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S-Adenosylmethionine (SAM)-dependent enzymes have great

potential for selective alkylation processes. In this study we
investigated the regiocomplementary O-methylation of cate-

chols. Enzymatic methylation is often hampered by the need
for a stoichiometric supply of SAM and the inhibitory effect of

the SAM-derived byproduct on most methyltransferases. To

counteract these issues we set up an enzyme cascade. Firstly,
SAM was generated from l-methionine and ATP by use of an

archaeal methionine adenosyltransferase. Secondly, 4-O-meth-
ylation of the substrates dopamine and dihydrocaffeic acid

was achieved by use of SafC from the saframycin biosynthesis
pathway in 40–70 % yield and high selectivity. The regiocom-

plementary 3-O-methylation was catalysed by catechol O-

methyltransferase from rat. Thirdly, the beneficial influence of
a nucleosidase on the overall conversion was demonstrated.

The results of this study are important milestones on the path-
way to catalytic SAM-dependent alkylation processes.

Selective methylation processes are of great interest for syn-

theses of bioactive substances.[1–4] Methylation of drug mole-
cules has often been described as very important for their effi-

ciency and bioactivity.[5, 6] In nature, chemo-, regio- and stereo-
selective methylations are mainly accomplished through S-ade-

nosylmethionine (SAM)-dependent methyltransferases (MTs)
that provide exceptional access to C-, N-, O- and S-methylated

compounds as well as to halomethanes.[1, 7] Many of these MTs

can be generally used for new alkylation reactions by using ar-
tificial SAM analogues.[1, 8–10] In contrast, methylation in classical

organic synthesis is usually achieved by using methylation

agents such as methyl iodide, dimethyl sulfate or dimethyl car-
bonate. These, to a large extent, do not react selectively, are

toxic and often have to be used in organic solvents.[11]

For exploitation of the synthetic diversity provided by SAM-

dependent enzymes the main bottleneck is the lack of cofactor

supply systems or, ultimately, efficient cofactor regeneration
systems.[12–14] The stoichiometric supply of the cofactor SAM is

economically unreasonable. Additionally, SAM is not very
stable under aqueous conditions even at neutral pH and at

ambient temperature.[15] One way to overcome these limita-
tions is the integration of the MT in a multistep enzyme cas-

cade involving a SAM-producing methionine adenosyltransfer-

ase (MAT, EC 2.5.1.6) by using free or immobilised enzymes or
whole-cell preparations.[16, 17] These SAM supply systems are

based on the inexpensive starting materials l-methionine and
ATP. The modularity of cascades using isolated enzymes has

the potential to combine various compatible enzymes, also
with non-natural substrates.

The SAM produced in situ can subsequently be used by any

selected MT. S-Adenosylhomocysteine (SAH), the side product
of SAM-dependent methylation reactions, is a potent inhibitor

of many MTs and needs to be removed from the reaction
(Scheme 1). In nature, SAH is mainly decomposed by SAH hy-

drolase (EC 3.3.1.1), leading to l-homocysteine and adenosine.
However, the equilibrium of this reaction lies on the starting

material side,[18] thus rendering the enzyme less useful if no

coupling steps are present. In addition to chemical methods
such as oxidation or capturing of the homocysteine thiol
group, a methylthioadenosine/SAH nucleosidase (MTAN; EC
3.2.2.9) can be used to break down SAH, yielding adenine and

S-ribosylhomocysteine. In comparison with SAH hydrolase, the
MTAN-catalysed reaction has the advantage of being irreversi-

ble and thus drives the reaction to completion.[19] Reported ex-
amples of the use of in situ SAM synthesis with the aid either
of MATs or of chlorinases (starting from 5’-chlorodeoxyadeno-

sine and l-methionine) coupled to subsequent enzymatic
steps include: fluorination reactions,[20] the tandem N-methyla-

tion of teicoplanin[21] and the alkylation of rebeccamycin[10] and
rapamycin.[2]

