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ABSTRACT: The research on synthetic methylotrophic bacteria
for one-carbon (C1) feedstock assimilation has garnered substantial
interest and is regarded as the forefront of biomanufacturing
advancements. Nevertheless, the effective utilization of C1
feedstocks faces challenges due to inadequate tolerance toward
Cl compounds. This study elucidates that the buildup of
formaldehyde causes severe DNA—protein cross-linking (DPC),
and thus hampers growth and methanol assimilation in Escherichia
coli. To tackle this issue, we exploited a metalloproteinase, SpWss1, ’
from Schizosaccharomyces pombe. By fine-overexpressing SpWssl1 in

the E. coli genome, we were able to alleviate DPC damage and B —> CH;ONm=E. ass
enhance formaldehyde tolerance. Remarkably, the engineered strain
displayed a 10-fold increase in the amount of methanol assimilated
(142 mM) compared to that of the control strain lacking SpWssl (14 mM). Moreover, through iterative substrate feeding of
methanol and xylose in shake-flask experiments, the genetically modified strain exhibited improved consumption levels, reaching up
to 309 mM (~10 g/L), making it one of the highest methanol-consuming strains among all E. coli strains without adaptive evolution.
Additionally, the modified strain significantly enhanced the sustainable production of valuable products, such as triacetic acid lactone
and fatty acids, from methanol. Overall, our findings underscore the significant scientific and biotechnological importance of
addressing DPC to optimize C1 assimilation, providing valuable insights for sustainable chemistry, engineering, and industrial
biotechnology applications.
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H INTRODUCTION Elevated levels of C1 compounds can hinder cell growth or

induce damage, specifically formaldehyde, a pivotal inter-

15

Constructing microbial cell factories to synthesize biobased . . . 10
mediate in numerous methylotrophic pathways, > e.g,

products from sustainable substrates offers a highly promising RuMP pathway,'® XuMP pathway,” homoserine cycle,'"
) ) )

and cfost-effective alternitzive to tr]e;ditional petrgleum—baseﬁ MCC pathway,'® FLS pathway,” SACA pathway,”' ASAP
manufacturing processes. *~ One-carbon compounds (C1, suc pathway,”> HACL pathway,"® and EORCE pathway>**

as methanol, methane, formate, formaldehyde, CO,, and CO) (Figure 1). Formaldehyde readily induces chromosomal

have gained attention as promising substrates due to their low DNA damages, including DNA—protein cross-links (DPC),
cost and wide availability.” Native methylotrophic bacteria, like DNA strand cross-links, and DNA strand breaks.”> Among
Bacillus methanolicus and Methylorubrum extorquens, can these, DPC hinders the binding of polymerases and repair
naturally utilize C1 substrates, making them appealing proteins to DNA, obstructing DNA replication and tran-
catalysts.”> However, using these native methylotrophs scription, and is deemed the most toxic effect of formaldehyde
comes with several challenges: unclear genetic backgrounds, exposure.”* >

limited genetic manipulation tools, and restricted product In nature, the metalloprotease Wssl functions within a
ranges.” Consequently, researchers have focused on introduc- comprehensive network of DNA repair mechanisms crucial for
ing the C1 assimilation pathway into genetically modifiable and preserving genome stability and integrity.”” Wss1 specifically
industrially relevant bacterial strains like Escherichia coli,”"° targets and cleaves the protein component of DPCs, enabling
Corynebacterium glutamicum,"' Pseudomonas putida,'> and

Bacillus subtilis" to develop synthetic methylotrophic bacteria. Received: September 13, 2025

Yet, native methylotrophs have evolved stronger tolerance to Revised:  January 25, 2026

C1 compounds over time, thriving in diverse conditions."* In Accepted:  January 27, 2026

contrast, many synthetic methylotrophic bacteria, lacking
evolutionary adaptation, show lower tolerance to CI1
compounds.'*
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Figure 1. Formaldehyde (HCHO) serves as a key intermediate in C1
metabolism. RuMP: ribulose monophosphate pathway, XuMP:
xylulose monophosphate pathway, MCC: methanol condensation
cycle, FLS: formolase pathway, SACA: synthetic acetyl-CoA pathway,
ASAP: artificial starch anabolic pathway, HACL: 2-hydroxyacyl-CoA-
lyase pathway, and FORCE: formyl-CoA elongation pathway.

ASAP )

their removal and subsequent DNA repair.”” This activity is
indispensable for safeguarding the genomic integrity. The
ability of Wssl to resolve DPCs positions it as a pivotal factor
in cellular responses to DNA damage, especially when DPCs
are induced by formaldehyde.”® Wss1 is prevalent across a
spectrum of organisms including yeast, plants, fungi, and
animals.* Notably, Wss1 is absent in model bacteria such as E.
coli and C. glutamicum. Therefore, we aimed to introduce and
utilize Wss1 to mitigate formaldehyde toxicity by targeting the
repair of DPCs in E. coli. Implementing this approach led to a
marked enhancement in the methanol assimilation efficiency

and a concurrent rise in the production of methanol-derived
products.

