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Annotation

The presented study focuses on the biosynthesis and distribution of
lipopeptides in the context of evolutionary history and life strategies of
cyanobacteria. Cyanobacteria are ancient organisms often naturally
exposed to situations in which other bacteria, such as Bacillus or
Pseudomonas, were shown to employ lipopeptides to facilitate colony
expansion or iron acquisition. The study explores these analogies and
maps the distribution and diversity of lipopeptides across cyanobacteria
with various lifestyles. Furthermore, the study provides evidence that
widespread cyanobacterial lipopeptides containing a particular structural
motif with two B-hydroxy aspartate residues are a part of iron stress
response and likely facilitate iron acquisition. The gathered information
aims to integrate and deepen our knowledge of the ecophysiological roles
of cyanobacterial lipopeptides.

Declaration

| hereby declare that | have written the presented thesis by myself using
the literature provided in the list of references.

Tomas Galica
Ceské Budéjovice
19. 6. 2021



Financial Support

The work presented in the study was conducted at Algatech (Tfebon,
Institute of Microbiology) and at the Institute of Hydrobiology (Ceské
Budéjovice). Financial support was provided by the Czech Science
Foundation (GACR; #16-09381S), the Grant Agency of the University of
South Bohemia project no. 04-158/2016/P, the Ministry of Education,
Youth and Sports of the Czech Republic (project Algamic
CZ.1.05/2.1.00/19.0392; National Programme of Sustainability | #.01416
and RVO 67985939) and by the Ministry of Regional Development of the
Czech Republic - Cross-Border cooperation Czech-Bavaria project #41.



Acknowledgments

First of all, | would like to thank my dear supervisors, Pavel Hrouzek and
Jan Mares for their patience and support, not just in the lab, but also as
friends outside working hours. In the later stages of my studies, their
support was supplemented with sufficient space and much enjoyed
academic freedom to develop my own ideas. | would also like to thank
Klara Rehakova, who supervised me during my first year and greatly
facilitated the start of my studies in Ceské Budé&jovice.

Further | would like to thank all the people from Opatak, or Centre
Algatech of Institute of Microbiology, for the amazing atmosphere they
create daily at this wonderful place to do science. There is enough good
humor, fun and inspiration for everyone seeking a break from heavy duty
science work. Yet, on the other hand, there is also enough support, advice
and consolation, when experiments (scientific or personal) do not go all
too well. Similarly, my gratitude goes to the people of the Department of
Ecology, for maintaining a friendly and welcoming atmosphere. The annual
conferences of the department were always a big and appreciated event,
that | was looking forward to.

Many thanks for the chance to work abroad go to David P. Fewer and prof.
Kaarina Sivonen. It was an important and pleasant internship, which
further facilitated my professional growth. Moreover, in their laboratory |
have found fine company that made my stay abroad a very pleasant and
smooth experience.

Last but not least, | would like to thank my family and dear friends for the
comforting support and company during the long years of my study.



List of scientific publications and the author’s contribution
The presented thesis is based on the following articles:
Paper I.

Urajova, P, Hajek, )., Wahlsten, M., Jokela, J., Galica, T., Fewer, D., Kust, A.,
Zapomeélova-Kozlikova, E., Delawska, K., Sivonen, K., Kopecky, ]J. & Hrouzek,
P. (2016). A liquid chromatography-mass spectrometric method for the
detection of cyclic beta-amino fatty acid lipopeptides. Journal of
Chromatography A, 1438, 76-83.
https://doi.org/10.1016/j.chroma.2016.02.013 (IF=4.049)

TG participated in the mass spectrometry experiments investigating the
relationship between the collision energy and fragmentation patterns of

different lipopeptides, subsequent data analysis and presentation.
(8.333%)

Paper Il.

Galica, T., Hrouzek, P. & Mares$, J. (2017). Genome mining reveals high
incidence of putative lipopeptide biosynthesis NRPS/PKS clusters
containing fatty acyl-AMP ligase genes in biofilm-forming cyanobacteria.
Journal of Phycology, 53(5), 985-998. https://doi.org/10.1111/jpy.12555
(IF=2.328)

TG participated in the study design, conducted the bioinformatic screen
and wrote the corresponding part of the manuscript. (50.0%)

Paper lll.

Mares, )., Hajek, J., Urajova, P, Kust, A, Jokela, J., Sauray, K., Galica, T.,
Capkové, K., Mattila, A., Haapaniemi, E., Permi, P., Mysterud, I., Skulberg, O.,
Karlsen, J., Fewer, D., Sivonen, K., Tonnesen, H. & Hrouzek, P. (2019).
Alternative Biosynthetic Starter Units Enhance the Structural Diversity of
Cyanobacterial Lipopeptides. Applied and Environmental Microbiology,
85(4), Article ARTN e02675-18. https://doi.org/10.1128/AEM.02675-18
(IF=3.960)

TG participated in the analysis of FAAL domain specificity in relationship to

the diversity of the hydrophobic residue of produced puwainaphycins and
minutissamides. (5.555%)


https://doi.org/10.1016/j-chroma.2016.02.013
https://doi.org/10.1111/jpy.12555
https://doi.org/10.1128/AEM.02675-18

Paper IV.

Galica T., Borbone N., Mares J., Kust A., Caso A., Esposito G., Saurav K.,
Hajek J., Rehakova K., Urajova P, Costantino V. & Hrouzek P. (2021)
Cyanochelins, an overlooked class of widely distributed cyanobacterial
siderophores, discovered by silent gene cluster awakening. Journal of
Applied Environmental Microbiology, Epub ahead of print. https://doi.org/
10.1128/AEM.03128-20 (IF=3.960)

TG designed the study, performed the bioinformatic screening, cultivated
the strains, isolated the candidate compounds, characterized the

compounds by mass spectroscopy, conducted the photolytic experiments
and together with JM and PH wrote the article. (50.0%)

Paper V.

Mares )., Chmelik D., Galica T., Urajova P., Hajek |., Rehakova K. & Hrouzek P.
(manuscript under revision) A newly discovered NRPS/PKS pathway of the
cyanobacterial lipopeptide muscotoxin utilizes 4-methyl proline generated
by the nostopeptolide biosynthetic machinery.

TG participated in the design of the isotopic labeling, feeding experiments
and interpretation of the data. (14.285%)

The corresponding authors of the listed publications acknowledge the
contribution of TG as stated above:

RNDr. Pavel Hrouzek, Ph.D.

RNDr. Jan Mares, Ph. D.


https://doi.org/

Table of Contents

1. Introduction
1.1. Global Significance of Cyanobacteria
1.2. Cyanobacterial Lifestyles
1.3 Taxonomy and Phylogenetic Diversity
1.4. Lipopeptides
1.4.1. Ecophysiological Roles of Bacterial Lipopeptides
Role in Colony Development and Spreading
Role in Iron Scavenging
1.4.2. Biosynthesis of Lipopeptides
1.4.3. Cyanobacterial Lipopeptides
Microginins
Puwainaphycins and Minutissamides
Laxaphycins
Anabaenolysins
Hassallidins and Balticidins
The Kulolide Superfamily
Other Lipopeptides
1.5. Summary of the Research Background and Rationale
2. Results and Discussion
2.1. Outline of the Research
2.2. Research Paper I. - Fragmentation of Lipopeptides Under High Collision Energy
2.3. Research Paper Il. - Search for Novel Lipopeptide Biosynthesis Encoding Gene
Clusters in Cyanobacteria and their Distribution
2.4. Research paper lll. - Investigation of Fatty Acid Loading Modules in Puwainaphycin
Gene Clusters.
2.5. Research Paper IV. - in press - Discovery of Cyanochelins — Novel and Possibly
Widespread Cyanobacterial Siderophores
2.6. Research Paper V. - manuscript — Biosynthesis of Muscotoxin in Desmonostoc
muscorum and Its Crosstalk with Nostopeptolide Synthesis.
2.7. Summary and future perspectives
3. References

4. Attached Publications
4.1. Paper I.
4.2. Paper Il.
4.3. Paper lll.
4.4. Paper IV.
4.5. Paper V. (manuscript)

0 O R =

10
12
14
17
19
24
25
26
27
28
29
31
32
34
35
35
36

38

40

43

47
49
52
71
71
80
95

113
127

5. Curriculum Vitae 136



1. Introduction

1.1. Global Significance of Cyanobacteria

Extant cyanobacteria are descendants of an ancient prokaryotic lineage in
which the oxygenic photosynthesis evolved (Whitton et al 2012, Sanchez-
Baracaldo and Cardona 2020). Their ancestors are considered the driving
force behind the accumulation of oxygen in the atmosphere, known as the
Great Oxidation Event (GOE), which substantially changed the conditions
on Earth around 2.4 billion years ago (bya) and supported further
evolution of aerobic life (Whitton et al 2012, Sanchez-Baracaldo and
Cardona 2020). Around that time multicellularity evolved within the
cyanobacterial phylum and spurred substantial diversification of
morphological types that formed the basis of major contemporary lineages
(Schirrmeister et al 2013). Existence of derived multicellular cyanobacteria
already at 2 bya is unambiguously supported by the fossil record, thus
suggesting their earlier origin (Demoulin et al 2019). In the primordial
absence of plants and animals, the coverage of land mass by ancestral
cyanobacteria was likely limited by substantially different factors than
today and the cyanobacterial mats possibly covered a fairly large area
(Finke et al 2019). The observed widespread oxygenic weathering suggests
that the oxygen-evolving cyanobacterial mats were spread to the extent
that influenced the global geochemical cycles even prior to GOE (Fig. 1;
Lalonde and Konhauser 2015). Furthermore, an ancient eukaryote
eventually engulfed a cyanobacterium that later became the chloroplast
and gave rise to phototrophic algae and modern day plants. The
evolutionary invention of oxygenic photosynthesis, the GOE and the
genesis of the chloroplast are unique events that shaped the Earth and in
which cyanobacteria played an essential role.
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Fig. 1: Model of pre-GOE cyanobacterial biosphere. Image according to Lalonde and
Konhauser (2014). The model emphasizes local production of oxygen by cyanobacterial
mats and its immediate consumption by oxidative weathering of mat-covered mineral
surface before the accumulation of O,in the atmosphere. BSC stands for biological soil
crusts; MM for microbial mats.

Planetary processes continue to be influenced by contemporary
cyanobacteria, most notably by the marine species that account for a fair
share of carbon and nitrogen fixation. The extent of their role is still a
subject to scientific debate, yet there is a general agreement on their
significance (Moisander et al 2017). Important contributors to marine
primary production are small unicellular cyanobacteria of the genera
Prochlorococcus and Synechococcus, which are abundant and distributed
over the mixed layer of water throughout vast areas of oligotrophic
oceans. Another marine genus, Trichodesmium, is found floating in dense
accumulations of filaments often forming seasonal blooms in tropical and
subtropical waters. Apart from the blooms that influence marine carbon
balance, Trichodesmium is also a prominent diazotroph and for about 50
years it was considered the main contributor to oceanic nitrogen fixation
(Capone et al 2005, Moisander et al 2010, Martinez-Pérez et al 2016).
Recently, symbiotic associations of cyanobacteria such as Richellia
intracellularis or representatives of unicellular cyanobacteria group A
(UCYN-A) with diatoms and haptophytes, respectively, were recognized as
important marine nitrogen-fixers (Moisander et al 2010, Martinez-Pérez et
al 2016). The fixation in such symbioses is performed by the cyanobiont.
Additional contributors to marine nitrogen fixation include representatives



of UCYN-B and UCYN-C groups of cyanobacteria (Goebel et al 2010). It
remains unclear which groups of diazotrophic cyanobacteria have the
greatest impact on marine nitrogen fixation. However, as a whole,
cyanobacteria remain important players in marine nitrogen cycling, despite
the growing recognition of other non-cyanobacterial marine diazotrophs in
the past few years (Moisander et al 2017).

Habitats such as primordial microbial jungle or the vast oceans are large
enough so that just their mere size infers their global importance in
nutrient cycling. But many cyanobacteria are crucial players in nutrient
cycling in habitats of considerably smaller size but scattered across the
globe, such as rivers, lakes and ponds, but also arid areas and deserts.

Diverse cyanobacteria such as Microcystis, Aphanizomenon, Planktothrix or
Dolichospermum can be found alongside algae in the freshwater plankton
in various degree of abundance, in accordance with the plankton paradox
(Hutchinson 1961). The absence of equilibrium and ever-changing
conditions of freshwater pelagic water mass likely prevent competitive
exclusion, allowing for a multitude of species to coexist (Borics et al
2021). However, in overly nutritious lakes, cyanobacteria can develop
aggressive blooms dominated by one species that are then disturbed by
seasonal changes (Paerl and Huisman 2009). Such blooms can have
considerable impact on the water body as they can limit the oxygen
availability to fish and other aquatic life during nights. Moreover,
cyanobacterial blooms can produce toxins and contaminate sources of
drinking water to humans and animals (Dittmann et al 2013).

Apart from the pelagic, cyanobacteria of the genera Anabaena, Oscillatoria
or Phormidium are successful colonizers of illuminated lake beds, where
they grow over various surfaces, including living plants, eventually forming
dense mats that can float (Durako et al 1982, Bouma-Gregson et al 2017).
Similarly, in marine coastal areas Moorea or Lyngbya are found growing in
the benthos, over corals or other plant surfaces (Engene et al 2012). The
epilithic cyanobacteria such as Schizothrix, Nunduva or Rivularia prefer
shallow lagoons and disturbed intertidal and splash zones, where they
grow over rocks and can eventually form stromatolites (Gonzalez-Resendiz
et al 2018, Reid et al 2000).



Cyanobacteria often thrive as pioneering species in otherwise inhospitable
parts of the world, where competitive pressure from eukaryotic
phototrophs is less pronounced. Species of Microcoleus, Leptolyngbya or
Nostoc cope well with desiccation, nutrient scarcity and freeze-thaw cycles
and form biological soil crusts found in deserts, including those in high
altitudes (Campbell 1979, Oren et al 2017, Rehdkova et al 2007). The
psychrotrophic Oscillatoria, Phormidium or Nostoc are prevalent in
microbial mats in soils, wetted surfaces and lakes in polar regions of both
hemispheres (Vincent et al 1993, Tang et al 1997, de los Rios et al 2015).
In both the arid and the polar regions, cyanobacteria are often the major
primary producers and a source of fixed nitrogen (Oren et al 2017,
Janatkova et al 2013). In regions with a less severe climate, terrestrial
subaerophytic cyanobacterial mats are confined to rather marginal places
not easily accessible by plants, such as rocks, and play a minor supportive
role in the primary production (Finke et al 2019, Williams et al 2016, Hauer
et al 2015). A peculiar and rather rare habitat with extreme physico-
chemical conditions that frequently support development of
cyanobacterial mats are the hot springs. A prominent example is the
globally distributed hot spring dweller Mastigocladus laminosus (formerly
Fischerella), often found growing around sources of hot water up to
temperatures of 57°C (Miller et al 2007), but other cyanobacterial genera
such as Synechococcus or Phormidium also include thermophilic species
(Whitton 2012).

Probably the smallest habitat that cyanobacteria inhabit is other
organisms: close ecological and physical proximity led to associations that
have thrived ever since their establishment. The oldest symbiotic
association of once a cyanobacterium with an ancestral eukaryote gave
rise to the chloroplast, which still today provides the host cell with energy
in the form of reduced carbon. More recently, organisms entered symbiotic
relationships with cyanobacteria to benefit from their capability to fix
atmospheric nitrogen (Ran et al 2010, Hilton et al 2013). A wide array of
organisms have evolved symbioses with cyanobacteria with varying level of
cyanobiont-host intimacy, these include mainly: mosses, ferns, cycads,
fungi and lichens, diatoms, haptophytes, corals, sponges and molluscs
(Whitton 2012). In the tight symbioses, where the cyanobiont is securely
transferred to the next generation, it gradually loses its metabolic
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capabilities and slowly undergoes genome reduction (Nostoc azollae,
Richellia intracellularis; Ran et al 2010, Hilton et al 2013). In contrast, the
cyanobacteria forming facultative symbioses de novo in every generation
need to preserve higher metabolic skills to survive without the host, but
also additional signaling machinery to successfully find and establish a new
symbiosis (Hilton et al 2013, Caputo et al 2019).



1.2. Cyanobacterial Lifestyles

The habitat in which cyanobacteria originally evolved and spread from
remains a subject of ongoing scientific debate. Based on phylogenomic
analysis and modern ecology of basal strains of cyanobacteria some
authors propose low salinity or fresh-water origin of ancestral
cyanobacteria (Blank and Sanchez-Baracaldo 2010, Sanchez-Baracaldo
2015). On the contrary some chose to emphasize the geological record
which captured cyanobacteria mostly from estuarine or shallow marine
environments (Demoulin et al 2019). However, both the phylogenetic and
paleontological approach suggest that the ancestral cyanobacteria have
lived either in the benthos or have formed microbial mats (Sanchez-
Baracaldo 2015, Demoulin et al 2019). According to current knowledge
cyanobacterial mats had grown undisturbed over considerable areas prior
to the emergence of eukaryotes; moreover, some suggest this to be the
original cyanobacterial lifestyle (Finke et al 2019, Lalonde and Konhauser
2014). The colonization of the open waters seems to have happened later
and may have occurred repeatedly after the formation of crown groups
cyanobacteria with the prominent pioneers being recruited from different
lineages (Sanchez-Baracaldo 2015). As mentioned above small unicellular
cyanobacteria such as Prochlorococcus and Synechococcus dominate the
illuminated portions of large areas of oligotrophic oceans. Being small-
sized, their surface to volume ratio ensures an easier access to limiting
nutrients in comparison to their larger phytoplankton competitors (Raven
1998, Partensky et al 1999). In contrast, the widespread Trichodesmium
descended from a separate lineage of filamentous cyanobacteria and
prefers open water with a higher trophic state and its triumph over marine
eukaryotic algae could be attributed to its high temperature optimum
(Capone et al 2005, Breitbarth et al 2007).

Although no particular study was dedicated to the origin of cyanobacteria
of the freshwater pelagic zone, the colonization therein had likely
happened in a similar way. In addition, on a timescale counting in millions
of years, cyanobacterial lineages may have switched from pelagic to
benthic repeatedly, expanding on occasional floating of cyanobacterial
mats. In this sense, the life history of Microcystis that inhabits the pelagic



during summer while overwintering in the sediment is particularly
interesting (Reynolds et al 1981, Sanchez-Baracaldo 2019).



1.3 Taxonomy and Phylogenetic Diversity

Historically, the Cyanobacteria or Cyanophyceae fell under the interest of
phycology as a part of botany and hence their taxonomy and especially
nomenclature followed botanical conventions (Oren and Ventura 2017).
With the advancement of electron-microscopic and molecular methods,
the prokaryotic nature of cyanobacteria became widely acknowledged
(Oren and Ventura 2017, Willis and Woodhouse 2020).

In the field of prokaryotic taxonomy, the species concept remains an open
question. The Evolutionary Species Concept, the Ecotypic Species Concept,
the Phylogenetic Species Concept, and the Monophyletic Species Concept
are all considered relevant for cyanobacteria (Johansen and Casamatta
2005). Although the concepts differ in where the species boundaries are
drawn, they all recognize the importance of shared evolutionary history
and genetic information. The presented thesis aims to investigate the
production of lipopeptides across the cyanobacterial phylum. For that
purpose, the precise delimitation of species is not essential. More
important are the phylogenetic relationships among the isolated
cyanobacterial strains and pronounced lineages reflecting the evolutionary
history, and offering an interesting context for the possible spread of the
genes coding lipopeptide biosynthesis along the lineage or by a horizontal
gene transfer.

The classification of cyanobacteria is currently undergoing revision as
accumulation of genomic data reveals a complicated branching of the
cyanobacterial tree of life. Across the phylum there are clearly
monophyletic and species-rich derived lineages, interwoven with long
branches with a few representatives (Mares 2018). Moreover, the distinct
morphological features - such as the filamentous or colonial growth -
were repeatedly acquired and lost during the evolution, hence
cyanobacteria with a similar morphology frequently descended from
different lineages and, vice versa, a monophyletic group can include
filamentous as well as unicellular species (Sanchez-Baracaldo 2015,
Schirrmeister 2013, Mares 2018).

As was recognized by Mare$ (2018) the previously established orders
Gloeobacterales, Spirulinales, Chroococcidiopsidales and Nostocales
appear to withstand the reevaluation by molecular phylogenetics. In
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contrast, Pleurocapsales and Chroococcales, despite being mixed, are
compact, while Synechococcales and Oscillatoriales are extensivelly
polyphyletic and in desperate need for taxonomic revision (Mares 2018).

Due to the complicated situation in cyanobacterial taxonomy and
phylogeny whenever the distribution of lipopeptides in the phylum was
investigated during my work it was accompanied by a phylogenetic tree
rather than referring to the currently elusive taxonomic ranks.



1.4. Lipopeptides

Microorganisms harbor the potential to produce complex organic
molecules of immense structural variability that could possibly be
employed for biotechnological or pharmaceutical purposes. Considerable
effort has been dedicated to discovery of such compounds that are often
called secondary metabolites or natural products. In attempts to discover
potentially valuable natural products, the investigation of their benefits for
their actual producers is neglected in favor of their possible usage (Traxler
and Kolter 2015). Secondary metabolites are compounds of small
molecular weight unnecessary for autonomous viability in laboratory
conditions, in which related strains with a similar life strategy and energy
metabolism may exhibit equal growth, but substantial difference in their
secondary metabolite content. However, the significance of secondary
metabolites comes to light when investigated in particular ecological
contexts. In specific naturally occurring situations the secondary
metabolites are important for interactions among microbes or with the
environment to a degree that can decide species success (Chevrette et al
2020, Traxler and Kolter 2015). The term “specialized metabolite” is often
used to address those secondary metabolites, for which the benefit they
provide to the producer have been described.

Structural variability of secondary metabolites is overwhelming. There are
small polyketides, non-ribosomally synthetized peptides and various
hybrids of the two, then there are large ribosomally synthetized peptides
and many more (Kehr et al 2011, Welker and von D6hren 2006). To focus
on a particular group is hence a practical necessity. In the presented study
| have focused on lipopeptides from cyanobacteria.

Lipopeptides consist of several amino acid residues connected by peptide
bonds and a hydrophobic (lipid) moiety (Fig. 2). The definition, however, is
not extremely strict on how many peptide bonds a lipopeptide should
contain or how the hydrophobic moiety should look like (jamaicamide vs.
hassallidin, Edwards et al 2004, Neuhof et al 2005). Perhaps more
important is the resulting functional amphiphilicity of the compounds, a
property that demands the presence of hydrophilic and hydrophobic
structural elements, with the former often ensured by the extended
hydrocarbon chain (Cochrane and Vederas 2016). The amphiphilic nature of

10



lipopeptides may limit their solubility and diffusivity in aqueous solutions
but ensures their potential to reduce surface tension or to form micelles
and pores in biological membranes under certain circumstances (Cochrane
and Vederas 2016, Kem and Butler 2009). The pronounced hydrocarbon
chain of lipopeptides hence ensures an important functionality that the
non-acylated bacterial peptides lack.

Glu Leu
1 2
OH Leu
3
(0] (0] H
N
N
H
(e} NH (0]
FA 0 NH
val
(o]
0 H NH
N
0 N
Leu H 0] Asp
7 HO o} 5
Surfactin Lg“
Bacillus sp.
Leu Gln Thr Leu
1 3 5 7
H,N o}
OH
OH O (0] 0] (0] (0]
NH NH NH NH
NH NH NH NH OH
o} 0 o} o}
Leu Leu Val Leu
2 4 6 8

Syringafactin A
Pseudomonas syringae

Fig. 2: Examples of cyclic and linear bacterial lipopeptides. Fatty acid-derived moiety (FA)
is highlighted in red.
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1.4.1. Ecophysiological Roles of Bacterial Lipopeptides

Production of secondary metabolites is a widespread phenomenon in the
prokaryotic domain of life. The secondary metabolites of my interest, the
lipopeptides, have been frequently found in representatives of firmicutes
(Bacillus, Paenibacillus - surfactin, iturin; Cochrane and Vederas 2016),
actinobacteria (Streptomyces - daptomycin; Miao et al 2005 ) and y-
proteoacteria (Pseudomonas - syringafactin, Berti et al 2007,
Marinobacter — marinobactins, Martinez et al 2000) but they are also
representatives from B-proteobacteria (Cupriavidus - cupriachelin,
Kreutzer et al 2012; Paraburkholderia - gramibactin, Hermenau et al
2018), 6-proteobacteria (Stigmatella - myxochromides, Wenzel et al 2005)
and a-proteobacteria (Thalassospira - thalassospiramide, Oh et al 2007;
Fig. 3.).

The vast majority of described lipopeptides were not investigated for the
benefit they provide to the producing strain yet the ones that were offer
valuable insight into the exciting world of microbial interactions.
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Role in Colony Development and Spreading

Probably the most notoriously known lipopeptide with an extensively
described role in colony development and microbial communication is
surfactin (Fig. 4), produced by various representatives of the genus
Bacillus, a gram-positive endospore-forming representative of firmicutes.
Surfactin is a B-hydroxy-fatty acid-containing cyclic heptapeptide that due
to its amphiphilic nature is able to reduce surface tension of aqueous
solutions and form pores in biological membranes. These key features
dispose surfactin to enhance colony growth over new surfaces and to
induce potassium ion fluxes in the neighboring cells that through a
signaling cascade trigger the production of extracellular matrix and
orchestrate the biofilm development (Kinsinger et al 2003, Lopez et al
2009, van Gestel et al 2015). Moreover, it was found that surfactin
mediates interactions between its producer and other microbes including
other firmicutes, actinomycetes or y-proteobacteria (Straight et al 2006,
Luzzato-Knaan et al 2016). For example, surfactin is thought to facilitate
the engulfment of competing colonies of B. simplex by B. subtillis
(Rosenberg et al 2016) or to suppress the development of aerial hyphae of
Streptomyces (Straight et al 2006).

i5 . i B. subtilis AsrfA-A
B. subtilis WT B. subtilis AsrfA-A B

Fig. 4: Role of surfactin in colony development of B. subtillis. Surfactin is essential to
colony morphology and spreading of B. subtillis. Image from Kinsinger et al 2003. On the
left plate: growth of wild-type B. subtillis (Marburg, 6051); on the middle plate: disruption
of srfA-A gene in the original strain (AsrfA-A) causes surfactin deficiency and results in
impaired colony growth; on the right: the external addition of surfactin rescues the
phenotype. For detailed cultivation conditions see the original publication.
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Further important insight into biological activity of lipopeptides was
provided by the studies of various strains of Pseudomonas. This genus of y-
proteobacteria is found to produce a plethora of different lipopeptides
among others cichofatins, syringafactins, viscosin, massetolides and more.
As was recently reviewed by Gotze and Stallforth (Gotze and Stallforth
2020) some of these were found to participate in a wide array of motility-
related processes, promote swarming motility or, conversely, to suppress it
and support the formation of biofilms (see table 1 in Gotze and Stallforth
2020). For example, the swarming motility of Pseudomonas syringae is
facilitated by a linear lipopeptide syringafactin (Berti et al 2007), the
motility of P cichori depends on cichafactin (Pauwelyn et al 2013) and the
swarming of P poae depends on poeamide (Zachow et al 2015). Often in
the absence of lipopeptides facilitating swarming motility, such as via
experimental disruption of their biosynthesis, a complementary strategy of
biofilm formation is promoted instead (Berti et al 2007, Pauwelyn et al
2013). In contrast, tolaasin, sessilin and massetolide A were found to
suppress the swarming motility in their respective strains in favor of
biofilm development (D'aes et al 2014). Finally, tolaasin and related sessilin
physically interact with the swarming-promoting orfamide family of
lipopeptides to form precipitates, demonstrated on agar plates as
distinctive white lines, to stop the spread of potentially competing strains
(Fig. 5; D'aes et al 2014, Henkels et al 2014).

