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GRAPHICAL ABSTRACT

Step2: Elucidation of SerA-induced toxicity mechanism Step1: MFA-guided precursor flux rebalancing
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Step3: Dual-target dynamic regulation rescues cell growth Step4: Production performance validation

PUBLIC SUMMARY

= Elucidating the toxicity mechanism caused by overexpressing serA encoding 3-phosphoglycerate dehydrogenase.

Titer: 13.46 g L™
Yield:0.32gg”
Productivity: 0.28 gL 'h™

= Engineering a dual-dynamic genetic circuit to improve cell growth and dencichine (3-ODAP) production.

= This systematic engineering strategy enables the highest reported biosynthesis titer of -ODAP.
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Construction of microbial cell factories often requires extensive reconfigu-
ration of metabolic networks, which frequently compromises cell growth.
Here, we engineered E. coli to produce dencichine (B-ODAP), a plant-
derived hemostatic agent. Knocking out serB blocks the competing
L-serine pathway, causing L-serine auxotrophy and severely impairing cell
growth. This growth defect was only partially restored by supplementation
with L-serine or L-glycine, suggesting the presence of additional growth-
limiting factors. Through adaptive laboratory evolution and reverse engi-
neering, we further uncovered that overexpression of serA to enhance the
supply of the precursor L-2,3-diaminopropionate led to accumulation of the
toxic byproduct 2-hydroxyglutarate (2-HG) from a-ketoglutarate. To resolve
these two growth constraints, we developed a growth-phase-dependent
dual-dynamic regulation circuit. This circuit gradually activates serA
expression and progressively represses serB expression as cells enter the
stationary phase, thereby reducing 2-HG accumulation and alleviating
L-serine auxotrophy. Combined with pathway balancing and cofactor opti-
mization, the final engineered strain produced 13.46 g L' of B-ODAP with a
yield of 0.32 g g™ in 3-L bioreactors. This study reveals a toxicity mecha-
nism in serine-pathway engineering and provides a dynamic regulation
strategy applicable to the biosynthesis of serine-pathway-derived metabo-
lites.

INTRODUCTION

Microbial synthesis offers a green and sustainable route for producing
natural products, yet its industrial applicability is often constrained by low
biosynthetic efficiency.' The major bottlenecks include the metabolic
burden imposed by heterologous pathways,’” the accumulation of toxic inter-
mediates or byproducts,’ and the inherent trade-off between cell growth and
product synthesis.'” These challenges continue to limit the performance of
engineered strains, highlighting the need for a deeper understanding of host
metabolism and the development of corresponding regulation strategies.

To achieve efficient production, extensive remodeling of the host metabolic
network is typically required, including overexpression of biosynthetic genes
and deletion or attenuation of competing pathways. However, such modifica-
tions frequently introduce auxotrophies and lead to the accumulation of toxic
metabolites, severely compromising cell viability.'™'" For instance, during the
production of artemisinic acid, imbalanced gene expression results in the
accumulation of the toxic intermediate 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA), a problem later mitigated by protein scaffold-based
multi-enzyme assembly.'” Besides the accumulation of toxic metabolites
within the engineered pathway, the substrate promiscuity of pathway
enzymes can also generate off-pathway toxic metabolites, which are more
difficult to identify."*"** The L-serine biosynthesis pathway, which supplies
L-serine, L-glycine, one-carbon units and other essential metabolites, has
proven particularly sensitive to such perturbations. In many engineering
attempts, overexpression of the key [-serine pathway genes (serd or
serABC), consistently impairs cellular growth, yet the underlying mechanism
has remained obscure.”~*

To alleviate growth defects caused by metabolic toxicity and auxotrophy,
dynamic regulation has emerged as a powerful alternative to static interven-
tions. “** Unlike static control, dynamic regulation allows metabolic fluxes to
be autonomously redistributed between growth and production phases,
reducing the physiological penalty imposed on the host.”** Various dynamic
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control systems have been developed, including quorum sensing circuits,
intermediate or product biosensors*®* and growth-phase-dependent
promoters.™* For example, Xu et al. rewired the native FapR regulator to
construct malonyl-CoA-responsive sensors that dynamically balance
malonyl-CoA supply and consumption, enabling efficient production of
malonyl-CoA-derived compounds.” Ge et al. engineered a library of quorum
sensing variants with high dynamic range and low leakiness, achieving
autonomous regulation of multiple fluxes.*” Notably, growth-phase-depen-
dent promoters offer an additional advantage as they require no heterolo-
gous regulatory proteins, thereby minimizing extra metabolic burden.

