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Abstract: Recently discovered fungal unspecific peroxygenases from
Marasmius rotula and Chaetomium globosum catalyze the
epoxidation of unsaturated fatty acids (FA) and FA methyl esters
(FAME), unlike the well-known peroxygenases from Agrocybe
aegerita and Coprinopsis cinerea. Reactions of a series of
unsaturated FA and FAME with cis-configuration revealed high (up to
100%) substrate conversion and selectivity towards epoxidation,
although some significant differences were observed between
enzymes and substrates with the best results being obtained with the
C. globosum enzyme. This and the M. rotula peroxygenase appear as
promising biocatalysts for the environmentally-friendly production of
reactive FA epoxides given their self-sufficient monooxygenase
activity and the high conversion rate and epoxidation selectivity.

Oils and fats are among the most important renewable feedstock
of the chemical industry, whose possibilities are still far from being
fully exploited.! By simple industrial operations, fatty acids (FA)
are available from vegetable oils in such purity that they may be
used for further chemical transformations. Their conversion to FA
methyl esters (FAME) is a well-known application of fats and oils,
largely investigated for biodiesel production. Moreover,
unsaturated FA and FAME can be further epoxidized, and used
in industrial syntheses of chemicals and intermediates.

The industrial-scale epoxidation of unsaturated FA
compounds is generally carried out by the Prileshajevl? reaction
via percarboxylic acids (Scheme 1a;). However, this method,
which often includes strong mineral acids as catalysts for the "in
situ" generation of peracids (Scheme 1a,), suffers from several
drawbacks such as the relatively low selectivity for epoxides due
to oxirane ring opening in the acidic medium, the corrosive nature
of acids, and the unstable character of peracids.P®! Many studies
have been aimed at searching an alternative, such as the chemo-
enzymatic synthesis with lipases catalyzing the carboxylic acid
reaction with hydrogen peroxide.*% However, the latter reaction
maintains most drawbacks of peracid-based epoxidation.
Therefore, direct enzymatic processes emerge as an alternative
solution for more selective and environmentally friendly
epoxidation of unsaturated lipids. Several enzymes are
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Scheme 1. Chemical and enzymatic routes for the epoxidation of fatty acids.

known to catalyze epoxidation directly, such as cytochrome P450
monooxygenases (P450), diiron-center oxygenases, and plant
peroxygenases.>¢ However, they present some drawbacks, such
as their intracellular nature, and the requirement for costly
cosubstrates in the two former cases.

Here, we show a promising enzymatic technology to
epoxidize unsaturated FA (Scheme 1b) under mild and
environmentally-friendly conditions, as potential alternative to the
above chemical and enzymatic epoxidations. This includes the
use of two recently discovered unspecific peroxygenases (UPO,
EC 1.11.2.1), from the fungi Marasmius rotula (MroUPO)I and
Chaetomium globosum (CglUPO).[l These and related fungal
peroxygenases represent a new class of enzymes that eludes
some of the limitations of other monooxygenases since they are
secreted proteins, therefore far more stable, and only require
H-0- for activation.

Peroxygenases are structurally related to the P450s, as they
also contain the heme prosthetic group coordinated by a cysteine
ligand, but they do not depend on the reductive activation of
molecular oxygen and catalyze the transfer of an oxygen atom
from peroxide to substrates.™ Initially, these UPO were shown to
catalyze oxygenation reactions on aromatic compounds,*® and
their action on aliphatic compounds was demonstrated later.[*4
After the first UPO discovered in Agrocybe aegerita (AaeUPO),*2
similar enzymes were found in other basidiomycetes, such as M.
rotula, and there are indications for their widespread occurrence
in the fungal kingdom.!*! Over one-hundred peroxygenase-type
genes have been identified in the analysis of 24 basidiomycete
genomes, including Coprinopsis cinerea.l*® One UPO from the
latter fungus is produced as a recombinant protein (rCciUPQO) by
Novozymes (Bagsvaerd, Denmark) (Figure S1A).1%8! Interestingly,
the recently described MroUPO presents differences with the best
studied fungal peroxygenases, such as the ability of oxidizing
bulkier substrates,®*" the terminal hydroxylation of n-alkanes!*8l
and the chain-shortening of carboxylic acids.*® On the other hand,



CglUPO is the fourth wild-type described UPO, and the first
isolated from an ascomycete. 8!

