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Abstract
Background  Methylphosphonate (Mpn), a building block for complex organophosphonate, is utilized in 
pharmaceuticals, agriculture, and chemical industries. It also serves as a critical substrate for resolving the methane 
paradox in ecological studies. However, current Mpn synthesis predominantly relies on chemical methods. Therefore, 
there is a growing interest in developing biosynthetic approaches for Mpn production.

Results  In this study, the biosynthetic pathway of Mpn was reconstituted. Four crucial enzymes involved in 
the conversion of phosphoenolpyruvate (PEP) to Mpn were screened: phosphoenolpyruvate mutase (AepX), 
phosphonopyruvate decarboxylase (AepY), phosphonoacetaldehyde reductase (AlpJ), and methylphosphonate 
synthase (MpnS). Both in vitro and in vivo biocatalytic cascades were implemented. Through systematic optimization 
of the in vitro reaction conditions, a final Mpn conversion yield of 76% was achieved from 5 mM PEP, with an optimal 
enzyme concentration ratio of 5 µM AepX, 10 µM AepY, 10 µM AlpJ, and 10 µM MpnS. Building on the in vitro 
system, recombinant Escherichia coli strains co-expressing four enzymes were engineered as whole-cell catalysts. 
By employing a dual-plasmid system with varying copy numbers to regulate heterologous enzyme expression, 
engineered strains with distinct synthetic capabilities were obtained. The engineered strain E6 (harboring plasmids 
pCDFDuet-aepX-aepY and pETDuet-alpJ-mpnS) produced 7.19 mM Mpn, corresponding to a 35.95% molar conversion 
yield within 16 h.

Conclusions  This study established a biosynthetic method for Mpn production from PEP through enzymatic 
cascade, operating under mild aqueous conditions.

Keywords  Methylphosphonate, Phosphoenolpyruvate, Biocatalytic cascade, In vitro cascade, Enzymatic process 
optimization, Whole-cell catalysts
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Background
Organophosphonates, characterized by their carbon-
phosphorus (C-P) bond, exhibit exceptional stability and 
structural mimicry. These molecules not only exhibit 
bioactivities against microbes but also act as phosphorus 
sources under nutrient-limiting conditions. Methylphos-
phonate (Mpn), the simplest organophosphonate with a 
phosphonate group and a methyl group, exhibits diverse 
application potential. Mpn serves as a “building block” 
to create complex organophosphonates [1]. Predomi-
nantly, it is widely employed in chemical transformations 
[2], while its derivatives are integral to manufactur-
ing pesticides, anticancer agents, antibiotics, and flame 
retardants [3, 4]. Notably, microbial catabolism of Mpn 
releases methane, which provides a plausible explanation 
for the “ocean methane paradox”. Mpn can be used as a 
precursor substrate for methane production under aero-
bic conditions [5]. Therefore, Mpn plays a critical role 
in agriculture, chemical industry, pharmaceuticals, and 
ecology.

Currently, Mpn production primarily relies on chemical 
synthesis, such as the Michaelis-Arbuzov reaction (Fig. 
1a), a common method for synthesizing organophospho-
nates with C-P bonds [6]. This reaction involves a trisub-
stituted phosphite as a nucleophile reacting with an alkyl 
halide at elevated temperature (135–150 °C) to replace 
the halogen. However, the generation of by-products 
can lower the reaction yield and cause environmental 

problems. Greener approaches have been developed 
for the Michaelis-Arbuzov reaction [7, 8]. For example, 
phosphonate can be efficiently generated in high yields 
(75–90%) using environmentally-benign alcohols instead 
of toxic alkyl halides in the presence of an iodide catalyst, 
with the main byproduct being an alcohol. The UV pho-
tolysis (185 nm) of acetone with phosphite can yield Mpn 
(Fig. 1b) at only 17% efficiency [1]. While some chemical 
methods have already achieved high yields [9, 10], there 
is a need for a gentler approach to Mpn production.