Fig. 5: Interactions between Pseudomonas strains producing different lipopeptides.
Antagonistic lipopeptides can precipitate each other and form distinctive white lines
between the producing strains upon cultivation on agar plates. Image taken from D’aes et
al 2014. Strains used: (1) Pseudomonas sp. CMR12a (orfamide and sessilin); (2) CMR12a-
Clp1 (orfamide); (3) CMR12a-AClIp2 (sessilin); (4) CMR12a-AClp2-Clp1; (5) P tolaasii
NCPPB 2192 (tolaasin); (6) P. ‘reactans’ NCPPB 387 (WLIP); (7) P. protegens Pf-5
(orfamide); (8) P, fluorescens R1SS101 (massetolide). For more information on strain
origin and cultivation condition see the original study.
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As can be seen from the provided examples, lipopeptides participate in a
complex interplay of antagonistic signaling pathways determining the
motility patterns of pseudomonads (D’aes et al 2014, Gotze and Stallforth
2020). The pseudomonal motility patterns are then important for shaping
the relationship between the producing bacterium and the various plants
they colonize. The relationship that may be of mutual benefit or for the
misery of the plant. This has considerable ecological and agricultural
impact beyond the scope of this text.
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Role in Iron Scavenging

Several lipopeptides were observed to be involved in the facilitation of iron
uptake (Kem and Butler 2015). Iron is an important micro-nutrient,
essential to many components of respiratory chain and photosynthetic
machinery (Sandy and Butler 2009). It is the fourth most abundant
element in Earth's crust; however, it is often found in its oxidized Fe3* form,
which forms insoluble precipitates that complicate its uptake by living
organisms. Furthermore, sedimentation of these precipitates in the water
column causes iron depletion in the pelagic of aquatic environments. To
cope with these complications, microorganisms produce compounds,
siderophores, which facilitate the uptake of iron and prevent its oxidation
and precipitation. Siderophores bind iron atoms via coordination of
electron pairs in its free d-orbitals. Such a bond requires several properly
positioned donors of electron pairs (Fig. 6); it is reversible and frequently
demonstrated as a characteristic UV-Vis absorption spectra of the
complexes. To bind, siderophores most frequently employ catecholates, a-
hydroxycarboxylates and hydroxamates (Sandy and Butler 2009). Other
residues, such as N-nitrosohydroxylamines or a particular arrangement of
oxazole and phenolate, are also employed, although less frequently
(Hermenau et al 2018, Sritharan 2016). Interestingly, the a-
hydroxycarboxylate residue, found in many siderophores as 8-
hydroxyaspartate (3-OH-Asp), provides additional functionality. The
siderophore-bound ferric iron is reduced upon exposure to UV-light as the
siderophore is cleaved close to the B-OH-Asp residue (Kreutzer et al 2012,
Hardy and Butler 2019).
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Fig. 6: Example of lipopeptide siderophore cupriachelin. Two 3-OH-Asp residues (a-
hydroxycarboxylate) and an N°-(B-OH-butanoyl)-N°-hydroxy-ornithine (hydroxamate)
residue are employed for chelation of trivalent iron. Hydroxyl residues involved in
chelation are highlighted in blue. Fatty acid-derived moiety is highlighted in red)

Several lipopeptides, e. g. aquachelins and marinobactins (Martinez et al
2000), cupriachelin (Kreutzer et al 2012), mycobactin (Sritharan 2016) and
gramibactin (Hermenau et al 2018), contain residues capable of binding
iron and were shown to do so. The prolonged hydrocarbon chain of
lipopeptides is not essential for the iron chelation. However, it seems to be
crucial for adjusting the distribution and diffusivity of the compounds in
the natural context, where excessive diffusion can lead to efficient loss of
siderophore to the producer in case it diffuses too far (Volker and Wolf-
Gladrow 1999). Cleavage of the acyl residue as a possible mechanism for
conversion to more diffusive variants has been observed in marinobactins,
where in the late stationary phase of an iron-limited culture the bacterium
excreted an acylase to cleave off the acyl residue to increase its diffusion
rate (Gauglitz et al 2014).

18



1.4.2. Biosynthesis of Lipopeptides

Bioactive peptides found across a wide array of microorganisms attracted
the attention of many researchers due to a frequent presence of amino
acids that are not recognized by the conventional proteosynthetic
machinery. Investigation of this phenomenon lead to the discovery of non-
ribosomal peptide synthesis (NRPS) and the identification of its core
enzymes and mechanism of action (Stachelhaus and Marahiel 1995,
Stachelhaus et al 1996, Fig. 7). Essential to NRPS are three domains: the
adenylation domain (A-domain), thiolation domain (T-domain) and
condensation domain (C-domain).

@

A- domalns

T- domam
C domalns
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Fig. 7: Schematic depiction of NRPS synthesis. 1 - Simplified NRPS assembly line. 2 -
Amino acids are activated by corresponding A-domains and bond to 4'-phosphopante-
theinyl of T-domains. 3 - The 4'-phosphopantetheinyl-bound amino acids meet at the C-
domain where the peptide bond between them is formed, while another amino acid is
being activated by the next A-domain. 4 - Nascent peptide is prolonged by the amino
acid. 5,6 - The product is eventually released from the assembly line by a thioesterase.

The A-domain’s primary function is to activate specific amino acid(s) and
catalyze the formation of amino acid-adenylate (Substrate + ATP ->
Substrate-AMP + PPi; Stachel-haus et al 1999). The activated molecule is
then passed to the T-domain, where it is bound to the thiol functional
group of 4’-phosphopantetheinyl residue, which acts as a swinging arm
and is responsible for the transport of the intermediate among domains
(Stachelhaus et al 1996, Weber et al 2000). The 4’-phosphopantetheinyl
attached to a conserved serine residue of T-domains is one of the essential
features shared by NRPS, PKS and fatty acid biosynthetic pathways and
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that enables passing of intermediates among these different biosynthetic
machineries (Lambalot et al 1996, Stachelhaus et al 1996). The activated
PAN-bound intermediates meet deep in the solvent channel of the NRPS C-
domain, where the amino group of the downstream intermediate acts as a
nucleophile and attacks the thioester bond of the upstream intermediate,
thus forming a peptide bond (Keating et al 2002).

The three core domains are organized in modules that are assembled in a
larger complex where the nascent peptide passes from module to module.
Apart from the core domains, the module may include additional tailoring
domains that modify the nascent product or activated monomer. Such
modifications include amination, methylation, hydroxylation,
dehydratation, halogenation, epimerization, heterocyclization and more,
with some yet to be discovered (Hermenau et al 2018, Kreutzer et al
2012). Interestingly, the C-domain can reject to fuse the improper or
improperly modified residue to the nascent product and hence provide
additional layer of proof-reading activity (Kreutzer et al 2012, Reitz et al
2019, Rausch et al 2007).

An essential feature of lipopeptides is the presence of the hydrophobic
moiety, which may be biosynthetically achieved in two described ways (Fig.
8). A condensation of an acyl-CoA recognized by a specialized C-starter
domain to the following amino acid of the prospective lipopeptide is seen
in the biosynthesis of surfactin, lichenysin, fengycin, and arthrofactin
(Rausch et al 2007). Second is the activation of fatty acid by a fatty acid-
AMP ligase (FAAL) and its subsequent binding to a T-domain, in a way
highly similar to that of A-domains, as seen in the biosynthesis of for
example mycosubtilin or daptomycin (Duitman et al 1999, Miao et al
2005). In some cases, evidence suggests that neither of the two
mechanisms is employed. For example, in the case of anabaenolysins the
information available for the biosynthetic pathway does not support
employment of neither of the two known mechanisms, yet the peptide is
produced with an acyl residue of considerable size. Such cases point to the
existence of additional mechanisms yet to be discovered (Shishido et al
2015).
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Fig. 8: Examples of different ways of lipoinitiation in the biosynthesis of cyanobacterial
lipopeptides. For PKS domain the following abbreviations are used: KS - ketosynthase, AT
- acyltransferase, DH - dehydrogenase, ER - enoylreductase, KR - ketoreductase. For
tailoring domains the following abbreviations are used: A - aminotransferase, O -
oxygenase, M - methyltransferase.

Pathways for the biosynthesis of polyketides are organized in a way
analogous to that of NRPS. Polyketide synthases (PKS) are modular
enzymes that also employ the 4’-phosphopantetheinyl arm for the secured
passage of intermediates. However, while being analogous to the T-
domain, the domain that binds the 4 -phosphopantetheinyl in the context
of PKS modules is designated as ACP (acyl carrier protein) instead.
Activation of monomers, frequently a malonyl or a methyl-malonyl residue,
is done by acyltransferase and the formation of C-C bond is performed by a
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ketosynthase. Elements of pathways for polyketide synthesis (PKS) are
frequently combined with NRPS resulting in increased structural diversity
of secondary metabolites. In biosynthesis of lipopeptides there are most
frequently found to elongate the fatty acyl moiety. Such elongation,
however, is not just for the sake of the length of the hydrocarbon chain.
The PKS-mediated elongation allows crucial modifications of the acyl chain,
such as hydroxylation, amination or eventually cyclization into an aromatic
ring. For example, during the biosynthesis of the lipopeptide mycosubtilin,
the activated fatty acid is prolonged by PKS modules that introduce an
amino residue to the B-carbon of the final N-terminal hydrophobic moiety
(Duitman et al 1999). The presence of the B-amino group allows for
cyclization of the lipopeptide at the end of its synthesis (Duitman et al
1999, Mares et al 2014).

Each step in the biosynthesis of lipopeptides is performed by a dedicated
protein or a protein domain within a large multi-domain protein typical for
NRPS biosynthesis. Nevertheless, each protein domain responsible for each
biosynthetic step has to be encoded in the genome. Luckily, in
prokaryotes, genes for a biosynthetic pathway are found together in the
so-called biosynthetic gene clusters. Organization of such gene clusters
does not necessarily reflect the order of biosynthetic steps included, yet it
can provide valuable insight into the composition of the encoded product.

DFH | T
Hassallidin gene cluster has ABCE GIJKM N 0 PQRSU V WX Yy Z
Anabaena sp.
SYKE748
Puwainaphycin gene cluster 7 A 2 B CD E EG H
Cylindrospermum alatosporum
CCALA 988 <@ H O
E
Anabaenolysin gene cluster abl S A B CF D
Anabaena sp.
XPORK15F KOO T OWMED DA<
B NRPs Bl Fatty Acid Activation/Modification ~ [[] Tailoring 10 Kbp
] Pks ] Glycosylation [] other

Fig. 9: Examples of biosynthetic gene clusters.
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In recent years many researchers took advantage of accumulating
sequences of microbial genomes to search for such gene clusters.
Bioinformatic software dedicated to discovery and analysis of biosynthetic
gene clusters, such as AntiSmash (Blin et al 2019) or Prism (Skinnider et al
2020), has been extensively developed and its accuracy is still gradually
increasing.
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1.4.3. Cyanobacterial Lipopeptides

There are many cyanobacterial lipopeptides that have been isolated from
mixed material collected in the field and described briefly, with elucidated
structure and assessment of bioactivity, but without hints on their
biosynthesis, mechanism of action or even details of their producer. While
this approach certainly brings valuable information on the diversity and
pharmaceutical potential, it is less informative on the importance of the
compounds for their producers and evolutionary relationships between
them. Another complication for the systematic approach to natural
compounds is that the authors often favor giving a new name to a
compound analogous to another, already described one.

In the following section | will outline several groups of cyanobacterial
metabolites that were studied in a considerable detail and for which the
biosynthetic pathway was suggested along with a corresponding gene
cluster.
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Fig. 10: Structure of microginin. Modified fatty acid residue (FA) highlighted in red.

Microginins

Linear lipopeptides have been repeatedly isolated mostly from freshwater
bloom-forming cyanobacteria of genus Microcystis, but also from Nostoc
or Oscillatoria (Okino et al 1993, Ishida et al 2000, Strangman and Wright
2016, Stewart et al 2018). Microginins consist of 3-5 amino acids and an
N-terminal 3-amino, a-hydroxy C8 or C10 carboxylic acid (Fig. 10, above).
The fatty acid may be further modified by mono- or dichlorination on the
w-carbon (Ishida et al 2000, Strangman and Wright 2016). Various amino
acids have been found in microginins and there is no strict amino acid
sequence to distinguish them. It is worth noting that tyrosine is
remarkably frequent especially on the C-terminus and that N-methylation
of amino acids is a regular modification (Ishida et al 2000). The
biosynthesis of microginins has been proposed in a patented article by
Kramer to be a hybrid PKS/NRPS type (Kramer 2010).
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Fig. 11: Structure of puwainaphycin E. Modified fatty acid residue (FA) highlighted in red.

Puwainaphycins and Minutissamides

Structurally analogous puwainaphycins A-G (PUW) and minutissamides A-L
(MIN) are amphipathic lipopeptides circularized via the formation of a
peptide bond between the B-amino residue of the fatty acid and the C-
terminal carboxyl residue (Fig. 11, Moore et al 1989, Gregson et al 1992,
Kang et al 2011, Kang et al 2012, Hrouzek et al 2012, Mare$ et al 2014).
The 10-membered peptide ring, including the modified fatty acid residue,
exhibits a degree of conservation, especially around the place of
integration of the fatty acid into to the cycle, since, in the described
puwainaphycins, the amino acids 1, 2, 8 and 9 are invariant. In contrast,
the fatty acid-derived residue is considerably more variable: its length
ranges from C10 to C18 and it can contain further modification such as
hydroxylation, oxosubstitution or halogenation (Mares$ et al 2014).
Puwainaphycins and minutissamides are thought to be synthetized by the
same hybrid PKS/NRPS pathway encoded by a ~57 kb long gene cluster
(Mares et al 2014). Fatty acid-AMP ligase (FAAL) is thought to activate
several fatty acids with different lengths that are subsequently prolonged
and modified by two PKS modules. An important modification performed
by the second PKS module is the introduction of the 8-amino residue later
employed for cyclization. Puwainaphycins and minutissamides were
reported from genera Anabaena and Cylindrospermum (Mares et al 2014).
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Fig. 12: Structure of A and B type laxaphycins. Modified fatty acid residue (FA)
highlighted in red.

Laxaphycins
Produced foremostly by Anabaeana laxa, the laxaphycins (Fig. 12) are
cyclic lipopeptides circularized via a peptide bond between C-terminal

carboxyl residue and the $-amino residue of the fatty acid (Frankmolle et
al. 1992). The laxaphycins show little variability in the hydrophobic moiety
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and employ either a f-aminooctanoic or a f-aminodecanoic acid. However,
they exhibit a considerable variability in the amino acid composition. Based
on the number of amino acids employed, two types of laxaphycins are
recognized. The laxaphycin A employs 10 amino acids and together with
the N-terminal fatty acid forms a 11-membered ring while the laxaphycin B
employs an additional amino acid and forms a 12-membered ring
(Frankmolle et al. 1992; Luo et al., 2015). The two peptide cores differ
considerably in the amino acid sequence, yet both types occur
simultaneously and are thought to be synthesized by a shared unusually
branched hybrid PKS/NRPS biosynthetic pathway that employs FAAL for
lipoinitiation and is encoded by a common 96-kb gene cluster (Heinila et al
2020). Moreover, the observation that the antifungal and antiproliferative
effects of laxaphycins are strengthened if both types are provided,
suggests a functional co-evolution of laxaphycin A and B (Cai et al 2018).
Shall the classification of natural compounds be based strictly on
structural features, laxaphycin A and B type should be considered
separately; however, their shared biosynthetic pathway, occurrence and
likely a functional co-evolution, could justify their shared classification from
a biological perspective.

FA

HO AOFHA
NS NG 0 !
AN X 0
NH
O§I:NH o
G3|y NH H ( OH
o)\/ S
Gly

Anabaenolysin A
Anabaena sp.

Fig. 13: Structure of anabaenolysin A. Modified fatty acid residue (FA) highlighted in red.

Anabaenolysins

Multiple strains of Anabaena isolated from benthos of the Baltic Sea were
found to produce anabaenolysins, rather small lipopeptides with a
distinctive hydrophobic residue (Fig. 13). Anabaenolysins A-G feature rare
unsaturated B-amino fatty acid with a conjugated triene system that is
incorporated into a 4-membered peptide ring containing another unusual
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structural residue, the 2-(3-amino-5-oxytetrahydrofuran-2-yl)-2-
hydroxyacetic acid moiety and two glycines, alternatively with the last
glycine substituted by a glutamine (Jokela et al 2012, Shishido et al 2015).
The variants differ in the length of the fatty acid (C13-C19) and the
position of the double bonds on the extended hydrocarbon chain. A
compact 23-kb PKS/NRPS gene cluster is considered responsible for
anabaenolysin biosynthesis. The cluster encodes enzymatic machinery for
elaboration of the fatty acid, including a PKS module for the introduction
of the B-amino residue for cyclization but notably also the fatty acid
desaturase held responsible for the formation of double bonds on the
hydrocarbon chain (Shishido et al 2015). However, the cluster does not
include any genes that could explain the lipoinitiation, hence the first step
of anabaenolysin synthesis remains an open question.
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Fig. 14: Structure of hassallidin A. Modified fatty acid residue (FA) highlighted in red.

Hassallidins and Balticidins

The most structurally complex lipopeptides isolated from cyanobacteria so
far are the hassallidins that in addition to the peptide core and an exo-
cyclic hydrophobic moiety are also glycosylated (Fig. 14, Neuhof et al
2005). Balticidins A-D share most of the structural features including the
majority of the peptide core and could be efficiently considered to belong
to the same family (Bui et al 2014, Vestola et al 2014). The peptide core of
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hassallidins is largely conserved with notable variation of the fourth amino
acid, which could be tyrosine or hydroxy-tyrosine, and the last amino acid
(9th) that could be either glutamine, lysine or tyrosine. The hydrophobic
moiety consists of a C14 or C16 hydrocarbon chain with two hydroxyl
groups and in the case of balticidins A and B, it is also chlorinated. The
hydroxyl group of the conserved N-methyl-threonine (8th amino acid) and
on the B-carbon of the fatty acid offer spots for glycosylation that is the
main source of hassallidin structural variability. The B-hydroxyl of the fatty
acid can be glycosylated by either rhamnose or arabinose, with arabinose
possibly further linked to N-acetyl glucose or galacturonic acid. The N-Me-
Thr at position 8 can be linked to either mannose, diacetylmannose or
hexose. The 48-59 kb hassallidin gene cluster encodes a biosynthetic
pathway with 9 NRPS modules, several glycosyl transferases responsible
for incorporation of sugars and a cassette for synthesis of a modified fatty
acid precursor. A specific starter C-domain ensures the recognition of the
modified fatty acid and its fusion to the first amino acid of the nascent
product (Vestola et al 2014, Pancrace et al 2017). The hassallidins are
found in various genera, i.e. Hassallia, Tolypothrix, Aphanizomenon,
Cylindrospermopsis, Nostoc, Planktothrix and Anabaena.
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Fig. 15: Structure of dudawalamide B, a representative of kulolide superfamily of
lipopeptides. Modified fatty acid residue (FA) highlighted in red.

The Kulolide Superfamily

Another interesting, rather broad group of compounds isolated mostly
from field samples of marine cyanobacteria are the lipopeptides of the
kulolide superfamily. The family contains kulolides, dudawalamides (Fig.
15), pitipeptolides, viequeamides, wewakpeptin A (Almaliti et al 2017,
Boudreau et al 2012) and eventually could include hantupeptins,
palmyramides, trungapeptins, hectochlorine and some lyngbyabellins (A-C,
G; Tripathi et al 2010, Taniguchi et al 2010, Bunyajetpong et al 2006, Han
et al 2005, Nagarajan et al 2012). The members of the kulolide superfamily
have a loosely similar scaffold, but often share important features of the
hydrophobic moiety. Frequently the hydrophobic chain is 8 carbons long,
methylated on the a-carbon, hydroxylated on the B-carbon and has a triple
bond or is chlorinated at w—1. The B-hydroxyl is also the spot of
cyclization. Interestingly, in the kulolide superfamily the residue next to the
modified fatty acid may be an amino acid but also frequently an a-hydroxy
carboxylic acid, hence employing an ester instead of a peptide bond. A
biosynthetic pathway was proposed for hectochlorine and although it is
not clear whether to consider hectochlorine a member of the kulolide
family, it definitely features fatty acid modifications typical for the kulolide
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family. Nevertheless, FAAL is employed to fuse the recognized fatty acid to
a T-domain and the fatty acid is passed to a PKS module. The fatty acid is
prolonged, methylated and the keto residue on the B-carbon is reduced to
hydroxyl to allow cyclization of the product. The rest of the pathway
includes several NRPS modules that would vary for the individual members
of the kulolide family (Ramaswamy et al 2007). The compound from the
kulolide superfamily were isolated from marine cyanobacteria, mostly
Lyngbya and Moorea, from various locations in the Pacific, Indian and
Atlantic oceans and are likely considerably widespread (Boudreau et al
2012).

Other Lipopeptides

The above provided list consists of prominent classes of cyanobacterial
lipopeptides for which there are also data on their biosynthesis. There are
additional cyanobacterial lipopeptides fitting the most consensual
definition of a lipopeptide, such as microcolins, almiramides, dragonamides
and muscotoxins (Yu et al 2019, Sanchez et al 2010, Tomek et al 2015).
However, little or no information on their biosynthesis has been published
so far.

It is worth noting that a relevant, rather broader understanding, considers
peptides with aromatic branched or heavily modified hydrocarbon moieties
as lipopeptides. Such definition would also include the microcystins, the
infamous freshwater toxins with an N-terminal hydrophobic moiety that
includes an aromatic ring on the distant end of the hydrocarbon chain
(Dittmann et al 2013). Similarly, nodularins, nostophycins and eventually
several aeruginosins and spumigins would fit in the definition (Welker and
von Dohren 2006, Fewer et al 2011). Furthermore, there are compounds
with a branched hydrophobic residue such as the pahayokolides (An et al
2007).

Another edge of the definition is the minimal length of a hydrocarbon
chain that would classify the final structure as a lipopeptide. There are
peptides with modified carboxy acid at the N-terminus that is considerably
short. A good example is notable cyanobacterial peptide, the
nostopeptolide, where the butyric acid is the N-terminal residue (Golakoti
et al 2000, Liaimer et al 2015). Similarly, the cyanopeptolins contain the N-
terminal hexanoic acid and the malevamide A contain S-amino-A-methyl
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hexanoic acid (Welker and von Doéhren 2006, Horgen et al 2000). One of
the key features of the lipopeptides is their amphipathic nature and short-
chain fatty acid are not more hydrophobic than amino acid such as leucine.
Employment of such short fatty acids in peptides is undoubtedly
interesting, yet the compounds are not considered as lipopeptides.

Finally, the peptides are recognized by the presence of a distinct bond.
There are compounds with extended polyketide moieties that dominate
the overall structure, however, they are synthesized through intermediates
with obvious peptide bonds that are subsequently modified in such a way
that the bonds lose their peptide nature. Cyanobacteria produce
compounds such as barbamide, curacin A, jamaicamide, lynbyatoxin or
somocystinamide that have few peptide bonds and would fit the broad
definition of lipopeptide if the presence of a hydrophobic moiety and a
peptide bond were the only criteria (Edwards and Gerwick 2004, Edwards
et al 2004, Wrasidlo et al 2008, Nogle and Gerwick 2002). However, such
compounds are considered a mixed-polyketide peptides rather than
lipopeptides. Regardless of their final structure, the biosynthesis of these
compounds shares key enzymatic activities with the synthesis of
lipopeptides and provides insight into the exciting tailoring potential of
hybrid biosynthetic pathways (Chang et al 2002, Chang et al 2004,
Edwards and Gerwick 2004, Edwards et al 2004, Ramaswamy et al 2007).

In the present study, the peptides with aromatic or branched hydrophobic
moiety will not be reviewed, neither will be the peptides with incorporated
short fatty acid (C6 and shorter) or the mixed-polyketide peptides.
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1.5. Summary of the Research Background and Rationale

Cyanobacteria are ancient prokaryotic organisms with a considerable
global impact and important roles in various habitats. The phylum
comprehends various species with a remarkable degree of morphological
and metabolic plasticity. Cyanobacteria can live in a close association with
other organisms in microbial mats or in symbioses with algae or plants and
even nowadays remain an influential group of phototrophs.

Lipopeptides are structurally diverse secondary metabolites frequently
found to be produced by various cyanobacteria. The essential features of
lipopeptides, especially their amphiphilicity that gives the ability to reduce
surface tension of aqueous solutions or form pores in biological
membranes, have made them important factors in the colonization of
novel surfaces and biofilm formation in other known bacteria. Moreover,
the lipopeptides were found to mediate interactions within bacterial
colonies, microbial communities or eventually between bacteria and
plants. Many lipopeptides were isolated from cyanobacteria, but the
relationship between lipopeptides and the sessile vs. buoyant lifestyle was
not investigated yet, neither was their role in plant-cyanobacteria
symbioses.

Finally, in the recent decade, a considerable amount of cyanobacterial
genomes has been analyzed and the sequences are publicly available.
Frequently, the data do not come from studies dedicated to secondary
metabolism yet with the available bioinformatic tools they offer a great
opportunity to discover novel cyanobacterial metabolites. Perhaps even
more importantly, it is an opportunity to gain insight into lipopeptide
distribution across the phylum and their mode of action and natural roles
in cyanobacteria.
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2. Results and Discussion

2.1. Outline of the Research

The thesis revolves around different aspects of cyanobacterial
lipopeptides. The first paper investigates the fragmentation of
lipopeptides upon collision induced dissociation (CID) during mass
spectroscopic analysis to facilitate the detection of lipopeptides in natural
isolates or the identification of novel lipopeptides from cyanobacterial
cultures. The second study takes the advantage of the publicly available
genomes and the available bioinformatics software to explore the
distribution of biosynthetic gene clusters possibly encoding lipopeptide
biosynthesis across the cyanobacterial phylum. The third paper
investigates in detail the different organization of biosynthetic gene
clusters encoding the synthesis of puwainaphycins. The fourth study
elaborates on the observation from the second study, where a particular
pattern of NRPS and tailoring genes was frequently found in the analyzed
genomes of phylogenetically distant cyanobacteria. We decided to
investigate what may be the structural feature synthesized by this
recurring pattern and what functional implication it may have for the
produced lipopeptide. The fifth and final study is in the form of a
manuscript and studies the origin of y-methyl proline (4-Me-Pro) in
muscotoxin B. The results suggest an intermediate leak from a
nostopeptolide biosynthetic machinery that is utilized by the muscotoxin
biosynthetic pathway to produce an additional variant.
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2.2. Research Paper I. - Fragmentation of Lipopeptides Under High
Collision Energy

An important structural feature of lipopeptides, responsible for their
amphiphilic nature, is the more or less modified acyl residue. The study
investigates the possibilities offered by high resolution mass spectrometry
(HRMS), especially the collision induced dissociation (CID), to identify
lipopeptides with beta-amino acyl residues. Two high-pressure liquid
chromatography - high resolution mass spectrometry (HPLC-HRMS)
methods differing in the collision energy, one with 50 eV and the other
with 100eV, were proposed for the efficient analysis of the peptide
sequence and the fatty acid identity. The methods were tested on iturin A,
with the 50 eV CID method offering spectra suitable for the analysis of
amino acid composition while the 100 eV method revealed prominent
peaks of the immonium ions of the acyl chain. Subsequently we applied
the two complementary methods to analyze a complex material - an
extract of biomass of the puwainaphycin-producing strain
Cylindrospermum alatosporum CCALA 998 - and along with a successful
identification of known puwainaphycins we discovered additional novel
variants differing mostly in the acyl chain. Moreover, the retention time of
lipopeptide variants was linearly dependent on the length of the fatty acid
over the range of C10 - C17 in iturins and C8 - C16 in puwainaphycins,
which further facilitate the identification of the fatty acid length.
Application of the method to the anabaenolysin family of lipopeptides,
which are considerably smaller in size (m/z 559.2758 for anabaenolysin A
in comparison to m/z >1100 for the majority of puwainaphycins), required
a considerable adjustment of the collision energy to be successful. Such an
adjustment poses a considerable limitation for the application of the
method for molecules with m/z <600 Da. Nevertheless, lowering the
energy to 35eV we were able to detect six anabaenolysins in the crude
extract of Anabaena sp. XPORK 15F

Finally, we applied the dual method to identify a f-amino-fatty acid-
containing lipopeptides in cyanobacterial strains with unknown metabolic
profiles. The collected data revealed the presence of 10 candidate
lipopeptides in 8 of 240 screened strains; however we did not pursue their
isolation and detailed structure characterization.
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The development of the method and the investigation of the lipopeptide
properties under different collision energies provided an essential
background for the later work where we searched for novel lipopeptides
and pursued their characterization.
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2.3. Research Paper Il. - Search for Novel Lipopeptide Biosynthesis
Encoding Gene Clusters in Cyanobacteria and their Distribution

The study takes an advantage of the notion that majority of the acylation
of the known NRPS/PKS secondary metabolites of cyanobacteria is
performed by fatty acid-AMP ligase (FAAL). The presence of a gene with an
encoded FAAL domain in a NRPS (NRPS/PKS) gene cluster could thus be
considered as a sign that the gene cluster encodes the biosynthesis of a
lipopeptide. A position-specific scoring matrix (PSSM) was generated from
a MAFFT alignment of the described cyanobacterial and bacterial FAAL
domains known to be involved in the biosynthesis of lipopeptides or
related molecules - namely: from PuwC (AIW82280, puwainaphycins), DptE
(AAX31555, daptomycin), microginin acyl synthase (WP_026798330), HctA
(AAY42393, hectochlorin), ColA (AKQ09578, columbamides), JamA
(AAS98774, jamaicamides), Tar4 (AHH53502, taromycin), MycA (AAF08795,
mycosubtilin), [tuA (BAB69698, iturin A), BmyA (ABS74181, bacillomycin),
and PalA (AHD05679, paenilarvins). In total the search yielded 79 putative
lipopeptide biosynthetic gene clusters from 59 strains of cyanobacteria.
The data was manually curated and novel gene clusters were categorized
into 3 groups based on the topology of PKS/NRPS elements. The group
without PKS consisted of 10 clusters, the group in which the FAAL was
followed by PKS counted 11 clusters and finally the clusters in which FAAL
was fused to NRPS and only then to PKS accounted for 31 clusters.
Another 18 clusters were considered incomplete, since they were
interrupted by a boundary of sequencing scaffold and hence were not
classified. Similarly, the gene clusters with known secondary metabolites
were not considered for this classification. However, all the found clusters
were considered for a phylogenomic analysis and for an analysis of
lipopeptide-to-lifestyle relationship. The putative lipopeptide gene clusters
were found in numerous independent lineages across the cyanobacterial
phylum with no evidence of a common origin. The observation is
congruent with current views on the evolution of secondary metabolite
gene clusters, which considers the evolution of gene clusters as a complex
phenomenon with multiple modes of recombination within and among the
clusters, horizontal gene transfer and various evolutionary forces in either
divergent or convergent direction (Chevrette et al 2020). Although the
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lipopeptide gene clusters were found throughout the phylogenomic tree of
cyanobacteria, they were more frequent in derived lineages with larger
cells, complex morphology and diversified thalli. This finding also follows
the observed trend that NRPS-PKS biosynthetic gene clusters are more
frequent in cyanobacteria with complex morphology and larger genome
size (Shih et al 2013, Wang et al 2016). To find a possible relationship
between the lipopeptide production and the strain ecology, we evaluated
the origin of 376 strains with genome information available at the time via
NCBI GenBank. Positive for the presence of a putative lipopeptide gene
clusters were 59 strains (16%). The strains were categorized as planktic,
substrate-associated or symbiotic. Of the 92 substrate-associated strains,
44 (48%) were found to harbor candidate gene clusters. In contrast, only
11 of the 250 (4%) planktic strains, and 1 of the 16 (6%) symbiotic
cyanobacteria contained a gene clusters with matching criteria.