Dencichine (3-ODAP) is a non-protein amino acid derived from Panax
notoginseng, exhibiting significant hemostatic activity and neuroprotective
effects.™"” As a downstream metabolite of the L-serine pathway, its biosyn-
thesis is intimately linked to L-serine metabolism. In previous work, a heterol-
ogous pathway for B-ODAP via the L-serine route was established, achieving
a titer of 1.29 g L™ in shake flasks, but cell growth was severely compro-
mised.* In this study, we uncovered that serB deletion caused growth inhibi-
tion by L-serine auxotrophy while excessive SerA activity redirected a-ketog-
lutarate toward the toxic byproduct 2-hydroxyglutarate (2-HG), which further
suppressed cell growth. To resolve these dual constraints, we designed a
growth-coupled dual-dynamic regulation circuit that reciprocally controls
serA and serB expression. Combined with pathway balancing and cofactor
optimization, this strategy successfully alleviated metabolic toxicity, restored
cell growth, and enabled efficient 3-ODAP production. Collectively, our work
resolves a toxicity puzzle in serine-pathway engineering and provides a prac-
tical dynamic regulation strategy that can be extended to the biosynthesis of
other serine-derived metabolites.

MATERIALS AND METHODS
Genetic manipulation

Strains and plasmids used in this study are listed in Table ST and Table S2,
respectively. Promoter and degron sequences were listed in Table S4 and
Table S5, respectively. The plasmid was constructed by homologous recom-
bination using the pEASY®-Basic Seamless Cloning and Assembly Kit.
Genomic modifications were performed using CRISPR/Cas9 as previously
described.” The details of genetic manipulations were described in Supple-
mentary Note 1.

Metabolic flux analysis

The latest E. coli model ec_iML1515 was extended by introducing exoge-
nous reactions to generate B-ODAP-specific models for different artificial
pathways and the theoretical yields were compared (Figure ST). To simulate
flux distribution, flux balance analysis was performed using the oxaloacetate
cleavage model constrained by experimentally determined production rates
and glycerol consumption rates (Figure S2) with the objective function of
biomass maximization (Figure S3). The details of metabolic flux analysis
were described in Supplementary Note 2.

Adaptive laboratory evolution

Strain DAP6 was cultivated in LB medium for 12 h at 37°C, then the cell
suspension was diluted to T ODgq for ARTP treatment. The ARTP system
conditions were listed in Table S6. The lethality curve of the strain DAP6 was
shown in Figure S7. Mutagenized cells were subjected to adaptive evolution
in MMC system. After 45 passages, droplets 35 with restored growth were
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Table 1. Theoretical yields of B-ODAP via different artificial routes.

Microbiology [i{Zxel:{)

Different pathways L-DAP modular

Oxalyl-CoA modular

B-ODAP modular Theoretical yield (mol mol™)

Oxaloacetate cleavage pathway SasbnAB Fpoah-ScAAE LsBAHD 0.531
Glyoxylate Oxidation pathway SasbnAB Scgloxdh-ScAAE LsBAHD 0.416
Synergistic pathway SasbnAB Fpoah-Scgloxdh-ScAAE LsBAHD 0.531

isolated (Figure S8), and 20 larger single colonies were selected for cultiva-
tion in shake flasks (Figure S9). Subsequently, three strains with higher cell
density, DAP-M8, DAP-M16, and DAP-M19, were subjected to biological
replicates in shake flasks, and their genomes were extracted for whole-
genome sequencing. The genome sequencing analysis was described in
Supplementary Note 3.

Enzyme activity assay of GIpK and SerA

GlpK and its variants activity were determined by measuring ATP
consumption using a Kinase Assay Kit (Beyotime, China). SerA and its vari-
ants activity were determined by monitoring the decrease in NADH
absorbance at 340 nm. The reaction systems are listed in Table S7.

Metabolomics analysis

The strains of DAP6 and DAP-M19 were cultivated in shake flasks until mid-
log phase and then centrifuged at 6000 rpm and 4 °C for 10 min. After
removing the supernatant, the cell pellets were immediately quenched by
immersion in liquid nitrogen for 30 s. Finally, the sample metabolites were
analyzed by Tsingke Biotechnology Co., Ltd.

Fluorescence intensity characterization

The E. coli transformants were cultured in a deep-well plate containing 1
mL of LB medium at 37°C for 12 h. Then, the above culture was diluted 1:200
and transferred into a microplate with a clear bottom (Corning, NY, USA)
containing 200 pL of LB medium with 100 mg L™ ampicillin. Samples were
measured using a Synergy HT (BioTek Instruments, VT, USA) microplate
reader. The mCherry intensity was detected at an excitation wavelength of
580 nm and an emission wavelength of 620 nm.

