.2863 C2sHaiN4Os* 0.9 230.1903 CigHaaN* 01 Ahopa-Anabaenolysin A with Aofha Cis
lactone ring hydrolyzed
239 559.2758 CgH39N40s* 0.8 230.1900 CigHaaN* 13 Anabaenolysin A G
(Ahopa-Anabaenolysin A)
247 561.2927 CpgHaiN4Os* 1.5 232.2064 CigHasN* 169 Anabaenolysin B Cig

(AHOTA-AnabaenolysinA)

analysis. Their amino acid composition Gly-Gly-Aofha (Aofha—2-
(3-amino-5-oxytetrahydrofuran-2-yl)-2-hydroxyacetic acid) was
confirmed (Table S1). All variants had the same [3-amino
fatty acid chain length, but differed in the number of double
bonds and substitution on the fatty chain. It was possi-
ble to detect characteristic immonium fragment ions. How-
ever, these ions exhibited lower intensity in comparison
to puwainaphycin and iturin variants. Anabaenolysin vari-
ants with four (Ahota-anabaenolysin A (Ahota—3-amino-2-
hydroxyoctadeca-tetraenoic acid)), five (Ahopa-anabaenolysin A
(Ahopa—3-amino-2-hydroxyoctadeca-pentaenoic acid)) and six

(Ahoha-anabaenolysin A (Ahoha—3-amino-2-hydroxyoctadeca-
hexaenoic acid) double bonds on the fatty chain were found in
the extract, so the diagnostic fragments showed general formula
CigHao-26N* (Table 3). In addition, two variants with hydroxyl
substitution of the fatty acid chain were detected, hydroxy-
Ahoha-anabaenolysin A and dihydroxy-Ahoha-anabaenolysin A,
and provided diagnostic immonium ion fragments CjgHzNO*
and CyH2,NO,*, respectively. Anabaenolysin variants eluting at
22.3 min with m/z 577.2863 corresponds to Ahoha-anabaenolysin
A with hydrolyzed lactone ring of the unusual amino acid Aofha
(Table S1).
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Fig. 4. Examples of novel putative lipopeptides detected in cyanobacterial strains with unknown metabolite profiles. The partial amino acid sequence was obtained by frag-

mentation at 40eV. (a) Novel Puw variant (m/z 1105.62) detected in strain

sp. SMIX. The inter

of the amino acid sequence was derived from [M —H,0+HJ*

and thus the loss of additional Dhb instead of Thr takes place (marked by asterisk). (b) Novel lipopeptide (m/z 1048.58) detected in strain Cylindrospermum sp. CCALA 993.
(c) Novel lipopeptide (m/z 1084.76) detected in strain Cylindrospermum sp. CCALA 1000. (d) Novel lipopeptide (m/z 715.49) detected in strain Anabaena sp. A-Pastviskol1.

Puw stands for puwainaphycin.

3.5. Screening for lipopeptides in cyanobacteria with unknown
metabolic profiles

We identified new lipopeptides from 240 cyanobacterial strains
with an unknown metabolite content using the new method lead-
ing to the detection of 2 known and 3 unknown puwainaphycin
variants and/or 9 putative lipopeptide structures in 8 cyanobacte-
rial strains.

In Cylindrospermum spp. strains CCALA 993 and 994 we detected
4-methyl-Ahdoa-puwainaphycin F by presence of characteris-
tic Cy2 B-amino fatty acid immonium ion (m/z 170.9005). In
the third puwainaphycin producing strain (Anabaena sp. SMIX)
we detected 4-methyl-Ahdoa-puwainaphycin F, 4-methyl-Ahtea-
puwainaphycin F and three novel puwainaphycin variants (m/z
1105.3, 1177.4 and 1190.4). In variant 1105.3 characteristic fatty
acid immonium ion fragment of elemental composition C;gH34N*
was detected at 100eV (Fig. 4a) and peptide sequence of Val-
Dhb-Thr-Dhb-Asn-Ala-Dhb-Glu was obtained at 40eV (Fig. 4a). In
variants 1177.4 and 1190.4 the fatty acid immonium ion fragment
Cy5H3gN* was detected and their peptide sequences were identical
to 1105 and puwainaphycin F, respectively.

We detected 10 putative novel lipopeptide structures in the
240 strains analyzed (Table S2). These compounds contained the
characteristic B-amino fatty acid immonium ion in fragmenta-
tion spectra obtained at 100 eV and at least 3 amino-acid residues
were detected in fragmentation at 40eV (see Table S2). Exam-
ples of fragmentation spectra of three structures are given in
Fig. 4b-d. In Cylindrospermum spp. strains CCALA 993 and 994
we detected a protonated molecule at m/z 1048.6 which formed
CyoHy,N* fatty acid immonium ion at 100eV and partial pep-
tide sequence Gly-Ser-Asn-Ser at 40eV (Fig. 4b). A protonated
molecule m/z 1084.8 detected from Cylindrospermum sp. CCALA

1000 formed a unsaturated fatty acid immonium ion CyjgHyoN*
(Fig. 4c) and the 40eV fragmentation provided the peptide
sequence lle/Leu,lle/Leu,Val,Tyrlle/Leu, lle/Leu (Fig. 4c). Finally in
the strain Anabaena sp. A-Pastviskol1 we detected the putative
lipopeptide with characteristic fragment C,sH34N* and short pep-
tide sequence Phe-Phe-Arg (Fig. 4d).

These results demonstrates that the method developed here is
capable of detecting not only already described lipopeptides but
also variants of known lipopeptides and lipopepeptides with novel
chemical structures.

4. Discussion

Bacteria are a prolific source of 3-amino fatty acid lipopeptides
typically in molecular range from 700-1400Da [5-7,16-25|. The
majority of known lipopeptide chemical variants possess fully sat-
urated non-substituted 3-amino fatty acid chain of fatty acid length
Cg—Cy2 [16-25]. Some of the minor variants can be functionalized
by hydroxyl-, keto-, chlorine or bromine group, but substituted
variants can be also produced [21]. Complex branching and func-
tionalization of the fatty acid chain have also been reported [19].

Characteristic fragments are routinely used in selective detec-
tion of many microbial metabolites as for example hepatotoxic
microcystins [30,31]. However, no selective method for the detec-
tion of cyclic B-amino fatty acid lipopeptides is currently available.
The peptidic nature of the compound is seen from neutral losses
of amino acid residues and their immonium ions (the mass range
of proteinogenic amino acid even number immonium ions is m/z
30-159)in the production spectra produced with collision energies
typical for peptides. With higher collision energies intensities of
higher mass immonium ions start to dominate which are diagnos-
tic for B-amino fatty acids (CyHay+2N* for non-functionalized and

Please cite this article in press as: P. Urajova, et al., A liquid chromatography-mass spectrometric method for the detection of cyclic
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CxHaN* for those bearing one functionalization). Fully saturated
non-derivatized 3-amino Cg-Cy fatty acid form even numbered
immonium ions which mass range is m/z 100-270. An even num-
bered ion mass directly shows the presence of one nitrogen in the
fragment. Taking together, by coupling of the information from
two separate HPLC-HRMS/MS analyzes and plotting the extracted
ion chromatograms for the immonium ions of B-amino fatty acid
chains(Cg—Cy2, both saturated and once unsaturated) we can obtain
information about the presence of 3-amino fatty acid lipopeptides
in the sample analyzed (for example Fig. S3).

Different derivatives of the fatty acid chain, how it is bound
to the peptide part and the structure of the peptide part change
the immonium ion formation dramatically in collision induced dis-
sociation. This was demonstrated in case of anabaenolysin A. The
immonium ion formed from the fatty acid of anabaenolysin A did
notdominate similarly as all the immonium ions formed from iturin
and puwainaphycin variants and was obtained at lower collision
energies. Identification of the peptidic nature of the compound
could be problematic in peptides with 3-5 amino acid residues
especially if non-proteogenic amino acids are present since there
are no easy assignment tools or databases available for identifica-
tion of the rare amino acid in the mass spectra analysis software. In
anabaenolysin the cyclic peptide part is containing only two pro-
teogenic amino acids and one residue specific for anabaenolysin
[23,27].Inanabaenolysin A the two amino acids are both glycines so
only the loss of Gly residue from the molecular ion or the presence
of Gly immonium ion in the product ion spectrum would straight-
forward reveal the compounds peptidic structure. In practice the
probability of both these events to happening is negligible low. So
in screening studies without existing knowledge it could be chal-
lenging to recognize lipopetides with more modified B-amino fatty
acids and/or peptide part containing mostly nonproteogenic amino
acids possibly together with polyketidic structures. Itis also impor-
tant to mention that the occurrence of multiple modifications on
the fatty acid side chain including more complex branching, desat-
uration or multiple substitutions by —OH and —Cl groups will make
the data interpretation more difficult and thus such type of com-
pound will be hardly detected by the method presented.

The majority of characterized bacterial 3-amino fatty acid
lipopeptides contain mostly proteinogenic amino acids and have
saturated fatty acid chain [5,16-25]. Therefore the method
developed here has broad applications in bioprospection, phar-
maceutical and environmental screening. We previously reported
that C. alatosporum CCALA 988 is capable of synthesizing puwaina-
phycin variants with Cjo and Cy4 fatty acid both chlorinated
and hydroxylated [12]. However, the method described here and
knowledge about the linear dependence of retention time and fatty
acid length made it possible to to detect puwainaphycin variants
from C;q to Cy7 including majority of their chlorinated and hydrox-
ylated variants.

5. Conclusions

Here we report a method for the analysis of crude bacterial
extracts by a HPLC-HRMS/MS technique using varying collision
energies as a good tool for targeted cyclic 3-amino-lipopeptides
screening. We detected novel structural variants of puwainaphycin
F and G with different 3-amino fatty acid in C alatosporum CCALA
988 extract using this method. Selected high collision energy
(100eV) is suitable for both puwainphycin and iturin A types of
lipopeptides to generate diagnostic fragments. On the contrary, in
anabaenolysin lower collision energy (35 eV) is needed to obtain
the diagnostic -amino fatty acid immonium ion. The proposed
HPLC-HRMS/MS approach here provides rapid and easy method

for detecting novel variants of bioactive cyclic lipopeptides as was
demonstrated in studied cyanobacterial strains.
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ABSTRACT Puwainaphycins (PUWs) and minutissamides (MINs) are structurally anal-
ogous cyclic lipopeptides possessing cytotoxic activity. Both types of compound ex-
hibit high structural variability, particularly in the fatty acid (FA) moiety. Although a
biosynthetic gene cluster responsible for synthesis of several PUW variants has been
proposed in a cyanobacterial strain, the genetic background for MINs remains unex-
plored. Herein, we report PUW/MIN biosynthetic gene clusters and structural variants
from six cyanobacterial strains. Comparison of biosynthetic gene clusters indicates a
common origin of the PUW/MIN hybrid nonribosomal peptide synthetase and
polyketide synthase. Surprisingly, the biosynthetic gene clusters encode two altemative
biosynthetic starter modules, and analysis of structural variants suggests that initiation
by each of the starter modules results in lipopeptides of differing lengths and FA substi-
tutions. Among additional modifications of the FA chain, chlorination of minutissamide
D was explained by the presence of a putative halogenase gene in the PUW/MIN gene
cluster of Anabaena minutissima strain UTEX B 1613. We detected PUW variants bearing
an acetyl substitution in Symplocastrum muelleri strain NIVA-CYA 644, consistent with an
O-acetyltransferase gene in its biosynthetic gene cluster. The major lipopeptide variants

did not exhibit any significant antibacterial activity, and only the PUW F variant was Citation Mares J, Hajek J, Urajov P, Kust A,
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Bacterial lipopeptides are a prominent group of secondary metabolites with phar-
maceutical potential as antibacterial, antifungal, anticancer, and antiviral agents (1).
Compounds like fengycin, the iturin family antibiotics, octapeptins, and daptomycin are
important pharmaceutical leads, the latter of which is already in clinical use (1-3). Their
biological activity is the result of an amphipathic molecular structure that allows
micellar interaction within the cell membranes of target organisms (4).

Lipopeptides are widespread in cyanobacteria and possess cytotoxic and antifungal
activities (5-8). Puwainaphycins (PUWs) and minutissamides (MINs) are lipopeptides
featuring a B-amino fatty acid and a 10-membered peptide ring (5, 9-11). Both classes
exhibit considerable structural variability in terms of length and functionalization of the
fatty acyl (FA) side chain attached to the stable peptide core (10-14). Only minor
discrepancies in the lengths and substitutions of the FA chain separate these two types
of lipopeptides. A wide array of bioactivities has been reported for these compounds.
PUW C is a cardioactive compound (15), as demonstrated by positive inotropic activity
in mouse atria, while PUW F/G exhibit cytotoxicity against human cells in vitro through
cell membrane permeabilization (5). MIN A to L exhibited antiproliferative effects over
a range of concentrations when tested against human cancer cell lines, similarly to
PUWSs (10, 11). The overall structural similarity suggests that PUWs and MINs share a
similar biosynthetic origin. However, the biosynthetic mechanisms generating the
conspicuous chemical variability remain unknown.