The observation that putative lipopeptide gene clusters are more
frequently found in substrate-associated cyanobacteria is in line with the
information obtained from firmicutes or delta-proteobacteria, where
lipopeptides play a crucial role in colony development and surface
colonization. Similarly, the observed analogies among the gene clusters
suggests that they are shaped by similar evolutionary mechanisms as the
secondary metabolite gene clusters in other microorganisms. However, the
cyanobacterial gene clusters were more frequently unidirectional with
genes for tailoring enzymes scattered among PKS/NRPS genes, contrasting
the cassettes of tailoring enzymes found in other microorganisms (Hardy
and Butler 2019, vs Paper V).

Several clusters were observed to share a similar topology involving a
particular C-domain, that was later shown to be crucial for 8-OH-Asp
incorporation, and a dioxygenase that was previously shown to catalyze
the conversion of a Asp to a B-OH-Asp (Reitz et al 2019, Kreutzer et al
2012). This observation was further successfully elaborated in paper IV.
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2.4. Research paper lll. - Investigation of Fatty Acid Loading Modules in
Puwainaphycin Gene Clusters.

Puwainaphycins (PUW) and minutissamides (MIN) are structurally
analogous lipopeptides produced by terrestrial cyanobacteria around the
world (Moore et al 1989, Hrouzek et al 2012, Mares et al 2014). The study
provides an in-depth insight into the variability of PUWs and MINs and the
underlying differences in the composition of their biosynthetic gene
clusters. Six producing strains, five of which were newly sequenced, were
investigated and provided five known and more than 50 novel variants of
PUW/MIN. The pool of the variants was sufficient to analyze the PUW
lipopeptide class for conserved positions in the peptide ring. The gathered
evidence suggests conservation of the peptide core, with hydrophobic
amino acid in close proximity to the acyl chain, suggesting their functional
importance, possibly in strengthening the interaction of the acyl chain with
biological membranes.

The obtained data showed large variability of the acyl chain of PUWs/MINs.
Interestingly we identified two types of FAAL presumably initiating the
biosynthesis of PUWs/MINs. Type I. FAAL was found in three strains of
Cylindrospermum, type Il. was found in Symplocastrum muelleri and the
two strains of Anabaena contained both types. Each type appeared to
activate a distinct set of fatty acids resulting in particular lipopeptide
profile, with strains harboring both types producing representatives of
each. The observed metabolic pattern suggests that in case both are
present the different initiation modules act as alternating starters of the
biosynthesis. Analogous pattern was observed in anabaenopeptins where
two NRPS modules alternate in the initiation of the biosynthesis
(Rouhianen et al 2010). Inverse situation was recently reported for the
laxaphycins, where the biosynthesis is forked after the PKS module into
two NRPS pathways (Heinila et al 2020; Fig. 8).

Comparison of the gene clusters and the metabolic profile between the
individual strains pointed to several novel candidate tailoring enzymes
encoded therein. Presence of puw/, encoding a putative cytochrome P450-
like oxidase, just downstream of the type Il. starter module is correlated
with the presence of PUW/MIN variants hydroxylated on the w-2 carbon of
the acyl residue. A putative halogenase-encoding puwK, also associated
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with the type Il. starter is likely responsible for w-chlorination of MIN B.
And finally the puwl encoding a putative O-acetyltransferase, found in S.
muelleri catalyzes acetylation of the hydroxy residue on the far end of the
fatty acid and generates five additional PUW variants. Although co-
occurrence of the tailoring genes and the corresponding variants is not a
direct proof of their activity, such as mutational analysis, it could still be
considered as a very strong indication especially in cases where the
investigated organisms are not routinely accessible by genetic engineering.

PUWSs/MINs were previously shown to be bio-active, in particular toxic to
human cells (Hrouzek et al 2012). Considering the antimicrobial effect of
other lipopeptides such as iturin or daptomycin, we decided to investigate
the activity of PUW F and MIN A, C and D against a panel of selected Gram-
positive and Gram-negative bacterial strains (13). The tested compounds
did not exhibit antimicrobial effect on the bacterial strains. However the
PUW F variant has impaired the growth of Candida albicans and
Saccharomyces cerevisiae at minimal inhibitory concentration 5.5 pM. As
for the other tested compounds, MIN A exhibited hints of inhibitory zone
in the disk diffusion assays against the yeasts, while MIN C and D did not
exhibit any considerable antagonistic effect. Minor structural differences
are likely responsible for the behavior. In contrast to PUW F, MIN A features
an acyl residue that is 2 carbons shorter, while MIN C and D feature a
hydroxy or oxo group respectively on C16 that likely alter the membrane
interactions required for toxicity. Interestingly, based on our but also
previously published data the PUWs/MINs seem to be active only against
eukaryotic cells (mostly tested on human cell lines; Kang et al 2012,
Hrouzek et al 2012) while leaving the prokaryotes unaffected. This may
have considerable implications as PUWs/MINs are frequently produced by
soil inhabiting cyanobacteria such as Anabaena and Cylindorspermum, but
more importantly also by Symplocastrum muelleri that commonly forms
thick biofilms in boglands of the subarctics, where also mysterious
intoxication of sheep, known as alveld, occurs (Mysterud et al 2016). At
the time the possible involvement of cytotoxic cyanobacterial lipopeptides
in genesis of the disease was not deeply investigated and could not be
unambiguously excluded.
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The study provides information on structural variation of a prominent class
of cyanobacterial lipopeptides, PUWs and MINs, along with corresponding
genetic basis for their production. Intriguing are also the hints pointing to
selective bioactivity of particular variants of PUWs/MINs against
eukaryotes. On multiple occasions bacteria were shown to produce
lipopeptides that suppress the growth of other bacteria in the vicinity of
the producer (D’aes et al 2014, Henkels et al 2014, Bais et al 2004,
Raajimakers et al 2010). So far cyanobacterial lipopeptides appear to
preferably target eukaryotes, but whether this is true, is an open question
worth investigating. Similarly, worth of further attention is the possible
toxicity of PUWs/MINs to animals via skin exposure and ingestion.
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2.5. Research Paper IV. - in press - Discovery of Cyanochelins - Novel and
Possibly Widespread Cyanobacterial Siderophores

Building up on the previous experience with the detection of lipopeptides
and their respective gene clusters as well as with the biosynthetic
potential of FAAL we decided to investigate a group of clusters noted
during the work on paper Il. One of the strains identified therein was
obtained and a candidate lipopeptide was detected with the method
developed in paper I. Similar lipopeptides were detected in other two
candidate strains with considerably similar gene clusters.

A prominent feature of the detected lipopeptides was the presence of -
OH-Asp residue. A literature review on 3-OH-Asp showed that itis a
common component of the iron chelating lipopeptides (Kem and Butler
2015). The literature further suggested that it comes from an Asp
activated by an Asp-specific A-domain and subsequently hydroxylated on
its B-carbon by a dioxygenase (Kreutzer et al 2012). The process is further
controlled by a specific C-domain that allows only modified Asp - the -
OH-Asp - to be incorporated into a nascent NRPS peptide. The particular
organization of the genes encoding the enzymes for the incorporation of
B-OH-Asp was then retrospectively identified as the pattern in the gene
clusters that originally caught our attention.

In the paper we provide bioinformatic description of the candidate
lipopeptide siderophores from Rivularia sp. PCC 7116, Leptolyngbya sp.
NIES 3755 and Rubidibacter lacunae KORDI 51-2. The clusters encode
biosynthesis of lipopeptide 6-7 AA long with two 3-OH-Asp incorporating
NRPS modules. Furthermore, in vicinity of clusters from Rivularia and
Leptolyngbya, there are siderophore transporters and DNA-regulatory
elements in the promotor region of the first biosynthetic gene that are
responsive to iron stress (FurA binding site). These findings supported our
suspicion that the encoded lipopeptides would be novel siderophores, of a
structural type previously not found in cyanobacteria.

Interestingly, despite the general expectation that cyanobacteria should
produce siderophores, only three classes of siderophores, in particular
schizokinen, synechobactin and anachelin and their minor variants, were
identified in the phylum (Arstel and Hohmann-Marriott 2019). Moreover,
cyanobacteria contain a variety of gene clusters that are silent in the
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soothing environment of culture collections, with all nutrients available in
plenty and in the absence of a malevolent competitor or parasite (Shih et
al 2013). The benefits of secondary metabolite production are, however,
fully manifested in a more complex environmental matrices, often in the
presence of nutritional stress or other organisms, e. g. as was described in
the section natural role of lipopeptides. If proper triggers are provided
during the cultivation, they may lead to identification of novel compounds,
including siderophores (Gross 2007).

Upon iron starvation the strains of interest accumulated compounds with
the MS/MS fragmentation spectra corresponding with the bioinformatically
predicted peptides. The analysis revealed the presence of a compound
with m/z 781.36 in Rivularia sp. PCC 7116 including partial amino acid
sequence [Gly]-[Gly]-[B-OH-Asp]-[Gly]. Candidate compounds detected in
Leptolyngbya (m/z 1,026.51) and Rubidibacter (m/z 1,045.51) contained
[Phe]-[Gly]-[B-OH-Asp]-[Ser]-[B-OH-Asp] and [Gly]-[Ala]-[B-OH-Asp]-[Ala]-
[B-OH-Asp], respectively. The stimulation of siderophore production after
iron starvation is not surprising and was observed repeatedly in bacteria.
What is a bit surprising, is that it has not been applied more often in order
to identify the products of the orphan NRPS gene clusters found in
cyanobacteria.

The candidate siderophores were isolated by HPLC in small amounts and
tested by a mass spectrometric experiment for the ability to form
complexes with Fe*". The measurements confirmed the formation of iron-
lipopeptide complexes, as we observed a shift of the molecular ions of
lipopeptides by 52.91, corresponding to the molecular weight of iron
bound instead of three hydrogens. Moreover, the HPLC/MS analysis of
crude extracts included ions corresponding to iron-lipopeptide complexes,
further supporting the selectivity of the compounds to iron. We concluded
that the candidate compounds are indeed lipopeptide siderophores.

A typical feature of the 8-OH-Asp siderophores is their ability to reduce
Fe**to Fe®* (Kreutzer et al 2012, Hardy et al 2019). We decided to
investigate if our candidate compounds are capable of that too. Aliquots
of the isolated compounds were exposed to sunlight in the presence of
Fe** and bathophenanthroline disulfonic acid (BPDS, 0.1TmM), which
develops colorful complexes when bound to Fe?". The sunlight-exposed
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aliquots of all three candidate compounds developed strong pink
coloration indicative of Fe** presence while the light-protected samples did
not. Furthermore, expected photolytic fragments of the lipopeptides
(cleaved at N-terminal side of the B-OH-Asp) were detected by a
subsequent HPLC/MS analysis.

Compound 781.36 was isolated in a sufficient amount (2.2 mg) to undergo
NMR structural analysis. The MS/MS data along with NMR measurements
yielded the structure of a compound named cyanochelin A, the first
representative of a potential class of cyanobacterial siderophores.
Unfortunately, the other two cyanochelins were not acquired in sufficient
amounts for their structures to be evaluated in time. However, their
structure will likely be evaluated in near future as a part of a follow-up
study.

Finally, we looked at the distribution of the clusters encoding the
biosynthesis of analogous compounds, the cyanochelin-like gene clusters,
throughout the cyanobacterial phylogenetic tree. We found additional 27
clusters in 29 strains, which included FAAL and two B-OH-Asp specific NRPS
modules. Of these 25 further included genes for siderophore transport
machinery in their vicinity. The detected clusters, including the three
analyzed in detail, were found throughout the entire phylum, within both
basal and derived lineages of cyanobacteria. The analysis has shown that
cyanochelins or cyanochelin-like B-OH-Asp siderophores are considerably
frequent and widespread.

The work reported in paper IV. provides important insights into the
ecophysiology of cyanobacteria. Most importantly, it reveals the immense
potential of cyanobacteria to produce 3-OH-Asp siderophores that is not
limited to any particular phylogenetic lineage nor habitat type or cell
morphology and that has been overlook so far. The study contributes
several new compounds to the limited arsenal of known cyanobacterial
siderophores and provides a lead to the discovery of additional new ones.
Moreover, the reported information further develops mapping of
cyanobacterial gene clusters and provides significant clues to the possible
products of the many orphan biosynthetic gene clusters. Most intriguing,
however, was the photoreactive aspect of the discovered compounds,
since cyanobacteria are phototrophic organisms dependent on light that

45



can severely shorten the half-life of produced siderophores. It would be
exciting to investigate what additional benefit could the photoreactive
nature of cyanochelins bring to the phototrophic producer, or eventually to
the whole microbial community, and in what habitats this is of significant
importance. A study by Barbeau (Barbeau et al 2001) reports possible
exchange of siderophore-reduced iron for exudates in the open-ocean
consortium of bacteria and phototrophic algae, but how this would apply
to a situation where the phototroph is also the siderophore producer is an
intriguing question. For now, the natural function and regulation of
cyanobacterial lipopeptides remains an under-investigated field to which
the work presented in paper IV. aims to contribute.
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2.6. Research Paper V. - manuscript - Biosynthesis of Muscotoxin in
Desmonostoc muscorum and Its Crosstalk with Nostopeptolide Synthesis.
The study investigates the diversity and biosynthesis of muscotoxins
produced by a strain of Desmonostoc muscorum. In contrast to
PUWSs/MINs, the detected muscotoxins show invariant incorporation of
2,5-dihydroxy-3-amino-dodecanoic acid (5-OH-Ahdoa). The muscotoxin
variants differed at position 4, 6, and 11. At position 4 and 11 either
proline or y-methyl proline (4-Me-Pro) were found while position 6 is
occupied either by Val or lle.

The genome of D. muscorum was assembled and the 53 kbp long putative
muscotoxin gene cluster was identified. The cluster included genes mcxA
encoding a PKS, mcxB coding for a hybrid PKS/NRPS, mcxC encoding a
NRPS gene and mcxD likely responsible for synthesis of a transporter
system. The biosynthetic genes exhibited considerable homology to the
biosynthetic gene cluster of the cyanobacterial f-amino cyclic
heptapeptide, the nostophycin. The biosynthesis of nostophycins starts
with an adenylation domain of NpnA; however, only a rudiment of such a
starter A-domain is found in McxA, the first enzyme in the proposed
biosynthetic pathway. And while it is highly probable that structurally
similar muscotoxins and nostophycins shared an ancestral biosynthetic
pathway, the starter A-domain is very likely not active in the muscotoxin
pathway and an alternative mechanism must be responsible for the
recognition and activation of the fatty acid. Perhaps the ketoreductase
domain found in the McxA, could ensure the recognition of the correct
substrate. A lack of fatty acid-activating enzymes within the biosynthetic
gene cluster of lipopeptides is known from other cases. For example, the
anabaenolysin gene cluster also does not include FA-activating enzymes
and neither does the surfactin biosynthetic gene cluster. In such cases the
FA is provided in-trans, probably from intermediates of primary
metabolism.

Interesting is also the incorporation of 4-Me-Pro into muscotoxins as the
biosynthetic gene cluster did not include any genes for the biosynthesis of
4-Me-Pro. Instead, a 4-Me-Pro synthesizing cassette was found in a
biosynthetic gene cluster of another cyanobacterial peptide, the
nostopeptolide, also present elsewhere in the genome. Analogously as was
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observed in the biosynthesis of spumigins and aeruginosins (Liu et al
2015) we hypothesized that NosE and NosF proteins of the
nostopeptolide biosynthetic pathway cyclize Leu into 4-Me-Pro, which is
subsequently incorporated into muscotoxins. The origin of 4-Me-Pro was
investigated by employing isotopically-labeled Leu. The experiments
showed that the 4-Me-Pro incorporated into muscotoxins does not come
from Pro, but from Leu that is converted to 4-Me-Pro likely by the
accessory enzymes of the nostopeptolide pathway. The proportion of
labeled muscotoxin (19.5%) is roughly equal to that of nostopeptolide
(20.1%) and suggests that after its synthesis by NosE and NosF, the 4-Me-
Pro is likely made generally available rather than being streamed
exclusively to the nostopeptolide pathway. Hence the observed ratio
between the muscotoxin A with Pro and muscotoxin B with 4-Me-Pro is
likely not dependent on the amount of 4-Me-Pro leaked, but rather the
result of the specificity and preferences of the respective A-domain.

The study was submitted to ChemBioChem journal, whose reviewers
requested additional data on specificity of the A-domain. Although the
request was not strictly mandatory, we decided to investigate the issue in
more detail as we find it interesting. As a consequence, the publication of
the paper has been postponed, requiring me to attach it to to the thesis in
the form of an advanced manuscript.

In general, however, the paper investigates particular issues in the field of
secondary metabolites of cyanobacteria, such as the less prevalent modes
of lipoinitiation, the cross-talk between the biosynthetic pathways but, in
a sense, also the objective limitations of the bioinformatic prediction of
lipopeptides produced by a particular biosynthetic gene cluster in a wider
genomic context. The study thus provides valuable details to the
knowledge of cyanobacterial lipopeptides and their biosynthesis.
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2.7. Summary and future perspectives

In its initial stage the project aspired to explore the diversity and potential
eco-physiological roles of cyanobacterial lipopeptides. The original idea
was to investigate the relationship between the lipopeptide production
and the cyanobacterial lifestyle. We assumed, analogously to what is
known from Bacillus or Pseudomonas, that lipopeptides would be required
for a sessile vs. planktonic growth of the producing cyanobacterium. The
bioinformatic screening revealed that lipopeptide biosynthetic gene
clusters are more frequent in the genomes of substrate-associated
cyanobacteria; however, that may not necessarily imply the involvement of
the lipopeptides in the colony growth (paper Il.). Several strains harboring
the candidate gene clusters were inspected for the production of
lipopeptides; however, only in one case we were able to identify the
product. In an attempt to upscale the production to obtain sufficient
amount of the candidate compound for further characterization, the
compound production ceased. A revision of the structural features of the
candidate compound indicated that it could be a siderophore, produced
only under iron stress. The original aim to investigate the possible
ecophysiological role of cyanobacterial lipopeptides thus gained a fresh
momentum. Subsequent work (paper IV.) lead to the identification of
cyanochelins, the cyanobacterial lipopeptide siderophores that employ 3-
OH-Asp for the chelation of iron and are possibly widespread across
cyanobacteria. The study significantly expands the arsenal of known
cyanobacterial siderophores on one hand, and on the other it provides
valuable additions with a possible ecophysiological function to the
repertoire of cyanobacterial lipopeptides, eventually showing that
cyanochelins and similar molecules, may actually be very frequent in
cyanobacteria. This is what | personally consider the most important
contribution of the presented work to the field of cyanobacterial
secondary metabolites.

Interestingly the discovered siderophores can reduce ferric iron to ferrous
iron if exposed to UV-light. This has been reported previously (Barbeau et
al 2001, Hardy et al 2019) but in the novel context of photoautotrophic
cyanobacteria, it raises exciting questions on the direction of the fluxes of
iron scavenged and reduced by photoreactive siderophores (Fig. 16). Are
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the producing cyanobacteria the only recipients of the siderophore-
acquired iron? What other organisms may benefit from the production of
cyanochelins and similar siderophores by cyanobacteria? What benefit do
the siderophore/reduced iron recipients offer in exchange? How big is the
proportion of iron leaked from the photolyzed siderophore to the non-
producing organisms? The literature suggest that some microorganisms
are dependent on the provision of siderophores by other organisms
(D'Onofrio et al 2010), so how will this project into epibiont recruitment
by cyanobacteria, or the composition of microbial community in
cyanobacteria dominated (micro-)habitats?

cyanochelin producer Fe®* recipient
|:> 1. Production of the siderophore
® o
QKQE&§Qxb °e%e
1. @ I:> 2. Exctraction of immobilized
iron by the siderophore
I:> 3. Specific uptake of iron-siderophore
complexes
4. UV-dependent photolysis of
photolytic » iron-siderophore complexes
fragments with release of Fe?"

IZ> 5. Unspecific uptake of reduced iron

immobilized
iron

cyanochelin recipients

Fig. 16: Proposed routes of photolytic siderophore cycling in a microbial community.

During my studies | was also kindly offered the opportunity to join my
colleagues in the other projects that | value highly. The first one (paper l.)
provided a solid foundation for my future work with compound isolation,
identification and fragmentation analysis using HPLC-HRMS/MS.
Puwainaphycins and minutissamides are extensively studied in the lab that
| am a part of. The study | participate in (paper lll.) illustrates how the
structural diversity within a compound class could be achieved. The study
provides a valuable insight into the biosynthesis of cyanobacterial
lipopeptides and considerable count of diverse puwainaphycin variants,
which most importantly point out the conserved and most likely
functionally important residues within the compound scaffold. | also had
the chance to participate in the so far unpublished study of muscotoxin
(paper V.), where | think the most significant part is the evaluation of the
crosstalk between the two biosynthetic pathways. The lifespan of the
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secondary metabolites as well as the rate of their synthesis has been
addressed only occasionally (Orr and Jones 1998) and is naturally highly
dependent on the growth rate and conditions.

Overall, | believe that the presented work has met its original aim to
investigate the diversity and possible ecophysiological role of
cyanobacterial lipopeptides and provided valuable contribution to the field
of study. | think that the production of photoreactive siderophores by
cyanobacteria deserves further exploration, especially in the context of
other co-habiting organisms. And as for the role of lipopeptides in colony
development, | think that the advances in the genetic manipulation of
cyanobacteria will soon open novel possibilities. Yet, on the other hand, |
think that the cultivation techniques would need important development,
so that we would know the conditions that trigger motility in the model
cyanobacterial strains with same degree of certainty as we know it for
Bacillus or Pseudomonas.
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Bacterial lipopeptides, which contain 3-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 3-amino fatty acid containing cyclic lipopeptides. The method was
optimized using the lipopeptides iturin A and puwainaphycin F, which contain fatty acids of similar length
but differ in the amino acid composition of the peptide cycle. Fragmentation energies of 10-55eV were
used to obtain the amino acid composition of the peptide macrocycle. However, fragmentation energies

Key Words.: of 90-130 eV were used to obtain an intense fragment specific for the 3-amino fatty acid (C,Hzn+2N*).
Lipopeptides . N

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 Elsevier B.V. All rights reserved.

1. Introduction

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 mlyn, 379 81, Treboii, Czech Republic.
E-mail address: hrouzekp@gmail.com (P. Hrouzek).

http://dx.doi.org/10.1016/j.chroma.2016.02.013
0021-9673/© 2016 Elsevier B.V. All rights reserved.

known metabolites represent only a small portion of the real micro-
bial metabolite chemical diversity.

Cyclic lipopeptides 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 C3 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
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peptide bonds (or an isopeptide bond in case 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 3-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-C;g long fatty acid can
be found in cyanobacterial lipopeptides sometimes methylated
[18,20], hydroxylated [18,19], halogenated [12,18] or unsaturated
[23]. Cyanobacterial cyclic 3-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. This method 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-Cy5 fatty acids (with traces of C{3-Cy7)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 350 mL glass tubes or Erlenmeyer flasks on liq-
uid Allen Arnon medium [28] and bubbled with 1.5% CO,-enriched
air at constant temperature of 26 °C, under continuous illumination
of 50 wmol m~—2 s~ 1, 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 pmolm=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 —70° C and freeze-dried (Leybold-Heraeos freeze-drier Lyovac
GT 3).

