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Abstract

Based on transcriptomic, volatilomic and metabolomic data of the model organism C¥y-
clocybe aegerita, the endogenous and enzymatic production of the C8-oxylipins oct-2-en-
1-ol, octan-1-ol, oct-2-enal, octanal, octan-3-ol, oct-1-en-3-ol, oct-1-en-3-one and octan-3-
one via biotransformations with [U-'*CJlinoleic acid was compared to the developmental
state depending gene expression patterns of putative oxylipin-associated enzyme classes
like lipoxygenases, dioxygenases, ene-reductases and alcohol dehydrogenases. On closer
consideration of these data sets, the C8-oxylipin production seemed to occur cluster-like.
While one cluster (ketonic-cycle) consisted of octan-3-ol, oct-1-en-3-one, octan-3-one and
oct-1-en-3-ol, which were detected through out all developmental stages, a second clus-
ter (aldehydic-cycle) primarily active at early developmental stages involved oct-2-enal, oc-
tanal, oct-2-en-1-ol and octan-1-ol. Studying these clusters revealed that all C8-oxylipins
of the aldehydic-cycle and ketonic-cycle can be derived from oct-2-enal and oct-1-en-3-one,
respectively. A detailled consideration of the gene expression patterns revealed several en-
zyme classes putatively involved in the C8-oxylipin biosynthesis. Especially the two genes
AAE3.04864 and AAE3_13549 encoding the lox4- and enrl-gene showed great similarities
between their strongly increasing transcript counts with maturation. Subsequent recombi-
nant production of CaeLOX4 and CaeEnR1 revealed that CaeLOX4 showed a preference
for Cl18-fatty acids with the highest affinity towards linoleic acid. Analysis of the reac-
tion product revealed that this LOX selectively oxygenated linoleic acid at position 13 to
13-hydroperoxyoctadecadienoic acid (13-HPOD). CaeEnR1 showed high affinities towards
the reduction of oct-1-en-3-one and oct-2-enal to their saturated counterparts octan-3-one
and octanal, respectively. Due to the strong similarities between the expression patterns
of CaeLOX4 and CaeEnR1 a coherence between their main reaction products 13-HPOD
and the precursor of the ketonic-cycle oct-1-en-3-one seems very likely. This suggests a
biosynthetic route from linoleic acid to 13-HPOD, followed by a subsequent cleavage step to

oct-1-en-3-one and therefore to C8-oxylipins of the ketonic-cycle.
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1 Introduction

1.1 Oxylipins and their Physiological Importance in
Different Biological Domains

Lipid metabolism fulfills various biological functions ranging from energy generation, energy
conservation, structural functions in cell membranes or hormonal signal transduction naming
only a few of the primary metabolism. Besides that, a secondary metabolism producing a
variety of fatty acid derived compounds exists in all living cells. Oxylipins are part of these
secondary metabolites. The most important precursors of oxylipins are polyunsaturated
fatty acids (PUFAs) which are fed into various biosynthetic pathways with different enzy-
matic conversions, leading to plenty different structures. These metabolites were detected in
almost all biological domains, particularly in plants, mammals, bacteria and fungi (Brodhun
& Feussner 2011, de Leon et al. 2015, Holighaus & Rohlfs 2019, Wasternack & Feussner
2018).

In mammals, prostanoids and leukotrienes are the most prominent oxylipins which are mainly
derived from C20-fatty acids like arachidonic- and eicosapentaenoic acid. Their importance
is displayed by their broad impact in various physiological processes such as different allergic-
and inflammatory reactions, they act as local tissue hormones, strong bronchoconstrictors

or are involved in hair growth (Brodhun & Feussner 2011, Funk 2001, Jagusch et al. 2019).

In plants, the known oxylipins are derived from C18- and C20-fatty acids. Hydroperoxida-
tion and following conversions lead to various metabolites with epoxy-, keto- or oxo groups
with unknown biological purpose. Besides, short chain plant oxylipins such as the com-
prehensively investigated jasmonic acid and its derivatives, particularly glycosyl- and amino

acid conjugates are known for their versatile physiological role. These compounds act mainly



as signal molecules and are involved in stress response like abiotic stress like drought-, salt-,
temperature-, UV-tolerance, plant development like germination, tuber formation or blossom
or in defence against plant pathogens (Andreou et al. 2009, Goosens et al. 2017, Kohlmann
et al. 1999, Major et al. 2017, Wasternack & Song 2017, Wasternack & Feussner 2018).
In algae, oxylipins with various functionalities were identified but a biological role was not

hypothesized yet (Andreou et al. 2009).

1.2 Fungal Oxylipins

In fungi as well as other organisms, oxylipin production depends highly on the developmental
stage. A typical life cycle of fungi of the phyla Basidiomycota starts with the germination of
basidiospores, leading to the formation of monokaryotic hyphal cells, which branch out to so
called hyphae. The joint network of such hyphae to a higher order are called mycelium (Kiies
2000). Subsequently, one of the most complicated developmental processes, the formation
of fruiting bodies initiates. First, hyphae aggregate to mycelial cords that further develop
into hyphal knots and initial fruiting bodies. Progressing development leads to primordia,
mature fruiting bodies and finally to the formation of basidiospores, which are released dur-
ing sporulation completing the life cycle (Kiies 2000). However, the formation of fruiting
bodies is mostly limited to dikaryotic mycelium, which is formed by hyphal fusion between
two monokaryotic mycelia with compatible mating types, leading to a dikaryotic state with
distinct haploid nuclei per cell (Kiies 2000). Occasionally, monokaryotic C. aegerita as well
as other monokaryotic strains are also able to develop fruiting bodies which differ greatly

from fruiting bodies of a dikaryon (Herzog et al. 2016)

A comprehensive investigation of the volatilome and, therefore, C8-oxylipins in the head
space of C. aegerita throughout one life cycle was carried out by Orban et al. (2020), de-
tecting a preliminary production of oct-1-en-3-ol in mycelium after 10 days, peaking with
the development of young fruiting bodies and decreased with ongoing maturation. A con-
trary progression was described for octan-3-one, which was detected in very low levels at
young developmental stages, that increased strongly in mature fruiting bodies and sporu-

lation. Other studies focusing on developmental stage dependent oxylipin production are



scarce and always limited to the comparison of different fruiting body stages, mycelium and
mature fruiting bodies. Although presenting an incomplete and limited picture of volatile
C8-oxylipins, the studies confirmed that oct-1-en-3-ol and octan-3-one are the predominant
C8-oxylipins in fungi, mainly present in fruiting bodies (Cho et al. 2006, Combet et al.
2009, Cruz et al. 1997, Li et al. 2016, Matsui et al. 2003, Mau et al. 1997, Rapior et
al. 1998, Tasaki et al. 2019). Biological explanations deduced from these results are also
restricted. Nevertheless, volatile oxylipins with biological activities, such as the participa-
tion in the sexual and asexual life cycle or the interaction with invertebrates or microbes are
known for Ascomycota and Basidiomycota (Chitarra et al. 2004, Holighaus & Rohlfs 2019,
Schulz-Bohm et al. 2017).

It was shown that high oct-1-en-3-ol concentrations of up to 4 mM inhibited germination
of conidia from the Ascomycota Penicillium paneum (Chitarra et al. 2004). However,
it was detected that octan-3-one and octan-3-ol (100 - 500 pM) stimulated the asexual
reproduction in Trichoderma spp. (Nemcovic et al. 2008). Another biological aspect of
oct-1-en-3-ol, octan-3-one and octan-3-ol (Fig. 1.1) is the interspecies communication in
which these compounds act as attractant or repellent (Holighaus et al. 2014). On the
one hand, fruiting bodies are valuable nutrient sources for invertebrates as well as a place
for oviposition displaying the attractant character of these oxylipins produced by mature
fruiting bodies leading to a survival advantage. On the other hand, these oxylipins can
also prevent the settlement of fungivor organisms illustrating a repellent effect (Holighaus
et al. 2014, Holighaus & Rohlfs 2019, Schulz-Bohm et al. 2017, Tsitsigiannis & Keller
2007). Furthermore, the volatile C8-oxylipins are also the main odor contributors of the

characteristic mushroom aroma (Fig. 1.1).
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Figure 1.1: Structures of the most important volatile C8-oxylipins



1.3 Enzymology of the Oxylipin-Biosynthesis

In fungi of the phyla Basidiomycota and Ascomycota the main fatty acid is linoleic acid and
therefore considered as the main precursor in C8-oxylipin biosynthesis. Comprehensive stud-
ies by Wurzenberger and Grosch (1982, 1984) showed, that cell lysates from fruiting bodies
of Agaricus bisporus convert linoleic acid mainly to oct-1-en-3-ol. Furthermore, incubation
with [U'-CJ-linoleic acid lead to [U'-CJ-oct-1-en-3-ol and [U!*-C]-10-Oxo-trans-8-decenoic
acid. These results were confirmed by Matsui et al. (2003) and Akakabe et al. (2005). Both
studies showed that addition of linoleic acid to cell homogenates of Tricholoma matsutake and

Lentinula edodes, led to a significant increase of oct-1-en-3-ol and octan-3-one was detectable.

The enzymological description of the oxylipin-pathway in Basidiomycota is scarce due to
the very limited genetic editing approaches, which complicates the identification of putative
oxylipin-associated genes. Recent studies primarily identified and characterized lipoxyge-
nases (LOX) via genome mining. These LOX oxygenate PUFAs to hydroperoxy fatty acids
(Brodhun et al. 2013, Kuribayashi et al. 2003, Plagemann et al. 2013, Oliw et al. 2011).
Enzymes involved in following modification steps of intermediates are completely unknown.
Nevertheless, biotransformations of hydroperoxy fatty acids and other putative intermedi-
ates suggested various enzyme classes such as ene-reductases (ERs), alcohol dehydrogenases

(ADHs) or hydroperoxide lyases (HPLs). An experimental confirmation is still missing.

1.3.1 Lipoxygenases

LOX (E.C. 1.13.11.-) catalyze the stereo- and regioselective oxidation of PUFAs with one or
more (17,47 )- pentadiene motifs to the corresponding hydroperoxy species via the insertion

of molecular oxygen classifying them into the group of dioxygenases (Fig. 1.2) (Andreou et

al. 2009).



His His
N~§ '/‘A\X
/\
i <NH i k’_‘“ 0,
N NP

RN

el hs =

(V) (1)

Figure 1.2: Catalytic cycle of the oxidation of an (17,47 )-pentadiene motif to a hydroperoxy
species. (I) Hydrogen abstraction. (II) Radical rearrrangement of the substrate.
(III) Insertion of molecular oxygen. (IV) Reduction of the peroxy radical to the
hydroperoxide. Figure adjusted from Andreou et al. (2009)

One catalytic cycle consists of four consecutive steps. Abstraction of the hydrogen atom and
the uptake of an electron by Fe(IlI) leading to Fe(Il) (Fig. 1.2, I). The resulting (12,47)-
pentadiene radical undergoes a [+2] or [-2] rearrangement (Fig. 1.2, II) followed by the
addition of molecular oxygen to the carbon radical resulting in peroxy radical intermediate
(Fig. 1.2, III). Hydrogen and electron release of the Fe(II)-species to the peroxy radical leads
to the stable hydroperoxide with a conjugated double bond and a recovered Fe(III)-species
is ready for the next cycle (Fig. 1.2, IV). This catalytic cycle is also applicable for the
manganese-dependent LOX (Andreou et al. 2009). Biochemical characterizations of LOX
from Basidiomycota are very limited. Yet, only two Fe-dependent basidiomycetous LOX from
P. ostreatus and P. sapidus and two LOX from the Ascomycota Gaeumannomyces graminis
and Fusarium ozysporum have been comprehensively characterized (Brodhun et al. 2013,
Kuribayashi et al. 2003, Plagemann et al. 2013, Su & Oliw 1996 and 1997). The main sub-
strates of the so far characterized Fe-dependent LOX were linoleic acid, linolenic acid and
arachidonic acid from which linoleic acid was converted with the highest affinity whereas
Mn-dependent LOX showed a higher preference towards linolenic acid (Brodhun et al. 2013,
Kuribayashi et al. 2003, Plagemann et al. 2013, Su & Oliw 1996 and 1998). Although multi-
ple regiospecific products are conceivable, the main product from basidiomycetous LOX and

linoleic acid is 13-hydroperoxyoctadecadienoic acid (13-HPOD) whereas only low amounts



of 9-hydroperoxydecadienoic acid (9-HPOD) have been detected (Kuribayashi et al. 2003,
Plagemann et al. 2013).

1.3.2 Dioxygenase-Cytochrome P450 Fusion Proteins

Besides LOX, dioxygenase-cytochrome P450 fusion proteins (DOX-P450) may play an im-
portant role in oxylipin biosynthesis. The domain structure of these proteins consists of
an N-terminal DOX-domain that is part of the heme-peroxidase superfamily (E.C. 1.11.-.-)
capable of introducing molecular oxygen to PUFAs and the C-terminal P450-domain part of
the CYP74 family (E.C. 1.14.-.-). This subgroup of cytochrome P450 proteins does not need
an external oxygen source or an electron-donor (e.g. NADH, NADPH, FAD or FMN) which
is why these P450-domains are considered isomerases and not monooxygenases (Brodhun &
Feussner 2011).

The pairings of such DOX- and P450-domains result in fusion proteins like dioxygenase-

linoleat diol synthases (DOX-LDS), dioxygenase-allene oxide synthases (DOX-AOS) or dioxy-

genase-epoxy alcohol synthases (DOX-EAS) leading to a variety of different catalyzed reac-
tions and metabolites (Fig. 1.3).

Magnaporthe oryzae wx.T,S-LDS 9-DOX-AOS Fusarium oxysporum
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s
o Jl\N\/\//—WV\— HoJk/\/\/\/_kA/\/\

Aspergillus spp. Fusarium oxysporum

Figure 1.3: Summary of DOX-P450 catalyzed reactions with linoleic acid as substrate. The
DOX-domain oxygenates PUFAs to hydroperoxy species, followed by an epox-
idation, linoleat diol or epoxy alcohol formation by the P450-domain. Figure
adjusted from Brodhun & Feussner 2011.

The hypothetic reaction mechanism of DOX-P450 fusion proteins starts with a hydroperoxy

formation of the DOX-domain and proceeds with an isomerization to an epoxy, diol or epoxy



alcohol species by the P450-domain (Fig. 1.4) (Brodhun & Feussner 2011, Jerneren et al.
2010, Oliw et al. 2011, Oliw et al. 2016, Oliw 2018, Song et al. 1992).
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Figure 1.4: Suggested reaction mechanism of DOX-P450 proteins with linoleic acid as sub-

strate. (A) Formation of the HPOD by the DOX-domain. (B) Modification
of the HPOD by the P450-domain. P450-domains with an LDS-activity insert
intramolecular oxygen from the hydroperoxide which leads to diols. Domains
with EAS- or AOS-activity convert the hydroperoxide to an epoxy allyl radical
intermediate which reacts to an allene oxide or epoxy alcohol by a hydrogen
abstraction or the insertion of a hydroxy group via a Fe(IV)-OH species, respec-
tively. Figure adjusted from Brodhun & Feussner 2011.

In this enzyme group only ascomycetous proteins from Magnaporthe grisea, Coccidioides

immiatis, Colletotrichum graminicola, Lasiodiplodia theobbromae, F. oxysporum, G. graminis

and various Aspergillus-Species have been characterized so far (Brodhun et al. 2009, Brod-

hun et al. 2010, Cristea et al. 2003, Hoffmann et al. 2013, Kataoka et al. 2020, Jerneren et

al. 2010, Oliw et al. 2016, Sooman & Oliw 2015, Su & Oliw 1996). However, biotransfor-

mations with mycelia from the Basidiomycota Rhizoctonia solani revealed metabolites that

assume the existence of these enzymes also in the phylum of Basidiomycota (Oliw 2018).

However, a biochemical characterization of a single basidiomycetous DOX-P450 is missing.



DOX-P450 enzymes with a missing cystein in the CXG-motif of the P450-domain exist which
leads to inactivity. The reaction of these proteins is confined to the hydroperoxide formation
with a lacking isomerization step. Investigations of such proteins from F. ozysporum, A.
terreus, A. fumigatus or PpoC from A. nidulans revealed that the products are mainly
oxygenated at the n-10 position from the methyl end of the fatty acid (Brodhun et al. 2009,
2010). Although PpoC was able to oxygenate linoleic acid to 10-hydroperoxyoctadecadienoic
acid (10-HPOD) with 10-oxooctadecadienoic acid (10-KOD) and 10-hydroxyoctadecadienoic
acid (10-HOD) as byproducts, it is not clear if these byproducts were enzymatically formed
or by spontaneous redox processes. Furthermore, a seperate conversion of &-HPOD or 10-
HPOD by PpoC lead to an epoxidation at position 12 and 13 resulting in 12,13-epoxy-10-
hydroxyoctadecadienoic acid and 12,13-epoxy-8-hydroxyoctadecadienoic acid (Brodhun et al.
2009, 2010). Interestingly, neither Appo nor Aloz strains of A. flavus showed differences in
oct-1-en-3-ol production compared to the wild type, suggesting that none of these fatty acid
oxygenases are involved in short chain oxylipins (Miyamoto et al. 2014). Taken together, a
direct link between these enzymes, their reaction products (long chain oxylipins) and short

chain volatiles is not confirmed yet.

1.3.3 Hydroperoxide Lyases/Isomerases

The cleavage of hydroperoxy fatty acids by hydroperoxide lyases (E.C. 4.2.99.-) to short
chain oxylipins is known and well described in plants (Grechkin & Hamberg 2004, Hatanaka
et al. 1988, Matsui et al. 1991, Suurmeijer et al. 2000, Teder et al. 2017, Wan et al. 2013).
Specific HPL or hydroperoxy isomerases (HPI) are used to cleave 13-HPOD and 9-HPOD to
the corresponding short chain C6- or C9-oxylipins (Grechkin & Hamberg 2004, Stolterfoht
et al. 2019). The mechanism proceeds via a radical rearrangement of the hydroperoxide
to an epoxid intermediate, which instantly reacts to a hemi acetal (Fig. 1.5). Following
decomposition of the hemi acetal to aldehydes is hypothesized to be a spontaneous step and

not enzymatically catalyzed (Grechkin & Hamberg 2004).
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Figure 1.5: Cleavage mechanism of hydroperoxy fatty acids to short chain oxylipins by HPLs
according to Grechkin & Hamberg (2004).

Although HPLs from plants are well characterized, homologous proteins in fungi are not
identified yet. Nevertheless, biotransformation experiments with the 9-, 10-, 12- and 13-
hydroperoxy isomers of linoleic acid in cell lysates from Agaricus bisporus suggested the
existence of such enzymes despite the interesting finding that only 10-HPOD was converted
to the C8-oxylipin oct-1-en-3-ol, proposing 10-HPOD as the precursor of this omnipresent
C8-oxylipin (Akakabe et al. 2005, Matsui et al. 2003, Wurzenberger & Grosch 1984). This
was partly confirmed by Assaf et al. (1995, 1997) for Pleurotus pulmonaris showing that 13-
HPOD was not converted to oct-1-en-3-ol, which was later confirmed by Matsui et al. 2003
were fruiting body lysates of Lentinus decadetes did not convert 13-HPOD to C8-oxylipins.
Instead an increase of n-hexanal was detected in L. decadetes (Matsui et al. 2003). Inves-
tigations of the oxylipin biosynthesis in Penicillium-species revealed that with the addition
of 10-HPOD, an increasing amount of oct-1-en-3-ol, oct-2-en-1-ol, oct-1-en-3-one, oct-2-enal
and n-hexanal was detected (Kermasha et al. 2002). Joh et al. (2012) was able to show
that cell homogenates of Pleurotus ostreatus converted 13-HPOD as well as 10-HPOD to
oct-1-en-3-ol. Summarizing these studies suggest that the main oxygenation products of

LOX, 13-HPOD and 9-HPOD might be partly involved in C8-oxylipin biosynthesis.

