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Synthetic methylotrophy offers opportunities for sustainable chemical and

biofuel production. While recently established methylotrophic E. coli can grow
on methanol, undesirable formate accumulation occurs during growth and
bioproduction. Here, we show that NAD-dependent methanol dehydrogenase
Mdh2 from Cupriavidus necator inherently overoxidizes methanol to formate,
a trait we find to be widespread among NAD-dependent Mdh enzymes. In
contrast, Mdh/Mdhl enzymes from Bacillus methanolicus exclusively oxidize
methanol to formaldehyde without overoxidation, as we validate in vitro for
Mdh Bm MGA3 with and without activator protein Act. Since only for-
maldehyde is assimilated via the ribulose monophosphate pathway, this
explains the physiological role of Mdh/Mdhl1 paralogs in natural methylo-
trophs and highlights the importance of selecting appropriate Mdh variants
for synthetic methylotrophy. We demonstrate methanol-dependent growth
using non-overoxidizing Mdh Bm MGA3, strongly reducing formate accumu-
lation and carbon loss. Our findings reveal a characteristic of NAD-dependent
Mdh enzymes and provide insights for engineering synthetic methylotrophs.

The release of greenhouse gases (GHG) from anthropogenic sources
over the last two centuries has caused a global climate crisis, driving
the need for sustainable approaches to mitigate GHG emissions'. The
chemical industry is a major contributor, accounting for approxi-
mately 5% of global GHG emissions®. Achieving a zero-emission che-
mical industry requires the replacement of fossil feedstocks with CO,-
based alternatives. Among these, the one-carbon compound methanol
is an attractive sustainable feedstock because it can be produced
renewably from GHG (e-methanol) or biomass (bio-methanol) at scale
and at competitive costs’.

Biological cell factories have attracted increasing interest for
converting methanol into a wide range of value-added products. Nat-
ural methylotrophs, which have been studied intensively over many
decades®, have been used and engineered for methanol-based
production’®, Substantial progress has been made; however, they
have not yet been adopted in large-scale industrial processes'*°. As an
alternative approach to establishing a versatile platform for the bio-
synthesis of products from methanol, great advances have been
achieved in converting the well-established industrial workhorse
Escherichia coli into a synthetic methylotroph®?. To date, four
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independently engineered and evolved E. coli strains have been
reported that are capable of growing on methanol as sole carbon
source® ™,

The first metabolic step shared by all methylotrophic bacteria for
growth on methanol is its oxidation to formaldehyde. This reaction is
commonly carried out by either an NAD-dependent methanol dehy-
drogenase (Mdh) in Gram-positive bacteria®* or pyrroloquinoline qui-
none (PQQ)-dependent Mdh in Gram-negative bacteria®. All
synthetically engineered methylotrophic E. coli strains described to
date employ NAD-dependent Mdh as the methanol-oxidizing
enzyme®~!, The choice of an NAD-dependent enzyme is justified by
its ease of expression in £. coli and by the cell’s ability to utilize NADH in
its electron transport chain. Because this enzyme has a relatively low
turnover and affinity for methanol, various NAD-dependent Mdh
enzymes have been explored in the context of synthetic methylo-
trophy in E. coli, including Cupriavidus necator Mdh2?*26282031:333%
Geobacillus stearothermophilus Mdh?*%, Lysinibacillus xylanilyticus
Mdh*#° and methanol dehydrogenases from Bacillus methanolicus
sp21—23,28,41_

To channel formaldehyde generated from methanol oxidation
into central carbon metabolism, the ribulose monophosphate (RUMP)
cycle has been introduced into E. coli***°. This highly efficient pathway
requires the heterologous expression of only two additional genes,
3-hexulose 6-phosphate synthase (Aps) and 6-phospho 3-hexuloi-
somerase (phi). In this pathway, formaldehyde condenses with ribu-
lose 5-phosphate to form hexulose 6-phosphate, thereby directly
integrating the toxic intermediate into biomass and potential
products.

As a proof-of-principle for methanol-based bioproduction, we
recently showed the production of four industry-relevant compounds
using a synthetic methylotrophic E. coli strain*’. For a bioprocess to be
both economic and efficient, methanol must be channeled into the
product with minimal generation of unwanted by-products. However,
synthetic methylotrophic E. coli strains were found to accumulate
significant amounts of formate (up to more than 10 mM) during
aerobic growth in the absence of £. coli’s native glutathione-dependent
formaldehyde detoxification pathway that natively oxidizes for-
maldehyde to formate”**, In synthetic methylotrophy, this detox-
ification pathway is commonly inactivated to direct carbon flux
towards biomass?-?>*73+3637.43 Eyen if not deliberately turned off, this
pathway is (often) spontaneously inactivated when the strain is
evolved for methanol-dependent growth®**?°, underlining the need to
conserve formaldehyde for assimilation.

In this study, by initially investigating the origin of formate
accumulation in a synthetic methylotrophic E. coli strain grown on
methanol, we discover that NAD-dependent Mdh enzymes not only
generate formaldehyde but also overoxidize methanol to formate. By
screening a variety of NAD-dependent Mdh enzymes, we find that
overoxidation is widespread but not universal among these enzymes.
B. methanolicus MGA3 Mdh (Mdh Bm MGA3) as well as B. methanolicus
PB1 Mdh and Mdhl (Mdh/Mdh1l Bm PB1) do not convert methanol to
formate. These enzymes have been previously classified as “Mdh/
Mdh1” based on their sequence identity, in contrast to “Mdh2/Mdh3”
enzymes (Mdh2 and Mdh3 Bm MGA3 and Mdh2 Bm PB1)*. Our find-
ings offer a plausible explanation for the presence of multiple mdh
genes in B. methanolicus. Additionally, we demonstrate that introdu-
cing a non-overoxidizing Mdh reduces formate accumulation in E. coli
during methanol-dependent growth, offering a starting point for
improving bioproduction from methanol.

Results

Synthetic methylotrophic E. coli accumulates formate as a side-
product during growth

First, we confirmed that formate is produced by the synthetic methy-
lotrophic E. coli strain MEcoli_ref 2 previously described*>. When

grown in a bioreactor on methanol, we observed formate in the mM
range (-3mM, 138 mgL™) (Supplementary Fig. 1a, Supplementary
Data 1). Even higher concentrations of formate, up to 38 mM, accu-
mulated during the production of itaconic acid or lactic acid from
methanol (Supplementary Fig. 1b, ¢, Supplementary Data 2). Because
the synthetic methylotrophic E. coli strain underwent adaptive
laboratory evolution (ALE) over approximately 1200 generations, we
tested whether formate production also occurs in its ancestral
methanol-dependent strain (AfrmAAtpiA) which heterologously
expresses mdh, hps, and phi***°. This ancestral strain likewise pro-
duced formate (-8 mM) (Fig. 1a, Supplementary Data 3), indicating that
formate generation is intrinsic to the strain rather than the result of
ALE toward methylotrophic growth.

The metabolic origin of formate in the absence of frmA, which
encodes S-(hydroxymethyl)glutathione dehydrogenase in the for-
maldehyde detoxification pathway, remained unclear. To determine
whether formate originates from a metabolite close to the one-carbon
entry point into the RuMP cycle, we investigated the methanol-
dependent strain under defined conditions in which overall carbon
flux from methanol and pyruvate is well characterized and consistent
with flux balance analysis®. By feeding "*C-labeled methanol and
unlabeled pyruvate, we could trace the origin of formate through its
labeling pattern (Fig. 1b). More than 95% of the formate originated
from methanol (Fig. 1c, Supplementary Data 4), indicating that it
derives from either formaldehyde or a RuMP cycle intermediate close
to the one-carbon entry point.

One potential mechanism for formate generation would be the
activity of an alternative dehydrogenase that compensates for the lack
of frmA in the strain. To investigate this possibility, we deleted the
entire formaldehyde detoxification pathway operon (AfrmRAB). How-
ever, these deletions did not abolish formate production (Supple-
mentary Fig. 2, Supplementary Data 5-10), indicating another route for
formate production by the synthetic methylotrophic E. coli.