NADH/NAD* measurement
The NADH and NADH/NAD+ measurement was performed following the
protocol of the NAD*/NADH Assay Kit (Beyotime, China).

Cultivation in shake flasks

Engineering strains were cultivated in test tubes containing 5 mL LB
medium at 37°C and 200 rpm for 10 h. The seed cultures (1 mL) were trans-
ferred into 250 mL shake flasks containing 50 mL of MY medium and culti-
vated at 37°C and 200 rpm. The compositions and concentrations of MY
medium in shake flasks was listed in Table S8. When needed, ampicillin,
kanamycin, chloramphenicol and IPTG were supplemented at the beginning
of fermentation to the final concentrations of 100 mg L™, 50 mg L™,
34mg L and 120 mg L™, respectively.

Fed-batch fermentation in a 3 L bioreactor

Engineering strains cultured in test tubes (1 mL) were transferred to
100 mL of MION medium and incubated at 37°C and 200 rpm for 10 h. The
seed culture was transferred to 900 mL of MIN medium in a 3 L bioreactor
and cultivated at 37°C. The compositions and concentrations of M9N
medium was listed in Table S9. During the fermentation process, the pH was
maintained at 7.0 using ammonium hydroxide (25%, v/v). When glycerol was
exhausted in initial medium, the glycerol solution (50%, w/v) was fed at an
appropriate rate. When needed, ampicillin, kanamycin and IPTG were supple-
mented at the beginning of fermentation to the final concentrations of
100mgL™",50mg L™ and 120 mg L™, respectively.

Analytical methods

The cell density was monitored by measuring the absorbance at 600 nm
(ODgyo). L-DAP and B-ODAP were analyzed by HPLC using a precolumn
derivatization method, as previously described.” Oxalate was detected by

HPLC with a C18 column at 30°C, using a mobile phase of 0.02 mol L™
KH,PO, and methanol at 0.5 mL min™' (95:5, v/v), and quantified by UV detec-
tion at 210 nm. Glycerol, acetate and 2-HG were detected by HPLC equipped
with refractive index detector using 5 mM H,S0O, as the mobile phase at a
flow rate of 0.5 mL min™".

RESULTS
Evaluating different B-ODAP biosynthesis pathways

In previous study, de novo biosynthesis of B-ODAP was achieved by the
design of artificial pathways, in which oxalate was generated by either
oxaloacetate cleavage (OC) or glyoxylate oxidation (GO).*” Here, we began by
comparing the maximum theoretical yields of these pathways using flux
balance analysis (Figure ST & Table 1). The OC pathway showed a higher
theoretical yield (0.531 mol mol™) compared to the GO pathway (0.416
mol mol™). In addition, combining the two pathways did not lead to a further
increase in the theoretical yield. Therefore, we selected the OC pathway for
constructing an efficient microbial cell factory for B-ODAP production.

Furthermore, metabolic flux analysis revealed that the flux toward the
L-DAP precursor O-phospho-L-serine (OPS) was only 0.096 mol mol™, with
87.5% diverted to L-serine biosynthesis. In contrast, the oxalyl-CoA precursor
oxaloacetate (OAA) showed a flux 2.5-fold higher than OPS, and the flux of
oxalyl-CoA was 8.3 times greater than that of L-DAP. This pronounced flux
imbalance between the two parallel precursors challenges efficient 3-ODAP
biosynthesis, as such networks require strict stoichiometric balancing. More-
over, the flux directed to B-ODAP synthesis was only 0.0064 mol mol™, indi-
cating that the acyltransferase may be a key bottleneck (Figures 1 & S3).

