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Background Anthraquinones in the emodin family are produced by bacteria, fungi, and plants. They display various
biological activities exploited, e.g., for crop protection, and may also be utilized as sustainable, bio-based colorants

for the textile, paints, electronics, and cosmetic industries. Anthraquinone pigments from Cortinarius mushrooms have
been used for artisan dyeing because they are stable, colorfast, and compatible with various dyeing methods. How-
ever, their chemical synthesis is complex and uneconomical, and harvesting wild mushrooms from forests in commer-

cial quantities is not feasible.

Results Here, we use genomics, transcriptomics, and synthetic biology to uncover the biosynthesis of the anth-
raquinone scaffold compounds emodin and endocrocin, and their methylation to the yellow pigments physcion

and dermolutein in Cortinarius semisanguineus and C. sp. KIS-3. Both the nonreducing polyketide synthases (nrPKSs),
and the regiospecific, fastidious O-methyltransferases (OMTs) are non-orthologous to their Ascomycete counterparts,
suggesting a parallel evolutionary origin for the pathway in Basidiomycetes. The genes for the nrPKS and the OMTs are
not all clustered in Cortinarius, revealing metabolic crosstalk among paralogous nrPKS biosynthetic gene clusters.

Conclusions Heterologous biosynthesis of physcion and dermolutein in Saccharomyces cerevisiae opens the way
to produce specific Cortinarius anthraquinones, and to modify these scaffolds to tune their chemistry towards their

various applications.
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Introduction

O-Methyltransferases (OMTs) represent the largest
class of natural product methyltransferases [1]. These
enzymes transfer methyl groups from S-adenosylme-
thionine (SAM) to alcohol or carboxyl functionalities of
the substrates to produce their methyl ether or methyl
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ester derivatives, respectively [2]. The resulting modi-
fication increases the lipophilicity and thus the mem-
brane permeability of the target molecules, modulating
their biological activities. Consequently, O-methylation
is a widely utilized modification of small molecule
drugs in the pharmaceutical industries to improve
drug stability, bioavailability, and specificity to interact
with the target receptors [3]. Chemical synthetic meth-
ods for O-methylation use toxic reagents, and rely on
expensive multistep protection/deprotection strate-
gies to achieve regiospecificity. They are also prone to
unwanted side reactions [3], posing economic and sus-
tainability challenges when applied on an industrial

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://orcid.org/0000-0002-5485-9780
http://orcid.org/0000-0001-6078-4503
http://orcid.org/0000-0001-9053-6869
http://orcid.org/0000-0002-0163-0421
http://orcid.org/0000-0001-6563-3421
http://orcid.org/0000-0002-6141-224X
http://orcid.org/0000-0002-8767-968X
http://orcid.org/0000-0003-1968-4820
http://orcid.org/0000-0002-5477-6416
http://orcid.org/0000-0002-6929-1032
http://orcid.org/0000-0002-3627-0454
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13068-025-02625-6&domain=pdf

Jetha et al. Biotechnology for Biofuels and Bioproducts (2025) 18:25

scale. To achieve the required specificity and regiose-
lectivity for the O-methylation of highly complex and
reactive scaffolds, the development of more specific
and environmentally benign approaches remains a high
priority [1].

As opposed to chemical synthesis, enzymatic O-meth-
ylation proceeds with a high yield under mild, envi-
ronmentally friendly reaction conditions and offers
regio- and stereospecific outcomes [3]. Moreover, the
substrate promiscuity and regioselectivity, and the pro-
cess parameters of the enzymes may be altered by vari-
ous protein engineering approaches. For example, the
regioselectivity of resorcylic acid lactone O-methyl-
transferases has been modulated by structure-guided
site-directed mutagenesis [3], while catechol O-methyl-
transferase variants have been exploited to transfer alkyl
groups regio-selectively to the important clinical drug
rapamycin, thus generating new lead compounds [1].
However, the high cost of the methyl donor co-substrate
SAM and its inefficient regeneration limits the scalability
and thus the industrial applicability of in vitro reaction
systems [3]. Instead, the biotechnology industries employ
in vivo biocatalytic or total biosynthetic platforms to
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produce O-methylated small molecules as the cells syn-
thesize and recycle SAM efficiently.

Anthraquinones (AQ) are an important class of polyke-
tide natural products with a wide applicability in the tex-
tiles, food, cosmetics, paints, electronics, pharmaceutical,
and crop protection industries [4, 5]. Emodin (1) and
endocrocin (2, Fig. 1) are common biosynthetic interme-
diates of the AQs as well as the benzophenones, diphe-
nyl ethers, xanthones and other members of the “emodin
family” of compounds, produced by many plants, bac-
teria and fungi [6]. Emodin and endocrocin are derived
from the octaketide atrochrysone carboxylic acid (3), the
first enzyme-free intermediate released by the polyke-
tide synthase (PKS) enzymes in these organisms. Regio-
specific O-methylation is a common biosynthetic step to
further diversify emodin, endocrocin and their deriva-
tives. Among these, physcion (4), the 6-O-methylated
derivative of emodin, displays laxative, hepatoprotective,
antitumor, and anti-inflammatory activities [7]. It is also
the active ingredient of a commercially approved fungi-
cide used to treat powdery mildew infections in plants
[8]. Industrial-scale production of physcion (4) relies on
extracting the compound from the roots of the Chinese
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Fig. 1 Biosynthesis of dermolutein and physcion in Cortinarius spp. CkPKS3 (in Cortinarius sp. KIS-3) or CsPKS2 (in C. semisanguineus) are responsible
for the iterative condensation of malonyl-CoA precursors to produce atrochrysone carboxylic acid (3) that is then converted to emodin (1)
or endocrocin (2). CkOMT4, or CkOMT2 and CsOMT5 O-methylate these AQs to afford physcion (4) or dermolutein (5), respectively
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rhubarb (Rheum palmatum) [9]. However, physcion con-
centration in these roots reaches only 0.01-0.2% [10],
limiting the productivity. To develop biocatalytic routes
towards physcion, two recent publications described the
identification of O-methyltransferases from Ascomycete
fungi that can methylate the C6 alcohol of emodin [10,
11]. Two bacterial and a plant-derived OMTs have also
been described to catalyze the same conversion to a lim-
ited extent [10]. A different OMT from the ascomycete
Aspergillus terreus has been identified to produce questin
(8-O-methylemodin), a regioisomer of physcion that dis-
plays antimicrobial activities [2, 12].