B RESULTS AND DISCUSSION

Formaldehyde Accumulation-Induced DPC Formation
Impairs Strain Growth and Methanol Assimilation

Methanol is an ideal C1 substrate in the chemical industry and
biological manufacturing due to its low cost, high reduction
power, and ease of storage and transportation.'**"** To
leverage these advantages, we integrated the ribulose mono-
phosphate (RuMP) pathway, a key methanol assimilation
pathway, into E. coli (Figure 2A). This pathway comprises
three essential enzymes: methanol dehydrogenase (MDH), 3-
hexulose-6-phosphate synthase (HPS), and 6-phospho-3-
hexuloisomerase (PHI).”*> MDH oxidizes methanol to form-
aldehyde, which is then assimilated by HPS and PHI into the
central carbon metabolism of E. coli. To enable this conversion
process, we incorporated the mdh gene from Cupriavidus
necator’* and the hps and phi genes from Bacillus
methanolicus'® into the pCDF-duet vector, constructing the
recombinant plasmid pCDF-mdh-hps-phi (pCDF-RuMP).
Previous studies have demonstrated that E. coli’s S-
(hydroxymethyl) %lutathione dehydrogenase converts form-
aldehyde to CO,."" To reduce this potential loss, we deleted
the frmA gene (Figure 2A). We also knocked out the pta gene,
which encodes phosphate acetyltransferase, to minimize acetyl-
CoA conversion to acetyl phosphate.”® Additionally, we
disrupted the cyaA gene, encoding adenylate cyclase, to
potentially lower methanol consumption by downregulating
TCA cycle enzymes. Since the RuMP pathway requires
ribulose 5-phosphate (RuSP) as a precursor,”® we supple-
mented the strain with xylose to boost RuSP availability and
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Figure 2. Formaldehyde accumulation impairs growth and methanol assimilation via DPC formation. (A) Schematic illustration of genetic
manipulations in methanol-utilizing E. coli chassis cell. (B) Formaldehyde accumulation (#M/OD) in strains MPTAE and MPTAO cultivated in LB
medium with 0.1 mM IPTG and 600 mM methanol. (C) DPC coefficient in strains MPTAE and MPTAO cultivated in LB medium with 0.1 mM
IPTG, 0 mM, or 600 mM methanol. (D) Formaldehyde-induced DPC damage hinders the binding of polymerases and repair proteins to DNA,
thereby impeding DNA replication and transcription. (E) Growth kinetics and methanol/xylose utilization of the MPTAO strain in 10 mL MOPS
medium containing 600 mM methanol and 50 mM xylose in S0 mL centrifugation tubes. Data represent the mean = SD from three independent

biological replicates. “*”

represents that p-value < 0.05, “**” represents that p-value < 0.01,

“¥A%” represents that p-value < 0.001.
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Figure 3. SpWss1 enhancesE. coli’s tolerance to formaldehyde. (A) Schematic diagram of ScWss1 and SpWss1 overexpression at the pta site in the
E. coli MG165S genome. (B) Metalloprotease Wss1, as a DPC protease, repairs DPC damage through protein component degradation. (C) Growth
curves of PTAO and SC1 strains in MOPS medium with 2% (wt/v) glucose and 0-, 0.75-, or 1-mM formaldehyde. Growth was assessed in a clear-
bottom 96-well plate at 37 °C with an initial pH of 7.0. (D) Growth curves of PTAQ and SP1 strains in MOPS medium with 2% (wt/v) glucose and
0-, 0.75-, or 1-mM formaldehyde. Growth was assessed in a clear-bottom 96-well plate at 37 °C with an initial pH of 7.0. (E) ODys;, values for
PTAO and SP1 strains after 35-h incubation in 10 mL MOPS medium supplemented with 2% (wt/v) glucose, with or without 1.2 mM
formaldehyde. Cultures were maintained in S0 mL centrifugation tubes at 37 °C, 220 rpm, and an initial pH of 7.0. (F) DPC Detection in PTA0
and SP1 strains after 10-h exposure to 0 mM or S mM formaldehyde at 37 °C, 220 rpm, and an initial pH of 7.0. Data represent the mean + SD
from three independent biological replicates. “*” represents that p-value < 0.05.

knocked out rpiA and rpiB to block RuSP and RSP
interconversion, boosting the RuMP pathway’s metabolic
flux. Finally, we constructed strain MG16SS(DE3) Apta
AfrmA ArpiA ArpiB AcyaA (pCDF-RuMP), named strain
MPTAO.

