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ABSTRACT: Mycosporine-like amino acids (MAAs) are small, colorless, and water-soluble secondary metabolites. They have high
molar extinction coefficients and a unique UV radiation absorption mechanism that make them effective sunscreens. Here we report
the discovery of two structurally distinct MAAs from the lichen symbiont strain Nostoc sp. UHCC 0926. We identified these MAAs
as aplysiapalythine E (Cy;H3sN,0,5) and tricore B (C3,Hs3N,O; ) using a combination of high-resolution liquid chromatography—
mass spectrometry (HR-LCMS) analysis and nuclear magnetic resonance (NMR) spectroscopy. We obtained a 8.3 Mb complete
genome sequence of Nostoc sp. UHCC 0926 to gain insights into the genetic basis for the biosynthesis of these two structural distinct
MAAs. We identified MAA biosynthetic genes encoded in three separate locations of the genome. The organization of biosynthetic
enzymes in Nostoc sp. UHCC 0926 necessitates a branched biosynthetic pathway to produce two structurally distinct MAAs. We
detected the presence of such discontiguous MAA biosynthetic gene clusters in 12% of the publicly available complete cyanobacterial
genomes. Bioinformatic analysis of public MAA biosynthetic gene clusters suggests that they are subject to rapid evolutionary
processes resulting in highly plastic biosynthetic pathways that are responsible for the chemical diversity in this family of microbial
sunscreens.

H INTRODUCTION substituents can be found bound to the first (C1) and the third
Many organisms produce protective pigments and other (C3) carbon of the chromophore.* Modification of the amino
secondary metabolites to protect themselves against the acid residues and/or the addition of sugar moieties further
harmful effects of the ultraviolet radiation." Mycosporine-like increase the structural diversity of MAAs.* Shinorine (A, =
amino acids (MAAs) are small, colorless, and water-soluble 333 nm, 333 Da) and porphyra-334 (4,,,, = 334 nm, 347 Da)
compounds that effectively absorb UV radiation between 310 are the most common MAA chemical variants reported.'"”
and 360 nm with high molar extinction coefficients ranging Shinorine and porphyra-334 biosynthesis proceeds through the
between ¢ = 28,100 to 50,000 M cm™".*~* MAAs can dissipate action of four enzymes encoded in a compact biosynthetic
98% of the absorbed UV radiation as heat to the surroundings, gene cluster as either mysABCD or mys ABCE.'* All known

and some variants such as mycosporine-2-glycine and
glycosylated pophyra-334 derivatives possess considerable
antioxidant activity.”~” There is over three decades of interest
in the potential application of MAAs in the pharmacological
and cosmetic industries due to their effective UV absorbance,
antioxidant activity and nontoxic nature.””"'

MAAs are secondary metabolites with over 70 chemical
variants that consist of at least one cyclohexanone or
cyclohexenimine chromophore where different amino acid

MAA biosynthetic enzymes are reported to be encoded in
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Figure 1. Chemical structures of the aplysiapalythine E (582 Da, A, = 336 nm) and tricore B (756 Da, A,,, = 312 nm) with a shoulder peak at
340 nm from the lichen symbiont Nostoc sp. UHCC 0926. '"H—'H COSY and '"H—"*C HMBC correlations are given for each compound.

compact and coregulated biosynthetic gene clusters similar to
other microbial secondary metabolites. * ™"’

The genus Nostoc is a particularly rich source of structurally
diverse MAA chemical variants.”'*'®'" Here we report the
lichen-symbiont Nostoc sp. UHCC 0926 produces two distinct
MAA chemical variants identified as tricore B (C3,H;3N,O )
and aplysiapalythine E (C,3H;gN,O;5). Surprisingly, we
identified three discontiguous MAA biosynthetic gene clusters
encoded at distant locations in the complete genome of Nostoc
sp. UHCC 0926. The organization of biosynthetic genes in
Nostoc sp. UHCC 0926 necessitates a branched biosynthetic
pathway to explain the biosynthesis of the two structurally
distinct MAAs. We present a biosynthetic scheme to show how
these distantly encoded enzymes might be working together,
wherein we also propose the involvement of additional
enzyme. Our bioinformatic analysis suggests that the MAA
biosynthetic pathways of cyanobacteria can be highly plastic,
explaining the chemical diversity observed for this family of
microbial sunscreens.

