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Influence of Substrate Binding Residues on the Substrate
Scope and Regioselectivity of a Plant O-Methyltransferase

against Flavonoids

Qingyun Tang,” Yoanes M. Vianney,”® Klaus Weisz,® Christoph W. Grathwol,"
Andreas Link,® Uwe T. Bornscheuer,* and loannis V. Pavlidis*

Dedication to Prof. Marko Mihovilovic on the occasion of his 50" birthday.

Methylation of free hydroxyl groups is an important modifica-
tion for flavonoids. It not only greatly increases absorption and
oral bioavailability of flavonoids, but also brings new biological
activities. Flavonoid methylation is usually achieved by a
specific group of plant O-methyltransferases (OMTs) which
typically exhibit high substrate specificity. Here we investigated
the effect of several residues in the binding pocket of the
Clarkia breweri isoeugenol OMT on the substrate scope and
regioselectivity against flavonoids. The mutation T133M, identi-

Introduction

Flavonoids are a large group of natural polyphenols and
secondary metabolites from plants. They attract a lot of
attention due to their nutritional, health-beneficial and pharma-
cological properties including free radical-scavenging antioxida-
tive activities, anti-inflammatory, antimicrobial and anticancer
activities."! Flavonoids are classified into flavonoids (2-phenyl-
benzopyrans), isoflavonoids (3-phenylbenzopyrans) and neo-
flavonoids (4-phenylbenzopyrans) based on the position of the
phenyl ring. Flavonoids are further divided into flavanes,
flavanones, flavonols, flavones and anthocyanins (Figure 1)
Various modification reactions such as oxidation, hydroxylation,
glycosylation and methylation lead to a huge variety of
flavonoids.” In particular, O-methylation of free hydroxyl
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fied as reported in our previous publication, increased the
activity of the enzyme against several flavonoids, namely
eriodictyol, naringenin, luteolin, quercetin and even the iso-
flavonoid genistein, while a reduced set of amino acids at
positions 322 and 326 affected both, the activity and the
regioselectivity of the methyltranferase. On the basis of this
work, methylated flavonoids that are rare in nature were
produced in high purity.

groups on dietary flavonoids greatly increases their absorption
and oral bioavailability through the improvement of their
metabolic stability and better membrane transportation.”
Methylation of flavonoids can also bring new biological
activities. For example, chrysoeriol (4',5,7-trihydroxy-3'-meth-
oxyflavone, 3'-methylluteolin) and isohamnetin (3,4',5,7-tetrahy-
droxy-3’-methoxyflavone, 3'-methylquercetin) show strong and
selective inhibition on the formation of a carcinogenic estrogen
metabolite related to breast cancer” Besides, eriodictyol
(3',/4',5,7-tetrahydroxyflavanone) and homoeriodictyol (4,5,7-
trihydroxy-3'-methoxyflavanone,  3’-methyleriodictyol)  are
known by their remarkable bitter masking effect.””

Methylation of hydroxyl moieties can be achieved by S-
adenosyl-L.-methionine (SAM)-dependent O-methyltransferases
(OMTs). The methyl group provided by SAM is transferred to
the free hydroxyl group and the methyl ether derivative is
produced. According to Noel et al., OMTs isolated from plants
are categorized into three classes based on sequence align-
ments and structural studies.”” Type | OMTs accept phenyl-
propanoids, flavonoids, isoflavonoids or chalcones as substrates
with molecular weights ranging from 40 to 43 kDa and are not
bivalent cation-dependent. Type Il and type Il OMTs methylate
the phenylpropanoid-CoA derivatives and the carboxylic acid,
respectively. Although phenylpropanoid OMTs (POMTSs), flavo-
noid OMTs (FOMTs) and isoflavonoid OMTs (IOMTs) which all
belong to type | OMTs are highly similar regarding their
sequences and protein structures, they are divided into differ-
ent OMT groups based on their substrate specificity. POMTs
catalyze methylation of caffeic alcohol/aldehyde/acid which
products then serve for lignin and flavonoid biosynthesis.”
FOMTs accept a wide range of flavonoid substrates and show
strict regioselectivity. Isoflavonoids are exclusively produced in
leguminous plants and function as phytoalexins. Only SOMT2

