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Abstract

Background As one of the most promising monomers of biobased polyamides, cadaverine has wide industrial appli-
cation prospects. However, in microbial cadaverine fermentation with glucose as the sole carbon source, the impaired
coordination between precursor (lysine) utilization and cytotoxic cadaverine accumulation has been identified

as the primary bottleneck limiting high-yield biosynthesis. Here, we developed a lysine biosensor in Escherichia coli

to dynamically regulate cadaverine biosynthesis.

Results In this study, we developed a lysine biosensor based on the lysine transporter protein LysP, the transcription
activator CadC, and the GFPuv gene under the control of the P_,4 promoter. However, the engineered lysine biosen-
sor system had a low dynamic range and a narrow pH operating range. Therefore, a multilevel optimization strategy,
which included the introduction of key point mutations and engineered promoter modifications, were introduced

to improve the performance of the biosensor, resulting in significant improvements in the dynamic range and lysine
response. Moreover, we engineered a cadaverine-producing £. coli strain by increasing the supply of the lysine precur-
sor, overexpressing key cadaverine synthesis genes, and knocking out genes related to metabolic bypass. The lysine
biosensor was subsequently implemented to dynamically regulate cadaverine biosynthesis, resulting in a 48.10%
increase in the production titre (33.19 g/L) and a 21.2% increase in cell growth compared with those resulting

from the strain with constitutive expression.

Conclusion This is the first report in which a lysine biosensor constructed in E. coli could dynamically regulate cadav-
erine synthesis to improve its yield and biomass. This strategy provides new insights into the metabolic engineering
of lysine and its derivatives in E. coli.
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for dynamic metabolic flux control strategies that balance
biosynthesis with cell proliferation.

Biosensors have emerged as powerful tools for imple-
menting such dynamic regulation [7]. By integrating
metabolite-responsive transcriptional or translational
control elements into engineered strains, these systems
enable the real-time adjustment of metabolic pathways
on the basis of intracellular metabolite concentrations [8,
9]. This adaptive approach maintains metabolic network
integrity while maximizing product yield.

The lysine derivative cadaverine (1,5-diaminopentane)
serves as a critical monomer for biobased polyamide
production, yet its cytotoxicity is a significant bottleneck
[10, 11]. To improve the tolerance of Escherichia coli to
cadaverine, Wang et al. [12] engineered bacteria via UV
and ARTP mutagenesis to yield a cadaverine-tolerant
strain with a 31% increase in production. To mitigate
the toxic effects of cadaverine in fermentative produc-
tion, Gao et al. [13] introduced a thermal switch sys-
tem to divide the fermentation process into two stages,
lysine accumulation and cadaverine synthesis, effectively
avoiding the inhibitory effect caused by cadaverine accu-
mulation. However, these methods lack the precision
of biosensor-mediated dynamic regulation, which can
coordinate cadaverine biosynthesis with cellular growth
requirements. Therefore, dynamic regulation strategies
that increase the compatibility between bacterial growth
and cadaverine production while reducing the inhibitory
effects of cadaverine on early bacterial growth are prom-
ising strategies for increasing cadaverine production.

In order to achieve dynamic regulation of cadaverine
synthesis, we first constructed a lysine biosensor based
on the Cad system in E. coli in this study. The Cad system
in E. coli, which responds to acidic stress, consists of the
lysine decarboxylase CadA, cadaverine-lysine transporter
CadB, and transcription activator CadC. CadC is an inte-
gral membrane protein that belongs to the ToxR-like
family of transcriptional activators and associates with
the lysine transporter LysP within the membrane [14, 15].
When E. coli grows in an acidic environment (pH <5.8),
CadC dissociates from LysP and binds to the P, pro-
moter, thereby inducing the expression of the cadBA
operon, which decarboxylates lysine to form cadaverine
and exports it out of the cell, helping neutralize the exter-
nal pH and supports bacterial survival under these unfa-
vourable conditions. The functional core of this biosensor
includes the lysine transporter LysP, the transcription
factor CadC, the promoter P, of the cadBA operon, and
its controlled expression of GFPuv.

