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From Natural Methylation to Versatile Alkylations Using
Halide Methyltransferases

Qingyun Tang,[a] Ioannis V. Pavlidis,[b] Christoffel P. S. Badenhorst,*[a] and
Uwe T. Bornscheuer*[a]

Halide methyltransferases (HMTs) enable the enzymatic syn-

thesis of S-adenosyl-l-methionine (SAM) from S-adenosyl-l-

homocysteine (SAH) and methyl iodide. Characterisation of a

range of naturally occurring HMTs and subsequent protein

engineering led to HMT variants capable of synthesising ethyl,

propyl, and allyl analogues of SAM. Notably, HMTs do not

depend on chemical synthesis of methionine analogues, as

required by methionine adenosyltransferases (MATs). However,

at the moment MATs have a much broader substrate scope

than the HMTs. Herein we provide an overview of the discovery

and engineering of promiscuous HMTs and how these

strategies will pave the way towards a toolbox of HMT variants

for versatile chemo- and regioselective biocatalytic alkylations.

Background

The “magic methyl” effect refers to the ability of well-placed

methyl groups to dramatically alter the physical and biological

properties of a molecule.[1] This makes methylation one of the

most atom-efficient strategies for modulation of biological

effects.[1a,2] Going beyond methylation, structural diversification

of natural products by alkyl-diversification would create libraries

of compounds with profoundly enhanced properties. However,

catalyst-controlled chemo- and regioselective alkylation of

molecules bearing two or more heteroatoms with similar

reactivities is still a major challenge in organic synthesis. This is

particularly true for N-heterocyclic compounds like pyrazoles,

triazoles, and pyridones, since tautomerisation can lead to

different heteroatoms (e.g. nitrogen and oxygen) having similar

reactivities (Scheme 1a).[3] Since drug molecules often contain

amines, N-heterocycles, and unprotected polar groups, selective

heteroatom alkylation is a reaction on many organic chemists’

wish list.[4]

Enzymes can address this challenge, due to their chemo-,

regio-, and stereoselectivities.[5] For example, the S-adenosyl-l-

methionine-dependent methyltransferases (MTs) catalyse the

highly chemo- and regioselective methylation of a broad range

of biomolecules at C, O, N, S, and P atoms.[6] Very recently,

Hammer’s group demonstrated the incredible potential of

protein engineering by designing a panel of methyltransferases

for the regioselective methylation of pyrazoles, with regioiso-

meric ratios up to 99% (Scheme 1b).[4b] Before, there were no

chemical, or even biological, catalysts known capable of

controlling pyrazole alkylation so precisely.[4]

Interestingly, like many naturally-occurring MTs, Hammer’s

biocatalysts are promiscuous, in terms of the alkyl donor, and

can transfer a range of alkyl groups, as long as the correspond-

ing S-adenosyl-l-methionine (SAM) analogues are available.[6c,7]

Unfortunately, SAM analogues are rare in nature and hard to

synthesise. A prominent exception is carboxy-SAM (cxSAM,

Scheme 1c), which was identified as a co-purified ligand in the

crystal structure of CmoA, the enzyme that synthesises cxSAM

from SAM and prephenate.[8] CxSAM is used by the

carboxymethyl transferase CmoB for tRNA alkylation.[9] A

carboxy-S-adenosyl-l-ethionine (cxSAE) analogue (Scheme 1c)

has been synthesised from ethionine, using a human methio-

nine adenosyltransferase (MAT) and CmoA.[8] The MAT uses

ethionine, a methionine analogue, to produce SAE, the

corresponding SAM analogue. MATs use ATP as source of the

adenosyl moiety and are remarkably promiscuous with regards

to methionine analogues, allowing a broad range of SAM

analogues to be synthesised (Scheme 2a).[10] Halogenases have

also been used to synthesise SAM analogues from methionine

analogues. These enzymes use 5’-chloro-5’-deoxyadenosine or

5’-fluoro-5’-deoxyadenosine as donors of the adenosyl moiety

(Scheme 2a).[11] MATs and halogenases are often coupled with

MTs in one-pot cascade reactions to form alkylated products.