However, Tressl et al. (1981, 1982) showed that hydroperoxy fatty acids were cleaved to
short chain oxylipins via thermal oxidation, autoxidation or light-induced oxidation. Typical
fragments of 13-HPOD were n-hexanal and 12-oxo-10-dodecanoic acid as well as C8-oxylipins
like oct-1-en-3-one or octan-3-one while 9-HPOD showed various decadienals, oxooctanoic
acid derivatives and octadiens. The mechanistic explanation for that observation was the

epoxidation of the conjugated double bond of hydroperoxides to v-ketol species, which were



than cleaved via an unknown mechanism to short chain oxylipins (Figure 1.6).
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Figure 1.6: Postulated biosynthetic pathway of C8-oxylipins in A. bisporus according to
Tressl et al. (1981) and Wurzenberger & Grosch (1984).

The formation of y-ketol species was also described in the jasmonic acid pathway in plants
and in Aspergillus-species (Jerneren et al. 2010, Schaller et al. 2019). However, a direct con-
nection between C8-oxylipins and these intermediates is not confirmed. An alternative route
to short chain volatiles was shown by a LOX-HPL/AOS fusion protein of the algae Pyropia
haitensis, for which enzyme assays with different C18-22 PUFAs revealed the formation of
different oxylipins (Fig. 1.7) (Zhu et al. 2018).
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Figure 1.7: Oxylipin formation from different PUFAs by a LOX-HPL/AOS fusion protein of
P. haitensts.

1.3.4 Oxidoreductases

The oxidation or reduction of short chain C8-oxylipins was observed in various cell lysates
(Fig. 1.8). Chen & Wu (1984) showed that A. bisporus reduced oct-1-en-3-one to octan-3-
one and oct-1-en-3-ol implicating the existance of ene-reductases (E.C. 1.3.-.-) and alcohol
dehydrogenases (E.C. 1.1.-.-). Similar results were published by Darriet et al. (2002) with
an successful reduction of oct-1-en-3-one and (Z)-octa-1,5-dien-3-one to octan-3-one and

(Z)-oct-5-en-3-one in S. cerevisiae.

11



oct-1-en-3-one

ADH\\

octan-3-one

shon

o (o]
—_— -
OH

oct-1-en-3-ol
B
(o] fo) o o)
\Jk/\/\ — =R . \)k/\/\ J\/\/\/\ — =R, Jl\/\/\/\
H d H
oct-1-en-3-one octan-3-one (E)-oct-2-enal octanal
ADH ADH ADH ADH
OH OH
\}\/\/\ \/L/\/\ HO AN HO S N
oct-1-en-3-ol octan-3-ol (E)-oct-2-en-1-ol octan-1-ol

Figure 1.8: Observed reductions of short chain oxylipins in protein extracts of A. bisporus

(A) and S. cerevisiae (B).

Wanner & Tressl (1998) purified and characterized two ERs from S. cerevisiae which showed
a high affinity towards oct-1-en-3-one. Additionally, various «, S-unsaturated enones and
enals which might be precursors of relevant C8-oxylipins like (£)-oct-2-enal were successfully
reduced. Furthermore, enzyme extracts of S. cerevisiae reduced (FE)-oct-2-enal to (E)-oct-
2-en-1-ol, octanal to octan-1-ol, oct-1-en-3-one to oct-1-en-3-ol and octan-3-on to octan-3-ol
indicating the expression of various ERs and ADHs (Fig. 1.8) (Wanner & Tressl 1998). More
evidence for a broad variety of ERs in Basidiomycota was shown by analysing the reduction
products of different «, f-unsaturated enones and enals by fungal cultures (Romagnolo et
al. 2015). Though, a biochemical characterization of basidiomycetous ERs or ADHs are not
described yet.
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1.4 Objectives

The enzymology of the C8-oxylipin biosynthesis in Basidiomycota is very unclear. Genome
mining approaches revealed only two LOX and putative enzyme classes for the following
metabolization of linoleic acid derived oxylipins. An experimental evaluation of enzymes
like ERs oder ADHs is completely missing. This displays the scarcely explored enzymology
of the C8-oxylipin biosynthesis.

Studying biosynthetic pathways in Basidiomycota harbours various difficulties. First, gene
editing methods are in the early stages of development and limited to proof of concept stud-
ies. Second, the landscape of sequenced genomes is increasing but partially annotated data
sets with various hypothesized genes complicate the identification of relevant enzymes. How-
ever, Basidiomycota provide a variety of novel secondary metabolites with diverse biological

activities. This also implies a large library of undiscovered potential biocatalysts.

To overcome these issues, the group of Dr. Martin Riihl (Institute of Food Chemistry and
Food Biotechnology, University of Giessen) pursues a completely new approach to identify
biosynthetic pathways. The combination and comparison of volatilomic and transcriptomic
data at different developmental stages is believed to reveal up- or downregulated genes which
then can be assigned to a certain metabolite occurance at various developmental stages.
Based on these data, the following steps shall be applied to acquire new insights in the
C8-oxylipin biosynthesis:

e Highlighting correlations between transcription rates and metabolite occurence at cer-

tain developmental stages

e Identification of putatively C8-oxylipin associated genes and function prediction via

sequence alignments and phylogenetic analysis

e Cloning and heterologous expression of C8-oxylipin associated genes in E. coli and

biochemical characterization
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Abstract

Oxylipins are metabolites with a variety of biological functions. However, the biosynthetic
pathway is widely unknown. It is considered that the first step is the oxygenation of polyun-
saturated fatty acids like linoleic acid. Therefore, a lipoxygenase (LOX) from the edible
basidiomycete Agrocybe aegerita was investigated. The AaeLOX4 was heterologously
expressed in E. coliand purified via affinity chromatography and gel filtration. Biochemical
properties and kinetic parameters of the purified AaeLOX4 were determined with linoleic
acid and linolenic acid as substrates. The obtained K., Vimax and kgt values for linoleic acid
were 295.5 uM, 16.5 uM - min™ - mg™ and 103.9 s, respectively. For linolenic acid K, Vimax
and kg values of 634.2 uM, 19.5 uM - min™" - mg™ and 18.3 s™ were calculated. Maximum
activities were observed at pH 7.5 and 25 °C. The main product of linoleic acid conversion
was identified with normal-phase HPLC. This analysis revealed an explicit production of 13-
hydroperoxy-9,11-octadecadienoic acid (13-HPOD). The experimental regio specificity is
underpinned by the amino acid residues W384, F450, R594 and V635 considered relevant
for regio specificity in LOX. In conclusion, HPLC-analysis and alignments revealed that Aae-
LOX4 is a 13-LOX.

Introduction

Oxylipins are lipoxygenase-derived metabolites with a variety of different structures and bio-
logical functions. These metabolites can be found in plants, mammals, bacteria, algae, mosses
and fungi [1]. In mammals, they are involved in the regulation of immune response. In recent
years, human lipid mediators like e.g. hepoxilins and trioxilins, which play an important role
in tissue healing, organ protection, pain reduction and host defense received a lot of attention
[2,3].

In plants, they serve as signaling molecules, are involved in mediate stress response or in
defense against pathogens, whereas in fungi they are associated with sporulation and the sexual
as well as asexual life cycle [4, 5]. Lipoxygenases (LOX) are non-heme iron dependent dioxy-
genases which catalyze the insertion of molecular oxygen at a (1Z,4Z)-pentadiene motif, which
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occurs e.g. in polyunsaturated fatty acids (PUFAs), in a regio- and stereospecific manner [2, 3,
6, 7]. Additionally, fungal LOX with manganese instead of iron in the active site were also
described [8, 9]. The oxidation of PUFAs leads to a reactive hydroperoxide and is considered
to be the first step in the oxylipin-pathway. In higher fungi of the phyla Basidiomycota and
Ascomycota, C;3-PUFAs are predominantly present, whereas C,o-PUFAs can be found only
in very minor amounts [1]. This indicates that the oxygenation of linoleic-, linolenic- or ara-
chidonic acid is the initial step in oxylipin-biosynthesis. Subsequent steps lead to a variety of
oxylipins such as C8 volatile compounds which contribute to the significant flavor of mush-
room. Among them, the most important and well known is oct-1-en-3-ol derived from linoleic
acid [10]. The pathways, leading to oct-1-en-3-ol and other C8 volatile compounds are
unknown. Several studies showed that fungi can convert linoleic acid into different oxylipins.
It was found that the button mushroom Agaricus bisporus is able to produce oct-1-en-3-ol in
several steps from linoleic acid. These steps include amongst others an oxygenation of linoleic
acid to 10-hydroperoxyoctadecadienoic acid (10-HPOD). It was proposed that LOX generate
the needed 10-HPOD, but up to now the corresponding enzyme yet has to be found [11, 12,
13]. Another study with A. bisporus revealed the conversion of linoleic acid into 8(R)-hydroxy-
9Z,12Z-octadecadienoic acid and 8(R)-11(S)dihydroxy-9Z,12Z-octadecadienoic acid [14]. It
also has been reported, that a mycelial pellet homogenate of an oyster mushroom Pleurotus
pulmonaris produced oct-1-en-3-ol and the 10-oxo-acid from linoleic acid [15]. In general,
studies on basidiomycetous LOX are scarce with only two LOX described so far [6, 10]. This
shortcoming is addressed in this paper and a new LOX from the black poplar mushroom Agro-
cybe aegerita, also known to produce C8 volatile compounds [16, 17], is expressed, purified
and characterized.

Materials and methods

Cloning and protein expression of AaeLOX4

The codon optimized AaeLOX4 gene (Aaelox4), whose original cDNA was deposited under
the accession number MK451709, was commercially purchased and cloned into the plasmid
pET28a (BioCat GmbH, Heidelberg, Germany). For protein expression, pET28a/AaeLOX4
plasmid was transformed into E. coli BL21(DE3) Gold. Recombinant E. coli cells were culti-
vated in Terrific Broth medium (TB) containing 12 g tryptone, 24 g yeast extract and 5 g glyc-
erol, supplemented with 50 mg-L™" kanamycin as selection marker, at 37 °C until an ODgyo of
0.5 was reached. Expression was induced by adding isopropyl-B-p-thiogalactopyranoside to a
final concentration of 0.5 mM. Expression temperature was reduced to 24 °C and cultivated
for another 24 h. Cells were harvested by centrifugation (4,000 g, 30 min, 4 °C) and stored at
-20 °C until further use.

Protein purification

The cell pellet was thawed on ice and resuspended in lysis-buffer (50 mM phosphate, 300 mM
NaCl, pH 7.5). Disruption of cells was carried out by sonification (3 cycles for 60 s on, 60 s
rest) on ice using a sonifier (Bandelin Sonopuls, Berlin, Germany). After complete disruption,
cell debris was removed by centrifugation (14,000 g, 30 min, 4 °C). The resulting supernatant
was loaded twice on a 5 mL HisTrap column (GE-Healthcare), washed with 5 column volumes
lysis-buffer containing 25 mM imidazole and eluted with 5 column volumes with the same
buffer containing 500 mM imidazole. Gel filtration was performed on a Superdex 200 16/60
(GE Healthcare) using a buffer containing 50 mM Tris(hydroxymethyl)amino-methane (Tris/
HCI), 300 mM NaCl, 10% (v/v) glycerol, pH 7.5 and a flow rate of 0.2 mL-min". Elution was
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collected in 2 mL fractions and analyzed via SDS-PAGE. Fractions with purified Aae -LOX4
were used for further analysis.

Lipoxygenase assay

The substrate solution for the LOX assay was prepared as follows. 10 uL linoleic acid or linole-
nic acid was added to 915 uL ddH,O containing 15 pL Tween 20 and 60 pL 1M NaOH. Ali-
quots were stored at -20 °C and thawed before use. LOX activity was determined by recording
the formation of the conjugated double bond at 234 nm (e = 25,000 M™"-cm™") on a Nanophot-
ometer (Implen, Munich, Germany). Typical reaction mixture contained 0.5 mM linoleic acid,
20 uL enzyme solution and 50 mM phosphate buffer, pH 7.5 to a final volume of 1 mL.

Determination of pH- and temperature-optimum

For the determination of the pH-optimum, three different buffers were used: 50 mM acetate
buffer, pH 4.5-6; 50 mM phosphate buffer, pH 6.5-8 and 50 mM borate buffer, pH 8.5-10.
Effects of the temperature were determined by incubating the reaction mixture at different
temperatures, ranging from 15 “C- 65 °C.

Kinetic parameters

Michaelis-Menten kinetics were calculated by incubating purified AaeLOX4 with different lin-
oleic acid or linolenic acid concentrations ranging from 0.025 mM- 2 mM. All measurements
were carried out in 50 mM phosphate buffer at pH 7.5 and 25 °C. Initial formation rates of the
conjugated double bond were recorded at 234 nm in triplicates and consulted for calculating
Ko Vinax and ke,

Product analysis

Product specificity of AaeLOX4 was determined by incubating 1 mM linoleic acid, 20 pL Aae-
LOX4 and 50 mM phosphate buffer, pH 7.5 in a final volume of 1 mL. Reaction progress was
followed by recording the formation of the conjugated double bond at 234 nm. Incubations
were stopped when no further increase in extinction was detectable. The resulting hydroper-
oxy linoleic acids were extracted by adding 1 mL n-hexane. For HPLC-analysis, the extracts
were dried under a continuous N, stream and dissolved in n-hexane/2-propanol/acetic acid
(100/5/1, v/v/v). Normal-phase-HPLC was carried out on a Nucleodur SiOH 100-5 column
(Macherey-Nagel; 4.6x250 mm, 5 um particle size) with an isocratic eluent system of n-hex-
ane/2-propanol/acetic acid (100/5/1, v/v/v) at a flow rate of 1 mL-min"". Elution was followed
at 234 nm for hydroperoxy fatty acids and 210 nm for unsaturated fatty acids. Product specific-
ity was evaluated by comparison with 13-HPOD and 9-HPOD standards prepared with com-
mercial soybean LOX-1 [10]. Control experiments were carried out like described above
without adding enzyme to the reaction mixture.

Results
Lipoxygenases of the black poplar mushroom Agrocybe aegerita

In the recently sequenced genome of Agrocybe aegerita (also known as Cyclocybe aegerita and
Pholiota aegerita), five genes coding for putative LOX have been annotated and labelled as
LOX1 (AAE3_00896), LOX2 (AAE3_01552), LOX3 (AAE3_09652), LOX4 (AAE3_04864) and
LOX5 (AAE3_07753) ([18], www.thines-lab.senckenberg.de/agrocybe_genome). Deduced
amino acid sequences of A. aegerita LOX genes and already characterized fungal LOX from
Ascomycota (Fusarium oxysporum and Gaeumannomyces graminis) and Basidiomycota
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(Pleurotus sapidus and Pleurotus ostreatus) were used for phylogenetic analysis (http://www.
phylogeny.fr/ using default parameters). LOX separated into two distinct sections with the
characterized LOX from G. graminis [19] on one side and all basidiomycetous LOX as well as
the characterized LOX from F. oxysporum [20] on the other side (S1 Fig). The latter group split
into three parts: i) a large cluster containing both characterized LOXs from the Pleurotus spe-
cies and four putative LOXs from A. aegerita (LOX1, LOX2, LOX4, LOX5), ii) LOX3 from A.
aegerita and iii) the LOX from F. oxysporum.

Heterologous expression and purification

Active and soluble AaeLOX4 was obtained from cultures of E. coli BL21(DE3) Gold carrying
the pET28a/AaeLOX4 plasmid. SDS-PAGE analysis of cell lysate indicated that AaeLOX4 is
present in the soluble lysate fraction (Fig 1). Thus, the cell lysate was directly applied onto an

kDa M L AC GF

Fig 1. SDS-PAGE analysis of AaeLOX4 expression and purification. M = marker, L = cleared lysate,
AC = Purification after affinity chromatography, GF = Purified enzyme after gel filtration.

https://doi.org/10.1371/journal.pone.0218625.9001
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Table 1. Summary of the purification steps of AaeLOX4 in E. coli.

Step

Crude extract
Affinity chromatography
Gel filtration

https://doi.org/10.1371/journal.pone.0218625.t001

Total protein Specific activity Purification
(mg) (U-mg™") (fold)
146.97 0.038 1.0
37.16 0.329 8.6
0.09 51.34 1351.1

affinity chromatographic column, which resulted in the removal of crude impurities. Subse-
quent gel filtration led to pure AaeLOX4 (Fig 1). The main band had an estimated molecular
weight of around 80 kDa confirming the predicted molecular weight of the amino acid
sequence of 79 kDa. Overall, a 1,351-fold purification yield was obtained (Table 1).

LOX biochemical properties and characteristics

The activity of AaeLOX4 was determined in a temperature range between 15 °C and 65 °C.
While the relative activity from 25 °C to 45 °C resulted in a steady loss of about one-fifth of
activity, a further temperature increase to 55 *C caused a dramatic loss in activity and no activ-
ity could be detected at 65 °C. At the lowest analyzed temperature of 15 “C, one-third of the
maximal LOX activity remained (Fig 2).

With increasing pH of the buffer system used for LOX activity assays, a steady activity
enhancement is obtained reaching its maximum at pH 7.5. Further increase of the pH showed
a drastic activity loss with no detectable activity from pH 9 and above. In the acidic environ-
ment, AaeLOX4 showed more tolerable activity properties. Decreasing the pH from 7.5 to 6,

100 +

(o] (0]
o o
1 [

~

Relative activity %
5
”

10 20 30 40 50 60 70
Temperature °C

Fig 2. Effects of the temperature on AaeLOX4 activity.
https://doi.org/10.1371/journal.pone.0218625.g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0218625 June 19, 2019

5/11



@ PLOS |IONE

A new lipoxygenase from the agaric fungus Agrocybe aegerita

100 - I
s N\
i ”
2 ¢ |
> 80+ § \
= 4 \
— 1 T / \
(@] K
© _ /
0 60 y o
T ] e
D 40 /
iz /
; /
20 - 1
0+ A— A— A
= 1 ™ 1 1 = | =
4 5 6 7 8 9 10 11
pH

Fig 3. Effects of pH on AaeLOX4 activity. 50 mM acetate buffer (squares), 50 mM phosphate buffer (circles), 50 mM

borate buffer (triangles).

https://doi.org/10.1371/journal.pone.0218625.g003

resulted in a loss of about 20% activity. Nevertheless, at pH 5.0 the relative activity decreased to
50%, while 20% relative activity was left at pH 4.5 (Fig 3).