PUWs are synthesized by a hybrid polyketide/nonribosomal peptide synthetase
(PKS/NRPS) accompanied by tailoring enzymes (12). A characteristic feature of the PUW
synthetase is the fatty acyl-AMP ligase (FAAL) starter unit (12). This enzyme specifically
binds and adenylates FAs and passes the activated acyl-adenylate to a downstream
phosphopantetheine arm of the PKS acyl carrier protein (ACP) for further processing
(12). The whole process bears a resemblance to the biosynthesis of iturin family
lipopeptides (16-19), as well as small lipopeptide-like cyanobacterial metabolites like
hectochlorin (20), hapalosin (21), and jamaicamide (22), as discussed previously (23).
Bacterial FAAL enzymes originate from basal cell metabolism and likely evolved
from fatty acyl-coenzyme A (CoA) ligases (FACLs) following a specific insertion that
hampered subsequent ligation to reduced CoA (CoASH) (24) or altered the catalytic
conformation (25). FAAL enzymes play an important role in the assembly of other
metabolites, including olefins (26) and unusual lipids (27), in addition to lipopeptide
synthesis. The exact substrate-binding mechanism employed by FAALs was demon-
strated experimentally in Mycobacterium tuberculosis using several homologous FAAL
enzymes and FA substrates as models (28). The substrate specificity of these enzymes
corresponds to the structure of the substrate-binding pocket (25, 28), although it
overlaps among homologs.

Herein, we combined recently developed bioinformatics and high-performance
liquid chromatography combined with high-resolution tandem mass spectrometry
(HPLC-HRMS-MS) approaches (13, 23) to identify biosynthesis gene clusters for PUWs/
MINs in five new cyanobacterial strains and characterized the chemical variability of
their products. We discuss the specific structural properties of the lipopeptide variants
identified and compare the predicted functions of synthetase enzymes.

RESULTS AND DISCUSSION

Structural variability versus common biosynthetic origin of PUWs and MINs. In
the present study, we collected all known PUW/MIN producers (except for Anabaena sp.
strain UIC10035). The strains, referred to herein as strains 1 to 6, were originally isolated
from various soil habitats (Table 1). HPLC-HRMS-MS analysis detected multiple PUW
and MIN variants in each of the strains studied (Fig. 1), ranging from 13 to 26 in strains
3 and 1, respectively (Table S1 in the supplemental material).

The MS-MS data acquired for crude extracts were used to create a molecular
network (Fig. 2), analysis of which demonstrated that Cylindrospermum strains 1 to 3
and Anabaena strains 4 and 5 formed a single group with MIN A as the only variant
common to all the strains (Fig. 2a). All major structural variants of these strains shared
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TABLE 1 Strains analyzed for PUW/MIN production

Applied and Environmental Microbiology

Strain no. Person who
herein Strain isolated strain Date Locality, habitat Reference
1 Cylindrospermum alatosporum A. Lukesova 1989 Canada, Manitoba, Riding Mountain National 55
CCALA 988 Park, soil
2 Cylindrospermum moravicum A. Lukesova 2008 Czech Republic, South Moravia, Moravian Karst, 55
CCALA 993 Amaterska Cave, cave sediment
3 Cylindrospermum alatosporum A. Lukesova 2011 Czech Republic, Moravian Karst, earthworms 55
CCALA 994 collected from soil above Amaterska Cave,
earthworm casings
4 Anabaena sp. UHCC-0399 M. Wahlsten N/A Finland, Jurmo, Southwestern Archipelago 56
National Park, copepods
5 Anabaena minutissima UTEX T. Kantz 1967 South Texas, USA, soil 57
B1613
6 Symplocastrum muelleri NIVA- O. M. Skulberg 2009 Norway, Mere og Romsdal county, Halsa 40
CYA 644 municipality, western slope of Slettfjellet

mountain in semiterrestrial alpine habitat,
biofilm on turf in ombrotrophic blanket bog

the common peptide sequence FA'-Val2-dehydroaminobutyric acid (Dhb)3-Asn4-Dhb*-
Asns-Ala?-Thré-N-methyl-L-asparagine (NMeAsn)®-Pro'° (Fig. 3), described previously for
PUW F and MIN A (5, 10). The pattern of variant production was almost identical in
Cylindrospermum strains 2 and 3, which in addition to MIN A contained PUW F (Fig. 1,
Table S1). In contrast, Anabaena strains 4 and 5 produced MIN C and D in addition to
the major variant, MIN A (Fig. 1). The peptide core of the molecule was different in
Symplocastrum muelleri strain 6 (Fig. 3), forming a separate group in the molecular
network (Fig. 2b), with the general peptide sequence FA'-Val2-Dhb3-Thr4-Thr/Val*-GIne-
Ala7-O-methyl-L-threonine (OMeThr)8-NMeAsn®-Pro© (Fig. 3), identical to those of PUW
A to D and MIN |, K, and L isolated previously from Anabaena sp. (9, 11).

The peptide cores of the variants included in the network differed to some degree,
but most variation was detected in the FA moiety (Fig. 4) when crude extracts were
analyzed for the presence of characteristic FA immonium fragments (13).

Accordingly, bioinformatic analysis identified putative PUW and MIN gene clusters in
each of the five newly sequenced strains (Fig. 5, Table 2). Based on BLASTp, CDD, and
AntiSMASH searches, these gene clusters exhibited synteny and functional homology
with the previously characterized puw biosynthesis gene cluster in strain 1 (12) (Fig. 5).
Therefore, our results strongly indicate a common biosynthetic origin of PUWs and
MINs in cyanobacteria.

Variability in the peptide core. A common set of NRPS genes (puwA and puwkE to
-H) (Fig. 5) encoding a sequence of nine amino acid-incorporating modules (Fig. 6) was
detected in all strains analyzed. Individual NRPS modules displayed variability in amino
acid adenylation and tailoring domains that was generally congruent with the PUW/
MIN peptide cores inferred using HPLC-HRMS-MS (Fig. 3). The two major types of
peptide cores observed (represented by PUW A and PUW F, respectively) differed in the
amino acids at positions 4 (Thr—Asn), 5 (Thr—Dhb), 6 (GIn—Asn), 7 (Ala—Gly), and 8
(Thr—OMe-Thr), as shown in Fig. 3 and Table S1. This was reflected in the predicted
substrates of the corresponding adenylation domains (A domains) and by the presence
of an O-methyltransferase domain in PuwH of S. muelleri strain 6, which is responsible
for the methoxylation of Thr® (Fig. 6, Table S2). In contrast to the variability observed
at the previously noted amino acid positions, the two positions adjacent to both sides
of the modified fatty acid [NMeAsn®-Pro19-(FA')-Val2-Dhb?] are conserved in all known
PUW/MIN variants described here and previously (5, 9, 13-15) (Fig. 3, Table S1).
Accordingly, no functional variation in A domains corresponding to these positions was
observed within the deduced PuwA, Puwk, and PuwF proteins (Table S2). This is
interesting because these four hydrophobic amino acids surround the FA moiety, which
is likely responsible for the membrane disruption effect suggested previously (5). Thus,
we hypothesize that such an arrangement could further support hydrophobic interac-
tions with the lipid layer of the plasma membrane.
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FIG 1 HPLC-HRMS-MS analysis of crude extracts from the strains investigated. Major puwainaphycin (PUW) and minut-
issamide (MIN) variants are highlighted. For variants without complete structural information, only m/z values are shown.

For some of the other positions, minor variants were observed involving substitution
of amino acids similar in structure and hydrophobicity, including Asn-GlIn at position 4,
Thr-Val at position 5, Ala-Gly at position 7, and Thr-Ser at position 8 (Fig. 3, Table S1),
indicative of probable substrate promiscuity in their respective adenylation domains
(29). The A6 domains in strains 4 and 5 activated Ala as a major substrate and Gly to
a lesser extent, even though in silico analysis predicted Gly as their main substrate
(Table S2). In strain 6, Gly was incorporated, in agreement with the predicted substrate
specificity. An epimerase domain was present in each of the sixth NRPS modules (i.e.,
C-A6-PCP) of the pathways (Fig. 6), indicating the probable formation of a p-amino acid
enantiomer at position 7 of the peptide core. Indeed, the presence of p-Ala was
previously confirmed in PUW F (5) and MIN A to H (10, 11), and p-Gly was identified in
MIN I'to L (10, 11). In two cases, the adenylation domains A3 (PuwF) and A6 (PuwG) are
capable of incorporating significantly different amino acids, such as Asn*Thr* and
Ala’-Ser?, respectively (Fig. 6). This degree of substrate promiscuity is relatively uncom-
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FIG 2 Molecular network created using the Global Natural Products Social Molecular Networking (GNPS) web platform. Two separate
networks were obtained during GNPS analysis: a group containing Cylindrospermum strains 1to 3 and Anabaena strains 4and 5 (a), and
a group containing only variants detected in Symplocastrum muelleri strain 6 (b). The separate groups differ mainly in the peptide core
of the molecule. For variants without complete structural information, only m/z values are shown. *, compound present in trace amounts;
#, compound for which MS-MS data failed to resolve the structural information.

mon. The activation of two divergent amino acids (Arg/Tyr) by a single adenylation
domain, based on point mutations in just three codons, was previously demonstrated
in the anabaenopeptin synthetase from the cyanobacterium Planktothrix agardhii (30).
The substrate exchange of Ala versus Ser was previously reported from fungal class IV
adenylate-forming reductases that contain A domains homologous to those of NRPS
enzymes (31).

The last synthetase enzyme in the pathway (PuwA) is equipped with a terminal
thioesterase domain (Fig. 6), which presumably catalyzes cleavage of the final product
and formation of the cycle via a peptide bond between the terminal prolyl and the
B-amino group of the FA chain, as previously suggested (12).

Two hypothetical starter units and their substrate range. The biosynthesis of
bacterial lipopeptides is typically commenced by FA-activating enzymes (16, 18).
Initiation of the biosythesis of PUW/MIN is performed by a FAAL enzyme (12) and allows
a much broader array of activated substrates than the relatively conserved oligopeptide
core (Fig. 4) (13). We identified three alternative arrangements of the putative FAAL
starter units (Fig. 5 and 6), each corresponding to a different array of FA side chains
detected by HPLC-HRMS-MS, which presumably reflects the range of FA substrates
activated during their biosynthesis (Fig. 4). Cylindrospermum species strains 1 to 3
possess the type | putative starter unit consisting of a standalone FAAL enzyme, PuwC,
and a separate ACP, PuwD (Fig. 5, Table 2). In contrast, the biosynthetic gene cluster of
S. muelleri strain 6 contains the type Il putative starter unit (Puwl) consisting of a FAAL
fused to an ACP (Fig. 5, Table 2). Anabaena species strains 4 and 5 combine both type
| and type Il putative starter units in their biosynthetic gene clusters (Fig. 5, Table 2).
Although the functions and substrate ranges of these hypothetical starter units require
further confirmation by gene manipulation experiments, they are supported by the
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FIG 3 Structural variability of the peptide cores of PUW/MIN variants. Examples of structural variants PUW F (a) and PUW A (b) with designated amino acid
positions representing the two major peptide cores. (c) Table summarizing all types of the PUW/MIN peptide core found in known compounds reported in
literature and compounds (Comp.) detected in studied strains. Columns shaded in gray highlight the conserved amino acid positions.

patterns of lipopeptide variants detected by HPLC-HRMS-MS (Fig. 4, Table S1). In
Cylindrospermum strains 1 to 3, which exclusively contain the type | starter unit, the
PUW/MIN products exhibited an almost-continuous FA distribution of between C,, and
C,5 (up to C,; in negligible trace amounts) (Fig. 4). In S. muelleri strain 6, the presence
of the type Il loading module resulted in the production of PUW/MIN variants with
discrete FA lengths of C,, and C,,. Strains containing both type | and type Il starter
units (Anabaena strains 4 and 5) produced two sets of PUW/MIN products with no
overlap (C;, to C,,,5 for the type | pathway and C,4 for the type Il pathway) but
exhibited a slightly shifted length distribution (Fig. 4). Based on these results, it seems
plausible that PuwC/-D and Puwl represent two alternative FAAL starter modules
capable of initiating PUW/MIN biosynthesis (Fig. 5 and 6). An analogous situation was
previously described for the alternative NRPS starter modules in the anabaenopeptin
synthetase (32).
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area of the major variant present in the strain (MIN A for strains 1to 5 and m/z 1,235.7 for strain 6).

In the FA residue of the lipopeptide, proximal carbons in the linear aliphatic chain
are incorporated into the nascent product by PKS enzymes (12). The PKS domains of
PuwB and Puwek (Fig. 6, Table 2) catalyze two elongation steps. Therefore, the fatty acid
is expected to be extended by four carbons. The substrate length specificities of the
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FIG 5 Structures of the puw gene cluster in the six cyanobacterial strains investigated. Gene arrangement and
functional annotation of puwA to -L genes and selected PKS/NRPS tailoring domains are indicated by colored
amows. The distribution of the two types of putative starter modules (shaded boxes) observed is indicated by bars.
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TABLE 2 Deduced proteins encoded by the puw gene cluster in six cyanobacterial strains, including length and functional annotation®

Length (aa) in strain no.

Protein 1 2 3 4 5 6 Predicted function(s)®
ORF1 659 664 664 643 643 647 ABC transporter

PuwA 2,870 2,870 2,870 2,854 2,854 2,866 NRPS

ORF2 1,116 1,499 1,875 643 670 376 Patatin-like phospholipase
ORF3 696 696 Dynamin family protein
Puwl 709 702 m FAAL, ACP

Puwl 427 427 529 Cytochrome-like protein
PuwB 2,534 2,592 2,592 2,549 2,537 2,555 Hybrid PKS/NRPS, aminotransferase, oxygenase
PuwC 597 590 590 597 589 FAAL

PuwD 101 104 96 93 92 ACP

Puwk 465 Halogenase

Puwk 3,077 3,121 3121 3,099 3,112 3113 NRPS

PuwF 2,370 58516 5851t 5,877t 58716 3310 NRPS

PuwG 3492 2,620 NRPS

PuwH 1,102 1,081 1,102 1121 1121 1,408 NRPS

Puwl 217 O-Acetyltransferase

9ACP, acyl carrier protein; FAAL, fatty acyl-AMP ligase; PKS, polyketide synthase; NRPS, nonribosomal peptide synthetase.
bThe proteins PuwF and PuwG are encoded in a single ORF in this strain.
<The empty fields in the table indicate the absence of a particular protein.

