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Abstract

Background Biotechnological applications are steadily growing and have become an important tool to reinvent

the synthesis of chemicals and pharmaceuticals for lower dependence on fossil resources. In order to sustain this
progression, new feedstocks for biotechnological hosts have to be explored. One-carbon (C;-)compounds, includ-

ing formate, derived from CO, or organic waste are accessible in large quantities with renewable energy, making
them promising candidates. Previous studies showed that introducing the formate assimilation machinery from Meth-
ylorubrum extorquens into Escherichia coli allows assimilation of formate through the C,-tetrahydrofolate (C;-H,F)
metabolism. Applying this route for formate assimilation, we here investigated utilisation of formate for the synthesis
of value-added building blocks in E. coli using S-adenosylmethionine (SAM)-dependent methyltransferases (MT).

Results We first used a two-vector system to link formate assimilation and SAM-dependent methylation with three
different MTs in E. coli BL21. By feeding isotopically labelled formate, methylated products with 51-81% '*C-labelling
could be obtained without substantial changes in conversion rates. Focussing on improvement of product for-
mation with one MT, we analysed the engineered C,-auxotrophic E. coli strain C,S. Screening of different formate
concentrations allowed doubling of the conversion rate in comparison to the not formate-supplemented BL21 strain
with a share of more than 70% formate-derived methyl groups.

Conclusions Within this study transformation of formate into methyl groups is demonstrated in E. coli. Our findings
support that feeding formate can improve the availability of usable C,-compounds and, as a result, increase whole-
cell methylation with engineered E. coli. Using this as a starting point, the introduction of additional auxiliary enzymes
and ideas to make the system more energy-efficient are discussed for future applications.
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Background

The majority of industrial processes depends on fossil
resources for the synthesis of compounds such as natu-
ral products, fuels, polymers, or fine chemicals including
pharmaceuticals [1, 2]. With depleting fossil resources and
the emerging effects of climate change, defossilisation is an
important strategy to create a greener and more sustain-
able chemical industry [1]. Development of biochemical
applications utilising alternative and renewable feedstocks
to support or replace existing chemical processes is key to
support this transformation [3,4]. One promising approach
is the application of CO,-derived feedstocks in chemobio-
hybrid processes, i.e. initial (electro)chemical reduction of
the greenhouse gas to produce reduced one-carbon (C;-)
compounds such as formate and their subsequent valori-
sation through biotechnological efforts [5-7]. Additionally,
enzymatic strategies for the less energy-intensive reduc-
tion of CO, are investigated which will allow utilisation of
CO,-derived formate for one-step whole-cell biocatalysis
without prior electrochemical reduction in future appli-
cations [8, 9]. Formate has the benefit of stability, biodeg-
radability, ease of handling and low toxicity, which means
that it poses a low risk towards humans and the environ-
ment and is in accordance with many principles of green
chemistry [7, 10-12]. For this reason, the development of
biotechnological strategies based on the C,-compound
formate is an emerging field [7, 10, 13].

In nature, one important strategy to transfer
C,-compounds onto various molecules is S-adenosyl-
methionine (SAM)-dependent methylation catalysed by
methyltransferases (MTs, Fig. 1a) [14—16]. SAM-depend-
ent methylation is involved in important processes such
as DNA or histone methylation for epigenetic regulation
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of gene expression [17, 18]. Various natural products
with biological activity are methylated and methylation
of small molecular drugs at specific positions has been
shown to increase their potency by up to three orders
of magnitude, called the “magic methyl effect” [19]. This
makes selective methylation an important step in lead
structure optimisation during development of new phar-
maceuticals (Fig. 1b). Chemical introduction of methyl
groups is in many cases challenging to direct and com-
monly mediated under energy-consuming conditions by
the use of toxic and environmentally harmful methylation
agents such as methyl iodide or diazomethane [20]. In
comparison to chemical methylation, MTs introduce the
methyl group stereo-, regio- and chemoselectively, only
synthesising one specific product; by including radical
SAM MTs, chemically inaccessible sp>-hybridised car-
bons could be targeted as well [14, 21]. While chemical
methylation is not the major driving force for the use of
fossil resources, it is a hazardous technique necessary for
countless syntheses, and would benefit from substitution
by a strategy which is safer, more environmental-friendly
and, hence, more in accordance with the principles of
green chemistry; an example for such a substitution
strategy is enzymatic, SAM-dependent methylation [12,
15, 16, 22, 23].

Intracellular methylation activity is often a major lim-
iting factor when natural compounds are produced in
biotechnological hosts, emphasising the need to develop
strategies to improve conversion rates to synthesise
methylated products [22-25]. Optimisation of intracel-
lular SAM availability and acceleration of the cofactor’s
regeneration can improve the formation of methylated
products using whole-cell methylation [22-26]. One
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strategy which proved successful is increasing concen-
trations of the SAM precursor methionine, in particular
its regeneration from homocysteine [23, 26-28]. In E.
coli, homocysteine is methylated to methionine through
transfer of a methyl group from methyl-tetrahydrofolate
(methyl-H,F) catalysed by one of the methionine syn-
thases EECMETE and EcMETH (Fig. 2) [29]. Majorly, the
C;-H,F pool is fuelled from serine and glycine, catalysed
by serine hydroxymethyltransferase (EcGLYA) and the
glycine cleavage system (EcGCS), respectively [30, 31].
The C,-H,F pool supplies C;-carbon units for the synthe-
sis of nucleobases and amino acids such as methionine or
histidine, as well as for formylation of methionine, mak-
ing it essential for protein production and cell growth [6,
32, 33]. Okano et al. reported that increasing the avail-
ability of C;-compounds to improve methyl-H,F produc-
tion increases the formation of methylated products in
E. coli. [28] We surmised that the C;-compound formate
could be an ideal supplier of C;-building blocks to fuel
the C,-H,F metabolism of biotechnological hosts and to
drive whole-cell methylation forward.

In previous publications, strategies to assimilate for-
mate into the metabolism of E. coli have been estab-
lished [13, 34]. Introduction of the formate-H,F ligase
from Methylorubrum extorquens (MexFTFL) into E. coli
allows synthesis of formyl-H,F from formate and H,F in
an adenosine-5’-triphosphate (ATP)-dependent reac-
tion (Fig. 2a) [13, 35, 36]. Further, introduction of for-
myl-H,F cyclohydrolase (MexFCH) and methylene-H,F
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dehydrogenase A (MexMTDA), both from M. extorquens,
cyclise and reduce formyl-H,F to methylene-H,F, the
central metabolite of the C;-H,F metabolism, which can
be used to further introduce formate’s carbon into cen-
tral metabolites [35—37]. This formate assimilation strat-
egy composed of MexFTFL, MexFCH and MexMTDA
(together referred to as FCM) proved powerful and was
used for full assembly of all carbon scaffolds from for-
mate and CO, in synthetic formatotrophic E. coli (Fig. 2a)
[13, 34, 38].

