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Genetic Survey of Psilocybe Natural Products

Sebastian Dérner*,” Kai Rogge*,” Janis Fricke,” Tim Schéfer,” Jacob M. Wurlitzer,”
Markus Gressler,” Duyen N. K. Pham,” David R. Manke,” Andrew R. Chadeayne,” and

Dirk Hoffmeister*?!

Psilocybe magic mushrooms are best known for their main
natural product, psilocybin, and its dephosphorylated congener,
the psychedelic metabolite psilocin. Beyond tryptamines, the
secondary metabolome of these fungi is poorly understood.
The genomes of five species (P. azurescens, P. cubensis,
P. cyanescens, P. mexicana, and P. serbica) were browsed to
understand more profoundly common and species-specific
metabolic capacities. The genomic analyses revealed a much
greater and yet unexplored metabolic diversity than evident

Introduction

The fungal genus Psilocybe is recognized for its metabolic
capacity to produce psilocybin (Figure 1A)." This simple, yet
unique L-tryptophan-derived phosphorylated tryptamine is the
immediate and chemically stable precursor of psilocin which
interferes with serotonergic neurotransmission and induces
psychedelic effects” Psilocybin-producing so-called magic
mushrooms rank among the most well-known fungi. Although
illicit in many countries in the European Union and many states
in the US, some species are grown or collected as recreational
drugs. The pharmaceutical interest in psilocybin is rapidly
increasing as successful clinical studies have demonstrated
psilocybin’s potential to treat patients who suffer from other-
wise therapy-refractory depression.”

Research with magic mushrooms at the chemistry/mycology
interface has traditionally emphasized their major natural
product psilocybin. Subsequently, related tryptamines, e.g.,
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from parallel chemical analyses. P. cyanescens and P. mexicana
were identified as aeruginascin producers. Lumichrome and
verpacamide A were also detected as Psilocybe metabolites. The
observations concerning the potential secondary metabolome
of this fungal genus support pharmacological and toxicological
efforts to find a rational basis for yet elusive phenomena, such
as paralytic effects, attributed to consumption of some magic
mushrooms.
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Figure 1. Chemical structures of Psilocybe natural products. A: tryptamines, B:
[B-carbolines, C: N,N-dimethyl-L-tryptophan, D: lumichrome and verpacamide
A, i.e, the Psilocybe natural products identified by LC-MS in this study.

aeruginascin and norpsilocin, were found and identified as
other bioactive compounds (Figure 1A).”) Recently, various p-
carbolines (Figure 1B) and N,N-dimethyl-L-tryptophan (Fig-
ure 1C) were discovered as Psilocybe natural products,” which
pointed to a more diverse metabolome than previously
anticipated.

A greater metabolic diversity is also implied by reports on
the controversially discussed entourage effect. It generally
describes that two or more compounds contribute synergisti-
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cally to a given pharmacological action, as observed in the
context of cannabis research.”’ While clinical studies rely on
pure psilocybin, some reports have questioned whether all
psychotropic effects of magic mushrooms can be attributed
solely to pure psilocybin.” Rather, these authors suggest that
an effect existed that may be explained by varying relative
amounts of structurally and potentially pharmacologically
dissimilar tryptamines.

Another phenomenon has remained even more enigmatic,
which is paralysis after uptake of magic mushrooms. It was first
described in 1973 for P. subcaerulipes, a wood-inhabiting
species” More recently, the colloquial term wood lover's
paralysis (WLP) has been coined in anecdotal reports that (re-)
describe numbness, incoordinated or lost motoric control of
limbs or facial muscles or even severe paralysis of individuals
who had consumed other lignicolous species as recreational
drugs, this is most frequently P. cyanescens and P. azurescens.
The eponymous feature of either species is the intense bluing
after injury or aging, which causes psilocin to oligomerize.”’ The
former species is widely distributed in North America and
Europe. Its carpophores often grow gregariously on lignin-rich
substrates, such as plant beds, covered with wood chips, in
residential areas and parks. The other species, P. azurescens is
native to Oregon and Washington. Like P. cyanescens, it prefers
lignin-rich material and woody debris as substrate. Interestingly,
none of the reports on WLP pertains to P. cubensis, a dung-
inhabiting species. These peripheral paralytic effects reportedly
last up to 24 h. This duration is clearly longer than psilocin’s
psychotropic action on the central nervous system, which
typically subsides after 3-4 h due to renal psilocin clearance via
O-glucuronylation and due to formation of 4-hydroxyindol-3-yl-
acetaldehyde by monoamine oxidase A activity.’>'? Systematic
clinical investigations on WLP and the compound(s) causing it
have not been carried out yet. However, if these symptoms
were the consequence of mushroom uptake, they appeared
incompatible with the pharmacology of known Psilocybe trypt-
amines. This, in return, may point to undiscovered natural
products interfering with peripheral neurotransmission.