FAAL enzymes in Mycobacterium tuberculosis were recently shown to be determined by
the size and position of specific amino acid residues protruding into the FA-binding
pocket (28). Experimental replacement of Gly or lle by a larger Trp residue in the upper
and middle parts of the pocket blocked the binding of the original C,, substrate, but
shorter chains (C, or C,,, respectively) were still activated (28). Experimental data on
FAAL substrate specificity in cyanobacteria are currently lacking. Alignment of amino
acid residues from all putative PuwC and Puwl proteins demonstrates overall homology
(Fig. 52a), including the positions corresponding to the FA-binding pocket, as previ-
ously shown in Mycobacterium (Fig. 52b) (28). Experimental evidence, such as in vitro
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activity assays and crystallization of protein-ligand complexes, is required to explain the
varying substrate specificities of PuwC versus those of Puwl. Also, we cannot exclude
the possibility that the FA substrate length range is partially determined by the pool of
free FAs available to the FAAL enzyme. Indeed, this possibility is supported by obser-
vations of Cylindrospermum strains 1 to 3, which share highly conserved PuwC proteins
(Fig. S2a) with identical residues in the predicted FA-binding pockets (Fig. S2b) but
display slightly different ranges and ratios of incorporated FAs in the PUW/MIN variants
produced (Fig. 1 and 4).

FA tailoring reactions: oxidation, halogenation, and acetylation. Intriguingly, all
products originating from biosynthesis initiated by the type Il starter unit (variants with
C,6 and C,¢ FA tails in Anabaena strains 4 and 5 and S. muelleri strain 6) include the
substitution of a hydroxy or oxo moiety (Fig. 6). For minutissamides C and D, this
substitution takes place on the third carbon from the FA terminus (C,,), as described
previously (10), and this position was confirmed by nuclear magnetic resonance (NMR)
in variants produced by Anabaena sp. strain 4 in our study (Table S3, Fig. S3 to S6). In
agreement with these hydroxy and oxo substitutions, the respective gene clusters each
encode PuwlJ, a putative cytochrome P450-like oxidase (Table 2), immediately down-
stream from the gene encoding the type Il starter module. We therefore hypothesize
that the PuwJ enzyme is responsible for hydroxylation of FA residues activated by Puwl
(Fig. 6). However, the formation of the keto variant remains unexplained by our data.

Another gene, puwK, encoding a putative halogenase, was associated with the type
I starter module in Anabaena sp. strain 5 (Table 2). Although no conserved enzymatic
domain was detected in the deduced protein, it shares similarity with proteins postu-
lated to be involved in the halogenation of cyanobacterial chlorinated acyl amides
known as columbamides (33) and N-oxygenases similar to the p-aminobenzoate
N-oxygenase AurF (34-36). The possible functional designation of this enzyme as a
halogenase is further supported by the fact that the w-chlorinated product MIN B,
originally described in Anabaena sp. strain 5 (10), was also detected in this study (Table
S1) as one of the major variants, while no MIN B or any other chlorinated PUW/MIN
products were detected in Anabaena sp. strain 4 (Fig. 1). Anabaena species strains 4 and
5 share identical organization across the entire gene cluster, and the lack of the
putative halogenase gene puwK is the only difference between these two clusters in
terms of the presence of genes (Fig. 5).

In Cylindrospermum species strains 1 to 3, whcih exclusively possess the type | starter
unit, the presence of minor amounts of hydroxylated and chlorinated variants (Fig. 4)
suggests the involvement of another biosynthetic mechanism unexplained by the
current data. This ambiguity warrants experimental research, such as gene knockout
experiments, to confirm the proposed functions of puwJ and puwK.

Finally, the gene cluster identified in S. muelleri strain 6 was the only one containing
gene puwl. The deduced product of this gene shares 53.4% similarity with the
O-acetyltransferase McyL (Table 2), which is involved in acetylation of the aliphatic
chain of microcystin in cyanobacteria (37). Additionally, this gene is similar to those
encoding chloramphenicol and streptogramin A O-acetyltransferases that serve as
antibiotic resistance agents in various bacteria (38). The functional annotation of PuwL
as a putative O-acetyltransferase is consistent with the detection of O-acetylated
lipopeptide variants in S. muelleri strain 6 (Table 3, Fig. 7). Five PUW variants (m/z
1,265.7338, 1,279.7496, 1,277.7695, 1,291.7870, and 1,293.7654) that yield high-energy
fragments proving the presence of an acetyl group bonded to the FA moiety have been
detected. In the m/z 1,279.8 and 1,293.8 peaks, the high-energy-fragment ion at m/z
312 corresponds to the FA immonium ion bearing an acetyl group, and the fragment
ion at m/z 439 corresponds to the prolyl-FA-acetyl fragment. The subsequent loss of an
acetyl group resulted in the presence of ions at m/z 252 and 379, respectively (Table 3,
Fig. 7). Similarly, analysis of the m/z 1,265.7 peak revealed analogous fragments at m/z
284/411 and 351/224 (Table 3).
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FIG 7 MS5-MS fragmentation of MIN A (3, ¢, &) and the PUW variant at m/z 1,279 bearing an acetyl substitution of the fatty acid chain (b, d, ). (a, b} Base peak
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TABLE 4 Bacterial and yeast strains used for antimicrobial testing of PUW F and MIN A, C,
and D

Incubation  Incubation  Gram stain

Test ism (HAMBI no.)? Medium®  temp (°C) time (h) reaction®
Pseudomonas sp. (2796) TGY 28 24 =
Micrococcus luteus (2688) TGY 28 24 +
Bacillus subtilis (251) TGY 28 24 +
Pseudomonas aeruginosa (25) TGY 37 24 =
Escherichia coli (396) TGY 37 24 -
Bacillus cereus (1881) TSA 28 24 +
Burkholderia cepacia (2487) TSA 37 24 -
Staphylococcus aureus (11) TSA 37 24 +
Xanthomonas campestris (104) NA 28 24 -
Burkholderia pseudomallei (33) NA 37 24 =
Salmonella enterica serovar Typhi (1306)  NA 37 24 -
Arthrobacter globiformis (1863) NA 28 24 -
Kocuria varians (40) NA 28 24 +
Candida albicans (261) YM agar 37 24 Yeast
Cryptococcus albidus (264) YM agar 28 24 Yeast
Saccharomyces cerevisiae (1164) YM agar 28 24 Yeast

aHAMBI, culture collection of University of Helsinki, Faculty of Agriculture and Forestry, Department of
Microbiology.

“The compositions of all media were obtained from the American Type Culture Collection (ATCC). TGY,
tryptone glucose yeast; TSA, tryptic soy agar; NA, nutrient agar; YM agar, yeast malt agar.

<—, negative; +, positive.

Antimicrobial activity. Both PUWs and MINs possess cytotoxic activity against
human cells in vitro (5, 10, 11). In the current study, we demonstrated that the major
PUW/MIN variants (PUW F and MIN A, C, and D) did not exert antibacterial effects
against either Gram-positive or Gram-negative bacteria in a panel of 13 selected strains
(Table 4). PUW F was the only variant tested that manifested antagonistic activity
against two yeast strains utilized in our experiment, namely, Candida albicans strain
HAMBI 261 and Saccharomyces cerevisiae strain HAMBI 1164, with inhibition zones of 14
and 18 mm, respectively, and MICs of 6.3 ug ml~' (55 uM) (Fig. 8). No antifungal
activity was recorded for the MIN C and D variants, and only weak inhibition of the two
yeast strains was recorded for MIN A (Fig. S7). PUW F differs only slightly from MIN A,
by a -CH,-CH; extension of the FA moiety, indicating that the FA length affects
bioactivity. Furthermore, the lack of bioactivity for MIN C and MIN D suggests that
hydroxy and oxo substitutions also compromise antifungal efficacy. As previously
demonstrated, cytotoxicity is due to membrane permeabilization activity accompanied
by calcium flux into the cytoplasm (5), consistent with the membrane effects docu-
mented for other bacterial lipopeptides (4). However, as is apparent from our data (Fig.
8), PUW/MIN products appear to be effective solely against eukaryotes (thus far tested
only on human and yeast cells). This finding is in contrast to the typical antibacterial
activity frequently described for many lipopeptides produced by Gram-positive bacteria
(4). Analogously, the cyanobacterial lipopeptides anabaenolysin A and hassalidins

FIG 8 Antifungal activities of PUW F against yeast strains Saccharomyces cerevisiae HAMBI 1164 (a) and
Candida albicans HAMBI 261 (b). Discs were treated with a range of concentrations from 25.2 ug ml -7 to
0.0394 ug/ml to determine the MIC. Numbers and symbols represent concentrations and controls, as
follows: 1, 252 ugml~7;2,12.6 ug ml~'; 3, 6.3 ug ml~'; +, positive control (10 ug nystatin); —, negative
control (10 ul methanol).
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preferentially interact with cholesterol-containing membranes, hence their predisposi-
tion for activity against eukaryotic cells (6, 8).

Distribution of PUWs and MINs in cyanobacteria. PUWs and MINs form one of the
most frequently reported groups of lipopeptides in cyanobacteria and have been
isolated from heterocytous cyanobacteria, particularly members of the genera
Anabaena and Cylindrospermum that inhabit soil (5, 9-11). Only a single study has
mentioned the probable occurrence of puwainaphycins in a planktonic cyanobacte-
rium (Sphaerospermopsis) (39). Our current comprehensive analysis of these lipopep-
tides and their biosynthetic genes further supports the hypothesis that lipopeptides
occur predominantly in nonplanktonic biofilm-forming cyanobacteria (23). In this con-
text, it is worth mentioning that S. muelleri strain 6 was isolated from a wetland bog in
alpine mountains in coastal Norway (40). This strain is a toxigenic member of a biofilm
microbiome and suspected to play a role in the development of severe hemolytic
Alveld disease among outfield grazing sheep (41, 42). Biomass harvested from pure
cultures of this strain exhibited strong cytotoxic activity toward primary rat hepatocytes
(43, 44), which indicates the production of secondary metabolites with cytotoxic
properties. Thus, the possible toxic potential of cyanobacterial lipopeptides, such as
PUWs and MINs, in the environment warrants further attention.

Conclusions. Our study highlights and explores the extensive structural versatility
of cyanobacterial lipopeptides from the PUW/MIN family by introducing previously
unknown variants and newly sequenced biosynthetic gene clusters. Intriguingly, all
variants are synthesized by a relatively conserved PKS/NRPS machinery with a common
genetic origin. We hypothesize that chemical diversity is generated largely by the
presence of two alternative fatty acyl-AMP ligase starter units, one of which exhibits an
unusually broad specificity for FA substrates of various lengths. Additionally, putative
halogenase and O-acetyltransferase genes were present in some gene clusters. This
knowledge provides novel insight into the genetic background underpinning the
biosynthesis of bacterial lipopeptides. The proposed biosynthetic mechanisms allow
the studied microbes to generate a large pool of products that can be readily expanded
by introducing relatively small genetic changes. This is consistent with the so-called
“screening hypothesis” (45, 46), which predicts an evolutionary benefit for organisms
producing a large chemical diversity of secondary metabolites at minimum cost.
Accessory antimicrobial tests on bacteria and yeasts, together with previously pub-
lished results, suggest a specific toxic effect of PUWs against eukaryotic cells. Thus, their
toxic potential for humans and other animals clearly warrants further investigation, and
their possible use as antifungal agents is ripe for exploration.

MATERIALS AND METHODS

Cultivation of cy b ial strains. Six cyanobacterial strains were included in the present study,
Cylindrospermum moravicum CCALA 993 (strain 1), Cylindrospermum alatosporum CCALA 994 (strain 2),
Cylindrospermum alatosporum CCALA 988 (strain 3), Anabaena sp. strain UHCC-0399 (previously
Anabaena sp. strain SMIX 1; strain 4), Anabaena minutissima UTEX B 1613 (strain 5), and Symplocastrum
muelleri NIVA-CYA 644 (strain 6). The origins of the strains are listed in Table 1. For chemical analysis,
strains 1to5 were cultivated in BG-11 medium (47) in glass columns (300 ml) bubbled with air
enriched in 1.5% CO, at a temperature of 28°C and constant illumination of 100 wmol photons m 2
s~ 1. Strain 6 was maintained in culture using a custom liquid medium obtained by mixing 200 ml of
Z8 medium (48), 800 ml distilled water, 30 ml soil extract, and common vitamin premix (according
to SAG [Sammlung von Algenkulturen der Universitat Gottingen], but without biotin). Cultivation
was performed in 100- to 200-ml Erlenmeyer flasks at 20°C with a 16:8 light/dark photoperiod under
static conditions. Cultures were kept at low irradiance (4 umol m~2 s~ of photosynthetically active
radiation [PhAR], generated using red-green-blue light-emitting-diode [RGB LED] strips). Cells were
harvested by centrifugation (3,125 X g), stored at —80°C, and subsequently lyophilized. Strain 4 was
cultivated at a larger scale for purification of major lipopeptide variants in a 10-liter tubular
photobioreactor under the above-mentioned conditions in BG-11 medium.