2.2.2. Extraction

200mg of dried biomass of C. alatosporum CCALA 988
and Anabaena sp. XPORK 15F was extracted with 10mL of
methanol/water (70/30, v/v) for 1h and centrifuged for 10 min.
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at 1920 x g. 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. 5-30 mg
of lyophilized biomass from the 240 cyanobacterial strains was
homogenized with sand in Eppendorf tube and 100 .l of 70% MeOH.
The samples were centrifuged (12,000 x g, 7 min.) 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 (0.1 mg/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 Cqg
column (Phenomenex Kinetex, 150 x 4.6 mm, 2.6 pm, Torrance, CA,
USA) using H,0 (A)/acetonitrile (B) both containing 0.1% HCOOH
as a mobile phase with the flow rate of 0.5mL.min~!. The gradi-
ent was as follows: A/B 85/15 (O 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 3 bar; capillary
voltage 3.8 kV; endplate offset 500 V. 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
Cs to Ci6 both saturated (CxH(ax+2)N*) and with one double bond
(CXHZXN+)‘

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 (m/z 1043.5520 [M+H]*),
puwainaphycin F (m/z 1146.6517 [M+H]*) and anabaenolysin A
(m/z559.2762 [M+H]*) isolated from cyanobacterial crude extracts
indirect infusion mode using collision energies from 0 to 200 eV. All
of the selected lipopeptides possess at least C14 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 collision energies (~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 CyHy,N* 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 115 eV 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 3-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. Fragmentation of Ahtea-Itu A (a, b) and 4-methyl-Ahtea-Puw F (c, d) at different collision energies. a, c) Fragmentation at 50 eV showing the peptide sequence of the
macrocycle. b, d) Fragmentation at 100 eV showing the presence of modified 3-amino fatty acid diagnostic immonium ion. The interpretation of the amino acid sequence
of 4-methyl-Ahtea-Puw F was derived from [M — H,O+H]* and thus the loss of additional Dhb instead of Thr takes place (marked by asterisk). Itu stands for iturin and Puw
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iturin A has a m/z 184.2063 with the formula C;,HygN*. It reached F. The diagnostic (3-amino fatty acid ion was at m/z 198.2216 with
maximal absolute intensity at 95 eV and in the range 85-135eV it formula Cy3HgN*. 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 (Ci4) 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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—CH,, 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 3-amino fatty acid chain in the molecule,
but it was impossible to determine the exact fatty acid chain length
due to branching occurring in some lipopeptides. Although amino
acids adjoining the $-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/z 230.1903) with for-
mula C;gH4N* 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 Cy4—Cy5 (traces of C13-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 (50eV) 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 B-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(2x+2)N*, where x represents the length of fatty acid chain
reduced of the first and the second carbon. In all cases, the diag-
nostic 3-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—Cy5 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, R2=0.9826). While
the change in presence of one —CH, group in fatty acid chain caused
marked shift in retention time, the Asn to Gln 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 ions in the region m/z 1090-1200
(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
diagnostic fragmentions CyHpx+2)N* as in the case of iturin A. Based
on the presence of the diagnostic immonium ion CxH(x2)N* we
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Fig. 3. MS/MS spectrum of anabaenolysin A at collision energy of 35eV. The
presence of modified 3-amino fatty acid diagnostic immonium ion C;gH24N* 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 CyHp,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-GIn 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 R2 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



80

Table 1
HPLC-HRMS/MS data of iturin A standard solution. Itu stands for iturin.

P. Urajovd et al. / ]. Chromatogr. A 1438 (2016) 76-83

Retention [M+H]* Formula Error (ppm)  Diagnostic Diagnostic Error (ppm)  Compound 3-amino fatty acid length
time (min) immonium ion immonium ion
(mfz) formula
121 9874905 CgsHg7N12014* 1.0 128.1426 CgHigN* 6.0 Adoa-Itu A Cio
135 1001.5052  C45HggN12014* 0.1 142.1590 CoHaoN* 0.0 Auda-Itu A Ci
15.7 1015.5202  C46H71N12014* 0.5 156.1749 CioH22N* 14 Adea-Itu A Ci2
16.7 1029.5355 C47H73N12014* 09 170.1901 Ci1HaaN* 14 Atda-Itu A Ci3
184 1057.5685  CsH77N12014* 0.8 184.2064 CioHaeN* 22 Atea-1-GlnltuA  Cyy
185 1043.5538  CssH75N12014* 1.7 184.2064 CioHaeN* 22 Atea-Itu A Cia
194 1071.5860 CsoH79N12014* 2.5 198.2222 Ci3HagN* 3.1 Apda-1-GInltuA Cis
19.6 1057.5691  CsH77N12014* 1.3 198.2222 Ci3HagN* 3.1 Apda-Itu A Cis
213 1071.5852  CsoH79N12014* 1.7 212.2371 Ci4H3oN* 0.6 Ahda-1-GInItuA Cis
210 1085.6018  Cs1HgiN12014* 2.5 212.2371 Ci4H3oN* 0.6 Ahda-Itu A Cis
223 1085.6001  Cs1HgiN12014* 1.0 226.2532 CisH3N* 1.2 Ahea-Itu A Ci7
Table 2
HPLC-HRMS data of Cylindrospermum alatosporum CCALA 988 extract. Puw stands for puwainaphycin.
Retention [M+H]* Formula Error (ppm) Diagnostic Diagnostic Error (ppm) Compound 3-amino fatty acid length
time (min) immonium immonium ion
ion (m/z) formula
124 1134.6170 Cs1Hg4N13016"* 1.4 168.1853 C11H:N* 04 Hydroxy-4-methyl-Ahdoa-Puw F  Ci»
124 1148.6327 CspHggN13016" 1.5 168.1851 Cy1HpN* 1.0 Hydroxy-4-methyl-Ahdoa-Puw G C;»
15.0 1162.6478 Cs3HggNi3016* 1.0 196.2064 Cy3HpsN* 21 Hydroxy-4-methyl-Ahtea-Puw F  Cy4
15.0 1176.6648 CsqHgoN13016" 2.1 196.2065 Cy3HpsN* 25 Hydroxy-4-methyl-Ahtea-Puw G Cy4
155 1090.5917 C49HgoN13045* 2.4 142.1591 CoHaoN* 0.8 4-Methyl-Ahdea-Puw F Cio
155 1104.6074 CsoHgNi3045* 2.3 142.1585 CoHaoN* 34 4-Methyl-Ahdea- Puw G Cio
17.1 1104.6067 CsoHg2N13015* 1.8 156.1747 CioH22N* 0.1 4-Methyl-Ahuda-Puw F Cn
17.1 1118.6193 Cs1HgaN13015* 1.0 156.1751 CioH22N* 26 4-Methyl-Ahuda-Puw G Cn
17.9 1152.5815 Cs;Hg3CIN;3015" 0.0 168.1745 Cy1HpN* 1.0 Chloro-4-methyl-Ahdoa-Puw F Cj,
17.9 1166.5994 CsHgsCINj3045° 1.9 168.1749 Ci1HaoN* 12 Chloro-4-methyl-Ahdoa-Puw G Cj»
18.7 1118.6194 Cs;HgsNy3045* 0.9 170.1907 Ci1HaaN* 24 4-Methyl-Ahdoa-Puw F Ci2
18.7 1132.6352 Cs3HggN13045* 0.8 170.1900 Ci1HaaN* 19 4-Methyl-Ahdoa-Puw G Ci2
20.1 1132.6363 Cs»HgsN13015* 0.2 170.1907 Ci1HaaN* 24 4-Methyl-Ahdoa-Puw F Ci2
20.1 1146.6527 Cs3HggN13015* 0.9 170.1900 Ci1HaaN* 19 4-Methyl-Ahdoa-Puw G Ci2
206 1180.6146 Cs4HgoCIN;30¢5° 1.6 196.2058 Ci3HaeN* 09 Chloro-4-methyl-Ahtea-Puw F Cia
206 1194.6284 Cs5Hg1CIN;3045° 0.0 196.2058 Ci3HaeN* 0.6 Chloro-4-methyl-Ahtea-Puw G~ Cy4
216 1146.6545 Cs3HggNi3045* 2.4 198.2220 Ci3HagN* 20 4-Methyl-Ahtea-Puw F Cia
216 1160.6701 Cs4HgoN13045* 2.4 198.2222 Ci3HagN* 3.0 4-Methyl-Ahtea-Puw G Cia
247 1174.6838 Cs5H92N13015* 0.6 226.2529 CisH3N* 0.1 4-Methyl-Ahhda-Puw F Cis
247 1188.6992 Cs6HosN13015* 0.4 226.2525 CisH3N* 18 4-Methyl-Ahhda-Puw G Cis
254 1188.6977 Cs6HoaN13015* 0.8 240.2678 CigHaaN* 34 4-Methyl-Ahhea-Puw F Ci7
Table 3
HPLC-HRMS/MS data of Anabaena sp. XPORK 15F extract.
Retention [M+H]+ Formula Error (ppm) Diagnostic Diagnostic Error (ppm) Compound 3-amino fatty acid length
time (min) immoniumion immonium ion
(m/z) formula
16.4 557.2617 CygH37N408* 2.0 228.1744 CigH22N* 1.0 Ahoha-Anabaenolysin A Cis
16.8 573.2559 CygH37N409" 0.8 244.1693 Cy6H22NO* 13 Hydroxy-Ahoha-Anabaenolysin A Cis
19.9 591.2672 CygH39N401p" 1.8 244.1696 Cy6H22NO* 14 Dihydroxy-Ahoha-Anabaenolysin A Cis
223 577.2863 CogH41N4Og* 0.9 230.1903 CygHpgN* 0.1 Ahopa-Anabaenolysin A with Aofha Cis
lactone ring hydrolyzed
239 559.2758 C,5H39N4Og* 0.8 230.1900 CigHaaN* 13 Anabaenolysin A Cis
(Ahopa-Anabaenolysin A)
247 561.2927 C2gH41N4Og* 1.5 232.2064 C16HasN* 1.7 Anabaenolysin B Cis

(AHOTA-Anabaenolysin A)

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
CigHp226N* (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 C;gH,,NO*
and C;H»,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 40 eV. (a) Novel Puw variant (m/z 1105.62) detected in strain Anabaena sp. SMIX. The interpretation of the amino acid sequence was derived from [M —H,0 +H]*
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-Pastvisko11.

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 C;3 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 40 eV (Fig. 4a). In
variants 1177.4 and 1190.4 the fatty acid immonium ion fragment
C15H30N* 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 3-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
CioHyN* 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
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1000 formed a unsaturated fatty acid immonium ion CigHpoN*
(Fig. 4c) and the 40eV fragmentation provided the peptide
sequence Ile/Leu,lle/Leu,Val,Tyr,lle/Leu, Ile/Leu (Fig. 4c). Finally in
the strain Anabaena sp. A-Pastviskol1 we detected the putative
lipopeptide with characteristic fragment C;gH34N* 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-Cq, [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 3-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 product ion 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 (CxHax+2N* for non-functionalized and
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CxHyxN* for those bearing one functionalization). Fully saturated
non-derivatized 3-amino Cg—Cyq 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—Cy3, 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].In anabaenolysin 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 (3-amino fatty
acids and/or peptide part containing mostly nonproteogenic amino
acids possibly together with polyketidic structures. It is 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 Cyg 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 Cqg to C;7 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 B-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 (35eV) 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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Cyanobacterial lipopeptides have antimicrobial
and antifungal bioactivities with potential for use in
pharmaceutical research. However, due to their
hemolytic activity and cytotoxic effects on human
cells, they may pose a health issue if produced in
substantial amounts in the environment. In bacteria,
lipopeptides can be synthesized via several well-
evidenced mechanisms. In one of them, fatty acyl-

AMP ligase (FAAL) initiates biosynthesis by
activation of a fatty acyl residue. We have
performed a Dbioinformatic survey of the

cyanobacterial genomic information available in the
public databases for the presence of FAAL-

containing non-ribosomal peptide synthetase/
polyketide synthetase (NRPS/PKS) biosynthetic
clusters, as a genetic basis for lipopeptide

biosynthesis. We have identified 79 FAAL genes
associated with various NRPS/PKS clusters in 16%
of 376 cyanobacterial genomic assemblies available,
suggesting that FAAL is frequently incorporated in
NRPS/PKS biosynthetases. FAAL was present either
as a stand-alone protein or fused either to NRPS or
PKS. Such clusters were more frequent in derived
phylogenetic lineages with larger genome sizes,
which is consistent with the general pattern of
NRPS/PKS pathways distribution. The putative
lipopeptide clusters were more frequently found in
genomes of cyanobacteria that live attached to
surfaces and are capable of forming microbial
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biofilms. While lipopeptides are known in other
bacterial groups to play a role in biofilm formation,
motility, and colony expansion, their functions in
cyanobacterial biofilms need to be tested
experimentally. According to our data, benthic and
terrestrial cyanobacteria should be the focus of a
search for novel candidates for lipopeptide drug
synthesis and the monitoring of toxic lipopeptide
production.

Key index words: cyanobacteria; fatty-acyl AMP ligase;
genome mining; lipopeptides; microbial biofilm;
non-ribosomal peptide synthesis

Abbreviations: FAAL, fatty acyl-AMP ligase; NRPS,
non-ribosomal peptide synthase; PKS, polyketide
synthase; PLC, putative lipopeptide biosynthesis
clusters; PSSM, position-specific scoring matrix;
WGS, whole-genome sequence

It is well known that cyanobacteria produce a
wide array of secondary metabolites including alka-
loids, polyketones, heterocyclic compounds, and
peptides (Welker and von Dohren 2006, Van Wag-
oner et al. 2007). Cyanobacterial secondary metabo-
lites frequently contain non-proteinogenic amino
acids and other chemical modifications that stabilize
and enable them to bind to various molecular tar-
gets (Welker and von Dohren 2006). Bioactivities of
these compounds are as variable as their structures.
Some of them are toxic (e.g., microcystin and ana-
toxin; Dittmann et al. 2013), while others exhibit
therapeutical potential (e.g., dolastatin; Gerwick
and Moore 2012).
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One of the most prominent groups of cyanobacte-
rial secondary metabolites is the lipopeptides,
defined by the presence of a fatty acid residue
attached to a peptide core (Fig. 1). Similar to
lipopeptides produced by other prokaryotes,
cyanobacterial lipopeptides exhibit antifungal,
antimicrobial, and cytotoxic activities (Pergament
and Carmeli 1994, Neuhof et al. 2005, Hrouzek
et al. 2012). These activities are linked to their abil-
ity to disrupt biological membranes via their per-
meabilization (puwainaphycin, Hrouzek et al. 2012,
anabaenolysin, Oftedal etal. 2012, muscotoxin,
Tomek et al. 2015). Some lipopeptides produced by
heterotrophic bacteria such as Bacillus subtilis (e.g.,
daptomycin) are, due to their specific effect on
prokaryotic membranes, used as antibiotics (Fowler
et al. 2006).

Understanding the chemical structure of sec-
ondary metabolites, their biosynthesis and genetic
basis makes it possible to apply a genome-mining
strategy in search for potential producers of novel
compounds among strains with publicly available
genomes (Liu et al. 2014, Micallef et al. 2015a,b).
In lipopeptides, the peptide core is synthesized by a
large protein complex consisting mostly of non-ribo-
somal peptide synthetases (NRPS; Duitman et al.
1999). For the function of NRPS, three protein
domains are essential: the adenylation domain (A-
domain), which recognizes and activates a specific
amino acid prior to its incorporation into the nas-
cent peptide, the thiolation domain (T-domain),
which via the phosphopantheteine arm docks the
growing peptide, and the condensation domain
(C-domain), which catalyzes the peptide bond for-
mation (Welker and von Dohren 2006). Bioinfor-
matic tools allow prediction of A-domain specificity
based on its amino acid sequence (Stachelhaus

TOMAS GALICA ET AL.

et al. 1999). Aside from NRPS, the biosynthetic
assembly line may involve polyketide synthases
(PKS) as well as various tailoring enzymes (methyl-
transferases, aminotransferases, oxygenases) that
modify the incorporated peptide/acyl chain, thus
amplifying the structural diversity (Duitman et al.
1999, Edwards et al. 2004, Ramaswamy et al. 2007).
Proteins of a particular NRPS/PKS biosynthetic
pathway are coded by genes organized in large clus-
ters. The order in which the proteins participate in
the biosynthesis of a lipopeptide usually follows
the arrangement of enzymatic domains within the
NRPS/PKS modules and also roughly follows the
order of the corresponding genes in the operon
(the colinearity rule; Marahiel et al. 1997, Guenzi
et al. 1998). Therefore, the number and identity of
incorporated amino acids, as well as (less accurately)
their sequence in the expected product can be
inferred based solely on genetic information.
According to current knowledge, biosynthetic liga-
tion of the fatty acyl residue to a nascent lipopep-
tide can be performed employing at least two
different mechanisms. Typically, the binding of the
fatty acid to the NRPS/PKS complex is the first step
in the biosynthesis pathway (e.g., Duitman et al.
1999, Miao et al. 2005, Mares et al. 2014). In one of
the possible scenarios, a previously activated fatty
acid in the form of an acyl-CoA is recognized by a
substrate-specific starter C-domain and subsequently
fused to the first amino acid of the emerging pep-
tide (fengycin, Koumoutsi et al. 2004, surfactin,
Kraas et al. 2010). Nevertheless, the acyl-CoA is also
a common intermediate of basal fatty acid metabo-
lism. Hence, genes encoding fatty acyl-CoA ligases,
which activate the fatty acids, may either be associ-
ated with the biosynthetic gene cluster (fengycin;
Koumoutsi et al. 2004) or encoded elsewhere in the

Fic. 1. Examples of cyanobac-
terial lipopeptides. Structures of
common  cyanobacterial  lipo-
pepitdes: (a) anabaenolysin A,
(b) hassallidin A, (c) puwaina-
phycin F, (d) microginin.
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genome rather as part of the fatty acid metabolism
(surfactin; Kraas et al. 2010).

In cyanobacteria, this type of lipopeptide biosyn-
thesis has not yet been demonstrated, although a
similar mechanism may be involved in the assembly
of the lipidic part of glycosylated antifungal lipopep-
tides hassallidins (Vestola et al. 2014). Alternatively,
in the second described mechanism the fatty acid is
recognized, adenylated, and fused directly to an acyl
carrier domain, thus bypassing the acyl-CoA inter-
mediate. Domains catalyzing this reaction in the
biosynthesis of jamaicamide and hectochlorin were
named acyl-AMP synthases in the respective studies
(Edwards et al. 2004, Ramaswamy et al. 2007). For a
homologous domain performing an identical reac-
tion in the biosynthesis of puwainaphycins, the des-
ignation fatty acyl-AMP ligase (FAAL) was proposed
(Mares et al. 2014). Finally, the same mechanism
was reported in the biosynthesis of bacterial
lipopeptides of the iturin family. Therein, the reac-
tion is catalyzed by a domain originally designated
as acyl synthase, which differs slightly in structure
from the domains activating fatty acids in cyanobac-
teria (Duitman et al. 1999, Hansen et al. 2007). As
the reaction catalyzed by all these domains (acyl-
AMP synthase, FAAL, acyl synthase) is the same, we
henceforth refer to them as FAAL. The FAAL
enzymes, in association with PKS, participate also in
hydrocarbon and lipid metabolism, e.g., in synthesis
of olefins (Coates et al. 2014) or unusual lipids
(Mohanty et al. 2011). In natural product gene clus-
ters, the FAAL usually represents a starter unit fol-
lowed by PKS/NRPS and tailoring genes (Duitman
et al. 1999, Mares et al. 2014).

The involvement of the FAAL domain in the pro-
duction of lipopeptides was first observed in biosyn-
thesis of mycosubtilin as a part of the MycA protein,
along with PKS, aminotransferase and NRPS (Duit-
man et al. 1999). The biosynthesis starts when the
fatty acid is recognized by FAAL, then fused to AMP
and bound to the first T-domain. Subsequently, the
carbon chain is elongated by PKS, which results in
the addition of 2 carbons and a keto group. The
original carbonyl oxygen of the fatty acid is replaced
with an amino group by an aminotransferase. Seven
amino acids are added by NRPS modules and the
nascent peptide is released and cyclized by a thioes-
terase domain (Te-domain). Iturin, bacillomycin,
paenilarvin and puwainaphycin are synthesized anal-
ogously (Tsuge et al. 2001, Koumoutsi et al. 2004,
Mares et al. 2014, Sood et al. 2014), although the
architecture of the gene clusters shows some vari-
ability (e.g., a stand-alone FAAL in the puwaina-
phycin gene cluster). Aside from cyclic lipopeptides
mentioned thus far, FAAL is involved in the synthe-
sis of the linear lipopeptide microginin (designated
as an adenylation domain for octanoic acid; Kramer
2010) and other cyanobacterial metabolites that
contain a fatty acid moiety, namely jamaicamide,
hectochlorin and hapalosin (designated as acyl-ACP
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synthases in the respective publications; Edwards
et al. 2004, Ramaswamy et al. 2007, Micallef et al.
2015b).

Considering the expected biosynthesis scenarios,
genome mining for putative lipopeptide producers
in cyanobacteria may focus on the specific compo-
nents of the gene clusters such as either the starter
C-domains or the FAAL domains. So far, four
cyanobacterial secondary metabolites (puwaina-
phycins, jamaicamides, hectochlorins, hapalosins)
have been shown to acquire their fatty acid moiety
via FAAL while the mechanism of its incorporation
remains unclear in others (e.g., hassallidins, Vestola
et al. 2014, anabaenolysins, Shishido et al. 2015).
On the basis of this knowledge, we have searched
publicly available genomes for biosynthetic gene
clusters that encode FAAL along with NRPS genes.
We propose that such clusters will likely produce
lipopeptides. Furthermore, we have investigated the
distribution of such putative lipopeptide biosynthe-
sis clusters (PLC) among cyanobacteria, considering
both their phylogeny as well as ecology/habitat.

METHODS

FAAL and acyl synthases (PSSM-Id: 213276, Con-
served Domain Database) were reported to activate
and incorporate fatty acid into lipopeptides via the
mechanism of acyl-adenylate formation and its
direct transfer to phosphopantheteine arm of
T-domain (Duitman et al. 1999, Hansen et al.
2007). Therefore, both types were considered for
construction of position-specific scoring matrix
(PSSM) and subsequent BLAST search. Amino-acid
sequences of FAAL and acylsynthase domains from
12 known biosynthetic clusters, namely from PuwC

(AIW82280, puwainaphycins), DptE (AAX31555,
daptomycin), microginin acyl synthase (WP_
026798330), HctA (AAY42393, hectochlorin), ColA
(AKQO09578, columbamides), JamA (AAS98774,

jamaicamides), Tar4 (AHH53502, taromycin), MycA
(AAF08795, mycosubtilin), ItuA (BAB69698, iturin
A), BmyA (ABS74181, bacillomycin), and PalA
(AHDO05679, paenilarvins) were extracted and
aligned using MAFFT v. 7 (Katoh and Standley
2013) alignment tool in Geneious software (version
8.1.7, default settings; Biomatters Ltd., Auckland,
New Zealand.). The resulting 586 amino acids long
multiple sequence alignment was checked for pres-
ence of conserved residues required for fatty acid
recognition (Goyal et al. 2012) and then used to
generate PSSM using locally installed BLAST+ pack-
age. PSSM was blasted against the NCBI database of
nonredundant protein sequences via PSI-BLAST
web interface. Search space was restricted by taxon-
omy to sequences of cyanobacterial origin and the
number of maximum target sequences was set to
5,000. Other search parameters were set to default.
Obtained results were downloaded in .xml format
and reordered according to e-values of particular
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domains instead of e-value of the whole proteins.
FAAL domains are homologous to A-domains of
NRPS therefore those also give a weak signal that is
multiplied if there are more of them in the same
protein, resulting in a higher evalue of the whole
protein. The cut-off value was set to le "%, At this
point, the e-value dropped suddenly and domains
that were not identified as FAAL started to occur
(e.g., proteins HapC or BarE; Fig. S1 in the Sup-
porting Information). To reliably evaluate PLC dis-
tribution across cyanobacteria, the results were
inspected manually to exclude duplicates from the
same strain deposited under different IDs, but at
the same time to include identical proteins from dif-
ferent strains (tagged [multispecies] in the NCBI
protein database).

The resulting list of proteins was processed by a
custom script written in Python/BioPython (Cock
et al. 2009). For every hit, the script obtained the
coding sequence and its genomic surroundings (set
to 60,000 nucleotides in both directions, if possible)
and all the proteins encoded there. Downloaded
protein sequences were examined for conserved
domains known to be involved in NRPS/PKS path-
ways and if evaluated as positives their correspond-
ing genes were highlighted in the nucleotide
sequence. In the case of script failure for a particu-
lar hit, the process was finished manually. The pre-
processed nucleotide sequences were inspected
individually.

Candidate genomic regions were evaluated as neg-
ative if they did not contain genes coding for pro-
teins with altogether at least three A-domains. The
threshold of at least three A-domains was applied as
the intention of this study was to screen for lipopep-
tides based on a true peptide core composed of sev-
eral amino acids. This precaution was applied to
eliminate the PLCs with hybrid products containing
one or two amino acids lacking standard peptide
bonds (e.g., hectochlorin; Ramaswamy et al. 2007),
despite the presence of one or two A-domains
encoded in the gene cluster. Putative gene clusters
containing FAAL and PKS genes but lacking NRPS
genes were omitted from further analysis. If in the
vicinity of the FAAL-coding sequence, there were
genes that coded for at least three A-domains the
sequence was considered to contain a PLC. Evalua-
tion was not possible if the contig was too short or
when the FAAL-coding gene was located near an
assembly gap; such cases were left unresolved.

Classification and domain count in PLCs. Some of
the PLCs contained genes for a sufficient number
of A-domains but either were found at the end of a
contig, lacked a thioesterase enzyme, or contained
minor sequence errors and therefore it was reason-
able to assume that they are not complete. Such
PLCs were omitted from further analysis. Complete
PLCs were classified according to relative position
of the FAAL coding region in the cluster and the
presence of PKS. Proteins encoded by genes in the
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PLCs were inspected for their domain content as
provided in their annotation in the NCBI database.
In the case of a dubious or outdated annotation,
novel CD-search was performed in the NCBI con-
served domains database (https://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi;  Marchler-Bauer
and Bryant 2004, Marchler-Bauer et al. 2015).

Ecology of cyanobacteria with available genome informa-
tion. The list of available assemblies was obtained
from GenBank via Entrez Utilities. Search query was
organism=cyanobacteria, date: from January O0l,
1970 to March 23, 2016. Strains with multiple assem-
blies, or derived mutants were counted once. Litera-
ture was reviewed for the information regarding the
original habitat of the organisms (Appendix Sl in
the Supporting Information). This information was
further used to categorize the strains into three cat-
egories: substrate-associated, planktic, and symbiotic.
Strains with unclear origin (22) were not classified.
If possible, substrate-associated strains were further
divided in the following subcategories: marine, sal-
ine, freshwater, terrestrial, and thermophilic. Simi-
larly, planktic strains were further classified as
marine, saline, or freshwater.

Phylogenetic analysis. The phylogenetic tree was
generated using a subset of 23 conserved single-copy
orthologous protein-coding genes selected from loci
previously tested for congruent cyanobacterial phy-
logenies (Shih et al. 2013, Komarek et al. 2014).
The selection was made based on the presence of a
full unambiguous sequence of the gene in all ana-
lyzed genomes (including drafts at various stages of
finishing) and comprised these loci: dnaG, frr, infC,
nusA, pgk, pyrG, rpB, rplC, vplD, rplE, vplF, rpIM, rplP,
rplL, 1poB, 1psC, rpsE, rpsl, rpsK, rpsM, rpsS, smpB,
and t¢sf. First, BLAST queries were derived from
sequences of the respective proteins mined from
the complete genome of Synechocystis sp. PCC 6803
(BA000022). Each of the 23 gueries was then used
in thlastn (cut-off value le ') algorithm searches
against a custom database compiled from all the
complete cyanobacterial genomes available and
whole-genome sequence (WGS) contigs download-
able from NCBI (April 2016). Hits for each protein
were aligned using MAFFT v. 7 FFT-NS-i algorithm
and the alignments were manually reviewed to
remove ambiguous sites and gap regions. The best
substitution model was selected for each of the
alignments using ProtTest 3.4 (Guindon and Gas-
cuel 2003, Darriba et al. 2011), applying the Baye-
sian Information Criterion. All but one of the loci
were assigned LG+I+G as the best model (and the
single protein Pgk was assigned LGH[+G+F). A Maxi-
mum Likelihood tree was calculated using each of
the 23 alignments with 1,000 bootstrap pseudorepli-
cations in RaxML v. 8 (Stamatakis 2014). The result-
ing phylogenies were inspected manually for
topological incongruence. As individual protein
trees were generally consistent, all alignments were
concatenated into a 5,679 amino-acid long matrix
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containing 194 sequence lines. A Maximum Likeli-
hood tree was produced using RaxML v. 8, employ-
ing a separate substitution model for each of the 23
partitions as selected using ProtTest. One thousand
bootstrap pseudoreplications were calculated to eval-
uate the relative support of the branches. A Baye-
sian Inference tree was obtained using MrBayes
v.3.2.6 (Ronquist etal. 2012). Two independent
runs of eight Markov chains were performed for
~1.5 million generations, sampling every 100th tree
until the likelihood values were stable and the diver-
gence criterion was lower than 0.01. The Bayesian
Inference calculation employed a common LGH+G
evolutionary model due to excessive computational
demands of a calculation using partitioned models.
Posterior probabilities were estimated from branch
frequencies in the sampled trees, discarding the first
25% of the harvested data as burn-in. A neighbor-
joining phylogenetic analysis was performed in
SeaView v.4 (Gouy et al. 2010) using the BioN]J
algorithm (Gascuel 1997) with Poisson distance
model and 1,000 bootstrap pseudoreplications. The
Maximum Likelihood tree was run via the CIPRES
supercomputing facility (Miller et al. 2015) and Baye-
sian Inference calculations were run on MetaCen-
trum computer grid (www.metacentrum.cz).