B RESULTS AND DISCUSSION

Structural Characterization of Aplysiapalythine E and
Tricore B. We detected two dominant MAA chemical variants
(18 and 19), with peak absorption between 300 and 350 nm,
by ultraperformance liquid chromatography with quadrupole
time-of-flight (UPLC-QTOF) analysis of the 100% methanol
extracts of the Nostoc sp. UHCC 0926 dried cell biomass
(Table S1). We also detected and deduced the production of
20 additional MAA chemical variants according to their
respective ion chromatograms (Figure S1) and MSE spectra
(Figures S2—S3). The most dominant MAA chemical variant
(m/z of 583.23, 19) accounted for 53% of the total peak area
and possessed two hexose moieties (Table S1, Figure S1). The
second major chemical variant (m/z = 757.35, 18) comprised
18% of the total MAAs detected and contained three

chromophores with two Ornithine (Orn) residues (Table S1,
Figures S1 and S3).

We isolated and dissolved the major MAA chemical variant
(19) in D,O and 'H, ®C, 'H-'H DQF-COSY, 'H-'H
TOCSY, '"H-"3C HSQC-TOCSY, and edited '"H-"3C HSQC
and 'H—"*C HMBC spectra were recorded (Table S2, Figures
$4—510). All 8y and & signals for atom positions 1—8 were
typical for MAA chemical variants that contain a cyclo-
hexenimine core unit (Table S2). Double signals, particularly
from the CH,—4 core unit, indicated the presence of at least
two cyclohexenimine core units in the sample with differing
abundances (Table S2). Signals from two hexose sugars (Hex-
1 and Hex-2) with relatively even abundances were recognized
with almost identical anomeric signals (CH-1) but without
clear recognition of CH-S and CH-6 signals (Table S2).
HMBC correlation from the first hexose (Hex-1) anomeric
proton 1 to MycA carbon 7 seemed to be present, and
accordingly, from MycA-7a to Hexl—1 suggested that Hexl
was connected to the 7-OH (Figure 1). Assuming that Hex1
CH-6 was correctly annotated to be dy 3.88 and 4.04 ppm and
Sc 69.1 ppm, then the second hexose (Hex2) was probably
connected to Hexl to position 6 (Figure 1). Both
hexopyranoses (Hex1/2) have a coupling constant 3]H11H2 of
7.8 Hz meaning that both H1 and H2 are axial, which is the
case for f-p-glucose and ﬂ—D—galactose.zo Proton spectrum
from hydrolyzed MAA (19) demonstrated the presence of
both glucose and galactose (Figure S11). NMR data obtained
did not allow us to determine the position of the hexose units.
There was also a low intensity doublet signal 8; 5.24 (3.9 Hz)
and O¢ 92.1, which best matched with free a-p-glucose in water
solutions in 2:3 equilibrium with the f-anomer (Figure S11).
The product ion spectrum of the protonated MAA (19)
showed the loss of two hexose units and that the aglyconic part
matched structurally best to aplysiapalythine C (Figure S12
and Table S3). The mass spectrometric data best fitted to
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Figure 2. Proposed branched biosynthetic pathway for the synthesis of tricore B and aplysiapalythine E variants identified from Nostoc sp. UHCC
0926. The intermediate structures are numbered according to HR-LCMS data (Table S1). 4-Deoxygadusol synthesis is highlighted as it a shared
biosynthetic intermediate for the biosynthesis of both the tricore B and aplysiapalythine E.

glycosylated aplysiapalythine C structure. However, NMR
analysis could not verify the presence of either methyl or
—CH,COOH groups in the NH positions of the cyclo-
hexenimine MAA core structure. A UV maximum at 336 nm of
582 Da MAA supports aplysiapalythine-C-like structure as
cyclohexenimine-type MAA core unit with ligands in both N
atoms have reported maxima between 325 and 362 nm and
with one ligand between 320 and 322 nm (Figure 1). The
extinction coefficient of this variant was calculated as & =
12,390 L mol™ ecm™ at 336 nm. We named the novel MAA
(19) chemical variant aplysiapalythine E, and to the best of our
knowledge, this is the first diglycosylated aplysiapalythine
variant reported.”' ~*’