NAD-dependent methanol dehydrogenase Mdh2 CT4-1 Cn oxi-
dizes formaldehyde to formate in vitro
Another potential route for the direct oxidation of formaldehyde to
formate involves the heterologously introduced methanol dehy-
drogenase itself, here Mdh2 CT4-1 Cn®. In aqueous solution, for-
maldehyde exists predominantly as methylene glycol**™*’
(Supplementary Fig. 3), a form that could be recognized as a substrate
by methanol dehydrogenase, which has a broad substrate specificity®.
To investigate whether Mdh2 CT4-1 Cn oxidizes formaldehyde to
formate, we purified the enzyme from an E. coli BL21 overexpression
culture and characterized it in vitro. We monitored the initial rate of
NADH formation upon addition of formaldehyde to a reaction mixture
containing Mdh and NAD* at 37 °C. Indeed, a sharp increase in NADH
was observed immediately after the addition of formaldehyde (Fig. 2a),
confirming that the enzyme catalyzes the oxidation of formaldehyde
to formate, while reducing NAD* to NADH. As expected, NADH for-
mation was also observed when the reaction was started from
methanol (Fig. 2b). Further experiments at varying substrate con-
centrations revealed that formaldehyde oxidation proceeds with sub-
stantially higher turnover rates than methanol oxidation (Fig. 2c, single
traces in Supplementary Fig. 4). For the reverse reactions, only activity
from formaldehyde to methanol but not from formate to for-
maldehyde was observed (Supplementary Fig. 5). These findings
demonstrate that Mdh2 CT4-1 Cn overoxidizes methanol to formate
and suggest that Mdh is responsible for formate production by
methanol-dependent and synthetic methylotrophic E. coli strains.

Overoxidation of methanol by NAD-dependent methanol dehy-
drogenases is common

To examine whether overoxidation is a general feature of NAD-
dependent Mdh, we overexpressed nine different NAD-dependent
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Fig. 1| Formate production and isotopic tracer analysis of methanol-
dependent strain AfrmAAtpiA. a Optical density (OD) and formate production of
the methanol-dependent strain AfrmAAtpiA expressing mdh, hps, and phi during
growth on methanol (500 mM) and pyruvate (20 mM) in shake flasks (n =3). The
mean of the data is shown as solid line and the shaded regions represent the range
of the 95% confidence intervals. b Simplified metabolic scheme illustrating
methanol-dependent growth of E. coli AfrmAAtpiA expressing mdh, hps, and phi
when cultivated on methanol and pyruvate. Molecules originating from
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formaldehyde or close to the one-carbon entry point are expected to be formed
from methanol (green) while others are formed from pyruvate (orange). The
canonical formaldehyde detoxification pathway of E. coli, which should not be
active in the methanol-dependent strain due to its frmA deletion, is indicated in
gray. ¢ Fraction of formate molecules determined in the supernatant of the
methanol-dependent strain originating from *C methanol (green) and *C pyruvate
(orange) when sampled at stationary phase. R1-R4 indicate replicate experiments.
Source data are provided as a Source Data file.
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Fig. 2 | Overoxidation of methanol to formate is catalyzed by Mdh2 CT4-1Cn. In
vitro assays of Mdh2 CT4-1 Cn showing the initial change in NADH concentration by
monitoring the absorption at 340 nm. Reactions contained 12.3 uM enzyme, 5 mM
NAD" and were started by the addition of 500 mM formaldehyde (a) or methanol
(b), respectively. The mean of the data is shown as solid line and the shaded region

represents the range of the 90% confidence interval. ¢ Rate of NADH formation in
the presence of 10, 20, 50, 100 and 500 mM methanol or formaldehyde. Methanol
to formaldehyde reactions are indicated in blue, formaldehyde to formate in red.
Experiments were performed in triplicates and data are represented as mean * the
standard deviation. Source data are provided as a Source Data file.

Mdh enzymes in an E. coli strain lacking its canonical formaldehyde
detoxification pathway (AfrmRAB). When grown on pyruvate supple-
mented with methanol as substrate for Mdh, six of these enzymes
produced more than 4 mM formate, whereas in the other three strains
formate accumulation was below 600 pM (Fig. 3a, Supplementary
Fig. 6 and Supplementary Data 11 for time course data).

Multiple sequence alignment and phylogenetic analysis revealed
that the non-overoxidizing enzymes form a separate cluster, sharing
less than ~70% sequence identity with the remaining enzymes (Fig. 3b).
This cluster has previously been described as Mdh/Mdhl in B.

methanolicus strains**, where these enzymes represent the pre-
dominant methanol dehydrogenase®**. The physiological relevance of
this enzyme cluster was not previously elucidated**°, but the
observed non-overoxidation of methanol, in contrast to other Mdh
enzymes, may be a hallmark of this class of Mdh enzymes.

To further expand the range of Mdh enzymes investigated, we
generated a phylogenetic tree based on the top 1000 hits from a
BLAST search using Mdh Bm MGA3 against the NCBI database (Sup-
plementary Fig. 7). Eight additional Mdh enzymes, representing dif-
ferent phylogenetic branches, were selected for testing based on their
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Fig. 3 | NAD-dependent methanol dehydrogenases fall in two groups/clades,
overoxidizing and non-overoxidizing enzymes, based on in vivo screening.

a Formate production by different NAD-dependent methanol dehydrogenases.
Strains overproducing Mdh in E. coli (AfrmRAB) were grown on methanol (500 mM)
and pyruvate (20 mM) and formate was quantified in the supernatant of the cul-
tures after 69 h. The formate levels of a strain harboring an empty plasmid were
used as background control and subtracted from each measured value. Experi-
ments were performed in triplicates and data are represented as mean + the
standard deviation. b Mdh enzymes that do (>4 mM, red) and do not (Mdh/Mdhl,
blue) overoxidize methanol form separate phylogenetic clusters. Source data are
provided as a Source Data file.

confirmed methanol dehydrogenase activity”. All of these showed
significant formate production, confirming that overoxidation is
widespread among Mdh enzymes (Supplementary Fig. 8, Supple-
mentary Data 12). We also included Mdh from B. methanolicus strain C1
in this experiment, which has been characterized biochemically in
previous studies® . Consistent with other enzymes in the Mdh/Mdh1
cluster, no formate production was detected for Mdh Bm C1.

Mdh Bm MGA3 does not oxidize formaldehyde in vitro

The in vivo Mdh screen identified three candidate methanol dehy-
drogenases that reduce formate accumulation in vivo. To further
validate that these Mdh enzymes do not overoxidize methanol to
formate, we purified one of these enzymes, Mdh Bm MGA3, from an E.
coli BL21 overexpression culture for in vitro assays. Strikingly and in
contrast to Mdh2 CT4-1 Cn (Fig. 2a), when formaldehyde (500 mM)
was used as a substrate to start the reaction, no NADH formation was
detected, confirming that this Mdh does not oxidize formaldehyde
(Fig. 4a). When starting the reaction with the same concentration of
methanol, NADH formation was observed as expected (Fig. 4b)*". In
comparison to Mdh2 CT4-1 Cn, the turnover rate for the oxidation of
methanol by Mdh Bm MGA3 was about seven times slower, which is in
line with previous reports due to the inferior catalytic efficiency and
difference in temperature optimum of Mdh Bm MGA3***, Because
500 mM formaldehyde might inactivate the enzyme, we also tested
lower initial formaldehyde concentrations (5-500 mM) and confirmed
that the enzyme was not inactivated by the formaldehyde by subse-
quently adding methanol and monitoring its oxidation (Supplemen-
tary Fig. 9). In all cases, Mdh MGA3 showed no detectable activity
(Fig. 4c, for single traces see Supplementary Fig. 10). Furthermore, as
observed for Mdh2 CT4-1 Cn, Mdh Bm MGA3 catalyzed the reverse
reaction from formaldehyde to methanol but not the reduction of
formate to formaldehyde (Supplementary Fig. 11).