In order to harness this established formate assimila-
tion strategy for SAM-dependent methylation, the gener-
ated methylene-H,F has to be reduced once more by the
NADH-dependent methylene-H,F reductase (EcMETFE,
Fig. 2) to methyl-H,F [39]. EEMETE or EcMETH trans-
fer the methyl group onto homocysteine to produce the
proteinogenic amino acid methionine, the precursor of
SAM [29]. Previously reported introduction of FCM in
engineered E. coli strains allowed all methyl groups of
methionine to derive from formate when '*C-labelled
formate was fed, emphasising the potential to use for-
mate for the synthesis of methyl groups [40]. Growth of
the synthetic formatotrophs solely on formate is approxi-
mately 10-times slower than on established feedstocks
[13, 38], making a strategy with growth from established
feedstocks and supply of formate to push methylation of
selected building blocks an interesting option.

To activate the methyl group, native methionine
adenosyltransferases (EcMAT, Fig. 2b) convert ATP and
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Fig. 1 SAM-dependent methylation. a Reaction mechanism of S-adenosylmethionine (SAM)-dependent transmethylation of a nucleophilic
substrate by methyltransferases (MTs) creating the byproduct S-adenosylhomocysteine (SAH). b Pharmaceuticals and natural compounds carrying
“magic methyl” groups, which significantly influence potency. The relevant methyl in tazemetostat was chemically introduced during lead
optimisation, C-methylation of gentamicin is mediated by a radical SAM MT, other methyl groups are introduced by conventional MTs
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Fig. 2 Metabolic network to convert formate into transferable methyl groups. a Established formate assimilation machinery consisting

of MexFTFL, MexMCH and MexMTDA from M. extorquens (together abbreviated as “FCM") as it is implemented for the generation of synthetic
formatotrophic E. coli. b Metabolic pathway for the native generation of C;-H,F metabolites from serine by £cGLYA and glycine by £cGCS

for the supply of methyl groups to the SAM regeneration cycle. Heterologous introduction of an MT and supply of the MT substrate, here

RgANMT with 2,5-ANP, enable formation of the methylated product and the byproduct SAH, which can be degraded to homocysteine

either by EcMTAN and EcLUXS, or by heterologously introduced SAHH. The connection between formate assimilation and C,-H,F supply

for the SAM cycle via methylene-H,F is highlighted in light blue; genes deleted in this study are labelled in the corresponding colour

of the strains shown in (). 2,5-ANP - 2,5-aminonitrophenol, ATP - adenosine-5"-triphosphate, ADP - adenosine-5"-diphosphate, C; - one

carbon, DHPD - 4,5-dihydroxy-2,3-pentanedione, H,F - tetrahydrofolate, NAD(P)H - nicotinamide adenine dinucleotide (phosphate),

M-2,5-ANP - N-methyl-2,5-aminonitrophenol, SAM - S-adenosylmethionine, SAH - S-adenosylhomocysteine, EcGCS - glycine cleavage system from E.
coli, EcGLYA - serine hydroxymethyltransferase from E. coli, EcCLUXS - S-ribosylhomocysteine lyase from E. coli, ECMAT - methionine adenosyltransferase
from E. coli, ECMETE/ECMETH - methionine synthase from E. coli, ECMETF - methylene-H,F reductase from E. coli, ECMTAN - S-methyl-5"-thioadenosine/
SAH nucleosidase from E. coli, ECSERA - 3-phospho-glycerate dehydrogenase from E. coli, EcSERB - phosphoserine phosphatase from E. coli,

EcSERC - phosphoserine aminotransferase from E. coli, MexFTFL - formate-H,F ligase from M. extorquens, MexMCH - formyl-H,F cyclohydrolase from M.
extorquens, MexMTDA - methylene-H,F dehydrogenase A from M. extorquens, RGANMT - anthranilate N-MT from Ruta graveolens
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methionine to SAM as a first step of the SAM regenera-
tion cycle [41]. The cofactor is subsequently utilised by
MTs for methylation of their substrate, thereby, intro-
ducing the C;-compound into the product. Byproduct
of the methylation reaction is S-adenosylhomocysteine
(SAH), a known inhibitor of MTs [14]. In native E. coli
metabolism, SAH is degraded in an irreversible reaction
to adenine and S-ribosylhomocysteine by methyl thio-
adenosine/SAH nucleosidase (EcMTAN) [42]. S-ribo-
sylhomocysteine is cleaved by S-ribosylhomocysteine
lyase (EcLUXS) to homocysteine and the quorum sens-
ing precursor 4,5-dihydroxypentane-2,3-dione (DHPD)
[43]. Another option to degrade SAH are SAH hydrolases
(SAHH, Fig. 2b) that cleave SAH to adenosine and homo-
cysteine [44]. Transfer of a methyl group from methyl-
H,F regenerates methionine from homocysteine allowing
repetition of methylation with another C;-building block.

In order to monitor transformation of formate into
the methyl groups of MT-derived products, a model MT
reaction is needed, such as the anthranilate N-MT from
Ruta graveolens (RgANMT, Fig. 2b). RgANMT trans-
fers a methyl group in a SAM-dependent reaction onto
the amino group of the unnatural substrate 2,5-ami-
nonitrophenol (2,5-ANP) producing N-methyl-2,5-ANP
(M-2,5-ANP, Fig. 2b) [26, 45]. The unnatural substrate
and product undergo minimal degradation in E. coli
and can freely permeate in and out of the bacterial cell,
making this system a well-suited model for investiga-
tions on improving whole-cell methylation. Conversion
rates of the model MT-substrate system were shown to
be strongly dependent on the intracellular availability
of methionine, resulting in a great potential to use it to
explore the influence of formate on whole-cell methyla-
tion [26].

Recent research towards the application of formate
mainly focussed on the incorporation of formate-
derived carbon into central metabolites, either to allow
growth or the production of small organic compounds
[13, 46]. Reports on improving whole-cell methylation,
on the contrary, focus on improving efficiency of the
SAM regeneration cycle and intracellular availability of
methionine, mostly omitting the supply of C;-units from
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the C;-H,F metabolism [23, 25, 26, 47]. In this study we
combine these two separated fields of research to inves-
tigate formate as a supplementary source of C;-units
to increase regeneration of methionine and, therefore,
whole-cell methylation with E. coli. We first investigated
the sole whole-cell biotransformation of formate into
transferred methyl groups using the described formate
assimilation machinery FCM in combination with dif-
ferent MTs. We then continued using engineered E. coli
strains (Fig. 2¢) to allow higher formation of a methylated
product by the supplementation of formate.