Details about these enzymes and their applications in biocata-

lytic alkylation cascades have been described in recent

reviews.[6c,7e,12] Methionine analogues need to be chemically

synthesised as they are not readily available (Scheme 2a).[10a,11c,13]

The harsh chemical synthesis conditions are not compatible

with biotransformations and therefore have to be performed

separately, limiting their application. SAH can be directly

alkylated using alkyl triflates or alkyl bromides, but this results

in a mixture of (S,S)- and (R,S)-epimers, the latter being potent

MT inhibitors (Scheme 2b).[14] Furthermore, residual SAH is also

a potent MT inhibitor.[15] Consequently, chemically synthesised
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SAM analogues have to be purified by – non-trivial –

chromatography, limiting the application of this approach.[7a,16]

Regeneration of SAM Analogues

SAM has to be used in stoichiometric amounts, producing an

equivalent amount of SAH, which is a potent MT inhibitor.[15] A

fundamental problem is that SAM-dependent enzymes transfer

a 15 Da methyl group using a 384 Da handle that has to be

degraded because it inhibits MT activity.[17] Poor atom economy

has therefore always been a significant drawback of SAM-

dependent methylations. A landmark publication by the

Andexer group showed that SAM could be regenerated using a

five-enzyme cascade, starting with the hydrolysis of SAH to

adenosine and homocysteine, followed by three phosphoryla-

tions of adenosine to form ATP, which is used by an MAT to

convert methionine to SAM. Unfortunately, this cascade fails

after 11 cycles, produces homocysteine as waste, and depends

on methionine and its analogues as alkyl donors.[18]

Recently, Liao and Seebeck described a one-enzyme system

for SAM recycling (Scheme 3a).[17] Halide methyltransferases

(HMTs) use SAM to methylate halide ions, annually releasing

megatons of methyl halides into the atmosphere.[19] Liao and

Seebeck realized that methyl halide synthesis is driven by the

evaporation of volatile methyl halides and the metabolic

degradation of SAH. Therefore, they could employ the reaction

in reverse, which is thermodynamically favoured, enabling the

production of SAM from SAH and methyl iodide, with iodide as

the sole by-product (Scheme 3a). A stoichiometric amount of

methyl iodide is provided as methyl group donor and a catalytic

amount of SAH is recycled up to 580 times.[17] The HMT-

synthesized SAM was utilized by different O-, N- and C-MTs to

produce several regioselectively methylated products

(Scheme 3b).[17,20]

Promiscuous HMTs

Recently, the Bornscheuer[21] and Hammer[4b] groups demon-

strated that HMTs can also be used for the synthesis and

regeneration of a range of SAM analogues. These HMTs,

combined with alkyl-promiscuous MTs, produced the regiose-

lectively alkylated products 4’-O-ethylluteolin, 4-allyloxy-3-hy-

droxybenzaldehyde, 1-ethyl-5-cyclopropylpyrazole, and 1–

propyl-5-cyclopropylpyrazole (Scheme 3c). In our work, more

than 40 regeneration cycles were achieved for the preparative

scale alkylation of flavonoid and phenolic compounds, using

100 μM of SAH.[21] Importantly, these cycle numbers may well

be underestimated, as additional SAH added to the reactions

may not have been necessary. The traces of SAH and/or SAM

bound to purified proteins are sufficient for bioalkylation

cascades.[4b]

A key realisation was that, just like methyltransferases in

general, HMTs should be alkyl-promiscuous, enabling them to

accept donors other than methyl iodide. While the Chloracido-

bacterium thermophilum HMT used by Liao and Seebeck did not

have significant ethyltransferase activity, the enzymes from

Arabidopsis thaliana, Raphanus sativus, Aspergillus clavatus, Batis

maritima, and Synechococcus elongatus did.[4b,21] As we pre-

dicted, even more promiscuous HMTs can be found in nature,

and Bengel et al. reported that the Aspergillus clavatus HMT had

significant propyltransferase activity and could even produce a

small amount of the butyl analogue of SAM (Table 1).[4b] This

enzyme was identified by screening only seven of the HMTs

described in the literature, suggesting that even more useful

HMTs could be found in nature. Therefore, we suggest further

investigation of the 89 HMTs that have already been function-

ally characterised in the past.[22] However, it is very unlikely that

an HMT would be so promiscuous that it could be used for any

alkyl group of interest. Therefore, HMT engineering will

probably play an important role in the future of bioalkylation.