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 1. Structures of the flavanones eriodictyol and naringenin, the flavone luteolin, the flavonol quercetin and the isoflavone genistein. Ring assignment

and backbone atoms numbering are shown in the structure of eriodictyol.

from soy bean (Glycine max) and SaOMT2 from Streptomyces
avermitilis were discovered to show both flavonoids and
isoflavonoids methylation activities.” The crystal structure of an
IOMT with isoformononetin (4-hydroxy-7-methoxyisoflavone) in
the active site shows that some residues are critical for the
stabilization of isoflavonoids."” However, no crystal structure of
FOMT is yet available.

In order to study the substrate discrimination between the
plant OMTs, we compared the substrate binding residues of
POMT, FOMT and IOMT with different substrate preferences and
regioselectivities. Based on the differences of these residues, we
have designed and constructed mutants based on the
isoeugenol POMT from Clarkia breweri including the mutation
T133M (IeOMT_T133M). In a previous work of ours" we
identified this variant to have expanded substrate scope and
altered regioselectivity against phenolic compounds. Thus, it
was selected as the starting point for this study. We discovered
that some mutants specifically methylated the 3-OH of the
tested flavonoids and others further methylated the 4'-OH,
producing dimethylated flavonoids. The tested mutants also
brought activities and different regioselectivities to the isoflavo-
noid genistein.

Results and Discussion
Substrate binding residues of different plant OMTs

Methylation reactions mostly take place at the 7-, 3'- and 4'-
hydroxyl groups of flavonoids, the 7- and 4’-hydroxyl groups of
isoflavonoids and the 3- and 4-hydroxyl groups of phenyl-
propanoids. In order to discover the factors determining the
substrate discrimination of plant OMTs, we chose 21 plant
OMTs from different plant species with different substrate
preferences and regioselectivities for comparison. Sequence
alignment shows that the sequences are extremely diverse
between different plant OMTs, with only 4.6% identity (Fig-
ure 2, Figure S1). Since several IOMT crystal structures have
been resolved but no FOMT structure is available, we chose
MeSa-7/4-IOMT which has been obtained in a catalytic
conformation (PDB code: 1FP2) and investigated based on it
the substrate-enzyme interactions."” The ligand isoformonone-
tin, the 7-methylated product of the isoflavonone daidzein, is
situated in the enzyme active site and well-stabilized by
multiple interactions. Residues critical for substrate binding are

ChemCatChem 2020, 12, 3721-3727 www.chemcatchem.org
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133 179 183 322 326
MePi_7-FOMT1 ~MRE GC - KVFRDAMAS --DVTMMATMF
MeTr_7-FOMT7 -+ VSGVLHP - SMEQEAMAA --DFMMMTLL -
OrSa_7-FOMT “GLLNLDK - TLENQAMAS ---DVMMLNRLA
ArTh_3'-FOMT ~ CLMNQDK - KVENNGMSN --DCIMLAHN
ChAm_3'-FOMT - CVAAQDK - KVENKGMSD --DVMIVTQN
MePi_3'-FOMT3 ~SLLVQDR -~ K1 FNQAMHN DV IMLTVN
OrSa_3'-FOMT -+ ALMNQDK - RVENEGMKN --DMIMLAHN
CaRo_4'-FOMT «-VLTMLDP - QI FEDAMAN --DMAMV - | NF
GIMa_4'-FOMT/4'-IOMT .- VEYFLE " - KSFNEAMAC ---DVHMAC | | -
MePi_4'-FOMT4 ~-MLLQTGP - KVFSDAMAA --DL IMMAVLA
CiAr_7-IOMT -~ VECVLDP - KSENEAMAS --DVNMACLN-
MeTr_7-10MT1 ~VECVLDP - RSFENDAMAS ---DVNMACLN -
MeSa-7/4'-10MT ~-VEESMLDP - FNDAMAS --DVNMACLN-
GlEc_4'-IOMT ~VRGALHP .- SMFQEAMAA ---DLVML TMF -
LoJa_4'-IOMT -+ VKGALHP .- SMFQEAMAA --DLVML TMF -
MeTr_4'-IOMT5 ~VKGALHP ... SMFQDAMAS --DLVML TMF L
CaRo_3-POMT - LLMNQDK - KVENQGMSN --DV IMLAHN
CIBr_3-POMT - CLMNQDK - KVFNRGMSD ---DATMLAHN
LoPe_3-POMT - ALMNQDK - RVENEGMKN ---DMIMLAHN
MeSa_3-POMT - NLMNQDK - KVFNKGMSD ---DV IMLAHN
CIBr_4-POMT (IeOMT) ~LLTATDK .- KVFNKGM --DALMLAYN