Methods

Chemicals

All chemicals were purchased in the highest avail-
able purity from certified vendors: *C-formate (>99%
13C-enriched) was obtained as sodium formate from
Sigma Aldrich, unlabelled sodium formate was obtained
from Carl Roth chemicals; both were according to our
knowledge not synthesised by electrochemical reduc-
tion. 2,5-Aminonitrophenol  (2,5-ANP), 2,4-meth-
oxy nitroaniline (2,4-MNA), 2,7-dihydroxynaphtalene
(DHN), perchloric acid (70%), and formic acid (LC-
MS grade) were purchased from Sigma Aldrich; NaCl,
NH,CI], MgSO,, KH,PO,, K,HPO,, CaCl,, agarose, LB-
agar, LB-medium, b-(+)-glucose, b-(+)-xylose, glycerol,
iso-propyl-p-thiogalactopyranosid (IPTG), kanamycin,
chloramphenicol, and glycine were purchased from Carl
Roth; 2xPhusion DNA polymerase master mix, ace-
tonitrile (HPLC grade or LC-MS grade) were purchased
from Thermo Fisher Scientific. Ethidium bromide was
purchased from Merck KGaA, In-Fusion 5Xmaster
mix was purchased from Takara Bio Inc.; high fidelity
restriction enzymes, CutSmart buffer, T4-DNA Ligase,
10X T4-DNA ligase buffer, and 1 kb Plus DNA ladder
were purchased from New England Biolabs; spectinomy-
cin was purchased from VWR International.

Strains and plasmids
See Table 1.
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Table 1 Strains and plasmids used in this study (Gene sequences are given at the end of the SI)

Name Genotype Source

E. coli strains

Stellar

BL21(Gold)DE3
ST18

S1J488

BL21-Al (only used transfer araB:T7RNAP-tetA)

BL21(Gold) DE3Ametj
Cy-Aux (CTAA3)

C,-opt

S

C,-opt-rganmt

C,S-rganmt
C,S-rganmt+empty
C,S-rganmt+ecmat
C,S-rganmt+ecmtan + ecluxs

C,S-rganmt+ecmat+ecmtan + ecluxS

C,S-rganmt+ecmetf
BL21-fcm-rganmt
BL21-fcm-rganmt-ecmetf
BL21-fcm-rganmt-mmsahh

Plasmids

pET28a(+)
pPET22b(+)
pCDF-DUET-1
pKD3

pKD4

pDM4

pET28a:rganmt
pET22b:zrganmt
pET28a:rganmt_ecmetfF
pET28a:rganmt_mmsahh
pCDF:ecmat
pCDF::ecmtan_ecluxS
pCDF:ecmat_T, ecmtan_ecluxS

pCDF:ecmetF
pFCM
pDM4:559-C;M

F—, endAl, supE44, thi-1, recAl, relA1, gyrA96, phoA, ©80d lacZA M15, A
(lacZYA—argF) U169, A (mrr—hsdRMS—mcrBC), AmcrA, A-

F—ompT hsdS(rB- mB-) gal dcm A(DE3)

S17 Mpir (pro thi hsdR* Tp" Sm'; chromosome:RP4-2 Tc:Mu-Kan:Tn7/\pir)
LhemA

E. coli K-12 MG 1655Tn7:para-exo-beta-gam; prha-FLP; xylSpm-Iscel
F-ompT hsdSB(rB—mB -) gal dcm AaraB:T7RNAP-tetA

F—ompT hsdS(rB- mB-) gal dcm A(DE3), AmetJ

S1J488 AgcvTHP, AglyA, AfrmRAB

C1-Aux ApfIAB, AaraB::T7RNAP, fcm

S1J488 AgcvTHR, AserA, AfrmRAB, AecaraB:T7RNAR fcm

C;-opt harbouring pET22b:rganmt

C,S harbouring pET28a:rganmt

C,S harbouring pET28a:rganmt, pCDF-Duet-1

C,S harbouring pET28a:rganmt, pCDF:ecmat

C,S harbouring pET28a::rganmt, pCDF::ecmtan_ecluxS

C,S harbouring pET28a:rganmt, pCDF::.ecmat_T7_ecmtan_ecluxS
C,S harbouring pET28a:rganmt, pCDF::.ecmetf

BL21(GOLD)DE3 harbouring pFCM and pET28a:rganmt
BL21(GOLD)DE3 harbouring pFCM, pET28a:rganmt_ecmetf,
BL21(GOLD)DE3 harbouring pFCM, pET28a:rganmt_mmsahh

Kan®, lacl, T7lacl, pBR322, RBS,
Amp", lacl, T7lacl, pBR322, RBS;,
Str®, lacl, T7lac, CloDF 13, RBS

Amp Cam®, carries chloramphenicol resistance gene flanked by FRT
(flippase recognition target) sites

Amp" Kan®, carries kanamycin resistance gene flanked by FRT (flippase
recognition target) sites

Kan® Cam”, sacB, traJl, oriR6K

pET28a(+) vector containing rganmt

pET22b(+) vector containing rganmt

pET28a(+) vector containing rganmt, rbs, ecmetF

pET28a(+) vector containing rganmt, rbs, mmsahh
pCDF-DUET-1 vector containing ecmat in MCS-1
pCDF-DUET-1 vector containing ecmtan, rbs, ecluxS in MCS-1

pCDF-DUET-1 vector containing ecmtan in MCS-1 and ecmtan, rbs,
ecluxS in MCS-2

pCDF-DUET-1 vector containing ecmetf in MCS-1
pSC101 ori, Strep”, P,

pDM4 vector containing 600 bp up- and downstream homology
to safe spot 955" for the genome integration of fcm (Prpone-RBS
ftfl-RBS ~fch-RBS --mtdA)

oi-mue MEXIUA], mexfch, mexmtda

Takara Bio Inc.,Cat No. 636766

Novagen, Cat. No. 69450
DSM 22074 [48,49]

[50]
Invitrogen (Cat. No. 11540146)
[22]

[51]

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Novagen, Cat. No. 69864
Novagen, Cat. No. 69744
Novagen, Cat. No. 71340
[52]

[52]

[53,54]
[26]

This study
This study
This study
[26]

[26]

[26]

This study
[40]
[13]
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E. coli strain engineering

All strains and plasmids used in this study are listed in
Table 1. The strain C;-opt was constructed from the
published C,-Aux (C,AA3) strain based on E. coli strain
SIJ488 [50], a derivative of MG1655, engineered to carry
inducible genes for A-Red recombineering and flippase
in its chromosome and C,S was directly constructed
from E. coli strain SIJ488 [50]. Genome engineering
was performed by A-red recombineering [52] and P1
phage transduction [50,52]. In brief, the genes indicated
in Table 1 for C;S and C;-opt were deleted using PCR-
amplified linear DNA fragments carrying kanamycin or
chloramphenicol resistance markers flanked by FRT-sites
based on the pKD4 or pKD3 plasmids, respectively [52].
Resistance markers were amplified with primers carrying
50 bp overhangs serving as homologous regions flanking
the target gene [56]. For removal of resistance markers
from the chromosome, flippase was induced by addition
of L-rhamnose as described previously [50]. Gene dele-
tions and removal of resistance cassettes were verified by
PCR.