Genome sizes of all 376 cyanobacterial isolates
with whole-genome data available included in the
PSI-BLAST search for PLCs were extracted from the
NCBI databases. Comparison of average genome
size between the PLC-containing and non-contain-
ing isolates was performed using a standard #test in
Statistica v. 13 software (Fig. S2 in the Supporting
Information).

RESULTS

Bioinformatic search for putative lipopeptides. The
bioinformatic search yielded 400 proteins with
FAAL domain from 150 isolates. Of these, 255 were
evaluated as irrelevant to lipopeptide production.
Further 60 candidate proteins were encoded on
contigs too short or of bad quality and left unre-
solved (Appendix S2 in the Supporting Informa-
tion). Three FAAL domain-containing proteins were
part of known secondary metabolite producing
pathways, namely jamaicamide, hectochlorin, and
hapalosin. Although in literature these compounds
were described as lipopeptides, their gene clusters
did not meet our search criteria to contain at least
three A-domains. Finally, each of the remaining 82
proteins was recovered as a part of FAAL-NRPS gene
clusters and was considered further.

Three of the 82 clusters have already been
described previously and submitted to NCBI as sep-
arate nucleotide entries representing biosynthetic
gene clusters. One supposedly produces puwaina-
phycins and the other two are orphan gene clusters
(KM078884, KC407996 and AB279593; Nishizawa
et al. 2007, Kampa et al. 2013, Mares et al. 2014).
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The remaining 79 clusters were recovered from
genome assemblies. Among these, there were three
clusters (Fig. 2, M-1, M-3, M-4) previously suggested
to code for microginin biosynthesis (Rounge et al.
2009, Humbert et al. 2013). In addition, our search
yielded two previously unreported microginin
biosynthetic gene clusters from Planktothrix sp.
NIVA-CYA 406 (Fig. 2, M-2) and Microcystis aerugi-
nosa TAIHU-98 (Fig. 2, M-5). Cluster M-b was longer
than the rest due to two additional NRPS modules.
A stand-alone FAAIL-encoding gene was found in all
microginin clusters several kbp upstream from the
first NRPS gene (micA).

Aside from microginin gene clusters, the PLGCs
were divided into three groups according to the
organization of genes for different biosynthetic
steps. Group 1 (Fig. 3 and Fig. S3 in the Supporting
Information) contained FAAL accompanied solely
by NRPS modules and tailoring enzymes (no PKS is
present), in group 2 (Fig. 4 and Fig. S4 in the Sup-
porting Information) FAAL was fused to an NRPS
module, but the cluster contained at least one PKS,
and in group 3 (Fig. 5 and Fig. S5 in the Support-
ing Information) FAAL was either fused to a PKS
module or was immediately followed by a PKS.
Another 18 clusters contained FAAL and a sufficient
number of A-domains to be considered PLCs; how-
ever, they were not fully sequenced or contained
minor gaps that prevented further classification.

Group 1. With a single exception, genes encoding
biosynthetic steps in group 1 PLCs were coded in
the same orientation (Fig. 3). In most of the clus-
ters (8/10), the FAAL domain was encoded as a
part of a longer protein along with an NRPS mod-
ule. The clusters in this group ranged from 27 to
40 kbp in length and contained from 3 to 14 genes.
The putative biosynthetic assembly lines consisted of
5-8 NRPS modules and a varying number of tailor-
ing enzymes of which the dioxygenases were the
most frequent (in seven of 10 clusters) followed
by methyltrasferases (4/10) and aminotransferases
(3/10). In six pathways, there were two dioxyge-
nases arranged in a particular pattern, so that there
was one NRPS module surrounded by NRPS
modules with associated dioxygenases.

Group 2. In 31 cases, FAAL was followed by NRPS
and then by PKS (Fig. 4). None of the clusters in
this group encoded a stand-alone FAAL. Putative
clusters in this group ranged from 25 to 75 kbp in
length and contained from 3 to 33 genes. Genes
encoding FAAL, all NRPS and PKS modules as well
as tailoring enzymes shared the same orientation
except for a single gene in the clusters G2-3 and
G29. In 26/31 clusters, there was a common
arrangement where FAAL was followed by one
NRPS module and by a PKS module (not taking
into account the tailoring enzymes). The most
abundant of tailoring enzymes were dioxygenases
(26/31), aminotransferases (26/31), and methyl-
transferases  (23/31).  Furthermore, if also
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Fic. 2. Schematic representation of microginin gene clusters. The top sketch represents the reference micorginin gene cluster as it is
found in Planktothrix prolifica NIVA-CYA 98. The rest of the microginin gene clusters are depicted as dotted lines parallel to the reference
with only the differences outlined. Missing genes are indicated by an “X” sign. Genes are shaded according to the protein domain they
encode. FAAL, fatty acyllAMP ligase; NRPS, non-ribosomal peptide synthetase; PKS, polyketide synthase; TE, thioesterase; TRAN, trans-
porter; MeT, methyltransferase; AmT, aminotransferase; OX, oxygenase. For a full list of microgin gene clusters, see Figure S6 in the Sup-

porting Information.
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Fic. 3. Schematic representation of group 1 PLCs. Sketches represent PLCs that do not include gene(s) for PKS (group 1). Identical
PLCs found in different strains are represented by a single sketch. Gene clusters with minor differences are grouped together, where the
uppermost is the reference and the rest is depicted as dotted lines parallel to the reference with the differences outlined. Missing genes
are indicated by an “X” sign. Genes depicted on the dotted lines represent insertions in comparison to the reference with the point of
insertion indicated by a dashed line. Genes are shaded according to the protein domain they encode. FAAL, fatty acyll:AMP ligase; NRPS,
non-ribosomal peptide synthetase; TE, thioesterase; TRAN, transporter; MeT, methyltransferase; AmT, aminotransferase; OX, oxygenase.

For a full list of group 1 PLCs, see Figure S3.

monooxygenases were considered, there were only
two clusters without any oxygenase. In five clusters,
a gene encoding a glycosyltransferase was detected,
suggesting glycosylation of the produced lipopep-
tide.

Group 3. PLCs of group 3 were the most variable
(Fig. 5). In total, 18 clusters fell into this group.
One of them was previously suggested to produce
cyclic lipopeptides puwainaphycins. Another had
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already been published as an orphan cluster, the
psm3 gene cluster, and G3-b was very similar to it. In
10 of the 18 PLCs, the putative biosynthetic genes
were bidirectional. In such cases, it was difficult to
determine cluster boundaries and a rather wider
range was taken. FAAL was encoded as a stand-alone
protein in 3/18 cases, in one case, it was fused to a
T-domain and in 4/18 it was fused to an acyl-CoA
dehydrogenase-like domain and a T-domain. The
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Fic. 4. Schematic representation of group 2 PLCs. Sketches represent PLCs that encode FAAL fused to NRPS, and a PKS (group 2).
Topologically identical PLCs found in different strains are represented by a single sketch. Gene clusters with minor differences are
grouped together where the uppermost is the reference and the rest is depicted as dotted lines parallel to the reference with the differ-
ences outlined. Missing genes, or their parts, are indicated by an “X” sign. Genes (with black border line) or domain coding regions (with-
out border line) depicted on the dotted lines represent insertions in comparison to the reference with the point of insertion indicated by
a dashed line. “E” symbol over a gene indicates a gene that is exclusively present in the reference gene cluster. A set of various tailoring
enzymes is often observed downstream from the last NRPS module fused to the thioesterase (indicated by dotted vertical line connecting
the thioesterases). Beginning of G2-30 shares the same topology with G2-27, yet its latter part (between the two small arrows) is topologi-
cally identical to G2-31. In G2-6 and G2-9 at the end of the cluster there is a single gene with opposite orientation (marked with gray dot-
ted line). Genes are shaded according to protein domain, they encode. FAAL, fatty acyllAMP ligase; NRPS, non-ribosomal peptide
synthase; PKS, polyketide synthase; TE, thioesterase; TRAN, transporter; MeT, methyltransferase; AmT, aminotransferase; OX, oxygenase.
For a full list of group 2 PLCs see Figure S4.
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16. 5. Representatives of group 3 PLCs. Schematic representation of PLCs where FAAL is encoded either fused to PKS or separately
but immediately followed by a gene encoding PKS (group 3). G3-1 is provided as an example of PLCs with proposed product (puwaina-
phycins). Other group 3 PLCs depicted are those that were found in multiple species or had topologically similar counterparts in other
strains. For a full list of group 3 PLCs see Figure S5. Topologically identical PLCs found in different strains are represented by a single
sketch. Among similar gene clusters dotted lines indicate related genes that however differ in orientation. Where possible gene clusters
with minor differences are grouped together where the uppermost is the reference and the rest is depicted as dotted lines parallel to the
reference with the differences outlined. Missing genes, or their parts, are indicated by an “X” sign. Genes depicted on the dotted lines
parallel to the reference represent insertions with the point of insertion indicated by a dashed line. Dotted vertical line indicates the posi-
tion of the thioesterase, downstream of which a region encoding variable tailoring enzymes is usually present. G3-8 is depicted twice. Once
in relation to G3-9, with which it shares the same topology. It is depicted once more in relation to G3-10 and G3-1, where the respective
genes are arranged differently although they encode the same biosynthetic steps. Genes are shaded according to the protein domain they
encode. FAAL, fatty acyl-AMP ligase; NRPS, non-ribosomal peptide synthase; PKS, polyketide synthase; TE, thioesterase; TRAN, transporter;
MeT, methyltransferase; AmT, aminotransferase; OX, oxygenase.

most frequent tailoring enzymes were again dioxyge- monophyletic origin. Nevertheless, several pairs and
nases (11/18), aminotransferases (13/18), and groups of PLCs with a highly similar organization
methyltransferases (12/18). were found in closely related strains, such as Cyan-

Distribution of putative lipopeptide-producing NRPS othece (G1-1, G1-2), Chlorogloeopsis (G2-14, G2-15), or
pathways. Phylogenetic and taxonomic distribution of Xenococcus/ Stanieria (Fig. 4, G2-6, G2-7, G2-8). Inter-

PLCs: A total of 79 PLCs were in found in 59 iso- estingly, clusters G1-4 and GI1-5 from Tolypothrix sp.
lates representing 31 cyanobacterial genera as desig- PCC 7601 and Anabaena variabilis ATCC 29413 share
nated in the NCBI database, with the highest the same cluster topology, and even exhibit high
abundances in strains of Fischerella (eight strains), sequence identity on DNA level (pairwise blast, 98%
Cyanothece (five strains), Microcystis (five strains), Nos- query coverage, 96% identity), yet the strains are
toc (five strains) and Leplolyngbya (four strains). To not closely related. Analogously, clusters G2-2, G2-3,

evaluate the distribution of PLGCs in different G2-4, and G2-5 from strains Leptolyngbya boryana IAM
cyanobacterial phylogenetic lineages, the PLCs were M-101, Microchaete sp. PCC 7126, Calothrix sp. PCC
mapped on the multilocus phylogenetic tree 6303 and Aliterella atlantica CENA 595, respectively,

(Fig. 6). The lineages resolved in the tree were taxo- are topologically similar, although the strains are

nomically designated to correspond to the current phylogenetically distant.

system of cyanobacteria (Komadrek et al. 2014). More than a half (56%) of PLCs obtained in this
In general, the PLCs were recovered in numerous study were found in genomes of heterocytous

independent lineages throughout the phylogenetic cyanobacteria (Nostocales). Reciprocally, a high fre-

tree, with no evidence for their common quency of PLCs was observed (PLC present in 61%
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Calothrix sp. PCC 7507 (NC_019682)
1 * ¥ Microchaete sp, PCC 7126 (ANFJ01) Nostocales
Tolypothrix sp. PCC 7601 (AGCR01)

Anabaena sp. PCC 7108 (AJWF01)
*_ Anabaena cylindrica PCC 7122 (NC_019771)
0.99/70/- %¢ Cyjindrospermopsis/Raphidiopsis (3 genomes)
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Fic. 6. Phylogenetic tree (Bayesian Inference) of cyanobacteria based on 23 housekeeping proteins from 194 representative genomes.
Branch support values are shown near nodes in this form: Bayesian Inference/Maximum Likelihood/Neighbor-Joining; full supports from
all methods are indicated by asterisks. Cyanobacterial strains/isolates with genomes containing putative lipopeptide gene clusters (PLCs)
are printed in bold. The abundance of PLCs in individual clades is indicated by numbers and bars of a respective length on the left side
of the tree. General life strategies (plankton, substrate-associated, symbiont) are visualized for PLC-containing cyanobacteria where avail-
able. The clades are classified into operational taxonomic categories corresponding to the current botanical system of cyanobacteria. PLCs
are more frequent in later branching cyanobacteria exhibiting a substrate-associated mode of life. [Color figure can be viewed at wileyonli-
nelibrary.com]
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of genomes) among nostocalean isolates included
in the tree. PLCs were also very frequent in the gen-
omes of two phylogenetically independent coccoid
lineages including baeocyte-forming strains, Pleuro-
capsales, and Chroococcidiopsidales (present in
60% and 80% of genomes, respectively), although
the number of sequenced isolates in these groups is
still rather low and is not sufficient for a representa-
tive evaluation. A relatively lower incidence of PLCs
was observed in the non-baeocyte-forming coccoid
lineage of Chroococcales (present in 28% of gen-
omes). Derived filamentous non-branched lineages
of Oscillatoriales were resolved as polyphyletic in
two independent clusters in our tree (Fig. 6), and
altogether their PLCs had a frequency comparable
to Chroococcales (25%). PLCs were relatively scarce
in the basal paraphyletic branches of cyanobacterial
strains covered under the traditional order Syne-
chococcales. Only six PLCs (8% of the total)
appeared each in a single synechococcalean strain
(10% of synechococcalean strains positive for PLC).
A single PLC was found in Rubidibacter lacunae
KORDI-52 and Crinalium epipsammum PCC 9333,
strains that are outside any of these groups.

Generally, a majority of the PLC-containing
strains clustered in derived cyanobacterial lineages
exhibiting larger cells, more diversified thalli, and
non-parietal thylakoid patterns. PLCs were especially
frequent in heterocytous and derived coccoid
cyanobacteria. These types typically possessed gen-
omes of a greater size. The average genome size of
PLC~ontaining isolates was around 7 Mb compared
to an average size of ~3 Mb in the genomes that
lacked PLCs (Fig. S2). This difference was statisti-
cally highly significant (P < 0.001). While some of
the genome assemblies lacking PLCs were large
(>11 Mb in extreme), none of the PLC-containing
ones had a size under 4 Mb, including the few posi-
tive hits in synechococcalean strains.

Ecological distribution of PLCs: To find a possible
relationship between lipopeptide production and
strain ecology, we evaluated the origin of the strains
with available genomes. Genome information, either
in the form of a complete genome assembly or WGS,
for 376 different cyanobacterial taxa was extracted
from GenBank (see Methods). Of these, 59 were
positive for the presence of PLC (16%; Table 1). A
high frequency of PLCs (48%) was found among
substrate-associated cyanobacteria. PLCs were espe-
cially abundant in strains of terrestrial origin (67%),
followed by substrate-associated saline strains (50%),
substrate-associated freshwater strains (46%), sub-
strate-associated thermophilic strains (43%), and sub-
strate-associated marine strains (25%). In contrast,
only 4% of total 237 planktic cyanobacterial strains
were positive for PLC presence. This comprised 13%
of total freshwater planktic strains, only 2% among
isolates of marine plankton origin and none among
saline planktic strains. Only one of the 16 symbiotic
strains (i.e., 6%) contained a PLC.
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With one exception, PLCs of freshwater planktic
cyanobacteria were highly similar to the microginin-
producing cluster of Planktothrix prolifica (NIVA-CYA
98). The only exception was a cluster found in
Microcystis aeruginosa PCC 9808, which is, however,
related to a known psm3 orphan gene cluster from
M. aeruginosa K-139. Four clusters were found in
marine planktic cyanobacteria, two of them in
related Crocosphaera strains (WH8501 and WHS8502);
however, contigs were not long enough to classify
the PLC. Another two were found in Aliterella at-
lantica CENAbB95 and Rubidibacter sp. KORDI-52 and
classified according to cluster topology as in group
2 and group 3, respectively.

PLCs of substrate-associated cyanobacteria exhib-
ited a great diversity, particularly in A-domain
count, the content of tailoring enzymes and relative
position of FAAL encoding region.

DISCUSSION

In cyanobacteria, FAAL is thus far the only enzy-
matic domain proved to incorporate fatty acids into
secondary metabolites produced by PKS-NRPS
machineries, although sometimes designated as acyl-
ACP synthase (Edwards etal. 2004, Ramaswamy
et al. 2007). Absence of FAAL in biosynthetic gene
clusters of hassalidins (Vestola et al. 2014) and ana-
baenolysins (Shishido et al. 2015) suggests that
cyanobacteria may employ alternative mechanisms
of FA recruitment into nascent lipopeptide, such as
the one observed in surfactin biosynthesis by
Bacillus subtilis (Kraas et al. 2010). Nevertheless, our
approach in this study addresses biosynthetic path-
ways that employ FAAL, since its presence in a
biosynthetic gene cluster alongside a sufficient

TaBLe 1. Summary of the original habitat (isolation
source) information on cyanobacterial strains with avail-
able whole-genome data. Proportion of strains/isolates
that possess putative lipopeptide clusters in their genomes
is indicated.

Number of

Number of positive
Category Sub-category strains strains (%)
Substrate- Freshwater 24 11 (46)
associated Marine 16 4 (25)
Saline 2 1 (50)
Terrestrial 24 16 (67)
Thermal 21 9 (43)
Unclassified 5 3 (60)
Total 92 44 (48)
Planktic Freshwater 50 7 (14)
Marine 191 4 (2)
Saline 8 0 (0)
Unclassified 1 0 (0)
Total 250 11 (4)
Symbiotic 16 1 (6)
Unclassified 18 4 (22)
Total 376 60 (16)
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number of NRPS modules provides the basis for
lipopeptide production.

A similar approach was previously used by Liu
and colleagues, who screened 283 cyanobacterial
genomes available via NCBI, to identify biosynthetic
gene clusters that encode pathways for production
of secondary metabolites with 4-methylproline
(4mPro), by a BLAST search for homologues of
genes noskl and nosF, essential for 4mPro synthesis
(Liu et al. 2014). In this study, this method was
elaborated and partially automated. To put more
emphasis on conserved regions of the FAAL amino
acid sequence, a constructed FAAL-PSSM was used
as a query for the BLAST search. Furthermore, a
Python/Biopython script/module was written to
automate data acquisition from public domains and
provide efficient visualization of putative clusters.
Such modifications allowed distant functional
homologues to score better in the BLAST search
and the prepared script greatly facilitated the pro-
cessing of PLCs.

In the present contribution, we have demon-
strated that FAAL is frequently included in
cyanobacterial NRPS gene clusters. For easier orien-
tation, we have classified the PLCs in four groups.
The first one included PLCs with a topology virtu-
ally identical to the published microginin gene clus-
ter (Kramer 2010). We assume that these clusters
(M-2 to M-b) produce structural variants of microgi-
nin. The rest of the found clusters were classified
according to the topology, with special focus on
FAAL and adjacent genes.

In cyanobacteria, FAAL is considered to be
involved in biosynthesis of jamaicamide, hectochlo-
rin, hapalosin, microginin, puwainaphycin, and
colombamides. In all of the mentioned clusters,
FAAL transfers the activated acyl residue (acyl-ade-
nylate) to T-domain for subsequent elongation by
PKS. Only afterwards NRPS is employed in the
biosynthetic pathway. In these gene clusters, at least
one PKS gene is always encoded downstream of the
FAAL gene and upstream of the first NRPS gene.
Such an arrangement corresponds to the topology
found in group 3 and microginin gene clusters.
Interestingly, none of the known pathways has the
arrangement corresponding to group 1 and group
2, where FAAL is immediately followed by NRPS
genes.

Furthermore, FAAL in all known cyanobacterial
biosynthesis pathways is encoded as a stand-alone
protein. The only exception to this is the hapalosin
biosynthetic gene cluster, in which the hapA gene
encodes FAAL fused to an acyl-carrier domain
(Micallef et al. 2015b). In addition, FAAL is
encoded as a stand-alone protein in the taromycin
biosynthetic gene cluster from the marine actino-
mycete Saccharomonospora sp. CNQ-490 (Yamanaka
et al. 2014) and also in the daptomycin biosynthetic
cluster from the genus Bacillus (Miao et al. 2005).
Interestingly, in the PLCs presented herein FAAL is
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encoded as a stand-alone protein only in six cases
(GI-1, G1-2, G32, G33, G34, and S-G34, not
counting microginin-like PLCs and G3-19 which is
puwC). Most frequently it is fused to a thiolation/
acyl-carrier domain, followed by the NRPS domain
or PKS. The latter kind of topology, where the fatty-
acid activating enzyme is fused to the next carrier
domain and PKS is observed in biosynthesis path-
ways of iturin, bacillomycin, mycosubtilin, and pae-
nilarvins (Duitman et al. 1999, Tsuge et al. 2001,
Koumoutsi et al. 2004, Sood et al. 2014).

To the best of our knowledge, there is no mecha-
nistic evidence on the function of the frequently
observed FAAL/NRPS hybrids (group 2, group 1
except Gl-1, GI1-2) and their involvement in
lipopeptide biosynthesis.

Of the tailoring enzymes, the most frequent were
dioxygenases, found in 44 of 59 clusters. Further-
more, multiple dioxygenases per cluster were fre-
quently observed. Enzymes with a dioxygenase
signature facilitate various kinds of reactions such as
hydroxylation, halogenation, ring formation,
epimerization, and desaturation (Martinez and Hau-
singer 2015). Relevant to non-ribosomally synthe-
sized peptides are studies of SyrB2, a dioxygenase
from Pseudomonas syringae, which was shown to chlo-
rinate threonine residues during non-ribosomal syn-
thesis of syringomycin (Vaillancourt et al. 2005).
Proteins that contain dioxygenase domain were also
suggested to act as halogenases in cyanobacteria,
e.g., HctB, BarBl, and BarB2 (Chang et al. 2002,
Edwards et al. 2004, Ramaswamy et al. 2007). As a
result of their functional variability, it is not straight-
forward to predict the actual tailoring activity of the
protein.

The database mining performed in this study
revealed the occurrence of PLC in ~16% of publicly
available genomes (59 of 376 genomes). Previous
surveys reported an overall frequency of NRPS and
hybrid NRPS/PKS gene clusters in cyanobacterial
genomes between 51% and 56% (Shih et al. 2013,
Wang et al. 2014). Calteau and colleagues have
recently shown that only around 10% of NRPS and
PKS/NRPS gene clusters in cyanobacterial genomes
have known products (Calteau et al. 2014). Our
results suggest that non-ribosomal secondary
metabolite clusters containing FAAL are frequent
and their products may contribute to a large extent
to the chemical diversity of cyanobacterial
compounds.

The relationship between genome size and abun-
dance of NRPS clusters in general is well docu-
mented in both bacteria and cyanobacteria (Shih
et al. 2013, Wang et al. 2014). Wang et al. (2014)
have reported that bacterial genomes smaller than
2 Mbp always lack this kind of gene clusters, while
they are most frequent in genomes >4 Mbp. In
cyanobacteria, the NRPS and PKS/NRPS clusters
are most abundant in heterocytous (Nostocales)
and baeocytous (Chroococcidiopsidales,
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Pleurocapsales) lineages, followed by Chroococcales
and Oscillatoriales (Shih et al. 2013, Calteau et al.
2014). These are the phylogenetically later branch-
ing clades of cyanobacteria. Their genome size is
generally high, reflecting their great morphological
and ultrastructural complexity and variability in life
strategies. The distribution of PLCs in this study
obviously follows this general trend (Fig. 6).

Aside from this general trend, our bioinformatic
search revealed that the distribution of PLCs reflects
the life history of the strain and that PLCs are espe-
cially abundant in substrate-associated cyanobacte-
ria. From publications describing novel lipopeptide
structures in cyanobacteria (Table S1 in the Sup-
porting Information), we can conclude that a much
greater diversity of lipopeptide structures was iso-
lated from various substrate-associated cyanobacteria
(mainly from marine environment) in comparison
to planktic isolates. The majority of reports of
lipopeptide production in plankton communities
and isolates are connected to microginins, which
comprises 42 of 59 described cases of lipopeptide
production in plankton (15/36 of strains). The sec-
ond class of lipopeptides frequently observed in
plankton is hassalidins, which are also glycosylated
and a part of their structural variability comes from
different saccharides used for glycosylation (12 vari-
ants, not considering glycosylation). Furthermore,
five cyanopeptolins and four aeruginosins with octa-
noic acid are known to be produced by planktic
cyanobacteria. Taking into consideration this lim-
ited structural variability, the variability in gene clus-
ters responsible for lipopeptide biosynthesis in
planktic cyanobacteria may also be restricted. This is
in agreement with previously published data on
microginins (Ishida et al. 2000, Humbert et al.
2013) and hassallidins (Vestola et al. 2014). On the
contrary, 60 biosynthetic gene clusters with a gene
coding for FAAL were found in genomes of sub-
strate-associated cyanobacteria. Although based on
our data, we are not able to assess the number of
chemical classes produced by PLCs found in sub-
strate-associated cyanobacteria, they are clearly more
frequent and more diverse in their domain organi-
zation than PLCs in planktic cyanobacteria. This is
in agreement with the broad chemical diversity of
lipopeptides isolated from various substrate-asso-
ciated cyanobacteria (Table S1).

Lipopeptides have not yet been examined for
their eco-physiological role in cyanobacteria. How-
ever, there is evidence on the role of lipopeptides
in Firmicutes (bacteria), genus Bacillus. Surfactin, a
lipopeptide produced among others by B. subtilis
reduces the surface tension of water as well as the
friction between bacterial cells and their substrate,
allowing them to form bundles and spread out over
the surrounding surface (Kinsinger et al. 2003, van
Gestel et al. 2015). Reduction in surface tension is
not the only mechanism by which this lipopeptide
influences its producer. It acts also as a signaling
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molecule that governs the development of struc-
tured biofilms on agar plates as well as in the rhizo-
sphere of Arabidopsis thaliana (Bais et al. 2004,
Hofemeister et al. 2004, Lopez et al. 2009). Both as
a surfactant and a signaling molecule, surfactin is
important to biofilm development in Bacillus.

Although cyanobacteria positive in PLC content
are widely distributed across many cyanobacterial
phylogenetic lineages, it is striking that the majority
of them were identified in cyanobacteria isolated
from or capable of forming structured biofilms,
mats or colonies (e.g., Nostoc, Tolypothrix, Gloeocapsa,
Microcoleus, Leptolyngbya). Thus, we can hypothesize
that based on their ecological distribution lipopep-
tides can play an analogous role as lipopeptides in
Firmicutes or other bacteria. Experimental testing
of the actual lipopeptide production and their eco-
physiological functions in biofilm-forming cyanobac-
teria that contain FAAL-NRPS clusters is a highly
encouraged direction of further research.

Finally, many lipopeptides are known to possess
antibacterial or antifungal properties (schizotrin,
Pergament and Carmeli 1994, hassallidins, Neuhof
et al. 2005, Vestola et al. 2014). Bacillus subtilis,
aside from surfactin, also produces fengycins, bacil-
lomycins, and iturins, which are not essential to bio-
film formation but possess antifungal or
antimicrobial capabilities. Furthermore, their pro-
duction prevents infections of plants with which the
bacterium forms symbiotic relationships (Romero
et al. 2007). Results presented herein show that
diverse PLCs are abundant in substrate-associated
cyanobacteria, which highlights the importance of
this ecological group in screening for novel mole-
cules of interest such as potential pharmaceuticals
and environmental toxins.
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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 alternative
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
moderately active against yeast, consistent with previously published data suggesting
that PUWs/MINs interact preferentially with eukaryotic plasma membranes.

