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Scope and outline

Scope and outline

S-adenosyl-L-methionine- (SAM) dependent methyltransferases (MTs) catalyse
methylation of halide ions and the C, O, N, S, Se, and As atoms of biomolecules ranging
from biopolymers to small molecules. They display different chemo-, regio- and
stereoselectivity according to their specific functions. This thesis focuses on the
engineering of O-methyltransferases (OMTs) and halide methyltransferases (HMTs)
through rational design and directed evolution to study their structure-function relationship
and to explore their catalytic promiscuity. The influence of substrate binding residues on
the substrate scope and regioselectivity of a plant OMT against various phenolic
substrates (Article 1) and flavonoids (Article Il) has been investigated. Article Il
describes the directed evolution of an HMT for the biocatalytic synthesis of diverse SAM
analogues. With the evolved HMT, regioselective alkylation of phenolic compounds and
flavonoids, as well as the SAM analogue regeneration, were achieved through an

HMT-MT cascade reaction.

Article | Specific residues expand the substrate scope and enhance the

regioselectivity of a plant O-methyltransferase
Q. Tang, U. T. Bornscheuer, I. V. Pavlidis, ChemCatChem 2019, 11, 3227.

It was reported in literature that an isoeugenol 4-OMT (leOMT) can be engineered to a
caffeic acid 3-OMT (CaOMT) by replacing three consecutive residues. In this article, we
investigated the effect of these residues on substrate preference and regioselectivity of
leOMT. The triple mutant T133M/A134N/T135Q and the respective single mutants were
constructed and tested against a series of phenolic compounds. The variant T133M had
a universal effect to improve enzymatic activities against all tested substrates while the
mutant A134N had enhanced regioselectivity. The triple mutant T133M/A134N/T135Q
benefits from these two mutations, which not only expanded the substrate scope, but also
enhanced the regioselectivity of IeOMT. On the basis of this work, regiospecific

methylated phenolics can be produced in high purity by different leOMT variants.

Article 1l Influence of substrate binding residues on the substrate scope and

regioselectivity of a plant O-methyltransferase against flavonoids

Q. Tang, Y. M. Vianney, K. Weisz, C. W. Grathwol, A. Link, U. T.
Bornscheuer, 1. V. Pavlidis, ChemCatChem 2020, 12, 3721.




Scope and outline

Flavonoid OMTs (FOMTSs), isoflavonoid OMTs (IOMTs) and phenylpropanoid OMTs

(POMTSs) display different substrate preferences. Sequence comparison showed that the

substrate binding residues at positions 322 and 326 are different between these OMT
groups and might be critical for the substrate discrimination. Residues at positions 322
and 326 in leOMT (a POMT) were mutated to the commonly presented residues in FOMT
and IOMT. The introduced mutants, in cooperation with the variant T133M, have improved
or brought novel activities and regioselectivity against the tested flavonoids eriodictyol,
naringenin, luteolin, quercetin, and also the isoflavonoid genistein compared to the wild-
type leOMT. On the basis of this work, methylated flavonoids that are rare in nature were

produced in high purity.

Article Il  Directed evolution of a halide methyltransferase enables biocatalytic

synthesis of diverse SAM analogs

Q. Tang, C. W. Grathwol, A. S. Aslan-Uzel, S. Wu, A. Link, I. V. Pavlidis, C.
P. S. Badenhorst, U. T. Bornscheuer, Angew. Chem., Int. Ed. 2021, 60, 1524;
Angew. Chem. 2021, 133, 1547.

Biocatalytic alkylations to obtain chemo-, regio- and stereoselectively alkylated
compounds can be achieved by MTs with the supply of SAM analogues. It was recently
discovered that SAM can be directly synthesized from S-adenosyl-L-homocysteine (SAH)
and methyl iodide, catalysed by an HMT. To explore the promiscuity of HMT in the
synthesis of SAM analogues, we performed directed evolution of the Arabidopsis thaliana
HMT based on a sensitive, colorimetric iodide assay. The identified variant V140T
displayed activities against ethyl-, propyl-, and allyl iodides to produce the corresponding
SAM analogues. With this HMT variant, regioselective ethylation of luteolin and allylation
of 3,4-dihydroxybenzaldehyde, as well as the SAM analogue regeneration, were achieved

through this HMT-MT one-pot cascade reaction.

Vi



Introduction

1. Introduction

1.1. The effects of methylation

Methylation is an important and ubiquitous process both in biological activities and
chemical synthesis. The physical properties of a molecule such as the hydrophobicity,
solubility and pK value can be modified; the odour and taste, and the bioactivity can be
changed significantly. For example, vanillin (3-methoxy-4-hydroxybenzaldehyde) and
veratraldehyde (3,4-dimethoxybenzaldehyde) represent vanilla aroma and woody
fragrance, respectively (Figure 1a).l"? Methylation on specific carbon atoms of the drug
molecule against the experimental autoimmune encephalomyelitis (EAE) greatly increase
its binding potency and improve the ICsp value more than 2000-fold (Figure 1b).®!
Various biological activities and diseases are regulated through the methylation of
nucleotides, proteins and metabolites.®® Methylation of DNA, RNA and proteins are
involved in regulation of gene expression, DNA labelling, RNA stability, also post-
translational modification for proteins (Figure 1c and 1d).'""'? Metabolism of
neurotransmitters and hormones are tightly connected to methylation (Figure 1e).l'*"]
Other small molecules or natural products such as signalling and host defence
compounds, cell wall components and cell membrane, pigments, prosthetic groups and

cofactors are also methylated.!'®"!

1.2. SAM-dependent methyltransferases

Methylation can be achieved by a specific group of enzymes called methyltransferases
(MTs, E.C. 2.1.1.x), using the biomolecule S-adenosyl-L-methionine (SAM) as methyl
donor. The methyl group at the sulfonium of SAM is transferred to the substrate,
producing the methylated product and the by-product S-adenosyl-L-homocysteine (SAH)
(Figure 2). Enzymatic methylation processes are environmentally friendly alternatives to
chemical methylation methods and are superior due to their chemo-, regio- and
stereoselectivity. Depending on the atoms to be methylated, MTs can be classified into
C-, O-, N-, S-, Se-, As- and also halide MTs, among which O-methyltransferases (OMTSs)

are the most abundant class (54% of their EC subclass).*”!
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Figure 1. Methylation of different molecules with the added methyl groups coloured in red. a) Structures of
vanillin and veratraldehyde which present vanilla aroma and woody fragrance, respectively. b) The structure
of NIBR-0213, a drug for EAE which shows more than 2000-fold boosted potency compared to the
unmethylated precursor. c) Methylation of cytosine and adenine in DNA and RNA. d) Methylation of lysine

and arginine residues within proteins. e) Methylation of neurotransmitters and hormones.
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Figure 2. MT-catalysed methylation of the substrate using SAM as the methyl group donor. The methylated

product and SAH are thus produced.
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The MT-catalysed methyl group transfer reaction is a Sx2 like nucleophilic substitution.!®:
21231 Due to the strong electron-withdrawing effect of the positively charged sulfur atom,
the adjacent methyl group is activated as an electrophile. The nucleophilic, methyl group-
accepting atom is activated through deprotonation from a general base in the enzyme
and attacks the electrophilic SAM methyl group, yielding the methylated product (Figure
3).

R R.
N () ;
H o CHs MT CHa
B SNt BH e Snst
SAM SAH

Figure 3. Reaction mechanism of the transfer of the methyl group from SAM to the substrate, catalysed by

MTs. X and B represent the methyl group-accepting atom and the general base in the enzyme, respectively.

1.3. O-Methyltransferases classified by substrate preference

OMTs are the most abundant methyltransferases and catalyse the methylation of hydroxyl
groups. The common substrates are phenolics, flavonoids, chalcones, alkaloids,
carbohydrates, CoASH esters, and also carboxylic acids (Figure 4).12428

OH
Gl OH

HO HO OH
HO O O |

OH OH O

OH O
3,4,5-Trihydroxycinnamic acid Eriodictyol Pinocembrin chalcone

(Phenolic) (Flavonoid) (Chalcone)

HO
OH HO O~__OH
NH HO,,, OH
HO :
HO = © o
HO Y OH
HO

Norcoclaurine Myo-inositol Caffeoyl-CoA Salicylic acid
(Alkaloid) (Carbohydrate) (CoASH ester) (Carboxylic acid)

Figure 4. Examples of common substrates of OMTs. The methylation target sites are highlighted.
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Plant OMTs are responsible for methylation of a broad spectrum of plant metabolites
which are involved in a variety of processes such as plant growth, signalling, and
development.[?*3% They are categorized into three classes depending on their substrate
preferences.®'4 Type | OMTs accept phenylpropanoids, 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

esters and the carboxylic acids, respectively.!

OMTs are also widely found in animals. Mammalian catechol OMTs (COMTs) are well-
studied due to their roles in the methylation of neurotransmitters and hormones, such as
dopamine and adrenaline, as well as their roles as drug targets.['* 3 COMTs are bivalent
cation-dependent and there are two isoforms encoded by the same gene found in different
parts of human body.? The membrane-bound COMT (MB-COMT, 30 kDa) contains an
additional 50 amino acids at the N-terminus and displays higher substrate affinity but
lower catalytic activity compared to the soluble COMT (S-COMT, 26 kDa).l*®

1.3.1. Phenylpropanoid OMTs

Caffeic acid/5-hydroxyferulic acid 3/5-OMTs (CaOMTs) are key enzymes in the
biosynthesis of lignin precursors found in all lignin-producing plants.®® They catalyse
methylation of the lignin precursors caffeic alcohol/aldehyde/acid and 5-hydroxyconiferyl
alcohol/aldehyde/acid exclusively at the meta-hydroxyl groups (meta-OH or 3-OH),
leaving the para-hydroxyl groups (para-OH or 4-OH) free to form lignin polymers and to
avoid oxidative radical coupling (Figure 5a).”-3 These compounds are also the building
blocks of chalcones and flavonoids.?** On the other hand, isoeugenol 4-OMTs (leOMTs)
catalyse methylation of eugenol and isoeugenol at the only available para-OH to produce
methyl eugenol and methyl isoeugenol, respectively (Figure 5b).5% Both the substrates
and products are volatiles providing floral scent in plants and are applied in perfumes and

food seasonings as flavour additives, or as building blocks in organic synthesis.[" 404"
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Figure 5. Substrates of phenylpropanoid OMTs. a) Structures of caffeic alcohol/aldehyde/acid and 5-
hydroxyconiferyl alcohol/aldehyde/acid. b) Structures of eugenol and isoeugenol. The target hydroxyl groups

for the corresponding OMTs are highlighted.

Wang et al. have isolated an leOMT and a CaOMT from Clarkia breweri.*! Although the
two OMTs share 83% amino acid sequence identity, they display distinct substrate
preference and regioselectivity. While CaOMT serves to produce meta-methylated lignin
precursors, leOMT only accepts isoeugenol or eugenol as substrates and methylates the
solely free para-OH. Through mutagenesis of the substrate binding residues, Wang et al.
discovered that substitution of the amino acid cluster T133-A134-T135 in leOMT with the
corresponding residues in CaOMT (M135-N136-Q137) have brought leOMT the CaOMT
characteristics, regarding the substrate specificity as well as the regiospecificity.[*’!

However, the mechanism of the substrate discrimination had not been elucidated yet.

1.3.2. Flavonoid OMTs

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
pharmacological properties including free radical-scavenging antioxidative activities, anti-
inflammatory, antimicrobial and anticancer activities."***? They are classified into
flavonoids  (2-phenylbenzopyrans), isoflavonoids  (3-phenylbenzopyrans) and
neoflavonoids (4-phenylbenzopyrans), based on the positions of the phenyl rings
(Figure 6a).°" Flavonoids are further divided into flavanes, flavanones, flavonols,
flavones and anthocyanins (Figure 6b).°? Various modification reactions such as
oxidation, hydroxylation, glycosylation and methylation lead to a huge variety of
flavonoids.®® O-methylation of free hydroxyl groups on dietary flavonoids greatly

increases their absorption and oral bioavailability through the improvement of their
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metabolic stability and better membrane transportation.***®! Methylation of flavonoids can
also bring new biological activities. For example, chrysoeriol
(4',5,7-trihydroxy-3'-methoxyflavone, 3'-methylluteolin) and isohamnetin

(3,4',5,7-tetrahydroxy-3'-methoxyflavone, 3'-methylquercetin) show strong and selective
inhibition of the formation of a carcinogenic oestrogen metabolite related to breast cancer
(Figure  6¢).5°®  Besides, eriodictyol (3',4',5,7-tetrahydroxyflavanone) and
homoeriodictyol (4',5,7-trihydroxy-3'-methoxyflavanone, 3'-methyleriodictyol) are known

for their remarkable bitter-masking effect (Figure 6d).19%°!

0
2' 4 (0]
8 1 O
7 N 5
c 6
6 3 ‘

5 4
Flavonoid Isoflavonoid Neoflavonoid
b)
oS o L o o )
v lveadiceadive o\
OH ¥ OH
(0] (0] (0]
Flavane Flavanone Flavonol Flavone Anthocyanin

H;C.

OH O
OH OH
OH O OH O
Chrysoeriol Isohamnetin Eriodictyol Homoeriodictyol

Figure 6. a) Structures of flavonoids, isoflavonoids and neoflavonoids. Ring assignment and the backbone
atom numbering are shown. b) Structures of flavanes, flavanones, flavonols, flavones and anthocyanins. c)
Structures of chrysoeriol and isohamnetin; d) Structures of eriodictyol and homoeriodictyol. The added methyl

groups in ¢) and d) are coloured in red.

Although phenylpropanoid OMTs (POMTs), flavonoid OMTs (FOMTs) and isoflavonoid
OMTs (IOMTs) all belong to the type | OMTs due to highly similar protein sequences and
structures, they are divided into different OMT groups based on their substrate
preferences. POMTs catalyse methylation of phenylpropanoids such as caffeic
alcohol/aldehyde/acid which serve for lignin and flavonoid biosynthesis, and the flower

scent compounds eugenol and isoeugenol.®" FOMTs accept a wide range of flavonoid
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substrates and show strict regioselectivity. Isoflavonoids are exclusively produced in
leguminous plants and function as phytoalexins. Only SOMT2 from soybean (Glycine max)
and SaOMT2 from Streptomyces avermitilis were discovered to show both flavonoid and
isoflavonoid methylation activities.'**%%! 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 phenylpropanoids.

1.3.3. Mammalian catechol OMTs

COMTs are involved in the regulation of neurotransmitters and hormones (L-DOPA,
dopamine, noradrenaline, adrenaline etc., Figure 7).1'"* 33 They also accept a wide range
of catechol derivatives as substrates and the majority of them prefer to methylate the
meta-OH.!"> %! Owing to the regioselectivity of COMTs, they are also applied in the
biocatalytic synthesis of the flavor compound vanillin (3-methoxy-4-hydroxybenzaldehyde)
from glucose (Figure 1a).*" Few COMTs are characterized to have para-preference,
which serves as a regio-complementary catalyst to the common COMTs and enables the
synthesis of the uncommon methylated products.®>*®! Structural and mechanistic studies
showed that the two catechol hydroxyl groups of the substrate are stabilized by the active
site residues and the bound Mg?*; the general base assists one of the hydroxyl groups to
attack SAM (Figure 8). Substrates with polar and ionizable substituents (R groups) tend
to orientate their side chains into solvent (aqueous buffer) and expose their meta-OH to
SAM. Conversely, neutral and hydrophobic side chains are more likely to interact with the
hydrophobic wall of COMT and thus present their para-OH to SAM for methylation. Based
on this reaction mode, regioselectivity of COMT can be altered though engineering of

active site residues.®’!

HO HO HO HO
NH;
T O -
HO HO NH, HO Y NH, HO Y H
OH OH OH
L-DOPA Dopamine Noradrenaline Adrenaline

Figure 7. Chemical structures of the neurotransmitter and hormone substrates of COMT.
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Figure 8. Reaction mechanism of COMT. Catechol hydroxyl groups of the substrate are stabilized by the
active site residues and the bound Mg?*. One of the hydroxyl group is activated by the general base (B:) and
attacks the methyl group of SAM. Meta-methylated product is produced when the substrate side chain (Rn
group) orientates into solvent, while para-methylated product is produced when the substrate side chain (R,

group) interacts with the enzyme hydrophobic wall.
1.4. Other methyltransferases

1.4.1. N-Methyltransferases

Methylation of the nucleic acid amino groups, for example the N6 position of adenine and
the N4 position of cytosine, are catalysed by the corresponding DNA and RNA
N-methyltransferases (NMTs) (Figure 1c).®%%! Protein NMTs install one or more methyl
groups at the terminal amino and imine groups of lysine and arginine, respectively (Figure
1d)."? Apart from that, NMTs also play a prominent role in the synthesis of many natural
products. For example, several NMTs are involved in the production of caffeine in tobacco
plants (Figure 9a).’""@ The coclaurine NMT in cooperation with other OMTs are
responsible for the synthesis of the bioactive benzylisoquinoline (S)-reticuline which is the
precursor of morphinans, aporphines and protoberberines (Figure 9b).[*"°! Besides, the
activity of signalling molecules such as noradrenalin, phenylethanolamine, histamine and

tryptamine are modulated by the corresponding NMTs (Figure 9c¢).['® 2

1.4.2. C-Methyltransferases

Carbon-carbon bond formations are ubiquitous in natural systems and are important
reactions in organic synthesis.* 75’71 Apart from the classical Friedel-Crafts alkylation, C-
methylation can also be achieved by SAM-dependent C-methyltransferases (CMTSs).
However, methylation of carbon atoms requires more energy to generate the active
carbanion intermediate comparing to the methylation of oxygen and nitrogen. Therefore,

C-methylation usually takes place at the more nucleophilic carbon atoms in the enolizable
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ketones and phenolic substrates. For example, CMTs catalyse the stereoselective (-
methylation of a-keto acids in amino acids and polyketides (Figures 10a and 10b).l"85"
An aromatic CMT displays substrate promiscuity on a group of phenolic amino acids such
as 3-hydroxykynurenine (Figure 10c), p-tyrosine, m-tyrosine and L-DOPA. #2834 The CMTs
CouO and NovO discovered from the coumermycin A1 and novobiocin antibiotic
biosynthesis pathways not only accept a wide range of coumarin compounds as
substrates but are also able to transfer an extensive repertoire of alkyl groups (Figure

10d).5%

a) b)
e
He O HsC O
.CH N
NG o o
N N/go HO O
I
CH H3C.
3 3Cg
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c)
NH,
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ji)\/\ ©\/\ (/1/7/\/NH2
HO 7~ "NH; T NHx N N
H
Noradrenaline Phenylethanolamine Histamine Tryptamine

Figure 9. Structures of NMT products a) caffeine and b) (S)-reticuline. The added methyl groups are coloured

in red. c) Signalling molecules as NMT substrates. The methylation target sites are highlighted.
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Figure 10. Structures of CMT products. a) (3R)-methyl-2-oxoglutaric acid; b) B-methylated polyketide; ACP,
acyl carrier protein; c) 3-hydroxy-4-methylkynurenine; d) alkylated coumarin derivatives; Rq represents the

transferred alkyl group which can be the allyl, propargyl and benzyl groups and are coloured in red.
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1.5. Regeneration of SAM

So far, MTs are not yet commonly used in industrial processes mainly due to the lack of
bulk availability of the methyl donating cofactor SAM. It is a complex, unstable and
expensive molecule and needs to be provided in stoichiometric amount to the substrate.
Besides, the by-product SAH produced after transferring the methyl group is a potent
inhibitor of MTs.[7-%8] Regeneration of SAM can be a powerful approach to address these
problems. It produces SAM in situ and degrades the produced SAH, which makes full use

of the molecule and eliminates the inhibition effect of SAH.