The intracellular formaldehyde levels of strains MPTAQ and
MPTAE were determined under methanol concentrations of 0
and 600 mM, respectively. Strain MPTAO exhibited an
intracellular formaldehyde concentration of 33 uM/OD
(Figure 2B), which was 3 times higher (p < 0.001) than that
of strain MPTAE (MG1655(DE3) Apta AfrmA ArpiA ArpiB
AcyaA with pCDF-duet plasmid). This indicates that the
RuMP pathway introduction significantly increased intra-
cellular formaldehyde. At 0 mM methanol, both MPTAE
and MPTAO strains had a similar DPC coefficient of about 4%
(Figure 2C). When the methanol concentration rose to 600
mM, the DPC coefficient of the MPTAE strain increased to
6%, indicating relatively minor DPC damage from methanol
alone. In contrast, at 600 mM methanol, the DPC coefficient in
the MPTAGO strain increased dramatically to 37%, representing
a 6-fold increase (p < 0.001) compared to the MPTAE strain

(~6%) (Figure 2C). Formaldehyde-induced DPC damage
blocks the binding of polymerases and repair proteins to DNA,
impeding DNA replication and transcription (Figure 2D). We
also observed that strain MPTAO displayed a sluggish growth
and limited methanol consumption. Specifically, when
cultivated in a 10 mL MOPS medium with 600 mM methanol
and 50 mM xylose in a 50 mL centrifuge tube, the ODs5, of
strain MPTAO reached 0.5 after 1 day of cultivation, remained
stable from day 2 to day 4, and then decreased from day §
onward as illustrated in Figure 2E. Throughout a 10-day
fermentation period, only 14 mM of methanol and 3 mM of
xylose were consumed by the strain. These results indicate that
formaldehyde accumulation during methylotrophic metabo-
lism might induce substantial DPC formation, which, in turn,
hampers both growth and methanol assimilation.

Overexpression of SpWss1 Improved Formaldehyde
Tolerance by Mitigating DPC Damage

Subsequently, we aimed to utilize the metalloprotease Wssl to
alleviate formaldehyde-induced DPC formation. Previous
studies have indicated that the yeast metalloprotease Wssl
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processes DPC to enhance cell survival.””** Considering this,

our objective was to identify and evaluate the metalloprotease
Wssl from yeast. Following molecular phylogenetic analysis,
we selected ScWss1®” from Saccharomyces cerevisiae and
SpWss1®” from Schizosaccharomyces pombe (Figure S1) as
candidate enzymes. Despite both enzymes originating from
yeast, the primary sequence identity between these two DPC
proteases is only 21.6% (Figure S2).

Next, we introduced these two DPC proteases into E. coli
MG165S. To avoid the burden of plasmid expression and the
cost of inducers like IPTG,* we integrated the genes into the
E. coli genome for inducer-free expression. Using the
constitutive M1-93 promoter,”’ we inserted the M1-93-gene
expression cassettes into the pta site of the MG165S genome
(Figure 3A), yielding strains MG16SS pta::M1-93-ScWssl
(termed strain SC1) and MG16SS pta::M1-93-SpWssl
(termed strain SP1). Metalloproteases ScWssl and SpWssl,
acting as DPC proteases, function to repair DPC damage by
degrading the protein component of DPC (Figure 3B).
Additionally, we also created a control strain by knocking
out the pta gene in the MG1655 genome, resulting in strain
MG1655 Apta (termed strain PTAO).

We evaluated the formaldehyde tolerance of engineered E.
coli strains by monitoring their growth curves in minimal
MOPS medium with 2% glucose and varying formaldehyde
concentrations. Experiments were conducted in clear-bottom
96-well plates at 37 °C and pH 7.0 with continuous shaking for
18 h. At 0 mM formaldehyde, control strain PTAO and
engineered strains showed normal growth with no significant
differences (Figure 3C and D). When the formaldehyde
concentration in the medium was increased to 0.75 and 1 mM,
the growth rate of strain SC1 decreased compared with the
control strain PTAO (Figure 3C). Herein, the slower growth of
the SC1 strain may result from suboptimal ScWss1 activity in
E. coli, because this protease requires regulatory partners and
activation mechanisms that are absent in bacteria. In addition,
the heterologous expression of ScWss1 could impose folding or
proteotoxic burdens. Intriguingly, in the presence of 0.75 mM
formaldehyde, the specific growth rate (4, h™") of strain SP1
(0.290 h™") increased by 22% (p < 0.001) compared to strain
PTAO (0.238 h™') (Figure 3D). When the formaldehyde
concentration was further increased to 1 mM, strain PTAO
exhibited a lag phase of approximately 13 h before resuming
growth, whereas strain SP1 reduced the lag phase to about 7 h.
Furthermore, the specific growth rate of strain SP1 was 51%
higher (p < 0.001) than that of strain PTAO. We further
validated the formaldehyde-resisting performance of strain SP1
by transitioning it from the initial 96-well plate to a 50 mL
centrifuge tube. Intriguingly, in the presence of 1.2 mM
formaldehyde, the ODg, of strain PTAO decreased from 0.10
to 0.09. In contrast, the ODgg, of strain SP1 increased from
0.10 to 1.7 within the same time frame (Figure 3E). Therefore,
considering both the 96-well plate and the 50 mL centrifuge
tube data, we can conclude that the SP1 strain exhibits an
enhanced tolerance to formaldehyde.

We next examined whether the enhanced formaldehyde
tolerance of the SP1 strain stem from mitigating DPC in E. coli.
Without formaldehyde, both PTAO and SP1 strains exhibited
similar DPC coefficients, hovering around $% (Figure 3F).
After S mM formaldehyde treatment, the DPC coefficient of
the PTAO strain surged to 37%. In contrast, the DPC
coeflicient of the SP1 strain stood at 30%, marking a notable
19% decline (p < 0.05) compared to its PTAO counterpart.

