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Supporting Materials and Methods

Cultivation of the cyanobacterial CCAP1446/10 strain, DNA extraction and genome
sequencing and assembly

Phormidium autumnale CCAP1446/10 was purchased from the Culture Collection of Algae
and Protozoa and purified to remove bacterial and fungal contaminants. The strain was grown
in photon irradiance of 5 umol m2 s in Z8 medium for 28 d at 25°C and the resulting biofilm
was harvested using a glass rod. Genomic DNA of the strain was extracted from cells that
were lysed with a heat-shock treatment consisting of repeated (x15) liquid nitrogen immersion
and thawing at 55 °C water bath. DNA extraction was then carried out using a commercial
DNA extraction kit (E.Z.N.A.® SP Plant DNA Mini Kit Protocol - Fresh/Frozen Samples,
Omega Bio-Tek). DNA-yield and quality were verified by NanoDrop (NanoDrop 1000
Spectrophotometer, Thermo Fisher Scientific). The DNA size and quality were further
assessed by gel electrophoresis at room temperature (100 V, 400 mA, 30 min, 0.9% agarose)
in 0.5 x TAE-buffer (20 mM Tris, 10 mM acetic acid, 0.5 mM EDTA, pH 8.3).

Libraries were prepared with Nextera DNA flex library prep kit (recently renamed to lllumina
DNA Prep) and lllumina MiSeq sequencing was carried out using the MiSeq Reagent Kit v3
(600 cycle). Obtained sequences were trimmed to remove adapters using Trimmomatic v0.39
51 and the assemblies were prepared from the trimmed fastaq files using SPAdes v3.12.0
with the —careful option.5? The resulting assembly was then further processed for taxonomic
classification using Kraken v2 531 and contaminating scaffolds were removed with ZEUSS
v1.0.2.54 Lastly, scaffolding and gap closing were done using Platanus 1.2.4 $%to yield a 6.74
Mb assembly with 171 scaffolds.

16S ribosomal RNA phylogenetic analysis

A phylogenetic tree based on the 16S ribosomal RNA gene was generated using 75 previously
published cyanobacterial sequences selected from representative cyanobacterial orders to
illustrate the phylogenetic position of Phormidium autumnale CCAP1446/1 (Figure S1). The
76 sequences were aligned with MUSCLE alignment in MEGA11 using default parameters.[S¢!
A default BIC calculation with the program jModelTest v2.1.2 indicated that the evolutionary
model HKY+I+G best fitted the data set.5”! This model was used for the construction of a
Bayesian inference using the program MrBayes v3.2.7a with 5,000,000 generations and
default number of runs and chains.5¢ The posterior probabilities were calculated by the
Markov chain Monte Carlo method implemented in the program. The visualization of the tree
and collapsing of the clades was made in FigTree vi4d.4
(http://tree.bio.ed.ac.uk/software/figtree/) and figure optimization was performed with
Inkscape 1.1 (https://inkscape.org).

Detection of autumnalamide

Cells were collected from the 40 mL culture of Phormidium autumnale CCAP1446/10 by
centrifugation at 7,000g for 7 min (Eppendorf Centrifuge 5804 R). The collected cells were
freeze dried (Christ® Beta 2 — 8 LSCplus, LyoCub e 4 — 8) yielding 10 — 55 mg. Freeze dried



cells were extracted in 1 mL 100 % methanol and homogenized using 200 pL of cell disruption
media (0.5 mm glass beads, Scientific industries, Inc.) by mechanical crushing with a Fastprep
cell disruptor (Bio 101, Thermo Electron Corporation, Qbiogene, Inc.) at a speed of 6.5 ms™’
for 45 s. Suspensions were centrifuged at 20,000 g for 5 min, filtered through 0.2 ym filter (13
mm syringe filter, PTFE, VWR international) and analyzed by mass spectrometry (MS).

Samples were analyzed with LC-MS (Waters Acquity I-class UPLC and QTOF, SYNAPTG2 -
Si, Waters) (Figure S2, Table S1). The mobile phase consisted of solutions A (0.1 % solution
of formic acid in water) and B (0.1 % solution of formic acid in acetonitrile/2-propanol (1/1)).
Two methods were used. In the first method, the column was Kinetex® C8 (LC Column (50 x
2.1 mm, 1.7 um 100 A, Phenomenex) and gradient at the beginning of analysis consisted of
5 % liquid B which was increased linearly to 100% in 5 min, liquid B was kept at 100 % until 7
min, and from 7.1 to 10 min the proportion of liquid B was 5%. In the second method, the
column was the same, but the length was 100 mm. Gradient at the beginning of analysis
consisted of 5 % liquid B which was increased linearly to 100% in 10 min, liquid B was kept at
100 % until 14 min, and from 14.1 to 20 min the proportion of liquid B was 5 %. The injection
volume varied from 0.1 to 1 pL.

QTOF was calibrated using sodium formate and Ultramark® 1621. Leucine Enkephalin was
used at 10 s intervals as a lock mass reference compound. Data were accumulated in positive
electrospray ionization Resolution Mode at scan range of m/z 50-2000. Additional MS
parameters were as follows: Polarity, ES+; capillary, 3.0 kV; source temperature, 120 °C;
sampling cone, 40.0; source offset, 80.0; source gas flow, 0.0 mL /min; desolvation
temperature, 600 °C; cone gas flow, 50.0 L/h. Identification of autumnalamide B was based
on the theoretical molecular weights calculated from the predicted core peptide from candidate
strains using ChemBioDraw.