Figure 2. Part of the sequence alignment of plant flavonoid OMTs (FOMTSs),
isoflavonoid OMTs (IOMTs) and phenylpropanoid OMTs (POMTs) performed
with Geneious 10.0.2 (the whole sequence alignment is shown in Figure S1).
Residues involved in substrate binding are highlighted in blue. Numbering
of residues are based on the sequence of the Clarkia breweri isoeugenol
OMT (IeOMT). OMTs are named by their original organisms and regioselecti-
vity. MePi, Mentha piperita; MeTr, Medicago truncatula; OrSa, Oryza sativa;
ArTh, Arabidopsis thaliana; ChAm, Chrysosplenium americanum; CaRo,
Catharanthus roseus; GIMa, Glycine max; CiAr, Cicer arietinum; MeSa,
Medicago sativa; GIEc, Glycyrrhiza echinate; LoJa, Lotus japonicus; CIBr, Clarkia
breweri; LoPe, Lolium perenne. MeTr_7-FOMT7 is a putative IOMT but it has
higher preference against naringenin (flavanone) than isoflavonoids.

highlighted in Figure 1. Met183 and Met323 constrain the
aromatic A-ring and help positioning the 7-hydroxyl group to
the catalytic residue His272 and SAM. These two residues are
conserved throughout the plant OMT superfamily. Zubieta et al.
suggested that the interaction of the ketone group in the C-
ring is stabilized by the amide side chain of Asn322, a residue
that is only conserved among the 7-IOMTs. Other OMTs rather
have middle size hydrophobic residues, namely lle, Val or Met,
at this position. Leu326 also interacts with the C-ring of
isoformononetin, but it locates closer to the ether oxygen.
Residues at this position are quite different between the
selective OMTs. They are either the hydrophobic Leu, Val, lle or
Met, or the basic residues Arg or His. In the absence of Asn322,
the basic residues might play an important role in stabilizing
the C-ring ketone group. The accommodation of the isoflavone
B-ring is achieved by Cys133 and Val134. Although these two
residues in other plant OMTs are quite diverse, they mostly
have Gly/Leu/Met and Ala/Val/Asn at these two positions,
respectively. These substrate binding residues bring proper
binding patterns to their preferred substrates and thus
determine substrate specificity and regioselectivity of different

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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plant OMTs. In order to investigate the influence of these
residues, we constructed mutants L322H/N/M and Y326H/R/L
using the 1eOMT-T133M variant as template. leOMT is a phenyl-
propanoid 4-OMT isolated from Clarkia breweri and the variant
T133M has been proved to expand the substrate scope and to
enhance the regioselectivity.""