1.5.1. A multistep, cyclic regeneration system

The very first attempt was a multistep, cyclic, in vitro regeneration system, based on the
physiological cycle of the metabolites in cells.®™® The SAH produced from SAM was first
hydrolysed to adenosine and L-homocysteine (Hcys) by the SAH hydrolase (SAHH), after
which adenosine was phosphorylated to adenosine monophosphate (AMP) and then to
adenosine triphosphate (ATP) by the adenosine kinase (ADK) and polyphosphate
kinases 2 (PPK2) | & Il (Figure 11).°% Finally, a new SAM molecule is produced from ATP
and L-methionine (L-Met) catalysed by the methionine adenosyltransferase (MAT).
Overall, this is a complex regeneration system requiring an additional of five enzymes

and has shown rather low turnover, up to only 11 cycles.

1.5.2. HMT-MT cascade

A more versatile and much simpler SAM recycling system that requires only a halide
methyltransferase for SAM production was developed by Liao et al®! HMTs were
discovered in chloromethane (CHsClI) producing organisms and were reported to catalyse
methylation of halide ions using SAM as the methyl donor.®>*¥! By noticing that the
reaction is actually thermodynamically unfavourable but most likely driven by the removal
of the highly volatile products, Liao et al. in turn used HMT to produce SAM from SAH
and methyl iodide. The SAM regeneration system is comprised of two enzymes, the MT
and HMT, and requires only a catalytic amount of SAH and stoichiometric concentrations
of methyl iodide as the methyl donor (Figure 12). The enzyme cascade is compatible with
OMTs, NMTs and CMTs and can reach up to 580 cycles.
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Methylated
Substrate product
CI:H3
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OH OH OH
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Figure 11. A multistep, cyclic, in vitro SAM regeneration system. The "A" represents the adenine moiety. SAHH,
SAH hydrolase; ADK, adenosine kinase; PPK2-1 & II, polyphosphate kinases 2, | & Il; MAT, methionine

adenosyltransferase; Hcys, L-homocysteine; PolyP, polyphosphate; Met, L-methionine.

Substrate . Mg%ljé?d
“‘00C S
00C._~_S S A
- ' O A NH + (0]
NH5* 3
' = CHal
HMT

Figure 12. Regeneration of SAM through the HMT-MT cascade.
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1.6. Biocatalytic alkylation

Apart from methylation, selective alkylation of molecules is highly desirable. It can
expand the structural and functional diversity of chemicals and enable various
applications, such as site-selective modification or labelling of molecules with fluorescent
or "clickable groups".[? %% Bijocatalytic alkylations are important because of the
exquisite chemo-, regio-, and stereospecificity achievable using enzymes.!*> %1% Some
methyltransferases are insensitive to the size of the alkyl substituent of SAM and have
been reported to catalyse alkylation reactions with the corresponding SAM analogues
provided.[5” % 101102 SAM analogues enabling these diverse alkylation reactions are
crucial not only for expanding the industrial relevance of biocatalytic alkylation but also
for discovering more promiscuous MTs."%"% However, very few naturally occurring SAM
analogues are known, making limited access to SAM analogues one of the most serious
impediments to the progress in the field.[?: 104106

1.6.1. Chemical synthesis of SAM analogues

SAM analogues can be synthesized chemically from SAH and an excess of alkyl triflates
or alkyl halides in the formic acid-acetic acid mixture. The SAM analogues are obtained
as diastereomeric mixtures at the sulfonium centre (Figure 13). Only the (S,S)-epimers
can be utilized by MTs. The biologically inactive (R,S)-diastereomers are potent inhibitors

of MTs and are not easily separated from the desired SAM analogues.!'?" 107-108]

R R
00C _~_S : Y

- oA RX, X = OSO,CF3 or Br 00C. _~_S A 00C. _~_$ A

NH3 . (o) + [i]H . O

HCOH, AcCOH NHs 3
OHOH

OHOH OHOH

SAH (S,S)-SAM analog (R,S)-SAM analog

Figure 13. Chemical synthesis of SAM analogues, resulting in diastereomeric mixtures at the sulfonium centre.

1.6.2. Chemo-enzymatic synthesis of SAM analogues

Enzymatic synthesis of SAM analogues is more specific which yields only the desired
isomers. There are two enzyme classes, MATs and halogenases, that have been reported

to synthesize SAM analogues from L-Met analogues and the adenosyl moiety providing

[109-113

molecules ATP or 5'-chloro-5'-deoxyadenosine (Figure 14a). 1 Both enzymes are
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highly promiscuous which accept diverse alkyl groups up to the benzyl group, as well as
the polar amino groups, amino acids and nitriles. However, the major drawback of these
approaches is that they require methionine analogues which are not commercially

available (except L-ethionine) and needed to be synthesized chemically (Figure 14b).

a) =
(0] O O |
MAT
00C _~_ S 0-P-0-P-0-P-0— _ A 00C._~_Sy
B + - ~ N o}
NH,* o o 0 N\ NH;*
OHOH Fi+ PP OHOH
L-Met analog ATP SAM analogue
R
N A 00c $
00C. _~_S. o - NN A
Y + = Z + O
NH,* \ NH; k 7
OHOH CI-
OHOH
L-Met analog 5'-chloro-5'-deoxyadenosine SAM analogue
b)
‘00C._~_SH acetone, K,CO3 ‘OOC\/\/S\R
'ilH3+ \ 'ilH3+
R-X X
L-homocysteine L-Met analog

Figure 14. Chemo-enzymatic synthesis of SAM analogues. a) MATs or halogenases can then use ATP or
5'-chloro-5'-deoxyadenosine, respectively, to convert the L-methionine analogues to the corresponding SAM

analogues. b) The L-Met analogues need be synthesized chemically from L-homocysteine and alkyl halides.

1.6.3. HMT-catalysed enzymatic synthesis of SAM analogues

Since the SAM synthesis function of HMT was discovered, it can be an efficient alternative
to synthesize SAM analogues because the alkyl iodides are cheap and readily available
(Figure 15). Most importantly, SAM analogues can be regenerated through the HMT-MT
cascade reaction while achieving bioalkylation. Most of the HMTs have been reported to
transfer only the methyl group. Until recently, Bengel et al. discovered that few natural
HMTs were able to transfer the ethyl, propyl and the butyl groups.!"'¥ Therefore, it is of
great potential to discover more promiscuous HMTs, either from nature or via protein

engineering, for the synthesis of different SAM analogues.
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R
00C S !
\i/\/ o A HMT OOC\/\/§ A
NH3* + R — > o 0 +
NH* '
OHOH OHOH
SAH SAM analog

Figure 15. Production of SAM analogues from SAH and alkyl iodides, catalysed by HMT.

1.6.4. MTs that accept SAM analogues

With the supply of SAM analogues, biocatalytic alkylation can be achieved by the MTs
which accommodate alkyl groups that are bulkier than the methyl group. The wild-type
COMT accepts the ethyl, allyl and benzyl groups in the alkylation of
3,4-dihydroxybenzaldehyde.®”) The RapM 16-OMT is promiscuous in transferring the
ethyl and allyl groups to the macrolide immunosuppressive agent rapamycin, generating
analogues with altered physicochemical and pharmacological properties.['"? Besides,
CMTs CouO and NovO enable the regiospecific installation of a series of unsaturated
alkenyl and alkynyl groups on different coumarin compounds.®® Interestingly, COMT and
the coclaurine NMT were engineered to change their preference from methylation to
carboxymethylation, with the cofactor carboxy-SAM (cxSAM) generated from SAM by a
cxSAM synthase.['%* 1151161 Apart from small-molecule MTs, many promiscuous wild-type
or engineered DNA/RNA MTs and protein MTs have been utilized to install various

clickable terminal alkyne-containing groups for the labelling of biomolecules.!®" "7
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2. Results

2.1. Expanding the substrate scope and enhancing the regioselectivity of
leOMT against phenolic compounds (Article I)

As reported by Wang et al. which was discussed in Chapter 1.3.1, the substrate and
regioselectivity discrimination between leOMT and CaOMT is determined by the specific
amino acid cluster T133-A134-T135 in leOMT and the corresponding residues M135-
N136-Q137 in CaOMT. We investigated in detail the effects of these residues. Genes
encoding 1leOMT from Clarkia breweri (NCBI accession number: O04385) and CaOMT
from Catharanthus roseus (NCBI accession number: Q8W013) were synthesized and
expressed in E. coli. The triple mutant T133M/A134N/T135Q, double mutant
T133M/A134N and the single mutants at each position were constructed using leOMT as
scaffold. All enzymes and variants were purified and tested against a series of phenolic
compounds, isoeugenol (1b), eugenol (2b), caffeic acid (3a), 3,4-dihydroxybenzaldehyde
(4a), and phenolic acids 3,4-dihydroxybenzoic acid (5a), 3,4-dihydroxyphenylacetic acid
(6a) and 3,4-dihydroxyphenylpropanoic acid (7a) (Figure 16).

HO]@\ HO]@\ + H3C/Oj©\
HO R ; : HiCsg R HO R
SAM SAH
a b c
fj\/\fo
OH

£ O 0
R= f\/\CHs f;\/§CH2 ;\/\Oﬁf ;\I—TO \gﬁ g\)koH

1 2 3 4 5 6 7

Figure 16. OMTs catalyse methylation of phenolic substrates (a) to give meta- (b) or para- (c) methylated products.

Structures of different substrates are shown, based on the R groups and the phenolic moieties a, b or c.

As shown in Figure 17, the wild-type leOMT displayed para-methylated activities against
isoeugenol and eugenol, while CaOMT showed preference to the meta-OH of caffeic acid.
The triple mutant T133M/A134N/T135Q of leOMT has increased methylation activities
against both substrates. Specifically, the single mutant T133M has a significant effect on
the enhancement of the activities, while the T135Q largely impairs enzymatic activity. The
triple mutant T133M/A134N/T135Q has conferred meta-specificity to 1eOMT against
caffeic acid, as reported by Wang et al.l**! Interestingly, the mutants T133M and A134N

at adjacent positions gave different regioselectivities against caffeic acid. T133M
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increases the preference for the para-OH, leading to the major production of isoferulic
acid (3c), while A134N is strictly meta-specific.
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Figure 17. Methylation efficiency and regioselectivity of the wild-type leOMT, mutants and CaOMT against different

substrates. Negative controls performed without enzyme were subtracted. Data reported are the means and

standard deviations calculated from three independent measurements. Figure from Tang et al., 2019.1'20]
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Both T133M/A134N/T135Q, T133M/A134N and the T133M variant show improved
activities against the other phenolic substrates compared to the wild-type leOMT. The
improvement is more remarkable for  3,4-dihydroxybenzaldehyde and
3,4-dihydroxybenzoic acid, which have one-carbon aldehyde and carboxylate groups
attached to the phenyl ring, respectively. Interestingly, the T133M/A134N/T135Q,
T133M/A134N and A134N variants are meta-selective against
3,4-dihydroxybenzaldehyde and produce mainly vanillin (4b), they show para-specificity
towards 3,4-dihydroxybenzoic acid. CaOMT also shows totally different regiospecificity

against these two substrates.

Crystal structures of the Clarkia breweri leOMT (with mutations T133L/E165I/F175I) and
a CaOMT from Lolium perenne (perennial ryegrass) were determined with phenolic
substrates and SAH bound in the active site.'?"'?? Both structures were obtained in
closed conformations, referring to the active catalytic states. The two structures are well-
superimposed, with the root-mean-square deviation (RMSD) value of 0.636 A. As shown
in Figure 18, the ligands isoeugenol and sinapaldehyde are surrounded and stabilized by
a series of hydrophobic residues. Among them, two Met residues (Met183 and Met323)
which are highly conserved in plant OMTs and the residue Phe179 play major roles in
stabilizing and orienting the substrate phenyl rings.'"”! Depending on whether the meta-
or the para-hydroxyl group is closer to the methyl group of SAM (within ca. 3 A to the
activated methyl carbon of SAM or ca. 4 A to the sulfonium moiety), it gets preferably
methylated and thus determines the regioselectivity.”?® Interactions between the substrate
side chain and the adjacent residues affect the substrate orientation. Since the added Met
residue in mutant T133M is located above the isoeugenol side chain and stabilizes it
through hydrophobic interaction, it attracts the hydrophobic side chain and makes the
para-hydroxyl group well-exposed to SAM. Similarly, T133M is also para-selective to
caffeic acid. However, T133M does not show obvious regioselectivity against
3,4-dihydroxy-benzaldehyde (4a) or 3,4-dihydroxybenzoic acid (5a), probably because
these substrates have shorter side chains and therefore are more flexible in the enzyme

active site.
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SAH

Isoeugenol
sinapaldehyde

) ( L1398 = ]

[ L322,/ —\ —
) M323 A L
/ | YIH326 W

y
Figure 18. Superimposed active sites of the Clarkia breweri 1eOMT (PDB ID: 3REO; with mutations
T133L/E1651/F175l; cyan; with SAH and isoeugenol bound) and the Lolium perenne CaOMT (PDB ID: 3P9l; pink;
with SAH and sinapaldehyde bound). Residues interacting with the ligands are shown in lines with elemental
colouring. Interactions between the substrate side chain and residues 133 and 134 affect the orientation of the
substrate. The hydroxyl group which is closer to the sulfur atom of SAH (white, with elemental colouring) will be

preferably methylated.

In mutant A134N, the mutated residue has steric hindrance with the substrate side chain
and expels it upwards (from the view of Figure 18) and hence the substrate positions its
meta-hydroxyl group to the methyl donor SAM. This makes the variants
T133M/A134N/T135Q, T133M/A134N and A134N strictly meta-specific towards caffeic
acid.  Interestingly, while these mutants are meta-selective  against

3,4-dihydroxybenzaldehyde (4a), they are para-specific to 3,4-dihydroxybenzoic acid (5a).

2.2. Expanding the substrate scope and enhancing the regioselectivity of
leOMT against flavonoids (Article Il)

In order to discover the factors determining the substrate discrimination between the
FOMTs, IOMTs and POMTs, as discussed in Chapter 1.3.2, we chose 21 plant OMTs
owning different substrate preferences and regioselectivities isolated from various plant
species for comparison (Figure 19a). Meanwhile, we looked into the substrate binding
residues in the crystal structure of the Medicago sativa 7/4"-IOMT which adopts an active
conformation with the ligand isoformononetin (7-methoxy-4'-hydroxyisoflavone) bound in
the enzyme active site (PDB ID: 1FP2; Figure 19b)."1 Met183, Met323 and Phe179,

which are conserved throughout the plant OMT superfamily, have constrained the
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aromatic A-ring and help positioning the 7-hydroxyl group to the catalytic residue His272
and SAM.I'"! Interestingly, the residue Asn322 stabilizing the C-ring ketone group is
conserved only among the 7-IOMTs, while the other OMTs rather have middle size
hydrophobic residues, namely lle, Val or Met, at this position. The Leu326 in the 7-IOMTs
interacts with the C-ring of isoformononetin, and the residues at this position in other
OMTs are quite diverse, varying from the hydrophobic residues Leu, Val, lle, or Met, to
the basic Arg or His. In order to investigate the influence of these substrate binding
residues, we constructed the mutants L322H/N/M and Y326H/R/L based on the leOMT-
T133M, a variant which has been proved to increase enzyme activities against phenolic

(201 The commonly known (iso)flavonoids eriodictyol and naringenin

substrates.
(flavanones), luteolin (flavone), quercetin (flavonol) and genistein (isoflavone) were

chosen as substrates and the enzyme activities were tested (Figure 20).

a) 133 179 183 322 32 b) N e
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Figure 19. a) Sequence alignment of plant FOMTs, IOMTs and POMTs, performed with Geneious 10.0.2. Residues
involved in substrate binding are highlighted. Numbering of residues are based on the sequence of the Clarkia
breweri leOMT. OMTs are named by their original organisms and regioselectivity. 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;
Loda, Lotus japonicus; CIBr, Clarkia breweri, LoPe, Lolium perenne. MeTr_7-FOMT?7 is a putative IOMT but it has
higher preference to naringenin (flavanone) than isoflavonoids. b) Enzyme active site of MeSa-7/4'-IOMT with the
ligand isoformononetin (7-methoxy-4'-hydroxyisoflavone). The substrate binding residues are shown in lines with

elemental colouring. Figures from Tang et al., 2020.1'23
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Figure 20. Structures of the flavanones eriodictyol and naringenin, the flavone luteolin, the flavonol quercetin and

the isoflavone genistein.

Although 1eOMT is a phenylpropanoid OMT, it showed high activities against the
flavonoids eriodictyol, luteolin and quercetin, regiospecifically methylating the 3'-hydroxyl
groups (Figure 21). In the absence of the 3'-hydroxyl group, the wild-type 1eOMT
displayed very low activity, as seen against naringenin. The variant T133M has increased
the 3’-methylation activity against eriodictyol, luteolin and quercetin and the mutants
T133M/Y326H and T133M/Y326L further methylates the 4'-hydroxyl groups, producing
the 3',4'-dimethylated products. Interestingly, these mutants turned out to methylate the
7-OH of naringenin instead of the 4'-OH when the 3'-OH is absent. On the other hand, the
wild-type 1leOMT displayed very minor activity towards the isoflavone genistein and the
mutants showed different regioselectivity. While most of the mutants exhibited higher
selectivity against the 4'-hydroxyl group, T133M/Y326H and T133M/Y326L also produced

the 7-methylated genistein.