This result confirms that the SP1 strain effectively mitigates
formaldehyde-induced DPC, thereby bolstering its form-
aldehyde tolerance.

SpWss1 Enhances E. coli’'s Methanol Assimilation
Next, we hypothesized that overexpressing the SpWss1 protein

would enhance methanol assimilation efficiency by reducing
DPC damage (Figure 4A). To test this, we overexpressed
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Figure 4. Overexpression of SpWss1 enhanced methanol assimilation.
(A) Schematic illustration of overexpression of SpWssl to alleviate
formaldehyde toxicity and thereby enhance methanol assimilation
efficiency. (B, C) Growth dynamics and metabolic utilization of
methanol and xylose by MPTAO and MSP1 strains during cultivation
in 10 mL of MOPS medium containing 300 mM methanol and S0
mM xylose in 50 mL centrifugation tubes. (D, E) Growth dynamics
and metabolic utilization of methanol and xylose by MPTAO and
MSP1 strains during cultivation in 10 mL of MOPS medium
containing 600 mM methanol and S0 mM xylose in 50 mL
centrifugation tubes. (F) Measurement of intracellular formaldehyde
accumulation (uM/OD) in strains MPTAO and MSP1 cultivated in
LB medium supplemented with 0.1 mM IPTG and 600 mM
methanol. (G) DPC Detection in strains MPTAO and MSP1
cultivated in LB medium supplemented with 0.1 mM IPTG, 0 mM,
or 600 mM methanol. Data represent the mean + SD from three
independent biological replicates. “*” represents that p-value < 0.05,
“¥*” represents that p-value < 0.01, “***” represents that p-value <
0.001.

SpWssl in the MPTAO strain, generating the engineered strain
MG1655(DE3) Apta:M1-93-SpWss1 AfrmA ArpiA ArpiB
AcyaA (pCDF-RuMP), termed strain MSP1. We then
evaluated the growth of strains MPTAO and MSP1 at varying
methanol concentrations.

Both strains were cultured in 10 mL of MOPS medium
containing S0 mM xylose and gradient concentrations of
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Figure 5. Xylose-feeding fermentation and the *C labeling of metabolites. (A) Growth curve and methanol, xylose consumptions of the MSP1
strain were measured under the cultivation conditions of 40 mL MOPS medium containing 400 mM methanol and 50 mM xylose in 250 mL
baffled flasks, with additional xylose feeding during fermentation. (B) Growth curve and methanol, xylose consumptions of the MSP1 strain were
measured under the cultivation conditions of 40 mL MOPS medium containing 500 mM methanol and 50 mM xylose in 250 mL baffled flasks,
with additional xylose feeding during fermentation. (C) Labeling abundance of intracellular metabolites derived from '*C-methanol was quantified,
including G6P: glucose 6-phosphate, F6P: fructose 6-phosphate, F16P: fructose 1,6-diphosphate, 2-PGA: 2-phosphoglyceric acid, 3-PGA: 3-
phosphoglyceric acid, PPA: phosphoenolpyruvic acid, PA: pyruvic acid, LA: lactic acid, CA: citric acid, cAC: cis-aconitic acid, SA: succinic acid,
FUM: fumaric acid, RSP: ribose-S-phosphate, OA: oxoglutaric acid. Data represent the mean + SD from three independent biological replicates.

methanol in 50 mL centrifuge tubes. When the initial methanol
concentration was 300 mM, the control strain MPTAO
exhibited slow growth during the first 5 days, with an ODg;,
of 1.6 on day 6, after which it remained relatively stable (Figure
4B). Over a 10 day growth period, strain MPTAO consumed a
total of 26 mM methanol and 4.2 mM xylose. In contrast, the
engineered strain MSP1 demonstrated rapid growth from the
second day, achieving a maximum ODgg, of 6.7 on day 8
(Figure 4C), which is 3.7 times higher (p < 0.001) than that of
the MPTAQO strain (ODjss, = 1.8). At this point, the xylose in
the medium was nearly depleted. Over the 10-day fermentation
period, strain MSP1 consumed a total of 107 mM methanol
and 45 mM xylose. The methanol utilization efficiency of strain
MSP1 was 4 times (p < 0.001) that of strain MPTAO.

When the methanol concentration in the medium was
increased to 600 mM, strain MPTAO showed a maximum
ODj;, value of less than 0.5 over 10 days. Also, only 15 mM
methanol and 2.8 mM xylose were consumed during the whole
fermentation (Figure 4D). In contrast, the engineered strain
MSP1 maintained a nearly constant growth rate during the first
7 days, reaching an ODys;, of 5.2 on day 8 (Figure 4E), which is
19 times higher (p < 0.001) than that of the control strain
(ODggy = 0.27). Over the 10-day period, strain MSP1
cumulatively consumed 142 mM methanol and 44 mM xylose,
with utilization efficiencies of methanol and xylose that were
10 and 14 times higher (p < 0.001) than those of the control
strain (14 mM methanol; 3 mM of xylose), respectively. In
summary, the engineered strain MSP1 exhibited significantly
enhanced growth and methanol assimilation capabilities under
various methanol concentrations.