Substrate scope and enzyme activities

Flavonoids are classified into flavane, flavanone, flavone and
flavonol, while isoflavonoids are divided into isoflavone and
isoflavanone, depending on their structures. We have chosen
several commonly known compounds eriodictyol and naringe-
nin (flavanones), luteolin (flavone), quercetin (flavonol) and
genistein (isoflavone) as substrates (Figure 1). Since optically
pure flavanones will racemize in aqueous solution, we used
racemic eriodictyol and naringenin as substrates and obtained
racemic products."? Activities of the wild type 1eOMT and
designed mutants were tested against these substrates. In each
reaction, a molar excess of SAM and 25% (v/v) Escherichia coli
(E. coli) cell lysate, which contains S-adenosyl-L-homocysteine
(SAH) nucleosidase, were provided in order to increase the
yield."™@ Products were confirmed by either comparing their
retention times on HPLC to commercial standards or structurally
characterized via NMR and MS. Catalytic performance of the
mutants are presented in area percentages calculated by peak
area of both substrates and products measured by HPLC
(Figure 3, Figure S2).

It needs to be stated that in an initial screening performed,
the 1eOMT_T133M exhibited an expanded substrate scope
compared to the wild type (converting naringenin and
genistein), while it also exhibited altered regioselectivity. For
this reason, the variant 1eOMT_T133M was selected as the
template for the designed mutations.

Although 1eOMT is a phenylpropanoid OMT, it shows high
activities against the flavonoids eriodictyol, luteolin and
quercetin and is highly regiospecific to the 3’-hydroxyl group. In
the absence of the 3'-hydroxyl group, the wild-type leOMT
displays very low activity, as seen against naringenin. The
variant T133M has a universal effect of increasing the enzymatic
activity against these substrates. Moreover, this variant further
methylates the 4'-hydroxyl groups, producing 3',4’-dimeth-
ylated products. Mutants T133M/Y326H and T133M/Y326L
further enabled increased production of 3',4'-dimethylated
eriodictyol, luteolin and quercetin. On the other hand, the
variant T133M/L322N retains the regiospecificity against the 3'-
hydroxyl group of all tested flavonoids and so does the mutant
T133M/Y326R towards luteolin and quercetin. It is interesting to
note that the T133M, T133M/L322M as well as other variants of
leOMT, instead of methylating the 4’-OH of naringenin, they
methylate the 7-OH. We speculate that the product 2 from
naringenin, further produced by variant T133M/Y326L after
48 h, could be another methylated product or further meth-
ylation on the 7-methylnaringenin has occurred.

The wild-type 1eOMT displayed very minor activity towards
the isoflavone genistein and the mutants showed different

ChemCatChem 2020, 12, 3721-3727 www.chemcatchem.org
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regioselectivity. While T133M, T133M/L322H (or N or M-
substitutions) and T133M/Y326R exhibited higher selectivity
against the 4-hydroxyl group, T133M/Y326H and T133M/Y326L
also produced the 7-methylated genistein. Product 3 was
produced by mutants which displayed both 7- and 4-meth-
ylation activities especially by variant T133M/Y326L after 48 h.
According to the RP-HPLC chromatograms, it was eluted later
than the single methylated genistein (Figure S2). Therefore, we
assume that this is the 7,4’-dimethylated genistein.

Interestingly, both naringenin and genistein missing the 3'-
OH group lead to 7-methylation, but when the B-ring shifts
from position 2 to position 3 of the C-ring, the regioselectivity
of some mutants shifted from the 7-hydroxyl group to the 4-
hydroxyl group.