Biocatalysis has emerged as a cornerstone strategy in 
organic synthesis to accelerate chemical transformations 
with precision. These biocatalysts, primarily enzymes, 
leverage their exceptional substrate selectivity and opera-
tion under mild conditions to enable the synthesis of 
high-value chemicals, ranging from pharmaceuticals to 
agrochemicals [11]. Multi-enzyme cascades (also termed 
biocatalytic cascades) can be executed both in vitro and 
in vivo [12, 13]. In vitro cascade employs cell lysates or 
purified enzymes for substrate conversion, a strategy 
particularly advantageous for (i) reactions requiring non-
physiological conditions (e.g., elevated temperatures), 
(ii) systems involving enzymes with low solubility, and 
(iii) processes where toxic intermediates necessitate spa-
tial separation from host cells. Compared to metabolic 
engineering, this approach provides superior flexibility 
in enzyme dosage control and reaction order optimiza-
tion. An outstanding example is the nine-enzyme in vitro 

Fig. 1  Chemical and biocatalytic routes for Mpn production. a Michealis-Arbuzov reaction. b Simple UV photolysis reaction. c The biocatalytic cascade 
route
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cascade that synthesizes islatravir, a promising anti-HIV 
drug candidate [14]. In vivo cascades, conversely, rely on 
the co-expression of heterologous enzymes within engi-
neered microbial hosts (e.g., Escherichia coli) to create 
whole-cell biocatalysts [15]. The cell-wall could protect 
enzymes, improving substrate tolerance and operational 
stability [13]. For instance, azelaic acid, a critical mono-
mer for biodegradable polymers, was efficiently produced 
via a three-enzyme in vivo cascade using linoleic acid 
as the substrate [16]. Therefore, biocatalytic cascades 
enables one-pot synthesis of target compounds with sim-
ple materials as substrates, which comply with the devel-
opment of green chemistry [17, 18].

Metcalf et al. identified methylphosphonate synthase 
(MpnS) from the marine archaeon Nitrosopumilus mari-
timus, a breakthrough that unveiled the enzymatic basis 
of Mpn production [19]. Mechanistic studies revealed 
that MpnS catalyzed the oxidative cleavage of 2-hydroxy-
ethylphosphonate (2-HEP) into Mpn and CO₂, thereby 
linking Mpn biosynthesis to methane release. Interest-
ingly, various natural oraganophosphonates like fos-
fomycin [20], phosphinothricin tripeptide [21], and 
argolaphos [22] share a biosynthetic pathway involving 
the synthesis from PEP to 2-HEP, indicating a degree of 
pathway conservation [23]. Consequently, the identifica-
tion of MpnS function has unveiled the complete Mpn 
biosynthetic pathway. The biosynthesis of phosphonate is 
initiated with C-P bond formation, a reaction catalyzed 
by PEP mutase. Thus, this gene is commonly utilized as 
a molecular marker for annotating phosphonate biosyn-
thetic gene clusters [24]. Seidel et al. successfully cloned 
and overexpressed PEP mutase gene from Tetrahymena 
pyriformis in E. coli. They demonstrated PEP mutase role 
in catalyzing the conversion between PEP and phospho-
nopyruvate (PnPy) in equilibrium [25]. The equilibrium 
strongly favors PEP retention due to the high bond disso-
ciation energy of the P-O bond in PEP (17–24 kcal/mol).

To the best of our knowledge, no prior study has 
reported the production of Mpn via enzymatic cascade 
reactions. This study aimed to reconstruct the Mpn bio-
synthetic pathway employing both in vitro and in vivo 
biocatalytic cascades. The cascade pathway consisted of 
four enzymatic reactions starting with phosphoenolpyr-
uvate (PEP) as the substrate. Four enzymes with diverse 
functions, sourced from different microbial species, were 
systematically screened. The in vitro reaction conditions, 
including enzyme ratios, substrate and cofactor concen-
trations, were optimized. Building on in vitro system, an 
in vivo cascade system was further developed to facilitate 
simplified Mpn biosynthesis. Recombinant E. coli strains 
were engineered to co-expressing four enzymes as whole-
cell catalysts. A dual-plasmid expression system was uti-
lized to precisely regulate intracellular enzyme levels.