Stereochemistry of autumnalamide B was determined by comparing its retention time with
those of the different synthetic stereochemical variants (1-4) (Figure S3). Selected ion
recording (SIR) chromatograms were carried out by injecting each of the synthetic peptide
stereochemical variants 1-4 six times and autumnalamide B from Phormidium autumnale
CCAP1446/10 extract three times into Waters Acquity Premier UPLC system equipped with
PDA UV detector and QDa mass detector and recorded the retention time in each run. In
addition, we compared the MS fragmentation pattern of autumnalamide B in the extract with
those of the synthetic stereochemical variants 1-4 (Figure S4). Marfey analysis of purified
autumnalamide B was also carried out (Figure S5).

Prediction and annotation of autumnalamide biosynthetic gene cluster

The 9.6-kb autumnalamide (aut) biosynthetic gene cluster was predicted through tBLASTn 59
searches using AcyA, AcyG and AcyF protein sequences from the anacyclamide biosynthetic
gene cluster B9 as query sequences against a standalone BLAST database of the
Phormidium autumnale CCAP1446/10 draft genome (Table S2). The genes encoded in the
aut biosynthetic gene cluster were predicted using GLIMMER as implemented in Artemis.S'"
Start sites were predicted and proteins annotated manually using a combination of searches
against the Conserved Domain Database and protein classification resources at NCBI and
InterProScan searches and BLASTp®9 searches against the non-redundant database at NCBI
(Table S2). The annotated sequence of the aut biosynthetic gene cluster from Phormidium
autumnale CCAP1446/10 was deposited in GenBank under accession number
JAIGNIO00000000.

The AutF prenyltransferase was aligned with 36 other cyanobactin prenyltransferases using
MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/). 127 positions were retained and used
for the construction of a phylogenetic tree using PHYML (Figure S6). A phylogenetic tree was
constructed using the WAG amino acid substitution model, four substitution rate categories,
an estimated proportion of invariable sites of 0.013, and an estimated y-distribution shape
parameter of 2.415. The stability of the in-group relations was assessed with 1000 bootstrap



replicates. The resulting phylogenetic tree was rooted using midpoint rooting using RETREE
and visualized using TREEVIEW.

The AutF prenyltransferase was to query the nonredundant database at NCBI. This analysis
identified three complete cyanobactin biosynthetic pathways that encoded close homologs of
the AutF prenyltransferase from the anacyclamide and piricyclamide biosynthetic pathway
(Figure S7A). Inspection of these cyanobactin biosynthetic gene clusters identified 2-4
precursor proteins that encode either Lys or Arg in the core region (Figure S7B).

Recombinant tagged AutF protein sequence (MWt: 46.97 kDa):

MGSSHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAF
AKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGDIPTTENLYFQGTTLLE
NSKKLYYIGIHKRVFEVENLYPLDVFENFVEQIEKTSENCILESSCKIEQDKLYPARFDIGFKL
QNLEQLNAVYNFFQKVEARADVRVNHSLIQQFFGEDFDFSKMTGFMVGVDVRRELAESKL
KLALTIKDYPEKLKVAIALNGGLDETIQALMVSNSLHLGFDLSLNGGSNIELYLYIKKQEFQQI
HIQQRLAKVLSTQALQPLPACSRICVGLSKANAEKVVYYYLENFNDFLNYFAANDTARRVHA
YYREQPVKEMCVALQESELLAGTIQKMNLYYLI

Sequence in red is the TEV cleavage signal
N-terminal Hiss SUMO tag sequence is in blue.
AutF Expression of in E. coli and purification:

Full-length autF gene was amplified by PCR using Phusion™ High-Fedility DNA polymerase
and the gDNA of cyanobacterial strain CCAP1446/10 as template. The gene was purified from
agarose gel using QlAquick Gel Extraction Kit and cloned in pEHISTEV-SUMO plasmid (Gift
from Dr Hunating Liu, University of St Andrews) in frame with an N-terminal Tobacco etch
virus (TEV) protease-cleavable HissSUMO tag using In-Fusion® cloning kit (Takara Bio) after
linearisation of the vector by PCR (Figure S8A). Primers used in PCR reactions are listed in
Table S3. The protein was expressed in Escherichia coli BL21 (DE3) cells. A seed culture was
grown overnight on Luria-Bertani broth (LB) medium containing 50 ug/mL kanamycin and
incubated at 37°C with shaking at 200 rpm and an aliquot (10 mL) was used to inoculate each
litre of LB medium. Cultures were grown at 37°C with shaking at 200 rpm until ODeqo is 0.4-
0.5. Cultures were then cooled down to room temperature and IPTG was added to a final
concentration of 0.5 mM. Induced cultures were further incubated at 30°C for 6 hours.