Structural analysis

To gain an insight into the structural differences that lead to
the different regioselectivity of the variants, we performed in
silico analysis. As seen in Figure 4A, the wild-type 1eOMT can
accommodate eriodictyol, luteolin and quercetin in an orienta-
tion that the methylation of the 3’-position is favored. In all
three cases the distance of the oxygen of 3'-hydroxyl group to
the methyl group to be transferred is between 3.2 and 3.5 A. It
is interesting to note that eriodictyol and luteolin bind in a
similar orientation, however, quercetin seems to be a little tilted
in comparison to SAM, which brings also the 4'-position in
closer proximity to the transfer group (3.3 A to the 3'-OH and
3.4 A to the 4-OH group) and thus the wild-type [eOMT can
also produce some dimethylated quercetin. In the case of the
double mutant T133M/Y326L, the double methylation is
increased for all three substrates. As seen in Figure 4B, the
double mutation enabled the inverse binding of these three
flavonoids in the binding pocket, bringing the 4’-hydroxyl
group in the proximity of the methyl group of the SAM and
thus the double methylation is favored. The reason for this
inversed binding seems to be the more hydrophobic character
of the introduced Y326L, which cannot accommodate the
carbonyl of 5-position.

In the case of genistein, the T133M mutation increased the
activity to a detectable level, but the mutations at positions 322
and 326 do not further increase the activity of the enzyme.
However, the double mutant T133M/Y326H has a shift of its
regioselectivity to position 7. As seen in Figure 4C, the substrate
is bound with ring A facing SAM, and the position 7 is closer to
the methyl group for the transfer (3.7 A). It seems that the
histidine at position 326 can interact with the hydroxyl group at
position 5 of genistein (3.0 A distance) and thus stabilizes the
substrate in this orientation to complete the catalysis.

Naringenin differs from eriodictyol only by the lack of the
3’-hydroxyl group. Thus, although it can bind the same way in
the active site of the wild type, the B-ring cannot be methylated
to a 3-methoxy derivative and thus the wild type is almost
inactive. However, the mutation T133M (and the T133M/L322M
mutations) enabled a different binding pattern, where the
position 7 of the ring A is accessible to the SAM and the 7-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 3. Product composition of each reaction catalyzed by the wild-type 1eOMT and its mutants. Area percentages were calculated by the peak areas of
both substrates and products as determined by HPLC (Figure S2). 3'-Me-E, 3'-methyleriodictyol; 3',4'-DiMe-E, 3',4’-dimethyleriodictyol; 3'-Me-L, 3'-
methylluteolin; 3',4’-DiMe-L, 3',4’-dimethylluteolin; 3-Me-Q, 3'-methylquercetin; 3',4"-DiMe-Q, 3',4-dimethylquercetin. Structures of these products are
confirmed by NMR and LC-MS (see supporting information). 7-Me-N, 7-methylnaringenin; 7-Me-G, 7-methylgenistein; 4'-Me-G, 4'-methylgenistein. These
products were confirmed by comparing their retention times on HPLC to commercial standards as well as LC-MS. Racemic eriodictyol and naringenin were
used as substrates and racemic products were obtained. All experiments were performed in triplicates and standard deviations were provided.

hydroxyl group at catalytic distance (3.4 A). The binding pattern
differs for genistein, for which the enzyme exhibited the same
regioselectivity. In the case of variant T133M/L322M (Figure 4D),
the reason for this can be the lack of the histidine at position
326 that could interact with the 5-OH, in combination with the
methionine in position 322 that pushes away the substrate. As
naringenin is not planar, the ring B may cause steric clashes
with 322 and thus the substrate binds in a different orientation.

ChemCatChem 2020, 12, 3721-3727 www.chemcatchem.org
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Conclusions

In this study we highlighted the potential of leOMT, a phenyl-
propanoid OMT to be engineered to catalyze the methylation
of a range of flavonoids and isoflavonoids. Three positions,
namely 133, 322 and 326 had a significant impact on the
binding of the substrates and variants that were produced with
semi-rational design in these positions had altered catalytic
activity and/or regioselectivity compared to the wild-type
enzyme. These variants have provided access to methylated
flavonoids that are rare in nature and may have interesting
biological activities due to their methylation patterns.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 4. Models of Clarkia breweri leOMT variants with SAM (grey sticks with elemental coloring at the left side) and substrates in the binding pocket. The
three targeted residues are given as lines. For clarity, non-polar hydrogens are removed. A) (S)-eriodictyol (green), luteolin (magenta) and quercetin (blue)
docked in the binding pocket of the wild-type 1eOMT, exposing the 3'-hydroxyl group for methylation. B) the same substrates in the binding pocket of
1eOMT_T133M/Y326L, exposing the 4'-hydroxyl group for methylation. C) Genistein binding on 1eOMT_T133M/Y326H provides the 7-position for methylation.
D) (S)-Naringenin binding pattern in leOMT_T133M/L322M also exposes the 7-position, however, with a totally different binding pattern.