Fine-tuning the flux distribution of multi-nodes to coordinate precursor
supply

Given the metabolic flux analysis results, we prioritized enhancing the low-
flux L-DAP branch via genomic integration. The expression cassette Pj-
SasbnAB was sequentially integrated into the E. coli BW25113 genome,
generating strains DAP1, DAP2, and DAP3. Increasing the copy number of
SasbnAB raised L-DAP titers to 0.11, 0.44, and 0.49 g L', respectively
(Figure 2B). However, the third copy conferred only an 11.4% improvement,
indicating that the SbnAB-catalyzed step was no longer the bottleneck. Since
L-serine competes with L-DAP for the common precursor OPS, with most
carbon flux directed toward L-serine (Figures TA & S3), we knocked out serB,
Compared with strain DAP3, the L-DAP titer of DAP4 was increased by 2.88-
fold to 1.90 g L™, but due to L-serine auxotrophy, the cell density (ODgqo) Was
reduced by 74.2% to 4.32 at 60 h (Figure 2B & Table S10). Further introduc-
tion of plasmid pZE-SasbnAB into DAP4 increased L-DAP production by
46.8%, suggesting that SasbnAB expression still required enhancement
(Figure S4). Thus, a fourth copy of P,.-SasbnAB was integrated into the ilvG
locus of DAP4, yielding strain DAP5, which produced 2.67 g L™ L-DAP,
comparable to the plasmid-based expression (2.79 g L™") (Figure 2B). Since
only 9.6% of total carbon entered the OPS node (Figures 1A & S3), we
enhanced carbon diversion from 3-PG to OPS by integrating Py, driven serA-
serC into the yghx locus of DAP5. The resulting strain DAP6 produced
3.07 gL L-DAP, a 15.0% increase over DAP5 (Figure 2B).

Next, we introduced plasmid pCS-LsBAHD-ScAAE-FpQOah into strain DAP6
to produce B-ODAP. However, the resulting strain ODAPT produced only
0.26 g L' of B-ODAP, with substantial L-DAP accumulation (2.78 g L™
(Figure 2C). We considered two possible limitations: inadequate supply of
oxalyl-CoA, or imbalanced expression of the three pathway genes. Supple-
mentation with OAA, pantothenate (a CoA precursor), or both, failed to
improve 3-ODAP production (Figure S5), suggesting that oxalyl-CoA synthe-
sis was not limited by substrate availability.

Modular pathway engineering was then employed to optimize gene
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Figure 1. Schematic diagram of engineered E. coli for high-level production of B-ODAP (A) Metabolic flux analysis of oxaloacetate cleavage pathway. (B) The overview of
strategies for B-ODAP biosynthesis in E. coli. B-ODAP, dencichine; 2-KG, a-ketoglutarate; 3-PG, 3-phosphoglycerate; 3-PHP, 3-phosphooxypyruvate; ACEGA, N-(2S)-2-amino-2-
carboxyethyl-L-glutamate; Gly, glycerol; L-DAP, L-2,3-diaminopropionate; L-Ser, L-serine; OAA, oxaloacetate; OPS, O-phospho-L-serine; PEP, phosphoenolpyruvate; SerA, 3-
phosphoglycerate dehydrogenase; SerC, phosphoserine aminotransferase; SerB, phosphoserine phosphatase; PPC, phosphoenolpyruvate carboxylase; Sa_SbnA, N-(2S)-2-amino-
2-carboxyethyl-L-glutamate synthase from Staphylococcus aureus;, Sa_SbnB, N-(2S)-2-amino-2-carboxyethyl-L-glutamate dehydrogenase from Staphylococcus aureus,
Fp_Oah, oxaloacetate hydrolase from Fomitopsis palustris; Sc_AAE, acyl-activating enzyme from Saccharomyces cerevisiae, Ls_BAHD, BAHD acyl transferase from Lathyrus

sativus.

expression. As the direct interaction of acyl-activating enzyme AAE and the
acyltransferase BAHD,” they were expressed as one module (the AB module)
while FpOah as another (Oxalate module) (Figure 2A). The results showed
that the oxalate module performed best on a medium-copy plasmid, while
the AB module was more effective on a high-copy plasmid. The best strain
ODAP3 (DAP6 carrying pZE-LSBAHD-ScAAE and pCS-FpOah) produced
0.61 g L' B-ODAP, accumulated 2.47 g L™ L-DAP, and showed a 20.5%
decrease in cell density. Conversely, high-copy expression of the oxalate

module (strains ODAP2 and ODAP4) reduced both cell growth (by 36.7%-
40.5%) and L-DAP production (by 39.6-96.4%), indicating that excessive
oxaloacetate hydrolysis not only impaired TCA flux, but also interfered with L-
DAP synthesis (Figure 2C). Considering the cell growth burden, we further
optimized the AB module using promoters engineering (Pip02 [l0W], Pppos
[medium], P14 [high]). LsBAHD performed better under weaker promoter
whereas ScAAE benefited from stronger promoters. The optimal strain
ODAP11 (DAP6 carrying pZE-Pjy0,-LSBAHD-Pyy ,-SCAAE and pCS-FpOah)
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Figure 2. Enhancing and balancing the supply of precursors L-DAP and oxalyl-CoA (A) Schematic overview of the modifications of two parallel biosynthetic pathways. (B)
Stepwise improvement in L-DAP titers through metabolic engineering in the E. coli genome. (C) Optimizing the oxalate and AB module to enhance B-ODAP production. M,
medium-copy plasmid (pCS27); H, high-copy plasmid (pZE12-luc). (D) Balancing the expression of LsBAHD and ScAAE by promoter engineering in pZE12-luc. (E) Increasing
oxalyl-CoA supply through diverse oxaloacetate anaplerotic pathways. M, medium-copy plasmid (pCS27); L, low-copy plasmid (pSAT4). (F) Increasing the B-ODAP titer by opti-
mizing ppc expression at the ycgh locus and knocking out pykFin strain ODAP11 (DAPG6 carrying pZE-Pq - LSBAHD-Pyy; - SCAAE and pCS-FpOah). Data shown are the mean of

n=3 biologically independent experiments and error bars represent standard deviation.