Scheme 1. a) Due to tautomerisation of heteroatoms, chemical alkylation of
N-heterocyclic compounds like pyrazoles, triazole, and pyridone usually leads
to mixtures of alkylated products. b) Regioselective methylation of pyrazoles
catalysed by SAM-dependent MTs. By using different MT variants, either 1-
methylpyrazoles or 2-methylpyrazoles can be synthesised with regioisomeric
ratios up to 99%. c) CxSAM is a rare example of a naturally occurring SAM
analogue. CxSAM is synthesised from prephenate and SAM by CmoA.
Starting from S-adenosyl-l-ethionine (SAE), the cxSAE analogue can be
synthesised.
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Scheme 2. a) Chemoenzymatic synthesis of SAM analogues. Methionine analogues can be synthesized by reductive alkylation of homocystine. SAM analogues
can be synthesized by MATs from methionine analogues and ATP, or by halogenases from methionine analogues and 5’-chloro-5’-deoxyadenosine or 5’–
fluoro-5’-deoxyadenosine. The box shows alkyl groups of SAM analogues produced by MATs and halogenases. b) Chemical synthesis of SAM analogues. SAH
can be directly alkylated using alkyl triflates or alkyl bromides, resulting in a mixture of epimers.

Table 1. Conversion [%] of SAH and alkyl iodides to SAM analogues by promiscuous HMTs.

Enzyme[a] Methyl iodide Ethyl iodide Ethyl bromide Propyl iodide Allyl iodide Butyl iodide

Arabidopsis thaliana HMT (WT)[b] 100 44 1 0 – 0
Arabidopsis thaliana HMT (V140T)[c] – 90 – 50 71 –
Aspergillus clavatus HMT[b] 100 78 99 31 – 3
Batis maritima HMT[b] 99 81 100 1 – 0
Synechococcus elongatus HMT[b] 100 61 21 3 – 1

[a] The Raphanus sativus HMT was also tested by Tang et al.[21] but is not mentioned because activity was only determined in U/mg and conversion similar
to other data in this table was not determined. [b] Reactions were performed with crude E. coli cell lysate, 1 mM SAH, and 40–80 equivalents of alkyl halides
at 25 °C for 20 h, as described by Bengel et al.[4b] [c] Reactions were performed on preparative scale with purified enzyme, 15 mg SAH and 8 equivalents of
alkyl iodides at 25 °C for 24 h, as described by Tang et al.[21]
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HMT Engineering

Utilizing a very sensitive iodide assay, we identified a variant

(V140T) of the Arabidopsis thaliana HMT that can synthesise the

ethyl, propyl, and allyl analogues of SAM (Table 1).[21] We used

ethyl iodide as substrate for screening our site-directed muta-

genesis libraries, as the wild-type Arabidopsis thaliana HMT

already had activity towards ethyl iodide and therefore the

chances of finding improved variants were good. We believe

that screening larger libraries using bulkier substrates like butyl-

or benzyl iodide would lead to the identification of variants

capable of efficiently producing the corresponding SAM

analogues. The results we obtained by screening with ethyl

iodide led to two important conclusions. First, screening using a

slightly larger donor (e.g., ethyl vs. methyl iodide) can result in

the identification of variants active on even larger substrates

(e.g., propyl and allyl iodide). Second, the V140T variant was

generally the best catalyst for transferring all the alkyl groups

we tested. This suggests that a single substitution can make an

HMT promiscuous and that engineering robust general alkyl

transfer catalysts should be possible.

We originally tested the HMTs from Chloracidobacterium

thermophilum (the enzyme used by Liao and Seebeck),

Raphanus sativus (highest activity towards methyl iodide), and

Arabidopsis thaliana.[17,23] The Arabidopsis thaliana HMT was

engineered because it had the highest activity towards ethyl

iodide between the three candidates and because its 3D

structure was available, which facilitated semi-rational protein

engineering. Currently, this is still the only solved HMT

structure.[24] The next most similar structure in the PDB is that of

murine thiopurine S-methyltransferase, with only 20% se-

quence identity.[25] Further HMT engineering would benefit

from detailed structural and mechanistic understanding, sug-

gesting that solving more HMT structures will be important.