In silico analysis also proved regioselectivity of the tested mutants. As seen in Figure 22A,
the wild-type leOMT accommodated eriodictyol, luteolin and quercetin in an orientation
that the 3-OH is 3.2 to 3.5 A to the methyl group of the SAM and was favoured for
methylation. Introduction of mutations T133M and Y326L 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 (Figure 22b). In the case of genistein, the variant
T133M/Y326H has a shift of regioselectivity to position 7 compared to other mutants. As
seen in Figure 22C, the 7-OH showed a distance of 3.7 A to the methyl group of SAM and
the His326 stabilized the 5-OH of genistein. As for naringenin, the ring B of the substrate
was pushed away because of steric clashes with Met322 in the mutant T133M/L322M
and thus enabled a binding pattern where the 7-OH of the ring A was accessible to the
SAM at a catalytic distance of 3.4 A (Figure 22D).
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Figure 21. Product composition of each reaction catalysed by the wild-type 1eOMT and its mutants. Area
percentages were calculated by peak area of both substrates and products as determined by HPLC. 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. 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 by LC-MS. Racemic eriodictyol and naringenin were used as substrates and racemic products
were obtained. Data reported are the means and standard deviations calculated from three independent

measurements. Figures from Tang et al., 2020.1'%

21



Results

b) ©-
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Figure 22. Models of the Clarkia breweri leOMT variants with SAM (grey sticks with elemental colouring at the left
side) and the substrates in the binding pocket. The three targeted residues are shown as lines. For clarity, non-polar
hydrogens are removed. a) (S)-eriodictyol (green), luteolin (magenta) and quercetin (blue) docked in the binding
pocket of wild-type leOMT, 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
leOMT_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. Figures from

Tang et al., 2020.1'%

2.3. Directed evolution of HMT for the biocatalytic synthesis of diverse SAM
analogues (Article 1ll)

As discussed in Chapter 1.6.3, it is of great potential to discover promiscuous HMTs to
synthesize SAM analogues from SAH and alkyl iodides. We first assessed the SAH
alkylation activities of the Arabidopsis thaliana HMT (AtHMT), Chloracidobacterium
thermophilum HMT (CtHMT) and Raphanus sativus HMT (RsHMT), using methyl iodide
(Mel), ethyl iodide (Etl), propyl iodide (Prl), and butyl iodide (Bul) as alkyl donors.[®1-92 124
These enzymes were expressed in an SAH nucleosidase-deficient strain of E. coli
BL21(DE3) which avoids contamination of recombinant enzymes with this SAH-degrading
enzyme.®"! All three HMTs were highly active towards Mel and displayed minor activities
against Etl (Table 1). However, none of the enzymes had significant activity towards Prl

22



Results

or Bul (less than 0.01 pmol/min/mg). AfHMT had the highest ethyltransferase activity
(2.69 £ 0.15 ymol/min/mg) and a solved crystal structure and was therefore chosen as

the starting point for semi-rational protein engineering.

Table 1. Specific activities (umol/min/mg) of HMTs towards different alkyl iodides for

synthesizing the corresponding SAM analogues.? Table from Tang et al., 2021.1'*!

Enzyme Mel Etl Prl Bul

AHMT 5942 + 204 2.69+0.15 <0.01 <0.01
CtHMT 132+ 9 0.11 £ 0.07 <0.01 <0.01
RsHMT 8457 + 361 1.18 £ 0.11 <0.01 <0.01

el Reaction times were 10 min for Mel and Etl, and 4h for Prl and Bul. Negative controls performed without enzyme
were subtracted. Activities were determined using the iodide assay described in Figure 23. Data reported are the

means and standard deviations calculated from three independent measurements.

In order to perform directed evolution and investigate all randomized residues of HMT
libraries, we established a high-throughput assay to determine the amount of iodide
released for each molecule of SAM analogue formed. We used a recombinant Curvularia
inaequalis vanadium-dependent chloroperoxidase (CVCPO) to oxidize iodide to
hypoiodous acid (HOI), which subsequently oxidizes the chromogen
3,3',5,5"-tetramethylbenzidine (TMB), resulting in the formation of blue colour
(Figure 23).'*®! This assay has been developed from the ultrasensitive halide assay
previously established in our group but is highly sensitive to iodide and much less
sensitive to chloride (Figure 23b).'’ This enabled detection of iodide in a wide
concentration range regardless of the presence of chloride in crude cell lysates. Most
importantly, our assay is general and suitable for monitoring the release of iodide from
various alkyl iodides. Activities of HMTs can be determined by measuring the change in
absorbance at 570 nm which is proportional to iodide concentration in the range from 5
MM to 400 uM and were demonstrated by HPLC.
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Figure 23. a) The iodide produced after the alkyl group transfer from alkyl iodide to SAH can be detected using
hydrogen peroxide, a haloperoxidase CAVCPO, and TMB. b) Colour of reaction mixtures of of KI and NaCl (1 uL;
various concentrations) with the iodide assay solution (50 pL) after 30 min of reaction. Figures from Tang et al.,

2021.01291

We docked Etl, Prl, and Bul into the active site of the AtHMT crystal structure (PDB ID:
3LCC) with bound SAH (Figure 24a).l'® The alkyl-binding pocket is quite spacious and
could accommodate even the butyl iodide. We selected ten residues forming the alkyl-
binding site (P20, V23, L27, W36, W47, Y139, V140, C143, Y172 and R214), constructed
NNK site-saturation libraries and screened them by incubating crude lysate with SAH and
Etl."? Based on the four hits (V23T, W36F, V140C, and V140T) with improved activities
relative to the wild-type AtHMT, we constructed NNK libraries at each other hit position
and found out more hits with double-mutant combinations of V23K/L/T, W36F, and
V140C/T. We also constructed triple mutants based on the single and double mutants.
Finally, we expressed and purified the wild-type AtHMT and all these variants and
determined their specific activities towards Etl (Figure 24b). The specific activity of the
most active V140T variant (14.02 ymol/min/mg) towards Etl was fivefold higher than that
of the wild-type AtHMT (2.69 pmol/min/mg) and its kcat value was 6-fold higher than that

for the wild type (data not shown).

In addition to increased ethyltransferase activity, the V140T variant was also the most
active one towards Prl and allyl iodide (Allyl-I), compared to the wild type and other
mutants (data not shown). Therefore, the V140T variant was used to convert SAH (15 mg)
to S-adenosyl-L-ethionine (SAE, 8), S-adenosyl-L-propionine (SAP, 9), and S-adenosyl-
L-allylionine (SAA, 10) using Etl, Prl, and Allyl-l, respectively. Conversions were 90%,
50%, and 70% after 14, 24, and 14 h, respectively (Figure 25a). To achieve biocatalytic
alkylation via the HMT-MT cascade reaction, we applied the V140T AfHMT for in vitro
regeneration of SAE, SAP, and SAA from catalytic amounts of SAH, and MTs transferring
the alkyl groups to target substrates (Figure 25b). The V140T-AfHMT and the T133M-
Y326L variant of IeOMT (identified in Chapter 2.2) catalysed regioselective mono-

ethylation of luteolin to 3'-O-ethylluteolin (11) with 41% conversion.!'?! Similarly, human
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COMT (the soluble form) in cascade with V140T-AfHMT catalysed regioselective mono-
allylation of 3,4-dihydroxybenzaldehyde to produce 4-allyloxy-3-hydroxybenz-aldehyde
(12) with 48 % conversion.?® The conversions achieved correspond to 41 and 48 SAH
regeneration cycles. The identities of the products were confirmed by 'H and *C NMR
spectroscopy. While a cascade of V140T-AtHMT and COMT catalysed the propylation of
3,4-dihydroxybenzaldehyde, the conversion was low (~5%) and the product could not be
purified for NMR spectroscopy. Therefore, we isolated SAP synthesized using the V140T-
AtHMT and confirmed its structure by 'H and "*C NMR.

a) b)
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Figure 24. a) The crystal structure of AfHMT and the modelled alkyl iodides in the active site. The selected mutated
sites, SAH and the alkyl iodides which included Mel, Etl, Prl, and Bul are shown as sticks with elemental colouring.
The carbons of SAH, Mel, Etl, Prl and Bul are shown in white, grey, purple, yellow and pink, respectively. b) Specific
activities of wild-type AtHMT and several single, double, and triple mutants, determined using Etl as substrate. Data
plotted are the means, with standard deviation, of three independent measurements. Figures from Tang et al.,

2021.01291

Thus, we have demonstrated that the scope of biocatalytic alkylations can be rapidly
expanded by harnessing the promiscuity of an engineered halide methyltransferase. The
HMT from Arabidopsis thaliana enabled us to produce three SAM analogues from cheap
and readily available alkyl iodides. Importantly, we also demonstrated application of the
engineered HMT in bioalkylation cascades. It could catalyse over 40 cycles of alkylation
and SAH regeneration, allowing SAH to be used in catalytic rather than stoichiometric
amounts. As noted by Liao et al., the use of toxic alkyl iodides as reagents might be
considered a drawback of this approach.['*® However, the same applies to chemical
alkylation and the biocatalytic alternative functions under milder conditions and offers

chemo-, regio-, and stereoselectivity.
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Figure 25. a) Preparative-scale (15 mg) synthesis of SAE (8), SAP (9), and SAA (10) catalysed by the V140T-
AtHMT. The "A" represents the adenosyl moiety. Conversions shown are calculated from the peak areas of
substrates and products from the HPLC chromatograms. b) Preparative-scale (10 mg) synthesis of alkylated
products using cyclic MT-HMT cascades, employing 100 uM SAH and 80 mM alkyl iodide. The 1leOMT variant
T133M-Y326L and the V140T-AtHMT catalysed the ethylation of luteolin and produced 4'-O-ethylluteolin (11) with
41% conversion. Human COMT and V140T-AfHMT catalysed the allylation of 3,4-dihydroxybenzaldehyde and
produced 4-allyloxy-3-hydroxybenzaldehyde (12) with 48% conversion. Insignificant conversion took place if the
HMT and MT were not added. Conversions are calculated from the peak areas of substrates and products from the
HPLC chromatograms and numbers of SAH regeneration cycles were calculated as [product]/[SAH]t=0. Figures

from Tang et al., 2021.1'%3

The best variant V140T had the highest activity against all alkyl iodides tested,
demonstrating that screening using Etl can increase activity against other alkyl iodides of
interest. However, the ethyltransferase activity of V140T is significantly higher than its
propyltransferase activity, as 'you get what you screen for'.['*" We screened using Etl to
maximize chances of finding improved variants, but the libraries and screening
methodology reported here could be used to identify variants with improved activity
towards other alkyl iodides. Exploring the intrinsic alkyl-substituent promiscuity of
naturally occurring HMTs presents a very promising avenue for future research. Not only
might a highly promiscuous variant already exist in nature, but also chances of finding an
optimal starting point for directed evolution would be improved by characterizing a larger
number of extant proteins. After our work was published, Bengel et al. reported the
discovery of promiscuous natural HMTs that can transfer up to the butyl group, which has

confirmed our prediction.!"*
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3. Summary

S-adenosyl-L-methionine (SAM)-dependent methyltransferases (MTs) are important
biocatalysts to achieve chemo-, regio- and stereoselective methylation. They display
diverse substrate preferences and selectivity according to their functions. By studying
their structure-function relationship, we were able to explore their catalytic promiscuity
and to engineer them for desired functions. Apart from methylation, biocatalytic alkylations

which expand the structural and functional diversity of chemicals are highly desirable.

Article | investigated effects of three specific residues which are involved in substrate
discrimination in the Clarkia breweri isoeugenol 4-OMT (IeOMT) in the methylation of
phenolic compounds. Specifically, the variant T133M improved the enzymatic activities
against all tested substrates while the enhancement of regioselectivity was driven by the
mutant A134N. The mutants T133M/A134N and T133M/A134N/T135Q benefited from
these two mutations, which not only expand the substrate scope but also enhance the
regioselectivity of 1eOMT. Article Il describes how the substrate binding residues
influence the substrate discrimination between flavonoid OMTs (FOMTSs), isoflavonoid
OMTs (IOMTs) and phenylpropanoid OMTs (POMTSs). The results showed that a mutation
T133M of the POMT IeOMT, increased enzyme activity against the flavonoids eriodictyol,
naringenin, luteolin, quercetin and even the isoflavonoid genistein, while mutations of the
non-conserved residues at positions 322 and 326 affected both the activity and the
regioselectivity of the enzyme. On the basis of this work, methylated flavonoids that are

rare in nature were produced in high purity.

The work in Article Ill has explored the promiscuity of halide methyltransferases (HMTs)
in the synthesis of SAM analogues from S-adenosyl-L-homocysteine (SAH) and diverse
alkyl iodides. Based on a sensitive and specific colorimetric assay for iodide detection,
directed evolution of the Arabidopsis thaliana HMT was performed to target the desired
mutants. The V140T variant, apart from a five-fold improvement of ethyl transfer activity
compared to the wild type, also accepts propyl- and allyl iodide as substrates to produce
the corresponding SAM analogues. The regioselective ethylation of luteolin and allylation
of 3,4-dihydroxybenzaldehyde, and simultaneous SAM analogue regeneration, were
achieved through the HMT-MT one-pot cascade reaction. The production of SAM
analogues provides the key cofactors to MTs for carrying out diverse alkylation reactions

and enables discovery of promiscuous MTs.
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Specific Residues Expand the Substrate Scope and Enhance

YRS

the Regioselectivity of a Plant O-Methyltransferase

Qingyun Tang,” Uwe T. Bornscheuer,*® and loannis V. Pavlidis*"

An isoeugenol 4-O-methyltransferase (IeOMT), isolated from the
plant Clarkia breweri, can be engineered to a caffeic acid 3-O-
methyltransferase (CaOMT) by replacing three consecutive
residues. Here we further investigated functions of these
residues by constructing the triple mutant T133M/A134N/
T135Q as well as single mutants of each residue. Phenolics with
different chain lengths and different functional groups were
investigated. The variant T133M improves the enzymatic
activities against all tested substrates by providing beneficial

Introduction

Methylation is an important and ubiquitous process both in
biological activities and chemical synthesis. Through methyl-
ation, the physicochemical properties (hydrophobicity, solubil-
ity, pK values), odor and taste, or the bioactivity of a compound
can be altered." Various biological activities and diseases are
regulated through the methylation of nucleotides, proteins and
hormones.”? Methylation can be achieved by a specific enzyme
class, methyltransferases (MTs, E.C. 2.1.1.x), using the biomole-
cule S-adenosyl-L-methionine (SAM) as methyl donor. Depend-
ing on the atoms to be methylated, MTs can be classified into
C-, O-, N-, S-, Se-, As- and also halide ion MTs, among which O-
MTs are the most abundant class.”) Compared to chemical
methylation methods, enzymatic methylation processes are
environmentally friendly alternatives and can be superior due
to their chemo-, regio- and stereoselectivity. Thus, methyltrans-
ferases are an attractive class of biocatalysts for industrial
applications. So far, their potential is not utilized in industry,
mainly due to two reasons. The first is relevant to the methyl
donor: SAM is expensive to be provided in equimolar amounts
to the substrate, while it is unstable under mild conditions.
Studies on efficient in vitro regeneration of SAM, or the usage of
other methyl donors were published recently.” The second
reason is relevant to the reactions catalyzed: MTs were
considered able to only perform methylations. However, it was
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interactions to residues which directly interact with the
substrate. Mutant A134N significantly enhanced the regioselec-
tivity. It is meta-selective or even specific against most of the
tested substrates but para-specific towards 3,4-dihydroxyben-
zoic acid. The triple mutant T133M/A134N/T135Q benefits from
these two mutations, which not only expand the substrate
scope but also enhance the regioselectivity of leOMT. On the
basis of our work, regiospecific methylated phenolics can be
produced in high purity by different leOMT variants.

shown recently that either the wild-type enzymes can have
catalytic promiscuity or protein engineering could help to
expand the range of substrates to be accepted.”

Mammalian catechol O-MTs (COMTs) are widely studied due
to their importance in the regulation of neurotransmitters and
hormones (L-DOPA, dopamine, noradrenaline, adrenaline etc.),
as well as their roles as drug targets.”“ COMT accepts a wide
range of catechol derivatives as substrates and the majority of
COMTs preferably methylate the meta-hydroxyl groups (meta-
OH or 3-OH; Scheme 1).%”' They have been utilized as catalysts
in the production of the flavor compound vanillin (4b).® Only a
few COMTs were characterized to have para-preference (4-OH),
which serves as a regio-complementary catalyst to the common
COMTs and enables the synthesis of uncommon methylated
products.”! The regioselectivity of COMT can also be altered
through protein engineering. For instance, Law and coworkers
engineered several regiocomplementary mutants of the rat
COMT to provide access to alkylated catechols (i.e. using 3,4-
dihydroxybenzoic acid, 3,4-dihydroxyphenylacetic acid and 4-
nitrocatechol as substrates) while they could explain the reason
for the altered regioselectivity by binding models.®®

Caffeic acid/5-hydroxyferulic acid 3/5—0—MTs (CaOMTs) are
key enzymes in the biosynthesis of lignin precursors found in all
lignin-producing plants."” They catalyze methylation of the
lignin precursors caffeyl alcohol, caffeic aldehyde, caffeic acid
(3a) and 5-hydroxyconiferyl alcohol/aldehyde/acid exclusively
at the meta-OH, leaving the para-OH free to form lignin
polymers and to avoid oxidative radical coupling."” These
compounds are also the building blocks of chalcones and
flavonoids.'?

Wang et al. have isolated a CaOMT and an isoeugenol O-
methyltransferase (IleOMT) from Clarkia breweri"® Though the
two OMTs share 83% amino acid sequence identity, they
display distinct substrate preference as well as regioselectivity.
While CaOMT serves to produce meta-methylated lignin
precursors, as the other CaOMTs do, leOMT only accepts
isoeugenol (1b) or eugenol (2b) as substrates and methylates

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. O-MTs catalyze methylation of phenolic substrates (a) to give meta- (b) or para- (c) methylated products. S-Adenosyl-L-methionine (SAM) is
provided as methyl donor and SAH (S-adenosyl-L-homocysteine) is generated after the methyl group donation. Structures of different substrates are shown,

based on the R groups and the phenolic moieties a, b or c.

the sole free para-OH to produce the floral scent compounds
methyl isoeugenol and methyl eugenol. Substitution of the
amino acid cluster T133-A134-T135 in |eOMT with the corre-
sponding residues in CaOMT (M135-N136-Q137) enabled leOMT
to acquire CaOMT character, regarding the substrate specificity
as well as the methylation regiospecificity." However, the
mechanism of the substrate discrimination has not been
elucidated yet.

Herein, we investigated in detail the effects of these
residues on the enzymatic function of IeOMT. Our results show
that the substrate scope of leOMT can be expanded and the
regioselectivity can be enhanced by specific mutations.

Results and Discussion
Investigation of the Critical Residues in leOMT

As pointed out above, we aimed to study the effects of residues
133-135 in 1eOMT and thus the triple mutant T133M/A134N/
T135Q and the respective single mutants at each position were
constructed and expressed in E. coli. Activities of purified
enzymes against isoeugenol (1b), eugenol (2b) and caffeic acid
(3a) were studied. As shown in Figure 1, the triple mutant
T133M/A134N/T135Q of 1eOMT has increased methylation
activities against all substrates. Specifically, the single mutant
T133M has a significant effect on the enhancement of the
activities, while the T135Q largely impairs enzymatic activity.
The double mutant T133M/A134N lacking T135Q was con-
structed to avoid its adverse effects on the enzyme activity.
Nevertheless, the double mutant did not exhibit improved
activity compared to the triple mutant.

leOMT is considered a 4-O-MT as it displays significant
activity towards the solely available para-OH of isoeugenol and
eugenol." However, it is not regioselective against caffeic acid
(3a) which contains both free meta- and para-hydroxyl groups
(Figure 1). The triple mutant T133M/A134N/T135Q has con-
ferred meta-specificity to leOMT against caffeic acid, as reported
by Wang et al.™ Interestingly, the mutants T133M and A134N
at adjacent positions gave different regioselectivities against
caffeic acid. T133 M increases the preference for the para-OH,
leading to the major production of isoferulic acid (3¢), while
A134N is strictly meta-specific. This selectivity is not substrate
concentration-dependent, as the K}, of leOMT_T133M is lower

ChemCatChem 2019, 11,3227-3233 www.chemcatchem.org

than the working concentration (Table 1). Especially, for the
reaction with caffeic acid (3a), the ratio of products 3c to 3b
was always between 3.1 to 3.4, in substrate concentrations
ranging from 0.05 mM to 4 mM (data not shown). The effects of
increasing enzyme activity observed for T133M and the
regiospecificity of A134N are complementary in mutants
T133M/A134N/T135Q and T133M/A134N, which produce pure
ferulic acid (3b) with considerable conversions. A CaOMT from
Catharanthus roseus (CaRo_MT) containing the same M-N-Q
amino acid cluster in the corresponding positions was also
investigated. It is highly active and meta-specific against its
intrinsic substrate caffeic acid while showing minor activity
against isoeugenol.