IMPORTANCE Herein, we deciphered the most important biosynthetic traits of a
prominent group of bioactive lipopeptides. We reveal evidence for initiation of bio-
synthesis by two alternative starter units hardwired directly in the same gene clus-
ter, eventually resulting in the production of a remarkable range of lipopeptide vari-
ants. We identified several unusual tailoring genes potentially involved in modifying
the fatty acid chain. Careful characterization of these biosynthetic gene clusters and
their diverse products could provide important insight into lipopeptide biosynthesis
in prokaryotes. Some of the variants identified exhibit cytotoxic and antifungal prop-
erties, and some are associated with a toxigenic biofilm-forming strain. The findings
may prove valuable to researchers in the fields of natural product discovery and tox-
icology.

KEYWORDS biosynthesis, cyanobacteria, fatty acyl-AMP ligase, lipopeptides,
nonribosomal peptide synthetase

February 2019 Volume 85 Issue 4 €02675-18 Applied and Environmental Microbiology

96

Citation Mare$ J, Hajek J, Urajova P, Kust A,
Jokela J, Saurav K, Galica T, Capkova’ K, Mattila
A, Haapaniemi E, Permi P, Mysterud |, Skulberg
OM, Karlsen J, Fewer DP, Sivonen K, Tannesen
HH, Hrouzek P. 2019. Alternative biosynthetic
starter units enhance the structural diversity of
cyanobacterial lipopeptides. Appl Environ
Microbiol 85:€02675-18. https://doi.org/10
.1128/AEM.02675-18.

Editor Marie A. Elliot, McMaster University

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Pavel Hrouzek,
hrouzekp@gmail.com.

Received 5 November 2018

Accepted 28 November 2018

Accepted manuscript posted online 30
November 2018

Published 6 February 2019

aem.asm.org


https://doi.org/10
mailto:hrouzekp@gmail.com
http://aem.asm.org

Mares et al.

acterial 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 (PUWSs) 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 Cis 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
PUWs (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
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Strain no. Person who
herein Strain isolated strain Date Locality, habitat Reference
1 Cylindrospermum alatosporum A. LukeSovd 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. LukeSovd 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, Mgre 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>-
Asn®-Ala’-Thr8-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'-Val?-Dhb3-Thr#-Thr/Val>-GIn®-
Ala’-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 puwe 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®-Pro'-(FA")-Val2-Dhb?3] 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, PuwE, 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-GIn 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 Asn4-Thr* and
Ala7-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 1 to 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;s (up to C,5 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;q. 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 Cy 5 for the type | pathway and C,¢ 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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FIG 4 Structural variability of the FA moiety of PUW/MIN variants. The relative proportions of variants with differences in FA lengths
and substitutions are depicted using a color scale. For comparison, the peak area of a given variant was normalized against the peak
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 PuweE (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

arrows. 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 709 702 711 FAAL, ACP

Puw) 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

PuwE 3,077 3,121 3,121 3,099 3,112 3,113 NRPS

PuwF 2,370 58510 58510 5,877 5,871° 3,310 NRPS

PuwG 3,492 2,620 NRPS

PuwH 1,102 1,081 1,102 1,121 1,121 1,408 NRPS

PuwL 217 O-Acetyltransferase

aACP, 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. S2a), including the positions corresponding to the FA-binding pocket, as previ-
ously shown in Mycobacterium (Fig. S2b) (28). Experimental evidence, such as in vitro
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FIG 6 Schematic view of the proposed biosynthesis assembly line of puwainaphycins and minutissamides. Variable amino acid positions and the ranges of fatty
acyl lengths incorporated by the two putative alternative starter units are listed for individual strains. A, adenylation domain; ACP, acyl carrier protein; AmT,
aminotransferase; AT, acyltransferase; C, condensation domain; DH, dehydratase; E, epimerase; ER, enoylreductase; FAAL, fatty acyl-AMP ligase; MT, methyl-
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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,g 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
Il 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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TABLE 3 Fragmentation and amino acid composition of PUW variants from Symplocastrum muelleri strain 6 bearing acetyl substitutions on the FA moiety?

Value when X, Y, and FA are as indicated

Level of fragmentation

X, Ala; Y, Thr; FA, Cy¢

X, Gly; Y, Thr; FA, C;g

X, Alg; Y, Thr; FA, C;5

X, Gly; Y, Val; FA, C,g

X, Alg; Y, Val; FA, C,5

energy, peptide sequence

or fragment obtained m/z A(ppm) Sum formula m/z A(ppm) Sum formula m/z A(ppm) Sum formula m/z A(ppm) Sum formula m/z A(ppm) Sum formula

Low fragmentation energy (60 eV)

[M+H]* 1,2657338 +07  CooH10iN12Osg 1,279.7496 +0.9  CeoHyosNisOrg 1,293.7654 +0.8  CeiHiosN1201s 1,277.7695 +1.6  CoiHiosNy20qy 1,291.7870 +0.1  CeoHqo/N15017
[M-CH,OH]*+ 12337170 =66  CogHoyNi501, 1,247.7194 +41  CooHooN;12O;; 1,261.7494 —73  CeoHioiN1,0p, Low int. CeoH101N1,016 Low int. Ce1H103N12016
[M-CH,OH-NMeAsn]*+ 1,1056558 —49  CgsHgoNigOrs 1,119.6619 +3.7  CoHoiNigOps 1,133.681 +0.6  CogHosNigOis 1,117.6924 —50  CooHosNigOqs  1,131.7307 —25.0  CogHosN1qOss
[M-CH,OH-NMeAsn- 10226180 —47  CuoHaaNoO,, 10366365 —7.3  CooHggNgO,, 10506478 —3.1  CgHggNgO,, 1,134.6603 —103  Cg HggNoO,s 1,048.6671 —1.7  CoHooNgO,ys
Dhb]*

[M-CH;OH-NMeAsn- 9515785 —25  CugHgsNgO;s  979.589  +18.8  CogHgsNgOys  979.6041  +34  CugHgsNgOqs 9776481  —205  CuoHgsNgO;,  977.6518 =241  CaoHgsNgOrs
Dhb-X]*

[M-CH;O0H-NMeAsn- 8235253 —94  Cu,H,NgO;; 8515473 418  CuH,eNgOy; 8515478  +12  CusHysNgO;, 8495838  —16.7  CuiHyeNgO;o 8495589  +12.5  CouH,oNeOqo
Dhb-X-GIn]*

[M-CH;OH-NMeAsn- 7224729 —42  CyHeNsOy 7505005 +09  CyoHegNsOs 7505147  —18.1  CyoHggNsO,  Low int. CaoH7NsOs  Low int. CaoH72NsOg
Dhb-X-GIn-Y]*

[M-CH;OH-NMeAsn-Dhb- 6214223 —02  CyHoN,0, 6494526 +14  CyoHgN,O, 6494539 —0.6  CoHgN,O, 649465  —17.8  CygHeiN,O, 6494483 480  CyoHe N,O,
X-GIn-Y-Thr]*

High fragmentation energy (100 eV)

Fragment 1 4113208 +22  CyHasN,O, 4393559  —65  CooHaN,0, 4393556 —58  CosHyN,O, 4393556 —58  ChoHaN,O, 4393508 451  CosHa N,0,
Fragment 1, C,H,0, 3513006 +00  CoHsoN,O, 3793334 —40  CpH,N,O, 3793329 —26  CosHeaN,0, 3793328 —24  CogHN,0, 3793360 —108  ChgHasN,O,
Fragment 2 2842583 +04  C,HyuNO, 3122919 —69  CyoHsgNO, 3122892 416  CioHigNO,  Lowint. CioHsgNO,  Low int. CyoH3gNO,
Fragment 2, C,H,0, 2242367 +26  CysHyoN 2522686 0.0 C,Hy N 2522687 —05  C,,H,,N 2522684 +07  Cy,HyN 2522677 +35  Cy,Hi,N

aLow int., low intensity (defined here as a signal-to-noise ratio lower than 2). For detailed methods, see Materials and Methods.
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FIG 7 MS-MS fragmentation of MIN A (a, ¢, e) and the PUW variant at m/z 1,279 bearing an acetyl substitution of the fatty acid chain (b, d, f). (a, b) Base peak
chromatograms. (c, d) Fragmentation of the protonated molecule at low fragmentation energy, yielding b series of ions, corresponding to the losses of particular
amino acid residues. (e, f) Fragmentation of the protonated molecule at high energy (100 eV), yielding fragments characteristic for the p-amino fatty acid.
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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 organism (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.

bThe 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~' (5.5 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

Candida :Ibicans

5y

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~" to
0.0394 ug/ml to determine the MIC. Numbers and symbols represent concentrations and controls, as
follows: 1,252 ug ml=7; 2, 12.6 ug ml~7; 3, 6.3 ug ml="; +, positive control (10 ng 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
PUWSs 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 cyanobacterial 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 Universitdt 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=1 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 165 rRNA gene using primers
16S387F and 1651494R (49). Positive samples (7 to 10 MDA products yielding clear 16S 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
lllumina 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, 4 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 1 min), 0/100 (over 20 min), 0/100 (over 25 min), 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,sH;,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 (10 g) 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,¢ SPE cartridge (10 g, 60 ml) preequilibrated with 60 ml of MeOH and 120 ml of H,O. 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
(DMSO)-d, at 30°C. All NMR spectra were collected using a Bruker Avance Ill 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.
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ABSTRACT Cyanobacteria require iron for growth and often inhabit iron-limited habitats,
yet only a few siderophores are known to be produced by them. We report that cyanobac-
terial genomes frequently encode polyketide synthesis (PKS)/nonribosomal peptide synthe-
tase (NRPS) biosynthetic pathways for synthesis of lipopeptides featuring B-hydroxyaspar-
tate (B-OH-Asp), a residue known to be involved in iron chelation. Iron starvation triggered
the synthesis of B-OH-Asp lipopeptides in the cyanobacteria Rivularia sp. strain PCC 7116,
Leptolyngbya sp. strain NIES-3755, and Rubidibacter lacunae strain KORDI 51-2. The induced
compounds were confirmed to bind iron by mass spectrometry (MS) and were capable of
Fe3* to Fe?* photoreduction, accompanied by their cleavage, when exposed to sunlight.
The siderophore from Rivularia, named cyanochelin A, was structurally characterized by MS
and nuclear magnetic resonance (NMR) and found to contain a hydrophobic tail bound to
phenolate and oxazole moieties followed by five amino acids, including two modified
aspartate residues for iron chelation. Phylogenomic analysis revealed 26 additional cyano-
chelin-like gene clusters across a broad range of cyanobacterial lineages. Our data suggest
that cyanochelins and related compounds are widespread B-OH-Asp-featuring cyanobacte-
rial siderophores produced by phylogenetically distant species upon iron starvation.
Production of photolabile siderophores by phototrophic cyanobacteria raises questions
about whether the compounds facilitate iron monopolization by the producer or, rather,
provide Fe?* for the whole microbial community via photoreduction.

IMPORTANCE All living organisms depend on iron as an essential cofactor for indispensable
enzymes. However, the sources of bioavailable iron are often limited. To face this problem,
microorganisms synthesize low-molecular-weight metabolites capable of iron scavenging,
ie, the siderophores. Although cyanobacteria inhabit the majority of the Earth's ecosys-
tems, their repertoire of known siderophores is remarkably poor. Their genomes are known
to harbor a rich variety of gene clusters with unknown function. Here, we report the awak-
ening of a widely distributed class of silent gene clusters by iron starvation to yield cyano-
chelins, B-hydroxy aspartate lipopeptides involved in iron acquisition. Our results expand
the limited arsenal of known cyanobacterial siderophores and propose products with eco-
logical function for a number of previously silent gene clusters.

KEYWORDS cyanobacteria, iron acquisition, lipopeptides, secondary metabolism,
siderophores

ron, the fourth most abundant element in the Earth’s crust, is an important metal
cofactor to many metabolic enzymes and an essential nutrient to all known living
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organisms. Yet, due to the prevalent oxidative conditions on the surface of our planet,
it is frequently present in its oxidized Fe3* form that is generally insoluble and not eas-
ily acquired by living organisms (1, 2). Microorganisms have evolved various strategies
to cope with this problem, one of which is the production and excretion of sidero-
phores, which are low-molecular-weight metabolites able to reversibly bind an iron
atom (1, 3). Excreted siderophores are able to pick up even trace amounts of iron from
the environment and facilitate cellular iron uptake or prevent precipitation and loss of
its bioavailable forms (1).

Cyanobacteria depend on iron as do all other microorganisms and live in various
habitats, including those with a low availability of iron as a nutrient. Several mecha-
nisms of cyanobacterial iron stress response have been described, such as remodeling
of photosynthetic complexes, upregulation of iron transport systems, and siderophore
production (2, 3). Yet, intriguingly, few cyanobacterial siderophores are known; only
two hydroxamate siderophores (schizokinen and synechobactin) and a single catecho-
late siderophore (anachelin) have been structurally characterized (2). Cyanobacterial
genomes are known to harbor a large number of gene clusters (4) that are silent in lux-
uriant cultivation medium under laboratory conditions. These clusters may be acti-
vated if an appropriate trigger is present and, possibly, some may encode production
of unknown siderophores, as shown in other bacteria (5).

Knowledge of siderophores from other bacteria shows there are a number of struc-
tural motifs capable of iron chelation, some of which can be expected to also occur in
cyanobacteria (1, 6). The carboxylate moiety of B-hydroxy aspartate (3-OH-Asp) is one
such a case (1, 6). Several bacterial siderophores, e.g., serobactin, cupriachelin, and pac-
ifibactin, were found to employ B-OH-Asp for iron chelation (7-9). Their synthesis is
driven by nonribosomal peptide synthetases (NRPS) with specialized modules for selec-
tive incorporation of B-OH-Asp into the nascent chain (7-9). The modules consist of an
adenylation domain (A-domain) that activates aspartic acid (Asp), a dioxygenase that
hydroxylates the activated Asp on its 8 carbon, and a specific condensation domain
(C-domain) that does not effectively proceed to form a peptide bond prior to success-
ful hydroxylation of Asp to 8-OH-Asp (7, 10).

A common feature of B-OH-Asp siderophores is the presence of a prolonged hydro-
carbon chain on the N terminus (1). The hydrocarbon chain is thought to play a role in
adjusting diffusion rates via an enhanced association with biological membranes and
so limit siderophore loss, especially in the case of microbes living in aquatic environ-
ments (1, 11). A prominent mechanism of N-terminal acylation of cyanobacterial nonri-
bosomal peptides is the employment of fatty acyl-AMP ligase (FAAL) at the beginning
of synthesis (12).

The genetic signature for both the NRPS module for B-OH-Asp and the FAAL do-
main can be identified in nucleotide sequences, and the growing number of publicly
available cyanobacterial genomes provides suitable data for targeted genome mining.
Our recent mining of cyanobacterial gene clusters that possibly encode biosynthesis of
lipopeptides yielded, among others, a group of 10 similar clusters with features that
suggest the presence of B-OH-Asp in the product and offered a direction for further
research (13). In the present study, we performed a bioinformatic analysis of selected
silent gene clusters, induced the production of a new type of cyanobacterial sidero-
phores by iron deprivation, described the structure of a selected representative and,
finally, took a closer look at the distribution across the cyanobacterial phylum.

RESULTS

Identification of f-OH-Asp lipopeptide gene clusters. Three hybrid gene clusters
that combine elements of polyketide synthesis (PKS) and NRPS (PKS/NRPS) putatively
coding for B-OH-Asp-containing peptides were found (Fig. 1A, Table S1 to S3 in the
supplemental material). One cluster was located on the chromosome of Rivularia sp.
PCC 7116 (CP003549, 8.7 Mbp), the second was on a plasmid from Leptolyngbya sp.
NIES-3755 (AP017310.1, 97 kbp), and the third was on a whole-genome scaffold from
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FIG 1 (A) Gene clusters encoding hybrid PKS/NRPS biosynthesis of cyanochelin with proportions of genes colored according to
the type of biosynthetic step (FAAL, red; PKS, green; NRPS, blue; dioxygenase involved in B-OH-Asp formation, purple;
thioesterase/terminal reductase, orange; aldo-keto reductase, pink) and genes related to siderophore transport (depicted in
yellow). (B) Selected NRPS modules and related dioxygenases responsible for incorporation of two B-OH-Asp into cyanochelins. C,
condensation domain; A, adenylation domain; E, epimerase domain; Te, thioesterase domain; pink, thiolation domain; dark blue,
dioxygenase. Subscript specifies the type of C domain or specificity of A-domain.

Rubidibacter lacunae KORDI 51-2 (ASSJ01000034.1, 54 kbp). Organization of the biosyn-
thetic genes in one direction, with genes for tailoring enzymes scattered among the
PKS/NRPS genes, suggests that the chronology of biosynthetic steps will reflect the
cluster topology. All three gene clusters encode a fatty acyl-AMP ligase (FAAL) domain
(in Rivularia as a standalone, in the other two fused to subsequent PKS modules) fol-
lowed by several PKS genes (ccsB to D), suggesting the presence of a fatty acyl residue
elongated by several (modified) malony! units at the N terminus of the compounds.
Analysis of the specificity of the individual NRPS A-domains contained in ccsE to M
(Table S4) led to prediction of a peptide sequence composed of 6 to 7 amino acids.

The first NRPS module (CcsE) contains an A-domain with predicted specificity for
cysteine preceded by a heterocyclization domain, suggesting the formation of a thia-
zole heterocycle attached to a nascent N-terminal chain. The following two amino
acids activated by the downstream NRPS modules CcsFG vary among the gene clus-
ters: Gly-Gly (Rivularia), Phe-Gly (Leptolyngbya), and Gly-Ala (Rubidibacter). Most impor-
tantly, in all three candidate clusters, the presence of two Asp-specific NRPS modules
(cesl and cesl) with associated dioxygenases (ccsH and ccsK) suggests the incorporation
of two B-OH-Asp in the putative product (Fig. 1B). The B-OH-Asp-specific modules are
separated by NRPS modules (ccs)) with predicted specificities to Gly (Rivularia) or Ser
(Leptolyngbya and Rubidibacter). In Rubidibacter and Leptolyngbya, an additional NRPS
module activating Glu and Gly, respectively, is encoded at the 3’ end. While in
Rivularia the gene cluster is terminated by a canonical thioesterase domain, the last
module in Leptolyngbya and Rubidibacter instead contains a terminal reductase do-
main. An analogous organization of the terminal NRPS module was previously reported
to result in the formation of a primary alcohol at the C terminus (14). Intriguingly, an
enzyme of analogous function (aldo-keto reductase) is encoded within the Rivularia
gene cluster by the ccsN gene, immediately following the terminal NRPS module.

Several genes encoding siderophore transporters and accessory processing proteins
(colored yellow in Fig. 2, Tables S5 and S6) are localized in the immediate vicinity of the
candidate clusters in Rivularia and Leptolyngbya and, thus, strengthen the evidence that
the putative products of the investigated biosynthetic gene clusters (BGCs) are sidero-
phores. In Rubidibacter, the biosynthetic genes span over the whole 54-kb genomic frag-
ment and thus any further analysis of the surrounding genomic context is hindered.

In bacteria, iron-stress response is frequently controlled by a transcriptional repressor
called ferric uptake regulator (FurA), which is bound to a DNA regulatory sequence called a
furbox (3, 15). An in silico search yielded highly scoring putative furboxes located upstream
of the first biosynthesis-related gene in both Rivularia and Leptolyngbya (Tables S7 and S8).

September 2021 Volume 87 Issue 17 e03128-20

116

aem.asm.org 3


http://aem.asm.org

Applied and Environmental Microbiology

Galica et al.
A B
Rivularia sp. PCC 7116 781.36 Intens.
Intens. 8 x10 °
x10 3 Vv [M+H]* £ 2
N 0 O ™ o 0 o ~ 781.3622 3
~ o ™M wn < O (o] o
~ < < © L 0 o © 0 1
N AN & 1 & @ 3 ™
E O L a4 R6F &5 R . Ll 0
075 3 781.36 + FeCl Intens.
= x10 *
0.50 [M—3H-+Fe+HI" 4
7 834.2727 E3
025 3 P2
3 F1l
E R \ , . N | A]I.. wh
000 et Lo Lol L L ——— N A
200 400 600 800 m/z 760 800 880 m/z
Intens.
Intens. Leptolyngbya sp. NIES 3755 1026.51 <10 *
5 o L
x10 £ . MEHI" 15
Y 2853 {8854 S = 1026.5063 10
— on T N ©0 T O 0 v £ n
b < - <+ I & €« s ©
G280 558 C0sg 2 s 05
3j nOmnm o wn g N @ ~ O~ =2 8 “.
i T " ke 00
] 1026.51 + FeCl Intens
23 .
] [M—3H+Fe+H]* 3000
b 1079.4180 /
13 2000
1 JL 1000
] , ol . T . _—
200 400 600 800 1000 m/z 980 1020 1060 1100 1140 m/z
Intens. Rubidibacter lacunae > 1045.55 Intens.
10 5 KORDI 51-2 © x10 4
X \4 — [M+H]
© N 0 2 o v 2~ £ 8 1045.5468 E3
~ [32] o0 < o [22] < [*2] é wn
- [22] ~ T o o h wn wn _2
m o o & S © S 8 4
88288 9 dJed 9 9 5 F Fe
¢ 38 o R & 5 © 2
1.00 ! N b 0
075 1045.55 + FeCl Intens.
B [M—3H+Fe+H]" L 3000
0.50 o 1095.4618
= E 2000
0.25 = l l l l l “ l 1000
3 N N A R L . L T R
0.00 F e e bl il
200 400 600 800 1000 m/z 1000 1050 1150 m/z

FIG 2 HRMS experiments demonstrating key features of cyanochelins. (A) MS/MS fragmentation spectra of B-OH-Asp siderophores
detected at m/z 781.36, 1,026.51, and 1,045.55, demonstrating neutral loss characteristic for B-OH-Asp residues (see also Table S9 to
S11 in the supplemental material). (B) Mass spectra obtained after injection of cyanochelin A1 and B1 with (red) or without (blue)

supplemented Fe®*.

In both aforementioned cases, the promoter region of the biosynthetic genes is shared with
a cassette of genes coding for siderophore transporters in the opposite direction and an
additional furbox, likely regulating this cassette. In Rivularia, the furbox for transporter cas-
sette partly overlaps with the furbox for biosynthetic genes. Such findings further support
the hypothesis that the DNA region upstream of ccsA is likely to be a regulatory region re-
sponsive to iron stress via FurA that governs the expression of the clusters described above.

Detection of -OH-Asp lipopeptides. Upon iron deprivation, cultures of all the
three strains accumulated compound(s) that showed tandem mass spectrometry (MS/
MS) fragmentation patterns highly congruent with the bioinformatic prediction.
Fragmentation analysis of compound with m/z at 781.36 found in Rivularia confirmed
the partial amino acid sequence [Gly]-[Gly]-[ 3-OH-Asp]-[Gly] (Fig. 2, Fig. S1, Table S9).
For candidate compounds from Leptolyngbya (m/z 1,026.51) and Rubidibacter (m/z
1,045.51), the analysis provided the AA sequences [Phel-[Gly]-[ 3-OH-Asp]-[Ser]-[ 3-OH-
Asp] and [Gly]-[Ala]-[ B-OH-Asp]-[Ala]-[ B-OH-Asp], respectively (Fig. 2A, Fig. S2 and S3,
Table S10 and S11). Cleavage of a B-OH-Asp moiety likely involved in the Fe chelation
was represented by a distinctive neutral loss of 131.02 within the peptide sequence.
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Furthermore, all the compounds provided neutral loss corresponding to the presence
of an amino acid with a carboxylic functional group reduced to its primary alcohol:
Rivularia (135.05, Asp reduced to dihydroxy-amino-butyric acid [Dhabal); Leptolyngbya
(61.05, Gly reduced to ethanolamine); and Rubidibacter (132.09, GIn reduced to gluta-
minol). Additionally, all the detected compounds provided various a and b types of N-
terminal fragments, suggesting the linkage of the thiazole/oxazole heterocycle to an
aliphatic chain (Fig. S1 to S3 and Table S9 to S11). Rivularia and Leptolyngbya strains
produced additional compounds at m/z 753.33 and 998.48 with the same partial AA
sequence as 781.36 and 1,026.51, respectively, but with different N-terminal fragments
(Fig. S4A and B). Based on their m/z, it was possible to conclude that these variants
possess hydrocarbon chains shorter by two methylene groups (A ~28.0307 Da, C,H,)
(Fig. S4). Finally, the compound at m/z 1,046.54 (a variant of 1,045.55 from
Rubidibacter) was found to differ in the last AA containing hydroxy-amino-pentanoic
acid instead of glutaminol (Fig. S4C) as a result of the relaxed A-domain specificity,
which activates either Glu or GIn, which is subsequently reduced to a corresponding
alcohol.

Interestingly, all candidate compounds were found in their putative apo- and iron-
complexed (m/z greater by 52.9120 Da) form, with the latter eluting earlier during anal-
ysis (Fig. S5). To verify siderophore activity, minute amounts of investigated com-
pounds were isolated and analyzed by direct high-resolution mass spectrometry
(HRMS), either with or without roughly equimolar amounts of Fe3* ions (Fig. 2B). While
samples without Fe3* showed a compound in [M+H]* at the expected m/z along with
common adducts (Na*, K*), the samples with supplemented iron showed m/z greater
by 52.91 Da from the original m/z, i.e.,, 834.27 for 781.36, 1,079.42 for 1,026.51, and
1,098.46 for 1,045.55, corresponding to [M — 3H+Fe+H]*.

The candidate compounds share the key structural features, in particular the two
B-OH-Asp residues (alternatively B-OH-Asp/Dhaba) separated by a small amino acid
residue close to the C terminus, the hydrocarbon chain on the N terminus, and having
the C-terminal amino acid reduced to a primary alcohol. Furthermore, all the candidate
compounds are capable of binding iron; hence, we collectively refer to them as to cya-
nochelins and encourage the future use of the term for similar compounds.

Photoreduction of iron by identified compounds. A prominent feature of B-OH-
Asp siderophores is their ability to reduce ferric iron upon exposure to light, accompa-
nied by cleavage of the siderophore at its peptide backbone close to the B-OH-Asp resi-
due. Minute amounts of cyanochelins (m/z 781.36, 1,026.51, and 1,045.51) were isolated
by high-performance liquid chromatography (HPLC) and subsequently exposed to direct
sunlight in the presence of FeCl; (0.1 mM) and bathophenanthroline disulfonic acid
(0.1 mM), which develops colorful complexes with divalent iron. Light-exposed aliquots
clearly developed BPDS-Fe?* complexes, manifested as pink coloration of the solution
visible by eye and, therefore, confirmed the potential of the isolated compounds to
reduce ferric iron. Moreover, in contrast to light-protected samples the high-performance
liquid chromatography high-resolution tandem mass spectrometry (HPLC-HRMS/MS)
analysis of sunlight-exposed aliquots revealed the expected products of photolysis
accompanied by a decreased amount of the candidate compounds. Molecular ions at
m/z 475.29 and m/z 476.28 matched the expected weight for photolytic products from
m/z 781.36 cleaved between glycine (AA3) and B-OH-Asp (AA4). Furthermore, their MS/
MS product ions correspond to that of cyanochelin m/z 781.36 (Fig. S6). Similarly, com-
pounds with m/z 633.40 and m/z 634.39 originate from cyanochelin m/z 1,026.51 and m/
z598.39 from m/z 1,045.55 (Fig. S6).

For further experiments, we isolated 2.2 mg of cyanochelin m/z 781.36. An absorb-
ance spectrum of the isolated compound was measured in the presence of equimolar
amounts of Fe3* before and after exposure to direct sunlight. An absorbance peak at
318nm, corresponding to the Fe3*-a-hydroxycarboxylate charge transfer band
reported previously (9), was present before light exposure but was clearly diminished
afterward (Fig. S6B).
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FIG 3 Structure of cyanochelin A. The most relevant 2D NMR correlations are depicted.