To support pharmacological and toxicological research into
the above-mentioned phenomena, a systematic inventory of
natural product genes is presented, based on five Psilocybe
genomes, including both lignicolous and dung-inhabiting
species. This genetic approach identified a much more diverse
repertoire of natural product biosynthetic capacities than
evident from parallel chromatographic analyses.

Results and Discussion
Genome sequencing of P. mexicana and P. azurescens

P. mexicana, a Central American species inhabiting meadows
and open grass-covered areas, was the first species from which
psilocybin was isolated.” It was included in this study for
phylogenetic reasons. Psilocybe species fall in two evolutionary
clades." P. mexicana is a clade | species, as opposed to the
other species analyzed in this study, which all belong to clade II.
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P. azurescens was chosen as it shows a high psilocybin
content™ and is notorious for causing WLP, according to
unsubstantiated reports. Recently, draft genome sequences of
these species were presented."” However, the sequences were
highly fragmented and could potentially include incoherent
biosynthetic gene clusters which may have unfavorably
impacted our survey. Therefore, contiguous genomic sequences
for P. mexicana and P. azurescens were produced during this
study. Genomic sequencing resulted in assemblies of 274 and
1088 contigs, respectively (N50 values of 507,670 and
230,470 bp). The genome sizes were 65.2 and 71.4 Mb, the
average GC contents were 47.4% and 46 %, which is compara-
ble to other Psilocybe genomes (Table S1).'¥

Inventory of Psilocybe natural product genes

Surprisingly, a systematic investigation on secondary metabolite
genes of Psilocybe spp. has not been conducted yet. For a
representative survey on the metabolic capacity of this genus,
the genomes of the two above-mentioned species were
analyzed for natural product genes. Published genomic data of
P. cyanescens, P. serbica and two genomes of P. cubensis were
also included.™

As expected, all five species encode the complete genetic
locus for psilocybin biosynthesis, including P. azurescens, for
which a recent report found only an incomplete locus."® The
loci in this species and in P. mexicana are dissimilar to the
previously known clusters both in the number and the arrange-
ment of genes (Figure 2).

All species encode only one non-ribosomal peptide synthe-
tase (NRPS), i.e., a type VI siderophore synthetase (predicted
length and mass for P. cubensis: 2410 aa, 268.8 kDa), whose
gene clusters with a monooxygenase gene (Table 1).%! The sole
biochemically characterized representative of this NRPS type,
CsNPS2 of Ceriporiopsis subvermispora, was shown to catalyze
the biosynthesis of the iron chelator basidioferrin, a linear
N°-acetyl-N>-hydroxy-L-ornithine trimer, (Figure S1)."*®" Further-
more, one gene (two in P. mexicana) for a non-reducing
polyketide synthase (NR-PKS) was found. Its very close phyloge-

netic relationship to various ArmB-like orsellinic acid
P, azurescens —-aa--T —{—{ -
P, cubensis FSU 12409 - - —
P. cubensis MGC-MH-2018 —a» & —
P. cyanescens —-4a— — e
P. mexicana —_— — -ao—e—
P, serbica —o &6 —
OpsiH B psiK B psiM B psiD B psiT 5 kb