The second major MAA chemical variant (18) had a major
UV absorption maximum (A,,,,) at 312 nm, which fits to the
two cyclohexenone chromophores in the 756 Da structure, and
a shoulder at 340 nm, which fits to one cyclohexenimine with

two N-ligands in the 756 Da structure (Figure 1). We isolated
and dissolved the second major MAA chemical variant (18) in
D,0 and collected 'H, *C, '"H-'H-COSY, 'H-'H-TOCSY,
"H-"C-HSQC, and 'H-"C-HMBC spectra to resolve the
structure of this chemical variant (Table S4, Figures S13—
S18). All chemical shift values (55 A + 0.03 ppm and 6c A +
0.4 ppm) and the COSY, TOCSY, HSQC, and HMBC
correlations were in full agreement with the previously
characterized 756 Da MAA, reported from Nostoc flagelliforme
CCNUNL'® We also calculated the estimate extinction
coefficient for this variant at 312 nm as € = 58,970 L
mol'em™. The 1050 Da glycosylated MAA isolated from
Nostoc commune was the first characterized MAA chemical
variant that was composed of three chromophores.'** To
establish a more practical naming convention, we choose to
refer to the 1050 Da MAA as tricore A'®** and the 756 Da

C https://doi.org/10.1021/acschembio.3c00112
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Figure 3. A maximum-likelihood phylogenomic tree of the complete cyanobacterial genomes that possess a MAA biosynthetic gene cluster. Tree
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Pathway for the Synthesis of

Tricore B and Aplysiapalythine E. Tricore B and
aplysiapalythine E are structurally distinct from one another,
which suggested that the genome of Nostoc sp. UHCC 0926
encodes two different biosynthetic pathways. We sequenced
the genome of Nostoc sp. UHCC 0926 using PacBio
technology, and the resulting complete assembly length was
8,314,159 bp in total, comprising a single circular chromosome
and six plasmids (Table SS). Interestingly, genes encoding
MAA biosynthetic enzymes were identified at three different
locations on the genome with two biosynthetic gene clusters
encoded on the chromosome and one such biosynthetic gene
cluster on a plasmid (Figure 2). A 4.7-kb biosynthetic gene
cluster encoded MysD, MysC,, and MysC;, (Figure 2), while a
8.2-kb biosynthetic gene cluster encodes MysA, MysB, and

MysC, (Figure 2). A third 6.9-kb biosynthetic gene cluster
encoded MysF, Mysl, and MyseE and was located on the
largest plasmid (Figure 2, Table S6). MysF contains a
methyltransferase domain, while MysI is a TauD/TfdA family
dioxygenase, distinct from the previously described MysH
enzyme,'” and finally the MysE is an NRPS enzyme (Table
S6). We also identified and annotated a 243-bp pseudo mysC,
gene with a premature stop codon located upstream of the
mysFIE cluster (Figure 2, Table S6).

We propose a biosynthetic scheme to explain the production
of the structurally distinct tricore B and aplysiapalythine E in
Nostoc sp. UHCC 0926 was based on structural intermediates
detected as well as established biochemical reactions and
bioinformatic predictions (Figure 2, Tables S1,56). MysA is a
phosphate cyclase that acts on either sedoheptulose-7-
phosphate from the pentose phosphate pathway or the 3-
deoxy-p-arabino-heptulosonate-7-phosphate (DAHP) from the
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shikimate pathway to produce either dimethyl-4-deoxygadusol
or 3-dehydroquinate, respectively.'”>™*® MysB is an O-
methyltransferase, which methylates a 3-dehydroquinate
intermediate to form the 4-deoxygadusol chromophore."*
The MysC is an ATP-grasp ligase that catalyzes the addition
of glycine (Gly) onto the C1 forming mycosporine-glycine."*
These first three steps in the biosynthesis of MAAs have been
characterized through biochemical assays and heterologous
expression experiments.'* Tricore B biosynthesis most likely
proceeds with the addition of an Orn residue onto the first
carbon C1 of the 4-deoxygadusol either by the MysC, or
MysC, enzymes as previously proposed.'*'® The MysC, or
MysC, enzymes are the new members of the MysC family that
have yet to be characterized in biochemical assays (Figure
2).'%*” We detected the presence of the expected mycospor-
ine-ornithine intermediate (11) in the extracts of Nostoc sp.
UHCC 0926 (Figure 2, Table S1). The MysD, a p-alanine p-
alanine ligase, is reported to catalyze the addition of Ser onto
the C3 in shinorine biosynthesis.* MysD can have high
substrate affinities to either Ser or Thr while also showing a
degree of promiscuity.'” We propose that MysD catalyzes the
linkage between the Orn residue and C1 of another 4-
deoxygadusol to form the 2-mycosporine-ornithine (5) (Figure
2)."*1® The second Orn residue would then be attached onto
the C3 of the core 4-deoxygadusol by MysC,/MysC; to form
the 2-mycosporine-2-ornithine intermediate (20) (Figure 2).1¢
Finally, tricore B (18) biosynthesis is likely completed with the
attachment of the final Orn residue on to the third 4-
deoxygadusol core by the MysD enzyme (Figure 2).