The reactions of purified MroUPO and CglUPO (Figure
S1B,C) with a series of cis-monounsaturated FA (from C14:1 to
C22:1), showed that both enzymes are capable of oxygenating
these substrates, CglUPO being more active since it achieved
maximal substrate conversion with lower enzyme doses (Table 1).
Interestingly, both peroxygenases generated the epoxidized
derivatives as main products (Figures 1A-B), unlike the other well-
known AaeUPO (not shown) and rCciUPO that were not able to
epoxidize the double bond and instead, produced the
hydroxyderivatives at the subterminal positions (Figure 1C).
Therefore, whereas AaeUPO and rCciUPO shows similar
regioselectivity towards saturated and unsaturated FA, MroUPO
and CglUPO behave differently, hydroxylating at the terminal
and/or subterminal positions the saturated FA and oxygenating
the double bonds of unsaturated ones. The hydroxylation of FA at
the subterminal positions by AaeUPO and rCciUPO was
previously described.[**1¢ However, the epoxidation of a fatty acid
by a fungal peroxygenase is revealed here for the first time.
Moreover, whereas CglUPO was highly selective with all
unsaturated FA, over 90% epoxidation except with erucic (C22:1)
acid, epoxidation by MroUPO depended on FA chain length,
showing the highest value with myristoleic (C14:1) acid.

Besides epoxides, minor amounts of other products were
found with CglUPO and especially with MroUPO, such as
oxygenated derivatives of epoxidized FA (ED) and hydroxylated

Table 1. Monounsaturated FA (R=H) and FAME (R=CHs) reactions with CgluPO
and MroUPO doses yielding maximal conversion into epoxides, together with
other oxygenated (hydroxyl, keto and carboxyl) derivatives at different positions
(arrows)

H,0, H,0

0 0
s M+W+W
MORF\; orR Yy Y TR Y§ X YhUoR
E ED HD

Products (%)

Substrate Enzyme dose |(_|nf|(li)/|2) E ED HD ;I';'\tﬂ)
R=H
14:1 cis-A9 CgluPO  60nM 5 99 - 1 98
(n=5, m=1) MroUPO  200nM 5 8% 8 6 99
16:1 cis-A9 CgluPO  60nM 5 91 4 5 99
(n=5, m=3) MroUPO  200nM 25 65 17 18 99
18:1 cis-A9 CglUPO 60 nM 25 91 2 7 99
(n=5, m=5) MroUPO  200nM . 5 38 6L 1 %
20:1 cis-A11 CgluPO 60 nM 5 95 4 1 94
(n=7, m=5) MroUPO 400 nM® 25 62 7 31 99
22:1¢cis-A13  CgluUPO ~ 250nM 25 50 12 39 77+
(n=9, m=5) MroUPO  400nM° 5 67 10 23 ol
R=CHs
14:1 cis-A9 CgluPO 60 nM 25 100 - - 94
MroUPO  200nM 25 68 13 19 100
18:1 cis-A9 CglUPO  1pume 5 8 - 2 75+
MroUPO  200nM°® 25 73 7 21 93