Figure 2. Gene arrangement in loci for psilocybin biosynthesis. The psiH
gene encodes the cytochrome P450 monooxygenase for tryptamine 4-
hydroxylation, psiK encodes the 4-hydroxytryptamine kinase, psiM the N-
methyltransferase, psiD the gateway L-tryptophan decarboxylase, psiT
denotes a hypothetical transporter gene.* Genes shown in light grey do
not belong to the psilocybin biosynthesis.
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Table 1. Number of natural product genes per biosynthetic category in Psilocybe genomes, see also Table S2. NR-PKS: non-reducing polyketide synthase;
NRPS: non-ribosomal peptide synthetase; NRPS/PKS: hybrid non-ribosomal peptide synthetase/polyketide synthase; TS: terpene synthase.

P. azurescens P. cubensis™ P. cubensis®™ P. cyanescens P. mexicana P. serbica

NR-PKS 1 1 1 1 2 1

NRPS9 1 1 1 1 1 1
NRPS/PKS 3 2 2 3 4 3

TS 25 20 21 22 17 26
Halogenase 1 1 1 1 1 1
NRPS-like 8 8 8 7 6 12
Psilocybin locus 1 1 1 1 1 1

[a] P. cubensis FSU 12409. [b] P. cubensis MGC-MH-2018. [c] Type VI siderophore synthetase.

synthases"® (Figures S2 and S3) suggested the capacity of
Psilocybe species to produce an as yet unidentified aromatic
polyketide as well. Except P. mexicana, all investigated species
encode a hybrid NRPS/PKS, whose domain setup (adenylation,
thiolation, keto synthase, acyl transferase, thiolation) is strongly
reminiscent of that of the hispidin synthase HispS."” A
cytochrome P450 monooxygenase, similar to the hispidine-3-
hydroxylase (H3H), is encoded next to the HispS-type enzyme
(Figure S4A).

In another mushroom, Neonothopanus nambi, these two
enzymes (plus a luciferase) catalyze the biosynthesis leading to
fungal luciferin for mushroom bioluminescence (“foxfire”)."”!
However, this phenomenon is not known from Psilocybe
species. Consistently, fungal luciferase genes, which are pre-
requisite for bioluminescence, were not found in Psilocybe
genomes. The function of this Psilocybe HispS-like NRPS/PKS
hybrid remains shrouded. Perhaps, the gene represents a relic
of a lost capacity to bioluminesce. A second type of NRPS/PKS
hybrid enzyme, also of unclear function, is encoded in all
investigated genomes. It follows the HispS architecture with an
N-terminal adenylation-thiolation didomain, but additionally
includes a keto reductase and a dehydratase domain. In the
phylogenetic tree (Figure S3), this type of enzyme is referred to
as “reductive hybrids”. While P. cubensis encodes only one copy,
all other species show two paralogs, separated by a putative
transporter gene.

Apart from one canonical oxidosqualene (i.e., triterpene)
synthase for ergosterol biosynthesis, all investigated genomes
encode numerous terpene synthases (Table 1, Table S2), rang-
ing from 17 (P. mexicana) to 26 (P. serbica), per species. Of
those, between 17 (P. mexicana) and 24 (P. serbica) are putative
sesquiterpene synthases. The majority thereof (six in
P. mexicana, 12 both in P. serbica and P. azurescens) belongs to
clade Ill sesquiterpene synthases."® These synthases catalyze
the C1,11 cyclization of (2E6E)-farnesyl diphosphate, which
yields, via the trans-humulyl cation, scaffolds such as
A®-protoilludene or hirsutene."” However, such compounds or
other (sesqui-)terpenes have not yet been described from the
genus Psilocybe. In all investigated species, another natural
product-related gene encodes a flavin-dependent halogenase.
It closely resembles characterized fungal halogenases that
regioselectively chlorinate the aromatic moiety of melleolide
antibiotics (ArmH1 of Armillaria mellea, 45-47 % identical amino
acids) or that of radicicol (RadH of Chaetomium chiversii).***"
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Finally, genes for NRPS-like putative adenylating reductases and
quinone synthetase enzymes were found (Figure S5, Table S2),
for which precedence exists in basidiomycetes as well.*?