NAD-dependent methanol dehydrogenases are known to show
apparent activation by Nudix hydrolases in vitro™***>** a phenom-
enon recently attributed to the removal of ADP-ribose, an inhibitor
formed during NAD* hydrolysis®. We wondered whether the addition
of the Nudix hydrolase Act from B. methanolicus would enable for-
maldehyde oxidation by Mdh Bm MGA3. To investigate this, we pur-
ified Act from a BL21 E. coli overexpression culture and repeated the
in vitro assay in its presence. However, no NADH was generated when
the reaction was started with formaldehyde in the presence of Act,
regardless of whether the assay was performed both at the optimal
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Fig. 4 | Mdh Bm MGA3 does not catalyze the overoxidation of methanol to
formate. In vitro assays of Mdh Bm MGA3 showing the initial change in NADH
concentration by monitoring the absorption at 340 nm. Reactions contained
12.5uM enzyme, 5mM NAD" and were started by the addition of 500 mM for-
maldehyde (a) or methanol (b), respectively. The mean of the data is shown as solid
line and the shaded regions represent the range of the 90% confidence intervals.

c Rate of NADH formation in the presence of 10, 20, 50,100, and 500 mM methanol
or formaldehyde. Methanol to formaldehyde reactions are indicated in blue, for-
maldehyde to formate in red. Experiments were performed in triplicates and data
are represented as mean + the standard deviation. Source data are provided as a
Source Data file.
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Fig. 5 | Metabolite concentrations at equilibrium differ between overoxidizing
Mdh2 CT4-1 Cn and non-overoxidizing Mdh Bm MGA3. a In vitro assays of Mdh2
CT4-1Cn (yellow), Mdh Bm MGA3 (olive green), and Mdh Bm MGA3 + Act (purple)
monitored until equilibrium was reached. Reactions contained 25 uM Mdh2 CT4-1
Cn or 25 pM Mdh Bm MGA3, 2.3 pM Act ifindicated, 5 mM NAD" and were started by
the addition of 500 mM methanol. The mean of the data is shown as solid line and
the shaded regions represent the range of the 90% confidence intervals. b Methanol
oxidation to formaldehyde and its subsequent oxidation to formate. A,G” values
were calculated by Equilibrator (pH = 7.4, pMg = 2.3, ionic strength = 0.15 M)?*'%.,
¢ Equilibrium concentrations of formaldehyde (blue), formate (red), and NADH
(yellow). Reactions contained 25 uM Mdh2 CT4-1 Cn or 25 pM Mdh Bm MGA3,

2.3 UM Act if indicated, 5 mM NAD" and were started by the addition of 500 mM
methanol. Experiments were performed in triplicates and data are represented as
mean + the standard deviation. Source data are provided as a Source Data file.

growth temperature of E. coli (37 °C) or that of B. methanolicus (50 °C)
(Supplementary Fig. 12).

Thermodynamic equilibrium analyses validate the ability of
Mdh Bm MGA3 to exclusively oxidize methanol to formaldehyde
We further validated the equilibrium states of the in vitro reactions for
both an overoxidzing (Mdh2 CT4-1 Cn) and non-overoxidizing Mdh
(Mdh Bm MGA3). In these experiments, 500 mM methanol, 5mM
NAD*, and 25 uM Mdh2 CT4-1 Cn or 25 pM Mdh Bm MGA3 were incu-
bated beyond the initial reaction phase until equilibrium was reached.
We also tested Mdh Bm MGA3 in the presence of Act. As expected, the
time to reach equilibrium varied substantially for the different condi-
tions, with Mdh Bm MGA3 in the presence of Act requiring the shortest
time due to its higher catalytic activity?***°>>*,

Consistent with the one versus two-step oxidation process
(methanol - formaldehyde - formate), the final NADH levels differed
markedly between the overoxidizing and non-overoxidizing Mdh
enzymes (900 vs 140 uM formed NADH), irrespective of Act addition
(Fig. 5a). Thermodynamic calculations based on the Gibbs free energy
under standard conditions for methanol oxidation to formaldehyde
(AG,°=32.0+6.5k}/mol) and formaldehyde oxidation to formate
(AG,” of -49.6 + 3.8 kJ/mol) (Fig. 5b) predicted roughly 100 uM for the

non-overoxidizing reaction under the experimental conditions, closely
matching the observed value (Fig. 5c). For an overoxidizing Mdh, the
calculated NADH concentration was close to 5 mM which is higher than
what was measured (920 pM). Similarly, measured formaldehyde and
formate concentrations at equilibrium deviated from theoretical
values in the overoxidizing reaction (57 pM vs 0.01 pM formaldehyde
and 368 uM vs 2.5 mM formate), suggesting constraints such as limited
affinity for formaldehyde or incomplete equilibration in the experi-
mental timeframe, potentially due to inactivation of the enzyme by
formaldehyde. Nevertheless, these findings further support the
inability of Mdh Bm MGA3 to oxidize formaldehyde.

Sequence alignment reveals conserved residues in over-
oxidizing and non-overoxidizing Mdh enzymes

We were further wondering whether specific regions of the Mdh
enzymes could be attributed to the ability or inability of methanol
overoxidation. To compare the overoxidizing to the non-overoxidizing
Mdh class, we performed a multiple sequence alignment (MSA) with
the sequences of the enzymes tested in the Mdh screen (Fig. 6, Sup-
plementary Fig. 13). The sequences showed sufficient similarity to
produce a gapless alignment. The presumed residues interacting with
the cofactor NAD(P)(H) and metal ion coordinating residues, based on
structurally characterized type Il alcohol dehydrogenases (Adhs)*°,
are mostly conserved among all sequences.

When comparing the overoxidizing and non-overoxidizing Mdh
group sequences, 24 residues were found to be conserved within the
respective groups. These residues are distributed across the alignment
and do not form any obvious clusters in the sequence. To gain insight
into the relevance of these possibly characteristic residues, we pre-
dicted the structures of Mdh2 CT4-1 Cn and Mdh Bm MGA3 as repre-
sentative examples for the two groups (Supplementary Fig. 14). In
accordance with the solved structures of other group 111 Adhs***°, the
predictions indicate the formation of two domains with a deep cleft in
between, containing the cofactor binding sites. Similar to the sequence
alignment, the residues of interest are dispersed across the two
domains, however showing some aggregation around the active site
cleft. This supports the hypothesis that the identified 24 residues
might be relevant for the distinction between methanol and for-
maldehyde as substrates for oxidation. The specific role of each of
these residues, however, is yet to be determined and will require more
in-depth knowledge about the catalytic mechanism of the enzymes.

Replacement of overoxidizing with non-overoxidizing methanol
dehydrogenase reduces the accumulation of formate during
methanol-dependent growth

The in vivo and in vitro experiments described above showed that Mdh
Bm MGA3, unlike other Mdh enzymes, does not oxidize formaldehyde.
This finding identifies Mdh/Mdhl-type enzymes as promising candi-
dates for synthetic methylotrophic E. coli strains, in which only over-
oxidizing Mdh enzymes have been used to date”*"*2 Since it is crucial
to minimize the unwanted production of formate and to maintain a
pool of formaldehyde for assimilation purposes, we tested whether a
non-overoxidizing Mdh sustains growth of E. coli in the presence of
methanol without causing the accumulation of formate. We exchan-
ged the overoxidizing Mdh2 CT4-1 Cn in the synthetic methylotrophic
E. coli strain MEcoli_ref 2 with Mdh Bm MGA3. We cured the strain from
its plasmid containing mdh2 CT4-1 Cn and reintroduced a new plasmid
containing mdh Bm MGA3. However, no growth on methanol was
observed under our experimental conditions. As a control, retrans-
formation of the cured strain with the original plasmid containing
mdh2 CT4-1 Cn restored growth on methanol, suggesting that MEco-
li_ref 2’s metabolism had adapted to function with an overoxidizing
Mdh. These observations suggest that additional adaptations are
required to metabolically accommodate a non-overoxidizing Mdh,
which is not surprising given that MEcoli_ref 2 was evolved in the
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1l Adh enzymes tested in this study (Supplementary Fig. 13). Secondary structure
information was obtained from structural predictions of Mdh2 CT4-1 Cn. Con-
served NAD-binding and metal ion coordinating residues®®**'?, are indicated by
purple and blue triangles, respectively. Source data are provided as a Source
Data file.

presence of an overoxidizing Mdh, potentially resulting in genomic
changes affecting redox balancing, for example. Further efforts will be
needed to achieve successful enzyme replacement in fully synthetic
methylotrophic systems.