In contrast to that of emodin, the genetic and enzy-
matic basis for endocrocin O-methylation received little
attention. Endocrocin may be O-methylated at the 8-OH
position to yield dermolutein (5), an AQ with potential
applications as a photosensitizer [13], and as a dye for
textiles [14] and human hair [15]. This yellow-orange
pigment is biosynthesized by the basidiomycete fungi
Cortinarius spp. in the Dermocybe group, as an interme-
diate towards the characteristic red pigment dermorubin.
The same mushrooms also produce emodin-derived yel-
low (physcion 4) and red pigments (dermoglaucin and
dermocybin, both oxidized derivatives of 4), and have
been used for artisan yarn dyeing in Finland [14, 16, 17].
Because of their stability, color-fastness, and compatibil-
ity with various dyeing methods [14, 16, 17], these pig-
ments have the potential to replace widely used synthetic
dyes produced from non-renewable, petrochemical-
based sources. However, the abundance of dermolutein
(5) and physcion (4) in Cortinarius fruiting bodies is
low, limiting their production, bioactivity evaluation, and
potential applications.

A recent publication revealed that emodin (1) and
endocrocin (2) are produced in C. odorifer by two
orthologous nonreducing PKSs (nrPKSs) with a domain
organization different from those in Ascomycetes [18].
These AQ synthases, just as many other basidiomy-
cete nrPKSs [19], lack an SAT (starter acyltransferase)
domain for chain initiation with acetyl-CoA, but pos-
sess an integrated TE (thioesterase) domain for product
release. However, to the best of our knowledge, neither
biosynthetic nor chemical synthetic routes have been
described up till now to produce dermolutein (5), and
the OMT enzyme that yields physcion (4) in Corti-
narius spp. also remained unknown. In this work, we
used genomics, comparative transcriptomics, and syn-
thetic biology to identify orthologous nrPKSs from two
Cortinarius spp. that afford emodin (1) and endocrocin
(2), and to discover distinct OMTs that modify these
intermediates to produce their respective O-methylated
derivatives, physcion (4) and dermolutein (5). Impor-
tantly, the nrPKSs yielding emodin (1) and endocrocin
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(2), and the OMTs that produce physcion (4) and der-
molutein (5) do not all reside in the same biosynthetic
gene clusters, revealing metabolic crosstalk and a com-
plex evolutionary history involving gene duplications
and cluster diversification. Further, we used in vivo
biocatalytic conversion and in vitro reconstituted reac-
tions with purified OMTs to show that these enzymes
are fastidious in their substrate selection. Utilizing
Al-assisted protein structure modeling, we also pre-
dict structural determinants that may contribute to the
distinct regiospecificities of these OMTs. Generating
efficient synthetic biology production systems for the
Cortinarius AQs would open the way to modify these
scaffolds in vivo or in vitro to tune their properties for
the textile, plastics, paints, food, electronics, and cos-
metic industries, as well as for crop protection and
pharmaceutical applications [4, 5].

Results and discussion

Identification of putative AQ biosynthetic gene clusters

in Cortinarius semisanguineus and Cortinarius sp. KIS-3

We have sequenced the genome of Cortinarius semisan-
guineus F-YF12, a prominent AQ producer ectomycor-
rhizal basidiomycete, using a combination of Illumina
and PacBio technologies (Supplementary Information
[SI] Table S1). We have also created transcriptomic
databases of the colored tissues of the cap and stipe of
the mushroom collected in forests in Finland, and the
non-colored mycelia that contain only trace amounts
of AQs, grown in a static liquid surface culture in the
laboratory. We utilized a comparative genomics and
transcriptomics approach to search for the biosynthetic
gene cluster (BGC) responsible for AQ pigment pro-
duction in C. semisanguineus and the related AQ pro-
ducer Cortinarius sp. KIS-3 whose genome sequence
is available in the JGI MycoCosm database. We iden-
tified two orthologous nrPKS candidates encoded in
the genome sequence of C. semisanguineus (CsPKS1
and 2), and three orthologous nrPKSs in that of C. sp.
KIS-3 (CkPKS3 to 5) that show identical domain organ-
ization and > 65% sequence identities to the C. odorifer
AQ synthases CoPKS1 and CoPKS4 [18] (Fig. 2 and SI
Tables S2, S3). The genes for both CsPKS1 and CsPKS2
were found to be highly expressed in the stipe and the
cap tissues of C. semisanguineus where AQ pigment
production is active, while their expression was negligi-
ble in the pure culture where AQ production is largely
absent (SI Table S4). The three nrPKS-encoding genes
of strain KIS-3 were also expressed in the red sporo-
phore tissues, although transcriptomic datasets for
AQ-nonproducer mycelia were not available in the JGI
MycoCosm database.
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Fig. 2 Phylogenetic tree and genomic loci of nrPKSs in C. semisanguineus and C. sp. KIS-3 that are orthologous to the C. odorifer AQ synthase
CoPKS1 and CoPKS4 [18]. The evolutionary history of the tree was inferred using the neighbor-joining method with a bootstrap test of 1000. See SI
Tables S5-59 for annotations of the predicted genes. MFS, major facilitator superfamily