The lysine biosensor was subsequently improved
through a multistage strategy to increase its pH limit and
expand its detection range.The starting strain MG1655
was metabolically engineered for cadaverine production,
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which included gradually increasing the targeted flux of
lysine, expressing key genes for cadaverine synthesis, and
knocking out the genes involved in cadaverine metabolic
bypass. To verify the dynamic regulation of cadaverine
synthesis by the constructed lysine sensor, we conducted
fermentation tank experiments using the engineered
cadaverine-producing bacteria. Finally, compared with
traditional static strategies, dynamic regulation with the
lysine biosensor can significantly increase the production
of cadaverine. This finding indicates that under the con-
trol of the biosensor, the dynamically regulated expres-
sion of cadaverine synthesis genes is superior to their
constitutive expression, balancing the bacterial growth
with cadaverine synthesis to significantly improve pro-
duction. This study provides an example of the dynamic
regulation of the synthesis of cadaverine and other lysine
derivatives.

Materials and methods

Strains, plasmids, and reagents

All bacterial strains used in this study are listed in
Table S1. E. coli EC135 [16] was used as a cloning host for
plasmid construction, and E. coli MG1655 was used for
metabolic engineering. Q5 Hot Start high-fidelity DNA
polymerase (New England BioLabs) was used to amplify
the donor DNA fragments. A DNA Purification Kit, Bac-
teria DNA Kit and Mini Plasmid Kit from TIANGEN
BIOTECH were used for DNA preparation. A Q5 Site-
Directed Mutagenesis Kit (New England BioLabs) was
used to construct pTargetF plasmids. In addition, 2 x M5
Super FastTaq PCR Master Mix from Mei5Bio (Beijing)
was used for colony PCR identification. All primers were
synthesized by Tianyi Huiyuan (Beijing). All primers used
in this study are listed in Table S2. Tryptone and yeast
extracts were obtained from OXOID. Amino acids and
antibiotics were purchased from Sigma Aldrich. Unless
otherwise specified, all other chemicals were purchased
from Beijing Chemical Plant.

Culture medium and conditions
During strain construction, the strains were grown in LB
medium at 30 °C or 37 °C. LB medium contained 10 g/L
tryptone, 10 g/L NaCl and 5 g/L yeast extract. agar pow-
der of 20 g/L was added to the medium to prepare a
solid medium. If needed, kanamycin (50 mg/ml) or spec-
tinomycin (50 mg/ml) can be added to achieve selective
culture. During gene deletion and integration, L- (+)—
arabinose (final concentration of 10 mM) was used to
induce the effects of the CRISPR/Cas9 system and the
red homologous recombination system.

To analyse the expression of green fluorescent pro-
tein in shake flask fermentation, a ring of cells was
inoculated into a 50 ml tube with 5 ml of LB medium,
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incubated at 37 °C for 8 h, and shaken at 220 rpm
on a rotary shaker. Then, 1% (v/v) seed culture was
inoculated into a 500 ml flask containing 25 ml shak-
ing flask fermentation MOPS medium containing
20 g/L glucose, 8 g/L (NH,),SO,, 2 g/L KH,PO,, 2 g/L
MgS0O,-7H,0, 5 g/L yeast extract, 80 g/L MOPS, and
2 ml/L trace element mixture, and the pH was adjusted
to 7.6, 7.0 or 5.8 with ammonia or hydrochloric acid.
Lysine hydrochloride at different concentrations was
subsequently added to the shake flask after 12 h of
fermentation to induce the expression of fluorescent
proteins.

