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A ,Magic Mushroom” Multi-Product Sesquiterpene
Synthase

Eike Schafer',” Paula S. Seibold*,™ ™ Stefan Bartram," Felix Trottmann,' Veit G. Haensch,™
Markus Gressler,” Andrew R. Chadeayne,”® Christian Hertweck,™ % ? Sarah E. O’Connor,”” and

Dirk Hoffmeister*® ®!

Psilocybe “magic mushrooms” are chemically well understood
for their psychotropic tryptamines. However, the diversity of
their other specialized metabolites, in particular terpenoids, has
largely remained an open question. Yet, knowledge on the
natural product background is critical to understand if other
compounds modulate the psychotropic pharmacological ef-
fects. CubA, the single clade Il sesquiterpene synthase of P.
cubensis, was heterologously produced in Escherichia coli and
characterized in vitro, complemented by in vivo product forma-
tion assays in Aspergillus niger as a heterologous host. Extensive

Introduction

Members of the fungal genus Psilocybe and other genera are
colloquially referred to as magic mushrooms as they produce
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GC-MS analyses proved a function as multi-product synthase
and, depending on the reaction conditions, cubebol, -copaene,
d-cadinene, and germacrene D were detected as the major
products of CubA. In addition, mature P. cubensis carpophores
were analysed chromatographically which led to the detection
of B-copaene and 3-cadinene. Enzymes closely related to CubA
are encoded in the genomes of various Psilocybe species.
Therefore, our results provide insight into the metabolic
capacity of the entire genus.

the psychedelic, i.e., mind-altering psilocybin (Figure 1)."1 More
specifically, this distinctive 4-O-phosphorylated tryptamine
derivative is the immediate precursor of the actual bioactive
compound, psilocin, which mainly targets the human 5-HT,,-
receptor as a partial agonist and elicits profound changes of
perception.” Given these significant pharmacological effects,
natural product chemists investigating Psilocybe metabolites
have traditionally focused on tryptamine-derived
compounds.™?

Whether pure psilocybin/psilocin alone explains all ob-
served somatic and perceptual effects after mushroom uptake
remains the subject of considerable debate. Some studies have
demonstrated that extracts of Psilocybe mushrooms have differ-
ent in vivo properties compared to pure psilocybin, presumably
due to the presence of other compounds which contribute to a
so-called “entourage effect”” This term was coined during
research with Cannabis natural products and the endocannabi-
noid receptors. It describes the observation that the pure ligand
elicited a different response than a complex (and potentially
synergistic) mixture of compounds co-occurring in the plant
tissue and extracts thereof.”! The possibility and importance of
an entourage effect in Psilocybe mushrooms remains controver-
sial. Although not systematically investigated yet, this pheno-
menon prompted more comprehensive chromatographic work
into the natural product metabolome of Psilocybe. Very recently,
other nitrogen-containing natural products, including various f3-
carbolines, lumichrome, and  diketopiperazines  were
identified.”

However, Psilocybe terpenoid metabolism is surprisingly
poorly understood, even though other basidiomycete members
of this class of natural products demonstrated remarkable
structural diversity and biological effects.”® Besides their
inherent bioactivities, terpenoids as usually non-nitrogen con-
taining natural products can bind to and interfere with
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Figure 1. Structures of Psilocybe cubensis natural products. A) psilocybin and
its psychoactive follow-up product psilocin; B) sesquiterpene/-terpenoid
products of CubA identified in vivo or in vitro during this study, structures
represent relative stereochemistry; C) psilosamuiensin A and its likely
precursor ledene.

receptors. This was shown, for example, for GABA and nicotinic
acetylcholine receptors.”’ Thus, terpenoids are candidates that
may contribute to a possible entourage effect of magic mush-
rooms.

From the non-psychedelic fungal genus Deconica that is
related to Psilocybe, terpenoids have been described."” Yet, the
only literature available regarding Psilocybe terpenoids is a
single report on a seco-aromadendrane-type, ledene-derived
sesquiterpenoid, psilosamuiensin A of P. samuiensis (Figure 1).'"
Its precursor ledene is likely biosynthesized by a so-called clade
Il synthase.