Table 1. Observed kinetic constants of leOMT_T133M against isoeugenol
(1b), caffeic acid (3a) and 3,4-dihydroxybenzaldehyde (4 a).

Substrate Kiobs [IMM] Keatobs 1571 Keagobs!Kinops [~ -mM ']
1b 0.0058 +0.0003 479+7 82586

3a 0.719+£0.035 64+1 89

4a 0.119+0.014 226412 1899

3228

Investigation of the Substrate Scope

Since some of the leOMT mutations led to increased enzyme
activity and regioselectivity, we further investigated their
functions against other phenolics. 3,4-Dihydroxyphenolic com-
pounds having different chain lengths and different functional
groups were chosen (4a-7a, Scheme 1, Figure 1). Similar to the
reactions with isoeugenol and caffeic acid, T133M/A134N/
T135Q, T133M/A134N and the T133M variant show improved
activities against all substrates compared to the wild-type
1eOMT. This is more obvious for 3,4-dihydroxybenzaldehyde
(4a) and 3,4-dihydroxybenzoic acid (5a) which have a one-
carbon aldehyde and a carboxylic group attached to the phenyl
ring, respectively. Activities against 3,4-dihydroxyphenylacetic
acid (6a) and 3,4-dihydroxyphenylpropanoic acid (7a), having
longer carboxylic side chains, were not much improved. While
CaRo_MT is highly active to its intrinsic substrate caffeic acid
(3a), it also shows high activity against 3,4-dihydroxyphenylpro-
panoic acid (7 a) with the three-carbon saturated carboxylic side
chain.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Methylation efficiency and regioselectivity of leOMT and its mutants against different substrates. Values obtained for negative controls (without
enzyme) were subtracted.
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Interestingly, while T133M/A134N/T135Q, T133M/A134N
and A134N variants are meta-selective against 3,4-dihydroxy-
benzaldehyde (4a) and produce mainly vanillin (4b), they show
para-specificity towards 3,4-dihydroxybenzoic acid (5a). CaRo_
MT also shows a totally different regiospecificity against these
two substrates.

Structural Analysis

The T133M Variant Exhibits Increased Methylation Activity by
Providing Beneficial Interactions to the First Sphere of
Interaction Residues

The crystal structure of a Clarkia breweri |eOMT variant (T133L,
E1651 and F175I) with isoeugenol and SAH bound in the active
site has been determined by Bhuiya and coworkers."” The
structure is in the closed conformation, referring to the active
catalytic states."™ To perform bioinformatic analysis on the
wild-type 1eOMT, as well as our mutants, we performed a
structure refinement (25°C, pH 7.5) and back mutations to the
wild-type sequence in silico and a subsequent energy minimiza-
tion. As shown in Figure 2a, isoeugenol is surrounded and

Figure 2. Models of Clarkia breweri leOMT wild-type (grey), T133M (green)
and T133M/A134N/T135Q (magenta) with SAM and isoeugenol (a) and
caffeic acid (b) in the active site. The residues interacting with the substrate
are shown as lines, the most important ones are labeled.

ChemCatChem 2019, 11,3227-3233 www.chemcatchem.org

3230

CHEMCATCHEM
Full Papers

stabilized by a series of hydrophobic residues. Among them,
two Met residues (M183 and M323) are highly conserved in
plant OMTs and play a major role in encapsulating and
orienting the hydrophobic and aromatic substrates."” It is
reported that the -SH/m interaction between these methionines
and the aromatic ring plays an important role in stabilizing the
structure,"® among with aromatic residues such as F179.

However, the methionine at position 133 (T133M) located
above the propenyl chain of isoeugenol is far away from this
system. It seems that its hydrophobicity among with the higher
flexibility of the side chain of methionine compared to
threonine, provides a beneficial environment for this hydro-
phobic chain of isoeugenol (Figure 2a). Moreover, through a
residue interaction network (RIN) analysis we observed the
interactions between the three residues of interest (133-135)
and the substrate. In this analysis we observed that the residue
at position 133 (T or M) does not directly interact with the
substrate, but it acts supportively to the residues that directly
interact with the substrate. The most notable interactions
established are the ones with the F179 residue, which as we
mentioned stabilizes the aromatic substrates at the active site.
Thus, it seems that the T133M mutation provides the proper
orientation of the phenylalanine to bring the substrate to the
proper position. The distance of the methyl group of SAM to
the oxygen of the hydroxyl group of isoeugenol decreased
from 6.1 A in the wild-type to 5.0 A in the T133M mutant. This is
also supported by literature, as it has been reported that T133M
of 1eOMT increases catalytic efficiency against coniferyl alcohol
by improving substrate affinity."”

In our case we observed the increased enzymatic activities
of the T133M mutant also against caffeic acid (3a), 3,4-
dihydroxybenzaldehyde (4a) and 3,4-dihydroxybenzoic acid
(5a). It is interesting to note that CaRo_MT, which also has the
“MNQ" motif, is highly active against caffeic acid (3a), 3,4-
dihydroxybenzaldehyde (4a), 3,4-dihydroxybenzoic acid (5a)
and 3,4-dihydroxyphenylpropanoic acid (7a). This supportive
role of the position 133 can also explain the reason why the
beneficial effect was also observed with substrates with more
polar R-groups, such as caffeic acid (3a) that has a carboxylic
function. As seen in Figure 2b, M133 interacts better with F130,
L139, F179, and even establishes interactions with M183, while
in the wild-type T133 interacts weakly only with the first three
residues.

Interesting is the effect of the position 135, which is further
away from the substrate and its side chain does not even point
towards the binding site. It seems that the negative effect the
T135Q mutation has on the activity is primarily related to
secondary interactions, which potentially break the interactions
established with the substrate. We hypothesize that the
position 134, due to backbone interactions with the position
135, can negate the negative effect and that this is the reason
why we did not observe this inactivation in the triple mutant.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Mechanism of Regioselectivity

Both 1eOMT and CaOMT belong to the type | plant O-MT family
and catalyze methylation via a general acid/base-mediated Sy2-
type nucleophilic substitution."”'%*” The substrate hydroxyl
groups will be deprotonated by the catalytic residues and carry
out a nucleophilic attack on the reactive methyl group of SAM
afterwards. The mechanism of regioselectivity can be better
explained by the superimposed active sites of the Clarkia
breweri leOMT (4-O-MT) and Perennial Ryegrass CaOMT (3-O-MT;
Figure 3). Since the substrate is stabilized by a series of

Figure 3. Superimposed active sites of the Clarkia breweri leOMT (green) and
Perennial Ryegrass CaOMT (PDB ID: 3p9i; pink; with SAH and sinapaldehyde
bound). The mutated sites in leOMT and the corresponding residues in
Perennial Ryegrass CaOMT are shown. Interactions between the substrate
side chain and residues 133 and 134 affect the orientation of the substrate.
The hydroxyl group which is closer to the sulfur atom of SAH (elemental
coloring) will be preferably methylated.

hydrophobic residues in the enzyme active site, the interaction
between the substrate side chain and the adjacent residues
affects the orientation of the substrate.

Depending on whether the meta- or the para-hydroxyl
group is closer to the methyl group of SAM they are preferably
methylated and thus determine the regioselectivity.”*? Since
the added Met residue in mutant T133M is located above the
isoeugenol side chain and stabilizes it through hydrophobic
interaction, it attracts the substrate side chain to move down-
wards (from the view of Figure 3) and makes the para-hydroxyl
group well-exposed to SAM. Similarly, T133M is also para-
selective to caffeic acid. However, T133M does not show
obvious regioselectivity against 3,4-dihydroxy-benzaldehyde
(4a) or 3,4-dihydroxybenzoic acid (5a), probably because these
substrates have shorter side chains and therefore are more
flexible in the enzyme active site.

In mutant A134N, the mutated residue has steric hindrance
with the substrate side chain and expels it upwards (from the
view of Figure 3) and hence the substrate positions its meta-
hydroxyl group to the methyl donor SAM. This makes the
variants T133M/A134N/T135Q, T133M/A134N and A134N strictly
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meta-specific towards caffeic acid. Interestingly, while these
mutants are meta-selective against 3,4-dihydroxybenzaldehyde
(4a), they are para-specific to 3,4-dihydroxybenzoic acid (5a). In
our model (Figure 2b) the residue N134 of the triple mutant is
the only one that directly interacts with the caffeic acid, forming
a hydrogen bond and thus probably orienting it in the proper
position for the observed para-selectivity.

The regioselectivity of the mammalian COMT is regulated
through a different mechanism. Unlike 1eOMT, in which the
substrate can rotate in the active site pocket, the two hydroxyl
groups of the catechol derivative substrate are coordinated and
stabilized by the COMT-bound Mg** ion and only one hydroxyl
group is exposed to SAM and being methylated.”®?" The
substituent on the catechol moiety can be located at either the
meta- or para-position of the methylated hydroxyl group. Law
et al. have reported that polar and charged substrate side
chains tend to orientate towards the solvent and it results in
meta-methylation, while neutral or hydrophobic substituents
are more likely to approach the hydrophobic part of the active
site and promote para-methylation.”® Therefore, the regioselec-
tivity of COMT depends on the property of the substrate side
chain and its relative position to the methylated hydroxyl

group.

Conclusions

In our study, we discovered that a triple mutation T133M/
A134N/T135Q in an isoeugenol O-MT, which is involved in
substrate discrimination, exhibits expanded substrate scope
and also enhanced regioselectivity. Further investigations
showed that variant T133M improved the enzymatic activities
against all tested compounds by providing beneficial interac-
tions to residues which directly interact with the substrate. The
enhancement of regioselectivity derives from mutant A134N,
which drives the enzyme meta-selective to most of the tested
phenolics and para-specific towards 3,4-dihydroxybenzoic acid.
As a result, ferulic acid (3b), isoferulic acid (3 ¢), vanillin (4b)
and isovanillic acid (5¢) can be produced in high purity by
different leOMT variants.

Experimental Section

Materials

Dpnl and S-adenosyl-L-methionine (32 mM solution) were pur-
chased from New England Biolabs, Inc. All oligonucleotides were
purchased from ThermoFisher Scientific. Competent cells were self
prepared. All other chemicals were purchased from Sigma or TCI
and were of analytical grade or higher purity.

Gene Construction, Mutagenesis, Expression and Purification

The codon optimized genes (for expression in E. coli) for leOMT
from Clarkia breweri (accession number of protein: 004385) and for
CaOMT from Catharanthus roseus (accession number of protein:
Q8W013) with C-terminal Hiss-tag were synthesized and subcloned

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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into the E. coli expression vector pET-21a(+) by GenScript USA Inc..
Mutagenesis to generate the triple mutant T133M/A134N/T135Q
was carried out with a modified version of the FastCloning method,
by amplifying the whole pET-21a(+)-leOMT vector using primers
with 18 bp overlapping at their 5 ends.”? Other mutants were
constructed following the QuikChange (Stratagene) protocol.
Primers are as below:

T133M/A134N/T135Q

fw: 5'-ATGAATCAAGACAAGGTTCTGCTGGAGCCGTGGTTC-3';
rv: 5-AACCTTGTCTTGATTCATCAGCAGAAACGGCGCCAG-3;
T133M/A134N

fw: 5-GCCGTTTCTGCTGATGAACACCGACAAGGTTCTG-3;
rv: 5-CAGAACCTTGTCGGTGTTCATCAGCAGAAACGGC-3';
T133M

fw: 5'-CGTTTCTGCTGATGGCGACCGACAAGG-3';

rv: 5-CCTTGTCGGTCGCCATCAGCAGAAACG-3;

A134N

fw: 5-CTGCTGACCAACACCGACAAGGTTC-3;

rv: 5'-GAACCTTGTCGGTGTTGGTCAGCAG-3';

T135Q

fw: 5'-GCTGACCGCGCAAGACAAGGTTCTGC-3

rv: 5-GCAGAACCTTGTCTTGCGCGGTCAGC-3'.

The wild-type 1eOMT templates in PCR products were digested by
Dpnl before transforming into E. coli Top 10 chemically competent
cells for plasmid amplification. After confirming the correct
constructs by DNA sequencing (Eurofins, Germany), the newly
constructed mutant plasmids were transformed into E. coli BI21
(DE3) chemically competent cells for protein expression. The E. coli
containing leOMT or mutant plasmids were grown in terrific broth
(TB) containing 100 pg/mL ampicillin at 37°C until Agynm reached
0.8-1.0. After induction with 0.2 mM isopropyl (-D-1-thiogalacto-
pyranoside (IPTG), the cultures were grown overnight (18-22 h) at
20°C. Then the cells were harvested by centrifugation, suspended
in lysis buffer (20 mM NaH,PO,, 500 mM NaCl, 40 mM imidazole,
pH 7.5) and lysed by French press. After centrifugation, the super-
natant was loaded to a Ni-NTA gravity flow column (Carl Roth,
Germany), washed with 10 bed volumes of lysis buffer and the
targeted proteins were eluted with elution buffer (20 mM NaH,PO,,
500 mM NaCl, 300 mM imidazole, pH7.5). Then the purified
proteins were desalted by Sephadex G-25 in PD-10 desalting
columns (GE healthcare, USA) and stored in 50 mM sodium
phosphate buffer, pH 7.5. The protein purities were confirmed by
SDS-PAGE.

Enzyme Assays and HPLC Analysis

A typical reaction mixture was composed of 0.1 mg/mL purified
enzyme, 5 mM DTT, 1 mM substrate, 1 mM SAM and 25 % E. coli cell
lysate, in 50 mM phosphate buffer, pH 7.5. Negative controls were
also performed without adding MTs. Assays were performed in
triplicate. Reactions were incubated at 28°C with 1000 rpm
agitation in an Eppendorf Thermomixer. Samples were taken after
2, 4 and 24 h reaction time and an equal volume of acetonitrile was
added to quench the reactions. The samples were centrifuged at
full speed for 30 min to remove protein precipitate and then 200 pL
supernatant were transferred to an HPLC sample vial inserts prior to
HPLC analysis. Analyses were performed on a VWR Hitachi Elite
LaChrom system equipped with a Kinetex EVO C18 (4.6 X250 mm
column, 5 um particle size, Phenomenex) reversed-phase column.
The mobile phase for the separation of isoeugenol (1b) and the
methylated product was 10 mM sodium 1-heptanesulfonate,
20 mM phosphate, pH 4.4 and 50% (v/v) acetonitrile; 50% water
and methanol were used for detection of eugenol (2b) and methyl
eugenol; 0.1% acetic acid and acetonitrile were used for the
separation of caffeic acid (3a) (18% acetonitrile), 3,4-dihydroxyben-
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zoic acid (5a) (10% acetonitrile), 3,4-dihydroxyphenylacetic acid
(6a) (20% acetonitrile) and 3,4-dihydroxyphenylpropanoic acid (7 a)
(20% acetonitrile) and their methylated products. A modified linear
gradient with 0-2 min 5%-20% methanol, 2-11 min 23% meth-
anol, 11-13 min 95% methanol, 13-16 min 5% methanol and
lasted until 20 min, mixed with 0.1% acetic acid was applied for the
separations of 3,4-dihydroxybenzaldehyde (4a) and products.™®
Wavelengths for the detections of isoeugenol, eugenol, caffeic acid,
3,4-dihydroxybenzaldehyde and the phenolic acids were 260, 280,
320, 320 and 280 nm, respectively. All analyses were performed at a
flow rate 1 mL/min and the column temperature was 35°C. The
identities of meta-, para- and double-methylated products were
confirmed by comparison with chromatographic elution times of
commercial standards. Substrate and product concentrations were
determined by comparing the peak areas to the calibration curves
of each compound and the conversions were calculated. The kinetic
constants (K, .,s) of 1eOMT_T133 M were determined at various
substrate concentrations and 1 mM SAM under the same reaction
condition as in the enzyme assays using appropriate amounts of
purified enzyme. Initial reaction rates were measured and fitted to
the Michaelis-Menten model using GraphPad Prism 6.0 (GraphPad
Software Inc.) to determine the V,,,, o and Ky, values for each
substrate. Then k.. was defined by dividing V.0 by the
enzyme concentration and K, ops/Ky,0ps Was calculated.

Bioinformatic Analysis

The bioinformatic analysis was performed with YASARA 18.11.21.
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 the further experiments. For the mutants,
the respective amino acids were swapped with subsequent energy
minimization. The same was performed for the exchange of
substrate. As we knew the binding pattern of isoeugenol, we
swapped the atoms of the R-group to form the caffeic acid and
subsequently minimized the energy. The figures were prepared
with Pymol. The RIN analysis was performed with RINalyzer
according to literature, with the use of Cytoscape 3.7 and Chimera
113
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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).2
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

Check for
updates


http://orcid.org/0000-0001-5517-5973
http://orcid.org/0000-0002-4576-9935
http://orcid.org/0000-0002-2736-6606
http://orcid.org/0000-0003-0232-3279
http://orcid.org/0000-0003-1262-6636
http://orcid.org/0000-0003-0685-2696
http://orcid.org/0000-0001-5811-368X
https://doi.org/10.1002/cctc.202000471
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcctc.202000471&domain=pdf&date_stamp=2020-05-28

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemCatChem doi.org/10.1002/cctc.202000471

2 3 OH
8 1 4
o 2 M HO

OH O OH O

Eriodictyol Naringenin

OH O

Luteolin

Genistein

Quercetin

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
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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 TMFL
CaRo_3-POMT - LLMNQDK - KVFENQGMSN ---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
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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
IeOMT, 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
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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
34 A to the 4-OH group) and thus the wild-type 1eOMT 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-
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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.
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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.
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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
leOMT_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. (+)-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 TCI 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;
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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 |leOMT 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, 5pum 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 um) 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
>99%, 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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(to be continued)
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Figure S1. Sequence alignment of plant flavonoid OMTs (FOMTs), isoflavonoid OMTs (IOMTs)
and phenylpropanoid OMTs (POMTs). 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 regioselectivity.