produced 0.84 g L' B-ODAP, a 37.7% increase over ODAP3, with a 6.5%
improvement in biomass (Figure 2D). Overall, multi-round optimization of the
AB module increased B-ODAP titers by 223.1%, confirming that imbalanced
expression of LsBAHD and ScAAE had limited production.

To further increase B-ODAP output, we targeted oxaloacetate supply by
overexpressing ppc (from E. coli) or pyc (from C. glutamicum) via a low-copy
plasmid. Overexpression of ppc from a low-copy plasmid in strain ODAP14
yielded the highest B-ODAP production (1.54 g L™') with 0.63 g L™' L-DAP
accumulation, whereas using a medium-copy plasmid (strain ODAP17) failed
to improve B-ODAP and further reduced L-DAP to 0.19 g L™ (Figure 2E). This
result was consistent with the unexpected decrease in L-DAP accumulation
caused by overexpression of Fpoah from a high-copy plasmid (Figure 2C).
These findings indicated that enhancing ppc and Fpoah promoted the supply
of oxalyl-CoA, thereby facilitating the conversion of L-DAP to B-ODAP.
However, due to competition between the two precursors and the reversibil-

ity of the SerA- and SerC- catalyzed reaction, excessive elevation of oxalyl-
CoA flux ultimately restricted L-DAP synthesis. We therefore fine-tuned ppc
expression in the ycgh locus of ODAP11 using promoters of varying
strengths (Pigg1 o, Pipp2.0: Piopao, from weak to strong). The best strain, ODAP20,
produced 2.10 g L™ B-ODAP, a 150% increase over ODAP11, with 0.71 g L™
L-DAP (Figure 2F). Knocking out pykF to increase PEP availability slightly
improved B-ODAP titer to 2.31 g L™ in ODAP21, with 0.67 g L' L-DAP
(Figure 2F). Despite these improvements, all engineered strains based on
DAP6 showed severe growth defects. Supplementation with L-serine or
L-glycine could not restore growth to wild-type levels (Figure S6), suggesting
the presence of unidentified metabolic dysregulation.

Unraveling the toxicity mechanism of DAP6 through ALE
To identify targets affecting growth, DAP6 was subjected to atmospheric
room temperature plasma (ARTP) mutagenesis followed by adaptive evolu-
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Figure 3. Toxicity target identification via ALE of DAP6 Comparison of cell growth (A) and L-DAP production (B) between DAP6 and the evolved strains. (C) Mutations identified
in three evolved strains via whole-genome sequencing. (D) Reverse engineering validates the effects of GIpK and SerA mutants on cell growth, glycerol consumption, and L-DAP
titers. (E) In vitro enzyme activity assay of GlpK, GIpK®'**" and GIpK***®"_ (F) In vitro enzyme activity assay of SerA, SerA™"™ and SerA%"**" (G) Growth curves of strains overex-
pressing glpK, glpk®™" and glpK**®” in low-copy-number plasmids. (H) Growth curves of DAP6 and DAP6 AserA with or without L-glycine supplementation. (I) Toxicity verifica-
tion of 2-hydroxyglutarate. Data shown are the mean of n=3 biologically independent experiments and error bars represent standard deviation.

tion in a microbial microdroplet culture (MMC) system. After 45 passages,
microdroplet 35 exhibited the highest cell density (Figure S8). Among twenty
monoclonal isolates from this droplet, most showed improved growth but
reduced L-DAP production (Figure S9). Three evolved strains with high cell
density—DAP-M8, DAP-M16, and DAP-M19—were selected for whole-
genome sequencing (Figures 3A-B). We identified eight single-nucleotide
variations (SNVs) and one insertion, with nonsynonymous mutations in glpK
and the overexpressed serd gene common to all evolved strains (Table S3 &
Figure 3C). These mutations were further confirmed by Sanger sequencing.
Reverse engineering was used to validate the contributions of these muta-
tions to cell growth. Introducing glpKC™**® and glpk**®” into DAP6 yielded
strains DAPRG1 and DAPRG2, which increased cell density by 44.1% and