To nonetheless study the effect of overoxidizing versus non-
overoxidizing enzymes and their impact on formate production, we
introduced two of the non-overoxidizing mdh genes (mdh Bm MGA3
and mdh Bm PB], respectively) along with the RuMP cycle genes hAps
and phi into the methanol-dependent AfrmAAtpiA background.
Methanol-dependent growth has the advantage that it can be readily
established due to the lower biomass contribution of methanol*. We
adapted the two strains for methanol-dependent growth as previously
described for mdh2 CT4-1 Cn (ref. 26) but only obtained a methanol-
dependent strain for Mdh Bm MGA3 (for details see Supplementary
Fig. 15 and Supplementary Data 5-8 and 13-20). We observed 13 times
lower amounts of formate (Fig. 7a, Supplementary Data 21) for this
strain than for the methanol-dependent strain expressing mdh2 CT4-1
Cn (Fig. 7b, Supplementary Data 3). These results demonstrate that
methanol-dependent growth of £. coli using a non-overoxidizing, Mdh,
here Mdh Bm MGA3, is possible and that formate accumulation can be
significantly reduced. The replacement of Mdh also indicates that
overoxidation of methanol by Mdh2 CT4-1 Cn was responsible for

formate accumulation in previously described synthetic methylo-
trophic E. coli strains.

Discussion

In this work, we showed that the overoxidation of methanol to formate
is a common characteristic of NAD-dependent methanol dehy-
drogenases. We also identified three Mdh enzymes that exclusively
catalyze the oxidation of methanol to formaldehyde. The three non-
overoxidizing enzymes belong to the Mdh/Mdhl-type cluster from B.
methanolicus*. The genes mdh Bm MGA3 and mdh Bm PB1 are
essential for methylotrophy in their native hosts*****, They are
expressed from a multi-copy endogenous plasmid, and the encoded
Mdh enzymes constitute up to 22% of the proteome in the natural
methylotrophic B. methanolicus strains MGA3 and PBI*>*, The gene
mdhl Bm PBI1 also belongs to this cluster but is expressed from the
genome*, Interestingly, the genomes of B. methanolicus strains MGA3
and PB1 also contain genes encoding Mdh enzymes that were pre-
viously categorized as Mdh2/Mdh3-type enzymes, which we have now
found to overoxidize methanol to formate. The separation of Mdh
enzymes into two clusters was based on their respective amino acid
sequences, which are at least 30% different**. Similar in vitro activity on
methanol has been reported for the Mdh/Mdhl and Mdh2/Mdh3 type
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Fig. 7 | Methanol-dependent strain expressing the non-overoxidizing Mdh Bm
MGA3 produces significantly less formate than the analogous strain producing
an overoxidizing Mdh. Optical density and formate production of the methanol-
dependent strain AfrmAAtpiA expressing hps and phi and either mdh Bm MGA3 (a)
or mdh2 CT4-1Cn (b) during growth on methanol (500 mM) and pyruvate (20 mM)
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(n=3).Pyruvate is depleted at the entry to stationary phase while methanol remains
available (Supplementary Fig. 16). The mean of the data is shown as solid line and
the shaded regions represent the range of the 95% confidence intervals. Source
data are provided as a Source Data file.

enzymes, but the physiological relevance of having two Mdh clusters
remained unclear***°, The observed non-overoxidation of methanol by
the Mdh/Mdhl-type cluster, in contrast to the overoxidation by the
Mdh2/Mdh3-type enzymes, may hint at potential reasons for produ-
cing two distinct sets of Mdh enzymes.

B. methanolicus utilizes the RuMP cycle for growth on methanol.
In this pathway, formaldehyde is assimilated by Hps through its addi-
tion to Ru5P. Consequently, the conversion of methanol by a non-
overoxidizing Mdh ensures that formaldehyde is available for further
assimilation rather than being removed by oxidation to formate. In
contrast, the capability of the Mdh2/Mdh3 type enzymes to oxidize
formaldehyde to formate suggests that their main role is not the oxi-
dation of methanol but the detoxification of formaldehyde. Canoni-
cally, B. methanolicus detoxifies formaldehyde via the oxidative
pentose phosphate pathway, which requires the regeneration of the
one-carbon acceptor ribulose 5-phosphate (Ru5P). However, when
Ru5P regeneration is ineffective, formaldehyde detoxification cannot
take place. In this case, the Mdh2/Mdh3 type enzymes might serve as a
backup system for the detoxification of formaldehyde, while at the
same time supporting the oxidation of methanol to formaldehyde as
soon as Ru5SP pools have been restored. It might thus be particularly
important during transition phases of changing environmental con-
ditions with sudden up- or down shifts in methanol concentration.
Whether such a system only evolved in B. methanolicus remains open,
but so far, this is the only species in which both overoxidizing and non-
overoxidizing NAD-dependent Mdh enzymes have been found.

The gram-positive methylotrophic bacterial species Amycola-
topsis methanolica and Mycobacterium gastri were shown to employ
N,N-dimethyl-4-nitrosoaniline (NDMA)-dependent Mdh (methanol:
NDMA oxidoreductase (MNO)) that is similar, but more distantly
related to, NAD-dependent Mdh/Mdhl and Mdh2/3. MNO enzymes
were found to oxidize not only alcohols but also the corresponding
aldehydes®*®. The oxidation of aldehydes by group I zinc- and NAD-
dependent alcohol dehydrogenases such as horse liver alcohol dehy-
drogenase (HLADH) has been reported as well**®’. Here we showed
that Mdh Geobacillus stearothermophilus, which belongs to group |
Adhs, overoxidizes methanol to formate. In contrast to gram-positives,
gram-negative methylotrophs utilize PQQ-dependent methanol
dehydrogenases to oxidize methanol. PQQ-dependent ethanol dehy-
drogenases from Pseudomonas species are in fact known to

overoxidize alcohols to carboxylic acids®®*’. The in vitro oxidation of
formaldehyde has also been shown for the periplasmic lanthanide-
dependent Mdh XoxF from Methylobacterium extorquens’®”. It was
therefore suggested that XoxF functions as both a methanol dehy-
drogenase and a formaldehyde dehydrogenase. However, there is
evidence that XoxF does not overoxidize methanol to formate in vivo.
The lanthanide-dependent ethanol dehydrogenase ExaF, on the other
hand, has recently been shown to oxidize formaldehyde in M. extor-
quens, suggesting the importance of PQQ-dependent Mdh enzymes as
formaldehyde detoxification systems in natural methylotrophs™,

To prevent the overoxidation of methanol to formate and halt the
reaction at formaldehyde, a non-overoxidizing Mdh must effectively
exclude formaldehyde from its active site in the presence of NAD". This
is challenging because, in aqueous solution, formaldehyde is pre-
dominantly present as methylene glycol***°, which closely resembles
methanol. Understanding the active site and substrate entry channel
architecture of the two classes of Mdh enzymes could provide valuable
insights into how these enzymes discriminate between substrates and
avoid overoxidation. This would not only shed light on the molecular
mechanisms underlying this process but also enhance our broader
understanding of how enzymes can distinguish between structurally
similar small molecules. The amino acid residues identified here
(Fig. 6) might provide a starting point—together with structural
investigations—to pinpoint the mechanism that prevents Mdh/Mdhl
enzyme from overoxidation. These insights might also inspire syn-
thetic chemical approaches. In fact, aldehydes are relevant inter-
mediates for the food and fragrance industry. The selective oxidation
of alcohols to aldehydes, with or without subsequent overoxidation to
carboxylic acids, is an important area of synthetic organic chemistry”.
Efforts in this field aim to identify selective catalysts with desirable
characteristics’*”’. The relevance of Nudix hydrolases, such as B.
methanolicus Act, for growth of methylotrophic bacteria using NAD-
dependent methanol dehydrogenases also requires further investiga-
tion. While multiple studies have described the apparent activation of
NAD-dependent Mdh by Nudix hydrolases in vitro?*5% recent
findings indicate that these enzymes function by removing the inhi-
bitor ADP-ribose rather than providing direct activation®. In this study,
we did not observe an effect of Act on overoxidation.

