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Cyanobacteria occur In various

environments

Cyanobacteria are
photosynthetic microbes and
morphologically diverse
(unicellular -> filamentous)

Aquatic environments:

LLakes, brackish water, oceans, hot
springs, ice — benthic and
planktonic

Terrestrial:

Soils, desert crusts
Symbioses

Plants, lichens, ascidians
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How to find new bioactive compounds?

* Sequencing and
annotation

* |dentification of
gene clusters and

Genomics & their evolution
bioinformatics  Substrate

predictions /
Bacteria Archaea Eucarya D =
* Preparation of crude o A | - 00 60T 60500
extracts T e = = :
i ‘ i - =

* Bioactivity assays —

T Chemical
\O:AMNEH EE@ c
Y analysis

)f 3

* Purification of compounds
» Stable isotope labelling

e LC-MS, Q-TOF + NMR

* Amino acid analysis

* Heterologous

. . expression

Biochemistry - Gene knock-outs

» Site-directed
mutagenesis

» ATP-pyrophosphate
HELSINGFORS UNIVERSITET exchange assay
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Biosyntheses of bioactive

compounds

Ribosomal pathway e
+ post-translational
modifications
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Widespread distribution of NRPSs and

modular PKSs across three domains of life

Total of 2478 bacterial, 160 archeal and
61 fugal genomes were analyzed
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Cyanobacterial species tree and distribution of peptide biosynthesis
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" Transcription vy
DNA metabolism _—

M Cell envelope 4‘\
W Unknown o
Anabaena sp. 90 genome S
shows the chromosomal  [E=
location of biosynthetic gene
clusters of various bioactive
Microcystin (hybrid NRPS-PK&ip,965 bp

Anabaenopeptin (NRPS)  Chromosome lI
Anabaenopeptilide (NRPS) o Vi L
Hassallidin (NRPS) y Swwnn

rowpnE

L] I‘I
HELSINGIN YLIOPISTO Plasmid B
HELSINGFORS UNIVERSITET o) I3 ¢ % 56,037 bp
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Plasmid A
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[ Hypothetical proteins ;
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Cellular processes \
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Wang et al.
2012. BMC
Genomics

13(1): 613.



Gene cluster of antifungal hassallidin

Hassallidins were
found to be produced
by

Anabaena
Cylindrospermopsis
Aphanizomenon
Tolypothrix
Planktotrix
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Ribosomal peptides — cyanobactins

from cyanobacteria:

Cyanobactins contain oxazoles,
(] Microcyclamide thizoles, disulfide bridges, prenyl
(Ziemert et al. AEM 2008) and geranyl groups

KHL ﬁri I< Bioactivities;

cytotoxic, multi-

Trunkamide

O
NH C} NH drug resistance
L reversing properties,
\? anti-malarial,
Ulithiacyclamide L ' f Zzgr?/licr:;?z:]a(;,
: s : allelopathic
TN e
o=§i 42 :%?/ ’Q‘g\/() NH
S : S Y ©
Y X
Trichamide Patellamide A, Prochloron
Trichodesmium eP‘?thraeum (Sudek et didemni (Schmidt et al. 2005,
al. 2006, AEM) PNAS)

HELSINGIN YLIOPISTO
HELSINGFORS UNIVERSITET
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Cyanobactins include peptides

without heterocycles

]
We sequenced precursor genes from ~45 Anabaena strains and identified 17
peptides. Anabaena 90 gene cluster expressed in E. coli KF

MW RT Sequence Anacyclamide Al(LHX

1052,5 23,8  TSQIWGSPVP (6) gvg
1009,5 28,7  SSVIWGSPVP 2 é :
1150,5 19,9  NAHWQNFGVP ) N o o
1045,5 30,6  YDDKLNLSP ) j{ ?)(
1086,6 25,2  YAPLQNFGVP ) N
1689,8 27,0  HAFIGYDQDPTGKYP (~1)

1114,5 26,6  SAQWQNFGVP 2

1122,5 32,1  YSNKPSDFSP L g LET
761,3 23,4  LIGIMHP ) MA

948,3 14,0  RERFVYP ) % ?

We screened 74 Microcystis strains with PCR and LC-MS
and identified 10 cyanobactin variants in 6 Microcystis straus.
HELSINGIN YLIOPISTO Leikoski et al. 2012 PLoS ONE 7:€43002 Piricyclamides
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Novel cyanobactin pathways

Aeruginosamide

Microcystis PCC 9432(12 422 bp)
Viridisamide e —
Oscillatoria PCC 7112 (12 966 bp)

(patA) N-terminal protease |

(patBC) Assosiated with
cyanobactin biosynthesis »»