For fed-batch fermentation of the 5 L bioreactor, one
loop of cells was inoculated into a 50 mL tube with
5 mL of LB medium and incubated for 12 h at 37 °C
with shaking at 220 rpm on a rotary shaker for pre-
culture. For the seed culture, 500 pL of the obtained
preculture broth was inoculated into 50 mL of seed
culture under the same culture conditions for 6 h.
Then, 100 mL of seed medium was inoculated into a
5 L bioreactor with a final volume of 2 L. The formula-
tion of the fed-batch fermentation medium was as fol-
lows: 10.0 g/L glucose, 5.0 g/L yeast powder, 15.0 g/L
(NH,),SO,, 2.0 g/L betaine, 1.6 g/L KH,PO,, 1.5 g/L
MgSO,, 0.03 g/L FeSO,, 0.03 g/L MnSO,, 0.08 g/L
pyridoxal phosphate, and 4 mL trace element mixture.
The pH was maintained at 6.8-7.0 by adding ammo-
nia water. The dissolved oxygen (DO) level was main-
tained at approximately 30%, and the stirring speed was
350-800 rpm. When the initial glucose concentration
was less than 5 g/L, additional feed glucose (the origi-
nal solution contained 625 g/L glucose, MgSO,.7H,0
5 g/L, and (NH,),SO, 100 g/L) was added to maintain
the residual sugar concentration at 10 g/L.

The trace element solutions were prepared as follows
[17]: FeSO,-7H,0 6 g/L, CaCl, 1.35 g/L, ZnSO,-7H,0O
0.8 g/L, MnSO,-4H,0 1.5 g/L, CuSO,-5H,0 0.15 g/L,
(NH,)¢Mo,0,,-4H,0 0.2 g/L, H;BO; 0.1 g/L,
CoCl,-6H,0 0.25 g/L, and 35% HC1 10 mL.

Construction of strains and plasmids

A Q5 site-specific mutagenesis kit was used to con-
struct pTargetF plasmids with different N20 sgRNA
sequences. All the donor DNA templates were obtained
through overlapping PCR via 2 x Phanta Flash Master
Mix DNA Polymerase. As previously reported [18], all
E. coli gene knockouts were performed through the
CRISPR/Cas9 genome editing process. All plasmids
were constructed via seamless cloning kits from Bei-
jing Jinsha Biological Company. All transformants were
identified through colony PCR, and DNA sequencing
was performed at Tianyi Huiyuan (Beijing).
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Analysis methods

The optical density (ODg,,) was measured at 600 nm via
a UV spectrophotometer to monitor the biomass concen-
tration. The dry cell weight (DCW) was calculated on the
basis of the ODg, (1 ODg,,=0.42 g DCW/L) [19].

The fermentation broth was centrifuged at 8000 % g for
5 min, and the supernatant was collected for substrate
and product concentration analysis. The glucose concen-
tration was measured via an enzyme electrode analyzer
containing glucose oxidase (SBA-40D; Shandong Insti-
tute of Biology, China) [17].

The concentration of the product in the fermentation
culture supernatant was determined via HPLC as pre-
viously described [20]. An AdvanceBio AAA column
(4.6 mmx150 mm, 5 mm; Agilent Technology, USA)
was used at 40 °C after automated online derivatization
using O-phthalaldehyde (OPA). Elution was performed
via a gradient of reagent A (10 mM Na,HPO, and 10 mM
Na,B,O,, pH 8.2 by HCI) and reagent B (methanol/ace-
tonitrile/water =45:45:10, by vol.) at 1 mL/min. The elu-
tion gradient was as follows: 0—0.35 min, 2% B; 13.4 min,
57% B; 13.5 min, 100% B; 15.7 min, 100% B; 15.8 min,
2% B; and 18 min, 2% B. The eluate was monitored at
338 nm.

A multifunctional microplate reader (TECAN mul-
tifunctional microplate reader spark, Switzerland) was
used to measure the luminescence value of the green flu-
orescent protein. The fermentation broth to be detected
was added to a Corning 96 flat black plate at 200 pl per
well in triplicate. The excitation wavelength of GFP was
set at 395 nm, the excitation bandwidth was 20 nm, the
emission wavelength was set at 509 nm, and the emission
bandwidth was 20 nm. The other parameters used were
as follows: gain manual: 60%, 50% mirror integration
time: 40 ps. The OD value of the fermentation broth was
measured at a wavelength of 600 nm. The relative GFP
value is the GFP value divided by the OD,.