Our finding that Mdhl and Mdh2/3 enzymes catalyze methanol
oxidation to formaldehyde and formate, respectively, is important not
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only to understand natural methylotrophs but also to inform the
engineering of synthetic methylotrophic E. coli strains (or other syn-
thetic methylotrophs) for maximal product formation. Production
yields close to the theoretical maximum will be important to realize
economically profitable bioprocesses from methanol by methylo-
trophic organisms. The production of formate by synthetic methylo-
trophic E. coli has a negative impact on the process yield as formate
cannot be assimilated by E. coli utilizing the RuMP cycle and is lost. The
engineering of an additional pathway for formate assimilation would
solve this problem but would negatively affect the metabolic efficiency
in general. Our work indicates that the overoxidation of methanol to
formate by the NAD-dependent methanol dehydrogenase is the main
origin of the observed formate production. Indeed, the replacement of
the overoxidizing Mdh2 CT4-1 from C. necator in a formate-producing
methanol-dependent strain with the non-overoxidizing Mdh from B.
methanolicus MGA3 led to a significant reduction in formate forma-
tion. We hypothesize that this approach would also reduce the formate
production by fully synthetic methylotrophic E. coli strains in future
work. Ultimately, the generation of a synthetic methylotrophic E. coli
strain that does not produce formate as a side product would con-
stitute an important step towards economical bioprocesses to pro-
duce green chemicals from methanol and the establishment of a
circular carbon economy.

Methods

Reagents and media

Chemicals were obtained from Sigma-Aldrich Chemie GmbH, Buchs,
Switzerland unless otherwise specified. The M9 minimal medium used
for bacterial cultivation consisted of the following salts (g L™):
Na,HPO, (6.78), KH,PO4 (3.0), NaCl (0.5), NH4CI (1.0), CaCl, (0.011),
MgS0,4-7H,0 (0.493) and trace elements. Trace elements were present
in the medium at the following concentrations (mg L™): Na,EDTA-2H,0
(5.0), MnCl, (4.2), FeSO4-7H,0 (1.0), Co(NO3),-6H,0 (1.0), ZnSO4-7H,0
(1.0), CuSO4-SH,0 (0.1), Na,M0O,-2H,0 (0.1), NiCl,-6H,0 (0.2). If
indicated, antibiotics were added in the following concentrations (mg
L™): ampicillin sodium (100), carbenicillin disodium (50), streptomycin
sulfate (20); chloramphenicol (4.25). The chloramphenicol was dis-
solved in water and not in ethanol in the stock solution (850 mgL") to
avoid the presence of ethanol as additional carbon source. isopropyl-f3-
d-thiogalactopyranosid (IPTG) was used as inducer during methanol-
dependent growth and plasmid overexpression for purification if
indicated.

Primers and plasmids

Primers and plasmids used in this study are listed in Supplementary
Data 22. The nucleotide sequence of the plasmids was confirmed by
PCR and Sanger or Nanopore sequencing (Microsynth AG; Switzer-
land). The coding sequence for mdh2 CT4-1 Cn* and mdh Gs were
synthesized by Eurofins. Genes mdh Lx and its two mutants, mdh Bm
C1, adh Sp, mdh Ag, adh Hc, tdh Pa, adh Hr, tdh Wc, tdh P, mdh B, were
synthesized by Twist. Mdh genes from Bm MGA3 and PB1 were
amplified from pSEVA424 plasmids®. Transfer of mdh genes between
vectors was performed by PCR amplification and isothermal assembly
utilizing the commercially available HIFI DNA Assembly mastermix
(NEB). The plasmid pSEVA424 was used to express mdh variants for
methanol-dependent growth and the overoxidation screens displayed
in Fig. 3, Supplementary Fig. 6 and 8. Methanol-dependent strains in
addition contained pSEVAI31 for hps, phi expression. pSEVA424 and
pSEVA131 backbones were isolated from the synthetic methylotrophic
E. coli strain MEcoli_ref 2*2. For expression, purification and the over-
oxidation screen displayed in Supplementary Fig. 8, a modified pET-
16b expression vector (Novagen) without His;o-tag and its corre-
sponding linker region was utilized. In case of the pykF control, the
pET-16b vector still contained the His;o-Tag. The mdh2 CT4-1Cn H165N
and mdh2 CT4-1 Cn H165N F2791 mutants were obtained by PCR

amplification of the vector containing mdh2 CT4-1 Cn using a muta-
genic forward primer with overhang and subsequent isothermal
assembly. pET21a expression plasmid containing the activator act Bm
MGA3 (Uniprot No. I3EA59) were received from SINTEF, Norway****,
pCas encoding cas9 for CRISPR-Cas9-assisted recombineering’® was
obtained from Addgene (plasmid #62225). pTargetF_sacB was used as
the vector for the sgRNA and was generated by integrating the sacB
gene into pTargetF’, obtained from Addgene (plasmid #62226). The
sacB gene from pK18mob_sacB was amplified by PCR, and the product
as well as pTargetF digested with Xhol and Bglll (Thermo Fisher Sci-
entific, USA). The fragments were assembled using T4 ligase (Thermo
Fisher Scientific). The N20 region, which is responsible for targeting,
was exchanged in pTargetF_sacB by PCR to generate pTargetF -
sacB_frmRAB and pTargetF_sacB_tpiA.

Strains

The strains used in this study are listed in Supplementary Data 22. The
synthetic methylotrophic E. coli strain MEcoli_ref 2 is able to grow on
methanol as its sole carbon and energy source’. The methanol-
dependent E. coli strain AfrmAAtpiA expressing the RUMP cycle genes
mdh, hps and phi*® served as the ancestral strain for the ALE of
MEcoli_ref 2°°. The strains AfrmRAB and AfrmRABAtpiA were gener-
ated by CRISPR/Cas engineering’®. The exchange of frmA in BL21-Gold
(DE3) by a kanamycin resistance cassette was achieved by the pSIM
homologous recombination system” using the frmA deletion strain
from the Keio collection®® as template strain. Genomic modifications
were verified by PCR and Sanger sequencing (Microsynth AG;
Switzerland).

Formate production by MEcoli_ref 2 during growth on methanol
in a bioreactor

Supernatant samples were derived from the bioreactor run of MEco-
li_ref 2 performed in Reiter et al.** and were analyzed by LC-MS. See
Supplementary Data 1 for a detailed overview of the bioreactor run.

L-lactic acid, itaconic acid production and formate side-
production by MEcoli_ref 2 from methanol in shake flasks
Production of L-lactic acid and itaconic acid was performed as
described*. Briefly, the cryogenic glycerol stocks of MEcoli ref 2+
pllac (lactic acid production) and MEcoli_ref 2 + pl_ita (itaconic acid
production) were inoculated in 20 mL volume of M9 medium sup-
plemented with 500 mM methanol, 0.1gL" yeast extract and chlor-
amphenicol in baffled 100 mL shake flasks. The cultures were
incubated at 37 °C, 220 revolutions per minute (r.p.m.), 25 mm throw.
In the exponential growth phase, eight replicate 20 mL cultures in M9
medium containing 500 mM methanol were inoculated to an initial
ODgoo of 0.05. At ODgoo = 1.2 (pl_lac) and ODggo = 1.0 (pl_ita), pro-
duction was induced by transferring the cells to fresh medium con-
taining 500 nM anhydrotetracycline (atc) (Cayman Chemical). For the
transfer, the cultures were centrifuged for 7 min at 3220 g, the super-
natant discarded, and the cells resuspended in fresh medium. Subse-
quently, the cultures were incubated in the dark at 37°C, 180 r.p.m.,
50 mm throw. For a detailed overview, see Supplementary Data 2. For
supernatant sampling, 500 uL of culture were centrifuged for 1 min at
11,000 x g, 450 uL of supernatant transferred to a fresh tube and stored
at —20 °C until further analysis. Formate and itaconic acid were quan-
tified by LC-MS, L-lactic acid by a commercially available enzymatic kit.