Results
Pathway and enzyme selection
By searching the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database for MpnS enzyme, we 
located the complete biosynthetic pathway of Mpn 
within the phosphonate metabolism pathway (KEGG 
map 00440). PEP, a central metabolic intermediate, was 
chosen as the starting substrate. A four-step enzymatic 
cascade was selected containing rearrangement, decar-
boxylation, reduction, and oxidation (Fig. 1c). This path-
way involves sequential enzymatic transformations. The 
initial reaction was catalyzed by PEP mutase, which 
converted PEP into PnPy. Subsequently, phosphonopy-
ruvate decarboxylase decarboxylated PnPy to generate 
phosphonoacetaldehyde (PnAA). This reaction required 
thiamine diphosphate (TPP) and Mg²⁺ as essential cofac-
tors. The resulting PnAA was then reduced to 2-HEP by 
phosphonoacetaldehyde reductase, utilizing NADH as a 
cofactor. Finally, MpnS catalyzed the oxidative conver-
sion of 2-HEP to Mpn through an oxygen-dependent 
reaction mechanism.

To select suitable enzymes for this cascade, we 
screened candidate enzymes with analogous functions 
from diverse microbial sources using KEGG and NCBI 
databases, supplemented by literature mining. To over-
come thermodynamic equilibrium barrier, the PEP 
mutase reaction was coupled with an irreversible down-
stream step, namely the decarboxylation of PnPy in this 
case. We selected PEP mutase (AepX) and phosphono-
pyruvate decarboxylase (AepY) from Bacteroides fragilis 
[16], both of which were successfully overexpressed in E. 
coli BL21(DE3). Although PEP mutase from T. pyriformis 
(PepM) and phosphonopyruvate decarboxylase (Fom2) 
from Streptomyces wedmonrensis were also evaluated, 
this combination ultimately did not meet expectations. 
This result suggested that Fom2 was inactive under the 
in vitro conditions tested. We assessed phosphonoacetal-
dehyde reductases from Streptomyces monomycini (AlpJ), 
S. wedmorensis (FomC), and N.maritimus (Pdh). Despite 
extensive efforts, FomC and Pdh were predominantly 
expressed as inclusion bodies in E. coli (Fig. S1), prompt-
ing the selection of soluble AlpJ for subsequent studies. 
Finally, methylphosphonate synthase (MpnS) from N. 
maritimus was confirmed to be soluble by SDS-PAGE 
analysis. Collectively, four enzymes (AepX, AepY, AlpJ, 
and MpnS) that exhibited both soluble expression and 
enzymatic activity were ultimately selected (Table 1). The 
purification of the four enzymes was shown in Fig. 2a.

Construction of in vitro multi-enzyme cascade
To further verify the feasibility of the selected enzymes 
for Mpn production, we reconstituted the biocata-
lytic cascade in vitro using purified enzymes and moni-
tored phosphonate intermediates. To circumvent the 
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thermodynamic equilibrium limitation of PEP mutase 
(ΔG′° = +17.9 kJ/mol, eQuilibrator database), AepX and 

AepY were co-incubated to drive the conversion of PEP 
to PnAA. In vitro reactions were analyzed by ³¹P NMR 
spectroscopy (500 MHz, D₂O). After 16 h at 30 °C, a dis-
tinct signal at δ 8.8 ppm confirmed the accumulation of 
PnAA, demonstrating successful conversion of PEP (δ 
− 1.0 ppm) by the AepX and AepY (Fig. 2b). Subsequent 
addition of AlpJ and NADH generated a new resonance 
at δ 18.0 ppm, matching the chemical shift of authentic 
2-HEP. Finally, the introduction of MpnS and O₂ resulted 
in the appearance of a signal at δ 21.5 ppm, correspond-
ing to Mpn (Fig. 2b). Because ³¹P NMR chemical shifts 
of phosphonates were affected by pH, minor observed 
differences were considered negligible (Fig. S2) [16]. The 
identities of intermediates and Mpn were further con-
firmed by LC-MS (Fig. S3). To further confirm the pro-
cess and conversion rate of the pathway in vitro, purified 
enzymes (AepX, AepY, AlpJ, and MpnS) were combined 
at a molar rate of 2:2:1:2 with 10 mM PEP in 1 mL reac-
tion system to produce Mpn. Based on ³¹P NMR analysis, 
the change of intermediates during the reaction over time 
were detected. The reaction process curve showed that 