The intracellular formaldehyde concentration was measured
in both strains. The engineered strain MSP1 exhibited an
intracellular formaldehyde concentration of 25 uM/OD, a 23%
decrease (p < 0.01) compared to the control strain MPTAO
(33 uM/OD) (Figure 4F). This indicated that SpWssl
overexpression effectively alleviates the intracellular form-
aldehyde. In the absence of methanol (0 mM), both strains
had a similar DPC coefficient of around 4% (Figure 4G).
However, at 600 mM methanol, the DPC coefficient of strain
MSP1 was 28%, a 24% reduction (p < 0.001) compared to
strain MPTAO (37%) (Figure 4G). This significant decrease
highlights the key role of SpWss1 overexpression in mitigating
formaldehyde-induced DPC damage.

Further Enhancement of Methanol Assimilation Efficiency

To further evaluate the methanol assimilation efficiency of
strain MSP1, xylose-feeding fermentation was conducted. At an
initial methanol concentration of 400 mM, the ODqs, of the
strain reached 8.2 on day 2, at which point the xylose
concentration decreased to 12 mM, and xylose was then
replenished in the medium. The ODjyg, of the strain reached
11.2 on day 3, with a specific growth rate (4 = 0.154 h™"),
which corresponded to a doubling time of approximately 4.3 h.
The growth of the strain remained stable from the third to
seventh day, with a noticeable decline in ODsy, on day 8. The
loss of methanol volatilization in the flask is considered in the
calculation (Figure S3), strain MSP1 consumed 198 mM of
xylose and a total of 288 mM of methanol (~9.2 g/L) within 8
days (Figure SA). When the initial methanol concentration was
increased to 500 mM, the ODsy, of the strain reached 7.7 on
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Figure 6. The utility of methanol-assimilating E. colito produce TAL and LCFA.(A) Schematic representation of TAL biosynthetic pathways. (B)
Cultivation of MPTAO + pTrc99a-bktB (left) and MSP1 + pTrc99a-bktB (right) in SO mL MOPS medium containing S00 mM methanol and S0
mM xylose in 250 mL baffled flasks. (C) and (D) Display of growth curves, methanol and xylose consumption, as well as TAL production for both
MPTAO + pTrc99a-bktB (left) and MSP1 + pTrc99a-bktB (right). (E) Schematic representation of LCFA biosynthetic pathways. (F) Cultivation
of MPTAO + pTrc99a-TE (left) and MSP1 + pTrc99a-TE (right) in S0 mL MOPS medium with S00 mM methanol and S0 mM xylose in 250 mL
baffled flasks. (G) and (H) Display of growth curves, methanol and xylose consumption, as well as LCFA production for both MPTAO + pTrc99a-
TE (left) and MSP1 + pTrc99a-TE (right). Data represent the mean + SD from three independent biological replicates.

day 2, at which point the xylose concentration decreased to 13
mM, and xylose was then added to the medium. Subsequently,
the ODg; of the strain showed a stable increasing trend until a
decline began on the eighth day. The strain consumed 172
mM xylose and a total of 309 mM methanol (~10 g/L) within
8 days (Figure SB). To the best of our knowledge, this strain
may present one of the most efficient methanol-consuming
phenotypes observed in E. coli strains without undergoing
adaptive evolution.'”****~* Otherwise, the growth rate of
MSPI is faster than that reported for the strain in Chen et al.'’
(doubling time 8.5 h) and is comparable to the strain
described in Reiter et al.*® It should be noted, however, that in
our study, the medium for cultivating MSP1 with methanol as
the carbon source was supplemented with xylose and casein
acid hydrolyzate to support growth. Thus, unlike other
methanol-auxotroéphic strains—such as those in Chen et al.'’
and Reiter et al."*—which rely solely on methanol for growth,
MSP1 was cultured under distinct nutritional conditions.

To verify the integration of methanol into central carbon
metabolism, we conducted a 13C-methanol-labeling experiment
with strain MSP1 in a MOPS medium containing 50 mM
xylose and 100 mM "*C-methanol. The analysis focused on key
metabolites involved in carbon metabolism, including inter-
mediates of the Embden-Meyerhof-Parnas (EMP) pathway
and the tricarboxylic acid (TCA) cycle.'® Following an 8-day
cultivation period, we observed significant incorporation of

labeled carbon from methanol into various metabolites within
the EMP pathway, such as 36% glucose 6-phosphate, 38%
fructose 6-phosphate, 38% fructose 1,6-diphosphate, 32% 2-
phosphoglyceric acid, 29% 3-phosphoglyceric acid, 28%
phosphoenolpyruvic acid, 38% pyruvic acid, and 19% lactic
acid (Figure SC). Furthermore, substantial labeling was found
in key compounds of the TCA cycle, with 36% citric acid, 40%
cis-aconitic acid, 32% succinic acid, 34% fumaric acid, 10%
oxoglutaric acid containing labeled carbon. Additionally, 32%
ribose-S-phosphate within the pentose phosphate pathway
exhibited labeling. Collectively, these results demonstrate that
methanol is effectively integrated into the central carbon
metabolism of strain MSP1.