Molecular and bioinformatic analyses. Single filaments of strains 2, 3, 5, and 6 were isolated for
whole-genome amplification (WGA) and subsequent preparation of a whole-genome sequencing (WGS)
library as described previously (12). Briefly, the glass capillary technique was used to isolate filaments and
exclude minor bacterial contaminants. A set of 20 filaments from each strain was then used as a template
for WGA. Multiple displacement amplification (MDA) using a Repli-g minikit (Qiagen, Hilden, Germany)
was followed by PCR and sequencing to monitor the cyanobacterial 16S rRNA gene using primers
165387F and 1651494R (49). Positive samples (7 to 10 MDA products yielding clear 165 rRNA gene
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sequences of the respective genera) were then pooled to create a template for WGS. DNA samples were
sent for commercial de novo genome sequencing (EMBL Genomics Core Facility, Heidelberg, Germany)
using the lllumina MiSeq platform (lllumina, San Diego, CA, USA) with an ~350-bp average-insert-length
paired-end library and 250-bp reads (~1.4-Gbp data yield per strain). Raw data from de novo WGS were
assembled using CLC Bio Genomics Workbench version 7.5 (CLC Bio, Aarhus, Denmark). Genomic DNA
was isolated from strain 4 as previously described (37), and the quality was assessed using a NanoDrop
1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and an Agilent TapeStation
(Agilent Technologies, Santa Clara, CA, USA). High-molecular-weight DNA was used to construct an
Illumina TruSeq PCR-free 350-bp library and sequenced using an lllumina HiSeq 2500 platform with a
paired-end 100-cycle run. Genome data (1 Gb for each strain) were first checked using SPAdes version
3.7.1 (50) for read correction and removal of erroneous reads and then assembled using Newbler version
3.0 (454 Life Sciences, Branford, CT, USA). Genomic scaffolds were loaded into Geneious pro R10
(Biomatters) and investigated for FAAL and NRPS genes using BLASTp searches to identify putative
lipopeptide synthetase gene clusters (23). FAAL and NRPS adenylation domains (A domains) from the
single known PUW gene cluster (strain 1; KM078884) were used as queries since homologous gene
clusters were expected. Contigs yielding high-similarity hits (E value of <10~ 2°) were then analyzed using
the Glimmer 3 (51) algorithm to discover putative open-reading frames (ORFs). Functional annotation of
ORFs was conducted by applying a combination of BLASTp/CDD searches against the NCBI database and
using the antiSMASH 4.0 secondary metabolite gene cluster annotation pipeline (52, 53). Pairwise
sequence identities and the presence of conserved residues in homologous putative proteins encoded
in the gene clusters were assessed using Geneious pro software based on amino acid alignment (MAFFT
plugin, default parameters). Minor assembly gaps were identified in the genomic scaffolds of all strains
investigated, either directly after paired-end read assembly or based on mapping to the reference gene
cluster from C. alatosporum CCALA 988. Gaps in PUW/MIN gene clusters were closed by PCR, and
subsequent Sanger sequencing of PCR products was performed using custom primer annealing to
regions adjacent to the assembly gaps.

Extraction and analysis of PUWs/MINs. To obtain comparable results, each strain was extracted
using an identical ratio of lyophilized biomass (200 mg) to extraction solvent (10 ml of 70% methanol
[MeOH], vol/vol). Extracts were evaporated using a rotary vacuum evaporator at 35°C and concentrated
to 1 ml of 70% MeOH. The methanolic extracts were analyzed using a Thermo Scientific Dionex UltiMate
3000 ultra-high-performance liquid chromatography plus (UHPLC+) instrument equipped with a diode
array detector connected to a Bruker Impact HD (Bruker, Billerica, MA, USA) high-resolution mass
spectrometer with electrospray ionization. Separation of extracts was performed on a reversed-phase
Phenomenex Kinetex C, column (150 by 4.6 mm, 2.6 um) using H,O (A)-acetonitrile (B) containing 0.1%
HCOOH as a mobile phase, at a flow rate of 0.6 ml min~'. The gradient was as follows: A/B 85/15 (0 min),
85/15 (over 1min), 0/100 (over 20 min), 0/100 (over 25min), and 85/15 (over 30 min). For better
resolution of minor PUW variants, another analytical method with a longer gradient (67 min) adopted
from our previous study (13) was applied. The peptide sequence was reconstructed from the b ion series
obtained after opening of the ring between the proline and N-methylasparagine residues, followed by
the sequential loss of water and all the amino acids with exception of the last residue (Pro). The numbers
of carbons in the FA moiety in PUW/MIN variants containing nonsubstituted and hydroxy-/chloro-
substituted FA were determined using a method described previously by our team (13). Characteristic FA
immonium fragments in oxo-substituted PUW/MIN variants were identified by applying this method to
crude extracts of Anabaena strain 5 containing the oxo-substituted MIN D variant (10). Since a stable,
prominent, and characteristic FA immonium fragment with the sum formula C, ;H,,NO* was obtained for
MIN D (Fig. S1), analogous fragments with the general formula CH,NO* were used to identify
oxo-substituted components in unknown PUW/MIN variants from other strains investigated.

Molecular networking. A molecular network was created using the Global Natural Products Social
Molecular Networking (GNPS) online workflow (54). Data were filtered by removing all MS-MS peaks
within 17 Da of the precursor m/z. MS-MS spectra were window filtered by choosing only the top six
peaks in the =50-Da window throughout the spectrum. Data were then clustered with MS-Cluster with
a parent mass tolerance of 0.1 Da and an MS-MS fragment ion tolerance of 0.025 Da to create consensus
spectra. Additionally, consensus spectra comprised of fewer than two spectra were discarded. A network
was then created in which edges were filtered using a cosine score above 0.75 and more than three
matched peaks. Additional edges between pairs of nodes were retained in the network only when both
nodes were included in each other’s respective top 10 most similar nodes. Spectra in the network were
then searched against the GNPS spectral libraries, and library spectra were filtered in the same manner
as the input data. All matches obtained between network spectra and library spectra were retained only
when the score was above 0.7 and at least four peaks matched. Analog searching was performed against
the library with a maximum mass shift of 200 Da.

Purification of MINs from Anabaena sp. strain 4 and its NMR analysis. Freeze-dried biomass
of strain 4 (10g) was extracted with 70% MeOH (500 ml). The extract was evaporated using a rotary
vacuum evaporator to reduce the MeOH content, and the sample was subsequently diluted with distilled
water to reach a final MeOH concentration of =5%. The diluted extract was prepurified using a Supelco
C,s SPE cartridge (10g, 60 ml) preequilibrated with 60 ml of MeOH and 120 ml of H,0. After loading,
retained components were eluted with 60 ml of pure MeOH, concentrated to dryness, and resuspended
in 10 ml of pure MeOH. MIN A, C, and D were purified in two HPLC purification steps. The first step was
performed on a preparative chromatographic system (Agilent 1260 Infinity series) equipped with a
multiwavelength detector and automatic fraction collector. A preparative Reprosil 100 C,, column
(252 by 25 mm) was employed for separation at a flow rate of 10 ml min -~ using the following gradient
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of MeOH containing 0.1% HCOOH (A) and 10% MeOH containing 0.1% HCOOH (B): 0 min (100% B), 6 min
(100% B), 15 min (43% B), 43 min (12% B), 45 min (0% B), 58 min (0% B), 60 min (100% B), and 64 min
(100% B). Fractions were collected using an automatic fraction collector at 1-min intervals, and fractions
were analyzed for MIN A, C, and D using the method described above. Fractions containing MIN A, C, and
D were collected in separate vials and concentrated using a rotary evaporator.The second purification
step was performed on a semipreparative HPLC (Agilent 1100 Infinity series) using a Reprosil 100 Phenyl
column (250 by 8 mm) with acetonitrile containing 0.1% HCOOH (A) and water containing 0.1% HCOOH
(B) using the following gradient: 0 min (60% B), 2 min (60% B), 6 min (50% B), 28 min (18% B), 30 min (0%
B), 30 min (0% B), 32 min (0% B), 31 min (60% B), and 36 min (60% B). The flow rate was 1 ml min~’
throughout, fractions were collected manually, and the purity was analyzed using the HPLC-HRMS
method described above. NMR spectra of minutissamides were measured in dimethyl sulfoxide
(DMSO0)-d, at 30°C. All NMR spectra were collected using a Bruker Avance Il 500 MHz NMR spectrometer,
equipped with a 5-mm-diameter broadband probe (BBI) head with actively shielded z gradient.

Antibacterial and antifungal assays. The antimicrobial activities of four major variants (PUW F and
MIN A, C, and D) were tested against 13 bacterial and two yeast strains (Table 4) using disc diffusion
assays (8) in three independent experiments with kanamycin/nystatin and MeOH as positive and
negative controls, respectively. The antifungal activity of PUW F was further evaluated by determining
the MICs against Candida albicans (HAMBI 261) and Saccharomyces cerevisiae (HAMBI 1164) as described
previously (8). PUW F was isolated from Cylindrospermum strain 1 according to a protocol described
previously (5), and isolation of MIN A, C,and D was performed as described above. The variants produced
by S. muelleri strain 6 were impossible to isolate due to the slow growth of the cyanobacterium, which
resulted in low biomass yields during the study period.

Accession number(s). The accession numbers for the newly sequenced complete putative biosyn-
thetic gene clusters uploaded to the European Nucleotide Archive are MH325197 to MH325201.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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1. Introduction

Semi-synthetic puwainaphycin/minutissamide
cyclic lipopeptides with improved antifungal
activity and limited cytotoxicityt

Jan Hajek,1%° Sebastian Bieringer,;" Katetina Voragova, @ Markéta Macho,
Kumar Saurav, ©? Katefina Delawskd,?® Petra Divoka, Radovan Fiser,®
Gabriela Mikusova, José Cheel,? David P. Fewer, ¢ Dai Long Vu, ®?
Jindfiska Paichlova,® Herbert Riepl*" and Pavel Hrouzek & *®

Microbial cyclic lipopeptides are an important class of antifungal compounds with applications in
pharmacology and biotechnology. However, the cytotoxicity of many cyclic lipopeptides limits their
potential as antifungal drugs. Here we present a structure-activity relationship study on the
puwainaphycin/minutissamide (PUW/MIN) family of cyclic lipopeptides isolated from cyanobacteria.
PUWSs/MINs with variable fatty acid chain lengths differed in the dynamic of their cytotoxic effect despite
their similar |Csp after 48 hours (2.8 uM for MIN A and 3.2 uM for PUW F). Furthermore, they exhibited
different antifungal potency with the lowest MIC values obtained for MIN A and PUW F against the
facultative human pathogen Aspergillus fumigatus (37 uM) and the plant pathogen Alternaria alternata
(0.6 uM), respectively. We used a Grignard-reaction with alkylmagnesium halides to lengthen the
lipopeptide FA moiety as well as the Steglich esterification on the free hydroxyl substituents to prepare
semi-synthetic lipopeptide variants possessing multiple fatty acid tails. Cyclic lipopeptides with extended
and branched FA tails showed improved strain-specific antifungal activity against A. fumigatus (MIC =
0.5-3.8 uM) and A. alternata (MIC = 0.1-0.5 uM), but with partial retention of the cytotoxic effect (~10-
20 uM). However, lipopeptides with esterified free hydroxyl groups possessed substantially higher
antifungal potencies, especially against A. alternata (MIC = 0.2-0.6 uM), and greatly reduced or
abolished cytotoxic activity (>20 uM). Our findings pave the way for a generation of semi-synthetic
variants of lipopeptides with improved and selective antifungal activities.

moiety that may be part of the peptide backbone or attached as an
exocyclic moiety.' The composition of the peptide cycle and the

Cyclic lipopeptides produced by a variety of bacteria and fungi
have attracted attention as drug leads due to their potent anti-
fungal, antibacterial, and cytotoxic properties.’~* Their structure
is composed of a peptide cycle linked with a fatty acid (FA)
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structure of the FA moiety affect the propensity of cyclic lip-
opeptides to interact with biological membranes and different
types of cell walls.* A number of cyclic lipopeptides contain posi-
tively charged amino acid residues, which promote interaction
with negatively charged bacterial cell walls and membranes.'*
Antibacterial cyclic lipopeptides include polymyxins and dapto-
mycin, which are approved for topical application or parenteral
administration as treatment for various bacterial infections.
Cyclic lipopeptides containing neutral amino acid residues exhibit
a range of bioactivities, including cytotoxicity against human cells
as well as antifungal bioactivity."* The majority of known anti-
fungal cyclic lipopeptides are produced by bacteria (e.g. iturins,
surfactin, and fengycin) and form organized aggregates in bio-
logical membranes, which cause early membrane damage through
ion leakage that subsequently leads to membrane disintegra-
tion.** However, in some cases the antifungal effect is achieved
through enzyme inhibition rather than membrane damage, e.g.
caspofungin exerts antifungal activity through selective inhibition
of B-o-glucan synthase.”

RSC Adv, 2021, 11, 30873-30886 | 30873
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Structure-activity relationship analysis (SAR) has been used
extensively to study members of the iturin family,® which
manifest significant antifungal activity (MIC values of 1.25-5
1M) against a broad range of fungi.®'*** Their potency has been
found to be substantially affected by both the amino-acid
composition of the cyclic peptide as well as variation in the
FA moiety length.®* Members of the iturin family have a seven-
membered ring containing an invariable Tyr residue, which is
essential for compound folding® with O-methylation of Tyr
reducing the potency of iturin."* The absence of a FA tail entirely
abolishes the antifungal effect as demonstrated in bioassays
using synthetic variants lacking FA moiety.® Natural variants
bearing longer FA tails manifest stronger antifungal and hae-
molytic activity compared to those with shorter FA tails.®
However, the effect of FA residue length on the bioactivity of
cyclic lipopeptides has received only limited attention,'* despite
the large variation in FA tail length reported for the majority of
antifungal cyclic lipopeptides.***®

The structural diversity of cyclic lipopeptides found in cya-
nobacteria is similar to that found in other bacterial line-
ages.'” Several classes of cyclic cyanobacterial lipopeptides are
reported to possess potent antifungal potency,* namely has-
sallidins,* laxaphycins,* muscotoxins,'** anabaenolysins,*
puwainaphycins,**** and minutissamides.'*** However, these
lipopeptides also display prominent cytotoxic activity and/or
haemolytic activity in vitro, which strongly contradicts use in
human or veterinary medicine.