2. HPLC chromatograms

Eriodictyol
200 RT/ min Compound Area %
44 Eriodictyol 0 0.0
6.8 3'-Methyleriodictyol 219205 | 5.6
150 11.3 | 3',4'-dimethyleriodictyol | 3302065 | 84.4
12.9 Product 3 389047 | 9.9
Aygo | mAU 100
T133M/Y326L
50 /\
l Negative control
0
3 5 7 9 1 13 15 17 19
RT / min
Naringenin
200
RT/ min Compound Area %
4.0 Naringenin 360933 | 10.8
150 7.9 7-Methylnaringenin 2099291 | 62.6
8.3 Product 2 895027 | 26.7
100
Ajzgo/ MAU
T133M/Y326L
50
Negative control
0
3 5 7 9 1 13 15 17 19
RT / min
Luteolin
<60 RT / min Compound Area %
4.6 Luteolin 0 0.0
150 7.3 3'-Methylluteolin 404952 | 134
123 3'4'-Dimethylluteolin | 2620537 | 86.6
100
Az ! mAU
50 “ T133M/Y326L
0 Negative control
3 5 7 9 11 13 15 17 19
RT / min

(to be continued)



Quercetin

200 RT/min Compound 7 Area ’ % ‘
4.7 Quercetin 0 0.0 ‘
77 | 3-Methylquercetin | 422811 | 16.8
150 136  3'4-Dimethylquercetin | 1938446 | 76.9
163 | Product 4 | 160798 | 6.4 |
100
Asgo ! MAU
5 A / \ T133M/Y326L
0 J L Negative control
3 5 7 9 11 13 15 17 19
RT / min
Genistein
200 _ i .
RT/ min Compound Area %
| 41 Genistein | 968853 | 14.6
150 | 89 | 7-Methylgenistein | 779440 | 11.7
| 94 | 4-Methylgenistein | 423013 | 6.4
110 = Product3 | 4486737 | 67.4
100 :
Aggy ! MAU

/\A T133M/Y326L
50

_/J Negative control
0

3 5 7 9 11 13 15 17 19
RT/ min

Figure S2. HPLC chromatograms of negative control and T133M/Y326L at 48h against the
substrates. Area of both substrates and products were shown and area percentages were
calculated. For example, Area / % of 3"-methyleriodictyol = Peak areas-methyleriodictyol / (Peak
areaeriodictyol + Peak areas-methyleriodictyol + Peak areas-methyleriodictyol + Peak areaproduct3) X 100%.



3. NMR analysis of 3'-methyleriodictyol
'H, 3C and DEPT-135 NMR spectra of the methylated eriodictyol corresponds to the 3'-
methyleriodictyol standard.[ Both eriodictyol and its methylated products exist in racemic form.

rel]

10

4
OHO

3-Methyleriodictyol .

=l JL.L 1A l J.LJ” 1J L_éle . .
5 % i :
Figure S1. "H NMR spectrum of 3'-methyleriodictyol. '"H NMR (600 MHz, DMSO-ds): & [ppm] =
12.15 (s, 1H, 5-OH), 10.81 (s, 1H, 7-OH), 9.14 (s, 1H, 3-OH), 7.09 (d, J = 2.0 Hz, 1H, 2-H),
6.90 (dd, J = 8.1, 2.0 Hz, 1H, 6"-H), 6.79 (d, J = 8.0 Hz, 1H, 5'-H), 5.91-5.86 (m, 2H, 6-H, 8-H),
5.42 (dd, J = 12.9, 3.0 Hz, 1H, 2-H), 3.78 (s, 3H, 3-OCHs), 3.32 (dd, J = 17.1, 12.9 Hz, 1H,
trans 3-H), 2.68 (dd, J = 17.1, 3.1 Hz, 1H, cis 3-H).

[rel]

Blue: 13C NMR-proton decoupled
Red: DEPT 135
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Figure S2. 3C NMR and DEPT-135 spectra of 3'-methyleriodictyol. *C NMR (150 MHz, DMSO-
ds): & [ppm] = 196.43 (4-C), 166.66 (7-C), 163.48 (5-C), 162.93 (9-C), 147.55 (4'-C), 146.97 (3"
C), 129.39 (1-C), 119.69 (5-C), 115.17 (2-C), 111.17 (6'-C), 101.75 (10-C), 95.80 (6-C), 94.99
(8-C), 78.72 (2-C), 55.69 (3'-OCHs), 42.10 (3-C).



4. NMR analysis of 3',4'-dimethyleriodictyol
In addition to 1D '"H NMR spectra, NOESY and '"H-"*C HSQC experiments were performed to
confirm the structure of 3',4"-dimethyleriodictyol.

[rel]

-

12 10 8 6 4 [ppm]

Figure S3. 'H NMR spectrum of 3',4"-dimethyleriodictyol. 'H NMR (600 MHz, DMSO-ds): 6 [ppm]
=12.14 (s, 1H, 5-OH), 10.83 (s, 1H, 7-OH), 7.13 (d, J = 2.0 Hz, 1H, 2'-H), 7.02 (dd, J = 8.3, 2.0
Hz, 1H, 6'-H), 6.97 (d, J = 8.3 Hz, 1H, 5'-H), 5.91 (d, J= 2.2 Hz, 8-H), 5.89 (d, J= 1.9 Hz, 6-H),
5.48 (dd, J = 12.9, 3.1 Hz, 1H, 2-H), 3.77 (s, 3H, 3-OCHz) 3.76 (s, 3H, 4-OCHs), 3.32 (dd, J =
17.1, 12.8 Hz, 1H, trans 3-H), 2.71 (dd, J = 17.1, 3.1 Hz, 1H, cis 3-H).
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Blue: 13C NMR-proton decoupled
Red: DEPT 135
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Figure S4. *C NMR and DEPT-135 spectra of 3',4"-dimethyleriodictyol. C NMR (150 MHz,
DMSO-ds): & [ppm] = 196.28 (4-C), 166.69 (7-C), 163.50 (5-C), 162.85 (9-C), 149.06 (4-C),
148.74 (3-C), 130.98 (1-C), 119.29 (6'-C), 111.53 (5-C), 110.60 (2-C), 101.77 (10-C), 95.87
(6-C), 95.04(8-C), 78.52 (3-C), 55.58 (OCHs), 55.575 (OCHs), 42.12 (2-C).
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Figure S5. NOESY spectrum of 3',4'-dimethyleriodictyol (300 ms mixing time). Enlarged are
the NOESY cross-peaks: 7.13 (2'-H)-5.48 (2-H), 3.78 (3'-OCHa), 3.31 (frans 3-H), & 2.73 (cis
3-H); 7.02 (6"-H)-5.48 (2-H), 3.33 (trans 3-H), & 2.73 (cis 3-H); 6.97 (5'-H)-3.76 (4'-OCHs).
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Figure S6. '"H-"3C HSQC spectrum of 3',4'-dimethyleriodictyol.
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5. NMR analysis of 3'-methylluteolin
'H, C and DEPT-135 NMR spectra of the methylated luteolin corresponds to the 3'-
methylluteolin standard.®?!

[rel]

T
14

5 4
OH O

3'-Methylluteolin

IéL J%L Ja 2l il L 5 LL.L___'_O
. NP W GHH Ty’ , -
12 10 8 6 a 2 [ppm]

Figure S7. "H NMR spectrum of 3'-methylluteolin. '"H NMR (600 MHz, DMSO-ds): & [ppm] =
12.96 (s, 1H, 5-OH), 10.84 (s, 1H, 7-OH), 9.97 (s, 1H, 4'-OH), 7.55 (d, 6'-H), 7.54 (s, 1H, 2"-H)
6.93 (d, J = 8.4 Hz, 1H, 5-H), 6.88 (s, 1H, 3-H), 6.50 (d, J= 2.0 Hz, 1H, 8-H), 6.19 (m, 1H, 6-
H), 3.89 (s, 3H, 3-OCHs).
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Blue: 13C NMR-proton decoupled
Red: DEPT 135
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Figure S8. 3C and DEPT-135 spectra of 3'-methylluteolin. *C NMR (150 MHz, DMSO-ds): &
[ppm] = 181.82 (4-C), 164.15 (7-C), 163.68 (2-C), 161.45 (5-C), 157.35 (9-C), 150.74 (4-C),
148.04 (3'-C), 121.54 (1'-C), 120.37 (6'-C), 115.78 (5-C), 110.18 (2'-C), 103.74 (10-C), 103.22
(3-C), 98.84 (6-C), 94.07 (8-C), 55.96 (3'-OCHs).

6. NMR analysis of 3',4"-dimethylluteolin

In addition to 1D '"H NMR spectra, NOESY, 'H-"3C HSQC and '"H-"*C HMBC experiments were
also performed to confirm the structure of 3',4'-dimethylluteolin. The 1D 'H NMR spectrum
corresponds to the 3',4"-dimethylluteolin standard.?
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Figure S9. '"H NMR spectrum of 3',4'-dimethylluteolin. '"H NMR (600 MHz, DMSO-ds): & [ppm]
=12.91 (s, 1H, 5-OH), 10.85 (s, 1H, 7-OH), 7.64 (d, J = 8.1 Hz, 1H, 6'-H), 7.52 (s, 1H, 2'-H),
7.09 (d, J = 8.2 Hz, 1H, 5'-H), 6.92 (s, 1H, 3-H), 6.50 (s, 1H, 8-H), 6.19 (s, 1H, 6-H), 3.86 (s,
3H, 3-OCHz), 3.84 (s, 3H, 4'-OCHa).

Blue: 13C NMR-proton decoupled
Red: DEPT 135

[rel]

»»»»»

| |

Figure S10. *C and DEPT-135 spectra of 3',4-dimethylluteolin. *C NMR (150 MHz, D[IC/IPS]O-
ds): & [ppm] = 181.82 (4-C), 164.21 (7-C), 163.29 (2-C), 161.44 (5-C), 157.35 (9-C), 152.11 (4"
C), 149.0 (3'-C), 122.89 (1'-C), 119.99 (6'-C), 111.62 (5'-C), 109.36 (2'-C), 103.81 (3-C), 103.77
(10-C), 98.87 (6-C), 94.10 (8-C), 55.83 (3'-OCHs), 55.71 (4-OCHs).
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Figure S11. NOESY spectrum of 3',4"-dimethylluteolin (300 ms mixing time). Circled NOESY

cross-peak: 3.87 (3'-OCHs)-7.52 (2-H).
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Figure S12. 'H-"3C HSQC spectrum. HSQC cross-peaks: 3.86-55.83 (3'-OCHs3); 3.84-55.72
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Figure S13. '"H-"*C HMBC spectrum. HMBC cross-peaké: 3.86 (3'-OCH3)¥148.96 (3’-C) &
109.35 (2'-C); 3.83 (4'-OCH3)-152.13 (4'-C) & 111.62 (5'-C).
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7. NMR analysis of 3'-methylquercetin
'H, ®C and DEPT-135 NMR spectra of the methylated quercetin corresponds to the 3'-
methylquercetin standard.!

[rel]
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Figure S14. "H NMR spectrum of 3'-methylquercetin. '"H NMR (600 MHz, DMSO-ds): 6 [ppm] =
12.46 (s, 1H, 5-OH), 10.81 (s, 1H, 7-OH), 9.75 (s, 1H, 4-OH), 9.42 (s, 1H, 3-OH), 7.75 (d, J =
2.1 Hz, 1H, 2'-H), 7.69 (dd, J = 8.4, 2.1 Hz, 1H, 6'-H), 6.94 (d, J = 8.5 Hz, 1H, 5-H), 6.48 (d, J
= 2.0 Hz, 1H, 8-H), 6.20 (d, J = 2.1 Hz, 1H, 6-H), 3.84 (s, 3H, 3'-OCH5).

Blue: 13C NMR-proton decoupled
Red: DEPT 135
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Figure S15. 3C and DEPT-135 spectra of 3'-methylquercetin. 3C NMR (150 MHz, DMSO-db):
0 [ppm] = 175.87 (4-C), 163.93 (7-C), 160.68 (5-C), 156.15 (9-C), 148.81 (4'-C), 147.36 (3-C),
146.62 (2-C), 135.81 (3-C), 121.96 (1'-C), 121.71 (6'-C), 115.54 (5'-C), 111.70 (2'-C), 103.02
(10-C), 98.21 (6-C), 93.60 (8-C), 55.76 (3'-OCHs).
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8. NMR analysis of 3',4'-dimethylquercetin
In addition to 1D "H NMR spectra, NOESY, and 'H-"3C HMBC experiments were performed to
confirm the structure of 3',4"-dimethylquercetin.

[rel]

I 1 I 1y T

Figure S16. "H NMR spectrum of 3',4'-dimethylquercetin. '"H NMR (600 MHz, DMSO-ds): & [ppm]
=12.42 (s, 1H, 5-OH), 10.83 (s, 1H, 7-OH), 9.52 (3-OH s, 1H, 3-OH), 7.80 (d, J = 8.5 Hz, 1H,
5'-H), 7.75 (s, 1H, 2'-H), 7.13 (d, J = 8.6 Hz, 1H, 6'-H), 6.49 (d, J= 1.8 Hz, 1H, 8-H), 6.20 (d, J
= 2.0 Hz, 1H, 6-H), 3.84 (s, 3H, 4'-OCHj3), 3.83 (s, 3H, 3'-OCHs).

Blue: 13C NMR-proton decoupled
Red: DEPT 135
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Figure S17. 3C and DEPT-135 spectra of 3',4"-dimethylquercetin. *C NMR (150 MHz, DMSO-
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ds): & [ppm] = 175.98 (4-C), 164.03 (7-C), 160.70 (5-C), 156.22 (9-C), 150.39 (4'-C), 148.38 (3"
C), 146.17 (2-C), 136.22 (3-C), 123.33 (1-C), 121.44 (6-C), 111.53 (5'-C), 110.89 (2'-C), 103.08
(10-C), 98.26 (6-C), 93.66 (8-C), 55.63 (OCHs), 55.62 (OCHs).
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Figure S18. NOESY spectrum of 3',4-dimethylquercetin (300 ms mixing time). Circled NOESY
cross-peak: 3.83 (3-OCHs)-7.75 (2™-H).
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Figure $19. 'H-"3C HMBC spectrum. HMBC cross-peak: 3.84 (4'-OCHs)-150.38 (4'-C); 3.83
(3'-OCHz3)-148.37 (3'-C).
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9. Mass spectrometry

[M-H] ions of precursors and products of each flavonoid substrate and product were obtained
by LC-MS through MRM optimization in the negative ionization mode, following typical
fragmentation modes for flavonoids and isoflavonoids (Table S1 and Figure S20).14

Table S1. Precursor and product ions of flavonoid substrates and products, obtained by the
MRM optimization method in the negative ionization mode.

Substance M. W. (g/mol) Precursor ion" | Product ion m/z (-)
m/z (-)
Eriodictyol 288.3 287 151, 13A7; 135, °B-
3'-Methyleriodictyol 302.3 301 151, 13A
3',4"-Dimethyleriodictyol | 316.3 315 165, %2B
Luteolin 286.2 285 107, %4A7; 133, 12B-
3'-Methylluteolin 300.3 299 285, -CHs; 257, -CH3-CO
3',4'-Dimethylluteolin 314.3 313 -
Quercetin 302.2 301 151, 13A-
3'-Methylquercetin 316.3 315 151, 12A7; 301, -CHs
3',4'-Dimethylquercetin 330.3 329 -
Naringenin 272.3 271 119, 3B-
7-Methylnaringenin 286.3 285 119, 3B
Genistein 270.2 269 133, °B-
7-Methylgenistein 284.3 283 269, -CHs
283 133, °B-
4'-Methylgenistein 284.3 283 269, -CHs
283 240, -CHs-CO

"Error for the mass detection is + 1.

0,2A- < 0

an3

0,4A'<7

1,3A-<7

Figure S20. Fragmentation modes of flavonoids (left) and isoflavonoids (right).
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This article is dedicated to Paul Kamer, an outstanding scientist

Abstract: Biocatalytic alkylations are important reactions to
obtain chemo-, regio- and stereoselectively alkylated com-
pounds. This can be achieved using S-adenosyl-L-methionine
(SAM)-dependent methyltransferases and SAM analogs. It
was recently shown that a halide methyltransferase (HMT)
from Chloracidobacterium thermophilum can synthesize SAM
from SAH and methyl iodide. We developed an iodide-based
assay for the directed evolution of an HMT from Arabidopsis
thaliana and used it to identify a V140T variant that can also
accept ethyl-, propyl-, and allyl iodide to produce the
corresponding SAM analogs (90, 50, and 70 % conversion of
15 mg SAH). The V140T AtHM T was used in one-pot cascades
with O-methyltransferases (IeOMT or COMT) to achieve the
regioselective ethylation of luteolin and allylation of 3,4-
dihydroxybenzaldehyde. While a cascade for the propylation
of 3,4-dihydroxybenzaldehyde gave low conversion, the
propyl-SAH intermediate could be confirmed by NMR
spectroscopy.

The “magic methyl effect” refers to the ability of an
appropriately placed methyl group to dramatically alter the
biological properties of a compound.) This makes selective
alkylation of molecules highly desirable.””! Bioalkylations are
important because of the exquisite chemo-, regio- and
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stereospecificity achievable using enzymes.>®! In nature,
selective methylation is catalyzed by methyltransferases
(MT, E.C. 2.1.1.X) that use S-adenosyl-L-methionine (SAM,
“nature’s methyl iodide”) as methyl donor.* Interestingly,
many methyltransferases are insensitive to the size of the
alkyl substituent of SAM and could catalyze other alkylation
reactions if the necessary SAM analogs were available. This
promiscuity can be harnessed to expand the structural and
functional diversity of chemicals and enable various applica-
tions, such as site-selective modification of molecules with
fluorescent or “clickable” groups.[**>

SAM analogs enabling these diverse alkylation reactions
are crucial not only for expanding the industrial relevance of
biocatalytic alkylation but also for discovering promiscuous
MTs.'“! However, very few naturally occurring SAM ana-
logsP*%"! are known, making limited access to SAM analogs
one of the most serious impediments to progress in the field.
With the exception of S-adenosyl-L-ethionine (SAE), SAM
analogs are not readily available from commercial suppliers
and have to be prepared on demand. Alkylation of S-
adenosyl-L-homocysteine (SAH) using alkyl halides results in
low yields and contamination with the biologically inactive
(R.S) diastereomers.”™ These side products can be potent MT
inhibitors and are not easily separated from the desired SAM
analogs.®! Enzymatic synthesis of SAM analogs is more
specific and yields only the desired isomers. Methionine
adenosyltransferases (MATSs) or halogenases catalyze the
production of SAM analogs by combining the adenosyl
moiety of ATP or 5'-chloro-5'-deoxyadenosine, respectively,
to the sulfur atom of methionine analogs.”! The major
drawback of these approaches is that they require methionine
analogs, which are expensive, if at all commercially available
(Figure S1).

Liao and Seebeck recently reported the enzymatic syn-
thesis of SAM from SAH and methyl iodide, using a halide
methyltransferase (HMT) from Chloracidobacterium thermo-
philum (CHHMT).'! We realized that, like many MTs, some
HMTs would be promiscuous and that this would allow
a diverse set of SAM analogs to be enzymatically synthesized
using cheap and readily available alkyl iodides, without
having to chemically synthesize methionine analogs.