For chromosomal insertion of the genes encoding the
enzymes for formate assimilation (MexFTFL, MexFCH
and MexMTDA, together referred to as FCM) [13,34],
we used a previously described genome insertion pro-
tocol [53] and vector [13] containing the desired genes
(“pDM4:SS9-C;M’; Table 1). In brief, a non-replica-
tive plasmid (pDM4, R6K ori) was introduced into the
respective recipient strain via conjugation from an E. coli
ST18 donor strain, as described previously [48,49,53].
Kanamycin resistance was used to select for chromo-
somal insertion of the synthetic FCM operon (including
the kanamycin resistance gene) via native homologous
recombination based on 600 bp homology regions, with
subsequent levansucrase (sacB) counter-selection.

For chromosomal insertion of the arabinose-induc-
ible T7-RNA polymerase to create C;S and C,;-opt,
we transferred the corresponding genomic locus from

Table 2 Utilised oligonucleotides
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BL21-AlI (Invitrogen) using P1 phage transduction. The
transferred locus consists of an insertion replacing the
araB gene, introducing genes encoding a tetracycline
efflux pump (a selectable tetracycline resistance marker)
and T7-RNA polymerase [57]. The latter is controlled
by the endogenous P, ,z,p promoter, thus, achieving
arabinose-inducible expression of T7-RNA polymerase.
Successful transductants were selected via tetracycline
resistance and the insertion site was verified by PCR.

Plasmid construction

C,-opt already contains a kanamycin resistance, which
is why the anthranilate N-MT from Ruta graveolens
(rganmt) was cloned with the restriction enzymes Ndel
and Hindlll into an ampicillin resistance-contain-
ing pET22b(+) vector: Separately, 1 pg of the vectors
pET28a::rganmt and pET22b(+) were digested with Ndel
and Hindlll at 37 °C for 2 h followed by separation by
agarose gel electrophoresis (1% agarose, 100 V, 50 min)
and clean-up of the excised bands of the cut rganmt
insert and the cut pET22b(+) vector using the Promega
Wizard™ Plus DNA Purification System. 50 ng of the lin-
ear vector were combined in a 1:3 ratio with the respec-
tive gene to be inserted and 2 pl of 5 X In-Fusion buffer in
a total volume of 10 ul nuclease free water. The mixture
was incubated at 50 °C for 20 min followed by standard
chemical transformation into E. coli Stellar cells, as rec-
ommended for the Takara Bio In-Fusion Cloning. The
identity of each vector was confirmed by sequencing.

For co-overexpression on pET28a vector with BL21, the
ecmetF gene and the SAH hydrolase gene from Mus mus-
culus (mmsahh) were cloned behind rganmt by digesting
pET28a::rganmt with Xhol and cloning of the respective
insert into the linearised vector using the seamless In-
Fusion Cloning technique (Table 2). When co-overex-
pression was conducted with pET28a and pCDF-DUET-1
vector in C,S, ecmetF was cloned into the first MCS of
pCDE-DUET-1 (Table 2). For this purpose, the respective

Utilisation

Sequence

Linearisation of pCDF DUET-1 MCS-1 slot fwrd

Linearisation of pCDF DUET-1 MCS-1 slot rev

Cloning of a gene from pET28a into MCS-1 of pCDF-DUET-1 fwrd
Cloning of a gene from pET28a into MCS-1 of pCDF-DUET-1 rev

Cloning of ecmetf or mmsahh behind rganmt in pET28a after digestion with Xhol fwrd
Cloning of ecmetF or mmsahh behind rganmt in pET28a after digestion with Xhol rev

Constitutive promoter Py ¢

from pFCM [40]

Constitutive promoter Pgong from pDM4:SS9-C,M [13,53,58]
RBS( [53]

TCTACTAGCGCAGCTTAA

TATGTATATCTCCTTCTTATACTT
CTTTCTGTTCGACTTGCCGGATCTCAGTGGTGG
AAGGAGATATACCATAAGAAGGAGATATACCATGGGCAGC
GGTGGTGGTGCTCGATTTGTTAGCAGCCGGATCTCAG
TGCGGCCGCACTCGATTAAGAAGGAGATATACCATGGGC

GTGGAATTATAGCATTTTAGCCTTTAATTGTCAATAGGT
CTCGAGGTGAAGACGAAAGGGCCTCG

AATACTTGACATATCACTGTGATTCACATATAATATGCG
AAGTTAAGAGGCAAGA
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inserts were amplified from a pET28a vector and the
pCDE-DUET-1 vector was linearised via polymerase
chain reaction (PCR, Table 2):

Primers with 15 bp overhangs complementary to the
vector were ordered at Eurofins as lyophilised powder. The
PCR was set up with 3 pl fwrd primer (c=10 pM), 3 pl rev
primer (c=10 pM, Table 2), 1 ul of template (pET28a vec-
tor with the gene of interest or yeast gDNA), 18 ul nucle-
ase free water, and 25 ul 2 X Phusion master mix (Thermo
Fisher). The PCR was conducted with 5 min initial dena-
turation at 98 °C, followed by 29 cycles of 20 s denatura-
tion at 98 °C, 20 s annealing at 55 °C and 35 s elongation
at 72 °C. Afterwards, 5 min terminal elongation at 72 °C
followed. The size of the gene was confirmed by agarose
gel electrophoresis (1% agarose, 100 V, 50 min), followed
by extraction of the band and clean up with the Promega
Wizard™ Plus DNA Purification System. For insertion of
the gene, the vectors were linearised with the respective
primer pairs or with Xhol (Table 2). 50 ng of the linear
vector were combined in a 1:3 ratio with the respective
gene to be inserted and 2 ul of 5% In-Fusion buffer in a
total volume of 10 pl nuclease free water. The mixture was
incubated at 50 °C for 20 min followed by standard chemi-
cal transformation into E. coli Stellar cells, as described
for the Takara Bio In-Fusion Cloning. Identity of each
vector was confirmed by sequencing.