Table 1  The information on enzymes for cascade biocatalysis in 
this study
Enzyme Source Reaction NCBI 

accession
numbers

Phospho-
enolpyruvate 
phosphomutase

Bacte-
roides 
fragilis

Phosphoenolpyruvate ⇆
3-Phosphonopyruvate

AF285774

Phospho-
nopyruvate 
decarboxylase

Bacte-
roides 
fragilis

3-Phosphonopyruvate → 
Phosphonoacetaldehyde + CO2

AF285774

Phosphono-
acetaldehyde 
reductase

Strep-
tomy-
ces 
mono-
mycini

Phosphonoacetalde-
hyde + NADH → 2-Hydroxyeth-
ylphosphonate + NAD+

NZ_
KL571064

Methylphos-
phonate 
synthase

Nitro-
sopum-
ilus 
mariti-
mus

2-Hydroxyethylphos-
phonate + O2 → 
Methylphosphonate + HCO3

-

CP000866

Fig. 2  a SDS-PAGE analysis of production and purification for four enzymes. AepX (48.9 kDa), AepY (41.2 kDa), AlpJ (41.9 kDa) and MpnS (52.1 kDa). b ³¹P 
NMR analysis of intermediates for in vitro reaction. Each assay mixture included 20 µM of each enzyme. c The time course of in vitro reaction from PEP to 
Mpn and the reaction mixture had 10 µM of AepX, AepY and MpnS and 5 µM of AlpJ. Error bars present standard deviations of three biological replicates. 
The reactions were performed in 50 mM HEPES (pH 7.5), 10 mM PEP, 5 mM MgCl2, 1.5 mM TPP, 5 mM NADH, 40 µM Fe (II)(NH4)2 (SO4)2
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small intermediates PnAA and 2-HEP were accumulated 
and yielding Mpn with a 48% conversion at 30 h (Fig. 2c).

To further enhance the production of Mpn, the in 
vitro system was systematically optimized. The reaction 
time was set at 16 h. The effects of substrate (PEP) and 
NADH concentrations were first investigated to deter-
mine the optimum PEP/NADH ratio for the in vitro sys-
tem (Fig. 3). The Mpn concentration increased as the PEP 
concentration increased from 1 to 5 mM and then gradu-
ally decreased upon further increase of the PEP concen-
tration (Fig. 3a). Thus, the optimal concentration of PEP 
was 5 mM. Slight turbidity observed in reaction systems 
containing 10 mM and 15 mM PEP indicated that ele-
vated PEP concentrations could inhibit enzyme activity, 
thereby reducing Mpn yield. Next, when 5 mM PEP was 
used, the NADH concentration was varied from 0.5 to 6 
mM (Fig. 3b). The results indicated that Mpn production 
increased with increasing NADH concentration, reaching 
a maximum at 5 mM NADH. Therefore, we determined 
that the optimal ratio of substrate to NADH was around 
1:1, which was consistent with theoretical NADH con-
sumption in the reconstituted pathway (Fig.  1c). When 
more than 5mM MgCl2 was used, no further increase in 
Mpn concentration was observed (Fig. 3c). Therefore, the 
optimal concentration of MgCl2 was 5 mM. The concen-
tration of TPP was further optimized using the predeter-
mined optimal concentrations of PEP, NADH and MgCl2 
(5 mM each), yielding an optimal TPP concentration of 
1.5 mM (Fig.  3d). Finally, the influence of enzyme con-
centration was investigated under optimal PEP (5 mM), 
NADH (5 mM), MgCl2 (5 mM) and TPP (1.5 mM) con-
dition. To determine the influence of each enzyme on 
the in vitro system, only one enzyme level was varied at 
a time by fixing the other three enzyme levels (10 µM). 
The results showed that each enzyme had varying effects 
on Mpn production. AepX exhibited saturation kinetics, 
with optimal activity observed at 5 µM, higher concen-
trations did not enhance the production of Mpn (Fig. 3e). 
In contrast, AepY required 10 µM for maximal activity 
(Fig. 3f ). In contrast to AepX and AepY, varying the con-
centrations of AlpJ and MpnS over a range of 1 to 12 µM 
had a significant fluctuating impact on Mpn production 
in vitro. Mpn production reached a peak when AlpJ and 
MpnS concentrations were 10 µM, respectively (Fig. 3g-
h). Based on these results, the optimal molar ratio of 
AepX: AepY: AlpJ: MpnS was determined to be 1:2:2:2. 
One such optimized synthetic unit (5 µM of AepX, 10 
µM of AepY, AlpJ, MpnS) could produce 3.8 mM Mpn in 
16 h with 76% molar conversion which corresponded to 
the result at 5 µM in Fig. 3e. This represented an approxi-
mately 1.5- fold increase in conversion yield compared to 
the initial, unbalanced enzyme ratio (2:2:1:2, Fig. 2b). In 
addition, we measured the rate of Mpn synthesis during 
the initial 5 h reaction phase across varying numbers of 