We expressed and purified the HMT from Chloracido-
bacterium thermophilum (CtHMT) originally described by
Liao and Seebeck.”! We constructed an SAH nucleosidase-
deficient strain of E. coli BL21(DES3) to avoid contamination
of recombinant enzymes with this SAH-degrading enzyme

Angew. Chem. Int. Ed. 2021, 6o, 1524 -1527
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(Method S1.3). We also prepared HMTs from Arabidopsis
thaliana (AtHMT) and Raphanus sativus (RsHMT) as these
have been well characterized and have high activities towards
iodide.'"! We assessed the abilities of the three recombinant
HMTs to alkylate SAH, using methyl iodide (Mel), ethyl
iodide (EtI), propyl iodide (PrI), and butyl iodide (Bul) as
alkyl donors. All three HMTs were active using methyl iodide,
although CrHMT was significantly less active than AIHMT
and RsHMT (Table S1). As expected, all three enzymes had
promiscuous activity against ethyl iodide, although this was
three orders of magnitude lower than methyltransferase
activity for each of the enzymes (Table S1). However, none
of the enzymes had significant activity towards propyl iodide
or butyl iodide (less than 0.01 pmolmin'mg'). AtHMT had
the highest ethyltransferase activity (2.69 4 0.15 pmol
min~'mg~') and a solved crystal structure and was therefore
chosen as the starting point for semi-rational protein engi-
neering.

a)
I 4
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Y172 | Z N\
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R214 g C143 |
& Y ===
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Figure 1. a) The crystal structure of AtHMT and the modelled alkyl
iodides in the active site. The selected mutated sites, SAH, and the
alkyl iodides, which include Mel, Etl, Prl, and Bul, are shown as sticks
with elemental coloring. The carbons of SAH, Mel, Etl, Prl, and Bul
are shown in white, grey, purple, yellow, and pink, respectively.

b) Transfer of the ethyl group from ethyl iodide to SAH (1) and the
production of SAE (2) and iodide. The iodide produced can be
detected using hydrogen peroxide, a haloperoxidase, and TMB.
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We docked Etl, Prl, and Bul into the active site of the
AtHMT crystal structure (PDB ID: 3LCC) with bound SAH
(Figure 1a).['”l The alkyl-binding pocket is quite spacious and
could accommodate even butyl iodide (in agreement with
alkyl promiscuity of many methyltransferases). The iodine
atoms of all docked substrates were superposed. We selected
the residues forming the alkyl-binding site (P20, V23, L27,
W36, W47, Y139, V140, C143, Y172, and R214) for further
investigation. For each of these positions, an NNK site-
saturation library was created using mutagenesis PCR. For
each NNK library, 96 clones were screened by incubating
crude lysate with 1 mm SAH and 5 mwm ethyl iodide (Support-
ing Method S2). While the formation of SAE could be
monitored by HPLC, this would require 20 hours per library,
making it very tedious to investigate all randomized residues.
Therefore, we needed a high-throughput method for deter-
mining the amount of product formed in each assay. Because
an iodide ion is released for each molecule of SAE formed
(Figure 1b), we initially considered using our recently pub-
lished ultrasensitive halide assay.m] However, we were
concerned that background signals originating from chloride
in crude cell lysates would complicate the interpretation of
results. Therefore, we developed a modified assay that is
insensitive to chloride, but highly sensitive to iodide.

We used a recombinant Curvularia inaequalis vanadium-
dependent chloroperoxidase (CiVCPO) to oxidize iodide to
hypoiodous acid (HOI). The HOI formed oxidizes the
chromogen 3,3',5,5'-tetramethylbenzidine (TMB), resulting
in the formation of blue color (Figure S2a).!"! In the process,
iodide is released again, so that one iodide anion can catalyze
the oxidation of multiple TMB molecules (Figure 1b). This
results in very high sensitivity, and only 1 uL of sample is
required for the assay. The change in absorbance at 570 nm is
directly proportional to iodide concentration in the range
from 5 to 400 pm (Figure S3a). Chloride concentrations up to
1M result in only slight color changes (Figure S2b). Most
importantly, our assay is general and suitable for monitoring
the release of iodide from a range of alkyl iodides. This
enables both high-throughput screening of mutant libraries
and screening of HMT variants against various alkyl iodides.
Activities of HMTs determined using the iodide assay were
comparable to those determined using HPLC (Figure S3c),
demonstrating the validity and reliability of the assay.

The 10 NNK libraries at the selected positions were
screened and four hits (V23T, W36F, V140C, and V140T) with
improved activities relative to the wild-type AtHMT were
identified (Figure S4). Based on these hits, we constructed
NNK libraries at each other hit position, for a total of six
additional libraries (Table S2). Hits from screening these
libraries were double-mutant combinations of V23K/L/T,
W36F, and V140C/T. Finally, we constructed triple mutants
based on the single and double mutants. We expressed and
purified the wild-type AtHMT and all these variants and
determined their specific activities towards ethyl iodide
(Figure 2). The specific activity of the most active V140T
variant (14.02 pmolmin~'mg™") towards ethyl iodide was
fivefold higher than that of the wild-type AftHMT (2.69 pmol
min~'mg™").
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Kinetic analysis (Figures S5 and S6) showed that the , \ R—|

activity improvement relied on an increased k. and not
decreased K, for ethyl iodide (Table 1). The k., value for the
V140T was 6-fold higher than that for the wild type. The
relative preference for ethyl transfer was 36-fold higher for
the V140T variant than for the wild-type AtHMT.

In addition to increased ethyltransferase activity, the
V140T variant was also more active towards propyl iodide
and allyl iodide compared to the wild type (Figure S7). The
V140T variant was used to convert SAH (15 mg) to SAE (2),
S-propyl-L-homocysteine (SAP (3)), and S-allyl-L-homocys-
teine (SAA (4)) using ethyl iodide, propyl iodide, and allyl
iodide. Conversions were 90, 50, and 70 % after 14, 24, and
14 h, respectively (Figure 3a and Table S4).

The V140T variant is therefore valuable for the synthesis
of various SAM analogs. However, using stoichiometric
amounts of these alkylating agents would be expensive due
to poor atom economy and the high cost of SAH. Therefore,
we used the V140T AtHMT for in vitro regeneration of SAE,
SAP, and SAA, from catalytic amounts of SAH, in one-pot
biocatalytic alkylation cascades (Figure 3b). The T133M-
Y326L variant of isoeugenol O-MT (IeOMT) and the V140T
AtHMT catalyzed regioselective mono-ethylation of luteolin
to 3'-O-ethylluteolin (6) with 41% conversion.'”! Similarly,
human catechol O-MT (COMT) in cascade with V140T
AtHMT catalyzed regioselective mono-allylation of 3,4-
dihydroxybenzaldehyde to produce 4-allyloxy-3-
hydroxybenzaldehyde  (8) with 48%  conversion
(Table S5)." The identities of the products were confirmed

Table 1: Kinetic parameters of wild-type AtHMT and the V140T variant.

HMT

OH
O o \/@[O\/\
O,
X OH

6, 41%, 41 cycles

OH o
Cﬂ |
OH O

8, 48%, 48 cycles

Figure 3. a) Preparative-scale (15 mg) synthesis of SAE (2), SAP (3),
and SAA (4) catalyzed by the V140T AtHMT. The “A” represents the
adenosyl moiety. Conversions shown are from Table S4. b) Production
(10-20 mg scale) of alkylated products using cyclic MT-HMT cascades,
employing 100 pm SAH and 80 mm alkyl iodide. The leOMT variant
T133M-Y326L and the V140T AtHMT catalyzed the ethylation of
luteolin and produced 4'-O-ethylluteolin (6) with 41% conversion.
Human COMT and V140T AtHMT catalyzed the allylation of 3,4-
dihydroxybenzaldehyde and produced 4-allyloxy-3-hydroxybenzaldehyde
(8) with 48 % conversion. Insignificant conversion took place if the
HMT and MT were not added (Figures S9 and S11). Conversions are
from Table S5 and numbers of SAH regeneration cycles were calcu-
lated as [product]/[SAH],q.

by 'H and C NMR spectroscopy (Figures S12-S17). The
conversions achieved correspond to 41 and 48 SAH regener-
ation cycles. While a cascade of human COMT and V140T
AtHMT catalyzed the propylation of 3,4-dihydroxybenzalde-
hyde, the conversion was low (ca. 5% ) and the product could
not be purified for NMR spectroscopy. Therefore, we isolated

Variant Methyltransferase activity Ethyltransferase activity Substrate preference
[Etl]/[Mel]®
kcat [min;‘] KM, Mel [mM] kcat/KM, Mel kcat [mini]] KM, Etl [mM] kcat/KM, Etl
[min~'/mwm] [min~'/mwm]
WT 364.4+£12.7 1.434+0.19 254.5 0.36+0.03 9.36+1.66 0.038 1.5x107*
V140T 182.4+11.7 4.70£0.76 38.7 2.38+0.16 11.14+1.52 0.214 55x107°

[a] Substrate preference for Etl relative to Mel is the ratio of k,/K,, values for the two substrates. This preference is ca. 36-fold higher for the V140T

variant.

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH

Angew. Chem. Int. Ed. 2021, 6o, 1524 -1527


http://www.angewandte.org

GDCh
~~—

SAP synthesized using the V140T AfHMT (Figure S9b) and
confirmed its structure by 'H and *C NMR (Figures S18 and
S19).

We have demonstrated that the scope of biocatalytic
alkylations can be rapidly expanded by harnessing the
promiscuity of an engineered halide methyltransferase. The
HMT from Arabidopsis thaliana enabled us to produce three
SAM analogs from cheap and readily available alkyl iodides.
Importantly, we also demonstrated application of the engi-
neered HMT in bioalkylation cascades. It could catalyze over
40 cycles of alkylation and SAH regeneration, allowing SAH
to be used in catalytic rather than stoichiometric amounts
(Figure 3b). As noted by Liao and Seebeck, the use of toxic
alkyl iodides as reagents might be considered a drawback of
this approach. However, the same applies to chemical
alkylation and the biocatalytic alternative functions under
milder conditions and offers chemo-, regio-, and stereoselec-
tivity.'7

Our best variant (V140T) had the highest activity against
all alkyl iodides tested (Figure S7), demonstrating that
screening using ethyl iodide can increase activity against
other alkyl iodides of interest. However, the ethyltransferase
activity of V140T is significantly higher than its propyltrans-
ferase activity, as “you get what you screen for”."s] We
screened using ethyl iodide to maximize chances of finding
improved variants, but the libraries and screening method-
ology reported here could be used to identify variants with
improved activity towards other alkyl iodides. Exploring the
intrinsic alkyl-substituent promiscuity of naturally occurring
HMTs presents a very promising avenue for future research.
Not only might a highly promiscuous variant already exist in
nature, but also chances of finding an optimal starting point
for directed evolution would be improved by characterizing
a larger number of extant proteins.
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Figure S1. Enzymatic synthesis of SAM analogues. a) L-methionine analogues can be chemically synthesized from

L-homocysteine and alkyl halides. Methionine adenosyltransferases (MATs) or halogenases can then use ATP or

5'-chloro-5'-deoxyadenosine, respectively, to convert the L-methionine analogues to the corresponding SAM analogues.

b) Halide methyltransferases (HMTs) can convert S-adenosyl homocysteine (SAH) to S-adenosyl methionine (SAM)

in a single step, using methyl iodide as alkyl donor. This enables a simple regeneration of SAM from SAH, facilitating

methyltransferase (MT)-catalyzed methylation of acceptor compounds using only catalytic amounts of SAH." The

purpose of our study was to expand the substrate specificity of an HMT to allow SAM analogues to be synthesized.



Additional results

Initial characterization of different HMTs

Table S1. Specific activities (umol/min/mg) of HMTs towards different alkyl iodides for synthesizing the

corresponding SAM analogues. @

Enzyme > N NN N
Arabidopsis thaliana HMT 5942 + 204 2.69+0.15 <0.01 <0.01
Chloracidobacterium thermophilum HMT 1329 0.11 £ 0.07 <0.01 <0.01
Raphanus sativus HMT 8457 + 361 1.18 £ 0.11 <0.01 <0.01

el Reaction times were 10 min for methyl iodide and ethyl iodide, and 4h for propyl iodide and butyl iodide. Negative
controls performed without enzyme were subtracted. Activities were determined using the iodide assay described in
Figure S2 and Method S3. Data reported are the means and standard deviations calculated from three independent

measurements.



a)

g

: e
-e -e
HOI + HZNNHZ —_— H2NNH2 +HY = 12 +HY — HNNH +2H*

el D=
Diimine

TMB-diimine complex

H

T™B TMB cation radical

b) c)
0.5
K: 001005 01 02 05 1 2 5 10 (mM)
460nm
v 0.4
" ) \ Y @
20000006 s NI
g |
NaC: 1 10 100 1000 (mM 2 02 | i
aCl: (mM) g \\ | ;\
2 Q‘ o1 i/ 2570nm
0-0 l H
400 500 600

Wavelength (nm)
Figure S2. The iodide assay used for screening HMT libraries. a) Oxidation of TMB by HOI. b) Color of reaction
mixtures of of Kl and NaCl (1 pl; various concentrations) with the iodide assay solution (50 pl) after 30min.

c) Absorbance spectra of the TMB oxidation products.



Comparison of the iodide assay to HPLC
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Figure S3. Comparison of the iodide assay to HPLC. a) Calibration curve for the iodide assay. The concentration
of potassium iodide (KIl) is plotted against the initial velocity of the increase in absorbance at 570 nm. b) Calibration
curve for HPLC analysis of SAM. The concentration of SAM is plotted against the peak area determined by HPLC.
c) Comparison of the ethyltransferase specific activities of wild-type AtHMT and the V23T and V140T variants
determined using the iodide assay and HPLC. Data plotted are the means and standard deviations calculated from

three independent measurements.



Screening for improved ethyltransferase activity
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Figure S4. Examples of the iodide screening assay. Libraries were screened as described in Methods S2 and S3

a) The empty pET-28a vector and the wild-type AtHMT as negative and positive controls, respectively. b) Screening of

NNK libraries at positions V23, W36, and V140. Hits are indicated with colored arrows and named in square brackets

c) Screening of libraries at secondary positions. Hits are indicated with colored arrows and named in square brackets



Table S2. Libraries screened and hits obtained.

Library Hits

P20 NNK -

V23 NNK V23T

L27 NNK -

W36 NNK W36F

W47 NNK -

Y139 NNK -

V140 NNK V140C/T
C143 NNK -

Y172 NNK -

R214 NNK -
V23T-W36 NNK V23T-W36F
V23T-V140 NNK V23T-V140C/T
W36F-V23 NNK V23T-W36F

W36F-V140 NNK

V140C-V23 NNK

V140C-W36 NNK

W36F-V140C/T

V23K/L/T-V140C

W36F-V140C




Characterization of the hits

Table S3. Specific activities (umol/min/mg) of the wild-type AfHMT and mutants against ethyl iodide for
synthesizing SAE.

Enzyme variant Specific activity®
AtHMT 2.69+0.15
V23T 4.24 +0.07
W36F 2.80+0.35
V140C 9.74 £ 0.85
V140T 14.02 £ 0.40
V23T-W36F 3.81+0.23
V23T-V140C 10.28 £ 0.94
V23T-V140T 8.77 £ 1.39
V23K-V140C 6.23 £ 0.34
V23L-V140C 9.00 £ 0.62
W36F-V140C 8.21+0.73
W36F-V140T 1.95+0.15
V23T-W36F-V140C 6.74 £ 0.11
V23K-W36F-V140C 0.42 £ 0.03
V23L-W36F-V140C 1.59 £ 0.27
V23T-W36F-V140T 1.32+0.19

il Data reported are the means and standard deviations calculated from three independent measurements. The data

are visualized in Figure 2 of the main paper.



Michaelis-Menten kinetics for methyltransferase activity
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Figure S5. Michaelis-Menten kinetics for methyltransferase activity. a) Wild-type AftHMT and b) the V140T variant.

Activities at various methyl iodide concentrations were determined as described in Method S4.2. Data plotted are the

means and standard deviations calculated from three independent measurements.
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Michaelis-Menten kinetics for ethyltransferase activity
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Figure S6. Michaelis-Menten kinetics for ethyltransferase activity. a) Wild-type AtHMT and b) the V140T variant.

Activities at various ethyl iodide concentrations were determined as described in Method S4.2. Data plotted are the

means and standard deviations calculated from three independent measurements.
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Figure S7. Specific activities (umol/h/mg) of AtHMT and several variants towards various alkyl iodides for synthesizing
the corresponding SAM analogues. Specific activities were determined as described in Methods S3.3 and S4.2. Data

plotted are the means and standard deviations calculated from two independent measurements.
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Preparative scale synthesis of SAM analogues and product analysis

Table S4. Scaled-up production of SAM analogues.

SAH Alkyl iodide V140T AtHMT Product Reaction time Conversiont®!
15 mg (10 mM) 80 mM Etl 5.0 mg/ml (182 uM) SAE (2) 14h 90%
15 mg (10 mM) 80 mM Prl 7.7 mg/ml (273 uM) SAP (3) 24h 50%
15 mg (10 mM) 80 mM Allyl-I 5.0 mg/ml (182 uM) SAA (4) 14h 70%

EDetermined by HPLC (Figure S9).

NH, H NH, J NH,
( N X N BN N X
N N N
_OOC\/\/§ </Nf\/) _OOC\/\/§ </Nf\/) _OOC\/\/§ </Nf\/)
q q (0]

= N : N H N
NH3* © NH3* NH3* ©
OHOH OHOH OHOH
S-adenosyl L-ethionine (SAE), 2 S-propyl homocysteine (SAP), 3 S-allyl homocysteine (SAA), 4

Figure S8. Structures of the SAM analogues. The iodoalkane-derived alkyl groups are shown in red.
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a)

490
390
290
Asgo ! MAU - HMT + HMT
190 RT / min | Compound
Area % Area %
B . S—
90 6.8 SAH 8,485,833 | 100 870,030 10
8.9 SAE 0 0 7,611,520 | 90
-10
5 6 7 8 9 10 1
RT/ min
b)
290
240
190
Az ! mAU 140 - HMT + HMT
RT/ min | Compound
- Area % Area %
90
6.8 SAH 7,258,184 | 100 | 4,149,439 | 50
40
10.0 SAP 0 0 4,079,157 | 50
105 7 9 11
RT / min
c)
390
290
190 - HMT + HMT
Azso | mAU RT/min | Compound
Area % Area %
90 6.8 SAH | 7,790,385 | 90.8 | 2,687,328 | 30
9.3 SAA 788,615 9.2 | 6,209,560 | 70
-10
5 6 7 8 9 10
RT / min

Figure §9. HPLC chromatograms of a) SAE (2), b) SAP (3), and c) SAA (4) syntheses on preparative scale. Structures

of the SAM analogues are shown in Figure S8.
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Preparative scale bioalkylation cascade reactions and product analysis

Table S5. Scaled-up production of alkylated products.