The biosynthesis of aplysiapalythine E starts with the
synthesis of mycosporine-glycine (3), which is formed with a
Gly residue addition onto the C1 of the 4-deoxygadusol
through the successive action of MysA, MysB, and MysC
(Figure 2). This reaction sequence has exact precedence in the
biosynthesis of shinorine and porphyra-334.'“'” We propose
that the MysE enzyme, a NRPS protein, catalyzes the linkage
of a second Gly residue onto the C3 of mycosporine-glycine
forming mycosporine-2-glycine (Figures 2, 4). The MysE
protein is reported to catalyze the addition of Ser to
mycosporine-glycine (3) in the biosynthesis of shinorine."*
However, we could not detect mycosporine-glycine (3) by
HR-LCMS (Figures 2, 4). We propose that the Gly residue
bound on C3 is hydroxylated and destabilized by MysI, leading
to the spontaneous formation of a palythine (2) intermediate
(Figure 2). This proposed reaction is similar to the proposed
mechanism of MysH.'” Recently, a phytanoyl-CoA dioxyge-
nase enzyme, now named MysH, was reported to play a central
role in the biosynthesis of palythine (4,,,, = 320 nm, 244 Da)
variants.'” MysH is predicted to hydroxylate Gly on CI and
destabilize the side chain leaving an amide residue, resulting in
palythines.” However, MysI would act on a Gly residue on C3
rather than C1 in our putative biosynthetic scheme (Figure 2).
This reaction mechanism requires further experimental
validation. We predict that the MysF enzyme methylates the
amide residue attached to C3 of the 4-deoxygadusol forming
the aplysiapalythine C (1) intermediate (Figure 2). Finally, the
aplysiapalythine E (19) variant is formed by the attachment of
a hexose sugar onto the C7 of aplysiapalythine C to form
aplysiapalythine F (10) and then another hexose onto C6 of
the first attached hexose sugar (Figure 2). The glycosyl-
transferase enzymes involved in these reactions are currently
unknown and are likely to be encoded elsewhere in the
genome, as previously reported for all glycosylated MAAs.*>*"

It is possible that the glycosylation of MAAs is an additional
process solely for the purpose of integration into the
extracellular matrix and are regulated by other factors such
as desiccation stress.”

Plasticity of MAA Biosynthetic Pathways in Cyano-
bacteria. We extended our analysis to 293 high quality
publicly available complete genomes to determine whether
discontiguous MAA pathways are a common occurrence in
cyanobacteria. We identified 75 cyanobacteria that possessed a
type of a MAA biosynthetic gene cluster and constructed a
phylogenomic tree to investigate their evolutionary distribution
(Figure 3). We identified MysF, a methyltransferase that is
distinct from MysB, encoded in 8 of the MAA biosynthetic
gene clusters we analyzed (Figure 3, Table S6). We also
identified two distinct dioxyganases, MysH and MysI, encoded
in MAA biosynthetic gene clusters (Figure 3).