While molecular docking suggested that the Arabidopsis

thaliana HMT can accommodate even butyl iodide in its

spacious active site, substrates larger than ethyl iodide are not

converted (Figure 1).[21] Currently, it is believed that SAM-

dependent MTs catalyse alkyl transfer by binding the substrates

(SAM analogue and acceptor) in reactive conformations, pre-

aligning electron orbitals for efficient SN2 displacement.
[26] This

is likely also the case for HMTs, but we are not aware of detailed

mechanistic studies. The lower activity with larger alkyl halides

Scheme 3. a) HMT-MT cascade reactions produce iodide as the only by-product, making these processes atom-efficient. b) Methylated products[17,20] and c)
alkylated products[4b,21] obtained by HMT-MT cascade reactions. The introduced methyl or alkyl groups are coloured red.
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probably results from less efficient binding of the larger

substrates in the same reactive conformation as methyl iodide.

A better understanding of the natural functions of HMTs

would also facilitate application and engineering of these

enzymes. Suggestions that the function of HMTs is to regulate

intracellular halide concentrations seem highly unlikely; some

studies have suggested that the formation of methyl halides is

a ’metabolic accident’.[27] Generally, HMT activities depend on

substrate in the order SCN�, HS�, I�>Br�>Cl�, which corre-

sponds to the nucleophilicity of the anions.[19b,c,22–23,28]

A few studies have suggested that the intended substrates

of HMTs are toxic thiols resulting from the hydrolysis of, for

example, glucosinolates.[28a] The catalytic efficiencies of Arabi-

dopsis thaliana HMT against SCN� and (NH4)2S are even five

orders of magnitude higher than against Cl�, which indicates

that methylation of halides might be an unspecific side-

reaction.[27,28b] This is a significant consideration because it

suggests that halide-methyl transfer is a broadly distributed

promiscuous activity of methyltransferases and testing a much

larger number of MTs for promiscuous HMT activity is advisable.

HMT and thiol methyltransferase (TMT) protein sequences share

similarities and phylogenetic analysis suggests that they are

evolutionarily related.[24,28b] Both HMTs (E.C. 2.1.1.165) and TMTs

(E.C. 2.1.1.9) can methylate halide ions, bisulfide (HS�), and

thiocyanate (SCN�).[19b,c,23a,28] Therefore, TMTs should also be

investigated for conversion of alkyl iodides to SAM analogues.

Future Directions

The inherent chemical instability of SAM under physiological

conditions (half-life of about 16 h at pH 8) is a frequently

discussed concern, complicating for example the purification of

SAM analogues.[29] Intramolecular cyclization results in the

formation of 5’-deoxy-5’-methylthioadenosine and homoserine

lactone, while depurination results in degradation to adenine

and S-ribosylmethionine (Scheme 4a).[30] Now that efficient

systems for SAM analogue regeneration from SAH are

available,[4b,17,21] stability becomes a more significant consider-

ation than the degradation of the coproduct SAH to avoid

inhibition of methyltransferases. Huber et al. used an MAT to

produce the more stable SAM isosteres S7dzAM (half-life of 21 h),

SAtM (half-life of 83 h), and S7dzAtM (no degradation at pH 8)

(Scheme 4b).[31] These isosteres could be used by a prototypical

Class I model MT[31] but it is currently not known whether HMTs

can accept these isosteres in HMT-MT cascade reactions to

achieve more regeneration cycles (Scheme 4c). Furthermore, it

is exciting to think about applying “bump and hole” strategies

for making SAH analogues that are selectively activated by

mutant HMTs and used exclusively by mutant MTs, thus

creating ideal bioorthogonal alkylation cascades.[7c,32]

It remains to be seen how tolerant HMTs are to modifica-

tions of the SAH moiety. For bioorthogonal alkylation cascades,

an important question is whether haloalkanes are compatible

with in vivo cascades. What we know from the development of

an in vivo selection for dehalogenase activity is that E. coli can

replicate in the presence of millimolar concentrations of alkyl

halides.[33] Bayer et al. demonstrated that Saccharomyces cerevi-

siae is resistant to 5 g/L of methyl iodide. Diffusion of these

hydrophobic compounds into cells should allow SAM analogue

production by intracellular HMTs.