Assay procedure to perform whole-cell methylation

For whole-cell methylation experiments, the E. coli
strains were chemically (co-)transformed with the
respective plasmids and then grown overnight at 37 °C on
agar plates supplemented with the required antibiotics. A
single colony was picked and used to inoculate 5 ml LB-
medium (4 antibiotic) followed by overnight incubation
at 37 °C, 170 rpm. The preculture was used to inoculate
25 ml LB-medium (+ antibiotic) in a 50 ml falcon tube in
a ratio of 1:100. The culture was grown to an ODg, of
0.5 — 0.7, overexpression was induced with 1 mM IPTG
and took place at 20 °C, 140 rpm for 20 h (the lower tem-
perature and shaking velocity was chosen to lower the
stress level during protein production).

After overexpression, the cultures were chilled on ice for
10 min followed by centrifugation for 15 min, 4 °C, 2,500 g.
The pellet was washed with 5 ml of ice cold M9-medium
(48 mM Na,HPO,, 22 mM KH,PO,, 8.6 mM NaCl, 1.8 mM
NH,C], 2 mM MgSO,, 0.1 mM CaCl,, and 22 mM glucose as

AUC (product)
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carbon source. NOTE: for experiments conducted for Figure
SI 5 & SI 6 20 mM glycerol or 13 mM xylose were used as
carbon source instead) followed by centrifugation (15 min,
4.°C, 2,500 g). The pellet was then resuspended to an ODy,
of approximately 4.5 in ice cold M9-medium contain-
ing 1 mm IPTG and required antibiotics. Assays were then
pipetted on ice in 1.5 ml reaction tubes in a total volume of
1 ml followed by incubation at 37 °C and 170 rpm for 24 h.
The whole-cell catalysts were used in a final ODgy, of 3.0
with 0.75 mM of the substrate to be methylated (2,5-ANP or
DHN), 2.5-75 mm **C-formate and optionally 2 mm glycine.
To terminate the assay after 24 h, 100 ul of the assay mix-
ture were taken and mixed with 35 pl of 10% perchloric acid
followed by centrifugation at 4 °C and 18,000 g for 30 min.
The supernatant was taken and stored at —20 °C until anal-
ysis. For determination of conversion rates, HPLC-UV
(\=280 nm) analysis was used and the share of *C-labelled
methylated product was elucidated with LC-MS/MS.

Statistics

A t-test was performed to compare the mean product
formation within 24 h across different conditions. A two-
sided independent samples t-test assuming equal vari-
ances was applied. Statistical significance was defined as
p<0.05. All experiments were conducted in at least three
biological replicates.

HPLC-UV analysis
HPLC-UYV analysis (A=280 nm) was used to detect MT
substrates and products generated during whole-cell
methylation experiments and to calculate product for-
mation. For analysis, 10 pl of the sample were injected
into an Agilent 1260 infinity II System equipped with a
quaternary pump and the samples were separated on
an ISAspher 100-3-C18 column (150 x4.0 mm) with an
elution gradient method using 0.1% formic acid in Mil-
liQ water as mobile phase A and acetonitrile as mobile
phase B at a flow rate of 1.0 ml *min™" (s. Table SI 2).
The method was initiated at 3% mobile phase B and held
for 4 min, followed by an increase to 70% mobile phase
B within the next 3 min. Within the following 0.1 min,
mobile phase B was increased to 100% and kept at this
level for another 2.9 min, followed by a decrease to 3%
mobile phase B within 1 min and equilibration for
another 3 min. Conversion was calculated by Eq. 1.
Equation 1. Calculation of conversion to methylated
products from HPLC-peak area (area under curve, AUC).

00

Conversion [%]=

1
AUC (product) + AUC (substrate) * (1)
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Fig. 3 Whole-cell methylation with BL21-rganmt supplying ">C-formate. a Given is the conversion of 2,5-ANP to M-2,5-ANP (black) and the share
of C-labelled product + SD (red) under different conditions and co-overexpression of genes involved in formate to methyl group transformation
or SAM regeneration. b Scheme of the metabolic pathway from formate to the methylated product with overproduced enzymes highlighted.
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ODygqp Of 3.0,0.75 mM 2,5-ANP and 0-5 mM "*C-formate at 37 °C, 170 rpm for 24 h. NOTE: About 8% of M-2,5-ANP is naturally *C-labelled, therefore
shares given are indicators not absolutes for formate-derived methyl groups. 2,5-ANP - 2,5-aminonitrophenol, H,f - tetrahydrofolate, M-2,5-ANP

- N-methyl-2,5-aminonitrophenol, SAM - S-adenosylmethionine, SAH - S-adenosylhomocysteine, EcLUXS - S-ribosylhomocysteine lyase from E. coli,
ECMAT - methionine adenosyltransferase from E. coli, ECMETE/ECMETH - methionine synthase from E. coli, ECMETF - methylene-H,F reductase from £.
coli, EEMTAN - S-methyl-5"-thioadenosine/SAH nucleosidase from £. coli, MexFTFL - formate-H,F ligase from M. extorquens, MexMCH - formyl-H,F
cyclohydrolase from M. extorquens, MexMTDA - methylene-H,F dehydrogenase A from M. extorquens, MmSAHH - SAH hydrolase from M. musculus,

RGANMIT - anthranilate N-MT from R. graveolens.

LC-MS/MS analysis
LC-MS/MS was used for analysis of the share of
13C-labelled products. For analysis, 1 pL of the 1:10
diluted sample was injected using a SCIEX 5500 + triple-
quad LC-MS/MS and the samples were separated on an
ISAspher 120-3-C18 Aq column (50% 2.1 mm) with the
same mobile phases and elution gradient method as for
HPLC-UYV analysis but with a flow rate of 0.2 ml *min-1
(s. Table SI 3). MS conditions and mass shifts were used
as described in Table SI 4. The share of *C-labelled prod-
uct was calculated by Eq. 2.

Equation 2. Calculation of share of *C-labelled prod-
uct from LC-MS/MS peak area (area under curve, AUC).