synthetic units (ranging from 1 to 5 optimized synthetic 
units) in 1mL in vitro system. Consequently, the addition 
of multiple synthetic units could increase the Mpn pro-
duction efficiency, reaching up to 246.1µM Mpn/h with 5 
optimized synthetic units (Fig. 3i).

Whole cells catalytic synthesis of Mpn from PEP
Based on the optimized in vitro system, recombinant E. 
coli strains co-expressing all four enzymes were engi-
neered to serve as whole-cell biocatalysts for Mpn pro-
duction. The enzyme concentration ratio was a key factor 
affecting the yield of Mpn in vitro. Therefore, to balance 
the expression levels of multiple enzymes in E. coli, a 
dual-plasmid system with different copy numbers (pRSF-
Duet: 100, pETDuet: 40, and pCDFDuet: 20) and two 
multiple cloning sites (MCSs) was employed to construct 
the recombinant strains. The four enzymes were distrib-
uted across two plasmids: one plasmid harboring AepX 
and AepY, and the other harboring AlpJ and MpnS. This 
strategy resulted in the construction of six distinct plas-
mid combinations (Table S1). Finally, six recombinant E. 
coli cells (E1-E6) were obtained (Fig.  4a). The catalytic 
capabilities of six recombinant strains were then evalu-
ated using 20 mM PEP as the substrate, revealing varia-
tions in Mpn productivity. Strain E6 exhibited the highest 
production of Mpn (7.19 mM) after 16 h at 30℃. Strains 
E1, E2, and E5 produced Mpn at moderate levels (3.2 to 
3.8 mM). E3 and E4 strains produced less than 2 mM 
Mpn (Fig.  4b). SDS-PAGE analysis confirmed distinct 
differences in enzyme expression profiles among the six 
recombinant strains (Fig. S3). Strain E6 exhibited high 
expression levels of all four enzymes, whereas E3 and E4 
showed unbalanced expression patterns, correlating with 
their respective Mpn production levels. Specifically, the 
pRSFDuet, pETDuet, and pCDFDuet plasmids represent 
high, medium, and low levels of gene expression, respec-
tively. The E6 strain, harboring the pCDFDuet-aepX-
aepY and pETDuet-alpJ-mpnS plasmids, demonstrated 
the highest Mpn production. This indicated that this spe-
cific plasmid pairing facilitated coordinated reactions of 
the four enzymes, thereby enhancing Mpn biosynthesis. 
Compared to the wild-type strain, E6 exhibited reduc-
tions in growth rate and maximum OD600 (Fig. S6), indi-
cating a measurable metabolic burden associated with 
heterologous plasmid maintenance and protein expres-
sion. Nevertheless, strain E6 maintained stable growth 
capability.

The in vivo system achieved a molar conversion yield 
of 35.95% (from 20 mM). To investigate potential inter-
mediates accumulation and substrate retention, we con-
ducted ³¹P NMR analysis. ³¹P NMR analysis revealed that 
most PEP was converted to an unidentified compound 
exhibiting a chemical shift at approximately 2.5 ppm, 
with minimal flux toward Mpn synthesis. Notably, no 
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Fig. 3  Optimization of in vitro reaction conditions for the production of Mpn from PEP. a Substrate PEP. b Cofactor NADH. c MgCl2. d TPP. e AepX. f AepY. 
g AlpJ. h MpnS. i The effects of increased synthetic units to Mpn production and one synthetic unit has 5 µM AepX, 10 µM of AepY, AlpJ and MpnS. The 
reaction conditions were: a-d included 10 µM of each enzyme; e-i included 5 mM PEP, 5 mM MgCl2, 1.5 mM TPP, 5 mM NADH, and varying concentra-
tions of each enzyme. The circled point represented the highest Mpn yield. All the experiments were performed in triplicate, and data are presented as 
mean ± SD (standard deviation)
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accumulation of intermediates was detected throughout 
the process. Comparison with the control results sug-
gested that this phenomenon was from host interference 
(Fig. S7).