44.8%, respectively, but significantly reduced glycerol consumption (64.7%
and 50.1%) and L-DAP production (43.7% and 40.0%) (Figure 3D). Enzyme
assays confirmed that both GIpK®'**® and GIpK****" had reduced activity (0.25
and 0.69 umol mg™ min™', respectively) compared to the wild type (2.92
pmol mg™ min™) (Figure 3E & S10). Compared to strain DAP6, overexpres-
sion of wild-type or mutant gipK further inhibited growth, though mutants
were less detrimental (Figure 3G), suggesting that attenuated glycerol
metabolism helped avoid toxic intermediate accumulation.

We next introduced the serA mutations into the glpK-mutant backgrounds.
Strains  DAPRGST (glpK®"*RserA™™S) and DAPRGS2 (glpK*¥® serAY%)
showed additional improvements in cell density (23.0% and 27.7%, respec-
tively), but L-DAP production dropped to 0.91 g L™ and 0.19 g L™ (Figure 3D).
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Figure 4. Dynamic regulation of growth-related targets via bifunctional genetic switch (A) Schematic diagram showing dynamic activation and repression switches that
respectively regulate serA and serB expression. (B) Comparison of the strength of the native serB promoter and GPPs using mCherry-specific fluorescence. (C) The fluorescence
curves of five typical GPPs-degrons combinations. (D) Improving B-ODAP titers and cell growth by dynamically repressing serB expression. (E) The fluorescence curves of Py,
and SPPs using mCherry-specific fluorescence. (F) Improving B-ODAP titers and cell growth by dynamically activating serA expression. (G) 2-HG accumulation in the fermenta-
tion broth of ODAP21, ODAP22, and ODAP28. Data shown are the mean of n=3 biologically independent experiments and error bars represent standard deviation.

Consistently, enzymatic assays revealed that the activities of SerA™'™ (1.36
pmol mg™ min™) and SerA%®* (1.20 pmol mg™ min™") decreased by 11.7%
and 22.1%, respectively, compared to the wild type (1.54 pmol mg™ min™)
(Figure 3F & S10). Deleting overexpressed serA in DAP6 modestly improved
growth, and adding L-glycine further enhanced cell density by 42.2%
(Figure 3H), confirming that serA overexpression impaired growth.

As shown in Figure S17, metabolomic comparison of DAP6 and DAP-M19
revealed decreased levels of central carbon intermediates such as pyruvate,
fumarate, and malate, indicating suppressed glycerol metabolism. Levels of -
glutamate and y-aminobutyric acid were elevated, suggesting rerouting of
carbon due to reduced L-DAP synthesis. Although previous studies reported
that the SerA product 3-phosphohydroxypyruvate can be converted into the
toxic byproduct 3-hydroxypyruvate,*’ its level remained unchanged in the
evolved strain DAP-M19. Notably, the level of another toxic byproduct 2-HG,
produced by SerA through promiscuous activity on a-ketoglutarate,”*
decreased by 78%. In fact, 13 mM of 2-HG was detected during the fermen-

tation of DAP6. Furthermore, adding 2-HG inhibited DAP6 growth in a dose-
dependent manner (Figure 31), confirming its toxicity and underscoring the
need to control its accumulation.

Dynamically regulating B-ODAP biosynthesis using bifunctional genetic
switches

To address both the L-serine auxotrophy caused by serB knockout and the
accumulation of the toxic byproduct 2-HG resulting from serA overexpres-
sion, we developed a self-regulated bifunctional genetic circuit that responds
to specific cellular physiological states (Figure 4A). We first screened four
growth-phase-dependent promoters (GPPs; rpsL, rpsT, rrmA, rrnC) with
different strengths, which enable gene expression during the log phase and
turn off in the stationary phase,” to dynamically attenuate the expression of
serB. However, all tested GPPs showed higher promoter strength than the
native serB promoter (Figure 4B). To achieve net downregulation of SerB, four
degrons with different degradation rates (DSA, GSD, DSA+8, LAA, ranging
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Figure 5. Construction of the cofactor cycling system and fed-batch fermentation (A) Schematic diagram of cofactor cycling. (B) Comparison of the NADH/NAD* ratio in
BW25113, ODAP28, and ODAP32. (C) Improving B-ODAP titers by introducing NADH-dependent glutamate dehydrogenases AmxGdhA and BsuRocG. (D) Fed-batch fermentation
of ODAP28. (E) Fed-batch fermentation of ODAP32. The shake-flask fermentation data shown are the mean of n=3 biologically independent experiments and error bars repre-

sent standard deviation.