Structural elucidation of cyanochelin A. Cyanochelin A, the major 8-OH-Asp side-
rophore product from the Rivularia strain, was isolated and its chemical structure was
elucidated using a combination of HRMS and NMR techniques. We recorded full sets of
1D and 2D NMR spectra ('H, '3C, COSY, HMBC, HSQC [Fig. S7 to S11, respectively],
TOCSY, NOESY, and ROESY) in CD,0D (p-methanol) and (CD,),SO (p-DMSO) deuterated
solvents to take advantage of the spread of overlapping signals in different solvents.
The analysis in b-DMSO also allowed us to trace the COSY connectivities involving NH
protons of the amino acidic chain. The most relevant COSY, HMBC, and NOESY correla-
tions and all 'H and "3C chemical shift assignments are summarized in Fig. 3, Table S12,
and Fig. S7 to S11. The "H-NMR spectrum of cyanochelin A was clearly suggestive of a
lipopeptide molecule with distinctive signals of a saturated hydrocarbon chain, i.e., the
presence of a methyl triplet typical for a methyl terminus at 6 0.85ppm (C;s) (Fig. 3,
Table S12), coupled in the COSY spectrum with a methylene at § 1.26 ppm (C,,) that is
part of a 10-methylene-long alkyl chain (6, 1.23 to 2.75 ppm, 6 22.1 to 34.5 ppm). The
11-carbon-long chain is directly linked to a phenol ring, as confirmed by the H,; — C,5
HMBC correlation shown in Fig. 3, which is in turn connected to C, 4 of the 2-oxazoline
moiety, likely resulting from the cyclization of a serine residue. The oxazoline substruc-
ture was confirmed by the COSY and HMBC correlations depicted in Fig. 3. The connec-
tion of the saturated hydrocarbon chain with a phenolate moiety and the 2-oxazoline
was further confirmed by formation of the HRMS/MS fragment at m/z 316.2275 (Fig. 2,
Fig. S1, Table S9). The peptide moiety was shown by resonances of five distinct amide-
NH signals (8.omso 842, 8.20, 7.97, 7.95, and 7.39), three a-proton signals (6 ,.pmso
4.14, 4.64, and 4.94), three methylene resonances attributable to three glycine residues
(8h-pmso 368, 3.77, and 3.74), and two oxygenated methines, C, and C,, resonating,
respectively, at 8,.puso 4-23 and 4.43. Finally, the presence of the 2,4-dihydroxy, 3-
amino butyric acid (Dhaba) in the structure was confirmed by the full set of COSY and
HMBC correlations (C,-C,) (Fig. 3, Table $12). The amino acid sequence was elucidated
in combination with observed MS/MS fragmentation. Cyanochelin A monoisotopic
[M+HI]* peak at m/z 781.3619 (calc. for C3sHs3NO,,*) provided fragment ions at m/z
646.31 (b5; loss of Dhaba) followed by a sequential loss of Gly (b4; m/z 589.28), 3-OH-
Asp (b3; m/z 458.26), and Gly (b2; m/z 401.24). Finally, the formation of the a2 and a1
ions at m/z 373.25 and 316.23 can be attributed to fragmentations involving the C,;-
C,, and C,5-C,¢ bonds, respectively (Fig. S1, Table S9).

Cyanochelin A production dynamics. To further support the hypothesis that the
detected B-OH-Asp lipopeptides are the final products of the candidate gene clusters
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FIG 4 Cyanochelin A production in response to iron starvation. (A) Cultivation of Rivularia in iron-
depleted (—Fe) and control (+Fe) media showed accumulation of cyanochelin A in the biomass (BM)
and in the spent medium (ME). (B) Expression of ccsA, the first gene of the cyanochelin gene cluster,
normalized to rnpB during batch cultivation with or without provided iron. (C) Cyanochelin A (m/z
781.36) and its variant with a two-carbon-shorter acyl chain (m/z 753.33) were found in the biomass
and the spent medium in different ratios.

expressed under iron deprivation, we monitored relative mRNA levels of the starter
module gene ccsA in Rivularia (normalized to rnpB) along with accumulation of the cya-
nochelin A and its putative analogue compound m/z 753.33 (Fig. 4). We observed a 2-
fold increase in the expression of ccsA at 7 days after transferring the Rivularia culture
to iron-deprived medium (Fig. 4B). In contrast, culture inoculated into fresh Fe-full me-
dium exhibited a gradual downregulation of ccsA (Fig. 4B) and finally accounted for a
>1,000-fold difference in ccsA expression between treated and control cultures after 7
days of the experiment. Along with the changes in expression, we also detected the
accumulation of cyanochelin A and its variant compound with m/z 753.33 in the
starved culture. The maximal observed concentration of cyanochelin A at the end of
the experiment reached 35 g per mg of biomass and 25 ng per ml of culture medium.
Interestingly, the relative amount of 753.33 to cyanochelin A, evaluated as ion peak
areas in HRMS analysis at the end of the experiment, differed between biomass and
culture medium. In the culture medium, amounts of both compounds were approxi-
mately equal, whereas the amount of 753.33 was proportionally 10 times lower in the
biomass.

Phylum-wide distribution of cyanochelin-like gene clusters in cyanobacteria.
The cyanochelins reported here were found in strains from three divergent lineages
and, hence, indicated a possible widespread distribution in cyanobacteria. Therefore,
we investigated publicly available cyanobacterial genomes for the presence of PKS/
NRPS gene clusters that would include FAAL and two or more Asp/Asn-specific A-
domains with associated B-OH-Asp-specific C-domain in such an arrangement that
would be compatible with the putative biosynthesis of cyanochelins. An additional 27
clusters from 29 strains (Table S13) matched the criteria and further interpretation of
the clusters split the batch into two groups (Table S14). The first contained the eight
clusters with the two B-OH-Asp residues positioned on the N terminus of the expected
products, close to the FA, similar to as is found in cupriachelin (7). The clusters in the
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second group (19 cases) were expected to encode biosynthesis of lipopeptides with
B-OH-Asp residues on the C terminus, as in the isolated cyanochelin A. In 17 cases of
the latter group, the B-OH-Asp-specific module is the last PKS/NRPS module; more-
over, in 14 cases it is fused to a thioesterase domain, further supporting its C-terminal
position. In a majority of the expected products, the B-OH-Asp are separated by Gly
(18 cases), analogous to cyanochelin A. Other AA predicted to be found between the
two B-OH-Asp are Ser (2), Thr (2), Orn (2), and Asn (1); in the remaining 2 cases, the
prediction software could not resolve the specificity of the A-domain. The genetic sur-
roundings of the clusters were investigated for the presence of genes encoding trans-
port-related proteins in a similar manner as was done for Rivularia and Leptolyngbya. In
particular, we looked for TonB-dependent siderophore receptors, as they are known to
play a key role in siderophore retrieval in bacteria. TonB-dependent transporter genes
were found in the vicinity of 25 out of 27 clusters, mostly (17/25) in close proximity
(~1,000 bp) upstream of the starting FAAL-encoding gene (Table S15).

Phylogenomic analysis of the available cyanobacterial genomes (Fig. 5) has shown
that the three confirmed cyanochelin-producing strains fall into three divergent phylo-
genetic clades: a deep-branching lineage of simple filamentous cyanobacteria of the
genus Leptolyngbya, the derived lineage of halotolerant coccoid cyanobacteria
(Rubidibacter), and the most derived group of heterocytous cyanobacteria (Rivularia).
The remaining 29 strains containing cyanochelin-like biosynthetic gene clusters were
widely distributed throughout the phylum, encompassing both basal and derived
clades, with slightly higher abundance in the heterocytous clade.

DISCUSSION

Cyanobacteria depend on considerable amounts of iron as an essential cofactor for
basic metabolic processes such as photosynthesis, respiration, or nitrogen fixation (2,
3). Therefore, it is surprising that only three types of cyanobacterial siderophores (with
limited structural variability) have been documented in the literature. In particular,
schizokinen and synechobactin both employ hydroxyamate, while anachelin uses cate-
cholate residues for iron chelation (2). The recent accumulation of sequenced cyano-
bacterial genomes and silent gene clusters detected therein offers a great waypoint for
the identification of novel siderophores, if iron-depleted medium is employed for the
cultivation. In the present study, we report novel cyanobacterial lipopeptides that
employ B-OH-Asp for chelation of iron and, hence, broaden the repertoire of chelating
residues and siderophores known from cyanobacteria. The most striking finding was
the actual distribution of cyanochelins. The compounds investigated in this study
come from vastly separated phylogenetic clades across three cyanobacterial orders.
The growth mode among the producing strains varies from simple trichal soil-inhabit-
ing cyanobacteria (Leptolyngbya) through unicellular in marine sediment (Rubidibacter)
to heterocytous filament-forming macroscopic colonies on rocks in the oceanic splash
zone (Rivularia). An additional 27 gene clusters putatively encoding biosynthesis of
cyanochelins or related double B-OH-Asp-containing lipopeptides were found across
the major cyanobacterial lineages, spanning from basal clades to the most derived
ones (Fig. 5). The observed pattern suggests the wide phylogenetic and ecological dis-
tribution of B-OH-Asp-containing siderophores, including cyanochelins. Since the spe-
cific cyanochelin genes do not show a close homology between the three confirmed
producer strains (Table S16), the production of cyanochelins does not seem to be a
result of recent horizontal gene transfer. The question of whether the characteristic
structure of cyanochelins is maintained as an ancestral metabolic capacity in cyanobac-
teria or, rather, serially introduced by functional convergence remains to be addressed
when more records of cyanochelin producers are available. Previous studies suggested
that strong selective pressure is important in siderophore evolution, as illustrated by
the divergent biosynthetic origin of hydroxamate siderophores that can be assembled
both by NRPS and NRPS-independent biosynthetic machineries (16).

The two B-OH-Asp separated by a single amino acid residue are expected to
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FIG 5 Phylogenetic distribution of cyanochelin biosynthetic gene clusters. The cyanochelin producers in this study
(highlighted in red) are found in three highly divergent lineages of cyanobacteria, whereas candidate cyanochelin biosynthetic
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participate in iron chelation by alterobactin and have been experimentally proven to
provide four coordination bonds for Fe chelation in the bacterial siderophore pacifi-
bactin (9, 17). The participation of B-OH-Asp in iron chelation is manifested in the
absorption spectra as a charge transfer band around 300 nm and also as an ability to
reduce ferric iron accompanied by lysis of the siderophore upon exposure to light (9).
The cyanochelins share these key structural features and properties with the above-
mentioned siderophores, which implies that they also employ a double B-OH-Asp
motif to provide four out of the six electron pairs required for chelation. As for the
remaining two electron pairs, it was not possible to unambiguously determine the
donors from the collected data. In the case of cyanochelin A, it is most probable that
the phenolate moiety and nitrogen atom form the oxazole ring as reported for myco-
bactin (1, 18).

The incorporation of 8-OH-Asp into cyanochelins is likely implemented in the same
manner as in the biosynthesis of cupriachelin and pacifibactin (7, 9) and requires the same
enzymatic elements, i.e., dioxygenase participating in conversion of Asp to 8-OH-Asp and
a C domain with selective affinity for B-OH-Asp. Cupriachelin and pacifibactin have the
dioxygenase encoded either as part of a long PKS or NRPS gene or as a standalone gene in
a cassette of accessory genes apart from the main body of NRPS genes (7, 9). In the afore-
mentioned cyanochelin gene clusters, the whole machinery that converts Asp to 3-OH-
Asp and incorporates it into the peptide is integrated among NRPS genes, either fused or
standalone, but the order of the genes is fully colinear with the biosynthesis. Such topol-
ogy is observed in all the other putative cyanochelin gene clusters. Therefore, the observed
topology facilitates the identification of further B-OH-Asp-containing NRPS peptides, at
least in cyanobacteria, and may improve bioinformatic NRPS prediction tools that still lack
accuracy when it comes to modified amino acids.

To limit diffusibility, siderophores from aquatic environments frequently feature a
fatty acyl residue linked by a peptide bond (6). In cyanochelin A, the peptide bond is
subsequently included into the oxazole ring during the heterocyclization of the first
amino acid (serine), further strengthening the binding of the hydrophobic moiety to
the peptide core. In an analogous manner, cysteine forms a thiazole ring in cyanoche-
lins from Rubidibacter and Leptolyngbya. Interestingly, siderophores are often found in
multiple variant forms differing only in the size of the hydrophobic moiety and result-
ing polarity. The N-terminal hydrophobic residue of cyanobacterial siderophores con-
sists of 8 to 14 carbons (synechobactin) (2), whereas in the majority of other bacterial
siderophores it consists of 12 to 18 carbons (e.g., marinobactin or amphibactin) (19).
Cyanochelins produced by Rivularia possess a linear hydrophobic moiety containing 9
to 11 carbons, and in Rubidibacter and Leptolyngbya this is expected to account for C22
and C18-C20 alkyl chains, respectively. The variability of hydrophobic chains is likely
achieved by the extended specificity of FAAL, which recognizes several FAs and intro-
duces them into the biosynthetic assembly line, as reported previously from other cya-
nobacterial lipopeptides (12). Notably, in Rivularia, the ratio between cyanochelin var-
iants possessing different hydrophobic moieties varies between biomass and the
culture medium, suggesting they may also exhibit distinct or complementary functions
during the iron acquisition. Keeping the siderophore close to the producer prevents
losses of the metabolite and may be especially important considering its photolability.
Ferrous iron released during photolytic cleavage of the siderophore is likely to be con-
sumed by other organisms unless the reaction happens in close proximity to the pro-
ducer. On the other hand, siderophores diffusing further away may present a service to
the whole community (20).

FIG 5 Legend (Continued)
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gene clusters (highlighted in blue) are distributed throughout the cyanobacterial tree of life. The phylogenetic tree was
inferred using approximately maximume-likelihood in FastTree2 based on a concatenated alignment of 120 universally
conserved bacterial proteins employing the Genome Taxonomy Database toolkit de novo workflow. The phylogeny includes
607 publicly available and quality-checked cyanobacterial genome assemblies. The tree is rooted by Vamprivibrio chlorellavorus
from a lineage sister to photosynthetic cyanobacteria; bootstrap supports are shown at nodes (100% support is marked with

asterisks).
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The discovery of cyanochelins substantially broadens the collection of cyanobacte-
rial siderophores and provides valuable waypoints for understanding of the orphan
gene clusters in this specific phylum. We show that genetic elements encoding synthe-
sis of acylated peptides with two B-OH-Asp functioning as siderophores are wide-
spread in cyanobacteria. In detail, however, the presence of photolabile siderophores
in cyanobacteria as phototrophic organisms is a bit surprising and raises intriguing
questions about the possible recipients of the benefits implied by the siderophore
presence in the environment. The nonchelating residues can provide specific recogni-
tion patterns to ensure exclusive uptake of the Fe-siderophore by the producer. In con-
trast, the ferrous iron generated by photolytic cleavage of the compound is much
harder to monopolize in complex microbial communities. Identifying the recipient of
ferrous iron fluxes generated by the photolysis of cyanobacterial photoreactive sidero-
phores will require innovative approaches to cyanobacterial cultivation methods, most
likely along with other members of their natural microbial communities.

MATERIALS AND METHODS

Bioinformatic analysis and genome mining. Gene clusters from Rivularia, Leptolyngbya, and
Rubidibacter (CP003549, AP017310, and ASSJ01000034.1, respectively) (for nucleotide positions see
Table S1 to S3) were selected from the previous study (13) and interpreted by identification of the clos-
est known functional homologue in the MIBIG repository 2.0 (21) in combination with antiSMASH 5.0.0
(22) and functional analysis of individual domains of multidomain proteins by CDD (23). Promoter
regions responsive to FUR (ferric uptake regulator) were identified by sequence comparison to a weight
matrix (15).

FAAL domains from proteins AFY58527, BAU16016, and ERN42091, found to be encoded at the be-
ginning of the candidate gene clusters, were aligned by MAFFT (24) v. 7.308 (as provided via Geneious
10.0.9 MAFFT plugin 1.3.6) and used as a template for PSSM creation and subsequent PSI-BLAST (25), a
search taxonomically limited to cyanobacteria. The search from 27 August 2019 with bitscore cutoff set
to 250 yielded 943 hits. Regions spanning 40 kbp upstream and 80 kbp downstream from the start of
the hit-encoding gene were obtained and inspected for the presence of two B-OH-Asp-specific NRPS
modules. A module was evaluated as B-OH-Asp specific if it included an A-domain specific for Asp/Asn
and a C-domain aligning to PSSM of B-OH-Asp-specific C-domains constructed from Rivularia,
Leptolyngbya, and Rubidibacter with a bitscore of >300. Clusters encoding two such modules separated
by a single NRPS module, along with a FAAL domain, from the first PSI-BLAST search were considered
cyanochelin-like clusters. Cluster surroundings were inspected for the presence of siderophore trans-
port-related genes by antiSMASH and by identification of the closest known functional homologue.

Phylogenomic analysis. To assess the phylogenetic distribution of cyanobacterial strains containing
cyanochelin-like gene clusters, a phylogenomic tree was constructed utilizing the de novo workflow
available in the Genome Taxonomy Database toolkit (26, 27). The GTDB-Tk v0.3.2 release from July 2019,
offering 600 quality-checked cyanobacterial genomes, was used to produce an approximately maxi-
mum-likelihood tree (FastTree2-v2.1.9) (28) based on 120 concatenated conserved bacterial markers,
and rooted by the closely related outgroup Vampirovibrio chlorellavorus.

Strains and cultivation. Rivularia sp. strain PCC 7116 and Leptolyngbya sp. strain NIES-3755 were
obtained from respective culture collections. Rubidibacter lacunae strain KORDI 51-2 was kindly provided
by Dong Han Choi (Korea Institute of Ocean Science and Technology, Republic of Korea). Strains were
grown in BG-11 medium, with Rivularia and Rubidibacter requiring an addition of Turks Islands Salts (TIS)
solution (NaCl 112 g/liter, KCI 2.68 g/liter, MgSO,-7 H,0 27.7 g, CaCl,-2 H,0 5.8 g/liter) at a ratio of 3:1.
All strains were grown under ambient temperature (21 *+ 2°C) and continuous dispersed light.

Isolation of cyanochelins. Freeze-dried iron-starved biomass of Rivularia sp. PCC 7116 was
extracted using 60% acetonitrile (ACN) three times in final biomass-to-solvent ratio of 10 g/liter. The
crude extract was subjected to liquid-liquid partitioning using an equal volume of ethyl acetate in a sep-
aratory funnel. The retained water phase containing the compound was acidified using formic acid to
pH 3.5 and subjected to a second liquid-liquid partitioning step using four volumes of ethyl acetate/
ACN (in ratio 3:5). The drop in pH caused the compound to prefer the organic phase, which was subse-
quently dried, dissolved in dimethyl sulfoxide (DMSO), and subjected to preparative reverse phase HPLC
on a phenyl column (uBondapak Phenyl, 10 um, 125 A, 7.8 x 300 mm). Water (A) and ACN (B), both
acidified using formic acid to pH 2, were used as solvents in the following gradient: 0 min 15% B, 1 min
15% B, 8 min 37% B, 31 min 54% B, 35 min 100% B, 40min 100% B at flow rate 2.5 ml/min. The diode
array detector (DAD) was set to 254 nm and used for detection of the target compounds. Cyanochelin A
eluted at 30min and its variant 753.33 eluted at 25 min. The isolation procedure yielded 2.2 mg of cya-
nochelin A from Rivularia sp. PCC 7116; the variant 753.33 was not collected in a sufficient amount that
it could be weighed. Analogously, cyanochelins from Leptolyngbya and Rubidibacter were isolated for
iron chelation experiments using the identical semipreparative column, flow rate, and detection settings
as described above. For Leptolyngbya, the following gradient was applied. (A) water/(B) ACN (both acidi-
fied using 0.1% formic acid): 0 min 15% B, 8 min 48% B, 21 min 56% B, 26 min 100% B, 31 min 100%, and
35 min 15%. The compound of interest (m/z 1,026.51) eluted at 24.2 min. For Rubidibacter, the following
gradient was used. (A) 25% ACN/(B) 96% ACN (both acidified using trifluoracetic acid): 0 min 0% B, 1 min
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0% B, 6 min 30% B, 46 min 100% B, 51 min 100% B, 52 min 0%. The compound of interest (m/z 1,045.55)
eluted at 24.5 min. The compounds from Leptolyngbya and Rubidibacter were collected in insufficient
amounts to be weighed. The purity of the collected fractions was confirmed by HPLC-HRMS/MS analysis
by the method described below.

Structural characterization of cyanochelin A. NMR experiments were performed at 25°C on a Bruker
AvanceNeo 700 MHz spectrometer (Billerica, MA, US) equipped with a triple resonance CHN cryoprobe, using
CD,0D or o-DMSO (Sigma-Aldrich, Milan, Italy) as solvents and the 1D and 2D standard pulse sequences pro-
vided by the manufacturer. "H chemical shifts were referenced to the residual solvents’ protons resonating at
331 (CHD,OD) or 2.50 (CHD,SOCD,) ppm. *C-NMR chemical shifts were referenced to the solvents’ methyl
carbons resonating at 49.01 (CD,0D) or 39.51 ppm (o-DMSO). Abbreviations for signal couplings are as fol-
lows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, b = broad.

Iron depletion experiment. Rivularia biomass homogenized by pipetting was distributed equally
into three flasks of each standard or iron-deprived medium supplemented with 10 uM desferroxiamine
B. Expression of the candidate gene cluster along with content of cyanochelins in the medium and bio-
mass was monitored at six time points of 0, 2, 4, 7, 9, and 11 days. Solid phase extractions (SPE) of super-
natants were performed on a Supelco Discovery DSC-18 cartridge (500 mg, 3 ml). The spent media sam-
ples (5 ml) were loaded on preconditioned SPE cartridges (two volumes of methanol and one volume of
water) and eluted to 1 ml of 100% methanol. Samples of biomass were spun at 1,600 x g for 5 min to
remove residual supernatant and either supplied with 1 ml of PGTX and frozen at —80°C for RNA extrac-
tion, or frozen, freeze-dried, weighted, and extracted using 60% ACN in a biomass-to-solvent ratio of
4mg/ml for HPLC-HRMS/MS analysis (see below). RNA was isolated using Direct-zol RNAMiniprep (Zymo
Research) and genomic DNA was degraded with the TURBO DNA-free kit (Life Technologies) according
to the manufacturer’s protocol. cDNA was generated from 500 ng of total RNA using Transcriptor reverse
transcriptase (Roche). A specific primer pair was designed to amplify ccsA (q_AFY58527-R) (CCAAGCTA
TAGTCGCTTCTAA) and -F (ATACGGTTTGGATTCAGTGAT), while a primer pair for mpB-F (CTGCTGGTGC
GCTCTTACC) and rnpB-R (GTGAGGATAGTGCCACAGAA)) was used to amplify a housekeeping reference
gene (rnpB). Reverse transcriptase quantitative PCR (RT-qPCR) was performed using LightCycler 96
(Roche) and FastStart Essential DNA Green Master (Roche). A 20-ul reaction contained 10 ul FastStart
Essential DNA Green Master (Roche), 500 nM primers, and 1ul of cDNA. qPCR cycling parameters
included preincubation at 1 min for 95°C, 40 times 95°C for 10 s, 60°C for 10 s, and 72°C for 20 s, melting
at 95°C for 10 s, 65°C for 60's, 97°C for 1 s, with a final cooling step to 37°C. The relative gene expression
of ccsA was normalized to mpB and expressed as an average of three replicates.

HPLC-HRMS/MS. The biomass samples in batch cultures, as well as those of media and biomass
obtained from iron-deprivation experiments, were analyzed using the HPLC system (Dionex Ultimate
3000) connected to HRMS with electrospray ionization (Bruker Impact HD II). The separation was per-
formed on the reverse-phase phenyl column (wBondapak Phenyl, 10 um, 125 A, 7.8 x 300 mm) using an
ACN/water gradient (A/B) of 0 min 15/85%, 1 min 15/85%, 25 min 100/0%, 30 min 100/0%, and 33 min
15/85% at a flow rate of 0.6 ml/min. To ensure that the vast majority of the compounds were present in
the nonchelated form, the pH of the mobile phase was kept below 3.0 by the addition of trifluoroacetic
acid into the mobile phases (0.1% of TFA in water and 0.002% of TFA in ACN). The following settings for
the mass spectrometer were used: dry temperature 200°C; drying gas flow 12 liters/min; nebulizer 3 bar;
capillary voltage 4500 V; endplate offset 500 V. The spectra were collected in the range of 100 to 1,500
m/z with a spectral rate of 0.5 Hz. Collision-induced dissociation (CID) was set as a ramp from 20 to 80 eV
on masses of 200 to 1,500, respectively, using the automated precursor ion selection. Calibration of the
instrument was performed using CH,COONa clusters at the beginning of each analysis. For analysis
where elemental composition analysis was required, lock mass (m/z 622) was added to the ion source.
The individual spectra were analyzed using Bruker Data Analysis software (version 5.2) to obtain elemen-
tal formulas. Manual direct injections were applied to obtain high-quality fragmentation spectra, as well
as to test the cyanochelin capability to bind iron. Cyanochelin A (25 wg/ml) in 50% MeOH/water (vol/vol)
with 0.5% formic acid and lockmass (0.2 ug/ml) was injected to the ionization source using an auto-
mated syringe at a flow rate of 1,200 ul/h. To test whether it would bind Fe3*, the solution was supplied
with approximately 1.5 to 2 molar equivalents of FeCl,. The following settings of the mass spectrometer
were used: dry temperature 200°C; drying gas flow 3 liters/min; nebulizer 0.5 bar; capillary voltage 4500
V; endplate offset 500 V. The compound of interest was isolated in quadrupole using an isolation widow
of 10 Da and fragmented at different fragmentation energies (20 to 80eV). Analogously, cyanochelins
from Leptolyngbya and Rubidibacter were analyzed with the compound concentration roughly estimated
based on the comparison to the HRMS signal of the cyanochelin A.
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Abstract: An enormous pool of bioactive cyanobacterial peptides
are encoded in modular biosynthetic gene clusters (BGCs). Here we
report the identification of BGC for cytotoxic and antifungal
lipopeptide muscotoxin along with a nostopeptolide BGC in
Desmonostoc muscorum CCALA 125 genome. Muscotoxin BGC
consists of three NRPS/PKS genes (mcxA-C) homologous to
nostophycin BGC but surprisingly lacking a loading adenylation
domain. Detected products of both encoded BGCs, nostopeptolide
1111 and muscotoxin B, contain the rare amino-acid 4-MePro in
their structures. Feeding by isotopically substituted Leu
demonstrated that 4-MePro is provided to McxB—-C as a product of
nostopeptolide biosynthetic enzymes (NosE-F) responsible for
transforming Leu into 4-MePro. Despite being an intermediate of the
nostopetolide pathway, 4-MePro was incorporated into muscotoxin B
at a comparative rate. After pseudoaeruginosin-spumigin, the
biosynthetic coupling of muscotoxins and nostopeptolide is another
example of 4-MePro-mediated metabolic crosstalk, suggesting a
more widespread adaptive mechanism to extend the repertoire of
bioactive compounds.