Validation of CsPKS2 and CkPKS3 as AQ synthases
Considering that no genetic tools are available for Cor-
tinarius spp., we relied on heterologous expression
in Saccharomyces cerevisiae to functionally identify
the nrPKS-encoding genes of C. semisanguineus and
C. sp. KIS-3. First, the genes encoding the phospho-
pantetheinyl transferase NpgA [20, 21] (essential for
PKS activity) and the allosterically insensitive acetyl-
CoA carboxylase double mutant ACC156%4S157A (¢
increase the supply of the AQ precursor malonyl-CoA)
were integrated into the LEU locus of S. cerevisiae
H4590 to construct strain H6108 (SI Table S10). Next,
we separately integrated codon-optimized, intron-
less, custom-synthetic genes for CsPKS1, CkPKS3, and
CkPKS4, and the cDNA-derived open reading frame of
CsPKS2 into the HIS locus of S. cerevisiae H6108, under
the control of a synthetic expression system (SES) [22].
Since gene synthesis for CkPKS5 failed despite multiple
attempts, and neither genomic DNA nor mRNA was
available to us from C. sp. KIS-3, the function of this
nrPKS remains unidentified. Expression of the genes
for CsPKS1 and CkPKS4 did not yield any new metabo-
lites in the S. cerevisiae chassis. However, S. cerevisiae
strains expressing CsPKS2 or CkPKS3 both produced
emodin (1) associated with the cells (0.25 mg/L), and
endocrocin (2) localized in the culture supernatant
(1.25 mg/L) (Fig. 3).

Identification of regiospecific Cortinarius OMTs that modify
emodin (1) and endocrocin (2)

To further characterize the bifurcating Cortinarius AQ
biosynthetic pathway from emodin (1) to physcion (4) on
one branch, and endocrocin (2) to dermolutein (5) on the
other (Fig. 1), the putative OMTs encoded in the selected
nrPKS genomic loci of C. semisanguineus and C. sp.
KIS-3 (Fig. 2 and SI Table S11) were investigated next. For
this, we considered both total biosynthesis (i.e., produc-
tion of the individual OMTs in a chassis that biosynthe-
sizes the polyketide substrates emodin and endocrocin)
and biocatalytic platforms (i.e., supplementing emodin
or endocrocin to cultures of chassis strains producing
the individual OMTs only). S. cerevisiae H6108 strains
co-expressing the gene for CkPKS3 with those for any of
CkOMT1, CKOMT3, or CsOMTS6, respectively, did not
yield any methylated AQ derivatives, thus these OMTs
were not investigated further. In contrast, the yeast strain
that co-expressed CkPKS3 with CkOMT4 (derived from
the CkPKS5 BGC of C. sp. KIS-3) afforded physcion (4)
in addition to the PKS-produced emodin (1) and endo-
crocin (2, Fig. 3). Similarly, S. cerevisiae H6108 producing
only CkOMT4 successfully O-methylated commercial
emodin (1) at the 6-OH position to yield physcion (4,
Fig. 4A). However, the yeast strain producing this OMT
did not afford methylated derivatives of endocrocin (2),
nor were O-methylated endocrocin derivatives obtained
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Fig. 3 Total biosynthesis of emodin (1), endocrocin (2) and their O-methylated derivatives in S. cerevisiae. Product profiles (HRMS ion
chromatograms with the extracted m/z values of compounds 1, 2,4, 5 and 6) from cultures of S. cerevisiae H6108 strains that: (A) express the genes
for the selected nrPKSs of C. semisanguineus or C. sp. KIS-3; or (B) co-express the genes for CkPKS3 and the selected OMTs of C. semisanguineus

or C. sp. KIS-3. The trace at the bottom of Panel B represents the overlay of extracted ion chromatograms for: authentic emodin (1), endocrocin

(2), physcion (4), and dermolutein (5) standards. Culture extracts of the S. cerevisiae H6108 chassis are also shown in both panels. The extracted

jon chromatograms (EICs) are m/z 269.044 [M-H]~ for (1); 313.038 [M—H]™ for (2); 283.062 [M—H]™ for physcion (4); 327.046 [M—H]" for dermolutein
(5); and 283.062 [M—H]~ for an uncharacterized O-methylemodin (6), possibly questin (8-O-methylemodin; a questin standard was not available
and the yield of the metabolite was too low for isolation and structure elucidation)

by total biosynthesis in the strain that produces both
CkPKS3 and CkOMT4 (Figs. 3 and 4B).

Strains co-producing CkPKS3 with either CkKOMT?2
(encoded in the CkPKS4 BGC of C. sp. KIS-3) or
CsOMT5 (from the C. semisanguineus CsPKS2 BGC)
afforded dermolutein (5) by O-methylating the PKS-
generated endocrocin (2) at the 8-OH group (Fig. 3B).
Strains producing either CkOMT2 or CsOMT5 also
yielded dermolutein (5) upon biocatalytic conversion of
endocrocin (2) supplemented to the cultures (Fig. 4B).
Small amounts of a methylated emodin derivative (6)
with a chromatographic mobility different from that of
physcion, likely questin (8-O-methylemodin), were also
produced by these OMTs in both biocatalytic or total
biosynthetic formats (Figs. 3 and 4A), but the structure of

this product could not be elucidated due to its low yield.
Compounds 4 and 5 were produced and isolated from
upscaled fermentations and their structures were vali-
dated (physcion 4 [23], SI Table S12.1 and SI Figs. S1-S5),
or elucidated (dermolutein 5, SI Table S12.2 and SI Figs.
$6-S10) by analyzing their 1D and 2D NMR spectra, and
LC-MS/MS data.