Generally, the mode by which the universal sesquiterpene
building block (2E,6E)-farnesyldiphosphate (2E,6E-FPP) is cy-
clized, and in some cases isomerized to (3R)-nerolidyldiphos-
phate (NPP), correlates with phylogenetically distinct categories
that sesquiterpene synthases fall into. These categories include
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promising choice to establish what terpenoids are biosynthe-
sized by the genus Psilocybe. Here, we report on the functional
characterization and the product range of the enzyme CubA
in vitro and in vivo and assign it as a P. cubensis clade Il multi-
product synthase. We also report the first detection of B-
copaene and §-cadinene in P. cubensis fruiting bodies.

Results and Discussion

Genetic characterization of cubA

Genomic sequences of various Psilocybe species™'” revealed an
unexpected wealth of genes putatively encoding sesquiterpene
synthases, ranging from 17 genes in P. mexicana to 24 in P.
serbica.”” Intriguingly, both P. cubensis, P. cyanescens and P.
serbica encode only a single gene for a clade Il synthase, in P.
cubensis now referred to as cubA (Figure S2). In a published
transcriptome of this species,”"” cubA was four-fold upregulated
in fruiting bodies vs. vegetative mycelium, which pointed to a
function of this gene in the mushrooms. CubA is encoded by a
1265 bp gene and interrupted by four introns. Notably, the
cubA gene is not embedded in a cluster of other typical
biosynthetic genes. Full splicing results in a predicted 1032 bp
cubA reading frame. The canonical sesquiterpene synthase
motifs that coordinate an active site trinuclear Mg?* cluster®
are present in CubA as well (*DExxD®* and ’NDXXSXXXE?%,
Figure S2). The enzymes most similar to CubA include Agrocybe
aegerita Agr4"* and Coprinopsis cinerea Cop4"” (71% and 66 %
identical amino acid residues, respectively), which are both
multi-product clade Il sesquiterpene synthases. Like CubA, these
enzymes fall into subclade Ilb (Figure S1), which catalyze the
biosynthesis of germacrene D (Figure 1) and other sesquiter-
penes derived from the ZE-germacradienyl cation,"*'” whereas
members of subclade lla lead to viridiflorene, ledene, and other
follow-up products of the bicyclogermacrene intermediate.'*
We determined the expression levels of cubA by qRT-PCR. Using
intron 3 and flanking up- and downstream sequences,
accurately spliced mRNA leads to a 113 bp amplicon. The
glyceraldehyde-3-phosphate  dehydrogenase gene (gpdA)
served as control. We found a 3.7-fold increased cubA
expression in carpophores, which is consistent with previous
transcriptomic data.’™

Characterization of CubA in vitro
The cubA cDNA was cloned to yield expression plasmid pES02.
The sesquiterpene synthase CubA was produced in E. coli KRX x

pES02 as a 41.5 kDa 363 aa N-terminally tagged hexahistidine
fusion protein (Figure S3) and purified by metal affinity
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chromatography. Ethyl acetate extracts of in vitro assays with
FPP as substrate were analyzed by gas chromatography and
electron impact mass spectrometry (GC-EIMS). This analysis
revealed product peaks and mass fragmentation patterns that
were compatible with typical cyclic sesquiterpenoids (m/z 161,
207, and 222 [M]* for hydroxylated; m/z 105, 161, 204 for non-
hydroxylated compounds)." Optimum product formation was
detected at 29°C (Figure S4). The most prominent products
were preliminarily identified as sativene, B-copaene, germa-
crene D, cubebol, 3-cadinene, and germacrene D-4-ol (Figure 1)
by GC analysis, which is consistent with products known from
other clade Il synthases, including Agrocybe aegerita Agr4,*
Coprinopsis cinerea Cop4,"*'" Phanerochaete chrysosporium
PcSTS-04,"*9 Coniophora puteana Copu3,"® and Antrodia cinna-
momea AcTPS9." Interestingly, the product spectrum was a
function of pH, which confirms a finding for C. cinerea Cop4
which became a selective germacrene D synthetase at low and
unphysiologically high pH values."” Optimum turnover to the
germacrene D follow-up products cubebol, sativene, and f-
copaene was observed in MOPS buffer at pH 7.0 (Figure S5).