Chemical methylation agents like methyl iodide are intrinsi-

cally toxic, so the demand for benign and environmentally

friendly alkylation methods still exists. Fortunately, the toxicity,

electrophilicity, and volatility of alkyl iodides decrease with

longer alkyl chains. HMT activity on less electrophilic alkyl

donors like alkyl bromides and chlorides would also enable

more selective alkylation. Interestingly, ethyl bromide has been

shown to be well accepted as alkyl donor by the Aspergillus

clavatus, Synechococcus elongatus, and Batis maritima HMTs

(Table 1).[4b] It would be very interesting to see whether HMTs

can be engineered for higher activity towards these substrates,

and our previously described ultrasensitive bromide assay

would facilitate such engineering.[34]

Another exciting avenue for further research is in situ

generation of alkyl halides, decreasing the dependence on alkyl

iodides. An emerging possibility is the use of non-haem iron

halogenases for the stereo- and regioselective halogenation of

non-activated sp3-carbon atoms.[35] A potential limitation is the

preference of these enzymes for chlorination. A simple general

approach bridging the chloride-forming halogenases with the

iodide-preferring HMTs would be enzymatic transhalogenation,

which uses “transhalogenases” to convert alkyl chlorides to alkyl

iodides.[36] In this light, biocatalytic alkylation is expected to

move beyond mere alkyl-diversification towards a generalised

ability to selectively link two molecular scaffolds.

Conclusions

The recently described promiscuous halide MTs have expanded

the bioalkylation toolkit and enable selective ethylation,

propylation, and allylation of target compounds. Furthermore,

our group has demonstrated that the substrate scope of HMTs

Figure 1. Crystal structure of Arabidopsis thaliana HMT with the ligand SAH
and docked methyl, ethyl, propyl, and butyl iodide in the active site. V140,
SAH, and alkyl iodides are shown as sticks. Other sites mutated by Tang
et al.[21] are shown as lines.
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can be expanded, and we believe that a combination of high-

throughput screening, facilitated by our halide assays,[21,34] with

rational library design, using computational tools like

FuncLib,[4b,37] will rapidly expand the range of easily accessible

SAM analogues. However, detailed mechanistic understanding

of how HMTs function is currently lacking. Determining the

crystal structures and catalytic mechanism of more HMTs would

enable more rational design, perhaps allowing SAM analogues

of currently unimaginable complexity to be enzymatically

synthesised from alkyl halides. We believe that HMTs might

soon displace MATs from their prominent position in biocata-

lytic alkylation cascades.
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Scheme 4. a) The two main degradation pathways of SAM via intramolecular cyclization (green) and depurination (red). b) Structures of the SAM isosteres
SAtM, with a tetrazole replacing the carboxyl group (coloured blue), S7dzAM, with 7-deazaadenosine replacing the adenosine moiety of SAM, and S7dzAtM,
combining these modifications. c) An important question for future research is whether HMTs can alkylate these stable SAM isosteres in HMT-MT cascade
reactions to achieve more regeneration cycles.

ChemBioChem

Concepts
doi.org/10.1002/cbic.202100153

2589ChemBioChem 2021, 22, 2584–2590 www.chembiochem.org © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH

http://orcid.org/0000-0003-0685-2696


[1] a) H. Schönherr, T. Cernak, Angew. Chem. Int. Ed. 2013, 52, 12256–12267;
Angew. Chem. 2013, 125, 12480–12492; b) J. N. Andexer, A. Rentmeister,
Nat. Chem. 2020, 12, 791–792.

[2] E. J. Barreiro, A. E. Kümmerle, C. A. M. Fraga, Chem. Rev. 2011, 111,
5215–5246.

[3] a) S. W. Wright, E. P. Arnold, X. J. Yang, Tetrahedron Lett. 2018, 59, 402–
405; b) H. J. A. Dale, G. R. Hodges, G. C. Lloyd-Jones, J. Am. Chem. Soc.
2019, 141, 7181–7193; c) M. Breugst, H. Mayr, J. Am. Chem. Soc. 2010,
132, 15380–15389; d) M. C. Torhan, N. P. Peet, J. D. Williams, Tetrahedron
Lett. 2013, 54, 3926–3928.