Cells were harvested by centrifugation at 4,000g, 4°C for 15 min and resuspended in lysis
buffer (200 mM NaCl, 20 mM Tris (pH 8.0), 20 mM imidazole and 3 mM B-mercaptoethanol
(BME) with the addition of complete EDTA-free protease inhibitor tablets (Thermo Scientific)
and 0.4 mg g~ DNase wet cells (Sigma). They were then lysed using STANSTED SPCH-EP-
10 pressure cell homogeniser (Homogenising Systems Ltd, UK) and the lysate was cleared
by centrifugation (40,000g, 4°C, 45 min) followed by filtration through a 0.45 ym membrane
filter and loaded onto an Ni-Sepharose 6 FF column (Cytiva, Sweden) equilibrated in lysis
buffer. The column was washed with 20 volumes of washing buffer containing 200 mM NaCl,
20 mM Tris (pH 8.0), 20 mM imidazole and 3 mM BME and AutF was eluted with 250 mM
imidazole in the same buffer. The elution peak was loaded onto a HiPrep™ 26/10 Desalting
column (Cytiva, Sweden) equilibrated in 200 mM NaCl, 10 mM HEPES pH 8.0, 1 mM Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP) and 10% glycerol. The protein was
concentrated to 150 uM using Vivaspin concentrators, 10 kDa molecular weight cut-off.
Integrity and identity were confirmed by SDS-PAGE (Figure S8B) and MS. The purified protein
was stored as flash-frozen aliquots at -80°C until used.

Site directed mutagenesis was carried out using In-Fusion® cloning kit (Takara Bio) following
the manufacturer protocol and after PCR amplification using Phusion™ High-Fedility DNA
polymerase and the primers listed in Table S3. The mutant protein was expressed and purified
as above.



Solid phase peptide synthesis

The majority of the Fmoc amino acid derivatives, including Fmoc-b-Arg(Pbf)-OH, and the
preloaded Fmoc-Asp(NovaSyn TGA)-OAIl resin were purchased from Novabiochem, Merck
Biosciences, UK. Fmoc-Leu-OH, Fmoc-Har(PbF)-OH, Fmoc-GIn(Trt)-OH, N,N-
diisopropylcarbodiimide  (DIC), tetrakis(triphenylphosphine)palladium  (Pd(PPhs)s), 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate  (HATU), trifluoroacetic acid (TFA), 7-Azabenzotriazol-1-
yloxy)tripyrrolidino-phosphonium hexafluorophosphate (PyAOP) and triisopropylsilane (TIS)
were acquired from Fluorochem, UK. Fmoc-L-Arg(Pbf)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Met-
OH, ethyl cyano(hydroxyimino)acetate (Oxyma), CI-TCP(CI) ProTide resin and the Fmoc-Rink
Amide ProTide (LL) resin was obtained from the CEM corporation, USA. N,N-
dimethylformamide (DMF), dichloromethane (DCM), methanol (MeOH) and diethyl ether were
purchased from VWR, Avantor, USA. The phenylsilane and the N,N-Diisopropylethylamine
(DIPEA) were obtained from Alfa Aesar, UK. Piperidine was purchased from Merck Life
Sciences, UK. Sodium diethyldithiocarbamate trihydrate, 2,2'-(ethylenedioxy)diethanethiol
(DODT), potassium iodide (KI), pyridine and the Kaiser test kit were acquired from Sigma
Aldrich.

Linear peptides and cyclic precursor peptides were prepared using the standard Fmoc-based
solid-phase peptide synthesis (SPPS) strategy on a Liberty Blue™ Automated Microwave
Peptide Synthesizer (CEM Corporation, USA) at a 0.1 mmol scale. A Fmoc-Rink Amide
ProTide (LL) resin (0.19 mmol/g) was used for the synthesis of all these peptides. Initial
deprotection of the Fmoc protecting group from the resin and all subsequent deprotections
were performed with programed cycles using a solution of 20% piperidine in DMF. Coupling
cycles in the synthesizer were performed, after deprotection, with solutions of 0.2 M Fmoc-
amino acids, 1 M DIC and 1 M Oxyma in DMF. Most Fmoc amino acids underwent one
coupling cycle during attachment. Fmoc-arginine residues underwent two coupling cycles
before deprotection of the Fmoc. For all linear and cyclic precursor peptides, the N-terminal
Fmoc group was cleaved at the end of the synthesis.

Cyclo[-LGPFRFD] (7) and cyclo[-LGPFrFD] (6) peptides were synthesized on a Fmoc-
Asp(NovaSyn TGA)-OAll resin (0.17 mmol/g) under the same conditions as the other linear
peptides with the exception of no final deprotection step being performed on the N-terminal
leucine. The resin was then transferred to a fritted SPE column (Hicrom, Avantor UK) and
treated with Pd(PPhas)s (0.1 equiv.) and phenylsilane (20 equiv.) in DCM. The mixture was
allowed to react for 40 min at RT on an orbital shaker (Heidolph, 1350 rpm) to remove the allyl
ester protecting group from the C-terminal carboxylic acid.®'? The resin was then washed with
DMF, 5% sodium diethyldithiocarbamate trihydrate solution in DMF, 1% DIPEA in DMF and
DMF again to remove any Pd remaining from the deprotection cocktail.®'? Fmoc deprotection
was performed manually on the resin using 20% piperidine in DMF for 30 min on a shaker
(1350 rpm) at RT.I5'2. 5131 A Kaiser test was performed to confirm full deprotection. Cyclisation
was performed manually on-resin by treatment with HATU (2 equiv.) and DIPEA (2 equiv.) in
DMF for 19 hrs. on a shaker (1350 rpm) at RT.S" After cyclisation, a Kaiser test was
performed to confirm cyclisation.