(patD) Heterocyclase | —

Some of the cyanobactin i I
t(rpaar;g)elg-st:rminal proteascllp»

pathways contained methyl == =

Methyl transferase [

Unknown

transferases

Contig boundary |

Interruption v
Viridisamide MNKKNILPNPGKPVIRGISGKLPSYLAELSEEALGDAGADAS FIC SV DAS FIC SV DAS FIC SV DAS FIC SVDGDA*
Aeruginosamide MDKKNILPHQGKPVLRTTNGKLPSHLAELSEEALGGAGMDAS FFPC SYDGADAS FFPVC SYDGADAS FFPC SYDDGDA*

Microcyclamide  MDKKNLLPNQGAPVIRGISGKLPSHLAELSEEALGGNGAEAS ATVSIC AFDGAEAS FTGCMC AFDGAEAS ITGCIC AFDGAEAS ITGCIC AFDGDEA*
Tenuecyclamide MDKRNILPQQGKPVIRITTGQLPSFLAELSEEALGDACVGAS ATGCMC AYDGAGAS ATGCMC AYDGAGAS ATACAC AYDGAGAS ATACAC AYE*
Aestuaramide MDKKNILPHQGKPVLRTTNGKLPSHLAELSEEALGGNGVDAS ACMPCYP SYDGVDAS VCMPCYP SYDGVDAS VCMPCYP SYDDAE*
Patellamide MNKKNILPQQGQPVIRLTAGQLSSQLAELSEEALGDAGLEAS VTACITFC AYDGVEPS ITVCISVC AYDGE*

Leikoski et al., 2013. Chemistry & Biology 20:1033-1043.



Expanding the cyanobactins to include

linear peptides and novel modifications

Viridisamide  (ic, mz 419 A Cyanobacteria produce short linear
cyanobactins with a chain length
i f jﬁ( ranging from 3-5 amino acids.
Prenyl
The linear peptides were N-prenylated

Aeruginosamide . and O-methylated on the N and C

terminus, respectively, and named

©jﬁ( ‘ JLQ/< iK’r aeruginosamide and viridisamide.

Most recently, we showed that the

Aeruglnosamlde enzyme PirF catalyzes
v, ma 74 G Tyr O-geranylation, which is an

L9 o 0 unprecedented post-translational
HN “%N_)Lﬁj%“]/loﬁ“a modification.
H/% O: gz k/ S

:Etg::gg},‘,;;'gﬁ'ﬁ,}%s,m Leikoski et al. 2013. Chemistry & Biology 20:1033-1043.
UNIVERSITY OF HELSINKI Morita et al. 2018. Journal of the American Chemical Society 140(19): 6044-6048.



Screening of antifungal compounds:
Scytophycins were identified

INn 4 strains

o Scytophycins were fist
Identified from
Scytonema (ishibashi et al 1986 J.
org. Chem 51:5300-5306) and later
found also from Nostoc
and Cylindrospermum

* \We identified total of 33
structural variants of
scytophycins and found
Anabaena as a new
producer and revealed

; their biosynthesis.

e S TET Shishido et al. 2015, Marine Drugs 13(4): 2124-2140. Humisto et al. 2018. Appl.
Environ. Microbiol. 84 (3): e02321-17.




Anabaenolysins produced by benthic Anabaena

1: Anabaenolysin A, A" saturated Gly |
2: Anabaenolysin B, A", A" saturated
2a:  impurity in B, A”, A" saturated
N 2b:  impurity in B, A", A" saturated

Anabaenolysins induce

- cytolytic cell death of
nucleated cells

- hemolysis of red blood
cells

- echinocyte transformation
and are potent detergents for
membranes containing
cholesterol

= | or
ll1s AHOTA

Jokela et al. 2012. PLoS One 7(7):e41222

~pgiml

g

Oftendal et al. 2012. Biochim. - i
Biophys. Acta, [
1818: 3000-3009. |||

4000
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Biloactivity of anabaenolysin and

synergistic compound

DADT E, 5ig=280,16 Ref=550,30 (TANIA_ABL\27032014000001.07)

M Original spectrumi{a) B =] 3
[ ] DADT, 10,112 (1012 mAL, - ) of 27032014000001.0 ﬂ
Anabagnolysin
750_5 SynergiStiC 200 40'0 500 60|0 700 =00 i
- compound = cyclodextrin

Cyclodextrins form
inclusion complexes
with many molecules

Shishido et al. 2015.

PNAS 112:13660- % %
13674 A
HELSINGIN YLIOPISTO :o£§m :: J on
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Compounds containing

4-methylproline

» Bioactivities:
 anti-bacterial
 anti-fungal
 anti-inflammatory
 antitoxin (microcystins and nodularin)
o cytotoxic
» protease inhibition

e Diverse chemical structures

on . K
Lok

Jegans A o A

HN

O
O
Spumigin E

Fewer et al 2009. Mol. Microbiol. 73:924-937. J%) { . @iw%

HELSINGIN YLIOPISTO

HELSINGFORS UNIVERSITET Bisebromoamide k/

UNIVERSITY OF HELSINKI : Nostocyclopeptide M1 www.helsinkifilyliopisto
Jokela et al., 2010. ChemBioChem 11:1594-1599.
Teruya et al. 2009. Org Lett 11:5062-5065



4-methylproline containing compounds In

cyanobacterial strains

« 30 cyanobacterial genomes out of 116 strains studied had gene cluster to
code for 4-methylproline

« 116 cyanobacteria strains screened by PCR and LC-MS found Nostoc as the
main producer

« Two new groups of peptides were identified.

