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hylation of guaiacyl-derived
monolignols enabled by a designed artificial
cobalamin methyltransferase fusion enzyme†

Christopher Grimm,a Simona Pompei,a Kristina Egger,a Michael Fuchsa

and Wolfgang Kroutil *abc

Lignin-derived aryl methyl ethers (e.g. coniferyl alcohol, ferulic acid) are expected to be a future carbon

source for chemistry. The well-known P450 dependent biocatalytic O-demethylation of these aryl

methyl ethers is prone to side product formation especially for the oxidation sensitive catechol products

which get easily oxidized in the presence of O2. Alternatively, biocatalytic demethylation using cobalamin

dependent enzymes may be used under anaerobic conditions, whereby two proteins, namely

a methyltransferase and a carrier protein are required. To make this approach applicable for preparative

transformations, fusion proteins were designed connecting the cobalamin-dependent methyltransferase

(MT) with the corrinoid-binding protein (CP) from Desulfitobacterium hafniense by variable glycine

linkers. From the proteins created, the fusion enzyme MT-L5-CP with the shortest linker performed best

of all fusion enzymes investigated showing comparable and, in some aspects, even better performance

than the separated proteins. The fusion enzymes provided several advantages like that the cobalamin

cofactor loading step required originally for the CP could be skipped enabling a significantly simpler

protocol. Consequently, the biocatalytic demethylation was performed using Schlenk conditions

allowing the O-demethylation e.g. of the monolignol coniferyl alcohol on a 25 mL scale leading to 75%

conversion. The fusion enzyme represents a promising starting point to be evolved for alternative

demethylation reactions to diversify natural products and to valorize lignin.
Introduction

With annual quantities of 140 million tons,1 lignin is the most
abundant natural polymer with aromatic moieties2,3 and the
second most abundant substance of plant biomass on Earth
aer cellulose.4–8 Currently a huge amount of this highly
branched and complex polymer is mainly combusted to
generate heat and power during pulping and biofuel
production.7,9–14 As a consequence of the need to use renewables
as carbon sources, lignin is considered as a sustainable alter-
native for phenolic oil-based chemicals.15–17 Until now, various
chemical methodologies are known to degrade lignin18,19 such
as the pyrolysis (thermolysis),20–23 hydrolysis,24,25 depolymeriza-
tion using chemical functionalization,26,27 oxidation28,29 or
reduction.30,31 To expand the transformations of lignin in bio-
rening processes,32 O-demethylation is of interest. The most
common chemical protocols for demethylation require toxic
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reagents or harsh reaction conditions (e.g. hydrogen bromide
and boron tribromide;33–36 for methylation methyl iodide and
dimethyl sulfate are commonly applied37–39). For a possible
sustainable alternative, enzymes may be considered working
under mild and aqueous conditions.40,41

For demethylation oxidative enzymes42–50 have been mainly
used while tetrahydrofolate51,52 dependent or SAM-dependent
methyltransferases53–56 have been used for O-methylation. In
contrast, cobalamin-dependent methyltransferases originating
e.g. from strictly anaerobic organisms such as Methanosarcina
barkeri, Acetobacterium dehalogenans, Desultobacterium haf-
niense, Moorella thermoaceticum and Methylobacterium sp.57–59

catalyze both reactions, the methylation of phenols and the
demethylation of methyl phenyl ethers in a reversible manner
(Scheme 1).60–64 Depending on the methyl acceptor used, irre-
versible demethylation has been shown.65

It is worth to note, that in contrast to oxidative demethylat-
ing enzymes,42–50 cobalamin-dependent methyltransferases do
not require molecular oxygen for demethylation. This is
important, as molecular oxygen may initiate undesired side
reactions of the phenolic substrates/products such as poly-
merisation especially for catechol derivatives.66–68

The cobalamin-dependent (de)methylation requires a meth-
yltransferase (MT) and a corrinoid-binding protein (CP).60,61
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Cobalamin-dependent demethylation with a sacrificial
acceptor requiring a methyltransferase (MT) and the carrier protein
(CP).