Discussion
To date, the synthesis of Mpn predominantly relies on 
chemical methods, and research on Mpn biosynthe-
sis has primarily focused on the catalytic mechanism of 
MpnS [26, 27]. Notably, a dearth of studies exists con-
cerning the practical application of the complete Mpn 
biosynthetic pathway. In this study, the Mpn biosynthetic 
pathway was reconstituted through a biocatalytic cas-
cade for the first time. Through the screening of enzymes 
from diverse microorganisms and the characterization of 
reaction intermediates, we successfully demonstrated the 
biosynthesis of Mpn. For the in vitro synthesis, the Mpn 
production was improved following the optimization of 
reaction conditions. Cheng et al. also found that enzy-
matic process optimization could apparently enhance 
isoprene production [28]. In the whole-cell catalytic 
synthesis, the modulation of plasmid copy numbers was 
shown to influence the balance of multi-enzyme expres-
sion [17], consequently affecting Mpn production. Both 
in vitro and in vivo synthesis underscored the critical 
role of multi-enzyme coordination in Mpn production. 
Compared to the in vivo biosynthesis system, the in vitro 
enzymatic system achieved higher conversion efficiency 
in this investigation. However, the in vitro system has 
some limitations. Firstly, the overexpression and purifi-
cation of multiple enzymes impose additional labor and 
economic costs. Secondly, the requirement for expensive 
cofactors undermines economic feasibility, hampering 

large-scale production. In contrast, the in vivo system 
could bypass these limitations and shows potential for 
scalable biosynthesis of Mpn, though its current perfor-
mance requires further optimization.

The in vivo synthesis system developed in this study 
exhibited a low conversion rate, accompanied by signifi-
cant byproduct accumulation. We hypothesized that PEP, 
a key intermediate in glycolysis [29], was predominantly 
metabolized through endogenous metabolic pathways 
rather than being channeled into the heterologous bio-
synthetic pathway. This metabolic competition ultimately 
favored bacterial growth over the synthesis of the target 
compound. These findings highlight the critical need to 
optimize the interplay between the heterologous syn-
thesis pathway and the endogenous metabolism of E. 
coli to enhance in vivo production efficiency. Therefore, 
addressing this bottleneck remains a critical research pri-
ority in our future work.

Metabolic engineering represents a promising strat-
egy for redirecting metabolic flux towards the synthesis 
of target compounds in engineered strains [30]. Genetic 
editing tools can be employed to rewire the host’s met-
abolic network, thereby enhancing carbon flux from 
substrate glucose to PEP and ultimately boosting Mpn 
production. Xue et al. enhanced the carbon flux through 
the shikimate pathway by inhibiting a competitive path-
way to promote PEP acquisition [31]. Furthermore, the 
exploration of cheaper and more sustainable substrates 
will improve the economic feasibility of Mpn biosynthe-
sis [32].

Fig. 4  a Construction of E. coli recombinants co-expression four enzymes. b The biotransformation activity of recombinants. All the experiments were 
performed in triplicate, and data are presented as mean ± SD
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Conclusions
In this study, we developed a biocatalytic cascade for 
the production of Mpn from PEP. Initially, through sys-
tematic enzyme screening, we selected four enzymes 
essential for converting PEP to Mpn and successfully 
reconstituted the Mpn biosynthetic pathway in vitro. 
Subsequently, we optimized the in vitro multi-enzyme 
reaction conditions and obtained an Mpn yield of 76%, 
representing a 1.5-fold increase over the pre-optimiza-
tion. Building on the in vitro results, recombinant E. coli 
strains co-expressing the cascade enzymes were engi-
neered as whole-cell biocatalysts. The synthetic poten-
tial of strains with varying plasmid combinations was 
confirmed. The optimal strain produced 7.19 mM Mpn, 
corresponding to a molar conversion rate of 35.95%. This 
work established a proof-of-concept biocatalytic plat-
form for Mpn production. However, the current system 
was limited by its dependence on expensive cofactors in 
vitro and low conversion efficiency in vivo. Future efforts 
will focus on metabolic engineering and cost reduction to 
enable practical applications.