We sought to identify natural product genes unique to
P. azurescens and P. cyanescens, i.e., the two species which
reportedly cause WLP. A biosynthetic gene cluster network
analysis (Figure S6) identified three loci for sesquiterpene
synthases that were not encoded in the other investigated
species. Two loci encode type IV sesquiterpene cyclases, which
mediate the C1,6 cyclization of (3R)-nerolidyl-diphosphate into,
e.g., the a-cuprenene scaffold,"® while the third locus encodes
putative type lll sesquiterpene cyclases. However, further func-
tional characterization is required to evaluate if these enzymes
are active and if their products may be connected to WLP.

Chemical analysis

The potential natural product diversity, suggested by genomic
data, prompted us to re-investigate the five Psilocybe species
chromatographically. The mycelia of all species as well as
carpophores, which were available for two P. cubensis strains,
for P. cyanescens, and for P. mexicana were subjected to LC-MS
analyses. Both methanolic and ethyl acetate extracts were
prepared to extract polar and more lipophilic compounds.
Besides psilocybin as major tryptamine, the methanolic carpo-
phore extracts contained norbaeocystin, baeocystin, along with
minor amounts of psilocin and norpsilocin (Figure 3A). Sub-
sequently, the extracts were re-analyzed using single ion
monitoring to improve the limit of detection. Both in
P. mexicana and P. cyanescens carpophores, aeruginascin was
unambiguously detected, yet in very minor amounts (< 0.1 % of
the psilocybin area under the curve). This is the first description
of this quaternary ammonium compound from these species.
Consistent with earlier results,”” aeruginascin was found in
P. cubensis carpophores as well.

Psilocybin and other tryptamines were also detected in
mycelial extracts of all species (Figure 3C), albeit at very low
concentrations, which is consistent with previous results.*”
Interestingly, at t; =1.7 min, our LC-MS analyses identified a
compound both in the mycelia of all species and in P. mexicana
carpophores whose UV/Vis spectrum and exact mass did not
match those of known tryptamines. Instead, the mass was
compatible with that of the diketopiperazine cyclo(Arg-Pro)

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 3. LC-MS analysis of methanolic carpophore and mycelial extracts to
detect tryptamines. A: carpophore extracts. Top trace: authentic standards of
norbaeocystin (1), baeocystin (Il), aeruginascin (lll), psilocybin (IV), norpsilocin
(V), and psilocin (V1) are shown as overlay of separate chromatograms. B:
mass spectra of tryptamines, detected in carpophores. C: mycelial extracts.
The inset above the chromatograms shows an extracted ion chromatogram
for m/z 254 [M+H]", i.e, the mass of cyclo(Arg-Pro). Assignment of
chromatograms to species: a: P. azurescens; b: P. cubensis FSU12407; c: P.
cubensis FSU12410; d: P. cyanescens; e: P. mexicana; f: P. serbica.

(found: m/z 254.1607 [M+H]", calcd: 254.1611, Figures 1D, 3 C
and S7). Cyclo(L-Arg-L-Pro), which is identical with verpacamide
A, and its diastereomer cyclo(L-Arg-D-Pro), also referred to as
compound Cl-4, are sponge and bacterial 2,5-diketopiperazine
natural products, respectively, that possess strong chitinase
inhibiting activity.”” To determine the configurations of the
amino acids, the diketopiperazine was chromatographically
purified, hydrolyzed, and subjected to Marfey’s analysis. Both
the arginine and the proline moiety were L-configured. The
notion of Psilocybe as a verpacamide A-producing genus was
corroborated by LC-MS/MS data (Figure S7).

Biosynthesis of diketopiperazines is mediated by NRPSs, as
shown for fungi, e.g., for the NRPSs GliP, forming the gliotoxin
scaffold.”® Besides NRPSs, bacteria also use tRNA-dependent
cyclodipeptide synthases, such as AlbC for albonoursein biosyn-
thesis in Streptomyces noursei?” Curiously, neither class of
enzymes is encoded in Psilocybe species, according to the
genomic survey, and verpacamide A biosynthesis in Psilocybe
remains unclear. We cannot rule out that this diketopiperazine
had formed spontaneously. However, other diketopiperazines
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were not found, in particular not those whose spontaneous
formation is likely under physiological conditions®® which is
why an enzymatically catalyzed origin was assumed.