Fig. 1 Design of recombinant fusion enzymes for O-demethylation.
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Thus actually two proteins are needed for this transformation.
This implies several challenges such as (i) separate expression
of the MT and the CP, as well as (ii) an excess of the CP
compared to the MT for optimal procedure, probably due to
a low binding constant of CP to MT, (iii) a time and reagent-
intensive loading step of methylcobalamin onto the CP (incu-
bation for >2 h at 4 °C followed by a desalting step) and (iv) the
setup of the reaction requires a glovebox to ensure an oxygen
free environment, since cobalamin is sensitive to molecular
oxygen in oxidation state one. To address the rst two issues,
the design of a fusion enzyme69–74 linking the two proteins MT
and CP was envisioned. Identifying the best suitable fusion
protein is still an empirical process, which has to be done by
trial and error. In some cases, fusion enzymes have been re-
ported to be superior in comparison to their separated parts
either due to improved protein expression69,70 or improved
stability.71–74 Having a fusion protein in hand for the cobalamin
dependent methyltransfer would especially ease further enzyme
engineering as then a single protein can be optimized instead of
two proteins. With such a fusion enzyme all other issues were
successfully addressed in this study.

Results and discussion
Design of fusion enzymes

To develop cobalamin-dependent methyltransfer reactions as
a general tool, a single protein would be desired instead of the
two proteins (MT and CP) as well as an easily applicable
procedure. To address the rst point, the design of a fusion
protein linking MT and CP was envisioned. For this purpose the
cobalamin-dependent methyltransferase (dhaf-MT, 37.5 kDa,
327 amino acids, expression level 3.5%) and the corrinoid-
binding protein (dhaf-CP, 21.4 kDa, 212 amino acids, expres-
sion level 3%) originating from the strictly anaerobic bacterium
Desultobacterium hafniense were investigated.60–63 To decide
whether the MT is at the N-terminus or at the C-terminus, dhaf-
MT and dhaf-CP were aligned to the natural methyltransfer
protein cmuA (chloromethane utilisation)75,76 from Hyphomi-
crobium chloromethanicum, that contains a methyltransfer
domain and a cobalamin domain.77 It is worth to note that this
enzyme cmuA has never been expressed in E. coli before and
also all our trials to express cmuA failed. In the alignment dhaf-
MT tted best for the N-terminus and dhaf-CP for the C-
terminus (21%, EMBOSS needle, ESI†). Subsequently, four
© 2023 The Author(s). Published by the Royal Society of Chemistry
designs of fusion enzymes were constructed linking MT and CP
(Fig. 1) using either no linker (MT-CP, 58.9 kDa, 539 amino
acids) or linkers of varied length. Thereby, exible linkers with
glycine-rich sequences (GGGGS)n78,79 were introduced. The
length of the linker incorporated between the MT and CP was
varied taking n as 1 to 3 (n = 1: MT-L5-CP, 59.8 kDa, 548 amino
acids; n = 2: MT-L10-CP, 60.1 kDa, 553 amino acids; n = 3: MT-
L15-CP, 60.4 kDa, 558 amino acids). The linkers should allow
more exibility between the two protein entities (MT-CP) and
also reduce the chance to form inclusion bodies.80 All
recombinant fusion enzymes were successfully expressed in
soluble form in E. coli BL21(DE3) showing the appropriate
bands around 60 kDa [Fig. S10,† with expression levels 6.8%
(MT-CP), 4.9% (MT-L5-CP), 4.7% (MT-L10-CP), 3.9% (MT-L15-
CP)].

For initial biocatalytic test reactions, the recombinant fusion
enzymes were loaded with the cofactor methylcobalamin
(MeCob) in a separate operating step as previously
described.60,61 Testing the fusion enzymes with the model
substrates guaiacol 1a (methyl donor) and caffeic acid 2b as
methyl acceptor (Scheme 2), all fusion enzymes except the one
without any linker (MT-CP) led to conversion (Fig. 2).