Experimental Section

Materials

Dpnl was purchased from New England Biolabs, Inc.. All primers
were purchased from Thermo Fisher Scientific, Inc.. Competent cells
were self-prepared. S-Adenosyl-L-methionine was purchased from
J&K Chemical Ltd.. Acetic acid, trifluoroacetic acid (TFA) and
acetonitrile were purchased from Carl Roth GmbH and VWR
chemicals and were of HPLC grade. (4)-Eriodictyol was purchased
from Carl Roth GmbH, (4)-naringenin and quercetin were pur-
chased from Sigma, luteolin, genistein and biochanin A (4'-meth-
oxygenistein) were purchased from TCl GmbH, prunetin (7-meth-
oxygenistein) and sakuranetin  (7-methoxynaringenin) were
purchased from Extrasynthese. All these chemicals have 95% or
higher purity.

Mutagenesis, expression and purification

1eOMT from Clarkia breweri (accession number of protein:
004385.2) and the mutant T133M in pET-21a(+) with Hiss-tag at
the C-terminal were constructed as described in our previous
work."" Further mutagenesis were performed following the
QuikChange (Stratagene) protocol using pET-21a(+)—T133M as
template. Primers are as below:

L322H fw: 5-CACACCGATGCCCATATGCTGG-3;

ChemCatChem 2020, 12, 3721-3727 www.chemcatchem.org
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L322H
L322M
L322M
L322N
L322N
Y326H
Y326H
Y326L
Y326L
Y326R
Y326R

rv: 5-CCAGCATATGGGCATCGGTGTG-3';

fw: 5-CACACCGATGCGATGATGCTGG-3’;

rv: 5-CCAGCATCATCGCATCGGTGTG-3;

fw: 5-CACCGATGCGAACATGCTGGCGTATAAC-3';
rv: 5-GTTATACGCCAGCATGTTCGCATCGGTG-3";
fw: 5-TGCTGGCGCATAACCCGGGCGGTAAAG-3;
rv: 5-CTTTACCGCCCGGGTTATGCGCCAGCA-3;
fw: 5-TGCTGGCGCTGAACCCGGGCGGTAAAG-3;
rv: 5-CTTTACCGCCCGGGTTCAGCGCCAGCA-3';
fw: 5-TGCTGGCGCGTAACCCGGGCGGTAAAG-3;
rv: 5-CTTTACCGCCCGGGTTACGCGCCAGCA-3';

After PCR, the pET-21a(+)—T133M template was digested by Dpnl
before transforming into Escherichia coli (E. coli) Top 10 chemically
competent cells for plasmid amplification. After sequence confirma-
tion (Eurofins, Germany), the newly constructed mutant plasmids
were transformed into E. coli BI21 (DE3) chemically competent cells
for protein expression. Expression and purification of IleOMT and all
mutants were carried out following the protocols given in our
previous work.""