_ AUC (3C — prod) .
~ AUC (12C — prod) + AUC (13C — prod)

Share [%)] 100

()

Results

N-Methylation with formate-derived methyl groups using
E. coli BL21-fcm-rganmt

We started by chemical transformation of E. coli BL21
(Gold)DE3 (abbreviated as BL21 in the following) with

a plasmid carrying the fcim genes under the control of a
constitutive promoter (pFCM, s. Table 1) and a pET28a
vector carrying the rganmt gene, resulting in BL21-fcm-
rganmt (Table SI 1). To analyse conversion rates, a bio-
transformation approach was chosen, where the MT is
first overproduced together with FCM in rich medium
(lysogeny broth, LB) during the overexpression phase,
followed by harvest, and resuspension in glucose con-
taining minimal medium (M9) to normalise the cell den-
sities (final ODg,,=3.0) and allow energy regeneration.
Subsequently, the biotransformation phase is initiated by
adding the methyl acceptor substrate (2,5-ANP) for the
methylation reaction together with formate [59,60].
Comparison of BL21-fcm-rganmt to a strain without
formate assimilation machinery (BL21-rganmt) showed
that introducing pFCM already improves product for-
mation without addition of formate (Fig. 3). A similar
increase in product formation was observed when bio-
transformation experiments were conducted with BL21-
rganmt in combination with an empty pCDF-DUET-1
vector carrying a spectinomycin resistance in a previ-
ous study [26]. Accordingly, the increase in product for-
mation detected here is suggested to be caused through
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introduction of the spectinomycin resistance encoded
on pFCM, an adenylyltransferase [26]. Hereby enhanced
ATP regeneration increases ATP availability for SAM
synthesis and, hence, improves product formation [26].
Supplementation with 5 mM 3C-formate did not yield
higher conversion for BL21-rganmt or BL21-fcm-rganmt
(Fig. 3). Analysis with LC-MS/MS, however, revealed
that 67% of the produced M-2,5-ANP were 'C-labelled
in the experiment with BL21-fcm-rganmt (Fig. 3, Fig-
ure SI 1). This incorporation of formate-derived methyl
groups did not take place in BL21-rganmt highlighting
the necessity of pFCM for the assimilation of formate.

Despite introduction of formate-derived methyl groups
and the, therefore, increased availability of C,-building
blocks in BL21-fcm-rganmt fed with *C-formate, con-
version rates did not improve as expected from literature
reports [28]. As shown in our previous study, supplemen-
tation of BL21-rganmt with 5 mM methionine strongly
increased product formation; therefore, neither MT
acceptor substrate permeation into the bacterial cell, nor
activity of RGANMT seemed to be the major limiting fac-
tors. We rather suspected a kinetic bottleneck either in
the SAM regeneration cycle or in the reduction of meth-
ylene-H,F to methyl-H,F through EcMETF. We co-over-
expressed ecmat and the SAH hydrolase gene from Mus
musculus (mmsahh), which should improve SAH degra-
dation through cleavage to adenosine and homocysteine;
as well as the ecmetF gene together with rganmt encoded
on a pET28a vector. Curiously, BL21-fcm-rganmt-ecmat
did not produce any methylated product. An increased
metabolic burden through overproduction of two
enzymes could be one reason for the loss of methyla-
tion activity of this strain. Co-overexpression of mmsahh
in BL21-fem-rganmt-mmsahh lowered conversion rates
slightly in combination with a decreased share of labelled
methylated product. A small increase in conversion
with BL21-fem-rganmt-ecmetF (21% conversion) sup-
plemented with 5 mM '*C-formate compared to BL21-
fem-rganmt (19% conversion) was observed (Fig. 3).
Reduction of methylene-H,F to methyl-H,F by EcMETE,
hence, seems to be a minor bottleneck for whole-cell
biotransformation of formate to methyl groups. Never-
theless, the increase in methylated product was rather
small, which is why we omitted co-overexpression in the
following experiments. These first results demonstrated
straight-forward conversion of formate into transferable
methyl groups by whole-cell biotransformation using
E. coli.

Chemoselective C- and O-methylation

with formate-derived methyl groups

We further analysed, whether other MTs could also
be used to methylate with formate-derived SAM. The
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caffeic acid O-MT from Prunus persica (PpCaOMT) also
accepts 2,5-AND, however, catalyses an O-methylation to
form 2,4-methoxy nitroaniline (2,4-MNA, Figure SI 2).
While classic chemical methods struggle to selectively
N- or O-methylate 2,5-AND, the here described MTs
were demonstrated to be highly selective [45]. As a third
model reaction, the C-MT from Streptomyces rishirien-
sis (CouO) was chosen for the transfer of a methyl group
onto the unnatural substrate 2,7-dihydroxynaphtalene
(DHN), producing 1-methyl-DHN (M-DHN, Figure SI 2).
The selectively methylated, functionalised MT-products
are interesting as building blocks for chemical synthesis
of small molecules such as active pharmaceutical ingre-
dients. After the biotransformation experiment with sup-
ply of 5 mM '3C-formate, shares of *C-labelled 2,4-MNA
and M-DHN were 51% and 81%, respectively; again,
without a substantial change in conversion rates (Figure
SI 2). In a previous study, co-overproduction of ECMAT
and CouO was found to strongly increase conversion
rates; this was also the case here: Co-overproduction of
EcMAT together with FCM and CouO increased product
formation about 3.0-fold with and without the addition
of formate. When 5 mM '*C-formate were supplied, a
share of 68% of M-DHN was '3C-labelled (Figure SI 2).
These results show the flexible applicability of whole-cell
methylation with formate-derived methyl groups, using
BL21-fcm in combination with different MTs.

Selecting engineered E. coli strains for improving
methylation through the supply of formate

Introduction of formate-derived carbon into methyl
groups worked successfully; however, conversion rates
did not improve by the supply of formate. Initially, we
suspected regulation through the transcription repres-
sor ECMET] to hamper reduction of formate to methyl
groups by decreasing the expression of ecmetF, ecmetE,
ecmetH, ecmat and genes involved in the synthesis of
homocysteine [61,62]. Experiments with BL21Amet/-
fem in combination with the MTs did not result in an
increase of conversion rates when formate was supple-
mented (Figure SI 3). Furthermore, growth of the cul-
tures and overall conversion decreased in comparison to
BL21-fem, suggesting that BL21Amet]-fcm was not the
optimal host to continue the investigations of transform-
ing formate into methyl groups. Instead, we engineered
strains based on E. coli K-12 MG1655. The strains’ design
was performed in accordance with the results of a pre-
vious study where Yishai et al. [40] (i) introduced the
fem genes on a plasmid under control of a constitutive
promoter, and (ii) deleted genes involved in the native
generation of C;-H,F compounds, leading to excellent
results in converting formate into the methyl group of
methionine [40]. Yishai et al. achieved a C,-auxotrophy



Mohr et al. Microbial Cell Factories (2025) 24:55
2,5-ANP
2,5-ANP
"
n
n "

"

"

"

[

"

(]

[}

[ ]