This may indicate that a certain distance/exibility between
the MT-part and the CP-part is required to enable the reaction.
Regarding the length of the linkers, a clear trend was observed:
the enzyme with the shortest linker MT-L5-CP gave best results
allowing to demethylate 82% of guaiacol 1a. The result obtained
with this fusion protein MT-L5-CP was comparable to the
optimized experiment using the non-linked MT and CP at
a ratio of 1 : 1.5, thus the linked-catalyst led to similar conver-
sion as the optimized reaction with the non-linked catalyst but
having now the two parts at a 1 : 1 ratio. This can already be seen
as a signicant advancement, since in the fusion enzyme the
ratio of the CP domain and the MT part is obviously 1 : 1, while
for optimal performance of the separated proteins, the CP had
to be present in at least 150% compared to the MT.
Direct addition of MeCob and operational window of reaction
parameters

In the reaction protocol used above an extra loading step of the
CP with cobalamin was performed involving buffer exchange
RSC Adv., 2023, 13, 5770–5777 | 5771
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Scheme 2 Demethylation of guaiacol 1a as model reaction using
caffeic acid 2b as methyl acceptor.

Fig. 2 Comparison of fusion enzymes with the separated MT/CP.
Reaction conditions: 1a (10 mM), 2b (50 mM), MT-X-CP [as cell-free
extract (CFE), corresponding to 0.6 mM pure MT-L5-CP] or separated
MT + 1.5xCP (corresponding to 1 mM pure dhaf-CP) in MOPS buffer
(50 mM, pH 6.5, 150 mM KCl) at 30 °C, 800 rpm in a glovebox (N2) for
4 h. Product formation was analyzed via calibration curves of the
corresponding reference compounds on HPLC-UV (for complete data
set see Table S1†).
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with PD columns as previously reported for reactions with
separated CP and MT.81 We wondered whether for the fused
protein these extra operational steps can be avoided by adding
MeCob directly to the fused protein. Furthermore, the opera-
tional windows for the reaction parameters of the best fusion
enzyme MT-L5-CP were evaluated regarding (i) the MeCob
concentration, (ii) the ratio betweenmethyl donor and acceptor,
(iii) protein concentrations and (iv) reaction times.

First, varied concentrations of MeCob (7.4 mM-2.2 mM) were
tested and added directly to the MT-L5-CP fusion protein and
subsequently the demethylation of guaiacol 1a was assayed
(Fig. S1†). The results showed that indeed the fusion protein
enabled a shorter operative protocol by circumventing the sepa-
rate cobalamin loading steps by direct addition. Best results were
obtained by adding MeCob at a concentration of 0.37 mM.

The ratio between methyl donor and acceptor is of interest
because the reaction can be pushed either toward demethyla-
tion or methylation by using an excess of methyl acceptor or
donor, respectively. When the methyl donor guaiacol 1a was
applied in a two-fold or three-fold molar excess, more methyl-
ated products (up to 74%m-1b, p-1b) were formed than by using
an equimolar ratio (42% conv. 2a, 57% conv. m-1b, p-1b,
Fig. S2†). On the other hand, a three-fold molar excess of the
methyl acceptor caffeic acid 2b showed best results leading to
68% demethylation of guaiacol 1a. In comparison to the
5772 | RSC Adv., 2023, 13, 5770–5777
reaction using non-fused proteins, the fusion enzymeMT-L5-CP
reached higher conversion faster requiring at lower methyl
acceptor concentration (three-fold molar excess) compared to
the ve-fold molar excess of methyl acceptor for the separated
proteins.60,61

Investigating the amount of catalyst employed, it turned out
that by lowering the enzyme concentration provided as cell-free
extract (CFE) from 0.6 to 0.18 mM, even higher product
formations were achieved at the conditions employed (85% 2a,
squares, Fig. S3, Table S2†). At this concentration of the fusion
enzyme (corresponding to 0.18 mM pure MT-L5-CP), the ratio
between enzyme and the experimentally determined optimum
amount of MeCob (0.37 mM) corresponded to a 2-fold equi-
molar excess of the cofactor.