Enzyme assays and HPLC analysis

The reaction mixture consisted of 150 uM flavonoid substrate,
1 mM SAM, 5 mM DTT and 25% (v/v) E. coli BI21 (DE3) cell lysate
(not including the MTs of interest), in 50 MM sodium phosphate

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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buffer, pH7.5. Because the S-adenosyl- L -homocysteine (SAH)
derived from SAM is a potent inhibitor for MTs, E. coli cell lysate
which contains SAH nucleosidase was provided in each reaction in
order to reduce the inhibition effect brought by the SAH."¥ 1.0 mg/
mL (24.4 uM) purified enzymes were added into the reaction
mixtures to initiate the enzyme reaction. Due to the instability of
SAM, the same amount of SAM was supplied again after 24 h. The
mixtures were incubated at 28°C with 700 rpm agitation in an
Eppendorf Thermomixer. Assays were performed in triplicate and
negative controls were performed by replacing purified enzymes
with buffer. Samples were taken at 2, 4, 24 and 48 h and an equal
volume of acetonitrile was added to quench the reaction. Samples
were vortexed vigorously and then centrifuged at full speed for
30 min to remove protein precipitate. 200 uL supernatant were
transferred to HPLC sample vial inserts for analysis. HPLC analysis
were performed on VWR Hitachi Elite LaChrom system equipped
with the Kinetex EVO C18 (4.6x250 mm, 5um particle size,
Phenomenex) reversed-phase column. 0.1% acetic acid and
acetonitrile were used for the separation of flavonoid substrates
and the corresponding methylated products, with the ratio 68:32
(v/v) for eriodictyol, luteolin and quercetin, and 60:40 (v/v) for
naringenin and genistein. Wavelengths for the detection of
flavanones (eriodictyol and naringenin), flavone and flavonol
(luteolin and quercetin) and isoflavone (genistein) were 280, 260
and 260 nm, respectively. All analyses were performed at a flow
rate of 1 mL/min and the column temperature was 35°C. Identi-
fication of methylated products were confirmed by comparing their
retention times on HPLC to commercial standards. For unknown
products, preparative-scale reactions were performed with specific
substrates and mutants and the products were isolated and
identified by NMR and MS. Area percentages of substrate and each
product were calculated to show the estimated yield for each
product.

Biosynthesis, isolation and purification of unknown
methylated products

Each preparative-scale reaction started with 30 mg flavonoid
substrate (~100 umol), 80 mg SAM (200 umol), 20 mg purified
enzyme, 0.1% NaN; and crude E. coli cell lysate in 100 mL sodium
phosphate buffer (50 mM, pH 7.5). Purified 1eOMT_T133M/Y326R
was used for the biosynthesis of the 3’-methylated products of
eriodictyol, luteolin and quercetin. leOMT_T133M/Y326L was used
to synthesize the 3',4’-dimethylated products of eriodictyol, luteolin
and quercetin. Reactions were performed in 500 mL round bottom
flasks at 30°C at 180 rpm for a total duration of 10 days, and the
reaction progress was followed every 24 h by HPLC. The same
amount of SAM and purified enzyme were resupplied at specific
time intervals, when reaction seemed to slow down. When
reactions were finished, substrates and products were extracted
with 100 mL ethyl acetate (EtOAc) for three times, water was
removed with dried MgSO, and then filtered. EtOAc were then
removed using a rotary evaporator and the remaining dry
substances were dissolved in 1 mL DMSO for subsequent purifica-
tion. Separation of flavonoid substrates and products were
performed firstly with the analytical column LiChrospher® 100 RP-
18 (5 um) LiChroCART® (250x4 mm, Merck) and then with the
preparative column LiChrospher® 100 RP-18 (5 pm) Hibar® RT (250 x
25 mm, Merck), both are equipped with Shimadzu devices CBM-
20A, LC-20A P, SIL-20A, FRC-10A and a SPD 20A UV/Vis detector.
0.1% TFA and acetonitrile (60/40, v/v) were used as mobile phase.
Product fractions were collected, dried with rotary evaporator and
lyophilizer before submission to NMR. All products had a purity of
>999%, according to HPLC. The isolated yields (not optimized

procedures) were the following: 3’-methyleriodictyol: 18.8%
(5.9 mg), 3'4'-dimethyleriodictyol: 35.5% (11.7 mg), 3’-meth-
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ylluteolin 24.6% (15.5 mg), 3',4'-dimethylluteolin 26.9% (17.7 mq),
3’-methylquercetin 6.8% (4.3 mg), 3',4-dimethylquercetin 16.8%
(11.0 mg).