. M-2,5-ANP

]
: ' "“
' ) N
U ) I \ 5 mm 3C-formate

‘. 1
Mm -fcm-rganmt

Page 11 of 16

]
v +5mMm

1
1+ 13C-formate
. ” ——- -l SN me--
C,S-rganmt
M-2,5-ANP

+ 5 mm 13C-formate

Z

Fig.4 Whole-cell methylation by BL21-fcm-rganmt, C,-opt-rganmt and C,S-rganmt. HPLC-UV (A=280 nm) chromatogram of whole-cell
methylation experiments using BL21-fcm-rganmt, C,-opt-rganmt and C,S-rganmt without (unbroken line) and with the addition of 5 mm
13Cformate (dotted line). Experiments were conducted in M9-medium (22 mM glucose) with a final ODgy of 3.0, 0.75 mM 2,5-ANP, and 5 mM
13C-formate at 37 °C, 170 rpm for 24 h. 2,5-ANP - 2,5-aminonitrophenol, M-2,5-ANP- N-methyl-2,5-aminonitrophenol, fem formate assimilation
machinery genes from M. extorquens, rganmt- anthranilate N-MT gene from R. graveolens

in E. coli by deletion of the glycine cleavage system
(EcGCS, encoded by ecgcvTHP) and serine hydroxym-
ethyltransferase (ecglyA), which represent the main sup-
ply pathways for C,-H,F metabolites, forcing assimilation
of formate for the generation of C;-H,F compounds
[40]. In this study, ecglyA and ecgcvTHP were deleted to

construct the C;-auxotrophic strain C,-opt. Additionally,
the serine-C, auxotrophic strain C;S was constructed, in
which ecgcvTHP was deleted, ecglyA is still intact but the
de novo biosynthesis of serine is not possible due to dele-
tion of the 3-phospho-glycerate dehydrogenase (ecserA)
[40]. For both strains, formate assimilation is enabled by
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Fig. 5 Increasing whole-cell methylation with formate in C,S-rganmt. Given is the conversion of 2,5-ANP to M-2,5-ANP by C,S-rganmt (black)

and the corresponding share of '*C-labelled product (red) after supply with 2.5-75 mum '*C-formate with and without the addition of 2 mm glycine.
Experiments were conducted in M9-medium (22 mm glucose) with a final ODgy, of 3.0, 0.75 mm 2,5-ANP, 2.5-75 mm 3Cformate, and optionally

2 mm glycine at 37 °C, 170 rpm for 24 h. NOTE: About 8% of M-2,5-ANP is naturally 13C-labelled, therefore respective shares are indicators,

not absolutes for formate-derived methyl groups. No significant difference was found between supply of the same formate concentration

with and without the addition of glycine. M-2,5-ANP - N-methyl-2,5-aminonitrophenol, rganmt - anthranilate N-MT gene from R. graveolens
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8% of M-2,5-ANP is naturally 3C-labelled, therefore respective shares are indicators, not absolutes for formate-derived methyl groups.

*p<0.05, 2,5-ANP - 2,5-aminonitrophenol, H,F - tetrahydrofolate, M-2,5-ANP - N-methyl-2,5-aminonitrophenol, SAM - S-adenosylmethionine,

SAH - S-adenosylhomocysteine, EcLUXS - S-ribosylhomocysteine lyase from E. coli, ECMAT - methionine adenosyltransferase from E. coli, ECMETE/
ECMETH - methionine synthase from E. coli, ECMETF - methylene-H,F reductase from E. coli, ECMTAN - S-methyl-5"-thioadenosine/SAH nucleosidase
from E. coli, MexFTFL - formate-H,F ligase from M. extorquens, MexMCH - formyl-H,F cyclohydrolase from M. extorquens, MexMTDA - methylene-H,F
dehydrogenase A from M. extorquens, RGANMT - anthranilate N-MT from R. graveolens.

genomic introduction of the fcm genes under control of
a constitutive promoter (Pgrpone Table 1), a genomic
introduced arabinose-inducible T7 RNA-polymerase sys-
tem allows overproduction of MTs from the pET28a vec-
tor (Fig. 2, Table 1) [57].

To elucidate basic conversion rates, we focussed on
N-methylation with RgANMT and compared BL21-
fem-rganmt, Cy-opt-rganmt and C,S-rganmt. Following
the overexpression phase in LB-media, all strains meth-
ylate 2,5-ANP to M-2,5-ANP without the addition of
formate as analysed with HPLC-UV and LC-MS/MS
(Fig. 4, Table SI 1). Product formation with C,S-rganmt
was 1.5-fold higher than with BL21-rganmt, while with
C,-opt-rganmt only about 2% of the substrate were
converted to the methylated product (Fig. 4, Table SI
1). Growth of the cultures in LB-medium presumably
allowed a certain part of metabolites (e.g. methionine,
SAM, or serine for C,S) to be carried over or reside in
the cells enabling whole-cell methylation without the
addition of formate. Supplying C;-opt-rganmt with 5 mM
13C-formate led to a twofold increase of methylation

with a share of 54% 3C-labelled product. As conversion
rates were still only about 5%, this strain was not further
investigated, as it was unable to compete with BL21-
fem-rganmt in terms of share of formate-derived methyl
groups or total product formation. Product formation of
C,S-rganmt increased 1.4-fold (42% conversion) when
5 mM !3C-formate were added, clearly outperforming
BL21-fem-rganmt-ecmetF (21% conversion). To our sur-
prise, in the experiment with C;S-rganmt only 15% of
M-2,5-ANP were '3C-labelled, indicating only a fraction
of transferred methyl groups to be derived from formate.
Due to the clear increase in conversion rate, a much
higher share was expected. Still, in comparison to BL21-
fem-rganmt, whole-cell methylation with C;S-rganmt
benefitted from the addition of formate which is why we
continued focussing on this C;-auxotrophic strain.

Improving methylation with formate-derived methyl
groups using C;S-rganmt

To evaluate the influence of formate concentration on
product formation during the biotransformation phase,
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formate concentrations ranging from 2.5 mM to 75 mM
were screened (Fig. 5, Figure SI 4). Substantial changes in
conversion started from 2.5 mM and peaked at 10 mM
13C-formate supply with a 2.1-fold higher product forma-
tion compared to BL21-fcm-rganmt-metF supplemented
with 5 mM '3C-formate (Table SI 1). Interestingly,
shares of labelled product with 10 mM 3C-formate did
not exceed 38%. Further increase of *C-formate supply
lowered product formation with C,S-rganmt whereas
the shares of labelled product increased, indicating that
the reported toxic effects of formate outweigh its ben-
efit at such high concentrations [63,64]. When 50 mM
13C-formate were supplied, 31% conversion with 76%
3C-labelled methylated product were detected, giving
the highest total amount of labelled product.