Michaelis-Menten parameters were deduced on basis of the Lineweaver-Burk plot depicting
AaeLOX4 activity with linoleic acid or linolenic acid concentrations between 0.025-2 mM (Fig
4). The obtained K., Vimax and k. values for linoleic acid were 295.5 uM, 16.5 uM min™ mg’1
and 103.9 s, respectively. For linolenic acid as substrate Ky, Vimax and key values of 634.2 uM,
19.5uM - min™ - mg ™ and 18.3 s were calculated (Table 2). Substrate specificity of AaeLOX4

0.4 4 [ 0,44 B
034 0,31 .. { !
‘Tw E ‘Tw 40 4
Z 024 = 0.21 a0
s - [ 2
> = 2
204
0.1+ 0,14 104
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= 1S s
T  § T T L] 010 T T T T
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Linoleic acid / uM

Linolenic acid / uM

Fig 4. Velocity of AaeLOX4 dependent on linoleic acid (A) and linolenic acid (B) concentrations. Values represent the means of triplicates and their standard
deviation. Inset represents Lineweaver-Burk plot.

https://doi.org/10.1371/journal.pone.0218625.9004
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Table 2. Kinetic parameters of AaeLOX4.

Substrate K/ pM
linoleic acid 295.5
linolenic acid 634.2

https://doi.org/10.1371/journal.pone.0218625.t002

Table 3. Substrate specificity of AaeLOX4.
Substrate
linoleic acid
linolenic acid

arachidonic acid

Vmax / llM -min” - mg-l kcal/ s-l
16.5 103.9
19.5 18.3

Relative activity / %
100
88.8
7.3

https://doi.org/10.1371/journal.pone.0218625.t003

was estimated by comparing the relative activities towards different PUFAs (Table 3). The
enzyme showed the highest specificity for linoleic acid and a high relative activity for linolenic
acid (88.8%). However, arachidonic acid showed the lowest relative activity with 7.3%.

HPLC-analysis of products

Specificity of AaeLOX4 was analyzed by normal-phase HPLC. The elution profile of AaeLOX4
shows two major products which elute at 3.12 min and 3.81 min (Fig 5). 13-Z,E-HPOD and
13-E,E-HPOD as well as 9-Z,E-HPOD and 9-E,E-HPOD have been prepared with soybean
LOX-1 according to Kuribayashi et al. [10]. 13-Z,E-HPOD and 13-E,E-HPOD elute at 3.33
min and 3.79 min, respectively, whereas the isomeric 9-HPOD mixture elute as one peak at
5.79 min. The negative control showed no peaks at these retention times. The comparison
between AaeLOX4 products and soybean LOX-1 products revealed that AaeLOX4 produces
highly specific 13-HPOD. A production of 9-HPOD by AaeLOX4 was not detectable and
ruled out by comparing the UV-spectra of 9-HPOD eluting at 5.79 min from soybean LOX-1
with peaks in this range in the elution profile of AaeLOX4 products.

Discussion

In this study, we were able to express a soluble and active AaeLOX4 from A. aegerita in E. coli.
As far as we know, this is the second basidiomycetous LOX recombinantly expressed in E. coli.
While Plagemann et al. [5] used an approach with co-expression of chaperones to accomplish
a soluble LOX expression from cDNA of P. sapidus, we reached the soluble expression with a
codon optimized gene. Affinity chromatography with following gel filtration led to a highly
purified protein in sufficient concentrations for further characterization experiments. The
observed influence of temperature and pH on AaeLOX4 with its maximum activity at 25 °C
and pH 7.5 is in accordance with LOXs from other fungi, such as a wildtype LOX from P.
ostreatus, having its maximum activity at 25 *C and pH values between 7.5 and 8.0 [10]. How-
ever, the recombinant LOX from P. sapidus showed a temperature range with highest activities
ranging from 25 °C to 35 °C. The optimal pH value of P. sapidus LOX was 7.0 and in contrast
to AaeLOX4 showed activity up to a pH of 9.5 [5]. Interestingly, AaeLOX4 showed differences
in the kinetic parameters for linoleic acid compared to other LOXs from Basidiomycota. The
K., values for the LOXs from P. sapidus and from P. ostreatus are 40.3 uM and 130 pM, which
are both lower than our calculated K, of 295.5 uM. On the other hand, the obtained v, of
16.5 uM min' mg™" is comparable with the LOX from P. ostreatus (23.4 uM min™ mg™") and
the ke, value of 103.9 s is comparable with the LOX from P. sapidus (157 ") [5, 10].
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Fig 5. NP-HPLC analysis of the oxygenated products of linoleic acid. Chromatogram was recorded at 234 nm. (A)
negative control. Extract of the reaction mixture lacking enzyme. (B) Extract of the reaction products from soybean
LOX-1. (C) Extract of the reaction products from AaeLOX4. (1a) 13-Z,E-HPOD, (1b) 13-E,E-HPOD, (2) 9-Z,E-
HPOD + 9-E,E-HPOD.

https://doi.org/10.1371/journal.pone.0218625.g005
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Analogous K, and vy, values were also found for a LOX in oriental melon (230.3 pM and
15.25 uM min™ mg™) [21]. Interestingly, a LOX originating the bacteria Myxococcus xanthus
shows comparable K, values for linoleic acid (380 pM) but drastically lower K, with linolenic
acid and other C,,-PUFAs like arachidonic acid or eicosapentaenoic acid [6]. Soybean LOX-1
shows a lower K, of 150 uM but shares a comparable vy, of 13.5 uM min™ mg™ [22]. The
catalytic efficiency of AaeL.OX4 was higher with linoleic acid than with linolenic acid. This
finding reflects the estimated relative activities towards different PUFAs which revealed a pref-
erence for linoleic acid. High activity was also found for linolenic acid, whereas arachidonic
acid showed poor activity. These results are comparable with the LOXs from P. ostreatus and
F. oxysporum [10, 20]. The analysis of product specificity revealed that 13-HPOD (13-Z,E-
HPOD and 13-E,E-HPOD) was the only detectable product and thus, AaeLOX4 can be consid-
ered as a 13-LOX. Equally, LOXs from P. sapidus, P. ostreatus, F. oxysporum and G. graminis
showed a specific conversion of linoleic acid to 13-HPOD [5, 10, 19, 20]. Nevertheless in con-
trast to AaeLOX4, LOXs from P. sapidus, P. ostreatus and F. oxysporum produced minor
amounts of 9-HPOD. Whereas the LOX from G. graminis showed no significant synthesis of
9-HPOD [19]. This finding was confirmed with amino acid sequence alignments which
showed that various determinants responsible for the regio- and stereo-specificity can also be
found in AaeLOX4 (S2 Fig). Three positions, which are responsible for the depth of substrate
penetration and thus are responsible for regio-specificity, have been described for mammalian
LOX [23, 24]. While space-filling amino acids at these positions lead to oxygenation near the
methyl end, enlargement of the active site favors oxygenations towards the carboxy end [24].
Applying this concept on AaeLOX4, the bulky amino acids at the crucial positions (W384,
F450 and V635) are present in the amino acid sequence of AaeLOX4 and result in the transfor-
mation of linoleic acid to 13-HPOD (Fig 5). Also the LOXs from P. ostreatus, P. sapidus and F.
oxysporum led to a specific production of 13-HPOD [5, 10, 20]. Consistently, all these LOXs
share the same bulky amino acids at the crucial positions [23, 24]. According to Andreou et al.
[25, 26] and Hornung et al. [27], regio-specificity is mainly determined by the orientation of
the substrate. Based on their model, substrate orientation with the methyl end first leads to an
oxygenation at C-13. The invers orientation of the substrate therefore is proposed to oxygenate
C-9. Additionally, reduced space in the active site is also considered to favor a substrate orien-
tation with its methyl end towards the active site. This model involves the importance of a pos-
itive charged amino acid at the end of the active site with no interference from another amino
acid masking the positive charge to stabilize the carboxy end of the substrate. On the one hand
the LOXs from P. ostreatus, P. sapidus and F. oxysporum share a lysine, considered to stabilize
the negative charged carboxy end of the substrate and therefore differ in their amino acid
sequence compared to AaeLOX4 where this lysine is replaced by an arginine which could of
course fulfil the same purpose. On the other hand, the alignment shows that the LOXs from

P. ostreatus, P. sapidus, F. oxysporum and AaeLOX4 share a phenylalanine near the positive
charged amino acids lysine or arginine which masks the charge and therefore leads to a sub-
strate orientation with the methyl end penetrating the active site leading to a region-specific
oxygenation at C-13 [25, 26, 27]. Phylogenetic analysis shows that the fungal LOXs cluster in
different groups. Whether LOXs of the same group harbor similar enzymatic properties is an
important question, which can help to depict distinct enzyme function. This assumption is rea-
sonable by comparing the K, values for linoleic acid LOXs in the phylogenetic tree. FoxLOX
and GgrLOX, show low Kj;, values of 4.4 and 6.9 uM while the subgroup of PosLOX and Psa-
LOX show distinctly higher K, values of 130 and 40.3 uM, respectively. The characterized
AaeLOX4, which does not cluster with other subgroups of characterized LOX showed an even
higher K, value of 295.5.
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Supporting information

S1 Fig. Phylogenetic analysis of different fungal LOX. Aae—Agrocybe aegerita, Fox—Fusar-
ium oxysporum, Ggr—Gaeumannomyces graminis, Pos—Pleurotus ostreatus, Psa—Pleurotus
sapidus; AaeLOX1, AaeLOX2, AaeLOX3, AaeLOX4 (MK451709), AaeLOX5, FoxLOX
(KNB01601), GgrLOX (AAK81882), PsaLOX (CCV01580), PosLOX (CCV01578).

(TIF)

S2 Fig. Partial amino acid sequence alignment of different LOX. Agrocybe aegerita Aae-
LOX1, AaeLOX2, AaeLOX3, AaeLOX4, AaeLOXS5, Pleurotus sapidus PsalLOX, Pleurotus
ostreatus PosLOX, Fusarium oxysporum FoxLOX, Gaeumannomyces graminis GgrLOX. Align-
ment was carried out by using Clustal Omega with default parameters. The highlighted amino
acid residues involved in ligand binding are indicated as “L”. Stereo specificity related amino
acids are indicated as “B” [24], “H” [27] and “S” [23].

(TIF)
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Expanding the Biocatalytic Toolbox with a New Type of
ene/yne-Reductase from Cyclocybe aegerita

Dominik Karrer,?

This study introduces a new type of ene/yne-reductase from
Cyclocybe aegerita with a broad substrate scope including
aliphatic and aromatic alkenes/alkynes from which aliphatic C8-
alkenones, C8-alkenals and aromatic nitroalkenes were the
preferred substrates. By comparing alkenes and alkynes, a ~2-
fold lower conversion towards alkynes was observed. Further-
more, it could be shown that the alkyne reduction proceeds via
a slow reduction of the alkyne to the alkene followed by a rapid
reduction to the corresponding alkane. An accumulation of the

Introduction

Regarding the principles and metrics of green chemistry, waste
prevention, atom efficiency, reduction of hazardous materials,
harmless solvents and auxiliaries, energy efficiency, use of
renewable raw materials, shorter synthesis routes (avoiding
derivatization), use of catalytic rather than stoichiometric
reagents, analytics for pollution prevention and inherently safer
processes are core points." Biocatalytic approaches can fulfill
these principles. Therefore, interdisciplinary collaborations in
the field of biotechnology, molecular biology and biochemistry
achieved major advances in this field in the recent decades.
Recently, the ACS Green Chemistry Institute’s Pharmaceutical
Round Table (GCIPR) defined ten key research areas including
among others the asymmetric hydrogenation of olefins/enam-
ines and imines, displaying the importance of novel biocatalysts
reducing multiple carbon-carbon bonds.” Enzymes capable to
reduce such carbon bonds, collectively known as ene-reduc-
tases (ERs) have been studied intensely throughout the last
decades. The physiological importance of ERs is broadly
defined, which includes among others, detoxification of com-
pounds derived from lipid peroxides in plants, quinone
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alkene was not observed. Moreover, a regioselective reduction
of the double bond in a,/f-position of a,0,y,d-unsaturated
alkenals took place. This as well as the first biocatalytic
reduction of different aliphatic and aromatic alkynes to alkanes
underlines the novelty of this biocatalyst. Thus with this study
on the new ene-reductase CaeEnR1, a promising substrate
scope is disclosed that describes conceivably a broad occur-
rence of such reactions within the chemical landscape.

accumulation in yeast or the putative involvement in various
biosynthetic pathways such as the modification of lipoxyge-
nase-derived C8-oxylipins displaying a vast variability in their
biological importance.®#*%” This variability agitated a lot of
attention concerning biocatalytic approaches like the produc-
tion of bioactive compounds, pharmaceuticals, agricultural
chemicals or chiral building blocks.™ The most prominent family
of ERs are the flavin mononucleotide (FMN) depending Old
Yellow Enzymes (OYEs) which reduce multiple a,3-unsaturated
aldehydes, ketones, esters or nitro compounds.®' Due to
significant advances in protein engineering strategies, OYEs
have been successfully employed to improve their catalytic
activities, invert stereoselectivities, broaden the substrate scope
or even catalyze a variety of unusual reductions with a high
value for industrial approaches (Figure 1)."" Furthermore, the
application of ERs with novel reduction capabilities due to site-
directed mutagenesis or by implementing ERs in biocatalytic

meat

Rm)ﬁw
R

c R,z Me, H, OCH,

Figure 1. Reactions catalyzed by various ERs (A) OYE from Synechococcus sp.
PCC 7942 reducing carvone to a key intermediate in striatenic and pechuloic
acid production. (B) MDR from Mentha piperita reducing (+)-pulegone to
(—)-menthone and (+)-isomenthone. (C) OYE1-3 from Lycopersicum esculen-
tum reducing cinnamaldehyde-like substrates to fragrances.
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cascades to replace traditional synthetic steps is obviously
popular and constantly increasing.®* Although ERs are studied
extensively, their interest in sustainable and green chemistry is
still rising and exemplifies the need of an increasing biocatalytic
landscape filled with a broad range of biocatalysts for more and
more tailored and “new-to-nature” C=C or C=C containing
compounds.”

On closer consideration of currently known ERs, several
structures with C=C bonds can be reduced but a variable
biocatalyst that is also able to perform a “new-to-nature”-like
reduction of C=C bonds has only been shown once for solely
one compound. Due to the prevalence of activated alkynes,
organic chemists extensively investigated efficient methods for
their reduction. The most common strategies include the use of
transition metal catalysts to produce saturated products. It has
been reported that aromatic and aliphatic alkynes were
successfully reduced by using Pd/C or Pd-dibenzylideneacetone
catalysts.">'¥ More recently, quantitative hydrogenations to-
wards two aliphatic alkynes were accomplished with a methyl-
substituted phosphetane oxide catalyst in the presence of
organosilanes as the terminal reductant™ An alternative
method to reduce aliphatic alkynes was shown with an iridium
(I-complex as catalyst."™ In general, these methods do not
meet all of the mentioned green and sustainable chemistry
standards, due to their inevitable use of costly transition-metal
catalysts."? Furthermore, the synthesis of such catalysts often
require various additional synthetic steps."®” To our knowl-
edge, these reductions are mostly limited to alkynoates, mean-
ing that reports of the reduction of alkynals and alkynones are
scarce. Taken together, the biocatalytic landscape lacks a
reductase targeting C=C bonds that opens up an uncovered
field of biocatalysis. To overcome this issue, focusing on other
types of ERs or targeting other organisms than bacteria, plants
or baker's yeast could be productive. Regarding other types of
ERs, the flavin adenine dinucleotide (FAD)- and [4Fe-4S]-
depending ERs, the NAD(P)H-depending medium-chain dehy-
drogenase/reductase superfamily (MDR) as well as the NAD(P)H-
depending short-chain dehydrogenase/reductase superfamily
(SDR) are far less studied for biocatalytic applications.>'%392%

A!OO- °

80
60

40

Relative activity / %
-

204

An evaluation of their biocatalytic potential is almost lacking.
Regarding other organisms, a promising portfolio of ERs with
novel activities was shown via whole cell biotransformations of
a,fB-unsaturated substrates in various fungi from the phyla
Ascomycota and Basidiomycota.”’?? This implicates a huge
enzyme library with great potential in substituting conventional
synthesis with environmentally friendly biocatalysts. So far, only
one study targeted an ER from the yeast-like Basidiomycota
Sporidiobolus salmonicolor that reduced unnatural large mono-
cyclic enones like (E)-3-methylcyclopentadec-2-en-1-one, cyclo-
pentadec-2-en-1-one, and cyclododec-2-en-1-one to their corre-
sponding saturated ketones.”® Hence, this study investigated
the biocatalytic value of the first ER from a filamentous fungi of
the phylum Basidiomycota as a member of the MDR-super-
family. This ER turned out to exhibit novel biocatalytic activities
displaying a valuable and versatile biocatalyst with high
potential for future approaches.

Results and Discussion
Biochemical characterization and cofactor specificity

Following heterologous production in E. coli and purification,
the effects of pH and temperature on CaeEnR1 (accession
number: MWO013782, AAE3_13549 www.thines-lab.sencken-
berg.de/agrocybe_genome) activity was determined with oct-1-
en-3-one (1) as substrate. CaeEnR1 showed maximum activity at
pH 7.5 with more tolerance against acidic conditions. 50 % of its
activity left at pH 5.0 that increased with higher pH-values.
Decreasing and increasing values (pH <5 or >7.5) resulted in a
drastic loss of activity with ~259% left at pH 4.5 and <10% at
pH 8-10 (Figure 2A). CaeEnR1 showed maximum activity at 25-
30°C. Increasing temperatures resulted in a steady loss with no
activity left at 50°C. A low temperature of 4°C led also to a
suppression of enzyme activity (Figure 2B).

Cofactor specificity with 1 as substrate was determined with
NADPH and NADH, revealing a > 700-fold higher preference for
NADPH with 28.0U-mg™" compared to NADH with

o

Relative activity / %
-

80
60 |
40 e

20

0 = ——— y—r—y—r—T T p—rift
20 25 30 35 40 45 50
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Figure 2. Influence of pH (A) (squares =50 mM acetate buffer, circles=50 mM phosphate buffer, triangles =50 mM borate buffer) and of temperature (B) on

CaeEnR1 activity.
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0.04 U-mg™". Other ene-reductases from the MDR-superfamily
as NtDBR (> 1,600-fold) or SsERD (no activity with NADH) also
prefer NADPH as hydride donor.”*** This is not surprising, due
to the fact that these enzymes share several amino acids, such
as G189, K193 and Y208, which were shown to be involved in
NADPH binding by the crystal structures of NtDBR and AtDBR
(Supporting information Figure S1A, B)."*"

Reduction of alkenals and alkenones

To explore the substrate profile of CaeEnR1, the conversion
rates (Table 1) of in total 21 different alkenals and alkenones
were examined. These substrates were grouped according to
their structure and physicochemical properties: aliphatic «,3-
unsaturated alkenones: oct-1-en-3-one (1), oct-3-en-2-one (2),
hex-1-en-3-one (3) (group I); aliphatic a,5-unsaturated alkenals:
(E)-oct-2-enal (4), (E)-non-2-enal (5), (E)-hex-2-enal (6) (group II);
aliphatic o,8,y,0- and multiple- unsaturated alkenals: (E,E)-oct-
2,4-dienal (7), (EE)-non-24-dienal (8) (EE)-non-2,6-dienal (9)

(group lll); a,B-unsaturated alcohols: oct-1-en-3-ol (10), oct-2-
en-1-ol (11) (group IV); cyclic a,f-unsaturated alkenones/
alkynones: (R,S)-carvone (12), f-damascenone (13), 1,2-naphtho-
quinone (14), 4-phenyl-3-butene-2-one (15) (group V); cyclic
a,fB-unsaturated alkenals: coniferyl aldehyde (16), cinnamalde-
hyde (17), 2-phenyl-but-2-enal (18), -cyclocitral (19) (group VI);
cyclic a,f-unsaturated nitroalkenes: (E)-S-nitrostyrene (20), (E)-f-
methyl-S-nitrostyrene (21) (group VII). Most conversion rates of
group | and group Il showed rates of up to 72% - 98%; only 2
and 6 were converted by 48% and 54 %, respectively. While the
conversion rates of group Ill showed values of up to 73% - 84 %
(Table 1). Remarkably, CaeEnR1 reduced selectively the double
bond in a,-position of 7, 8 and 9. However, no successful
reduction of the substrates from group IV was detected.
Compounds 15 (50%) and 17 (59%) were the only converted
substrates of group V and VI, respectively. Related structures
like 16 or 18 were either very poorly or not converted (Table 1).