Using puried enzyme MT-L5-CP (1.3 mM), the model
substrate guaiacol 1a was demethylated to catechol (51% 2a,
square, Fig. S4, Table S3†) at the conditions employed above
aer 4 h. Comparing the product formation using comparable
amounts of CFE and puried enzyme, it turned out that the CFE
preparation is about 200 times faster than using puried MT-
L5-CP (Tables S2 and S3,† at 0.17 mM enzyme concentration).
Hence, the use of CFE is advantageous, probably due to
a stabilizing effect by other proteins present in the CFE.82,83

Following the time course of the reaction using CFE of MT-L5-
CP, the plateau of product formation was reached aer 3 h
(Fig. S5†).
O-Demethylation of selected substrates

Selected substrates (1a, m-1b, 1c-d) were investigated for being
demethylated employing the fusion enzyme MT-L5-CP via
methyl transfer using various methyl acceptors (2a-b, 2e-f,
Table 1). Highest conversions were achieved with 2-methoxy-5-
methylphenol 1c in the presence of the methyl acceptors 3,4-
dihydroxybenzyl alcohol 2f (entry 7) and catechol 2a (entry 8)
leading to 96% and 94% conversion, respectively (Table S4† for
detailed information). Furthermore, three lignin related mole-
cules namely ferulic acid m-1b, coniferyl alcohol 1d and sinapyl
alcohol 1g were investigated. Ferulic acid m-1b was demethy-
lated with up to 68% conversion (entries 4–5), while sinapyl
alcohol was not transformed.

In addition, coniferyl alcohol 1dwas efficiently demethylated
to caffeoyl alcohol 2d with either 2b (68% conv., entry 9) or
catechol 2a as acceptor molecule (83% conv., entry 10). The
obtained product caffeoyl alcohol 2d is a forty times more
valuable product compared to coniferyl alcohol (398V/10 mg 2d
compared to 9.7V/10 mg 1d; Sigma Aldrich). Synthetic routes to
caffeoyl alcohol 2d have been reported previously either chem-
ically from ethyl 3,4-dihydroxycinnamate (81% yield, LiAlH4/
BnCl)84 and caffeic acid 2b (two steps, 60% yield, MeOH, H2SO4,
LiAlH4, AlCl3)85 or by using E. coli from caffeic acid 2b (0.03 mM
2d compared to our approach with 8.3 mM 2d).86 The bio-
catalytic cobalamin dependent demethylation of these
compounds leading to products with an oxidation sensitive 1,2
aromatic diol is only feasible because the cobalamin dependent
methyl transferase does not require any oxidant like molecular
oxygen as needed by P450 demethylating enzymes.42–50
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Substrate scope of MT-L5-CP for the O-demethylation of
guaiacol derivatives

Entry Substrate Co-substrate Demethylated product 2a [%]

1 1a 2b 86 � 6
2 1a 2e 77 � 2
3 1a 2f 85 � 1
4 m-1b 2a 68 � 1
5 m-1b 2f 67 � 3
6 1c 2e 86 � 5
7 1c 2f 96 � 2
8 1c 2a 94 � 3
9 1d 2b 68 � 1
10 1d 2a 83 � 2

a Reaction conditions: substrate 1a,m-1b, 1c-d (10mM), co-substrate 2a-
b, 2e-f (30 mM), MT-L5-CP (CFE corresponding to 0.18 mM pure MT-L5-
CP) in MOPS buffer (50 mM, pH 6.5, 150 mM KCl) with MeCob (0.5 mg
mL−1, 0.37 mM) at 30 °C, 800 rpm in Eppendorf Thermomixer (1.5 mL)
for 3 h under inert atmosphere (glovebox). Total volume: 120 mL. The
conversions were determined on HPLC-UV using calibration curves.