The overall distribution of MAA biosynthetic gene clusters
lacks an obvious pattern in cyanobacteria (Figure 3). However,
we detected 9 cyanobacteria with similar discontiguous MAA
biosynthetic pathways (Figure 3). The sizes of these
discontiguous MAA gene clusters ranged from 2.7 to 7.4 bp
and encoded 1—4 proteins (Figure 3). Interestingly, Nostoc sp.
NIES 2111 encodes two complete MAA biosynthetic gene
clusters where mysABCE is on the chromosome and mysABCD
is located on the plasmid (Figure 3). Interestingly, apart from
the Nostoc sp. UHCC 0926, this is the only other strain to
carry an MAA biosynthetic gene cluster on a plasmid as well as
the chromosome (Figure 3). Our analysis also included
Tolypothrix sp. PCC 7910 with an MAA biosynthetic pathway
only composed of mysCD and a truncated pseudo mysB gene
(Figure 2). Truncated genes were also identified in the Nostoc
sp. UHCC 0926 (mysC,), Dolicosphermum sp. DLO1 (mysC,),
Moorena producens PAL-8-15-08-1 (mysD), and Calothrix sp.
NIES-2100 (mysD). The presence of discontiguous and/or
multiple MAA biosynthetic gene clusters together with
pseudogenes is an indication that MAA biosynthetic pathways
are undergoing constant evolutionary processes. Serial
horizontal gene transfer (HGT) events might be the main
way MAA biosynthetic pathways obtain new biosynthetic
genes: for example, through the independent acquisition and
gradual decay of two or more MAA biosynthetic gene clusters,
which later merge to form novel MAA biosynthetic gene
clusters.

Phylogenetic analysis of individual MAA biosynthetic
enzymes allowed us to identify and confirm the distantly
located MAA biosynthetic enzymes, as well as to investigate
their evolutionary distribution (Figures $19—523). Individual
phylogenetic distribution of MysA, MysB, and MysC,
biosynthetic enzymes appear to be in line with cyanobacterial
taxonomy (Figures S19—S21) especially among the genus
Nostoc.> This finding is consistent with previous literature as
MAA core forming MysA, MysB, and MysC enzymes are
thought to be conserved in all MAA producing organisms.”**>
The formation of two distant clades in the MysA phylogenetic
tree could be linked to difference between 2-epi-5-epi-valiolone
synthase and 3-dehydroquinate synthase-type MysA enzymes
(Figure $19).** Additionally, the topology of the phylogenetic
tree constructed using methyltransferase enzymes further
indicated that the MysF enzymes found in the MAA
biosynthetic gene clusters are indeed distinct from MysB
enzymes as they formed a distant clade of their own (Figure
$20).
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Figure 4. Distribution, domain architecture, and substrate variation including the Stachelhaus codes of the MysE enzymes found in MAA
biosynthetic gene clusters of the analyzed cyanobacterial genomes. MysE enzymes are colored brighter alongside the MysF (dark green) and Mysl

(mustard yellow) to highlight the coclustering pattern.

We constructed a phylogenetic tree based on the MysC
protein (Figure S21). The Gly-specific MysC, is conserved,
and the Orn/Lys specific MysC, and MysC; enzymes form
their own clade as likely more recent derivatives of the MysC,
(Figure S21). As expected, the MysC, and MysC; of Nostoc sp.
UHCC 0926 is found in the same clades as other known
tricore MAA forming cyanobacteria including Nostoc flag-
elliforme CCNUNT1 and Nostoc commune HK-02 (Figure S21).
Additionally, all the cyanobacteria in these highlighted clades
possess the mysDC,C; cluster formation, which is also
consistent for the phylogenetic tree constructed for MysD
enzyme (Figures S21 and S22), where the clade in which
MysD of Nostoc sp. UHCC 0926 places along with other
cyanobacteria with the mysDC,C; cluster organization (Figure
3). This particular gene cluster organization was associated
with tricore MAA synthesis and are specifically common in
draft resistant cyanobacteria as a likely form of habitat
adaptation.”

We investigated the distribution of the MysE enzymes
together with their respective enzymatic properties (Figure 4).
Interestingly, the phylogenetic distribution of the MysE
enzymes is congruent with the corresponding substrate
specificities (Figure 4). The topology of the phylogenetic
tree consists of two main clades where the first clade is
composed of 12 Ser-specific MysE enzymes (Figure 4). Among
these, the most common domain architecture is A-CP apart
from Gloeothece citriformis PCC 7424 and Nostocales
cyanobacterium HT-58-2 with C-A-CP-TE and Fischerella sp.
NIES-4106 with A-CP-TE (Figure 4). The second main clade
is composed of eight members, including the Nostoc sp. UHCC
0926, which forms a subclade with the six others. The subclade
members are all specific for Gly, also sharing the domain
architecture of A-CP apart from the Calothrix sp. PCC 7716
with A-CP-TE (Figure 4). MysE of Moorena producens PAL-8-
15-08-1 places outside of this subclade as the only proline
(Pro) specific MysE with the domain structure of C-A-CP-TE.
Previously MysE activity seemed to be specific to Ser and
shinorine synthesis."”*' Our work demonstrates that there is a
cryptic diversity among the MysE enzymes, where there are at
least three MysE derivatives varying in their substrate
specificities, which can be Ser, Gly, or Pro (Figure 4).