from weak to strong) were employed.” Among the 16 combinatorial circuits,
five effectively produced higher fluorescence during growth and lower signal
in stationary phase compared to the native Pgg (Figures 4C & S12). Consid-
ering that the high fluorescent peak and slow degradation rate exhibited by
the rrnC-DAS combination circuit, we integrated other four circuits into the
ynel locus. As shown in Figure 4D, strains ODAP22 (rrnA-DAS) and ODAP23
(rrnC-GSD) achieved B-ODAP titers of 3.81 g L™ and 3.13 g L', representing
increases of 64.9% and 35.5% over ODAP21, along with growth recovery of
109.9% and 58.3%, respectively. The reduction of 2-HG to 3.5 mM in ODAP22
suggested restored TCA cycle activity (Figure 4G).

We next targeted the accumulation of toxic 2-HG, resulting from SerA
overexpression, to further improve growth and production. Although the SerA
mutant validated in the evolved strain effectively restored cell growth, it irre-
versibly reduced the supply of L-DAP. Therefore, we further attempted to
convert 2-HG to 2-KG by overexpressing the endogenous FAD*-dependent D-
2-hydroxyglutarate dehydrogenase (YdiJ) from E. coli®' However, its overex-
pression adversely affected growth and B-ODAP synthesis, likely due to
disrupted energy homeostasis (Figure S13). We therefore screened three
stationary-phase promoters (SPPs; S60, S52, S143), which are repressed
during the log phase and induced in the stationary phase, to dynamically acti-
vate the expression of serA.*> Compared with the constitutive promoter Py,
the SPPs showed lower expression during growth and higher expression in
stationary phase (Figure 4E). We further replaced Py with SPPs to drive serA

overexpression. Strains ODAP27 (S52) and ODAP28 (S143) increased in cell
density by 7.5% and 12.2% and B-ODAP production by 13.6% and 16.3%,
reaching titers of 4.33 g L' and 4.43 g L', respectively (Figure 4F). Most
notably, ODAP28 reduced 2-HG to trace levels (Figure 4G).

Reconstructing cofactor homeostasis to facilitate B-ODAP production

The B-ODAP pathway involves NADH generation by SerA and SbnB, while
SerC and SbnA consume glutamate (Figure TA). The NADH/NAD" ratio in
ODAP28 was elevated by 29.2% compared to the wild type, suggesting
cofactor imbalance limiting production (Figure 5B). To address this, we intro-
duced NADH-dependent glutamate dehydrogenases to simultaneously
supply glutamate and regenerate NAD* (Figure 5A).

Two candidates, AmxgdhA from Amphibacillus xylanus™ and BsurocG
from Bacillus subtilis™, driven by P,. promoter, were used to replace the
native NADPH-dependent glutamate dehydrogenase gene gdhA. Compared
with the gdhA knockout strain ODAP29, both candidates improved cell growth
and B-ODAP production, with BsurocG achieving a higher titer of 3.67 g L™ in
ODAP31 (Figure 5C). However, ODAP31 still underperformed relative to the
parent strain ODAP28. Additional genomic integration of Py.-BsurocG (strain
ODAP32) further increased B-ODAP titer to 4.84 g L™, 9.3% higher than
ODAP28, while restoring cell growth to a similar level and reducing the
NADH/NAD* ratio to 0.25 (Figures 5B-C). These results demonstrated that
the introduction of the NADH-dependent glutamate dehydrogenase BsuRocG
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efficiently recycled cofactors and supplied glutamate, enhancing pathway
balance and output.

Fed-batch fermentation in 3 L bioreactor

We scaled up production using fed-batch fermentation with controlled pH
(7.0) and dissolved oxygen (25%). ODAP28 reached a maximum cell density
(ODggo) Of 16.0 at 48 h, producing 10.10 g L™ B-ODAP with a vyield of
0.29 g g™ (Figure 5D). ODAP32 exhibited a similar profile, entering stationary
phase at 36 h and reaching a maximum biomass cell density of 21.2 at 60 h,
achieving a maximum titer of 13.46 g L™ at 48 h with a yield of 0.32 g g
(Figure 5E). Compared to ODAP28, ODAP32 showed increases of 32.5% in
biomass and 33.3% in B-ODAP titer, confirming that enhanced cofactor recy-
cling and rebalanced cellular homeostasis significantly improved production
performance.