Scheme 3 Semi-preparative demethylation of 1c and 1d catalyzed by
MT-L5-CP using Schlenk technique.
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Comparison of activity of MT-L5-CP and separated MT/CP

To compare the activity of the fusion protein and the separated
MT/CP enzyme as CFE preparation, protein concentrations were
determined on SDS-PAGE (Fig. S6†) using densitometry [(MT-
L5-CP 9.2 pmol), dhaf-MT (12.6 pmol) and dhaf-CP (19.3
pmol)] and normalized to the amount of MT-L5-CP for an equal
comparison between all biocatalysts. The demethylation of 1c
(10 mM methyl donor) was followed in the presence of 2f and
MeCob (0.37 mM) over 5–20 min (MT-L5-CP: Fig. S7, MT/CP
separated: Fig. S8†). Control experiments showed that the E.
coli host itself does not possess any enzymes catalyzing this
reaction. From the initial phase the activity could be deduced to
be 10 mU per mg of pure MT-L5-CP (1 U corresponds to the
mmol of 1c transformed per min at the above given conditions)
which was comparable to the activity determined for the non-
linked proteins MT/CP (9.8 mU mg−1) at their optimized
conditions. Thus, the linkage between MT and CP allowed to
maintain the activity while getting now access to a single
protein bearing all required features and which can be expected
to be now evolvable to reach even higher activity.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Demethylation using Schlenk technique (25 mL scale)

While the experiments described above were conducted in
a glovebox specic for biocatalysis (non-moisture sensitive O2-
sensor), the now single protein catalyst was envisioned to allow
a procedure using Schlenk equipment. For this purpose, the
substrate 2-methoxy-5-methylphenol 1c was demethylated on
a 25 mL semi preparative scale using 2f as methyl acceptor.
Remarkably, the 25 mL biotransformation with the fusion
enzyme MT-L5-CP led to the demethylated product with 87%
conv. (Scheme 3, Fig. S9† for detailed information), thus it was
comparable to the biotransformation on analytical scale (120
mL, 96% conv. 1e, Table 1, entry 7).

Subsequently the demethylation of the lignin related con-
iferyl alcohol 1d was performed on a 25 mL scale, simulating
a possible valorization of lignin derived aromatics. The fusion
protein MT-L5-CP catalyzed the demethylation of coniferyl
alcohol 1d to caffeoyl alcohol 2d with 75% conversion. The
corresponding products 2c and 2d were isolated with 41–42%
isolated yield and conrmed by 1H and 13C NMR (2a, Fig. S20,
S21; 1a, S22, S23; 1d, S24–S27; 2d, S28, S29†).

Conclusions

Self-sufficient fusion enzymes were successfully designed for
the biocatalytic cobalamin dependent O-demethylation of
lignin related compounds. The fusion enzymes investigated
comprise the N-terminal methyltransferase (dhaf-MT) and the
C-terminal corrinoid-binding protein (dhaf-CP) both from D.
hafniense, which were connected by a exible glycine linker
(GGGGS)n,79 whereby a single (GGGGS)-unit turned out to be
suited best (MT-L5-CP). The availability of a fusion protein
containing the cobalamin carrier domain and the methyl
transfer domain represents a signicant advancement for this
reaction as the fusion protein allowed now to circumvent the
RSC Adv., 2023, 13, 5770–5777 | 5773
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previously required preloading step of the carrier protein. The
fusion system enabled also to successfully transform various
substrates. For instance, the catalytic O-demethylation of 2-
methoxy-5-methylphenol 1c reached 96% conversion using MT-
L5-CP. Such high conversion via biocatalytic demethylation
leading to these oxidation sensitive catechol derivatives is only
possible using anaerobic conditions. The handling of the fusion
protein allowed now also to perform the demethylation under
inert atmosphere using a Schlenk line. Semi preparative
demethylations of e.g. coniferyl alcohol was demonstrated on
a 25 mL scale in an oxygen-free atmosphere reaching conver-
sions between 75–85%. A clear advantage of having the MT and
CP combined in the fusion enzyme is that only a single protein
needs to be expressed, thereby saving one fermentation process.
The fusion enzyme also represents also an ideal starting point
for enzyme engineering to improve the binding of cobalamin
and especially the activity even further.
Experimental
DNA sequences