Substrates (100 pM), enzyme doses, and estimated total products (uM), relative
abundance (% of total products) of epoxide (E), epoxide derivatives (ED),
hydroxylated derivatives (HD) are shown. Reactions were performed in 20%
acetone, 30 min at 30°C except for reactions @°29¢ that were performed in 40%
acetone at 40°C, for 30 min, 60 min and 120 min, respectively. *Higher enzyme
concentration (up to 500 nM) did not improve conversion. See Figure S2 for GC-
MS of authentic standards and Figures S3A,S4 for mass spectra of E and ED.
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Figure 1. GC-MS of reactions of oleic acid (underlined) at 30 min with 60 nM
CglUPO (A), 200 nM MroUPO (B), and 100 nM rCciUPO (C), showing the
epoxide (E), epoxide derivatives (ED) and the hydroxylated derivatives (HD) of
oleic acid.

derivatives of FA (HD) mainly at terminal or subterminal and
positions of the carbon chain, and at the allylic positions (Table 1,
Figure 1B). The higher efficiency and selectivity of CglUPO than
MroUPO for epoxidation of most FA is shown in reactions with
oleic (C18:1) acid (Figures S5-S6). Curiously, erucic acid, an
abundant fatty acid in rapeseed and mustard oils, was
transformed and epoxidized at a larger extent by MroUPO. The
high selectivity of these UPOs epoxidizing oleic and palmitoleic
(C16:1) acids (up to 100%) differs from that of P450 (BM3) where
hydroxylation (> 97% and 65%, respectively) predominated over
epoxidation (< 3% and 35%).[

In addition to monounsaturated FA, some polyunsaturated FA
(linoleic and a- and y-linolenic acids) abundant in vegetable oils
were tested as substrates. Although both UPOs transformed
almost completely linoleic acid at the highest enzyme doses
(Table 2), CglUPO was more selective producing the diepoxide
(both syn and anti-enantiomers) in very high yield (92% of total
products) (Figure 2A). MroUPO, besides the epoxides also
generated hydroxylated derivatives of the monoepoxides and
oxygenated derivatives at allylic positions (mainly at »-7) (Figure



Table 2. Oxidation of linoleic acid and its methyl ester by CglUPO and MroUPO

Morf /\/\ﬁ\fv\/\/\i MOR

+
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ED di-E

/\/\/g\/g\/\/\/\ﬁ 2%
uPQ

OR

9-E ED

Y o v o
HO; HO MM + + AnAaAAnd
OR A OR A A OR
HD

Products (%)

H0. 12-E 9-E di-E ED HD Total
Enzyme dose (mM) (uM)
R=H
CgluPO 30 nM 25 39 57 2 - 2 76
125nM 5 - - 92 8 - 98
MroUPO  100nM 2.5 37 25 10 25 3 75
400nM 25 - - 39 59 2 95
R=CHs
CgluPO 250nM 5 13 59 28 - - 80
1uM 5 - - 100 - - 100
MroUPO  200nM 2.5 39 40 4 8 9 95
1uM 5 - - 49 51* - 98

Substrate (100 pM), enzyme doses, H202 conc., amount of estimated total products
(uM) and relative abundance (% of total products) of 12-epoxide (12-E), 9-epoxide
(9-E), di-epoxide (di-E), epoxide derivatives (ED) and hydroxylated derivatives (HD)
are shown. Arrows indicate the main chain positions oxidized by the enzymes in
epoxidized derivatives (ED) and hydroxylated derivatives (HD). Reactions
conditions: 20% acetone at 30°C, 30 min (R=H), 40% acetone at 40°C, 60 min
(CgluPO) and 120 min (MroUPO) (R=CHs).* Mono- and di-epoxide derivative. See
Figure S7 for GC-MS of authentic standards and Figures S3B, S8 for mass spectra

of E and ED.

2B). When lower doses of enzymes were used, a predominance

of monoepoxides over diepoxides was observed (Table 2).
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Figure 2. GC-MS of reactions of linoleic acid (underlined) at 30 min with 125
nM CglUPO (A) and 400 nM MroUPO (B), showing the diepoxides (di-E),
epoxide derivatives (ED) and the hydroxylated derivatives of linoleic acid (see

mass spectrum of the diepoxide in Figure S3B).
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Linolenic acids (a- and y-) were also transformed by MroUPO
and CglUPO (Figure S9). Both, monoepoxides (located in two
different double bonds) and diepoxides were generated from a-
linolenic acid under the conditions tested. However, only one
epoxide was observed in the y-linolenic acid reactions.