All peptides not containing methionine were deprotected and cleaved from the resins by
treatment with a cleavage cocktail of TFA/TIS/H20 (95:2.5:2.5) for 3 hrs. at RT on an orbital
shaker (Heidolph, 1350 rpm). The cleavage mixture was concentrated by a stream of air.
Peptides containing a methionine residue were treated with a cocktail solution of
TFA/TIS/DODT/H20 (92.5:2.5:2.5:2.5) and then concentrated under N2 gas. The peptides
were precipitated using cold diethyl ether, placed into a -20 freezer overnight, washed with
ether (3x) and dried under vacuum to give a crude solid. The crude peptides were purified
using reversed phase HPLC on an Agilent Technologies 1260 Infinity using a C18 column



(ACE 5 C18-HL, 5 um, 10x250 mm, 100 A) through an acetonitrile (+0.1% TFA)/Water (+0.1%
TFA) gradient (see Table S4 for details). The collected fractions were subsequently lyophilized
on a LaboGene CoolSafe Freeze dryer to give the pure solid. Identity and purity were
confirmed by HPLC-MS analysis.

Cyclo[-TLrESTAMYYp] (2) and cyclo[-TLRESTAMYp] (3) were synthesized on a CI-TCP(CI)
ProTide resin (0.5 mmol/g) under the same conditions as conventional synthesis with the
exception of a special coupling performed on the C-terminal alanine which was coupled to the
resin using a double coupling cycle and utilizing a base of 1.0 M DIPEA and 0.125 M Ki
solution in DMF. 0.1 eq DIPEA was also added to the Oxyma activator solution. After synthesis
the resin was transferred to a fritted SPE column and washed 6x with DCM (Placed on shaker
for third and last wash) the resin was then treated with a cleavage solution of 1% TFA in DCM
5x for 2 min each on the shaker at RT. After each treatment, the solution was filtered into a
solution of 10% pyridine in MeOH. All filtrates were combined and concentrated down under
vacuum. Ice cold H>.O was added to the solution causing the protected peptide to precipitate
out of solution. This solution was subsequently lyophilized to give a white powder. The identity
was confirmed by LCMS. The protected peptides were cyclized in solution at a concentration
of 2 mM with 3 eq of PyAOP and 5 eq of DIPEA at RT for two days using HPLC to monitor
reaction completion. Once completed the reaction solution was concentrated down under
vacuum and lyophilized.

The protection groups on the peptides were cleaved off using a cocktail solution of
TFA/TIS/DODT/H20 (92.5:2.5:2.5:2.5) for 3 hrs. at RT on an orbital shaker. The mixture was
concentrated under a stream of N> and precipitated out using cold diethyl ether. The solid was
washed, dried and purified under the same conditions as the linear peptides.

Enzymatic reactions

Macrocyclization reactions using the plant macrocyclase PCY1 5'4 were prepared for 250 uM
peptide substrate and 1 pM purified enzyme in buffer containing 100 mM NaCl, 20 mM Tris
HCI pH 8.5, 3 mM TCEP and 5% DMSO. Reaction mixtures were incubated at 30°C for 24
hrs. Macrocyclization reactions using the cyanobactin macrocyclase PatGmac £'° contain 100
MM peptide, 5% DMSO, 500 mM NaCl, 20 pM PatGmac, and 20 mM bicine pH 8.0. Those
reactions were incubated at 37°C with shaking at 200 rpm for 4 days and monitored by MS.

Macrocyclization reaction mixtures were then subjected to solid phase extraction using Strata
C18-E (55 um, 70 A; 2 g/12 mL, Giga tubes; Phenomenex) and the organic components were
eluted with 100% methanol and concentrated under vacuum using rotary evaporator.

The eluate was then purified on the semipreparative HPLC C18 column (ACE 5 C18-HL) and
the identity of the purified cyclic peptide products were confirmed by LCMS.

Prenylation reactions with AutF contain 100 uM peptide substrate, 20 uM purified enzyme, 12
mM MgCl,, 1mM dimethylallyl pyrophosphate (DMAPP), 1% DMSO in buffer containing 150
mM NaCl, 10 mM HEPES pH 7.5 and 3 mM TCEP. Samples were analysed by LC-MS as
described above (Figures S9-S32). Control samples were prepared by incubation of the
peptide substrates in the aforementioned buffer. No prenylated peptides were detected in
control samples, suggesting there was no spontaneous prenylation occurring independent of
the enzyme.

Kinetics

The AutF steady-state kinetics parameters were assessed using 2 mM DMAPP and variable
concentrations of the two substrates Fmoc-L-Homoarginine-OH (0.01 - 0.5 mM) and H-
FRFDLGPAYD-NH: (0.05 — 1 mM) on the basis of product yield under different conditions as
monitored by LCMS. The assays were conducted in duplicate and all rates were confirmed to
be linear. The kinetics curves were fit to Michaelis-Menten kinetics (Figure S33) and were
generated using prism 5.04 (GraphPad software, Inc. La Jolla, CA 92037 USA).



Amino acid analysis of autumnalamide B

Phormidium autumnale CCAP 1446/10 freeze-dried cells (0.7g) were extracted 2 times with
75 mL of methanol assisted by Silentcrusher homogenizer (20 kiloRPS for 1 min). After
centrifugation at 7000 rcf for 7 min), supernatants were pooled to a rotavapor flask together
with 10 mL C18 silica (Sepra™ C18-E (50 ym, 65 A, Phenomenex) and the methanol was
evaporated in a rotavapor. A Silica cartridge was primed with dichloromethane and ethyl
acetate and the C18 silica was placed on top of a silica cartridge (Chromabond® SiOH (45
mL/ 5000 mg)). Cartridge was eluted with ethyl acetate until pigments were removed, then the
compound of interest was eluted with methanol and methanol was evaporated away. Residue
was dissolved in 10% methanol and final purification was done with Acquity Premier UPLC
(PDA and QDA detectors, fraction manager, Waters). Fractions from multiple 10 pL injections
to XSelect® HSS T3 column (4.6 x 150mm, 5 um) eluted at 1 mL min"' with a gradient starting
with 95/5 0.1% HCOOH/(acetonitrile/isopropanol 50/50 + 0.1% HCOOH) changing linearly to
40/60 in 5 min, then to 0/100 in 0.1 min being there 1.9 min and then back to 95/5 in 0.1 mins,
were pooled. Solvent was evaporated and solid autumnalamide B was used for chiral amino
acid analysis by Marfey derivatization with 1-fluoro-2,4-dinitrophenyl-5-L-alanine.'" During
the purification methionine was oxidised.