DISCUSSION AND CONCLUSION

While microbial biosynthesis is gradually replacing plant extraction to meet
the market demand for B-ODAP, its large-scale biotechnological production
remains challenging. Compared with previous reports on B-ODAP biosynthe-
sis,””* our study achieved not only a substantially higher titer (13.46 g L™)
and yield (0.32 g g™') but also uncovered and resolved a toxicity mechanism
in the L-serine pathway. Earlier work focused primarily on optimizing precur-
sor supply; here we demonstrate that systematic engineering must also
address off-pathway metabolite toxicity caused by enzyme promiscuity.

A central challenge in constructing microbial cell factories is reconciling the
trade-off between cell growth and product synthesis.”> We achieved this
balance through an integrated strategy. First, metabolic flux analysis identi-
fied the L-DAP branch as a bottleneck; multi-copy integration of SasbnAB
and serB knockout redirected carbon from L-serine to L-DAP, but caused L-
serine auxotrophy. Second, optimizing the AB module via modular pathway
engineering and promoter engineering increased B-ODAP production by
223%. Third, we discovered that serA overexpression led to accumulation of
the toxic byproduct 2-HG due to SerA promiscuity on a-ketoglutarate,
explaining why L-serine/L-glycine supplementation only partially restored
growth. Finally, we designed a growth-phase-dependent dual-dynamic circuit
that gradually activated serA and progressively repressed serB as cells enter
stationary phase, thereby uncoupling growth from production.

The toxicity of 2-HG to microbial growth has been documented.” Previous
studies show that 2-HG inhibits a-ketoglutarate-dependent dioxygenases,
interferes with DNA replication and repair, and disrupts cellular redox
balance.”” ™ Consistent with these reports, exogenous 2-HG inhibited the
growth of strain DAP6 in a dose-dependent manner (Figure 3I). Our
metabolomic analysis revealed that in the evolved strain DAP-M19, 2-HG
levels decreased by 78%, accompanied by increased glutamate and GABA,
suggesting a redirection of carbon flux from the TCA cycle to amino acid
metabolism. Notably, wild-type E. coli rapidly metabolized 20 mM 2-HG
within 24 h (Figure S14), whereas engineered DAP6 accumulated 13 mM and
grew poorly. We speculated that this differential tolerance arises from the
stronger metabolic regulatory capacity of the wild-type strain, which may
possess more robust detoxification systems. Future work should investigate
these repair pathways for engineering.

Dual-dynamic regulation has been widely applied to address toxicity inhibi-
tion and metabolic competition. However, previous systems based on tran-
scription factors or quorum sensing require the expression of exogenous
regulatory proteins, which may impose an additional metabolic burden on the
host.**"*1 In contrast, our circuit achieved reverse-coordinated, dual-target
control using only growth-phase-dependent promoters combined with
degrons, without exogenous inducers or heterologous regulatory proteins.
Compared with previous representative studies on constructing cell factories
for serine-pathway-derived metabolites (e.g., L-serine, L-tryptophan, and L-
cysteine) by overexpressing serA or serABC,~*° our study not only demon-
strated for the first time that serA overexpression leads to accumulation of
the toxic byproduct 2-HG, which in turn inhibited cell growth, and also repre-
sented the first application of a bifunctional switch in the L-serine pathway to
resolve toxicity inhibition and L-serine auxotrophy. This design was directly
informed by the discovery of a specific toxicity target, demonstrating how
mechanistic understanding can guide dynamic control architecture.
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Cofactor imbalance was also addressed. The B-ODAP pathway generates
NADH (via SerA and SbnB) and consumes glutamate (via SerC and SbnA).
The NADH/NAD' ratio in ODAP28 was 29.2% higher than in the wild-type
strain BW25113 (Figure 5B). Introducing NADH-dependent BsuRocG reduced
the ratio and improved B-ODAP titer by 9.3% in shake flasks (Figure 5C), but a
much larger improvement (33.3%) was seen in fed-batch fermentation
(Figure 5E). We attributed the modest shake-flask effect to oxygen and
substrate limitations, which restrict NADH generation and glutamate avail-
ability, thereby underutilizing the engineered cofactor recycling system. This
underscores the importance of evaluating cofactor engineering under indus-
trially relevant conditions.

In summary, this study (i) identifies SerA-derived 2-HG as a hidden toxicity
target, (ii) develops a reverse-coordinated dual-dynamic circuit to resolve
auxotrophy and toxicity, and (iii) shows that cofactor homeostasis must be
evaluated at production scale. The final strain ODAP32 achieved the highest
reported B-ODAP titer and yield, making industrial production feasible. Future
efforts may focus on engineering SerA to reduce its promiscuous activity and
expanding the dual-dynamic strategy to other serine-derived chemicals.
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