To compare the efficiency of MroUPO and CglUPO oxidizing
unsaturated FA, apparent kinetic constants were determined for
oleic acid oxidation (Table 3) in spite of the difficulties for GC- MS
estimation of initial reaction rates. Regarding the turnover rate,
CglUPO presented three-fold higher k. values than MroUPO. In
addition, the Ky, value was four-fold higher for MroUPO, which
represented less affinity by this enzyme compared to CglUPO. As
a result, one order of magnitude higher catalytic efficiency
(keat/Km) was observed with CglUPQ. In agreement with these
results, CglUPO presented total turnover numbers (TTN) up to
8000 in oleic acid reactions when the substrate concentration was
increased to 1 mM (in 20% acetone) while this number was half
for MroUPO with 50 nm enzyme being used in both cases. This is
a promising value accompanied by a significantly higher product
amount (of about 0.5 mM) considering the limited solubility and
other difficulties for fatty acid epoxidation. Likewise, the turnover
frequency (TOF) was double for CgIUPO (2.2 s?) than for
MroUPO (1.1 s). Solubility limitations prevented calculation of
accurate kinetic constants for linoleic acid oxidation, since
saturation could not be estimated especially for MroUPO (Figure
S10), but higher activity than found for oleic acid was observed at
high linoleic acid concentration.

FAME, usually obtained from vegetable oils by
transesterification with methanol, were also tested as substrates
of MroUPO and CglUPO. Namely, the methyl esters of two
monounsaturated (myristoleic and oleic acids) and one
diunsaturated FA (linoleic acid) were selected. Both
peroxygenases were able to transform and epoxidize the
monounsaturated FAME (Figures 3A,C). CglUPO showed similar
selectivity towards the esters than with the free FA, but
differences in the case of oleic acid were observed with MroUPO
(Table 1). Regarding the methyl ester of linoleic acid, CglUPO
showed a strict selectivity towards epoxidation (generating the
diepoxide) while MroUPO was less selective towards diepoxide
formation (Table 2, Figures 3B,D). In contrast, P450 BM3, which
hydroxylate/epoxidize free fatty acids, was reported as unable to
hydroxylate FAME 29, This seems related to the fact that the free
carboxyl group is required to fix the substrate at the entrance of
P450 active site . Finally, it is interesting that different patterns
of oxygenation were observed with the cis isomers of the
substrates (compared to the trans isomers). While MroUPO
converted predominantly myristelaidic, palmitelaidic and elaidic
acids (or their methyl esters) into the hydroxyderivatives at the
allylic positions, CglUPO generated mainly the epoxides, with the
only exception of elaidic acid (data not shown).

Table 3. Estimated kinetic parameters for oleic acid oxidation by
CglUPO and MroUPO. Data represent mean values of three
replicates with standard errors

Keat (579 Ko (UM) _ Koad K (M5
CgluPO 8.1+09 10.7+4.0 7.6 +3.0x10°
MroUPO 26+0.2 38.9+6.1 6.7+1.1x10*
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Figure 3. GC-MS of reactions of methyl oleate (left, underlined) with 1 puM
CglUPO at 60 min (A) and 200 nM MroUPO at 120 min and (C), showing the
epoxide (E), epoxide derivatives (ED); and the hydroxylated derivatives, and
methyl linoleate (right, underlined) with 1 pM CglUPO at 60 min (B) and 1 uM
MroUPO at 120 min (D), showing the diepoxides (di-E), epoxide derivatives
(ED) and the hydroxylated derivatives of methyl linoleate.