Introduction

Cyanobacterial lipopeptides have recently been in the scope of
experimental studies due to their substantial bioactive
propertiesl'®l.  Genome mining has proven the deduced

lipopeptide biosynthetic gene clusters to be widely distributed in
the cyanobacterial tree of lifel®7], offering a new source of
antibiotics leads but also potential toxins. Detailed analyses of
the biosynthetic gene clusters and partial reconstruction of the
biosynthetic steps have been provided for puwainaphycins/
minutissamides, hassallidins, and anabaenolysins-'%, In
general, the peptidic cores of these molecules are assembled
via non-ribosomal peptide synthetases (NRPS) following the
collinearity rulel'), and modified by accompanying tailoring
enzymes. However the first step of the biosynthesis usually
involves activation of a fatty acid (FA) and its subsequent
loading onto the biosynthetic assembly linel'%. In cyanobacteria,
the activation of FA can be performed by fatty acyl-AMP ligases
(FAALs) as documented in puwainaphycins/minutissamides!'® or
fatty acyl-CoA ligases (FACLs) as predicted in hassallidinst’],
similar to other lipopeptide-producing groups of bacterial'?'%l,
Interestingly, no FA-activating enzyme was found within the
anabaenolysin biosynthetic gene cluster®. In cyclic lipopeptides
containing the B-amino FA residue, the cyclization step involves
formation of a peptide bond between the carboxyl of the last
incorporated amino acid and the B-amino group of the FA
residue, catalyzed by a terminal NRPS thioesterase domaint®l.
The pre-requisite for this condensation reaction is previous
elongation and amination of the FA intermediate by a specific
polyketide  synthase  (PKS) module containing an
aminotransferase domain(®l.
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A particular group of cyanobacterial lipopeptides, investigated in
this study, comprises cyclic B-amino undeca-lipopeptides
muscotoxinsl®l. Muscotoxins exhibit a notable cytotoxic and
antifungal bioactivity based on reduction of the membrane
fluidity and subsequent membrane permeabilization of the target
cellsl®14. While the biosynthetic gene cluster for muscotoxins is
unknown, the general structural similarity of muscotoxins to
cyclic B-amino FA lipopeptides puwainaphycins and
minutissamides suggests that a similar biosynthetic mechanism
may be involved. Intriguingly, all three previously reported
variants of muscotoxin (A-C) contain an unsubstituted FA side
chain of constant length and are distinguished by substitution of
amino acids at position 4 (L-Pro/4-MePro) and 6 (D-allo-
lle/Val)[14]. In contrast, cyanobacterial strains producing
puwainaphycins/minutissamides accummulate a broad variety of
chemical analogues spanning over a range of FA chain lengths
and substitutions by hydroxy-, oxo-, chloro-, and acetyl
moieties'%. A recently proposed explanation of the large
variability observed in puwainaphycin/minutissamide products
emphasized the role of two promiscuous FAAL starter units('%,
Based on these findings one could hypothesize that the
biosynthetic assembly line of muscotoxin involves a different FA-
activating mechanism exhibiting a strict substrate specificity.
Another intriguing trait of one of the muscotoxin variants
(muscotoxin B) is the presence of 4-MePro4. This rare non-
proteinogenic amino acid serves as a structural signature for
several classes of bioactive cyanobacterial metabolites such as
nostopeptolides, nostoweipeptins, spumigins, and
pseudoaeruginosins!'®'8l, The biosynthesis of L-4-MePro from L-
lle requires two subsequent enzymatic reactions catalyzed by
NoskE (alcohol dehydrogenase) and NosF (3-methyl-A1-
pyrroline-5-carboxylic  acid reductase) as  evidenced
experimentally in nostopeptolides!'”l. Interestingly, 4-MePro-
containing protease inhibitors pseudoaeruginosins seem to be
produced as a result of biosynthetic coupling of the aeruginosin
pathway with spumigin pathway through nosE-F homologs
spuD-E"®l. Part of the 4-MePro synthesized within the spumigin
pathway is supplied as an alternative substrate to the
adenylation domain of the aeruginosin NRPS protein AerG,
otherwise specifically activating Pro.

Here we focus on identification and bioinformatic interpretation
of the biosynthetic gene cluster of muscotoxins in the originally
reported strain Desmonostoc muscorum CCALA 125. We show
its similarity to a previously reported nostophycin pathway!'8]
except for an unexpected absence of the starter adenylation
domain. We further experimentally demonstrate a biosynthetic
crosstalk of the muscotoxin pathway with nostopeptolide
pathway encoded in the same genome, resulting in the
formation of two muscotoxin variants containing 4-MePro.

Results and Discussion

Main structural traits of muscotoxins

In our previous studies we have elucidated the structure of three
muscotoxin variants — muscotoxins A, B, and CI®'¥ produced by
the strain D. muscorum CCALA 125. These lipopeptides involve
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a cycle composed of ten amino acid residues enclosed by the
2,5-dihydroxy-3-amino-dodecanoic acid (5-OH Ahdoa). The
resulting general sequence 5 OH-Ahdoa'-GIn?>-Gly3-X;*-Phe’-
X28-Ser’-Dhb8-Ser-lle°-Pro'! is variable at positions 4 and 6.
The major variant muscotoxin A possesses a Pro residue at
position 4 and lle at position 6. Muscotoxin B share the same
sequence, however, the Pro residue at position 4 is replaced by
4-MeProl®l. The minor variant, muscotoxin C contains Pro at
position 4 but possesses a Val instead of lle residue at position
6U'4. After detailed HPLC-HRMS/MS analysis of the D.
muscorum CCALA 125 extracts in the current study we have
detected an additional minor muscotoxin variant, an isobaric
compound to muscotoxin B (m/z 1225), with a switched position
of the 4-Me-Pro residue, possessing Pro at position 4 and 4-Me-
Pro at position 11 (Tables S1, S2). As these, together with the
previously reported, were the only muscotoxin variants detected
in the D. muscorum CCALA 125 extracts, the modified fatty acyl
moiety of 5-OH Ahdoa was consistently present in all the
detected structures.

The occurrence of 4-MePro in muscotoxins represents a unique
feature ~among cyanobacterial B-amino FA lipopeptides.
Furthermore the uniformity of the FA side chain is a structural
trait strikingly different from puwainaphycin/minutissamide
lipopeptides, which show extensive variability in this part of the
moleculel'9?5]. . Therefore our next goal was to identify the
biosynthetic gene cluster for muscotoxin and to compare the
encoded enzymes to the known ones involved in lipopeptide and
4-MePro biosynthesis.

Muscotoxin biosynthetic gene cluster

The whole genome assembly of D. muscorum CCALA 125
(NCBI accession JACERF000000000) resulted in 151 genomic
scaffolds of a 8.98 Mbp total length (41.7% GC content, 99.3%
estimated completeness). A putative muscotoxin biosynthetic
gene cluster (Figure 1, NCBI accession MT783953) was
identified in the middle of a genomic scaffold obtained by
combining the lllumina and Sanger sequencing data. The gene
cluster consisted of four predicted genes and spanned
approximately 53 kbp (Table 1). The core biosynthetic
machinery was encoded in first three of them, mcxA — a PKS
gene, mexB — a hybrid PKS/NRPS gene, and mexC — a NRPS
gene, followed by a predicted ABC-transporter gene (orf4).
McxA-B and the terminal part of mexC exhibited sequence
homology (Table 1) to an already known biosynthetic gene
cluster of the cyanobacterial B-amino cyclic heptapeptide
nostophycin!'® (Figure 1). Annotation of the PKS/NRPS modules
further confirmed functional homology and synteny of the
encoded enzymatic domains between muscotoxin and
nostophycin, which results in the structural homology of
muscotoxin A and nostophycin that share D-GIn?, L-Gly®, L-Pro*,
L-PheS, D-allo-lle®, and the terminal proline residue (L-Pro'' in
muscotoxin). The amino acid residues at positions 7-10 are
unique for muscotoxin and are presumably incorporated by a
sequence of four additional NRPS modules present in mcxC
(Figure 1, Table 2).

In the nostophycin gene cluster, the biosynthetic loading module
of NpnA starts with an adenylation domain!'®. At the beginning
of McxA we detected only an approximately 70 aa long A-
domain rudiment (a C-terminal subdomain fragment) based on
CDD search. While it is highly probable that both pathways have
shared a common ancestor with a functional starter A-domain,
the short fragment in McxA is very likely no longer active. The
subsequent ketoreductase domain (Figure 1) could theoretically
secure recognition of a correct substrate?®! however the
mechanism of FA activation and loading is obscure.
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Figure 1. Biosynthetic gene clusters of muscotoxin and nostopeptolide in Desmonostoc muscorum CCALA 125. A) Size and organization of the muscotoxin gene
cluster in comparison to the homologous nostophycin gene cluster from Nostoc sp. 152. B) Proposed biosynthetic scheme of muscotoxins, and their biosynthetic
crosstalk with the nostopeptolide gene cluster through the 4-MePro intermediate. C) Size and organization of the nostopeptolide gene cluster in D. muscorum
CCALA 125. The biosynthesis of 4-MePro is presented as described previously®”. A — adenylation domain; ACP — acyl-carrier protein; AmT — aminotransferase;
AT - acyltransferase; C — condensation domain; DH — dehydratase; E — epimerase; KR — ketoreductase; KS — ketosynthase; MonoOx — monooxygenase; T —

thiolation domain; TE — thioesterase.

Table 1. Summary of deduced proteins in the muscotoxin biosynthetic pathway and their closest homologues (top BLAST hits with known function — Feb 2020).

Muscotoxin Pathway

Closest Homologue

Protein  Size [aa] Proposed Function ~ Accession Organism Identity [%] Function

MusA 2579 PKS AEU11005.1  Nostoc sp. 152 66 PKS - NpnA (nostophycin)

MusB 8275 hybrid PKS/NRPS AEU11006.1  Nostoc sp. 152 82 hybrid PKS/NRPS - NpnB (nostophycin)
MusC 6106 NRPS AEU11003.1  Nostoc sp. 152 64 NRPS - NpnC (nostophycin)

ORF4 676 ABC transporter AVK43371.1  Nostocsp. HIID-D1B 78 ABC transporter - AptE (anabaenopeptin)

The situation is analogous to that previously described for
anabaenolysin producers, in which the abl gene clusters did not
contain FA-activating enzymes although a FAAL gene was
identified at distant genome locations!®. Also in the genome of D.
muscorum CCALA 125 a FAAL gene associated with an
unknown NRPS gene cluster is located on a different genomic
scaffold. Utilization of activated FAs provided in trans have been
previously described in surfactin biosyntesis in Bacillus subtilis,
in this case supplied by FACLs from primary metabolism[®l,

Further steps catalyzed by the McxA PKS are non-canonical and
require future experimental work. In our biosynthesis prediction
scheme (Figure 1), we speculate that hexanoic acid could serve
as the initial biosynthetic substrate. We hypothesize that its

3

carbonyl group is reduced to a hydroxyl group by the first
ketoreductase domain prior to elongation by the subsequent
ketoacyl synthase module. The PKS module of McxA contains
an acyltrasferase, a dehydratase, a ketoreductase, and an acyl-
carrier domain. Inbetween the dehydratase and ketoreductase
domains, there is a 366 aa long region, which does not show
significant similarity to any known catalytic domain. This
arrangement of domains again bears resemblance to the one
found in the nostophycin gene cluster('®l, which however
contains an enoyl-reductase domain at the position
corresponding to the 366 aa long unannotated region of McxA.
The following protein McxB contains a canonical PKS module,
an aminotransferase domain, and a monooxygenase domain.
These are altogether responsible for elongation and modification
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of the nascent chain into a 3-amino-2-hydroxy intermediate. This
particular modification allows beta-cyclization of the final product
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as previosuly described in detail for

puwainaphycins/minutissamides!® 10181,

nostophycin and

Table 2. Summary of adenylation domains and their substrates involved in muscotoxin biosynthesis (BLAST performed in Feb 2020).

) Domain ) . Identity  Predicted substrate Incorporated aa residue
Protein Closest annotated BLAST hit (aa range): activated substrate . . :
(aa range) [%] (antiSMASH) in muscotoxin
MusB A1 (2497-2896) NpnB1, Nostoc sp. 152, AEU11006.1 (2644-3043): D-GiIn 87 D-Gin D-Gin
A2 (4023-4421) NpnB2, Nostoc sp. 152, AEU11006.1 (4177-4570): L-Gly 87 L-Gly L-Gly
L-Pro/
A3 (5083-5498) NpnC4, Nostoc sp. 152, AEU11003.1 (4196-4601): L-Pro 81 L-Pro
4-MePro
A4 (6160-6556) NpnC2, Nostoc sp. 152, AEU11003.1 (1611-1999): L-Phe 86 L-Phe L-Phe
NosA1, Nostoc sp. GSV224, AAF15891.2 (485-898): D-allo-lle/
A5 (7218-7622) 83 D-lle
L-lle/Leu/Val D-Val
NosA2, Nostoc sp. GSV224, AAF15891.2 (1569-1987):
MusC A1 (476-880) 77 L-Ser L-Ser
L-Ser
A2 (1542-1969) AdpB3, Anabaena sp. 90, CAC01604.1 (2629-3035): L-Thr 79 L-Thr L-Thr
NosA2, Nostoc sp. GSV224, AAF15891.2 (1569-1987):
A3 (2637-3039) 75 L-Ser L-Ser
L-Ser
NosA1, Nostoc sp. GSV224, AAF15891.2 (485-898):
A4 (3701-4105) 82 D-lle D-allo-lle
L-lle/Leu/Val
L-Pro/
A5 (5237-5652) NpnC4, Nostoc sp. 152, AEU11003.1 (4196-4601): L-Pro 80 L-Pro AMeP
-MePro

4-MePro genes and detection of nostopeptolide 1111

While the NRPS part of the muscotoxin pathway was generally
straightforward, the gene cluster did not contain homologues of
alcohol dehydrogenase and 3-methyl-A1-pyrroline-5-carboxylic

acid reductase genes required for the biosynthesis of 4-MeProl'7l,

However bioinformatic search in the D. muscorum CCALA 125
genome revealed their presence as part of a complete
nostopeptolide biosynthetic gene cluster (NCBI accession
MT783959). This gene cluster was approximately 41 kbp long
and consisted of eight ORFs encoding proteins homologous to
NosA-G and ORF5 (Figure 1, Table S3) matching those
reported previously?],

HPLC-HRMS/MS analysis of the D. muscorum CCALA 125
extract has revealed that the strain is capable to produce a
variant of a cyclic peptide nostopeptolide. The compound was
detected at m/z 1111.6 (Figure 2A). HRMS/MS experiments
demonstrated formation of the fragment at m/z 928.47
corresponding to loss of butyrate and isoleucine residue (Figure
2B), an exocyclic moiety typical for nostotopeptolides?2. A
series of b-y fragment ions led subsequently to partial
characterization of aminoacid sequence of the cycle to be Ser-
Pro-Tyr-Asn-Ser-Leu/lle (Figure 2B). The second fragmentation
pathway is initiated by the loss of water molecule and followed
by losses of dehydrated serine residue (dSer), 4-Me-Pro and
acetyl leucine residue (LeuAc). Both types of fragments were
previously reported for nostopeptolide A as well as its analog
nostopeptolide 1052,  The presence of fragments
[But+lle+dSer+MePro+LeuAc]+ and [Pro+Ser+MePro+LeuAc]+
encloses the nostopeptolide cycle. Peptide sequence of
nostopeptolide 1111  (But'-lle*>-Ser3-MePro*-LeuAc®-Leu®-Ser’-
Asn8-Tyr®-Pro'?) differed from the nostopepolide A only by the
substitution of Gly residue by Ser at position 7, which
corresponded to predicted substrate specificity of the respective
adenylation domain (antiSMASH).

Given the example of biosynthetic coupling between aeruginosin
and spumigin pathways through nosE-F homologs, previously

4

assumed in cyanobacterial’®, we speculated that a similar
coupling could occur between the muscotoxin and
nostopeptolide pathways in D. muscorum CCALA 125.
Accordingly, we performed an experiment to test whether the 4-
MePro facultatively incorporated in muscotoxins (positions 4 and
11) originates from the biosynthetic pathway of nostopeptolide,
which constitutively contains 4-MePro®.

Biosynthetic coupling of muscotoxin and nostopeptolide

The 4-MePro residue in nostopeptolide was previously
demonstrated to be formed by modification and cyclization of
leucine by the action of enzymes encoded within the pathway!'”.
We have monitored the incorporation of the isotopically
substituted Leu into nostopeptolide 1111 as well as muscotoxin
A and B molecules in order to reveal if muscotoxin B
biosynthesis is dependent on the 4-MePro supply from the
nostopeptolide biosynthetic machinery or is incorporated by an
alternative mechanism.

The D. muscorum CCALA 125 culture was supplemented with
Leu substituted with six '*C atoms and its incorporation was
detected as the increase of the +6/+12/+18 Da isotopologues. In
the cultures treated with ®Cg leucine a clear formation of
nostopeptolide-1111 isotopologues at m/z 1117 (+6 Da), 1123
(+12 Da) and 1129 (+18 Da) has been detected (Figure 3A).
This corresponds well to the presence of two Leu and one 4-
MePro residue in its molecule. In the case of muscotoxin B and
its structural analog 1225, both possessing one 4-MePro
residue, a single isotopologue at m/z 1231 (+6 Da) was detected
(Figure 3B, Tables 3 and 4). We further confirmed the presence
of 13Ce 4-MePro in its molecules by the MS/MS experiment. In
muscotoxin B the °Cg 4-MePro+5-OH Ahdoa fragment has been
formed (Table S1) showing the position of the 4-MePro next to
the 5-OH Ahdoa residue. In the stuctural analog 1225 the '3Cg 4-
MePro was placed at the position 4, next to the Phe residue as
expected (Table S2). We further supplemented the culture with
isotopically substituted *Cs'>N-Pro in order to test whether an
alternative mechanism utilizing Pro molecule could be employed
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in the 4-MePro formation. We did not detect any isotopologues
suggesting the employment of Pro in 4-MePro synthesis in the
molecules of interest. The incorporation of Pro residue resulting
in the formation of +6 Da isotopologues was found only as
expected in accordance to the presence of non-methylated Pro
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in all the compounds (Figure S1). This clearly demonstrates that
4-MePro in muscotoxin B originates from the Leu molecule and
its biosynthesis therefore seems to be fully dependent on the
genes encoded in the nostopeptolide pathway.
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Figure 2. Identification of nostopeptolide 1111 in Desmonostoc muscorum CCALA 125. Notopeptolide 1111 was detected as prominent peak using the HPLC-
HRMS/MS analysis (A-base peak chomatogram in grey, nostopeptolide 1111 extracted ion chromatogram in black). Ilts MS/MS analysis (B) provided series of b-y
ions partly uncovering the petide sequence (in black) and additional ions enclosing the peptide cycle (in grey). LeuAc - Acetylated leucine residue, dSer —

dehydrated serine. For the ppm values and details on fragmentation see Table S3.

We further compared the rate of incorporation of 4-MePro into
the nostopeptolide and muscotoxin B molecules. The peak
areas of the non-substituted and substituted isotopologues in the
extracts obtained at fixed biomass to solvent ratio were
integrated and recalculated to the actual amount of biomass in
the culture (and expressed as total peak area per culture -
Figure 4). In control cultures the pool of the non-labelled
nostopetolide 1111 and muscotoxin A-B molecules increased
linearly with time, showing the progress of their biosynthesis
during the culture growth. In cultures treated with isotopically
substituted Leu the pool of non-labelled nostopeptolide 1111,
muscotoxin A and B increased only slightly at the beginning of
the experiment and then remained stable across the time span
24-72 h (Figure 4).

During that period the onset of nostopeptolide 1111 (m/z
1117/1128/1131) as well as muscotoxin B (m/z 1231)
isotopologues was recorded, clearly showing that all newly
synthesized molecules exhibited incorporation of one to three
5Ce Leu/4-MePro molecules (Figure 3A). This allowed us to
compare the approximate rate by which 4-MePro was

5

incorporated into nostopeptolide vs muscotoxin B. In the case of
nostopeptolide 1111 the minimum possible proportion of the
molecules containing 4-MePro can be calculated from the
isotopologue m/z 1131 that contains both Leu residues as well
as 4-MePro in the isotopically substituted form. Area of this ion
contributed by ~13% to the total amount of nostopeptolide 1111
at the end of the experiment. On the other hand, the maximum
possible rate of incorporation (assuming that all the
nostopeptolide 1111 isotopologues contained 4-MePro) was
calculated as 37%. Thus, although we were not able to precisely
infer from our experiental data, which proportion of the newly
synthetized nostopepolide 1111 contained 4-MePro, it was
certainly in the range 13-37%. In muscotoxin B the proportion of
the isotopologue 1231 directy showed the incorporation of 4-
MePro to be 19.5% at the end of the experiment. Interestingly, a
very similar proportion of incoporated 4-MePro (20.1%) is
obtained for nostopeptolide 1111 if we assume that in the
isotopologues 1117 and 1123 the two Leu and one 4-MePro
have the same probablity to be incorporated (knowing that all
1131 molecules contain 4-MePro). From all above mentioned it
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is clear that incorporation of 4-MePro into nostopeptolide 1111
and muscotoxin B molecules happens at a comparable rate.
This further suggests that the alcohol dehydrogenase and 3-
methyl-A1-pyrroline-5-carboxylic acid reductasel'” provide an
equal cytoplasmic pool of 4-MePro for both nostopeptolide and
muscotoxin pathways rather than locally provide the substrate
for the nostopeptolide, leaving the muscotoxin B synthesis
dependent on a leak from the nostopeptolide 1111 biosynthetic
machinery. The observed ratio of the major muscotoxin A variant
(containing only Pro) and minor muscotoxin B (containing one 4-
MePro®l is therefore most probably a result of the Pro A-domain
specificity rather than the insufficient supply of the 4-MePro
substrate.

Conclusion

The muscotoxin gene cluster predicted in this study exhibits high
sequence similarity and synteny to a known nostophycin gene
cluster except for the presence of three additional NRPS
modules. Intriguingly, the muscotoxin gene cluster does not
encode a functional starter adenylation (or FAAL) domain
typically employed in lipopeptide biosynthesis. The mechanism
of FA activation and loading therefore needs experimental study
in future. Further experiments proved biosynthetic coupling
between a pair of bioactive compounds produced by the
cyanobacterium. The genes involved in nostopeptolide assembly
that are responsible for the formation of 4-MePro, provide an
alternative substrate to a couple of Pro-specific NRPS
adenylation domains involved in muscotoxin biosynthesis.
Analogous metabolic coupling was previously assumed between
spumigin and pseudoaeruginosin based on their distribution
patterns('®l, however the current study for the first time provides
an experimental proof using isotopically substituted amino acid
feeding. Surprisingly the incorporation of 4-MePro into both
peptides happened at a similar rate, suggesting that the pool of
free 4-MePro was equally accessible to both pathaways. The
biosynthetic crosstalk between these two pathways increases
the number of produced variants from 2 to 4. Moreover, one of
these 4-MePro substituted variants (muscotoxin B) has recently
been shown to exhibit an increased antifungal activity in vitrol'l.
These findings altogether suggest that the biosynthetic crosstalk
is not a coincidence and may provide a selective advantage by
extending the metabolic potential in ecological interactions
among co-existing microbes.
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Figure 3. Incorporation of 'Ce leucine into the nostopeptolide 1111,
muscotoxin B and A molecules as obtained after 48 h of the feeding
experiment. In nostopeptolides three '3Cg leucine molecules were incorporated
leading to formation of isotopologues at m/z 1117, 1123 and 1129 (A). In
muscotoxin B only isotopologue at m/z 1231 was recorded (B). In muscotoxin
A only a negligible incorporation was found (C).
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Figure 4. The dynamics of the '3Cg leucine incorporation into the nostopeptolide 1111, muscotoxin A, and muscotoxin B molecules. In control cultures (grey full

lines, full circles) continuous increase of the non-labeled compounds of interest

was recorded over time and no increase of the corresponding isotopologues was

recorded (grey dashed line, empty symbols). In cultures treated with '3Cs leucine the amount of non-labeled variants remained stable within the time range 24-72

h (black full line, full circles). During this time span an increase in nostopeptolid

e labeled isotopologues 1117, 1123 and 1129 (empty squares, circle a diamont,

respectively — subfigure A) together with the increase of the isotopologue imuscotoxin B 1231 (empty squares, subfigure B) was recorded. Muscotoxin A

(subfigure C) showed only minor incorporation of '*Cs leucine.

Experimental Section

Genome sequencing and bioinformatic analysis

Single filaments of strain D. muscorum CCALA 125 were isolated for
whole-genome amplification (WGA) and subsequent preparation of a
whole-genome sequencing (WGS) library, as described previously!el.
Briefly, the glass capillary technique was used to isolate filaments
excluding minor bacterial contaminants. A set of 15 single filaments was
then used as a template for WGA. Multiple displacement amplification
(MDA) using a Repli-g Mini Kit (Qiagen, Hilden, Germany) was followed
by PCR and sequencing to monitor the cyanobacterial 16S rRNA gene
using primers 16S387F and 16S1494R["9. Positive samples (4 MDA
products yielding a clear 16S rRNA gene sequence of the respective
strain) were then pooled to create a template for WGS. The quality of
DNA in the resulting mixture was checked using gel electrophoresis, the
concentration of dsDNA was measured using Qubit 2.0 (Thermo Fisher
Scientific, Waltham, MA, USA) broad-range protocol, and the sample
was sent for commercial de novo genome sequencing (EMBL Genomics
Core Facility, Heidelberg, Germany) using the lllumina MiSeq platform
(lumina, San Diego, CA, USA) with a ~400 bp average insert length
Pair-End library and 250 bp reads (~1.4 Gbp data yield). Raw data from
de novo WGS were assembled using CLC Bio Genomics Workbench v.
7.5 (CLC Bio, Aarhus, Denmark) to generate genomic scaffolds. Protein
coding genes were predicted using Prodigall®® in the assembled

scaffolds longer than 999 bp. All predicted proteins were compared to the
NCBI-nr database using MMSeqs?"l and only contigs which had most
hits to the Cyanobacteria were kept for the rest of analysis.
Completeness of the cyanobacterial bin was estimated using CheckM?2l.
Genomic scaffolds were loaded into Geneious Pro R10 (Biomatters;
available from http:/www.geneious.com) and investigated for NRPS
genes using custom BLASTp searches. 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 pipelinel?324. Minor assembly gaps
identified in the genomic scaffolds after pair-end read assembly were
closed by PCR, and subsequent Sanger sequencing of PCR products
using custom primers annealing to regions adjacent to the assembly

gaps.

High performance liquid chromatography — high resolution tandem
mass spectrometry analysis (HPLC-HRMS/MS)

All D. muscorum CCALA 125 samples were analyzed using HPLC-
HRMS/MS - Thermo Scientific Dionex UltiMate 3000 UHPLC (Thermo
Scientific) equipped with a diode array detector (DAD) and high
resolution mass spectrometer with electrospray ionization source
(HRMS/MS; Impact HD Il Mass Spectrometer, Bruker). HPLC separation
was performed on reversed phase Kinetex Phenomenex C18 column
(150 x 4.6 mm, 2.6 pm) with H2O/acetonitrile acidified with 0.1 %
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HCOOH as a mobile phase at a flow rate of 0.6 mL/min. The gradient
was as follows: H2O/acetonitrile 85/15 (0 min), 85/15 (in 1 min), 0/100 (in
20min), 0/100 (in 25 min) and 85/15 (in 30 min). Following settings of the
mass spectrometer were used: dry temperature 200 °C; drying gas flow
12 L/min; nebulizer 3 bar; capillary voltage 4500 V; endplate offset 500 V.
The spectra were collected in the range 20-2000 m/z with spectral rate of
2 Hz. CID was set as a ramp from 20 to 80 eV on masses 200-2000,
respectively, using the automated precursor ion selection. The
fragmentation of the minor isotopically substituted muscotoxin variants
was achieved via the precursor ion selection to the particular mass with
the isolation window + 5 Da. Calibration of the instrument was performed
using CH3COONa at the beginning of each analysis. The individual
spectra were analyzed using Bruker Data Analysis software (version 4.1)
to obtain molecular formula.

Feeding with isotopically substituted amino acids, extract

preparation and data evaluation

The inoculum of D. muscorum CCALA 125 was homogeneously
transferred into 9 cultivation vessels (100 mL Erlenmayers flasks) and
cultured in 50 mL of BG-11 medium (pH adjusted to 8.0). The cultures
were placed on orbital shaker and kept at stable temperature (25°C) and
illumination of 200 UE (warm white, AlgaeTron 230, Photon Systems
Instruments). Three experimental conditions were used: 1)
supplementation with isotopically substituted leucine (L-Leucine-'3Ce -
Sigma Aldrich - 605239), 2) supplementation with isotopically substituted
proline (L-Proline-"*Cs'*N, Sigma-Aldrich - 604801) and 3) control
cultures. Cultures were sampled 2, 6, 12, 24, 48 and 72 hours after
inoculation. The biomass was freeze-dried and the exact weight was
recorded for each sample. Subsequently, 7-20 mg of the dry biomass
was extracted into 70% MeOH (v/v) in biomass to solvent ratio 0.2
mg/mL. Extracts were dried under stream of nitrogen gas and dissolved
in 100 pL of 70% MeOH (v/v). The samples were analyzed using HPLC-
HRMS/MS (as described earlier). The peak area of the compounds under
study (muscotoxin A, B, nostopeptilide 1111 and their isotopically
substituted analogues) were calculated and expressed in relation to the
total biomass content in the culture.
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