To understand the evolutionary relationships of the
Cortinarius OMTs, a phylogenetic tree (Fig. 5), was
constructed based on a multiple sequence alignment
with recently identified OMTs (SI Table S13) affording
physcion [10, 11] and questin [2]. Although the Cor-
tinarius OMTs yield AQ products with distinct regi-
oselectivity, they form a single, strongly supported
clade. This clade is sister to that of GedA, a class II
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Fig. 4 Substrate selectivities of CkOMT4 and CsOMTS. Product profiles (HRMS ion chromatograms with the extracted m/z values of the substrates
and their methylated derivatives) from in vivo biocatalytic reactions with S. cerevisiae H6108 expressing the genes for CkOMT4 or CSOMTS5,
supplemented with the substrates: (A) emodin (1); (B) endocrocin (2); (C) hesperetin (7); or (D) baicalein (8). Control biocatalytic reactions

with the yeast chassis are also shown. ¥, commercial emodin contains minor amounts of physcion (4) as an impurity. The extracted ion
chromatograms (EICs) are m/z 269.044 [M-H]~ for (1); 313.038 [M—H]™ for (2); 283.062 [M—H]" for physcion (4); 327.046 [M—H]" for dermolutein (5);
283.062 [M-H]~ for the uncharacterized O-methylemodin (6); 301.07 [M—H]~ for hesperetin (7); 269.044 [M-H]~ for baicalein (8); 315.09 [M-H]~

for the putative O-methylhesperetin (9); and 283.062 [M—-H]™ for the putative O-methylbaicalein (10).

emodin-O-methyltransferase that produces questin
(8-O-methylemodin) in Aspergillus terreus [2]. Neverthe-
less, the Cortinarius AQ OMTs that show different regi-
oselectivities share less than 40% identity with each other
(SI Table S14, SI Fig. S11), and are at most 30% identi-
cal to GedA (SI Table S15). Their sequence similarities
with other known OMTs that are able to methylate emo-
din are even more tenuous (SI Table S15) and are mostly
constrained to the shared Rossmann-fold SAM-binding
site, even if they are able to produce the same product
(physcion). Thus, parallel evolution utilized the general-
ized methyltransferase fold to produce multiple, distinct
sequence solutions for enzymes that may carry out the
O-methylation of the widely distributed emodin and
endocrocin skeletons in different phylogenetic lineages.

Docking models for the Cortinarius OMT-SAH-AQ

complexes reveal distinct substrate binding poses

We generated AlphaFold2 protein structure models
for CkOMT4 and CsOMTS5. Despite the low primary
sequence identities (SI Table S15 and SI Fig. S11), these
structure models aligned well with the recently pub-
lished crystal structure of GedA (PDB id: 7WH9), the
emodin-8-OMT of A. terreus [2] (RMSD [root mean
square deviation] of 2.65 and 3.44 A to CkOMT4 and
CsOMTS5, respectively) (SI Figs. S12, S13, and S14). The
co-product S-adenosylhomocysteine (SAH) was then
docked into the CkOMT4 and CsOMT5 models to reveal
highly conserved SAM binding sites, similar to that of
GedA [2] (SI Figs. S11 and S12). Thus, aromatic residue
W216 (CkOMT4) or W215 (CsOMT5) is predicted to

interact with the adenine moiety of SAH through 7—n
stacking. The ribose moiety of SAH may be stabilized by
the canonical DXGGXXG motif [24] along with hydro-
gen bonds to R337 (CkOMT4) or D288 (CsOMTS5). The
homocysteine tail of SAH may also establish an extensive
hydrogen bonding network with the side chains of R337,
K272, and V273 in CkOMT4, while a similar network
with SAH may be formed by R336, G267, and N270 in
CsOMTS5.

Next, the substrates (emodin 1 for CKOMT4 and
endocrocin 2 for CSOMTS5) were docked into the SAH-
OMT complexes (Fig. 6). This revealed conserved active
site residues which could contribute to the Sy2-type
nucleophilic reaction, as seen with typical class II OMTs
including GedA [2]. Thus, E420 (in CkOMT4) or E404
(in CsOMTS5) may serve as an acid to polarize H341 (in
CkOMT4) or H340 (in CsOMT5) which then act as a
base to deprotonate the 6-OH group of emodin or the
8-OH of endocrocin, respectively. The corresponding
phenolate ions of the substrates would then act as nucle-
ophiles to abstract the positively charged methyl group
of SAM, giving rise to the O-methylated products along
with SAH.

In contrast, the predicted substrate binding sites
diverge in these OMTs (Fig. 6 and SI Fig. S11), even for
CkOMT4 and GedA that share the same substrate (emo-
din 1) but produce regioisomeric products (physcion for
CkOMT4 and questin for GedA). These distinct substrate
binding cavities likely determine the substrate acceptance
of CkOMT4 vs. CsSOMT5 (emodin vs. endocrocin), and
position the substrates for a regioselective O-methylation
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Fig. 5 Evolutionary relationships of Cortinarius OMTs. OMTs yielding dermolutein (8-O-methylendocrocin) are in green; those able to produce

physcion (6-O-methylemodin) are in pink; those affording questin (8-O-me
to these functionally characterized enzymes are shown in black. Note that

thylemodin) are in blue; while selected putative OMTs orthologous
OMTs able to produce physcion in synthetic biology systems

may yield different products when part of their native biosynthetic pathways in their native producer organisms. The evolutionary history
of the tree was inferred using the neighbor-joining method with a bootstrap test of 1,000, with the caffeic acid OMT (Ref_COMT) from Zea mays

as the outgroup. See S| Table S13 for the GenBank accessions of the sequences

outcome, explaining the observed differences in the sub-
strate selectivities and product regiospecificities of these
enzymes. In CkOMT4, emodin is surrounded by F231,
F338, and M408 which may contribute hydrophobic and
Van der Waals interactions, while similar interactions
from residues M235 (M269 in GedA) and M412 (M438
in GedA) may stabilize the horizontal position of the sub-
strate from opposite sides of the aromatic plane. Residue
D342 may form a hydrogen bond with the 6-OH group of
emodin, orienting this moiety towards the methyl group
of SAM for physcion (4) formation. In GedA, this phe-
nolic alcohol is engaged in hydrogen bonds with residues
R434 and Y173, exposing the 8-OH group for methyla-
tion to yield questin. However, these GedA residues are

replaced by M408 and F176 in CkOMT4, thus a pose
that would orient the 8-OH group towards the activated
methyl group of SAM is not favored in the Cortinarius
enzyme.