The method for determining lysine decarboxylase
activity and the definition of enzyme activity were
based on previous study [21]. For lysine decarboxylase
(CadA) activity assay, cells were harvested by centrif-
ugation at 8,000 X g for 5 min and washed twice with
a cold buffer containing 100 mM Tris—HCI (pH 7.5),
100 mM KCl, 5 mM MgCl,, and then resuspended in
the same buffer supplying 1 mM DTT. Cells were soni-
cated on ice for 10 min (a working period of 3 s in a
3-s interval for each cycle) at a power output of 200 W
by an ultrasonic disruptor (XC-IID, Xinchen, Beijing,
China). The cell debris were removed by centrifuga-
tion (12,000 x g for 60 min at 4 °C), and the resulting
crude cell extracts were immediately used for deter-
mination of specific enzyme activities. The total pro-
tein concentration in crude cell extract was measured
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by Bradford’s method with bovine serum albumin as
a standard. Then, 20 mM of lysine-HCl and 0.1 mM
pyridoxal phosphate were added to the sodium ace-
tate buffer (pH 6), incubated at 37 °C and 220 rpm in
a rotary oscillator for 30 min, and heated at 100 °C for
three minutes to stop the reaction. The concentration
of cadaverine was then detected. The enzyme activity
was defined as follows: 1 U/mg was defined as 1 pmol
of cadaverine was produced by 1 mg crude cell extracts
per minute, which is modified from other’s definition
[22].
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Results and discussion

Construction and validation of the lysine biosensor

In acidic environments and in the presence of lysine,
CadC dissociates from LysP and binds to the P, pro-
moter, thereby inducing the expression of the cadBA
operon [23] (Fig. 1A). To design a biosensor that responds
to changes in the extracellular lysine concentration, we
constructed a genetic module incorporating the lysine
transporter LysP and the transcriptional regulator CadC
from E. coli (Sensor-2). In the control group (Sensor-1),
only the transcriptional regulator CadC was included.
The P, promoter of the cadBA operon, along with its
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Fig. 1 Schematic and verification of the designed lysine biosensor. A Diagram demonstrating the principle of the lysine biosensor. B Basic
components of the lysine biosensor. C Relative green fluorescence intensities of Sensor-1 and Sensor-2 in the presence and absence of 10 mM
lysine. The error bars represent the standard deviation from three independent measurements
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upstream regulatory sequence, was cloned upstream
of the GFPuv gene, setting GFPuv expression under the
control of P, (Fig. 1B).

To evaluate the functionality of the lysine biosensor, the
constructed plasmid was introduced into the wild-type
E. coli strain MG1655 for overnight cultivation in shake
flasks with or without lysine hydrochloride supplementa-
tion. Afterwards, the cultures were transferred to 96-well
plates, and the fluorescence intensity was measured using
a multifunctional microplate reader. The results revealed
that cells containing Sensor- 1 and Sensor-2 exhibited
significant differences in fluorescence intensity (Fig. 1C).
In the absence of added lysine, Sensor-1 exhibited high
baseline fluorescence, suggesting that the intracellu-
lar expression of CadC exceeded that of LysP, resulting
in constitutive expression of GFPuv. Notably, Sensor-2
could reliably indicate the presence or absence of extra-
cellular lysine.