The puwainaphycin/minutissamide (PUWs/MINs) family of
cyclic lipopeptides with incorporated p-amino-a-hydroxy-y-
methyl FA moiety exhibits structural similarities to members of
the iturin family (Fig. 1)."7'*2*** A hybrid biosynthetic pathway
combining enzymes of non-ribosomal peptide synthetases
(NRPS) and polyketide synthase (PKS) is responsible for their
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biosynthesis. This pathway employs alternative starter modules
containing fatty-acyl AMP-ligases capable of incorporating FAs
with a variable chain length and accessory enzymes that can
further modify the FA residue.'** This biosynthetic machinery
generates the wide structural variability of PUWs/MINs that
includes variants bearing FA moiety consisting of C10-18 (ref.
15) that may be further functionalized with oxo-, hydroxy-, and
chloro-substituents.'* PUWs/MINs exhibit moderate cytotoxic
effects in human cells connected to membrane damage result-
ing in necrotic cell death.* In addition, PUWs/MINs exhibit
antifungal potency against Saccharomyces cerevisiae and
Candida albicans.*® Previous findings have suggested that the
length of the FA residue may affect antifungal activity.'® Despite
structural variability, it is notable that the FA residue of PUW/
MIN chemical variants contain both a conserved B-amino-o-
hydroxy-y-methyl motif and amino acids adjacent to the FA
residue, suggesting that these residues are important for the
resulting bioactivity.

Cyanobacterial cyclic lipopeptides have not previously been
the subject of SAR studies or chemical improvement of their
bioactivity properties. In the present study, we have performed
a SAR study on the PUW/MIN group of cyclic lipopeptides in
order to uncover the effect of FA moiety length on both anti-
fungal and cytotoxic activity.

2. Experimental section
Cultivation of cyanobacterial biomass and extraction

The cyanobacterial strains Cylindrospermum alatosporum
CCALA 988 and Anabaena sp. UHCC-0399 were cultivated in
multiple 350 mL glass tubes in liquid BG-11 and bubbled with
1.5% CO,-enriched air ata constant temperature of 28 °C under
50 W m * continuous illumination. After reaching the late
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Fig. 1 Naturally occurring and semi-synthetic PUW/MIN variants. Compounds 1 (MIN A), 2 (PUW F), and 3 (MIN C) were isolated from cyano-
bacteria. Compounds 4a—5d are semi-synthetic analogs prepared within this study.
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exponential phase the culture was transferred consecutively to
15 L and 100 L photobioreactors set to control identical
temperature and illumination conditions. The culture was
harvested by centrifugation after 10-14 days of cultivation and
freeze-dried (Leybold-Heraeus freeze-drier Lyovac GT 3). 10 g of
lyophilized biomass was extracted using MeOH/H,O (70/30, v/v)
for 1 hour and centrifuged at 4500 rpm. The supernatant was
collected and evaporated using a rotary evaporator until dryness
while temperature did not exceed 40 °C. The residue was dis-
solved in 5 mL of acidified MeOH.

HPLC purification of PUW F, MIN A and MIN C

PUW F and MIN A were isolated from Cylindrospermum alatospo-
rum CCLA 988 using previously optimized protocols.** MIN C was
isolated from biomass of Anabaena sp. UHCC-0399. Methanol
extract solution (acidified by 0.1% v/v HCOOH) was purified on an
HPLC Agilent 1260 infinity series chromatograph equipped with
preparative pumps, a multi-wavelength detector, and an automatic
fraction collector. A preparative Reprosil RP-C18 column (5 pmj; 25
% 250 mm) with MeOH + 0.1% HCOOH (A)/10% MeOH aq. + 0.1%
HCOOH (B) gradient at a flow rate of 10 mL min ' was eluted
using the following gradient: 0 min - 0% of A; 6 min - 0% of A;
15 min - 57% of A; 43 min - 76% of A; 45 min - 100% of A; 52 min
-100% of A; 60 min - 0% of (A). Fractions were collected using an
automatic fraction collector at 1 min intervals and were checked
for compound content using HPLC-HRMS/MS analysis. Fractions
containing the desired PUW/MIN variants were evaporated on
a rotary vacuum evaporator and resuspended in 1 mL of MeOH.
The second purification step was performed using an Agilent 1100
Series modular HPLC system (Agilent Technologies 1100 Series)
equipped with a diode array detector on semi-preparative Agilent
Eclipse XDB-C18 column (5 pum; 9.4 x 250 mm) and ACN + 0.1%
HCOOH (A)/H,O + 0.1% HCOOH (B) gradient at a flow-rate of 2
mL min ' (0 min - 30% of A; 2 min - 30% of A; 6 min - 42% of A;
15 min - 55% of A; 16 min - 100% of A; 20 min 100% of A; 21 min
30% of A). Fractions containing MIN C (collected at retention time
range 8-12 min.) were collected manually using a UV detection set
to 235 nm, evaporated on rotary evaporator and resuspended again
in 1 mL of MeOH.

Chemical synthesis

General considerations. If not otherwise stated, reactions
were performed in an argon atmosphere with dry solvents. All
reagents and solvents were purchased from VWR, Sigma-
Aldrich, Alfa Aesar, Acros Organics, and Abcr. The obtained
products were purified by reversed phase HPLC on a Luna 250
x 15 mm Column (Phenomenex) with a Puriflash 4250-250
from Interchim. NMR-spectra were recorded on a JEOL ECS-400
(400 MHz) Nuclear Magnetic Resonance (NMR) spectrometer.
Chemical shifts were reported in ppm and are referenced to
residual protons in the deuterated solvent as the internal
standard.

General procedure for the extension of the FA chain in MIN C

MIN C (50 mg, 0.042 mmol, 1 eq.) was dissolved in a flame-dried
round bottom flask in dry THF (20 mL) under argon

© 2021 The Author(s). Published by the Royal Society of Chemistry
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atmosphere. Two mL of a Grignard solution was added drop-
wise via syringe through a septum cap at 0 °C under stirring.
The reaction was mixed by stirring at 0 °C for a further 5 min
and then allowed to warm up to room temperature. The reaction
was quenched after 2 h with 15 mL of aq. NH,Cl. THF was
removed in vacuo at 32 °C. The resulting mixture was loaded on
a SPE-column packed with 40 g C18 silica and eluted with 30 mL
of H,0, 2 : 8 ACN/H,0 and 9 : 1 ACN/H,0. Products were found
in the 9: 1 H,O/ACN fraction. The products were used in the
following steps with no further purification after removal of the
volatiles under reduced pressure.

The material was dissolved in dry CHCI; (20 mL) in a flame-
dried round-bottom flask under N, atmosphere. Subsequently,
p-TsOH (45 mg, 0.29 mmol) was added under a constant flow of
nitrogen. The reaction was mixed by stirring for 2 h at 35 °C. The
reaction was quenched with H,O (15 mL) and chloroform was
removed under reduced pressure at 32 °C. The resulting mixture
was loaded on a SPE-column packed with 40 g C18 silica and
eluted with 30 mL of H,0, 2 : 8 ACN/H,0, and 9 : 1 ACN/H,0.
Products were found in the 9 : 1 ACN/H,O fraction. The prod-
ucts were purified further by reversed phase HPLC (40 : 60 to
95 : 5 MeOH/H,0, Luna 250 x 15 mm, C18 silica) following
removal of the volatiles under reduced pressure.

Compound 4a. MIN C was converted with butylmagnesium
chloride (1.5 M in THF/Toluene, 36 eq.) to give the title
compound as white solid. Yield: 1.2 mg (0.001 mmol, 2%).
Purity: 93.17% (UV/VIS base peak purity, 205-800 nm, Af‘m =341,
[contaminants = 25). HRMS: [M + 2H']" 614.8684, calcd 614.8692
for [CsoHosN;30;5 + 2H']*'. 'H NMR (400 MHz, CD;0D) § 7.30
(d,] = 9.2 Hz, 1H), 6.86 (d, ] = 8.7 Hz, 1H), 5.91 (d, ] = 7.6 Hz,
1H), 5.52 (d, ] = 7.6 Hz, 1H), 5.36 (s, 2H), 4.59 (s, 1H), 4.46 (d, ] =
15.3 Hz, 1H), 4.30 (d, ] = 6.0 Hz, 1H), 4.14 (s, 2H), 3.84 (s, 2H),
3.67-3.61 (m, 9H), 3.50-3.48 (m, 1H), 3.14 (dt, ] = 3.2, 1.8 Hz,
1H), 3.06 (s, 1H), 2.17 (t,] = 7.6 Hz, 4H), 1.99 (d, ] = 7.8 Hz, 3H),
1.79 (d,J = 7.8 Hz, 2H), 1.60 (s, 5H), 1.44-1.28 (m, 50H), 1.13 (d,
J = 6.4 Hz, 2H), 1.03 (d, ] = 6.9 Hz, 2H), 0.95-0.88 (m, 9H), 0.76
(d,] = 6.9 Hz, 1H), 0.72 (s, 3H).

Compound 4b. MIN C was converted with octylmagnesium
bromide (2 M in THF, 48 eq.) to give the title compound as white
solid. Yield: 0.7 mg (0.5 pmol, 1%). Purity: 94.95% (UV/VIS
purity, 205-800 nm, [4, = 46 944, [cone. = 2499). HRMS: [M +
2H']*" 642.8986, caled 642.9005 for [Ce3Hy0sN13045 + 2H' ' 'H
NMR (400 MHz, CD;0D) 6 8.64 (s, 1H), 7.72 (d, ] = 8.9 Hz, 1H),
7.24 (d, J = 10.5 Hz, 1H), 5.89 (d, J = 7.3 Hz, 1H), 5.70 (d, ] =
8.9 Hz, 1H), 5.51 (d, J = 7.4 Hz, 1H), 4.55 (d, / = 16.8 Hz, 2H),
4.45-4.41 (m, 2H), 4.28 (d, J = 6.5 Hz, 1H), 4.22 (s, 1H), 4.09 (s,
2H), 3.04 (s, 3H), 2.76-2.59 (m, 3H), 2.16 (s, 1H), 2.13 (s, 1H),
1.99 (dd, J = 15.2, 7.4 Hz, 9H), 1.77 (d, J = 7.5 Hz, 3H), 1.56 (d, J
=6.8 Hz, 3H), 1.37 (d, ] = 55.1 Hz, 42H), 1.11 (d,] = 6.4 Hz, 3H),
1.01 (d,J = 6.8 Hz, 3H), 0.96-0.87 (m, 10H), 0.74 (d, ] = 6.6 Hz,
3H).

General procedure for the esterification of free hydroxyl
groups in MIN A

MIN A (20 mg, 0.018 mmol, 1 eq.) was dissolved in 15 mL dry
ACN in a flame-dried round-bottomed flask under argon
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atmosphere. DMAP (240 mg, 2.13 mmol, 109 eq.) was added
under a constant flow of argon. The respective carboxylic
anhydride (0.54 mmol, 30 eq.) was added dropwise via syringe
through a septum cap. The reaction was mixed by stirring for
20 h at room temperature and then quenched with H,O. The
mixture was loaded on a SPE-column packed with 40 g C18
silica after removal of ACN in vacuo at 32 °C and eluted with
30 mLof H,0, 2 : 8 ACN/H,0, and 9 : 1 ACN/H,0. Products were
found in the 1 : 9 H,O/ACN fraction. The products were further
purified by reversed phase HPLC (40 : 60 to 95 : 5 MeOH/H,0,
Luna 250 x 15 mm, C18 silica) after removal of the volatiles
under reduced pressure.

Compound 5a. MIN A was converted according to the general
procedure with 57 pL acetic anhydride to give the title
compound as white solid. Yield: 2.6 mg (0.002 mmol, 12%).
Purity: 95.96% (UV/VIS purity, 205-800 nm, f5n = 2469 933,
[eont. = 103 924). HRMS: 1202.6405 [M + H]', caled 1202.6421
for [CssHg;N;;0,, + H']'. "TH NMR (400 MHz, CD,0D) 6 7.72 (d, J
= 8.2 Hz, 1H),7.58 (d,/ = 10.2 Hz, 1H), 6.59 (d,] = 7.3 Hz, 1H),
5.91 (q, ] = 7.6 Hz, 1H), 5.67 (d, ] = 12.6 Hz, 1H), 5.53 (d, J =
7.4 Hz, 1H), 5.48 (d, ] = 4.8 Hz, 1H), 5.38-5.03 (m, 4H), 4.69-4.43
(m, 3H), 4.34-4.15 (m, 3H), 3.20-2.72 (m, 9H), 2.65 (s, 10H), 2.21
(d,J = 15.2 Hz, 3H), 2.09 (d, ] = 2.1 Hz, 3H), 2.06-1.92 (m, 7H),
1.83 (d, J = 7.2 Hz, 2H), 1.75 (d, J = 7.5 Hz, 3H), 1.47-1.22 (m,
18H), 1.18(d,J = 6.4 Hz, 3H), 1.00 (d,/ = 6.8 Hz, 3H), 0.89 (d,] =
8.0 Hz, 6H), 0.72 (d, ] = 6.7 Hz, 3H).