Chromatographic analysis of the mycelial ethyl acetate
extracts and the comparison with reference compounds
identified norharmane, harmane, traces of the enantiomeric
cordysinins C and/or D, along with a previously identified
isomer of harmol (m/z 199.0862 [M+H]*) that co-elutes with
norharmane (m/z 169.0757 [M+H1", Figure 4).5?

Furthermore, in all investigated species a compound was
detected at t;=3.9 min whose UV/Vis spectrum did not match
that of simple p-carbolines (Figure 4), but whose exact mass
m/z 243.0872 [M+H]" was consistent with that of lumichrome
(Figure 1D), an isoalloxazine and follow-up product of riboflavin.
A comparison with an authentic standard confirmed the
identity of this compound that has not been described yet from
Psilocybe species. All investigated species encode a flavin-
dependent halogenase (Table 1). However, mass spectrometry
did not point to chlorinated or brominated natural products in
Psilocybe extracts, as a distinctive isotopic pattern for halogen-
ated compounds was not found.

In vitro kinase assays
The analytical results unambiguously identified P. cyanescens

and P. mexicana as producers of the quaternary amine
aeruginascin, which was also found in extracts of P. cubensis,”
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Figure 4. LC-MS analysis of ethyl acetate extracts of Psilocybe mycelia. A: top
trace: authentic standards of norharmane (I, t;=2.2 min), racemate of
enantiomeric cordysinins C and D (Il, t;=2.8 min), harmane (lll, t;=3.0 min),
harmol (IV, ty=3.4 min) and lumichrome (V, t;= 3.9 min) are shown as
overlay of separate chromatograms. Below: chromatograms of fungal
extracts, recorded at A =340 nm. Trace a: P. azurescens; b: P. cubensis
FSU12407; c: P. cubensis FSU12410; d: P. cyanescens; e: P. mexicana; f: P.
serbica. B: Representative mass and UV/Vis spectra, extracted at the
respective retention times of sample chromatograms.
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Figure 5. LC-MS analysis of PsiK in vitro assays. Chromatograms were
recorded at L =280 nm. Top trace: authentic standards of aeruginascin (I),
psilocybin (11), psilocin (1), and 4-OH-TMT (IV) are shown as an overlay of
separate chromatograms. Trace a: negative control with psilocin and heat-
inactivated enzyme; trace b: reaction with psilocin and native PsiK; trace c:
negative control with 4-OH-TMT and heat-inactivated enzyme; trace d:
reaction with 4-OH-TMT and native PsiK. Mass spectra of product peaks
show aeruginascin (m/z 299.1 [M] ") and psilocybin (m/z 285.1 [M+H]")
formation, respectively.

while the dephosphorylated congener 4-hydroxy-N,N,N-trimeth-
yltryptamine (4-OH-TMT) was not detected in any of these
species. Minor amounts of psilocin were present as well. PsiK,
the kinase of psilocybin biosynthetic pathway, has a repair
function to keep psilocin levels low by rephosphorylation to
psilocybin.”! We therefore hypothesized that PsiK may analo-
gously O-phosphorylate 4-OH-TMT to aeruginascin. To test the
hypothesis (Scheme 1), heterologously produced hexahistidine-
tagged PsiK of P. cubensis and P. cyanescens was used for in vitro
reactions.