[4] a) D. C. Blakemore, L. Castro, I. Churcher, D. C. Rees, A. W. Thomas, D. M.
Wilson, A. Wood, Nat. Chem. 2018, 10, 383–394; b) L. L. Bengel, B.
Aberle, A. N. Egler-Kemmerer, S. Kienzle, B. Hauer, S. C. Hammer, Angew.
Chem. Int. Ed. 2021, 60, 5554–5560; Angew. Chem. 2021, 133, 5614–
5620.

[5] a) U. T. Bornscheuer, G. W. Huisman, R. J. Kazlauskas, S. Lutz, J. C. Moore,
K. Robins, Nature 2012, 485, 185–194; b) B. Hauer, ACS Catal. 2020, 10,
8418–8427; c) S. Wu, R. Snajdrova, J. C. Moore, K. Baldenius, U. T.
Bornscheuer, Angew. Chem. Int. Ed. 2021, 60, 88–119; Angew. Chem.
2021, 133, 89–123; d) E. Romero, B. S. Jones, B. N. Hogg, A. R. Casamajo,
M. A. Hayes, S. L. Flitsch, N. J. Turner, C. Schnepel, Angew. Chem. Int. Ed.
2021, https://doi.org/10.1002/anie.202014931; Angew. Chem. 2021,
https://doi.org/10.1002/ange.202014931.

[6] a) A. W. Struck, M. L. Thompson, L. S. Wong, J. Micklefield, ChemBioChem
2012, 13, 2642–2655; b) L. A. Wessjohann, J. Keim, B. Weigel, M. Dippe,
Curr. Opin. Chem. Biol. 2013, 17, 229–235; c) M. R. Bennett, S. A.
Shepherd, V. A. Cronin, J. Micklefield, Curr. Opin. Chem. Biol. 2017, 37,
97–106.

[7] a) C. Dalhoff, G. Lukinavičius, S. Klimas˘auskas, E. Weinhold, Nat. Chem.
Biol. 2006, 2, 31–32; b) H. Stecher, M. Tengg, B. J. Ueberbacher, P.
Remler, H. Schwab, H. Griengl, M. Gruber-Khadjawi, Angew. Chem. Int.
Ed. 2009, 48, 9546–9548; Angew. Chem. 2009, 121, 9710–9712; c) R.
Wang, M. K. Luo, Curr. Opin. Chem. Biol. 2013, 17, 729–737; d) B. J. C.
Law, M. R. Bennett, M. L. Thompson, C. Levi, S. A. Shepherd, D. Leys, J.
Micklefield, Angew. Chem. Int. Ed. 2016, 55, 2683–2687; Angew. Chem.
2016, 128, 2733–2737; e) T. D. Huber, B. R. Johnson, J. Zhang, J. S.
Thorson, Curr. Opin. Biotechnol. 2016, 42, 189–197.

[8] A. J. Herbert, S. A. Shepherd, V. A. Cronin, M. R. Bennett, R. Sung, J.
Micklefield, Angew. Chem. Int. Ed. 2020, 59, 14950–14956; Angew. Chem.
2020, 132, 15060–15066.

[9] a) J. Kim, H. Xiao, J. B. Bonanno, C. Kalyanaraman, S. Brown, X. Tang,
N. F. Al-Obaidi, Y. Patskovsky, P. C. Babbitt, M. P. Jacobson, Nature 2013,
498, 123–126; b) J. Kim, H. Xiao, J. Koh, Y. Wang, J. B. Bonanno, K.
Thomas, P. C. Babbitt, S. Brown, Y. S. Lee, S. C. Almo, Nucleic Acids Res.
2015, 43, 4602–4613.

[10] a) S. Singh, J. Zhang, T. D. Huber, M. Sunkara, K. Hurley, R. D. Goff, G.
Wang, W. Zhang, C. Liu, J. Rohr, Angew. Chem. Int. Ed. 2014, 53, 3965–
3969; Angew. Chem. 2014, 126, 4046–4050; b) F. Wang, S. Singh, J.
Zhang, T. D. Huber, K. E. Helmich, M. Sunkara, K. A. Hurley, R. D. Goff,
C. A. Bingman, A. J. Morris, FEBS J. 2014, 281, 4224–4239.