After optimum reaction conditions for CubA activity had
been established, the in vitro product formation assays were
repeated and the ethyl acetate extracts subjected to in-depth
GC-EIMS measurements. Comparative chromatographic analysis
with Piper cubeba berry and Angelica archangelica root essential
oil, and authentic samples as references,” confirmed cubebol
as main product (44.6% of the total peak area, t;=29.03 min)
and identified germacrene D (t;=27.67 min), B-copaene (tz=
25.57 min), germacrene D-4-ol (t;=31.35 min), sativene (tz=
24.23 min), and &-cadinene (t;=29.33 min), with 16.7, 15.0, 13.2,
5.2, and 3.5% of the total peak area, respectively, as minor
compounds, along with minute amounts of further sesquiterpe-
noids (Figure 2, Table S1, a comprehensive biosynthetic scheme
is provided in Scheme S1).
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Figure 2. Gas chromatographic analysis of CubA-catalyzed sesquiterpenoid
formation in vitro. Compound numbers are assigned as follows: B-cubebene
(1), B-elemene (2), sativene (3), B-copaene (4), germacrene D (5), cubebol (6),
8-cadinene (7), germacrene D-4-ol (8), and t-muurolol (9). Corresponding
structures are shown in Figure 1.
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Characterization of CubA in vivo

Neither cubebol nor the other sesquiterpene products found
after the in vitro reaction have previously been described from
P. cubensis or any other species of this genus. To confirm the
activity and product spectrum of CubA under physiological
conditions, the enzyme was heterologously produced in
Aspergillus niger. The transformant tES02 carried cubA gDNA as
transgene, controlled by the ATNT doxycycline-dependent
inducible expression system.?" Ethyl acetate extracts of myce-
lium, harvested from induced and non-induced cultures, and
from an untransformed control strain were analyzed by GC-MS.
Contrasting the in vitro findings, the amount of cubebol, which
remains the major product, was decreased (tz=29.07 min,
32.7% of the cumulated peak areas) as well as the production
of germacrene D and germacrene D-4-ol (t;=27.69 min; 7.5%
and t;=31.37 min; 3.8%, respectively). The production of B-
copaene (t;=25.61 min), é-cadinene (t;=29.36 min), T-muurolol
(tz=33.93 min), B-cubebene (tz=24.00 min), and p-elemene
(t;=24.07 min) was significantly increased for which 23.9, 13.3,
6.1, 3.8 and 2.2%, respectively, of the cumulated peak areas
were determined (Figure 3, Table S2). Due to a not entirely
silent promoter controlling transgene expression, terpenes
were produced in minor quantities in uninduced cultures as
well, yet they were absent from the empty vector control.

The cumulative in vivo and in vitro product profile of CubA
is qualitatively reminiscent of the compounds detected with
Cop4, which produces mainly cubebol but also germacrene D
under standard conditions in vitro.'” However, CubA differs
from Cop4, Agr4, and Stereum hirsutum terpene synthases,
produced in E. coli and Aspergillus oryzae, respectively,***'" as
d-cadinene was identified as their major in vivo product. Still, all
of the above enzymes are established multi-product synthases.
B-Elemene, although formed from 2E6E-FPP via germacrene
A was also found as a minor product of the Coniophora
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Figure 3. Gas chromatographic analysis of CubA-catalyzed sesquiterpene
formation in Aspergillus niger as heterologous host. Shown are ethyl acetate
extracts of a doxycycline-induced culture of A. niger tES02. Chromatograms
of controls are shown in Figure S6. Compound numbers: -cubebene (1), -
elemene (2), sativene (3), B-copaene (4), germacrene D (5), cubebol (6), 3-
cadinene (7), germacrene D-4-ol (8), and t-muurolol (9).
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puteana synthase Copu3"® and the Omphalotus olearius clade I
terpene synthases Omp5a and Omp5b.?