Construction and characterization of a pH-independent
lysine sensor

During the fermentation process of E. coli, the optimal
pH for E. coli fermentation is approximately neutral (pH
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6.8-7.0), and activating the sensor under acidic condi-
tions (pH<5.8) would limit its application. A cluster of
negatively charged amino acids (Asp-198, Asp-200, Glu-
461, Glu-468, and Asp-471) in CadC was found to be
crucial for pH sensing [24]. These residues form a neg-
atively charged region on the surface of the CadC peri-
plasmic domain, which also affects the dimerization of
CadC under alkaline conditions. Protonation of this neg-
atively charged domain reduces electrostatic repulsion
between two CadC monomers, affecting dimerization
[25]. Among these point mutations, only the point muta-
tion CadCP*™N is the most stable in inducing cadBA
under acidic or alkaline conditions [24]. To eliminate
the pH dependency of Sensor-2, we mutated the amino
acid 471 of CadC from aspartate to the basic amino acid
asparagine [24], resulting in the construction of Sensor-3
(Fig. 2A). The performance of Sensor-2 and Sensor-3 was
evaluated in acidic and alkaline environments. To evalu-
ate the impact of CadC P#™N introduction, validation of
the sensor was conducted under both mildly acidic (pH
5.8) and alkaline (pH 7.6) conditions. The results showed
that, owing to the introduction of this point mutation,
Sensor-3 did not exhibit the pH limitation of Sensor-2
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Fig. 2 Construction and characterization of a pH-independent lysine sensor. A Schematic of the Cad

CP*™N mutant that removes the pH limitation

of the sensor. B Relative green fluorescence intensities of Sensor-2 and Sensor-3 with and without 10 mM lysine hydrochloride supplementation
at pH 5.8 or pH 7.6. C Relative green fluorescence intensities of Sensor-3 after different induction durations and supplementation with various
concentrations of lysine hydrochloride. D Characterization of the pH-independent Sensor-3
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and could be activated by lysine under both acidic and
alkaline conditions (Fig. 2B).

Additionally, the relative fluorescence intensity was
determined after different induction durations. The
results revealed that the relative green fluorescence
intensity of the lysine biosensor peaked after 12 h of
induction. Consequently, the fluorescence intensity at the
12-h mark was used in subsequent experiments to char-
acterize the sensor. Further characterization of Sensor-3
revealed that GFPuv expression was negligible at lysine
concentrations less than 5 mM (Fig. S1), but the biosen-
sor exhibited a good linear response within the lysine
concentration range of 5-100 mM (Fig. 2C, D). Thus,
Sensor-3 effectively and accurately reflects the dynamic
changes in the extracellular lysine content.

When the concentration of lysine exceeded 200 mM,
the expression of GFPuv decreased. High-performance
liquid chromatography (HPLC) analysis of the fermenta-
tion broth revealed that the exogenously added lysine was
converted to cadaverine (Fig. S2). Once the extracellular
concentration of cadaverine surpasses a certain thresh-
old, it exerts results in negative feedback on the tran-
scriptional activator CadC. Cadaverine then binds to the
central cavity of CadC, presumably triggering an intra-
molecular rearrangement that exposes the cadaverine
binding site at the dimer interface, thereby inactivating
CadC and subsequently shutting down the transcription
of the cadBA operon [26]. The inhibition of CadC activ-
ity resulted in a decrease in GFPuv, affecting the perfor-
mance of the sensor.

Multilevel strategy to improve lysine sensor performance
In previous studies, partial mutants of cadC enhanced
feedback inhibition of cadaverine. The CadC¥***' mutant
exhibited reduced inhibition, likely due to the weak
affinity of the mutant for cadaverine at the dimer inter-
face [26]. To counteract cadC inhibition by cadaverine,
we introduced a point mutation to generate the mutant
CadC¥*3! and construct Sensor-4 (Fig. 3A). Deleting the
cad operon from the E. coli genome can prevent biosen-
sor activation by wild-type CadC and ensure that only
the plasmid controls GFP expression. Incorporating this
deletion into Sensor-4 led to the construction of Sensor-5
(Fig. 3A).