Marfey derivatives of the autumnalamide B acid hydrolysate and amino acid standards (from
Sigma, methionine sulfone was from Fluka, 1 pL injections) were analyzed with UPLC UV/MS
using Kinetex® C8 column (100 x 2.1 mm, 1.7 ym, 100A) eluted 0.3 ml min-1 at 40 °C with
0.1%HCOOH (solvent A) and acetonitrile + 0.1% HCOOH (solvent B). Gradient started from
95/5 (A/B) going to 40/60 in ten mins, then to 0/100 in 0.1 mins and kept there 3.9 mins, then
back to 95/5 in 0.1 mins with total run time of 20 min. Compounds were detected with mass
detector using full scan negative ionization.

As arginine Marfey derivatives did not resolve with reversed phase C8 column, a HILIC
method was used. One pL samples were injected to Acquity UPLC® BEH Amide column (2.1
x 100mm, 1.7 um) eluted 0.3 mL.min"" at 40 °C with 0.2% ammonium formate (solvent A) and
acetonitrile (solvent B). Gradient started from 90/10 (A/B) going to 40/60 in nine mins, kept
there 1 min, then back to 90/10 in 0.1 mins with total run time of 16 min. Results are shown in
Figure S5.
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Supporting Tables

Table S1. Detection of autumnalamide A and B and other variants by LC-HRMS showing exact masses for both single and double protonated
ions.

Autumnalmide variant sequence x(:':?s;‘;?\; tr (min) [M+nH]™ The(z:;zzt)lcal Observed (m/z) Error (ppm)
. 1 1150.55612 1150.5566 04
Autumnalmide B: Cyclo[-TLRESTAMYP] Cs0H79N13016S 3.50 5 575 78170 575 7811 1.0
1 1218.61872 1218.6197 0.8
Cyclo[-TLR(prenyl)ESTAMYP] Css5Hs7N13016S 4.78 2 609.81300 609.8113 28
1 833.43045 833.4299 -0.7
Cyclo[-GLDFrFp] Ca1Hs6N1009 4.96 5 41721886 417 2177 28
. ) 1 901.49305 901.4929 -0.2
Autumnalamide A: Cyclo[-GLDFr(prenyl)Fp] Ca6He4N1009 6.44 5 451 25016 4512493 19




Table S2. Annotation of the autumnalamide (aut) biosynthetic gene cluster from Phormidium
autumnale CCAP1446/1

aut biosynthetic gene cluster BLASTDp results
. Length Predicted _— Identity . .
Protein (aa) function Locus_tag Description (%) Organism Accession
. PatA/PatG family . .
AutA | 674 N-terminal K4039_073 | cnobactin maturation | 79.53 | Oscilatoriales | prrgaqqs
protease 30 cyanobacterium
protease
cyanobactin
K4039_073 biosynthesis system Oscillatoriales
AutB 75 Unknown 25 PatB/AcyB/McaB family 92.96 cyanobacterium TAGI3316
protein
cyanobactin
K4039_073 biosynthesis Tychonema sp. WP_19406
AutC | 503 Unknown 20 PatC/TenC/TruC family | S847 | LEGE 06208 6075
protein
Anacyclamide/piricycla Planktothrix
Aute2 | 49 Pr?‘t‘irdseor K4031%—073 mide family prenylated | 53.06 | rubescens NIVA- CAC§§451
pep cyclic peptide CYA 18
Planktothrix
AutE1 | 47 Precursor | K4039.073 1 precirsor peptide 50.00 | agardhiiNIES- | AED99433
peptide 05 596
Prenyltransfera | K4039_o73 | WYNF/TruF/Patk family Dolichospermum | 5 3536
AutF 289 se 00 peptide O- 75.09 circinale 7793
prenyltransferase AWQC310F
. Cyanobacteria
AutG | 718 Crtgtrg;‘:' K4039%—072 Peptidase S8 67.79 bacterium HAX79128
P UBA11372




Table S3. Primers used for cloning and site directed mutagenesis (SDM)

Experiment Name Sequence

Cloning of autF in pEHISTEV-SUMO

Linearisation of Forward 5pTevSUMO 5- ACTCGAGCACCACCA -3
pEHISTEV-SUMO vector Reverse 3pTevSUMO 5- GCCCTGAAAATACAG -3’

Forward 5autF_SUMO | 5- GTATTTTCAGGGCACAACCTTGTTAG -3’

Amplification of autf-gene | poorce 3autF_SUMO | 5- TGGTGCTCGAGTTTAAATCAGGTAGTAC -3'

SDM to prepare AutFA133G varianat

Forward 5Gly 5'- GTTAAAGCTGGGCCTAACG -3’
Reverse 3Gly 5'- CTTTAATCGTTAGGCCCAGC -3’