LC-ESI-MS analyses of reactions, sampled after the reaction
had proceeded for 2 min, showed that PsiK accepts 4-OH-TMT
as a phosphate acceptor substrate, and 37% and 22% (P.
cubensis and P. cyanescens PsiK, respectively) of the 4-OH-TMT
substrate (t;=2.9 min, Figure 5) were converted to aeruginascin
(tz=1.05 min). Parallel reactions with psilocin (t;=2.7 min) as
positive control indicated that 46 and 28% were converted to
psilocybin (tz=1.2 min). PsiK’s ability to also phosphorylate a
quaternary amine provides a plausible explanation why aerugi-
nascin, but not 4-OH-TMT, was found in P. cubensis and
P. cyanescens.
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is an urgently needed, promising drug candidate against major
depressive disorder.®™® Characterization of its biosynthetic
enzymes enabled strategies for its biotechnological production
in vitro and in vivo.®“"**?*3" From a toxicological perspective,
increasingly liberal policies in some states of the US have
decriminalized the consumption of magic mushrooms as
recreational drugs. Given anecdotal reports on WLP and (except
for indoleethylamines) the yet little understood realm of natural
products that Psilocybe mushrooms can potentially produce,
emergency medicine needs to be prepared for an increasing
number of mushroom-related hospitalizations. The number of
genetic loci presumably dedicated to secondary metabolism in
Psilocybe species exceeds the number of known compounds by
far. Comparing genetic and analytical data, we conclude that
only a small portion of the true natural product metabolome of
Psilocybe has been discovered. Terpenes have not yet been
described from the investigated Psilocybe species. Solely one
report describes two sesquiterpenes, the psilosamuiensins A
and B, from another species, the East Asian P. samuiensis.”*”
However, according to this study, the potential terpene
diversity is notable. The non-volatile representatives are poten-
tially relevant, in analogy to research on Cannabis, as a starting
point for research into the entourage effect of mushrooms, as
minor Cannabis mono- and sesquiterpenes seem to modulate
the activity of its major psychotropic metabolites.”

The genetic results dispel the earlier notion of little diversity
in the Psilocybe small molecule metabolome, and further
research at the intersection of natural product chemistry,
pharmacy, and toxicology is warranted to elucidate the
complete metabolic diversity of potentially bioactive, synergis-
tic, and toxic compounds in one of the most iconic mushroom
genera.

Experimental Section

Mycological methods: Psilocybe azurescens FSU 13761, P. cubensis
strains FSU 12407 and FSU 12410, P. cyanescens FSU 12414, P.
mexicana FSU 13617, and P. serbica FSU 12416 were maintained on
MEP (15 gL™" malt extract, 3 gL™" peptone, 18 gL' agar) plates. To
produce biomass for natural product analyses, a 200 mL seed
culture (MEP liquid medium) was incubated for 7 d at 25°C and
140 rpm) and subsequently homogenized. A 15 mL portion was
then used to inoculate a 500 mL main liquid culture (MEP) shaken
for 7d at 25°C and 140 rpm. For P. cubensis and P. mexicana,
carpophore formation was induced as described,“? P. cyanescens
carpophores were collected in the vicinity of Jena, Germany. Liquid
MEP cultures (incubated for 4 d at 25°C and 140 rpm) were also
used to isolate genomic DNA for sequencing. Mycelia were
collected, shock-frozen in liquid nitrogen and lyophilized prior to
RNA isolation or metabolite quantification. For genomic DNA
sequencing, freshly ground mycelium from submerse cultures
(<10 d) was used.

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemBioChem doi.org/10.1002/cbic.202200249

Genomic sequencing and sequence assembly: The biomass (50—
100 mg) from submerse cultures of P. azurescens or P. mexicana was
harvested, suspended in 800 uL CTAB buffer, and incubated at
65°C for 2 h. Cell debris was removed by centrifugation. The
cleared supernatant was mixed with 10 uL Monarch RNAse A
(20 pgpuL ™", NEB) and kept at 37°C for 30 min. The samples were
extracted with a mixture of phenol, chloroform and isoamyl alcohol
(25:24:1). DNA was then precipitated with ice-cold isopropanol,
kept at —20°C for 30 min and centrifuged at 20,800xg and 4°C for
20 min. The pellet was washed 8-12 times with 70% ethanol before
drying and solving in 10 mm TRIS-buffer (pH 8.5) overnight. 400 ng
DNA were used per sequencing run. Libraries were generated using
the Oxford Nanopore Rapid Sequencing kit and sequenced on a
MinION flow cell, following the manufacturer’s protocol. Genomes
were assembled using CANU®? v.1.9. assuming a genome size of
60 Mb. Assembled draft genomes were improved by comparison
against signal level reads using nanopolish,®? after sorting and
mapping the reads with minimap® and samtools.*® Genomic DNA
sequences are accessible under JAJIRX000000000 (for P. azurescens)
and JAJIRY000000000 (for P. mexicana).