This could be caused by steric effects of the methyl group
adjacent to the double bond. Compared to 17, 16 has an
additional phenolic hydroxy- and methoxy group, implicating

NAD(P)H

Table 1. Reduction of various activated alkenals/alkenones by CaeEnR1. A typical reaction mixture (1 mL) contained 0.2 mM NADPH, 0.1 mM substrate and
5 uM CaeEnR1 in 50 mM phosphate buffer (pH 7.5). The reactions were incubated at 24 °C for 3 h at 160 rpm. CaeEnR1 did not catalyze the reduction of the
substrates: oct-1-en-3-ol (10), oct-2-en-1-ol (11), (R,S)-carvone (12), f-damascenone (13), 2-phenyl-but-2-enal (18), -cyclocitral (19).
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the necessity of an increased substrate tunnel or binding
pocket. Possible steric effects were also observed for substrates
of group VII. The non-substituted 20 was converted with good
rates of 90%, whereas for 21 that contains a methyl group
nearby the double bond a conversion of only 26% was
achieved. A constriction due to bulky amino acid residues could
explain the difference in conversion between substituted and
non-substituted aromatic substrates. This was already pointed
out for NtDBR, which reduced 17 and 21 with high conversion
rates (100% and 71 %) while 16, similar to our study, was poorly
reduced (~6%).”” The phenylalanine/serine substitution (NtDBR
to AtDBR F285/5287, corresponding to S283 in CaeEnR1) was
identified as potentially size restricting, allowing AtDBR to
reduce substituted cinnamaldehyde-like substrates more effi-
ciently. Especially, F285 in NtDBR was considered as the
determinant for the limited reduction of substituted cinnamal-
dehyde-like substrates.**” Compared to NtDBR, CaeEnR1
harbors a serine (5283) at that position (Supporting Information
S1) similar to AtDBR but shows very poor activity towards 16,
which indicates that this amino acid might not be the
responsible determinant for the poor activities towards sub-
stituted cinnamaldehyde-like substrates. Furthermore, an effi-
cient and regioselective reduction of the a,3-double bond in
aliphatic a,f,y,0-unsaturated aldehydes has not been pointed
out so far (Table 1).

In general, CaeEnR1 showed the highest activities towards
C8-alkenones and C8-alkenals among aliphatic substrates. With
decreasing chain length, a ~2-fold loss was detected (Fig-
ure 3A). By comparing the aromatic substrates, the alkenone 15
and alkenal 17 were converted similarly while the nitroalkene
counterpart 20 showed drastically higher conversion rates
suggesting a higher activation of the C=C bond leading to a
better conversion (Figure 3A).

Reduction of alkynals, alkynones and alkynoates

The reduction of alkynals, alkynones and alkynoates were
examined by seven different substrates, divided in the two
groups of aliphatic (group VIII): hex-3-yn-2-one (22), oct-2-ynal
(23), methyl-oct-2-ynoate (24) and aromatic (group IX): 4-
phenylbut-3-yne-2-one (25), methyl-3-phenylprop-2-ynoate
(26), 3-phenylprop-2-ynal (27), 1-phenyl-2-propyn-1-one (28)
compounds. CaeEnR1 successfully reduced the aliphatic and
aromatic alkynals/alkynones 22, 23, 25, 27 and 28 to their
corresponding alkanals and alkanones (Table 2). While 23
showed a satisfactory conversion rate of 42%, the alkynoate
counterpart 24 was not reduced to the corresponding alka-
noate. Similarly, the aromatic alkynes 25, 26 and 27 were
differently converted depending on their carbonyl species.
While the alkynone and alkynal 25 and 27 were converted by

Table 2. Reduction of various activated alkynals/alkynones by CaeEnR1. A typical reaction mixture (1 mL) contained 0.2 mM NADPH, 0.1 mM substrate and
5 uM CaeEnR1 in 50 mM phosphate buffer (pH 7.5). The reactions were incubated at 24°C for 3 h at 160 rpm.
R
= 1 v {
NAD(P)H NAD(P)' G NADPIH NAD(P)"
EWG >:< _\__/L,
Substrate unsat. Product sat. Product Total conv. [%] selectivity [%] selectivity [%]
alkene alkane
o) o o
22 = 22a \/\)I\ 22b -~ 5 <0.1 <99.9
(0]
23 \/\/%(H 4 NN ab PN 42 5 95
o] o] o]
24 NN < 24a /\/\/\)j\ 24b /\/\/\)J\ - - -
OCHjg OCH, OCH
o)
o]
25 ©%< 15 ©/\/“\ 15b @A)\ 2 5 95
o (0] [¢]
26 @E« 26a N 26b <1 <1 <1
- @/\)&OCW ©/\)|\OCH3
o o
(0]
27 Q%//H 17a Q/\)LH 17b ©/\)LH 20 <1 <99
o) (0]
28 M 28a & 28b 5 <1 <99
A
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Figure 3. Time dependent reduction of alkynals/alkynones and comparison of the relative activity between alkenes and alkynes depending on chain length,
electron withdrawing group and position of the unsaturated bond. (A) Comparison of the relative activities of CaeEnR1 towards various substrate types
differing in chain length, carbonyl species and position of the unsaturated alkyne. (B) Two step reduction process with k; (alkyne reduction to the alkene),
followed by k, (alkene reduction to the alkane). Reduction of 23 (C) and 25 (D) to their corresponding alkenals/alkenones 4, 15 and alkanals/alkanones 4b,
15b with standard reaction conditions. Red square =alkyne, grey circle =alkene, blue triangle =fully saturated product.
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Table 3. Steady-state kinetics of CaeEnR1 with alkenes. Given values are means =+ of triplicates.
Group substrate Ky Keat Keat/ K
[pM] [s7'] [s7-puM]
0]
1 o~ 7584208 213.04+256 28410
(o]
| 2 \/\/\)J\ 72.1+28.9 64.7+9.2 0.9+0.3
A
(0]

3 /\)J\/ 279+3.2 4.0+0.2 0.1+0.1

4 NSO 211.2+£61.2 41.1+£51 0.2+0.1
Il 5 NSNS0 180.5+£29.5 10.2+1.0 0.1£0.0

6 SO nd. 08+0.2° nd.

N a

7 N0 n.d. 0.5+0.1" n.d.
1T 8 N0 nd. 1.0+0.1% nd.

9 NN N0 nd. 0.840.2% nd.

(0]
0o
VI 14 nd. 12408 nd.
(o]
Vi 15 Q/\)‘\ 120.24+55.2 343+11.1 0.3+0.20
(o]
Vil 23 o~e—A nd. 1.0£04% nd.
H
(o]

IX 25 @%{ nd. 09404 nd.
[a]l=rates (s~') with 0.25 mM substrate due to limited solubility of the substrates, significant absorption at 340/365 nm at higher concentrations or near zero-
order kinetics. n.d., not determined. Other substrates were not reduced under steady-state conditions.

20-22%, the alkynoate 26 showed a conversion rate under 1%
(Table 2).

Furthermore, the alkynoate 28 with a terminal alkyne group
was poorly converted with 5% (Table 2). Collectively all
reductions of the triple bond lead to minimum amounts (max.
2%) of the alkene intermediate (224, 4, 15, 27 a, 28a) (Table 2).
The reduction of the alkynone 25 was so far only described for
OYEs.” Generally, the successful reduction of alkynals and
alkynones depicts a unique characteristic of CaeEnR1 among
other described ERs. Compared to the tested alkenones and
alkenals 4, 15 and 17, CaeEnR1 showed a ~2-fold lower
conversion rate towards the alkyne counterparts 23, 25 and 27
(Figure 3A). Similar observations were made for the aromatic
alkenone and alkenal 15, 17 and their counterparts 25, 27
(Figure 3A). Furthermore, for compounds with an ester as
electron withdrawing group (24, 26) very poor or no con-
versions were detected. In addition, the position of the triple
bond also seems to have a drastic impact on conversion. A ~5-
fold difference in relative activity between the intramolecular
alkyne in 25 and the terminal alkyne in 28 was detected
(Figure 3A). To clarify whether the alkynes are first reduced to
the corresponding alkene leading to its accumulation followed
by the reduction to the fully saturated product, the reduction in
a time lap of 60 min exemplarily for 23 and 25 was investigated
(Figure 3C, D). Time dependent reduction of alkynals and
alkynones revealed that the conversion rates were decent for
23 and 25 with ~40% and ~20% after 30 min, respectively
(Figure 3). 22 was converted very poorly, showing a maximum
after 30 min of only ~6%. However, the corresponding

ChemCatChem 2021, 13, 1-10 www.chemcatchem.org
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alkenals/alkenones (15, 4 and 22a) never exceeded < 2%. This
suggests a rapid two-step mechanism including the reduction
of the triple bond, leading to the alkenal/alkenone which is
instantly further reduced to the saturated product. This is
reasonable by comparing the reaction rates and specific
activities against the alkynals/alkynones 23/25 and their
alkenals/alkenones 4/15 differing by multiple magnitudes
(Table 1 and 3). OYE3 from S. cerevisiae is also able to reduce
25. However, this enzyme shows a higher affinity towards the
alkyne, which first of all leads to an accumulation of the
alkenone followed by a subsequent reduction to the
alkanone.”®

Preparative scale biotransformation

For biotransformation in a preparative scale, 1 was used as a
model substrate with a concentration of 25 mM. Reactions were
carried out by using a NADP*/glucose dehydrogenase (GDH)
recycling system as a source for NADPH. Within 1 h about
~30% of 1 was reduced to the corresponding product 1b. With
ongoing reaction, the percentage of 1b plateaued at ~40% in
the reaction mixture. No further reduction of 1 was detected
after 6 h and 16 h (Figure 4). By comparing the conversion rates
between the analytical and preparative scale reduction of 1, a
~2.5-fold difference was noticed (Table 1, Figure 4). Due to the
limited solubility of 1, the solvent percentage was increased
from 0.1% (analytical scale) to 10% (preparative scale) ethanol,
which might have influenced the activity of CaeEnR1. Further-

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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carbons were higher compared to the aldehydes and ketones
18 . with nine or six carbons (Table 3). The K, values for 4 and 8 are
90 similar with a slightly higher k., for 4. With decreasing chain
80: length of the aldehydes, the enzyme activity decreased as well,
< 0] which suggests a correlation between chain length and affinity.
2 ® ® Interestingly, the opposite was observed with a,-unsaturated
% 80 4 ¢ » ketones, where CaeEnR1 showed the highest affinity towards 3
%’ 50 but coincidently the lowest k. and k../K, values compared to
% 0. 1 and 2. Similar findings were observed for AtDBR from A.
o= A A & thaliana that shows strikingly lower Kj, values for a,-unsatu-
30 1 - rated aldehydes with longer carbon chains (non-2-enal 5.9 uM,
20 4 hex-2-enal 232 uM, pent-2-enal 1,420 uM).”! Another ER with
- strikingly lower affinities towards aliphatic substrates like 1 and
] 5 has been shown for NtDBR.?” To our knowledge, AtDBR is the
0-4 T T T T . 7/ only MDR-superfamily related enzyme that showed activity
g 1 2 3T' ?h 5 ¢ 18 towards naphthoquinones like 142 On consideration of the
o L o bioinformatic analysis, AtDBR and CaeEnR1 share the serine

Figure 4. Time dependent reduction of substrate 1 (grey circles) to the
corresponding product 1b (blue triangles) in a preparative scale biotransfor-
mation. The reaction was monitored over 16 h at different time points.

more, it has to be noticed that several aspects and problems
like heat transfer, transport phenomena, mass balance, proper
mixing or the mentioned increasing amounts of organic
solvents with higher substrate concentrations arise when it
comes to sufficient up-scaling of biotransformations.?**"! Never-
theless, a promising first preparative scale biotransformation
with CaeEnR1 was demonstrated.

Enzyme kinetics

Kinetic analysis revealed that the affinity of CaeEnR1 differed
strongly between q,f5-unsaturated ketones, «,3-unsaturated
aldehydes and aromatic ketones (Table 3). In some cases (6, 7,
8,9,10,11,12,13, 14,16, 17, 18, 19, 20, 21, 22, 24, 26, 27), full
steady-state kinetics were not determined due to either limited
solubility, significant absorption at 340/365 nm, near zero-order
kinetics or activity under the detection limit. However, the k.,
values with 0.25 mM of these substrates were calculated and
ranged between 0.5-1.2 s™' (Table 3). All together, the aliphatic
ketones were strongly preferred substrates with K, values
between 27.9-75.8 uM which are 2-3 times higher affinities
compared to aldehydes (Ky=180.5-211.2 uM). Interestingly,
a,B,7,0-unsaturated aldehydes with the same chain length
compared to the tested «f-unsaturated aldehydes showed
presumable lower affinities (Table 3). In addition, a high affinity
(Kw=120.2 uM) and reaction rate (34.3s™') towards the aro-
matic compound 15 was calculated. Surprisingly, 3 showed the
lowest K with 27.9 uM among all tested substrates while the
aldehyde analogue 6 showed lower reaction rates and assum-
ingly shows a higher K. Furthermore, k., and k./Ky values of
a,B-unsaturated substrates, particularly the ketones with eight

ChemCatChem 2021, 13, 1-10 www.chemcatchem.org
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residue located in the binding pocket/substrate entrance
(Supporting Figure S1B), suggesting that this residue could be
crucial for 1,2-naphthoquinone reduction.

Conclusion

Despite their overall potential, research on new biocatalysts
from promising specimens of the phyla Basidiomycota is
underrepresented. Hence, the first ER from a fungus of the
phylum Basidiomycota with high activities towards aliphatic
and aromatic a,-unsaturated compounds was comprehen-
sively characterized. Compared to the very few known ERs of
the MDR-superfamily, CaeEnR1 exhibited highly efficient and
regioselective reductions of a,f3,y,0-unsaturated aldehydes and
is able to reduce activated alkynes to their saturated com-
pounds. This first report on such biocatalytic reductions under-
lines the uniqueness of CaeEnR1. Collectively, this study
introduces a new type of ER with a broad substrate scope
including aliphatic and aromatic alkenals/alkenones, alkynals/
alkynones and aromatic nitro alkenes. Moreover, the discovery
of alkyne reduction and future investigations of the reaction
mechanism will also have an impact on “new-to-nature”
reactions like the recently described photocatalytic deacetox-
ylation by MDR-related ERs. For the development of such
reactions, knowledge about the mechanism of C=C reductions
was crucial®® Furthermore, with this ene/yne-reductase the
biocatalytic gap of C=C reductions is filled, which enables a
new field of opportunities and challenges for protein engineer-
ing approaches, aiming for novel biocatalytic cascades or
enzyme improvement via co-factor recycling systems.

Experimental Section

Cloning and protein expression of CaeEnR1

The codon optimized ENRT gene (accession number: MW013782,
AAE3_13549  www.thines-lab.senckenberg.de/agrocybe_genome)
was commercially purchased and cloned into the plasmid pET28a
(BioCat GmbH, Heidelberg, Germany). For protein expression,

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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pET28a/CaeEnR1 plasmid was transformed into E. coli BL21 Gold
(DE3). E. coli cells were cultivated in Terrific Broth medium (TB)
containing 12 g tryptone, 24 g yeast extract and 5g glycerol,
supplemented with an equivalent of 1x TB-salts from a 10x stock
solution (0.17M KH,PO, and 0.72M K,HPO,) and 50 mg-L'
kanamycin as selection marker at 37 °C until an ODg, of 0.4-0.6 was
reached. Expression was induced by adding isopropyl-p-d-thioga-
lactopyranoside to a final concentration of 0.1 mM. Cultivation was
continued for another 24 h at 24°C. Cells were harvested by
centrifugation (4,000 g, 30 min, 4°C) and stored at —20°C until
further use or directly processed.

Protein purification

The cell pellet was thawed on ice and resuspended in lysis-buffer
(50 MM phosphate, 300 mM NaCl, 20 mM imidazole, pH 7.5).
Disruption of cells was carried out by sonification (3 cycles for 60 s
on, 60s rest) on ice using a sonifier (Bandelin Sonopuls, Berlin,
Germany). After complete disruption, cell debris was removed by
centrifugation (11,000 g, 45 min, 4°C). The resulting supernatant
was further processed, by either using Ni-NTA spin columns,
following the instruction of the manufacturer (Qiagen, Venlo,
Netherlands) or by using a 5 mL HisTrap column (GE-Healthcare).
The HisTrap columns were equilibrated with 5 column volumes (CV)
lysis-buffer and then loaded with the supernatant, washed twice
with 5 CV lysis buffer and eluted with an increasing imidazole
concentration from 20 mM imidazole (lysis-buffer) to 500 mM
imidazole (elution-buffer, 50 mM phosphate, 300 mM NaCl, 500 mM
imidazole, pH 7.5). Fractions with purified CaeEnR1 were analyzed
via SDS-PAGE, concentrated and rebuffered with Amicon” Ultra
4 mL centrifugal filters (Merck KGaA, Darmstadt, Germany). Protein
concentration was photometerically determined by using the
260/280 ratio and the specific extinction coefficient (E,=
40340 M~ '-cm "), calculated with the ExPASy ProtParam tool.””!

Enzyme assay

UV method: CaeEnR1 activity was determined by recording the
oxidation of NADH/NADPH at 340 nm (E;,,=6620 M '-cm™") on a
Nanophotometer (Implen, Munich, Germany). The typical reaction
mixture contained 0.2 mM NADPH, 0.2 mM substrate and an
appropriate amount of enzyme in a total volume of 1 mL. For pH
dependency, the mixture was incubated in either 50 mM acetate
buffer (pH 4.5-6.0), 50 mM phosphate buffer (pH 6.5-8.0) or 50 mM
borate buffer (pH 8.5-10.0) to determine the pH-optimum. Effects
of the temperature were measured by incubating the reaction
mixture at different temperatures, ranging from 4°C-50°C. One
unit of enzyme activity was defined as the conversion of pmol
substrate per minute.

GC-MS method: A typical reaction mixture of 1 mL contained
0.2 mM NADPH, 0.1 mM substrate, an appropriate amount of
enzyme in 50 mM phosphate buffer, pH7.5. The mixture was
incubated at 24°C for 3 h.

Preparative scale biotransformation

Biotransformation in a preparative scale contained 25 mM of
substrate 1 (solved in ethanol, 10% final solvent concentration),
0.1 mM NADP*, 100 mM glucose, 100 U glucose dehydrogenase
from Pseudomonas sp. (Sigma Aldrich) and an appropriate amount
enzyme in 50 mM phosphate buffer, pH 7.5 with a final volume of
100 mL. The mixture was incubated for 16 h at 24°C. After defined

Kinetic parameters

Steady-state kinetic parameters were calculated by incubating
purified CaeEnR1 with different concentrations according to the
used substrates ranging from 7.5-300 uM and 0.2 mM NADPH.
Resulting data was fitted with the Michaelis-Menten equation in
OriginPro 2018 software.