Table S4: Acetonitrile (AcN) (+0.1% TFA) and H2O (+0.1% TFA) gradient purification methods
for each synthesised peptide

min 4.7 mL/min

Peptide HPLC Acetonitrile/H,0 Purification Method Retention
time (min)

Cyclo[-TLRESTAMYP] (1) 15% - 40% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 10.8
4.7 mL/min

Cyclo[-TLrESTAMYp] (2) 15% - 30% ACN(+0.1%TFA) in H20 (+0.1% TFA) in 20 15.9
min

Cyclo[-TLRESTAMYp] (3) | 15% - 50% ACN(+0.1%TFA) in H20 (+0.1% TFA) in 15 9.0
min

Cyclo[-TLrESTAMYP] (4) 15% - 40% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 10.5
4.7 mL/min

Cyclo[-LGPFrFD] (6) 25% - 50% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 11.9
4.7 mL/min

Cyclo[-LGPFRFD] (7) 25% - 50% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 20 min | 11.5
4.7 mL/min

H-FrFDLGpAYD-NHs (8) 20% - 40% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 8.5
4.7 mL/min

H-FrFDLGPAYD-NH, (9) 15% - 40% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 11.0
4.7 mL/min

H-FRFDLGPAYD-NH, (10) | 25% - 40% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 7.1
4.7 mL/min

H-RFDLGPF-NH,(11) 20% - 50% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 10.1
4.7 mL/min

H-rFDLGPF-NH, (12) 20% - 50% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 9.4
4.7 mL/min

H-FDLGPFR-NH,(13) 20% - 40% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 10.0
4.7 mL/min

H-FDLGPFr-NH; (14) 20% - 40% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 10.2
4.7 mL/min

H-FREDLGPAYD-NH-(15) | 10% - 35% ACN(+0.1%TFA) in H20 (+0.1% TFA) in 15 11.3
min
4.7 mL/min

H-FRADLGPAYD-NH, (16) | 15% - 40% ACN(+0.1%TFA) in H20 (+0.1% TFA) in 15 9.5
min
4.7 mL/min

H-FRXDLGPAYD-NH,(22) | 15% - 50% ACN(+0.1%TFA) in H,0 (+0.1% TFA) in 15 min | 10.4

X= L-homoarginine 4.7 mL/min

H-QYLDEKLPNG-NH; (23) | 15% - 40% ACN(+0.1%TFA) in H20 (+0.1% TFA) in 15 7.5
min 4.7 mL/min

H-VVKGALKSLV-NH, (24) 15% - 40% ACN(+0.1%TFA) in H20 (+0.1% TFA) in 15 9.7




Table S5: *C NMR (100 MHz) and "H (400 MHz) NMR data for N®-prenyl homoarginine in
DMSO-ds. *C values from carbon and HSQC spectra and 'H values from proton and HSQC
spectra.

No 13¢C, mult. H mult., J (Hz) HMBC

1,1 140.7, C -

2,2 143.8,C -

3 46.7, CH 4.22 1,1',2,2',4,4',5,5', 8
4,4' 125.3,CH 7.72 1,1',3,6,6',7,7'
5,5 127.1, CH 7.33 2,2',3,4,4,7,7
6,6 127.6, CH 7.42 1,1,3,4,4,7,7
7,7 120.1, CH 7.89 d, 7.5 1,1,2,2',4,4,5,5'
8 65.6, CH; 4.28 2,2',3,9

9 156.2,C -

10 173.9,C -

11 53.7, CH 3.93 9,10,12, 13
11-NH ; 7.63 d, 8.3 9,10, 11, 12

12 30.4, CH, 1.621.71 10, 11, 13

13 22.8, CH, 1.35 11, 12, 14, 15

14 28.0, CH, 1.47 12,13, 15

15 40.7, CH, 3.11 13,14, 16

15-NH ; 7.49 14, 15, 16

16 155.5, C -

16- i

C=NH

16-NH - 7.50 16,17, 18

17 39.0, CH, 3.72 16, 18, 19, 20, 21
18 119.2, CH 5.17 17,20, 21

19 136.0, C -

20 17.8, CHs 1.63 s 18,19, 21

21 25.3, CHs 1.69 s 18, 19, 20
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Calothrix clade (2 OTUs: AY493597.1, AY493597.1)

Scytonema clade (2 OTUs: MK247982.1, MK247980.1)
Brasilonema clade (3 OTUs: NR_115807.1, EF150855.2, HQ847567.1)

Tychonema bourrellyi FEM_CT1003 (LT546470.1)
Tychonema bourrellyi FEM_IT0608 (LT546464.1)
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0dg.g’ﬁarmm'fum autumnale Ant-Ph68 (DQ493874.1)
Phormidium autumnale CCAP 1446/10
Phormidium autumnale SAG 78.79 (EF654084.1)
Neolyngbya clade (2 OTUs: MF190466.1, KY824055.1)
Lyngbya aestuarii PCC 7419 (NR_112179.1)
Lyngbya hieronymusii N-929 (JN854140.1)
Lyngbya hieronymusii CN4-3 (AB045906.1)
Lyngbya majuscula CCAP 1446/4 (HQ419207.1)
411 Arthrospira clade (4 OTUs: DQ393285.1, DQ393280.1, DQ393285.1, DQ393280.1)

Microcystis clade (4 OTUs: NR_074314.1, HE975020.1, D89034.1, D89033.1)
Cyanothece aeruginosa SAG 87.79 (KM019992.1)