All DNA sequences with and without glycine linkers (GGGGS)n79

were ordered from General Biosystems (see ESI†). The exible
linkers were incorporated between the restriction sites XhoI and
EcoRI between these two proteins. All genes were cloned into the
pET28a(+) vector (NdeI and HindIII) and transformed in E. coli
BL21(DE3).
Expression and purication

Escherichia coli BL21/Lemo21(DE3) was cultivated in lysogeny
brothmedium (0.5/1L LB) supplemented with kanamycin (50 mg
mL−1) for the fusion enzymes or ampicillin (100 mg mL−1) for
dhaf-MT and dhaf-CP. The inoculation was performed using 1%
(v/v) from the over-night culture at 37 °C and 120 rpm. When
cultures reached an optical density OD600 of 0.6–0.8, either
0.5 mM IPTG (fusion enzymes) or 0.2 mg mL−1 anhydrotetracy-
cline (dhaf-MT and dhaf-CP) was added and the incubation
continued for 24 h at 25 °C and 120 rpm. The cells were har-
vested by centrifugation (5000 rpm, 4 °C, 10 min). To prepare
the lyophilized CFE, cells were resuspended in MOPS buffer
(50 mM, pH 6.5, 150 mM KCl, 7 mL buffer to 1 g wet cells) and
disrupted by ultrasonication on ice (40% amplitude, 3 × 6 min,
pulse on 1 s, pulse off 2 s) using a Sonics & Materials Vibra Cell
CV26 (13 mm tip, amplitude range 36–240). Aer the crude cell
extract was separated from the cell debris by centrifugation
(30 min, 14 000 rpm, 23 519 g), the extract was either frozen in
liquid nitrogen and lyophilized over-night or further used for
purication. The fusion enzyme MT-L5-CP was puried with
ion-metal affinity chromatography on Ni-NTA, followed by size-
exclusion chromatography on Superdex S75 16/60 according to
the manual (Cytiva).

The CFE of all used proteins (Fig. S10†) and puried MT-L5-
CP (Fig. S11†) were analyzed on SDS-PAGE and stored at 4 °C
(−20 °C for pure sample) or instantly used for further
experiments.
5774 | RSC Adv., 2023, 13, 5770–5777
Preparation of biocatalysts for the methyl transfer

All recombinant fusion enzymes and the dhaf-MT and dhaf-CP
were used as freeze-dried cell free extracts (CFE) or puried
preparations. Since the cofactor methylcobalamin (MeCob) is
oxygen-sensitive, biocatalytic reactions were performed in trip-
licates in degassed buffers under inert atmosphere (99.8% N2, 5
bar) using a MBraun LABstar glove box equipped with a MB-OX-
EC O2-sensor. Initial experiments were conducted with a prior
MeCob loading step (chapter 3.5.1 Holo-CP and holo-fusion
enzyme loading, ESI†) according to literature60,61 to ensure the
active holo-form of fusion enzymes or dhaf-CP, because E. coli
does not produce cobalamins.87 Model substrates guaiacol 1a
(10 mM,methyl donor) and caffeic acid 2b (30 or 50 mM,methyl
acceptor) were used in all experiments to analyze the opera-
tional window. All other biotransformations were performed
under optimized reaction conditions as described below.
Biocatalytic methyl transfer reactions

All biocatalytic reactions (120 mL analytical scale) were per-
formed under inert atmosphere (99.8% N2, 5 bar) in a glove box.
The lyophilized CFE of MT-L5-CP (60 mgmL−1 CFE corresponds
to 27 mg mL−1, 0.45 mM pure MT-L5-CP) was dissolved in
MOPS buffer (50 mM, pH 6.5, 150 mM KCl) with the direct
addition of MeCob (0.5 mg mL−1, 0.37 mM). The reaction was
started by adding the substrates (10 mM methyl donors 1a, m-
1b, 1c or 1d) and co-substrates (30 mMmethyl acceptors 2a, 2b,
2e or 2f) at 30 °C and 800 rpm in Eppendorf Thermomixer (1.5
mL) for 3 h. All substrate and co-substrate stocks (100 mM) were
dissolved in MOPS buffer (50 mM, pH 6.5, 150 mM KCl) sup-
plemented with 20% v/v DMSO (end-conc.: 10% v/v DMSO).
Sample work-up for HPLC analysis