Product analysis

The reaction products were extracted with 400 uL ethyl acetate,
followed by mixing on a vortexer and centrifugation for 2 min at
13000 g. Analysis of the reaction products in the organic layer was
carried out on a Agilent Technologies 7890 A GC-MS-system (Santa
Clara, USA), equipped with a VFWax column (30 mx0.25 mmx
0.25 pum film thickness, Santa Clara, USA) operated in splitless mode
under the following parameters: carrier gas, Helium with a constant
flow of 1.2mL-min”". Oven temperature was at 40°C (3 min),
10°C-min~" to 240°C and hold for 7 min. The mass spectrometer
operated in electron impact mode with an electron energy of 70 eV
and scanned in a range of m/z 33-300. Conversion rates were
calculated by using the peak areas. Retention times and mass
spectrum was compared with authentic standards, the NIST data-
base or by the characteristic fragmentation patter and molecule
ion.

In silico analysis of CaeEnR1

Phylogenetic analysis and amino acid alignments: Sequences for
phylogenetic analysis and sequence alignments were obtained via
the National Center of Biotechnology Information (NCBI, https://
www.ncbi.nlm.nih.gov/). Amino acid alignments and tree building
were performed with the Clustal Omega web tool (https://
www.ebi.ac.uk/Tools/msa/clustalo/). Visualization of the phyloge-
netic tree was carried out via the online tools, interactive tree of life
(iTOL, https://itol.embl.de/) and http://www.phylogeny.fr.

Acknowledgements

We gratefully acknowledge the financial support by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)-
Funder Id: https://doi.org/10.13039/501100001659, Grant Number:
RU 2137/1-1. Open access funding enabled and organized by
Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: ene-reductase biocatalysis
double bond reductase - alkynes

regioselectivity

R. A. Sheldon, J. M. Woodly, Chem. Rev. 2018, 118, 801-838.

M. C. Bryan, P.J. Dunn, D. Entwistle, F. Gallou, S. G. Koenig, J. D. Hayler,
M.R. Hickey, S. Hughes, M.E. Kopach, G. Moine, P. Richardson, F.
Roschangar, A. Steven, F. J. Weiberth, Green Chem. 2018, 20, 5082-5103.

times (1 h, 3h, 6 h and 16 h) an aliquot was taken to monitor the [3] H.S. Toogood, N.S. Scrutton, ACS Catal. 2018, 8, 3532-3549.

reaction progress. [4] B. Youn, S.-J. Kim, S. G. A. Moinuddin, C. Lee, D. L. Bedgar, A.R. Harper,
L. B. Davin, N. G. Lewis, C. Kang, J. Biol. Chem. 2006, 281, 40076-40088.

ChemCatChem 2021, 13, 1-10 www.chemcatchem.org 8 © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

These are not the final page numbers! 77



Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemCatChem doi.org/10.1002/cctc.202002011

[5]

(6]

[7]
(8]

9l
[10]

[m
[12

[13]

[14
[15]

[16]

[17]

[18]

[19]

[20]

ChemCatChem 2021, 13,1-10

J. Mano, Y. Torii, S. Hayashi, K. Takimoto, K. Matsui, D. Inzé, E. Babiychuk,
S. Kushnir, K. Asada, Plant Cell Physiol. 2002, 43, 1445-1455.

P.C. Guo, P X.X. Ma, Z.Z. Bao, J.D. Ma, Y. Chen, C.Z. Zhou, J. Struct.
Biol. 2011, 176, 112-118.

D. Karrer, M. Riihl, PLoS One 2019, e0218625.

Y.-J. Liu, X-Q. Pei, H. Lin, P. Gai, Y.-C. Liu, Z-L. Wu, Appl. Microbiol.
Biotechnol. 2012, 95, 635-645.

S. Raimondi, D. Romano, A. Amaretti, F. Molinari, M. Rossi, J. Biotechnol.
2011, 156, 279-285.

Y. Fu, K. Castiglione, D. Weuster-Botz, Biotechnol. Bioeng. 2013, 110,
1293-1301.

R. A. Sheldon, D. Brady, ChemSusChem 2019, 12, 2859-2881.

R. Shen, T. Chen, Y. Zhao, R. Qiu, X. Zhouy, S. Yin, X. Wang, M. Goto, L B.
Han, J. Am. Chem. Soc. 2011, 133, 17037-17044.

A. Mori, Y. Miyakawa, E. Ohashi, T. Haga, T. Maegawa, H. Sajiki, Org. Lett.
2006, 8, 3279-3281.

L. Longwitz, T. Werner, Angew. Chem. Int. Ed. 2020, 132, 2792-2785.

Y. Wang, Z. Huang, X. Leng, H. Zhu, G. Liu, Z. Huang, J. Am. Chem. Soc.
2018, 740, 4417-4429.

I. Schnetmann-Géttker, P. White, M. Brookhart, J. Am. Chem. Soc. 2003,
126, 1804-1811.

M. Gupta, C. Hagen, W. C. Kaska, R. E. Cramer, C. M. Jensen, J. Am. Chem.
Soc. 1997, 119, 840-841.

H. Kasahara, Y. Jiao, D. L. Bedgar, S.-J. Kim, A. M. Patten, Z.-Q. Xia, L. B.
Davin, N. G. Lewis, Phytochemistry 2006, 67, 1765-1780.

K. L. Ringer, M. E. McConkey, E. M. Davis, G. W. Rushing, R. Croteau, Arch.
Biochem. 2003, 418, 80-92.

D. J. Mansell, H.S. Toogood, J. Waller, J. M. X. Hughes, C. W. Levy, J.
Gardiner, N. S. Scrutton, ACS Catal. 2013, 3, 370-379.

[21]
[22]
[23]
[24]

[25

[26

[27]
[28]

[29

[30
[31

A. Skrobiszewski, R. Ogérek, E. Plaskowska, W. Gtadkowski, Biocatal.
Agric. Biotechnol. 2013, 2, 26-31.

A. Romagnolo, F. Spina, E. Brenna, M. Crotti, F. Parmeggiani, G.C.
Varese, Fungal Biol. Rev. 2015, 119, 487-493.

K. Yamamoto, Y. Oku, A. Ina, A. lzumi, M. Doya, S. Ebata, Y. Asano,
ChemCatChem 2017, 9, 3697-3704.

Y. Wang, Z. Huang, X. Leng, H. Zhu, G. Liu, Z. Huang, Appl. Microbiol.
Biotechnol. 2014, 98, 705-715.

J. Mano, E. Babiychuk, E. Belles-Boix, J. Hiratake, A. Kimura, D. Inzé, S.
Kushnir, K. Asada, Eur. J. Biochem. 2000, 267, 3661-3671.

A. Miller, R. Stirmer, B. Hauer, B. Rosche, Angew. Chem. Int. Ed. 2007,
46, 3316-3318; Angew. Chem. 2007, 119, 3380-3382.

Y. Wu, Y. Cai, Y. Sun, R. Xu, H. Yu, X. Han, H. Lou, A. Cheng, FEBS Lett.
2013, 587, 3122-3128.

K. F. Biegasiewicz, S. J. Cooper, M. A. Emmanuel, D. C. Miller, T. K. Hyster,
Nature 2018, 10, 770-775.

E. Gasteiger, C. Hoogland, A. Gattiker, S. Duvaud, M.R. Wilkins, R.D.
Appel, A. Bairoch, The Proteomics Protocols Handbook (Ed.: John M.
Walker), Humana Press, 2005, pp. 571-607.

F. R. Schmidt, Appl. Microbiol. Biotechnol. 2005, 68, 425-435.

D. Vasi¢-Racki, Z. Findrik, A. Vrsalovi¢ Presecki, Appl. Microbiol. Biotech-
nol. 2011, 91, 845-856.

Manuscript received: December 18, 2020
Revised manuscript received: January 22, 2021
Accepted manuscript online: February 1, 2021
Version of record online: IR, I

www.chemcatchem.org

These are not the final page numbers! 77

9

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH



FULL PAPERS

Fun with fungus! The first character-
ized ene-reductase from a filamen-
tous fungus has an interesting
substrate portfolio. Besides its
original substrates from the fungal
oxylipin biosynthesis, the aliphatic
C8-alkenones and C8-alkenals, EnR1
from the black poplar mushroom
Cyclocybe aegerita is capable of
reducing a number of alkynes into
their alkanes, representing a novel
activity in MDR-superfamily related
ERs.

I //

D. Karrer, Dr. M. Gand, Dr. M. Riihl*
1-10

Expanding the Biocatalytic Toolbox
with a New Type of ene/yne-
Reductase from Cyclocybe aegerita

=



Supporting Information

Expanding the biocatalytic toolbox with a new type of

ene/yne-reductase from Cyclocybe aegerita

Dominik Karrerf®, Martin Gand@, Martin Ruhl oI

[a] Dominik Karrer, Dr. Martin Gand, Dr. Martin Ruhl

Department of Biology and Chemistry, Justus-Liebig University Giessen
Institute of Food Chemistry and Food Biotechnology

Heinrich-Buff Ring 17

35392 Giessen, Germany

[b] Dr. Martin Ruhl
Fraunhofer Institute for Molecular Biology and Applied Ecology IME Business Area
Bioresources

35392 Giessen, Germany.



Supporting Figures

Tree scale: 0.1 1

A

DAYLRQLMKESDD--GLYLPSFPLNQAIRSILVGKVVASANPAFEVGDIV-SGF-YQVS 111
PulR ~NPYJLILRMGKLDI---PQFDSILPGSTIVSYGVSKVLDSTHPSYEKGELI-WGSQAGWE 105
'v RSRMRKIEG---SYVESFAPGSPITGYGVAKVLESGDPKFQKGDLV-WGM-TGWE 106
AtDBR »D|RIRMGKPDPSTAALAQAYTPGQPIQGYGVSRIIESGHPDYKKGDLL»\‘JGI»VAWE 107
SsERD -DLRGRHRPAGT--KSVVPPFELGQFIANFGTGEVLKSANASIKQGQHV-VGS-FPFA 107
CaENR -DP[Y]MRGGMRAPEK--KSYSAPFTLGQPLRGYGVGVVLRSENPQVKAGDHL-YGF-FEHT 108

PulR EYTLIQNP-YNLFKI--QDKDVPLSYYV-GILG GMTAYAGFFEICSPKKGETVFVTAA: 161
NIDBR EYSIITPT-QTLFKI--HDKDVPLSYYT-GILG GMTAYAGFHEVCSPKKGETVFVSAA. 162
AtDBR EYSVITPMTHAHFKI--QHTDVPLSYYT-GLLG
SsERD EYNVFSKEEASQLRILENKEGLPWTTWV-GAAG
CaENR HYSIR--KDLTGLQAIENAYNLPWSVFI-GVIG

PPDBRjJAGSVGMLVGQLAKIKSCRVVGSAGSD Q| KLLK-EFGFDDAFNKCETDLDAALSRYFPR 225
PulR AGSVGQLVGQFAKMFGCYVVGSAGSKE] DLLKNKFGFDDAFNKEESDVDTALKRHFPE 221

GMTAYAGFYEVCSPKEGETVYVSAA. 164
PGQTAWHGLRAIGKPQKGETIFVSGA, 166

PPDBR EYAIV--PRGDLMKI--DTSVVKPSDYL-GLLGMPALTAWAGFIIVGEPKPGDEVFVSAA; 166
PGKTAYMAWKEYAHPKQGETVFVSTG! 165

OYE-Syefilli NtDBR ;SGAVGQLVGQFAKMLGCYVVGSAGSKE] DLLKSKFGFDEAFNKEEQDLSAALKRVFPD 222
: AtDBR :SGAVGQLVGQLAKMMGCYVVGSAGSKE] DLLKTKFGFDDAFNKEESDLTAALKRCFPN 224

SsERD :MGAVGQMVISIAHKLGLKVIASAGSDE]

CaENRIAGPVGSFVIQLAKADGLKVIASAGSEE

,,Oveﬂ'“ LS <y PPDBRIGIDIYFDNVGGRMLEAVLNHINMKARIPLCHISOFINQEWKQRFGVRNLLNLVGKCA - - -j 282
L =, PuR 'S6IDIYFDNVGGKMLEAVINNMRVHGRIAVICIGMVSQV|SLK--QPEGVHNLLKLIPKQI-- - 276

ELLKKEFKVEVAFNKTADTEKI~L~V~SEN 222
QFMK-EVGADVAFNYIKTTNTAEV-L--EKEG; 221

NDBRIGIDIYFENVGGKMLDAVLVNMKLYGRIA MISQVNLE--QTEGVHNLFCLITKRI---3 277
AtDBR IGIDIYFENVGGKMLDAVLVNMNMHGRIA MISQVINLE--NQEGVHNLSNIIYKRI-- -3 279
SSERDIPFQIYWDNVAGPTFEAVLNTIEPRGRII AINDVING- - -QPYGIKNIFQVVSKEL---: 276
CaENR{PIDIYWDNVGGETLEAALNAANVNARFI MISGYNS---GGAPVRNIFHVIGKSI---! 275

PulR --RMQGFV DY-YHLY-PKFLEMVLPRIKEGKVT-YVEDISEGLESAPSALLGVYVGRN 331
NtDBR - -RMEGF L DY-YHLY-PKYLEMVIPQIKAGKVV-YVEDVAHGLESAPTALVGLFSGRN 332
AtDBR - -RIQGFV DF-YDKY-SKFLEFVLPHIREGKIT-YVEDVADGLEKAPEALVGLFHGKN 334
SsERD :- - LYQGFI NH- - - -PIEAFYDEVPKWIASGEVTKPKEHVYKGLDNGE-SFNDLFTGAN 329

PPDBRI- -KMEGFM V-HHRN-GEFFEEMTGVIK!QGKIK-VKEDVKVGLDSFLEAFNSNFTGEN 337
CaENR:- -TMTGFI R I

fEPKVSAEFVKEVPAKVAiSGELK—VREHVVNGLEKLGDVILAVQKGEN 331

Figure S1. (A) Phylogenetic analysis of different ene-reductases belonging to OYEs
(green), MDRs (blue) and SDRs (red). SsERD Sporidiobolus salmonicolor
(AOA224AG05), NtDBR Nicotiana arabicum (Q9SLN8), CaeEnR1 Cyclocybe aegerita,
AtDBR Arabidopsis thaliana (Q39172), PulR Mentha piperita (Q6WAUO), PPDBR
Pinus taeda (QOPIN2), Ztalp Saccharomyces cerevisiae (A6ZKZ0), 20-HD-S.ex
Streptomyces exfoliates (P19992), UDP-g4i-H.Sa Homo sapiens (Q14376), GDP-
m46d-Ec Escherichia coli (POAC88), CR2-Mmu Mus musculus (P08074), PPCAD-Ec
Escherichia coli (POCI31), Achr-OYE4 Achromobacter sp. JA81 (I3V5V6), OYE-Syel
Shewanella-oneidensis (Q8EECS8), KYE-1 Kluyveromyces lactis (P40952), OYEL1-
SACPS Saccharomyces pastorianus (Q02899), OPR1 Arabidopsis thaliana
(Q8LAH7), OYE-ENTCL Enterobacter cloacae (P71278), XenA Pseudomonas putida
(88NF7), YqjM Bacillus subtilis (P54550). (B) Partial amino acid alignment of different
ERs. SsERD S. salmonicolor (AOA224AG05), NtDBR N. tabacum (Q9SLNS),
CaeEnR1 C. aegerita, AtDBR A. thaliana (Q39172), PulR M. piperita (Q6WAUOQ),
PPDBR P. taeda (QOPIN2). Dotted lines: nucleotide-binding domain. Yellow:
conserved A[AG]XGXXG motif. Green: amino acids suggested binding NADPH. Red:

conserved amino acids located in the active site.
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Figure S15. GC-MS analysis of the biocatalytic reduction of oct-2-en-3-one by
CaeEnRL1.
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CaeEnRL1.
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Figure S20. GC-MS analysis of the biocatalytic reduction of 4-phenyl-3-butene-2-one
by CaeEnRL1.
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Figure S21. GC-MS analysis of the biocatalytic reduction of 4-phenylbut-3-yne-2-one
by CaeEnRL1.
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Figure S22. GC-MS analysis of the biocatalytic reduction of hex-3-yn-2-one by
CaeEnR1.
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Figure S23. GC-MS analysis of the biocatalytic reduction of oct-2-ynal by CaeEnR1.
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Figure S25. GC-MS analysis of the biocatalytic reduction of 3-phenylprop-2-ynal by
CaeEnR1.



S26. SDS-PAGE of the purified CaeEnR1. Lys = lysate, E = eluate.
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Abstract

The basidiomycetous lipoxygenase Lox1 from Cyclocybe aegerita catalyzes the oxygenation of polyunsaturated fatty
acids (PUFAs) with a high preference towards the C18-PUFA linoleic acid (C18:2 (w-6)). In contrast, longer PUFAs,
generally not present in the fungal cell such as eicosatrienoic acid (C20:3(w-3)) and docosatrienoic acid (C22:3 (w-3)),
are converted with drastically lower activities. With site-directed mutagenesis, we were able to create two variants
with enhanced activities towards longer chain PUFAs. The W330L variant showed a~ 20% increased specific activity
towards C20:3(w-3), while a~ 2.5-fold increased activity against C22:3 (w-3) was accomplished by the V581 variant.

Keywords: Lipoxygenase, Mutagenesis, Biocatalysis, Protein engineering, Cyclocybe aegerita

Introduction

Lipoxygenases (LOX) are non-heme iron dependent
dioxygenases that catalyze the insertion of molecular
oxygen at a (1Z,4Z7)-pentadiene motif, which occurs e.g.
in polyunsaturated fatty acids (PUFAs), in a regio- and
stereospecific manner (An et al. 2018; Liavonchanka
and Feussner 2006). In higher fungi of the phyla Basidi-
omycota, C18-PUFAs and especially linoleic acid are
predominant, whereas C20-PUFAs like arachidonic acid
and eicosapentaenoic acid were either found in very
low amounts or in traces in fungi of the phyla Basidi-
omycota, such as in Cyclocybe aegerita (syn. Agroycbe
aegerita), and Ascomycota like Phellinus sp. and Romaria
sp. (Brodhun and Feussner 2011, Dembitsky et al. 1991,
Landi et al. 2017). In general, studies on purified basidi-
omycetous LOX are scarce with only LOX from Pleurotus
spp. and Cyclocybe aegerita described so far (Karrer and
Riihl 2019; Kuribayashi et al. 2002; Leonhardt et al. 2013;
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@ Springer Open

Plagemann et al. 2013). For three of them it is known that
they primarily produce 13-hydroperoxy-9Z,11E-octadec-
adienoic acid (13-HPOD) and minor levels of 9-hydrop-
eroxy-10E,12Z-octadecadienoic acid (9-HPOD) (Karrer
and Rithl 2019; Kuribayashi et al. 2002; Plagemann et al.
2013). Furthermore, basidiomycetous LOX share a
high preference towards C18-PUFAs of which linoleic
acid was converted with the highest preference. With
increasing chain length, the activity drastically decreases
(Karrer and Riithl 2019). Yet, no study focused on the
question which amino acids are the determining factors
of the inefficient oxygenation of C20-C22-PUFAs. This
shortcoming is addressed in this study by site-directed
mutagenesis of three amino acid residues located in the
substrate tunnel of the Lox1 from Cyclocybe aegerita.