Nostoweipeptin W1-W6

N e Nostopeptolide
Nostoweipeptins ZU\KQ\(? Z\ﬁ(vk( \ stopeptolides

6 variants - 4dvariants

o o

o o NH

Rl
N o o 1,
o OH o .
NH
N HN
\ HN

) % Liu et al. 2014. ACS
Chemical Biology 9(11):
HELSINGIN YLIOPISTO
HELSINGFORS UNIVERSITET Nostopeptolide L1-L4 2646-2655.

UNIVERSITY OF HELSINKI e www.helsinki.filyliopisto



4-methylproline containing

compounds prevent apoptosis caused
by cyanobacterial hepatotoxins

OATPlBl or OATP1B3

Cell apoptosi *
®

Incubatlon with Nostopeptolide L/Nostoweipeptin
e hepatocytes (antu -toxins)

\ ‘ ‘ No apoptosis i i
HELSINGIN YLIOPISTO

UNIVERSITY OF HELSINKI

Microcystin/Nodularin
(cyanotoxms)

www.helsinki filyliopisto



Pseudoaeruginosins from Nodularia spumigena are most

likely produced by co-operation of two peptide synthetases

A N Aeruginosins

Fewer et al. 2013. PLoS One. 8(9):e73618.
NH

o 5 {'
/\/\)L N N NJLNH " i
; Y™ / Pseudoaerugmosm;\\

° Spumigin
Pseudoaeruginosins NRPS
NH
/\/\)L N NJLNH & »- Aeruginosin
I fv\a 2 \tfu (2S,4S)-4-mPro NRPS //
(6]
C Pseudoaeruginosins were found from 33
N. spumigena strains isolated from the
o™ . JNC Baltic Sea
- N N
N :
Hom ,\!!, O \E{;\/\ Liu et al. 2015. ACS Chemical Biology 10(3): 725-733.
HELSINGFORS UNVERsTET  SPUMIQINS
5.9.2018 19
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Anabaenopeptins and namalides

originate from same gene cluster

- - E——- - W (-
aptA aptB aptC aptDhphAaptE

AptA AptB AptC AptD

AfJcAlE caAal cafcam) C AfTe
"N.._q________.,.p-’
Skipped during namalide synthesis
N\
Ry
:I j:rn u ﬁ?ﬂjn\gn
Namalides

%

- Anabaenopeptms

HELSINGIN YLIOPISTO Shishido et al. 2017. ACS Chemical Biology 12(11):2746-2755.

HELSINGFORS UNIVERSITET Maatalous-metsétieteellinen tiedekunta / Henkilén nimi / Esityksen
UNIVERSITY OF HELSINKI nimi www. helsinki.filyliopisto 5.9.2018 20



Screening of antileukemic activity of cyanobacterial extracts

- MS library helps us to exclude the known compounds

Aqueous Organic
— I~ © O o W — I~ 0 @ o W
L N O WM~ O = N N 0O I M~ © =
. N «~ ~—~ 3 N N 5 N N ~ -~ 3 N N g N
Strains:l o 0o 0o ©o 0 0o 5§ O © OO 0V VY 5 QO O
. v [ (2] (2] w W = [72] 12 2] v [72] 12 [ v = 0 o
Peptidegroupl O O O © O O T O O O O O O O O T O O
Aeruginosins X | x X X X X X
Anabaenopeptins| x | x [ x X X | x
Cyanobactins| x X | X X X
Compounds Depsipeptides X X % | x
: e Hassallidins X
identified TR
Microviridins| x X X X
Microcystins X X
Unknown peptide
group X X X
100,0 - | H N A
%
90,0 - u
Antileukemic u
.. 3 |
activity ™ 800 A o ]
) A
2 R
mo o A
©sF 7001 .
=2OHo A A
©EE <
055 600 - CIA
HELSINGIN YLIOPISTO TRRLEAL - o
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Humisto et al. 2015.Current Pharmaceutical Biotechnology 17(1):78-91.



Concluding remarks

 Culture collections of cyanobacteria are valuable
resources

* Number of new cyanobacterial bioactive
compounds as well as their biosynthesis were
discovered

~ » Combination of genomics, bioinformatics,
biochemistry, bioactivity screening and chemical
Identification of compounds are likely to yield
number of new discoveries

« Cyanobacteria continue to be important source for
novel bioactive compounds and biosynthetic
pathways

HELSINGIN YLIOPISTO
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