Introduction of the CadC¥**®' mutant into the sen-
sor weakened the cadaverine-mediated feedback inhibi-
tion of the biosensor, which increased the dynamic range
of Sensor-4 by 58% compared with that of Sensor-3. In
addition, compared with Sensor-3, further knockout
of the cad system in the MG1655 chromosome in Sen-
sor-5 increased the dynamic range by approximately
153% and exhibited an expanded lysine detection range
of 5-150 mM (Fig. 3B).
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Engineering the promoters of the key components
of a sensor is a conventional strategy to increase the
sensitivity and detection range of biosensors to meet
specific requirements [27]. Previous experiments in
Sensor-1 have demonstrated that excessive CadC leads
to constitutive expression of GFPuv. The constructed
lysine biosensor combines LysP and CadC to sense
external lysine, and the ratio of the expression levels
of the membrane proteins LysP and CadC affects the
detection range of the lysine biosensor. The expres-
sion of green fluorescent protein was only observed in
Sensor-2 which contained the natural promoter LysP
and CadC when lysine was added, indicating that the
expression of LysP in the natural promoter was higher
than that in CadC. Moreover, the overexpression of
E. coli membrane proteins may cause cytotoxicity and
severely impair cell growth. Therefore, we employed
the Anderson promoters Pjy3,99 and Pjy;,;,, which have
medium and low intensities, respectively, to regulate
the expression of LysP and CadC (Fig. 3C).

The current biosensor pSenlys, which is based on
LysG, a transcription regulator of Corynebacterium glu-
tamicum, has been successfully applied in the screening
of lysine-producing bacteria [28, 29]. In C. glutamicum,
LysG, as a transcriptional activator of LysE, can sense
how the intracellular lysine concentration changes in
response to different arginine or histidine concentrations
[30]. On this basis, Liu et al. [31] screened the lysine-
sensitive mutant LysG and improved the specificity of
the biosensor. However, these series of biosensors are all
based on C. glutamicum, and their application in E. coli
does not yield satisfactory results [32]. Moreover, the
lysine riboswitch of the aspartate kinase III gene (lysC) in
E. coli was used to construct a lysine biosensor that was
used for developing high-throughput screening (HTS)
methods to optimize phosphoenolpyruvate carboxylase
expression or screen for bacteria that produce lysine in
high yield [33, 34]. However, the maximum detection
range of the sensor based on the lysC ribosome switch is
only 10 g/L (approximately 68 mM), which also limits its
application. Therefore, it is necessary to develop a lysine
biosensor suitable for E. coli. By modifying the promoter
of the biosensors, the lysine detection range of Sensor-7
was further improved to 200 mM (Fig. 3D). Additionally,
200 mM is currently the highest response threshold of
lysine biosensors in E. coli, and dynamic control will sub-
sequently be tested on Sensor-7. The current selection of
CadC mutants primarily relies on known sites reported
in the literature, while a systematic exploration of all
potential functional sites has yet to be conducted. In the
future, directed evolution or rational design could be
employed to identify better-optimized key components
for the sensor.
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Metabolic engineering of cadaverine-producing bacteria
In the metabolic engineering of the cadaverine-produc-
ing strain depicted in Fig. 4A, glucose serves as the car-
bon source for cadaverine biosynthesis in E. coli. The key
precursor phosphoenolpyruvate (PEP) is carboxylated
to oxaloacetate by phosphoenolpyruvate carboxylase
(encoded by ppc). Oxaloacetate is subsequently transami-
nated to aspartate, which then undergoes phospho-
rylation by aspartate kinase (encoded by lysC) to yield
[-aspartyl phosphate in an ATP-dependent reaction. This
enzyme represents the primary rate-limiting step of the
pathway and is subject to strong feedback inhibition by
the end-product lysine, ensuring precise flux control.
B-Aspartyl phosphate is then reduced to aspartate
semialdehyde by aspartate semialdehyde dehydro-
genase (encoded by asd). Aspartate semialdehyde is
sequentially converted through the diaminopimelate
(DAP) pathway via multiple enzymatic steps to yield
the direct biosynthetic precursor of lysine (meso-DAP).

Dihydrodipyridine carboxylic acid synthase (encoded
by dapA) inhibited by its end-product lysine, is the key
regulatory enzyme in the DAP pathway. Afterwards,
diaminopimelate decarboxylase (encoded by lysA), which
governs the final step of lysine biosynthesis, catalyzes the
decarboxylation of DAP to lysine, releasing CO,. There
are two lysine decarboxylases: CadA and LdcC. CadA
is preferentially utilized for cadaverine production due
to its superior substrate affinity. Finally, cadaverine is
exported extracellularly by the energy-dependent cadav-
erine-lysine antiporter CadB.