Natural product analysis of P. cubensis mycelium and fruiting
bodies

Our experiments identified P. cubensis as a potential producer
of various mono-, bi-, and tricyclic sesquiterpenes/-terpenoids
which expands the realm of the Psilocybe natural products
repertoire to nitrogen-free compounds previously unknown
from this genus. The results also prompted analyses if the
compounds, produced by CubA in vitro and heterologously by
A. niger, are in fact present in vegetative P. cubensis mycelium
or fruiting bodies. Ethyl acetate extracts of mycelium, grown in
submerse culture for 10 d, and of mature fruiting bodies were
analyzed by GC-EIMS. While the mycelial extracts did not
contain any of the previously identified sesquiterpenes in
quantities that would be detectable by gas chromatography,
traces of both pB-copaene and §-cadinene were found in fruiting
bodies (Figure 4).

Secondary metabolite production as a function of the
developmental stage of a mushroom-forming fungus has
previously been found within and outside the genus
Psilocybe.'™ For P. cubensis, psilocybin production sets in by
massively upregulated transcription of biosynthetic genes when
fruiting body formation is initiated and the fungus enters its
reproductive phase.” Conversely, the melleolides, i.e., bioac-
tive sesquiterpene aryl esters of the honey mushroom Armillaria
mellea, accumulate in vegetative mycelium whereas fruiting
bodies contain only traces.”
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Figure 4. Analysis of sesquiterpenes (extracted ion traces of base peak; m/z
161 [M]7) in P. cubensis carpophores (a), submerse-grown mycelium (b), and
reference A. archangelica root oil (c).
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Conclusions

Previous knowledge of Psilocybe terpenoids was virtually non-
existent. This first study into the enzymatic basis of terpenoid
metabolism in the mushroom genus Psilocybe identified P.
cubensis CubA as a multifunctional sesquiterpene synthase. As
highly similar enzymes are encoded by other Psilocybe species
as well, our results may be transferable to these. Furthermore,
our results contribute to more profound insight into their
capacity to make terpenes and help investigate the elusive
phenomenon of the “entourage effect” on a rational basis.

Experimental Section

Molecular biology procedures and fungal strains. DNA restriction
and ligation, and plasmid isolation were carried out following the
instructions provided by the manufacturers of kits and enzymes
(NEB, Promega, Thermo Fisher, Macherey-Nagel). Chemicals, media
ingredients, and solvents were purchased from Oshida, Primavera,
Carl Roth, Sigma-Aldrich, and VWR. Oligonucleotides were synthe-
sized by IDT Europe. Psilocybe cubensis FSU12409 was maintained
on MEP (15 gL' malt extract, 3 gL' peptone, 18 gL™" agar) plates.
For heterologous gene expression, Aspergillus niger ATNT16A-
pyrGx24 was used, grown on Aspergillus minimal medium (AMM),
supplemented with 25 mm L-glutamine.

Creation of the cubA expression plasmids. The cDNA of P. cubensis
cubA (GenBank accession 0Q784618) was amplified by PCR from
randomly reverse-transcribed mRNA,?? using the oligonucleotide
pair oES3/0ES4 (Table S3) and Phusion polymerase (Thermo Fisher).
The thermal cycling protocol was 98°C, 2 min initial hold, followed
by 35 cycles of 98°C, 20 s, 60°C, 20's, 72°C, 50 s, and a final hold at
72°C for 5 min. The PCR product was purified on an agarose gel,
restricted with Ndel and Hindlll and ligated to vector pET28a,
opened equally, to construct E. coli expression plasmid pES02. DNA
sequencing confirmed correct amplification and cloning. For
heterologous gene expression in A. niger, gDNA of P. cubensis was
amplified with oligonucleotides oES11 and oES12 (Table S3) using
the protocol described above, and cloned via the Nsil and Ncol sites
into vector pSMXpress2,?™™ to yield plasmid pES06 which was used
to transform A. niger protoplasts.