The selective epoxidation of FA and FAME, a reaction of great
interest for the chemical industry,?! must be added to the
repertoire of UPOs, as dream biocatalysts for oxyfunctionalization
chemistry.l%2223 The structural determinants driving to selective
epoxidations in MroUPO and CglUPO (compared to AaeUPO and
CciUPOQ) are difficult to be identified with the information available
on these new heme-thiolate enzymes (note that only one UPO
crystal structure has been published to date). However, in related
P450, epoxidation vs hydroxylation rates have been related to the
balance between the iron hydroperoxo and oxenoid forms after
the oxidative activation of the enzyme, with an active site
threonine being involve in the transition as the proton donor.[?4:2%]
Interestingly, a threonine residue is present at the active sites of
both AaeUPO and CciUPO, and absent from those of MroUPO
and CglUPO, as shown by Aranda et al.?® but its relevance in the
FA hydroxylation/epoxidation balance is still to be experimentally
investigated. This and other structural-functional studies with
UPOs will help to understand the reaction mechanisms of these
versatile enzymes, and to obtain ad-hoc variants for
biotechnological application.
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Selective Epoxidation of Fatty Acids
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Fungal Peroxygenases

Recently discovered fungal unspecific peroxygenases from Marasmius rotula and Chaetomium globosum catalyze the epoxidation of
unsaturated fatty acids (FA) and FA methyl esters (FAME), unlike the well-known peroxygenases from Agrocybe aegerita and
Coprinopsis cinerea. Reactions of a series of unsaturated FA and FAME revealed high substrate conversion (with up to 8000 total
turnover number in oleic acid reactions) and selectivity towards epoxidation (often >90%), the best results being obtained with the C.
globosum enzyme.
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1. Supplemental materials and methods
1.1.Enzymes

MroUPO is a wild enzyme isolated from cultures of M. rotula DSM 25031, a fungus
deposited at the German Collection of Microorganisms and Cell Cultures (Braunschweig,
Germany). It was purified by fast protein liquid chromatography (FPLC) to apparent
homogeneity, confirmed by sodium dodecylsulfate-polyacrylamide gel electrophoresis
under denaturing conditions, and showed a molecular mass of 32 kDa and isoelectric
point of pH 5.0-5.3. The UV-visible spectrum of the enzyme showed a characteristic
maximum at 418 nm (Soret band of heme-thiolate proteins).[!!

CglUPO (36 kDa) is awild enzyme isolated from cultures of C. globosum DSM 62110,
from the German Collection of Microorganisms and Cell cultures. It was purified by
ammonium sulfate precipitation and successive FPLC on Q-Sepharose FF, Superdex75,
and Mono Q columns using an AKTA FPLC system (GE Healthcare).[?

rCciUPO (used with comparative purpose) was provided by Novozymes A/S
(Bagsvaerd, Denmark). This recombinant enzyme corresponds to the protein model 7249
from the sequenced C. cinerea genome available at the JGI
(http://genome.jgi.doe.gov/Copcil), expressed in  Aspergillus oryzae (patent
WO/2008/119780), and purified using a combination of S-Sepharose and SP-Sepharose
ion-exchange chromatography. The recombinant peroxygenase preparation is an
electrophoretically homogeneous glycoprotein with a molecular mass around 44 kDa , a
typical UV-vis spectrum, and the ability to oxygenate different aromatic compounds with
a specific activity of approximately 100 U-mg™ (measured as described below). SDS
PAGE of different UPO preparations are shown in Fig. S1.

One UPO activity unit is defined as the amount of enzyme oxidizing 1 umol of veratryl
alcohol to veratraldehyde (g310 9300 M™*-cm™) in 1 min at 24°C, pH 7, after addition of
2.5 mM H0,. Enzyme concentration was estimated from the characteristic spectrum of
peroxidase complex with carbon monoxidef®l.