Adaptation of methanol-dependent strains to growth without
yeast extract

The methanol-dependent AfrmAAtpiA and AfrmRABAtpiA strains
require yeast extract as growth accelerator®®, which can be omitted
after a couple of serial passages. For the adaptation of a strain to
growth without yeast extract, cells were adapted in different condi-
tions. Concentrations applied were methanol (500 mM for strains
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expressing Mdh2 CT4-1 Cn; 750 mM for strains expressing Mdh Bm
MGA3 or Mdh Bm PB1), 20 mM pyruvate, 0.1 g L* yeast extract in 20 mL
M9 medium also containing, if indicated, Carb or Amp, Sm, 0.1 mM
IPTG. 100 mL baffled shake flasks were used as vessels. The first pas-
sage was either inoculated from a cryogenic glycerol stock or an agar
plate. Cultures were incubated at 37°C using a Multitron shaker
(Infors-HT) at 220 r.p.m., 25 mm throw. Once cells reached stationary
phase, cultures were diluted. Passaging was repeated until growth
without yeast extract was observed and the adapted culture was stored
as cryogenic glycerol stock (25% glycerol) at -80 °C until further ana-
lysis. For the detailed adaptation of each strain utilized in this study,
see Supplementary Fig. 15b and Supplementary Data 5-8 for
AfrmAAtpiA Mdh2 CT4-1 Cn; Supplementary Data 9 for AfrmRABAtpiA
Mdh2 CT4-1 Cn; Supplementary Fig. 15a and Supplementary Data 13-16
for AfrmAAtpiA Mdh Bm MGA3; and Supplementary Fig. 15¢ and Sup-
plementary Data 17-20 for AfrmAAtpiA Mdh Bm PB1.

Formate production during methanol-dependent growth

The cryogenic glycerol stock of the adapted methanol-dependent
AfrmAAtpiA strain expressing the RuMP cycle genes mdh2 CT4-1
H165N Cn, Aps Mf, and phi Mf (pSEVA plasmid backbones were isolated
from MEcoli_ref 2*%, see Supplementary Data 5-8 for adaptation) were
streaked out on a M9 minimal medium agar plate containing 500 mM
methanol, 20 mM pyruvate, Sm, Amp and incubated at 37 °C until
colonies were formed. Four single colonies were inoculated in 20 mL
M9 medium containing 500 mM methanol, 20 mM pyruvate, 0.1g L
yeast extract, Amp, Sm, 0.1 mM IPTG in 100 mL baffled shake flasks and
incubated at 37 °C using a Multitron shaker (Infors-HT) at 220 r.p.m.,
25 mm throw. Once cells reached late exponential/stationary phase,
they were diluted by pipetting the required volume of culture into
fresh medium with the same composition but without yeast extract.
Once cells reached exponential phase, they were diluted again for the
main culture. For supernatant sampling, 500 L of culture were cen-
trifuged for 1 min at 11,000 x g, 450 uL of supernatant transferred to a
fresh tube and stored at —20 °C until analysis by LC-MS.

For the adapted methanol-dependent strain harboring the same
plasmids but containing a deletion of the entire formaldehyde
detoxification pathway operon (AfrmRABAtpiA), the same procedure
was followed but there was only 1 preculture and it was directly
inoculated from a cryogenic glycerol stock.

For the adapted methanol-dependent AfrmAAtpiA strain expres-
sing mdh Bm MGA3 or mdh2 CT4-1 Cn together with Aps Mf, and phi
Mf, the same procedure was followed but the preculture originated
from the seventh passage of lineage 1 of their respective adaptation to
growth without yeast extract (see also Supplementary Data 5 and 13)
and was passaged another five times for mdh Bm MGA3 or 6 times for
mdh2 CT4-1 Cn until formate in the supernatant was quantified.

See Supplementary Data 3, 4, 10, and 21 for the detailed cultiva-
tion of each methanol-dependent strain tested for formate production
in this study.

Isotopic labeling experiment to determine origin of formate
during methanol-dependent growth

The preculture handling and conditions were the same as described
for the adapted methanol-dependent AfrmAAtpiA strain expressing
the RuMP cycle genes mdh2 CT4-1 H165N Cn, Aps Mf, and phi Mf in
the previous paragraph with the following exceptions: 500 mM “C
instead of ?C methanol was used for the 2nd preculture and the main
culture; the culture volume was 10 mL; for the passaging from the 1st
to the 2nd preculture, cells were transferred by centrifugation of the
required culture volume, discarding the supernatant, and solution of
the cell pellet in the fresh medium. Supernatant samples were also
analyzed by LC-MS. See Supplementary Data 4 for the detailed
cultivation.

Heterologous expression of enzymes

E. coli BL21-Gold (DE3) cells containing the expression vector were
grown in 200 mL LB medium supplemented with Carb in 2 L baffled
shake flasks at 37 °C using a Multitron shaker (Infors-HT) at 220 r.p.m.,
25 mm throw. At an ODggo of about 0.7 (mid-exponential phase) the
expression was induced with 0.3 mM IPTG and the culture was incu-
bated overnight (about 16 h) at 16 °C. The cells were harvested by
centrifugation (11,000 x g, 10 min, 4 °C) and either stored at -20 °C or
directly used for purification.

Purification of methanol dehydrogenases

Cell pellets were resuspended using 25 mL of buffer A (20 mM Tris,
20 mM NaCl, 2mM DTT, pH 7.4 (adjusted with HCI)) supplemented
with Roche cOmplete EDTA-free protease inhibitor cocktail (Sigma-
Aldrich Chemie GmbH, Buchs, Switzerland). Cell lysis was performed
by sonication (6 mm sonication probe, amplitude 30, process time
4 min, impulse time 5s followed by 25s cooling, Q700 sonicator
(Qsonica LLC, U.S.A)) and cell debris was removed by centrifugation
(18,000 x g, 40 min, 4 °C).

As first chromatographic step to obtain untagged Mdh2 CT4-1Cn
and Mdh Bm MGA3, the lysate was purified using a1 mL HiTrap Q HP
(Cytiva, Marlborough, Massachusetts, U.S.A.) anion exchange column
by applying a linear gradient of buffer A to buffer B (20 mM Tris, 1M
NaCl, 2 mM DTT, pH 7.4 (adjusted with HCI)). The gradient was run at
1mL min™ from 0% B to 60% B in 30 min. The collected fractions were
analyzed by SDS-PAGE, and fractions containing methanol dehy-
drogenase were pooled and concentrated using 50kDa centrifugal
filter units (Amicon, Merck).

As a next step, the sample was purified by size exclusion
chromatography using Superdex 200 Increase 10/300 GL column
run with buffer C (50 mM sodium phosphate buffer (37.7 mM
sodium phosphate dibasic, 12.3 mM sodium phosphate monobasic),
150 mM NaCl, 5mM MgSO,, pH 7.4 (adjusted with NaOH)). The
methanol dehydrogenase-containing fractions were analyzed by
SDS-PAGE, collected and concentrated. Protein concentration was
determined by absorption measurement at 280 nm using a Nano-
Drop spectrophotometer and the calculated extinction coefficient
of 21,430 M* cm? (Mdh2 CT4-1 Cn) or 11,920 M* cm’ (Mdh Bm
MGA3), respectively (Expasy ProtParam). The enzymes were
stored at 4 °C.

Purification of activator protein (Act)
His¢-tagged Act Bm MGA3 was purified by resuspending cell pellets
in 20 mL buffer A (50 mM sodium phosphate monobasic, 300 mM
NaCl, 20 mM imidazole, 2mM DTT, pH 8 (adjusted with NaOH))
supplemented with Roche cOmplete EDTA-free protease inhibitor.
Cell lysis and clearance of cell debris was performed as
described above.