Heterologous production of CubA and in vitro assays. CubA was
produced as N-terminally hexahistidine-tagged fusion protein in E.
coli KRX x pES02, grown in LB medium and 50 ugmL~' kanamycin
as selection marker. The protein was purified as previously
described,” concentrated on an Amicon Ultra-15 centrifugal filter,
and eluted with MOPS buffer (pH 7) 50 mm, 20 mm MgCl,. Protein
concentrations were determined using the Pierce BCA-Protein
Assay Kit (Thermo Fisher), and the identity of the produced protein
was verified by mass spectrometry-based peptide fingerprinting, as
described.”® In vitro reactions were carried out in triplicates and
with 1 pm CubA (2 um to determine the pH optimum), and 300 um
farnesyldiphosphate, in a volume of 1 mL (200 uL to record the
optimal temperature) at 29°C for 10 min (15 min for the pH
optimum). To determine optimum conditions, the temperature was
varied between 4 and 40°C, and the pH between 5 and 9 (5 to 7 in
50 mm citrate, 6.5 to 7.5 in 50 mm MOPS, 7 to 9 in 50 mm TRIS
buffers). The reaction volumes (1 mL) were extracted with 500 pL
ethyl acetate (200 puL reaction volumes with an equal volume),
centrifuged, filtered, and subjected to GC-MS analysis.

Transformation of Aspergillus niger and transgene expression.
Preparation of Aspergillus niger protoplasts and PEG8000-mediated
transformation followed a described protocol”” To select for

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH

851017 SUOWILLIOD AR 3|l (ddke aU) Aq paLLienoB e SSILIE O '8N J0 S3INJ 10} A1 BUIIUO A31IA UO (SUOIPUOD-PUB-SLLLBY W00 ™3| 1M A%eid)1jou|o//SdiIy) SUORIPUOD PUe SWLR L 83 385 *[1Z02/0/v0] Uo AReiq 17 2ulluo A8]im ‘ABOI093 [BoIwBUD ZZ€ IdIN Ad TTS00EZ0Z'21G0/Z00T OT/I0p/L0D" A8 M ARe.q 1 Ui U0 2d0.ne-A LIS IWeyo//saly o1y papeolumod ‘Tz ‘640z ‘eea26erT



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemBioChem doi.org/10.1002/cbic.202300511

prototrophy, i.e., integration of plasmid pES06, transformants were
grown on uracil-free medium. To genetically verify full-length
integration of cubA, genomic DNA of transformants was isolated
and subjected to a diagnostic PCR, using oligonucleotides oES12/
oMG370 (Table S3) and Taq polymerase and following the above
thermal cycling protocol. One positive transformant, A. niger tES02,
was chosen for further work (Figure S7). This transformant was
grown in 100 mL liquid YPD medium (20 gL' peptone, 20 gL™" D-
glucose, 10 gL' yeast extract) for 24 h at 30°C, shaking at 180 rpm.
Expression of cubA was induced by adding 30 ugmL™' doxycycline,
and cultivation was continued for 12 h. For negative control, A.
niger tNALOOO® carrying the insertless vector pSMX2-URA, was
included.

Extraction of fungal biomass. For chromatographic analysis, the
biomass of A. niger tES02 was separated from the broth by filtration,
rinsed with water, blotted dry, frozen in liquid nitrogen, and
subsequently extracted with 5mL ethyl acetate for 20 min.
Terpenoid analysis of Psilocybe biomass was carried out with i)
mycelium grown in MEP liquid medium, incubated for 7 d at 25°C
and shaken at 140 rpm and ii) with P. cubensis carpophores that
were produced as described.?? Mycelium and carpophores were
collected and shock-frozen in liquid nitrogen prior to work-up for
chromatography. To extract natural products, 5 g biomass (myce-
lium or carpophores) was powdered under liquid nitrogen,
extracted with 15 mL ethyl acetate for 20 min, centrifuged and
subjected to GC-MS.