Materials and methods
Chemicals and strains
PEP, IPTG, ampicillin, kanamycin, streptomycin, thia-
mine diphosphate (TPP), 4- (2‐hydro-xyethyl) ‐1‐pipera-
zineethanesulfonic acid (HEPES, pH 7.5), imidazole and 
Luria-Bertani (LB) medium were from Macklin (Shang-
hai, China). Taq DNA polymerase was from Takara (Bei-
jing, China). DNA Assembly Cloning Kit was from NEB 
(Beijing, China). The Plasmid isolation kit was from Tian-
gen (Beijing, China).

Bacterial strains and plasmids used in this study were 
listed in Table S1. E. coli BL21(DE3) and E. coli DH5α 
were used for recombinant protein expression and clon-
ing, respectively. All genes used in this study were syn-
thesized and gene sequences were optimized by Tsingke 
(Beijing, China). Antibiotics were added at a final con-
centration of 50 µg/mL, 100 µg/mL, and 100 µg/mL for 
kanamycin, ampicillin, and streptomycin, respectively.

Enzyme expression and purification
For enzyme selection, we primarily utilized KEGG and 
NCBI databases to screen enzymes with the desired func-
tions, selecting those exhibiting both soluble expression 
and enzymatic activity. The pET28a-aepX, pET28a-aepY, 
pET15b-alpJ, and pET28a-mpnS recombinant plasmids 
were transformed into E. coli BL21 (DE3) to express four 
proteins, respectively. The E. coli BL21 (DE3) containing 
the protein expression plasmids was cultivated in the 500 
mL LB medium with kanamycin or ampicillin at 37℃. 
When the OD600 reached 0.6–0.8, 0.1 mM IPTG (a 
final concentration) was added and the cultivation tem-
perature was decreased to 16℃ for recombinant protein 

expression. After growth for 16 h, cells were harvested by 
centrifugation at 4℃, washed twice, and resuspended by 
50 mM HEPES buffer (pH 7.5). The suspension was lysed 
by sonication (at 400  W with 4  s pulses and 4  s inter-
vals between each cycle) for 20 min in an ice bath. After 
centrifugation at 4℃ and 12,000  rpm for 30  min, the 
supernatant was further purified by a 2 mL Nickel-Nitri-
lotriacetic Acid (Ni-NTA) column. The Nickel Column 
was washed with 10 mL water and 10 mL binding buffer 
(50 mM HEPES at pH 7.5 with 20 mM imidazole and 300 
mM NaCl) before being used to ensure that the column 
was equilibrated, and then the protein harboring 6×His 
tag was able to bind Nickel column specifically. Unbound 
and nonspecific proteins were washed out with 20 mL 
washing buffer (50 mM HEPES at pH 7.5 with 20 mM or 
60 mM imidazole and 300 mM NaCl). The 10 mL elution 
buffer (50 mM HEPES at pH 7.5 with 250 mM imidazole 
and 300 mM NaCl) was used to wash specific proteins. 
Finally, the column was re-equilibrated with a buffer. The 
protein concentrations were measured using the BCA 
method and the BSA standard was used for plotting the 
calibration curve. The purified proteins were stored at 
-80℃.

The assay of intermediates
The reaction mixture was carried out in 1mL 50 mM 
HEPES (pH 7.5) containing 10 mM PEP, 5 mM Mg2+, 1.5 
mM TPP, and 20 µM each of AepX and AepY, respec-
tively. Subsequently, 5 mM NADH and 20 µM AlpJ were 
mixed to prepare 2-HEP in the above reaction solution 
which had been boiled to deactivate AepX and AepY. 
Finally, the 20 µM final enzyme MpnS and 40 µM Fe2+ 
were added to produce Mpn after the AlpJ was activated. 
Additionally, the final reaction solution was saturated 
with O2 on ice to increase the amount of dissolved O2. 
The above reaction mixtures were incubated in 30℃ for 
16  h to ensure that the reaction was complete. These 
three products PnAA, 2-HEP and Mpn were determined 
by 31P NMR and LC-MS. The Mpn one pot reaction con-
tained 10 mM PEP, 5 mM MgCl2, 1.5 mM TPP, 5 mM 
NADH, 40 µM Fe (II)(NH4)2 (SO4)2, and four enzymes 
(AepX: 10 µM, AepY: 10 µM, AlpJ: 5 µM and MpnS: 10 
µM).