Alkyl Reaction ~ Conversion Isolated Number
Substrate SAH MT HMTE! Product
iodide time o] yield of cycles
5,20 mg Etl 1eOMT, 12 mg/ml 10 mg/ml
100 uM 6 72h 41% 18% 41
(10 mM) 80 mM (292 pM) (364 pM)
7,10 mg Prl COMT, 12 mg/mi 10 mg/ml
100 uM C 48h 5% - -
(10 mM) 80 mM (292 pM) (364 pM)
7,10 mg Allyl-1 COMT, 12 mg/mi 8 mg/ml
100 uM 8 24h 48% 16% 48
(10 mM) 80 mM (292 pM) (291 pM)

&l AfHMT-V140T was used for all reactions. ! Conversions were determined using HPLC (Figure S11). [ Because of

the low conversion, this product was not purified and identified by NMR spectroscopy.

OH O

luteolin, 5 3'-O-ethylluteolin, 6 3,4-dihydroxybenzaldehyde, 7 4-allyloxy-3-hydroxybenzaldehyde, 8

Figure S10. Structures of substrates and alkylated products. The iodoalkane-derived alkyl groups are shown in red.
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a)

140
90 - HMT/MT + HMT/MT
RT/ min | Compound
Azgo | mMAU Area % Area %
4.7 5 3,234,855 | 100 | 1,518,019 55
40 ﬁl_. A k
9.2 - 0 0 138,223 5
1 L 1.7 6 0 0 1,171,139 | 41
\J
-10 0 5 10 15
RT/ min
b)
490
390
290
- HMT/MT + HMT/MT
Az mAU 190 RT/ min | Compound
Area % Area %
90 — A 2.0 7 8,606,287 | 100 | 11,284,861 | 95
J\ 5.6 - 0 0 527,122 5
-10
0 2 4 6 8
RT/min
c)
290
- HMT/MT + HMT/MT
190 RT/ min | Compound
Aszzo | mAU Area % Area %
a 2.0 7 7,991,024 | 90.2 | 4,205,968 50
90
4.9 8 8,722,81 9.8 3,983,425 | 48
J L K 7.3 - 0 0 18,4431 2
-10
0 2 4 6 8
RT/ min

Figure S11. HPLC chromatograms of a) luteolin (5) and the product 3'-O-ethylluteolin (6), b) 3,4-
dihydroxylbenzaldehyde (7) and the propylated product, and c) 3,4-dihydroxylbenzaldehyde (7) and the product 4-

allyloxy-3-hydroxy-benzaldehyde (8).
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3'-O-ethylluteolin (6). 'H NMR, H,H-COSY (400 MHz, DMSO-ds): & (ppm) = 12.96 (s, 1H, OH),
7.55 (d, J = 1.8 Hz, 1H, 6"-H), 7.53 (s, 1H, 2'-H), 6.94 (d, J = 8.9 Hz, 1H, 5"-H), 6.84 (s, 1H, 3-
H), 6.47 (s, 1H, 8-H), 6.17 (s, 1H, 6-H), 4.15 (q, J = 7.0 Hz, 1H, 7"-H), 1.37 (t, J = 7.0 Hz, 1H,
8"-H); 1°C NMR, DEPT-135, HSQC, HMBC (101 MHz, DMSO-ds): & (ppm) = 181.7 (4), 165.1
(7), 163.6 (2), 161.4 (5), 157.4 (9), 151.2 (4"), 147.2 (3'), 121.4 (1'), 120.3 (6'), 115.9 (5'), 111.4
(2"), 103.4 (10), 103.1 (3), 99.0 (6), 94.2 (8), 64.2 (7'), 14.7 (8").
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Figure $12. 'H NMR spectrum of 3'-O-ethylluteolin (6).
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Figure S13. "®C NMR spectrum of 3'-O-ethylluteolin (6).
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Figure S14. HMBC spectrum of 3'-O-ethylluteolin (6). The signal that defines the regioisomer is highlighted.
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4-allyloxy-3-hydroxybenzaldehyde (8). '"H NMR, H,H-COSY (400 MHz, DMSO-ds): & (ppm)
=9.77 (s, 1H, 7-H), 7.37 (dd, J = 8.3, 1.8 Hz, 1H, 6-H), 7.28 (d, J = 1.8 Hz, 1H, 2-H), 7.11 (d, J
= 8.3 Hz, 1H, 5-H), 6.12-6.00 (m, 1H, 9-H), 5.44 (dd, J = 17.3, 1.6 Hz, 1H, 10-Ha), 5.29 (dd, J
=10.5, 1.5 Hz, 1H, 10-Hv), 4.68 (d, J = 5.2 Hz, 2H, 8-H); "*C NMR, DEPT-135, HSQC, HMBC
(101 MHz, DMSO-ds): & (ppm) =191.5 (7), 152.2 (4), 147.3 (3), 133.3 (9), 130.0 (1), 124.1 (6),
117.9 (10), 113.9 (2), 113.0 (5), 68.9 (8).
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Figure S15. 'H NMR spectrum of 4-allyloxy-3-hydroxybenzaldehyde (8).
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Figure $16. "*C NMR spectrum of 4-allyloxy-3-hydroxybenzaldehyde (8).
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Figure S$17. HMBC spectrum of 4-allyloxy-3-hydroxybenzaldehyde (8). Signals that define the regioisomer are

highlighted.
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S-propyl homocysteine (3). '"H NMR, H,H-COSY (400 MHz, D20): & (ppm) =8.36 (s, 2H, 2-H,
8-H), 6,07 (d, J = 3.7 Hz, 1H, 1"-H), 4.82—-4.70 (m, 1H, 2'-H), 4.51 (pseudo-t, J = 5.8 Hz, 1H, 3"-
H), 4.48-4.39 (m, 1H, 4"-H), 3.99-3.89 (m, 1H, Ha), 3.88-3.79 (m, 2H, 5'-H), 3.62-3.38 (m, 2H,
Hy), 3.36-3.26 (m, 2H, 1"-H), 2.39-2.20 (m, 2H, Hg), 1.78-1.64 (m, 2H, 2"-H), 0.94-0.80 (m,
3H, 3"-H); *C NMR, DEPT-135, HSQC, HMBC (101 MHz, D20): & (ppm) = 170.7 (COOH),
150.0 (6), 148.0 (4), 144.6 (2), 143.6 + 143.5 (8), 119.3 (5), 90.0 (1), 78.6 + 78.5 (4'), 73.1 +
73.0 (2'), 72.8 (3"), 51.5 (5'), 42.7 + 42.0 (1"), 41.7 (), 36.3 +36.2 (y), 25.1 + 25.0 (B), 17.5 +
17.3 (2"), 11.9 (3").
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Figure S18. 'H NMR spectrum of SAP (3) in the form of heptane sulfonate salt. Signals derived from heptane sulfonate

are assigned asterisks.
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Figure S19. *C NMR spectrum of SAP (3) in the form of heptane sulfonate salt. Signals derived from heptane sulfonate

are assigned asterisks.
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Experimental procedures

Materials

Chemical reagents were purchased from Sigma Aldrich (Darmstadt, Germany), Alfa Aesar
(Kandel, Germany), Fluorochem (Hadfield, UK), and Merck (Darmstadt, Germany), and were
at least 95% pure. Reagents and solvents used for HPLC were purchased from Carl Roth
GmbH (Karlsruhe, Germany) and VWR (Darmstadt, Germany), and were of HPLC grade.
Molecular biology enzymes and kits were purchased from New England Biolabs (Ipswich, MA,
US) unless otherwise stated. Oligonucleotides were purchased from Thermo Fisher Scientific

(Hennigsdorf, Germany).

Method S1 Genes, protein expression, and mutagenesis

Method S1.1 Expression vectors

DNA sequences encoding the soluble form of Homo sapiens catechol O-methyltransferase
(COMT) and the halide methyltransferases from Arabidopsis thaliana (AtHMT),
Chloracidobacterium thermophilum (CtHMT), and Raphanus sativus (RsHMT) were codon-
optimized for expression in Escherichia coli. Genes were synthesized and cloned into
pET-28a(+) or pET-28b(+) by BioCat GmbH (Heidelberg, Germany). The resulting constructs
encoded either N- or C-terminal Hise-tags (amino acid sequences for all proteins are given in
the section Protein sequences). The empty pET-28a(+) vector (Novagen®) was purchased from
Merck (Darmstadt, Germany). The C-terminally Hise-tagged T133M-Y326L mutant of Clarkia
breweri isoeugenol O-methyltransferase (leOMT) in pET-21b(+) was described in our previous
work.”l Al HMTs and MTs, as well as the empty pET-28a vector, were transformed into
chemically competent E. coli BL21 Amtn (DE3) cells (Method S1.3) using a standard heat-

shock protocol.

Method S1.2 Site-saturation mutagenesis

Saturation mutagenesis was performed using mutagenesis PCR. Degenerate (NNK)
oligonucleotides (Table S6) and the wild-type AtHMT-encoding plasmid (DNA sequence is
given below Table S6) were used. PCRs contained 1 x Pfu buffer, 2% DMSO, 200 nM each of
forward and reverse primers, dNTPs (250 pM each), 0.2 ng/ul of template DNA
(PET-28a-AfHMT), and 0.05 U/ul of Pfu polymerase (Roboklon GmbH, Berlin, Germany). After

initial denaturation for 1 min at 95 °C, 18 cycles of denaturation at 95 °C for 30 s, annealing at
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60 °C for 1 min, and extension at 68 °C for 6.5 min were performed, followed by a final extension
at 68 °C for 13 min. PCR products were treated twice by Dpnl digestion to ensure complete
removal of the template DNA.P! The Dpnl-digested PCR mixtures (5 ul) were used for heat
shock transformation of chemically competent E. coli BL21 Amtn (DE3) cells. Transformations

were plated on LB Miller agar containing 50 ug/ml kanamycin and incubated overnight at 37 °C.

Table S6. Sequences of the degenerate (NNK) oligonucleotides used for site-saturation mutagenesis.

Primer

Sequence (5'-3")

P20 NNK forward
P20 NNK reverse
V23 NNK forward
V23 NNK reverse
L27 NNK forward
L27 NNK reverse
W36 NNK forward

ggcggtaatgtgattccgaccnnkgaagaagttgcaacctttctg
cagaaaggttgcaacttcttcmnnggtcggaatcacattaccgcc
atgtgattccgaccccggaagaannkgcaacctttictgcataaaac
gttttatgcagaaaggttgcmnnttcttccggggtcggaatcacat
cccggaagaagttgcaacctttnnkcataaaaccgttgaagaaggeg
cgccttcttcaacggttttatgmnnaaaggttgcaacttcttccggg

gcataaaaccgttgaagaaggcggtnnkgaaaaatgctgggaagaagaaatta

W36 NNK reverse
W47 NNK forward
W47 NNK reverse
Y139 NNK forward
Y139 NNK reverse
V140 NNK forward
V140 NNK reverse
C143 NNK forward
C143 NNK reverse

taatttcttcttcccagcatttttcmnnaccgccttcttcaacggttttatge
ggaagaagaaattaccccgnnkgatcagggtcgtgcaaccce
gggttgcacgaccctgatcmnncggggtaatttcttcttcc
gtccgaccgaactgtttgatctgatttttgatnnkgtgttcttctgtgcaat
attgcacagaagaacacmnnatcaaaaatcagatcaaacagttcggtcggac
cgtccgaccgaactgtttgatctgatttttgattatnnkttctictgtgcaatcgaac
gttcgattgcacagaagaamnnataatcaaaaatcagatcaaacagttcggtcggacg
ctgatttttgattatgtgttcttcnnkgcaatcgaaccggaaatgcgccc
gggcgcatttccggttcgattgcmnngaagaacacataatcaaaaatcag

Y172 NNK forward ggcgaactgattaccctgatgnnkccgattaccgatcatgttggt
Y172 NNK reverse
R214 NNK forward

R214 NNK reverse

accaacatgatcggtaatcggmnncatcagggtaatcagttcgcc
aatccgcatgccattccgaccnnkaaaggtaaagaaaaactgggce

gcccagtttttctttacctttmnnggtcggaatggcatgcggatt

DNA sequence of the wild-type AtHMT template used for mutagenesis

ATGGGCAGTAGTCATCATCATCATCACCATAGTAGTGGTCTGGTGCCGCGCGGCAGTCATATGGCCGAAGAACAGCAGAATAGTGA
TCAGAGTAATGGCGGTAATGTGATTCCGACCCCGGAAGAAGTTGCAACCTTTCTGCATAAAACCGTTGAAGAAGGCGGTTGGGAAA
AATGCTGGGAAGAAGAAATTACCCCGTGGGATCAGGGTCGTGCAACCCCGCTGATTGTGCATCTGGTGGATACCAGCAGCCTGCCG
CTGGGTCGCGCCTTAGTGCCGGGTTGCGGTGGTGGTCATGATGTGGTTGCCATGGCCAGTCCGGAACGCTTTGTTGTTGGTCTGGA
TATTAGTGAAAGCGCCCTGGCAAAAGCCAATGAAACCTATGGTAGCAGTCCGAAAGCAGAATATTTTAGCTTTGTTAAAGAGGATG
TGTTCACCTGGCGTCCGACCGAACTGTTTGATCTGATTTTTGATTATGTGTTCTTCTGTGCAATCGAACCGGAAATGCGCCCGGCA
TGGGCAAAAAGTATGTATGAACTGCTGAAACCGGATGGCGAACTGATTACCCTGATGTATCCGATTACCGATCATGTTGGTGGCCC
GCCGTATAAAGTTGATGTTAGCACCTTTGAAGAAGTGCTGGTGCCGATTGGCTTTAAAGCCGTGAGCGTGGAAGAAAATCCGCATG

CCATTCCGACCCGTAAAGGTAAAGAAAAACTGGGCCGCTGGAAAAAGATTAATTAA
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Method S1.3 Construction of the MTA/SAH nucleosidase knockout E. coli BL21(DE3)

strain

As reported by Liao and Seebeck, the 5-methylthioadenosine/S-adenosyl homocysteine
(MTA/SAH) nucleosidase from E. coli BL21(DE3) can degrade the substrate SAH to adenine
and the enzyme cannot be completely removed by immobilized metal-affinity chromatography
and size exclusion chromatography.!"! Thus, an MTA/SAH nucleosidase knockout strain of
E. coli BL21(DE3), named E. coli BL21 Amtn (DE3), was constructed for the expression of
HMTs and MTs. The E. coli BL21 Amtn (DE3) strain was constructed using a previously
developed two-plasmid-based CRISPR-Cas9 system.! The two key plasmids pCas and
pTargetF (plasmid IDs #62225 and #62226) were purchased from Addgene (Watertown, MA,
US). The pTarget-dmtn plasmid was first constructed by engineering the flanking sequence of
the mtn gene by assembly of three DNA fragments, the mtn-Up fragment and the mtn-Down
fragment, amplified from the E. coli genome using the corresponding primers (Table S7), and
the pTarget fragment amplified from the pTargetF plasmid using the corresponding primers
(Table S7). The three fragments were assembled using the SLiCE cloning method.! Next, the
gRNA was introduced with the dmtn-gRNA primers using the Q5 Site-Directed Mutagenesis Kit
from New England Biolabs. The resulting pTarget-dmtn plasmid was sequenced to confirm
introduction of the gRNA and the flanking sequence of the min gene. The E. coli
BL21 Amtn (DE3) strain was constructed by using pCas and pTarget-dmtn according to a
previously developed procedure, briefly outlined here. 1) Transform the pCas plasmid into
chemically competent E. coli BL21(DE3) cells following a standard heat-shock protocol.
2) Prepare electrocompetent cells of E. coli BL21(DE3) pCas with the arabinose-inducible
A-Red system. 3) Introduce the pTarget-dmtn plasmid by electroporation. 4) Select on LB agar
plates containing 50 pg/ml kanamycin (for pCas) and 50 ug/ml streptomycin (for pTarget-dmtn).
5) Perform colony PCR for genotyping the colonies. 6) Sequentially cure the plasmid pTarget-
dmtn (by adding 1 mM IPTG) and pCas (by culturing at 37°C for 12 h). The resulting E. coli
BL21 Amtn (DE3) strain was confirmed by PCR amplification and sequencing the genomic DNA
flanking the mtn gene. Chemically competent E. coli BL21 Amtn (DE3) cells were prepared

using the Hanahan method.®®
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Table S7. Oligonucleotides used for construction of the MTA/SAH nucleosidase knockout strain E. coli

BL21 Amtn (DE3).

Primer Sequence (5'-3")

mtn-Up-forward gagtcgacctgcagaagcttgaaaccagtcatttatcgetge
mtn-Up-reverse cagtgacttaagatttactcgcgataagccc
mtn-Down-forward gagtaaatcttaagtcactgttcagggcgct
mtn-Down-reverse gagctgcacatgaactcgaggcggattaatgccgaattgcag
pTarget-forward ctcgagttcatgtgcagctc

pTarget-reverse aagcttctgcaggtcgactc

dmtn-gRNA-forward tctgttggtcgttttagagctagaaatagcaagtt
dmtn-gRNA-reverse accgttgatgactagtattatacctaggactgagc
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Method S2 High-throughput screening

Method S2.1 Expression of variants in the NNK libraries

For each NNK library, 96 colonies were picked into 96-well microtiter plates filled with 150 pl of
lysogeny broth (LB) containing 50 pug/ml kanamycin and grown overnight at 37°C, shaking at
700 rpm in an MTP shaker (Edmund Bihler GmbH, Bodelshausen, Germany). Terrific Broth
(1 ml in 96-deepwell plates) containing 50 pug/ml kanamycin and 100 uM of isopropyl B-D-1-
thiogalactopyranoside (IPTG) were inoculated with 50 pl of the pre-cultures and incubated at
30°C (900 rpm) for 24 h. The remaining pre-cultures were mixed with glycerol to a final
concentration of 40% (v/v) and stored at -80 °C. The cells grown in deep-well plates were
collected by centrifugation at 4,000 g for 20 min (4 °C). Cell pellets were resuspended in 250 pl
of lysis buffer (1 mg/ml lysozyme, 10 ug/ml DNase, and 0.1 x BugBuster ® Protein Extraction
Reagent (Novagen®) in 50 mM sodium phosphate (pH 7.5) by shaking at 700 rpm (30°C) for
2 h. Cell debris was removed by centrifugation at 4,000 g for 20 min (4°C) and the resulting

supernatant was used for HMT assays.