Act was isolated from the lysate by affinity chromatography using
a 1 mL HisTrap HP (Cytiva, Marlborough, Massachusetts, U.S.A.) col-
umn and applying a linear gradient of buffer A to buffer B (50 mM
sodium phosphate monobasic, 300 mM NaCl, 500 mM imidazole,
2mM DTT, pH 8 (adjusted with NaOH)). The gradient was run at
1mL min® from 0% B to 100% B in 25 min. Fractions containing Act
were pooled and analyzed by SDS-PAGE. Buffer was exchanged to
reaction buffer (50 mM sodium phosphate buffer (37.7 mM sodium
phosphate dibasic, 12.3 mM sodium phosphate monobasic), 5mM
MgSO,, pH 7.4 (adjusted with NaOH)) by repeated concentration using
10 kDa centrifugal filter units (Amicon, Merck) and refills with reaction
buffer until a dilution factor of at least 30,000 was achieved. Protein
concentration was determined by absorption measurement at 280 nm
using a NanoDrop spectrophotometer and the calculated extinction
coefficient of 14,440 M* cm? (Expasy ProtParam). The enzyme was
stored at 4 °C.
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In vitro enzyme assays

Activity assays were performed in cuvettes using a Cary 50 Bio UV-
Visible spectrophotometer (Varian, Steinhausen, Switzerland).
Methanol dehydrogenase activity was assayed in reaction buffer
(buffer C) supplemented with 12.3 pM Mdh2 CT4-1 Cn or 12.5 uM Mdh
Bm MGA3 and 5mM NAD" at 37 °C. For the in vitro measurements
involving Act (Supplementary Fig. 12), 3.1uM Mdh Bm MGA3 and, if
indicated, 2.3 M activator protein (Act) was added. Assays were
started by adding preheated (10 min) methanol or formaldehyde
(10 uL) to preheated reaction buffer containing Mdh and NAD’, fol-
lowed by mixing by pipetting up and down. The reaction was mon-
itored by measuring the increase in NADH at 340 nm and the NADH
concentration was calculated from its extinction coefficient
(&340 = 6220 M* cm™). The rate of NADH formation from methanol or
formaldehyde in vitro for 10, 20, 50, 100, and 500 mM methanol and
formaldehyde as initial concentrations represent the maximal slope of
NADH formation over a period of at least 5s in the first 40s of
recording for Mdh2 CT4-1Cn and 10 s in the first 300 s of recording for
Mdh Bm MGA3. To investigate the equilibrium states of the in vitro
reactions (Fig. 5a), the assay was performed using a microplate reader
(BioTek Synergy H1, Agilent Technologies) and 25 uM Mdh2 CT4-1 Cn
or 25 pM Mdh Bm MGA3. *C methanol was used in the experiment to
enable the quantification of *C formate by 1D C NMR. The equili-
brium concentrations of formaldehyde, formate, and NADH were
determined by the following methodologies: Formaldehyde was
quantified by Nash assay. Formate was quantified by NMR. NADH was
quantified by the absorbance of the reaction solution at 340 nm, using
a standard curve obtained with a commercially available NADH stan-
dard (Sigma).

Formate production of the AfrmRAB strains harboring plasmids
encoding different NAD-dependent methanol dehydrogenases
Cryogenic glycerol stocks of the BW25113 AfrmRAB strains harbor-
ing an empty pSEVA424 plasmid backbone isolated from MEco-
li_ref 2 or expressing different NAD-dependent Mdh enzymes were
inoculated into 4 mL LB cultures in 14 mL plastic culture tubes and
grown to stationary phase at 37 °C using a Multitron shaker (Infors-
HT) at 220 r.p.m., 25 mm throw. Triplicate cultures were inoculated
in 20 mL M9 medium containing 20 mM pyruvate, 0.1 mM IPTG and
500 mM methanol to a starting ODggo of 0.05 by direct transfer of
the respective volume of LB preculture. 100 mL baffled shake flasks
were used as vessels. Culture supernatants were sampled at 5, 22,
46, and 69 hours after inoculation. Samples for the quantification of
formate by HPLC were generated by centrifugation of 500 uL of cell
culture at 11,000 x g, 4 °C for 3 min. Next, 400 pL of the supernatant
was carefully aspirated and subsequently stored in screw-cap tubes
at -20 °C until analysis by HPLC. Data from this method are shown in
Fig. 3a and Supplementary Fig. 6. See Supplementary Data 11 for
culture density and formate concentration of individual replicates
over time.

Plasmids were transformed into BL21-Gold (DE3) AfrmA:kan
and BW25113 AfrmRAB by electroporation. Three single colonies
were inoculated into 3 mL LB cultures in 24-deep well plates and
grown to stationary phase at 37 °C using a Multitron shaker (Infors-
HT) at 220 r.p.m., 25 mm throw. Triplicate cultures were inoculated
in 20 mL M9 medium containing 20 mM pyruvate, 0.1 mM IPTG and
500 mM methanol to a starting ODgoo of 0.05 by direct transfer of
the respective volume of LB preculture. 100 mL baffled shake flasks
were used as vessels. Culture supernatants were sampled 0, 24, 48,
72, and 144 hours by filtration of 500 uL culture through 96-well
filter plates (Cytiva, AcroPrep). Supernatants were stored in 96-well
plates at -20 °C until analysis by NMR. Data from this method are
shown in Supplementary Fig. 8. See Supplementary Data 12 for
culture density and formate concentration of individual replicates
over time.

Quantification of L-lactic acid

L-lactic acid in the culture supernatant was quantified by a commer-
cially available enzyme kit (L-Lactic Acid (L-Lactate) Assay Kit, K-LATE,
Megazyme) according to the manufacturer protocol.

Quantification of formate, itaconic acid, and pyruvate by LC-MS
Organic acids in the culture supernatant were derivatized together
with an internal standard as described®. Briefly, 200 uM sodium pro-
pionate was used as internal standard for the simultaneous quantifi-
cation of formate and itaconic acid, and for the determination of
2C/C formate ratio in the isotopic tracer experiment displayed in
Fig. 1c. When only formate was quantified, 1 mM of isotopically labeled
BC formate (Cambridge Isotope Laboratories) was used as internal
standard. For the quantification of pyruvate, no internal standard
was used.

Samples were diluted 20-fold in 50% (v/v) acetonitrile and 34 mM
3-nitrophenylhydrazine (3-NPH) and 21 mM N-(3-dimethylaminopro-
pyl)-N"-ethylcarbodiimide (EDC) were added. Samples were incubated
at 40 °C with continuous shaking for 1 h to facilitate the derivatization
reaction. The reaction was quenched by the addition of 0.02 % (v/v)
trifluoroacetic acid (TFA) and diluted 10-fold in 50% (v/v) acetonitrile.
For the derivatization of samples for pyruvate quantification, the
protocol was slightly adapted: 33 mM 3-NPH and 20 mM EDC were
used, 1% pyridine was added, incubation was 30 min, 0.014 % (v/v) TFA
was added. Derivatized samples were analyzed using UPLC (UPLC
Ultimate 3000, Thermo Fisher Scientific) with a C18 column with iso-
butyl side chains and tetramethylsilane end capping (Kinetex Core-
Shell Technology XB-C18: 2.1 x 50 mm, 1.7 pm particle size, 100 A pore
size, Phenomenex) coupled to a hybrid quadrupole-orbitrap mass
spectrometer (Q Exactive Plus, Thermo Fisher Scientific). Solvents
were 0.1% (v/v) formic acid in ultrapure water (solvent A) and in acet-
onitrile (solvent B)®.. For metabolite separation, the following gradient
was used at a constant flow rate of 500 pL min™: 98% solvent A linearly
decreased to 5% in 3 min, then held at 5% A for 2 min, then linearly
increased to 98% in 0.3 min and held at 98% for a final 2 min. Fourier-
transform MS was performed in negative mode with a spray voltage of
-3.0kV, a capillary temperature of 275°C, an S-lens radiofrequency
level of 50, an auxiliary gas flow rate of 20 a.u. and an auxiliary gas
heater temperature of 350 °C. Mass spectra were recorded as cen-
troids at a resolution of 35,000 at an m/z of 200 with a mass range of
150-1000 m/z and a scan rate of ~4 Hz in full scan mode. 2 pL of sample
were injected. Organic acids were quantified using pure formic acid
(Fisher Scientific) or itaconic acid (Chemie Brunschwig) as external
standards diluted in M9 medium derivatized with internal standard as
described above. LC/MS results were analyzed using the eMZed fra-
mework (emzed.ethz.ch)®’. Metabolite peaks were extracted via a tar-
geted approach using the external standard to define retention
time-my/z peak windows applying an my/z tolerance of 10 ppm. Inte-
gration was performed using trapezoid integration. The *C formate
internal standard was corrected for the natural abundance of labeled
formate in the sample and of labeled derivatization reagent.