[11] a) D. O’Hagan, C. Schaffrath, S. L. Cobb, J. T. Hamilton, C. D. Murphy,
Nature 2002, 416, 279; b) A. S. Eustaquio, F. Pojer, J. P. Noel, B. S. Moore,
Nat. Chem. Biol. 2008, 4, 69–74; c) M. Thomsen, S. B. Vogensen, J.
Buchardt, M. D. Burkart, R. P. Clausen, Org. Biomol. Chem. 2013, 11,
7606–7610.

[12] a) I. J. McKean, P. A. Hoskisson, G. A. Burley, ChemBioChem 2020, 21,
2890–2897; b) F. Michailidou, A. Rentmeister, Org. Biomol. Chem. 2021,
19, 3756–3762.

[13] J. Jiracek, M. Collinsova, I. Rosenberg, M. Budesinsky, E. Protivinska, H.
Netusilova, T. A. Garrow, J. Med. Chem. 2006, 49, 3982–3989.

[14] a) C. Dalhoff, G. Lukinavicius, S. Klimasauakas, E. Weinhold, Nat. Protoc.
2006, 1, 1879–1886; b) H. Stecher, M. Tengg, B. J. Ueberbacher, P.
Remler, H. Schwab, H. Griengl, M. Gruber-Khadjawi, Angew. Chem. Int.
Ed. 2009, 48, 9546–9548; Angew. Chem. 2009, 121, 9710–9712; c) V.
Goyvaerts, S. Van Snick, L. D’Huys, R. Vitale, M. Helmer Lauer, S. Wang,
V. Leen, W. Dehaen, J. Hofkens, Chem. Commun. 2020, 56, 3317–3320;
d) R. Borchardt, Y. S. Wu, J. Med. Chem. 1976, 19, 1099–1103.

[15] a) J. K. Coward, M. D’Urso-Scott, W. D. Sweet, Biochem. Pharmacol. 1972,
21, 1200–1203; b) M. Baudry, F. Chast, J. C. Schwartz, J. Neurochem.
1973, 20, 13–21.

[16] J. Y. Zhang, J. P. Klinman, Anal. Biochem. 2015, 476, 81–83.
[17] C. Liao, F. P. Seebeck, Nat. Catal. 2019, 2, 696–701.
[18] S. Mordhorst, J. Siegrist, M. Müller, M. Richter, J. N. Andexer, Angew.

Chem. Int. Ed. 2017, 56, 4037–4041; Angew. Chem. 2017, 129, 4095–
4099.

[19] a) D. Schomburg, I. Schomburg, Class 2–3.2 Transferases, Hydrolases

(Eds.: D. Schomburg, I. Schomburg), Springer, Heidelberg, 2013, pp. 9–
19; b) H. S. Saini, J. M. Attieh, A. D. Hanson, Plant Cell Environ. 1995, 18,
1027–1033; c) N. Ohsawa, M. Tsujita, S. Morikawa, N. Itoh, Biosci.
Biotechnol. Biochem. 2001, 65, 2397–2404.

[20] a) C. Liao, F. P. Seebeck, Angew. Chem. Int. Ed. 2020, 59, 7184–7187;
Angew. Chem. 2020, 132, 7251–7254; b) M. A. Beliaeva, R. Burn, D. Lim,
F. P. Seebeck, Angew. Chem. Int. Ed. 2021, 60, 5209–5212; Angew. Chem.
2021, 133, 5269–5272.

[21] Q. Tang, C. W. Grathwol, A. S. Aslan-Üzel, S. Wu, A. Link, I. V. Pavlidis,
C. P. S. Badenhorst, U. T. Bornscheuer, Angew. Chem. Int. Ed. 2021, 60,
1524–1527; Angew. Chem. 2021, 133, 1547–1551.

[22] T. S. Bayer, D. M. Widmaier, K. Temme, E. A. Mirsky, D. V. Santi, C. A.
Voigt, J. Am. Chem. Soc. 2009, 131, 6508–6515.

[23] a) N. Itoh, H. Toda, M. Matsuda, T. Negishi, T. Taniguchi, N. Ohsawa, BMC
Plant Biol. 2009, 9, 116; b) Y. Nagatoshi, T. Nakamura, Plant Biotechnol.
2007, 24, 503–506.

[24] J. W. Schmidberger, A. B. James, R. Edwards, J. H. Naismith, D. O’Hagan,
Angew. Chem. Int. Ed. 2010, 49, 3646–3648; Angew. Chem. 2010, 122,
3728–3730.