Sustainable Production of Valuable Products from
Methanol

We subsequently sought to exploit the engineered MSP1 strain
to produce valuable bioproducts by using methanol as a
substrate. One target compound was triacetic acid lactone
(TAL), a versatile platform chemical useful for synthesizing
various molecules.”” We employed the engineered strain for
TAL production by utilizing the previously developed plasmid
pTrc99a-bktB (Figure 6A). The MPTAO strain exhibited slow
growth, with a maximum ODj;j of less than 1.0 (Figure 6B and
C). Over a period of 10 days, the MPTAQ strain consumed
only 14 mM methanol and produced TAL at a concentration
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of 10 mg/L (Figure 6C). In contrast, after a 3 day lag phase,
the MSP1 strain exhibited rapid growth, reaching an ODy;, of
5.3 on day 10. Over the same 10-day period, MSP1 consumed
96 mM methanol and 31 mM xylose to produce TAL at 44
mg/L, showing a 3.5-fold higher (p < 0.001) TAL yield than
the MPTAQO strain (Figure 6D).

Long-chain fatty acids (LCFA) represent another valuable
class of chemical, with extensive applications in the fields of
cosmetics, medicine, and food additives.*® In this study, we
employed the previously reported plasmid pTrc99a-TE to
synthesize LCFA (Figure 6E). The MPTAO strain exhibited
very slow growth, with a maximum ODg;, of no more than 0.4
in 10 days (Figure 6F). The initial concentration of LCFA
detected in the MPTAO strain at 0 h was 2.2 mg/mL, likely
originating from the medium. Over a period of 10 days, the
MPTAQO strain consumed 11 mM methanol and 1 mM xylose,
yielding LCFA at a concentration of ~1 mg/L. In contrast, the
MSP1 strain displayed rapid growth following a 4-day lag
phase, reaching an ODy;, value of 5.9 on day 10. The MSP1
strain consumed 114 mM of methanol and 39 mM of xylose
over the same 10-day period, resulting in a final LCFA
production of 24 mg/L, which was more than 20 times higher
(p < 0.001) than that of the control strain MPTAO.

B CONCLUSION

C1 substrates are now recognized as sustainable and next-
generation substrates for the biomanufacturing industry.
However, their assimilation is often hindered by formaldehyde
cytotoxicity. It has been identified that damage to DPC caused
by formaldehyde is a critical factor contributing to these
challenges.”” In this research, SpWssl from S. pombe
demonstrated outstanding capabilities in mitigating DPC
damage induced by formaldehyde and in enhancing methanol
utilization. It should be noted that Wssl does not directly
metabolize formaldehyde; rather, the decrease in intracellular
formaldehyde observed in MSP1 (Figure 4F) is an indirect
effect downstream of the DPC resolution. Mechanistically, we
hypothesize that SpWssl relieves DPC-induced blocks to
replication and transcription and reduces proteotoxic burden,
which in turn (i) restores normal expression and activity of
formaldehyde-assimilating enzymes (HPS/PHI and possibly
endogenous detox enzymes), (ii) frees up cellular resources
(ATP, NAD(P)H, chaperones) needed to sustain assimilation
and repair, and (jii) prevents sequestration or inactivation of
proteins involved in formaldehyde turnover. Collectively these
effects increase the net flux of formaldehyde into assimilatory
or detoxification routes and thus lower the steady-state free
formaldehyde concentration. Conversely, Wss1 derived from S.
cerevisiae did not exhibit similar abilities. The disparity in
functionality between these two proteins may be attributed to
their low homology or the potential impact of heterologous
expression in E. coli on the gene. Future studies aimed at
elucidating the underlying reasons for this observation could
provide valuable insights into the function of ScWssl. The
primary focus of this study was to utilize methanol and the
central RuMP pathway to showcase the efficacy of repairing
DNA and protein damage to enhance C1 assimilation. Our
results show that alleviating formaldehyde-induced DNA—
protein cross-linking substantially improves methanol assim-
ilation (Figure S4), but we do not claim that resolving DPC
alone is sufficient to achieve fully efficient methanol growth in
methanol-auxotrophic strains. Instead, our data indicate that
DPC damage represents a previously underappreciated

physiological barrier that constrains the performance of
engineered RuMP pathways, in addition to the well-recognized
limitations imposed by pathway topology and flux bal-
ance.'”'*3 Once this barrier is removed, the same metabolic
configuration supports markedly higher methanol flux and
biomass formation, suggesting that DPC repair acts upstream
of pathway functionality by restoring replication, transcription,
and proteostasis under formaldehyde stress.””**** We fully
agree that pathway integration, cofactor and precursor
balancing, and global flux adaptation remain the major
determinants of efficient synthetic methylotrophy, as demon-
strated in previous studies employing extensive Pathway
rewiring or adaptive laboratory evolution.”'***** Thus,
SpWssl-mediated DPC mitigation should be regarded as a
complementary lever that enhances, rather than replaces, these
established metabolic strategies. Integrating DPC repair with
further metabolic optimization or adaptive evolution is
expected to produce additive or synerégistic improvements in
future synthetic methylotroph designs.”""