D2O (20% v/v) was added to all reaction samples as a 
lock solvent and then transferred to NMR tubes. All NMR 
spectra were recorded on a JEOL JNM-ECZR 500 MHz 
spectrometer equipped with a 5 mm FG/ROHFX probe 
at 25℃. LC-MS analysis was performed on a Thermo 
Scientific UltiMate 3000 system equipped with a C18 col-
umn (Accucore™ aQ 100 × 2.1 mm 2.6 μm). The column 
temperature was 25℃. The liquid chromatography gradi-
ent was: 0–1 min, 98% B; 1–4 min, 98% B-80% B; 4–8 min 
80% B-50% B; 8–8.1 min, 50% B-98% B; 8.1–10 min, 98% 
B at a flow rate of 0.4 mL/min. Solvent A: Acetonitrile 
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(ACN); Solvent B: ultrapure water added 0.1% formic 
acid. The mass spectrometry instrument was set as fol-
lows: Ion source type = H-ESI, Spray voltage: Negative 
ion (V) = 3200, Sheath gas = 40, Aux gas = 10, Ion transfer 
tube temperature = 320 ℃. Mpn was quantified using the 
LC-MS method and the scan mode was Selected Reac-
tion Monitoring (SRM). The mother mass was set to m/z 
95.122 and the product mass was set to m/z 79.22. The 
sample area was converted to Mpn concentration by 
comparing with a standard curve plotted with a set of 
known concentrations of Mpn standard samples. The MS 
scan mode of intermediate was Full scan.

Optimization of the in vitro reaction conditions
PEP, NADH, MgCl2, and TPP concentration were opti-
mized in a 500 µL reaction system containing 50 mM 
HEPES buffer (pH 7.5) and 10 µM of each enzyme, incu-
bated at 30℃ for 16  h. The PEP concentration gradient 
was first set from 1 to 15 mM in reaction conditions con-
taining 5 mM MgCl2, 1.5 mM TPP, and 10 mM NADH. 
After determining the optimal PEP concentration, the 
concentration of NADH was changed from 0.5 to 6 mM 
in 5 mM MgCl2 and 1.5 mM TPP reaction conditions. 
The concentration of MgCl2 varied from 1 to 6 mM in 
reaction mixture containing optimal PEP and NADH and 
1.5 mM TPP. The TPP concentration was subsequently 
changed from 0.25 to 2.5 mM in reaction buffer contain-
ing optimal PEP, NADH and MgCl2. After the concentra-
tion of PEP, NADH, MgCl2 and TPP were determined, 
enzyme ratio was further optimized. The concentration 
of enzyme varied from 0 to 20 µM in optimal PEP, MgCl2, 
cofactor NADH, and TPP conditions. When the concen-
tration of one enzyme was varied, the concentrations of 
the other three enzymes were maintained 10 µM.

Construction of the recombinant E. coli strain
For E. coli E1-E6, the plasmid pET28a-aepX, pET28a-
aepY, pET15b-alpJ and pET28a-mpnS were used as tem-
plate for genes aepX, aepY, alpJ and mpnS amplification 
by PCR using specificity primers (Table S2). The plasmid 
pRSFDuet, pETDuet, and pCDFDuet were also linear-
ized by PCR. Genes and linearized plasmids were ligated 
by Gibson Assembly to form six recombinant plasmids 
(pRSFDuet-aepX-aepY/ pRSFDuet-alpJ-mpnS, pET-
Duet-alpJ-mpnS/ pETDuet-aepX-aepY, and pCDFDuet-
aepX-aepY/ pCDFDuet-alpJ-mpnS). These recombinant 
plasmids were transformed into E. coli BL21 (DE3) to 
construct six recombinants in pairwise combinations. 
When the OD600 reached 0.6–0.8, 0.4 mM IPTG (a 
final concentration) was added and the cultivation tem-
perature was decreased to 25℃ for protein expression. 
After growth for 16 h, recombinant cells were harvested 
as whole-cell biocatalysts for Mpn production. Biotrans-
formation of PEP to Mpn was performed at 30℃ and 

200 rpm for 16 h with 2 mL of 50 mM HEPES buffer (pH 
7.5) containing 20 mM PEP, 5 mM MgCl2, 1.5 mM TPP, 
and 50 mg/mL wet cell weight of recombinant E. coli.
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