The phylogenetic tree constructed using the dioxygenase
protein sequences places the MysH of Nostoc linkia NIES-25 in
a clade with four others that belong to Nostoc sp., and the

TauD/TfdA family of dioxygenases of Nostoc sp. UHCC 0926
is distantly in another clade with six others (Figure $23). The
clear division suggested that there are two different types of
dioxygenases involved in MAA biosynthetic pathways, and
thus, we named the TauD/TfdA family dioxygenases as Mysl
(Figure S23). We propose that Mysl is specific for Gly bound
to C3 while MysH acts on Gly bound to C1 (Figure 2)."”
These two enzymes are likely to have been recruited to the
MAA biosynthetic pathways independently, with the palythine
structure having arisen through convergent evolution on at
least two occasions (Figure $23).

We have also noted a pattern emerging with the three new
enzyme variants, MysF, Mysl, and the Gly-specific MysE were
consistently found adjacent to each other in all MAA
biosynthetic gene clusters in which they were present (Figure
4). Interestingly, all of these biosynthetic gene clusters are also
discontiguous, including the mysFIE in Nostoc sp. UHCC 0926,
which is encoded on a plasmid (Figures 3, 4). The mysFIE
biosynthetic gene cluster could be a remnant of a functional
MAA biosynthetic gene cluster obtained via a HGT event and
is slowly being integrated into the pre-existing biosynthetic
gene cluster with the ancestral MAA enzymes of the
cyanobacteria (Figures 2, 3).

Nostoc sp. UHCC 0926 seems to be a rare case because this
strain encodes three distinct MAA biosynthetic gene clusters,
the expression of which needs to be coordinated for the
synthesis of the two main MAA variants (Figures 2, 3).
Discontiguous biosynthetic gene clusters and branched
biosynthesis of MAAs have not been previously reported.
However, the phenomenon is not entirely unprecedented as
there are examples of other secondary metabolites pathways
that require coordinated expression of distant genes.36’37 MAA
biosynthetic pathways likely date far back and had diversified
through several HGT events, accumulation of mutations, gene
duplications, deletions, and recombination events."?7%% Ag
UV radiation is a constant threat, the evolutionary pressure to
produce the most useful MAA chemical variants is ever-
present.””*" Here, the three distant MAA biosynthetic gene
clusters work together in Nostoc sp. UHCC 0926 could be
considered a snapshot of dynamic evolutionary processes hard
at work.
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B CONCLUSIONS

Here we report the identification of three distantly located
MAA biosynthetic gene clusters from the Nostoc sp. UHCC
0926 genome, which may be acting in tandem to synthesize
tricore B and aplysiapalythine E via a branched biosynthetic
pathway. Our extended analysis of the similarly organized
MAA biosynthetic gene clusters in publicly available complete
cyanobacterial genomes provides valuable insight into the
evolutionary progression and the subsequent plasticity of the
MAA biosynthetic pathways. Additionally, we predicted roles
for new types of methyltransferase and dioxygenase enzymes
which might be involved in the synthesis of aplysiapalythines.
Overall, our data shows that the MAA biosynthetic pathways
can be much more diverse and complex than previously
assumed.

B MATERIALS AND METHODS

Nostoc sp. UHCC 0926 Biomass Cultivation and Harvest.
Nostoc sp. UHCC 0926 is a lichen symbiont, isolated from central
Finland. The non-axenic culture is maintained in 40 mL modified Z8
media*' lacking a source of combined nitrogen at 20 °C and under
the light intensity of 8.70 ymol m™" s™". For the purification of MAAs,
we grew Nostoc sp. UHCC 0926 in large batches of 40 L for 4 weeks.
10 g dried cell biomass was obtained by harvesting the cultures via
centrifugation using the Sorvall Lynx 6000 (Thermo Scientific) at
9000 g for 8 min at 20 °C and lyophilization with the Christ LCS Plus
Beta 2—8 LCS Plus Freeze-Dryer at 0.0650 mbar for 48 h.