Cyanothece sp. PCC 7424 (AF132932.1)
Gloeocapsa sp. PCC 73106 (AB039000.1)
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Pleurocapsa clade (2 OTUs: JN385285.1, NR_172667.1)
0,59 '4 Leptolyngbya clade (2 OTUs: EF429289.1, EF429294.1)
Oscillatoria clade (2 OTUs: MG255284.1, MG255294.1, )

1 Prochlorococcus clade (4 OTUs: NR_125480.1, AF115271.1, AF115270.1, AF115268.1)
Synechococcus clade (4 OTUs: NR_074309.1, KP835530.1, CP033061.1, AB871649.1)
Nodosilinea clade (3 OTUs: MN567972.1, MT946552.1, MT946553.1)

s <] Pseudanabaena clade (3 OTUs: LC153790.1, LC016779.1, LC314130.1)
Gloeobacter violaceus PCC 7421 (NR_074282)
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Figure S1: Bayesian inference tree based on the 16S rRNA genes from 76 cyanobacterial
strains constructed with 5,000,000 generations. Accession number of the sequences is shown
in parentheses and node labels represent the posterior probability values. The strain
Phormidium autumnale CCAP1446/10 is shown in bold.
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Figure S2: Total ion chromatogram (TIC) from Phormidium autumnale CCAP1446/10 extract,
autumnalamide A and B specific (m/z 451.25 and m/z 575.78 [M+2H]?*) extracted ion
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Figure S5: Extracted ion chromatograms (EICs) of Marfey derivative (1-fluoro-2,4-
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Figure S6: A PhyML phylogenetic tree showing the relationship between AutF and AgcF
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biosynthetic pathways showing the position of the AutF and AgcF enzymes. Bootstrap values
are indicated at the node.
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Figure S7: Bioinformatic analysis of the autumnalamide biosynthetic pathway. (A)
Cyanobactin biosynthetic gene clusters from the autumnalamide (aut), anacyclamide (acy)
and piricyclamide (pir) biosynthetic gene clusters that encode AutF and AgcF
prenyltransferases homologs. (B) Precursor proteins encoded in these four biosynthetic
pathways showing the leader and core sequences as well as the presence of recognition

sequences (RS), RSII and RSIII.
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Figure S9: LC HRMS of the biochemical reaction of peptide Cyclo [-TLRESTAMYP] (1) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure S$10: LC HRMS of the biochemical reaction of peptide Cyclo [-TLrESTAMYp] (2) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure $11: LC HRMS of the biochemical reaction of peptide Cyclo [-TLRESTAMYp] (3) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure S12: LC HRMS of the biochemical reaction of peptide Cyclo [-TLFESTAMYP] (4) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure S13: LC HRMS of the biochemical reaction of peptide H-TLRESTAMYPFQA-NH: (5)
and AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure S14: LC HRMS of the unprocessed substrate in the reaction mixture of Cyclo[-
LGPFrFD] (6) and AutF in the presence of DMAPP.
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Figure $15: LC HRMS of the biochemical reaction of peptide cyclo[-LGPFRFD] (7) and AutF
in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the prenylated
product.
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Figure $16: LC HRMS of the biochemical reaction of peptide H-FrFDLGpAYD-NH; (8) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure $17: LC HRMS of the biochemical reaction of peptide H-FrFDLGPAYD-NH: (9) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure $18: LC HRMS of the biochemical reaction of peptide H-FRFDLGPAYD-NH- (10) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure $19: LC HRMS of the unprocessed substrate in the reaction mixture of H-RFDLGPF-
NH2(11) and AutF in the presence of DMAPP.
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Figure S20: LC HRMS of the unprocessed substrate in the reaction mixture of H-rFDLGPF-
NHz (12) and AutF in the presence of DMAPP.
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Figure S21: LC HRMS of the biochemical reaction of peptide H-FDLGPFR-NH- (13) and AutF
in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the prenylated
product.



WH42

0a0521021 1. TOF M5 ES+
1004 186 425 BEE_425 7RG 010000
| 310es
BQ_
L B e I B i o o LA i o o ok R My
1.00 2.00 .00 4.00 5.00 G.00 F.oo
WH42
0505821021 473 {1 .868) - 1. TOF W5 ES+
10 4257309 3.0 ppm [M+EH] A.07efl
-

4752775 [MAHTT
8504571
0.1 ppm

26831030

200 400 600 00 1000 1200 1400 1600 1300

WH42
050521021 Smihn, 252 1. TOF M5 ES+
100 2.4 459 703_459.779 010000
| 323
BQ_
+ SRR e
WH42
050621021 678 (2,283 1. TOF MS ES+
4752770 T.43e4
100 i
- [M+ZH]
459 7616
4 -4.1 ppm
= g52.4465
] 5883598 5a4 35665
7o4523
) 1102 1182
IS s e e S 1+ TiE