Bioinformatic analysis: The genomes of P. cubensis FSU12409 and
MGC-MH-2018 were annotated using Braker version 2.1.5%” with
Augustus version 3.4.0°® and GeneMark-ES version 4.62%7 in
“—fungus” mode. Published RNAseq data (NCBI accession #:
PRINA450675) was aligned to the genomes using HiSat2 (version
4.8.2) " The resulting bam file was used as input to Braker.
Genomes for P. azurescens, P. cyanescens, P. mexicana and P. serbica
were predicted with Augustus 3.4.0 with the newly generated
species model for P. cubensis. Biosynthetic gene clusters were
predicted using fungiSMASH version 6.0.0.“" GenBank files from
the fungiSMASH analysis were then further processed using the
BiG-SCAPE network prediction software®” Network data was
adjusted manually and illustrated using Cytoscape 3.8.0.**) Genome
and corresponding protein sequences were further analyzed using
Geneious Prime 2021.0.3 (Biomatters, Ltd.). Predictive phylogenetic
frameworks were built from characterized fungal polyketide
synthases (Table S3). Initial trees for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using the
JTT model, and then selecting the topology with superior log
likelihood value. A discrete Gamma distribution was used to model
evolutionary rate differences among sites. All positions containing
gaps and missing data were eliminated, and the analyses were
conducted in MEGA X.*¥

Extraction of natural products: Lyophilized fungal mycelium or
carpophores were ground to a fine powder. For tryptamine analysis,
it was extracted three times (5 min each) with methanol (MeOH,
20 mL per gram dry biomass) in an ultrasonic bath. After each
extraction step, the tubes containing the extract were centrifuged
for 10 min at 13,700 xg. The methanolic extracts were pooled, and
the solvent was removed under reduced pressure. The dry extract
was dissolved in a final volume of 2 mL and subsequently analyzed
using LC-MS. To detect B-carbolines and other metabolites, the
flask containing the MeOH-insoluble residue was washed with
alkaline water solution (pH 12 with 6 m NaOH), and the aqueous
phase was extracted three times with 50 mL ethyl acetate per
extraction. The organic layer was pooled and removed under
reduced pressure, and the residue was dissolved in MeOH for LC-
MS analysis.

Heterologous production of PsiK and invitro kinase assays:
P. cubensis and P. cyanescens PsiK were produced in E. coli as N-
terminally tagged hexahistidine fusion proteins and purified as
described™ For production of P. cyanescens PsiK, pET28a-based
plasmid pTS19 was created, which harbored the psiK ¢cDNA of
P. cyanescens FSU12414, ligated between the BamHIl and Hindlll
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sites. Purified PsiK was desalted on a PD-10 column (GE Healthcare),
and eluted with sodium phosphate buffer (50 mm, pH 7). Protein
concentrations were determined by Bradford’s assay.”” Enzyme
assays were carried out in triplicate. Reactions (50 uL) were set up
in 50 mm phosphate buffer (pH 7), and consisted of 1 um PsiK,
2mm ATP, 2mm MgCl,, 3 mm p-mercaptoethanol and 1 mm
acceptor  substrate (psilocin or  4-hydroxy-N,N,N-trimeth-
yltryptamine). Reactions were incubated for 2 min at 33°C, before
they were frozen in liquid nitrogen and lyophilized. Subsequently,
the residue was dissolved in 100 uL MeOH, centrifuged, and used
for chromatography. Heat inactivated enzyme served as negative
control.