Detection of MAAs by LC-MS-UV. Approximately 50—100 mg
of dried cell biomass was collected in 2 mL plastic screw-cap
Eppendorf tubes filled with 200 pL of 0.55 mm Glass Micro Beads
(Scientific Industries) were added to a screw-top Eppendorf tube.
Cells were then disrupted in 1 mL of 100% methanol at 6.5 m s™" for
20 s using a Fast Prep-24 (MP Biomedicals). Once lysed, the samples
were centrifuged for S min at 10,000 g using an Eppendorf centrifuge
5415D. 100 uL of the supernatant was taken up and filtered using an
Injekt-F 1 mL syringe (B-Braun) with 0.2 ym Fisherbrand PTFE
syringe filter tip (Fisher Scientific) into a short thread sample vial
(VWR) for LC-MS analysis.

An initial method of screening was performed using UPLC-QTOF
(Acquity I-Class UPLC-SynaptG2-Si, Waters Corp., Milford, MA,
USA) with the ACQUITY UPLC BEH Amide Column, 130 A, 1.7
pum, 2.1 mm X 100 mm (Waters Corp., Milford, MA) with solvent A:
0.2% ammonium formate and solvent B: acetonitrile with a flow rate
of 0.300 mL min~". The initial percentages of solvents were 10%
solvent A and 90% solvent B, which changed linearly to 40% solvent A
and 60% solvent B by 9.00 min. The sample was injected 0.5 uL at a
time. The target sample temperature was 5.0 °C and column
temperature: 40.0 °C. Samples were run at ES+ polarity with the
capillary voltage at 2.5 kV. The sampling cone was set to 20 V with a
source temperature of 120 °C and desolvation temperature of 600 °C.
The cone gas flow was set to 50 L h™" and desolvation gas flow to
1000.0 L h™" with a nebulizer gas flow of 6.0 bar. Photodiode array
detector recorded between 210 and 800 nm.

Purification of MAAs. 10 g of Nostoc sp. UHCC 0926 dried
biomass was processed 1 g at a time in 30 mL of 100% methanol,
starting with cell breaking using the SilentCrusher M (Heidolph
Instruments), at up to 20,000 rpm for SO s. Samples were then
centrifuged at 5000 g for 10 min at 10 °C, and the supernatants were
collected into a 500 mL Rotary Evaporator Flask containing 10 mL of
the ODS Chromatorex silica beads (Fuji-Davison Chemical Ltd.,
Aichi, Japan). Silica bound extract was then dried using a Biichi
Rotavapor R-200. Phenomenex SPE strata SI-1 silica S g/20 mL
cartridge columns were used to separate MAAs from other other
pigments and compounds. Columns were primed with 20 mL of
dichloromethanol (DCM) and then 10 mL of heptane. The flow of
the solvents was aided by air pressure applied from the top. We then
loaded 1 g of the silica bound dry cell extract onto the column and

fractionated with a series of solvents, starting with 10 mL of heptane,
followed by ethyl acetate, DCM, acetone, and 20 mL of methanol, all
collected into 20 mL glass tubes. MAAs were then detected in the
final methanol fractions using an Oridoe UV-1800 (Shimadzu)
spectrophotometer by detection of peak absorbance at 330 nm.

We removed methanol using Turb Vap LV Evaporator at 28 °C
and dissolved the sample in 1 mL of ultrapure water. We
homogenized the sample by vortexing at full speed for a minute
and sonicating with Sonorex Super 10P (Bandelin) bath sonicator for
S min. Sample was then centrifuged for 2 min at 14,000 g using an
Eppendorf Centrifuge 5415D F45-24-11. The 10 uL of the clear
supernatant containing MAAs was analyzed with reverse phase HPLC
using a XSelect HSS T3 S ym 4.6 mm X 150 mm Column (Waters)
in the HP Agilent 1100 series (Hewlett-Packard) liquid chromato-
graph. Then we used an XSelect Column HSS T3 OBD Prep Colum
100 A 5 ym 10 mm X 150 mm with a flow rate of 4.7 mL min~! in
0.1% ammonium formate for the purification rounds. Injection
volume per run was ~50 uL, and the fractions corresponding to peaks
detected by UV—vis diode at 300—350 nm were collected and pooled
after each run. The Turb Vap LV Evaporator at 28 °C was used to
evaporate the solvents in the fractions, and the water was removed by
lyophilization as described previously. The purified MAA samples
were then confirmed by HR-LCMS and sent for NMR analysis.