Materials and methods

Cloning and protein expression of CaeLOX1

The codon optimized LOXI gene (accession number:
MW013781), whose original ¢cDNA was commercially
purchased and cloned into the plasmid pET28a (Bio-
Cat GmbH, Heidelberg, Germany). For protein expres-
sion, pET28a/Lox1 plasmid was transformed into E. coli
BL21-Gold (DE3) by adding~100 ng of plasmid-DNA
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the source, provide a link to the Creative Commons licence, and indicate if changes were made. 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 notincluded in the artidle's Greative 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 httpy//creativeco

mmons.org/licenses/by/4.0/.
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to chemically competent cells. The mixture was incu-
bated on ice for 30 min, followed by a heat shock for 45
s at 42 °C. After 5 min rest on ice, 500 pL of LB-medium
was added to the competent cells with a subsequent
incubation period of 30 min at 37 °C. 200 pL of the cell
suspension was plated on LB-Agar, supplemented with
kanamycin (50 mg L™"). After incubation over night at
37°C, the obtained clones were used for protein expres-
sion. Recombinant E. coli cells were cultivated in auto-
induction medium containing 10 g tryptone, 5 g yeast
extract, supplemented with 50 mM Na,HPO,, 50 mM
KH,PO,, 25 mM (NH,),SO,, 0.5% (w/v) glycerol, 0.025 %
(w/v) glucose, 0.2% (w/v) lactose and 50 mg Lt kanamy-
cin as selection marker, at 24 °C for 16 h. Cells were har-
vested by centrifugation (4.000g, 30 min, 4 °C) and stored
at -20 °C until further use.

Protein purification

The cell pellet was thawed on ice and resuspended in
lysis-buffer (50 mM phosphate, 300 mM NaCl, pH 7.5).
Disruption of cells was carried out by sonification (3
cycles for 60 s each with 60 s rest in between) on ice
using a sonifier (Bandelin Sonopuls, Berlin, Germany).
After complete disruption, cell debris was removed by
centrifugation (14.000 g, 30 min, 4°C). The resulting
supernatant was further processed by using Ni-NTA spin
columns (Qiagen, Hilden, Germany) following manu-
facturer instructions. The eluted protein (using 500 mM
imidazole in the elution buffer) was collected and sub-
sequently concentrated and rebuftered in 50 mM phos-
phate buffer (pH 7.5) by using Pall Nanosep® omega
centrifugal devices (10 kDa cut oft). The concentrated
protein was analyzed via SDS-PAGE. Fractions with puri-
fied CaeLox1 were used for further analysis. Protein con-
centration was photometrically determined by using the
260/280 ratio and the specific extinction coefficient (€,g,
= 102,135 M~ ! em™!), calculated with the ExPASy Prot-
Param tool (Gasteiger et al. 2005).

Lipoxygenase assay

LOX activity was determined by recording the for-
mation of the conjugated double bond at 234 nm
(e=25,000 M~! cm™') on a Nanophotometer (Implen,
Munich, Germany). The reaction mixture contained
1.25 mM PUFA (Acros Organics: linoleic acid, linolenic
acid, Cayman Chemicals: eicosatrienoic acid, docosatrie-
noic acid), 20 pL enzyme solution and 50 mM phosphate
bufter, pH 7.5 to a final volume of 1 mL.

Determination of pH- and temperature-optimum

For the determination of the pH-optimum, three differ-
ent buffers were used: 50 mM acetate buffer, pH 4.5—
6.0; 50 mM phosphate buffer, pH 6.5-7.5 and 50 mM
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borate buffer, pH 8.0-10.0. Effects of the temperature
were determined by incubating the reaction mixture at
different temperatures, ranging from 4 °C — 60 °C.

Site-directed mutagenesis

For mutagenesis a modified QuikChange® protocol was
used (Gand et al. 2016). The modified QuikChange®
reaction mixture contained 1 pL pET28a-Lox1-WT
(~50 ng/pL), 2.5 pL forward primer, 2.5 pL reverse
primer (Table 1), 1 pL dNTPs, 0.5 pL Phusion-pol-
ymerase (Thermo Fisher Scientific), 10 pL 5x GC-
buffer, 1 uL dimethylsulfoxide and 35 pL ddH,O. PCR
conditions with Phusion polymerase: initial denatura-
tion for 3 min at 98 °C, 30 s denaturation at 98 °C, 30
s annealing at 62/64/66/68 °C, elongation at 72 °C for
3:30 min, final elongation for 5 min at 72 °C. Then, 2 pL
Dpnl (Thermo Fisher Scientific, Waltham, MA, USA)
was added and the samples were incubated for 2 h at
37 °C, followed by Dpnl inactivation at 80 °C for 10
min. Chemically competent E. coli Zymo 10B (Zymo
Research Europe GmbH, Freiburg, Germany) were
transformed via heat shock with the PCR-products and
plated out on LB-plates containing kanamycin as selec-
tion marker (50 mg L™"). After incubation over night
at 37 °C, the obtained colonies were picked and used to
inoculate fresh LB-medium with the according selec-
tion marker. After another incubation period over night
at 37 °C, the success of site-directed mutagenesis was
confirmed via DNA-sequencing (Microsynth Seqlab,
Gottingen, Germany).

Homology modelling

The crystal structure of the lipoxygenase from Gly-
cine max (PDB: 11K3) was used as template, sharing
43 % sequence similarity. Models were calculated with
SWISS-MODEL () (Guex et al. 2009) and visualized
with Chimera 1.13.1 (Pettersen et al. 2004).

Table 1 Primer sequences for site-directed mutagenesis

primer sequence

fw_Lox1-1393F 5'-ccgagtatggttgccccgtttagttattttaaaattccgg-3'
rv_Lox1-1393+ 5'-ccggaattttaaaataactaaacggggcaaccatactcgg-3'
fw_Lox1-V581A 5'-gatgatggcacaggcgccgtatctgctgag-3’
rv_Lox1-V581A 5'-ctcagcagatacggcgcctgtgecatcatc-3'
fw_Lox1-V581F 5'-gatgatggcacagtttccgtatctgctgag-3"
rv_Lox1-V581F 5'-ctcagcagatacggaaactgtgccatcatc-3’
fw_Lox1-W330L 5'-caggtgagcgatctgacccgtcatgaactg-3'
rv_Lox1-W330L 5'-cagttcatgacgggtcagatcgctcacctg-3’
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Molecular docking

Autodock Vina was used for docking analysis. For each
docking run, a box was defined which covered the active
site with a grid of 22 x 18 x 26 A. All parameters were set
on standard (Trott et al. 2010).

Results

Bioinformatic analysis and homology modelling

Shape and specificity of mammalian LOX or the regiose-
lectivity of LOX from plants were investigated by various
studies. It was pointed out that specific bulky/aliphatic
amino acid residues in the substrate tunnel can affect
substrate orientation and, therefore, be crucial for sub-
strate specificity (Borngriber et al. 1999; Brodhun et al.
2013; Hornung et al. 2008). A comparison of sequence
alignments of already characterized basidiomycetous
LOX, assisted by the homology model of CaeLox1, shows
that in their substrate tunnel the amino acid W330 is
highly conserved and the amino acid hydrophobicity
at the positions 1393 and V581 are very similar (Fig. 1a,
b). Furthermore, molecular docking in a carboxyl-end
towards the stabilizing K540 orientation was calcu-
lated for the widely occurring linoleic acid (C18:2w-6),
linolenic acid (C18:3w-3) as well as for the rare PUFAs
eicosatrienoic acid (C20:3w-3) and docosatrienoic acid
(C22:3w-3). This revealed that the residues W330, 1393
and V581 are indeed in interacting distance, with less
than 5 A, to the carboxy-end and middle section of the
tested PUFAs (Fig. 2a—d).

Temperature and pH optimum

In acidic environment (pH 4.5-6.0), the CaeLox1 activ-
ity remained very low with about 10% of the maximum
activity. A drastic increase in activity was detected with
increasing pH reaching its maximum at 7.5. Further
increase of the pH resulted in a drastic loss with no
detectable activity from pH 9.5 and above (Fig. 3a). The
effect of the temperature on the activity of CaeLox1 was
determined in a temperature range between 4 °C and 60
°C. The highest activity was detected at 25°C. A steady
loss of activity to about 80 % was detected when increas-
ing the temperature from 25 to 45 °C. With a further
temperature increase to 50 °C and 60°C no activity could
be detected. At 4 "C 10% of the maximal LOX activity
remained (Fig. 3b). Based on these results, any further
experiments were conducted at pH 7.5 and 25 °C.

Specific activities towards various PUFAs

To experimentally verify the role of W330, 1393 and V581
in PUFA oxygenation, we investigated the specific activi-
ties of PUFAs occurring (linoleic acid, linolenic acid) and
non-occurring (eicosatrienoic- and docosatrienoic acid)
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in fungi of the phylum Basidiomycota. Expanding the size
of the substrate tunnel (V581A), putatively stabilizing the
middle-section of the substrate in a carboxylate-end first
orientation (Fig. 1), led to a~ 3-fold loss of activity, while
a reduced size (V581F) resulted in a~ 2.5-fold decrease
of activity towards linoleic acid (Fig. 4a). With the same
mutations, similar differences in activities towards lino-
lenic acid were observed in comparison to the wild
type. Interestingly, the observed effects of the V581A/F
mutations changed with increasing chain length of the
fatty acid. Compared to C18-PUFAs, the V581F variant
showed only a<2-fold difference in activity towards C20-
22:3(w-3)-PUFAs eicosatrienoic acid and docosatrie-
noic acid (Fig. 4c, d). Furthermore, a~ 2.5-fold increased
activity against docosatrienoic acid was detected for the
V581A variant, representing 50% of the WT activity
towards the natural substrate linoleic acid. Tightening the
substrate tunnel receiving the carboxy-end of the PUFAs
with the I393F variant, a~ 3-fold decrease was observed
against C18-PUFAs while C20- and C22-PUFAs were less
affected by this mutation. CaeLox1 mutation W330L,
which leads to a widening of the substrate tunnel, resulted
in only ~15% of the activity towards linoleic acid in com-
parison to the wild type LOX CaeLox1. Surprisingly in
this mutant (W330L), the conversion of eicosatrienoic
acid was increased by ~20% compared to linoleic acid.
However, the W330L variant showed a~60% reduction
in the activity to docosatrienoic acid (Fig. 4c, d). Due to
the increased specific activity of the W330L and V581A
variants towards the C20-22:3(w-3)-PUFAs, the double
mutant W330L/V581A was created. This variant exhib-
ited similar or even lower specific activities towards
C18- as well as C20-22-PUFAs, compared to the single
mutations V581A and W330L (Fig. 4a—d).

Discussion

Both variants V581A and V581F showed similar activi-
ties to the fungal occurring PUFAs (linoleic acid and
linolenic acid) compared to the wild type LOX, which
suggests that neither increasing or decreasing space
at that position leads to significantly higher activities
but rather interfere with an efficient substrate bind-
ing of C18-PUFAs (Fig. 4a, b). The observed effects of
the V581 A/F mutations changed with increasing chain
length, suggesting that alteration of space inside the
tunnel seems to get relevant for longer chain PUFAs
(Fig. 4¢, d). Due to an additional C=C double bond in
long chain PUFAs like C20(w-3), which leads to less-
ened flexibility of the alkyl-chain, providing extra space
seems to be beneficial. On the other hand, linoleic acid
that harbors two C=C bonds resulting in increased
flexibility of the alkyl-chain, seems to require a tighter
substrate tunnel for an optimal substrate orientation.
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a WRYAKTCAQ-S RHE - - - -- VEEA-IVAAQR-LP-SHIVF-LLSPHW--TLSLNALAR-VLVP
PosLox WRYAKTCVLSS LHEMI NNTHILVEEAVIVAAQRKLSPSHIVFRLLEPHWVVTLSLNALARSVLIP 374
Psalox WRYAKTCVLSSOWRALHEMITHLNNTHILVEEAVIVAAQRKLSPSHIVFRLLEPHWVVTLSLNALARSVLIP 374
CaeLox! WRYAKMCAQASDWNRHEVGVIHLTLTHILVEEAIIVAAQRSLPOSHIVHTLLSPHWLRTLSLNSMARMILVP 439
CaeLox4 WRYAKMCAQVSDMW|TRHELAVHLVHTHIF VEEATIVAAQRSFPDOSHIVFALLSPHWITTLSLNALAREVLVP 387

BF--P-vcvcuuns IF---N-SY-NFDF---YVP-DLK-RGFDV-Q---P--KFHNYAYARD - -
PosLox OFSAP------- HIFQFIRESFTNFDWKSLYVPADLESRGFPVDOQLNSP - -KFHNYAYARDIN 435
PsaLox GFSAP------- HIFQFIRGSFTNFDWKSLYVPADLESRGFPIDQLNSP - -KFHNYAYARDIN 435
CaeLox1 PEKLT--c---- EIKALCNYTYHSFDFAGHYIPEDLKNRGFOVAHFONPFGQFHNYAYARDMA 502

Caelox4 YEKIR------- EIFAICNDAYHSFDFVGSYVPNDMKRRGFDVSQFDDPKGKFHNYAYGRDVA 4s0

LQQYY-TFVPNKPSALF-PLP-SL--LQ-YTE-DL--ALPL--K------ WLLMAQ-PYL

PosLox LQQYYQTFVPNKPSALFSPLPTSIAQLQKYTESDLMAALPLNAK- - - -RQWLLMA 57
Psalox LQQYYQTFVPNKPSALFSPLPKSIAQLQKYTESDLMAALPLNAK- - - -RQWLLMAQIPYL s71
CaeLox1 LQQYYLTYVPSRPSALFAPPPTSLRELTAYKEADVLKALPLQSR----NTHWLLMAQVPYL 636
Caelox4 LQQFYLSFVPNKPSALFAPLPQTLQELQGFKEQDILKALPLQSQ----VSWLMMAQMVPYL ses
LS--VE---NIVIYA-NAS----cvcmncunnannx P-IA-AG--L--DLK-L---F--ISAQ-DDQ-T-Y
PosLox LSMQVQEDENIVTIYAANASTODK -« -vcvvvenn- DPITASAGRQLAADLKKLAAVFLVNSAQLDDQNTPY 629
Psalox LSMQVQEDENIVTYAANASTOK- ««cvccuunnx DPITASAGRQLAADLKKLAAVFLANSSQLDDQNTPY 629
Caolox! LSAEVEPENNIVSYAKNASKSW------vcuun- NPAISQAAKVLQEDVKALEESFKATISAQMDDQGTKY 694
CaeLox4 LSAEVEPENNIITYAGEAANSR--------uo-- NPLIAQAGKVLQKDVATLGMTEKDISDQMDDQGTKY 642

“VL-PE-LA-AI

PosLox DVLAPEQLANATIVI| 643
Psalox DVLAPEQLANAIVI| 643
CaeLox1 AVLDPNVMATSI 708
Caelox4 KVLOPVDLASAIVI| 656
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Fig. 1 a Partial sequence alignment of various LOX. Cyclocybe aegerita CaelLox1 (MW013781), Cael ox4 (MK451 709), Pleurotus sapidus PsalOX
(CCV01580), Pleurotus ostreatus PosLOX (CLV01578). Alignment was carried out by using Clustal Omega with default parameters. | he highlighted
amino acid residues involved in iron binding are highlighted in blue. Amino acids considered to be involved in selectivity and activity by shaping
the substrate tunnel are highlighted in red. Amino acid residues considered to interact with the carboxylate end of the substrate via ionic
interactions are highlighted in yellow. b Substrate tunnel of the homology model of Caelox1. Iron (orange) binding amino acid residues are
highlighted as blue sticks (H338, H343, H523,N527, 1656) and the positively charged amino acid at the bottom of the substrate tunnel is highlighted
in yellow sticks. Amino acid residues involved in shaping the substrate tunnel are shown asred sticks (V581, 1393 and W330). Oxygen inside the
amino acid side chains are colored in red and nitrogen in blue
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Although the increased chain length in comparison  substrate tunnel of LOX-1 from soybeans and a LOX
to the eicosatrienoic acid leads to a higher flexibility, from pea seeds (Hughes et al. 2001; Ruddat et al. 2004).
the conformation of docosatrienoic acid in the sub-  Increasing space at position W500 of LOX-1 from soy-
strate tunnel without a tryptophan might be unsuitable  beans revealed a decrease of activity towards linoleic
(Fig. 4¢, d). Previous studies investigated the role of the  acid and arachidonic acid (Ruddat et al. 2004). Fur-
amino acid residues W500 and W523, located in the thermore, the W523A variant of a LOX from pea seeds
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showed no difference in activity towards linolenic acid
but a~ 6-fold decrease towards the longer arachidonic
acid (Hughes et al. 2001). This is partly in accordance
with our results, since we were able to show spacing at
this position (corresponds to W330 in CaeLox1) plays
a beneficial role for the C-20(w-3)-PUFA eicosatrienoic
acid. By combining the mutations V581 A and W330L
to the V581 A/W330L variant, the beneficial effects of

the single mutations for C-20-22(w-3)-PUFAs seem to
neutralize each other (Fig. 4c, d). This demonstrates the
challenges in efficient protein engineering of lipoxy-
genases. Due to the long carbon chain of fatty acids, a
large number of substrate conformations, their interac-
tions with the residues of the tunnel as well as physico-
chemical effects have to be taken into account which
makes a general prediction of important amino acid
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residues in the substrate tunnel difficult. Besides the
mentioned studies, no other mutagenesis studies with
long chain PUFAs are existent.
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Abstract

Although the typical aroma contributing compounds in fungi of the phylum Basidiomycota are known for decades, their
biosynthetic pathways are still unclear. Amongst these volatiles, C8-compounds are probably the most important ones as
they function, in addition to their specific perception of fungal odour, as oxylipins. Previous studies focused on C8-oxylipin
production either in fruiting bodies or mycelia. However, comparisons of the C8-oxylipin biosynthesis at different develop-
mental stages are scarce, and the biosynthesis in basidiospores was completely neglected. In this study, we addressed this
gap and were able to show that the biosynthesis of C8-oxylipins differs strongly between different developmental stages.
The comparison of mycelium, primordia, young fruiting bodies, mature fruiting bodies, post sporulation fruiting bodies
and basidiospores revealed that the occurance of the two main C8-oxylipins octan-3-one and oct-1-en-3-ol distinguished in
different stages. Whereas oct-1-en-3-ol levels peaked in the mycelium and decreased with ongoing maturation, octan-3-one
levels increased during maturation. Furthermore, oct-2-en-1-ol, octan-1-ol, oct-2-enal, octan-3-ol, oct-1-en-3-one and octanal
contributed to the C8-oxylipins but with drastically lower levels. Biotransformations with [U-!>C]linoleic acid revealed that
early developmental stages produced various [U-'*CJoxylipins, whereas maturated developmental stages like post sporula-
tion fruiting bodies and basidiospores produced predominantly [U-'*CJoctan-3-one. Based on the distribution of certain
C8-oxylipins and biotransformations with putative precursors at different developmental stages, two distinct biosynthetic
cycles were deduced with oct-2-enal (aldehydic-cycle) and oct-1-en-3-one (ketonic-cycle) as precursors.