Compound 5b. MIN A was converted according to the
general procedure with 110 uL butanoic anhydride to give the
title compound as white solid. Yield: 10 mg (0.008 mmol, 44%).
Purity: 93.48% (UV/VIS purity, 205-800 nm, [5, = 731 946, [cont.
= 51022). HRMS: 1258.7102 [M + H]', caled 1258.7047 for
[C50Hg5N 30,7 + H']". "H NMR (400 MHz, CD;0D) 6 5.91 (q, ] =
7.3 Hz, 1H), 5.69 (dd, J = 12.0, 3.2 Hz, 1H), 5.54 (d, J = 7.5 Hz,
1H), 5.50 (d, ] = 4.7 Hz, 1H), 5.25 (t,] = 6.2 Hz, 1H), 5.06 (dd, ] =
9.7,5.6 Hz, 2H), 4.63 (dd, J = 8.3, 3.4 Hz, 1H), 4.54 (d, ] = 7.3 Hz,
1H), 4.50-4.46 (m, 1H), 4.29 (d, J = 7.2 Hz, 1H), 4.21 (dd, J =
11.3, 4.7 Hz, 1H), 3.35 (s, 3H), 3.19 (s, 3H), 3.08-2.76 (m, 6H),
2.36 (td, J = 7.3, 1.8 Hz, 2H), 2.27-2.18 (m, 4H), 1.99 (d, J =
7.4 Hz, 3H), 1.76 (d,] = 7.4 Hz, 3H), 1.71-1.65 (m, 3H), 1.60-1.52
(m, 2H), 1.41-1.28 (m, 20H), 1.19 (d, J = 6.4 Hz, 3H), 1.02-0.86
(m, 21H), 0.73 (d, J = 6.5 Hz, 3H). "°C NMR (101 MHz, CD;0D)
6174.90, 174.78, 174.39, 173.79, 173.00, 172.51, 171.08, 170.64,
169.91, 168.24, 165.49, 165.38, 133.12, 129.67, 120.38, 73.12,
70.73, 61.48, 58.24, 55.82, 54.49, 51.94, 50.94, 50.18, 40.43,
36.88, 36.66, 35.10, 34.40, 33.89, 32.85, 31.06, 30.56, 30.21,
26.40, 24.91, 23.53, 19.45, 19.12, 19.09, 18.49, 17.31, 16.75,
16.10, 14.22, 13.82, 13.72, 13.59, 13.50.

Compound 5¢. MIN A was converted according to the general
procedure with 130 pL hexanoic anhydride to give the title
compound as white solid. Yield: 13 mg (0.01 mmol, 55%).
Purity: 94.67% (UV/VIS purity, 205-800 nm, [s. = 1 088 096,
Jcont. = 61 248). HRMS: 1314.7674 [M + H]', caled 1314.7673 for
[C63H103N130;7 + H']'. "H NMR (400 MHz, CD;0D) 6 5.91 (q, ] =
7.4 Hz, 1H), 5.69 (dd, J = 12.4, 3.2 Hz, 1H), 5.58-5.48 (m, 2H),
5.29-5.21 (m, 1H), 5.11-5.02 (m, 2H), 4.64 (dd,] = 8.4, 3.4 Hz,
1H), 4.54 (q, ] = 7.3 Hz, 1H), 4.51-4.47 (m, 1H), 4.37-4.27 (m,
2H), 4.21 (dd, J = 11.3, 4.7 Hz, 1H), 3.43-3.33 (m, 1H), 3.19 (s,
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3H), 3.10-2.74 (m, 6H), 2.37 (t, ] = 7.5 Hz, 2H), 2.30-2.00 (m,
7H), 1.99 (d, J = 7.4 Hz, 3H), 1.96-1.86 (m, 2H), 1.83 (t, ] =
6.9 Hz, 2H), 1.75 (d,] = 7.5 Hz, 3H), 1.71-1.48 (m, 5H), 1.48-1.24
(m, 30H), 1.19 (d,J = 6.4 Hz, 3H), 1.00 (d, / = 6.8 Hz, 3H), 0.97-
0.85 (m, 15H), 0.73 (d, / = 6.7 Hz, 3H). *C NMR (101 MHz,
CD;0D) 6 175.11, 175.00, 174.86, 174.62, 174.01, 173.18, 172.97,
172.72, 171.25, 170.85, 170.11, 168.43, 165.69, 165.57, 133.33,
130.14, 129.79, 120.58, 73.36, 70.89, 61.68, 58.45, 56.01, 54.67,
52.58, 51.17, 50.43, 40.70, 39.17, 37.13, 35.32, 35.14, 34.98,
34.60, 34.12, 33.06, 32.44, 32.34, 31.63, 31.26, 30.77, 30.41,
26.58, 25.61, 25.57, 25.17, 23.74, 23.43, 23.38, 19.66, 18.76,
17.52, 16.98, 16.32, 14.44, 14.28, 14.25, 13.82, 13.72.

Compound 5d. MIN A was converted according to the
general procedure with 176 L decanoic anhydride to give the
title compound as white solid. Yield: 6 mg (0.004 mmol, 23%).
Purity: 96.10% (UV/VIS purity, 205-800 nm, [5q = 556 092, [cont.
= 22 574). HRMS: 713.9501 [M + 2H]*', caled 713.9502 for
[C51H110N,;0,, + H2'P'. "H NMR (400 MHz, CD,0D) 6 7.57 (d, J
=10.1 Hz, 1H), 5.91 (q,/ = 7.3 Hz, 1H), 5.69 (d, ] = 10.1 Hz, 1H),
5.55 (t,/ = 7.3 Hz, 1H), 5.50 (t,] = 5.0 Hz, 1H), 5.29-5.20 (m, 1H),
5.09-5.02 (m, 2H), 4.64 (dd, J = 8.5, 3.4 Hz, 1H), 4.61-4.45 (m,
3H), 4.36-4.17 (m, 4H), 3.19 (s, 3H), 3.04-2.80 (m, 4H), 2.37 (t, ]
=7.4Hz, 3H), 2.33-2.19 (m, 5H), 1.99 (d, /= 7.4 Hz, 4H), 1.75 (d,
J=7.4Hz, 6H), 1.65 (t, ] = 7.4 Hz, 3H), 1.41-1.26 (m, 58H), 1.19
(d,J = 6.4 Hz, 3H), 1.00 (d, / = 6.9 Hz, 3H), 0.90 (dt, ] = 7.3,
3.6 Hz, 17H), 0.73 (d, / = 6.8 Hz, 3H). ">°C NMR (101 MHz,
CD;0D) 6 174.80, 174.41, 173.81, 172.97, 172.74, 171.04, 169.90,
168.23, 165.47, 133.10, 129.94, 120.37, 70.65, 61.48, 58.25,
54.47, 50.98, 50.02, 40.56, 34.99, 34.82, 34.40, 33.93, 32.83,
31.07, 30.56, 30.37, 30.33, 30.28, 30.21, 30.05, 29.96, 26.36,
25.73, 25.66, 24.66, 23.53, 19.46, 18.59, 17.31, 16.80, 16.11,
14.24, 13.60, 13.50.

Purification of semi-synthetic variants

Fine purification of semi-synthetic PUW/MIN variants was per-
formed on an Agilent 1100 Series modular HPLC system (Agi-
lent Technologies) equipped with a MWD using a semi-
preparative RP-C18 column with ACN + 0.1% HCOOH (A)/H,O
+ 0.1% HCOOH (B) gradient at a flow-rate of 2.5 mL min '
(0 min - 50% of A; 1 min - 50% of A; 25 min - 95% of A; 26 min -
100% of A; 36 min - 100% of A; 37 min - 50% of A). Fractions
were collected manually using UV detection at 215, 235, 280,
440, and 680 nm, while 235 nm was mainly used due to the high
absorption of both lipopeptides and possible contaminants at
this wavelength. Because of the low ionizability of modified
variants, the purity was determined based on the integration of
the compound peak area in UV/VIS 205-800 nm chromato-
grams. In the case of 5a-d, both lipopeptide isomers were taken
together, in the case of 4a, due to its low concentration, a UV/VIS
base peak chromatogram was used.

HPLC-HRMS and HRMS/MS analysis

The purity of natural PUW/MIN as well as their semi-synthetic
variants was monitored by HPLC-HRMS on Thermo Scientific
Dionex UltiMate 3000 UHPLC+ (Sunnyvale, CA, USA) equipped
with a diode-array detector. Separation of compounds was
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performed on reversed phase Phenomenex Kinetex C18 column
(150 x 4.6 mm, 2.6 um, Torrance, CA, USA) using H,O (A)/ACN
(B) both containing 0.1% HCOOH as a mobile phase with the
flow rate of 0.5 mL min . The gradient was as follows: A/B 85/
15 (0 min), 85/15 (in 1 min), /100 (in 39 min), 0/100 (in 44 min),
and 85/15 (in 49 min). The HPLC was connected to Bruker
Impact HD high-resolution mass spectrometer (Bruker, Bill-
erica Massachusetts, USA) with electrospray ionization. The
following settings were used: dry temperature 200 “C; drying gas

flow 12 L min '

; nebulizer 3 bar; capillary voltage 4500 V;
endplate offset 500 V. The MS/MS experiments were performed
with identical instrument settings to confirm the chemical
structure of the synthetized PUWs/MINs. Collision energy of
80 eV for single charged and 35 eV double charged ions was
used. The spectra were collected in the range of 20-2000 m/z
with a spectra rate of 3 Hz. Spectra were calibrated using both
LockMass Tuning Mix ES-TOF (622 Da) internal calibration
solution and sodium formate clusters at the beginning of each
analysis.

Cytotoxicity testing using MTT and recovery experiments

Lipopeptide cytotoxicity was tested on a human cervical cancer
cell line (HeLa cells) cultured in RPMI 1640 medium (supple-
mented with 10% FBS, 2 mM r-glutamine and 1% antibiotics).
The cells were incubated at 37 °C and 5% CO, in humidified
incubator. For dose-response curves, 10 x 10% cells per well
(200 puL) were seeded into transparent 96-well plate (MTT assay)
and allowed to adhere overnight. Lipopeptide solutions of
desired concentrations were prepared in cultivation medium.
For the cell treatment, the whole volume of the well was
replaced with lipopeptide-containing media, incubated for 48
hours and the viability was assessed by MTT test. Briefly, 15 pL
of MTT solution (4 mg mL ' in PBS) was added per well and
incubated for 4 h in the incubator. The plate was centrifuged
(380 x g, 10 min), the supernatant was discarded and 200 uL of
DMSO was added to the cells to dissolve formazan crystals. The
absorbance was measured using a Tecan Sunrise reader at 590/
640 nm. The viability was calculated as a ratio between absor-
bance of treated, control wells, and expressed in percent. To
study the time needed to manifest the effect of compound 1 and
2, the recovery experiments were performed. 20 x 10° cells per
well (200 uL) were seeded in a 96-well transparent plate and
allowed to adhere overnight. The cells were treated as stated
above with 3 uM, 5 M and 10 yM PUW F or MIN A and mixed
multiple times by pipette. At defined time points (1-8 h), the
lipopeptide-(exposure)-medium was exchanged for lipopeptide-
free medium and the cells were further incubated for 48 hours.
The MTT test was performed to check the viability and recovery
of the cells.

Assessment of cellular morphology using light microscopy

Live cell imaging was carried out using an Axio Observer
Inverted Microscope Z.1. (ZEISS) equipped with an incubation
chamber supplied with 5% CO,. HeLa cells grown in RPMI
(Biowest) were seeded at 5 x 10° cells (100 pL) per well into
a black 96-well A/2 poly-p-lysine-coated high content imaging
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plate with an 0.2 mm glass bottom (Corning® BioCoat™). The
following day cells were treated, as described above, with
different concentrations (20 pM, 5 uM, or 1.25 uM - final
volume 100 pL per well) of 1 and 2. Images were acquired after
48 h of treatment with 1 and 2 using a 100x Plan-Apochromat/
1.40 Oil DIC M27 objective and camera adapter 0.63 .

Assessment of membrane damage caused by PUW F and MIN
A

HeLa cells in densities of 1 x 10* were seeded on black 96-well
plates. The cells were assessed at desired time points (30 min,
45 min, 1, 2, 3, and 6 h) after compound treatments and
assessed for LDH-leakage using the CytoTOX One homoge-
neous membrane integrity assay (Promega) according to the
protocol provided by the manufacturer. The provided lysis
solution was used to generate maximum LDH leakage. The
fluorescence (5605/5905n) obtained after the compound treat-
ment were related to the maximum LDH leakage and expressed
in percent.

HPLC-HRMS determination of PUW F and MIN A
concentrations in HeLa cells

To determine the concentration of PUW/MIN in the cell during
time 6 x 10° cells were seeded in 6-well plates in 6 mL media
and let to adhere overnight. The cells were treated with the
compounds at 0.5 and 5 uM concentrations. At the desired time
points (5 min, 30 min, 2 h, and 6 h), the cells were harvested by
trypsinization and pelleted in 15 mL falcon tubes, subsequently
the cells were extracted using 2 mL of 60% ACN aq. containing
1.5% sodium cholate and centrifuged. The resulting samples
were analyzed using HPLC-HRMS analysis described above and
the concentration was calculated based on the external cali-
bration curve of the pure 1 and 2 and the resulting concentra-
tion was expressed as Ag/cell.