Gas chromatography and mass spectrometry. The gas chromato-
graphic separation of CubA products was performed with an ISQ
GC-MS-System (Thermo Fisher) using a ZB-5MS-column with
inactive guard column (30410 m x 0.25 mm X 0.25 um, Phenom-
enex). The temperature program had a heating rate of 3°Cmin""
from 60-260°C. As carrier gas helium was used at a flow of
1 mLmin~" with splitless injection or in split-mode (1:10) with an
injector temperature of 220°C. The column was connected via a
transfer line (280°C) to an ISQ quadrupole-mass spectrometer
(Thermo Fisher). Electron impact ionization was performed at 70 eV,
the ion source was heated to 250°C. All spectra were measured in
positive ionization mode. Deconvolution and retention index
calculation according to van den Dool and Kratz*” was accom-
plished with MassFinder (Hochmuth Scientific Consulting, Ham-
burg, Germany) and data visualization with Xcalibur software. Total
ion current (TIC) values were recorded in the mass range of 33-
450 amu, with a scan time of 0.2s. and a MS delay of 5 min.
Samples in n-hexane or ethyl acetate (1 uL) were injected. GC-MS
results were analyzed using Xcalibur™ v3.1.66.10 (Thermo Fisher,
Waltham, MA, USA). Compounds were identified by comparing
their mass spectra and the respective retention index with
established databases and literature data.’” Additionally, retention
times and mass spectra were compared with GC-MS analysis under
the same conditions of pure compounds or essential oils of Piper
cubeba berries and Angelica archangelica roots.”

Chromatographic runs to determine temperature and pH optima
were performed on a Trace 1310 GC coupled with a TSQ 9000
electron impact (El)-triple quadrupole mass spectrometer (Thermo
Fisher). A 4 mm SSL GC inlet glass liner with glass wool and a BPX5
capillary column (30 m, 0.25 mm i. d., 0.25 um film, Trajan Scientific
Europe Ltd., Milton Keynes) was used. The column was operated
with helium carrier gas (1.5 mLmin™") and split injection (split ratio
1:10) or splitless, depending on the sample concentration). The
injector temperature was set to 200°C, the MS transfer line to
300°C, and the ion source temperature to 200°C. The GC temper-
ature profile was as follows: 40°C for 0-1 min, heating to 100°C
over 1-3min (30°Cmin7"), heating to 300°C over 3-24 min
(10°Cmin~"). GC-MS results were analyzed using Xcalibur™
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v4.4.16.14 and Chromeleon™ v7.3 software (both Thermo Fisher,
Waltham, MA, USA).

Expression analysis. P. cubensis mycelium and fruiting bodies were
ground under liquid nitrogen to a fine powder. RNA was isolated
with the SV Total RNA Isolation System (Promega) using the
manufacturer's protocol. 1 ug RNA was reverse transcribed to cDNA
using the RevertAid RT kit (Thermo Fisher) and an anchored oligo-
(dT);g primer. Expression analysis was carried out essentially as
described® and based on three biological replicates and three
technical replicates each, with primers with a minimum efficiency
of 95% (Table S4). Melting curves were obtained by heating from
60 to 94°C. A gene encoding glyceraldehyde-3-phosphate dehydro-
genase (gpdA) served as an internal housekeeping reference gene.
Gene expression levels were determined as described."

Bioinformatic methods. The evolutionary relationship of basidio-
mycete terpene synthases and the phylogenetic placement of
CubA was inferred using the Maximum Likelihood method and Le_
Gascuel_2008 model.®? References to amino acid sequences and
database entries are given in Table S5. The bootstrap consensus
tree was inferred from 1000 replicates.*® Evolutionary analyses
were conducted in MEGA11.5%
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