Keywords Lipoxygenase - 1-octen-3-ol - 3-octanone - Mushroom aroma - Linoleic acid

Introduction

Volatile compounds like oct-2-en-1-0l (1), octan-1-ol (2),
oct-2-enal (3), octanal (4), octan-3-ol (5), oct-1-en-3-ol
(6), oct-1-en-3-one (7) and octan-3-one (8) are known as
the main C8-oxylipins from which octan-3-ol (5), oct-1-
en-3-ol (6), oct-1-en-3-one (7) and octan-3-one (8) are the
predominant C8-oxylipins contributing to the characteristic
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Germany

mushroom aroma (Kleofas et al., 2014; Malheiro et al.,
2013; Matsui et al., 2003; Tressl et al., 1982). Although
these oxylipins are known for several decades, their bio-
synthesis is scarcely understood. It is widely accepted that
these oxylipins are lipoxygenase-derived metabolites, which
play an important role, e.g. in sporulation, sexual and asex-
ual life cycle or act as infochemicals (Brodhun & Feussner
2011; Holighaus et al., 2014). The proposed steps of the
C8-oxylipin pathway in mushrooms are the oxygenation of
polyunsaturated fatty acids (PUFA) by lipoxygenases (LOX)
with a subsequent cleavage by hydroperoxide lyases (HPL)
(Combet et al., 2006). In higher fungi of the phyla Basidi-
omycota and Ascomycota, the C18-PUFA (9Z,122)-Octa-
deca-9,12-dienoic acid (subsequently stated with the trivial
name linoleic acid) is the predominant fatty acid (Brodhun
and Feussner, 2011). This indicates that the oxygenation of
linoleic acid by LOX is the initial step in oxylipin biosynthe-
sis. LOX targets a (1Z,4Z)-pentadiene motif in linoleic acid
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and produces either 13-hydroperoxy-9,11-octadecadienoic
acid (13-HPOD) or 9-hydroperoxy-10,12-octadecadienoic
acid (9-HPOD), via radical rearrangements and the inser-
tion of molecular oxygen. Until now, only three LOX-type
enzymes from Basidiomycota have been characterised that
mainly produce 13-HPOD (Karrer & Riihl 2019; Kurib-
ayashi et al., 2002; Plagemann et al., 2013). Although
homogenates of Aspergillus species converted linoleic acid
into 8-hydroperoxy-9,12-octadecadienoic acid (8-HPOD)
and 55,8R-dihydroxy octadecadienoic acid (5,8-diHODE)
as major products, 10R-hydroperoxy-8,12-octadecadienoic
acid (10R-HPOD) and 10R-hydroxy-8,12-octadecadienoic
acid (10R-HODE) have been detected as minor products.
The characterisation of the precocious sexual inducer (psi)
factor producing genes (ppoA, ppoB and ppoC) revealed that
ppoC from A. nidulans encodes for a 10R-dioxygenase (10-
DOX), which mainly produces 10-HPOD (Brodhun et al.,
2010). Nonetheless, LOX/DOX that oxygenate linoleic
acid to 10-HPOD in Basidiomycota yet have to be found.
Several studies showed that homogenates of fruiting bodies
from Basidiomycota produce a variety of C8-oxylipins and
are able to convert linoleic acid (Assaf et al., 1995; Husson
et al., 2001; Wurzenberger & Grosch 1982). Remarkably,
the most detected oxylipins in fruiting bodies include high
amounts of compounds 5-8 (Cruz et al., 1997; Li et al.,
2016; Mau et al., 1997). The C8-oxylipins 1-4 are repre-
sented more unregularly with notably lower amounts in fruit-
ing bodies from which either oct-2-en-1-ol (1) and octan-
1-ol (2) or oct-2-enal (3) and octanal (4) are predominant
(Cho et al. 2006, Li et al., 2016; Matsui et al., 2003; Mau
et al., 1997).

Furthermore, the comparison of the volatile composition
at different developmental stages or parts focused mainly
on oct-1-en-3-ol (6) or, in case several C8-oxylipins have
been analysed, was limited to fruiting bodies. However,
when different developmental stages of fruiting bodies
from fungi of the phylum Basidiomycota were observed,
maturation was accompanied with vigorous variations in
the occurence of mainly compounds 5-8 while compounds
1-4 seem to undergo minor variations (Cho et al. 2006, Li
et al., 2016; Matsui et al., 2003; Mau et al., 1997). Unfor-
tunately, all studies lack a comparison of the C8-oxylipin
composition at different stages of the fungal life cycle. So
far, differences in the occurrence of C8-oxylipins were
only shown for fruiting bodies, where different maturity
stages of the basidiocarp were investigated. An exception
is the recently published work on the volatilome of Cycl-
ocybe aegerita (V. Brig.) Vizzini, where different stages
during fructification have been analysed. Nevertheless,
C8-oxylipin biosynthesis in basidiospores was completely
neglected, and only oct-1-en-3-ol (6) and octan-3-one (8)
have been detected (Orban et al., 2020). In this study, this
gap is addressed, and the C8-oxylipin composition as well
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as the C8-oxylipin-biosynthesis via biotransformations with
[U-'3C]labeled linoleic acid to C8-oxylipins in mycelium,
primordia, immature fruiting bodies, mature fruiting bodies,
basidiospores and fully mature fruiting bodies after sporu-
lation within the mushroom C. aegerita, used as a model
fungus (Frings et al., 2020), is investigated. Additionally,
the fatty acid composition between different morphological
stages is compared.

Materials and methods
Chemicals

All chemicals were commercially obtained and used without
further treatment. [U-'3C] linoleic acid (99% '*C, 97% pure)
was purchased from Sigma-Aldrich (St. Louis, USA).

Fungal cultivation and harvesting

For mycelium propagation, 1.5% malt-extract-agar was used.
High petri-dishes with 1.5% malt-extract were inoculated
with an C. aegerita AAE-3 (Herzog et al., 2016) mycelium-
overgrown circular agar slice (diameter 0.5 cm) and incu-
bated at 24 °C in darkness until it reached the edge of the
petri-dishes. The obtained mycelium was gently removed
from the agar-plate and used subsequently for volatile meas-
urements and biotransformations without storage or any
other treatment. For fruiting, the overgrown petri-dishes
were further cultivated at 24 °C with a 12 h dark/night shift
at 95% relative air humidity (Rumed-Rubarth Apparate
GmbH, Laatzen, Germany) until the desired developmen-
tal stage was obtained. Primordia, immature fruiting bod-
ies with closed caps and post sporulation fruiting bodies
were harvested with a scalpel, sliced and immediately used
for further experiments. Basidiospores of C. aegerita were
harvested by cultivation of substrate blocks with immature
fruiting bodies (provided by druid-Austernpilze, Ottrau,
Germany) at 24 °C in a 12 h dark/night shift at 85% relative
air humidity in a climate chamber until sporulation. Dropped
basidiospores were gently isolated from the fruiting bod-
ies without damaging them and used for further measure-
ments. Images of the different developmental stages were
taken with a Samsung 32 MP camera. Microscopic images
were taken using an Olympus microscope BX43 (Olympus
Europa SE & CO. KG, Hamburg, Germany) with 20 X and
100 X magnification equipped with a SC50 (5.0 MP) camera.

Biotransformations and gas chromatography
For biotransformation, one of the following substrates

[U-13Cllinoleic acid, (E)-oct-2-en-1-ol (1), octan-1-ol (2),
(E)-oct-2-enal (3), octanal (4), octan-3-ol (5), oct-1-en-3-ol
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(6), oct-1-en-3-one (7) or octan-3-one (8) with a final con-
centration of 50 pM were incubated with either mycelium,
primordia, immature fruiting bodies, mature fruiting bodies,
post sporulation fruiting bodies or basidiospores in 50 mM
phosphate buffer (pH 7.5) in a headspace-vial at room tem-
perature. All experiments have been conducted in triplicates.
For volatile composition measurements, the fungal parts
were soaked in 50 mM phosphate buffer and immediately
used for GC-analysis. The resulting products were extracted
for 30 min at 30 °C by a solid phase microextraction (SPME)
fibre (polydimethylsiloxane/divinylbenzene). After extrac-
tion, the volatiles were desorbed in the GC inlet at 250 °C.
Analysis was carried out on a Agilent Technologies 7890A
GC-system (Santa Clara, USA), equipped with a VFWax
column (30 m X 0.25 mm X 0.25 pm film thickness, Santa
Clara, USA) operated in splitless or 1/50 split mode under
the following parameters: carrier gas, He with a constant
flow of 1.2 mL - min~'. Oven temperature was at 40 °C
(3 min), 5 °C - min™" to 240 °C and hold for 7 min. The mass
spectrometer operated in electron impact mode with an elec-
tron energy of 70 eV and scanned in a range of m/z 33-300.

C8-oxylipin identification and quantification

C8-oxylipins were identified by using authentic standards.
Furthermore, the identities were confirmed by their char-
acteristic fragmentation pattern based on standards and
the National Institute of Standards and Technology (NIST)
Chemistry WebBook. All oxylipins were measured in the
headspace of commercial vials. To avoid contaminations and
minimise known discriminations of headspace compositions
by internal standards or other supplemented compounds, no
internal standard was added.

Fatty acid analysis

Fatty acid extraction was carried out via homogenation of
the samples with Ny, followed by the addition of 3 mL
n-hexane. The mixture was incubated for 20 min at room
temperature. Cell debris were removed by centrifugation
for 10 min at 4,063 g. Fatty acid containing organic phase
was removed from the aqueous phase and concentrated
to~1 mL via a rotary evaporator. Next, 4 mL 0.5 M metha-
nolic NaOH-solution was added to the concentrated extract,
followed by incubation for 10 min at 80 °C. For methylation,
3.5 mL 20% methanolic boron trifluoride was added to the
extract and incubated for another 5 min at 80 °C. After the
mixture was cooled down, 5 mL saturated NaCl-solution was
added. The organic phase was separated, dried over anhy-
drous Na,SO, and analysed via GC-MS using a VFWax
column (30 m x0.25 mm X 0.25 pm film thickness, Santa
Clara, USA) operating in splitless mode under the following
parameters: carrier gas, He with a constant flow of 1.2 mL -

min~!. Oven temperature was at 40 °C (3 min), 3 °C - min~!

to 240 °C and hold for 12 min. The mass spectrometer oper-
ated in electron impact mode with an electron energy of
70 eV and scanned in a range of m/z 33-300. Fatty acids
were identified by their characteristic fragmentation pattern
based on authentic standards and the National Institute of
Standards and Technology (NIST) Chemistry WebBook.

Data processing

The peak areas of the identified C8-oxylipins were used to
determine the relative amount of the respective substance.
Each relative peak area of a detected C8-oxylipin at a certain
developmental stage was added up and considered 100%,
meaning that the peak area of a certain C8-oxylipin cor-
relates to the added up peak areas. This approach enables
an appropriate overview of the C8-oxylipin composition.
Additionally, means of the peak area of a certain C8-oxylipin
were expressed as AU/g of fresh weight tissue to display the
occurence of each C8-oxylipin at different developmental
stages to distinguish between the relative composition of
C8-oxylipins and the actual levels. The processed data were
used to generate the heatmaps using OriginPro (OriginLab
Corporation, Northampton, MA, USA).

Results

Endogenous C8-oxylipin composition
and biotransformation of [U-">C]linoleic acid

The composition of endogenous C8-oxylipins at different
developmental stages were analysed by means of SPME-
GC/MS peak areas. To verify which developmental stage
produced the highest amount of a certain C8-oxylipin, the
obtained peak areas were expressed as arbitrary units per
gram of fresh weight tissue (AU/g ft) (Fig. 1). Measuring
the volatilome at different developmental stages only allows
detection of accumulated C8-oxylipins prior to harvesting.
Since we were also interested in the overall enzymatic activ-
ity towards linoleic acid conversion at a certain develop-
mental stage, additional biotransformation experiments with
[U-13C]linoleic acid were carried out to provide informa-
tions on enzymatically produced [U-'3C]C8-oxylipins and
conceivable induction of the endogenous biosynthesis. In
total, eight C8-oxylipins were identified, which eluted as
a mixture of endogenous and [U-'3C]-labeled compounds
(Fig. 2).

The highest AU/g ft of oct-2-en-1-ol (1), octan-1-ol (2),
oct-1-en-3-ol (6), oct-1-en-3-one (7) and octan-3-one (8) was
detected in mycelial samples followed by a striking decrease
at the primordial stage. With ongoing maturation, the levels
of most C8-oxylipins recovered in immature fruiting bodies
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Fig. 1 Various developmental stages of C. aegerita that were used for
SPME-GC/MS measurements and biotransformations with [U'*C]lin-
oleic acid. Endogenous C8-oxylipin occurence is shown as arbitrary
units per gram of fresh weight (AU/g ft) (A). C8-oxylipin occurence
after biotransformation of [U-'3C]linoleic acid is shown as as arbi-

and decreased afterwards. An exception was octan-3-one
(8), which steadily increased or remained at high levels
after the primordial stage (Fig. 1A). C8-aldehydes were
only detected at two stages being most present in imma-
ture fruiting bodies (Fig. 1A). Octan-3-ol (§) was detected
throughout all developmental stages, starting with low levels
in the mycelium and primordia, followed by an increased
extent in immature and mature fruiting, and decreased there-
after. Addition of [U-'3C]linoleic acid resulted in a pattern
comparable to non-treated fungal tissue for oct-2-en-1-ol
(1), oct-1-en-3-0l (6), oct-1-en-3-one (7) and octan-3-one
(8) (Fig. 1B). Interestingly, primordia were able to produce
low levels of compounds 1-4 and oct-1-en-3-one (7) from
[U-!3C]linoleic acid, although no endogenous production
was detected (Fig. 1A). Surprisingly, mature and post sporu-
lation fruiting bodies produced slightly more octan-1-ol (2)
than mycelium after incubation, which is opposing to the
naturally occuring levels (Fig. 1A, B). Somewhat compa-
rable results were obtained for octanal (4) and octan-3-ol
(8) production of non-treated and incubated fungal tissue.
Although highest endogenous octanal levels were detected in
immature fruiting bodies, after incubation with [U-3C]lin-
oleic acid mycelium produced higher levels of octanal than
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trary units per gram of fresh weight (AU/g ft) (B). Myc =mycelium,
Prim=Primordia, I-FB=immature fruiting bodies, M-FB =mature
fruiting bodies, PS-FB =post sporulation fruiting bodies, Bsp =basid-
iospores (Fig. 1). Dashed boxes =not detected/low peak area

immature fruiting bodies (Fig. 1A, B). Levels of octan-3-ol
(5) increased with ongoing maturity when [U-'*C]linoleic
acid was added to the fungal tissue. This is also opposing
the endogenic occuring levels (Fig. 1A, B).

Effects of putative precursors on oxylipin
composition

Based on an emerged pattern of mutual occuring
C8-oxylipins, especially between primordia and immature
fruiting bodies, the hypothesis that certain C8-oxylipins
derive from putative short chain precursors, oct-2-enal (3)
or oct-1-en-3-one (7), has been evaluated via additional bio-
transformation experiments (Fig. 3).

Primordia showed a completely different C8-oxylipin pat-
tern when oct-2-enal (3) or oct-1-en-3-one (7) was added.

Fig.2 Mass spectra of the co-eluted endogenous and [U-'3C]-labeled ™
C8-oxylipins. Characteristic fragmentations pattern of A oct-2-en-
1-ol (1), [U-13CJ-oct-2-en-1-0l (1a). B octan-1-ol (2), [U-13C]-octan-
1-ol (2a). C oct-2-enal (3), [U-"*C]-oct-2-enal (3a). D octanal (4),
[U-"*CJ-octanal (4a). E octan-3-ol (5), [U-"*CJ-octan-3-ol (5a). F
oct-1-en-3-ol (6), [U-'*CJ-oct-1-en-3-0l (6a). G oct-1-en-3-one (7),
[U-13C]-octl-en-3-one (7a). H octan-3-one (8), [U-'*CJ-octan-3-one
(8a)
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Fig.3 Influence of different C8-oxylipins on their composition at
different developmental stages. Means of SPME-GC/MS peak areas
were expressed as arbitrary units per gram of fresh weight tissue

Addition of oct-1-en-3-one (7) led to strikingly increased lev-
els of octan-3-ol (5), oct-1-en-3-o0l (6) and octan-3-one (8),
while addition of oct-2-enal (3) led to a drastic increase of
oct-2-en-1-ol (1), octan-1-ol (2) and octanal (4), compared to
the endogenously produced C8-oxylipin composition (Fig. 1,
Fig. 3A). A similar pattern was observed in immature fruiting
bodies with a strong increase of octan-3-ol (5), oct-1-en-3-o0l
(6) and octan-3-one (8) when oct-1-en-3-one (7) was added.
However, an increase of oct-2-en-1-o0l (1) and octan-1-ol (2)
with oct-2-enal (3) as a substrate was detected (Fig. 3B). Due
to the small number of endogenously produced C8-oxylipins,
basidiospores showed the lowest endogenous background.
Therefore, they were used for a more detailed investigation of
the C8-oxylipin pathway using various substrates for additional
biotransformation experiments. In basidiospores, a complete
conversion of oct-1-en-3-one (7) to octan-3-one (8), oct-1-en-
3-0l (6) and octan-3-ol (5) was observed (Fig. 3C), whereas
oct-1-en-3-o0l (6) was converted to octan-3-ol (5) and octan-
3-one (8) but in drastically lower levels. A weak reduction
of octan-3-one (8) resulted in a slight increase of octan-3-ol
(5), while the reversed oxidation of octan-3-ol (5) to octan-3-
one (8) was also detected (Fig. 3C). Just like oct-1-en-3-one
(7), oct-2-enal (3) was completely transformed resulting in
high octan-1-ol (2) and oct-2-en-1-0l (1) levels. Furthermore,
basidiospores reduced octanal (4) to octan-1-ol (2) and the
addition of oct-2-en-1-o0l (1) led to increased octan-1-ol (2)
levels, whereas octan-1-ol (2) was not converted (Fig. 3C).

Free fatty acid composition at different
developmental stages

Due to the fact that fatty acids are the precurors of

C8-oxylipins, the free fatty acid composition between myce-
lium, immature fruiting bodies, mature fruiting bodies and
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basidiospores was investigated. The analysed fatty acids were
grouped into saturated fatty acids (SFA), monounsaturated
fatty acids (MUFA) and polyunsaturated fatty acids (PUFA)
of which palmitic acid (hexadecanoic acid, 16:0) was the
most prominent SFA and linoleic acid ((9Z,12Z)-Octadeca-
9,12-dienoic acid, 18:2 (9Z, 12Z)) the most prominent PUFA.
Regarding MUFA, oleic acid ((9Z)-Octadeca-9-enoic acid,
18:1 (92)) and cis-vaccenic acid ((112)-Octadec-11-enoic
acid, 18:1 (11Z2)) were similarly distinctive (Table 1).