To construct cadaverine-producing bacteria, cadBA
was expressed under the control of the P,, promoter
in the plasmid pBR322. This plasmid was subsequently
transformed into MG1655 AcadCBA to obtain the strain
PDA. The subsequent focus was on increasing the sup-
ply of lysine precursors. In order to increase the flux of
carbon towards lysine, the genes encoding feedback-
resistant lysCT3*™ [35] and lysA were simultaneously
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cloned and inserted into the plasmid pACYC184, which
was subsequently transformed into PDA to obtain
PDA-1. Moreover, the genes asd and feedback-resistant
mutant dapA™°X [35] were also overexpressed to obtain

the PDA-2 strain, further increasing carbon flux into the
lysine synthesis pathway. To enhance the metabolic flux
from PEP towards lysine biosynthesis, the key gene ppc
was also overexpressed to obtain the strain PDA-3. In
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order to verify the dynamic regulation of cadaverine by
the sensor, the component gfpuv of sensor-7 was replaced
with cadBA, and the modified plasmid was introduced
into the strain MG1655AcadCBA along with the lysine
production plasmid, thus producing the strain PDA-4.

Then, the effects of these strains on cadaverine produc-
tion were compared through shake flask fermentation
experiments. As shown in Fig. 4B, C, the cadaverine pro-
duction of PDA-3 reached 7.9 g/L after 36 h, representing
a 79% increase compared with that of PDA-1. This find-
ing indicates that as the expression of key lysine synthesis
genes gradually increased, the yield of cadaverine signifi-
cantly increased. Furthermore, when the lysine sensor
was used to dynamically regulate cadaverine synthesis,
the cadaverine yield of PDA-4 was 25.6% higher than that
of PDA-3, which was expressed under the constitutive
promoter P,.. These shake flask results demonstrate that
our lysine biosensor can significantly improve cadaverine
production.

Native cadaverine production is related to lysine
decarboxylation by CadA. However, cadaverine is fur-
ther utilized through the actions of 4 genes to pro-
duce byproducts, decreasing cadaverine accumulation,
as shown in Fig. 4A. These genes include speE, which
encodes a cadaverine/cadaverine aminopropyltrans-
ferase; puuA, which encodes a glutamate-cadaverine/
glutamate cadaverine ligase; speG, which encodes sper-
midine acetyltransferase; and ygiG, which encodes
another cadaverine/cadaverine aminotransferase [36—
38]. To minimize the degradation of cadaverine and fur-
ther increase its production, we individually knocked
out four genes. The genetic deletion mutants are abbre-
viated as follows: AG (AspeG), AE (AspeE), AP (ApuuA)
and AY (AygiG). Subsequently, the resulting strains,
PDA-4AG, PDA-4AE, PDA-4AP and PDA-4AY, were
verified through shake flask fermentation. As shown in
Fig. 4D, knockout of puuA had little effect on the pro-
duction of cadaverine. However, compared with those
of the unmodified PDA-4 strain, individual deletion of
speE, puuA, and speG led to significant increases in the
production of cadaverine by 18.1%, 22.1%, and 25.2%,
respectively.

The genes speE, speG, and ygjG, which primarily influ-
ence cadaverine synthesis, were subsequently deleted
in various combinations to obtain five strains: PDA-
4AEG, PDA-4AEY, PDA-4AGY, PDA-4AEGY and PDA-
4AEGYP. The effects of these combined gene deletions
on cadaverine production were compared through
shake flask fermentation. Compared with that of the
unmodified strain PDA-4, the cadaverine production
of PDA-4AEGYP, whose metabolic pathway was com-
pletely blocked, increased by 37%, reaching 11.69 g/L
(Fig. 4E). These findings demonstrate that inhibiting the
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degradation of cadaverine plays a crucial role in enhanc-
ing its production.