Chromatography: Fungal extracts were chromatographically ana-
lyzed on an Agilent Infinity Il 1290 UHPLC-MS instrument, equipped
with a diode array and a 6130 quadrupole mass detector using
electrospray ionization in positive mode, and a Phenomenex Luna
Omega polar C;3 column (50%x2.T mm, 1.6 um). To detect trypt-
amines, the following method was used: Solvent A: 0.1% (v/v)
formic acid (FA) in water, solvent B: acetonitrile (ACN). The gradient
was: 0 min, 1% B; within 3 min to 5% B; within another min to
100% B; held at 100% B for 2 min. The flow rate was 0.5 mLmin™"
and the chromatograms were extracted at =280 nm. For control
and to rule out that aeruginascin is an artefact that may have
formed from psilocybin during work up, the psilocybin standard
was processed like the samples. For Marfey’s analysis, the same
solvents and instruments and the following gradient were used:
0 min, 1% B; within 9 min to 50% B; within another min to 100% B
at a flow of 1mLmin™', detecting with mass spectrometry.
Retention times were: L-Arg-L-FDLA: t;=5.3 min, D-Arg-L-FDLA: t;=
5.0 min, L-Pro-L.-FDLA: tz=6.1 min, D-Pro-L-FDLA: t;=6.6 min (L-
FDLA: 1-fluoro-2,4-dinitrophenyl-5-L-leucinamide). To analyze f-
carbolines, the same equipment, but an Agilent EclipsePlus C,g
(50%2.1 mm, 1.8 um) column was used. Parameters were: flow:
1 mLmin~', diode array detection: A =200-500 nm, the chromato-
grams were extracted at A =340 nm. Solvent A was 0.1% (v/v) FA in
water, solvent B was ACN. The linear gradient was 5% B over
0.5 min, then 5% to 27 % B within 5.5 min, to 100% B within further
2 min. PsiK kinase assays were analyzed with the method for
tryptamines, described above. Purification of verpacamide A was
carried out on an Agilent 1260 Infinity semipreparative chromato-
graph, equipped with a Thermo Scientific Hypercarb column (150 %
4.6 mm, 5 um), using 0.1% (v/v) trifluoroacetic acid (TFA) in water
(solvent A) and ACN (solvent B) at 2mLmin' for isocratic
chromatography (90% A/10% B). Final purification was accom-
plished on the same instrument using a Merck Ascentis Express F5
column (100%x2.1 mm, 2.7 um) under isocratic conditions: 0.1%
(v/v) TFA in water (solvent A) and MeOH (solvent B) at
0.55 mLmin~" (99% A/1% B). Chromatograms were extracted at A=
195 nm.

Diketopiperazine purification and Marfey’s analysis: The meth-
anolic extracts of the biomass from P. mexicana liquid cultures
(2.5 L total volume) were evaporated under reduced pressure and
the residue was dissolved in 10 mL of water. The aqueous phase
was washed three times with ethyl acetate (10 mL each), followed
by isocratic semipreparative HPLC (above). The organic layer was
evaporated under reduced pressure, and the purified compound
was dissolved in 100 pL 6 M HCl. The reaction tube was sealed and
incubated at 100°C for 18 h. Subsequently, the reaction was cooled
to room temperature and the liquid was evaporated under reduced
pressure. The residue was dissolved in 50 uL H,O. 20 uL thereof
were mixed with 20 pL of 1 m NaHCO, and 50 pL L-FDLA in acetone,
and incubated at 40°C for 60 min. The reaction was stopped by
adding 20 uL of 1 m HCl and diluted with an equal volume of
MeOH. Standards for L- and D-configured arginine and proline were
prepared using 100 mm stock solutions. The amino acid solution
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(10 pL) was mixed with 10 uL of 1 m NaHCO; and 50 plL L-FDLA and
incubated at 40°C for 60 min, then stopped and prepared like the
samples. The standards and the samples were analyzed as
described above.

Chemical synthesis of 4-hydroxy-N,N,N-trimethyltryptamine: The
PsiK substrate 4-hydroxy-N,N,N-trimethyltryptamine was synthe-
sized following a previously reported protocol.”®!
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