In the C;S strain, EcGLYA is still present and could
use methylene-H,F to synthesise serine from glycine
when an excess of glycine is supplemented. On one hand,
this reaction could withdraw C,-compounds from the
C,-H,F metabolism, leading to decreased availability of
C,-carbon units for whole-cell methylation. On the other
hand, allowing serine synthesis could increase cysteine
concentrations and through the transsulfuration path-
way also methionine availability, supporting whole-cell
methylation [65]. To test this, we repeated the screening
with 2.5-75 mm ¥C-formate in combination with supply
of 2 mM glycine during the biotransformation phase in
M9 media (Fig. 5). Co-feeding of *C-formate and gly-
cine increased conversion rates slightly (2-5% higher
conversion, not statistically significant) for every condi-
tion up to 20 mMm formate. With further increase of the
C;-compound concentration, the small benefits of sup-
plied glycine subsided. In most conditions, the share of
3C-labelled product was slightly lower when glycine
was added, indicating that some of the 'C-labelled
C,-compound was indeed withdrawn from the C,-H,F
metabolism. While the differences observed were not
statistically significant, the supply of 10 mm *C-formate
and 2 mM glycine still yielded the highest total con-
version rate within this study (46% conversion with a
share of 34% '3C-M-2,5-ANP). We assume that residing
methionine from LB-media of the overexpression phase
is responsible for the non-linear increase of labelled
product with the addition of 3C-formate. Increasing the
share of formate-derived methyl groups using moderate
formate concentrations by exchanging media and carbon
sources during overexpression did, however, not improve
the total amount of formate-derived methyl groups (Fig-
ure SI 5 & Figure SI 6). We therefore focussed on improv-
ing product formation with C;S-rganmt and 50 mm
13C-formate to maintain a high incorporation of formate
into the methylated product.
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To do so, the genes of the SAM regeneration cycle as
well as ecmetF were co-overexpressed on a separate
pCDE-DUET-1 vector in C,S-rganmt (Fig. 6, Figure SI
7). Increasing SAM synthesis by co-overexpression of
ecmat lowered conversion, as was seen during the experi-
ments with BL21-rganmt. Similar results were obtained
for the co-overexpression of ecmetF. Co-overexpression
of ecmtan and ecluxS led to a slight increase in prod-
uct formation (~2% higher conversion), indicating that
removal of SAH and regeneration to homocysteine could
be a minor factor limiting whole-cell methylation in
C,S-rganmt.

Discussion

In this study we report that E. coli can be used to trans-
form formate into methyl groups by introducing the
formate assimilation machinery of M. extorquens. Intro-
duction of formate-derived carbon into methylated prod-
ucts was highly efficient in BL21-fcm-rganmt supplied
with 5 mM formate while conversion was not improved.
Product formation with C;S-rganmt, in contrast, ben-
efited from the addition of 5-10 mM formate, while
the shares of formate-derived methyl groups peaked at
50 mM formate supply with slight decrease in conver-
sion. Due to the energy-intensive production of renewa-
ble formate, low supply of the C,-compound is desirable,
with the aim to (i) improve product formation and to
(ii) incorporate formate-derived methyl groups into the
products. The so far best performing strains C,S-rganmt
or C,S-rganmt-ecmtan-ecluxS will be the starting point
for future adjustments towards application.

We suspect carbon source-derived unlabelled
C,-compounds to be the cause for the non-linear
incorporation of formate-derived methyl groups with
increased formate supply using C;S. Suppressing the
formation of unlabelled C;-compounds should, hence,
improve efficiency of whole-cell biotransformation of
formate to methyl groups. One source of unlabelled
formate could be the native pyruvate formate-lyase
(EcPFL). EcPFL is an oxygen-sensitive enzyme and
native expression of ecpfl occurs under anaerobic con-
ditions providing a further electron sink for fermenta-
tion by cleavage of pyruvate to acetyl-CoA and formate
[66]. Another possibility could be the production of
intracellular formaldehyde from the added carbon
source, which can be used by the unspecific threonine
aldolase (EcLTAE) to synthesise unlabelled serine, rep-
resenting a substrate for the production of unlabelled
methylene-H,F by EcGLYA [67]. Deletion of the respec-
tive genes is planned for follow-up experiments to
improve efficiency of formate incorporation at low for-
mate concentrations using C;S.
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The highest total conversion achieved with
C,S-rganmt was 46%, which has to be improved in
order to use the strain on a larger scale. In future exper-
iments, time courses showing the conversion of the MT
substrate to the (**C-)methylated product in combina-
tion with analysis of the labelled and unlabelled C,-H,F
metabolites, methionine, and SAM will be an important
prerequisite to carry out flux analyses for identification
of substantial bottlenecks. Based on this, overexpres-
sion or introduction of auxiliary pathways to improve
product formation can be further explored.

The assimilation of formate, its reduction to methyl
groups and the synthesis of SAM is an energy-consum-
ing process, demanding two equivalents of ATP and
two equivalents of NAD(P)H. Synthesis of homocyst-
eine from aspartate further requires three equivalents
of ATP and two equivalents of NADH. This increased
demand for energy can stress E. coli and induce an
imbalance in cofactor supply [27]. Increasing NADH
regeneration by implementation of, e.g. formate dehy-
drogenase could improve the intracellular availability
of reducing equivalents in E. coli and, as a result, also
conversion [13].

Conclusion

Our study demonstrates the introduction of the renew-
able C;-compound formate into SAM-derived methyl
groups. Utilisation of pFCM in BL21-fcm-rganmt-ecmetF
allowed methylation with 67% of *C-labelled product,
using the MTs PpCaOMT and CouO more than 50% of
introduced methyl groups were '3C-labelled. BL21-fcm-
mt offers a simple opportunity to introduce formate’s
carbon into value-added small molecules. Supply of for-
mate to the engineered serine-dependent C;-auxotrophic
E. coli strain C,S-rganmt successfully increased conver-
sion by 57% with a share of 34% of '*C-labelled product;
with this, formate can be used as a source for methyl
groups. Starting from this, further bottlenecks of whole-
cell methylation (e.g. time courses and flux analysis) can
be investigated, and by the addition of auxiliary enzymes
(e.g. formate dehydrogenase), and other optimisation
steps (e.g. deletion of ecpfl or ecltae), it should be pos-
sible to further increase the performance of the strains.
In summary, we describe a simple strategy on how to
engineer E. coli to use the renewable C,;-compound for-
mate to support SAM-dependent methylation for future
applications.
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