In the mycelium and fruiting body samples, the fatty
acid composition was alike (Table 1). However, the ratio of
SFA and MUFA increased by ~ 15% with ongoing matura-
tion. Simultaneously, the linoleic acid ratio decreased with

Table 1 Fatty acid composition in % at various developmental stages.
SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA
polyunsaturated fatty acids. Myc mycelium, /-FB immature fruiting
bodies, M-FB mature fruiting bodies, Bsp basidiospores

Fatty acid Myc / % I-FB/ % M-FB/% Bsp/%
14:0 0.4+0.0 02+0.0 0.1£0.0 0.6+£0.0
15:0 0.3+0.1 1.2+0.1 2.8+0.1 0.4+0.0
16:0 19.0+0.7 20.0+03 234+02 348+1.0
17:0 - 0.2+0.1 0.2+0.0 -

18:0 1.1+£0.1 24402 09+0.1 25+0.1
SFA* 21% 24% 27% 38%

16:1 (112) - 0.3+0.1 0.4+0.0 -

18:1 (92) 1.4+0.0 34+03 3.5+0.1 18.7+0.6
18:1 (112) 1.3+0.0 42+03 72402 1.6+0.0
MUFA* 3% 8% 11% 20%

18:2 (97, 122) 76.5+0.6 682+0.6 61.6+0.2 41.4+04
20:2(11Z,142) - 0.1+0.1 -

PUFA* 77% 68% 62% 41%

* = summated and rounded values of the corresponding fatty acids.
Significance can be calculated from the data above
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maturation. In basidiospores, the fatty acid composition was
drastically different compared to the other analysed compart-
ments. SFA, especially palmitic acid rose to~35% while lin-
oleic acid accounted for only ~41%. Furthermore, oleic acid
soared to~ 19% in basidiospores (Table 1).

Discussion
C8-oxylipin composition

Unlike prior studies in which oct-1-en-3-ol (6) was the
predominant volatile in basidiomycetous mycelium or
fruiting body homogenates (Akakabe et al., 2005, Cho
et al. 2006, Cruz et al., 1997, Li et al., 2016, Matsui et al.,
2003, Tressl et al., 1982), the most abundant C8-oxylipins
in C. aegerita throughout all developmental stages was
octan-3-one (8). This discrepancy is mainly caused due to
the used extraction and homogenation method, which is
often overlooked. This becomes clear in studies of Com-
bet et al., (2009) and Rapior et al., (1998), who compared
either homogenised, sliced and whole samples of fruiting
bodies of A. bisporus or different extraction methods of
fruiting bodies of C. aegerita, respectively. Disruption of
fungal tissue could lead to the release of membrane bound
fatty acids, interfering with endogenous formation and,
thus, complicate the understanding of C8-oxylipin bio-
synthesis. Moreover, cellular compartments could also be
harmed and, thus, might trigger the formation and release
of C8-oxylipins (Combet et al., 2009). While homogenised
samples and liquid extraction led to higher production
of oct-1-en-3-ol (6), headspace measurements of whole
or sliced samples showed higher octan-3-one (8) levels
(Combet et al., 2009). Previous studies focused on dis-
ruption and liquid extraction methods and consequently
found oct-1-en-3-0l (6) as the main C8-oxylipin in dif-
ferent fungal species. Nonetheless, the variety of differ-
ent C8-oxylipins (up to eight) detected in these studies is
widely in accordance with our findings (Akakabe et al.,
2005, Cho et al. 2006, Cruz et al., 1997, Li et al., 2016,
Matsui et al., 2003, Tressl et al., 1982).

Although octan-3-one is the predominant oxylipin in
this study and not oct-1-en-3-ol (6), both were detected
throughout all developmental stages emphasising their
biological importance. Electroantennographic experi-
ments showed that the fungivorous beetle Bolitopha-
gus reticulatus is able to differentiate between the most
common C8-oxylipins to assess host quality (Holighaus
et al., 2014). Here, oct-1-en-3-ol (6) acts as repellent and
octan-3-one (8) as attractant. Contradictory, the three
wood-living generalist beetles Malthodes fuscus, Anaspis
marginicollis, Anaspis rufilabris and the moth Epinotia
tedella were attracted to oct-1-en-3-ol (6), whereas the

generalist predator on fungus-insects Lordithon lunulatus
distinguished between oct-1-en-3-0l (6) and octan-3-one
(8) and was attracted by a mixture of both C8-oxylipins
(Faldt et al. 1998). Besides interspecies communication,
C8-oxylipins might also operate as intra-species signals
as shown in Penicillium paneum where oct-1-en-3-ol (6)
functions as a self-inhibitor signal in spore germination
(Schulz-Bohm et al., 2017). These studies reveal that
C8-oxylipins have different functions and, consecuently,
their occurence depends on the developmental stage of
the fungus. To investigate the enzymatic potential of each
developmental stage towards the production of different
C8-oxylipins, [U-'3C]linoleic acid has been added to dif-
ferent fungal tissues. The resulting [U-'*C]C8-oxylipins
co-eluted with the endogenous C8-oxylipins and, there-
fore, the detected mass spectra were a mixture of non-
labeled a-cleavage fragmentations, McLafferty ions and
their corresponding fragmentations with a '>C-mass shift
(Fig. 2A-H).

Influence of linoleic acid on C8-oxylipin composition

In general, major differences in the production of [U-C]
C8-oxylipins were detected that indicates varying enzymatic
activities at certain developmental stages (Fig. 1B). Espe-
cially the developmental process of fruiting bodies shows
drastic morphology dependent C8-oxylipin production
(Fig. 1). This is highlighted by the cluster-like occurance of
certain C8-oxylipins, noticeable particularly for compounds
5-8 in late developmental stages (Fig. 1B) and compounds
1-4 in early developmental stages (Fig. 1B). Since post
sporulation fruiting bodies and basidiospores showed low
oct-1-en-3-one (7) but increasing octan-3-one (8) produc-
tion, accompanied with fairly consistent levels of octan-3-ol
(5) and oct-1-en-3-0l (6), we propose the existance of a bio-
catalytic cycle with oct-1-en-3-one (7) as precursor defined
as ketonic-cycle (oct-1-en-3-one-cycle) (Fig. 1, Fig. 4). In
contrast, compounds 1-4 were predominantly detected in
early developmental stages with decreasing contribution in
more mature developmental stages. Therefore, we propose
a second biocatalytic cycle with oct-2-enal (3) as precursor
that is defined as aldehydic-cycle (oct-2-enal-cycle) (Fig. 1,
Fig. 4).

In primordia, only three C8-oxylipins (octan-3-ol (5),
oct-1-en-3-o0l (6) and octan-3-one (8)) occured endoge-
nously, although primordia were able to produce all eight
C8-oxylipins when [U-'2C]linoleic acid was added (Fig. 1A,
B). Interestingly, with the addition of [U-"3C]linoleic acid
to primordia, all C8-oxylipins were detected as non-labeled
and [U—13C]compounds that indicates the induction of
endogenous C8-oxylipin biosynthesis. In contrast, all eight
C8-oxylipins emerged endogenously in immature fruit-
ing bodies. Therefore, an upregulation of aldehydic- and
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Fig.4 Hypothetical C8-oxylipin pathway in Basidiomycota. The oxy-
genation of linoleic acid by lipoxygenases/dioxygenases (LOX, DOX)
is considered as the initial step. Subsequentally, the hydroperoxy-fatty
acids (HPOD) are cleaved by putative hydroperoxide lyases (HPL)
through an unknown mechanism which could lead to two distinct

ketonic-cycle related genes in the transition from primordia
to immature fruiting bodies seems conceivable. By compar-
ing the AU/g ft of each C8-oxylipin in these two develop-
mental stages, it is clearly noticeable that immature fruiting
bodies produced more C8-oxylipins of both cycles compared
to primordia, which is consistent with a conceivable upregu-
lation of the aldehydic- and ketonic-cycle between these two
stages (Fig. 3A, B). Furthermore with ongoing maturity, a
downregulation of the aldehydic and an upregulation of the
ketonic-cycle seems reasonable (Fig. 1). This is elucidated
by the comparison of the C8-oxylipin composition and
biosynthesis in immature fruiting bodies, mature fruiting
bodies, post sporulation fruiting bodies and basidiospores,
where the total number of different C8-oxylipins declined
from eight in immature fruiting bodies, to five in mature
and post sporulation fruiting bodies, and three in basidi-
ospores (Fig. 1). The vanishing C8-oxylipins with matura-
tion are all related to the aldehydic-cycle, while the ketonic-
cycle related C8-oxylipins remain in high amounts. This
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biocatalytic cycles with oct-1-en-3-one (7) and oct-2-enal (3) as pre-
cursors. Further modifications via ene-reductases (ER), double bond
reductases (DBR), aldo—keto reductases (AR) and alcohol dehydroge-
nases (ADH) could lead to the variety of known C8-oxylipins

strengthens the hypothesis of two distinct biosynthetic path-
ways. Similar observations were made by Li et al., (2016),
who showed that egg-shaped, bell-shaped and mature fruit-
ing bodies of Tricholoma matsutake produced predomi-
nantly octan-3-one (8) and oct-1-en-3-ol (6). With ongoing
maturation of 7. matsutake increasing levels of octan-3-one
and decreasing oct-1-en-3-ol (6) levels have been detected.
On the other hand, octan-1-ol (2), octanal (4) and oct-2-
en-1-ol (1) were either not detected or in low levels that
decreased with ongoing maturity. This is in accordance with
our hypothesis that a ketonic cycle (e.g. octan-3-one (8))
is getting more prominent during maturation, whereas the
aldehydic-cycle (e.g. octan-1-ol (2)) is decreasing concur-
rently. Furthermore in 7. matsutake, oct-2-enal was present
in higher proportions in immature fruiting stages (egg- and
bell-shaped fruiting bodies) followed by a strong decrease
with maturation, which underlines the downregulation
of the aldehydic-cycle in mature developed stages and is
fairly in accordance with our hypothesis. Mau et al., (1997)
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compared the octan-3-ol (5), oct-1-en-3-ol (6), octan-1-ol
(2) and oct-2-en-1-ol (1) levels in liquid extracts from aging
fruiting bodies of V. volvacea. Amounts of ketonic-cycle
related C8-oxylipins, particularly oct-1-en-3-ol (6) increased
with maturity. This indicates a higher activity of the ketonic-
cycle in more developed fruiting bodies. In contrast, aldehy-
dic-cycle related C8-oxylipins were detected overall in lower
amounts, which did not undergo any significant change in
their composition. Moreover, Cho et al. (2006) analysed dif-
ferent maturity grades of fruiting bodies from 7. matsutake
that showed an increase in the overall level of ketonic- and
aldehydic-cycle related C8-oxylipins. Yet, higher relative
peak areas of the ketonic-cycle related C8-oxylipins were
identified in all developmental stages conceivably induced
by a higher biocatalytic activity of the ketonic-cycle. Nev-
ertheless, it has to be mentioned that liquid extracts from T.
matsutake and not the headspace was analysed. Studies by
Kleofas et al., (2015) and Tressl et al., (1982) demonstrated
that liquid extracts of fruiting bodies of Calocybe gambosa
and Agaricus campestris contained strikingly more ketonic-
cycle related C8-oxylipins compared to the aldehydic-cycle,
which supports our hypothesis of an increased respectively
high activity of the ketonic-cycle in mature developmental
stages.

It is noteworthy that the total amount and number of
C8-oxylipins decline with maturation (Fig. 1). Although
fatty acids are involved in many biological functions, the dif-
ferences in the fatty acid composition, especially the steady
decline of linoleic acid contribution at more mature devel-
opmental stages and the decrease of C8-oxylipins is notice-
able (Table 1). Furthermore, we were able to demonstrate
that the fatty acid composition of basidiospores consists of
significantly higher ratios of SFA and MUFA, which could
be explained by their differing role in morphological and
physiological stages (Table 1).

Biotransformations of precursors from the ketonic-
and aldehydic-cycle

As already mentioned, an upregulation of the aldehydic- and
ketonic-cycle in the transition from primordia to immature
fruiting bodies is hypothesised. Therefore, these two devel-
opmental stages were chosen for biotransformation experi-
ments with the precursors oct-1-en-3-one (7) and oct-2-enal
(3). As presumed, a specific and strong cluster-like increase
of C8-oxylipins from the ketonic-cycle was detected in
immature fruiting bodies when oct-1-en-3-one (7) was used
as a substrate. Additionaly, oct-1-en-3-one (7) also seemed
to induce endogenous C8-oxylipin production explained by
the slight increase of octan-1-ol (2), oct-2-en-1-ol (1) and
oct-2-enal (3) (Fig. 3B). An opposing effect was observed
when oct-2-enal (3) was added to immature fruiting bodies.
The drastic cluster-like increase of aldehydic-cycle related

C8-oxylipins was accompanied with a minimal increase of
octan-3-ol (5) and octan-3-one (8), while oct-1-en-3-ol (6)
and oct-1-en-3-one (7) decreased (Fig. 3B). A comparable
impact was observed for primordia. Addition of oct-1-en-
3-one (7) led to a strong increase of ketonic-cycle related
C8-oxylipins and a slight increase of aldehydic-cycle related
C8-oxylipins 1-3 (Fig. 3A). In contrast, adding oct-2-enal
to primordia, aldehydic-cycle related C8-oxylipins raised
vigorously with a distinct reduction of ketonic-cycle related
C8-oxylipins (Fig. 3A). Based on these observations, oct-
1-en-3-one (7) and its derived compounds could have an
inducing effect on the ketonic- and aldehydic-cycle. An
opposing inhibitory effect on the ketonic-cycle seems to be
caused by oct-2-enal-derived compounds.

Biotransformations in Basidiospores

As related to primordia and immature fruiting bodies, addi-
tion of oct-1-en-3-one (7) to basidiospores led to a strong
increase of the ketonic-cycle related oxylipins octan-3-one
(8), oct-1-en-3-0l (6) and octan-3-ol (5). Furthermore, addi-
tion oct-1-en-3-ol (6) to basidiospores resulted in a slight
increase of octan-3-one (8) and octan-3-ol (5) suggesting
an oxidation of the alcohol with a following reduction of
the double-bond leading to octan-3-one (8). The oxidation
of octan-3-ol (5) was also observed when added to basidi-
ospores, indicating an alcohol dehydrogenase (ADH) equi-
librium system between octan-3-ol (5), oct-1-en-3-ol (6)
and the corresponding ketones. A comparable equilibrium
system was not observed for the aldehydic-cycle in basidi-
ospores. Adding oct-2-en-1-ol (1) or octan-1-ol (2) to basidi-
ospores did not lead to an oxidation to the aldehydes octanal
(4) or oct-2-enal (3). However, oct-2-enal (3) and octanal
(4) were completely or strongly reduced to oct-2-en-1-o0l (1)
and/or octan-1-ol (2) (Fig. 3C). The addition of oct-2-enal
(3) and octan-1-ol (2), likewise in primordia and immature
fruiting bodies (Fig. 3A, B), seems to inhibit the ketonic-
cycle, which is reflected by the decrease of oct-1-en-3-ol (6)
and octan-3-ol (5) levels (Fig. 3C).

Independent ketonic- and aldehydic cycle

The aldehydic- and ketonic-cycle seems to consist mainly
of ene-reductases (ER), keto-/aldehyde-reductases (KR,
AR) and alcohol dehydrogenases (ADH), which all play an
important role after the oxidation of linoleic acid and the
subsequent, putative cleavage of 13-, 10-, 9-HPOD to short-
ened C8-oxylipins (Fig. 4). A recently published study by
Orban et al., (2021) investigating the transcriptome of dif-
ferent fruiting stages in C. aegerita supports our hypothesis
of distinct pathways within the C8-oxylipin biosynthesis.
By combining transcriptome and volatilome data, different
sets of putative LOX, DOX, ER and ADH genes potentially
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involved in oct-1-en-3-o0l (6) and octan-3-one (8) biosyn-
thesis could be identified. Darriet et al., (2002) were able to
show the reduction of oct-1-en-3-one (7) and oct-1,5-dien-
3-one in S. cerevisiae cells. Chen and Wu (1983) pointed out
a reduction of oct-1-en-3-one (7) to oct-1-en-3-ol (6) and
octan-3-one (8) in A. bisporus. Furthermore, Wanner and
Tressl (1998) were able to identify two enone-reductases
from S. cerevisiae with a reduction activity towards oct-1-
en-3-one (7). The hypothesis of ERs reducing C8-oxylipin
related alkenals and alkenones are reinforced by our recently
characterised ene-reductase CaeEnR1 from C. aegerita. On
the one hand, we were able to show that oct-1-en-3-one (7)
and oct-2-enal (3) were reduced to octan-3-one and octanal.
On the other hand, a reduction of oct-1-en-3-ol (6) or oct-
2-en-1-ol (1) was not observed, suggesting a different set
of enzymes involved in the transformation of C8-oxylipin
related alcohols (Fig. 4) (Karrer et al., 2021a, b). Never-
theless, the role of the putative intermediates 13-, 10- and
9-HPOD has to be clarified in further experiments. Yet, only
a coherence of 10-HPOD and oct-1-en-3-ol (6) was indicated
by Wurzenberger and Grosch (1984b), who showed that a
crude extract of A. bisporus was able to cleave 10-HPOD to
oct-1-en-3-ol (6), while 9-, 12- and 13-HPOD were not con-
verted to any C8-oxylipin. Furthermore, Assaf et al., (1995)
detected an accumulation of 13-HPOD, accompanied with
an increase of oct-1-en-3-ol (6) after adding linoleic acid
to a homogenate of Pleurotus pulmonarius. Nevertheless,
the addition of 13-HPOD as a precursor did not lead to an
increase of oct-1-en-3-ol (6). Although, Joh et al. (2012)
proposed a cleavage of 13-HPOD to oct-1-en-3-one (7) with
subsequent reductions or a direct cleavage of 10-HPOD to
oct-1-en-3-ol (6) in P. ostreatus. This would imply two bio-
synthetic pathways including the involvement of a DOX
producing 10-HPOD and a LOX converting linoleic acid
to 13-HPOD. However, no coherence between 9-HPOD
and certain C8-oxylipins exists, although it is well known
that fungi of the phylum Basidiomycota harbour various
LOX in their genomes. Additionally, it was shown that gene
expression levels highly depend on the developmental stages
(Orban et al., 2021; Tasaki et al., 2019). Few of the known
LOX genes from P. ostreatus, P. sapidus, P. dryinus, P.
sajor-caju and C. aegerita have been cloned, heterologously
expressed and tested for their specific activity towards lin-
oleic acid (Karrer & Riihl 2019; Karrer et al., 2021a, b;
Kuribayashi et al., 2002; Leonhardt et al., 2013; Plagemann
et al., 2013). However, among these LOX, only three were
comprehensively characterised which predominantly pro-
duce 13-HPOD and rarely minor amounts of 9-HPOD from
linoleic acid (Karrer & Riihl 2019; Kuribayashi et al., 2002;
Plagemann et al., 2013), whereas 10-HPOD has not been
detected as a LOX product. Only DOX from Ascomycota
are known to produce 10-HPOD from linoleic acid (Brodhun
et al., 2010). Taken together previous findings and results
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from our biotransformation experiments, the existance of
two independent ketonic- and aldehydic-cycles, branching
after HPOD-cleavage, seems reasonable (Fig. 4).

Conclusion

Although further research in C8-oxylipin biosynthesis
is required, we were able to show that two morphology
dependent and distinct biocatalytic cycles seem reasonable
by combining metabolomic analysis. The aldehydic-cycle
appears to be more active in early developmental stages,
whereas the ketonic-cycle is active throughout all devel-
opmental stages, peaking at the stage of sporulation. The
existance of distinct pathways was underlined with bio-
transformation experiments using the putative precursor of
the aldehydic-cycle oct-2-enal (3) and the precursor of the
ketonic-cycle oct-1-en-3-one (7). With the addition of each
precursor, a drastic increase of the corresponding aldehydic-
or ketonic-cycle related C8-oxylipins was detected, which
supports our hypothesis. Nonetheless, genes encoding for
putative LOX, DOX as well as the modifying enzymes of
shortened oxylipins have to be the focus of further studies.
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