Membrane permeabilization assay

Yeast cells (Saccharomyces cerevisiae P23) were grown aerobically
in YEPG nutrient medium (yeast extract 5 g and peptone 10 g
from Oxoid, glucose 20 g in 1 L of water) at 30 °C to mid log
phase (OD45, nm ~0.5). Cells were harvested, washed, and
resuspended (final OD45, nm ~0.2) in a citrate-phosphate
buffer (0.15 M, pH = 6.0) containing 0.5% glucose and 10 uM
propidium iedide (PI, Invitrogen). The tested compounds at
final concentrations of 1, 5, and 10 pyM were added to 0.2 mL of
yeast suspension in a 96-well plate. Membrane permeabiliza-
tion, as estimated by PI uptake into cells, was monitored as an
increase in fluorescence intensity (excitation at 515 nm, emis-
sion at 620 nm with bandpass 5 and 10 nm, respectively) at
25 °C using FluoroMax-3 (Jobin Yvon, Horriba) spectrofluo-
rometer with a MicroMax-384 accessory. We used optical filters
(3RD500-530 and 3RD570LP, omega optical filters) for the
suppression of light scattered by the cells. Ten pM melittin
(Sigma) was added to the well as a positive control for cell
permeabilization, whereas the buffer addition served as a base-
line negative control. The presented data are the recorded
intensities without background subtraction.
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Lipid bilayer experiments

Black lipid bilayer membranes were formed by painting a solu-
tion of 3% (w/v) DOPC/DOPE 2 : 1 (w/w, 1,2-dioleoyl-sn-glycero-
3-phosphocholine,  1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine, Avanti lipids) in n-decane/butanol (9:1, v/v) across
a circular aperture (0.5 mm in diameter) separating two
compartments of a Teflon chamber. Both compartments con-
tained 2 mL of 10 mM Tris, 1 M KCl, pH 7.4. The temperature
was kept at 25 °C. Tested compound were added to the cis side
of the membrane. The membrane current was measured with
Ag/AgCl electrodes (applied voltage 50 mV, cis positive), ampli-
fied by LCA-200-100G or LCA-4k-1G amplifier (femto), and
digitized by a KPCI-3108 card (Keithley). The signal was pro-
cessed by QuB software.*

Antifungal activity

Antifungal activity was evaluated against Candida fiiedrickii
(BCC020_2879), Aspergillus fumigatus (BCC020_2845), Fusarium
oxysporum (BCC020_2866), Trichoderma harzianum (BCC020_0606),
Bipolaris sorokiniana (BCC020_1571), Monographella cucumerina
(BCC020_2872), Chaetomium globosum (BCC020_2527), and Alter-
naria alternata (BCC020_0609) using the broth two-fold micro-
dilution method following the standard protocol of broth two-fold
microdilution method (CLSI M100-520).** In brief, for the broth
microdilution method, the compounds (1-5d) were serially diluted
at concentrations ranging from 75 to 0.036 pM in a Mueller Hinton
broth with 2% glucose in 96-well plates. The inoculum (approxi-
mately 5 % 10° CFUML " as final concentration) was prepared from
an overnight culture and was added to each well containing the
compounds. Culture broth (0.1 mL) was added to each well con-
taining compounds. Plates were incubated aerobically at 30 °C for
48 h. Negative controls were prepared using culture media with 50%
DMSO in methanol (the dissolving solvent). Fluconazole (32 to
0.0625 pg mL ') was used as the positive control for all the fungal
isolates tested. After incubation, the well with the lowest concen-
tration of the fraction/compound showing some inhibition in
growth was taken as the MIC value for the respective organisms. All
the experiments were done in triplicate.

3. Results

Cytotoxicity and antifungal properties evaluation of PUW F
and MIN A

We initially compared minutissamide A (MIN A, 1) and puwai-
naphycin F (PUW F, 2) to assess the effect of FA length on
cytotoxic and antifungal activity. Both lipopeptides possess
identical FA functionalization in the proximity of the peptide
cycle with a oa-carbon substituted by a hydroxyl group, a p-
carbon occupied by an amine group engaged in the peptide
bond formation with the Pro of the peptide cycle, and a -
carbon bearing a methyl group. No further FA substitution was
observed in 1 and 2 with FA lengths of 12 or 14 carbons,
respectively. Both compounds exhibited almost identical IC3,
values against human HeLa cells as assessed by the MTT assay
(Fig. 2A). The ICs, values were calculated as 2.8 £ 0.5 M for 1
and 3.2 + 0.5 uM for 2 (Fig. 2A). However, 2 exhibited a stronger
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effect at higher concentrations (5-20 uM), which reduced cell
viability by 90-95%, while 70% inhibition was reached after
exposure to 1 at this concentration range (Fig. 2A).

We studied the time progression of the cytotoxic effect of the
tested compounds using recovery experiments at three
concentrations (3, 5 and 10 uM) and evaluated cell viability by
MTT, in order to better characterize the differences in the
cytotoxic effect of these compounds. A rapid toxic effect on the
cell population was observed at concentrations 5 and 10 uM of
2, with no apparent recovery in cellular viability (after 48 h
cultivation), even for the shortest exposure time tested (1 h). The
same concentrations of 1 were easily tolerated by the cells for
the first two hours, since their viability was comparable to that
of the control, after the compound-washout and recovery period
(Fig. 2B). Membrane damage, as measured by the lactate
dehydrogenase (LDH) leakage, was more profound in 2
compared to 1 in accordance with the recovery experiment. The
onset of extracellular LDH leakage was immediate and reached
a maximum (60% of released LDH) 2 h after exposure (Fig. 2C)
for compound 2 (Fig. 2C). No LDH leakage was recorded for
compound 1 at early time points up to 2 h, and LDH started to
accumulate in the medium (up to 30% of positive control) only
after 3 h suggesting a greater degree of membrane damage
(Fig. 2C). The cellular morphology was clearly affected by both 1
and 2 showing apparent cell shrinkage and membrane rupture
after 48 h of exposure in concentrations ranging from 2.5 to 20
UM (Fig. 3, 51 and 52%).

We further estimated cellular PUW/MIN concentrations
using HPLC-HRMS measurements (Fig. 2D). Compound 2
demonstrated a rapid entry into the cell resulting in a 3-10
times higher cellular concentration compared to 1 at the initial
time points (5 to 30 min). The cellular concentration of 1 started
to increase after 2 h when it reached a concentration compa-
rable to that of 2 at the initial time points. Interestingly, even
the two-fold higher concentration of 1 in the cell compared to 2
was detected at later time points (Fig. 2D). These data correlate
well with the delayed cytotoxic effect of 1 as well as the LDH
leakage.

The PUWs/MINs also differed substantially in their pore-
forming activity as measured in planar DOPC/DOPE
membranes. While 2 was able to induce membrane per-
meabilization at 5 uM concentration, 1 was almost completely
inactive under the same conditions. At higher doses both lip-
opeptides induced detectable increases in membrane current
but at considerably different scales (Fig. 4). The typical trans-
membrane electrical currents were about 10 pA for 1 and 500 pA
for 2, at 10 pM. Due to a great variability in individual pore
events, it was not possible to characterize the PUW/MIN at the
single-molecule level.

In general, the differences in cytotoxic activity were mirrored
in antifungal activity as 2 exhibited substantially higher anti-
fungal potency compared to 1. We also observed a higher
membrane permeabilization activity for 2 compared to 1 in
Candida glabrata (data not shown) and Saccharomyces cerevisiae
(Fig. 5) as followed by propidium iodide (PI) entry into cells.
Compound 2 induced concentration dependent PI entry into
the yeast cells within a few mins at 5 and 10 uM, comparable to
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Fig. 2 Comparison of the cytotoxic activity of 1 and 2: the dose-response curve of both compounds (after 48 h treatment) shows similar ICgq
values but a stronger effect of 2 at higher concentrations (A). (B) Results of the recovery experiment (treatment followed by 48 h recovery) show
more rapid effect on cell viability in 2. (C) Membrane damage, as assessed by lactate dehydrogenase (LDH) leakage, shows the more potent effect
of 2. (D} Accumulation of 1 and 2 in the cell as assessed using HPLC-HRMS shows the faster entry of 2 in the cell.

the positive control melittin displaying a similar final fluores-
cence intensity. No membrane disruption was detectable under
the same conditions for compound 1. We tested both
compounds for their activity against Candida strains and
a small panel of filamentous fungi. Compound 2 exhibited a 3 to
129 times lower MIC values compared to 1 with the plant
pathogen A. alternata and the facultative human pathogen A.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Sfumigatus showing the highest sensitivity to both compounds
(Table 1).

Preparation of PUW/MIN semi-synthetic variants

We prepared semi-synthetic variants with modified FA moieties
based on the preliminary data obtained for compounds 1 and 2
showing that the length of the FA moiety affects both cytotoxicity

RSC Adv, 2021, 11, 30873-30886 | 30879
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Fig. 3 The morphology of Hela cells treated with 20 uM compounds under study. Semi-synthetic compound 4b induced at this concentration
clear membrane rupture comparable to natural compounds 1 and 2. Under treatment of 4a, the cells appeared stressed but with no membrane
rupture at the end of the experiments. No morphology alteration was observed for any of the esterified variants 5a—-d (the figure shows an
example morphology for 5¢). For morphological alteration observed at lower concentrations see Fig. S2.1 The scale bar represents 20 ym.
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Fig. 4 Pore formation by compounds 1 and 2. Typical ion current recordings at 5 and 10 uM treatment of 1 and 2 under 50 mV membrane
voltage. The membrane was formed from DOPC/DOPE 2 : 1 (w/w) in n-decane/butanol (9 : 1, v/v), in a buffer containing 10 mM Tris, 1 M KCI, pH
7.4. Each current trace represents 120 s of recording. Note the different current scale for individual recordings.

and antifungal activity. We used minutissamide C (MIN C, 3)
bearing the oxo-substitution at the FA tail because the FA moieties
of compounds 1 and 2 were not easily accessible to chemical
modification (Scheme 1). The Wittig-type reaction, with phos-
phorus ylides preformed from triphenyl phosphonium salts and n-
BuLi to allow the extension of the aliphatic chain of compound 3,
was initially tested. However, we observed only a small amount of
product, which was formed by the side-reaction of n-BuLi with the
ketone moiety of 3. Instead, we sought to increase the chain length

30880 | RSC Adv, 2021, 11, 30873-30886

using other carbon nucleophiles such as alkylmagnesium halides.
Moderate yields of the expected tertiary alcohol products were
detectable by HPLC-HRMS analysis using this Grignard-reactant
(Scheme 1). Reactions with butyl-, octyl-, and nonylmagnesium
bromide allowed successful elongation of the FA moiety at C14 by
4, 8, and 9 carbons, respectively. The reaction with methyl-
magnesium bromide gave rise to a wide variety of side products
and reaction with alkylmagnesium halides longer than C9 did not
show conversion to the expected products. We performed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Membrane permeabilization of Saccharomyces cerevisiae. The influx of propidium iodide (Pl) across impaired membranes into cells was
detected by anincrease in Pl fluorescence several seconds after the addition of compound 2 but not compound 1. Green lines represent two sets
of experiments; black line and red line represent the negative (buffer solution) and the positive control (melittin), respectively.

Table 1 Antifungal activity of natural and semi-synthetic PUW/MIN
variants. The bioactivity of natural reference PUW/MIN variants is
highlighted in grey. Abbreviations; NA, no activity at the highest
concentration tested (75 uM)

Natural and semi-synthetic PUW/MIN variants

MIC (uM)

Fungus/compound 2 4a 4b 1 5a 5b S5c¢ 5d

A. fumigatus 234 0.5 38 375 47 94 75 37.5
FE. oxysporum 75 NA NA NA NA NA NA NA
T. harzianum 375 15 NA NA 75 NA NA NA
A. alternata 058 05 01 75 06 02 02 0.2

B. sorokiniana NA NA NA NA NA NA NA NA
M. cucumerina 6.25 7.5 30 NA 75 75 37.5 375
C. globosum 125 60 30 NA 75 75 75 75

C. friedrichii 75 75 NA NA NA NA NA NA
a subsequent dehydration of the hydroxylated intermediate
(Scheme 1) with p-TsOH because the formation of a hydroxyl group
on the side chain of PUWs/MINs (Scheme 1) can diminish cyto-
toxicity. Unfortunately, elimination of water only took place at
temperatures =35 °C resulting in significant decomposition of the
compound. We suspected the limitation in time and temperature
to be a major reason for the low overall yield of the procedure (1-
2% over 2 steps). The elimination of water from the nonyl
compound was not feasible before the total decomposition of the
molecule. Theoretically, water elimination can occur in three
different directions. The non-symmetrical chromatographic peak

© 2021 The Author(s). Published by the Royal Society of Chemistry

obtained using HPLC-HRMS indicated the formation of several
dehydration products. However, it was not possible to separate
these dehydration products and determine which final product
was formed preferentially. In Scheme 1, the double bond is drawn
tentatively in the direction of the peptide core following Zaitsev's
rule. The dehydration of butyl- and octyl-compounds yielded
compounds 4a and 4b, possessing branched mono-unsaturated FA
moieties prolonged at C14 by 4 and 8 carbons, respectively, as
confirmed by 'H NMR (Fig. S3 and S4f). The identity of the
compounds was validated using HRMS/MS measurements and the
specific modified FA-Pro fragments with corresponding mass were
obtained for all compounds (Fig. $12 and S13t).