NMR Analysis of Purified MAA Chemical Variants. The two
purified MAA chemical variants were then dried and sent for NMR
analysis. All NMR spectra for the samples were collected using a
Bruker Avance III HD 800 MHz NMR spectrometer, equipped with a
cryogenically cooled, z-gradient TCI 'H, *C, "N triple resonance
probehead. Data were collected at 298 K in D,0. 582 Da MAA
(aplysiapaltyhine E) hexoses were identified as described previously.**

Whole Genome Sequencing of the Nostoc sp. UHCC 0926. A
four-week-old 40 mL nonaxenic culture of Nostoc sp. UHCC 0926
was harvested by centrifuging at 7000 g for S min and the pellets were
washed three times with 45 mL of sterile Z8 media to reduce
contamination, as the culture was not axenic. The DNA extraction
was performed with a standard phenol-chloroform and ethanol
precipitation method. Extracted DNA was dissolved in 30 uL of §
mM TrisHCI at pH 8. DNA quantity and quality were assessed using
Nanodrop 1 spectrophotometer (Thermo Fisher Scientific).

Pacbio Sequel II instrument was used for the sequencing reactions,
and the initial assemblies were done according to the Pacbio’s
SMRTlink version 9 microbial assembly user guide at the University
of Helsinki sequencing center. The 573,523 subreads containing
8,537,413,497 bp were assembled into 490 contigs and 33.8 Mbps of
sequence. Sequence circularity was checked with GAP4 (Staden
package), and minimap2 was used for mapping Pacbio HiFi reads
(37,287 reads, containing 628,850,915 bp) back to assembly and then
polishing genome using Pilon (v 1.16). De novo genome assemblies
were obtained with Flye 2.9. The assembled scaffolds were classified
with Kaiju 1.7.2 at the phylum level and separated using in-house
scripts to obtain only cyanobacterial scaffolds. The circularity of
sequences was checked with Bandage 0.8.1 and the completeness and
contamination of the genomes were assessed with CheckM 1.0.13.%
The complete genome can be accessed from the NCBI GenBank
database with accession number PRJNA930330.

Identification of MAA Biosynthetic Gene Clusters. We
collected all of the obtained genome sequence FASTA files in a
custom database in a UNIX environment. Amino acid sequences of
the MAA biosynthetic enzymes from Trichormus variabilis ATCC
29413 and Nostoc punctiforme ATCC 29133 were used as references
for tBLASTn 2.2.31+ alignments against the sequences in this custom
genome database.** Here we identified the strains that had MAA
biosynthetic gene clusters based on the percentage identity hits of
>50% to the reference sequences.

Phylogenetic Distribution of the MAA Biosynthetic
Enzymes in Cyanobacterial Genomes. To investigate whether
discontiguous MAA Dbiosynthetic gene clusters are common in
cyanobacterial genomes, we used MAA biosynthetic enzyme
sequences from Nostoc sp. UHCC 0926 as reference sequences to
identify similar organizations in 293 complete cyanobacterial genomes
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(including plasmids) deposited in the NCBI accessed on February 18,
2022. Protein alignments were performed with BLASTp 2.8.1+%
considering minimum identity values of 45% and minimum coverage
values of 75% for the established MysABCDE amino acid
sequences.'* The additional putative MAA biosynthetic genes were
only considered part of the cluster when they were located below the
10 kb flanking region of established MAA biosynthetic genes. The
modular architecture and substrate specificity of the MysE enzymes
were analyzed using antiSMASH/ NRPSPredictor2.*®

The maximum-likelihood phylogenomic tree of the complete
genomes with MAA biosynthetic gene clusters identified was inferred
with RAXML v 8.0.0"7 with 1000 bootstraps using the PROTGAM-
MAIGTR model. 120 bacterial single-copy conserved marker
proteins’ sequences were aligned with GTDB-Tk v 0.3.2.** The
maximum-likelihood phylogenetic tree based on MAA biosynthetic
proteins were done by aligning the amino acid sequences with
MUSCLE" and inferring the trees with FastTree 2.1.11°° with WAG
+GAN£11V[A models. All the trees were visualized and edited with
iTOL.
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HR-LCMS MSF chromatograms of all the detected
MAA structural variants along with full and partially
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