All reactions were quenched (10 vol%) by addition of MeCN
(nal conc. 60 vol%), mixed thoroughly and incubated for
20 min at room temperature. Aerwards, water (30 vol%, HPLC
pure) was added and the denatured protein was removed by
centrifugation (14 000 rpm, 15 800 rcf, 10 min). The supernatant
was ltered through a pipette tip lled with cotton and the
conversions were analyzed by HPLC-UV equipped with a Luna
C18 column (mobile phase: water and MeCN with 0.1% tri-
uoroacetic acid, TFA, Methods A and B, chapter 4.2.1 Method
for HPLC-UV and HPLC-MS, ESI†). Amount were deduced via
calibration curves using reference compounds. All retention
times and the corresponding k-values of both methyl donors
and acceptors are summarized in Table S6 (ESI†).
Semi-preparative biotransformation on Schlenk line

TheMOPS buffer (50 mM, pH 6.5, 150 mMKCl) and DMSO were
degassed (Ar) and aluminum foil was applied on the 50 mL
Schlenk vessel due to the light and oxygen-sensitive cofactor.
The vessel was ushed three times by alternating an argon
stream and vacuum. For the biotransformation, the liquids
were added rst (22.5 mL MOPS buffer, 2.5 mL DMSO, 10 vol%
nal conc.) followed by the solid reagents including the lyoph-
ilized CFE of MT-L5-CP (1.5 g), MeCob (12.5 mg, 0.37 mM), the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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substrates 2-methoxy-5-methylphenol 1c (10 mM, 34.5 mg) or
coniferyl alcohol 1d (10 mM, 52 mg) and the co-substrates 3,4-
dihydroxybenzyl alcohol 2f (30 mM, 105 mg) or catechol 2a
(30 mM, 82 mg). The Schlenk vessel was sealed with a glas
stopper wrapped with paralm and locked with a clamp. The
25 mL semi-preparative scale reaction was incubated at 30 °C
and 160 rpm in an incubator shaker (Multitron Infors Ht) for
3 h.

Aer the reaction was completed, the sample was distributed
in 1.5 mL Eppendorf tubes (500 mL) and extracted with EtOAc (3
× 500 mL) (otherwise at higher extraction volumes a gel-like
precipitate formed). The combined organic fractions were
dried (Na2SO4) and ltered through cotton lters. The crude was
puried by column chromatography (1c and 2f: SiO2, EtOAc/
cyclohexane 1 : 3 to 1 : 2 to 1 : 1, washing with 100% EtOAc at
end) or automatically by the Biotage Selekt instrument (1d and
2a: SiO2, ø = 20 mm, 5 g, 1 CV = 9 mL; EtOAc/cyclohexane, 3 CV
10% EtOAc, 10 CV 10–40% EtOAc, 2 CV 40% EtOAc, 10 CV 40–
70% EtOAc and 9 CV 70–100% EtOAc).
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14 M. Österberg, M. H. Sipponen, B. D. Mattos and O. J. Rojas,
Green Chem., 2020, 22, 2712–2733.

15 J. Reiter, H. Strittmatter, L. O. Wiemann, D. Schieder and
V. Sieber, Green Chem., 2013, 15, 1373–1381.

16 L. Cao, I. K. M. Yu, Y. Liu, X. Ruan, D. C. W. Tsang, A. J. Hunt,
Y. S. Ok, H. Song and S. Zhang, Bioresour. Technol., 2018,
269, 465–475.

17 V. K. Ponnusamy, D. D. Nguyen, J. Dharmaraja, S. Shobana,
J. R. Banu, R. G. Saratale, S. W. Chang and G. Kumar,
Bioresour. Technol., 2019, 271, 462–472.