The aim of this study was to establish a modular enzyme

cascade including SAM synthesis for the selective O-methyla-
tion of catechols. This involved setting up the necessary analyt-

ical tools for process optimisation. Catechol moieties can be
found in many natural and synthetic bioactive molecules, drug

metabolites, aromas and lignin-derived compounds, as well as
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in mediators of laccases and materials with surface binding

properties.[22–25]

Recently, the structural and functional characterisation of a

variety of MATs from thermophilic Archaea has been achieved.
These enzymes are promising candidates for biotechnological

use, due to their enhanced stability.[26–29] We chose the MAT
from Thermococcus kodakarensis (TkMAT) that was character-

ised in earlier studies by our working groups[27] to evaluate its

suitability for application in methylation cascades.
Catechol O-MTs (COMTs; EC 2.1.1.6) are found in many bio-

synthetic pathways and are involved in the metabolism and
detoxification of a variety of natural and synthetic catechols.

Many eukaryotic COMTs such as the human and rat COMTs
predominantly methylate the hydroxy group in the meta-posi-

tion.[30, 31] The regioselectivity seems to be mainly caused by

substitution patterns.[31–33] Only a few COMTs that transfer the
methyl group mainly to the para-position in substituted cate-
chols have been described:[34, 35] one example is SafC from Myx-
ococcus xanthus (MxSafC). Because of their complementary

regioselectivity, we chose MxSafC and COMT from Rattus norve-
gicus (RnCOMT) as model enzymes for the methylation of

a range of catechol substrates [dopamine, dihydrocaffeic acid
and 3,4-dihydroxybenzoic acid (3,4-DHB)] . The first set of
assays was carried out with dopamine because this compound

has been shown to be a substrate for both RnCOMT[31] and
MxSafC.[34] To achieve effective removal of SAH from the reac-

tion mixture, MTAN from Escherichia coli (EcMTAN) was used.[36]

All enzymes were expressed in E. coli and purified by Ni-NTA

affinity chromatography (Figure S1 in the Supporting Informa-

tion). A buffer system containing 100 mm HEPES, 200 mm KCl
and 20 mm MgCl2 (pH 8.0) was identified as the most suitable

solvent for the enzyme cascade (Figure S2). The magnesium
ions present in the buffer are necessary for the activity of the

MAT used (which also requires potassium ions), and have also
been shown to be involved in the coordination of the catechol

substrate in COMTs.[30, 37] All UV-active cascade substrates, inter-

mediates and products could be separated by HPLC (for exper-
imental procedures see the Supporting Information). The re-

sults clearly show that MxSafC is a genuine COMT, because no
activity could be detected in a reaction mixture also containing

EDTA (Figure S3). In contrast, caffeoyl MTs and the 4-OMTs
from the papaverin pathway, which both also accept catechol

substrates, are not magnesium-dependent.[38]

In the next step, the influence of the feedback inhibitor SAH
on the two MTs was investigated by assaying both enzymes

with and without the addition of EcMTAN. At concentrations of
5 mm dopamine, RnCOMT produced up to 10 % meta-methy-

lated dopamine after 20 min; the addition of EcMTAN in-
creased the conversion by 10–20 %. For MxSafC the degree of

conversion was nearly doubled to up to 10 % after 20 min

when EcMTAN was added (Figure S4). As described earlier,
MxSafC is highly selective for the dopamine para-hydroxy

group (<3 % meta-methylated dopamine was detected),[34]

whereas transformations with RnCOMT lead to both regioisom-

ers in a meta/para ratio of 5:1. Earlier studies had found a simi-
lar ratio for RnCOMT (7:1).[39]

To ensure that the cascade would proceed as required and

not be hampered by unexpected enzyme side activities or in-
hibition issues, the three enzymes were added in a sequential

fashion (10 min intervals). All substrates (ATP, l-methionine and
dopamine) were present in stoichiometric amounts from the

beginning; samples were taken after each step and analysed
by HPLC (Figure 1 for MxSafC; for RnCOMT see Figure S5).