Docking endocrocin into the SAH-CsOMT5 com-
plex indicated that the aromatic plane of the substrate
is bracketed by H178 and H395 from one side and H340
and D341 from the opposite side. These residue pairs may
form hydrogen bonds with the two carbonyl oxygens and
stabilize the horizontal position of the substrate. Addi-
tionally, the carboxylic acid moiety of endocrocin may
establish hydrogen bonds with the R369 side chain, thus
prohibiting a 180° rotation of the substrate along to the
plane. This would ensure that the C8 instead of the C1
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Fig. 6 Predicted substrate binding sites in CkOMT4 (pink) and CsSOMTS5 (green). Orange sticks, the co-product S-adenosylhomocysteine (SAH); blue
sticks, the substrate (emodin 1 for CkOMT4 and endocrocin 2 for CSOMT5); yellow sticks, the predicted catalytic residues; pink and green sticks,
the substrate binding sites of CkOMT4 and CsOMTS5, respectively. Predicted hydrogen bonds (cyan) and key interactions (orange) are indicated

with dashed lines

phenolic alcohol approaches the methyl group of SAM.
Meanwhile, D341 may form hydrogen bonds with both
the 8-OH and the C9 carbonyl group, breaking the intra-
molecular hydrogen bond in endocrocin and setting up
8-OH for methylation to yield dermolutein (5).

Substrate selectivities of the Cortinarius AQ OMTs

To explore the substrate promiscuity and combinatorial
biosynthetic capacity of the Cortinarius OMTs, we chal-
lenged these enzymes with various AQ and flavonoid
substrate analogues (SI Table S16). First, S. cerevisiae
strains producing either CkOMT4 or CsOMT5 were used
to biotransform these potential substrates supplemented
to the cultures. Out of the 13 analogues tested, CsSOMT5
accepted only emodin and hesperetin as substrates to
yield O-methylated derivatives (Fig. 4A, C). However, the
conversion efficiencies were very low (<0.2%). CkOMT4
only accepted baicalein as a substrate, but with even
less efficiency (Fig. 4D). Because of the poor yields, the
O-methylated derivatives could not be isolated to deter-
mine the regioselectivities of the reactions.

Next, the genes for CkOMT4 and CsOMT5 were
expressed in E. coli BL21 strain (SI Table S17) to yield
N-terminally His-tagged proteins, but the enzymes
were only produced as inactive inclusion bodies despite
our best efforts to optimize expression conditions such
as inducer concentrations and expression tempera-
tures. However, N-terminally His-tagged CkOMT4 and

CsOMT5 were successfully produced in S. cerevisiae
H6111 to afford active, soluble proteins that were iso-
lated using Ni-affinity chromatography (SI Fig. S15) [25].
In vitro reactions with the isolated enzymes with the AQ
and flavonoid candidate substrates (SI Table S16) revealed
methylation of the same substrates (emodin and baicalein
with CkOMT4; emodin, endocrocin, and hesperetin with
CsOMTS5; SI Fig. S16) as in the in vivo biocatalytic reac-
tions (Fig. 4). Docking representative potential substrates
into our CkOMT4 or CsOMTS5 structure models failed
to reveal the reasons for substrate selectivity or product
regiospecificity, indicating the need for future structural
biology experiments with these interesting enzymes.

Conclusions

Cortinarius spp. (from the Dermocybe subgroup) pro-
duce a variety of AQ pigment congeners from the emodin
family that provide vivid colors and display various bio-
activities that presumably grant an evolutionary advan-
tage to these fungi in their native ecological niche [26,
27]. To produce these AQs, these Basidiomycetes utilize
nrPKSs that are not orthologous to the better-studied
emodin/endocrocin nrPKSs of Ascomycetes, and show a
distinct domain composition [19]. Here, we show that the
next steps in the pathway, i.e., the O-methylation of the
emodin and endocrocin scaffolds, also utilize enzymes
that, although sharing the generalized OMT fold, are
not orthologous to the AQ OMTs of Ascomycetes, even
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if they share the same substrate (emodin) and afford the
same product (physcion) [10, 11]. We also provide the
first example, to the best of our knowledge, for an OMT
that specifically recognizes endocrocin as its substrate
to produce the characteristic Cortinarius AQ metabo-
lite dermolutein. Thus, both AQ scaffold biosynthesis,
and O-methylation of these scaffolds appears to have
originated by parallel evolution in Cortinarius spp. vs.
Ascomycetes.

To afford the AQ pigment assemblage typical of Cor-
tinarius mushrooms, nature elected a strategy that
economizes by producing two biogenically related AQ
scaffolds, emodin and endocrocin, using a single nrPKS
enzyme. However, these branch products are channeled
towards distinct AQ pigments by separate OMT enzymes
that seem to be fine-tuned to differentiate emodin and
endocrocin as their respective substrates and methylate
these substrates with high regioselectivity. For this task,
Cortinarius mushrooms recruited distinct OMTs that
show only moderate mutual sequence similarity (e.g.,
CkOMT2 and CkOMT4 show only 40% identity), instead
of relying on the functional diversification of paralogs
originating from a recent gene duplication.