Dynamic regulation of cadaverine biosynthesis

with a lysine biosensor in a 5 L fermenter

In dynamic metabolic engineering and synthetic biol-
ogy systems, biosensors respond to specific metabolites,
modulating the expression of target genes to fine-tune
metabolic fluxes and optimize product yield [39]. To
inhibit the early growth of bacterial cells via cadaver-
ine, we attempted to dynamically regulate cadaverine
synthesis via the constructed lysine biosensor Sensor-7.
The dynamic regulation principle of the biosensor con-
structed in this study for cadaverine synthesis is as fol-
lows (Fig. 5A). During the early growth phase, lysine
gradually accumulates in the broth. When the extracel-
lular lysine concentration reaches a certain threshold,
a portion of the lysine reenters the cell, triggering the
expression of cadaverine synthesis genes. By dynamically
adjusting the synthesis of cadaverine, the compatibility
between the synthesis of precursor lysine and cadaver-
ine production can be enhanced. The intracellular lysine
is promptly converted into cadaverine and transported
out of the cell without lysine accumulation or feedback
inhibition. Compared with adding exogenous inducers
such as IPTG, using lysine naturally produced by bacte-
rial cells as an inducer to dynamically regulate the syn-
thesis of cadaverine has lower costs, less cell damage, and
simpler downstream purification processes. The previous
shake flask fermentation results demonstrated that our
sensor effectively dynamically regulates the synthesis of
cadaverine. The copy number of plasmids can affect cell
growth rate, gene expression, biosynthesis, and genetic
circuit performance. Each plasmid imposes a linear met-
abolic burden of 0.063% on its host, suggesting a sim-
ple relationship between metabolic burden and plasmid
DNA synthesis [40]. In the present study, we developed
a single-plasmid system through the integration of both
dynamic regulation and lysine production modules into
the pBR322 backbone. However, the medium-copy-num-
ber nature of this chimeric plasmid appears to have cre-
ated substantial metabolic load on the host cells, leading
to compromised cellular growth and reduced cadaverine
production efficiency (Fig.S3). To reduce the metabolic
burden on cell growth caused by both plasmids and dou-
ble resistance, we integrated the sensor plasmid and the
cadaverine production plasmid into a single plasmid and
replaced the low copy number replicon pSC-101.

Owing to limitations in the supply of nutrients and
dissolved oxygen, as well as other factors, the produc-
tion capacity of a strain may not be fully demonstrated
in shake flask cultures. To comprehensively assess the
overall cadaverine production by the strain PDA-6 upon
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strains fed in 5-L fermenter

dynamic regulation by the lysine sensor, fed-batch fer-
mentation was carried out in a 5 L bioreactor, with the
PDA-5 strain serving as the control. Compared with
PDA-5, which exhibits constitutive expression under the
control of P,,.,, PDA-6 exhibited superior bacterial growth
throughout the fermentation period, with increases in
biomass of 21.2% and the maximum cadaverine produc-
tion of approximately 48.10% compared with those of
PDA-5 (Fig. 5B, C). Analysis of enzyme activity in strains
PAD-5 and PDA-6 harvested at the growth stage. As
shown in Fig.S4, CadA activity in strain PDA-6 at this
stage was approximately 45% lower than in PAD-5. This
indicates that a low level of cadA expression is sufficient
for cadaverine synthesis from lysine. These results empir-
ically validate that flux balance mediated by biosensors is

superior to constitutive expression strategies by address-
ing the fundamental trade-off between pathway activ-
ity and cellular adaptability in industrial scale biological
processes.

Conclusions

In this study, a lysine biosensor in E. coli was designed.
Through multistage modification, a pH-independent
lysine biosensor was successfully obtained with a maxi-
mum detection range of 200 mM. Moreover, the con-
structed lysine biosensor can dynamically regulate the
synthesis of cadaverine, balance bacterial growth with
cadaverine accumulation, and effectively improve cadav-
erine production. The lysine biosensor developed in this
study and its dynamic regulation strategy for cadaverine
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synthesis not only provide efficient tools for cadaver-
ine biosynthesis, but may also be extended to metabolic
engineering applications of other lysine derivatives.
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