This strategy can also be extended to leverage other
methylotrophic pathways that utilize formaldehyde as an
intermediate, such as the XuMP pathway,'’ homoserine
cycle,'"® MCC pathway,'” FLS pathway,”® SACA pathway,’
ASAP pathway,”” HACL pathway'?, and FORCE pathway.”**
Beyond methanol, this approach can be applied to facilitate the
efficient assimilation of other C1 substrates like formate,
methane, CO,, and CO. Furthermore, apart from E. coli, this
strategy is adaptable to various microbes for C1 assimilation.

B MATERIALS AND METHODS

Strains and Plasmids

All strains and plasmids used in this study are listed in Tables S1 and
S2, respectively. E. coli MG1655 served as the parental strain for
tolerance testing, while MG1655(DE3) was employed as the starting
strain for methanol assimilation and product synthesis. Chromosomal
modifications were performed using CRISPR-Cas9 method,*’ which
included integration of ScWssl and SpWssl genes, and knockout of
frmA, rpiA, and rpiB genes. The cyaA gene was disrupted using the
one-step inactivation technique (FLP-FRT).° Both ScWssl and
SpWssl genes were integrated into the pta site under the control of
the artificial promoter M1-93.*" For methanol assimilation, the mdh
gene from C. necator and hps/phi genes from B. methanolicus were
cloned into the pCDF-duet plasmid to generate pCDF-RuMP. For
TAL production, the bktB gene from C. necator was integrated into
the pTrc99a plasmid to generate pTrc99a-bktB. For LCFA
production, fabz from E. coli and rcTE from Ricinus communis were
incorporated into the pTrc99a plasmid to generate pTrc99a-fabz-rcTE
(termed pTrc99a-TE).

Assessment of Formaldehyde Tolerance in Engineered
Strains

To evaluate formaldehyde tolerance, solvent tolerance assays were
performed in 200 yL of MOPS minimal medium in clear-bottom 96-
well plates. The medium contained 40 mM MOPS, 4 mM tricine, 0.01
mM FeSO,, 9.5 mM NH,C], 0.276 mM K,SO,, 0.5 uM CaCl,, 0.525
mM MgCl,, 50 mM NaCl, 0292 nM (NH,),MoO,, 40 nM H,BO,,
3.02 nM CoCl,, 0.962 nM CuSO,, 8.08 nM MnCl,, 0.974 nM ZnSO,,
and 1.32 mM K,HPO,,' supplemented with 2% (wt/v) glucose.
Experiments were conducted at 37 °C with an initial pH of 7.0. The
specific growth rate y (h™") was determined by fitting the equation
ODs;50 = ODss50 € to the exponential growth phase, requiring R* >
0.9S.

To determine formaldehyde tolerance thresholds, selected strains
were cultured in 5 mL of MOPS minimal medium enriched with 2%
(wt/v) glucose and varying formaldehyde concentrations. Cultures
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were incubated at 37 °C with continuous shaking at 220 rpm
throughout the entire experimental period.

Methanol Assimilation Fermentation Experiment

Strains were initially cultured overnight in LB medium containing 50
ug/mL kanamycin and 50 pug/mL spectinomycin. Cells were then
harvested by centrifugation, washed twice with MOPS minimal
medium, and inoculated into MOPS minimal medium containing 2%
(wt/v) casamino acids, SO pg/mL kanamycin, SO pug/mL
spectinomycin, 0.1 mM IPTG, and the required concentrations of
methanol and xylose. The initial culture optical density was adjusted
to 0.1, and fermentation was conducted at 37 °C with shaking at 220
rpm.
For fed-batch fermentation, the initial medium consisted of MOPS
minimal medium supplemented with S0 mM xylose, 2% (wt/v)
casamino acids, 50 pg/mL kanamycin, 50 yg/mL spectinomycin, 0.1
mM IPTG, and an initial methanol concentration of 400 or 500 mM.
Starting from day 2, 30 mM xylose was added daily. Samples were
collected for ODg5, measurement and subsequent HPLC analysis.

Determination of Intracellular Formaldehyde
Concentration

To quantify intracellular formaldehyde, we modified the Nash
reaction based on Woolston et al.'s method.** Cells were centrifuged
at 12,000 rpm, washed twice with PBS buffer (pH 7.5), and
resuspended in 2 mL of PBS buffer. After sonication (150 W, 2 s on, 3
s off) for 5 min, 150 uL of the suspension was mixed with an equal
volume of Nash reagent (5 M ammonium acetate and SO mM
acetylacetone) in a new tube. The mixture was incubated at 37 °C for
1 h, and the absorbance was measured at 412 nm. A fresh standard
curve (0—1 mM) was prepared for each assay.