NMR and mass spectrometry analysis

NMR measurements were carried out on a Bruker Avance 600 MHz
spectrometer equipped with an inverse 'H/®*C/"N/"°F quadruple
resonance cryoprobehead and z-field gradients. All compounds
were dissolved in DMSO-d, and 'H NMR, *C NMR and DEPT-135
experiments were performed. Identification of single methylated
products was done by comparing assignments against known
standards. For the double-methylated products, additional 2D NMR
experiments (NOESY, HSQC, HMBC) were performed. Data were
processed and analyzed using TopSpin 4.0.7. All spectra were
recorded at 25°C. All peaks were referenced towards the DMSO-d,
peak ("H: 2.50 ppm; *C: 39.51 ppm).

Mass spectrometry was performed using a Shimadzu LC-MS 8030
equipped with an ESI (electrospray ionization) source and a mass
spectrometer, using the same column and mobile phase as in the
HPLC analysis. Negative ionization mode was used and automatic
MRM (multiple reaction monitoring) optimization was performed to
acquire optimal fragmentation and maximal transmission of the
desired product ions.

Bioinformatic analysis

The bioinformatic analysis was performed with YASARA 19.7.20.
First, the structure of 3REO was back-mutated to its wild-type
sequence and the SAH was transformed to SAM by the addition of
the methyl group and this structure was refined at pH 7.5, 25 °C for
500 ps, taking a snapshot every 25 ps. The structure with the lowest
energy was selected for further experiments. For the mutants, the
respective amino acids were swapped with subsequent energy
minimization. The same was performed for the preparation of the
substrate molecules. The docking experiments were performed
with VINA method, using the force field AMBERO3 at 30°C. Five
receptor molecules were prepared for each experiment and in each
receptor 25 dockings were performed, and the resulting structures
were clustered when RMSD was <5A. The catalytic active
conformation with the higher binding energy was selected. Figures
were prepared with PyMol.

Accession numbers

The accession numbers of plant OMTs chosen for sequence
alignment in Figure 1 are as follows: MePi_7-FOMT1 from Mentha
piperita (AAR09598.1), MeTr_7-FOMT7 from Medicago truncatula
(ABD83946.1), OrSa_7-FOMT from Oryza sativa (BAM13734.1), ArTh_
3-FOMT from Arabidopsis thaliana (AAB96879.1), ChAm_3'-FOMT
from Chrysosplenium americanum (AAA80579.1), MePi_3'-FOMT3
from Mentha piperita (AAR09601.1), OrSa_3-FOMT from Oryza
sativa (XP_015650053.1), CaRo_4-FOMT from Catharanthus roseus
(AAR02420.1), GIMa_4'-FOMT/IOMT from Glycine max (C6TAY1.1),
MePi_4'-FOMT4 from Mentha piperita (AAR09602.1), CiAr_7-IOMT
from Cicer arietinum (XP_004489528.1), MeTr_7-IOMT1 from Medi-
cago truncatula (AAY18582.1), MeSa-7/4-IOMT from Medicago
sativa (AAC49928.1), GIEc_4-IOMT from Glycyrrhiza echinate
(BAC58011.1), LoJa_4'-IOMT from Lotus japonicus (BAC58013.1),
MeTr_4-IOMT5 from Medicago truncatula (AAY18581.1), CaRo_3-
POMT from Catharanthus roseus (AAK20170.1), CIBr_3-POMT from
Clarkia breweri (023760.1), LoPe_3-POMT from Lolium perenne
(AAD10253.1), MeSa_3-POMT from Medicago sativa (AAB46623.1),
CIBr_4-POMT from Clarkia breweri (004385.2).
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