We suspected that hydroxylation might play an important
role in bioactivity since the majority of known cyanobacterial
cytotoxic lipopeptides contain a hydroxyl group on the FA
moiety. Therefore, we attempted to modify the free hydroxyl
groups in order to alter the hydrophobicity of the PUW/MIN
molecule (namely the «-OH group of FA and -OH substituent
at Thr® residues). A Steglich esterification with DMAP and
carboxylic anhydrides (Scheme 2) is a mild procedure, which is
especially suitable for sterically hindered alcohols.** This
approach allowed the use of a variety of carboxylic anhydrides
with 1 in a convenient one-step procedure with satisfying yields
(40-60%). The reactions with acetic, butanoic, hexanoic, and
decanoic anhydride led to the formation of double esterified
adducts at the o-OH group of the FA moiety and at the OH- in
the Thr® resulting in compounds 5a, 5b, 5¢, and 5d (for
compound characterization see Fig. $5-511 and §14-517t). The

RSC Adv, 2021, 11, 30873-30886 | 30881
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chromatographic behavior of all products is similar to those
observed for 1, 2, and 3 (ref. 16) with minor conformational
isomer eluting after the major chromatographic peak (Fig. S14-
S17t). NMR analyses shows increased shifts of the OH-carbons
of the new compounds 5b, 5¢, and 5d to 70.89 and 73.36 ppm,
for Thr and FA, respectively (exemplary values from substance
3b), indicating the formation of an ester. Further, the identity of
the compounds was in all cases confirmed by the presence of
corresponding esterified-FA fragments (Fig. S14-5177). We did
not obtain °C spectra data due to the high losses observed
during the final repurification of 5a. Instead, we confirmed the
structure of the compound using a combination of 'H spectra
(Fig. S51) and HRMS/MS fragmentation (Fig. S147).

Biological activity of PUW/MIN semi-synthetic variants

The biological activity of semi-synthetic PUW/MIN variants was
further evaluated and compared to the bioactivities of the
natural PUWs/MINs 1 and 2. The bioactive properties of 5a-

30882 | RSC Adv, 2021, 11, 30873-30886

d were directly compared to compound 1, used for their prep-
aration. In the case of compounds 4a and 4b the original
reactant, compound 3, is oxo-substituted on the FA moiety,
while the resulting compounds, 4a and 4b, do not contain any
heteroatom substitution near the terminal acyl chain and thus
these analogs are more similar to compounds 1 and 2.
Accordingly, we selected 2 as a reference compound based on
the longer FA moiety of this compound.

The HeLa cells responded to the exposure of compounds 4a
and 4b in a non-standard manner resulting in a biphasic dose
response curve (Fig. 6). Subsequently, it was not possible to
calculate the corresponding IC;, values. We observed lower
viability values at concentration ranges from 0.3-2.5 uM
following application of these semi-synthetic variants compared
to reference compounds. This was in contrast to the cellular
morphology, which appeared normal (Fig. S1 and S27), with full
confluence reached at the end of the experiment. Compound 4a
provided higher viabilities at a higher concentration range

© 2021 The Author(s). Published by the Royal Society of Chemistry
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compared to compound 2. Cells were fully inhibited only at 20
uM of compound 4a, as also evidenced by cell shrinkage and
apparent membrane rupture (Fig. 3). Compound 4b reached
a maximum of 50% inhibition even at a higher concentration
range. After treatment with 4b, the cell morphologies appeared
comparable to those in control cells demonstrating no
membrane disruption effect. The exception was the highest
concentration where a clear cellular rounding and vacuolization
was apparent (Fig. 3). Together, this demonstrated an attenua-
tion of the cytotoxic activity of 4a and 4b compared to 2.
Consistent with this observation, we recorded membrane
rupture, as visualized by microscopy, only at the highest

View Article Online
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concentrations of compound 4a while in compound 2
membrane disruption progressed until concentrations of 2.5
uM (Fig. S1t). Surprisingly, cytotoxic activity was almost
completely abolished or significantly diminished in treatments
with compounds 5a-d compared to 1 (Fig. 6). While we observed
only a weak inhibition at the highest concentration of
compounds 5a-¢, compound 5d showed weak inhibition in the
concentration range from 1.2 uM upwards. The cellular
morphologies appeared normal across all concentrations
(Fig. 3, and §27) in all the compounds and cells reached full
confluence as in the control wells.
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Fig. 6 The dose response curves of the semi-synthetic PUW/MIN variants (black line) in comparison to the reference natural PUW/MIN variant
(grey line). Compounds with elongated FA moiety: compound 4a (A), 4b (B), and acylated PUW/MIN variants 5a (C), 5b (D), 5¢ (E), and 5d (F).
Complex dose response curves or low cytotoxic activity prevented calculation of ICsp values for semi-synthetic variants in some cases.
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The alteration of the FA moiety substantially changed the
antifungal properties of PUWs/MINs against most of the fungal
strains tested albeit in a species-specific manner. The most
profound differences between the natural PUW/MIN variant
and the resulting semi-synthetic variants were found in the
facultative human pathogen A. fumigatus and the plant path-
ogen A. alternata, which showed opposite sensitivities to 4a and
4b (Table 1). The FA chain elongation also led to a more
profound activity in T. harzianum and C. friedrichii. The acylated
semi-synthetic variants 5a-d possessed substantially lower MIC
values compared to the original compound 1. We observed an 8
to 375 fold reduction of the MIC values of 4a and 5a-d against A.
alternata and A. fumigatus, respectively. However, 5a-d also
caused higher effectivity in M. cucumerina and C. globosum 5a-d,
resulting in a drop in MIC. These results are notable given the
almost complete abolishment of cytotoxic activity in 5a-d.

4. Discussion

PUWSs/MINs are representatives of a relatively large group of
cyanobacterial f-amino-FA containing cyclic lipopeptides also
comprising muscotoxins,"* trichormamides,*** lobocycla-
mides,” and laxaphycins.**** These lipopeptides have
biotechnological and pharmaceutical potential.****** However,
there is limited information available on how FA properties
influence antifungal/cytotoxic potency. Natural sources of cya-
nobacterial cyclic lipopeptides have a restricted range of FA
chain lengths, — PUWs/MINs (C10-C18), muscotoxins (C10),
and laxaphycins (C8-C10) — which makes direct comparisons
difficult. In addition, FA moieties are usually unbranched and
FA chains of certain lengths are produced only in modified form
(bearing functional groups), such as in PUWs/MINs where the
variants with C16 and C18 FA are substituted by oxo or hydroxyl
functional groups. Here, we have extended the FA moiety length
of PUWs/MINs bearing FA with oxo substitution (compound 3)
by reaction with alkylmagnesium halides and subsequent
dehydration using p-TsOH. This allowed us to study the effect of
PUWSs/MINSs containing long chain FAs possessing an ethyl side
branch and an adjacent double bond (C18 and C22). In addi-
tion, we prepared PUW/MIN variants bearing multiple acyl
chains by modification of compound 1. The stereochemistry of
compound 1 and 3 was not determined. The stereochemistry of
both MIN A and MIN C isolated from Anabaena minutissima
(UTEX 1613) has previously been described.'”'* However, in this
study both compounds were isolated from different strains and
consequently the actual absolute configuration may differ from
the published structures. During the chemical modification, no
stereogenic center was affected and the modified variants 4a-
b and 5a-d share a stereochemistry identical to 1 and 3,
respectively. Therefore, the changes in bioactivity can be
attributed to the FA modification or lipopeptide acylation.

Our initial results demonstrated that compounds 1 and 2,
differing in the length of their respective FA chains by two
methylene groups, manifested similar long-term potency
(Fig. 2). However, the application of 2 led to more rapid
membrane damage followed by a decrease in the viability of
HelLa cells. The actual PUW/MIN concentration within the cell

30884 | RSC Adv, 2021, 11, 30873-30336
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is consistent with these results as the cyclic lipopeptide with
a longer FA (2) shows more rapid association with the cell
compared to 1. It is notable that compound 1 with a shorter FA
chain reached higher cellular concentration in the later time
points compared to 2. However, the cellular concentration of
the compound itself does not fully explain its lytic potency.
Compound 1 did not cause extensive membrane damage even
at concentrations comparable to those of 2 manifesting cell
membrane damage. Nevertheless, our results collectively
suggest that the FA chain length plays a crucial role in the
stability of PUW/MIN-membrane complexes and that even
a small difference in the FA chain length affects the onset of the
cytotoxic effect to a high degree.

Iturins, and related compounds, with longer FA chains
display lower critical micellar concentrations that result in
higher antifungal potency.® Similarly, compounds 1 and 2
differed in their membrane disruption activity against Saccha-
romyces cerevisiae with 2 promoting membrane disruption while
1 did not. Furthermore, these compounds had differing MIC
values against tested fungi with compound 2 being again
considerably more potent than compound 1. Together, these
results suggest that the FA chain length of PUWs/MINs plays
a more profound role in antifungal activity compared to cyto-
toxicity. We also observed a similar trend for the semi-synthetic
variants 4a and 4b with prolonged and branched FA tails.
Extension of the FA main aliphatic chain by four (in compound
4a) and eight carbons (in compound 4b) led to a substantial
decrease in the MIC values against A. fumigatus and A. alternata,
respectively. Although these compounds retained some weak
anti-proliferative effect as evidenced by MTT, the cell
membrane perturbation was observed at the highest concen-
tration only.

A comparison of natural variants bearing unsubstituted FA
(1 and 2) with the semi-synthetic analogs 4a and 4b containing
branched FA (with an ethyl side chain) is not straightforward.
However, it is apparent that PUW/MIN variants containing
modified FA display an improvement of antifungal activity in
a species-specific manner while simultaneously exerting
reduced cytotoxic activity. In this study, compounds 1 and 2
containing unsubstituted FA (C12 and C14), exert moderate
cytotoxic effects with the resulting IC;, values of 2.8 and 3.15
uM. A similar range of IC;, was reported for C16 and C18 oxo-
substituted FA. However, the semi-synthetic variants 4a and
4b possessing unsaturated C18 and C22 with an ethyl side chain
do not exert relevant cytotoxicity. Thus, the cytotoxic activity of
modified variants is likely diminished by the presence of an
ethyl group and adjacent double bond. Neither 1 nor 2 contain
double bonds in the exocyclic part of the FA chain. Conse-
quently, the exact position of the unsaturation in compounds 4a
and 4b is not significant for the presented SAR study as the
double bond is newly introduced. For the bioactivity assays,
a mixture containing highly enriched tentative isomers
following Zaitsev's rule and a minor amount of two other
isomers differing in the position of the double bond, was used.
1t is notable that side methyl FA branching is relatively common
in cytotoxic lipopeptides and does not abolish the cytotoxicity
against human cells as iturins exhibit cytotoxicity against HeLa
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cells with IC5, 1.73 uM and 7.8 uM for Iturin A and F,, respec-
tively.* Consequently, it is not the branching itself but rather
the length of the side chain that affects the cytotoxic potential.
The introduction of the double bond followed by small changes
in the 3D structure of the acyl chain should not play a crucial
role in the observed decrease of the cytotoxicity as highly potent
cytotoxic anabaenolysins contain polyunsaturated FA moiety of
a similar length (C18) and exhibit cytotoxicity against HeLa cells
with ICso 11 uM.* Nevertheless, the FA extension and ethyl
branching was accompanied by a species-specific increase of
antifungal properties with MIC values of 0.5 uM and 0.1 uM
against A. fumigatus and A. alternata for 4a and 4b, respectively.
One of the main achievements of the study is a general
improvement of the antifungal activity of PUW/MIN by
increasing the hydrophobicity by modification of both the polar
hydroxyl groups on Thr and an « -OH on the FA moiety. The
double acylation of these functional groups 5a-d fully dimin-
ishes the cytotoxic effect while substantially increasing anti-
fungal activity. Even acylation with C10-mimicking FA tails
similar to 1 and 2 abolished cytotoxicity in HeLa cells. Conse-
quently, not only the hydrophobic FA properties but also polar
and hydrophilic functional groups are important for the inter-
action of PUW/MIN with the human cell membrane and its
permeabilization. We expect the 2-OH on the FA residue to play
a crucial role in such interaction as its position after PUW/MIN
incorporation into the membrane will allow interaction with the
polar phospholipid head. The vast majority of known
membrane permeabilizing cyclic lipopeptides including poly-
unsaturated anabaenolysins® or polysubstituted trichorma-
mides,™ possessed the free «-OH on the FA chain. On the other
hand, as apparent from our data, free o-OH is not essential for
the antifungal properties of the cyclic lipopeptides. The
observed species-specific antifungal properties suggest, that the
effect of these modified cyclic lipopeptides (both with extended
and branched FA as well as esterified) on the fungi cell is not as
general as on the cytoplasmic membrane of human cells and is,
moreover, connected to the overall increased hydrophobicity.

5. Conclusions

In the present study we have shown that length of the fatty acid
moiety affects the dynamics of the cytotoxic effect in human
cells as well the antifungal activity of the naturally occurring
cyclic cyanobacterial lipopeptides puwainaphycins and minu-
tissamides. Accordingly, we have modified the lipopeptide fatty
acid moiety. In addition, we have acylated the free hydroxyl
groups present in the puwainaphycin/minutissamides macro-
cycle to study their effect on compound bioactivity. Based on the
data presented in our study we can conclude that increasing
lipopeptide antifungal activity by alternation of hydrophobicity
is a feasible way for new fungicides discovery, since the cyto-
toxicity 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), the acylation of the
hydroxyl group present in the majority of known membrane
permeabilizing lipopeptides is an easy way of lipopeptide

© 2021 The Author(s). Published by the Royal Society of Chemistry
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modification. In this study, we show esterification using DMAP
as an effective approach providing satisfying yields.
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