Determination of Formaldehyde-Induced DPC

To measure DPC via the KCI-SDS method,>*** strains were cultured
overnight and treated with various formaldehyde concentrations.
Treated cells (0.5 mL) were harvested, washed twice with PBS buffer
(pH 7.5), and resuspended in 0.5 mL of PBS buffer. After adding 0.5
mL of 2% SDS solution and gently vortexing, the mixture was heated
at 65 °C for 10 min to lyse the cells. Then, 100 uL of KCI (1 M) in
Tris-HCI (0.2 M, pH 7.5) was added, and the solution was passed six
times through a 1 mL polypropylene pipet tip to shear DNA to a
uniform length. SDS addition is critical as it binds to proteins but not
DNA, precipitating protein—DNA complexes, while free DNA
remains in the supernatant. The SDS-K' precipitate formed by
cooling on ice for 5 min was collected by centrifugation at 13,000 rpm
for S min at 4 °C. The supernatant containing free DNA was
transferred to a new tube. The pellet was washed three times by
resuspension in 1 mL of washing buffer (0.1 M KC], 0.1 mM EDTA,
20 mM Tris-HCl, pH 7.5), heating at 65 °C for S min, and
centrifugation as before. The wash supernatants were combined with
the free DNA. The final pellet was resuspended in 0.5 mL of washing
buffer, treated with protease K (0.4 mg/mL) at S0 °C for 3 h, cooled
on ice for 5 min, and centrifuged at 13,000 rpm for 10 min at 4 °C.
The supernatant, containing DNA involved in DPC formation, was
transferred to a fresh tube.

For quantification, DNA standards (0—S5000 ng/mL) were
prepared. Samples were treated with fresh Hoechst 33258 fluorescent
dye, incubated in the dark for 30 min, and measured using a
microplate reader (excitation, 350 nm; emission, 450 nm). DNA
content was determined by comparison with the standards. The DPC
value was calculated as cross-linked DNA/total DNA, where total
DNA was defined as the sum of cross-linked DNA and free DNA.

Assessment of Methanol and Xylose Consumption

Samples were collected for ODsy, measurement and analysis of
methanol and xylose consumption. An Agilent Hi-Plex column (300
mm X 7.8 mm) was used to determine methanol and xylose
concentrations. The mobile phase consisted of S mM sulfuric acid at a
flow rate of 0.6 mL/min over 30 min run time. The column was
maintained at 65 °C, and detection was performed using a refractive

index detector (RID). Methanol and xylose had retention times of
18.9 and 9.3 min, respectively.

13C Labeling Experiment

Strain MP1 was cultured for 8 days in MOPS medium containing 50
mM xylose, 2% casamino acids, 100 mM "*C-labeled methanol, and
supplemented with appropriate antibiotics (kanamycin, spectinomy-
cin) and the inducer IPTG. After cultivation, the cells were harvested
by centrifugation at 5,000 rpm for 10 min, and the residual medium
was removed. The cell pellet was immediately frozen in liquid
nitrogen and stored at —80 °C until further use.

For intracellular metabolite extraction, each sample was treated
with 1 mL of an extraction solvent mixture of methanol, acetonitrile,
and water (4:4:2, v/v/v). The samples were placed in an ice—water
bath and subjected to ultrasonication for 15 min, followed by
incubation at —80 °C for 60 min. After freezing, the samples were
centrifuged at 13,000 rpm for 15 min at 4 °C. Subsequently, 1 mL of
the supernatant was collected and dried under a gentle stream of
nitrogen. The dried residue was reconstituted in 80 uL of a 50%
acetonitrile aqueous solution (1:1, v/v) prior to UHPLC-HRMS
analysis.

Product Fermentation

Strains carrying the pTrc99a-bktB or pTrc99a-TE plasmid were
cultured overnight in LB medium with 50 yg/mL kanamycin, 50 ug/
mL spectinomycin, and 50 pg/mL carbenicillin. Cells were then
centrifuged at 12,000 rpm for 10 min, washed twice with MOPS
minimal medium, and inoculated into MOPS minimal medium
containing 400—500 mM methanol, 50 mM xylose, 2% casamino
acids, and the same antibiotics plus 0.1 mM IPTG. Fermentation was
conducted at 37 °C with 220 rpm shaking. Daily samples were
collected to measure the ODss, methanol, xylose, and product
concentrations.

Production and Quantification of TAL and Fatty Acids

Samples were collected daily to quantify the products. TAL was
extracted using ethyl acetate, derivatized with pyridine and BSTFA,
and analyzed by GC-MS as previously described.”” The procedure for
detecting long-chain fatty acids was as follows: 100 uL of the liquid
sample was mixed with 20 uL of an internal standard (c7:0/c15:0, S
mg/mL, final concentration 833 mg/L). Then, 2 mL of an ethanol-
sulfuric acid mixture (98:2 v/v) was added, mixed thoroughly, and
incubated at 65 °C for 30 min. Subsequently, 2 mL of 0.9% (wt/v)
NaCl solution and 1 mL of hexane were added, followed by vortexing
and centrifugation at 2000 X g for 2 min. Finally, the upper hexane
layer was analyzed using GC-MS. For GC-MS analysis, the initial
temperature was maintained at S0 °C for 2 min, then increased to 200
°C at a rate of 25 °C/min and held for 1 min, followed by a further
increase to 315 °C at a rate of 25 °C/min and held for 2 min. Helium
was used as the carrier gas at a flow rate of 1 mL/min.

Statistical Analysis

All data in this study were analyzed for statistical significance using the
two-tailed t-test method. Results with p-values < 0.05 were considered
statistically significant.
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