After this proof of concept, the cascade was tested in a one-

pot reaction by addition of all three enzymes at once. After
30 min reaction time, the simultaneously performed transfor-

mations showed similar levels of conversion and meta/para
ratios as in the sequential mode. In reactions without ATP, l-

methionine and catechol substrate or without enzymes, no
methylated products were found (Figure S6). For MxSafC, enzy-

Scheme 1. Three-enzyme methylation cascade. The linear three-step model cascade consists of the MAT-catalysed synthesis of SAM from ATP and l-methio-
nine, the subsequent MT reaction leading to selectively methylated catechols and the use of an MTAN to avoid inhibition of the MTs by the side product
SAH.
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matic conversion into the para-methylated product (up to
40 % conversion after 90 min) was detected; only traces of

meta-methylated product were found (Figure 2). Use of longer
incubation times led to oxidation followed by precipitation of

the oxidation products. This could possibly be avoided by run-

ning the assays under nitrogen, use of a different pH or by
adding antioxidants, and will be tested in future experiments.
As can be seen from the isolated reactions, RnCOMT is not as
strictly regioselective as MxSafC; here, approximately 40 %

meta-methylated and 10 % para-methylated product were
found at 50 % conversion after 90 min (Figure 2).

To evaluate the general applicability of the cascade, dihydro-
caffeic acid and 3,4-DHB were tested as additional substrates
for both enzymes. In the case of dihydrocaffeic acid, MxSafC

also shows a strong preference for the para position (5 %
meta- and 65 % para-methylated product were produced after

16 h). For RnCOMT, dihydrocaffeic acid was a poor substrate,
resulting in a low product yield and no significant regioselec-

tivity; however, in earlier studies this compound was reported

to be a better substrate than dopamine, with the meta posi-
tion being favoured.[31]

Surprisingly, MxSafC strongly favoured methylation of the
meta-hydroxy group of the substrate 3,4-DHB, yielding 64 %

meta- and 7 % para-methylated product after 16 h. Similar re-
sults, although with lower regioselectivity (59 % meta, 31 %

para), were obtained with RnCOMT (Figure 2). A control reac-

tion without the addition of EcMTAN confirmed the benefits
and importance of the SAH degradation step, as already
shown in test reactions with dopamine (Figures 2 and S4).

The regioselectivity strongly depends on the nature of the

catechol side chain, whereas MxSafC generally seems to be the
more selective enzyme. The molecular reasons for the inverted

regioselectivity in the case of 3,4-DHB are currently being in-

vestigated in our laboratories. Detailed knowledge about the
differences between the two COMTs will be the starting point

for the design of variants with altered and/or improved regio-
selectivity. Such variants would also avoid the necessity for fur-

ther product separation steps.
In summary, use of a multi-enzyme cascade based on an

SAM-forming MAT, a catechol O-MT and the SAH-degrading

MTAN led to methylation of various catechol substrates either
in the meta- or in the para-position. The regioselective methyl-

ation serves as a proof of concept for methylation by SAM-de-
pendent MTs in a three-enzyme, one-pot reaction. This SAM

supply system is generally applicable for a broad range of fur-
ther SAM-dependent enzymes. It could facilitate and enable

Figure 2. Three-enzyme, one-pot cascade reaction giving meta (&) and para
(&) products. A) Cascade with MxSafC. B) Cascade with RnCOMT. All enzymes
(TkMAT, MxSafC/RnCOMT, EcMTAN) and substrates (ATP, l-methionine, cate-
chol substrate, each 5 mm) were present from the start. Samples were taken
after 30, 60, 90, 180 and 960 min. [a] The reaction had to be terminated due
to oxidation of the substrate. [b] Control reaction without EcMTAN.

Figure 1. Stepwise addition of enzymes (TkMAT, MxSafC, EcMTAN). HPLC
traces of all cascade steps. A) Initial state (substrates). B) SAM production.
C) Methylation step, leading to additional peaks due to methylated product
and side product SAH. D) SAH degradation with EcMTAN; all SAH produced
is immediately converted into adenine, while the amount of product (4-O-
methyldopamine) increases.
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new approaches for many challenging reactions such as ste-
reoselective methylation or radical SAM reactions that are diffi-

cult to accomplish by chemical synthesis. The methylation cas-
cade presented here and other studies in this area represent

a step towards the application of SAM-dependent enzymes in
chemical synthesis.
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