Perhaps related, the genes for the AQ biosynthetic
pathways in Cortinarius mushrooms are distributed
into several biosynthetic gene clusters (BGCs). These
BGCs are anchored by nrPKS paralogues that must have
originated from (repeated) gene duplications followed
by functional diversification, preserving one nrPKS for
emodin and endocrocin production. Yet, in C. sp. KIS-3,
the emodin/endocrocin-producing nrPKS CkPKS3, the
physcion-producing CkOMT4, and the dermolutein-
producing CkOMT?2 all reside in distinct BGCs. While
CsPKS2 and the dermolutein-producing CsOMT5 are
clustered in C. semisanguineus, the other OMT encoded
in that cluster (CsSOMT6) does not afford physcion.
Thus, the C. semisanguineus OMT for physcion produc-
tion must reside in yet another genomic locus that, for
now, remains to be identified. In any case, the patchwork
nature of these biosynthetic pathways in Basidiomycetes
suggests two interesting and perhaps interrelated pos-
sibilities, as already seen in a few cases in Ascomycetes
[28-30]. First, coherent biosynthetic pathways may be
encoded by genes that reside at distinct genomic loci and
may even appear to be part of a different BGC. Second,
efficient metabolic crosstalk may arise among separate
BGCs encoding promiscuous enzymes: such enzymes
may accomplish dedicated tasks in the pathway encoded
by their “home” BGC while also “moonlighting” in differ-
ent biosynthetic pathways.

Deciphering the biosynthesis of the characteristic Cor-
tinarius AQs will allow the reconstruction of these path-
ways in efficient synthetic biology chassis that would
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also make the economical production of selected con-
geners possible for specific applications. This will also
open these AQ scaffolds for combinatorial biosynthetic
modifications to adapt these interesting pigments even
better for their potential uses as industrial dyes, cosmet-
ics ingredients, photosensitizers, crop protection agents,
and pharmaceuticals.

Materials and methods

Genome and transcriptome sequencing of C.
semisanguineus

A pure culture of C. semisanguineus F-YF12 was obtained
from the Luke Natural Resources Institute of Finland. The
mycelium was grown at 20 °C on plates with a cellophane
film on top of a modified Melin—Norkrans agar medium
with reduced sugar content (AMMN: 1.25 g/L glucose, 5
g/L malt extract, 0.25 g/L (NH,),HPO,, 0.5 g/L KH,PO,,
0.15 g/L MgSO,x7H,0, 0.05 g/L CaCl,x2H,0, 0.025
g/L NaCl, 20.16 mg/L Fe-EDTA, 10 mg/L thiamine-HCl
and 18 g/L agar; pH 5.5). The mycelium was collected,
frozen, and ground in liquid nitrogen. Genomic DNA
was isolated with QIAGEN Genomic-tip 500/G columns
according to the manufacturer’s protocol, followed by
twice-repeated extractions first with phenol-chloro-
form—isoamyl alcohol (25:24:1, v/v), then with chloro-
form—isoamyl alcohol (24:1, v/v). After precipitation with
isopropanol and washing with 70% ethanol, the dry DNA
precipitate was dissolved in 10 mM Tris—HCI pH 8.0.

For RNA isolation, C. semisanguineus F-YF12 was
grown as static liquid surface pure cultures at 20 °C, in
50 mL of %MMN liquid medium in 250-ml Erlenmeyer
flasks. Fungal fruiting bodies were collected from a pine
forest at Southern Finland and stored at —20 °C before
RNA extraction from the cap and separately, the stipe tis-
sues. Two parallel samples each from the cap, the stipe,
and the pure culture were ground in liquid nitrogen and
the total RNA was extracted with a Qiagen RNeasy Mini
Kit, according to the manufacturer’s protocol. RNA sam-
ples in RNase-free water were sent to Novogene (UK) for
genome sequencing. After quality check, cDNA libraries
were prepared with poly-A enrichment of the mRNA,
and sequenced using the Illumina NovaSeq PE150 plat-
form, resulting in 6 Gb of raw data (20 million reads) per
sample.

The Cortinarius semisanguineus genome sequence
(pure culture) was obtained using a combination of
paired-end short-read sequencing (using Illumina
NovaSeq 6000 platform—PE 150) and long-read
sequencing approaches (using PacBio Sequel platform).
RNA-sequencing of the pure cultures, caps and stipes
were performed using Illumina NovaSeq 6000 plat-
form—PE 150 in duplicates (i.e., two biological repli-
cates each). Genome and transcriptome sequencing
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and quality-filtering of the sequencing reads were per-
formed by Novogene Europe Ltd. Because of the very
high repeat content of the genome, only 2.8 Gb of high-
quality nonrepetitive reads could be obtained even after
10 Gb of genome sequencing.

To obtain the genome assembly of Cortinarius semi-
sanguineus, the PacBio data were converted from BAM
to FASTQ format using PacBio-SMRTLink software
(v9.0.0.92188) and a hybrid (i.e., long-read and short-
read), de novo assembly was performed using wengan
(v0.2) [31]. For a de novo gene prediction from the
genome assembly, the RNA-sequencing reads, and pro-
tein sequences from the Cortinarius sp. KIS3-TL2766
1.0 genome dataset at the JGI portal (JGI Project ID:
1193782,  https://mycocosm.jgi.doe.gov/CorKIS3_1/
CorKIS3_1.home.html) and the fungal proteins dataset
from OrthoDB (v10) [32] were used. The gene predic-
tion was performed using the BRAKER2 workflow with
RNA-seq data and protein data separately and using
TSEBRA for combining the two gene prediction results
(33, 34]

The RNA-sequencing reads of the six samples were
pooled and assembled de novo using trinity [35], and
functionally annotated with Trinotate, Transdecoder
[35] and Eggnog [36]. The gene expression in the six
samples was quantified using Kallisto [37] and normal-
ized using Trimmed Mean of M-values (TMM) for dif-
ferential expression analysis with EdgeR [38].