1.2.Model substrates

A series of unsaturated lipids (cis isomers) from Sigma-Aldrich was used including: i)
fatty acids such as myristoleic (cis-9-tetradecenoic), palmitoleic (cis-9-hexadecenoic),
oleic (cis-9-octadecenoic), linoleic (cis,cis-9,12-octadecadienoic), a- (cis, cis, cis-
9,12,15), and y-(cis, cis, cis-6, 9,12) linolenic (octadecatrienoic) acids, gondoic (cis-11-
eicosenoic) and erucic (cis-13-docosenoic) acids; and vi) fatty acid esters such as methyl
myristoleate, methyl oleate and methyl linoleate. The trans isomers such as myristelaidic



(trans-9-tetradecenoic), palmitelaidic (trans-9-hexadecenoic) and elaidic (trans-9-
octadecenoic) acids were also obtained from Sigma-Aldrich. The following standards of
epoxides were also used, rac cis-9,10-epoxyoctadecanoic acid and (x) 9(10)-EpOME
(9,10-cis-epoxide of linoleic acid) from Santa Cruz Biotechnology; () 12(13)-EpOME
(12,13-cis-epoxide of linoleic acid) from Cayman; and 9,10-12,13-diepoxyoctadecanoic
acid from Larodan.

1.3.Enzymatic reactions

Reactions of the model compounds at 0.1 mM concentration were performed with: i)
MroUPO (100-400 nM) in 50 mM sodium phosphate (pH 5.5) at 30°C or 40°C and 30-
120 min reaction time, in the presence of 0.5-5 mM H>O> and ii) CglUPO (30-1000 nM)
in 50 mM sodium phosphate (pH 7) at 30°C or 40°C and 30-60 min reaction time, in the
presence of 0.5-5 mM H:O:. In all cases the H.O, was added in pulses. Prior to use, the
substrates were dissolved in acetone and added to the buffer to give a final acetone
concentration of 20% (v/v) although concentrations of 40% were also tested with some
compounds. In control experiments, substrates were treated under the same conditions
(including 2.5-5 mM H»03) but without enzyme. Products were recovered by liquid-liquid
extraction with methyl tert-butyl ether and dried under Nz N,O-
Bis(trimethylsilyl)trifluoroacetamide (Supelco) was used to prepare trimethylsilyl (TMS)
derivatives that were analyzed by GC-MS.

1.4.Enzyme Kinetics

To study the kinetics of fatty acids (oleic and linoleic acid) oxidation, reactions in 1 mL
vials with 50 nM of enzyme (MroUPO and CglUPQO) were carried out. Substrate
concentration was varied between 6.25 uM and 400 uM and 20% (v/v) of acetone was
used as cosolvent. The reactions were initiated with 0.5 mM H,O, and stopped after 1 min
(CglUPO) or 5 min (MroUPO) with 100 puL of 100 mM sodium azide solution by
vigorous shaking. All reactions were carried out in triplicate. Products quantification was
performed by GC-MS (as described below) using external standard curves and response
factors of authentic standards. Kinetic parameters (kcat, Km) were obtained by fitting the
data to the Michaelis-Menten equation using SigmaPlot software (Systat Softwarwe Inc.,
San Jose, CA, USA). For TTN (total turnover number) determination, substrate
concentration was increased to 1 mM and 5 mM using methyl-B-cyclodextrin (from
Sigma-Aldrich) in a final reaction concentration of 5 mM or 20% (v/v) of acetone using
50 nM of both enzymes. The highest product concentration was attained using acetone in
the case of CglUPO (1 mM substrate, 400 M products) and methyl-f-cyclodextrin in the
case of MroUPO (1mM substrate, 200 UM products).