Formate quantification by HPLC

Formate in the supernatant of the cultures for the methanol dehy-
drogenase screen for overoxidation of methanol was quantified via
UPLC (UPLC Ultimate 3000) equipped with a Rezex ROA UPLC column
(Rezex ROA-Organic Acid H+ (8%): 300 x 7.8 mm; Phenomenex) cou-
pled to a variable wavelength detector VWD-3400 (Thermo Fisher
Scientific) by monitoring the absorbance at 210 nm. 2.5 mM sulfuric
acid in ultrapure water was used as solvent at an isocratic gradient and
a flow rate of 600 pL min™. 20 pL of sample was injected. Peaks were
identified and the peak areas were quantified using Chromeleon
7 software (Thermo Fisher Scientific) based on an external standard
curve of pure formic acid (Fisher Scientific) utilizing a standard dilu-
tion series in ultrapure water. Prior to injection, samples were diluted
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1:1 (v/v) in ultrapure water and standards 1:1 (v/v) in M9 medium to
exclude matrix effects.

Formate quantification by NMR

A total of 90 pL of reaction mixture were mixed with 20 pL D,0 (99.8 %,
Merck, 617385-1-107KG) containing 10 mM DSS-D6 (98 %, CIL DLM-
8206-1). 80 pL of 20 mM sodium acetate buffer and 10 pL of 1M acetic
acid were added to acidify the sample. This mixture resulted in a final
DSS proton concentration of 1000 uM. The prepared solutions were
transferred to 3mm NMR tubes, suitable for use with the SampleJet
system (Z168406, Bruker Inc.).

NMR data were acquired at 298.0K (Fig. 5) or 289.0K (Supple-
mentary Fig. 8) at a 600 MHz Bruker AVIII Avance HD NMR spectro-
meter equipped with a CP-QCI-1H/19F-13C/15N-2H 05 Z cryoprobe. The
system included a SampleJet (Bruker Inc.) sample handling robot for
automation, with the samples stored at 278K between the
experiments.

The following 1D 'H method was used to obtain results shown in
Supplementary Fig. 8. The experiments were acquired with 65536
complex data points and 64 transients. The pre-scan relaxation delay
was set to 4.0 s. The solvent signal was suppressed by applying pre-
saturation during the pre-scan delay and by applying a short (10 ms)
NOE mixing period followed by a z-gradient before the final /2 pulse.
Data were zero-filled to 131,072 points, and a squared cosine window
function was applied. The resulting spectra were baseline-corrected
before peak integration. Peak integrals of metabolites were normalized
to the integral of DSS at O ppm for concentration determination.

The following 1D *C method was used to obtain results shown in
Fig. 5. The experiments were acquired with 53,056 complex data points
and 6,144 transients. The pre-scan relaxation delay was set to 2.0 s. The
carrier frequency was set to 97 ppm and the spectral width to 251 ppm.
The 'H channel was saturated during the pre-scan delay to enhance the
BC signal due to heteronuclear nuclear Overhauser enhancement. For
'H broadband decoupling during the acquisition and 'H saturation
during the pre-scan delay, the WALTZ-65%*** scheme was applied. Data
were zero-filled to 131,072 points, and a squared cosine window
function was applied. The resulting spectra were baseline-corrected
before peak integration.

Data acquisition and processing were performed using TopSpin
3.6 (Bruker, Inc.). Formate was quantified using pure formic acid
(Fisher Scientific) as external standard diluted in M9 medium.

Formaldehyde quantification by Nash assay

To quantify the formaldehyde in samples from the in vitro assays,
20 uL sample (collected at equilibrium, after 180 min (see Fig. 5a)) was
taken from the assay mixture and mixed with 20 pL Nash reagent 2 M
ammonium acetate, 0.05 M acetic acid, 0.02 M acetylacetone)®. Fol-
lowing an incubation of 40 min at 37 °C, absorbance at 412 nm was
measured using a microplate reader (BioTek Synergy H1, Agilent
Technologies). Formaldehyde concentrations were calculated with a
standard curve utilizing an external formaldehyde standard.

Methanol quantification by gas chromatography

Methanol in the stationary phase of the methanol-dependent cultures
was quantified using GC (GC 6850) equipped with a 7683B Series
injector coupled to an FID. A DB-WAX column (15 m x 0.32 mm x 0.50
pm; Agilent Technologies) was used for metabolite separation with
helium as the carrier gas at a column flow rate of 2.1mLmin™. The
following temperature gradient was applied: 35°C for 0.5min,
1.625 min from 35 to 230 °C, 3 min at 230 °C, 1.625 min to 90 °C and
then 0.5 min at 90 °C. For each sample, 0.5 uL was injected. The split
ratio was 10.0 and the detector temperature was 270 °C. Peaks were
confirmed using standards. For the measurements, the samples were
diluted 1:1 (v:v) with 500 mM 1-butanol in ultrapure water and further

diluted 1:50 (v:v) in ultrapure water. 1-butanol was used as the internal
standard to correct for technical fluctuations.

Phylogenetic analysis
To obtain the phylogenetic results shown in Fig. 3b, the enzyme
sequences with the following Uniprot identifiers were aligned: Mdh Bm
MGA3, Q6TV41; Mdh2 Bm MGA3, I3E2P9; Mdh3 Bm MGA3, 13E949;
Mdh Bm PB1, I3DTP7; Mdhl Bm PB1, 13DX19; Mdh2 Bm PBI, I3DVX6;
Mdh2 Cn WT F8GNES (the variant CT4-1 used in this study is A26V,
A31V, A169V compared to the WT*); Mdh Lx, AOAOK9F7R7; Mdh Gs,
P42327. The sequence alignment was performed using MUSCLE in the
EMBL-EBI Job Dispatcher sequence analysis tools framework web
tool® and the phylogenetic tree was visualized by ETE3®.

To generate the phylogenetic results shown in Supplementary
Fig. 7, 1000 protein sequences related to the Mdh Bm MGA3 were
obtained by a BLASTp search over the non-redundant protein
sequences (nr) database. Experimentally tested sequences that were
not listed in the BLAST results were added and a multisequence
alignment performed using MAFFT®%, Aligned protein sequences were
trimmed using Jalview®. The maximum likelihood tree was con-
structed with IQ-TREE?® using the best-fit model. Node support for the
phylogenetic tree was evaluated by calculating 1,000 bootstrap repli-
cates using ultrafast bootstrap approximation. TreeViewer was used
for visualization and annotation of the phylogenetic tree”.

Sequence analysis by MSA

MSA of the protein sequences was performed using the EMBL-EBI Job
Dispatcher sequence analysis tool (Clustal Omega)®®°>®3, The default
parameters for MSA were applied, except for the order which was
changed to “input”. The alignment was visualized with the use of
ENDscript  (https://endscript.ibcp.fr)®*. For secondary structure
depiction, the structure predicted for Mdh2 CT4-1 Cn (AlphaFold 3,
AlphaFold Server”) was selected. Annotation of conserved residues
was performed in Adobe lllustrator 2025 (Adobe Inc.) software
(Version 29.4).

Structural predictions

Structures of Mdh2 CT4-1 Cn and Mdh Bm MGA3 were predicted using
AlphaFold 3 (AlphaFold Server)®. The structures were analyzed and
visualized in PyMOL Molecular Graphics System, Version 3.0.4
Schrodinger, LLC.

Calculation of equilibrium concentrations

For a methanol overoxidizing Mdh, the oxidation of methanol to for-
maldehyde and of formaldehyde to formate was considered, while for
a non-overoxidizing Mdh only the methanol to formaldehyde oxida-
tion was considered in the calculation. Estimated A,G’° were derived
from the eQuilibrator web tool’*'° for the conditions present in the
in vitro assays (pH=7.4, pMg=2.3, ionic strength=0.15M) and are
32 kJ/mol and -49.6 kJ/mol. The initial concentration of methanol is
500 mM and of NAD* 5 mM. Equilibrium concentrations of methanol
[MeOH], formaldehyde [FALDH], formate [FA], [NAD'] and [NADH]
were derived from the following non-linear equation system for the
overoxidizing reaction:
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[MeOH], =[MeOH] + [FALDH] + [FA] )
[NADH] = [FALDH] + 2*[FA] 5)
5=[NAD"], (6)

[NAD "], = [NAD "] +[NADH] @)

For the non-overoxidizing reaction, the following non-linear
equation system was solved using Egs. 1, 3, 6 and 7 as well as:

[MeOH], = [MeOH] +[FALDH] ®)

[NADH] = [FALDH] )

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All relevant data supporting the findings of this work are provided
within the paper and in its Supplementary Information files. Accession
numbers of all enzymes tested are listed in Supplementary
Data 22. Source data are provided with this paper.
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