18 J. H. P. M. Santos, M. Martins, A. J. D. Silvestre,
J. A. P. Coutinho and S. P. M. Ventura, Green Chem., 2016,
18, 5569–5579.

19 H. Lange, S. Decina and C. Crestini, Eur. Polym. J., 2013, 49,
1151–1173.

20 M. Brebu and C. Vasile, Cellul. Chem. Technol., 2010, 44, 353–
363.

21 M. P. Pandey and C. S. Kim, Chem. Eng. Technol., 2011, 34,
29–41.

22 D. Mohan, C. U. Pittman and P. H. Steele, Energy Fuels, 2006,
20, 848–889.

23 B. Acharya, I. Sule and A. Dutta, Biomass Convers. Bioren.,
2012, 2, 349–369.

24 Y. Sun and J. Cheng, Bioresour. Technol., 2002, 83, 1–11.
25 J. S. van Dyk and B. I. Pletschke, Biotechnol. Adv., 2012, 30,

1458–1480.
26 A. de Santi, S. Monti, G. Barcaro, Z. Zhang, K. Barta and

P. J. Deuss, ACS Sustainable Chem. Eng., 2021, 9, 2388–2399.
27 Y. M. Questell-Santiago, M. v Galkin, K. Barta and

J. S. Luterbacher, Nat. Rev. Chem., 2020, 4, 311–330.
28 C. Crestini, M. Crucianelli, M. Orlandi and R. Saladino,

Catal. Today, 2010, 156, 8–22.
29 D. S. Argyropoulos, ACS Symp. Ser., 2001, 785, 533.
30 S. W. Eachus and C. W. Dence, Holzforschung, 1975, 29, 41–

48.
31 S. Son and F. D. Toste, Angew. Chem., Int. Ed., 2010, 49, 3791–

3794.
32 A. Eraghi Kazzaz, Z. Hosseinpour Feizi and P. Fatehi, Green

Chem., 2019, 21, 5714–5752.
33 R. L. Burwell, Chem. Rev., 1954, 54, 615–685.
RSC Adv., 2023, 13, 5770–5777 | 5775

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra08005b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 1
:0

7:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
34 G. R. Pettit, H. Hoffmann, D. L. Herald, J. McNulty,
A. Murphy, K. C. Higgs, E. Hamel, N. E. Lewin,
L. v. Pearce, P. M. Blumberg, R. K. Pettit and J. C. Knight,
J. Org. Chem., 2004, 69, 2251–2256.

35 J. F. W. McOmie, M. L. Watts and D. E. West, Tetrahedron,
1968, 24, 2289–2292.

36 C. Pasquini, A. Coniglio and M. Bassetti, Tetrahedron Lett.,
2012, 53, 6191–6194.

37 E. Fuhrmann and J. Talbiersky, Org. Process Res. Dev., 2005,
9, 206–211.

38 E. M. Pearce, J. Polym. Sci., Polym. Lett., 1978, 16, 248.
39 T. Ando, J. Yamawaki, T. Kawate, S. Sumi and T. Hanafusa,

Bull. Chem. Soc. Jpn., 1982, 55, 2504–2507.
40 P. Matzel, M. Gand and M. Höhne, Green Chem., 2017, 19,

385–389.
41 S. L. Y. Tang, R. L. Smith and M. Poliakoff, Green Chem.,

2005, 7, 761–762.
42 J. J. Dong, E. Fernández-Fueyo, F. Hollmann, C. E. Paul,

M. Pesic, S. Schmidt, Y. Wang, S. Younes and W. Zhang,
Angew. Chem., Int. Ed., 2018, 57, 9238–9261.

43 B. M. Nestl, S. C. Hammer, B. A. Nebel and B. Hauer, Angew.
Chem., Int. Ed., 2014, 53, 3070–3095.

44 E. Lanfranchi, M. Trajković, K. Barta, J. G. de Vries and
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