1.5.GC-MS analyses

The analyses were performed with a Shimadzu GC-MS QP2010 Ultra, using a fused-
silica DB-5SHT capillary column (30 m x 0.25 mm internal diameter, 0.1 um film
thickness) from J&W Scientific. The oven was heated from 120°C (1 min) to 300°C (15
min) at 5°C-min’’. The injection was performed at 300°C and the transfer line was kept
at 300°C. Compounds were identified by mass fragmentography, and comparing their
mass spectra with those of the Wiley and NIST libraries and standards. Quantification
was obtained from total-ion peak area, using molar response factors of the same or similar



compounds. Data from replicates were averaged and, in all the standard deviations were
below 5% of the mean values.
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Figure S1. SDS PAGE of different UPO preparations: rCciUPO (A), MroUPO (B) and
CglUPO (C). 10-12% Bis-Tris was used, and the proteins were visualized with a colloidal
Blue staining (Invitrogen). Conditions (50 mM dithiothreitol) resulted in monomeric
MroUPO. Low molecular weight standards (Thermo Scientific, Darmstadt, Germany)
were included.
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Figure S2. GC-MS chromatograms of cis-9,10-epoxistearic acid (E) from oleic acid
(underlined) reaction with CglUPO (1A) and cis-9,10-epoxistearic acid standard (2A);
and of cis-9,10-epoxistearic acid methyl ester (E) from oleic acid methyl ester
(underlined) reaction with CglUPO (1B) cis-9,10-epoxistearic acid methyl ester standard
(2B).
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Figure S3. Mass spectra and formula/fragmentation of oleic acid epoxide (A) and linoleic
acid diepoxide (B) (as trimethylsilyl derivatives) from CglUPO and MroUPO reactions
with oleic acid and linoleic acid, respectively.
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Figure S4. Mass spectra and formula/fragmentation of compounds tentatively assigned
as hydroxylated derivative at (w-7) position (A) and at (®-1) position (B) of oleic acid
epoxide (as trimethylsilyl derivatives) from MroUPO reactions with oleic acid (Fig. 1B).
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Figure S5. GC-MS of conversion of oleic acid (underlined) by the same dose (50 nM) of
CglUPO (black) and MroUPO (red), within 5 min, and 2.5 mM H20., showing the
epoxide (E), epoxide derivatives (ED) and the hydroxylated derivatives (HD) of oleic
acid at subterminal positions (see mass spectra of the epoxide in Figures S2).
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Figure S6. Molar percentage of compounds from reactions of oleic acid with 50 nM
CglUPO and 100 nM MroUPO, under different H2O> doses and reaction times, showing
the remaining substrate, epoxide (E), hydroxylated derivatives of the epoxide at (w-1)

and (w-7) positions and the hydroxylated derivatives (HD) of oleic acid at subterminal
positions.
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Figure S7. GC-MS chromatograms of 12,13-cis-epoxide of linoleic acid (12-E); 9,10-
cis-epoxide of linoleic acid (9-E) and 9,10-12,13-diepoxyoctadecanoic acid (di-E-anti
and di-E-syn) from linoleic acid (underlined) reaction with CglUPO (1A) and of authentic
standards cis-12,13-epoxistearic acid (2A); cis-9,10-epoxistearic acid (3A); and 9,10-
12,13-diepoxyoctadecanoic acid (4A) as well as their corresponding methyl esters (1B-
4B).
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Figure S8. Mass spectra and formula/fragmentation of compounds tentatively assigned

as hydroxylated derivatives at (®-7) position of linoleic acid 12-epoxide (A) and 9-
epoxide (B) (as trimethylsilyl derivatives) from MroUPO reactions with linoleic acid
(Fig. 2B).
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Figure S9. GC-MS of reactions of a-linolenic acid (left) at 30 min with 63 nM CglUPO
(A) and 100 nM MroUPO (C), and y-linolenic acid (right) at 30 min with 100 nM
CglUPO (B) and 63 nM MroUPO (D), showing the remaining substrates (underlined),
monoepoxides (E), diepoxides (di-E) and hydroxylated derivatives.
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Figure S10. Kinetic studies for the enzymatic oxidation of linoleic acid by CglUPO (A)
and MroUPO (B).
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