Method S2.2 HMT assay and general screening workflow

Libraries were screened in 96-well microtiter plates. Reactions contained 1 mM SAH (1 ul of a
100 mM stock in DMSO), 5 mM ethyl iodide (5 pl of a 100 mM stock in DMSO) and 94 pl of
crude cell lysate, for a final assay volume of 100 ul, and were incubated at room temperature
for 30 min. Ethyl iodide stocks in DMSO were freshly prepared for each experiment to avoid
hydrolysis. After the 30 min incubation, 1 ul of each reaction mixture was added to 50 pl of
iodide assay reagent (Method S3.2) in transparent 96-well polystyrene microtiter plates. The
plates were shaken immediately and then incubated at room temperature for 30 min. The
production of iodide by the HMT reaction was detected by observing the color of the assay
solution (Figures S2 and S4). Hits showing higher activities than the wild-type AtHMT were
cultivated from the respective glycerol stocks. Plasmid DNA was isolated (innuPREP Plasmid
Mini Kit 2.0, Analytic Jena, Jena, Germany) and sent for Sanger sequencing (Eurofins

Genomics Germany GmbH, Ebersberg, Germany).
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Method S3 The iodide assay for high-throughput screening

Method S3.1 Assay principle

We developed a sensitive and convenient iodide assay based on our published HOX assay for
halides.”! The assay described here has the advantage of being very sensitive to iodide but
relatively insensitive to chloride, making it ideal for screening using chloride-containing crude
lysates. lodide was first converted to hypoiodous acid (HOI) by a vanadium-dependent
chloroperoxidase from Curvularia inaequalis (CNVCPO, Method S3.4). The CNVCPO uses
hydrogen peroxide to oxidize iodide to HOI under mild conditions. The bleach HOI is detected
by oxidation of the chromogen 3,3',5,5'-tetramethylbenzidine (TMB).[l TMB is first converted to
the one-electron oxidized cation radical which is in equilibrium with the TMB-diimine complex
(blue, Amax = 570 nm) and finally to the two-electron oxidized diimine product (orange, Amax =
460 nm) (Figure S2a).® In the assay setup we used, iodide concentrations from 5 uM to 10
mM could be detected. For lower concentrations, the assay turns blue and for higher
concentrations the mixture turns purple, copper, or orange (Figure S2b) and the maximum
absorption shifts from 570 to 460 nm (Figure S2c¢). We used only 1 pl of sample in a 50 pl iodide
assay so much less than 5 yM of iodide could be detected by adjusting the sample volume.
Importantly, the iodide assay is not sensitive to millimolar concentrations of chloride

(Figure S2b).
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Method S3.2 Preparation of the assay reagent

An assay solution containing 1.37 U/ml CVCPO, 25 mM TMB, 2 mM hydrogen peroxide, and
1 mM sodium orthovanadate in 20 mM phosphate (pH 6.0) was used for preliminary
experiments. However, to simplify the assay setup for high-throughput screening, we used a
commercially available premixed solution of TMB and H20:2 in a mildly acidic buffer (Liquid
Substrate System for Membranes; Sigma Aldrich; Catalog Number T0565). The concentrations
of the individual components in this proprietary mixture are unknown but the commercial
solution was suitable for our purposes. We prepared our iodide assay reagent by adding
recombinantly expressed C/VCPO, to a final concentration of 1.37 U/ml, to the Liquid Substrate

System. Expression and purification of the C/VCPO is described in Method S3.4.

Method S3.3 lodide quantification and calibration curves

For the quantification of iodide, the iodide assay was carried out in transparent 384-well
polystyrene microtiter plates at room temperature. Absorbance measurements were performed
using a Tecan Infinite M200PRO3 Plate Reader (Tecan, Mannedorf, Switzerland). Samples or
standards (1 pl) were added to iodide assay reagent (50 pl) and the initial rate of change in
absorbance at 570 nm determined. The calibration curve for iodide was determined using
potassium iodide (KI) solutions ranging from 5 uM to 400 uM. All reactions were performed in
triplicate. The rate of change in absorbance at 570 nm (v (As7onm/s)) showed a linear relationship

to iodide concentration from 5 uM to 400 uM (Figure S3a).

Method S3.4 Expression, purification, and activity determination of CiVCPO

The CVCPO was expressed from the pBAD-VCPO plasmid in E. coli TOP10 as previously
described.”! In short, a culture of 10 ml of LB medium containing 100 ug/ml ampicillin was
inoculated with a single colony from an LB agar plate containing 100 pg/ml ampicillin and
incubated overnight at 37°C. The overnight culture was used to inoculate a 1 L culture of LB
medium containing 100 pg/ml ampicillin. The culture was incubated at 37°C (180 rpm) until
ODesoo reached ~0.5. Expression was then induced by the addition of 0.02% L-arabinose,
followed by incubation at 25°C for 24 h. Cells were harvested by centrifugation at 4500 g for 30
min (4°C) and resuspended in ice-cold lysis buffer (1 ml per gram of cells). The lysis buffer was
composed of 50 mM Tris-H2SO4 (pH 8.1) containing 2 mg/ml lysozyme, 1 mg/ml DNasel, and
cOmplete™ protease inhibitor cocktail (Roche, Mannheim, Germany). The resuspended cells
were lysed by sonication on ice (three cycles of 5 min; 50% pulse and 50% power) using a
SONOPULS HD 2070 (BANDELIN electronic GmbH & Co. KG, Berlin, Germany). The crude
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lysate was clarified at 4 °C by centrifugation at 10,000 g for 1 h. The clarified lysate was
transferred to a new tube, thoroughly mixed with an equal volume of isopropanol, and incubated
on ice for 20 min. Precipitated proteins were removed by centrifugation at 10,000 g for
30 min (4°C). The CVCPO was then purified by chromatography on a 5 ml DEAE Sephacel
column equilibrated with 50 mM Tris-H2SO4 (pH 8.1). The column was washed with 25 ml of
50 mM Tris-H2S04 (pH 8.1) and then with 25 ml of the same buffer containing 100 mM sodium
chloride. Protein was eluted from the column using 50 mM Tris-H2SOa4 (pH 8.1) containing 1 M
sodium chloride. The eluate (30 ml) was dialyzed three times (twice for 4 h and then overnight)
against 4.5 L of 50 mM sodium phosphate (pH 8.0) supplemented with 100 uyM sodium
orthovanadate. The orthovanadate converts the apoenzyme to the active vanadium-bound
holoenzyme. Protein concentration was determined by measuring absorbance at 280 nm using
a NanoDrop™ (Thermo Fisher, Hennigsdorf, Germany). The specific activity of C\VCPO was
determined using the monochlorodimedone assay. Bromination of monochlorodimedone
results in a decrease in absorbance at 290 nm (Ae = 20,000 M-'ecm™). Reactions (600 ul)
containing 42 puM monochlorodimedone, 100 pM bromide, 8.8 mM H202, and 1 mM
orthovanadate in 20 mM phosphate (pH 6.0) were initiated by addition of 10 ul (4.5 pg) of
purified CiVCPO. The decrease in absorbance at 290 nm was monitored using a 1 cm-
pathlength quartz cuvette and a JASCO V-550 spectrophotometer (JASCO, Easton, MD, US).

Specific activity was expressed as pmol monochlorodimedone brominated/min/(mg C/VCPO).

Method S4 Characterization of purified HMTs

Method S4.1 Expression and purification of HMTs and MTs

All HMTs and MTs were transformed into chemically competent E. coli BL21 Amtn (DE3) cells
for protein expression. Pre-cultures (5 ml LB medium containing 50 pg/ml kanamycin for
pET-28 plasmids or 100 pg/ml ampicillin for pET-21 plasmids) were inoculated with single
colonies and incubated overnight at 37°C. For the AtHMT mutants, pre-cultures were inoculated
from glycerol stocks of the NNK libraries (2% (v/v)). The cells were grown in Terrific Broth (TB)
containing antibiotics (50 pug/ml kanamycin for pET-28 plasmids or 100 pug/ml ampicillin for
pET-21 plasmids) at 37°C for about 2 h until ODsoo reached ~0.7. Cultures were then cooled to
20°C before IPTG was added to a final concentration of 200 uM. Cultures were then incubated
at 20°C for another 20 h. Cells were harvested by centrifugation at 10,000 g at 4°C for 10 min.
Cell pellets were resuspended in lysis buffer (20 mM sodium phosphate, 500 mM sodium
chloride, and 20 mM imidazole, pH 7.5) and lysed by sonication on ice (as described in Method
S3.4). Lysates were clarified by centrifugation at 10,000 g and 4°C for 1 h. The Hiss-tagged
recombinant proteins were purified by immobilized metal-affinity chromatography as follows.

The clarified lysates were loaded onto 2 ml of Roti®garose-His/Co Beads (Carl Roth, Karlsruhe,
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Germany) equilibrated with lysis buffer. After incubation on ice for 15 min, the flow-through was
discarded and weakly bound proteins were removed by washing the resin with lysis buffer. The
target proteins were then eluted with elution buffer (20 mM sodium phosphate, 500 mM sodium
chloride, and 200 mM imidazole, pH 7.5) and desalted using PD-10 desalting columns (GE
healthcare, Amersham, UK) equilibrated with storage buffer. Storage buffer was chloride-free
50 mM sodium phosphate (pH 7.5) prepared by dissolving 0.041 mol Na2zHPO4 and 0.0094 mol
NaH2POs4 in 1 L of Milli-Q water. Further desalting was achieved by dilution into 40 volumes of
storage buffer and concentration using 10 kDa MWCO Vivaspin™ protein concentrators
(Sartorius AG, Germany, Gottingen). Protein concentrations were determined by measuring
absorbance at 280 nm using a NanoDrop™ (Thermo Fisher, Hennigsdorf, Germany). Extinction
coefficients (280 nm) for all proteins are given in the section Protein sequences. Protein purities
were analyzed by SDS-PAGE."!

Method S4.2 HMT specific activity and kinetic measurements

HMTs and mutants were assayed using various haloalkanes. Reaction mixtures (50 pl)
contained 1 mM SAH, 10 mM haloalkane, and the purified enzyme in 50 mM chloride-free
sodium phosphate (pH 7.5). Reactions were incubated in an Eppendorf Thermomixer at 25°C
and 1000 rpm. All haloalkane stocks in DMSO were freshly prepared before the reaction to
avoid hydrolysis. Purified enzymes were added to a final concentration of 0.15 mg/ml (5.46 uM
wild-type or mutant AtHMT) for methyl iodide assays. For other iodoalkanes, 2 mg/ml protein
(72.85 pM wild-type or mutant AtHMT) was used. The reaction time was 10 min for methyl and
ethyl iodide and 4 h (Table S1) or 16 h (Figure S7) for all other iodoalkanes. After incubation,
1 ul of reaction mixture was added to 50 pl iodide assay reagent and the iodide concentration
determined as described in Method S3.3. Kinetic measurements were carried out at various
concentrations of alkyl iodide while keeping the SAH concentration constant at 1 mM. Initial
velocities (amount of iodide produced per minute) were fit to the Michaelis-Menten model using
GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, US) to determine the kcat and
Km values. All reactions were measured in triplicate. Rates of HMT-dependent iodide formation
were corrected for autohydrolysis, which was determined for each iodoalkane at each

concentration employed.

Method S4.3 HPLC analysis of MT and HMT reactions

Reactions using the purified HMTs were performed as described for the iodide assay
(Method S2.2) and quenched by adding an equal volume of acetonitrile. Samples were

vortexed vigorously and then centrifuged at 17,000 g for 10 min to remove precipitated protein.
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The supernatants were transferred to HPLC sample vial inserts prior to HPLC analysis.
Analyses were performed on a Hitachi Elite LaChrom system equipped with a Kinetex EVO C18
(4.6 x 250 mm column, 5 ym particle size) reversed-phase column (Phenomenex, Torrance,
CA, US). For separation of SAH, SAM, and SAM analogues, the mobile phases were (A) 10 mM
sodium phosphate containing 5 mM sodium 1-heptanesulfonate (pH 3.5), and (B) acetonitrile.
A gradient from 5% to 20% (B) over 10 min was followed by a gradient from 20% to 5% B over
1 min, then kept constant for 4 min. The flow rate was constant at 1 ml/min. SAH, SAM, and
SAM analogues were detected at 260 nm and quantified using a SAM (J&K Chemical Ltd.,
China, Beijing) standard and calibration curve (Figure S3b).l'"% Previously reported methods
were adapted for separations of luteolin (5) and its ethylated product (6), and
3,4-dihydroxybenzaldehyde (7) and its propylated or allylated (8) products. ' A Kinetex
EVO C18 (4.6 x 250 mm column, 5 um particle size) reversed-phase column was used. The
mobile phases were 0.1% acetic acid (A) and acetonitrile (B). A gradient elution from 20% to
60% (B) over 5 min, was followed by a gradient from 60% to 20% (B) over 1 min, and then kept

constant for 4 min.

Method S5 Preparative-scale HMT reactions

Method S5.1 Preparative-scale production of SAM analogues and alkylated

compounds

Scaled-up production of ethylated luteolin (6), and propylated or allylated DHBA (8) was
performed as described in Table S5. In short, 10 or 20 mg of the MT substrate, 80 mM alkyl
iodide, 100 pyM SAH, MT, and HMT were shaken (1200 rpm) in HPLC vials at 25°C.
Subsequently, the reaction mixtures were extracted three times with an equal volume of ethyl
acetate. Ethyl acetate was then removed by rotary evaporation and the residues dissolved in
hexadeuterodimethyl sulfoxide (DMSO-ds) for NMR spectroscopy. The alkylated products were
analyzed by HPLC (Method S4.3) and then purified by preparative HPLC (Method S5.2).

Preparative-scale production of SAE, SAP, and SAA started with 15 mg SAH (10 mM), 80 mM
of the corresponding alkyl iodide, and purified V140T-AtHMT (Table S4). Reactions (3.9 ml of
each) were performed in HPLC vials at 25°C, with shaking at 1200 rpm, for 14 to 24 h.
Subsequently, the reaction mixtures were extracted three times with an equal volume of diethyl
ether to remove the remaining alkyl iodides and to precipitate protein. The supernatants
containing the SAM analogues were analyzed by analytical HPLC (Method S4.3) and then
purified by preparative HPLC (Method S5.2).
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Method S5.2 Preparative HPLC purification

Prior to purification, SAM analogues and alkylated compounds were analyzed using an
analytical LiChrospher® 100 RP-18 (5 um) LiChroCART® (250x4 mm, Merck) column. The
preparative column was a LiChrospher® 100 RP-18 (5 um) Hibar® RT (250x25 mm, Merck).
Both HPLCs were equipped with Shimadzu devices CBM-20A, LC-20A P, SIL-20A, FRC-10A,
and an SPD 20A UV/Vis detector. The mobile phases and gradient elution methods were the
same as for measurements on the Kinetex EVO C18 column (Method S4.3) and the flow rate
was 32 ml/min. Product fractions were collected and dried using a rotary evaporator, lyophilized,
and dissolved in DMSO-ds (for 6 and 8) or D20 (for 3) for NMR spectroscopy (Method S5.3).

Method S5.3 NMR spectroscopy

NMR spectra were recorded on a Bruker Avance Il instrument ("H NMR: 400 MHz, "*C NMR:
100.6 MHz). Chemical shifts were referenced to tetramethylsilane (TMS) as internal standard
in DMSO-ds and reported in parts per million (ppm). For D20 as solvent, chemical shifts were
referenced to residual H20 in the samples. Signals are described using the abbreviations: br =

broad, s = singlet, d = duplet, t = triplet, g = quartet, m = multiplet, and combinations thereof.
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Protein sequences

Molecular weights and extinction coefficients, used for quantification of protein concentration

by measurements of absorbance at 280 nm, were calculated using the ExPASy ProtParam tool.

Arabidopsis thaliana halide methyltransferase
o NCBI Reference Sequence: NP_001318420.1
e Extinction coefficient (280 nm): 42065 M-'cm™’
e Molecular weight: 27.452 kDa

MAEEQONSDQSNGGNVIPTPEEVATFLHKTVEEGGWEKCWEEEITPWDQ
GRATPLIVHLVDTSSLPLGRALVPGCGGGHDVVAMASPERFVVGLDISESALAKANETYGSSPKAEYFES
FVKEDVFTWRPTELFDLIFDYVFFCAIEPEMRPAWAKSMYELLKPDGELITLMYPITDHVGGPPYKVDV

STFEEVLVPIGFKAVSVEENPHATPTRKGKEKLGRWKKIN

Chloracidobacterium thermophilum halide methyltransferase
e GenBank: AEP12557.1
e Extinction coefficient (280 nm): 65680 M-'cm™’
e Molecular weight: 24.617 kDa

MDADTASFWEEKYRADLTAWDRGGVSPALEHWLAEGALKPGRILIPGCG
YGHEVLALARRGFEVWGLDIALTPVRRLOEKLAQAGLTAHVVEGDVRTWQPEQPFDAVYEQTCLCALSP
EDWPRYEAQLCRWLRPGGRLFALWMQTDRPGGPPYHCGLEAMRVLFALERWRWVEPPQRTVPHPTGFFE

YAATILERLV

Raphanus sativus halide methyltransferase
e GenBank: BAH84870.1
e Extinction coefficient (280 nm): 46535 M-'cm™’
e Molecular weight: 26.530 kDa

MAEGQONSGNSNGENIIPPEDVAKFLPKTVEEGGWEKCWEDGVTPWDQGRATPLVVHLVESSSLPLGRA
LVPGCGGGHDVVAMASPERYVVGLDISESALEKAAETYASSPKAKYFTEFVKEDFFTWRPSELFDLIFDY
VVFCAIEPEMRAAWAKTMYELLKPDGELITLMYPITDHDGGPPYKVAVSTYEDVLVPVGFKAVSIEENP

YSIATRKGKEKLGRWKKINKLAAALEHHHHHH
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Homo sapiens catechol O-methyltransferase (soluble-form)
o NCBI Reference Sequence: NP_009294.1
e Extinction coefficient (280 nm): 23295 M-'cm™’
e Molecular weight: 24.449 kDa

MGDTKEQRILNHVLQHAEPGNAQSVLEAIDTYCEQKEWAMNVGDKKGKIVDAVIQEHQPSVLLELGAYC
GYSAVRMARLLSPGARLITIEINPDCAAITQRMVDEFAGVKDKVTLVVGASQDIIPQLKKKYDVDTLDMV
FLDHWKDRYLPDTLLLEECGLLRKGTVLLADNVICPGAPDFLAHVRGSSCFECTHYQSFLEYREVVDGL

EKAIYKGPGSEAGPGSSCGHHHHHH

Curvularia inaequalis vanadium-dependent chloroperoxidase
e Described by Hasan et al.['?
e Extinction coefficient (280 nm): 93280 M-'cm™’
e Molecular weight: 70.105 kDa

MGSVTPIPLPKIDEPEEYNTNYILFWNHVGLELNRVTHTVGGPLTG
PPLSARALGMLHLAIHDAYFSICPPTDFTTFLSPDTENAAYRLPSPNGANDARQAVAGAALKMLSSLYM
KPVEQPNPNPGANISDNAYAQLGLVLDRSVLEAPGGVDRESASFMFGEDVADVEFFALLNDPRGASQEGY
HPTPGRYKFDDEPTHPVVLIPVDPNNPNGPKMPFRQYHAPEFYGKTTKRFATQSEHFVADPPGLRSNADE
TAEYDDAVRVAIAMGGAQALNSTKRSPWOTAQGLYWAYDGSNLIGTPPREFYNQIVRRIAVTYKKEEDLA
NSEVNNADFARLFALVDVACADAGIFSWKEKWEFEFWRPLSGVRDDGRPDHGDPFWLTLGAPATNTNDI
PFKDPFPAYPSGHATFGGAVFOMVRRYYNGRVGTWKDDEPDNIAIDMMISEELNGVNRDLRQPYDPTAP
IEDQPGIVRTRIVRHFDSAWELMFENAISRIFLGVHWRFDAAAARDILIPTTTKDVYAVDNNGATVEQN
VEDIRYTTRGTREDPEGLFPIGGVPLGIEIADEIFNNGLKPTPPEIQPMPQETPVQKPVGQQPVKGMWE

EEQAPVVKEAP
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