Phylogenetic analysis and docking

Multiple sequence alignments were built using MUS-
CLE, implemented in Geneious Prime 2023.0.4 (www.
geneious.com). Phylogenetic trees were constructed
with the neighbor-joining method using the Jukes-
Cantor genetic distance model, with bootstrapping
set to 1000 replicates. The trees were visualized with
Geneious Prime 2023.0.4.

Protein structure models were constructed using
Alphafold 2 [39]. Protein, co-product (SAH), and sub-
strate structures were refined using AutoDock tools [40]
(https://ccsb.scripps.edu/mgltools/-1-5-6/), and dock-
ing was performed using AutoDock Vina [41] following a
two-step consecutive approach (the SAH co-product was
docked first to the enzyme, and the best docking pose
was used for a second round of docking with the sub-
strate). The best docking poses in each case were selected
based on the low affinity score (higher binding affinity),
followed by comparing the orientations of these ligands
with those in the available crystal structure of GedA
(PDB id: 7WH9). The visualization and analysis of the
docked poses were performed using Pymol version 2.5.5
(www.pymol.org).
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Construction of S. cerevisiae plasmids

Al S. cerevisiae plasmids (SI Table S17) were constructed
using Gibson assembly (Gibson Assembly Mastermix,
NEB) unless mentioned otherwise, and validated by
sequencing. The codon-optimized phosphopantethei-
nyl transferase gene npgA of Aspergillus nidulans (Gen-
Bank: XP_663744) was custom-synthesized (Integrated
DNA Technologies, USA), and amplified by PCR using
the appropriate primers (SI Table S18). The accl** gene
fragment was obtained by digesting plasmid pSK293 (SI
Table S17) with Notl, Sacl, and Pvul. These two genes,
along with the SES bi-directional promoter [22] were
assembled into the Miul-digested pB13472 vector that
included targeting arms to the S. cerevisiae LEU locus, to
afford pB13474.

Genes for CsPKS1, CkPKS3, CkPKS4, and those for
all the OMTs were obtained as synthetic gene blocks
(Integrated DNA Technologies, USA) codon optimized
for Aspergillus niger. CsPKS2 and CkPKS5 could not be
synthesized by the supplier. The intron-free open reading
frame encoding CsPKS2 was then amplified by RT-PCR
using C. semisanguineus cDNA from the cap as the tem-
plate. Expression cassettes with the SES promoter [22]
were constructed for the PKS-encoding genes, with or
without any one of the genes for the OMTs, with genome
integration targeting arms to the S. cerevisiae HIS locus.
Expression cassettes for CkOMT4 and CsOMT5 were
constructed by digesting pB13482 and pB13483, respec-
tively, with Pacl and Xhol to release the PKS-encoding
fragments, filling the overhanging base pairs with Klenow
polymerase, and re-circularizing the plasmid to obtain
pB14444 and pB14445. All the protein sequences are
listed in SI Table S19.

Construction of S. cerevisiae strains

To construct the S. cerevisiae H6108 chassis with the
genes encoding NpgA and ACC1** (SI Table S10), the
plasmid pB13474 (SI Table S17) was digested with NotI
and the integration cassette was transformed into S.
cerevisiae H4590 using the lithium acetate and PEG-
mediated transformation protocol as described [42].
The transformed cells were plated on SC-LEU selection
plates and validated for the correct genomic integration
into the leu2-3 locus using qPCR.

The resulting S. cerevisiae H6108 strain was used as the
chassis strain for all the other constructs. Thus, this strain
was transformed separately with the CsPKS1, CsPKS2,
CkPKS3, or CkPKS4 expression cassettes, released from
the pB13476, pB14914, pB13477, and pB13478 plasmids
(SI Table S17), respectively, by Notl digestion. Similarly,
H6108 strain was transformed with the bi-directional
expression cassettes co-expressing CKkPKS3 with the
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individual OMTs, released from the pB13479-pB13484
plasmids (SI Table S17), respectively, by NotI digestion.
The transformants were selected on SC-HIS agar plates,
and validated for the presence of the expression cassette
and the deletion of the /is3-A1 locus using qPCR.

Strain cultivation and sample preparation

For total biosynthesis, three independent, verified S. cer-
evisiae H6108 transformants for each strain were culti-
vated in 4 mL TSB (17 g/L tryptone, 3 g/L soytone, 5 g/L
NadCl, 2.5 g/L. K,HPO,; pH 7.3) +2% glucose medium in
24-well plates at 28 °C for 72 h with shaking at 800 rpm.
For in vivo biocatalytic transformation, three to five inde-
pendent, verified S. cerevisiae H6108 transformants were
cultivated in 25 mL of SD-dropout medium at 30 °C with
shaking at 200 rpm until the cultures reached an optical
density at 600 nm (ODy,) of 1.0. These precultures were
then used for inoculating 25 mL TSB media with 2% glu-
cose in shake flasks and the cultures were incubated at 30
°C with shaking at 200 rpm for 6 h. The substrate (dis-
solved in ethanol) was supplemented at the final concen-
tration of 25 mg/L, and cultivation was continued at 30
°C with shaking at 200 rpm for 3 days.

The cultures were then centrifuged, and the superna-
tants were analyzed directly by LC-MS. The cells were
extracted with 1 mL methanol at 37 °C with shaking at
240 rpm for 1 h, centrifuged at 4000 rpm for 5 min, the
supernatants were collected, and analyzed by LC-MS.
Cultivation experiments were repeated at least three
times for quantification. Fermentations were scaled up
for the isolation of AQs to two to five liters, depending
on yield. The cultures were extracted with ethyl acetate
(EtOAC), the organic fractions were dried under reduced
pressure at 50 °C and dissolved in methanol.