200 400 GO0 200 qo00 1200 1400



Figure $22: LC HRMS of the biochemical reaction of peptide H-FDLGPFr-NH, (14) and AutF
in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the prenylated
product.
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Figure $23: LC HRMS of the biochemical reaction of peptide H-FREDLGPAYD-NH, (15) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure S24: LC HRMS of the biochemical reaction of peptide H-FRADLGPAYD-NH, (16) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure S25: LC HRMS of the biochemical reaction of the substrate N-a-Boc-L-arginine (17)
and AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure $26: LC HRMS of the biochemical reaction of the substrate N-a-Fmoc-L-arginine (18)
and AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure S27: LC HRMS of the biochemical reaction of the substrate Z-L-arginine-OH (19) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure $28: LC HRMS of the biochemical reaction of the substrate Z-D-arginine-OH (20) and
AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS of the
prenylated product.
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Figure S$29: LC HRMS of the biochemical reaction of the substrate Fmoc-Homoarginine-OH
(21) and AutF in the presence of DMAPP. A) LCMS of the unprocessed substrate, B) LCMS
of the prenylated product.
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Figure S30: LC HRMS of the biochemical reaction of peptide H-FXFDLGPAYD-NH, (22)
where X is L-homoarginine and AutF in the presence of DMAPP. A) LCMS of the unprocessed
substrate, B) LCMS of the prenylated product.
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Figure S31: LC HRMS of the unprocessed substrate in the reaction mixture of H-
QYLDEKLPNG-NH: (23) and AutF in the presence of DMAPP.
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Figure S32: LC HRMS of the unprocessed substrate in the reaction mixture of H-
VVKGALKSLV-NH: (24) and AutF in the presence of DMAPP.
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Figure S33: Michaelis-Menton kinetics for AutF with A) H-FRFDLGPAYD-NH: (10) and B) Fmoc-L-homoarginine-OH (21). Experiments were
done in duplicates and error bars indicate the SE of the mean.
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Figure S34: Turnover number (K.at) of AutF and Fmoc-homoarginine (21) in different reaction conditions (pH, metals, salt concentrations and
temperatures). Experiments were done in duplicates and error bars indicate the SE of the mean.
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Figure S35a: 'H, 'H-"H COSY, 'H-"*C HSQC and 'H-"*C HMBC NMR spectra of the N“-Fmoc-
homoarginine in DMSO-ds. The chemical structure shows the observed 1H-1H-COSY
correlations as thick bonds and 1H-13C HMBC correlations as arrows. 'H-'H COSY and
HMBC correlations between 16, 16-NH and 17 confirmed the position of prenylation. This is
in addition to the fact that there is 11-NH and 15-NH protons which cannot be present if prenyl
is connected to these positions.
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Figure S35b: 'H NMR (400 MHz) spectrum of the N“-monoprenylated Fmoc-homoarginine in DMSO-d.
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Figure S35c: 'H-'H COSY NMR (400 MHz) full spectrum of the N“-monoprenylated Fmoc-homoarginine in DMSO-ds.
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Figure S35d: 'H-'H COSY NMR (400 MHz) spectrum of the N*-monoprenylated Fmoc-homoarginine in DMSO-d.
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Figure S35e: 'H-'H COSY NMR (400 MHz) spectrum of the N*-monoprenylated Fmoc-homoarginine in DMSO-db.
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Figure S35h: HSQC NMR (400 MHz) spectrum of the N“-monoprenylated Fmoc-homoarginine in DMSO-dk.
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Figure S35i: HSQC NMR (400 MHz) spectrum of the N“-monoprenylated Fmoc-homoarginine in DMSO-dk.
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Figure S35j: HMBC NMR (400 MHz) spectrum of the N“-monoprenylated Fmoc-homoarginine in DMSO-dk.
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Figure S36: Multiple alignment of the following cyanobactin prenyl/geranyl transferases; (1) PirF: the O-geranyltransferase on tyrosine from
piricyclamide biosynthesis (GenBank ID: AFK79989), (2) PagF: the forward O-prenyltransferase on tyrosine from prenylagaramide biosynthesis
(GenBank ID: AED99429; PDB ID: 5TU6), (3) TruF1: the reverse O-prenyltransferase on serine and threonine from trunkamide biosynthesis
(GenBank ID: ACA04492), (4) LynF: the reverse O-prenyltransferase on tyrosine from aestuaramide biosynthesis (GenBank ID: EAW34319), (5)
TolF: the forward O-prenyltransferase on serine and threonine from tolypamide biosynthesis (GenBank ID: EKF00815), (6) KgpF: the C3 indole-
prenyltransferase on tryptophan from kawaguchipeptin biosynthesis (GenBank ID: KXS89935), (7) AcyF: the N1 indole-prenyltransferase on
tryptophan from anacyclamide biosynthesis (GenBank ID: AZB51087), (8) AgcF: the mono- and bis- N guanidine prenyltransferase on arginine
from argicyclamide biosynthesis (GenBank ID: BCU11649), (9) AutF: the mono- N, guanidine prenyltransferase on arginine from autumnalamide
biosynthesis (GenBank ID: JAIGNIO00000000), (10) PatF: the non-functional prenyltransferase from patellamide biosynthesis (PDB ID: 4BG2),
(11) TruF2: the non-functional prenyltransferase from trunkamide biosynthesis (GenBank id: ACA04493). Positions of the residues at the
substrate entrance site in PagF (PDB: 5TUG) are highlighted by a green star. Residues involved in binding of Mg ion and diphosphate group are
highlighted by red triangle. Catalytic residue in PagF (Glu51) and the corresponding residues in other prenylases are highlighted by a blue triangle.
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Figure S37: A) Crystal structure of the O-tyrosine prenyl transferase, PagF, showing the residues at the active site entrance and the DMSPP as
sticks (PDB: 5TU6). Computational models of (B) AgcF and (C) AutF showing the corresponding residues at the active site entrance as sticks.
Models were generated using SWISS-MODEL web toolS'® using PagF structure (PDB 5TUG) as a template.