[25] Y. Peng, Q. Feng, D. Wilk, A. A. Adjei, O. E. Salavaggione, R. M.
Weinshilboum, V. C. Yee, Biochemistry 2008, 47, 6216–6225.

[26] a) T. C. Bruice, Acc. Chem. Res. 2002, 35, 139–148; b) D. K. Liscombe, G. V.
Louie, J. P. Noel, Nat. Prod. Rep. 2012, 29, 1238–1250.

[27] S. L. Manley, Biogeochemistry 2002, 60, 163–180.
[28] a) J. M. Attieh, A. D. Hanson, H. S. Saini, J. Biol. Chem. 1995, 270, 9250–

9257; b) Y. Nagatoshi, T. Nakamura, J. Biol. Chem. 2009, 284, 19301–
19309.

[29] G. Lukinavicius, M. Tomkuviene, V. Masevicius, S. Klimasauskas, ACS
Chem. Biol. 2013, 8, 1134–1139.

[30] a) J. L. Hoffman, Biochemistry 1986, 25, 4444–4449; b) D. F. Iwig, S. J.
Booker, Biochemistry 2004, 43, 13496–13509.

[31] T. D. Huber, F. B. Wang, S. Singh, B. R. Johnson, J. J. Zhang, M. Sunkara,
S. G. Van Lanen, A. J. Morris, G. N. Phillips, J. S. Thorson, ACS Chem. Biol.
2016, 11, 2484–2491.

[32] a) J. Deen, C. Vranken, V. Leen, R. K. Neely, K. P. F. Janssen, J. Hofkens,
Angew. Chem. Int. Ed. 2017, 56, 5182–5200; Angew. Chem. 2017, 129,
5266–5285; b) N. V. Cornelissen, F. Michailidou, F. Muttach, K. Rau, A.
Rentmeister, Chem. Commun. 2020, 56, 2115–2118; c) A. J. Herbert, S. A.
Shepherd, V. A. Cronin, M. R. Bennett, R. Sung, J. Micklefield, Angew.
Chem. Int. Ed. 2020, 59, 14950–14956; Angew. Chem. 2020, 132, 15060–
15066.

[33] M. P. Fibinger, T. Davids, D. Böttcher, U. T. Bornscheuer, Appl. Microbiol.
Biotechnol. 2015, 99, 8955–8962.

[34] A. S. Aslan-Üzel, A. Beier, D. Kovar, C. Cziegler, S. K. Padhi, E. D. Schuiten,
M. Dörr, D. Böttcher, F. Hollmann, F. Rudroff, M. D. Mihovilovic, T.
Buryska, J. Damborsky, Z. Prokop, C. P. S. Badenhorst, U. T. Bornscheuer,
ChemCatChem 2020, 12, 2032–2039.

[35] a) T. Hayashi, M. Ligibel, E. Sager, M. Voss, J. Hunziker, K. Schroer, R.
Snajdrova, R. Buller, Angew. Chem. Int. Ed. 2019, 58, 18535–18539;
Angew. Chem. 2019, 131, 18706–18711; b) M. Voss, S. Honda Malca, R.
Buller, Chem. Eur. J. 2020, 26, 7336–7345.

[36] A. Beier, J. Damborsky, Z. Prokop, Adv. Synth. Catal. 2019, 361, 2438–
2442.

[37] O. Khersonsky, R. Lipsh, Z. Avizemer, Y. Ashani, M. Goldsmith, H. Leader,
O. Dym, S. Rogotner, D. L. Trudeau, J. Prilusky, P. Amengual-Rigo, V.
Guallar, D. S. Tawfik, S. J. Fleishman, Mol. Cell 2018, 72, 178–186.

Manuscript received: March 30, 2021
Revised manuscript received: April 22, 2021
Accepted manuscript online: April 22, 2021
Version of record online: May 10, 2021

ChemBioChem

Concepts
doi.org/10.1002/cbic.202100153

2590ChemBioChem 2021, 22, 2584–2590 www.chembiochem.org © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH

https://doi.org/10.1002/anie.202014931
https://doi.org/10.1002/ange.202014931
https://doi.org/10.1002/ange.202014931