Protein expression and purification

S. cerevisiae H6111 was transformed with yeast 2u-based
plasmids harboring genes for the N- or C-terminally
Hisg-tagged CkOMT4 or CsOMTS5 (SI Tables S10 and
S17), and the activity of the His,-tagged OMTs were con-
firmed by verifying the in vivo biocatalytic production of
the O-methylated AQs before proceeding with enzyme
purification. A negative control strain was also con-
structed by transforming strain H6111 with the empty
vector (pB14913). The strains producing the N-termi-
nally Hisg-tagged OMTs were then grown in 400 mL
YPD medium supplemented with 200 pg/mL (final con-
centration) nourseothricin in 2.5-L Erlenmeyer flasks at
30 °C with shaking at 200 rpm for 2 days. The cells were
harvested by centrifugation at 4000 rpm for 10 min and
resuspended in 50 mL of ice-cold lysis buffer (20 mM
sodium phosphate, 0.5 M NaCl, 5 mM imidazole, pH 7.4),
supplemented with protease inhibitors (1xcOmplete,
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EDTA-free Protease Inhibitor Cocktail, Roche). The cell
suspensions were combined with 0.5 mm dia. glass beads
(Biospec) and lysed using a BeadBeater (Biospec). The
extent of the lysis was monitored using a microscope. The
lysate was centrifuged at 27,000¢ for 45 min at 4 °C, and
the supernatant was loaded onto a 1 mL HiTrap Chelat-
ing HP column equilibrated with Binding buffer (20 mM
sodium phosphate, 0.5 M NaCl, 5 mM imidazole, pH
7.4). The recombinant OMT enzymes were eluted with a
10 mL gradient of imidazole (0-500 mM), and the frac-
tions were analyzed by SDS-PAGE. Fractions having the
target OMTs were pooled and used for in vitro assays.

In vitro assay conditions

Enzyme activity assays were performed in 100 pL reac-
tion mixtures containing 20 mM Tris—HCl pH 7.5,
10% glycerol, 100 uM substrate, and 1 mM S-adenosyl
methionine (SAM) as the methyl group donor. Reac-
tions were initiated by adding the OMT enzyme and the
mixtures were incubated for 1 h (for native substrates)
or overnight (for substrate analogues) at 30 °C. The reac-
tions were quenched by adding an equal amount of meth-
anol. The samples were then centrifuged at 13,500 rpm
for 15 min and analyzed by HPLC.

Purification and structure elucidation of physcion (4)

and dermolutein (5)

For producing physcion (4), the S. cerevisiae H6108
strain expressing CkKOMT4 was cultivated in 50 mL
YPD medium at 30 °C with shaking at 200 rpm until
the culture reached ODg,, of 2.0. The cells were har-
vested by centrifugation at 4000 rpm for 5 min, and used
to inoculate 50 mL fresh TSB medium with 2% glucose
(supplemented with 10 mg of substrate). For produc-
ing dermolutein 5, the H6108-derived strain expressing
CsOMTS5 and CkPKS3 was used for de novo biosynthe-
sis in large-scale cultivations in TSB media (2% glucose).
The cultures were incubated at 30 °C with shaking at 200
rpm for 72 h and extracted twice with an equal volume
of EtOAc. The organic fractions were collected, dried
first using a Heidolph Rotary evaporator (Schwabach,
Germany) at reduced pressure, followed by drying under
N, flow in a TurboVap evaporator (Caliper Life Sciences,
Massachusetts). The residue was resuspended in metha-
nol and subjected to reversed-phase C18 silica gel col-
umn chromatography (25 g), eluted with an acetonitrile/
water gradient. The fractions were analyzed by LC-MS,
and those containing the target compounds were further
purified by preparative HPLC on a Waters Alliance sys-
tem with a DAD detector, equipped with a SunFire prep
C18 OBD reversed-phase column (5 pm, 19 mmXx100
mm). NMR experiments were carried out at 25 °C on a
600 MHz Bruker Avance III NMR spectrometer equipped
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with a QCI H-P/C/N-D cryoprobe. 1D 'H and '*C spec-
tra were obtained using the standard pulse sequences.
The 'H couplings were removed from the *C spectra
by inverse gated waltz-16 decoupling. 2D NMR (HSQC,
HMBC, and 'H-'H COSY) spectra were obtained using
standard Bruker pulse programs hsqcedetgpsisp2.2,
hmbcgplpndqf and cosygpprqf, respectively. In HMBC,
the long-range evaluation delay was optimized for 8 Hz
(62.5 ms). Chemical shift values (J) are given in parts per
million (ppm), and the coupling constants (J values) are
in Hz. All spectra were recorded in DMSO-d,, 99.8% D
(Eurisotop, St-Aubin Cedex, France) and the chemical
shifts were referenced to the residual 'H and '>C solvent
signals at 2.5 and 39.52 ppm, respectively.

LC-MS analysis

LC-MS analysis was performed on an Acquity UHPLC
system equipped with a Synapt G2-S MS detector (both
Waters, USA), using an Acquity UPLC BEH HSS T3 col-
umn (1.8 um 2.1 X100 mm, kept at 45 °C), at a flow rate
of 0.4 mL/min with mobile phase A (0.1% formic acid in
water) and B (0.1% formic acid in acetonitrile). The gradi-
ent elution started at 5% B maintained for 0.2 min, then
increased to 90% B in 14 min, then directly returned to
5% B and was maintained for 3 min. Mass spectrometry
was carried out by electrospray ionization (ESI) in nega-
tive polarity using a capillary voltage of 2.0 kV and cone
voltage of 40 kV. The source temperature was 150 °C and
the desolvation temperature was 500 °C. The desolvation
gas flow was set at 800 L/h (nitrogen). The percentage
errors in masses measured by LC-MS/MS are listed in SI
Table S20.
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